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Abstract The feasibility of converting full nitrita-
tion to partial nitritation/anammox (PN/A) at ambient
temperature (20 °C) was investigated in a continuous
granular reactor. The process was conducted without
anammox bacteria inoculation for the treatment of
70 mg L' of low-strength ammonium nitrogen
wastewater. Following the stepwise increase of the
nitrogen loading rate from 0.84 to 1.30 kg N m— d~!
in 320 days of operation, the removal efficiency of
total inorganic nitrogen (TIN) exceeded 80% under
oxygen-limiting conditions. The mature PN/A gran-
ules, which had a compact structure and abundant
biomass, exhibited a specific TIN removal rate of
0.11 gN g ' VSSd™' and a settling velocity of
70.2 m h™'. This was comparable with that obtained
at above 30 °C in previous reports. High-throughput
pyrosequencing results revealed that the co-
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enrichment of aerobic and anaerobic ammonium-
oxidizing bacteria identified as genera Nitrosomonas
and Candidatus Kuenenia, which prompted a hybrid
competition for oxygen and nitrite with nitrite-oxidiz-
ing bacteria (NOB). However, the overgrowth of novel
NOB Candidatus Nitrotoga adapted to low tempera-
tures and low nitrite concentration could potentially
deteriorate the one-stage PN/A process by exhausting
residual bulk ammonium under long-term excessive
aeration.

Keywords Nitritation - Anaerobic ammonium
oxidation - Granular sludge - Continuous flow reactor -
Ambient temperature - Low-strength ammonium
wastewater

Introduction

In contrast to the conventional activated sludge system
combining nitrificaiton and denitrificaiton, anaerobic
ammonium oxidation (anammox) is characterized by
carbon source independence, relatively lower oxygen
consumption, and low sludge production, among
others, allowing efficient nitrogen removal and energy
neutral/positive wastewater treatment by separating
the removal of nitrogen from the degradation of
organic matter (Siegrist et al. 2008; Gao et al. 2014).
Partial nitritation/anammox (PN/A) is extensively
applied in the treatment of wastewaters with high
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nitrogen concentrations (> 100 mg L™") under meso-
philic conditions (> 30 °C) (Huynh et al. 2019). In
such conditions, aerobic ammonium-oxidizing bacte-
ria (AOB) oxidize nearly half the amount of ammo-
nium into nitrite, then anammox bacteria (AMX)
convert residual ammonium and nitrite into nitrogen
gas, thus producing a small amount of nitrate in anoxic
niches. The whole process is shown in Eq. (1):

NH; + 0.790, + 0.079HCO;
— 0.010CsH70,N + 0.028CH;,0Oy 5Ny 15
+ 0.438N; + 0.11NO;3 + 1.46H,0 + 1.031H"

(1)

However, PN/A process for completely autotrophic
nitrogen removal in low-strength and large-capacity
influent, such as municipal wastewater, poses several
challenges. These include the effective retention of
slow-growing AOB and AMX in continuous-flow
mode, the suppression and /or wash-out of nitrite-
oxidizing bacteria (NOB) without the inhibition of
free ammonia (FA) and free nitrous acid (FNA), and
the maintenance of enough activity of AMX commu-
nities at ambient temperature (< 25 °C) (Cao et al.
2017).

Compared to early sequencing batch reactors
(SBR) applied in PN/A process, the continuous
granular reactor is advantageous in large-scale
wastewater treatment. By successfully separating the
cell and hydraulic retention times, the continuous
granular reactor has a nitrogen removal rate
(~39kgNm > d") that is significantly higher
than the conventional activated sludge (Qian et al.
2018). The high performance of PN/A granules relies
on the co-existence of and activity balance between
AOB and AMX with adequate biomass, and the
prevention of NOB overgrowth. There have been
numerous attempts to operate a one-stage PN/A
reactor securely at low temperatures through accurate
aeration control and effective biomass retention. Such
attempts have found that a decrease in temperature
from over 20 °C to below 10 °C can result in a marked
drop in the total inorganic nitrogen (TIN) removal by
more than 50%, along with considerable microbial
community shifts driven by cold acclimation (Lotti
et al. 2014a; Gonzalez-Martinez et al. 2016; Zhu et al.
2017).

