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Abstract
A lab-scale sequencing batch reactor (SBR) was set-up and the aerobic granular sludge was successfully incubated using anaerobic
granular sludge as seed sludge. Nitrogen was partially removed by simultaneous nitrification and denitrification (SND) via nitrite
with free ammonia (FA) of about 10 mg/L. The denaturing gradient gel electrophoresis (DGGE) method was used to investigate
community structure of α-Proteobacteria, β-Proteobacteria, ammonia oxidizing bacteria (AOB), and Nitrospira populations during
start-up. The population sizes of bacteria, AOB and Nitrospira were examined using real-time PCR method. The analysis of community
structure and Shannon index showed that stable structure of AOB population was obtained at day 35, while the communities of αProteobacteria, β-Proteobacteria, and Nitrospira became stable after day 45. At stable stage, the average cell densities were 1.1×1012 ,
2.2×1010 and 1.0×1010 cells/L for bacteria, AOB and Nitrospira, respectively. The relationship between characteristics of nitrifying
bacteria community and nitrogenous substrate utilization constant was discussed by calculating Pearson correlation. Certain correlation
seemed to exist between population size, biodiversity, and degradation constant. And the influence of population size might be greater
than that of biodiversity.
Key words: aerobic granular sludge; simultaneous nitrification and denitrification; nitrite accumulation; denaturing gradient gel
electrophoresis; real-time PCR

cn

c.

Project supported by the New Century Excellent Talent Scholarship of
China (No. NCET-05-0387) and the Doctorial Unit Scholarship of China
(No. 20050247016). *Corresponding author.
E-mail: siqingxia@mail.tongji.edu.cn.

.a

Compared with traditional treatment process, granular
sludge process has greatly improved the settling properties
of sludge mixed liquor suspended solids (MLSS), which
is helpful to reduce the scale of settling tank and energy
consumption. Although many of previous studies were
focused on anaerobic granular sludge process (Zandvoort
et al., 2004; Schmidt et al., 2004; Osuna et al., 2004; Shen
et al., 2005), more and more attention has been paid to
aerobic granular sludge process in recent years. Unlike
anaerobic granular sludge, aerobic granular sludge is hard
to be incubated and in some processes anaerobic granular
sludge was used for incubation of aerobic granular sludge
(Hu et al., 2004). One advantage of aerobic granularsludge is that it can contribute to simultaneous nitrification
and denitrification (SND) process.
SND has been found in many treatment processes and
some studies have been done to investigate factors affect-

ing SND (Anthonisen, 1976; Abeling and Seyfried, 1992;
Yoo et al., 1993; Çeçen and Gönenç, 1994). In general,
the uneven DO distribution and anoxic microenvironment
are suggested favorable for SND. Furthermore, the nitrite
accumulation is found present in some SND processes
(Yoo et al., 1993; Peng et al., 2004; Zeng et al., 2004).
Further study is required on investigation of the microbial
mechanism in SND process although a few have been done
(Hibiya et al., 2003).
In this study, SND and nitrite accumulation were found
in the aerobic granular-sludge process within a lab-scale
sequencing batch reactor (SBR). The primary objectives
of this study were to investigate the biodiversities of dominant bacterial communities during start-up of the aerobic
granular sludge process. The varieties in Proteobacteria,
ammonia oxidizing bacteria (AOB) and Nitrospira community structures were analyzed with denaturing gradient
gel electrophoresis (DGGE) method. Secondary objectives
of this study were to quantify AOB and Nitrospira population and analyze the correlation between the characteristics
of community and their nitrifying performance.
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1 Materials and methods
1.1 Start-up of lab-scale reactor
A lab-scale SBR was inoculated with anaerobic granular sludge collected from one UASB reactor for sewage
treatment and the start-up of SBR was about 2 months.
Diameter and height of SBR were 90 mm and 1200 mm,
respectively. The total volume of reactor was about 4.5
L. Operation cycle setting was described in Fig.1. The
duration of each cycle was 4 h. Synthetical wastewater 1.5
L was made according to Table 1 and fed to SBR in each
cycle. The initial MLSS in the reactor was about 13 g/L
and aeration strength for air was 0.12 m3 /min. The reactor
was operated at temperature 20–25°C.
1.2 DNA extraction and PCR amplification for DGGE
assay
Sludge samples (10 ml MLSS) were collected from SBR
once every 10 d during nitrite accumulation from the day
25 to 55. Four replicates were collected each time, one was
Table 1 Composition of the synthetic wastewater
Concentration (mg/L)

