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Abstract The effects of free ammonia (FA) and dissolved
oxygen (DO) on nitrite accumulation in the treatment of high
ammonium wastewater and on the evolution of the microbial
community were investigated. Under high DO conditions
(3.75±0.49 mg/L), FA as high as 10.61±2.89 mg NH3/L
maintained stable nitrite accumulation rate (NAR) of 84 %
with NH4

+-N load of 2.05 kg N/(m3 day) at sludge retention
time (SRT) of 15–18 days. After 56 days of operation,
Proteobacteria and Nitrosomonas were the dominant phylum
and genus, respectively; Nitrosomonas increased from 21.14
to 54.57 %. By contrast, under relative low DO and low FA,
nitrite-oxidizing bacteria (NOB) were nearly eliminated
(NOB/AOB of 0; ammonium-oxidizing bacteria (AOB)),
and NAR of 94 % was achieved with lower NH4

+-N load of
0.48 kg N/(m3 day). DO correlated with AOB and NOB abun-
dance, and FA decreased NOB activity and the NOB/AOB
ratio. In conclusion, high FA and high DO conditions are
optimal for efficient nitrite accumulation.

Keywords Nitrite accumulation . Free ammonia . Dissolved
oxygen .Microbial community . High-throughput sequencing

Introduction

High ammonium (NH4
+-N) wastewater (including animal

production wastewater, landfill leachate, and anaerobic
digestate of waste sludge) has harmful effects on bodies of
water and aquatic plants without proper treatment, which has
been widely studied with regard to biological nitrogen remov-
al (BNR) (Zhang et al. 2007; Zhang et al. 2011; Guo et al.
2010). Shortcut nitrification and denitrification (SND) and
anaerobic ammonium oxidation (Anammox) are two BNR
processes suitable for the treatment of high ammonium waste-
water. Highly efficient and stable nitrite accumulation is the
first step (Peng and Zhu 2006; Wyffels et al. 2004)

The controlling parameters for nitrite accumulation include
free ammonium (FA), free nitrous acid (FNA), dissolved ox-
ygen (DO), SRT, and ammonium sludge load (Chuang et al.
2007; Chen et al. 2010; Vadivelu et al. 2007). Shortening SRT
to 1–3.5 days could facilitate NOB washout (Regmi et al.
2014). DO level less than 1.0 mg/L is favorable for the inhi-
bition of nitrite-oxidizing bacteria (NOB) (Kim et al. 2008),
and de Graaff et al. (2010) indicated that DO of 1.5–1.7 mg/L
was superior for nitrite accumulation in the treatment of high
ammonium wastewater. Ruiz et al. (2003) reported that DO
higher than 1.7 mg/L could not achieve nitrite accumulation.
However, An et al. (2008) and Tokutomi et al. (2010)
achieved approximately 90 % NAR at DO of approximately
4 mg/L in the treatment of high ammonium wastewater. The
mechanism of nitrite accumulation under high DO (approxi-
mately 4.0 mgDO/L) is unclear but is hypothesized to involve
inhibition by FA.
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FA is one of the most important determinants of nitrite
accumulation. However, the FA concentration range that in-
hibits NOB remains controversial. For instance, Anthonisen
et al. (1976) reported that FA of 0.1–1.0 mg-NH3/L exerted an
inhibitory effect on NOB. Recent research revealed that to
maintain efficient nitrification accumulation FA up to 10–
15 mg NH3/L is required (Chen et al. 2010; Park et al. 2014).

The evolution of microbial community in response to FA
and DO treatment can help reveal the microbial mechanism of
effects of the controlling parameters on ammonium oxidation
and nitrite accumulation. High-throughput sequencing tech-
nology has been used to evaluate the changes in the microbial
community in wastewater treatment systems (Ma et al. 2013)
and generate thousands of operational taxonomic units
(OTUs) that provide insight into the shift of the microbial
community (Yadav et al. 2014). In the nitrite accumulation
process, the evolution of functional bacteria involves main-
taining the growth of AOB and inhibiting the growth of
NOB. However, ammonium oxidization is the rate-limiting
step in the BNR process (Otawa et al. 2006). The controlling
parameters of nitrite accumulation greatly impact the efficien-
cy of ammonium oxidation. Ciudad et al. (2007) reported that
the ammonia oxidation rate is linearly correlated with DO in
the 0.6–5.0-mg/L range. Decreasing the DO concentration can
enable nitrite accumulation but also reduces the activity of
AOB (Park et al. 2014). Chen et al. (2010) proposed that FA
of 10–20 mg NH3/L was superior for the enrichment of AOB
and elimination of NOB. To achieve a high efficiency of am-
monium oxidation and nitrite accumulation, the effect of dif-
ferent controlling parameters, including low DO and high FA,
on ammonium oxidation and nitrite accumulation and the evo-
lution of the microbial community should be compared.

