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Abstract

For the possible highest performance of single-stage combined partial nitritation/anammox (PNA) process, a continuous
complete-mix granular reactor was operated at progressively higher nitrogen loading rate. The variations in bacterial community
structure of granules were also characterized using high-throughput pyrosequencing, to give a detail insight to the relationship
between reactor performance and functional organism abundance within completely autotrophic nitrogen removal system. In
172 days of operation, a superior total nitrogen (TN) removal rate over 3.9 kg N/(m*/day) was stable implemented at a fixed
dissolved oxygen concentration of 1.9 mg/L, corresponding to the maximum specific substrate utilization rate of 0.36/day for TN
based on the related kinetics modeling. Pyrosequencing results revealed that the genus Nitrosomonas responsible for aerobic
ammonium oxidation was dominated on the granule surface, which was essential to offer the required niche for the selective
enrichment of anammox bacteria (genus Candidatus Kuenenia) in the inner layer. And the present of various heterotrophic
organisms with general functions, known as fermentation and denitrification, could not be overlooked. In addition, it was
believed that an adequate excess of ammonium in the bulk liquid played a key role in maintaining process stability, by sup-
pressing the growth of nitrite-oxidizing bacteria through dual-substrate competitions.
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Introduction

As a completely autotrophic nitrogen removal process, com-
bined partial nitritation and anaerobic ammonium oxidation
(anammox), PNA for short, is a cost-effective alternate to
conventional full nitrification/denitrification for treating
ammonium-rich effluent (Van Hulle et al. 2010) and has an
application prospect to combine with new energy technologies
(such as microbial fuel cell) for achieving sustainable and
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energy-positive wastewater treatment (Zhang et al. 2014a;
Ali and Okabe 2015). In PNA process, aerobic ammonium-
oxidizing bacteria (AOB) oxidize part of the influent ammo-
nium to nitrite, and nearly equimolar mixtures of ammonium
and nitrite are subsequently converted to dinitrogen gas and
small amounts of nitrate by anammox bacteria (AMX) in the
absence of oxygen. The overall stoichiometry of PNA process
was shown in Eq. 1, with the biomass terms of CsH; 404Ny »
and CH,0 sNj ;5 representing the growth of AOB and AMX,
respectively (Vlaeminck et al. 2012).

NH, " +0.792 O, + 0.080 HCO3”—0.435 N, + 0.111 NO;5”
-+0.052 CsH;.400.4Ng2 + 0.028 CH,00 5Ny 15 (1)
41.460 H>O + 1.029H*

It was well-proven that the PNA process could be imple-
mented in either single-stage or separate-stage bioreactors.
Compared to the separate-stage PNA systems, the single-
stage ones could offer the prospect of smaller reactor footprint,
lower AMX inhibition risk by high nitrite concentration, and
less N,O emissions, but exhibit a higher operational
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complexity (Van Hulle et al. 2010; Lackner et al. 2014; Dosta
et al. 2015). Typically, the single-stage PNA system is based
on biofilm or granular reactor, which could confer the required
niche differentiation for enriching key functional organisms,
especially slow-growing AMX (Cho et al. 2011; Gilbert et al.
2015; Qian et al. 2017a). For these bioreactors, strict process
control of operation conditions such as dissolved oxygen
(DO) concentration is essential to achieve the nitrogen remov-
al rate (NRR) ranging from 0.14 to 2.57 kg N/(m3/day) (Wang
et al. 2012; Zhang et al. 2014b; Varas et al. 2015; Wang et al.
2017). On one hand, a sufficient oxygen supply by high aer-
ation intensity could enhance the activity of AOB situated on
the biofilm or granule surface and promote the anammox re-
action with a high nitrite production (Wang et al. 2014). On
the other hand, excessive DO would not only inhibit AMX in
the anaerobic functional zone but also favor the growth of
undesired nitrite-oxidizing bacteria (NOB), as the competitor
with both types of ammonium oxidizers for their electron
acceptors (Ma et al. 2015). Thus, in the pursuit of the possible
highest performance of single-stage PNA bioreactor, the ma-
jor challenges are to assure an efficient synergy between AOB
and AMX and maintain an adequate selection pressure for
NOB.

