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ABSTRACT
The high-rate partial-denitriﬁcation via efﬂuent residual nitrate controlling by carbon dosage optimization was investigated based on the
analysis of microbial mechanism of nitrite accumulation in this study. With the COD/N was changed from 4.0 to 1.8 and the efﬂuent nitrate
was above 8.48 mg/L, the nitrate accumulation ratio (NAR) and nitrate removal ratio (NRR) were achieved to 60 and 90%, respectively. With
the electron donor starvation (EDS) strategy, the nitrite accumulation was increased, which is related to the reduced utilization of carbon
sources. In addition, the rapidly increased of Thauera (0.21% to 53.29%) and inhibited of Others and Unclassiﬁed (96.93% to 16.99%), and
the signiﬁcantly different expression between reductase genes contributed to nitrite production (narG, 1,727.44 copies/mg) and nitrite
reduction (nirS, 208.27 copies/mg; nirK, 203.94 copies/mg) commonly involved to PD start-up and stable operation. While another reactor
can be quickly started by controlling efﬂuent residual nitrate within 19 days.
Key words: COD dosage, efﬂuent nitrate residual, nitrate reductase gene, nitrite accumulation, partial-denitriﬁcation, Thauera
HIGHLIGHTS

•
•
•
•
•

Partial denitriﬁcation process was quickly start up within 19 days via EDS strategy.

Critical concentration of NO
3 -N inhibiting NO2 -N reduction was proved to be exist.
The average NAR and NRR could reached 60 and 89%, respectively.

Thauera increased from 0.21% to 53.29% when efﬂuent NO
3 -N was above the critical value.
Nir gene expression was 4.2 times than the Nir gene so that nitrite was accumulated.

GRAPHICAL ABSTRACT

1. INTRODUCTION
Anaerobic ammonium oxidation (Anammox) is an autotrophic nitrogen removal process that transforms ammonia and nitrite
which respectively acts as an electron donor and acceptor with a ratio of 1: 1.32 to nitrogen from wastewater (Equation (1))
(Arora et al. 2021). Researchers are increasingly pay attention to Anammox, mostly owing to its superiorities related to
This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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operational costs (mainly aeration costs), excess sludge treatment and lack of carbon sources are over the traditional biological nitrogen removal (Trinh et al. 2021). However, the sustainable supply of nitrite is an essential step for Anammox process.
To address this challenge, partial nitriﬁcation (PN) that converts ammonia to nitrite and partial denitriﬁcation (PD) that transforms nitrate to nitrite are favored by researchers (Ji et al. 2019; Lotti et al. 2019). To date, most of the Anammox plants have
been established in worldwide are used to treating wastewater with high ammonia and low carbon to nitrogen (C/N) ratio
(Mao et al. 2017). When it was used to treat the municipal wastewater, the concentration of free ammonia (FA) and free
nitrous acid (FNA) which can inhibit the nitrite oxidizing bacteria (NOB) is low, causing the decreasing of nitrite accumulation in PN process (Qiu et al. 2021). On the contrary, PD can not only remove organic matter and nitrogen at the same
time, but also the operational environment (mainly pH and dissolved oxygen (DO)) is more conducive to Anammox process.
Furthermore, PD coupling with Anammox can achieve 100% removal of nitrogen in theoretical. Therefore, because of the
difﬁculty of PN to stably generate nitrite, researchers have a preference on PD owing to its easily control and stability of producing nitrite (Chen et al. 2021).
PD is to control the conventional denitriﬁcation process to nitrite as the ﬁnal product without further reduction
(Equation (2)) (Chen et al. 2021). As the reports, denitriﬁcation process mainly involves two types reductase, that is nitrate
reductase (Nar) and nitrite reductase (Nir), respectively (Zhang et al. 2019a, 2019b, 2019c). Over the years, PD was mainly
achieved through: (1) Using carbon sources that preferentially transfer electrons to Nar, eg. Acetic acid, glycerin (Van Rijin
et al. 1996; Le et al. 2021); (2) Controlling C/N ratio and reaction time to stop the denitriﬁcation reaction in time; (3) Inhibiting the expression of nirK gene belonging to Cu type Nir by high pH or enriching the Taueria with only nirS gene (Etchebehre
et al. 2005). Fundamentally, PD is mostly achieved through enriching bacteria capable of nitrite accumulation (Du et al.
2019). For instance, Halomonas and Saccharibacteria were enriched from a methylotrophic denitrifying culture (Li et al.
2016). Li and coworkers achieved PD (nitrite accumulation ratio (NAR) .90%) with Halomonas as the dominant bacterial
among functional population on the 120th day (Li et al. 2016). Thauera was enriched by limiting carbon source and controlling pH (Shi et al. 2019). Additionally, nitrite accumulation of PD process is also inﬂuenced by functional genes that encoding
enzyme. However, there are almost no research has been reported that employs efﬂuent residual nitrate as the only indicator
to startup PD process.
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In this study, high-rate PD process was achieved via efﬂuent residue nitrate controlling by EDS strategy. And the efﬂuent
residual nitrate was used as an indicator of electron donor starvation (EDS), not the efﬂuent COD. The main aims of this
study were: (1) To evaluate the critical efﬂuent residue nitrate for inhibiting nitrite reduction via in-situ tests; (2) To observe
the evolution of microbial community to EDS strategy through 16S rRNA gene sequencing; (3) To reveal the microbial mechanism of nitrite accumulation by metagenomic sequencing. The results of this study will help to rapidly startup practical PD
process and long-term stable operation of PD process.

