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ABSTRACT
In this study, the effects of the ammonium loading rate (ALR) and inorganic carbon loading rate (ILR) on
the nitrification performance and composition of a nitrifying bacterial community were investigated in a
moving bed biofilm reactor, using poly(vinyl alcohol) (PVA) sponge cubes as a supporting carrier. Between
the two ALRs of 0.36 and 2.16 kg-N m¡1 d¡1, stable partial nitritation was achieved at the higher ALR.
Inorganic carbon was dosed at high levels: 33.1, 22.0, 16.4, 11.0, and 5.4 times the theoretical amount.
Nonetheless, nitrification efficiency was not affected by the ILR at the two ALRs. Quantitative PCR analysis
of ammonia- and nitrite-oxidizing bacteria revealed that ALR is an important determinant of partial
nitritation by accumulating ammonia-oxidizing bacteria in the nitrification system. In comparison, two
nitrite-oxidizing bacterial genera (Nitrobacter and Nitrospira) showed almost the same relative abundance
at various ALRs and ILRs. Terminal restriction fragment length polymorphism targeting the gene of
ammonia monooxygenase subunit A revealed that Nitrosomonas europaea dominated under all
conditions.
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Introduction

Biological nitrogen removal (BNR), which involves nitrification
and denitrification, is considered as a practical solution because
of its high efficiency and cost-effectiveness.[1] In BNR pro-
cesses, ammonia (NH4

C) is oxidized to nitrate (NO3
¡) via nitrite

(NO2
¡) by two kinds of bacteria, ammonia-oxidizing bacteria

(AOB) and nitrite-oxidizing bacteria (NOB), under aerobic
conditions (Eqs. (1)–(3)).[2] At the final stage of BNR, denitrifi-
cation is performed by heterotrophic bacteria, which convert
oxidized nitrogenous compounds such as NO3

¡ and NO2
¡ to

dinitrogen gas (N2) under anoxic conditions.

55NH4
C C 76O2 C 109HCO3

¡ !C5H7NO2 C 54NO2
¡

C 57H2OC 104H2CO3
(1)

400NO2
¡ C 195O2 C 4H2CO3 CHCO3

¡ !C5H7NO2

C 3H2OC 400NO3
¡ (2)

NH4
C C 1:83O2 C 1:97HCO3

¡ ! 0:0244C5H7NO2

C 0:976NO3
¡ C 2:90H2OC 1:86CO2

(3)

Compared to conventional BNR processes, combined partial
nitritation (PN)–anaerobic ammonium oxidation (ANAMMOX)
processes are advantageous because of their low operational
costs. The PN reaction consumes less oxygen (O/N D 0.79 in

Eq. (4)) than the full nitrification process (from NH4
C to NO3

¡,
O/N D 1.83 in Eq. (3)).[3,4] Thus, large amounts of energy for
oxygen supply are theoretically reduced by 56.8%, according to
Eqs. (3) and (4). In the autotrophic ANAMMOX reaction, NH4

C

as an electron donor is converted to N2 with NO2
¡, and the

byproduct NO3
¡ is formed (Eq. (5)). Therefore, addition of an

exogenous electron donor is not required as compared to the
denitrification process, which consumes substantial amounts of
external carbon sources (C/N D 1.08 for denitrification).[5]

Furthermore, the PN–ANAMMOX process produces 50–90%
less sludge waste,[6] and CO2 emission is reduced by 85%.[7]

NH4
C C 0:79O2 C 1:14HCO3

¡ ! 0:10C5H7NO2

C 0:42NH4
C C 0:56NO2

¡ C 1:08CO2 C 1:68H2O
(4)

NH4
C C 1:32NO2

¡ C 0:066HCO3
¡ C 0:13HC ! 1:02N2

C 0:26NO3
¡ C 0:066CH2O0:5N0:15 C 2:03H2O

(5)

The key requirements of the PN process are the mainte-
nance of the molar NO2

¡/NH4
C ratio of 1.31:1 in the effluent

and the absence of NO3
¡ production by NOB. NOB activity is

selectively inhibited by means of operational factors, such as
the ammonium loading rate (ALR) and high concentrations of
free ammonia (FA) and dissolved oxygen (DO). ALR at differ-
ent hydraulic retention time (HRT) values in the range of 1.04–
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1.81 and 2.15–4.06 kg-N m¡3 d¡1 leads to PN at an NH4
C-N to

NO2
¡-N ratio (NH4

C-N/NO2
¡-N) of 1:1.2 in an activated sludge

reactor and a moving bed biofilm reactor (MBBR), respec-
tively.[8] FA, whose concentration depends on total NH4

C con-
centration, temperature, and pH, effectively provides an
inhibitory environment for control over NOB activity.[9] The
NO3

¡ production rate begins to decline above an ALR of
0.5 kg-N m¡3 d¡1 because of the high FA concentration
(>10 mg L¡1) at pH 7.8.[10] With respect to DO, AOB outcom-
pete NOB at low DO concentrations because of their lower
half-saturation constant (Ks,DO), i.e., higher affinity (0.033–
1.45 mg L¡1) than that of NOB, which is 0.3–1.1 mg L¡1.[11,12]

However, these inhibitory strategies involving FA and DO are
difficult to properly implement because of similar properties
between AOB and NOB. For example, oxygen-limiting condi-
tions result in low activities of both AOB and NOB at many
wastewater treatment plants.[13] Furthermore, the wide range
of Ks,DO for AOB covers a subset of Ks,DO for NOB. This situa-
tion makes it difficult to determine the optimal DO concentra-
tion for specific suppression of NOB.[9,14] The presence of high
concentrations of FA is also hazardous to AOB,[15] particularly
for susceptible species in the N. europaea–Nitrosococcus mobilis
cluster.[16]

Bicarbonate concentration is considered as alternative selec-
tive pressure for nitritation (from NH4

C to NO2
¡).[17] Bicarbon-

ate, an inorganic carbon (IC) source for chemolithotrophic
bacteria, shows an equilibrium between the liquid and gas
phases. Solubilized CO2 in the liquid phase is converted to car-
bonic acid (H2CO3), bicarbonate (HCO3

¡), and carbonate
(CO3

2¡), depending on their dissociation constants
(Eq. (6)).[18]

CO2 CH2O $ H2CO3 $ HC CHCO3
¡

$ 2HC CCO3
2¡ (6)

HCO3
¡ is the major source of alkalinity in biological waste-

water treatment processes at neutral pH. HCO3
¡ has a critical

role in buffering the pH reduction during nitrification, thereby
maintaining an optimal pH range of 7.9–8.5 and 6.5–7.9 for
AOB and NOB, respectively.[19–21] Theoretically, AOB activity
largely depends on the HCO3

