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ABSTRACT: The implementation of mainstream anammox has
gained increasing attention. In this study, the feasibility of using
sidestream anammox granules to start up mainstream reactors was
investigated by comparing two switching strategies. A maximum
nitrogen removal potential of 3.6 ± 0.2 kg N m−3 d−1 was obtained for
the reactor after direct switching to mainstream conditions (70 mg TN
L−1, 15 °C). Nevertheless, the reactor preacclimatized to 25 °C (Ma)
exhibited a higher nitrogen removal potential of 7.0 ± 0.3 kg N m−3
d−1 at 15 °C, which is the highest volumetric nitrogen removal rate of
mainstream anammox reactors to date. Candidatus Kuenenia
stuttgartiensis was identiﬁed as the dominant anammox bacterium,
and its relative abundance in two reactors remained stable throughout
the whole operation (200 days). Moreover, with the aid of
acclimatization, the activation energy was reduced and the speciﬁc
growth rate became higher. These results indicated that the physiological evolution of the dominant anammox bacterium instead of
interspecies selection was the main reason for the high potential during the switch to mainstream conditions. Therefore, using
sidestream anammox granules as seed sludge to start up mainstream reactors was demonstrated to be feasible, and a switching
strategy of acclimatization at 25 °C was recommended.

1. INTRODUCTION
The expansion of biological nitrogen removal has become an
important goal in urban wastewater treatment plants
(WWTPs) given the increasing nitrogen pollution in the
water environment.1,2 Anaerobic ammonium oxidation (anammox)-based processes are an energy-eﬃcient and cost-eﬃcient
alternative to conventional nitriﬁcation−denitriﬁcation processes because there is no requirement for a carbon source,
lower sludge production, and less aeration.3−5 However, the
implementation of full-scale anammox processes for mainstream treatment in nontropical areas has yet to be reported
because of high diel temperature variations and low temperatures in winter.6−8
The implementation of mainstream anammox requires the
start-up of anammox reactors at much lower temperatures and
substrate concentrations than those under sidestream conditions. However, anammox bacteria have a very slow growth
rate with a doubling time of 10−12 days even under suitable
environmental conditions (a temperature between 30 and 40
°C and pH of 7−8).9 The ﬁrst attempt to start up full-scale
sidestream anammox reactors took almost 2 years.10 Hence,
directly starting up mainstream reactors by in situ enrichment
of anammox bacteria seems to be a diﬃcult and time© 2020 American Chemical Society

consuming process. Fortunately, there were more than 100
full-scale anammox installations worldwide by the end of 2015,
75% of which were operated to provide sidestream treatment
of municipal wastewater.11,12 Using sidestream granules as seed
sludge to initiate mainstream anammox reactors might be an
alternative strategy. Nevertheless, the feasibility of this strategy
requires comprehensive evaluations. Additionally, eﬃcient
retention of anammox biomass at a high ﬂow rate is one of
the main challenges to achieving practically useful volumetric
loading rates in mainstream treatment. In addition to bioﬁlm
formation, biomass granulation is considered one of the best
approaches to increase bacterial quantity and retention, which
would oﬀset the slow growth rate of anammox bacteria at low
temperature.13−15 However, it is still an open question whether
sidestream anammox granules would maintain satisfactory
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activity (or stability) at low temperatures (≤15 °C) and
whether the required eﬄuent quality of mainstream treatment
could be achieved.16−20
Therefore, this study aimed to investigate the feasibility of
using sidestream anammox granules as seed sludge to start up
mainstream reactors at a low temperature (15 °C) and to
explore eﬃcient strategies for achieving high nitrogen removal
rates (NRRs) as quickly as possible. The eﬀects of two start-up
strategies on nitrogen removal performance were compared in
two continuously fed bioreactors. The potential mechanisms
for the performance diﬀerence were further analyzed by linking
the community proﬁles, gene abundance, and physiological
characteristics of the anammox granules. Complementary
interrogation of these multiple responses elucidated both the
physiological and ecological adaptations that occurred when
sidestream anammox granules were switched to mainstream
conditions; these results can provide a reference for the
implementation of mainstream anammox.
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The puriﬁed DNA with 16S rRNA was ampliﬁed with the
primers (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′GACTACHVGGGTATCTAATCC-3′) targeting the V3-V4
region. Sequencing was conducted at Tianhao Co., Ltd.
(Shanghai, China) with paired-end sequencing (2 × 250) on
an Illumina MiSeq PE250 platform. Principal component
analysis (PCA) was performed using XLSTAT software
(Addinsoft, Paris, France).
2.3. Other Analytical Procedures. The determinations of
NH4+−N, NO2−−N, NO3−−N, pH, VSS, and suspended solids
were performed according to standard methods.23 The
methods used for the extraction and determination of
extracellular polymeric substances (EPS) and soluble microbial
products (SMP) are provided in Text S1. The speciﬁc
anammox activity (SAA) of anammox sludge was determined
by batch assays, and the details are shown in Text S2. The
coeﬃcient of variation (standard deviation divided by the
mean) of NRR, acting as the stability metric, was below 5%
during 1 week.24 The liquid upﬂow velocity (Vup) (in m h−1)
was determined from the inﬂow rate (Q, in m3 h−1) and the
cross-sectional area of the reactor (A, in m2)25 as follows