From a practical perspective, knowledge on the relation-
ship between operation control of bioreactor and microbial
community structure in the sludge could contribute to perfor-
mance optimization and process stability of biological treat-
ment systems. In this study, the performance of a continuous
complete-mix granular reactor (CSTR) for single-stage PNA
process was dramatically improved by stepwise increasing
nitrogen loading rates (NLRs), as evaluated by both biomass
growth modeling and substrate utilization kinetics. The devel-
opment of all bacterial communities in the granules was also
characterized using high-throughput pyrosequencing that pro-
vided a comprehensive analysis of the relative abundance of
bacterial phylotypes within the system. The results obtained
were expect to offer convincing explanations for the selection
and enrichment mechanisms of different functional organisms
and lead to a better understanding of their ecological roles and
potential effects on the performance of the bioreactor.

Materials and methods
Reactor setup and operation strategy

A lab-scale CSTR with a working volume of 1.7 L and a
settling zone of 0.6 L was installed, in which an approximate
complete mix was achieved by combining aerating and hy-
draulic circulating, as shown in Fig. S1. The temperature and
pH value were maintained at 30 + 1 °C using a water bath and
7.7+0.2 with sufficient alkalinity, respectively. The airflow

rate was set at in the range of 0.8 to 2.0 L/min to achieve the
oxygen supply.

The reactor was inoculated with pre-acclimated PNA gran-
ular sludge with a mixed liquor volatile suspended solids
(MLVSS) concentration of around 3800 mg/L, and the bio-
mass with brownish-red showed a compact and spherical-
shaped structure and mean size of 0.9 mm, as reported by
Qian et al. (2017a). Throughout the entire operation period,
the granules represented more than 97% of biomass in CSTR,
and the effluent concentration of suspend solid (SS) was al-
ways lower than 15 mg/L. Because the biomass was not with-
drawn apart from sludge sampling, the sludge retention time
(SRT) varying from 35 to 48 days was applied.

The reactor was operated with synthetic media, whose
composition (mg/L) was as follows: 1000-3000 NaHCOj3,
8.8 KH,P04/11.2 K,HPO, (as PO4* -P basis), 20.0
Na,EDTA, 10.0 MgSO,, 0.1 FeCl;-6H,0, 0.1 CaCl,-2H,0,
0.015 H3BOs3, 0.015 CoCly'6H,0, 0.01 MnCl,-4H,0, 0.01
ZnS047H,0, 0.005 NaMoO,4-2H,0, 0.003 CuSO4-5H,0,
0.003 KI, and NH,4CI at required concentration. The pH was
adjusted to 7.5-7.8 by adding 10% NaOH solution.

Three different operational stages (I-11I) were conducted in
172 days, and the volumetric NLR as NH,"-N was initially set
at 2.5 kg N/(m*/day), and finally reached 4.9 kg N/(m’/day)
by stepwise increase in the influent NH,*-N concentration
corresponding to reactor HRT, as shown in Table 1.

Analytical methods and calculations

The concentrations of MLVSS, SS, NH,*-N, NO, -N,
NO; -N, and TN were measured using the procedure de-
scribed in Standard Methods (APHA 1998). Both solution
pH and DO concentration were on-line monitored with
PB-10 (Sartorius, Germany) and H1946N portable meters
(WTW, Germany), respectively. The granules were sam-
pled regularly and sieved into five size fractions with
opening sizes of 0.2, 0.5, 0.8, 1.25, and 1.6 mm, while
their mean diameter was equal to the sum of products of
weight fractions and the average size in intervals. The
granule morphology was observed using a CX41 optical
microscope (Olympus, Japan).

As described in our previous study (Qian et al. 2017a), the
NH,*-N and TN removal efficiencies were calculated on the
basis of the difference between corresponding nitrogen con-
centrations in the influent and effluent, respectively, and the
calculation of the NO3 -N production to remove unit mass of
NH,*-N as ANO; -N/NH,;*-N) was also performed. The ni-
trite accumulation percent (NAP) equaled to the concentration
ratio of NO, -N/(NO, -N + NO; -N) in the effluent. And the
NRR was estimated by calculating the NH4*-N and TN re-
moval in the unit reactor volume per day. The food-to-
microorganism (F/M) value and the specific nitrogen removal
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Table 1 Description of the
different operation phases Stage  Time (day) Influent NH;*-N Hydraulic retention time (h) ~ Nitrogen loading rate
throughout the experiment concentration (mg/L) (kg N/(m*/day))

I 141 116.9+8.2 1.1 2.5

I 42-83 From 133.3+9.9t0194.0+5.8 1.1 29-4.7

1T 84-172 From 217.5+£2.0t0 304124 1.5 3.54.9

rate (SNRR) were obtained by dividing the MLVSS concen-
tration into NLR and NRR, respectively.

