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In order to enhance nitrogen removal through anammox process in the full-scale swine wastewater treatment
plant, an innovative regulation strategy of nitrate-based carbon dosage and intermittent aeration was developed
to apply the combined biological nitrogen removal process in a full scale anaerobic-anoxic–oxic (A2/O) system.
TN removal efficiency reached at 65.5 ± 6.0% in Phase 1 with decreasing external carbon dosage in influent due
to the reduction of return nitrate concentration, and it increased to 83.5 ± 6.7% when intermittent aeration was
adopted in oxic zone and external carbon source was stopped adding into influent in Phase 2. As a result, the
energy consumption for the swine wastewater treatment decreased from 1.93 to 0.9 kW h/m3 and 4.18 to 2.57
kW h/kg N, respectively. Microbial community analysis revealed that the average abundances of Candidatus
Brocadia increased from 0.76% to 2.43% and removal of TN through anammox increased from 39% to 77%.

1. Introduction
Swine industry produces huge amounts of wastes in China, i.e., 496
million ton estimated in 2015 (Zhang, 2018). It is well known that
anaerobic digestion (AD) is used worldwide to treat swine wastes due to
the capability of biodegrading organic matter and recovering energy,
but the digestate contains high strength of COD, NH + 4-N and phos
phate. It is difficult to remove nitrogen from digestion through the
conventional nitrification and denitrification process, because it is rich
in NH + 4-N and at the low ratio COD/TN less than 3 (Sui et al., 2018).
The anaerobic ammonium oxidation (anammox) process has been
considered as the sustainable alternative for biological nitrogen removal
(Lotti et al., 2015), due to its advantages of less energy consumption, low
sludge production and zero carbon addition (Speth et al., 2016; Tian
et al., 2020). One of the keys to its successful start-up and stable oper
ation is to stably produce nitrite by either of two ways, partial nitritation
(PN) or partial denitrification (PD) (Du et al., 2019; Liu et al., 2020). The
partial nitritation-anammox process (PN-A) has been successfully

