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g r a p h i c a l a b s t r a c t
� Flat type cyroPVAG was utilized for
anammox enrichment.

� Four anammox reactors with
different inocula and thicknesses
were used.

� The start-up period of anammox re-
actors was evaluated by a modified
Gompertz model.

� Substrate diffusion limitation of cry-
oPVAG was verified at different gel
thicknesses.

� Candidatus Brocadia sinica was the
predominant species after anammox
enrichment.
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a b s t r a c t

In this study, anammox enrichment reactors were operated using flat type poly (vinyl alcohol) cryogel
(cryoPVAG) with precultured anammox bacteria (PAB) and activated sludge (AS) from an anoxic tack of
the A2O process to evaluate the effect of different seeding sources on anammox enrichment. In addition,
cryoPVAGs with different thicknesses (1, 2, and 3mm) were used to investigate the effects of the
thickness on anammox enrichment. The regression analysis with a modified Gompertz model showed
that the start-up period of the anammox enrichment using PAB inoculum was approximately 14 days
earlier than that of AS inoculum at a nitrogen loading rate of approximately 1 kg-N m�3 day�1. Substrate
diffusion was limited in 3-mm cryoPVAG with respect to trend in nitrogen removal rate. Quantitative PCR
analysis indicated that in the initial phase, the 16S rRNA gene copy numbers of anammox microorganism
in cryoPVAG were significantly different according to the seeding source, but finally converged to a
similar level after anammox enrichment. The anammox reaction was initially promoted by cryoPVAG.
Next, anammox biomass detached from cryoPVAG and enriched in the bulk phase to maximize NRR.
Illumina MiSeq sequencing revealed that Candidatus Brocadia sinica led to the active anammox reaction,
and its relative abundance decreased with increasing gel thickness.
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1. Introduction

Eutrophication in water environments derived from excessive
nitrogen disposal is a serious environmental problem (Smith et al.,
1999). As a solution for nutritional pollution, conventional biolog-
ical nitrogen removal (BNR) consisting of nitrification and denitri-
fication is the preferred biological technology for use inwastewater
treatment plants. However, these BNR processes have limitations,
such as the requirement for excessive aeration for nitrification and
an external carbon source for denitrification. Anaerobic ammonium
oxidation (anammox) shown in Eq. (1) is a promising alternative
solution as a cost-effective nitrogen removal process (Mulder et al.,
1995; Van de Graaf et al., 1995; Strous et al., 1998). To ensure suc-
cessful nitrogen removal, stable partial nitritation (PN) is required
prior to the anammox process as a pretreatment rather than
complete nitrification (Eq. (2)).

1 NH4
þ þ 1.32 NO2‾ þ 0.066 HCO3

� þ 0.13 Hþ / 1.02 N2 þ 0.26
NO3

� þ 0.066 CH2O0.5N0.15 þ 2.03 H2O (1)

1 NH4
þ þ 0.79 O2 þ 1.14 HCO3‾ / 0.10 C5H7NO2 þ 0.42 NH4

þ þ 0.56
NO2‾ þ 1.08 CO2 þ 1.68 H2O (2)

Compared to conventional BNR processes, aeration is reduced
by 56.8% in the PN process based on the stoichiometric calculation,
and an external carbon source is not required because the PN-
anammox process is completely autotrophic. Additionally, the
reduction in CO2 emission is another advantage (Tian et al., 2015).
However, anammox bacteria have a long doubling time of 11 days
and low sludge output of 0.11 g volatile suspended solids (VSS) per
g NH4

þeN (Van Dongen et al., 2001). The slow growth rate of
anammox bacteria positively affects the treatment of excess sludge
production, but the start-up period for activating anammox reac-
tion significantly increases.

The technique for securing a large amount of anammox bacteria
is important for promoting the anammox reaction and reducing the
start-up period inwastewater treatment processes. Diverse types of
bioreactors with efficient retention of anammox bacteria have been
designed. A batch system using suspended cells is used to initiate
the anammox reaction and enrich anammox bacteria under anoxic
conditions, however, the slow growth yield prevented massive
cultivation (Van de Graaf et al., 1995). More suitable reactors in
continuous mode have been developed using suspended sludge
and attached-growth biomass including sequencing batch reactor,
membrane bioreactor, up-flow anaerobic sludge blanket reactor,
fixed bed reactor, rotating biological contactor and upflow biofilter
(Strous et al., 1998; Egli et al., 2001; Fux et al., 2004; Trigo et al.,
2006; Jin et al., 2008; Bae et al., 2016). Previous studies have also
attempted to enrich anammox activity by using conventional
activated sludge (AS), which is a useful seeding source when pre-
cultured anammox bacteria (PAB) are not available for start-up
(Gutwi�nski et al., 2016; Cho et al., 2017).