Modeling description

Being similar to bacterial proliferation during batch culture,
the biomass growth in CSTR could be simulated or predicted
using Sigmoidal nonlinear regression models, as the following
expression (Chen et al. 2015):

B MLVSS max
1+ exp(—ki(t—ty))

MLVSS(1) (2)

where ¢ is the operating time (day), MLVSS(?) is the bio-
mass concentration at ¢ (mg/L), MLVSS .« is the maximum
biomass concentration expected (mg/L), k; is the specific
growth rate (1/day), and #, is the lag time (day) for biomass
increase.

In addition, a mass balance could be performed on nitrogen
compounds, showing the mass of NH4*-N or TN per unit of
time as it enters, exits, accumulates, and reacts in the reactor. It
could be given below (Mines 2014):

[accumulation) = [inputs] — [outputs] + [reaction] (3)

Under pseudo-steady-state conditions, the accumulation
term in CSTR was set equal to zero in Eq. 3, and assuming
that substrate utilization can be described by Monod model
(Shi et al. 2010). Thus, the mass balance was performed as
follows:

ko XS;
0 = 0Sy=0S,~ < Fan s,) v (4)
(So=S) (K5 + S) = ko XSi7 (5)

where S, and S; are the NH,*-N or TN concentration in the
influent and effluent during the operation, respectively (mg/
L); QO is the volumetric inflow rate (m3/day); k> is maximum
specific substrate utilization rate (1/day); X is the concentra-
tion of MLVSS in CSTR (mg/L), estimated using Eq. 2; V'is
the working volume of CSTR (m®); Ky is the half-saturation
coefficient of biomass for NH4*-N (mg/L). According to the
related literatures, the typical Kg value for NH,*-N of AOB
and AMX were 0.5-1.0 mg/L (Grady et al. 2011) and below

0.1 mg/L (Oshiki et al. 2016), respectively. In this study, Kg
was estimated at 0.1 mg/L. 7is the HRT of CSTR (day).

DNA extraction, PCR, and pyrosequencing

The representative granule samples were collected on days 5
and 165 for the purpose of microbial community characteri-
zation, respectively. High-throughput pyrosequencing proce-
dure followed Wang et al. (2016), which was performed on the
[llumina Miseq platform (Illumina, USA) at Majorbio Bio-
Pharm Technology Co., Ltd., Shanghai, China.

Considering the compact structure of granules with abun-
dant extracellular polymeric substance (EPS), the genomic
DNA extracted from raw sludge samples (S5;,, and
S1654.,), using E.Z.N.A.® Soil DNA Isolation Kit (Omega
Bio-tek, Inc., USA) would only represent the microbe distrib-
uted in the outer layers of granules. Besides, the slurry of each
sludge sample was prepared by ultrasound at 1 W/ml for
10 min in ice bath, and the extracted DNA (S5, and
S165,)) using the same kit represented the overall microbial
community in granules. Primer pairs 338F (5'-ACTC
CTACGGGAGGCAGCA-3') and 806R (5'-GGAC
TACHVGGGTWTCTAAT-3') were chosen for the amplifica-
tion of the V3-V4 regions of the 16S rRNA gene of bacteria.
Polymerase chain reaction (PCR) amplifications were carried
out in triplicate for each sample using 20 pL reaction mix-
tures, while the conditions were the following: preheating at
95 °C for 3 min; 27 cycles consisting of denaturation at 95 °C
for 30 s, 55 °C annealing for 30 s, and 72 °C for 45 s exten-
sion; 10 min at 72 °C of final extension. Combined PCR
products were purified and quantified as recommended, prior
to pyrosequencing process.

Then, chimeric sequences were identified and removed
using UCHIME. Eventually, the numbers of high-quality se-
quences were 32,656 (S5.11), 26,214 (S5¢u), 29,819 (S165,),
and 26,083 (S165,,) with an average length of 442 bp. Raw
sequence data had been deposited in the NCBI Sequence Read
Archive database (accession number SRP117772).
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 by the Ribosomal Database Project
(RDP) Classifier with a confidence threshold of 70%. In
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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 conducted. The approximately
maximum-likelihood phylogenetic tree of 16S rRNA gene
sequences was constructed using FastTree version 2.1.3
(http://www.microbesonline.org/fasttree/).