Thus, in this study, to evaluate the different combined ef-
fect of DO and FA on shortcut nitrification, three identical
reactors fed synthetic wastewater with a high NH4

+-N concen-
tration of approximately 1000mg/Lwere established. The DO
of 1.7 and 3.5 was defined as relatively low and high DO
treatment, and FA of 1.0 and 10 mg/L was defined as relative-
ly low and high FA treatment. The aims of this study were (1)
to investigate the nitrite accumulation mechanism under rela-
tively high DO conditions and (2) to compare the performance
of different FA and DO combined treatments and explore the
microbial mechanism to identify more efficient control
parameters.

Materials and methods

Setup and operation of the reactors

The experiment was conducted in a continuous activated
sludge system consisting of an aeration reactor with a
working volume of 10 L and followed by a 10-L settler.

A microporous aerator was placed at the bottom of the
reactor. There was 100 % return sludge flow between
the settler and the reactor. The temperature was con-
trolled at 25±0.5 °C. Three sets of identical systems
were assembled, reactors A, B, and C. The reactors
were fed synthetic wastewater with NH4

+-N concentra-
tion of 1000 mg/L containing NH4HCO3 (5.64 g/L),
KH2PO4 (0.025 g/L), MgSO4·7H2O (0.3 g/L), CaCl2·
2H2O (0.14 g/L), and 5 mL/L trace element solution
consisting of Na2-EDTA (50 g/L), FeSO4·7H2O (5.0 g/
L), CuSO4·5H2O (1.57 mg/L), MnCl2·4H2O (5.06 g/L),
ZnSO4·7H2O (5.0 g/L), CoSO4·5H2O (1.9 g/L), and
NaMoO4·2H2O (1.1 g/L). NaHCO3 (6.0 g/L) was added
as needed as a pH buffer and the sole carbon source.
The seed sludge with a total volume of 24 L and
MLVSS of 8.6 g/L was carried from a municipal waste-
water plant after settlement distributed evenly to the
three reactors.

Reactor A was maintained under relatively high FA
and high DO conditions (FA of 10 mg/L and DO of 3–
4 mg/L), reactor B was maintained under relatively high
FA and low DO conditions (FA higher than 10 mg/L
and DO of 1.5–2.0 mg/L), and reactor C was main-
tained at relatively low FA and low DO conditions
(FA of 1 mg/L and DO of 1.5–2.0 mg/L).

The inoculation phase was 4 weeks, and the reactors
were operated with continuous flow. The influent con-
centration was stepped up, and the FA and DO condi-
tions of the three reactors were maintained as described
above. The operating parameters during the inoculation
phase are shown in Fig. S1. After the inoculation phase,
the MLSS concentrations of reactors A, B, and C were
5.10, 4.36, and 4.38 g/L, and the MLVSS concentra-
tions were 3.86, 3.23, and 3.29 g/L, respectively.
Sludge was periodically discharged from the settler to
maintain the SRT of 15–18 days. To prevent discharge
of nitrite wastewater, the effluent of the reactors were
collected and advanced treated by another treatment de-
vice to reach discharge standard (not shown).

Free ammonium (FA) was calculated according to Eq. (1),
developed by Anthonisen et al. (1976):

FA ¼ 17

14
� NH3‐N½ � þ NH4‐N½ �Ozone � 10pH

� �

6344
e273þtþ10pH

ð1Þ

where FA is the free ammonium concentration (mg NH3/L);
([NH3-N]+[NH4

+-N])O zone is the total ammonium nitrogen in
the reactor (mg/L); t is the water temperature in the O zone
(°C); and pH is the pH value.

AOR ¼ NH4‐N½ �inf ‐ NH4‐N½ �eff
NH4‐N½ �inf

ð2Þ
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where AOR is the ammonium oxidation rate (%); (NH4
+-N)inf

is the influent ammonium nitrogen concentration (mg/L); and
(NH4

+-N)eff is the effluent ammonium nitrogen concentration
(mg/L).

