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• TN and COD can be removed under aer-
obic condition within mixed bacteria
consortia.

• Moderate aeration optimize NADH pro-
duction and denitrification enzyme
structure.

• Aeration reactors were dominated by
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• HighTN removal efficiencywas ascribed
to the mutual construction of optimal
niche.
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This study aimed to explore how dissolved oxygen (DO) affected the characteristics and mechanisms of denitri-
fication in mixed bacterial consortia. We analyzed denitrification efficiency, intracellular nicotinamide adenine
dinucleotide (NADH), relative expression of functional genes, and potential co-occurrence network of microor-
ganisms. Results showed that the total nitrogen (TN) removal rates at different aeration intensities (0.00, 0.25,
0.63, and 1.25 L/(L·min)) were 0.93, 1.45, 0.86, and 0.53mg/(L·min), respectively, which were higher than pre-
viously reported values for pure culture. The optimal aeration intensity was 0.25 L/(L·min), at which the maxi-
mum NADH accumulation rate and highest relative abundance of napA, nirK, and nosZ were achieved. With
increased aeration intensity, the amount of electron flux to nitrate decreased and nitrate assimilation increased.
On one hand, nitrate reduction was primarily inhibited by oxygen through competition for electron donors of a
certain single strain. On the other hand, oxygenwas consumed rapidly by bacteria by stimulating carbonmetab-
olism to create an optimal denitrification niche for denitrifying microorganisms. Denitrification was performed
via inter-genus cooperation (competitive interactions and symbiotic relationships) between keystone taxa
(Azoarcus, Paracoccus, Thauera, Stappia, and Pseudomonas) and other heterotrophic bacteria (OHB) in aeration re-
actors. However, in the non-aeration case, which was primarily carried out based on intra-genus syntrophy
within genus Propionivibrio, the co-occurrence network constructed the optimal niche contributing to the high
TN removal efficiency. Overall, this study enhanced our knowledge about the molecular ecological mechanisms
of aerobic denitrification inmixed bacterial consortia and has theoretical guiding significance for further practical
application.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

As a novel biological denitrification technology, the aerobic denitrifi-
cation proposed by Robertson and Kuenen (1984) is attracting in-
creased attention because TN can be simultaneously removed through
chemical oxygen demand (COD) removal under an aerobic condition
in a single reactor (Yang et al., 2020a; Zhang et al., 2019). To date,
most studies have focused on single-strain identification and its applica-
tion, and a large number of bacteria capable of aerobic denitrification
have been isolated, including Thiosphaera pantotropha, Alcaligenes
faecalis, Pseudomonas putida (Li et al., 2012), Pseudomonas stutzeri T13
(Feng et al., 2020), Pseudomonas stutzeri YZN-001, Klebsiella pneumonia
CF-S9, and Acinetobacter sp. SYF26 (Du et al., 2017). Although pure
strains have good removal efficiencies for specific pollutants, the ability
of mixed bacterial consortia to resist external disturbances, maintain
community stability, and degrade pollutants is better than that of pure
culture. In the treatment of coal-based ethylene glycol industry waste-
water by adding Pseudomonas, Du et al. (2017) found a decrease in ni-
trogen removal with decreased abundance of Pseudomonas. Zhang
et al. (2019) performed a nitrogen removal research based on mix-
cultured consortia, including three highly active bacteria isolated from
sediment by ultrasonic processing. They found that the mix culture
has better nitrogen removal efficiency than the pure culture, especially
in real wastewater application. Studies on the aerobic denitrification of
mixed bacterial consortia are few (Yang et al., 2020b), and knowledge
on the mechanism of aerobic nitrate reduction in activated sludge eco-
systems remains largely insufficient. Thus, an important aspect that
remains unclear is whether a much higher denitrification efficiency
could be obtained in activated sludge (e.g., mixed bacterial consor-
tia) with much more related functional microorganisms under aero-
bic conditions.

DO is the main factor affecting aerobic denitrification efficiency (Ji
et al., 2015). Studies on pure culture aerobic denitrification have
shown that the optimum specific growth rate and denitrification rate
are achieved when the DO is 2–6 mg/L (Ji et al., 2015). However, in
view of the influence of DO on aerobic denitrification under the condi-
tion of activated sludge, things are different. On one hand, Oh and
Silverstein (1999) pointed out that the denitrification activity decreased
to only 4% of that under the anoxic condition when the DO level is as
high as 5.6 mg/L. On the other hand, Luo et al. (2014) proposed that
no distinct difference exists between the nitrate or TN removal perfor-
mance of low-oxygen and anoxic groups. Moreover, high-throughput
sequencing analysis has indicated that compared with salinity, DO has
no obvious influence on OUT numbers in marine reactors for nitrogen
removal (Deng et al., 2017). Thus, under the condition of activated
sludge, due to the interaction amongst different microorganisms or
other factors, the effects of DO on denitrification efficiency differ from
those under the condition of pure culture. Two mechanisms exist
regarding oxygen effect on aerobic denitrification, as speculated by
Gao et al. (2010). First is co-respiration, i.e., both nitrate and oxygen
are used as electron acceptors simultaneously in a single strain. This
mechanism indicates a competition for electrons within the electron-
transport chain, resulting in enhanced denitrification upon oxygen de-
pletion. Second is separate respiration, i.e., the nitrate respiration and
oxygen respiration amongstmicroorganisms are separated, and denitri-
fication is not kinetically inhibited by oxygen nor can oxygen compete
for electrons. However, to the best of our knowledge, no consensus
amongst researchers has been reached regarding the oxygen effect on
aerobic denitrification in activated sludge.

