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HIGHLIGHTS GRAPHICAL ABSTRACT

e HFMA mode with frequent aeration/
anoxic alternation and low DO condi-
tion was proposed.

e The frequent aeration/anoxic alterna-
tion improved the NOB inhibition
performance.

e HFMA strengthens the microbial meta-
bolic interactions among functional
bacteria. [ eeon E o wses

e The interactions promoted the expres- :
sion of genes related to anammox.

e The inhibited NOB and the enhanced
anammox under HFMA improved the
TN removal rate.
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ARTICLE INFO ABSTRACT
Keywords: A novel high-frequency micro-aeration (HFMA) mode with aeration frequency of 15 times/h and DO concen-
High-frequency micro-aeration tration lower than 0.5 mg/L was proposed. Advanced partial nitrification-anammox (PN-A) performance was

Partial nitrification

Mainstream anammox
Domestic wastewater
Metabolic interaction

achieved in a two-stage sequencing batch reactor-integrated fixed-film activated sludge reactor with the HFMA
mode. When treating wastewater with carbon/nitrogen ratio of 3, the abundance of NO, -N oxidation related
genes decreased, and the genes carried out NO3™ -N reduction and carbon source consumption were up-regulated.
These variations in microbial metabolism brought more NO, -N substrate for the subsequent anammox process,
and consumed part of the accumulated organic matter and NO3 -N. Thus, the HFMA conditions eventually
promoted the expression of anammox bacteria with NH,OH as an intermediate metabolite and the substance
exchange activity of anammox bacteria. The changes in microorganisms lead to increase in the nitrite accu-
mulation rate, nitrogen removal efficiency and abundance of anammox bacteria (16.34%, 18.71% and 5.92%,
respectively).
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1. Introduction

Faced with the increasingly stringent municipal wastewater treat-
ment standards, together with new demands on energy consumption,
partial nitrification-anammox (PN-A) has been extensively studied for
municipal wastewater treatment (Li et al., 2020b). Maintaining high
activity of ammonia oxidation bacteria (AOB) and anammox bacteria
and fully inhibiting the activity of nitrite oxidation bacteria (NOB) are
essential for implementing highly efficient nitrogen removal through
PN-A (Chen et al., 2019). It is usually difficult to maintain long-term
stable NOB inhibition since NOB could develop resistance to inhibition
conditions (e.g., low DO environment) (Liu & Wang, 2013). The water
quality of municipal wastewater with a Total nitrogen (TN) content
usually in the range of 20-60 mg/L is disadvantageous to the retention
of anammox bacteria (Li et al., 2021). Therefore, for the composition of
municipal wastewater, it is still necessary to explore the process form
and operation modes that are conductive to achieving highly efficient
PN-A (Kowalski et al., 2019).

Environmental inhibitors are required in the partial nitrification
stage of PN-A processes to fully suppress NOB activity (Laureni et al.,
2019), and the changes in environmental conditions would affect the
performance of the subsequent anammox stage (Agrawal et al., 2018).
Therefore, many efforts have been made to improve the processing ef-
ficiency by optimizing the operation strategy in the partial nitrification
stage (Choi et al., 2019), among which the intermittent aeration is one of
the most common strategies (Xu et al., 2020). In the PN-A process with
intermittent aeration mode, the activity of functional microorganisms
carrying out nitrogen removal is affected by the DO concentration
conditions and aeration frequency (Wang et al., 2018). Previous studies
have found that in the mainstream PN-A process under intermittent
aeration, the increase in aeration efficiency contributed to improve the
nitrite accumulation efficiency (Chen et al., 2020). The increase in the
aeration frequency not only directly affects the metabolism of functional
microorganisms, but also causes a decrease in the duration of each
aeration period and the average DO concentration (Guo et al., 2013),
which is beneficial for maintaining efficient PN-A (Sliekers et al., 2005).
Additionally, the method based on adjusting the aeration frequency has
advantages such as no need for inhibitor addition and low aeration
demand (Wang et al., 2017b). Therefore, it is still necessary to explore
the aeration strategy for enhancing the municipal wastewater treatment
using the PN-A process based on adjustment of aeration frequency.