Among anammox enrichment systems, whole cell immobiliza-
tion is a promising approach to overcome the slow growth rate of
anammox bacteria. Whole cell immobilization techniques are ad-
vantageous because they show enhanced retention of biomass by
preventing washout through easy solid-liquid separation and
consequent reduction in the lag period (Chen et al., 1996; Hsia et al.,
2008). Poly (vinyl alcohol) (PVA) has been widely used for whole
cell immobilization because it is relatively inexpensive and has
excellent tensile strength without causing toxicity to the microor-
ganism (Hsia et al., 2008; Chou et al., 2012). Particularly, PVA-
sodium alginate (PVA-SA) gel beads using bifunctional reagent of
boric acid (B(OH)3) and calcium chloride (CaCl2) are representative
gel material for environmental remediation. Using PVA-boric acid
reaction, boric acid acts as the crosslinker, and four molecules of
PVA are linked with boron. Consequently, monodiol type of gel
lattice by PVA-boric acid is produced (Bae et al., 2017; Tang et al.,
2017). PVA-SA gel beads have been also used for anammox
enrichment (Chen and Lin, 1994; Ali et al., 2015; Bae et al., 2017).
However, because a dense layer is formed on the surface during the
PVA-SA fabrication process, gas permeability is decreased and the
gel expands by the accumulation of gas contents produced by mi-
croorganisms (Chen et al., 1996; Chen and Houng, 1997).

From this perspective, PVA cryogel (cryoPVAG) is attractive
material for wastewater treatment including in the anammox
process due to the enhanced gas permeability and structural sta-
bility (Asano et al., 1992; Sheng et al., 2008; Magrí et al., 2012).
CryoPVAG is fabricated by gelation through repetitive freezing and
thawing. Freezing process initiates the phase separation of PVA
solution into the frozen solvent crystal (i.e., water crystal) and
unfrozen liquid microphase of PVA. The gel-forming constituents
are concentrated in the unfrozen liquid microphase while acceler-
ating the rate of PVA cyrogel formation. After thawing, the water
crystals melt but the formed gel remains. As a result, macroporous
hydrogel, i.e., cryogel, is produced (Lozinsky et al., 2003; Lozinsky
and Okay, 2014). In terms morphology, only the cube-type of
cyroPVAG has been used previously. In this study, flat type cry-
oPVAG was applied to start-up the anammox process. Effective
diffusion of NH4

þ and NO2‾ was limited by up to 1.3mm (Ni et al.,
2009). However, a typical PVA-SA gel bead is 3e5mm in diam-
eter, indicating that it has a large inactive area, also known as a
dead space (Zhang and Ye, 2011; Ali et al., 2015; Bae et al., 2015).
Thus, we predicted that minimizing the thickness of the cyroPVAG
may rapidly increase anammox activity, even with less seeding
source. In addition, stable structure of a flat type cryoPVAG was
expected to prevent abrasion and loss of PVA gel during anammox
enrichment.

In this study, flat type cryoPVAGs with thicknesses of 1, 2 and
3mm were applied in anammox enrichment to determine the
optimum thickness. Two seeding sources of PAB and AS were used.
Nitrogen removal performance was evaluated according to seeding
source and thickness of the cryoPVAG. A continuous reactor was
inoculated with fixed bed cryoPVAG with minimized packing ratio.
Real-time quantitative polymerase chain reaction (qPCR) was
applied to verify the growth of total and anammox bacteria, and
changes in bacterial community structure were identified by high-
throughput sequencing method.

2. Materials and methods

2.1. Seeding sludge

PAB were obtained from an up-flow continuous bioreactor and
AS was taken from a domestic wastewater treatment plant in
Daejeon, South Korea (Bae et al., 2010a). The dominant anammox
bacteria species of PAB and AS was Candidatus Jettenia sp. in the
phylum Planctomycetes (Bae et al., 2017). The inoculum of PAB was
composed of 63.2% and 36.8% of VSS and fixed suspended solids
(FSS), respectively; AS consisted of 79.9% and 20.1% of VSS and FSS,
respectively. Two inoculum sources were homogenized using a
homogenizer (IKA, T18 digital ULTRA-TURRAX®, Staufen, Germany)
including a dispersing element (S18N-10G). The VSS concentration
of inoculum injected into the flat type cryoPVAG were
5271.7± 498.6 and 7116.7± 40.4mg-VSS L�1 of PAB and AS,
respectively.