As reported by an environmental microbiologist, denitrification and
aerobic respiration depend on the same core respiratory machinery
consisting of NADH dehydrogenase, quinone pool, and cytochrome c
(Chen and Strous, 2013; Yang et al., 2020a). Meanwhile, the content
of NADH depends on the kinetic balance between its production
(by catabolism) and consumption (by denitrification, respiration,
and anabolism) and is extremely sensitive to changes in cellular
electro-accepting mechanisms. According to a research by Wan
et al. (2019), tetrabromobisphenol A can decrease the generation
of NADH and eventually inhibit the denitrification activity. To ex-
plore the central carbon-flux pathways in nitrate reduction, Chen
et al. (2020) found that NADH participates in the reduction of nitrate
of Paracoccus thiophils under aerobic condition and is regenerated
through the TCA cycle, which is significantly affected by oxygen con-
centration. Accordingly, we speculated that any parameter controlling
carbohydratemetabolismor electron production and consumption ulti-
mately affects the denitrifying capability of denitrifiers.

We hypothesized that aerobic and anoxic denitrifiers are inextrica-
ble in pure culture and mixed bacterial consortia, however, as growth
conditions in practical cases are highly variable and rarely optimal, ni-
trogen turnover by certain bacteria is bound to be inefficient. Yang
et al. (2020b) applied metagenomics tools to study nitrogen removal
in WWTPs and found that only five metagenomic assembled genomes
can encode the entire denitrification pathway. Orellana's research on ni-
trogen removal from soil and activated sludge has also yielded similar
results, i.e., none of their studied functional-group genomes can encode
the complete denitrification pathway (Orellana et al., 2018). Thus, coop-
eration amongst microbial populations is the main contributor to nitro-
gen removal in wastewater treatment. For example, the synergistic
effect of aerotolerant and heterotrophic bacteria is enhanced in solid-
phase denitrification and the presence of oxygen probably stimulates
denitrifier proliferation in a high-salinity reactor, thereby accelerating
the reduction rate of nitrate (Deng et al., 2017). A network analysis
has been conducted to investigate the co-occurrence and interactions
of Bacillus subtilis, Pseudomonas stutzeri, and Rhodococcus sp. under aer-
obic denitrification and found that mixed bacterial consortia can realize
86% TN and 93%COD removal efficiency of realwastewater, respectively
(Zhang et al., 2019). Synergistic effects of co-growth on denitrification
and phosphorus removal have also been observed by Andersson et al.
(2011), and these effects are affected by inter-species interactions
with respect to biofilm formation, denitrification activity, and EPS com-
position. From a microbial metabolic and ecological point of view, in
mixed bacterial consortia, the co-occurrence and network amongst
key functional microorganisms has ecological (e.g., quorum sens-
ing (Whiteley et al., 2017) and cheating effect (Leinweber et al.,
2017)) and metabolic (e.g., obligate mutualistic metabolism in-
cluding syntrophy, symbiotic relationship, and competitive inter-
action) functions (Morris et al., 2013).

Few studies have focused on the phenomenon of better TN removal
in mixed bacterial consortia than that in pure culture. Accordingly, in
the present study, we investigated for the first time the effects of aera-
tion intensity on denitrifying performance in activated sludge through
the distribution of NADH and the relative abundance of key denitrifica-
tion genes. Then, the causes of aeration intensity shaping the microbial
community of primary denitrifying bacteria were explored by assays of
bacterial population. Finally, themicrobialmetabolic characteristics and
potential networks were analyzed under different aeration intensities.

2. Materials and methods

2.1. Measurements, chemical reagents, and operation of experiments

Measurements were carried out with four identical continuous-
aeration completely mixed batch reactors with different aeration intensi-
ties, namely, 0.0, 0.25, 0.63, and 1.25 L/(L·min) respectively. The cor-
responding mixed bacterial consortia were obtained from the
reactors in this laboratory. These reactors were operated for more
than 6 months under continuous-aeration operational mode and
displayed stable aerobic denitrification performance. The synthetic
denitrification medium contained the following (g/L): disodium suc-
cinate, 1.26; KNO3, 0.6 (NO3