2. METHODS
2.1. Reactor conﬁgurations
The experiment was carried out in SBR with effective working volume of 4 L and volume exchange ratio of 50%. The mixture
liquid suspend solid (MLSS) of the seed sludge which was collected from a domestic sewage treatment plant (Ganzhou,
China) is 2–3 gVSS/L. The composition of the synthetic wastewater was 5 mg/L CaCl2; 5 mg/L MgCl2; 2 mg/L KH2PO4;
80 mg/L NO
3 -N and 1 mL/L trace elements solution. The trace elements solution contained (g/L):15 EDTA, ZnSO4·7H2O
0.43, CuSO4·5H2O 0.25, NiCl2·6H2O 0.19, MnCl2·4H2O 0.99, CoCl2·6H2O 0.24, NaMoO4·2H2O 0.22, H3BO4 0.014. And
sodium acetate was using as organic carbon source, its dosage was depending on the demand at different stages.
2.2. Operation strategy
The SBR was operated in a cycle of 5 steps: 9 min for feeding, 1 min for adding chemicals, 120 min for stirring and reaction,
40 min for settling and 10 min for discharging. The temperature and mechanical mixing were set at a room temperature
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ranging 15–35 °C and 120 rpm, respectively. In-situ tests were performed at different operating periods to observe the change
of nitrogen in the reactor.
2.3. Analytical methods

Concentrations of NO
3 -N and NO2 -N were daily measured via standard methods (Federation and Association 2005). COD
was determined by potassium dichromate method (Federation and Association 2005). The MLVSS were determined using the
gravimetric method (Federation and Association 2005). In this study, the nitrite accumulation ratio (NAR) and nitrate
reduction ratio (NRR) were calculated as Equations (4) and (5), respectively.