applied to remove nitrogen for dewatering liquor and industrial waste
water treatment (Wang et al., 2015; Han et al., 2020). The PD process
offers another promising solution to produce NO-2-N from NO-3-N for
the anammox process (Fu et al., 2019), and the partial
denitrification-anammox (PD-A) process is being paid more and more
attention recently for nitrogen removal in mainstream and high nitrate
wastewater treatment (Du et al., 2017, 2019).
There are bottlenecks for the PN-A process in full-scale application,
such as suppression of aerobic nitrite oxidizing bacteria (NOB) (Lackner
et al., 2014), prevention of nitrate build-up and biomass washout (Wang
et al., 2015, 2020), pH fluctuations (Tomaszewski et al., 2017) , because
of the interactions among four main microbial groups of aerobic
ammonium-oxidizing bacteria (AOB), NOB, anammox bacteria, and
heterotrophic bacteria (HB), which compete for four substrates, NH + 4N, NO-2-N, oxygen and organic carbon (OC). In the PN-A full applica
tions, nitrate (NO-3-N) is considered knotty problem among them, and
several ways were studied to prevent nitrate build-up in the PN-A pro
cesses through nitrite oxidizing bacteria (NOB) inhibition by DO control
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(Liu & Yang, 2017), free nitrous acid (FNA) inhibition (Wang et al.,
2018), combination of dosing NH2OH and wasting sludge (Wang et al.,
2015). In addition, COD or the ratio of COD/TN is often referred as one
of the most critical factors for PN-A process (Miao et al., 2018; Li et al.,
2020), because high COD favors denitrifying bacteria growth, resulting
in decreasing proportion of anammox bacteria and the reduction in the
anammox nitrogen removal capability (Wang et al., 2019a). Different
from the PN-A process, nitrate and COD in the PD-A process are
considered positive because they can be used as substrate to produce
nitrite for anammox process. Thus, the PD-A process provides unique
opportunity for practical applications such as treatment of municipal
sewerage and NO– 3-N contained industrial wastewater, and more ef
forts are needed for its engineering application such as controlling
strategies and understanding of microbial mechanism for the multispe
cies nitrogen transformation process (Cao et al., 2019; Du et al., 2019).
Different PN-A processes are developed for swine or animal waste
water treatment recently, such as two-step sequence batch reactor (SBR)
(Scaglione et al., 2015), PN/A process (Yuana et al., 2020), simulta
neous partial nitrification, anammox and denitrification (SNAD) process
(Qin et al., 2020), microbial fuel cell-anammox process regarding ORP
control (Zekker et al., 2020), a full-scale multi-stage aerobic/anoxic
process (Wang et al., 2019b), and combined partial nitritation and
anammox (CPNA) process (Zuo et al., 2020), nitrite in these studies is
mainly produced by partial nitrification, but the anammox process is
unintentionally induced by nitrite production through the PD process. In
addition, there are few PD-A process studies and application reported for
swine wastewater treatment.
Compared with the single biological nitrogen removal process, the
combined biological nitrogen removal process (CBNR), including con
ventional nitrification–denitrification and nitritation-denitritation, with
anammox processes, has the advantages of saving energy and improving
nitrogen removal efficiency. These biological nitrogen removal pro
cesses can make different contribution to the removal of nitrogen, such
as 27% − 37.5% (Yeshi et al., 2016) by anammox process and 12%
− 15% by conventional nitrification–denitrification (Li et al., 2019),
respectively.
When
the
CBNR
process
couple
nitrifica
tion–denitrification process with anammox process, the denitrifying
bacteria could use the biological COD in wastewater as the electron
donor to reduce nitrate into nitrite or N2 (Du et al. 2016), and anammox
bacteria could use the nitrite and ammonia to remove nitrogen, thus
achieving nitrogen removal and alleviating the impact of COD on the
anammox bacteria. Due to the existence of anammox process, the energy
consumption of the CBNR system is lower than the conventional bio
logical nitrogen removal process.
In the CBNR system, nitrate plays the crucial role in coupling deni
trification with anammox. Nitrate produced by anammox process or
nitrification process is removed using the biodegradable organic carbon
as the electron donor. In theory, the COD/NO– 3-N ratio plays a key role
in the long-term operation, and the dominance of anammox over deni
trification could be maintained by adjusting the suitable range of COD/
NO-3-N ratio. In theory, the COD/ NO-3-N ratio of 3.7 is required for full
denitrification and that for partial denitrification is 1.41 in theory (Ji
et al., 2018). When the concentration of nitrate is high in the CBNR
system and the COD/NO-3-N ratio is lower than the 1.41, external COD
addition is necessary to achieve nitrogen removal efficiency. Further
more, TN is removed mainly through the denitrification process due to
the effects of COD on anammox bacteria. When the nitrate concentration
is lower and the COD/NO-3-N ratio higher than 3.7, the external COD
addition is not necessary to enhance the activity of anammox bacteria,
then TN is removed mainly through anammox process rather than
denitrification process. The nitrate-based external carbon source dosing
thus provides the flexibility to nitrogen removal between anammox and
denitrification processes to meet nitrogen limits of the effluent. There
fore, it is important to find a strategy to coordinate the denitrification
and anammox processes in the CNBR system, in order to enhance the
nitrogen removal efficiency.