−-N, 0.083); Na2HPO4·7H2O, 7.9; KH2PO4,
1.5; TP, 1.26; MgSO4·7H2O, 0.1; and 1 mL/L trace element solution
based on a previous study (Sun Y. et al., 2019). Na2HPO4·7H2O, and
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KH2PO4 were used to buffer the pH (7 ± 0.1) of the influent. The liq-
uid volume-exchange ratio was 65%, and the biomass was main-
tained at 30% of the total working volume controlled by daily
manual drainage to maintain the total biomass concentration of
2112.27± 300mg/L. Biomass concentration was assessed by protein
analysis of small biomass samples as described by Guimerà et al.
(2016) with modifications as shown in S1. A microporous aeration
stone was placed at the bottom, and a magnetic agitation system
was equipped at 110 rpm in each vessel. The working volume was
500 mL at a moderate temperature of (25 ± 0.5 °C) to overcome
the insufficient aeration issues caused by hydraulics factors. In each
measurement, samples were collected every 10 min and lasted for
2 h. Each time, 5 mL of mixed-liquor suspended solids was collected,
of which 3 mL of supernatant was immediately filtered with a
0.45 μm syringe and stored at 4 °C. Nitrogen-balance analysis was
used to estimate the characteristics of carbon and nitrogen metabo-
lism quantitatively (Huang et al., 2015; Zhang et al., 2019). TN with-
out filtration was analyzed according to the method proposed by
(Huang et al., 2015) using an ultrasonic cell disruptor (SCIENTZ-II
D; Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China). About
1 mL of precipitated activated sludge was used to analyze TN (inclu-
sion of intracellular nitrogen). The intracellular nitrogen level was
calculated by subtracting TN in supernatant from the TN value in pre-
cipitated activated sludge. Furthermore, 1 mL of precipitated acti-
vated sludge was used to analyze NADH content. When the
experiment was carried out to 1 h, the activated-sludge samples col-
lected from the four reactors and were denoted as R1 (0.0 L/
(L·min)), R2 (0.25 L/(L·min)), R3 (0.63 L/(L·min)), and R4 (1.25 L/
(L·min)). They were immediately treated with liquid nitrogen and
stored at −80 °C for bacterial qPCR assay and high-throughput se-
quencing. Each measurement was performed with at least three rep-
etitions, and the results are presented as the mean ± standard
deviations. ANOVA was performed using SPSS software (SPSS Statis-
tics version 19.0), and P0.05 > 0.05 was considered as having no sta-
tistical significance.

2.2. Biochemical analysis methods

DO, pH, temperature, and concentrations of NO3
−, NO2

−, and NH4
+

were measured following a previously established method (Sun C.
et al., 2019). TN, COD were analyzed based on the standard method
(APHA, 2005). Real-time liquid N2O and NO concentrations were mea-
sured with an assorted microsensor multi-metre (N2O-50 and NO-50,
respectively; Unisense A/S, Aarhus, Denmark) according to previous re-
search (Domingo-Félez et al., 2014)with somemodifications, i.e., signals
were logged using a picoammetre every 10 s.Within 1 week, intracellu-
lar NADH content was detected with a commercial Germs NADH Elisa
Kit purchased from Quanzhou Ruixin Biological Technology Co., LTD
(Fujian, China) according to the instructions. NADH content was cali-
brated with standard solutions of NADH, and the final NADH levels
were calculated as per milligram of protein.

2.3. Bacterial qPCR assay

The key denitrification genes analyzed in this study and their
primers are listed in (S2). qPCR was carried out in a 96-well plate
with a total reaction volume of 20 μL per well in the StepOne Plus PCR
System (ABI, Foster, CA, USA) using a SYBR®Green qPCR Master mix
(Hangzhou Biosci Co., Ltd., China). PCR was carried out under the fol-
lowing conditions: initial steps held at 95 °C for 3 min; and 45 cycles
each of which including 95 °C with 5 s for melting and 60 °C with 30 s
for annealing. Dissociation was carried out according to instrument
guidelines. To achieve consistency of expression, considering its slight
variability, 16S rRNA gene was used as the reference transcript for nor-
malization between samples. qPCR datawere obtained bymathematical
calculation between the CT value of the internal reference gene and the
CT value of the gene to be tested, as well as by the relationship between
the expression quantity differences amongst samples.

2.4. Bacterial analysis by using high-throughput sequencing

The genomic DNA of each sample was extracted using a MAG Bind
Soil DNA kit (Omega Bio-tek, USA) and analyzed by agarose gel electro-
phoresis to evaluate the integrity of genomic DNA. Genomic DNA was
accurately quantified using a Qubit3.0 DNA kit (Life Technologies,
China) to determine the amount of DNA added in the PCR reaction.
Primer 341F (CCCTACACGACGCTCTTCCGATCTG (barcode) CCTACGGG
NGGCWGCAG) and primer 805R (GACTGGAGTTCCTTGGCACCCGAGAA
TTCCAGACTACHVGGGTATCTAATCC), encompassing the hypervariable
V3–V4 region of the bacterial 16S rRNA gene, were prepared and the
two PCR reactions procedure were performed based on a previous
study (Xu et al., 2018). After PCR, the products were verified by agarose
gel electrophoresis and purified with DNA clean beans. The purified
product was quantified with a Qubit3.0 DNA kit (Life Technologies,
China). After complete mixing, the PCR product was sequenced by
Sangon Biotechnology, Co., Ltd. (Shanghai, China) using the Illumina
MiSeq platform. The correlation coefficient and P value between com-
munities was calculated using SparCC version 1.0.0 by selecting genus
information with >1% abundance. The potential interactions amongst
microorganisms were analyzed by the way. PICRUSt 1.0.0 was used to
analyze the primary functional differences amongst various samples.

2.5. Calculation of nitrate, substrate, and intermediate transformation
efficiency

The removal efficiencies of NO3
−, TN, and COD were calculated ac-

cording to Eq. (1), in which [S]in is the concentration of nitrate, TN,
and COD in influent, and [S]out is that in the effluent. The TN removal
rate was calculated based on Eq. (2), in which Δt is the period between
the sampling point. The NADH accumulation rate was calculated based
on Eq. (3). The electron flux to nitrate was calculated according to
Eq. (4), as described by a previous study with some modifications (Jia
et al., 2019).