¡ concentration because NH4
C oxi-

dation leads to a dramatic decrease in pH, whereas NO2
¡ oxida-

tion hardly changes pH. According to Eqs. (1) and (2), 104
moles of HCO3

¡ per 55 moles of NH4
C is consumed for buffer-

ing acidification (HCO3
¡/NH4

C D 2), whereas NOB require no
buffering agent. In addition, IC is a prerequisite for the growth
of chemolithotrophic bacteria including AOB and NOB. A
higher biomass yield over nitrogen of AOB (0.14–0.21 g-COD
g-N¡1) than that of NOB (0.084–0.11 g-COD g-N¡1) requires
a sufficient IC supply for the high level of bacterial growth dur-
ing NH4

C oxidation.[22,23] AOB require high concentrations of
bicarbonate for optimal growth; the half-saturation constant of
bicarbonate for AOB (KHCO3- AOB) is 28.49 mg-C L¡1,
whereas this value for NOB is as low as 0.1 mg-C L¡1.[24]

In summary, a sufficient supply of HCO3
¡ can selectively

promote AOB growth during a PN process. In actual nitrifica-
tion processes, alkalinity is increased by means of sodium
hydroxide (NaOH), sodium bicarbonate (NaHCO3), or sodium

carbonate (Na2CO3). In previous research, the addition of
Na2CO3 as a buffering agent improved nitrification perfor-
mance by 51% as compared to that in the presence of
NaOH.[25] This finding suggests that IC-based alkalinity offers
better growth conditions for nitrifiers. In addition, IC concen-
tration in the range of 100–160 mg-C L¡1 in the form of
Na2CO3 results in stable nitritation during a long-term period
(i.e., NO2

¡ production).[21] To improve a NO2
¡ yield, NaHCO3

can be employed to enhance the nitratation performance by
selectively supporting AOB activity, as compared to NaOH in a
continuous nitrifying reactor.[26] Limited IC concentrations
below 36 mg-C L¡1 have a stronger negative effect on nitrita-
tion than on nitratation (from NO2

¡ to NO3
¡ by NOB).[24] In

contrast, when the IC concentration is increased to 0.3 mg-C
L¡1, the NO2

¡ production rate gradually increases at an ALR of
1 kg-N m¡1 d¡1, with HCO3

¡ as an alkalinity source.[27] Stable
nitritation was also implemented in a high-IC environment
(approximately 7.2 g-C L¡1, HCO3

¡/NH4
C D 4.2).[26] Thus, IC

concentration is involved in controlling the activities of AOB
and NOB.

On the other hand, there is limited information regarding
the comparison of IC concentration. In this respect, different
IC loadings were applied under low and high ammonium load-
ing conditions. The two ALRs were utilized to distinguish the
presence and absence of an inhibitory FA concentration. Real-
time quantitative PCR (qPCR) and terminal restriction frag-
ment length polymorphism (T-RFLP) were also performed to
evaluate the population dynamics of all bacteria, AOB, and two
genera of NOB (Nitrobacter spp. and Nitrospira spp.).

Materials and methods

Experimental setup

An MBBR with a working volume of 2 L was operated for 190 d
(Fig. 1). A PVA sponge (5 £ 5 £ 5 mm) served as the biomass
carrier, and the packing ratio of sponge volume to total reactor
volume was 28% (v/v). The seeding inoculum was obtained
from a bench scale nitrifying reactor with an ammonium con-
version rate (ACR) of 0.8 kg-N m¡3 d¡1, and most NO2

¡ was
converted to NO3

¡ (above 99% nitrifying efficiency). The inocu-
lum was initially added to the reactor at a concentration of 0.5
g-volatile suspended solid (VSS) L¡1. During the startup period
of 0–49 d, nitrifying biomass was recovered from the effluent
and recycled to form a stable nitrifying biofilm on PVA sponge
carriers.[28] The average suspended solid (SS) concentration in
the effluent was 29.16 § 7.28 mg L¡1 throughout the operation
period. Temperature and agitation speed were maintained at
35�C and 200 rpm, respectively, by an automated control
system.

Operational strategy

Ammonium in the influent was supplied in the form of
(NH4)2SO4. Sodium bicarbonate (NaHCO3) was used as the IC
source. The mineral components consisted of 6 mg-P L¡1

KH2PO4, 12 mg-Mg L¡1 MgSO4�7H2O, and 48 mg-Ca L¡1

CaCl2�2H2O. Additionally, 1 mL L¡1 of each trace element
solution was added to the influent. Trace element solution I
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consisted of 5 g L¡1 EDTA and 5 g L¡1 FeSO4�7H2O. Trace ele-
ment solution II consisted of 5 g L¡1 EDTA, 0.43 g L¡1

ZnSO4�7H2O, 0.24 g L
¡1 CoCl2�6H2O, 0.99 g L

¡1 MnCl2�4H2O,
0.25 g L¡1 CuSO4�5H2O, 0.22 g L¡1 Na2MoO4�2H2O, 0.19 g
L¡1 NiCl2�6H2O, 0.21 g L¡1 Na2SeO4�10H2O, and 0.014 g L¡1

H3BO3.
[29]

The operational conditions were divided into four phases
(Table 1). Hydraulic retention time was maintained at 3.3 h
and DO was kept at less than 0.5 mg L¡1.[30] Phases I and III
were startup periods for different ALRs (0.36 and 2.16 kg-N
m¡3 d¡1) at ammonium concentrations of 50 and 300 mg-N
L¡1, respectively. The effects of different IC loading rates
(ILRs) were tested for ALRs of 0.36 and 2.16 kg-N m¡3 d¡1

in Phases II and IV, respectively. The ILR was determined by
means of the stoichiometric balance of IC to support chemoli-
thotrophic growth in accordance with the ALR based on
Eqs. (1) and (2) (Table 2). The theoretical minimal ILRs for
nitrifiers were 0.028 and 0.17 kg-C m¡3 d¡1 for ALRs of 0.36
and 2.16 kg-N m¡3 d¡1, respectively. The actual ILR levels were
adjusted to 33.1, 22.0, 16.4, 11.0, and 5.4 times the theoretical
ILR. Accordingly, ILR was reduced from 0.93 to 0.15 kg-C m¡3

d¡1 in four steps in Phase II. Similarly, in Phase IV, ILR was
decreased from 5.30 to 0.87 kg-C m¡3 d¡1. During all phases,
pH was maintained at 8.3 with 1N NaOH to exclude the effects
of pH variation and buffering capacity.