Aiming at cost-effectively biological nitrogen removal process for
high COD and ammonia-rich swine wastewater, the main purpose of this
study was to apply the CBNR process in a full scale of improved anaer
obic-anoxic–oxic (A2/O) system. In the CBNR process, the anammox
process was intentionally induced through the control strategy of both
nitrate-based COD dosage and intermittent aeration. The contribution to
nitrogen removal by the anammox process and nitrifica
tion–denitrification process was investigated through mass balance
analysis and monitoring performance of COD and nitrogen removal in
each unit of the improved A2/O system. The abundance, distribution,
and composition of main functional microbial community were
analyzed using quantitative real-time PCR (qPCR) and high-throughput
sequencing to reveal the inner relationship between the microbial and
the environmental factors. Nitrate roles and energy consumption in the
CBNR system were analyzed in order to provide technical support for its
spreading application for swine wastewater treatment plant in China.
2. Materials and methods
2.1. Description and operation of the full scale improved A2/O process
The swine digestion wastewater treatment plant (WWTP) located in
HengShui, Hebei Province, China, has been operated since 2018. As
shown in Fig. 1, the WWTP was operated with an improved continuous
A2/O process, where the anoxic zone was divided into 2 parts (anoxic 1
and anoxic 2). The characteristics of swine wastewater are shown in
supplementary material. The bioreactor of the improved A2/O system is
the type of the BIOLAK process, in which the top size and the bottom size
of the bioreactor are 67 m × 57 m (Length × Width) and 44.6 m × 34.6
m (Length × Width), respectively, and the effective depth of the biore
actor is 4.5 m and the total volume of the bioreactor is about 15,000 m3.
The aeration system of the improved A2/O system was equipped with
perforated and microporous aeration pipes alternately connected to two
blowers (Blower1 and Blower2) for oxygen supply and sludge mixing in
aeration zone. The average influent flow rate of the improved A2/O
system was 1230 m3/d with a step-feeding into anaerobic zone, anoxic 1
and anoxic 2. The average hydraulic retention time (HRT) of the
improved A2/O system was approximately 12 d. The SV30 of the acti
vated sludge was about 60%, and there was no sludge wasting
throughout the whole operation period in this study, and more details of
the improved A2/O system were shown in supplementary material. The
reflux sludge from settling tank return to the anaerobic and oxic zone
and the mixed liquor reflux were managed by air-lift through perforated
pipe aeration at the bottom of settling tank and at the rear end of the oxic
zone. The reflux ratios were calculated on the basis of the total influent
flux (Q) of the swine wastewater treatment system.
In this study, the anammox process was intentionally induced to
gradually dominate the CBNR process through the control strategy of
both nitrate-based COD dosage and intermittent aeration. The opera
tional strategy of the WWTP was divided into two phases as follows:
Phase 1 (Day 1–90): External carbon source at COD of 240000 mg/L
~ 260000 mg/L was dosed into the influent, and the dosage of the
external carbon source gradually decreased with increasing the COD/
NO– 3-N ratio and nitrogen removal efficiency (NRE, its details are
shown in Fig. 2). The air blower 1 and 2 controlled the aeration in the
oxic zone and worked 24 h to maintain the DO at 0.3 ~ 0.5 mg/L. The
COD and TN loading rate in were 0.19 COD/m3/d and 0.07 kg N/m3/d.
Phase 2 (Day 91–181): The dosing of the external carbon source was
stopped, and the average influent COD/TN ratio was 1.93. The air
blower 1 and air blower 2 were operated for 1 h and 24 h every day,
respectively. The DO concentration in the oxic zone was 0.3 ~ 0.5 mg/L
when the air blowers were in operation, and it decreased less than 0.1
mg/L after the air blower 1 stopped. The COD and TN loading rate in
were 0.072 COD/m3/d and 0.03 kg N/m3/d.
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Fig. 1. Schematic diagram of the digested swine wastewater treatment plant.

2.2. Calculation of contribution to biological nitrogen removal
Anammox(%) =

The mixed sludge in the anoxic zone 1 was taken to a 100 ml serum
bottle, and the initial concentrations of ammonia and nitrite were
controlled at 40 mg/L and 50 mg/L, respectively. The reaction tem
perature was kept at 30 ℃. Samples were taken every 60 min for 7 h, and
the concentrations of NH + 4-N, NO– 2-N and NO– 3-N were measured,
and the nitrogen curves were linearly fitted to obtain the activity of
anammox bacteria in the sludge.
1) Calculation of nitrogen removal by anammox process:

2.06 × K
× 100%
Inf TN − Eff TN

(1)

Where K represents the degradation rate of ammonia (mg N/L/min)
2) Calculation of nitrogen removal by denitrification process:
Denitrification(%) = 100% − Anammox(%)

(2)