The aeration frequency adopted in the PN-A process is usually lower
than 3 times/h (Miao et al., 2017), and there has been little research on
the processing efficiency under high-frequency aeration conditions.
Under the conditions of high-frequency aeration, transient anoxic
environment caused by frequent aeration/anoxic alternation is
conductive to the achievement of partial nitrification (Wang et al.,
2019). Moreover, a continuous micro-aeration condition, which refers to
the operating conditions with low DO concentration and short aeration
duration, can be easily attained under high-frequency aeration mode.
The micro-aeration condition can enhance the efficiency of NOB inhi-
bition. Therefore, there is a possibility that the High-frequency micro-
aeration (HFMA) mode contributes to improving the municipal waste-
water treatment efficiency of the PN-A process. Furthermore, few
studies have explored the influence of aeration frequency on the mi-
crobial community structure and metabolic activity of anammox bac-
teria, while changes in the anammox metabolic characteristics are
considered to be the key to improving the treatment performance of the
PN-A process (Wang et al., 2020). Hence, it is necessary to use advanced
biological information analysis technology (e.g., metagenomics
sequencing) and conduct an in-depth analysis on the PN-A process for
treating municipal wastewater (Li et al., 2020c).

To investigate the effect of the HFMA mode on the PN-A process
treating municipal wastewater, a PN-A system with HFMA conditions
was established on the basis of a two-stage sequencing batch reactor and
integrated fixed-film activated sludge reactor (SBR-IFAS). During the
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operation of the PN-A process, parameters such as Nitrite accumulation
rate (NAR) and substrate consumption ratio were compared between the
HFMA and the control groups, which were operated under low DO (DO
less than 0.9 mg/L) and low aeration frequency (lower than 3 times/h)
conditions. The differences in community characteristics of nitrifying
bacteria, denitrifying bacteria (DNB) and anammox bacteria between
the HFMA system and other control groups were emphatically investi-
gated. Finally, to establish a theoretical basis for the optimization of the
PN-A process, the metabolic characteristics of microorganisms under
HFMA were studied using metagenomic sequencing and analysis
technology.

2. Materials and methods
2.1. Experimental device and reactor operation

A laboratory-scale two-stage configuration comprising a sequencing
batch reactor (SBR) and an integrated mixed-film activated sludge
(IFAS) reactor was used in this study. The working volumes of the SBR
and IFAS reactors were 10 L. As is shown in Table 1, the operation of the
SBR-IFAS was divided into four stages according to the discrepancy in
aeration conditions (S1, S2, S3 and S4), the high-frequency micro-
aeration (HFMA) mode was introduced in S4 stage, and the operating
condition with aeration frequency lower than 3 times/h was adopted in
stages S1-S3 (control groups).

The wastewater was fed into the SBR, which was operated under
alternating aeration and anoxic conditions to achieve nitrification,
denitrification and organic removal. The four operation stages of SBR
were defined as PN-S1, PN-S2, PN-S3 and PN-S4. As shown in Table 1,
the aeration frequency of the four operational stages were 1, 2, 10 and
75 times/cycle, respectively. The duration of each typical cycle was 6 h,
which consisted of a feeding period (20 min), alternating anoxic and
aeration period (5 h), setting (20 min) and decanting period (20 min).

In the S1 stage (1-40 d), each typical cycle incorporates an anoxic
period for 2 h and an aeration period of 3 h. In the S2 operational stage
(41-80 d), aeration was conducted 2 times with the anoxic period and
the aeration period alternated 2 times in each typical cycle; the duration
of each anoxic and aeration periods were 1 h 20 min and 1 h 10 min,
respectively. In the first two operation stages, the average and maximum