2. MATERIALS AND METHODS
2.1. Reactor Setup and Operation. Two lab-scale upﬂow
anaerobic sludge blanket (UASB) reactors (named Ma and
Md) with an eﬀective volume of 1.0 L were used in the present
study. Mature anammox granules from a sidestream anammox
reactor that had been operated for more than 1 year were
inoculated into each reactor to achieve an initial granule
concentration of 17 g VSS L−1. Synthetic wastewater (detailed
in Table S1) was fed to the reactors, in which NH4+−N and
NO2−−N were supplied in the form of (NH4)2SO4 and
NaNO2, respectively. The pH of the inﬂuent was stable at 8.1
± 0.2, and the hydraulic retention time (HRT) was initially set
at 1.37 h. The reactor temperature was controlled by a
thermostatic bath, and the dissolved oxygen in the inﬂuent was
removed by periodic ﬂushing with argon gas.
In phase P0 (day 1−30), the two reactors were fed with
synthetic sidestream wastewater (280 mg NH4+−N L−1 and
280 mg NO2−−N L−1) under mesophilic conditions (35 ± 1
°C). Then, diﬀerent switching strategies were adopted to treat
mainstream wastewater (30 mg NH4+−N L−1 and 40 mg
NO 2−−N L−1) at 15 °C.21,22 A gradual decrease in
temperature with a step of 10 °C was applied to the Ma
reactor in P1 (day 30−143), which included a long-term
acclimatization phase at 25 °C (P1-A: day 88−143). For
comparison, the temperature of the Md reactor was directly
decreased from 35 to 15 °C (P1: day 30−143). To exploit the
maximum nitrogen removal capacity of two mainstream
reactors with diﬀerent switching strategies, the nitrogen
loading rate (NLR) of the two reactors was increased from
1.29 to 7.6 kg N m−3 d−1 by gradually shortening the HRT
from 1.37 to 0.23 h in phase P2 (day 144−187).
2.2. DNA Extraction and High-Throughput Sequencing. Sludge samples were withdrawn from the upper, middle,
and bottom of the two reactors once a month and mixed to
obtain ﬁnal samples, named F (sidestream sludge samples from
the two reactors in the phase of P0), A25-1, A25-2 (P1-A),
A15-1, A15-2 (P1-B), A15-3 (P2), D35-1, D35-2 (P1-A), D151, D15-2 (P1-B), and D15-3 (P2). DNA was extracted in
duplicate by PowerSoil DNA kits (MO BIO Laboratories,
USA) following the manufacturer’s instructions. DNA was
measured with a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE, USA) to verify its quality. The
extracted DNA was stored at −20 °C. The microbial
community was analyzed by high-throughput sequencing.

Vup = Q /A

(1)

The reaction molar ratios RS and RP were calculated
according to the depletion of NO2−−N and NH4+−N and the
NO3−−N production, as follows
R S = (NO2− − Ninf − NO2− − Neff )
/(NH4 + − Ninf − NH4 + − Neff )

(2)

RP = NO3− − Neff − NO3− − Ninf
/(NH4 + − Ninf − NH4 + − Neff )

(3)

The growth rate of anammox bacteria was calculated from
the increase in the ammonium removal rate over time7 as
follows
μ = ln(ratet 2 /ratet1)/(t 2 − t1)

(4)

Each test was performed in triplicate, and the results are
expressed as the means ± standard deviations. Statistical
diﬀerences were tested by a t-test using SPSS 13.0 software
(Statistical Package for the Social Sciences, USA).