2.3. Mass balance calculation of total nitrogen removal
The mass balances of nitrogen removal was analyzed based on the
monthly sampling of improved A2/O system to determine the
3
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2.6. Data analysis
The statistical calculations and data analysis were performed using
the SPSS 20 statistical software package (IBM, USA), and figures were
plotted by OriginPro 9.0 (OriginLab, USA). Principal component anal
ysis (PCA) concerning microbial community was performed using Can
oco 5.0 (Microcomputer Power, USA).
3. Results and discussion
3.1. Performance of nitrogen removal in the improved A2/O system
The influent and effluent concentrations of COD, NH + 4-N, and TN
of the improved A2/O system was showed in Fig. 2. In Phase 1, after the
addition of carbon source, the average influent concentrations of COD,
NH + 4-N, TN, and the ratio of COD/TN were at 1955 ± 622 mg/L, 575
± 116 mg/L, 688 ± 143 mg/L, and 2.83 ± 0.67, respectively, and the
corresponding removal efficiencies were average at 86 ± 3.6%, 90 ± 3%
and 65.5 ± 6.0%. The average return nitrate concentration was at 185
mg/L and the ratio of COD/NO– 3-N was 2.54 during the first ten days.
From day 20 to 59, the external carbon source was added to the influent
to increase the COD/NO– 3-N to 4.76. When the return nitrate con
centration decreased to 135 mg/L, the average dosage of external car
bon source in the influent was reduced from 5.1 to 3.6 t/d, and COD/
NO– 3-N increased to 4.8. From day 60 to day 90, the return nitrate
concentration and the average dosage of external carbon source from
day 60 to 90 were further decreased to 69 mg/L and 1.7 t/d, and the
ratio of COD/NO– 3-N increased to 7.
In Phase 2, the average concentrations of COD, NH + 4-N, and TN in
the influent were 1074 ± 365, 373 ± 63 and 454 ± 77 mg/L, respec
tively, and the average removal efficiencies of COD, NH + 4-N, and TN
were 81.9 ± 7.8%, 91.5 ± 6.5% and 83.5 ± 6.7%, respectively. The
average return nitrate concentration was 28 mg/L, and the average ratio
of COD/NO– 3-N increased to 37.19 during Phase 2. The addition of
external carbon source was stopped in Phase 2, hence the average
influent COD/TN was decreased to less than 2 (COD/TN of 1.93), but the
TN removal efficiency increased from 65.5 ± 6.0% to 83.5 ± 6.7%, and
it demonstrated that the autotrophic nitrogen removal pathway was
successfully reinforced in this stage.
In Phase 1, the average concentration of return nitrate was at 122
mg/L and external carbon source was added to the influent for improve
the nitrogen removal. As reported by Ji et al, the minimum COD demand
for nitrate removal through denitrification was 3.71 g COD/NO– 3-N (Ji
et al., 2018), therefore adding external carbon source was continued to
ensure stable TN removal efficiency until the COD/NO– 3-N reached to
6. Later, external carbon source addition was stopped with the
decreasing of return nitrate concentration from 185 to 69 mg/L, alle
viating the inhibition of organic matter on the anammox bacteria. The
nitrogen removal contribution was shown in supplementary material,
and the denitrification was the main process of nitrogen removal in
Phase 1 (61%), which occurred in the anaerobic zone and anoxic zone.
The external carbon source in the influent was easily biodegraded by
denitrifying bacteria to finish denitrification process.
In Phase 2, the average return nitrate concentration further
decreased to 28 mg/L, and with the stopping of external carbon source,
the average influent COD/TN and COD/NO– 3-N were 1.93 and 37.19,
respectively. When the inhibitory effect of organic matter was relieved,
the activity of anammox bacteria was improved from 2.26 mg N/(L⋅H) in
Phase 1 to 7.96 mg N/(L⋅H) in Phase 2, and the proportion of nitrogen
removal via anammox process increased to 77% (supplementary mate
rial). At the same time, it was observed that approximately 7 mg/L TN
was removed from the system in the oxic zone (supplementary material),
which confirmed that the oxic zone also contributed to the nitrogen
removal process in Phase 2.

Fig. 2. Performance of the improved A2/O system during the two phases:(A):
NH + 4-N removal; (B): TN removal; NRE-NH + 4-N and NRE-TN represent
removal efficiency of NH + 4-N and TN respectively; (C): COD removal and the
return nitrate concentration; (D): Dosage of external carbon source and the
ratio of COD/NO– 3-N.

proportional characteristics of the nitrogen removal during different
phases,. The specific calculation was shown in supplementary material.
2.4. DNA extraction, quantitative PCR (qPCR), high-throughput
sequencing and bioinformatics analysis
According to the different operational periods, samples of the acti
vated sludge in the anaerobic, anoxic 1, anoxic 2 and oxic zones were
collected on day 90 and 166, respectively. Genomic DNA extraction was
conducted soon after sampling using the Fast DNA SPIN Kit for soil,
following the manufacturer’s instructions. Quantitative PCR (qPCR)
analysis, high-throughput sequencing, and bioinformatics analysis were
done as mentioned in supplementary materials.
2.5. Determination of water quality parameters
Concentrations of NH + 4-N, NO– 2-N, NO– 3-N and total nitrogen
were analyzed according to the standard methods (APHA, 2005).
Chemical oxygen demand (COD) was measured using HACH 8000
methods with a DR 2800 spectrometer (HACH, USA) MLSS and mixed
liquor volatile suspended solids (MLVSS) were determined at 105 ◦ C (4
h) and 600 ◦ C (2 h), respectively.
4
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3.2. Contribution to nitrogen removal of each zone in the improved A2/O
system