NAR ¼ ([NO
2  N]eff =[NO3  N]inf  100%

NRR ¼

([NO
3

 N]inf 

[NO
3



N]eff )=[NO
3

(3)
 N]inf  100%
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2.4. High-throughput sequencing and microbial community analysis
Sludge sample were obtained from the seed sludge and after the end of stage I (0–11 d), II (12–42 d), III (43–52 d), IV (53–
63 d),which were named B0, B1, B2, B3, B4, respectively. Brieﬂy, total genomic deoxyribonucleic acid (DNA) was extracted
from sludge sample use bacterial DNA isolation kit (MOBIO Laboratories, Inc, Carlsbad, CA, USA). Polymerase chain reaction (PCR) ampliﬁcation of 16S rRNA gene was performed with primer 341F/806R (341F: CCTACGGGNGGCWGCAG;
805R: GACTACHVGGGTATCTAATCC) in V3-V4 region. DNA isolation was performed in accordance with established protocols described by PCR ampliﬁcation was performed in Eppendorf Mastercycler under the conditions described by Antwi
et al. (2017a, 2017b, 2017c). Illumina Miseq platform (Vazyme Biotech Co., Ltd) was used to conduct 16 rRNA gene
sequences.
2.5. Real-time ﬂuorescence quantitative PCR
Select SYBR Green I dye method for real-time polymerase chain reaction (qPCR) to detect the amount of gene expression
during the reaction (VanGuilder et al. 2008). First ﬁnd the coding sequence (CDS) of the target gene in NCBI, then use
the Beacon Designer (version 7.9) software for primer design. Entrusted Shenggong Bioengineering (Shanghai) Co., Ltd to
synthesize primers. After obtaining the sludge sample, refer to the instruction manual of the OMEGA kit (EZNATM MagBind Soil DNA Kit) to centrifuge the sample, collect the precipitate, weigh, and perform DNA extraction, and then use
the DNA ladder as a reference to perform agarose gel (1.5%) Electrophoresis to check DNA integrity. Details of operation
procedures of DNA isolation and PCR ampliﬁcation were referred to the previous study (Antwi et al. 2019; Zhang et al.
2019a, 2019b, 2019c).

3. RESULTS AND DISCUSSION
3.1. Reactor performance
The process performance was depicted as Figure 1. Sufﬁcient carbon source was added for improving denitriﬁcation activity
on phase-I. The sludge has a strong denitriﬁcation performance when the efﬂuent nitrate concentration was stable below
3 mg/L and was no accumulation of nitrite in the efﬂuent. Therefore, in-situ test was performed on the 11th day to determine
the peak nitrite accumulation (Figure 2). The nitrite increased ﬁrst and then decreased, indicating that nitrite accumulation
was really existed during the denitriﬁcation process. The accumulated nitrite began to decrease gradually at 15th min, and the
corresponding nitrate concentration was 8.48 mg/L at this time. Hence, the nitrate concentration inhibiting the reduction of
nitrite could be determined as 8.48 mg/L.
There were two methods to control the efﬂuent nitrate concentration above 8.48 mg/L according to Figure 2: (1) Shortening the reaction time within 15 min; (2) Inhibiting the bacteria activities by reducing the dosage of carbon source. The method
of electron donor starvation was selected to control the efﬂuent nitrate concentration since the dosage of carbon source only
needed to be adjusted according to the inﬂuent concentration.
The dosage of carbon source was reduced once the efﬂuent residual nitrate was below the critical value (8.48 mg/L) on
phase-II–IV. It was observed that the efﬂuent residual nitrate ﬁrst rose above the critical value (8.48 mg/L) and then
decreased gradually, and it was accompanied with a gradual increase of the efﬂuent nitrite simultaneously. While the efﬂuent
nitrite was stopped rising when the efﬂuent residual nitrate was dropped below 8.48 mg/L, indicating that the controlling of
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Figure 1 | Long-term performance of the reactor 1.