Table 1
Operational parameters.
Operation stage Ordinary PN-A process HFMA
S1 S2 S3 S4
1-40d 41-80 81-120 121-160
d d d
Typical cycle duration (h) 12 12 12 12
SBR Feeding period (min) 20 20 20 20
Alternating anoxic and 5 5 5 5
aeration period (h)
Aeration frequency (times/ 1 2 10 75
cycle)
Duration of each aeration 180 80 10 1
period (min)
Duration of each anoxic 120 70 20 3
period (min)
Maximum of DO 0.8 + 0.8 + 0.6 + 0.4+0.1
concentration during 0.2 0.2 0.1
aeration (mg/L)
Average of DO 0.6 + 0.6 + 0.5 + 0.3+0.1
concentration during 0.1 0.1 0.1
aeration (mg/L)
Setting and decanting 40 40 40 40
period (min)
IFAS  Feeding period (min) 20 20 20 20
Anaerobic period (h) 5 5 5 5
Setting and decanting 40 40 40 40

period (min)
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DO concentration during aeration was 0.6 + 0.1 and 0.8 + 0.2 mg/L,
respectively. In the S3 operational stage (81-120 d), the aeration phase
in each cycle was divided into 10 periods with the duration of each
anoxic and aeration period being 20 min and 10 min, respectively, and
the average and maximum DO concentration during aeration was 0.5 +
0.1 and 0.6 + 0.1 mg/L, respectively.

In the S4 operational stage (121-160 d), the HFMA mode was
adopted with an aeration frequency during the alternating anoxic and
aeration period of 75 times/cycle (15 times/h). To establish micro-
aeration conditions, the duration of each aeration period was set as 1
min, and the average and maximum DO concentration during aeration
was set as 0.3 = 0.1 and 0.4 + 0.1 mg/L, respectively. The low DO
concentration condition was adopted in both HFMA system and control
groups.

The SBR reactor was operated at 20-25 °C and the pH value was
controlled at 7-8, and the sludge retention time was 18 d. The volume of
effluent at the end of each cycle was 5 L, resulting in a hydraulic
retention time (HRT) of 12 h. The aeration volume at each operational
stages was 47.99 L/cycle, and the aeration rate in the four operational
stages were 0.27, 0.40, 0.48 and 0.64 L/min. The supplied air was well-
mixed during aeration period using microporous aeration device and
constant velocity stirrer.

The produced water of the SBR was directed to an IFAS for advanced
nitrogen removal by anammox microorganisms. A polyurethane sponge
filler was used in the IFAS reactor with a filling ratio of 30%. Four
operational stages of IFAS reactor were designed according to the
discrepancy of influent, on the specific, the four stages are AN-S1 (1-40
d), AN-S2 (41-80 d), AN-S3 (81-120 d) and AN-S4 (121-160 d). A
typical cycle of the IFAS reactor (6 h) incorporated the feeding period
(20 min), anaerobic period (5 h), setting period (20 min) and decanting
period (20 min). The HRT of the IFAS reactor was equal to 12 h. The pH
value of IFAS reactor was controlled at 8-8.5, and the temperature was
maintained at 30-35 °C.

2.2. Wastewater composition and seeding sludge

The main characteristics of synthetic wastewater used in this
research were: 179.34 £+ 3.12 mg/L chemical oxygen demand (COD),
59.31 + 1.61 mg/L total nitrogen (TN) and COD/TN ratio of appropri-
ately 3. The detailed composition of influent wastewater was (one liter):
214 mg CH3COONa, 229 mg NH4Cl, 26 mg KHyPO4 and 1 ml trace
element solution. The composition of trace element solution was as
previous reported (Chi et al., 2021).

The seeding activated sludge for SBR was taken from a partial
nitrification-denitrification municipal wastewater treatment reactor,
which achieved a Nitrite accumulation rate (NAR) of 60%. The seeding
sludge for the IFAS reactor was taken from an anammox process treating
wastewater with a high NH4"-N concentration wastewater. Sludge
accumulation (60 days) was introduced before the process started to
enable microorganisms to adapt to the influent characteristics and
operational conditions.

2.3. Analysis and calculation methods

The water samples were filtered using 0.45 um filter paper, and the
concentrations of COD, NH4"-N, NOy -N, NO3 -N and TN in the
collected samples were measured according to standard methods
(APHA, 2005). The NAR was calculated to estimate the performance of
partial nitrification, and its value was determined by the ratio of NOy ™ -N
concentration to the sum of NO, -N and NO3™ -N in the produced water
of the SBR (Lv et al., 2019).