removal in the anoxic 1 increase from 3.39% to 18.33%. However, with
the less influent flow to the anoxic 2, it caused a lack of sufficient carbon
source for partial or full denitrification, making the proportion of ni
trogen removal in the anoxic 2 stayed the same as Phase 1.
The enhancement of nitrogen removal in the oxic zone in phase 2 was
attributed to the low influent COD/TN ratio and achieved 20.31% of TN
removal. Lower DO concentration and intermittent aeration were
considered as an effective strategy for NOB inhibition (Miao et al.,
2017). Then ammonia nitrogen in the oxic zone was more likely to be
oxidized to nitrite rather than nitrate under the low DO concentration
(less than0.1 mg/L) and intermittent aeration condition. Because the
anammox bacteria showed more competition to nitrite than NOB,
resulting in considerably higher TN removal. So TN was removed
through the close cooperation between ammonia oxidizing bacteria
(AOB) and anammox bacteria, and the Sharon-anammox process was
achieved in the oxic zone by controlling intermittent aeration and an
oxygen-limited environment.

Mass balance analysis of the full-scale wastewater treatment plant
was conducted based on the monthly sampling to reveal the contribution
to nitrogen removal in each zone. As shown in Fig. 3, the nitrogen
removal efficiency was at 51.74% monitored in the anaerobic zone in
Phase 1, and very low amount of nitrogen removal was observed in the
other three zones (anoxic 1 for 3.39%, anoxic 2 for 6.80% and oxic zone
for 3.61%). The nitrogen removal efficiency in the improved A2/O sys
tem increased to 70.43% during Phase 2 while reducing in the anaerobic
zone (25.75%) and anoxic 2 (5.75%), but increased to 18.33% and
20.31% in the anoxic 1 and oxic zone, respectively.
According to the literature (Płaza et al., 2003), the required COD for
full denitrification is 4 g COD/g NO-3-N with assimilation. In Phase 1,
the ratio of COD biodegraded and nitrogen removed (△COD/△TN)
were 5 and 3.9 in the anaerobic zone and anoxic zone 1, respectively,
which means nitrogen was mainly removed through the full denitrifi
cation in the anaerobic zone and the anoxic zone 1. The denitrifying
bacteria used the biodegradable carbon source in the influent to reduce
the return nitrate to N2. In anoxic 1, the cause for the increase of
ammonia nitrogen concentration was the degradation of COD from
influent. In anoxic zone 2, the △COD/△NO– 3-N was 3, which is near
to the demanded COD for partial denitrification (2.8 g COD/g N) ac
cording to the literature (Płaza et al., 2003). Thauera was reported as a
partial denitrifying bacteria (Du et al., 2017), and some of denitrifying
bacteria also reduce the nitrate to nitrite under the inadequate carbon
source, hence nitrite was removed with ammonium by the anammox
bacteria co-existing in anoxic 2 rather than the full denitrification
process.
During Phase 2, the external carbon source was stopped and inter
mittent aeration strategy was adopted in the oxic zone to further
removal of nitrogen by anammox process. In the anaerobic zone, the
ratio of △COD/△TN was 0.2, which means that the nitrogen was
removed mainly by the autotrophic nitrogen removal pathway, and the
denitrification process in anaerobic zone was weakened compared with
Phase 1. The ammonia nitrogen decreased in the anoxic 1, and it could
be deduced that part of return nitrate from the oxic zone was reduced to
nitrite and coupled with the ammonia to achieve nitrogen removal
through the anammox process, leading to the contribution to nitrogen