2.2. Preparation of flat type cryoPVAG

The cryoPVAG was fabricated using a 10% PVA solution. The 10%
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PVA solution showed the stable mechanical strength of the cry-
oPVAG (Magrí et al., 2012). In detail, PVA solution containing 20%
PVA was autoclaved at 121 �C for 30min to dissolve PVA particles
completely, followed by cooling of this solution to 37 �C. The same
volume of each homogenized PAB and AS solution was mixed with
PVA solution. Finally, a 10% PVA mixture was obtained. The PVA
mixture was poured into rectangular steel plate frames
(60� 120mm) with heights of 1, 2 and 3mm. Each steel plate
frame was stored at �20 �C for 24 h to initiate phase separation of
PVA solution followed by thawing at room temperature (23e25 �C)
for 1 h. The freezing and thawing process was repeated two addi-
tional times to enhancemechanical strength. The prepared flat type
cryoPVAG was rinsed with sterilized water and mounted on an
acrylic frame to be fixed in the bioreactor. The swelling property of
the cryoPVAG was tested after the washing. The thicknesses of
0.97± 0.013, 2.1± 0.044 and 3.1± 0.051mm were marginally
increased to 1.04± 0.030, 2.15± 0.013 and 3.12± 0.071mm,
respectively. Therefore, the swelling was negligible in this study.

2.3. Experimental set-up for anammox enrichment

To enrich the anammox bacteria, four identical lab-scale bio-
reactors with a working volume of 0.29 L were operated for 240
days. CryoPVAGs were provided in four types: PAB inoculumwith a
thickness of 1mm (PAB-1mm) and AS inoculumwith thicknesses of
1, 2 and 3mm (AS-1mm, AS-2mm and AS-3mm). Acrylic frames
mounted with cryoPVAG were inserted into each continuous
bioreactor. The packing ratio (i.e., the ratio of cryoPVAG volume to
total reactor volume) was 1.72%. All bioreactors were designed to
prevent the intrusion of ambient air with by sealing. While the
cryoPVAG was firmly fixed, the bulk phase of bioreactors was
agitated at the bottom by a rotating magnetic stirrer (Misung Sci-
entific Co., Ltd. Kyunggi-do, Republic of Korea) at 500 rpm. Tem-
perature was maintained at 35 �C by using a constant temperature
chamber (Sejong Scientific Co., Geyonggi-do, Republic of Korea).
The pH levels of the influent were 7.8± 0.15. The hydraulic reten-
tion time was adjusted to 2.52 h.

Synthetic wastewater was composed of ammonium nitrogen
(NH4

þeN) as an electron donor, nitrite nitrogen (NO2‾eN) as an
electron acceptor, bicarbonate (HCO3‾) as an inorganic carbon
source and small amount of trace nutrients. NH4

þeN, NO2‾eN and
HCO3‾ in the influent were supplied in the form of (NH4)2SO4,
NaNO2 and NaHCO3. Other substances are described in Table S1. In
all bioreactors, influent NH4

þeN and NO2‾eN concentrations were
fixed at 50mg L�1 and 66mg L�1, respectively, and the nitrogen
loading rate (NLR) was maintained at 1.16± 0.064 kg-N m�3 day�1.
An exponential increase in the nitrogen removal rate (NRR) was
observed at the fixed NLR. An integrated Gompertz model was
applied to analyze the characteristics of anammox enrichment ac-
cording to different cryoPVAGs (Eq. (3)) (Jin et al., 2013).

NRR ¼ NRRmax � exp
�
� exp

�
Rmaxe
NRRmax

ðl� tÞ þ 1
��

(3)

where NRR is the nitrogen removal rate (kg-N m�3 d�1); NRRmax is
the maximum NRR (kg-N m�3 d�1); Rmax is the acceleration of ni-
trogen removal rate; l is the lag time of the bioreactor (day); and t
is the elapsed time (day). The calculated values of NRRmax, l and
Rmax from the Gompertz model were fitted by the non-linear
regression program Origin 8.0 software (OriginLab®, North-
ampton, MA, USA).

After enrichment of anammox bacteria, the incubated cryoPVAG
was removed from the reactors and blank cryoPVAG was added to
identify the contribution of anammox bacteria immobilized in the
PVAG and suspended in the bulk phase to NRR after enrichment for
an additional 15 days.