It should be noted that the archaea community analysis was
also conducted following the similar procedure, in which the
primers employed were Arch334F (5'-ACGG
GGYGCAGCAGGCGCGA-3') and Arch915R (5-GTGC
TCCCCCGCCAATTCCT-3') instead (Qian et al. 2017b).
Results revealed that the genera Halobacteriales,
Halobacteriaceae, Halobacterium, and Euryarchaeota domi-
nated in the granules, while there were no typical ammonia-
oxidizing archaea detected (data not shown).

Results
Reactor performance and sludge morphology

In stage I (days 1-41), the CSTR was operated at the NLR of
2.5 kg N/(m*/day). For the first 22 days, the acration flow rate
was set at 0.8 L/min, corresponding to a DO level of 1.6 mg/L.
As depicted in Fig. 1, the average removal efficiencies of
NH,*-N and TN were 68.5+4.7 and 57.1 £3.3% from day
10 to day 22, respectively. Meanwhile, NO, -N concentration
in the effluent (5.2+0.8 mg/L) was only 1/7 of the residual
NH,*-N concentration (36.7 +5.6 mg/L), indicating that the
ammonium oxidation to nitrite could be the rate-limiting step
for PNA process. From day 23, the DO concentration in
CSTR was slightly increased to 1.9 mg/L by adjusting the
aeration flow rate. Consequently, both NH,"-N and TN re-
moval were considerably enhanced. On day 41, the NH;*-N
and TN removal reached 98.4 and 82.3%, respectively, and
the effluent NAP was around 30%. With completely autotro-
phic medium in the influent, the ANO; -N/NH,"-N) was cal-
culated at 0.10 +0.02, almost identical with the stoichiometric
value 0of 0.11 on the basis of Eq. 1. It indicated the nitrate in the
effluent was mainly produced through PNA process, instead
of nitrite oxidation by NOB.

In the following stage (days 42-83), the influent NH,*-N
concentration was increased stepwise once the NH,*-N re-
moval over 95% was achieved; this resulted in a steady in-
crease of NLR from 2.9 to 4.7 kg N/(m/day) throughout this
stage. The DO concentration was maintained at 1.9 mg/L with
the required aeration flow rate. It showed several fluctuations
in the performance of reactor, and the NRR briefly increased
to 3.7 kg N/(m>/day) on day 82, 2.7 times higher than the
value of 1.0 kg N/(m*/day) at the beginning of stage I.
However, huge nitrogen gas production as the result of the
high NRR caused a heavy sludge floating in the upper part
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Fig. 1 Changes in a NH,*-N removal, b NO, -N production, and ¢ TN
removal in the CSTR throughout the operation period (phases I-11I)

of the settling zone on day 83, and only a small portion of
biomass was retained in the reaction zone. The sharp decrease
in the NH4*-N and TN removal suggested that the CSTR
could not support a NLR as 4.7 kg N/(m*/day) under this
condition. For these reasons, the HRT of reactor was extended
to 1.5 h from day 84, resulting in the decrease of NLR to kg
N/(m3/day). According to Li et al. (2014), the floated sludge
was centrifuged at a 8000g-force for 5 min and the pellets
were put back to the CSTR, in order to release gaseous prod-
uct and improve the settling ability of granules.

After 10 days of operation, the performance of CSTR was
effectively restored, with the 94.8% NH,*-N and 84.0% TN
removal on day 94. The further increase in the influent NH,-
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N concentration from around 220 to over 300 mg/L was im-
plemented from day 95 to day 124, while the DO level was
fixed at 1.9 mg/L by enhancing the aeration intensity simulta-
neously. Although the increase of NLR to 4.9 kg N/(m*/day)
had a short-term negative impact on the reactor performance,
the NH4*-N and TN removal would be higher than 90 and
80% from day 124, respectively. Because the corresponding
aeration flow rate of 2 L/min was so great to give a high risk of
sludge washout, the CSTR was run at the NLR of 4.9 kg
N/(m*/day) to evaluate the stability of autotrophic nitrogen
removal process. It was noteworthy that high-speed centrifu-
gation for the floated granules was also used in this period, to
minimize sludge loss with the effluent. As illustrated in Fig. 1,
the average NH,*-N and TN removal were 93.3 +2.0 and
80.9+2.6% from day 125 to day 172, respectively. A NRR
over 3.9 kg N/(m®/ day) with the ANO; -N/NH,*-N) 0of 0.12 +

0.01 could prove that a highly efficient single-stage PNA pro-
cess had been started up.

