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a b s t r a c t

To achieve the efficient treatment of high-strength ammonium wastewaters, a two-stage anammox
process was proposed in this study. The nitrogen loading rates (NLR) of two anammox reactors were
increased to 60.19 g N L�1 d�1 (R1) and 24.32 g N L�1 d�1 (R2), through reducing hydraulic retention time
(HRT) and increasing ammonium concentration. Afterwards, the reactors were operated in series at
variable temperatures (6.15e34.13 �C) for 240 days to treat the synthetic high-ammonium containing
wastewater, with the effluent of R1 pumping into R2 as influent. Finally, the advanced treatment of the
high-strength ammonium wastewater (490 mg NH4

þ-N L�1 and 980 mg TN L�1) was successfully ach-
ieved, and nitrogen removal efficiency (NRE) maintained at 83.25 ± 9.48%. During the whole operational
period (400 days), the richness and diversity of microbial community in two reactors generally increased,
and Candidatus Kuenenia was identified as the dominant anammox bacterium. In serial-operation phase,
the dominant phylum changed from Planctomycetes to Proteobacteria, and the average relative abun-
dance of Proteobacteria 39.61% in R1 and 48.32% in R2. Variations in bacterial abundances and distri-
butions were closely related to the substrate concentration and temperature. Correspondingly, the
expression levels of most functional genes were reduced by low temperature, and were slightly different
in settling, middle and floating sludge. Nitrogen transformation pathway in each phase was also
determined based on the gene expression levels, and main pathways in both reactors included anammox
and first step of denitrification (NO3

�/NO2
�). All findings of this study provide new insights into the

potential application of the two-stage anammox process to treat high-strength ammonium wastewater
under variable temperature conditions.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

High-strength ammonium wastewater has remained a difficult
issue in wastewater treatment technology, and poses a great threat
to the preservation of water sources and human health. Reported
concentration was as high as 21 g NH4

þ-N L�1 in composing leach-
ates (Roy et al., 2018). Anaerobic ammonium oxidation (anammox),
with the advantages of low energy consumption, less space
requirement, and no need to add extra organic carbon, has been
recognized as a promising biotechnology to treat ammonium-rich
wastewaters (Jetten et al., 2005; Joss et al., 2009; Kartal et al.,
2011). The prerequisite to treat the high-strength ammonium
wastewater is maintaining the stable operation at high loading
conditions (Tang et al., 2011). In practice, however, it is quite diffi-
cult to simultaneously achieve high loading operation and
discharge standard. Focus on this challenge, previous studies have
paid much attention on the reactor configuration or sludge
morphology (Table S1), such as sequencing batch reactor (Laureni,
#46), upflow anaerobic sludge blanket (UASB), upflow membrane
bioreactor, expanded granular sludge bed (EGSB), airlift reactor, etc
(Imajo et al., 2004; Isaka et al., 2007; Qi et al., 2018; Sliekers et al.,
2003). To date, the highest nitrogen removal rate (NRR) of an
anammox UASB reactor was 74.3e76.7 kg N m�3 d�1 (Tang et al.,
2011).

Although a lot of efforts have been made to achieve these goals,
problems remain, which mainly include the discharge of
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substandard effluent, energy-intensive operation caused by
effluent recycle and microflora to be optimized imperatively.
Recently, more attentions are paid to the combined reactor, which
integrates the advantages of single reactor. Combined reactor could
effectively remove nitrogen and mitigate the impact from envi-
ronmental fluctuations at the same time (Connan et al., 2018; Xu
et al., 2020). Liang and Liu (2008) used a novel combined process
including two underground soil infiltration systems, a partial
nitritation reactor (PNR), and an anammox reactor, to treat the
municipal landfill leachate with high concentrations of ammonium
and organics. During 166-day operation, removal efficiencies of
chemical oxygen demand (COD), NH4

þ-N and total nitrogen (TN)
were 89%, 97% and 87%, respectively. Yamamoto et al. (2008) also
achieved stable removal of high-concentration ammonium in
wastewater for long-term (220 days) through SHARON-Anammox
process. Till now, researchers made a lot of attempts to combine
different processes with anammox, which still needs large area and
extra neutralizer. Less efforts were paid to upgrade and optimize
anammox process itself. In addition, previously applied reactors
were operated at the constant temperature (~35 �C) suitable for
anammox (Tang et al., 2011; Tsushima et al., 2007b). Whether
anammox could work well at variable temperatures and corre-
sponding maximum load still wait to be validated. The efficient and
stable operation also relies upon the activity and dynamic balance
of functional bacteria in systems (Ariesyady et al., 2007; Hai et al.,
2014). However, the diversities and distributions of these func-
tional groups in anammox system and their contributions to the
overall nitrogen removal process are still poorly understood.
Therefore, a novel two-stage anammox process was proposed and
operated at room temperature in this study: high-loading anam-
mox combined with low-loading anammox in serials. The main
aims of this study were exploring the feasibility of the combined
process for treating high-strength ammonia wastewater, and
evaluating the long-term running performance of the novel process
from the following aspects: i) general nitrogen removal perfor-
mance during the single and combined operation periods; ii) mi-
crobial heterogeneity in different sludge samples; iii) variations in
functional genes and correlation analysis; iv) changes in the main
nitrogen transformation pathway.