The specific growth rate (imax) of AMX can reach
0.118-0.334d! (doubling time, 74 of 2.2-5.8 days) at
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30-37 °C (Liu and Ni 2015; Zhang et al. 2017). The
Jimax Of AMX can significantly decrease to 0.02 d'
(t4 = 35 days) at 20 °C (Lotti et al. 2014b), and to
0.009 d7! (24 =79 days) at 12.5 °C (Laureni et al.
2015). This indicates that forming natural PN/A
granules with adequate AMX biomass is time con-
suming at low temperatures. According to Qian et al.
(2017), the startup of a PN/A continuous granular
reactor without AMX inoculation can be achieved
within 5 months at 30 °C, wherein nitritation granules
are employed as the seed sludge in influent with
ammonium nitrogen (NH,4"-N) concentration exceed-
ing 100 mg L™". To the best of our knowledge, a
similar shift from full nitritation to PN/A process
based on granules at low temperatures and low NH,*-
N concentration has not been studied adequately. This
research gap poses an immense challenge to reactor
operations.

Thus, this study aimed to investigate the feasibility
of operating PN/A process in a continuous granular
reactor without AMX inoculation at an ambient
temperature of 20 °C to treat low-strength influent
with NH,"-N of 70 mg L™'. A stepwise increase in
the nitrogen loading rate (NLR) coordinated with
aeration intensity was used to drive changes in the
sludge morphology and nitrogen-converting perfor-
mance of the continuous granular reactor. To develop
a feasible long-term control strategy of a one-stage
PN/A system, experimental evidence of the variations
in the bacterial community structure of the granules
was obtained using kinetics activity tests and the high-
throughput pyrosequencing technique.

Materials and methods
Reactor setup and seed sludge

A continuous stirred tank reactor (CSTR) witha 1.7 L
effective volume was used to start up the PN/A
process. Liquid was mixed completely by introducing
fine bubbles through an air diffuser at the bottom,
combined with hydraulic internal recycling, as
described in our recent study (Qian et al. 2017).

The seed granular sludge adapted to the removal of
organics (as sodium acetate) and ammonia nitrogen
was obtained from a lab-scale SBR reactor, which was
operated at the influent C/N ratio of 2:1 (Wang et al.
2018). The seed sludge had a milky color and a
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compact and round-shaped structure (Fig.S1), a mean
size of 0.62 mm, and a sludge volume index after
5 min of sedimentation (SVIs) of 33 mL gfl. The
initial concentration of mixed liquor volatile sus-
pended solid (MLVSS) in the CSTR was set at around
5600 mg L™".

Reactor operation

Considering the influence of the rejection water and
efficient organics degradation in the pretreatment
process of integrated wastewater treatment system
(Morales et al. 2015), the CSTR was operated with
synthetic inorganic media as model low-strength
ammonium influent with the following composition
(mg L™"): 269.4 NH,CI (70.3 + 2.4 NH,*-N), 600
NaHCO;, 8.8 KH,PO,/11.2 K,HPO, (as 4 PO,*~-P
basis), 10.0 Na,EDTA, 5.0 MgSQ,, with dosing 1 ml
trace element solution (Qian et al. 2018). The pH value
was adjusted to 7.8 £ 0.2 with the addition of 10%
NaOH solution.

Four operational phases (I-IV) were conducted in
320 days. The volumetric NLR as NH,"-N was
initially set at 0.84 kg Nm™ d~', which reached
1.30 kg N m™> d™' following a stepwise decrease in
the hydraulic retention time (HRT) from 2.0 to 1.3 h
(Table 1). During the operation period, the concen-
tration of dissolved oxygen (DO) was controlled in the
range of 0.4—1.8 mg L™" by adjusting the air flow rate
from 0.5 to 1.2 L min~"'. In addition, the temperature
was maintained at 20 = 1 °C using a water bath.
Granular biomass was not drained unless sampling for
the microbial characterization.