Nitrate, TN, and COD removal efficiency:

RES 100%ð Þ ¼ S½ �in− S½ �out
S½ �in

ð1Þ

TN removal rate:

SRETN 100%ð Þ ¼ TN½ �t1− TN½ �t0
TN½ �t0 � Δt

ð2Þ

NADH accumulation rate:

AENADH 100%ð Þ ¼ NADH½ �t1− NADH½ �t0
NADH½ �to � Δt

ð3Þ

Electron to NO3
−:

ENitrate ¼
N2

14
� 5þ N2O

14
� 4þ NO

14
� 3þ NO−

2

14
� 2 ð4Þ

3. Results and discussion

3.1. Denitrification performance of four reactors

3.1.1. Determination of appropriate C/N ratio with different aeration
intensities

As aforementioned, C/N ratio indicates the regulation of denitrifica-
tion (Ji et al., 2015). Thus, the nitrate and TN removal efficiency under
different aeration intensities and C/N ratio in 1 h were analyzed. As
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shown in Fig. 1, the C/N ratio and aeration intensity affected TN removal
efficiency, and denitrification efficiency increased with increased C/N
ratio. At C/N = 4, 82.50% nitrate and 65.15% TN removal efficiencies
were achieved even when the aeration intensity was 1.25 L/(L·min).
At C/N = 6, 99.25% nitrate and 81.32% TN removal efficiencies were
achieved. In general, C/N ratio is the main factor determining the deni-
trification efficiency of a system, and an increase in C/N ratio within a
certain range can increase the denitrification efficiency by supplying
electron donors (Peng et al., 2020). Notably, when the C/N ratio was 0,
TN removal was also achieved to some extent, which may be related
to the endogenous respiration of microbial bacteria. As reviewed by Ji
et al. (2015), to satisfy the optimal growth and metabolic capacity
requirements of aerobic denitrifiers, the optimal C/N load ratio was
about 5 (sometimes 9–10), whichwas higher than that of canonical an-
oxic denitrification. Combined with the above conclusions, we selected
C/N = 4.5 for subsequent investigations regarding the effects of differ-
ent aeration intensities on aerobic denitrification.

3.1.2. Analysis of the distribution patterns of intermediates under different
aeration intensities

Denitrification experiments with C/N = 4.5 were carried out, and
the removal patterns of TN, COD, NO3

−, and NO2
− with time were ob-

tained (Fig. 2). Results showed that at least 85.12% NO3
− and 70.35%

TN removal efficiency were achieved within 2 h at different aeration
intensities, respectively. The TN removal rates in R1, R2, R3, and R4
were 0.93, 1.45, 0.86, and 0.53 mg/(L·min), respectively. To the best of
our knowledge, these values were higher than the reported denitrifica-
tion efficiency, especially the aerobic denitrification of pure culture
(Table S2). This finding may be ascribed to the mutual construction of
an optimal niche amongst microorganisms in a homogeneous system.
Aeration can accelerate the degradation potency of COD in an aeration
denitrification system compared with a non-aeration case, which
could be related to the different ways of microbial assimilation under
different oxygen concentrations. In otherwords, one (aeration systems)
was primarily aerobic respiration, whereas the other was fermentation
accompanied by nitrate respiration. In the multi-metabolism co-
occurrence case, the switch from fermentative or nitrate respiration to
aerobic respiration can realize redox balance and achieve optimal en-
ergy conservation through proton translocation linked to ATP synthesis
(Feng et al., 2020). This findingmay explain the higher TN removal rate
in R2 than in R1 and the lower accumulation of nitrite in R2 than in R1.
Furthermore, as proposed by Deng et al. (2020a, 2020b), TN removal
rate could also be increased by the enhancement of carbon source on as-
similation. As shown in Table 1, the TN removal rates in R1, R2, R3, and
R4 were lower than the removal rates of nitrate. This observation
Fig. 1. Denitrification performance under different aeration intensities and C/N ratio
illustrated that dissimilatory nitrate reduction to nitrogen dominated
the removal of nitrate, and that nitrate assimilation also occurred in
the four reactors. Nitrate assimilation accounted for 3.78%, 23.43%,
30.30%, and 43.78%, respectively, of the TN removal efficiencies with in-
creased aeration intensity, as revealed by nitrogen-balance analysis
(Fig. S2). No significant difference was found in COD degradation effi-
ciencies amongst different aeration intensities (F = 4.42, P0.05 =
0.066; Table S3). This finding indicated that the aerobic metabolism of
sodium succinate, as a readily biodegradable carbon source, may have
depended on the presence of oxygen but did not increase with in-
creased oxygen concentration. However, with further increased aera-
tion intensity, TN removal rate did not increase and instead decreased,
especially in R4 which did not achieve complete TN removal within
2 h. Similar results have been previously reported (Deng et al., 2020a,
2020b; John et al., 2020), i.e., TN removal efficiency initially increases
and then decreases with increased aeration intensity. Combined analy-
sis with the distribution patterns of COD (Fig. 2b) revealed that the im-
balance between the reduction equivalent produced by the degradation
of COD and the oxidation equivalent introduced by the higher aeration
intensity was the main reason for this phenomenon. The activity of
some related enzymes sensitive to oxygen could be another potential
reason. To further explore the possible N-conversion pathway in deni-
trification, the accumulation of NO2

− was analyzed (Fig. 2d), and results
showed that nitrite concentration initially increased to the peak first
and then decreased rapidly during the initial 10–50min. This finding in-
dicated typical partial denitrification supported by the endogenous
electron donor as reported by Du et al. (2019). The apexes of nitrite ac-
cumulation in each system was not the same, and the maximum was
24 mg/L achieved in R1 without aeration. No key enzymes involved in
anoxic denitrification were inhibited, so the accumulation of nitrite in
the R1 case may be due to the use of polyhydroxyalkanottes stored in
the non-denitrification stage as endogenous carbon sources. However,
similar to the case of NO3

− and TN, when aeration was 1.25 L/(L·min),
NO2

− accumulation occurred and complete removal was not achieved.
Thus, different from anoxic denitrification (R1), whether the removal
patterns of TN and nitrate and the accumulation of nitrite in R2, R3,
and R4 (especially in R4)were caused by the competition amongst elec-
tron donors or enzyme inhibition required further study.