2.4. Quantitative PCR (qPCR)

Genomic DNA was extracted from cryoPVAGs and suspended
biomass (SB) under the steady-state condition (day 240) using the
MoBio Power Soil DNA Kit (MoBio Laboratories, Carlsbad, CA, USA)
following manufacturer's instructions. qPCR was performed to
quantify the population of total and anammox bacteria. The reac-
tion mixture (20 mL) for qPCR was prepared as follows: 10 mL of
2� TaqMan® Fast Advanced Master Mix (Applied Biosystems, Fos-
ter City, CA, USA) in sterilized distilled water was mixed with each
primer and probe with at the appropriate concentration for target
bacteria, and then 1 mL of DNA template was added. The detailed
information regarding the concentrations of primers and probe and
amplification process of PCR for total bacteria and anammox bac-
teria are described in Tables S2 and S3 (Nadkarni et al., 2002; Bae
et al., 2010b). qPCR analysis was performed using a thermal
cycler (ABI Prism 7300 sequence detection system, Applied Bio-
systems). Each qPCR sample was tested in triplicate. The number
(16 rRNA gene copies) of total bacteria and anammox microor-
ganisms was estimated from multiplying the DNA concentrations
of the qPCR results (copies mL�1) by the volume of gel and bulk
phase (mL).

2.5. Illumina MiSeq sequencing

An Illumina MiSeq platform (Illumina, San Diego, CA, USA) was
applied to investigate the bacterial community structure. Bacterial
16S rRNA genes in the V3 to V4 region were amplified using uni-
versal primers, i.e., 341F and 785R (Klindworth et al., 2013). The
library construction, sequencing process and data processing of PCR
products were conducted byMacrogen Inc. (Seoul, Korea). From the
resulting sequences, operational taxonomic units (OTUs) with at
least 97% sequence similarity were generated using the cluster
database at high identity with tolerance method. The bacterial
OTUs were used to match the closest reported OTUs using the
National Center for Biotechnology Information blast database.
Good's coverage was generated by MOTHUR for each sample.
Good's coverage values (Table S4) were greater than 99.8% in all
samples, indicating that there was a satisfactory number of se-
quences to characterize the microbial community (Kowalchuk
et al., 2004).

2.6. Analytical methods

NH4
þeNwas measured as described by Kjeldahl method (Kjeltec

2300, Foss Tecator, Hilleroed, Denmark). NO2‾eN and VSS were
analyzed using standard methods; to measure VSS concentration,
GF/C filter papers (Whatman, Maidstone, UK) with 0.45 -m pore
size were used. Nitrate nitrogen (NO3‾eN) was measured using a
HACH kit (program 351 for nitrate, HACH, Loveland, CO, USA). pH
values were determined with a pH meter (Accumet® Basic AB15
Plus pH Meter, Thermo Fisher Scientific, Waltham, MA, USA).

3. Results and discussion

3.1. Increase in anammox activity

NLR and NRR of the lab-scale bioreactors are shown in Fig. 1.
During the initial 54 days, total nitrogen removal was not observed
in all four bioreactors. After 55 days, PAB-1mm anammox exhibited
the shortest lag period in the anammox reaction. Fourteen days
later, the maximum NRR was achieved, and the average NRR and
nitrogen removal efficiency were maintained at 0.93± 0.067 kg-N
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m�3 day�1 and 79.46± 0.024%, respectively. The AS-1mm and AS-
2mm bioreactors showed an identical lag period of 69 days,
which is longer than the 55 days of PAB-1mm. After 24 days, the
maximum NRRs of the two bioreactors were 0.95 kg-N m�3 day�1

with small statistical deviations of ±0.075 and± 0.064 for AS-1mm
and AS-2mm, respectively. As the latest start-up, the initial anam-
mox activity of the AS-3mm was observed on day 93 when the
maximum NRRs of the other reactors were already achieved. In
addition, the additional operational period to achieve the
maximumNRR of 0.97± 0.027 kg-Nm�3 day�1 was also the longest
for the AS-3mm, i.e., 74 days, compared to the other reactors.

Changes in nitrogen compounds are shown in Fig. 2. After
anammox activity was stabilized, the average effluent concentra-
tions of NH4

þeN and NO2‾eN were maintained below 1 and
5mg L�1, respectively, in all bioreactors. In the anammox reaction,
NH4

þeN and NO2‾eN were consumed at a ratio of 1: 1.41± 0.021
under the steady state for the four bioreactors. In addition, the NO3‾

concentration was maintained between 21.0 and 21.7mg L�1. As a
result, the NH4

þ:NO3‾ ratio was calculated as 1: 0.39± 0.019, which
is approximately 50% greater than the theoretical stoichiometric
ratio. Commonly, the representative anammox stoichiometric ratio
of 1:1.32:0.26 is acceptable (Strous et al., 1998). However, the
stoichiometric ratio is different according to dominant anammox
species, and sometimes high NO3‾eN production is observed (Isaka
et al., 2007; Yamamoto et al., 2008). Furthermore, the culture me-
dium of this study contained only inorganic carbon source as
NaHCO3 without organic carbon source. Thus, it is expected that
heterotrophic denitrification was limited.