NAR ¼ NO2‐N½ �eff
NO2‐N½ �eff þ NO3‐N½ �eff

ð3Þ

where NAR is the nitrite accumulation rate (%); (NO2
−-N)eff is

the effluent nitrite nitrogen concentration (mg/L); and (NO3
−-

N)eff is the effluent nitrate nitrogen concentration (mg/L).

Nitrification batch test

Nitrification experiment was performed to determine the AOB
and NOB activities in the reactors. Mixed liquor samples were
taken from the reactors each week to determine the AOB and
NOB activities according to the method ofWang et al. (2013).

Sampling

Activated sludge samples were collected from the reactors at
days 15, 37, and 50 of the running period and were named A1,
A2, and A3 for reactor A; B1, B2, and B3 for reactor B; and
C1, C2, and C3 for reactor C, respectively. The seed sludge
was named S0. The ten sludge samples were stored in −70 °C
freezer for microbial analysis. Influent and effluent samples
were collected every day for chemical analysis.

Chemical analyses

pH and DO were measured on-site using a handheld analyzer
(HACH Sension378, HACH Company, USA). NH4

+-N was
measured using the distillation method (B-324, BüCHI,
Switzerland); NO2

−-N and NO3
−-N were measured using a

flow injection analyzer (FIAstar 5000, FOSS, Denmark).
The chemical analysis results are presented as the mean±stan-
dard deviation (SD).

DNA extraction and PCR amplification

Genomic DNA was extracted from 0.5 mL of each mixed
liquid sample using the QiaAmp DNA kit (QiaGen,
Germany) according to the manufacturer’s protocol. The pu-
rity and concentration of the extracted genomic DNA were
evaluated using a SmartSpec Plus (Bio-Rad, USA) at 260/
280 nm, and the integrity of the genomic DNA was verified
by gel electrophoresis in 1 % agarose gels. The V4 region of
the bacterial 16S ribosomal RNA gene was amplified by PCR
(95 °C for 2 min, followed by 25 cycles of 95 °C for 30 s,
55 °C for 30 s, and 72 °C for 30 s and a final extension at
72 °C for 5 min) using the primers 515F (5′-barcode-
GTGCCAGCMGCCGCGG - 3 ′ ) a n d 9 0 7R ( 5 ′ -

CCGTCAATTCMTTTRAGTTT-3′). Barcode is an eight-
base sequence unique to each sample. PCR reactions were
performed in triplicate in 20 μL containing 4 μL of 5×
FastPfu Buffer, 2 μL of 2.5 mMdNTPs, 0.8 μL of each primer
(5 μM), 0.4 μL of FastPfu Polymerase, and 10 ng of template
DNA.

Illumina MiSeq sequencing, sequence processing,
and bioinformatics analysis

Amplicons were extracted from 2 % agarose gels and purified
using the AxyPrep DNA Gel Extraction Kit (Axygen, USA)
according to the manufacturer’s instructions and quantified
using QuantiFluor™ -ST (Promega, USA). Purified amplicons
were pooled in equimolar and paired-end sequenced (2×250)
on an Illumina MiSeq platform (Illumina, USA) according to
the standard protocols of Majorbio Bio-Pharm Technology
Co., Ltd., Shanghai, China.

Depending on the unique 8-bp barcode, sequencing reads
were assigned to each sample, and the barcode was then re-
moved. Mothur was used for sequence quality control as de-
scribed by Kozich et al. (2013). Briefly, the sequence data
were first subjected to stringent quality control including (1)
pyronoise/flowgram noise reduction; (2) removal of all se-
quences shorter than 375 bp and more than 400 bp; (3) se-
quences with more than one mismatch in the barcode region,
two mismatches in the primer sequence, zero ambiguous ba-
ses, or eight homopolymers. The remaining sequences were
aligned using the SILVA bacterial database, and the screening
of sequences was optimized using the parameters optimize =
start and criteria = 90. Potential sequencing errors were re-
moved by implementing a pseudo-single linkage algorithm
integrated into mothur, which clustered sequences with
single-base differences into the same sequence. Chimeric se-
quences were detected and removed using the chimera.slayer
command with the sequence collection in this study as the
database. The database was further classified to remove se-
quences similar to chloroplast or cyanobacteria, and 361,507
clean reads from ten samples were finally obtained, with a
range of 30,816 to 43,295 reads for each sample. All clean
reads were deposited in MG-RAST (http://metagenomics.anl.
gov/linkin.cgi?project=13440).