3.1.3. Analysis of denitrification efficiency under different aeration intensi-
ties based on NADH content distribution

As described by Chen and Strous (2013), in the respiratory chain of
denitrification or oxygen respiration, electrons were all transferred
from NADH to the reductase of the corresponding electron receptor,
such as nitrate reductases or terminal oxidases, to contribute to proton
s. (a) Removal efficiency of TN (RTN), (b) Removal efficiency of nitrate (Rnitrate).
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translocation. Accordingly, the distribution of NADH in different aera-
tion intensities was analyzed. As shown in Fig. 3, the intracellular
NADH in R3 and R4 were significantly lower than those in R1 and R2,
which may be due to the fact that the electron acceptor (e.g., O2) in
the high aeration system was significantly higher than that in the low
aeration system. As shown in Fig. S3, we detected DO values of
0.06–0.51, 0.17–4.14, 0.65–4.46, and 1.38–4.58 mg/L in R1, R2, R3, and
R4 respectively, which did not linearly varying with aeration intensity
(Deng et al., 2020a, 2020b; John et al., 2020). Furthermore, the increase
in oxygen concentration can strengthen the assimilation and dissimila-
tion of organic carbon which can also potentially influence denitrifica-
tion efficiency by affecting NADH synthesis (Deng et al., 2020a,
2020b). As a result, the intracellular NADH slowly increased in the aer-
ation systems, and the accumulation rates of NADH were 0.061, 0.016,
and 0.013 ng/(mg Pro·min) in R2, R3, and R4, respectively. Correspond-
ingly, as shown in Table 1, the TN removal rate under R2, R3, and R4 aer-
ation rates were 1.45, 0.86, and 0.53 mg/(L·min), respectively. We
found that under aeration conditions, the content and accumulation
Table 1
Production and removal rate of NADH, TN, COD and NO3

− under different aeration
intensities.

R1 R2 R3 R4

NADH −0.026 0.061 0.016 0.013
TN −0.93 −1.45 −0.86 −0.53
COD −4.31 −12.11 −14.61 −15.76
NO3

− −3.77 −3.43 −1.71 −1.31
rate of NADH were positively correlated with TN removal efficiency,
i.e., more electron donors meant higher N transformation efficiencies.
Theoretically, as a direct reduction equivalent producedbyCODdegrada-
tion, the accumulation of NADHwas positively correlated to COD degra-
dation efficiency. However, the relationships between COD degradation
rate and NADH accumulation rate under different aeration intensities in-
dicated that the introduction of oxygen can promote the production and
consumption of NADH simultaneously. The consumption of NADH may
have exceeded its production when aeration intensity surpassed a
Fig. 3. Variations in intracellular NADH content under different aeration intensities.
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certain threshold. Systematically, the introduction of oxygen promoted
the degradation of organic carbon and the formation of NADH to a cer-
tain extent, but the amount of oxygen as an electron acceptor also in-
creased, thereby increasing the consumption of NADH and competing
with NO3

− for electrons. Consequently, TN removal efficiency decreased,
meaning that appropriate aeration intensity can enable the efficient re-
moval of COD whilst stimulating TN removal without NADH being con-
sumed by extra-oxygen.

3.1.4. Expression of heterotrophic denitrifying key genes under different
aeration intensities

To adapt to different growth micro-environments, bacteria imple-
ment differentmetabolic processes through optimal enzymeexpression
to match the stable and efficient operation of related systems (Deng
et al., 2020a, 2020b). As shown in Fig. 4, the relative expression of
napA, nirK, and nosZ, a series of HD key genes, were all the highest in
R2, consistent with the highest TN/NO3

− removal efficiency as men-
tioned in Fig. 2. The activity of napA was less inhibited by oxygen and
can be expressed preferentially, which was vital for the aerobic denitri-
fication, and napA gene can be the proof of aerobic denitrification (Zhou
et al., 2019). nirK and nirS can catalyze the second step of denitrification
by expressing copper-type and cytochrome cd1-containing nitrite re-
ductase under aerobic or anaerobic conditions. nosZ is the key gene cat-
alyzing N2O reduction to N2. Many studies have shown that the
expression of nosZ gene is inhibited by O2 to some extent in many gen-
era compared with other denitrifying genes (e.g., nirS, nirK, and napA),
which can lead to increased N2O formation (Hu et al., 2015). However,
similar to this experiment, Park et al. (2017) showed significant N2O re-
moval when O2 is initially present. He found that the transient presence
Fig. 4.Responses of heterotrophic denitrification enzyme activity. (a) Schematic diagramof elec
Relative abundance of key denitrifying gene.
of O2 can promote N2O reduction by strain T-27, whose N2O reduction
activity can be resuscitated by spiking the culture with O2. Moreover,
the abundance increment of these two kinds of denitrification genes
(nir + 0.97% and nos + 0.6%) was obtained when low DO (0.5 mg/L)
was applied in a continuous nitrogen removal process (Jiang et al.,
2019). Interestingly, the relative abundance of genes involved in deni-
trification in this experiment neither inhibited nor increased with in-
creased aeration intensity. We hypothesized that this finding was due
to the increased electron flux flowing to O2 with increased aeration in-
tensity. The mass-balance analysis of electron donor and acceptor
showed that with increased aeration intensity, the flux of electrons to
oxygen increased, which thermodynamically promoted the carbon-
related metabolic process (S5). Higher aeration intensity meant greater
promoting effect on aerobic respiration, which showed that the intro-
duction of oxygen promoted the metabolism, proliferation, energy pro-
duction, and conversion process of microorganisms. Furthermore, narG
(as the representative gene of anoxic reductase of nitrate) appeared in
all denitrification systems, and its abundance had a significant negative
correlation with aeration intensity. Thus, even in the aeration systems,
the combination of aerobic and anoxic denitrification remained. The
high abundance of napA and narG in R2 further indicated that the syn-
ergistic effect of aerobic and anoxic denitrification explained the higher
TN removal efficiency of this system.