Previous studies reported that PVA-SA has an effective entrap-
ment matrix that minimizes the lag period for anammox activity
(Quan et al., 2011; Zhu et al., 2014; Ali et al., 2015; Cho et al., 2017).
Cube-type cryoPVAG was also used for anammox enrichment
(Magrí et al., 2012). Compared to anammox processes using other
whole cell immobilization techniques, the anammox enrichment
results in this study showed a relatively long lag period (Table 1).
This is because of the low packing ratio and loss of active biomass
by repeating freezing and thawing cycles. Particularly, specific ni-
trogen conversion rate of anammox bacteria was decreased to 90%
after one cycle freezing and thawing in a previous study (Magrí
et al., 2012). To overcome these shortcomings, the addition of
glycerol is required. The effect of glycerol addition was proven that
the death rate of activated sludge and Escherichia coli immobilized
in a cryoPVAG was minimized by mixing with 4% v/v of glycerol
Fig. 1. Temporal profiles of nitrogen loading and removal rate in four reactors. (a) 1mm
inoculum, (c) 2mm thickness of cryoPVAG with AS inoculum, (d) 3mm thickness of cryoP
(Ariga et al., 1987). Therefore, further studies are needed to deter-
mine the optimal packing ratio and prevent microbial death by
using a protective compound such glycerol.
3.2. Effects of inoculum source

As shown in Table 2, the anammox enrichment process using
alternative seeding sources, such as AS from anaerobic digestion,
landfill leachate treatment and sewage treatment plants showed
long lag periods (Shen et al., 2012; Bae et al., 2015; Gutwi�nski et al.,
2016; Cho et al., 2017; Lu et al., 2018). Particularly, an up-flow
column and moving bed biofilm reactors showed the shortest lag
periods of 60 and 42 days with packing ratios of 50 and 30%,
respectively (Bae et al., 2015; Lu et al., 2018). To overcome the
relatively slow increase in anammox activity, the packing ratio of
cyroPVAG can be increased. However, increasing the number of flat
type cryoPVAG would change the rheology of the bulk phase,
possibly reducing the mixing efficiency. Thus, an approach to
design the fixed bed reactor configuration using flat type cryoPVAG
is required.

In this study, to verify the effects of different seeding sources of
AS immobilized in cryoPVAGs, anammox activity of the reactors
was analyzed in terms of the lag period and growth rate based on
the modified Gompertz model (Fig. 3). The enrichment perfor-
mance of cryoPVAG according to seeding sludge can be explained
by comparing the results of PAB-1mm and AS-1mm. The anammox
reaction using cryoPVAG seeded with AS from anoxic phase in A2O
(AS-1mm) was initiated at approximately 70 days. The anammox
reaction using the PAB-1mm occurred approximately 14 days
earlier, and the acceleration of NRR in terms of the Rmax value of
PAB-1mm was 2-fold higher than that of AS-1mm in the modified
Gompertz model.
3.3. Effects of cryoPVAG thickness

In an anammox system using granular biomass, the depth at
which the substrate can penetrate is approximately 0.8e1.3mm (Ni
et al., 2009; Cho et al., 2010). With respect to the whole cell
immobilization system, the growth of anammox bacteria de-
teriorates the diffusion limitation of substrates through the gel
matrix (Leenen et al., 1996; Bae et al., 2015). This problem was
solved by reducing the content of PVA; however, this destabilizes
the PVA gel structure (Holloway et al., 2013; Ali et al., 2015).
thickness of cryoPVAG with PAB inoculum, (b) 1mm thickness of cryoPVAG with AS
VAG with AS inoculum.



Fig. 2. Transformation profiles of nitrogen compounds in four reactors. (a) 1mm thickness of cryoPVAG with PAB inoculum, (b) 1mm thickness of cryoPVAG with AS inoculum, (c)
2mm thickness of cryoPVAG with AS inoculum, (d) 3mm thickness of cryoPVAG with AS inoculum.

Table 1
Comparison of start-up period using pre-cultured anammox biomass in different whole cell immobilization system.