3. RESULTS
3.1. Process Performance of the Two Reactors
Started up with Diﬀerent Switching Modes. 3.1.1. Nitrogen Removal Performance before and after Operation
Switching. The design load of the ﬁrst full-scale anammox
reactor in Rotterdam treating sludge digestate after nitritation
was 7.5 kg N m−3 d−1, and a maximum value of 9.5 kg N m−3
d−1 was attained.10 Therefore, the NLR of sidestream
conditions was set at 10.0 kg N m−3 d−1 in this study. A
satisfactory nitrogen removal eﬃciency (e.g., 82.0 ± 0.7%, 97.4
± 2.0%, and 79.6 ± 0.6% for NH4+−N, NO2−−N, and TN,
respectively) was achieved for the two parallel reactors (Ma
and Md) in P0 (Figure 1). The eﬄuent concentrations of
ammonium, nitrite, and nitrate were 56.4 ± 2.0, 7.3 ± 5.6, and
54.8 ± 2.0 mg L−1, respectively. Moreover, the reaction molar
ratios RS (1.23 ± 0.04) and RP (0.24 ± 0.01) were close to the
theoretical values of the anammox reaction (RS = 1.32 and RP
= 0.26), implying the dominance of the anammox reaction in
the two reactors (Figure S1).
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NH4+−N and NO2−−N dropped to 30 and 40 mg L−1,
respectively, and the temperature immediately dropped from
35 to 15 °C. In the ﬁrst few days of P1-B, the eﬄuent
concentrations of NH4+−N and NO2−−N increased to 25.6
and 36.9 mg L−1, respectively, because of the sudden drop in
temperature. However, TNRE gradually increased over time
and ultimately stabilized at 84.3 ± 1.0%. The eﬄuent TN level
was 11.4 ± 0.8 mg L−1, which was close to that of the Ma
reactor. These results indicated that sidestream anammox
granules could achieve comparable performance (NRR = 1.25
kg N m−3 d−1) regardless of direct or gradual switching to
mainstream treatment at 15 °C from the perspective of longterm operation.
3.1.2. Comparison of Maximum Nitrogen Removal
Potential. This considerable performance might be due to
the functional redundancy of reactors equipped with a high
concentration of mature anammox granules.4,26 However, the
SAA gradually decreased over time (Table 1), indicating an
underloaded state of the reactors. In this case, the decay of
anammox bacteria due to starvation could be a reason for the
decline in SAA. To avoid a further decline in anammox activity
and to maintain the maximum nitrogen removal capacity of the
two anammox reactors, the NLR was gradually elevated by
reducing the HRT. The performance of the Md reactor
gradually deteriorated over time after the NLR was increased
to 7.6 kg N m−3 d−1. The eﬄuent TN concentration was
increased to 28.1 mg L−1, resulting in a low TNRE of 63.6%
(Figure 1). However, the TNRE of the Ma reactor was stable
at 84.3 ± 3.4%, resulting in an exceedingly high NRR of 7.0 kg
N m−3 d−1 and low eﬄuent TN of 10.7 mg L−1. At the end of
P2, the SAA of anammox granules from the Ma reactor was
twofold higher than that from Md (p < 0.05, t-test), which
conﬁrmed the superiority of the anammox granules after
acclimatization.
3.2. Evolution of the Microbial Community and Its
Correlation with Reactor Performance. Based on αdiversity analysis (Table S4), the microbial diversity and
richness increased with decreasing temperature. The results
showed that the dominant phyla were Planctomycetes,
Proteobacteria, Chloroﬂexi, Bacteroidetes, Actinobacteria, and
Ignavibacteriae, among which the most abundant phylum in
all samples was Planctomycetes, accounting for 45.8% (Ma) and
40.9% (Md) on average (Figure 2a). Planctomycetes remained
dominant and stable in the ﬁrst two phases of reactor
operation, corresponding to the stable performance of the two

Figure 1. Long-term operation of the two UASB reactors (Ma and
Md). The nitrogen concentration (NH4+−N, NO2−−N, and NO3−−
N) in the eﬄuent and the HRT were maintained at 1.37 h in P0 and
P1 and shortened stepwise from 1.37 to 0.69, 0.46, 0.34, 0.27, and
0.23 h in P2 in the Ma reactor (a) and Md reactor (b). TNRE and
NRR for anammox in the Ma reactor and Md reactor (c). To act as a
control, the two reactors were operated at high temperature (35 ± 1
°C) with high-strength synthetic inﬂuent (sidestream conditions: 280
mg L−1 NH4+−N and 280 mg L−1 NO2−−N in the inﬂuent) in P0.