Added compound

Concentration (mg/L)

CODCr a
NH4 + -Nb
TPc
MgSO4 ·7H2 O
FeSO4 ·7H2 O
CaCl2
NaHCO3
pH

500
50–100
5–10
12
10
30
235
8.0

H3 BO3
CoCl2 ·6H2 O
CuSO4 ·6H2 O
FeCl3 ·6H2 O
KI
MnCl2 ·2H2 O
(NH4 )2 Mo7 O24 ·2H2 O
ZnSO4 ·7H2 O

0.15
0.15
0.03
1.5
0.03
0.12
0.06
0.12

b

prepared with NH4 Cl;

c

for DGGE analysis, the other three were for quantification
of bacterial population size in real time determination.
After centrifugation (12000×g, 4°C) for 5 min, the solids
were separated and stored for DNA extraction according
to the method reported by Zhou et al. (1996). The DNA
extraction method for aerobic granular sludge was the
same with that for activated sludge.
The primers and PCR protocol are listed in
Table 2. Nested PCR method was applied for 16S rDNA
fragments amplification of Bacteria, α-Proteobacteria, βProteobacteria, AOB and Nitrospira for DGGE assay. The
products were examined with 1% agarose gel.
1.3 DGGE assay
DGGE was performed using the Bio-Rad D gene system
(Bio-Rad, Hercules, USA). The polyacrylamide gels were
made with denaturing gradients ranging from 35% to
55% for α-Proteobacteria and β-Proteobacteria, and 25%
to 50% for AOB and Nitrospira, respectively. Conditions
for electrophoresis operation were selected according to
previous research (Xia et al., 2005).
1.4 Quantification by real-time PCR

Added
compound

a Prepared with C H O ;
6 12 6
KH2 PO4 .
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prepared with

Real-time PCR based on the SYBR green I Assay
was performed in Rotor-Gene 3000 (Corbett Research,
Australia). The 25-µl reaction mixture consisted of 2.5 µl
10×PCR buff, 2.5 µl 10×SYB Green I, 2.0 mmol MgSO4,
10 nmol of each deoxynucleoside triphosphate, 10 nmol
of each primer, and 1 µl of template or 105 –1010 copies
of the standard 16S rDNA. Standard calibration curve for
each detected group was generated using PCR product
as standard 16S rDNA, which was amplified from DNA
extracted from typical strains, including E. coli DH5 strain
(stored in Lab) for bacteria group, Nitrosomonas europea
(ATCC 19718 ) for AOB group, and Nitrospira marina
(ATCC 43039) for Nitrospira group. The primers and PCR
conditions were described in Table 3.
1.5 Substrate utilization rate measurement

Fig. 1 Process description and operation strategy of SBR.

The removal ratio of nitrogen and CODCr were measured once every two days during the operation, ammonia
and nitrite utilization rate were also measured at each
sampling time (day 25, 35, 45 and 55).
Five hundred milliliters MLSS was collected from SBR
and the liquid was removed after settling. Then the sludge
was washed thrice to remove remaining carbon and nitrogen compositions. After that, the sludge was re-suspended
in 100-ml distilled water. The 100 ml re-suspended sludge

Table 2 Primers and programs for nested PCR amplification followed by DGGE

P63f, 1387r
F203α, P1378r
P338f, P948r
CTO189fAB/CTO189fC, CTO653r
P63f, NSR1264r

95°C 1 min, 53°C 1 min, 72°C 2 min
95°C 1 min, 56°C 1 min, 72°C 2 min
95°C 1 min, 55°C 1 min, 72°C 2 min
95°C 1 min, 63°C 1 min, 72°C 2 min
95°C 1 min, 60°C 1 min, 72°C 2 min

Ovreas et al., 1997
Heuer et al., 2002
Heuer et al., 2002
Kowalchuk et al., 1997
Mobarry et al., 1996; Robinson et al., 2003

P338f-gc, P518r

95°C 1 min, 60°C 1 min, 72°C 2 min

Muyzer et al., 1993
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Reference

Before each run of cycles, the temperature was held at 95°C for 10 min and after each run the temperature was held at 72°C for 10 min.
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PCR conditiona

c.