Chemical analysis methods

NH,"-N, NO, -N, NO; -N and MLVSS concentra-
tions, and SVIs value were measured using the

Table 1 Description of operating conditions at different phases

procedure described in Standard Methods (APHA
1998), and the concentration of TIN was the sum of
NH,"-N, NO, -N and NO; -N ones. The DO
concentration and pH value were monitored with
HI1946N portable meters (WTW, Germany). The
nitrite accumulation percent (NAP) equaled the mass
ratio of NO, -N/(NO, -N + NO3 -N) in the efflu-
ent, and the ratio of the produced NO3; -N to the
consumed NH,t-N was defined as f value. The
concentrations of FA and FNA were calculated
according to the study of Anthonisen et al. (1976).
Where required, Student’s ¢ testing was employed to
analyze the significance of numerical difference.

The size distribution of the granules was described
based on sludge weight percent in four fractions,
including < 0.3 mm, 0.3-0.5 mm, 0.5-0.8 mm, and
0.8-1.0 mm. The settling velocity of granules was
measured in a vertical glass tube (1000 mm high)
filled with water. The formaldehyde-NaOH method
was used to extract extracellular polymeric substances
(EPS) from the granules, where the quantification of
protein (PN) and polysaccharide (PS) was conducted
using the Lowry and phenol-sulfuric acid methods,
respectively (Pellicer-Nacher et al. 2013).

Kinetics activity testing

The granule samples were harvested regularly then
washed with phosphate buffer solution (pH 7.5) to
remove the bulk substrate. Batch activity tests were
carried out in a series of 500 mL beakers equipped
with an air diffuser for aeration, which contained
400 mL of the synthetic wastewater (identical to the
CSTR influent). The inoculate biomass was equally set
at 5.0 + 0.3 g L™ as MLVSS. The batch tests were
operated at a DO concentration higher than 3 mg L™".
An approximate complete-mix pattern of granules was
maintained at 20 °C. During a 120 min period, a small

Phase Time (d) Influent NH,T-N Hydraulic Nitrogen loading DO concentration
concentration (mg L™ retention time (h) rate (kg N m™3 d™h (mg Lfl)

I 1-69 703 £ 24 2.0 0.84 £ 0.03 0.4-0.6

1T 70-184 1.5 1.13 + 0.04 0.6-0.8

1 185-264 13 1.30 + 0.04 1.0

v 265-320 1.3 1.30 + 0.04 1.8
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volume of the supernatant was regularly sampled to
analyze the nitrogen compound concentration. Each
test was performed in triplicate, and the specific
nitrogen conversion rates were calculated using the
following equations:

g(NH;-N) = —Ac(NH; -N)/(Ar- VSS) (2)
g(NO; -N) = Ac(NO; N)/(At- VSS) (3)
¢(NO3-N) = Ac(NO5 -N)/(Ar - VSS) 4)
4(TIN) = —Ac(TIN) /(At - VSS) (5)

where q(NH4+—N), g(NO, -N), ¢g(NO5; -N) and
g(TIN) are the specific NH,;"-N removal, NO, -N
and NO3 -N accumulation and TIN removal rates,
respectively, mg N g=' VSSh™'; Ac(NH,™-N),
Ac(NO;, -N), Ac(NO3 -N), and Ac(TIN) are the
differences in NH,T-N, NO, -N, NO; -N, and TIN
concentrations during At, respectively, mg L™'; At is
the reaction time corresponding to the linear variation
of nitrogen compound concentration, h; and VSS is the
concentration of MLVSS, g L\