The total nitrogen removal eﬃciency (TNRE) of the Ma
reactor was stable at 88.7 ± 2.1% when the temperature was
lowered from 35 to 25 °C and the inﬂuent TN concentration
was switched to 70 mg L−1 in P1-A. The eﬄuent TN (mainly
NO3−−N) was 8.4 ± 1.6 mg L−1. Subsequently, the
temperature of the Ma reactor was further decreased to 15
°C in P1-B. A slight decline in TNRE (84.9 ± 1.0%) was
observed, and the eﬄuent TN slightly increased to 11.1 ± 0.7
mg L−1, which was mainly attributed to the increase in NO3−−
N (9.1 ± 0.7 mg L−1) in the eﬄuent. The operating conditions
of the Md reactor during P1-A were consistent with those
during P0. Subsequently, the substrate concentrations of

Table 1. Physiological Characteristics of Anammox Sludge at Diﬀerent Periodsa
phase

sample time
(d)

temperature
(°C)

F

P0
P1-A

30
87

35
25

Ma

P1-B

143

15

Md

P2
P1-A

187
87

35

P1-B

143

15

P2

187

reactor

SAA
(mg N g VSS−1 d−1)

particle size
(mm)

settling velocity
(m h−1)

biomass concentration
(g VSS L−1)

Vup
(m h−1)

±
±
±
±
±
±
±
±
±
±
±

1.49 ± 0.99
1.57 ± 0.60

64.6 ± 2.2
71.1 ± 2.6

17.0 ± 0.3
17.0 ± 0.2

0.19
0.19

1.67 ± 1.18

73.6 ± 1.8

17.1 ± 0.1

1.75 ± 1.25
1.52 ± 0.76

84.6 ± 1.1
66.1 ± 2.2

18.4 ± 0.3
17.0 ± 0.2

1.60 ± 0.90

62.9 ± 1.7

16.9 ± 0.2

1.65 ± 0.71

72.8 ± 1.7

17.5 ± 0.1

620.7
235.9
208.4
72.7
41.4
114.1
619.3
590.2
63.2
35.4
56.3

47.8
9.5
29.4
2.1
3.9
8.9
36.3
11.9
4.6
8.5
1.8

1.14
0.19

1.14

a

The two UASB reactors, named Ma and Md, displayed stable operation over 6 months, including three phases: the quasisteady phase (P0: 1−30
days), the start-up phase (P1-A: 31−87 days, P1-B: 88−143 days), and the NLR-increasing phase (P2: 144−187 days).
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Md granules and may convert the organic matter released from
decayed cells into biodegradable carbon sources. Denitratisoma,
a denitrifying bacterium, can metabolize nitrate produced by
anammox bacteria with carbon sources from SMP and EPS
hydrolysis.27 A previous study reported that 7% of the ﬁxed
carbon was secreted as soluble microbial products.9 The
increased SMP in P2 could be utilized by denitrifying bacteria,
which have some positive roles in nitrate reduction (RP =
0.22).28,29
3.3. Physiological Characteristics of Anammox Granules. 3.3.1. Apparent Activation Energy. To investigate the
physiological evolution of anammox granules before and after
acclimatization, the responses of anammox activity to temperature variation (10−35 °C) were measured by batch tests. The
acclimated granules obtained from the Ma reactor showed a
comparable SAA to that of sidestream granules if the
temperature increased to 30−35 °C, while the SAA of
sidestream granules was lower than that of the acclimated
granules when the temperature was below 25 °C. In particular,
the SAAs of Ma granules were 100.2 ± 8.9 mg N g VSS−1 d−1
at 15 °C and 37.9 ± 4.0 mg N g VSS−1 d−1 at 10 °C, both of
which values were almost 2 times higher than those of the
corresponding sidestream granules (49.1 ± 1.7 mg N g VSS−1
d−1 at 15 °C and 20.6 ± 3.2 mg N g VSS−1 d−1 at 10 °C) (p <
0.05, t-test). The eﬀect of temperature on anammox activity
was further evaluated by plotting the SAA results in a
conventional Arrhenius equation. Notably, the anammox
activity seemed to decrease more upon a 5 °C temperature
decrease at lower temperatures (20−10 °C). Therefore, as
shown in Figure 3, the activation energy data are presented for
two temperature intervals to keep the coeﬃcient of
determination of each linear regression higher than 0.9. For
anammox granules from the two reactors, the apparent
activation energy (Ea) value was lower in the upper interval
(35−20 °C), indicating that the eﬀect of a temperature change
increased with decreasing temperature. This phenomenon was
similar to a previous study,30 in which the anammox activity at
lower temperatures (20−10 °C) showed a higher temperature
dependency. However, the sidestream granules showed a
signiﬁcantly higher apparent Ea than the acclimated granules at
low temperature (20−10 °C, p < 0.05, t-test). These results
indicated that less energy was needed for the acclimated
granules to activate anammox metabolism than for the
sidestream granules.
3.3.2. Extracellular Polymeric Substances. When the
temperature was lowered from 35 to 25 °C and the inﬂuent
TN concentration was switched to 70 mg L−1 in P1-A, the EPS
content of anammox granules increased from 148.1 ± 10.5 to
182.4 ± 2.3 mg g−1 VSS during the ﬁrst month. However,
during the subsequent 2 months, the EPS content returned to
a level close to that at 35 ± 1 °C (Figure 4a). When the
temperature was further lowered to 15 °C, the EPS content
sharply increased to 242.0 ± 6.9 mg g−1 VSS during the ﬁrst
month and then decreased to 124.4 ± 3.3 mg g−1 VSS at the
end of P2 (Figure 4a). A similar change was also observed for
the sidestream anammox granules, which were directly
switched to operation at 15 °C. The surge in EPS was mainly
attributed to the increase in protein (PN) content, which
might be due to the decay of anammox bacteria under
starvation. Overall, the anammox granules after long-term
operation at 15 °C had lower EPS production than those at
25−35 °C (p < 0.05, t-test).