First PCR round
Bacteria
α-Proteobacteria
β-Proteobacteria
AOB
Nitrospira
Second PCR round
V3 region

Primer

.a

Target
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Table 3 Primers and programs for real-time PCR amplification
Target

Primer

PCR conditiona

Reference

Bacteria
AOB
Nitrospira

338f, 518r
CTO189f A/B, CTO189f C, RT 1r
NSR1113f, NSR1264r

95°C 1 min, 60°C 1 min, 72°C 2 min
95°C 1 min, 63°C 1 min, 72°C 2 min
95°C 1 min, 60°C 1 min, 72°C 2 min

Muyzer et al., 1993
Hermansson and Lindgren, 2001; Okano et al., 2004
Mobarry et al., 1996; Robinson et al., 2003

Before each run of cycles, the temperature was held at 95°C for 5 min; and after each run the temperature was held at 72°C for 10 min.

and 900 ml substrate solution were mixed in a 1.0-L serum
bottle. The initial biomass in bottle was 2800±230 mg/L
VSS. Solutions containing 50 ml/L NH4 + -N or 50 ml/L
NO2 − -N were used in ammonium and nitrite oxidation test,
respectively. The substrate concentration was measured
according to time sequence. Kinetic study of ammonium
and nitrite utilization was conducted and the experimental
data were found fitted well with the first-order model:
(1)

Where, S 0 is the initial substrate concentration, S is the
substrate concentration at time t, and k1 is the degradation
constant. For all the batch experiments, temperature, pH,
and DO were maintained constant at 25±0.5°C, 8±0.5, and
> 4 mg/L, respectively.
The fitting of experimental data and calculation of
degradation constant were carried out using software SPSS
12.0 (for Windows).

2 Results and discussion
2.1 Process operation

c.
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The cultured aerobic granular-sludge had irregular shape
with grey color. Size of granule as determined by sanning
electron microscope (SEM) was between the range of 1.8–
2.6 mm (Figs.2a and 2b). There also existed obvious cracks
and caves inside sludge granule (Fig.2c). Such special
structure could resulted in uneven distribution for DO and
nutriment, and provide various living space for different
bacterial groups. A certain size of granular sludge has an
advantage to create anoxic zone inside the sludge leading
to denitrification.
Nitrogenous contaminations and CODCr removal performances are shown in Figs.3 and 4. According to the
performance of pollutant removal, the start-up process
could be divided into three steps. In the first step from day
1 to 15, low removal rate was found with obvious fluctuation. The mean removal rate of CODCr , NH4 + -N and TN
were 18%, 12% and 6% in this step, respectively. Average

Fig. 2 Appearance and interior structure of aerobic granular sludge.

.a

S = S 0 exp( – k1 t)