3.2. Microbial community composition under different aeration intensities

3.2.1. Reliability analysis of the high sequencing data
Rarefaction and rank-abundance curves were wide and flat (S7), in-

dicating that the amount of sequencing data was reasonable and that
tron transport system in aeration denitrification and canonical anoxic denitrification; (b–f)
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theMiSeq high-throughput sequencing of 16S provided sufficient accu-
rate information to study the diversity and structure of the microbial
community.

3.2.2. Diversity-index analysis of bacterial communities
The Shannon and Simpson indices are often used to quantitatively

describe the biodiversity of a system. A larger Shannon value or a
smaller Simpson value meant greater community diversity. Table 2
showed that in R1, R2, R3, and R4, the Shannon indices were 2.98,
3.15, 3.18, and 3.29, respectively, and the Simpson indices were 0.16,
0.12, 0.11, and 0.09, respectively. Thus, with increased aeration inten-
sity, the system biodiversity also increased. These results also verified
previous descriptions that the performance of a bioreactor is positively
correlated with the abundance of keystone taxa (e.g., functional bacte-
ria) rather than the overall community diversity (Banerjee et al., 2018).

3.2.3. Analysis of microbial community structure under different aeration
intensities

Themicrobial taxonomic distributions of the different denitrification
systems were analyzed at the phylum (Fig. 5a) and genus (Fig. 5b)
levels. Relative abundance varied depending on the aeration intensity
at both these levels. Proteobacteria was dominant at the phylum level,
and its relative abundances in R1, R2, R3, and R4 were 56.89%, 69.35%,
71.85%, and 51.51%, respectively. However, Firmicutes (18.04%),
Bacteroidetes (8.17%), Chloroflexi (6.46%), and Synergistetes (8.55%)
were enriched in R4 and were seldom or not found in each of the aera-
tion system (R2–R4). Additionally, as the only phylum found only in
aeration systems, the abundance of Verrucomicrobia gradually in-
creased with increased aeration intensity, proving that the enhance-
ment in aerobic metabolism of OHB could co-exist with Proteobacteria
affiliated denitrifying bacteria under high-aeration-intensity conditions.
To further determine which genera were responsible for nitrogen re-
moval and the distinction amongst the different aeration intensities,
theOTUs classified to genus levelwere analyzed. PhylumProteobacteria
was primarily dominated by genus Propionivibrio (36.25%), Azoarcus
(22.68%), Azoarcus (27.21%), and Paracoccus (16.48) in R1, R2, R3, and
R4, respectively. An obvious difference in microbial structure was
found between the aeration and non-aeration systems, consistent
with that at the phylum level. However, in the non-aeration system,
the dominant genus involved in denitrification was Propionivibrio,
which also belong to Proteobacteria, Propionivibrio (Liu et al., 2017;
Thrash et al., 2010) (36.25%), Cloacibacillus (Ganesan et al., 2008)
(7.23%), and Ornatilinea (Podosokorskaya et al., 2013) (5.87%) are an-
aerobic bacterium. However, Paracoccus (Watsuntorn et al., 2020)
(7.97%), Thauera (Yang et al., 2019) (4.39%), and Stappia (Biebl et al.,
2007) (2.13%) are facultative aerobic bacteria (FAB). Meanwhile, the
aeration system primarily consisted of aerobic or facultative aerobic
denitrifying bacteria. As shown in Fig. 5b, Azoarcus (Lee et al., 2014),
Paracoccus, Propionivibrio, Thauera, Stappia, and Pseudomonas were
the major genera accounting for 46.89% of all assigned OTUs in the
four denitrification systems, and they are important denitrifying
microorganisms.

NMDS analysis (S8) revealed that the samples from these reactors
differed significantly, indicating that aeration intensity significantly in-
fluenced the denitrification microbial community structure. The total
abundance of denitrification-affiliated core bacteria in R1, R2, R3, and
Table 2
Diversity indices analysis of the four activated sludge samples.