The taxonomic classification of the sequences in each sam-
ple was conducted individually using the Ribosomal Database
Project (RDP) Classifier as previously suggested (Zhang et al.
2015). The sequences were assigned to different taxonomy
levels at the bootstrap cutoff of 50 % suggested by the RDP
(Wang et al. 2007). In addition, the sequences in each set were
assigned to phylotype clusters at cutoff levels of 3 and 6 %,
also as described previously (Zhang et al. 2012), and on the
basis of these clusters, rarefaction curves, H′, E, varH, and
Chao1 richness indices were calculated using the relevant
RDP pipeline modules. Venn diagrams were plotted using
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mothur 1.35 based on the species level with a sequence sim-
ilarity threshold of 97 %.

Statistical analysis

Statistical calculations and data analysis were performed
using the SPSS 20 statistical software package (IBM,
USA). The values are presented as the mean±standard
deviation. Spearman rank correlations were used to as-
sess the association between operating variables and mi-
crobial parameters, together with biochemical parame-
ters. The Circos graph was built using Circos software
(Krzywinski et al. 2009). Heatmapping of the top ten
genera in each sample was conducted using R packages.
Principal component analysis (PCA) and redundancy
analysis (RDA) were performed using Canoco 5.0
(Microcomputer Power, USA).

Results

Nitrite accumulation with the three treatments

Nitrite accumulation under high FA and high DO

The DO and FA concentrations of the three treatments are
shown in Fig. 1a, b. The influent NH4

+-N and effluent
NH4

+-N, NO2
−-N, NO3

−-N are shown in Fig. 1c and
Table 1. Relatively high FA and DO were maintained in reac-
tor A. Nitrite accumulation occurred rapidly during the initial
10 days, with HRT of 2.0 days and volumetric loading rate of
0.44±0.10 kg N/(m3 day). The AOR and NAR reached great-
er than 95 % at FA and DO values averaging 7.14 and
4.22 mg/L, respectively. However, the nitrite accumulation
was unstable. From day 15 to 30, due to the rapid removal
of ammonium, the FA concentration decreased to
4.05 mgNH3/L and the nitrite accumulation gradually
disappeared.

After day 15, to increase the FA level in the reactor, HRT
decreased from 2 to 0.5 days (Fig. 1c), and the NH4

+-N vol-
umetric load increased to 2.05±0.16 kg N/(m3 day) (sludge
load of 1.28 kg N/(kg MLVSS day)). From day 34 to 56, FA
increased and fluctuated between 7 and 16mgNH3/L (with an
average of 10.61±2.89 mg NH3/L) at 3.75±0.49 mg/L DO,
and AOR and NAR reached 91 and 84 %, respectively.

The AOB activity (Table 1) was 3.41-fold higher between
day 34 and 56 compared to day 1 to 15, indicating enhance-
ment by the high DO treatment. The NOB activity was
inhibited by the high FA treatment from day 34 to 56, when
NOB activity was 3.56-fold lower than that of day 1 to 15.
However, no inhibitory effect of FA on AOB activity was
observed. Thus, high FA and high DO resulted in higher
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nitrogen concentrations and HRTs of the three reactors (c)
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AOB activity than NOB activity, which facilitated nitrite
accumulation.

Nitrite accumulation under low FA and low DO

Ammonium oxidation and nitrite accumulation under low FA
and low DO in reactor C are illustrated in Fig. 1c. Park et al.
(2014)) and deGraaff et al. (2010) indicated that 1.5–2.5 mg/L
DO is beneficial for partial nitrification, whereas an excessive-
ly lower DO concentration (≤0.5 mg/L) may reduce the nitri-
fication rate. The DO concentration was maintained at 1.75±
0.09 mg/L throughout the running period. During the first
15 days, AOR was 48±19 %. Although the pH was 7.31±
0.14, for the treatment of high ammonium wastewater, the
residual ammonium contributed to a relatively high FA of
5.54±1.74 mg NH3/L, which may inhibit AOB activity. In
addition, lowDO is another inhibitory factor for AOB activity.