nitrite concentration remained at a low level of 4.6 mg/L.
NH4 + -N in influent rose to 100 mg/L since the second step
from day 16 to 35. Nitrite accumulation rapidly increased
in this step, and the average concentration was about 13.4
mg/L. The mean removal rate of CODCr , NH4 + -N and
TN were 24%, 27% and 18% in second step, respectively.
Nitrite accumulation remained at a stable level in step three
from day 36 to 60. The performance of contamination
removal also tend to be stable and the average nitrite
concentration was 12.3 mg/L. The mean removal rate of
NH4 + -N, CODCr and TN were improved to 55%, 61% and
40%, respectively. Effluent NH4 + -N decreased to a low
level, nitrification was relatively complete, and SND via
nitrate might happen in this stage.
During a typical operational cycle, DO ranged from 3.3–
3.9 mg/L. The free ammonia (FA), calculated by previous
method (Turk and Mavinic, 1986), was 5.0 mg/L. DO and
FA concentration were considered as two major factors for
nitrite accumulation. According to some earlier studies,
DO below 0.5 mg/L was necessary for nitrite accumulation
(Chung et al., 2005). Peng et al. (2003) reported that NOB
activity decreased more than 50% at 0.7 mg NH3 -N/L.
In another study, the optimal FA concentration range for
stabilizing nitrite accumulation appeared to be 5–10 mg/L
for the adapted sludge (Chung et al, 2006). Peng et al.
(2004) found that even if FA was as low as 0.06 mg NH3 N/L, it would inhibit the nitrobacteria. So it was implied
that DO concentration was not the inhibiting factor, while
the relatively high level of FA might be the major factor
leading to nitrite accumulation in this study.
In order to measure the substrate utilization rate of AOB
and Nitrospira per unit biomass (VSS), the concentration
change of ammonia and nitrite in a batch reactor were
recorded. Fig.5 shows the decrease of NH4 + -N and nitrite
concentration as a function of time, with an initial value
of 45 mg/L for both. Curve fitting results and the calculated degradation constants are also shown in Fig.5 for
each sludge sample collected at different time. Gradually
increased KAOB was found as the operation proceded,
implying the increase of ammonia oxidizing rate. Reverse
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Fig. 3 Concentration of primary contaminations in influent.

Fig. 4 Removal rate of primary contaminations.

change was found in KNs value, indicating that the nitrite
oxidizing activity per unit biomass might be inhibited
during the process. It was also observed for both KNs
and KAOB . The values are close for the last two samples
collected at day 45 and 55, reflecting that the activity of
nitrifying bacteria and the function of reactor reached the
stable stage.

Fig. 5 Ammonia and nitrite oxidation process with aerobic sludge. (a)
ammonia oxidation; (b) nitrite oxidation.

2.2 Analysis of DGGE patterns

Fig. 6 DGGE profiles of α-Proteobacteria (a); β-Proteobacteria (b); ammonia oxidizing bacteria (c); Nitrospira (d). Lane I: sample of day 25;
lane II: sample of day 35; lane III: sample of day 45; lane IV: sample of
day 55.
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of β-Proteobacteria and Nitrospira.
The α- and β-subdivision Proteobacteria was the
dominant bacteria population in many bioreactors for
wastewater treatment (Wagner et al., 1993; Snaidr et al.,
1997; Juretschko et al., 2002). This study showed that
α-subdivision Proteobacteria had the highest biodiversity
at stable stage of SND. This result was different from
the conclusions from some earlier studies (Wagner et
al., 1993; Snaidr et al., 1997), which claimed that βsubclass Proteobacteria was the dominant bacteria found
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The DGGE patterns for each group are shown in Fig.6.
Comparison of DGGE profiles showed that fingerprints
of microbial community were apparently changed during
nitrite accumulation. However, greater changes were observed during initial period, especially on day 25 to 35,
and each community structure became stable after day 45.
It is noticeable that the variety in contamination removal
also be relatively stable in the third step, which meant
the potential effect of bacterial community in microbial
activity.
Biodiversity based on DGGE patterns was analyzed
by calculating Shannon diversity index H as shown in
Fig.7. For samples from day 25 and 35, the H value of
β-Proteobacteria was higher than that of α-subdivision,
but it was exceeded in the latter two samples. Obvious
decrease was found in β-Proteobacteria and Nitrospira
groups, which dropped from 0.97 to 0.53 and 0.69 to 0.41,
respectively. In contrast, α-Proteobacteria and AOB had
relatively stable index. This result might indicate that some
species of β-Proteobacteria was more sensitive to FA than
α-Proteobacteria in aerobic granular sludge. Inhibition
from FA should result in the elimination of some species
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Fig. 9 Quantity of bacterial cells in sludge.
Fig. 7 Change of community biodiversity.

Fig. 10 Percentage of bacterial cells in total bacteria.
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The quantification of bacteria, AOB and Nitrospira cells
were performed by determining 16S rDNA copies using
real-time PCR method. Results are shown in Figs.9 and
10. The average 16S rDNA copies per genome in bacterial
cells were assumed to be 3.6 copies based on the average
16S rDNA copies found in cultured bacteria (Klappenbach
et al., 2001). Both AOB and Nitrospira were assumed to
contain 1 copy 16S rDNA per cell based on the result
found in previous studies (Navarro et al., 1992; Aakra et
al., 1999).