Figure 2. Microbial community structure determined by Illumina
sequencing of the 16S rRNA genes in the anammox reactors. “other”
refers to taxa with a maximum abundance <0.1% in any sample at the
phylum and genus levels. (a) Relative abundances at the phylum level.
(b) Relative abundances at the genus level. PCA of the bacterial
community structures from all samples with respect to the relative
abundances of major genera (c).

reactors, while its relative abundance decreased to 33.9% in
Md granules (sample D15-3), which was consistent with the
deterioration of reactor performance with shortened HRT.
Furthermore, the samples were separated in the PCA scores
(Figure S4) with decreased temperature, indicating that a clear
diﬀerence in community compositions was observed because
of the temperature variation, which was mainly related to the
increases in Actinobacteria, Bacteroidetes, and Verrucomicrobia in
both reactors.
Candidatus Kuenenia, aﬃliated with Planctomycetes, is the key
functional genus in anammox systems. As shown in Figure 2b,
the relative abundance of Candidatus Kuenenia in Ma granules
remained at approximately 30.4% despite the variations in
temperature and HRT, whereas it decreased to 25.9% in the
Md reactor at the end of P2. The PCA in Figure 2c elucidates a
distinct separation between the high-temperature group and
the low-temperature group, which is primarily attributed to the
increases in the relative abundances of Bacteroidetes_norank,
Denitratisoma and Terrimonas under low-temperature conditions. The high production of NO3−−N in P1-B (RP = 0.30)
was consistent with the previous observation that the nitrate
production of anammox granules under mainstream conditions
was higher than that under sidestream conditions. Some
bacteria belonging to Planctomycetales, Chloroﬂexi, Proteobacteria, and Chlorobi may be important contributors to the
increase in nitrate production in P1-B, as these bacteria contain
nitrite oxidoreductases.19 However, the production of SMP
increased with increasing NLR in P2 (see Text S3).
Bacteroidetes_norank, a type of fermentative bacteria, had a
tenfold increase in Ma granules and an eightfold increase in
12962
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Figure 4. Contents of EPS, polysaccharides (PS), and PN in
anammox granular sludge (a). SMP produced from Ma and Md (b)
and soluble PS and soluble PN (c) in the eﬄuent.
Figure 3. SAA measured at diﬀerent temperatures (35, 30, 25, 20, 15,
and 10 °C) in Ma granules from operation at 15 °C with an inﬂuent
nitrogen concentration of 30 mg L−1 NH4+−N and 40 mg L−1
NO2−−N and from sidestream reactors operating at 35 °C with an
inﬂuent nitrogen concentration of 280 mg L−1 NH4+−N and 280 mg
L−1 NO2−−N. (a) SAA values determined by batch tests and the ratio
of SAAmain and SAAside. (b) Arrhenius plot of the SAA of the Ma
granules and sidestream granules. Each test was performed in
triplicate. (c) Activation energy (Ea) relative to the diﬀerent granule
types and diﬀerent temperature intervals. (“*”: p < 0.05; “**”: p <
0.01).

during the diﬀerent phases were detected by qPCR (Figure 5).
The abundances of hzsA and hdh in Md granules showed sharp
decreases after the temperature was directly lowered to 15 °C
in P1-B and further decreased in P2. In contrast, the
abundances of these genes in Ma granules slowly decreased
in P1-B and rebounded in P2, ultimately reaching twice the
values in Md granules (p < 0.05, t-test).