2.4. Microbial analysis methods

AOB, NOB, DNB and anammox bacterial community characteristics
were analyzed according to the results of 16S rRNA high-throughput
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sequencing. Metagenomic sequencing technology was employed to
explore the mechanisms of microbial metabolism. 16S rRNA high-
throughput sequencing was conducted on the Illumina MiSeq platform
at the Sangon Biotech (Shanghai, China), and the sequencing results
were archived in the National Center for Biotechnology Information
(NCBI) database with accession number PRINA743151. The results of
metagenomic sequencing were carried out on the Illumina Hiseq plat-
form at the Sangon Biotech (Shanghai, China), and the accession number
in the NCBI database was PRINA743156. Gene function annotation was
performed according to Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. Statistical analysis (e.g., correlation coefficient) was
performed using SPSS20.0 software.

3. Results and discussion
3.1. Performance of the PN-A process under HFMA mode

As is depicted in Fig. 1(a), the NAR was 52.24 + 1.77 % (effluent
NO;y -N and NO3™-N of 12.32 + 0.51 and 11.26 + 0.57 mg/L, respec-
tively) in PN-S1 and increased to 58.37 + 0.90 % (effluent NOy -N and
NO3™-N of 12.68 + 0.21 and 9.05 + 0.28 mg/L, respectively) in PN-S2.
When the aeration frequency increased to 10 times/cycle in PN-S3 stage,
the effluent NOy -N (12.50 + 0.38 mg/L) concentration remained close
to those in the PN-S1 and PN-S2 stages, the effluent NO3™-N decreased to
5.75 + 0.21 mg/L, and the NAR increased to about 70.46 + 2.59 %.
Stable partial nitrification performance was achieved in the control
groups under low DO operating conditions.

The NAR reached the highest value of 77.46 + 0.63 % in PN-S4 stage
with HFMA mode, and the effluent NO, -N and NO3™ -N concentrations
were 12.78 + 0.14 mg/L and 3.76 + 0.61 mg/L, respectively. Building a
low DO environment is conductive to the realization of partial nitrifi-
cation (Laureni et al., 2019), however, low DO was used in both the
HFMA system and the control groups. Hence, the DO condition may not
be the decisive reason for the difference in partial nitrification efficiency
between the HFMA system and the control groups. Additionally, previ-
ous research has shown that a transient anoxic environment is formed in
the aeration/anoxic alternating transition process, which can enhance
the inhibition of NOB (Wang et al., 2019). Therefore, compared with the
control groups, the enhancement in partial nitrification under HFMA
was mainly due to the high-frequency aeration conditions.

The effluent COD concentrations of PN-S1 and PN-S2 stage were
29.11 + 3.34 mg/L, and the COD concentrations of PN-S3 and PN-S4
stage decreased to less than 20 mg/L with the increase in aeration fre-
quency. Insufficient carbon sources in the domestic wastewater treat-
ment system will cause disintegration of microorganisms, and lead to an
increase in effluent COD concentration (Zubrowska-Sudol & Walczak,
2014). Herein, the decrease in SBR effluent COD concentration under
the HFMA mode indicated a more stable growth state of microorgan-
isms, and that the application of HFMA mode is beneficial for anammox
microorganisms in the subsequent reactor.

During the operation of SBR, the effluent TN concentration was
decreased from 33.90 + 1.06 (PN-S1 stage) to 27.32 £+ 0.65 mg/L (PN-S4
stage) Fig. 1(b). Furthermore, the proportion of NO3 -N in the effluent
of SBR with HFMA mode (PN-S4) was 14.35%, which was 19.78% lower
than that in other operational stages, indicating that the reduction in
NO3 -N was the main reason for the increase in TN removal perfor-
mance. There are several possible reasons for the reduced NO3 -N
content: 1) the NO3 ™ -N reduction activity of DNB was strengthened with
the increase in aeration frequency; 2) the NOy ™ -N reduction activity of
DNB was improved after the stabilization of partial nitrification, and the
competition between DNB and NOB under the low DO conditions
resulted in a decrease in NO3 ™ -N formation (Li et al., 2020a).

In the AN-S4, the concentrations of NH;"-N, NO,-N and NO3;™-N in
the produced water of IFAS decreased to the lowest values of 3.31 +
0.77, 1.50 + 0.31 and 6.32 + 0.64 mg/L, respectively. Meanwhile, the
effluent TN concentration of the PN-A process under the HFMA mode
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Fig. 1. Nitrogen composition in the influent and effluent water of SBR (a) and IFAS (b), and the TN removal efficiency of SBR-IFAS reactor (c).