In addition, Fig. S2 showed the particle size distributions
and morphology of the granules at different operational
stages. It indicated that a higher NLR would not bring a sig-
nificant increase in the mean size of granules, stabilizing at
around 0.97 mm; however, the dominant size fraction was
changed from 0.5-0.8 mm (49.5% on day 5) to 0.8—
1.25 mm (42.3% on day 165). And the mature granules had
a compact near-spherical shape with a smooth profile, in
which a dense and reddish inner core was surrounded by a
gelatinous and brown rim.

Biomass growth and substrate utilization modeling
Without discharging residual sludge, a progressive growth of
biomass was observed in Fig. 2, which resulted in the decrease

of F/M value from 0.61 +£0.03 g N/(g VSS-day) in stage I and
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Fig. 2 Simulation of the biomass growth of granules in CSTR during the
operation

IIto 0.53+0.02 g N/(g VSS-day) in stage III. And Sigmoidal
model fitted the biomass growth with the operation time of
CSTR very well (R*=0.9677). According to Eq. 6, a low
specific growth rate of k; = 0.017/day for granules was expect-
ed under completely autotrophic condition, with a quite long
lag time of #, = 54 day. More importantly, it indicated that the
exact biomass could be estimated at any ¢, even if the biomass
analysis was not conducted:

11184.86
MLVSS(f) = 6
Q 1 + exp(—0.01656(1-54.06)) (6)

Figure 3a, b showed the graph plotted between (Sp-S)(K +
Sy against XS;7, on the basis of the operational results of stage
II to III in this study, and the linear regressions were also
performed with the experimental data of nitrogen removal
operation in similar granular reactors reported by other re-
searchers (Fig. 3c—f). It revealed that the data containing high
correlation (R* > 0.97) was applied to the model. According to
Eq. 5, k, values for NH;*-N and TN were obtained from the
slope of the lines.

In previous reports, the sNRRs were widely used to repre-
sent the activities of functional organisms in the granules and
analyze the variations in bioreactor performance (Vlaeminck
et al. 2010; Chu et al. 2015; Varas et al. 2015). However,
numerous operational conditions, such as substrate composi-
tion, DO level, temperature, reaction volume, biomass, sludge
morphology, and even operating time, could have consider-
able influences on the SNRR estimation, whether in situ or ex
situ methods were employed (Vazquez-Padin et al. 2010; Ke
et al. 2015). These make it difficult to conduct an objective
comparison among the sNRRs in different studies. As dem-
onstrated in Table 2, increasing the applied NLR resulted in
the sNRR values as NH;"-N and TN varying in a certain
range, while a special k, value was in accordance with the
sNRR level of granules. It was believed that substrate utiliza-
tion modeling provides a more reliable approach for charac-
terizing differentiation in bioreactor performance, given that
I value was obtained from long-term operational data.

Microbial community structure analysis

High-throughput pyrosequencing was applied to analyze
the bacterial community structure of four samples, includ-
ing S5.11, SS¢ur, S165,y;, and S165,,, and there were a total
of 494 different OTUs sharing 97% identity in the gran-
ules. As summarized in Table 3, the coverage estimators of
samples were higher than 99.7%, and rarefaction curves
(Fig. S3) approaching an asymptote suggested that the se-
quencing depth was well enough to represent the whole
diversity. Comparing to the granules (S5,;) at low NLR,
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both bacterial richness and diversity of S165,; decreased
slightly. But, a reverse phenomenon for the bacterial com-
munity in the outer layer of the granules (S5, and
S165,,) was observed.

The shared and unique OTUs in the four samples are illus-
trated in Fig. 4a, and the identification of bacterial communi-
ties for each sample on three different taxonomic levels,

XSt

including phylum (a total of 28), class (60), and genus (236),
are also illustrated in Fig. 4b—d, respectively. Figure 5 showed
the phylogenetic affiliation of top 40 abundant genera in the
granules.