Figure 2 | Nitrogen conversion on 11th day via in-situ tests.

residual nitrate in efﬂuent above 8.48 mg/L can indeed achieve PD and realize the accumulation of nitrite. At the end of
phase-IV, the average efﬂuent nitrite, average nitrate and COD concentration was 51.79 mg/L, 4.57 mg/L and 20–30 mg/L,
respectively. The average NAR and NRR was 62.87% and 93.36%, respectively.
On the phase-V (64–75 d), the dosage of carbon source was reduced from 160 mg/L to 144 mg/L, then the efﬂuent nitrite
was 51.33 mg/L, NAR and NRR were 61.72% and 85.04%, respectively. And the efﬂuent nitrate increased to 12.43 mg/L.
However, the efﬂuent nitrate concentration was always above 8.48 mg/L, and the efﬂuent nitrite did not rise any more.
The average efﬂuent nitrite and nitrate concentration was 49.38 mg/L and 12.71 mg/L, respectively, and the average NAR
and NRR were 58.89% and 84.84%, respectively. While the residual COD concentration was still 20–30 mg/L. In conclusion,



Table 1 | NO3 -N and chemical oxygen demand (COD)/ NO3 -N in the inﬂuent in different stages

NO
3 -N

(mg/L)

COD/NO
3 -N

Phase I

Phase II

Phase III

Phase IV

Phase V

Phase VI

Day 0–11

Day 12–42

Day 43–52

Day 53–63

Day 64–75

Day 76–82

80

80

80

80

80

80

4

3

2.5

2

1.8

1.9
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PD has been successfully start-up on the phase-IV when the efﬂuent nitrate was raised above 8.48 mg/L and did not decrease
for a long time.
On phase-VI (76–82 d), the efﬂuent residual nitrogen was very close to phase- IV when the dosage of carbon source was
adjusted back to 152 mg/L. But it can be seen that the ﬁne tuning of inﬂuent COD has signiﬁcant impact on the efﬂuent
residual nitrate. Hence, it is essential to control the inﬂuent COD concentration to reach the standard of efﬂuent total
nitrogen.
In-situ test was performed again on the 90th day to reveal the characteristics of nitrogen conversion. The nitrogen changes
were depicted as Figure 3. The nitrogen conversion process can be clearly divided into two stages (Table 2). The denitriﬁcation rate of stage-I (93 mg N/(L·h)) was 15 times higher than stage-II (6.04 mg N/(L·h)). The COD was dropped from
44.96 mg/L to 14.26 mg/L on stage-I, and almost stopped declining on stage-II, indicating that the available COD may
have been consumed on stage-I. It has been reported that under aerobic conditions, acetate can be converted into poly
3-hydroxybutyrate which can be stored in cells as an effective electron donor for denitriﬁcation. Denitriﬁcation was continued after COD consumption and the reaction rate was slow, indicating that the electron donor was stored (Carucci et al.
2001) and there was an endogenous denitriﬁcation process (Zhang et al. 2019a, 2019b, 2019c). Therefore, the efﬂuent nitrite
concentration will not only depend on the COD in the inﬂuent, but also the reaction time. The reaction time would affect the
accumulation of nitrite because of the existence of endogenous denitriﬁcation, so it should be paid attention in the subsequent
pilot or production-scale studies.

3.2. Microbial community analysis
3.2.1. Diversity of bacterial community in reactor 1
The number of operational taxonomic units (OTU) was the highest in the seed sludge (Table 3). The number of OTU was
decreased signiﬁcantly with the operation of the reactor 1. The amount of OTU was only 1/3 of seed sludge after successful
acclimation of R1 sludge (B4), which was suggested that certain bacteria were suppressed or eliminated under the limitation
of electron donors and species diversity was declined. Moreover, the same result was obtained by richness indices (ACE and
Chao1) (Table 3). Therefore, controlling the efﬂuent nitrate concentration was an effective selective pressure.

Figure 3 | Nitrogen conversion on 90th day via in-situ tests.