(S4) was 11.12 + 1.24 mg/L, and TN removal efficiency reached the
highest value of 81.29 + 2.59 %. In conclusion, the PN-A process had
higher anammox activity and nitrogen removal efficiency with the
HFMA conditions. The application of HFMA mode led to a change in the
partial nitrification efficiency and the substrate conditions in anammox
reaction phase, which was one of the main reasons for the change in
anammox and TN removal performance.

3.2. Effects of the HFMA mode on nitrifying, denitrifying and anammox
bacteria

3.2.1. Nitrifiers and DNB community structure

The results of nitrifier community analysis (general level) are shown
in Fig. 2 (a). Nitrosomonas was the identified AOB, and its relative
abundance showed a slight increase along with the increase in aeration
frequency (from 1.52% to 2.16%). Nitrospira was the core genus of NOB
and varied significantly between different aeration conditions. The
relative abundances of NOB in PN-S1 and PN-S2 were 1.96% and 1.55%,
respectively, and the abundance decreased to 0.71% after HFMA
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Fig. 2. Relative abundance of nitrifying bacteria (a) and DNB in SBR (b) and IFAS reactor (c).

application (PN-S4). The Pearson correlation coefficient of relative
abundance of NOB and NAR was —0.984, indicating that the decrease in
NOB population determined the partial nitrification efficiency of HFMA.
Previous studies demonstrated that the inhibition of NOB could be
enhanced by utilizing the activity discrepancy between AOB and NOB
(Ge et al., 2014). The low DO concentration condition adopted in
HFMAs system and control groups was efficient in widened the
discrepancy in AOB and NOB activity. However, the average DO con-
centration during aeration for the four operational stages was much
lower than the O saturation constant of NOB (1.2-1.5 mg/L). Therefore,
the decrease in DO concentration after the application of HFMA was not
the core reason for the difference between the HFMA and the control
groups. Meanwhile, the alternating aeration/anoxic condition deter-
mined by the parameter of aeration frequency is conductive in NOB
inhibition. Hence, the difference in NOB inhibition between the HFMA
system and the control groups was mainly attributed to the selective
pressure on NOB proliferation caused by the continuous aeration/anoxic
alternation under high aeration frequency conditions.

The microbial community structure of DNB in the SBR is shown in
Fig. 2(b). In the PN-S1, DNB accounted for 5.54% of the total population,
and Dechloromonas, Zooglea and Dokdonella were the dominant DNB
genera (Zheng et al., 2019). The proliferation of DNB was enhanced
following an increase in aeration frequency. In the PN-S4, the relative
abundance of DNB reached its maximum value (12.6%), and the mi-
crobial community structure of DNB also changed significantly.
Furthermore, the consumption of NO, -N by DNB did not lead to a
reduction in the NO5 -N concentration in the produced wastewater of
SBR. In contrast, with an increase in the activity and abundance of DNB,
the NAR of the effluent gradually increased. In the current study, the
NO; ™ -N consumption by DNB may exert influence on NOB proliferation
and promoted the efficient and stable partial nitrification.

The microbial community structure of DNB in IFAS is shown in Fig. 2
(c). Integrating with the results of the microbial community structure of
DNB in SBR Fig. 2(b), it can be noted that the relative abundance of DNB
in IFAS decreased gradually with the enrichment of DNB in SBR. The
main reason for the changes in DNB is that the application of HFMA
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mode in the SBR prompted DNB in the reactor to make full use of easily
consumable substrates (e.g., biodegradable organic matter), resulting in
a decrease in the substrate concentration in the IFAS influent, which led
to a decrease in the abundance of DNB. The downward trend of DNB
abundance in IFAS consequently provided a more suitable growth
environment for anammox microorganisms at low substrate concentra-
tions. In general, the application of HFMA mode in the SBR exerts an
influence on the growth of DNB, and ultimately affects the growth of
anammox and nitrogen removal efficiency.