2. Materials and methods

2.1. Experimental setup and operational strategy

Seed sludge was collected from a high-loaded stable UASB
reactor (35 ± 1 �C), with a ratio between volatile suspended solids
(VSS) and suspended solids (SS) of 83.1% (Jin et al., 2013). Thewhole
experiment was conducted for 400 d in the following two phases:
the load-increasing phase (160 d) in separate two reactors (a high-
loading reactor R1 and a low-loading reactor R2) and the serial-
operation phase (240 d) in the combined reactor. The effective
volume of R1 and R2, which were fabricated from Plexiglas, were
1.1 L and 0.5 L, respectively (Fig. S1A). During the serial-operation
phase, the effluent of R1 was directly pumped into R2 as influent
(Fig. S1B). Both reactors were incubated in a dark room to avoid the
influence of light. Due to the composition of real wastewater is too
complicated with various toxic materials to anammox bacteria (Jin
et al., 2012), synthetic wastewater was adopted in this study. Based
on the anammox reaction and previous studies (Jin et al., 2013; Van
de Graaf et al., 1996), synthetic wastewater was pumped into re-
actors (pH 8.0 ± 0.3), consisting of substrates, trace elements and
inorganic solution (Table S2). Equimolar amounts of ammonium
and nitrite were supplied as substrates in the forms of (NH4)2SO2
and NaNO2.https://doi.org/10.1016/j.scitotenv.2018.09.285

There were three methods to increase the nitrogen loading rate
(NLR): i) maintain the same substrate concentration in influent and
shorten HRT; ii) maintain the same HRT and raise the substrate
concentration in influent; iii) increase substrate concentration in
influent and reduce HRT simultaneously. The above approaches
were successively adopted in the load-increasing phase (Table 1).
Initially, the HRTof both reactors was gradually reduced from 7.96 h
to 0.77 h (R1) and from 8.7 h to 0.72 h (R2). Secondly, substrate
concentrations in R1 and R2 were increased from 70 mg L�1 to
490 mg L�1 and 140 mg L�1, respectively, with HRT unchanged. The
substrate concentration was adjusted according to the effluent
water quality. Finally, HRT of R1 and R2 was further reduced to
0.57 h and 0.29 h, respectively. After the load-increasing phase, two
reactors were combined to form a two-stage anammox process and
operated for 240 d. The effluent of R1 was directly pumped into R1
as the influent. During the serial-operation phase, HRT remained
unchanged (R1: 0.57 h; R2: 0.29 h) and substrate concentrations in
influent were gradually increased to investigate the maximum load
of the combined reactor. The influent pH was controlled at
7.8 ± 0.14. To investigate the feasibility of this two-stage anammox
process to treat high-ammonium wastewater under variable tem-
perature conditions, temperature was uncontrolled, and changed
with room temperature.

2.2. Operational monitoring and sample collection

Nitrite (NO2
�-N), ammonium (NH4

þ-N), nitrate (NO3
�-N), SS and

VSS weremeasured every other day according to standardmethods
(Federation and APHA, 2005). A HANNA pH-211 acidometer was
used for pH measurement. The stoichiometric molar ratios of RS
was calculated as the ratio of NO2

�-N conversion/NH4
þ-N depletion,

and RP was calculated as the ratio of NO3
�-N production/NH4

þ-N
depletion (Fan et al., 2019). The specific anammox activity (SAA)
was determined according to Chen et al. (2017). In brief, batch test
was performed at 35 ± 1 �C for 6 h. Samples of 3 mL were collected
for the measurement of NH4

þ-N and NO2
�-N concentrations. SAA

was calculated as the ratio of the maximum substrate consumption
rate and VSS (Yang and Jin, 2013).

In order to further investigate the microbial population het-
erogeneity in the anammox granules, three different types of
sludge samples were collected from both reactors on Day 0, 80, 160,
250 and 400, including the settling sludge (sampled from the
bottom), the floating sludge (sampled from the upper layer) and the
middle sludge (sampled from the middle layer). The sampling date
reflected the microbial community at initial state, the end of HRT-
reducing phase, the end of the first phase, the middle stage of the
second phase and the end of the second phase.

2.3. RNA extraction and quantification of functional gene
expression

The Power Soil RNA kit (Mo Bio Laboratories, USA) was used for
extracting the total RNA, following the protocol of manufacturer.
The RNA reverse transcription was performed using a Prime-
Script™ RT reagent Kit (Takara, Japan), and the obtained cDNA was
used for the detection of functional genes and the following
quantitative reverse transcription polymerase chain reaction (RT-
PCR).

Expressions of fourteen functional genes (hszA, hdh, amoA,
arch_amoA, hao, nxrB, nirK, nirS, norB, nosZ, napA, narG, nrfA and
nas) and 16S rRNA gene were detected and quantified by RT-PCR
with the instrument of iCycler iQ5 thermocycler (Bio-Rad, USA).
Primers and corresponding annealing temperatures for these genes
are listed in Table S3. The 25 mL reaction system included 0.5 mL of
each primer, 12.5 mL of 2 � SYBR Premix Ex Taq™ (TaKaRa, Japan),
10.5 mL of ddH2O, and 1 mL of cDNA template. The specific RT-PCR
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Table 1
The strategy adopted in the load-increasing phase.

Parameter Reactor Part 1 Part 2 Part 3

Initial Final Period (d) Initial Final Period (d) Initial Final Period (d)

HRT (h) R1 7.69 0.77 80 0.77 R1: 75; R2: 24 0.77 0.57 R1: 5;
R2: 56R2 8.70 0.72 0.72 0.72 0.29

Substrate (mg NH4
þ-N L�1) R1 70 70 420 490

R2 70 70 140 140
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process was conducted according to previous descriptions (Wang
et al., 2016c). Plasmid containing the target gene was prepared
for the subsequent quantification standard. Except for samples,
positive (standard) and negative (blank) controls were necessary,
and all of them were performed in triplicate. The average amplifi-
cation efficiency should be reach to 98%, with an r2 of 0.997 for the
standard curve.