DNA extraction and high-throughput
pyrosequencing

High-throughput pyrosequencing technique was
employed to characterize bacterial community struc-
ture of the granules as described by Qian et al. (2018).
Briefly, four representative sample groups of the
granules (G1, G2, G3 and G4) were collected on day 1,
68, 204 and 310 in triplicate respectively, and stored
at — 80 °C until genomic DNA was extracted using
E.Z.N.A.® Soil DNA Isolation Kit (Omega Bio-tek,
Inc., U.S.). The primer pair 338F (5'-ACTCCTACGG-
GAGGCAGCA-3') and 806R (5’-GGAC-
TACHVGGGTWTCTAAT-3’) was chosen to
amplify the V3-V4 regions of the 16S rRNA gene.
The polymerase chain reaction (PCR) mixture com-
position and amplification program were carried out,
and combined PCR products were purified and
quantified as recommended. High-throughput pyrose-
quencing was performed on the Illumina Miseq
platform (Illumina, U.S.) at Majorbio Bio-Pharm
Technology Co., Ltd., Shanghai, China.

The qualified sequences had an average length of
444.2 bp. Raw sequence data were deposited to the
NCBI Sequence Read Archive database (Accession
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Number: SRR12997732-SRR12997743). Operational
taxonomic units (OTUs) were clustered with 97%
similarity cutoff using UPARSE embedded in Qiime,
and the most abundant sequences in OTUs were
assigned to taxonomic classifications. In addition, the
alpha diversity analysis including rarefaction curves,
species richness estimators of Chaol and ace, Shannon
and Simpson diversity indexes, and abundance-based
coverage were performed with mothur software.
Heatmap and principal coordinate analysis (PCoA)
were conducted on genus level to compare the
bacterial communities of the granules at different
operation phases.

Results
Reactor operation

Figure 1 shows the variations of nitrogen compound
and biomass concentrations in the 320 days operation
period of CSTR. For the first 7 days of inoculation, the
removal efficiency of NH,"-N concentration
increased from 35.5% to 98.1%, with the NAP
exceeding 80% in the effluent. Because the seed
sludge did not acclimatize to the inorganic feeding and
operation mode of the CSTR, both partial disintegra-
tion of granules (see below) and the loss of biomass
(Fig. 1d) were observed in the subsequent three
weeks. Therefore, the production of nitrate increased
significantly in the CSTR, with the NAP being as low
as 51.1% on day 15. To maintain a stable nitritation
process, the DO concentration was adjusted to
0.4 mg L™ by decreasing aeration intensity, while a
low mass ratio of DO to NH;T-N (< 0.1) was
employed as control strategy of the CSTR at the
expense of NH,"-N removal (Poot et al. 2016). With
the re-growth of biomass as MLVSS concentration,
the NH,"-N removal and NAP reached 94.9% and
83.6% on day 50, respectively. After that, relatively
stronger aeration was introduced into the CSTR, the
DO concentration of 0.6 mg L™ did not deteriorate
the nitritation performance of granules, and the nitrite
accumulation rate was stable at
0.68 &+ 0.04 kg Nm— d~'. Notably, the loss of
TIN was only 3.3 £ 2.4% with a wild fluctuation of
fvalue in the range of 0.1-0.5 during phase I.

On day 70, the NLR was increased to
1.13 kg N m— d™' by shortening the HRT to 1.5 h,
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operation period

with the DO concentration ranging between 0.6 and
0.8 mg L™". After a short-term impact on the opera-
tion of the CSTR, the NH,*-N removal rose to 93.9%
on day 73. Over the subsequent 80 days, the effluent
NO, -N of 535+ 1.5mgL~" was considerably
lower than 56.5 + 3.6 mg L™" at the steady state of
phase I (¢ testing, p = 0.00013), and the nitrite
accumulation rate of 0.85 = 0.03 kg Nm > d™"
was obtained with a negligible TIN loss of
32 + 1.6%. A sudden decrease in the effluent
NO, -N from 49.7mgL~" on day 152 to
24.1 mg L™" on day 184 significantly improved the
TIN removal. During this period, a stable f value of
0.15 £ 0.02 was still higher than the theoretical 0.11
for the PN/A process, and the biomass of granules
grew steadily to 8.0 g L™ MLVSS.