3.2.2. Community structure of anammox bacteria

The identified anammox species included Candidatus Brocadia,
Candidatus Kuenenia and Candidatus Jettenia. Candidatus Brocadia was
dominant in the anammox microbial community, and its relative
abundance was increased from 15.35% to 21.27% after the application
of HFMA condition (Table 2). The Pearson correlation coefficient of
relative abundance of Anammox bacteria and TN removal efficiency was
0.976, indicating that the enrichment of Anammox bacteria under
HFMA contributed to the improvement in TN removal. Candidatus
Kuenenia was the second most abundant species, and its population
reached the highest (2.16%) in the stage AN-S4 with a HFMA condition.
Previous studies demonstrated that the Candidatus Kueneni genus has a
smaller half-saturation index than other anammox microorganisms,
which is conductive to its growth under the conditions with low NH4*-N
concentrations (Oshiki et al., 2016). Additionally, some studies have
pointed that there is a symbiotic relationship between Candidatus Bro-
cadia and Candidatus Kuenenia, and the growth of the former can pro-
vide secondary metabolites for the latter (Yue et al., 2019). Therefore, in
AN-S4 stage, the enrichment of Candidatus Brocadia promoted the
proliferation of Candidatus Kuenenia.

As previously mentioned in Section 3.2.1, the HFMA strategy
employed in SBR could exerted influence on the growth of anammox
bacteria in IFAS reactor. In order to explore the potential influence of
aeration conditions, the correlation between DNB and anammox com-
munity in IFAS was analyzed using the correlation analysis method. As is
shown in Fig. 3, there was a significantly negative correlation between
the pre-dominant DNB genera (including Dechloromonas and Thauera)
and anammox bacteria (correlation coefficient less than —0.6). The re-
sults proved that the decrease of the DNB population in IFAS ultimately
contributed to the enhancement of anammox and wastewater treatment
performance. It was discussed in section 3.2.1 that the relative abun-
dance of DNB in IFAS decreased gradually with the enrichment of DNB
in SBR, which was caused by the application of HFMA mode. Therefore,
the results of correlation analysis confirmed that the application of
HFMA improved the growth of DNB in SBR, and thereby enabled the
anammox bacteria in the HFMA system has a better performance in
coping with low NH4"-N concentration conditions.

3.3. The linkage between HFMA mode and microbial metabolic
interactions

3.3.1. Overview of microbial metabolism
As is shown in Fig. 4(a), for the samples from SBR, gene counts for

Table 2
Relative abundance of anammox bacteria (general level).
Operational stage AN- AN- AN- AN-
S1 S2 S3 S4

Relative abundance of Candidatus Brocadia ~ 15.35 17.76 18.73 21.27
(%)

Relative abundance of Candidatus Kuenenia 0.75 0.91 1.16 2.16
(%)

Relative abundance of Candidatus Jettenia 0.31 0.41 0.65 0.71
(%)

Relative abundance of anammox bacteria 16.41 19.09 21.55 24.15

(%)
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the majority of metabolic pathways were increased after the application
of HFMA mode. The significantly upregulated genes were mainly asso-
ciated with basic metabolism of microorganisms, including energy
metabolism, amino acid metabolism and carbohydrate metabolism
pathways. It has been well recognized that energy and amino meta-
bolism are the basis for the proliferation of nitrifiers and DNB, and the
activity of carbohydrate metabolism determines the efficiency of deni-
trification. Previous studies also demonstrated that in the partial
nitrification-anammox process treating municipal wastewater, a mod-
erate increase in denitrification performance is conducive to the growth
of anammox bacteria (Li et al., 2020a). Generally, in the HFMA system,
the enhancement in carbohydrate metabolism promoted the interactions
between DNB and other functional microorganisms that carry out ni-
trogen removal, thus improving the overall nitrogen removal
performance.

The results of differential metabolic pathway analysis also demon-
strated that multiple significantly upregulated genes for the sample from
SBR were involved in membrane transport and environmental infor-
mation transduction processes, and the upregulation of these two
functional genes is conducive to the realization and stable operation of
partial nitrification (Wang et al., 2017b). Fig. 4(b) shows the differential
metabolic pathways of microorganisms in the anammox reactor under
different operational conditions. The abundance of genes in volved in
substance metabolism and environmental information transduction
pathways reached the highest value in AN-S4. This indicates that the
interactions between anammox bacteria and other functional bacteria
were strengthened under the HFMA conditions.