For S5, Proteobacteria was the most abundant phylum
with a relative abundance of 34.5%, followed by Chloroflexi
(20.3%), Planctomycetes (17.5%), Bacteroidetes (15.4%),

Table 2 Comparisons of

substrate utilization kinetic values No.  Nitrogen loading rate  Specific nitrogen removal rates I value (1/day) Reference
of different PNA granules in (kg N/(m’/day)) (g N/(g VSS-day))
CSTR
NH,*N N NH,*N TN
1 2.9-49 0.46-0.58 0.41-0.46 0.40 0.36  This study
2 2.7-33 0.25-0.28 0.19-0.24 0.31 0.24  Qianetal. (2017a)
0.5-2.5 0.13-0.26 0.11-0.23 0.25 0.21  Wangetal. (2017)
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Table 3  The observed OTUs and richness/diversity estimators for the
four samples

Sample OTU Richness index  Diversity index Coverage (%)
Chaol ACE  Shannon Simpson

SSau 299  349.6 3553 3.850 0.0500  99.82

SSeur 251  310.0 3109 3.029 0.1251  99.77

S165, 302 3342 3351 3.206 0.1428  99.84

S165¢,, 253 3247 3218 3.118 0.1041  99.75

Ignavibacteriae (4.9%), Acidobacteria (2.4%), and Chlorobi
(1.5%) etc., together accounting for around 96.5% of all the
classified sequences (Fig. 4b). Most of these phyla were om-
nipresent in various types of PNA or anammox bioreactors
(Chu et al. 2015; Gonzalez-Martinez et al. 2015a, b; Luo
et al. 2017). In addition, there were 184 OTUs shared by
S5.1 and S165,, representing over 60% in the two samples
(Fig. 4a). Planctomycetes (43.3%) became the dominant phy-
Ium in S165,;, instead of Proteobacteria (22.7%), while other
major ones included Chloroflexi (21.2%), Bacteroidetes
(4.7%), Acidobacteria (2.9%), WWE3 (1.3%), and Chlorobi

(1.0%). In comparison, the 210 shared OTUs revealed a
higher similarity between S5, and S165,. Proteobacteria
(68.7% in S5, and 56.8% in S1654,,) overwhelmingly pre-
dominated in the bacterial community on the granule surface,
and Bacteroidetes (16.8% in S5, and 12.7% in S165,,)
made up the second most abundant phylum. In particular,
the fractions of phyla Planctomycetes and Nitrospirae in
S165,,, reached 11.9 and 5.5%, respectively, corresponding
to the values of 3.6 and 1.5% in S5,

On the class level (Fig. 4c), Betaproteobacteria (19.8%),
Planctomycetacia (17.4%), Anaerolineae (15.6%), and
Sphingobacteriia (10.8%) were the top four abundant taxa in
S5.11, which dominated in phyla Proteobacteria,
Planctomycetes, Chloroflexi, and Bacteroidetes, respectively.
Different from S5, class Planctomycetacia represented the
39.3% of all the bacteria in S165,;;, while the fraction of
Betaproteobacteria decreased to 9.8%. On the granule sur-
face, Betaproteobacteria contributed around 50% in the two
samples, and the percentage of Planctomycetacia rose obvi-
ously from 1.8% in S54,; t0 9.0% in S1654,;.

As expected, the co-existence of AOB and AMX were
found in the granules as evidence by their bacterial commu-
nities on the genus level, while the growth of NOB was
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Fig.4 a Venn diagram of shared OTUs (3% distance level) between the four samples and the dominant taxa found in each one, identified to the phylum

(b), class (¢), and genus (d) level
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Fig. 5 Phylogenetic tree of top 40 abundant genera in the granules

effectively suppressed (Figs. 4d and 5). Genera Nitrosomonas
(affiliated to class Betaproteobacteria) and Candidatus
Kuenenia (affiliated to class Planctomycetacia) were identi-
fied as the main AOB and AMX species, respectively, which
closely cooperated and accomplished completely autotrophic
nitrogen removal in CSTR. Although the abundance of AOB
decreased from 8.1% in S5, to 3.3% in S165,, during the
operation, Nitrosomonas (48.3% in S5, and 40.8% in