4. DISCUSSION
4.1. Why Did Acclimatization Facilitate a Higher
Nitrogen Removal Capacity? Two strategies were used to
start up the mainstream reactors in our study. Regardless of
whether the temperature was lowered stepwise to 15 °C (Ma)
or directly to 15 °C (Md), fairly high NRRs were achieved and
maintained stable during the operation of 2 months. However,
the maximal NRR of the Ma reactor (7.0 kg N m−3 d−1) was
1.9-fold that of the Md reactor (p < 0.05, t-test), and good
eﬄuent quality (10.7 mg TN L−1) was obtained under a very
short HRT of 0.23 h (Figure 1, Tables 1 and S3). It is an
interesting question why the Ma reactor showed a higher
nitrogen removal capacity.
It is generally accepted that anammox reactor performance
depends on the biomass amount and the metabolic activity of
anammox bacteria. Obviously, the higher NRR of the Ma
reactor was associated with its higher biomass concentration
and excellent SAA (Table 1). On the one hand, the absolute
amount of anammox biomass within the bioreactors was a
combined result of proliferation and retention. First, the
anammox granules in the Ma reactor exhibited a much higher

3.3.3. Speciﬁc Growth Rate. The biomass remained
stable with an average value of 17.0 g VSS L−1 during the startup phase (P1) in both reactors and increased to 18.4 g VSS
L−1 in the Ma reactor and 17.5 g VSS L−1 in the Md reactor
during the NLR-increasing phase (P2). According to the
increase in the ammonium removal rate over time (eq 4), the
speciﬁc growth rate of anammox granules in the Ma reactor
was 0.0408 d−1, while the rate in the Md reactor was 0.0144
d−1. A previous study reported that a sharp decrease in the
speciﬁc growth rate of 0.009 d−1 was observed for the low
temperature of 15 °C.7 A superior speciﬁc growth rate was
observed in our study, and a higher growth rate of mainstream
granules was obtained with the aid of acclimatization.
3.3.4. Absolute Abundance of Key Functional Genes.
Hydrazine synthase and hydrazine dehydrogenase play
signiﬁcant roles in the anammox reaction and are encoded
by the genes hzsA and hdh, respectively. Thus, the changes in
the absolute abundance of the above two key functional genes
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Figure 5. Absolute abundance of hzsA (a) and hdh (b) in cultures of anammox biomass treated with diﬀerent temperatures and NLRs (“*”: p <
0.05; “**”: p < 0.01).

growth rate than those in the Md reactor at 15 °C (p < 0.05, ttest). Second, the granule size and settling velocity of
anammox granules were slightly higher in the Ma reactor
than in the Md reactor (Table 1), suggesting a better
aggregation and retention capability. This feature is also
important for achieving an excellent NRR under a very high
upﬂow velocity. On the other hand, the anammox granules in
the Ma reactor exhibited a much higher SAA than those in the
Md reactor at 15 °C with increasing NLR (p < 0.05, t-test).
Initially, the nitrogen removal potential of anammox granules
(deﬁned as SAA × biomass concentration) was much higher
than the actual NRR of the reactors with decreasing
temperature. This diﬀerence indicated that a large number of
anammox bacteria were under starvation in the underloaded
reactors. A previous study found that the survival of inactive
cells is usually explained by their transition into a “dormant”
state under adverse conditions, in which growth rate and
metabolism are substantially reduced to prevent cell
apoptosis.31 The absolute abundances of key functional
genes decreased over time after switching to mainstream
conditions, indicating the decreased potential to synthesize
functional PNs. Nevertheless, the dormant anammox bacteria
could be activated with increasing NLR, resulting in an
increase in anammox activity. Interestingly, the nitrogen
removal potential of anammox granules (reﬂected by SAA ×
biomass concentration) became lower than the actual NRR of
the reactors at P1-B and P2. The underestimated SAA may be
due to the diﬀerence in biomass concentration between the
SAA tests (∼3 gVSS L−1) and reactors. A bold assumption is
that a high concentration of biomass could be conducive to
high anammox activity at low temperature (≤15 °C) due to
quorum sensing.32,33 In other words, the high biomass
concentration might also be an important reason for the
high NRRs of the two reactors.
It is possible that the development of so-called “cold”
anammox bacteria contributed to higher adaptability at lower
temperatures.32 However, Candidatus Kuenenia stuttgartiensis
was identiﬁed as the absolutely dominant anammox bacterium
throughout the whole operation (200 days, Figure S5), and its
relative abundance in the two types of granules remained stable
(Table S5). Therefore, these results indicated that the
physiological evolution of the dominant anammox bacterium
(Candidatus Kuenenia stuttgartiensis) instead of interspecies
selection was the main reason for the high nitrogen removal
capacity after switching to mainstream conditions. A further