Bacterial-community analysis

Three sponge samples were collected from the reactor for DNA
extraction. Sample codes at different ALRs and ILRs are sum-
marized in Table 3. Genomic DNA of samples was extracted
with a Power SoilTM DNA Kit (Mo Bio Laboratories, Carlsbad,
CA, USA). The yield and purity of extracted DNA for each
sponge samples were evaluated using NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies, Wilmington,
DE, USA). The DNA yield ranged from 46.5 to 99.1 ng mL¡1.
In case of DNA purity represented by optical density (OD)
260/280 ratio, the value from 1.8 to 2.0 is considered as accept-
able range. In this study, the average value of OD 260/280 ratio
was 1.88 § 0.03. T-RFLP analysis of the bacterial amoA gene
was performed to investigate the community structure of AOB.
Two primers, amoA1F (50-GGGGTTTCTACTGGTGGT-30)

Figure 1. An outline of the moving bed biofilm reactor.

Table 1. Operational conditions of the moving bed biofilm reactor.

Feeding conditions

Phase Period (d) Ammonium Conc. (mg-N L¡1) Bicarbonate conc. (mg-C L¡1) HRT (h)

I (stabilizing period) 50 (0–49) 50 85 3.3
II 50 (50–99) 50 128/85/64/43/20
III (stabilizing period) 33 (100–132) 100/300 169/485
IV 59 (132–190) 300 730/485/360/254/120

Table 2. Inorganic carbon conditions in the moving bed biofilm reactor.

Phase Period (d)
Ammonium loading
rate (kg-N m¡3 d¡1)

Theoretical inorganic carbon
loading rate (kg-C m¡3 d¡1)

Actual inorganic carbon
loading rate (kg-C m¡3 d¡1)

Ratio of actual to theoretical
inorganic carbon loading rate

I 50 (0–49) 0.36 0.028 0.62 22.1
II 50 (50–99) 0.93/0.62/0.46/0.31/0.15 33.1/22.0/16.4/11.0/5.40
III 33 (100–132) 0.73/2.16 0.056/0.16 1.23/3.53 22.0
IV 59 (132–190) 2.16 0.16 5.30/3.52/2.62/1.85/0.87 33.1/22.0/16.4/11.0/5.40
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and amoA2R (50-CCCCTCKGSAAAGCCTTCTTC-30), labeled
with 6-carboxyfluorescein (FAM) and 5-hexachlorofluorescein
(HEX), respectively, were used. The PCR samples were com-
posed of 12 mL of deionized water, 15 mL of PCR pre-Mix (Sol-
Gent, Daejeon, Korea), 1 mL (10 mM) of each primer, and 1 mL
of a DNA template. PCR was conducted as follows: 1 cycle of
2 min at 95�C; 30 cycles of 20 s at 95�C, 40 s at 57�C, and 40 s
at 72�C; and then 1 cycle of 5 min at 72�C on a MyCyclerTM

Thermal Cycler (Bio-Rad, Hercules, CA, USA). PCR products
were purified with a gel extraction and purification kit (Qiagen,
Hilden, Germany) and digested with endonuclease TaqI (10 U;
Takara, Shiga, Japan) at 65�C for 3 h. Samples were analyzed
using GeneScan 3.7 software (Applied Biosystems, Foster City,
CA, USA).

qPCR was conducted to quantify the populations of all
bacteria, AOB, and two genera of NOB. The reaction mix-
ture (20 mL) was combined with the TaqMan Universal PCR
Master Mix Kit (10 mL, Applied Biosystems) with each
primer and probe in sterile deionized water prior to addition
of a DNA template (1 mL). The mixture was then thoroughly
mixed on a vortex shaker and briefly centrifuged in a micro-
centrifuge. The total concentrations of primers and probe
and the detailed PCR amplification process for all bacteria,
AOB, and NOB are described in Tables 4 and 5.[31–35] qPCR
analysis was carried out on a thermal cycler (ABI Prism
7300 sequence detection system, Applied Biosystems). All
qPCR procedures were performed in triplicate. Amplification
efficiencies of all bacteria, AOB, Nitrobacter spp., and Nitro-
spira spp. were 84.5, 99.5, 85.8, and 104.4%, respectively.
The correlation coefficients (R2 value) for four kinds of bac-
teria were above 0.99.

Sample analysis

NH4
C-N was analyzed by the Kjeldahl method (Kjeltec 2300,

Foss Tecator, Hilleroed, Denmark). NO2
¡-N and alkalinity

were measured by standard methods.[36] NO3
¡-N was analyzed

with a HACH kit (program 351 for nitrate, HACH, Loveland,
CO, USA). pH was monitored with a pH meter (Accumet�

Basic AB15 Plus pH Meter, Fisher Scientific, Waltham, MA,
USA). The DO concentration and temperature were deter-
mined using auto fermenter sensors (InPro 6850i and Mettler
ToledoTM 51343310, Mettler Toledo, Columbus, OH, USA).

Results and discussion

Nitrification performance

Profiles of nitrogenous compounds, ALR, and the nitrogen
conversion rate of the lab scale MBBR are presented in Figure 2.
In Phase I (0–49 d), ALR and ILR were maintained at 0.36 kg-N
m¡3 d¡1 (i.e., 50 mg-NH4

C-N L¡1) and 0.62 kg-C m¡3 d¡1 (i.e.,
85 mg-C L¡1), respectively. After 12 d, the dominant nitroge-
nous compound was NO3

¡ N, while the effluent NH4
C-N and

NO2
¡-N concentrations were under 2 mg-N L¡1. On days 12–

49, the average effluent NH4
C-N, NO2

¡-N, and NO3
¡-N concen-

trations were 1.69 § 1.16, 0.83 § 0.96, and 46.50 § 2.80 mg-N
L¡1, respectively, with average efficiencies of NH4

C-N conver-
sion (from NH4

C to NO2
¡) and NO2

¡-N conversion (from NO2
¡

to NO3
¡) of 96.84% and 98.27%, respectively.

ILR was decreased from 0.93 to 0.15 kg-C m¡3 d¡1 in Phase
II to evaluate the effects of IC on the process at a low ALR
(Table 1). However, the nitrogen pattern did not change with
changes in ILR, and full nitrification persisted until the end of

Table 3. A summary of sample codes for qPCR and T-RFLP.

Sample code
Ammonium loading
rate (kg-N m¡3 d¡1)

Ratio of actual to theoretical
inorganic carbon loading rate

L1 0.36 33.1
L2 22.0
L3 16.4
L4 11.0
L5 5.40
H1 2.16 33.1
H2 22.0
H3 16.4
H4 11.0
H5 5.40

Table 4. Primer and probe sets and concentrations for qPCR.