3.3.2. Effects of HFMA mode on functional genes and metabolic
interactions

Partial nitrification and denitrification were carried out simulta-
neously in the SBR because the municipal wastewater contained a
certain number of organic substances. Fig. 5(a) shows the functional
genes in SBR microorganisms associated with nitrification and denitri-
fication. The amoA is functional gene that carry out ammonia oxidation
(Limpiyakorn et al., 2011), and the relative abundance of the amoA did
not change significantly. The relative abundance of NxrA, which is the
functional gene for NO, ™ -N oxidation (Wang et al., 2015a), decreased by
0.03% in the HFMA system, and the variation trend of NxrA was
consistent with that of the NOB population shown in Section 3.2.1. For
the denitrification process, NarG is a key functional gene for the
reduction of NO3 -N to NOy -N (Jiang et al., 2019), and its abundance
increased by 0.02% in the HFMA system. NirK is the gene responsible for
NO; -N to Ny transformation (Huang et al., 2017), and the increase in
the relative abundance of NirK (0.04%) was 0.02% higher than that of
NarG. This indicates that the application of HFMA mode selectively
promotes the utilization of NOy ™ -N by DNB, which could consume the
substrate of NOB. Hence, the changes in functional genes in the HFMA
system regulate the metabolic interactions among nitrifying and deni-
trifying microorganisms, which promotes the microbial community
more favorable for partial nitrification (Fig. 5(d)).

According to information from the KEGG database, nitrogen meta-
bolism pathways are directly connected with arginine metabolism,
glutamate metabolism and carbon fixation pathways, which have a great
influence on nitrogen transformation. The gene abundance in the
metabolic pathways of the SBR microorganisms is shown in Fig. 5(c).
The increase in the abundance of genes in the arginine and glutamate
metabolism pathways promotes the occurrence of partial nitrification
(Lv et al.,, 2019). Hence, in the HFMA system, the improvement in
arginine and glutamate metabolic activity was one of the reasons for the
enhancement in growth rate and activity of microorganisms carry out
partial nitrification and denitrification (Fig. 5(d)).

Moreover, as pointed out in Section 3.3.1, the improvement in the
caron source utilization capacity of DNB can promote the stability of the
partial nitrification performance. Therefore, analyses were conducted
on the pathways associated with carbon source metabolism to explore
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the internal mechanism causing changes in the metabolic characteristics
of DNB. As is shown in Fig. 5(c), pyruvate metabolism, glycolysis,
butyric acid metabolism and six other carbon source metabolic path-
ways showed an up-regulated trend. The results confirmed that the
improvement in DNB metabolic activity under the HFMA mode was
caused by the variety of carbon source utilization, and finally promoted
the competition between DNB and NOB (Fig. 5(d)).

The metabolic mode of functional microorganisms in the anammox
reactive stage is shown in Fig. 5(b). To adapt to the fluctuating external
environment, there are two main patterns of nitrogen metabolism in the
anammox community (Yang et al., 2020). Part of the anammox (i.e.,
Candidatus Kuenenia) uses NO, -N as a substrate and form NO under
the catalysis of nitrite reductase (NO-forming) (NirS). The produced NO
binds with NH4"N to form hydrazine (NyH,) under the action of the
hydrazine synthase subunit (Hsz). Finally, NoH4 was gradually trans-
formed into N3 under the action of hydrazine dehydrogenase (Hdh).
Other kinds of anammox (i.e., Candidatus Brocadia) prefer to convert
NOy -N into hydroxylamine (NHOH) catalyzed along by Nitrite
reductase (cytochrome c-552) (Nrf) (Wang et al., 2021). The results of
metagenomic sequencing and analysis showed that the relative abun-
dance of Nrf and Hdh showed an upward trend. This also indicated that
the activity of functional genes carrying out anammox was enhanced

when the HFMA mode was employed. In addition, the gap between the
relative abundance of NirK and Nrf was increased after the application
of HFMA mode. The changes in these two functional genes suggested
that the HFMA mode promoted the activity of anammox with NH,OH as
the intermediate metabolite, thereby causing changes in the microbial
community structure of the anammox community.