2.4 Correlation analysis between community characteristics and nitrifying activity

c.

2.3 Real-time PCR determination for population size

In order to discuss the relationship between nitrifying
activity, biodiversity, and population size of AOB and

.a

in activated sludge.
The bacterial community in seed anaerobic sludge and
cultured aerobic granular sludge is showed in Fig.8. DGGE
profile revealed that the dominant species in aerobic sludge
greatly differed from anaerobic sludge. Except Band-4,
Band-8 and Band-10, which were facultative species, the
other bacterial species were specially separated in anaerobic or aerobic granular sludge. This result indicated the
aerobic granular sludge was capable of choosing special
species.
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Fig. 8 Comparison of bacteria community in seed sludge (lane 1) and
aerobic granular sludge (lane 2).

Apparent change was found on the population sizes of
bacteria, AOB and Nitrospira from day 25 to 35. Bacteria
population increased from 6.7×1011 cell/L to 1.0×1012
cell/L in the first day of SND, and similar increase was
observed for AOB population. But Nitrospira population
decreased at the beginning of SND and nitrite accumulation. However, the population only changed slightly for the
last three samples of each group. The proportion of AOB
and Nitrospira to bacteria also revealed that the change of
each population primarily occurred during early period of
SND.
Throughout the nitrite accumulation, population size
of bacteria ranged from 6.7×1011 cell/L to 1.2×1012
cell/L, relatively larger than the data reported by Harms
(2003) who used the same determination method in assay
of sludge samples from municipal WWTP. However, it
was much less than another study by Dionisi, who applied competitive PCR in assay of sludge samples from
both municipal and industrial WWTP (Dionisi et al.,
2002). The population sizes of AOB and Nitrospira were
8.7×109 –2.4×1010 cell/L and 1.7×1010 –2.1×1010 cell/L
respectively. The values of AOB 16S rDNA and Nitrospira
were close to those reported in previous studies (Dionisi
et al., 2002; Harms et al., 2003). Proportions of AOB and
Nitrospira in total bacteria at stable stage were 2.1%–2.4%
and 0.8%–1.2% respectively.
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Population
size

Biodiversity
index

Degradation constant
Population size
Biodiversity index

1

0.873
1

0.591
0.373
1

Table 5 Pearson correlation between population size, biodiversity
index and degradation constant for Nitrospira population
Nitrospira
group

Degradation
constant

Population
size

Biodiversity
index

Degradation constant
Population size
Biodiversity index

1

0.970
1

0.944
0.836
1

Nitrospira, the correlations between these parameters were
calculated using Table 4. Results in Table 5 showed the result of correlation calculation. It can be seen that the person
correlation between degradation constant and population
size was higher than that between degradation constant
and biodiversity index for AOB population. Similar result
was also observed in Nitrospira population, as suggested
that population size might be a more decisive factor
than community biodiversity. For Nitrospira community,
high values were found between each two parameters,
implying that nitrite oxidation might be more dependent
on characteristics of community than ammonia oxidation
is.

3 Conclusions
In this study, aerobic granular sludge was incubated
using anaerobic granular sludge. After 45 d start-up, stable
community structures of α-Proteobacteria, β- Proteobacteria, AOB, and Nitrospira were obtained, companied with
SND via nitrite in the reactor. The community biodiversities of β-Proteobacteria and Nitrospira were apparently
changed during start-up. The α-Proteobacteria had higher
biodiversity than β-Proteobacteria when start-up was finished. Both cell density and biodiversity of Nitrospira were
reduced, while the population size of AOB species was
increased without inhibition. The 5 mg/L FA concentration
might be the reason for nitrite accumulation.
Correlation analysis between characteristics of nitrifying bacteria communities and nitrifying performance
revealed that population size might be a potential important
factor for the degradation constant. A high correlation
between the degradation constant and biodiversity index
was also found for Nitrospira population. However, it was
hard to conclude that biodiversity had equivalent influence
on nitrifying performance because the biodiversity value
might be more dependent on the calculation method.
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