Target Primer /probe set
Concentration in
mixture (nM) Sequence (50–30) Reference

All bacteria 331F 100 50-TCCTACGGGAGGCAGCAGT-30 [31]

772R 100 50-GGACTACCAGGGTATCTAATCCTGTT-30
515Taq 100 50-CGTATTACCGCGGCTGCTGGCAC-30

AOB CTO 189fA/B 150 50-GGAGRAAAGCAGGGGATCG-30 [32]

CTO 189fC 150 50-GGAGGAAAGTAGGGGATCG-30
RT1r 300 50-CGTCCTCTCAGACCARCTACTG-30
TMP1Taq 125 50-CAACTAGCTAATCAGRCATCRGCCGCTC-30

Nitrobacter spp. Nspra-675f 600 50-GCGGTGAAATGCGTAGAKATCG-30 [33]

Nspra-746r 600 50-TCAGCGTCAGRWAYGTTCCAGAG-30
Nspra-723Taq 250 50-CGCCGCCTTCGCCACCG-30

Nitrospira spp. Nitro-1198f 600 50-ACCCCTAGCAAATCTCAAAAAACCG-30
Nitro-1423r 600 50-CTTCACCCCAGTCGCTGACC-30
Nitro-1374Taq 250 50-AACCCGCAAGGAGGCAGCCGACC-30

Table 5. qPCR amplification conditions.

Target Thermal cycling conditions Reference

All bacteria 1 cycle of 2 min at 50�C; 1 cycle of 10 min at
95�C; and then 40 cycles of 15 s at 95 �C
and 1 min at 60�C

[31]

AOB 1 cycle of 2 min at 50�C; 1 cycle of 10 min at
95�C; and then 30 cycles of 15 s at 95�C
and 1 min at 60�C

[34]

Nitrobacter spp. 1 cycle of 2 min at 95�C; and then 40 cycles of
20 s at 95�C and 40 s at 68�C

[35]

Nitrospira spp. 1 cycle of 2 min at 95�C; and then 40 cycles of
20 s at 95�C and 40 s at 60�C
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this phase. The average effluent concentrations of NH4
C-N,

NO2
¡-N, and NO3

¡-N were 1.67 § 1.84, 0.44 § 1.31, and 45.22
§ 3.51 mg-N L¡1, respectively, during Phase II. In Phase II, the
average NH4

C-N conversion efficiency was 96.76%, and most
NO2

¡-N was oxidized to NO3
¡.

ALR was gradationally increased to 2.16 kg-N m¡3 d¡1 (i.e.,
300 mg-NH4

C-N L¡1) via 0.72 kg-N m¡3 d¡1 (i.e., 100 mg-
NH4

C-N L¡1) in Phase III (Table 1). Excess ILR was added to
the reactor (Table 2). Along with this increased ALR, NO3

¡-N
production dramatically decreased, while NH4

C-N and NO2
¡-N

concentrations increased compared to those in Phases I and II.
At 118–132 d, the average effluent NH4

C-N, NO2
¡-N, and

NO3
¡-N concentrations were 148.12 § 7.30, 94.80 § 11.12, and

49.20 § 5.50 mg-N L¡1, respectively.

ILR was controlled from 5.30, 3.52, 2.62, and 1.76 to 0.87 kg-
C m¡3 d¡1 (Phase IV; Table 2). Nevertheless, the residual NO3

¡

concentration was maintained below 50 mg-NO3
¡-N L¡1,

regardless of the bicarbonate dose. In Phase IV (days 132–190),
the PN reaction was stable. The average effluent NH4

C-N,
NO2

¡-N, and NO3
¡-N concentrations were 128.00 § 15.71,

132.00 § 12.73, and 26.41 § 8.94 mg-N L¡1, respectively.
Compared to Phase II, the NH4

C-N conversion efficiency
decreased to 54.63% and average NO2

¡-N conversion efficiency
decreased to 16.60%. As a result, the average NH4

C-N, NO2
¡-N,

and NO3
¡-N ratio in Phase IV was maintained at 1:1.05:0.21.

Based on these results, ALR is a crucial factor for successful
implementation of PN. In another study, low ALR only mini-
mally suppressed NOB activity, even at a low DO

Figure 2. Temporal profiles of nitrogen concentration (top), ammonia loading rate, nitrite production rate, and nitrate production rate (middle) and FA concentration (bottom).
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concentration, and consequently full nitrification occurred.[37]

In the present study, complete nitrification also occurred at low
ALR: 0.36 kg-N m¡3 d¡1 (50 mg-NH4

C-N L¡1). Nonetheless, a
higher ALR of 2.14 kg-N m¡3 d¡1 (300 mg-NH4

C-N L¡1)
resulted in the accumulation of NH4

C and NO2
¡. Aside from the

dominant effect of ALR, varying the levels of ILR had negligible
effects on the PN reaction at high and low ALRs. In this study,
FA concentration was maintained below 1.0 mg-N L¡1, which
is not in the range of NOB inhibition (0.1–1.0 mg L¡1 < FA <

10–150 mg L¡1) in Phase II.[9] In contrast, in Phase IV, the
average FA concentration increased to 28.58 § 3.45 mg L¡1.
Only this range of FA concentrations led to a stable PN

reaction by inhibiting NOB in this study. In previous research,
high ALR (>1.0 kg-N m¡3 L¡1) and pH (>8.0) also resulted in
stable PN mainly because FA concentration as a function of
NH4

C-N concentration, pH, and temperature led to inhibition
of NO3

¡ production.[10]

In the present study, excess IC was introduced at different
ALRs from 0.36 to 2.16 kg-N m¡3 d¡1. At an ALR of 0.36 kg-N
m¡3 d¡1 (Phase II), IC concentration did not significantly affect
the nitrifying characteristics; accordingly, full nitrification was
achieved at high IC concentrations. Likewise, the PN reaction
was not influenced by the IC dose at an ALR of 2.16 (Phase
IV). These results indicate that PN was highly dependent on

Figure 3. qPCR results on all bacteria (blue), AOB (red), Nitrobacter spp. (green) and Nitrospira spp. (purple) in Phases II and IV.
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ALR rather than on IC concentration. However, the role of IC
remains controversial. Lee et al. demonstrated that nitritation
in a sequencing batch reactor-type nitrifying reactor is stable at
high ammonium concentrations (458-1650 mg-NH4

C-N L¡1),
and NO2

¡ oxidation efficiency was maintained at a low level of
0.73% at an NH4

C-N to IC ratio of 2.[38] By contrast, ACR
decreased with a decrease in the IC to NH4

C-N ratio to less than
2 because of the decrease in pH. Tokutomi et al. also observed
that a high IC concentration leads to stable PN.[26] The NO2

¡-
N conversion rate is increased, whereas the ACR is decreased
by a reduction in the IC dose.[26]

From a practical perspective, the application of PN at a high
ILR has some limitations. For example, at a full-scale treatment
plant, maintaining high ILR will be costly. The IC concentra-
tion, which was taken from a previous study, was extremely
high as compared to the presence of general anaerobic
digesters. Bae et al. reported that the molar ratio of CaCO3-C
to NH4

C-N was only 0.55 § 0.075 (8 cases from anaerobic
digester and land fill leachates).[28]

qPCR analysis

To quantify the bacterial community, qPCR analysis was per-
formed on all bacteria, AOB, and two genera of NOB (Nitro-
spira and Nitrobacter) in the MBBR (Fig. 3). The ratios of
AOB, Nitrobacter spp. and Nitrospira spp. to all the bacteria
are shown in Figure 4.