S165,,) dominated in the total number of bacteria on the
granule surface. Considering that the PNA bioreactor is an
ammonium-driven ecosystem, the enrichment of AMX
(35.4%) in S165,; was observed at around two times higher
NLR, compared with the AMX fraction of 17.4% in S5,.
Meanwhile, there were only few Nitrospira spp. detected on
the granule surface, and the abundance of them (<0.05%)
could be ignored in S5,;; and S165,y. Interestingly, there were
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various satellite heterotrophic organisms with general functions
identified in the granules, revealing a significant biodiversity. As
another dominant population besides AOB and AMX in S5,
and S165,;, norank Anaerolineaceae belonging to the phylum
Chloroflexi was known as the fermentation bacteria, which
could grow on the organic products released by autotroph
(AOB and AMX) decay in the single-stage PNA systems, and
the filamentous members also provided a stabilizing framework
for the three-dimensional spatial structure of granules (Cho et al.
2011; Chu et al. 2015). Moreover, the present of Denitratisoma,
norank Acidobacteria, norank Saprospiraceae, Dokdonella,
and unclassified Xanthomonadaceae etc. with relatively low
abundances of 0.6~6.5% were also observed (Figs. 4d and 5),
and some of them were considered to have the capability of
anoxic nitrate or nitrous oxide reduction through heterotrophic
metabolism (Cho et al. 2011; Gonzalez-Gil et al. 2015;
Gonzalez-Martinez et al. 2015a, b).

Discussion

The mechanisms of efficient nitrogen removal based
on granules

This study gives a detailed insight into the reactor perfor-
mance, substrate utilization kinetics, and bacterial community
structure of the granules in a single-stage PNA system. During
the operation, the NLR was progressively increased from 2.5
to 4.9 kg N/(m® /day) with a high aeration intensity in CSTR,
resulting in the superior &, values of 0.40/day for NH4*-N and
0.36/day for TN, respectively. The dense granules could offer
the required ecological niches for different functional organ-
isms, by means of a steep substrate gradient within them
(Vazquez-Padin et al. 2010; Vlaeminck et al. 2010).

As illustrated in Figs. 4d and 5, a typical AOB (genus
Nitrosomonas) rim was situated in the outer layer of granules,
where partial nitritation step was accomplished to produce the
sufficient nitrite for anammox reaction, and to consume the avail-
able oxygen for creating anoxic environment in the inner layer.
Nitrosomonas spp. have been widely reported as ammonium
oxidizers in the single-stage PNA systems and hold high growth
rate and activity at oxygen and ammonium-rich conditions as 7-
strategist, which allows them to outcompete other AOB such as
Nitrosospira sp. on the granule surface (Chu et al. 2015;
Gonzalez-Martinez et al. 2015b). Usually, an oxygen-limited
control strategy is implemented in a single-stage PNA system
using intermittent or low-strength aeration, to avoid AMX inhi-
bition by excessive DO (Zhang et al. 2014b; Hubaux et al. 2015;
Zheng et al. 2016). In this study, a stable TN removal around
80% in CSTR was achieved, although the applied DO concen-
tration of 1.6-1.9 mg/L was much higher than the typical ones of
0.1-0.6 mg/L in other continuous bioreactors (Varas et al. 2015;
Li et al. 2016b; Wang et al. 2017). According to our previous

study (Qian et al. 2017a), there was a significant positive corre-
lation between sSNRR values and EPS contents in the granules. It
might be argued that high EPS contents played an important role
in the anaerobic niche construction for AMX by increasing ox-
ygen penetration resistance (Vlaeminck et al. 2010; Zheng et al.
2016). For these reasons, the abundance of Candidatus Kuenenia
on the granule surface was also increased from 1.8% in S5, to
9.0% in S165,, which were close to the bulk liquid and AOB
rims (Figs. 4d and 5). Further studies on the relationships among
EPS contents, granular morphology, and AMX habitat should be
conducted for offering more experimental evidences.

