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Abstract Microbial community DNA was extracted from
activated sludge samples taken from a chemical biofloc-
culation process and a chemical coagulation process in
Shanghai, China. 16S rDNA of ammonia-oxidizing bac-
teria (AOB)was amplified by nested polymerase chain
reaction and fingerprinted by denaturing gradient gel elec-
trophoresis for microbial structure analysis. The Shannon
diversity index of each sample was determined. The results
indicated that the microbial structure of AOB in chemical
bioflocculation process was comparable at two operational
conditions. The ammonia-oxidizing bacterial communities
were similar in three channels of the chemical biofloccula-
tion process and in three serial tanks in the chemical co-
agulation process at the same condition. The diversity of
microbial structures in the chemical bioflocculation pro-
cess was higher than in the chemical coagulation process,
in which the microbial structure was similar to that in the
influent. Although the microbial study provides insights
to the nitrification removal, higher microbial diversity of
AOB does not necessarily mean higher ammonia oxidiza-
tion. Molecular analysis should be combined with chemical
assays to optimize operational conditions.

Introduction

Chemical bioflocculation is an enhanced primary wastewa-
ter treatment process in which particulates are precipitated
through chemical coagulation and biological flocculation.
The chemical bioflocculation process consists of three
plug-flow channels with declining aeration rate. Air was
supplied to the channels through microhole aeration pipes,
and the aeration rate can be adjusted separately in each
channel. The total hydraulic retention time in all three
channels was about 30 min. The process produces less
sludge and is cost-effective (Wu et al. 2003; Zhang et al.
2001).

Although primary treatment processes were traditionally
designed to remove particulates in wastewater, the deterio-
rating environments have required researchers to explore
the potential of these inexpensive processes for biological
oxygen demand/chemical oxygen demand (BOD/COD)
and nutrients removal. Among the nutrients, nitrogen (N) is
a major element to cause eutrophication. Nitrification and
denitrification are the main mechanisms of N removal in
wastewater. However, before nitrification takes place, am-
monia-N has to be oxidized by AOB. Research indicated
that the distribution of AOB is related to nitrification ef-
ficiency of two treatment processes, and the quantity of
AOB is proportional to the ammonia oxidization rate (You
et al. 2003). AOB are in the category of chemolithotroph.
The difficulty in culturing chemolithotrophic bacteria has
limited our knowledge of these bacteria. The development
of molecular biotechnology in recent years, however, pro-
vides a new tool to study AOB in environmental samples.
Indeed, many researchers have taken advantage of various
molecular techniques available to study AOB in various
wastewater treatment processes. For instance, (Sofia et al.
2004) investigated the nitrogen-removing bacterial com-
munity in an anoxic/oxic membrane bioreactor (A/OMBR)
using fluorescence in situ hybridization (FISH) technique.
The results indicated that Nitrosospira spp. and Nitrospira
spp. were the most dominant of the ammonia- and nitrite-
oxidizing group, and their preferred dissolved oxygen
(DO) was from 2 to 5 mg/l (Sofia et al. 2004). In another

S. Xia (*) . Y. Shi . Y. Fu
State Key Laboratory of Pollution Control and Resource Reuse,
College of Environmental Science and Engineering,
Tongji University,
Shanghai, 200092, China
e-mail: siqingxia@mail.tongji.edu.cn
Tel.: +86-21-65982010
Fax: +86-21-65986313

X. Ma
Department of Civil and Environmental Engineering,
Louisiana State University,
Room 3221 CEBA Bldg.,
Baton Rouge, LA, 70803, USA



study, terminal restriction fragment length polymorphism
(T-RFLP) followed by cloning and sequencing were ap-
plied to study the ammonia-oxidizing bacterial population
in an aerated-anoxic Orbal process, and the study sug-
gested that Nitrosospira-like organisms were one of the
major contributors to ammonia oxidization (Park et al.
2002). The study further revealed that the AOB groups
varied with ambient temperature. Detailed review in this
aspect could be found in the work of (Limpiyakorn et al.
2004), in which the distribution of AOB in 12 different
sewage-activated sludge systems was evaluated.