At a low ALR (conditions L1–L5, Table 3), the average 16S
rRNA gene copy number of all bacteria (corresponds to the
number of bacterial cells) was quantified and found to be 3.1 §
1.5 £ 109 copies per sponge. After applying relatively high
ALRs (conditions H1–H5, Table 3), the average all bacterial
abundance increased to 1.3 § 0.18 £ 1010 copies per sponge.
Nonetheless, there was no significant change in the all bacterial
count, in accordance with ILR at both low and high ALRs. In
the case of AOB, the concentration of the 16S rRNA gene was
2.9 § 2.1 £ 106 copies per sponge at a low ALR. The average
AOB abundance sharply increased after high ALR was applied
(conditions H1–H5, Table 3), by approximately 2 orders of
magnitude, to 2.1 § 0.48 £ 108 copies per sponge. In contrast,
varying the ILR conditions had a weaker effect on the AOB

abundance. The Nitrobacter spp. abundance under conditions
L1–L5 (Table 3), on average, was 1.1 § 1.2 £ 106 copies per
sponge. Despite the increased ALR, 16S rRNA gene copy num-
bers decreased slightly to 6.9 § 5.6 £ 105 copies per sponge for
Nitrobacter spp. Thus, Nitrobacter spp. persisted at a constant
abundance regardless of ALR and ILR. The average 16S rRNA
gene copy number of Nitrospira spp. was 1.0 § 0.60 £ 108 cop-
ies per sponge at low ALR. The copy number at a high ALR
was maintained at an average value of 8.1 § 2.1 £ 107 copies
per sponge. As was the case for Nitrobacter spp., varying the
ALR and ILR conditions had minimal effects on Nitrospira spp.
abundance.

As shown in Figure 4, AOB dominance was easily influenced
by ALR, while the relative abundance of major NOB, Nitrospira
spp., stayed the same regardless of the increase in ALR. The
increase of ALR, as described above, also attenuated NOB sup-
pression by over 1.1 kg-N m¡3 d¡1. Despite the inhibitory FA
concentration and ALR conditions, the 16S rRNA gene copy
numbers of Nitrobacter spp. and Nitrospira spp. stayed rela-
tively high, and the dominant genus persisted without a wash-
out in all phases. These results were attributed to the
characteristics of the biofilm nitrifying reactor. Li et al. sug-
gested that the bacterial quantitative ratio of AOB to NOB in
an attached-growth system is stabler than that in a suspension
culture system.[39] Similarly, the NOB population attached to
the sponges in this study was sustained at constant abundance
by preventing a washout from the MBBR reactor.

NOB are subdivided into two groups based on substrate
affinity (Ks): k-strategists and r-strategists. Nitrospira spp. are
representative k-strategists (lower Ks value with higher affinity),
whereas Nitrobacter spp. are known as r-strategists (higher Ks

value with lower affinity). In low-strength ammonium waste-
water, slowly growing Nitrospira spp. are predominant,
whereas fast-growing NOB, such as Nitrobacter spp., are sup-
pressed because of differences in substrate affinity.[40] DO con-
centrations also differentiate members of the NOB niche in the
reactor. For example, Nitrospira spp. are dominant at relatively
low DO concentrations (under 2 mg-O2 L¡1), whereas Nitro-
bacter spp. are predominant at DO concentrations higher than
2 mg-O2 L

¡1.[41] In the present study, favorable low substrate
and DO concentrations for Nitrospira spp. increased the

Figure 4. Community composition of AOB (red), Nitrobacter spp. (green), and Nitrospira spp. (purple) as a proportion (%) of all bacterial cells quantified by qPCR.

714 M. CHOI ET AL.



abundance of Nitrospira spp. to more than 100 times that of
Nitrobacter spp.

T-RFLP analysis

AOB communities were studied in terms of amoA-based T-
RFLP patterns at different ALRs and ILRs. The results of the T-
RFLP electropherograms are depicted in Figure 5. The forward
(i.e., F48, F219, F354, and F491) and reverse (i.e., R48, R135,
R270, and R491) terminal fragments (TFs) were relatively
abundant. The possible combination of forward and reverse
TFs for corresponding AOB was examined in terms of
sequence information on the amoA gene in the same manner
as in a previous study.[42] The TF pairs of T-RFLP results
revealed dominant AOB species of Nitrosomonas oligotropha
(F48/R135, F219/R135, and F354/R135) and N. europaea
(F219/R270).

Their relative dominance did not significantly change
under different operational conditions in terms of ILR but
clearly changed at different ALRs. For example, at low ALR
(Phase II), the AOB community structure was dominated by
F219, F354, R135, and R270, which was a mixture of N. oli-
gotropha and N. europaea, at all ILRs, while F48 for one N.

oligotropha showed negligible dominance at ILR of 0.93 kg-
C m¡3 d¡1.

The selective pressure of high ALR (Phase IV) enhanced the
dominance of N. europaea (F219/R270). N. europaea prefers
eutrophic conditions because of the high Ks for free ammonia
(0.42–0.85 mg L¡1). In contrast, N. oligotropha was previously
shown to have remarkably weak affinity for free ammonia
(0.027–0.059 mg L¡1)[43] and consequently is highly competi-
tive under nutrient-limited conditions such as oligotrophic
freshwater[44,45] and wastewater treatment systems.[46] Com-
pared with N. oligotropha, it is well-known that N. europaea
has high affinity for NH3 as the dominant AOB population at
various ALRs. Nevertheless, the dominance of N. europaea
(F219/R270) was not affected by ILR.