In phase III, the CSTR was operated at the NLR of
130 kg Nm > d™" and the DO concentration of
1.0 mg L_l, which caused an increase in TIN removal
from 24.5% on day 186 to 80.7% on day 205.
Compared to the fast startup of the PN/A process in

10-60 days at above 30 °C (Yue et al. 2018; Yang
et al. 2019), the conversion of nitritation granules to
PN/A types at ambient temperature turned out to be
time consuming. However, it was still significantly
shorter than 800 days for achieving a TIN removal
rate of 0.64 kg N m—> d~' in the anammox process at
20 °C reported by Park et al. (2017). In the successive
60 days of operation, the residual NH,"-N in the
CSTR was controlled at 5.1 &+ 1.0 mg L_l, and the
TIN removal of 79.5 & 1.8% was achieved with a
fvalue of 0.14 £+ 0.01.

To evaluate the ultimate performance of the CSTR
at ambient temperature, the DO concentration was set
at 1.8 mg L' with excessive aeration (phase IV).
After day 265, the residual concentration of NH,"-N
dropped below 1 mg L™", and the removal efficiency
of TIN slightly increased to 81.9 & 1.0%. Consider-
ing the granular biomass of 9.9 g L™" at the end of the
operation, the specific TIN removal rate reached
approximately 0.11 g N g=' VSS d~!, which was
comparable with that obtained by Varas et al. (2015)
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at 35 °C under oxygen-limiting condition. However, a
noticeable increase in f value to 0.17 &£ 0.01 (¢ testing,
p < 0.00010) indicated the seeming inevitability of
nitrite oxidation to nitrate under ammonium-limiting
condition, instead of oxygen limitation.

Granular morphology and kinetics activity

Figure 2 shows the changes in particle size distribu-
tion and settling property of the granules over the
entire operation period. Granules within the size range
of 0.5-0.8 mm were predominant in the seed sludge.
The partial disintegration of granules caused a
decrease in mean particle size, and the granules that
were smaller than 0.3 mm accounted for 47% of the
biomass on day 60. Upon the increase in the NLR and
improvement in the TIN removal in the CSTR, the
mean particle size of granules increased to 0.61 mm
on day 320 (Fig. 2a), which was significantly smaller
than 1.1-1.9 mm obtained at 30-35 °C (Vlaeminck
et al. 2009; Varas et al. 2015). In consistent with the
reduction of SVIs value, the mature PN/A granules
with brownish red (Fig. 2b) exhibited the average
settling velocity of 70.2 m h™" with respect to high
compactness, which was 2.7 times larger than that of
the seed sludge (19.2 m hh.

EPS play a critical role in cell adhesion, formation
of matrix aggregates, improvement of microbial
ecology and long-term stability of sludge (Hou et al.
2015). Figure 3 demonstrates that EPS contents in the
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operation period

granules change over time. As the function transfor-
mation of granules, the fluctuation of PN contents are
clearly more considerable than that of PS contents, and
the granules can be characterized by representative
PN/PS ratios. At the initial stage of operation, the
partial disintegration of granules tended to release
loosely-bound EPS contents in the extraction (Wang
et al. 2016), corresponding to the PN/PS ratio around
1.36. For the nitritation granules (phase II), a relatively
lower EPS contents was determined at the PN/PS ratio
of 1.16 &£ 0.18. This result is in agreement with those
of previous reports, wherein the granules enriched
slow-growing nitrifying bacteria had a high proportion
of PS in the EPS contents compared with the
heterotrophic types (Jemaat et al. 2014; Wang et al.
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2016). Furthermore, a persistent increase in PN was
observed following the conversion of granules from
full nitritation (phase II) to PN/A process at high NLR
(phase IV). The accumulation of EPS contents is
crucial in creating substrate gradients in spatial layout
of granules, thus allowing for the adherence of AOB in
the aerobic shell and protection of AMX in the anoxic
core (Vazquez-Padin et al. 2010; Zheng et al. 2016).