Table 2 | Characteristics of nitrogen conversion on 90th day
Stage

Time (min)

Nitrate change (mg/L)

Nitrite change (mg/L)

COD change (mg/L)

Denitriﬁcation rate (mg N/(L·h))

I

0–15

45.11–14.11

21.34–39.77

44.96–14.26

93

II

15–120

14.11–4.03

39.77–55.82

14.26 + 2.15

6.04
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Table 3 | Alpha diversity statistics
Sequence reads
Sample

Raw

B0

108,259

B1

87,970

B2

89,198

B3

81,102

B4

73,360

Richness indices
Filtered

Diversity indices

Number of OTU

ACE

Chao1

Simpson

Shannon

Good’s coverage

82,770

2,726

3,076.39

2,948.77

0.014

5.775

0.99

76,508

1,960

2,495.97

2,359.01

0.033

4.777

0.99

84,726

956

1,427.00

1,263.02

0.099

3.337

1.00

77,971

794

1,516.87

1,155.11

0.095

3.099

1.00

69,875

832

1,584.23

1,195.12

0.297

2.291

1.00

3.2.2. Succession of microbial community composition of reactor 1
The microbial community structure at the phylum, class, order, family and genus level was analyzed to reveal the effect of
EDS strategy on microbial community. After being treated with EDS strategy, the Proteobacteria and Bacteroidetes with
an abundance of 65.19% and 22.19% had become the dominant phyla ﬁnally on phase-V compared with the seed sludge
(30.32% and 19.80%) (Figure 4(a)). Proteobacteria and Bacteroidetes were one of the dominant bacteria in many denitriﬁcation environments and were the main promoters of denitriﬁcation process (Zhou et al. 2019). It suggested that the EDS
strategy may effectively improve the denitriﬁcation performance of the system.
The Betaproteobacteria (Proteobacteria phyla) (59.80%) had become the dominant bacteria ﬁnally at class level compared
with seed sludge (12.26%) (Figure 4(b)). However, it was worth noting that the abundance of Cytophagia bacteria under the
EDS strategy had increased 21.02% on phase-V. This bacterium belongs to the class of Bacteroidetes, but there was no
detailed report on the function of this bacterium in relevant literature. Therefore, the relationship between Cytophagia bacteria and nitrite accumulation remains to be determined.
Species identiﬁed as Cytophagia bacteria at the class level were further identiﬁed as Cytophagales at the order level, and
Cytophagia and Cytophagales had a same relative abundance in each phase, indicating that Cytophagales is endemic to
Cytophagia. The Rhodocyclales which is the main species of β-proteobacteria phyla had a relative abundance of 56.42%

Figure 4 | Relative abundance of microbial communities as revealed by High-throughput gene sequences: (a) Phylum; (b) Class; (c) Order;
(d) Family; (e) Genus.

Downloaded from http://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2022.203/1072599/wst2022203.pdf
by guest