question is how acclimatization contributes to physiological
evolution. It is well known that some of the carbon ﬁxed by
anammox bacteria is secreted as extracellular microbial
products.9 The EPS content showed a negative correlation
with temperature, indicating a shift in energy allocation.9 A
recent metabolic study reported that an energy conservation
strategy was triggered by anammox consortia after acclimatization to ambient temperature (25 °C), resulting in decreased
secretion of EPS but accumulation of ATP and amino acids.34
Acclimatization at 25 °C also strengthened the cross-feeding of
amino acids, nitrite, and glycine betaine, which might beneﬁt
the adaptation of anammox granules to lower temperatures. As
a result, the apparent activation energy at low temperatures
decreased and the growth rate became faster with the aid of
acclimatization. This phenomenon was consistent with the
previous observation that the growth rate of anammox bacteria
is not an intrinsic property and can be increased by optimizing
the growth conditions.35
4.2. Implication for the Implementation of Mainstream Anammox Processes. The implementation of
mainstream anammox processes is still the main challenge in
upgrading biological nitrogen removal processes.12 In this
study, a mainstream anammox reactor was rapidly started up
with sidestream granules as the inoculum, and a considerably
high NRR (7.0 kg N m−3 d−1) was obtained at 15 °C. To our
knowledge, the NRR of the Ma reactor is the highest
volumetric NRR of mainstream anammox reactors to date
(Table S2) and even corresponds to the NRR of the ﬁrst fullscale sidestream anammox reactor in Rotterdam. Moreover,
the eﬄuent quality satisﬁed the class 1A eﬄuent criteria of the
Chinese discharge standard (NH4+−N ≤ 5 mg L−1 and TN ≤
15 mg L−1). Whether anammox granules can achieve the
required eﬄuent quality of mainstream treatment should no
longer be a source of worry.19,20 These gratifying results
suggest promising prospects for granule based mainstream
anammox systems and indicate the feasibility of using
sidestream granules as seed sludge to rapidly start up
mainstream reactors.
According to our results, at least four factors should be
highlighted that might contribute to the implementation of
mainstream anammox granule processes in practical engineering applications (Figure S6).
1 A high biomass concentration seems to be an important
reason for achieving a high NRR. A high concentration
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of biomass could be conducive to high anammox activity
at low temperatures (≤15 °C). Therefore, as the source
of seeding granules, well-operated sidestream reactors
are a prerequisite for the start-up of mainstream reactors.
For instance, given the NRR (7.5 kg N m−3 d−1) of the
full-scale sidestream anammox reactor in Rotterdam, a
biomass yield of 24 g VSS d−1 could be achieved in
theory according to a cell yield of 0.11 g VSS g−1 NH4+−
N. If the NRR of the sidestream line only accounted for
15% of the total NLR of the WWTP, a period of 354
days would be needed to produce the required biomass
amount for mainstream reactors.
2 A high NLR is needed to retard the activity decay of
anammox granules because of starvation after switching
to mainstream treatment.
3 Acclimatization to ambient temperature (∼25 °C) might
allow anammox bacteria to switch to an energy
conservation strategy and then show better performance
at lower temperatures. Therefore, for nontropical areas,
it is suggested to start up mainstream reactors in the
high-temperature season (i.e., summer); this approach
seems to be an energy-saving strategy.
4 Clearly, the achievement of satisfactory eﬄuent quality
requires ﬁne control of the inﬂuent substrate ratio
(NH4+−N/NO2−−N). Controlling this ratio in the
pretreatment units before anammox reactors in real
time is a challenge. Inevitably, nitrate and dissolved
oxygen will be introduced from the pretreatment unit, or
soluble organic matter will be introduced from the Astage eﬄuent. The eﬀects of these factors on eﬄuent
quality require further attention.

Author Contributions
†

Y.-F.C and Z.-Z.Z. contributed equally to this work.

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
The authors wish to thank the Zhejiang Provincial Natural
Science Foundation of China (no. LR20E080001) and the
Natural Science Foundation of China (no. 51878231) for their
partial support of this study. Z.-Z.Z. acknowledges the support
of the Shanghai Tongji Gao Tingyao Environmental Science
and Technology Development Foundation.

ASSOCIATED CONTENT

sı Supporting Information
*

■

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.0c01469.