As experimental evidence for the kinetics activity
of granules, various specific nitrogen conversion rates
(g values) were determined using batch tests under
high aeration intensity (Fig. 4). Compared with the
performance of the CSTR operated under oxygen-
limiting conditions, the ¢ values can be considered as
good indicators with relatively higher sensitivity for
the function transformation of the granules. For the
seed sludge, the g(NH4*-N) was slightly higher than
the g(NO, -N), while TIN removal and limited
production of NO;™-N were found to be negligible.
After day 120, a plateau value of g(NH,"-N) was
obtained with 34.4 + 1.4 mg N g~' VSS h™', and the
TIN removal was significantly improved following the
decrease in g(NO, -N) in the subsequent period. This
inflection point of time was 30 days in advance to
observe a considerable TIN removal in the CSTR. At
the end of operation, the ratio of g(TIN) to g(NH,"-N)
for PN/A granules was only 51.1%, and a considerable
part of NH,T-N was converted to NO, -N without
further reaction. A credible explanation is that a
deeper permeation of DO would be expected with
excessive aeration, which significantly inhibited the

o g(NH;-N) © g(NOyN) © g(NO;-N) 4 ¢(TIN)
0

g value (mg-g"!' VSS-h")

0 40 80 120 160 200 240 280 320
Operation time (d)

Fig. 4 Variations of specific nitrogen conversion rates of
granules throughout the operation period

anammox activity of anoxic core (Vlaeminck et al.
2009). Moreover, the ratio of g(NO; -N) to g(NH,"-
N) in batch tests was equal to 0.21, nearly twice as
large as the theoretical f value of PN/A process,
indicating a high risk of strong nitrite oxidation in the
granules (phase 1V).

Microbial community analysis

The microbial community structure of the granules at
the different operation phases was analyzed via high-
throughput pyrosequencing. A total of 469,411 qual-
ified sequences were obtained and 625 OTUs were
identified in the 12 sludge samples belonging to four
groups (G1-G4). All the sample coverage estimators
exceeded 99.8% with a similar trend of rarefaction
curves (Fig. S2). As listed in Table 2, a decrease of the
species diversity in G2-G4 was observed, because
some heterotrophic bacteria in the seed sludge (G1)
would be washed out in the operation of the CSTR
with inorganic feeding. Meanwhile, a definite increase
in species richness of the granules was associated with
efficient sludge retention. As seen in the Venn diagram
(Fig. S3), 117 OTUs were shared by the seed sludge
(G1) and mature PN/A granules (G4), which
accounted for 58.2% and 46.2% of total number in
them, respectively.

As shown in Fig. 5, Proteobacteria was the most
abundant taxon at the phylum level in the granules
(mean relative abundance of 59.7-68.2%), followed
by Bacteroidetes, Planctomycetes, and Chloroflexi.
On the class level, the significant enrichment of
Betaproteobacteria, Anaerolineae, Planctomycetacia,
and Nitrospira was observed during the operation
period, with the wash out of Deltaproteobacteria,
Sphingobacteriia, Gammaproteobacteria, Bacilli, and
Spartobacteria. Although the granules were fed with
inorganic media, satellite heterotrophic bacteria, such
as Sphingobacteriia, Anaerolineae, and Deltapro-
teobacteria, were found and considered to degrade
organic macromolecules derived from cells decay and
reinforce the EPS matrix (Cho et al. 2011; Chu et al.
2015).

To evaluated the variation of bacterial community
structure, PCoA with group dissimilarity was con-
ducted via unweighted UniFrac distance (Deng et al.,
2019). As illustrated in Fig. 6a, the seed sludge (G1),
nitritation granules (G2), and PN/A granules (G3 and
G4) displayed a distinct bacterial community
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Table 2 Mean values of recovered sequences, OTU number, and richness/diversity estimators in different sample groups