FAwas related to NH4
+-N load and was easily formed even

at neutral pH if the NH4
+-N loadwas too high. To decrease FA

and enhance AOR in the reactor, from day 28 to 33, HRTwas
regulated from 2.0 to 3.33 days, and the NH4

+-N load was
decreased to 0.3 kg N/(m3 days). The NH4

+-N oxidation time
was extended. After the recovery of HRT to 2.0 at day 33,
AOR was increased to 86 %, and NAR was maintained at
94 % at FA of 1.67±0.73 mg NH3/L and DO of 1.77±
0.08 mg/L.

After 56 days of operation, under the low DO and low FA
condition, AOB activity was enhanced by 2.5-fold compared
to the initial 15 days (Table 1). NOB activity was not detected,
implying that NOB elimination was possible under the rela-
tively low DO treatment. From day 34 to 56, the AOB activity
and the NOB activity in reactor C were both lower than in
reactor A. Thus, low DO levels may inhibit both AOB and
NOB more strongly than FA.

Nitrite accumulation under high FA and low DO

To test the co-inhibition effect of FA and DO, high FA and low
DO conditions were maintained in reactor B. The ammonium
oxidization and nitrite accumulation performance are present-
ed in Fig. 1c. To simulate high FA conditions, the pH was
maintained at 7.5–8.0 higher than in the low FA treatment in
reactor C (pH of 7.3), whereas DO was 1.5–2.0 mg/L, similar
to the value in reactor C. Under the dual inhibitory effects of
FA and DO, during the initial 28-day period, only 40 % of
ammonium was oxidized. From day 28 to 33, HRT was reg-
ulated as in the treatment using low FA and low DO in reactor
C. After recovery of the HRT, AOR increased to 68 %, lower
than the performance in reactor C. With more residual NH4

+-
N in the reactor and a relatively high pH, the mean FA was
32.81±6.89 mg NH3/L from day 34 to 56, higher than under
the high FA and DO conditions in reactor A. Under low DO
(1.78±0.05 mg/L) and high FA conditions, ammoniumT
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oxidization was inhibited and could not be enhanced despite
the moderation of the HRT and the NH4

+-N load. For the
treatment of high ammonium wastewater, FA was easily
formed in the low DO environment. Although the AOB activ-
ity increased during the running period, it was the lowest
among the three treatments from day 34 to 56. NOB activity
was not detected. This result indicates that high FA and low
DO co-inhibited both AOB and NOB activities and are not
desirable for the oxidization of high ammonium wastewater.

Miseq sequencing and analysis

Changes in microbial community diversity

Sequencing of the V4 region of the 16S rDNA gene in water
samples yielded a total of 361,507 valid reads of 392 bp, and
5190 OTUs were identified at the 97 % sequence similarity
level. The observed OTUs and richness indexes of Chao1, H′,
E, and varH are presented in Table S1. The identified OTUs
were more abundant in the seed sludge carried from the mu-
nicipal wastewater plant, indicating relatively higher bacterial
diversity. However, as the reactors ran over time, the OTUs
were observed to gradually decline in each treatment group.
Richness indexes also differed among the samples.
Representative rarefaction curves were plotted for the activat-
ed sludge samples to determine whether the sampling was
complete for the microbial communities and revealed relative-
ly full samplings with curves approaching the asymptote dur-
ing ammonium oxidation. The rarefaction curves in this study
(Fig. S2) indicated an adequate species detection rate in the
sludge samples. Moreover, the richness indexes and rarefac-
tion curves indicated a selective effect of environmental fac-
tors on bacterial diversity that facilitated the formation of spe-
cific and functional microbiota, particularly in A3, which had
the lowest richness indexes.

Comparison of bacterial communities among samples

All sequences were classified into 34 phyla or groups by the
RDP classifier at 50 %. The predominant bacterial compo-
nents of samples from different treatments were similar
(Fig. 2; Table S2). Proteobacteria , Bacteroidetes ,
Plactomycetes,Chloroflexi, and Firmicuteswere the five most
dominant phyla in the activated sludge samples. Ma et al.
(2013) reported that Proteobacteria and Bacteroidetes are
the predominant phyla in activated sludge systems.
Proteobacteria were present in the highest percentage among
the three treatments and increased from 48.28 % (A1) to
66.53 % (A3) under high FA and high DO conditions and
from 40.46 % (C1) to 48.27 % (C3) under low DO and low
FA conditions but decreased from 39.31 % (B1) to 31.62 %
(B3) under high FA and low DO conditions. Bacteroidetes
was the second most dominant phylum in the three reactors,

with an abundance of 27.05 % in A3, 44.41 % in B3, and
32.64 % in C3 at day 50.