2.4. DNA extraction and microbial community analysis

The total genomic DNA was extracted in duplicate using the
Power Soil DNA kit (Mo Bio Laboratories, USA) following the pro-
tocol of manufacturer (https://doi.org/10.1016/j.jclepro.2020.
120993). The yield of DNA was determined by spectrophotometry
(NanoDrop ND-1000, Thermo Scientific, USA) and the quality of
DNA was determined by 1% agarose gel electrophoresis. The
extracted DNA was used for subsequent sequencing, or stored
at �20 �C for short term.

According to a previous study (Zhang et al., 2018), microbial
community was analyzed through high-throughput sequencing.
Briefly, 3 mL of DNA was amplified using universal primers (338F/
518R) for 16S rRNA, and the product was sequenced in the Illumina
Miseq platform (Majorbio, Shanghai). Operational taxonomic units
(OTUs) were detected through Usearch clustering with a similarity
of 97%. Shannon, ACE and Chao index were calculated for the
evaluation of microbial richness and diversity. The sequence data
have been deposited in the NCBI Sequence Read Archive (SRA)
database under BioProject PRJNA561488 (sample accession
numbers SRR10012028-SRR10012035).

2.5. Statistical analysis

Statistical comparisons between variables were performed us-
ing the t-test on a normal distribution dataset in Statistical Package
for Social Sciences (SPSS) 25.0 software (SPSS Inc., USA). The sta-
tistical significancewas labeled by * (p< 0.05), and highly statistical
significance was labeled by ** (p < 0.01). Pearson correlation
analysis was performed to determine the relationships between
functional genes and dominant bacteria, and visualized in a form of
heatmap.

3. Results and discussion

3.1. Nitrogen removal performance of two reactors

In the load-increasing phase (0e160 d), R1 and R2 operated
separately. According to Fig. 1A, when the HRT of R1 was decreased
from 7.69 h to 0.77 h, the NLR and NRR increased to 3.76 g L�1 d�1

and 3.25 g L�1 d�1, respectively. Afterwards, the substrate con-
centrations increased from 70 mg L�1 to 560 mg L�1, NLR
dramatically increased to 66.96 g L�1 d�1. However, the NH4

þ-N and
NO2

�-N concentrations were as high as 270.46 mg L�1 and
191.45 mg L�1 in the effluent, respectively. NRE also decreased to
47.9%. Then, the influent substrate concentration was reduced back
to 420 mg L�1, and the NLR increased to 52.54 g L�1 d�1 (Fig. S2A).
Further decreasing HRT from 0.77 h to 0.57 h, NLR and NRR of R1
reached to 58.14 g L�1 d�1 and 42.91 g L�1 d�1, respectively. The
similar load-increasing strategy was applied in R2. R1 was mainly
responsible for reducing the high ammonia concentrations in the
next serial-operation phase, and the effluent was further treated by
R2 to meet the discharge standard. Therefore, the substrate con-
centration of R2 was only increased to 140 mg L�1 (Fig. S2B) and
HRT was reduced to 0.29 h. The NLR and NRR of R2 finally reached
to 24.32 g L�1 d�1 and 23.35 g L�1 d�1, respectively (Fig. 1B). During
this phase, the NRE of both reactors slightly fluctuated but main-
tained at 83.74 ± 8.44% in R1 and 89.07 ± 6.96% in R2. As shown in
Table 1, three strategies were adopted in the first phase to increase
load, which were reducing HRT (Part 1), increasing substrate con-
centrations (Part 2), and the combination of both (Part 3). Theo-
retically, the last strategy should be the most efficient. By contrast,
the dramatic increase in the NLR of R1 occurred in the Part 2, while
that of R2 occurred in the Part 3. The main reason for this phe-
nomenon was the difference in period.

During the second phase (161e400 d), two reactors were com-
bined and operated in serials. To ensure that the treated waste-
water quality reached the standards and NH4

þ-N/NO2
�-N

concentrations of the effluent from R1 were not too high to affect
the performance of R2, substrate concentrations in influent were
adjusted accordingly. From 160 d to 250 d, the nitrogen removal
performance of the two-stage anammox reactor fluctuated widely
and exhibited a significant deterioration, especially that of R2
(Fig.1). Variations in temperaturewere themain reason causing the
poor performance. Based on the performance during this period,
influent substrate concentrations should be reduced or a thermo-
stat could be adopted for stable operation of the lab-scale system. In
terms of practical application, loading rate should be controlled at a
low level during the cold seasons. The optimal temperature for
Candidatus Kuenenia stuttgartiensis growth were reported to be
25e37 �C (Oshiki et al., 2016). The average temperature during
160e199 d was 18.52 ± 1.99 �C, which was much lower than the
previous values. The effluent NH4

þ-N concentrationwas higher than
100 mg L�1, while average concentration of NO2

�-N was compara-
tively low (16.38 mg L�1). In the following 50 days, temperature
further dropped below 10 �C; thus, the NO2

�-N concentration in
effluent dramatically increased to 157.61 mg L�1 and NRE was as
low as 10.56% on Day 250. High concentrations of NO2

�-N in turn
affected the process performance. Based on previous study, the
anammox activity was completely inhibited by nitrite with the
concentration of 100 mg N L�1 (Strous et al., 1999).