Group no  Operation time (day) Read number  OUT number  Richness index Diversity index Coverage (%)
Ace Chao Shannon  Simpson
Gl 1 35,135 201 237775  237.52  3.0592 0.0856 99.8696
G2 79 33,960 240 267.92 27436  2.8341 0.1707 99.8577
G3 204 40,914 279 333.06 325.80 2.7559 0.2122 99.8267
G4 300 46,461 253 298.01 29548  2.6465 0.1544 99.8749
O i significantly from 9.3 in G3 to 3.6 in G4. This was
“ . =g; full consistent with the considerable g(NO, -N) value
Bacteroidete. . . .
e [ ]G3 of mature PN/A granules obtained with excessive
G4 . . . .
40 _ aeration in Fig. 4. The co-aggregation cell clusters of
CHereflest Nitrospirae Nitrosomonas and Candidatus Kuenenia in a biofilm
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Fig. 5 Bacterial community structures of granules on class
taxonomy level

composition on genus level along the first principal
coordinate (PCoA1), which accounted for 63.38% of
the total variation. Dissimilarity among four sample
groups also revealed that the NLR, together with
aeration intensity and granular compactness, played an
important role in bacterial community shifts (Fig. 6b).

For the seed sludge, genera Nitrosomonas (ac-
counted for 12.1%) and Thauera (accounted for
19.5%), dominating in the class Betaproteobacteria,
were identified as the main populations responsible for
aerobic ammonium oxidation and nitrite reduction,
respectively. NOB and AMX related sequences were
not detected (Fig. S4 and S5). Figure 6¢ shows that an
increment of Nitrosomonas as AOB fraction was
observed in the granules (G2 and G3), while the
growth of NOB Nitrospira spp. was effectively
suppressed under oxygen-limiting conditions. At
higher NLR with shorter HRT (phase III and IV), the
enrichment of AMX affiliated with genus Candidatus
Kuenenia (mean relative abundance of 8.4% in G4)
was observed and essential for driving the PN/A
process, while the AOB/AMX ratio decreased
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PN/A process was also determined with gene expres-
sion and biomass concentration measures in conjunc-
tion (Park et al. 2015). Although the relative
abundance of Nitrospira (1.5%) and denitrifiers of
Denitratisoma (1.1%) in G4 were lower than the ones
in G3 (3.7% and 1.8%), respectively, the increase in
the f value could not be ignored. It was mainly
attributed to the overgrowth of novel NOB identified
as genus Candidatus Nitrotoga (belonging to class
Betaproteobacteria) at high DO concentration (phase
V).

Discussion

As mentioned above, nitritaition reaction occurs in the
outer portions of the PN/A granules under oxygen-
supplied conditions, and the anammox reaction occurs
in the inner portions under oxygen-limited conditions.
The identification of ecological mechanisms and
control strategy for NOB suppression is a prerequisite
to the maintenance of the long-term stability of the
one-stage PN/A process at ambient temperature.

For most of the operation, the stable suppression of
nitrite oxidation to nitrate was obtained under oxygen-
limiting conditions in the CSTR, which were achieved
by various approaches in different phases. At the
beginning of phase I, partial disintegration of the
granules brought a low diffusion resistance of oxygen
in them, which is favorable for the occurrence of full
nitrification at the DO concentration of 0.6 mg L™
(Rathnayake et al. 2015). Thus, the oxygen-limiting
condition was maintained at the DO/NH,"-N mass
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ratio that was lower than 0.1 for the successful
recovery of efficient nitrite accumulation with the
NAP over 80% in one month (Fig. 1b). This could be
explained by the competitive advantages of AOB
abundant in the seed sludge (G1) over common NOB
species, because Nitrosomonas has higher oxygen
affinity (Ko = 0.1-0.3 mg L") than r-strategist NOB
as Nitrobacter, and exhibits a larger pi,,x of 0.77 d™!
than 0.25 d™' of k-strategist NOB as Nitrospira at
20 °C (Cao et al. 2017).