Chemolithotroph usually requires longer hydraulic re-
tention time to grow in wastewater treatment processes due
to their competitive disadvantage with other microorgan-
isms for carbon source. The hydraulic retention time in the
chemical bioflocculation process was designed to be as
short as 30 min in this case. The growth and the distribution
of AOB in such a short period of time were unclear. Be-
sides, it was unclear how the AOB bacterial groups would
change when operational conditions are changed. There-
fore, the purpose of this work was to determine the phy-
logenic positions of AOB in the chemical bioflocculation
process at different operational conditions. For compari-
son, the phylogenic analysis of AOB in a traditional chem-
ical coagulation process was also performed. The chemical
coagulation process included three serially connected
tanks. In each tank, the wastewater was completely mixed
by mechanical force.

Materials and methods

Activated sludge samples

Activated sludge samples were obtained from the pilot-
scale chemical bioflocculation and coagulation reactors
located in Anting wastewater treatment plant, Shanghai.
The detailed configuration of the chemical bioflocculation
reactor was described elsewhere (Xia et al. 2005). Mixed
liquor suspended solids (MLSS) were collected with plastic
sampling bottles at two typical operational conditions in
each process, and the detailed sampling positions are
shown in Fig. 1. The first sampling occurred on 20 May
2004 and the second on 5 June 2004. Detailed information
of DO, BOD, and other parameters in each condition are
listed in Table 1. The sampling points were located at the
end of each channel. The samples were allowed to precip-
itate for a few hours in a cooler to remove large particles.
After the samples were transported to the lab at Tongji
University, the supernatant was centrifuged at 12,000×g for
1 min, and the pellet was stored at −20°C for future use.

DNA extraction and purification

DNA extraction was slightly modified from the protocols
published in literature (Muriel et al. 1999; Purohit et al.
2003; Sam Brook 1996; Tsai and Olson 1991). The com-

munity DNA was extracted by adding approximately 100
mg activated sludge into a 1.5-ml sterilized microcen-
trifuge tube. Extraction buffer (0.8 ml) and proteinase K
(10 μl, 10 mg/ml) were added to the microcentrifuge tube,
and the tube was incubated on a shaker (200 rpm) at 37°C
for 30 min. Twenty percent sodium dodecyl sulfate (SDS)
(100 μl) was added to the tube, and the tube was incubated
at 37°C for 2 h. The tube was shaken every 15–20 min
during the period of incubation. Following the incubation,
the tube was centrifuged at 8,000×g for 10 min, and the
supernatant was transferred to a new 1.5-ml tube. The same
volume of chloroform and isoamyl alcohol (ratio 24:1) was
added to the supernatant, and the mixture was centrifuged
for 10 min at 8,000×g. The supernatant was transferred to
another 1.5-ml tube, and 0.6 vol isopropanol was added.
The tube was left in the room temperature for 1 h and
centrifuged again for 10 min at 12,000×g. The supernatant
was dumped, and 1 ml 70% ethanol was added to the pellet.
The tube was centrifuged for 10 min at 12,000×g, and the
liquid was removed. After the pellet was dry, 300 μl TE
buffer was added to the tube to resuspend DNA. The com-
munity DNA was examined with 0.8% agarose electro-
phoresis. The marker, ë-HindIII digest, was purchased
from Bao Biotechnology Company (Dalian).

Polymerase chain reaction (PCR) amplification

PCR primers and thermo-cycling programs All PCR reac-
tions were carried out in 50 μl volume. PCR mastermix
solution was prepared as follows: 0.2 M of each primer,
200 μM dNTP, 1 U/50 μl Taq DNA polymerase, 1× PCR
buffer, 2 mM MgCl2, and (μl) distilled water. The primers
(Boya Biotechnology Engineering Company, Shanghai)
and thermo-cycling conditions are listed in Table 2. PCR
products were examined with 1% agarose gel electropho-
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Fig. 1 Compared schematic of chemical bioflocculation process
and chemical coagulation process. 1, 2, and 3 are the sampling
positions in the compared processes

100



resis. The DNA marker DL2000 was obtained from Bao
(Dalian).