To roughly evaluate the tolerance of the two-stage anammox
process to starvation, the experiment was suspended for a month.
The combined reactor could quickly recover from Day 280. During
300e380 d, temperature gradually increased from 10.1 �C to
23.8 �C, and substrate concentrations were also raised to
490 mg L�1. The effluent finally reached the first grade of the na-
tional standard for wastewater discharge (GB 8978-1996) with the
NH4

þ-N and NO2
�-N concentrations of 9.82 ± 5.21 mg L�1 and

2.32 ± 2.70 mg L�1, respectively. Correspondingly, the NLR and NRR
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Fig. 1. General performances of R1 (A) and R2 (B) during the whole experimental period. NLR: total nitrogen load rate; NRR: nitrogen removal rate; NRE: nitrogen removal efficiency.
In Phase 1, three parts were separated by dotted line.

N.-S. Fan et al. / Journal of Cleaner Production 261 (2020) 1211484
were 84.16 g L�1 d�1 and 73.01 g L�1 d�1 in R1 and 10.95 g L�1 d�1

and 9.95 g L�1 d�1 in R2. NRE also remained at a high level of
85.12 ± 0.96%. Afterwards, the higher NH4

þ-N concentration of
560 mg L�1 was added to test the potential treatment capacity of
the combined reactor. Unfortunately, the concentrations of NH4

þ-N
and NO2

�-N were above 50 mg L�1 in effluent, which exceeded the
emissions standard. Therefore, the maximumNH4

þ-N concentration
that the combined reactor could effectively treat was 490 mg L�1,
and NRE reached to 83.25 ± 9.48%.

No significant fluctuation of nitrate production was observed in
both reactors (Fig. S2), while the stoichiometric ratios RS and RP
showed obvious fluctuations, especially in the serial-operation
phase (Fig. 1). The ratios of RS:RP in R1 and R2 maintained rela-
tively stable in the load-increasing phase with the values of
(1.34 ± 0.26):(0.29 ± 0.11) and (1.36 ± 0.45):(0.31 ± 0.18), which
were close to the reported ratios of 1.32 and 0.36 (Strous et al.,
1998). During the second phase, RS:RP was
(0.88 ± 0.29):(0.21 ± 0.11) (R1) and (1.03 ± 0.60):(1.13 ± 0.84) (R2).
The plunge in RP occurred on Day 200 in R1, which was mainly
caused by the decreasing temperature from 16.05 �C to 9.28 �C. In
comparison, RS:RP in R2 was more derived from the theoretical
value, and RP was even higher than RS. That implied other nitrogen
removal reactions probably dominated in R2 during this period,
such as nitration and denitrification.

3.2. Changes in SAA

The specific activities of the anammox granules changed under
different operational conditions (Fig. 2). In the first loading reduc-
tion stage (0e80 d), the SAA in both reactors increased to 742.23
and 511.83 mg N g�1 VSS d�1, respectively. During 80e160 d, SAA in
R1 rapidly decreased from 120 d and finally reached to the
189.77 mg N g�1 VSS d�1. According to Fig. S2, the influent con-
centration of substrate reached to 280 mg L�1 from Day 120. It had
been reported that the high levels (>280 mg L�1) of substrates,
especially NO2

�-N, could suppress anammox activity (Fern�andez
et al., 2012; Jaroszynski et al., 2011). Then, a sharp declination on
Day 160 might be related to the high substrate concentrations
(490 mg L�1). The SAA in R2 increased to 676.11 mg N g�1 VSS d�1

on Day 100. Then, the SAA also reduced by more than 50%, mainly
due to the low HRT of 0.29 h. In comparison, the SAA in R2 was
relatively higher than that of R1 from Day 120, which was probably
contributed by the lower substrate concentrations (140 mg L�1).
Moreover, temperate also showed a trend of descending first and
then ascending during this period, which was similar to that of SAA.
It means temperature was another potential influencing factor for
anammox activity, which had been proposed previously (Dosta
et al., 2008; Lotti et al., 2015b). However, the influencing mecha-
nism of substrate and temperature needs further investigations.

After combined two reactors in serials, SAA in R1 and R2 changed
in a similar trend, and fluctuated around 285.70 ± 33.98 and
257.72 ± 17.14 mg N g�1 VSS d�1, respectively. Two obvious
reduction in SAA occurred on Day 220 and Day 360. The former one
was probably related to the dramatic decrease in temperature from
18.58 �C (Day 190) to 8.86 �C (Day 220). Low temperature (<15 �C)
was reported to inhibit anammox activity, but it was restorable
(Daverey et al., 2015; Lotti et al., 2015a). In the following 45 days,
SAA increased and maintained at a high level in both reactors,
implying that anammox bacteria could adapt the low temperature
condition. The second reduction was probably due to the increase
in substrate concentrations. The influent concentrations of NH4

þ-N
and NO2

�-N approximated to 500 mg L�1 on Day 358, while the



Fig, 2. The SAA of anammox granules in R1 and R2 during the experimental period.
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effluent concentrations were as high as 134.34 mg L�1 and
100.24mg L�1, respectively. The essence of ammonium inhibition is
free ammonia (FA) inhibition (Jin et al., 2012). The IC50 of FA and
nitrite for anammox activity were 770 mg L�1 and 400 mg L�1,
respectively (Dapena-Mora et al., 2007; Lotti et al., 2012). Such high
substrate concentrations had a significantly inhibitory effect on
anammox activity. Afterwards, SAA recovered and finally
approached to 320.89 mg N g�1 VSS d�1 (R1) and 337.82 mg N g�1