With the continuous operation of the three reactors, differ-
ent AOR and NAR values were observed (Fig. 1c) and the
microbiota gradually adapted to the treatment conditions. A
species-based Venn diagram (Fig. S3) revealed that the num-
ber of OTUs shared by the three treatments gradually de-
creased from 634 OTUs (26.29 %) at day 15 to 369 OTUs
(19.84 %) at day 37 and 285 OTUs (17.37 %) at day 50
(Fig. S3A). The number of shared OTUs in the same reactor
among the three sampling times also differed, with 349 OTUs
(17.30 %) in reactor A, 494 OTUs (23.78 %) in reactor B, and
447 OTUs (23.28 %) in reactor C (Fig. S3B).

The ten most abundant genera in each sample (Fig. 3;
Table S3) were selected to analyze the microbial commu-
nity structure. The composition of bacteria at the genus
level in the seed sludge sample (S0) was relatively evenly
distributed compared with the samples obtained from the
three reactors. The dominant genera in the S0 sample
were Lewinella (5.18 %), Ignavibacterium (3.12 %),
Thauera (3.04 %), and Longilinea (3.01 %). The bacterial
compositions of the samples in the different treatments
changed over time and gradually diverged greatly. Under
high FA and high DO conditions, the proportions of
Nitrosomonas, Gemmatimonas, and Pedobacter gradually
increased. Nitrosomonas was the most common AOB in
the activated sludge system (Persson et al. 2014; Waheed
et al. 2013) but represented only 0.42 % of the S0 sam-
ple, indicating a dramatic increase. The proportion of
Nitrosomonas increased from 21.14 % in A1 to 54.57 %
in A3, far higher than in B3 (16.00 %) and C3 (22.61 %).
This result indicates that high FA and high DO promoted
the proliferation of AOB, which could explain the higher
NH4

+-N load and AOB activity (Table 1) than that of the
other two treatments. Under high FA and low DO condi-
tions, Gulbenkiania, Moheibacter, Haliscomenobacter, and
Leadbetterella gradually increased. Under low FA and low
DO conditions, the genera of Comamonas, Paludibacter,
Brumimicrobium, Moheibacter, and Hydrotalea gradually
proliferated. The increases in certain genera reflect their
gradual emergence and adaptation under the environmental
conditions of the different FA and DO treatments.

NH4
+-N and NO2

−-N oxidation are performed by
AOB (Ni t rosomonas ) and NOB (Ni t robac t e r ,
Nitrospira), respectively (Persson et al., 2014; Waheed
et al., 2013). The relative abundance of NOB and AOB
differed greatly with different treatments, as shown in
Table 2. Nitrospira was the dominant NOB in S0, out-
competing Nitrobacter in the seed sludge from the mu-
nicipal wastewater treatment plant. The NOB/AOB
(Nitrobacter/Nitrosomonas and Nitrospira/Nitrosomonas)
ratio was 273.6 %, reflecting the complete nitrification
system.
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In all three reactors, the ratios ofNitrobacter/Nitrosomonas
and Nitrospira/Nitrosomonas decreased during the running
period. In the high FA and high DO treatment, Nitrobacter
seemed to play a more important role than Nitrospira, with a
higher proportion of AOB. With decreasing NOB/AOB,
Nitrospira/Nitrosomonas declined to 0 and Nitrobacter/
Nitrosomonaswas 1.1 % at day 50. By contrast, with the other
two treatments, the ratios of both Nitrobacter/Nitrosomonas
and Nitrospira/Nitrosomonas were 0 at day 50. NOB was
eliminated in reactors B and C, in which DO was low.

The relationship between bacterial community
and operational parameters

Principal component analysis (PCA) and redundancy analysis
(RDA) were performed to reveal the distributions of samples
and species along environmental factor gradients at the genus
level (Fig. 4). In the different DO and FA treatments, the
microbial communities of A2, A3 and C2, C3 cluster sepa-
rately, whereas B2 and B3, which featured FA and DO co-
inhibition, were distributed between the two clusters. These

Fig. 2 Distribution of microbial community for each sample at phylum level. The data were visualized by Circos (Krzywinski et al. 2009). The width of
the bars from each phylum indicate the relative abundance of that phylum in the sample
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results revealed the shifts in microbial community structure in
response to the FA and DO treatments.