3.3. Evolution and biodiversity of microbial community
The microbial community was analyzed through the samples of
activated sludge collected in the anaerobic zone, anoxic 1, anoxic 2 and
oxic zone on day 90 and 166, respectively. According to the UniFrac
analysis, results showed that bacterial community in 8 samples could be
clustered in 2 groups as follows: (1) Group 1 contained 4 sludge samples
in Phase 1; (2) Group 2 was the 4 sludge samples collected in Phase 2
(supplementary material). PCA analysis showed that samples of Phase 1
and Phase 2 distributed far apart on the first axis accounting for 44.7%
of the variance, which indicated that highly discrepancy were present in
the samples of these two phases due to different operation conditions.
Additionally, the α diversity of microbial communities was investi
gated by analyzing Shannon index, Simpson index and Chao1 index at
OTUs level (Table 1). Among them, Shannon index is the richness and
evenness of species; Simpson index represents the status and role of
dominant species in a community or habitat; the Chao1 index is the
complexity of species in a community (NIE et al., 2018). As shown in
Table 1, although the species richness increased from Phase 1 to Phase 2,
the diversity of microbial community decreased. The possible reason
might be with the stopping of external carbon source, the abundance of
bacteria related to organic matter degradation was decreased. Besides,

Fig. 3. Mass balance calculations for nitrogen in the A2/O system.
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with the intermittent aeration strategy in the oxic zone during Phase 2,
the aerobic bacteria was also affected, resulting in its decreasd abun
dance (Wang et al., 2015).
The taxonomic classification at the phylum level was shown in
Fig. 4a. It can be seen that the predominant phyla in these two phases
were Bacteroidetes (18.94% − 33.56%), Proteobcateria (25.54% −
30.70%), Chloroflexi (7.70% − 21.16%), Acidobacteria (6.79% −
12.14%), Planctomycetes (2.75% − 4.48%) and Firmicutes (1.31% −
7.41%), respectively. Though the operating conditions were different,
the composition of dominant microbial community was similar to other
researches (Wang et al., 2015; Lawson et al., 2017; Zhang et al., 2017).
Among them, the main functional bacteria related to nitrogen trans
formation (Proteobcateria and Planctomycetes) increased from 26.97%,
3.16% in Phase 1 to 27.82%, 3.55% in Phase 2, respectively. For the

Table 1
Microbial Richness and Diversity in the two phases.
Sample

Shannon

Simpson

Chao1

A1_1
A1_2
A2_1
A2_2
A3_1
A3_2
O_1
O_2

5.192193
4.744298
5.199456
4.588669
5.214555
4.572736
5.177909
4.668557

0.015101
0.030283
0.015709
0.038604
0.013574
0.046451
0.014213
0.041441

1697.573770
2009.032710
1704.259259
1768.521739
1631.833333
1957.004831
1676.735294
1874.025862

Fig. 4. The relative abundance of bacterial communities at phyla(a) and genus(b) level. A1-1: anaerobic zone in Phase 1; A2-1: anoxic zone 1 in Phase 1; A3-1: anoxic
zone 2 in Phase1; O-1: oxic zone in Phase 1; A1-2: anaerobic zone in Phase 2; A2-2: anoxic zone 1 in Phase 2; A3-2: anoxic zone 2 in Phase2; O-2: oxic zone in Phase 2.
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microbial function abundance, most of the microorganism metabolic
function abundance showed an increase trend, including Biosynthesis of
amino acids, purine metabolism, ABC transporters and Quorum sensing,
which was consistent with the nitrogen removal effect.
At the genus level (Fig. 4b), anammox bacteria Candidatus Brocadia
was detected as the sole anammox genus with relative abundances of
0.83%, 0.50%, 0.74%, and 0.98% in the anaerobic zone, anoxic 1,
anoxic 2, and oxic zone during Phase 1, respectively. During Phase 2, the
percentages of Candidatus Brocadia increased to 1.53%, 3.02%, 1.87%
and 0.98% in the anaerobic zone, anoxic 1, anoxic 2 and oxic zone,
respectively. Its average abundances of Candidatus Brocadia in these four
zones increased from 0.76% in Phase 1 to 2.43% in Phase 2. Candidatus
Brocadia, which is thought to have an advantage at high substrate
concentrations (Shuang et al., 2013), was often detected as dominant
species in wastewater treatment plants and more competitive than other
anammox bacteria in the presence of organic matter (Winkler et al.,
2012), such as digested swine wastewater in this study. The average
relative abundance of the denitrification bacteria, such as Denitratisoma,
Pseudomonas, Bacillus, Thermomonas, and Thauera, decreased from
8.44% in Phase 1 to 5.35% in Phase 2.
In Phase 1, a higher biodegradable carbon source in influent
improved the full denitrification process in the anaerobic and anoxic
zone. Due to the inhibition caused by carbon source, anammox bacteria
failed to compete for substrate nitrite with denitrifying bacteria. With
decreasing carbon source in influent, there was no adequate carbon
source for denitrifying bacteria to complete full denitrification process,
and anammox bacteria could use the nitrite from partial denitrification
for nitrogen removal, thus elevating the abundance of anammox bac
teria in the anaerobic and oxic zone. Besides, the strategy of starting
intermittent aeration and adjusting DO concentration in the oxic zone
inhibited NOB and weakened its ability to compete for nitrite with
anammox bacteria. In the oxic zone, AOB was supposed to produce
sufficient nitrite for anammox bacteria, and rapid oxygen depletion by