Uncorrected Proof
Water Science & Technology Vol 00 No 0, 7

ﬁnally on phase-V (Figure 4(c)). Rhodocyclales bacteria is consist of three families, namely Rhodocyclaceae, Azonexaceae,
and Zoogloeaceae, all of which are heterotrophic bacteria that can use oxygen, nitrate or nitrite as electron receptors
(Boden et al. 2017).
Rhodocyclaceae (56.42%) belonging to Rhodocyclales order were the dominant bacteria ﬁnally on phase-V at family level.
There was no further classiﬁcation of Cytophagalesi (Figure 4(d)). The Rhodocyclaceae family contained 18 genera, including
Thauera, Azoarcus, Azospira and other fungi. They have diverse functions that can be found in both polluted and unpolluted
waters of soil, sewage treatment plants, ponds, rivers and aquifers.
The microbial community structure of each sample at genus level was further analyzed (Figure 4(e)). Thauera (46.97%) and
Chryseolinea (17.06%) were the dominant bacteria ﬁnally on phase-V. Thauera was one of the dominant bacteria in many
studies related to partial denitriﬁcation (Shi et al. 2019; Si et al. 2019). Most Thauera genera have been reported to capable
to reduce of nitrate or nitrite via heterotrophic denitrifying process (Morgan-Sagastume et al. 2008; Bakken et al. 2012; Liu
et al. 2013). The relative abundance of Thauera was increased from 0.02% to 46.97%, indicating that the PD process was successfully achieved. For example, transient accumulation of nitrite was observed during nitrate reduction by
Thauera.aminoaromatica and Thauera.phenylacetica. Some Thauera species can not only carry out partial denitriﬁcation
to obtain the accumulation of nitrite, but also carry out whole-process denitriﬁcation to continue to reduce the accumulated
nitrite to nitrogen (Liu et al. 2013). In general, the gradual increase of Thauera explained the gradual increase of the accumulation rate of nitrite. What’s more, the relative abundance of Chryseolinea increased from 0.24% to 17.03%. The increased
abundance of Chryseolinea may be due to the uncomplete removal of dissolved oxygen (DO) from the water. Chryseolinea
was reported to be an aerobic chemotrophic bacterium (Kim et al. 2013) that could remove nutrients from water (Kim
et al. 2013; Xu et al. 2018). There was no effect of Chryseolinea bacteria on the partial denitriﬁcation performance has
been observed during the 82-day operation of the reactor. However, attention should be paid to the enrichment of Chryseolinea bacteria on the consumption of COD in the practical application.
3.3. Mechanism of species selection and nitrite accumulation
The process of denitriﬁcation involves a variety of speciﬁc enzymes including nitrate reductases (Nar), nitrite reductase (Nir),
nitric oxide reductase (NOR) and nitrous oxide reductase (N2OR) (Tavares et al. 2006). Nar is encoded by the narG gene,
while Nir is encoded by nirK or nirS gene (Simon & Klotz 2013). The coding sequences (CDS) of the narG, nirK and nirS
genes were obtained in NCBI and primers were designed by Beacon Designer (version 7.9) software (Table 4).
The expression of target genes was analyzed via real-time ﬂuorescence quantitative PCR. The expression level of narG, nirK
and nirS genes were 1,727.44 copies/mg of wet sludge, 208.27 copies/mg of wet sludge and 203.94 copies/mg of wet sludge,
respectively (Table 5). The expression level of Nar gene was 4.2 times of Nir gene, indicating that nitrate reduction rate was
Table 4 | Primer sequence of target gene
Target gene

Direction of primer

Primer Sequence (50 –30 )

Starting position

Length of the product

narG

Forward
Reverse

ACCGAGAAACTGTTGAAC
CTGTAGGTGGAGTGGATG

3,229
3,326

98

nirK

Forward
Reverse

CAAGGAGCTTGTTTATGAC
CTTGAAATTGCCGTTCTC

621
702

82

nirS

Forward
Reverse

GAAGAACCATCCGCAGTA
ATGGGTCTTGATGAACAG

1,281
1,362

82

Table 5 | Expression of target gene
Gene

Reductase

Expression (copies/mg wet sludge)

narG

nitrate reductase

1,727.44

nirK

Cu-type nitrite reductase

208.27

nirS

cd1-type nitrite reductase

203.94
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much higher than nitrite reduction rate, so the nitrite accumulation was achieved. This result was consistent with the research
of Qian’s et al. (2019) study. Each type of bacteria contains only one kind of nitrite reductase according to reports, and
Thauera contained only cd1 nitrite reductase encoded by the nirS gene (Etchebehere & Tiejie 2005). It suggested that
there was a low level of Cu-type reductase, and explained the low expression of nirK gene. The expression of nirS gene
was inhibited by nitrate, resulting in low levels of cd1-type nitrite reductase (Li et al. 2016).
The species selection mechanism achieving a large enrichment of Thauera via EDS strategy may be related to the transfer
of electron donors. Studies have shown that electron donors that provided by acetate have a priority on reaching nitrate
reductase upstream of the denitriﬁcation respiratory chain (Van rijin et al. 1996). Therefore, the limitation of electron
donors would give priority to partial denitriﬁcation when efﬂuent nitrate was controlled above the critical value (8.48 mg/L).
Thauera species can not only obtain the accumulation of nitrite by partial denitriﬁcation, but also continue to transfer the accumulated nitrite to nitrogen by whole-process denitriﬁcation (Liu et al. 2013), enabling Thauera bacteria to carry out normal
metabolism and maintain their own growth and reproduction even if only partial denitriﬁcation was carried out. Meanwhile,
some bacteria were difﬁcult to complete normal metabolism due to the lack of electron donors, then Thauera bacteria gradually
became the dominant bacteria.