VSS d�1 (R2).
In general, low temperature had some influences on the nitro-

gen removal performance of each reactor and corresponding
anammox activity. However, the NRE of this two-stage anammox
process fluctuated around 88.56 ± 10.54%, and finally stabilized at
89.46 ± 7.35% for over 100 d. Even in the cold weather (Days
200e300) with the average temperature lower than 10 �C, it still
maintained at 82.19 ± 11.62%. Correspondingly, the average SAA
values of both reactors were also higher than the previously re-
ported values (Dosta et al., 2008; Lotti et al., 2015a). Consequently,
this two-stage anammox process could achieve a successful long-
term treatment of high-strength ammonium wastewater at vari-
able temperature conditions.
3.3. Evolution of microbial community during the whole period

3.3.1. Diversity of the microbial community
Anammox granules are an ecological niche including complex

microorganisms, such as anammox bacteria (AnAOB), fermentative
microorganisms and heterotrophic denitrifiers. The dynamic bal-
ance of microbial community is essential to maintain stable per-
formance. The mixed sludge is commonly used for microbial
community analysis in most studies (Fan et al., 2019; Zhang et al.,
2018). However, the microbial community structure and the dis-
tribution of functional bacteria in the reactor could fully reflect the
bacterial profile in anammox system. To further investigate the
microbial population heterogeneity of the anammox granules in
different layers and corresponding behaviors, sludge samples were
collected from the upper, middle and bottom layers of the two
reactors. The a-diversity analysis showed that both richness (Chao
and ACE indexes) and diversity (Shannon index) of microbial
community changed during the experimental period (Fig. 3). In the
load-increasing phase, the Chao and ACE indexes of three kinds of
granule sludge samples in R1 decreased obviously, while Shannon
indexes slightly increased. That suggested the population richness
reduced, but the diversity increased. On the contrary, the popula-
tion richness in R2 gradually increased in this period, and the di-
versity on Day 160 remained comparable to that of the initial state,
which indicated that the substrate concentrations and HRT of R2
were more suitable for the survival of most bacteria. During the
serial-operation phase, the population richness in R1 generally
increased, especially that of themiddle sludge. Considering that the
richness in settling sludge remained stable, this increase was
mainly contributed by that in floating sludge. The Shannon index
showed that the diversity increased in all sludge samples of R1. In
R2, the richness was finally lower, while the diversity was higher
than those of the initial state of this phase. Generally, there were
microbial differences among three sludge samples in both reactors,
but the overall trends were similar.
3.3.2. Composition and distribution of the microbial community
The structures of microbial community in each phase were

illustrated at both phylum (Fig. 4) and genus levels (Fig. S3). The
most abundant phyla in these reactors during the experimental
period were Planctomycetes, Proteobacteria and Chloroflexi, with
the relative abundances of 36.61 ± 9.99%, 36.02 ± 7.73% and
9.6 ± 2.86%, respectively. During the load-increasing phase (Days
0e160), Planctomycetes finally decreased by 8.11 ± 0.48% in all
sludge samples of R1. It was noted that the loss in Planctomycetes
mainly occurred in the first stage (Days 0e80), when the HRT was
dramatically reduced from 7.69 h to 0.77 h. The dominant genus in
Planctomycetes was Candidatus Kuenenia, which is a recognized
slow-growing microorganism (Tsushima et al., 2007a). Such a short
HRT did not allow Candidatus Kuenenia to proliferate and maintain
its abundance. Thus, it would be probably washed out from sys-
tems, which was also supported by the phenomenon that the major
loss (11.6%) of Planctomycetes occurred in floating sludge. The
abundance of Proteobacteria in R1 showed a first increase and then
decrease. On Day 160, Proteobacteria remained comparable abun-
dances compared to the initial state. Chloroflexi increased by 7.32%
(middle sludge), 2.03% (settling sludge) and 5.97% (floating sludge),
suggesting that most Chloroflexi accumulated in the upper layers of
R1, whichmight be related to the different substrate concentrations.
Changes of Planctomycetes in R2 during Days 0e160 generally
exhibited a similar trend to that of R1, while those of Proteobacteria
and Chloroflexi were slightly different. The abundance of Proteo-
bacteria significantly increased during the first 80 days, and
maintained stable to the end of this phase. Although its abundance



Fig. 3. The a diversity analysis on three types of sludge samples in R1 and R2 during the experimental period. The blue, yellow and red columns represented corresponding indexes
of middle sludge, settling sludge and floating sludge, respectively.
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decreased to 30.27% in the floating sludge afterwards, it was still
higher than the initial value (23.30%). The accumulation of Pro-
teobacteria in R2 indicated Proteobacteria was more sensitive to the
high concentration substrates. Shao et al. (2019) reported that the
abundance of Proteobacteria decreased when the NH4

þ-N concen-
tration was higher than 400 mg L�1. Chloroflexi also increased and
then decreased back to the initial levels. Although the dominant
AnAOB (Candidatus Kuenenia) reduced, the NRE of two reactors
remained above 75% at the end of the first phase, indicating that
some functional bacteria belonging to Chloroflexi or Proteobacteria
might be responsible for nitrogen removal during this period. Ac-
cording to Fig. S3, the abundances of Arenimonas and Ornatilinea
were higher than the initial values, indicating that they could be the
potential functional bacteria involving in nitrogen removal. Xing
et al. (2018) used a stable-isotope probing technique to validate
that Arenimonas was capable of removing nitrate. However, the
total cumulants (2.11 ± 1.08%) of both genera did not compensate
the loss of Candidatus Kuenenia (5.86 ± 2.62%), implying the exis-
tence of other potential alternative species, whose taxonomy were
not determined by high-throughput sequencing. This speculation
was supported by the genus-unclassified bacteria with the quite
opposite trend. Most bacteria in the environment still have no clear
taxonomy and phylogenetic evolution relationship (Vandamme,
2011), but they still play an important role in material circulation.
Pajarillo et al. (2014) proposed that the shift in these unclassified
bacteria contributes significantly to fundamental metabolic
functions.