NO. Whole cell immobilization
technique

Working volume
(L)

Lag period
(day)

Packing ratio (v/
v%)

Initial VSS (g
L�1)

Maximum NRR (kg-N m�3

day�1)
Reactor type Reference

1 PVA-SA 2 20 40 17.8 0.6 SBR (Zhu et al.,
2014)

2 PVA-SA 14 9 18.5 0.85 1.5 MBBR (Cho et al.,
2017)

3 PVA-SA 1.0 22 30 16.7 1.0 MBBR (Quan et al.,
2011)

4 PVA-SA 0.01 14 70 1.67 About 10 Up-flow column
reactor

(Ali et al., 2015)

5 cryoPVAG 1.4 30 20 11.3 0.58 MBBR (Magrí et al.,
2012)

6 cryoPVAG 0.23 69 1.7 5.3 1.1 FBBR In this study

Table 2
Comparison of different seeding source for anammox process.

NO. Seeding source Working volume
(L)

Lag period
(day)

Initial VSS (g
L�1)

Maximum NRR (kg-N m�3

day�1)
Reactor type Reference

1 Landfill leachate plant 2.2 360 17.4 1.91 SBR (Shen et al., 2012)
2 Municipal sewage treatment

plant
12.3 1.10

3 MSG wastewater treatment
plant

17.8 2.85

4 Municipal wastewater plant 7.85 60 2.0 0.19 Up-flow column
reactor

(Lu et al., 2018)

5 CAS þ Municipal wastewater
plant

50 125 2.97 0.05 AnMBR (Gutwi�nski et al.,
2016)

6 Anaerobic digestion plant 2 42 14.9 0.78 MBBR (PVA) (Bae et al., 2015)
7 Anaerobic digestion plant 14 93 9.0 0.4 MBBR (PVA) (Cho et al., 2017)
8 Anaerobic digestion plant 0.23 93 7.1 1.1 FBBR (PVA) In this study

M. Choi et al. / Chemosphere 205 (2018) 88e9792



Fig. 3. Modified Gompertz model simulation of four reactor using NRR. (a) 1mm thickness of cryoPVAG with PAB inoculum, (b) 1mm thickness of cryoPVAG with AS inoculum, (c)
2mm thickness of cryoPVAG with AS inoculum, (d) 3mm thickness of cryoPVAG with AS inoculum.
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Furthermore, few studies have examined the depth of substrate
diffusion through the cryoPVAG, and the effect of thickness on the
lag period was not evaluated. In this study, to evaluate anammox
activity according to cryoPVAG thickness, NRRs of AS-1mm, AS-
2mm and AS-3mm were compared. As shown in Fig. 3, the lag
periods of the anammox reaction (l) in AS-1mm and AS-2mmwere
nearly identical (65.48± 1.35 and 63.42± 1.21 days, respectively);
however, the lag period was significantly higher for AS-3mm
(93.56± 1.88 days). As described above, the elapsed time to reach
maximum NRR (Rmax) for AS-3mm was approximately 3.1-fold
longer than those of AS-1mm and AS-2mm. These results indicate
that cyroPVAG more than 3mm in thickness will significantly in-
crease the start-up period of anammox process at a fixed packing
ratio because of the dead space. Note that substrates penetrated
from both sides, and active thickness was expected to be less than
1.5mm for AS-3mm.
3.4. Installation of blank cryoPVAG

When the boric acid gelling method for PVA-SA was utilized,
floating of the PVA-SA gel occurred because the produced gas was
trapped in the gel (Hsia et al., 2008). To solve this problem, the
gelling procedure was changed to the repetitive freezing and
thawing in this study. As a result, cryoPVAG showed no structural
deformation of the cyroPVAG because of efficient gas transport
with macroporous heterophase morphology with a variation of
thickness less than 0.1mm (data not shown) (Lozinsky et al., 2008).
These characteristics of cryoPVAG are important beneficial factors
as a biocarrier for anammox process.