Sample ID OUT num Shannon index ACE index Chao index Simpson index

R4 2403 3.29 38,688.16 14,569.7 0.09
R3 1938 3.18 32,773.55 13,005.14 0.11
R2 2152 3.15 35,379.37 13,458.25 0.12
R1 1977 2.98 24,383.11 11,566.17 0.16
R4 were 51.87% (Propionivibrio, Paracoccus, Thauera, Stappia, Pseudomo-
nas, and Azoarcus), 53.68% (Azoarcus, Paracoccus, Thauera, Stappia, and
Pseudomonas), 51.28% (Azoarcus, Paracoccus, Thauera, Pseudomonas,
and Stappia), and 32.34% (Paracoccus, Stappia, Azoarcus, Thauera, and
Pseudomonas), respectively. As stated by Banerjee et al. (2018),
keystone taxa performing the primary role in denitrification are highly
related taxa and considerably impact the structure and function of the
microbiome. Their abundance is negative correlated with aeration in-
tensity (R2, R3, and R4) and peak in R2. According to these results, we
speculated that superior performance can be achieved in a system
with highly biodiverse communities having more keystone taxa. Based
on this hypothesis, the resilient ability of R2 could be correlated with
the co-occurrence network trait, where a shift in the state of a certain
genus does not influence the variations in other genera nor destroy
the niche anymore (Deng et al., 2019). Furthermore, FABwere obtained
in R1, R2, R3, and R4, especially in R2. These bacteria were Azoarcus,
Paracoccus, Thauera, Stappia, and Pseudomonas, which were domesti-
cated by the insufficient electron donor.

3.3. Microbial metabolic characteristics and potential networks under dif-
ferent aeration intensities

3.3.1. KEGG metabolic characteristic analysis based on PICRUSt
Themicrobial community structure in the denitrification system sig-

nificantly differed between aeration and non-aeration conditions, but
no significant difference existed in TN removal efficiency amongst R1,
R2, and R3 (F= 1.545, P0.05 = 0.288). Accordingly, we deeply explored
the influence of different aeration intensities on denitrification based on
the analysis ofmetabolic characteristics. Based on the analysis of the ge-
netic function of existing sequencing microbial genomes, we quantita-
tively analyzed the functional differences amongst different samples.
Fig. 6a shows that microorganisms in different aeration systems had di-
vergences in functional-gene abundance, in which the abundances of
membrane transport, amino acid metabolism, carbohydrate metabo-
lism, and energy metabolism all increased with increased aeration in-
tensity. Amino acid metabolism in the process of sewage treatment
refers to a series of processes in which the protein in sewage undergoes
the action of ammoniated bacteria and finally decomposes into ammo-
nia nitrogen. On one hand, this finding indicated that the available car-
bon source in the systemwas reduced, and that the system entered the
famine stage. On the other hand, because no protein was present in the
influent and no significant difference existed in the TN removal effi-
ciency amongst R1, R2, and R3 (F=1.545, P0.05=0.288), the microbial
communitymay have adapted to the environment by strengthening the
amino acid metabolism to maintain its function. During starvation,
amino acid metabolites are used as nutrients for the growth of hetero-
trophs (Chloroflexi, whose abundance increases with increased aera-
tion intensity) or by participating in protein synthesis in EPS to
achieve sludge granulation, i.e., a self-protection mechanism in the pe-
riod of environmental deterioration (Sun Y. et al., 2019).With increased
aeration intensity, a slight increase in nitrate in the effluent (Fig. 2c) and
the presence of Nitrospirae in the aerobic denitrification system were
observed, indicating the production of ammonia from amino acids me-
tabolism which could be used by nitrifiers. Lawson et al. (2017) also
found that the oxidation of amino acids coupled with the reduction of
nitrate to nitrite by the heterotrophic denitrifers can consolidate the
overall nitrogen removal in natural ecosystem. In summary, we proved
from the perspective of microbial metabolic characteristics that
higher aeration intensity enhanced the microbial metabolic activity
and mutual collaboration of different denitrification systems to
adapt to a dynamic environment and form a self-protection mecha-
nism for function maintenance.

3.3.2. Potential network analysis based on SparCC
In ecology, functionally closely related communities are often con-

sidered to show the “same ascent and descent” in abundance and are



Fig. 5. Relative abundance of the dominant bacteria. (a) phylum level; (b) genus level.
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divided into different co-abundance groups. Consequently, potential
bacterial network interactions occur. Thus, the interactions of denitri-
fiers with other denitrifiers or OHB in an aerobic denitrification system
and the effects of interactions on system performance with increased
aeration intensity require further clarification. Remarkably, genes
Azoarcus achieved the first highest abundance in R2 and R3 and
achieved the fifth highest abundance in R4. As depicted in Fig. 6b,
Pseudomonaswas the dominant denitrifiers that had a positive correla-
tion with Azoarcus at the genus level, suggesting that these two organ-
isms consistently interacted with one another in aerobic denitrification
systems. In canonical sewage-treatment plants, Azoarcus and Pseudomo-
nas are often associatedwith denitrification as hetetrotrophic denitrifiers.
Based onmetagenome analysis, Sun C. et al. (2019) found that denitrifiers
of Azoarcus and Pseudomonas within Proteobacteria have DCG genes, a