During the serial-operation phase, the abundance of Plancto-
mycetes in R1 initially increased from 39 ± 0.48%e45.31% (middle
sludge) and 47.45% (settling sludge), followed by a decrease to
21.66% and 34.4%, respectively. Planctomycetes in the floating
sludge firstly decreased and then slightly increased to the final
abundance of 27.56%. That difference was probably related to the
uneven distribution of substrates in the reactors. The plug-flow
property of the UASB reactor caused the gradient anammox activ-
ity along with the height of reactor. AnAOB in the bottom layer was
exposed to abundant substrates, and thus expected to be more
active than that in the upper layer (Ma et al., 2017). As temperature
gradually dropped to below 10 �C, the activity and substrate utili-
zation of AnAOB might be partially inhibited. Sufficient substrates
were supplied from the bottom of reactors, which could counteract
the disturbance of low temperature. While less substrates were
available in floating layer, corresponding abundance of AnAOB was
lower. Afterwards, more substrates were pumped into systems, and
the high-concentration substrates in the lower layer might become
microbial inhibitors. In general, the final abundances of Plancto-
mycetes was much lower than the values on Day 160, which were
attributed to the combined negative effect of substrates and tem-
perature. On the contrary, the abundance of Proteobacteria signif-
icantly increased in the second phase, especially in the floating
sludge. As mentioned above, Proteobacteria seemed to be sensitive
to the high-concentration substrates in load-increasing phase. The
discrepancy between the responses of Proteobacteria to the in-
crease in substrate concentrations was probably associated with
the following two aspects: i) Proteobacteria could tolerate to the
high substrate concentrations after the previous long-term adap-
tion; ii) Proteobacteria had competitive advantages at cooler con-
ditions. Specifically, Nitrosomonas, a genus of ammonia-oxidizing
Betaproteobacteria, accumulated in this phase (Fig. S3). Ammonia-
oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB)
often coexist with AnAOB in natural environments, and involve in
the nitrogen removal performance. It had been reported that
Nitrosomonas could survive at low temperature, and maintain a
relatively high ammonia oxidation rate (>100 mg g�1 h�1) even at
10 �C (Groeneweg et al., 1994). The increase in AOB might also be
related to the fluctuations in dissolved oxygen (DO) caused by



Fig. 4. Relative abundances of different phyla in three sludge samples during the whole experimental periods. The corner marks (s, m and f) of sample names represented settling
sludge, middle sludge and floating sludge, respectively.
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sample collection. In addition, the abundances of the unclassified
and low-abundance (<0.5%) genera significantly increased, which
was consistent with the higher diversity of the microbial commu-
nity (Fig. 3). The abundances of Planctomycetes and Proteobacteria
in R2 changed in the same way. Chloroflexi was also affected by the
low temperature and high-concentration substrates in the second
phase, and showed a decreasing trend in the middle sludge and
settling sludge of R1. As temperature increased from 10.1 �C (Day
250) to 26.9 �C (Day 400), only the abundance in the floating sludge
rebound to 11.12%, suggesting that the lower-concentration sub-
strates in the upper layer were suitable for the proliferation of most
bacteria. The variation of Chloroflexi in R2 was similar to that of the
floating sludge in R1, reconfirming the previous speculation.
Ornatilinea is the representative genus in Chloroflexi, which can
assimilate cellulose, and ferment carbon source (such as glucose) to
generate acetic acids and reductive hydrogen (Podosokorskaya
et al., 2013). Ornatilinea was also observed with a high abundance
in an enhanced nitrogen removal system, suggesting that it prob-
ably contributed to the improvement of the process performance
(Tang et al., 2017). In addition, Truepera also extensively accumu-
lated in the systems. Truepera belongs to the denitrifying bacteria
community (Yin et al., 2018), and has also been reported to promote
the ammonia oxidation and achieve high nitrogen removal effi-
ciency (Wang et al., 2018).

Although Candidatus Kuenenia has occupied the dominating
position during the whole operational period, the nitrogen removal
is a complex biological phenomenon incorporated by anammox,
nitration and denitrification processes. The increase in the richness
and diversity of microbial community also reflected that the
coexistence of various functional bacteria was a microbial adapta-
tion strategy.
3.4. Analysis on the expression of functional genes and nitrogen
removal process