The flat type cryoPVAG appeared as light red in the PAB reactor
and dark black in the AS reactor, depending on the initial type of
inoculum. Over time, reddish microorganisms were observed to
grow on the gel surface, and simultaneous removal of NH4

þeN and
NO2‾ was detected. Thereafter, reddish anammox bacteria coex-
isted on the surface of cryoPVAG and in the bulk phase. To identify
the contribution of immobilized and suspended anammox bacteria
to the NRR, blank cyroPVAGs were installed to eliminate the effect
of anammox bacteria immobilized in the cyroPVAGs. The results for
the last 15 days, i.e., the last three sampling points in Fig. 1, showed
that NRRs were stably maintained with blank cyroPVAG for all
bioreactors. These results indicate that the maximum NRR was
mostly attributed to the suspended anammox bacteria, while the
conditions of inoculum and thickness controlled the lag period. In
this sense, the retention of suspended biomass in the immobilized
system is an important factor for the NRR. Integrated fixed-film
activated sludge (IFAS), the modified moving bed bioreactor
(MBBR), is the representative process that simultaneously uses
attached and suspended biomass for nitrogen removal (Germain
et al., 2007; Veuillet et al., 2014). In the IFAS process, the sus-
pended biomass is returned to the reactor after settling in the
subsequent settler, and mixed liquor suspended solids (MLSS) is
maintained at a high level (2e5 g-MLSS/L). In this study, similar to
the IFAS process, anammox reaction can be maximized through
retention of suspended biomass by settling and recycling. To
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validate the individual contribution of the fixed and suspended
anammox biomass to the NRR, the 16S rRNA gene copy numbers of
anammox bacteria were quantified using qPCR for the cyroPVAG
and bulk phase, as described below.
3.5. Quantification of total bacteria and anammox bacteria

qPCR analysis was performed to quantify total and anammox
Fig. 4. Real time qPCR results for different reactors with cryoPVAG. (total bacteria (blue bar)
figure legend, the reader is referred to the Web version of this article.)
bacteria (Fig. 4). In the initial gel, the 16S rRNA gene of total bacteria
using PAB inoculum (PAB-ini-gel) and AS inoculum (AS-ini-gel)
were quantified as (1.8± 0.12)� 1011 and (1.4± 0.018)� 1011

copies, respectively. In the case of anammox bacteria for the same
period, the copy numbers were (8.8± 0.69)� 108 and
(6.3± 1.8)� 106 copies, respectively. The 16S rRNA gene copy
numbers of anammox bacteria of PAB inoculum were nearly two
orders of magnitude higher than that using AS inoculum in the
and anammox bacteria (red bar)). (For interpretation of the references to colour in this



Fig. 5. (a) 2D ordination plot and (b) dendrogram of correspondence analysis for
samples of different reactor based on Illumina miseq results.

Fig. 6. Relative abundance of the OTUs using Illumina miseq in the different cryoPVAG
samples.
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initial cryoPVAG sample. This large difference in the bacterial
population resulted in a different lag period of anammox enrich-
ment using the PAB and AS inoculum. However, different inoculum
sources provided little effect on bacterial growth.

After the completion of anammox enrichment, qPCR was per-
formed for the cryoPVAGs (PAB-1mm-gel, AS-1mm-gel, AS-2mm-
gel and AS-3mm gel) and SB (PAB-1mm-SB, AS-1mm-SB, AS-2mm-
SB and AS-3mm-SB). Under the four conditions, the 16S rRNA gene
of total bacteria in cryoPVAGs was quantified as (6.1± 0.24)� 1011,
(4.3± 0.075)� 1011, (1.7± 2.2)� 1011 and (6.0± 0.36)� 1011 copies,
respectively. In the same location, the copy numbers of anammox
bacteria were (8.8± 1.3)� 1010, (5.6± 0.29)� 1010,
(1.7± 0.031)� 1010, and (3.9± 0.16)� 1010 copies, respectively.
Even though different inoculum sources had effects on anammox
growth at the initial phase, fully enriched anammox growth may
have not been affected regardless of inoculum sources and gel
thicknesses. The resulting copy numbers were considered as the
saturated value within the cryoPVAG.

In the case of SB, the 16S rRNA gene of total bacteria was
quantified as (2.7± 0.26)� 1013, (1.7± 0.14)� 1013,
(2.2± 0.078)� 1013 and (1.8± 0.18)� 1013 copies for PAB-1mm, AS-
1mm, AS-2mm and AS-3mm, respectively. The copy numbers of
anammox bacteria were smaller by one order of magnitude than
those of total bacteria with values of (8.0± 0.037)� 1012,
(2.2± 0.094)� 1012, (7.2± 2.0)� 1012 and (1.1± 0.054)� 1012

copies, respectively. In each reactor, compared to those of cryoPVAG
in the attached growth phase, the total and anammox bacteria in
the suspended growth phase were approximately 100 times more
abundant. These findings suggest that the observed anammox ac-
tivities might have been attributed to the suspended grown mi-
crobes detached from the solid gel phase.