AOB created an anoxic microenvironment, which was beneficial for the
growth of anammox bacteria.
Typical microorganisms involved with biological nitrogen trans
formation, such as AOB, NOB, and denitrifying bacteria, were highly
abundant in the improved A2/O system. In the oxic zone, although the
percentage of AOB (Nitrosomonas) and NOB (Nitrospira) were decreased
from 1.43%, 1.98% in Phase 1 to 1.19%, 0.26% in Phase 2, respectively,
the ratio of AOB/NOB was increased from 0.72 to 4.50, indicating that
the lower DO condition and intermittent aeration suppressed both AOB
and NOB, but the NOB was impacted even more. The abundance of some
denitrifying bacteria, such as Thermomonas, Pseudomonas and Thuaera,
which were reported to readily reduce NO– 3-N to NO– 2-N with no
further reduction of NO– 2-N as long as NO– 3-N was present (Du et al.,
2017), decreased in the anaerobic and anoxic zone from Phase 1 to
Phase 2.
3.4. Changes of nitrogen transformation genes
The nitrogen transformation genes were determined through qPCR
as shown in Fig. 5. The abundances of nitrification genes including
amoA, hao and nxrB in oxic zone during Phase 2 were lower than those
during Phase 1. Because AOB and NOB were inhibited in the oxic zone
due to the long-term low DO concentration and intermittent aeration
strategy (Guoqiang & Jianmin, 2013; Zhang et al., 2017), resulting in
the decreasing abundances of amoA, hao in the oxic zone, especially the
abundance of nxrB. It is generally accepted that low DO concentration is
more favorable to successfully achieve partial nitrification in biological
wastewater treatment systems (Zheng et al., 2019). Therefore, in the
transition from Phase 1 to Phase 2, more nitrite produced through
partial nitrification pathway in the oxic zone was preferably consumed
by anammox bacteria. Consequently, the activated sludge in the oxic
zone contained a higher abundance of functional genes of hzo, hzsA and
nirS related to anammox process, which increased 1.2, 25.7 and 1.07

Fig. 5. Changes of nitrogen transformation genes in the improved A2/O system during Phase 1 and Phase 2. (A): anaerobic zone; (B): anoxic zone 1; (C): anoxic zone
2; (D): oxic zone. Orange represents the Phase 1, and green represents the Phase 2.
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times in Phase 2 compared with those in Phase 1 along with the
increasing production of nitrite, respectively. This confirmed that the
autotrophic nitrogen removal was greatly enhanced in the oxic zone.
As for the genes encoding denitrification, because the external car
bon source was stopped adding in Phase 2, less carbon was more easily
used for partial denitrification rather than the full denitrification, so the
results indicated that the abundances of narG responsible for nitrate
reduction increased by 1.14 and 2.81 times from Phase 1 to Phase 2 in
the anaerobic zone and anoxic zone, respectively. The abundances of
nosZ related to full denitrification process in the anaerobic zone and
anoxic zone remained relatively stable with no obviously difference
between these two phases. The abundances of hzsA and hzo associated
with the anammox process in Phase 2 were nearly an order of magnitude
higher than those in Phase 1 because the autotrophic nitrogen removal
process was enhanced in Phase 2.
The changes of nitrogen transformation genes in anaerobic and oxic
zone through these two phases confirmed that the regulation strategy of
both nitrate-based carbon dosage and intermittent aeration strategy
could create a better environment for anammox bacteria, resulting in
higher abundances of anammox genes. On the other hand, due to the
lower COD concentration, the ability of denitrifying bacteria to compete
for nitrite with anammox bacteria has been weakened, which promotes
the activity of anammox bacteria increased by 3.5 times from 2.26 mg
N/(L⋅H) in Phase 1 to 7.96 mg N/(L⋅H) in Phase 2.
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