As the sole genus responsible for anammox reaction in the
granules, Candidatus Kuenenia is regarded as k-strategist with
high substrate affinities and low maximum growth rate, since
its half-saturation constant for nitrite (Ks=0.2-3 uM) is sig-
nificantly lower than that for the other four AMX genera
found in wastewater treatment systems, including Brocadia,
Jettenia, Anammoxoglobus, and Scalindua (Oshiki et al.
2016). In this view, Ca. Kuenenia would take competitive
advantages in adapting to a nitrite-limiting environment, like
single-stage PNA bioreactor in continuous-flow mode (Park
et al. 2015; Wang et al. 2017), while Ca. Brocadia, Ca.
Scalindua, and Ca. Jettenia prefer to grow in the substrate-
rich anammox-based unit (Chu et al. 2015; Gonzalez-Gil
et al. 2015; Gonzalez-Martinez et al. 2015a). As shown in
Fig. 1, the NO, -N concentration in CSTR was much blow
10 mg/L in most time of operation, which could explain the
selective enrichment of Ca. Kuenenia in the granules.

NOB repression in continuous granular reactor

It was well known that the overgrowth of NOB would certainly
deteriorate the overall performance of single-stage PNA sys-
tem, by means of further oxidizing nitrite to nitrate (Third et al.
2001). As mentioned above, an efficient TN removal with the
AINO;3 -N/NH,4*-N) value of 0.10-0.12 was achieved in CSTR,
which was consistent with the extreme low fractions of
Nitrospira and no Nitrobacter detected in the granules (S5,
and S165,,). And, the residual NH,;"-N in the bulk liquid was
determined as the key operational parameter for suppressing
NOB growth. On one hand, an adequate excess of NH;*-N
(Fig. 1) could enhance aerobic ammonium oxidation rate by
AOB and assure oxygen-limiting conditions in the inner layer,
with the ratio between DO and NH,*-N concentrations lower
than 0.2 mg/mg, which was beneficial to washout the NOB
having lower oxygen affinity than AOB, such as Nitrobacter
(Jemaat et al. 2014; Poot et al. 2016). However, it might not
work well in the repression of Nitrospira, due to its anaerobic or
microaerophilic origin (Regmi et al. 2014). On the other hand,
the residual NH,*-N was essential to maintain the effluent
NO, -N concentration on limited level by enhancing AMX
activity (Pérez et al. 2014). The difference in nitrite affinity
between AMX and NOB offered an assistant selection pressure
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for the latter, because the Ks values of Nitrobacter and
Nitrospira (49-544 and 9-27 uM respectively) are much
higher as compared to Ca. Kuenenia (Nowka et al. 2015).
Thus, the dual competition of common substrates among three
functional organisms would be the main mechanism for achiev-
ing the out-selection of NOB from the granules.

The potential functions of satellite heterotrophs
in granules

Despite a very simple composition of the inorganic influent of
CSTR, the autotrophic nitrogen removal process with a long
SRT triggered various secondary reactions by versatile hetero-
trophs in the granules, as similar to that that took place in
industrial anammox-based systems (Gonzalez-Martinez et al.
2015b; Luo et al. 2017). Based on the functions derived from
the draft genome, Speth et al. (2016) proposed an ecological
model of the biological nitrogen cycle in a full-scale single-
stage PNA bioreactor, suggesting that partial denitrification
and nitrogenous intermediates transfer could play an impor-
tant role in the system. The similar results were also obtained
from several anammox granular reactors (Gonzalez-Gil et al.
2015; Guo et al. 2016). In this view, the fermentation of com-
plex microbial products from biomass decay were conducted
by functional organisms, such as members within Chloroflexi
and Ignavibacterium, which provided readily biodegradable
organics to heterotrophic denitrifiers, like some of
Proteobacteria, Chlorobi, and Acidobacteria etc.
Unfortunately, the contribution of denitrification to the TN
removal in CSTR was negligible, as evidenced by a typical
INO5; -N/NH,4*-N) value for completely autotrophic nitrogen
removal process throughout the entire operation period, due to
the limited carbon supply by the organics fermentation as sole
source. It could be expected that the produced nitrate by
anammox reaction is partly or totally reduced to nitrite as the
AMX substrate for further improving effluent quality, while a
simultaneous nitritation, anammox, and denitrification
(SNAD) process was developed, by optimizing operational
conditions such as NLR, COD/TN ratio, and aeration mode
of the bioreactor etc. (Gonzalez-Gil et al. 2015; Zhang et al.
2015; Lietal. 2016a). In the future, the microbial ecology and
community functioning of single-stage PNA bioreactor
should be studied in depth using genome-resolved
metagenomics, meta-transcriptomics and meta-proteomics,
considering that the definite correlation between organism
abundance and activity was not always found in complex
biological systems (Speth et al. 2016).
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