3.6. Microbial community characteristics

Illumina MiSeq sequencing was performed to characterize the
bacterial community structure. Valid reads, OTUs and alpha di-
versity results at distance cutoff level of 0.03 in each sample are
shown Table S4. A total of 1,343,245 reads and 1725 OTUs were
detected from 10 samples. The reads and OTUs of each reactor were
69,272e244,500 and 107e292, respectively. The estimated Shan-
non index values showed a tendency to decrease in both themature
cryoPVAG and SB samples after the anammox enrichment
compared to the initial cryoPVAG samples, regardless of the
different inoculum sources. The decreased bacterial diversity in-
dicates that the mature cryoPVAG and SBmicrobes were selectively
enriched.

A 2D ordination plot (Fig. 5a) was used to compare themicrobial
communities of each reactor. The results indicate that the structure
of microbial community could be divided into three group; initial
two samples of cryoPVAGs (PAB-ini-gel and AS-ini-gel) and other
samples (cryoPVAGs and suspended biomass after anammox re-
action). A hierarchical clustering dendrogram (Fig. 5b) also showed
that the first branch formed the initial cyroPVAG using AS inoc-
ulum, while the second branchwas constructed by initial cryoPVAG
with PAB inoculum. Based on the results for the cyroPVAG and SB
samples after the anammox reaction, samples with a thickness of
3mm were separated in the dendrogram. The following branch
showed that the cyroPVAG and SB samples after the anammox
reaction were clustered in a similar position and not considerably
different. These results suggest that microbial communities were
initially affected by different inoculum sources. After the anammox
reaction, microbial community structures were similar to each
other because the reactors were operated with the same substrate
and under the same operational conditions. Nevertheless, as the gel
thickness increased, the penetration of the substrate into the
internal space may have been restricted, slowing the rate at which
the bacterial community structure was unified.
3.7. Taxonomic composition

Fig. 6 shows the OTU distribution of the bacterial community in
all four reactors. Detailed microbial community analysis of the
genus level is shown in Table S5. In the initial cyroPVAG sample
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with PAB inoculum, the most dominant genus was Dokdonella
kunshanensis (OTU 6, 15.4%) which is known to be present in the
activated sludge of sewage treatment plants (Jahan et al., 2013). In
the case of anammox microorganisms, Candidatus Jettenia asiatica
(OTU 13) was detected with a relative abundance of 7.3%. In
contrast, various microbial communities were found in initial cry-
oPVAG using AS inoculum. Candidatus Nitrospira defluvii (OTU 41,
7.4%) of the nitrite-oxidizing bacteriumwas most commonly found
in the initial cyroPVAG samples, while no microbial species asso-
ciated with anammox bacteria were detected.

After anammox enrichment, the most abundant microorganism
was Candidatus Brocadia sinica (OTU 1) in both cryoPVAG and SB
samples under all gelation conditions. Neutral pH (7.5e8) and low
salinity are suitable conditions for the growth of Candidatus Bro-
cadia sinica (Oshiki et al., 2015). Therefore, in the anammox reac-
tion, the growth of Candidatus Brocadia sinicawasmaximized using
the artificial medium with tap water. The proportion of Candidatus
Brocadia sinica in the total microbial communities was highest in
the cyroPVAG sample using the PAB inoculum. In case of cyroPVAG
samples with AS inoculum, the ratiowas similar at 1mm and 2mm,
but decreased sharply at 3mm.

Candidatus Jettenia asiatica was found in the anammox con-
sortium of the PAB inoculum, however, Candidatus Brocadia sinica
predominated the bacterial community after the enrichment. Based
on physiological properties, “Candidatus Brocadia” has a higher
maximum specific growth rate and shows better resistance to ni-
trite than “Candidatus Jettenia” (Oshiki et al., 2016; Zhang et al.,
2017). Therefore, cryoPVAG containing a high abundance of Can-
didatus Brocadia sinica is useful to treat nitrogen in high NLR
conditions.

4. Conclusion

Anammox enrichment with cryoPVAG using different inoculum
sources (PAB and AS) and gel thicknesses (1, 2 and 3mm) was
successfully performed at an NLR of 1 kg-N m�3 day�1. The inoc-
ulum source and thickness affected the start-up period, but
maximum NRR values were similar. The late start-up period with
the 3-mm-thick gel was attributed to substrate diffusion limitation
in the cryoPVAG. qPCR results showed that suspended anammox
biomass in the bulk phase, which originally detached from the
cryoPVAG, mostly contributed to the NRR. The results of Illumina
MiSeq indicated that Candidatus Brocadia sinicawas responsible for
the anammox reaction.
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