Fig. 6. Microbial metabolic characteristics (a) and Co-occurrence potential network (b) of the four denitrification systems under different aeration intensities. The nodes in b represents
different genus, and the different color blocks in the nodes represent the abundance of different samples in the genus classification. Red lines indicate positive interactions, and green lines
indicate negative interactions. When the correlation coefficient is greater than 0.8, it is indicated by a thick line, and the thicker the line, the stronger the correlation.
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quorum-sensing systemwhich could boost microorganisms' cooperation
with one another and eventually achieve nitrogen removal. He also found
that the quorum-sensing system can promote bacterial aggregation by
regulating EPS production under unfavourable conditions (e.g., famine).
In contrast to syntrophy in R1, Betaproteobacteria affiliated denitrifying
bacteria in R2–R4 (i.e., Azoarcus, Paracoccus, Thauera, Stappia, and
Pseudomonas) may share symbiotic relationships which are based on
metabolism to realize TN removal and based on protection against chem-
ical or mechanical pressure (Morris et al., 2013). Notably, Azoarcus and
Tepidisphaera also showed a positive correlation. Some studies have
demonstrated that Azoarcus, as a FAB, can couple with Tepidisphaera
which can grow with the production of acetate and exopolysaccharides
and achieve the removal of sulfide and nitrate by using acetate as an elec-
tron donor (Zhang et al., 2018). Tepidisphaera, belonging to phylum
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Planctomycetes, is a newly described genus comprisingmoderately ther-
mophilic, facultative aerobic cocci and occur as single cells or shapeless
aggregates at the optimum temperatures of 47–50 °C and pH values of
7.0–7.5 (Kovaleva et al., 2015). Tepidisphaera reportedly degrade mono-,
di-, and polysaccharides and also produce exopolysaccharides, acetate,
propionate, and amino acid in liquid environments but cannot use nitrate
and nitrite as an electron acceptor (Kovaleva et al., 2015). The co-
occurrence between Azoarcus and the polysaccharide-hydrolyzing bacte-
rium Tepidisphaera is a typical instance of commensalism, i.e., the former
cross-feeds on substrate produced by the latter (Morris et al., 2013).
Azoarcus also showed a significant positive correlationwithHyphomonas,
Pelagibacterium, and Sphingopyxis, They all belong to Proteobacteria,which
are oval or rod-shaped aerobic or facultative gram-negative bacteria. Re-
search has shown that although part of Hyphomonas can reduce nitrate,
none of them can conduct complete denitrification (Li et al., 2014; Li
et al., 2016). Meanwhile, only part of Pelagibacterium (Yang and Sun,
2016) and Sphingopyxis species (Chen et al., 2018) can realize nitrate re-
duction. Some researchers also believe that Sphingopyxis is a strict aerobe
that can grow anaerobically using nitrate as a terminal electron acceptor,
which may confer an environmental advantage to itself (García-Romero
et al., 2016). Thus, the synergistic effect amongst microorganisms in an
aerobic denitrification system was primarily reflected in two aspects:
intra-phylum cooperation amongst denitrifiers to achieve complete ni-
trogen removal, and inter-phylum cooperation amongst heterotrophs
to build the best habitat and adapt to environmental changes. The find-
ingswere different for R1. Propionivibrio (anaerobe) and Paracoccus (fac-
ultative aerobe) were the dominant genera and showed a significant
negative correlation (Fig. 6b). Paracoccus can use oxygen and nitrate as
electron acceptors and can achieve higher denitrification efficiency for
nitrate under aerobic than under completely anaerobic conditions
(Watsuntorn et al., 2020). Accordingly, the presence of Paracoccus
created an anaerobic micro-environment for the denitrification of
Propionivibrio by competing for substrate and consuming oxygen simul-
taneously. The negative correlation of the two may have facilitated the
complete removal of TN under different DO conditions, which was also
inter-genus cooperation. Meanwhile, intra-genus cooperation occurred
within Propionivibrio (P. dicarboxylicus, P. limicola, P. pelophilus, and P.
militaris) (Li et al., 2019; Liu et al., 2017; Thrash et al., 2010), in which
P. dicarboxylicus, P. pelophilus, and P. limicola were fermentative bacte-
rium and can utilize succinate with propionate and acetate as major
products.Meanwhile, P.militariswhich is a non-fermentative, facultative
anaerobe can completely oxidize propionate and acetate with oxygen,
nitrate, and nitrite as electron acceptors to realize complete TN removal.
This thermodynamic dependence amongst anaerobic microorganisms,
in which the products of fermentation can be utilized as substrates by
non-fermentative organisms to eliminate substrate inhibition, is known
as syntrophy (a type of mutualism).

Creatively interpreting taxa in genus–genus association network in-
teractions such as syntrophy, competitive interactions, and symbiotic
relationships can enable the microbial ecology of different HD systems
to form a plain description of community structure and a set of keystone
taxa with potential microbial interactions regulated by aeration inten-
sity. The aeration strategy as an ecological factor could be directly ap-
plied to guide the system towards optimal performance.

4. Conclusions

The influence of different aeration intensities on heterotrophic deni-
trification was studied systematically. The removal rates of TN under
different aeration intensities of 0.00, 0.25, 0.63, and 1.25 L/(L·min)
were 0.93, 1.45, 0.86, and 0.53 mg/(L·min), respectively, which were
much higher than previously reported values for pure bacteria. The op-
timal aeration intensity was 0.25 L/(L·min), and under this condition,
the maximum accumulation and accumulation rate of NADH was
achieved. Furthermore, the relative expression of napA, nirK, and nosZ
were all the highest under this condition. Assimilatory nitrate removal
accounted for 3.78%, 23.43%, 30.30%, and 43.78%, respectively, of the
TN removal efficiencies with increased aeration intensity, as revealed
by nitrogen-balance analysis. In the non-aeration reactor, Propionivibrio
denitrifiers were the main participants in denitrification. However, the
aeration system was primarily dominated by facultative autotrophic
oxygen-tolerant denitrifiers, and the interaction mode amongst micro-
organisms also varied in different systems.
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