3.4.1. Changes in the expression levels of functional genes
In total, the expression of 16S rRNA gene and 11 functional genes

were detected and quantified by qPCR, including hszA, hdh, amoA,
hao, nxrB, nirK, nirS, norB, nosZ, napA and narG (Fig. 5). These genes
encode key enzymes involving in the nitrogen removal (Table S4).
No ammonia oxidizing archaea, nitrogen fixation and dissimilatory
nitrate reduction to ammonium (DNRA)-related functional genes
were detected. The expression level of 16S rRNA gene in R1 and R2

changed similarly during the whole period, and its most marked
decrease occurred in the settling sludge, especially in R1. It indi-
cated that the relatively high concentrations of substrates in the
bottom layer did influence the total bacterial numbers and changed
the diversity of microbial community. The expression of anammox-
related genes (hzsA, hdh and nirS) in both reactors exhibited a
similar trend of decreasing in the first phase and raising again in the
second phase. Their decreases on Day 160weremainly attributed to
the increasing substrate concentrations, and the lower gene
numbers on Day 250were also related to the coldweather. The final
expression levels (�108 copy numbers g�1) of hzsA and hdh were



Fig. 5. The expressions of 16S rRNA gene and functional genes quantified by RT-PCR. SS: settling sludge; MS: middle sludge; FS: floating sludge. The red and purple lines represent
the average values in R1 and R2, respectively.
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generally higher than their initial values, while that of nirS was
lower in the end. The reduction in the nirS expression manifested
that extensive substrates and low temperature inhibited the in-
termediate reaction of NO2

� / NO. Comparatively, the process of
NH4

þ / N2H4 / N2[, catalyzed by hydrazine synthase (hzsA) and
dehydrogenase (hdh), was more active.

Variation tendencies of the nitration-related genes (amoA, hao
and nxrB) in R1 and R2 were also similar. According to changes in
the average copy number of each gene, the lowest expression on
Day 250 implied the significant influence of low temperature on
AOB and NOB, which carry the amoA, hao and nxrB, respectively. It
noted that only nxrB presented a significant decrease in the first
HRT-reducing phase (Days 0e80), especially in R2, suggesting that
NOB might be more easily washed out under the low HRT condi-
tion. It has been reported that a relatively short HRT can success-
fully remove NOB (Wang et al., 2016b). Laureni et al. (2019) also
found that prolonged operation at lowDO did result in the selective
wash out of NOB from the flocs. Moreover, the expressions of these
genes in R2 were slightly higher than those in R1, which was in line
with the increase of Nitrosomonas. In general, the final expression
levels of amoA, hao and nxrB were roughly comparable with initial
values, and their fluctuations during the whole period were
relatively small. That implies the contribution of nitration to ni-
trogen removal performance.

Six genes (narG, napA, nirS/nirK, norB and nosZ) participated in
the denitrification process. The functional gene with the highest
expression was narG, with average value of 9.69 � 108 copy
numbers g�1. The expression of narG was significantly higher than
that of the counterpart napA, consistent with previous studies
reporting that napA was dominant under anoxic conditions while
narG was dominant under anaerobic conditions (Ji et al., 2013). The
copy numbers of most denitrifying genes could rebound in the last
phase after different degrees of reduction, except for nirK. Although
nirS and nirK involved in the same reaction of NO2

� / NO, their
variations were quite different. The possible reason was that two
genes were carried by different bacteria, and corresponding host
bacteria had different responses to the changes in substrate con-
centrations and temperature. The final expressions of all
denitrification-related genes in R2 were higher than those in R1,
suggesting that denitrification played a more important role in R2.

For most functional genes, their expression levels in floating
sludge of R1 were generally higher, reconfirming that high-
concentration substrates in lower layers had inhibitory effects on
functional bacteria. By contrast, those in settling sludge of R2 were



Fig. 6. Nitrogen transformation pathways at different phases in R1 (A) and R2 (B). The nitrogen transformation pathways were classified into three groups according to the relative
richness values (R) of functional genes. The main pathway: R > 10%; the secondary pathway: 5% � R � 10%; and the restricted pathway: R < 5%.
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slightly higher or close to those in middle sludge and floating
sludge. It indicated that most of functional genes probably tended
to accumulate and express in the bottom layer of reactors at non-
stressful conditions, which might be related to the self-protection
behaviors of their host bacteria. However, the responding mecha-
nism needs further investigations.

3.4.2. Main nitrogen transformation pathway
After the descriptive characterization of changes in nitrogen

functional genes, the determination and comparison of the main
nitrogen removal pathways during different phases. According to
previous study, the relative richness of a nitrogen functional gene
was defined as a ratio of the absolute abundance of this gene and
the absolute abundance of all nitrogen functional genes (Wang
et al., 2016a; Zhi and Ji, 2014). The nitrogen transformation
pathway could be divided into three levels based on the gene
relative richness (R), including the main pathway (R > 10%), the
secondary pathway (5% � R � 10%) and the restricted pathway
(R < 5%). For the accurate evaluation of nitrogen removal pathway,
average values of three sludge samples for each gene were used to
calculate the R value.

The nitrogen transformation pathways in different phases were



Fig. 7. Correlation analysis among the main functional genes and dominant bacteria in R1 (A) and R2 (B).
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analyzed and illustrated in Fig. 6. Initially, the main pathway in R1
and R2 was first step of denitrification (NO3

� / NO2
�), and this

process almost dominated during the whole period. The restricted
pathway included nitrification, the third and fourth steps of deni-
trification (NO / N2O and N2O / N2[). On Day 80, the main
pathway in R1 became the second step of anammox (N2H4 / N2[)
and denitrification, and the secondary pathway was the first step
(NH4

þ / N2H4), which led to the robust NH4
þ-N removal perfor-

mance in this period. At the end of the load-increasing phase, the
main and secondary pathways in R1 were the first steps of deni-
trification and anammox, respectively. Afterwards, both processes
weremain pathway on Day 250. Anammox finally dominated in the
nitrogen removal process, followed by first step of denitrification.
Similar variations could be observed in R2. Two obvious differences
were worth noting that the second step of denitrification (NO2