During phase II, higher DO levels did not adversely
affect nitritation performance, which was mainly
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of distances among four sample groups, and c statistical analyses
of top 25 genera profiles for pair of sample groups

attributable to the improvement of the granular
compactness (Fig. 2b) and enrichment of Nitro-
somonas in granules (G2). This resulted in large
diffusion resistance and increased the consumption
rate of oxygen in the outer layer of the granules, and
favorably inhibited nitrite oxidation to nitrate by NOB
(Wang et al. 2016). Unlike the operation of the SBR,
the FA (~ 0.1 mgL™") and FNA (~ 12 ugL™h
levels in the CSTR were too low to suppress NOB and/
or AMX in effluent with a pH of 7.6 (Liu et al. 2020).

Notably, a sudden shift from full nitritation to the
PN/A process was completed from day 152 to 205
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with a significant increase in TIN removal (Fig. 1c).
During phase III, the strong aeration accelerated
ammonium oxidation in the deeper layer of the
granules and promoted mass transfer of nitrite for
anammox reaction (Vlaeminck et al. 2009; Xu et al.
2019). Given that the anammox reaction was usually
triggered by the accumulation of AMX clusters upon
the formation of quorum sensing in the anoxic zone,
the slow growth of AMX should begin in the early
period (Zhang et al. 2020). As a k-strategist with high
substrate affinity, Candidatus Kuenenia outcompeted
the other AMX genera, including Brocadia, Jettenia,
Anammoxoglobus and Scalindua, in ammonium-lim-
iting and low temperature environments (De Cocker
et al. 2018; He et al. 2018). The increase in AMX
abundance offers additional competition for nitrite to
suppress NOB in the granules. As a critical control
parameter for NOB suppression, sufficient bulk
ammonium is responsible for maintaining high activ-
ities of AOB and AMX, and stable substrate (DO and
NO, ™ -N) gradients in the granules, together with EPS
accumulation (Lotti et al. 2014a; Pérez et al. 2014). In
addition, a settling velocity-based selection pressure
was applied in the CSTR with short HRT, which
contributed to the wash out of the flocs enriching NOB
and the retention of compact granules enriching AMX
(Hubaux et al. 2015).

Contrarily, Nitrotoga-like NOB was enriched in the
granules (G4) when the ammonium-limiting condition
was applied using excessive aeration in phase IV
(Fig. 6¢). According to previous reports, Candidatus
Nitrotoga tends to grow at cooling temperatures, and
its optimum nitrite concentration is approximately one
order and two orders of magnitude below what is
usually applied to cultivated Nitrospira and Nitrobac-
ter (Lebedeva et al. 2008). So far, Nitrotoga-like NOB
had been detected using various molecular tools in
full-scale wastewater treatment plants operated at
7-16 °C (Liicker et al. 2015), lab-scale continuous
anammox reactors operated at 15-17 °C (Liu et al.
2017), and tap water distribution systems under
ambient temperature (23-25 °C) (Kinnunen et al.
2017). Liicker et al. (2015) considered that low
temperature was one of the main factors supporting
high Nitrotoga-like abundances in the activated
sludge, and this type of NOB turned out to be active
for carbon fixation over a broad range of nitrite
concentration  (0.1-10 mM) and temperatures
(4-27 °C). Because the accumulation of NOB would
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certainly deteriorate the performance of the PN/A
process, further studies concerning the metabolism of
Nitrotoga-like NOB and their effects on the granules
should be conducted using transcriptomic sequencing.
This will lead to the development of a reliable long-
term control strategy for continuous reactors at low
temperatures.

Conclusions

The conversion of full nitritation to PN/A process at
20 °C was achieved in approximately 200 days of
CSTR operation following the stepwise increase of
NLR under oxygen-limiting conditions. The mature
granules with small particle sizes exhibited a specific
TIN removal rate of 0.11 gNg~' VSSd™! and a
settling velocity of 70.2 m h™"', comparable with that
obtained at above 30 °C in previous reports. This was
highly consistent with the co-enrichment of Nitro-
somonas as AOB and Candidatus Kuenenia as AMX
in the system. However, the overgrowth of Nitrotoga-
like NOB adapted to low temperatures and low nitrite
concentration could potentially deteriorate the one-
stage PN/A process by exhausting residual bulk
ammonium under long-term excessive aeration.
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