RDA was applied to explain the possible correlation be-
tween bacter ia l community and operat ional and
environmental parameters. As shown in Fig. 4, the
parameters FA, pH, and DO had important effects on the
microbial community structure. The pH enhanced
ammonium nitrogen transfer to FA and increased the FA
level in the reactor. The microbial communities of A2 and

A3 were mainly impacted by DO, with a positive
correlation. The microbial communities of B2 and B3 were
mainly impacted by FA because the FA concentration was
higher than in reactor A, and the microbial structure was
greatly influenced. The microbial communities of C2 and
C3 were distributed inverse to the vector of FA and DO,
implying negative correlation. The microbial compositions
reflected the FA and DO treatments in the experimental
design.

With respect to the nitrification process and functional bac-
teria, DO was positive correlated with Nitrosomonas and
Nitrobacter, whereas FAwas negatively correlated with these
genera. AOB activity and NOB activity were correlated with
Nitrosomonas and Nitrobacter, respectively, suggesting that
the AOB and NOB activity could indicate the abundance of
functional bacteria.

Discussion

Nitrite accumulation under high DO and high FA
condition

Ruiz et al. (2003) reported that DO value higher than 1.7 mg/L
prevented nitrite accumulation. However, recent studies have
observed high NAR at 4 mg/L DO in the treatment of high

Fig. 3 Heatmap or the top ten genera in each sample built by R. The top ten genera in each sample were selected (a total of 40 genera for all ten samples)
and compared with their abundances in other samples by row z-score

Table 2 The ratio of NOB to Nitrosomonas

Treatment Sample number Ratio to Nitrosomonas (%)

Nitrobacter Nitrospira

Seed sludge S0 0.6 273

High FA and high DO A1 2.2 0.6

A2 2.6 0.0

A3 1.1 0.0

High FA and low DO B1 0.0 0.5

B2 0.0 0.0

B3 0.0 0.0

Low FA and low DO C1 0.0 1.3

C2 0.0 0.0

C3 0.0 0.0
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ammonium wastewater (An et al. 2008; de Graaff et al. 2010;
Park et al. 2014). Reactor A was designed to explore the
mechanism of nitrite accumulation under high DO, the hy-
pothesis of which is the relatively high inhibitive effect of
FA on NOB.

For the high FA and high DO treatment (reactor A), the
NAR was 95 % at 7.14 mg/L FA in the initial 10 days.
However, from day 15 to 30, the FA concentration decreased
to 4.05 mg NH3/L, and nitrite failed to accumulate. Although
the FA concentration was higher than the NOB inhibitory
value of 0.1–1.0 mg NH3/L indicated by Anthonisen et al.
(1976), nitrite did not accumulate. Chung et al. (2005) report-
ed that DO increases NOB activity, and Villaverde et al.
(2000) observed that NOB gradually adapt to FA inhibition.
FA levels of 10–15 mgNH3/L are needed to maintain highly
efficient AOB and eliminate NOB for stable shortcut nitrifi-
cation (Chung et al. 2005; Chen et al. 2010). In this study,
from day 34 to 56, NAR recovered to 84 % when FA was
10.61±2.89 mg NH3/L (with a range of 7–16 mg NH3/L) at
3.75±0.49 mg/L DO. Consistent with our findings, Park et al.
(2014) suggested that 2.5–3.8 mg/L DO and 15mgNH3/L FA
are beneficial for nitrite accumulation. Our results indicated
that FA should be increased to 10.61±2.89 mg NH3/L to
achieve nitrite accumulation at 3.75±0.49 mg/L DO.

Comparison of the performance of the three treatments

The NH4
+-N sludge load was 3.5-fold higher in the high FA

and high DO treatment (reactor A) than in the other two treat-
ments from day 34 to 56, and the HRT was greatly reduced
under high DO conditions. The NH4

+-N load in reactor Awas
higher than the load of 0.04 kg N/(kg MLSS day) reported by
Deng et al. (2008) for the treatment of digested swine waste-
water and 0.8 kg N/(kg MLVSS day) reported by Gabarró

et al. (2012) for the treatment of landfill leachate. Tokutomi
et al. (2010) indicated that high DO could improve AOB tol-
erance to FA inhibition. DO of 5.0 mg/L and pH of 8.5 have
been proposed as optimal to reduce the ammonium oxidizing
time (Ciudad et al. 2007). Otawa et al. (2006) indicated that
ammonium oxidation was the rate-limiting stage of nitrifica-
tion and always required a long HRT and large aeration tank
for the treatment of high ammonium wastewater. The AOB
activity (Table 1) and AOB abundance confirmed that the high
FA and high DO treatment greatly accelerated the ammonium
oxidation process and maintained NAR at approximately
80 %, which could reduce the HRT or elevate the shortcut
nitrification ability within the limited aeration tank.