� /

NO) was also the secondary pathway on Day 160, and anammox
finally became the restricted pathway in R2. It indicated that the
condition of low-concentration substrates in R2 might be more
suitable for the maintenance of denitrifying bacteria. Microbial
community analysis also showed that the dominant phylum
changed from Planctomycetes (mainly AnAOB) to Proteobacteria in
R2, which was in linewith the variations in nitrogen transformation
pathway. Combined with the specific R values of each gene in three
sludge samples (Table S5), the total R value of anammox-related
genes (hzsA and hdh) in R1 increased substantially, and the final
values in the settling sludge (91.42%) and middle sludge (95.72%)
were much higher than that of floating sludge (14.93%). On the
contrary, the R value of narG in R1 was the opposite, reconfirming
that AnAOB was more tolerant to the high-concentration sub-
strates. The results shown in Fig. 6 indicated that the anammox
functional genes were predominantly enriched in R1, resulting in
the robust nitrogen removal performance. Furthermore, this multi-
pathway coupled cooperation at the functional gene level is
beneficial for the achievement of complete nitrogen removal.
3.5. Correlations among functional genes and bacteria

Correlation analysis among the main functional genes and
dominant bacteria in R1 and R2 were analyzed and presented in
Fig. 7. The abundances of genes and bacteria were the average
values of those in settling sludge, middle sludge and floating
sludge. In R1, 12 pairs of functional genes showed correlations,
including 3 pairs of highly significant correlation (hao/amoA, nirS/
norB and nosZ/narG) and 9 pairs of significant correlation (hzsA/
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hdh, amoA/nirS, hzsA/nirK, nirK/hdh, amoA/norB, nosZ/norB, napA/
norB, amoA/napA and hao/napA). There were 17 pairs of significant
correlations of functional genes in R2, and all of themwere positive.
Such close correlations among functional genes indicated that most
genes had similar responses to the fluctuations in substrate con-
centrations and temperature. In addition, most functional genes
within the same pathway exhibited close correlations, such as hzsA/
hdh*, amoA/hao** and nosZ/narG**. Although there might be other
underlying factors, it was speculated that the correlation among
functional genes mainly stemmed from the following causes. One
possible reason is the similarity in the responding mechanism of
these functional genes, which leads to their similar variations
during the whole experimental period. However, it needs further
investigations to reveal the mechanisms of gene expression and
regulation under different operational conditions at both genetic
and protein levels. Another more plausible explanation is that
several genes probably locate in the same functional bacteria. For
example, both AMO and HAO encoding genes were ancestral in
Nitrospira spp. and simultaneously detected in the same strain
(Palomo et al., 2018). The anammox-related genes, hszA and nirS,
were also observed in the genome of Candidatus Jettenia asiatica
(Hu et al., 2012).

Among dominant bacteria, Candidatus Kuenenia negatively
correlated to Ornatilinea in R1 (R ¼ �0.913, p < 0.05), which was in
line with the microbial community analysis (Fig. S3). Ornatilinea
was positively correlated to Nitrosomonas in R2, suggesting that
Ornatilinea might also involve in the nitrogen removal when Can-
didatus Kuenenia was inhibited. Among gene-bacteria pairs,
Nitrosomonas and norBwere negatively correlated (p < 0.05), which
were the represented bacteria and functional gene for the nitrifi-
cation and denitrification process, respectively.

4. Conclusions

Through reducing HRTand raising substrate concentrations, two
anammox reactors with different loads were built for the subse-
quent serial operation. The synthetic high-strength ammonia
wastewater was successfully treated using the combined process.
The 400-day continuous running revealed the following new
insights:

� After 160 days of load-increasing treatment, the maximumNLRs
of R1 and R2 were 60.19 g N L�1 d�1 and 24.32 g N L�1 d�1,
respectively. Although low temperature caused some perfor-
mance fluctuations during the serial-operation period, the
substrates in high concentrations (490 mg L�1 of NH4

þ-N and
NO2

�-N) in wastewater were effectively removed at room tem-
perature. High nitrogen removal efficiency (96.73 ± 2.96% of
NH4

þ-N and 96.14 ± 3.34% of TN) was obtained. Therefore, it was
possible to use the combined process to accomplish the stable
treatment of high-strength ammonia wastewater for long term.

� The richness and diversity of microbial community generally
increased during the operational period. Although the dominant
phyla in these two reactors were always Planctomycetes, Pro-
teobacteria and Chloroflexi, their abundances and distributions
were changing with substrate concentration and temperature.
Except for the key functional bacteria (e.g. Candidatus Kuene-
nia), other genera (e.g. Ornatilinea) and unclassified bacteria
might also contribute to maintaining the nitrogen removal
performance, especially under stressful conditions.

� Quantification results showed that functional genes generally
changed in a similar trend, while their abundances in settling,
middle and floating sludge were slightly different. The expres-
sion levels of most genes decreased at low temperature, indi-
cating that corresponding host bacteria were sensitive to such
condition. Main nitrogen transformation pathways were
anammox and first step of denitrification (NO3

� / NO2
�).

� For the purpose of full-scale application, three major issues
remained to be solved in follow-up studies: i) Whether it could
treat real wastewater containing high ammonia; ii) how to
alleviate the impact of high-concentration NO2

�-N to AnAOB; iii)
how to further improve the loading rate and removal perfor-
mance of the combined process with the focus on R2.
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