Condensation of PCR products The first PCR was carried
out with primers CTO189fAB, CTO189fC (mixture of two
forward primers) and CTO653r. The first-round PCR prod-
uct was amplified in six tubes simultaneous with the second
amplification that was done with the primers P338f and
P518r. The products were then combined together and
sealed with Parafilm. The combined product was frozen at
−70°C overnight and dried with a freeze dryer for 4 h. The
dried powder was dissolved in 15 μl deionized (DI) water
and stored at −20°C.

Denaturing gradient gel electrophoresis (DGGE)

PCR products after second amplification were separated
with DGGE through Decode System (Bio-Rad Laborato-
ries) on an 8% acrylamide 1-mm gel and 0.5× TAE buffer
[20 mM Tris, 10 mM acetic acid, 0.5 mM ethylenedi-
aminetetraacetic acid (pH 8.0)]. The gradient of the gel was
from 45 to 60% (100% denaturant stock solution was made
of 7 M urea and 40% deionized formamide). Gels were run
at 60°C for 16 h at 40 V. Gels were photographed after
staining with 1× TAE buffer containing 0.5 mg/l ethidium
bromide.

Table 1 Sampling and process conditions

Operation condition 1 Operation condition 2

Chemical bioflocculation
process

Chemical coagulation
process

Chemical bioflocculation
process

Chemical coagulation
process

Influent

Sampling position
Channel 1 Sample 1 Sample 4 Sample 7 Sample 10 Sample 13
Channel 2 Sample 2 Sample 5 Sample 8 Sample 11
Channel 3 Sample 3 Sample 6 Sample 9 Sample 12
Operation of process
Chemical dosage PAFC 70 mg/l PAFC 70 mg/l+PAM 0.5 mg/l
Average DO
(mg/l)

1.9, 1.6, 1.1 – 1.9, 1.6, 0.3 –

Average pH 7.34 7.39 7.22 7.35
Sludge returning
ratio

30% – 70% –

Removal rate (%)
NH3–N 22.8 20.9 15.3 12.6 16.0

(mg/l)
COD 56.7 61.0 48.0 27.5 81.8

(mg/l)
TP 72.7 53.1 78.3 77.2 4.83

(mg/l)
SS 87.2 63.8 83.2 79.9 150.0

(mg/l)

PAFC Polyaluminum-ferric chloride, PAM polyacrylamide, NH3–N ammonia nitrogen, COD chemical oxygen demand, TP total phosphorus,
SS suspended solids

Table 2 PCR primers and conditions

Targeted DNA Primers PCR temperature programs Reference

Cycles Denaturing Annealing Extension

AOB (first round) CTO189fAB, CTO189fC, CTO653r 35 94 60 s 57 60 s 72 2 min Park et al. 2002
Bacteria (nested) P338f a, P518r 30 94 45 s 60 45 s 72 90 s

The primers CTO189fAB, CTO189fC and CTO653r were designed to amplify partial 16S rDNA sequences from β-subdivision AOB. The
primers P338F and P518r were designed to amplify 16S rDNA V3 regions of bacteria
Before each run of cycles, the temperature was held at 95°C for 10 min, and after each run, the temperature was kept at 72°C for 12 min for
final template elongation
aA 5′ GC-clamp was added for DGGE analysis (Sofia et al. 2004)
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Sequencing of DGGE fractions

The gel fraction with targeted DNAwas cut off and trans-
ferred to a microcentrifuge tube. Thirty microliters DI
water was added, and the product was stored overnight
at 4°C. The product was used as a PCR template and
amplified. The PCR products were sequenced in Boya
(Shanghai). The sequences were examined in blastn for
similarity comparison. The most similar sequences were
chosen to draw phylogenic tree with ClustalX and Phylip.
DGGE products were analyzed with Smartview, and bio-
diversity of the samples was calculated with the Shannon
biodiversity index formula, as described in the following
equation (Cox 1979):

S ¼ �
XN

i¼1

pi � log pi

where S is the Shannon biodiversity index, Pi is the ratio
of one specific group of bacteria to the total microorgan-
isms in the samples, and i is the total number of microbial
species in the samples.