Conclusion

In this study, a nitrifying MBBR, using a PVA sponge, was eval-
uated to determine the influence of ALR and ILR on the nitrifi-
cation process and changes in the nitrifying bacterial
community. The concentration of IC was maintained high as
compared to the stoichiometric demand. Relatively low ALR
(0.36 kg-N m¡3 d¡1) resulted in full nitrification, whereas a

Figure 5. T-RFLP profiles of the AOB population in Phase II (A) and IV (B).
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stable PN process was achieved by increasing ALR to a higher
level: 2.16 kg-N m¡3 d¡1. In contrast, ILR appeared to have lit-
tle influence on the nitrification process. Based on the qPCR
results, AOB was greatly influenced by ALR, whereas the abun-
dance levels of two genera (Nitrobacter spp. and Nitrospira
spp.) stayed at a constant level regardless of ALR and ILR. T-
RFLP analysis revealed that N. oligotropha and N. europaea
coexisted at low ALR, whereas N. europaea became the domi-
nant AOB at high ALR.

Funding

This work was supported by 2E27102 of Korea Institute of Science and
Technology and Pusan National University Research Grant, 2017. This
project is also supported by the “R&D Center for reduction of Non-CO2

Greenhouse gases (2017002420003)” funded by Korea Ministry of Envi-
ronment (MOE) as “Global Top Environment R&D Program”.

References

[1] Peng, Y.; Zhu, G. Biological Nitrogen Removal with Nitrification and
Denitrification via Nitrite Pathway. Appl. Microbiol. Biotechnol.
2006, 73(1), 15–26. DOI: 10.1007/s00253-006-0534-z.

[2] Wiesmann, U. Biological Nitrogen Removal from Wastewater. Adv.
Biochem. Eng. Biotechnol. 1994, 51, 113–154.

[3] Gut, L.; P»aza, E.; Hultman, B. Assessment of a Two-step Partial
Nitritation/Anammox System with Implementation of Multivariate
Data Analysis. Chemometrics Intell. Lab. Syst. 2007, 86(1), 26–34.
DOI: 10.1016/j.chemolab.2006.08.004.

[4] Raj, S. A.; Murthy, D. Nitrification of Synthetic Wastewater in a
Cross Flow Medium Trickling Filter. Bioprocess Eng. 1998, 19(2),
149–154. DOI: 10.1007/s004490050496.

[5] Van der Hoek, J. P.; Latour, P. J.; Klapwijk, A. Denitrification with
Methanol in the Presence of High Salt Concentrations and at High
pH Levels. Appl. Microbiol. Biotechnol. 1987, 27(2), 199–205. DOI:
10.1007/BF00251945.

[6] Okamoto, H.; Kawamura, K.; Nishiyama, T.; Fujii, T.; Furukawa, K.
Development of a Fixed-Bed Anammox Reactor with High Treat-
ment Potential. Biodegradation. 2013, 24(1), 99–110. DOI: 10.1007/
s10532-012-9561-x.

[7] Henze, M.; van Loosdrecht, M. C.; Ekama, G. A.; Brdjanovic, D. Bio-
logical Wastewater Treatment; IWA Publishing: London, UK, 2008;
pp 139–154.

[8] Daalkhaijav, U.; Nemati, M. Ammonia Loading Rate: An Effective
Variable to Control Partial Nitrification and Generate the Anaerobic
Ammonium Oxidation Influent. Environ. Technol. 2014, 35(5), 523–
531. DOI: 10.1080/09593330.2013.796006.

[9] Anthonisen, A. C.; Loehr, R. C.; Prakasam, T. B. S.; Srinath, E. G.
Inhibition of Nitrification by Ammonia and Nitrous Acid. J. Water
Pollut. Control Fed. 1976, 48(5), 835–852.

[10] Okabe, S.; Oshiki, M.; Takahashi, Y.; Satoh, H. Development of
Long-Term Stable Partial Nitrification and Subsequent Anammox
Process. Bioresour. Technol. 2011, 102(13), 6801–6807. DOI:
10.1016/j.biortech.2011.04.011.

[11] Blackburne, R.; Yuan, Z.; Keller, J. Partial Nitrification to Nitrite
Using Low Dissolved Oxygen Concentration as the Main Selection
Factor. Biodegradation. 2008, 19(2), 303–312. DOI: 10.1007/s10532-
007-9136-4.

[12] Sin, G.; Kaelin, D.; Kampschreur, M. J.; Takacs, I.; Wett, B.; Gernaey,
K. V.; Rieger, L.; Siegrist, H.; van Loosdrecht, M. C. Modelling Nitrite
in Wastewater Treatment Systems: A Discussion of Different Model-
ling Concepts. Water Sci. Technol. 2008, 58(6), 1155–1171. DOI:
10.2166/wst.2008.485.

[13] Sliekers, A. O.; Haaijer, S. C.; Stafsnes, M. H.; Kuenen, J. G.; Jetten,
M. S. Competition and Coexistence of Aerobic Ammonium-and
Nitrite-Oxidizing Bacteria at Low Oxygen Concentrations. Appl.

Microbiol. Biotechnol. 2005, 68(6), 808–817. DOI: 10.1007/s00253-
005-1974-6.

[14] Kim, D.-J.; Lee, D.-I.; Keller, J. Effect of Temperature and Free
Ammonia on Nitrification and Nitrite Accumulation in Landfill
Leachate and Analysis of Its Nitrifying Bacterial Community by
FISH. Bioresour. Technol. 2006, 97(3), 459–468. DOI: 10.1016/j.
biortech.2005.03.032.

[15] Li, S.; Chen, Y.P.; Li, C.; Guo, J.S.; Fang, F.; Gao, X. Influence of Free
Ammonia on Completely Autotrophic Nitrogen Removal Over
Nitrite (CANON) Process. Appl. Biochem. Biotechnol. 2012, 167(4),
694–704. DOI: 10.1007/s12010-012-9726-4.

[16] Sonthiphand, P.; Limpiyakorn, T. Change in Ammonia-Oxidizing
Microorganisms in Enriched Nitrifying Activated Sludge. Appl.
Microbiol. Biotechnol. 2011, 89(3), 843–853. DOI: 10.1007/s00253-
010-2902-y.

[17] Ali, M.; Chai, L.-Y.; Wang, H.-Y.; Tang, C.-J.; Min, X.-B.; Yan, X.;
Peng, C.; Song, Y.-X.; Zheng, P. Enhanced Short-Cut Nitrification in
an Airlift Reactor by CaCO3 Attachment on Biomass Under High
Bicarbonate Condition. Biodegradation. 2016, 27(2-3), 131–144.

[18] Priem, H. N. CO2 and Climate: A Geologist’s View. Space Sci. Rev.
1997, 81(1-2), 173–198. DOI: 10.1023/A:1004953900299.

[19] Park, S.; Bae, W.; Chung, J.; Baek, S.-C. Empirical Model of the
pH Dependence of the Maximum Specific Nitrification Rate. Pro-
cess Biochem. 2007, 42(12), 1671–1676. DOI: 10.1016/j.
procbio.2007.09.010.