■

Article

REFERENCES

(1) Laureni, M.; Weissbrodt, D. G.; Szivák, I.; Robin, O.; Nielsen, J.
L.; Morgenroth, E.; Joss, A. Activity and growth of anammox biomass
on aerobically pre-treated municipal wastewater. Water Res. 2015, 80,
325−336.
(2) He, S.; Chen, Y.; Qin, M.; Mao, Z.; Yuan, L.; Niu, Q.; Tan, X.
Effects of temperature on anammox performance and community
structure. Bioresour. Technol. 2018, 260, 186−195.
(3) Kang, D.; Xu, D.; Yu, T.; Feng, C.; Li, Y.; Zhang, M.; Zheng, P.
Texture of anammox sludge bed: Composition feature, visual
characterization and formation mechanism. Water Res. 2019, 154,
180−188.
(4) Zhang, Z.-Z.; Cheng, Y.-F.; Zhu, B.-Q.; Liu, Y.-Y.; Zhang, Q.; Jin,
R.-C. Achieving completely anaerobic ammonium removal over nitrite
(CAARON) in one single UASB reactor: Synchronous and
asynchronous feeding regimes of organic carbon make a difference.
Sci. Total Environ. 2019, 653, 342−350.
(5) Kouba, V.; Vejmelkova, D.; Proksova, E.; Wiesinger, H.; Concha,
M.; Dolejs, P.; Hejnic, J.; Jenicek, P.; Bartacek, J. High-Rate Partial
Nitritation of Municipal Wastewater after Psychrophilic Anaerobic
Pretreatment. Environ. Sci. Technol. 2017, 51, 11029−11038.
(6) Gilbert, E. M.; Agrawal, S.; Karst, S. M.; Horn, H.; Nielsen, P.
H.; Lackner, S. Low Temperature Partial Nitritation/Anammox in a
Moving Bed Biofilm Reactor Treating Low Strength Wastewater.
Environ. Sci. Technol. 2014, 48, 8784−8792.
(7) Lotti, T.; Kleerebezem, R.; van Erp Taalman Kip, C.; Hendrickx,
T. L. G.; Kruit, J.; Hoekstra, M.; van Loosdrecht, M. C. M. Anammox
Growth on Pretreated Municipal Wastewater. Environ. Sci. Technol.
2014, 48, 7874−7880.

Substrate reaction molar ratios; ﬂuorescent analysis;
microbial community structure at the species level;
closed-loop system of mainstream anammox; performance of mainstream anammox from previous studies;
and the operating parameters of the two reactors and
diversity indices (PDF)

AUTHOR INFORMATION

Corresponding Author

Ren-Cun Jin − Laboratory of Water Pollution Remediation,
School of Life and Environmental Sciences, Hangzhou Normal
University, Hangzhou 311121, China; orcid.org/00000002-1337-7531; Phone: +86-571-28861265;
Email: jrczju@aliyun.com, rcjin@hznu.edu.cn; Fax: +86 571
28865333
Authors

Ya-Fei Cheng − Laboratory of Water Pollution Remediation,
School of Life and Environmental Sciences, Hangzhou Normal
University, Hangzhou 311121, China
Zheng-Zhe Zhang − Laboratory of Water Pollution
Remediation, School of Life and Environmental Sciences,
Hangzhou Normal University, Hangzhou 311121, China;
orcid.org/0000-0003-4907-9058
12965

https://dx.doi.org/10.1021/acs.est.0c01469
Environ. Sci. Technol. 2020, 54, 12959−12966

Environmental Science & Technology

pubs.acs.org/est

(8) Liu, T.; Khai Lim, Z.; Chen, H.; Hu, S.; Yuan, Z.; Guo, J.
Temperature-Tolerated Mainstream Nitrogen Removal by Anammox
and Nitrite/Nitrate-Dependent Anaerobic Methane Oxidation in a
Membrane Biofilm Reactor. Environ. Sci. Technol. 2020, 54, 3012−
3021.
(9) Oshiki, M.; Shimokawa, M.; Fujii, N.; Satoh, H.; Okabe, S.
Physiological characteristics of the anaerobic ammonium-oxidizing
bacterium ’Candidatus Brocadia sinica. Microbiology 2011, 157,
1706−1713.
(10) van der Star, W. R. L.; Abma, W. R.; Blommers, D.; Mulder, J.W.; Tokutomi, T.; Strous, M.; Picioreanu, C.; van Loosdrecht, M. C.
M. Startup of reactors for anoxic ammonium oxidation: Experiences
from the first full-scale anammox reactor in Rotterdam. Water Res.
2007, 41, 4149−4163.
(11) Lackner, S.; Gilbert, E. M.; Vlaeminck, S. E.; Joss, A.; Horn, H.;
van Loosdrecht, M. C. M. Full-scale partial nitritation/anammox
experiences − An application survey. Water Res. 2014, 55, 292−303.
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