3.4. Rapid start-up experiment of PD reactor 2
The rapid start-up experiment of the PD reactor was carried out by controlling the efﬂuent residual nitrate in reactor 2. And
the operating conditions of reactor 2 were consistent with the reactor 1 except that the initial nitrate concentration of inﬂuent
was 100 mg/L. The performance of reactor 2 was shown as Figure 5. According to the ﬁrst experiment, the dosage of carbon
source was reduced when every time the nitrate of efﬂuent was below the critical value. The decreasing of carbon source
dosage was not ﬁxed, so the increasing value of efﬂuent residual nitrate was also different. After ﬁve times of carbon
source dosage reducing, the reactor 2 was successfully started on the 19th day. Its performance removing the adaption
period (0–19 d) was shown in Table 6. Therefore, it can be seen that the rapid start-up of PD by controlling the efﬂuent
residual nitrate via EDS strategy was effective and repeatable.

Figure 5 | Operation performance of reactor 2.

Table 6 | Comparison of the performance of reactor 1 and 2
Reactor

NO
3 -inf (mg/L)

NO
3 -eff (mg/L)

NO
2 -eff (mg/L)

NAR (%)

NRR (%)

1

83.2 + 3.6

12.71

49.38

58.89

84.84

2

102.1 + 2.1

10.66

61.75

59.74

89.68
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3.5. Signiﬁcance of the study
PD process with the characteristics of efﬁciency, less carbon source, easy control and long-term stable operation, can offer
sustainable nitrite source for Anammox and open up a novel way for engineering application of Anammox (Celia et al.
2017; Cui et al. 2020). At present, PD process coupled Anammox has gained good nitrogen removal efﬁciency in small
scale (Singh et al. 2021). However, the investigation of microbial process mechanism has not been systematically carried out.
This study revealed the evolution in PD system under EDS strategy, and performed an analysis of nitrite accumulation performance, microbial community and expression of related reductase. These results indicated that the critical value (8.48 mg/L)
of residual nitrate in efﬂuent to inhibit nitrite reduction can be determined by EDS strategy, and remained the residual nitrate
higher than that critical value so as to maximize nitrite accumulation. Additionally, the signiﬁcant enrichment of Thauera
(0.21%–53.29%) and the signiﬁcantly different expression between reductase genes contributed to nitrite production (narG,
1,727.44 copies/mg) and nitrite reduction (nirS, 208.27 copies/mg; nirK, 203.94 copies/mg) commonly involved to PD startup and stable operation. These results provided some support for further understanding of the microbial mechanism of nitrite
accumulation in PD process.

4. CONCLUSION
The PD process was achieved within 11 days and stably operated via EDS strategy by employing the efﬂuent residual nitrate
as the only indicator. The critical value (8.48 mg/L) of efﬂuent residual nitrate inhibiting nitrite reduction was determined by
in-situ test. There was an inhibition of nitrite reduction when the efﬂuent residual nitrate was higher than the critical value. It
was conﬁrmed that the stable operation of PD process can be achieved quickly by controlling the efﬂuent residual nitrate
above the critical value. In addition, a signiﬁcant enrichment of Thauera (0.21% to 53.29%) was obtained through highthroughput sequencing. What’s more, the expression of nitrate reductase (narG, 1,727.44 copies/mg) was 4.2 times than
nitrite reductase (nirK and nirS, 208.27 copies/mg and 203.94 copies/mg) via real-time ﬂuorescence. Thauera only contains
cd1 type nitrite reductase, while nitrate inhibits cd1 type nitrite reductase. Thus, nitrite accumulation can realize by controlling efﬂuent nitrate above critical value.
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