[20] Rodriguez-Sanchez, A.; Gonzalez-Martinez, A.; Martinez-Toledo, M.
V.; Garcia-Ruiz, M. J.; Osorio, F.; Gonzalez-Lopez, J. The Effect of
Influent Characteristics and Operational Conditions Over the Perfor-
mance and Microbial Community Structure of Partial Nitritation
Reactors.Water. 2014, 6(7), 1905–1924. DOI: 10.3390/w6071905.

[21] Tokutomi, T.; Kiyokawa, T.; Shibayama, C.; Harada, H.; Ohashi, A.
Effect of inorganic carbon on Nitrite Accumulation in an Aerobic
Granule Reactor. Water Sci. Technol. 2006, 53(12), 285–294. DOI:
10.2166/wst.2006.431.

[22] Fang, F.; Ni, B.-J.; Li, X.-Y.; Sheng, G.-P.; Yu, H.-Q. Kinetic Analysis
on the Two-Step Processes of AOB and NOB in Aerobic Nitrifying
Granules. Appl. Microbiol. Biotechnol. 2009, 83(6), 1159–1169. DOI:
10.1007/s00253-009-2011-y.

[23] Queinnec, I.; Ochoa, J.; Wouwer, A.V.; Paul, E. Development and
Calibration of a Nitrification PDE Model based on Experimental
Data Issued from Biofilter Treating Drinking Water. Biotechnol. Bio-
eng. 2006, 94(2), 209–222. DOI: 10.1002/bit.20794.

[24] Guisasola, A.; Petzet, S.; Baeza, J. A.; Carrera, J.; Lafuente, J. Inorganic
Carbon Limitations on Nitrification: Experimental Assessment and
Modelling. Water Res. 2007, 41(2), 277–286. DOI: 10.1016/j.
watres.2006.10.030.

[25] Whang, L. M.; Yang, K. H.; Yang, Y. F.; Han, Y. L.; Chen, Y. J.;
Cheng, S. S. Microbial Ecology and Performance of Ammonia Oxi-
dizing Bacteria (AOB) in Biological Processes Treating Petrochemi-
cal Wastewater with High Strength of Ammonia: Effect of Na2CO3

Addition. Water Sci. Technol. 2009, 59(2), 223–231. DOI: 10.2166/
wst.2009.848.

[26] Tokutomi, T.; Shibayama, C.; Soda, S.; Ike, M. A Novel Control
Method for Nitritation: The Domination of Ammonia-Oxidizing
Bacteria by High Concentrations of Inorganic Carbon in an Airlift-
Fluidized Bed Reactor. Water Res. 2010, 44(14), 4195–4203. DOI:
10.1016/j.watres.2010.05.021.

[27] Chai, L.-Y.; Ali, M.; Min, X.-B.; Song, Y.-X.; Tang, C.-J.; Wang, H.-Y.;
Yu, C.; Yang, Z.-H. Partial Nitrification in an Air-Lift Reactor with
Long-Term Feeding of Increasing Ammonium Concentrations. Bio-
resour. Technol. 2015, 185, 134–142. DOI: 10.1016/j.
biortech.2015.02.091.

[28] Bae, H.; Yang, H.; Chung, Y.-C.; Yoo, Y. J.; Lee, S. High-Rate Partial
Nitritation using Porous Poly (Vinyl Alcohol) Sponge. Bioprocess.
Biosyst. Eng. 2014, 37(6), 1115–1125. DOI: 10.1007/s00449-013-
1083-3.

[29] Van de Graaf, A. A.; de Bruijn, P.; Robertson, L. A.; Jetten, M. S.;
Kuenen, J. G. Autotrophic Growth of Anaerobic Ammonium-Oxi-
dizing Micro-Organisms in a Fluidized Bed Reactor. Microbiology.
1996, 142(8), 2187–2196. DOI: 10.1099/13500872-142-8-2187.

716 M. CHOI ET AL.

https://doi.org/10.1007/s00253-006-0534-z
https://doi.org/10.1016/j.chemolab.2006.08.004
https://doi.org/10.1007/s004490050496
https://doi.org/10.1007/BF00251945
https://doi.org/10.1007/s10532-012-9561-x
https://doi.org/10.1007/s10532-012-9561-x
https://doi.org/10.1080/09593330.2013.796006
https://doi.org/10.1016/j.biortech.2011.04.011
https://doi.org/10.1007/s10532-007-9136-4
https://doi.org/10.1007/s10532-007-9136-4
https://doi.org/10.2166/wst.2008.485
https://doi.org/10.1007/s00253-005-1974-6
https://doi.org/10.1007/s00253-005-1974-6
https://doi.org/10.1016/j.biortech.2005.03.032
https://doi.org/10.1016/j.biortech.2005.03.032
https://doi.org/10.1007/s12010-012-9726-4
https://doi.org/10.1007/s00253-010-2902-y
https://doi.org/10.1007/s00253-010-2902-y
https://doi.org/10.1023/A:1004953900299
https://doi.org/10.1016/j.procbio.2007.09.010
https://doi.org/10.1016/j.procbio.2007.09.010
https://doi.org/10.3390/w6071905
https://doi.org/10.2166/wst.2006.431
https://doi.org/10.1007/s00253-009-2011-y
https://doi.org/10.1002/bit.20794
https://doi.org/10.1016/j.watres.2006.10.030
https://doi.org/10.1016/j.watres.2006.10.030
https://doi.org/10.2166/wst.2009.848
https://doi.org/10.2166/wst.2009.848
https://doi.org/10.1016/j.watres.2010.05.021
https://doi.org/10.1016/j.biortech.2015.02.091
https://doi.org/10.1016/j.biortech.2015.02.091
https://doi.org/10.1007/s00449-013-1083-3
https://doi.org/10.1007/s00449-013-1083-3
https://doi.org/10.1099/13500872-142-8-2187


[30] Guo, J.; Peng, Y.; Wang, S.; Zheng, Y.; Huang, H.; Wang, Z. Long-
Term Effect of Dissolved Oxygen on Partial Nitrification Performance
and Microbial Community Structure. Bioresour. Technol. 2009, 100
(11), 2796–2802. DOI: 10.1016/j.biortech.2008.12.036.

[31] Nadkarni, M. A.; Martin, F. E.; Jacques, N. A.; Hunter, N. Determina-
tion of Bacterial Load by Real-Time PCR Using a Broad-Range (uni-
versal) Probe and Primers Set. Microbiology. 2002, 148(1), 257–266.
DOI: 10.1099/00221287-148-1-257.