In conclusion, during the partial nitrification-denitrification reaction
phase, the application of HFMA mode strengthened the selective sup-
pression of NO, -N oxidation activity and the metabolic interactions
between NOB and DNB, and further provided a foundation for the
subsequent anammox reaction phase by improving the consumption
activity of NO3™-N and organic substrates (Fig. 5(d)). The influence of
the influent composition, which includes both nitrogen composition and
microbial metabolites, on the growth of anammox bacteria has been
widely recognized in many studies(Zhang et al., 2021). Therefore, in the
current study, the effect of HFMA on the microbial metabolic charac-
teristics and the corresponding nitrogen conversion pathways in the
partial nitrification phase eventually affected the metabolic activity and
pattern of anammox bacteria, leading to changes in the growth of
functional microorganisms and the overall anammox performance.
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3.4. Potential of PN-A with HFMA mode for advanced nitrogen removal
in municipal wastewater treatment

The current study provides a novel approach to achieve high-
efficiency partial nitrification and anammox in municipal wastewater
treatment processes by introducing HFMA conditions. Previous studies
have demonstrated that intermittent aeration conditions are conducive
to partial nitrification (Xu et al., 2020), but due to the characteristics of
municipal wastewater, it is usually necessary to combine with other
inhibiting factors to improve partial nitrification (Wang et al., 2017a).
Compared with the addition of inhibitors, the optimal operating con-
ditions, which were proposed based on revealing of the effect of aeration
frequency on partial nitrification performance, reduced the operational
complexity and broadened the thought for optimization of the partial
nitrification system. Moreover, the low strengthening environment in
municipal wastewater treatment systems is a disadvantage for the
growth of anammox bacteria, and they become more sensitive to the
influent components and have more complex metabolic and regulatory
mechanisms (Ji et al., 2018). In this study, based on the results of
metagenomic sequencing, it was found that the application of HFMA
mode and the corresponding changes in SBR effluent caused changes in
microbial metabolism during the subsequent anammox period, espe-
cially with respect to nitrogen metabolism and environmental percep-
tion. The exploration of the relationship between the operating
conditions and metabolic characteristics of functional microorganisms is
beneficial for improving anammox efficiency.

At present, many municipal wastewater treatment plants in China
are faced with the situation of low influent carbon source concentration,
(Wang et al., 2015b) and the potential for energy recovery is limited (Lu
et al., 2019). Therefore, the carbon sources in municipal wastewater are
mainly consumed during the biological nitrogen removal process and
cause changes in the DNB community. Under the HFMA mode, succes-
sion in DNB leads to a decrease in COD and NO3™ -N concentrations in
the IFAS, thereby promoting the propagation of anammox bacteria.
Moreover, since the metabolite of DNB has the potential to promote the
growth of anammox microorganisms (Zhang et al., 2021), the effects of
carbon sources exert on DNB will eventually affect the basic metabolism
of anammox microorganisms, thus improving the stability of anammox
performance. Last but not the least, due to the high O, transfer efficiency
under the micro-aeration conditions, the demand for O in the high-
frequency micro-aeration system was reduced by approximately
32.5%, and the energy consumption was significantly reduced. In
conclusion, the high-frequency micro-aeration PN-A system has the
advantages of improving the metabolic activity of functional microor-
ganisms, low energy consumption and low carbon source demand,
which has the potential for advanced nitrogen removal in municipal
wastewater treatment, especially for treatment of municipal wastewater
with a low carbon/ nitrogen ratio.

4. Conclusions

In this study, NOB inhibition and anammox bacteria proliferation
were improved by employing the HFMA mode with aeration frequency
of 15 times/h and DO concentration lower than 0.5 mg/L. The metabolic
activity related to NOo ™ -N oxidation decreased, and the functional genes
carried out NO3 -N reduction and carbon source consumption up-
regulated. These variations in microbial metabolism strengthened the
expression of anammox bacteria with NH,OH as an intermediate
metabolite and the metabolic interactions between functional microor-
ganisms, which improved NAR, nitrogen removal efficiency and abun-
dance of anammox bacteria of HFMA process (an increase of 20.88%,
20.11% and 5.92%, respectively).
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