Ruiz et al. (2003) proposed that DO is an effective control-
ling parameter for the stable maintenance of nitrite accumula-
tion. In this study, under the low DO conditions in reactors B
and C, NOB activity was lower and could not be detected
from day 34 to 50, and NOB were eliminated. At a low DO
of 1.75±0.09 mg/L, NAR was 94 %, higher than in the high
FA and high DO treatment as well as the values of 65 %
reported by Ruiz et al. (2003) and 80 % reported by Aslan
et al. (2009). Although highNARwas achieved, AOB activity
was also reduced. Liang et al. (2015) reported that a decrease
in DO reduces both NOB and AOB activity. In this study,
AOB activity and abundance were lower in the low DO treat-
ment than the high DO treatment. The NH4

+-N volumetric
load was only one fourth of the value in the high FA and
high DO treatment from day 34 to 56.

Microbial shift driven by effects of DO and FA

Ma et al. (2013) reported that a complete nitrification system
has an NOB/AOB ratio of 230–500 %. The ratio of NOB/
AOB in the S0 sample was consistent with these values,

Fig. 4 Principal component analysis (PCA) based on genus data and redundancy analysis (RDA) based on the genus data as species variable and
environmental parameters such as DO, pH, and etc. as environmental variables
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confirming a complete nitrification system. In the different
DO and FA treatments, the NOB/AOB ratio decreased sharp-
ly. In the low DO treatments, NOB was eliminated in the last
two samples (B2, B3 and C2, C3), implying that low DO
promoted NOB elimination, and no NOB activity could be
detected during day 34 to 50, further confirming NOB elimi-
nation (Table 1). With the high DO treatment in reactor A,
although Nitrobacter accounted for only 1.1 % of the popula-
tion ofNitrosomonas in A3, nitrite oxidation occurred because
NOB activity was enhanced by the high DO level, indicating
that NOB cannot be eliminated under relatively high DO con-
ditions, consistent with the results reported by Yadav et al.
(2014).

According to Spearman correlation analysis, DO was pos-
itively correlated with AOB abundance (p=0.045), AOB ac-
tivity (p=0.05), NOB abundance (p=0.034), and NOB activ-
ity (p=0.00) and negatively correlated with NAR (p=0.00).
DO was also positively correlated with the NH4

+-N volumet-
ric load (p=0.00) and sludge load (p=0.00). However, FAwas
negatively correlated with NOB activity (p=0.049) and the
NOB/AOB ratio (p=0.00). DO enhanced the abundance and
activity of AOB and NOB. However, FA reduced NOB
activity and decreased the NOB/AOB ratio but did not elim-
inate NOB. Chung et al. (2005) indicated that DO exerts a
greater impact on AOB and NOB than FA. In this study, in
the high FA and high DO treatment, NOB activity was re-
strained by high FA inhibition, but AOB activity was en-
hanced by the high DO condition. A value of 84 % NAR
was achieved with a high NH4

+-N load of 2.05±0.16 kg
N/(m3 day), four times higher than under the low DO treat-
ment. However, NOB was eliminated in reactor C under low
FA and low DO conditions, with NAR of 94 %.

High FA and high DO treatment was efficient for nitrite
accumulation. NAR of 84 % was attained at 10.61±2.89 mg
NH3/L FA and 3.75±0.49 mg/L DO at SRT of 15–18 days.
Proteobacteria and Nitrosomonas was the dominant phylum
and genus, respectively. Nitrosomonas was 54.57 %, and
NH4

+-N load was 2.05 kg N/(m3 day). NOB activity was
reduced by 3.56-fold, and NOB/AOB was decreased to
1.1 %. Low DO and low FA promoted NOB elimination with
minimal NO3

−-N production. But, NH4
+-N load (0.49 kg

N/(m3 day))and AOB abundance (22.61 %) were much lower.
High FA and low DO condition was not appropriate for highly
efficient nitrite accumulation.
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