[32] Hermansson, A.; Lindgren, P.-E. Quantification of Ammonia-Oxidiz-
ing Bacteria in Arable Soil by Real-Time PCR. Appl. Environ. Micro-
biol. 2001, 67(2), 972–976. DOI: 10.1128/AEM.67.2.972-976.2001.

[33] Graham, D. W.; Knapp, C. W.; Van Vleck, E. S.; Bloor, K.; Lane, T.
B.; Graham, C. E. Experimental Demonstration of Chaotic Instability
in Biological Nitrification. ISME J. 2007, 1(5), 385–393. DOI:
10.1038/ismej.2007.45.

[34] Im, J.; Jung, J.; Bae, H.; Kim, D.; Gil, K. Correlation between Nitrite
Accumulation and the Concentration of AOB in a Nitritation Reac-
tor. Environ. Earth Sci. 2014, 72(1), 289–297. DOI: 10.1007/s12665-
014-3285-7.

[35] Huang, Z.; Gedalanga, P. B.; Asvapathanagul, P.; Olson, B. H. Influ-
ence of Physicochemical and Operational Parameters on Nitrobacter
and Nitrospira Communities in an Aerobic Activated Sludge Biore-
actor. Water Res. 2010, 44(15), 4351–4358. DOI: 10.1016/j.
watres.2010.05.037.

[36] American Public Health Association; American Water Works Asso-
ciation; Water Environment Federation. Standard Methods for the
Examination of Water and Wastewater, 21st ed; American Public
Health Association: Washington, D.C., 2005.

[37] Zhang, L.; Zhang, S.; Han, X.; Gan, Y.; Wu, C.; Peng, Y. Evaluating
the Effects of Nitrogen Loading Rate and Substrate Inhibitions on
Partial Nitrification with FISH Analysis.Water Sci. Technol. 2012, 65
(3), 513–518. DOI: 10.2166/wst.2012.757.

[38] Lee, C. Partial Nitritation in an SBR Reactor by Alkalinity Control. J.
Korean Soc. Environ. Eng. 2013, 35(4), 294–300. DOI: 10.4491/
KSEE.2013.35.4.294.

[39] Li, C.; Li, X.; Ji, M.; Liu, J. Performance and Microbial Characteristics
of Integrated Fixed-Film Activated Sludge System Treating Industrial
Wastewater. Water Sci. Technol. 2012, 66(12), 2785–2792. DOI:
10.2166/wst.2012.421.

[40] Wu, J.; He, C.; van Loosdrecht, M. C.; P�erez, J. Selection of Ammo-
nium Oxidizing Bacteria (AOB) Over Nitrite Oxidizing Bacteria
(NOB) based on Conversion Rates. Chem. Eng. J. 2016, 304, 953–
961. DOI: 10.1016/j.cej.2016.07.019.

[41] Downing, L. S.; Nerenberg, R. Effect of Oxygen Gradients on the
Activity and Microbial Community Structure of a Nitrifying, Mem-
brane-Aerated Biofilm. Biotechnol. Bioeng. 2008, 101(6), 1193–1204.
DOI: 10.1002/bit.22018.

[42] Bae, H.; Park, J.-H.; Jun, K.-S.; Jung, J.-Y. The Community Anal-
ysis of Ammonia-Oxidizing Bacteria in Wastewater Treatment
Plants Revealed by the Combination of Double Labeled T-RFLP
and Sequencing. J. Environ. Sci. Health Part A-Toxic/Hazard.
Subst. Environ. Eng. 2011, 46(4), 345–354. DOI: 10.1080/
10934529.2011.542384.

[43] Wang, X.; Wen, X.; Yan, H.; Ding, K.; Hu, M. Community Dynamics
of Ammonia Oxidizing Bacteria in a Full-Scale Wastewater Treat-
ment System with Nitrification Stability. Front. Environ. Sci. Eng.
China. 2011, 5(1), 92–98. DOI: 10.1007/s11783-010-0254-6.

[44] Koops, H.-P.; Pommerening-R€oser, A. Distribution and Ecophysiol-
ogy of the Nitrifying Bacteria Emphasizing Cultured Species. FEMS
Microbiol. Ecol. 2001, 37(1), 1–9. DOI: 10.1111/j.1574-6941.2001.
tb00847.x.

[45] Limpiyakorn, T.; Sonthiphand, P.; Rongsayamanont, C.; Polprasert,
C. Abundance of amoA Genes of Ammonia-Oxidizing Archaea and
Bacteria in Activated Sludge of Full-Scale Wastewater Treatment
Plants. Bioresour. Technol. 2011, 102(4), 3694–3701. DOI: 10.1016/j.
biortech.2010.11.085.

[46] Gieseke, A.; Purkhold, U.; Wagner, M.; Amann, R.; Schramm, A.
Community Structure and Activity Dynamics of Nitrifying Bacteria
in a Phosphate-Removing Biofilm. Appl. Environ. Microbiol. 2001,
67(3), 1351–1362. DOI: 10.1128/AEM.67.3.1351-1362.2001.

JOURNAL OF ENVIRONMENTAL SCIENCE AND HEALTH, PART A 717

https://doi.org/10.1016/j.biortech.2008.12.036
https://doi.org/10.1099/00221287-148-1-257
https://doi.org/10.1128/AEM.67.2.972-976.2001
https://doi.org/10.1038/ismej.2007.45
https://doi.org/10.1007/s12665-014-3285-7
https://doi.org/10.1007/s12665-014-3285-7
https://doi.org/10.1016/j.watres.2010.05.037
https://doi.org/10.1016/j.watres.2010.05.037
https://doi.org/10.2166/wst.2012.757
https://doi.org/10.4491/KSEE.2013.35.4.294
https://doi.org/10.4491/KSEE.2013.35.4.294
https://doi.org/10.2166/wst.2012.421
https://doi.org/10.1016/j.cej.2016.07.019
https://doi.org/10.1002/bit.22018
https://doi.org/10.1080/10934529.2011.542384
https://doi.org/10.1080/10934529.2011.542384
https://doi.org/10.1007/s11783-010-0254-6
https://doi.org/10.1111/j.1574-6941.2001.tb00847.x
https://doi.org/10.1111/j.1574-6941.2001.tb00847.x
https://doi.org/10.1016/j.biortech.2010.11.085
https://doi.org/10.1016/j.biortech.2010.11.085
https://doi.org/10.1128/AEM.67.3.1351-1362.2001

	Abstract
	Introduction
	Materials and methods
	Experimental setup
	Operational strategy
	Bacterial-community analysis
	Sample analysis

	Results and discussion
	Nitrification performance
	qPCR analysis
	T-RFLP analysis

	Conclusion
	Funding
	References