Results and discussion

Total community DNA extraction and nested PCR

The total community DNAwas successfully extracted with
the modified protocol as indicated by gel analysis. In the
new method, only 100–200 mg of sample was needed. The
small amount of sample shortened the pretreatment time
and avoided complicated extraction procedures and errors
in extractions. The size of the raw DNA was about 23 kb

after the analysis with Smartview. After dilution, the DNA
samples were successfully amplified with PCR, showing
that the modified extraction method worked well in ex-
tracting and purifying DNA from activated sludge. The
DNA size after the first amplification was about 460 bp,
and the DNA size after the second amplification was about
220 bp. Both the PCR products are the targeted DNA
fractions, and no unspecific bands were observed. After
condensation, the PCR products of the second amplifica-
tion were successfully fingerprinted with DGGE as dem-
onstrated in Fig. 2. Multiple bands could be seen in all the
samples, indicating that the AOB were abundant in the
samples.

The microbial structure of AOB changed partly at dif-
ferent operational conditions. In the study of Park et al.
(2002), ammonia oxidizing bacterial populations in an
aerated–anoxic Orbal process switched when operational
parameters were changed. Two major parameters they
studied were temperature and DO. In this work, the tem-
peratures and the chemical dosages of polyaluminum-ferric
chloride (PAFC) were the same at the two sampling con-
ditions. Hence, the difference of microbial communities at
different treatment processes might result from the dif-
ference of the DO and the sludge returning ratio that is the
main difference between chemical bioflocculation process
and chemical coagulation process, which resulted in dif-
ferent MLSS and their microbial characteristics in the re-
actors. At the same operational condition, the microbial
structures were similar in the three channels of the chemical
bioflocculation reactors (samples 1, 2, 3 and samples 7, 8,
9) and three tanks of coagulation processes (samples 4, 5, 6
and samples 10, 11, 12; Table 3 and Fig. 2). The finger-
printing of the three samples had similar bands and den-
sities, demonstrating that microorganisms were distributed
evenly in the channels. The microbial structures were dif-
ferent in chemical bioflocculation reactors and chemical
coagulation reactors. Both reactors had their specific bands
in the fingerprinting figures (Table 3). The result was in

Table 3 Comparison of DGGE bands in sludge samples

Name of
samples

Shared bands Unique bands

Samples 1, 2,
and 3

Bands 2, 14, 15, 3, 4, 8,
17, 9, 10, 11, 12, 13,
and 18

Samples 7, 8,
and 9

Bands 1, 2, 4, 15,
3, 4, 5, 6, 7, 8, 9,
10, 11, 13, and 18

Samples 1, 2, 3,
4, 5, and 6

Bands 2, 14, 15, 3, 4,
8, 18, 9, 10, 11,
and 12

Bands 17 and 13(for
samples 1, 2, and 3)

Sample 7, 8, 9,
10, 11, and 12

Bands 1, 2, 14, 15,
3, 4, 6, 8, 18, 10,
and 12

Bands 5, 17, 9, 11,
and 13(for samples 7,
8, and 9); band 7
(for samples 10, 11,
and 12)

Fig. 2 DGGE pattern of AOB. Samples 1, 2, and 3, chemical bio-
flocculation process (operation condition 1); samples 4, 5, and 6,
chemical coagulation process (operation condition 1); samples 7, 8,
and 9, chemical bioflocculation process (operation condition 2);
samples 10, 11, and 12, chemical coagulation process(operation
condition 2); sample 13, influent at operation condition 2
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accordance with earlier studies that the AOB community
was contingent upon the treatment processes.

The Shannon diversity index was calculated with the
Shannon formula and is shown in Fig. 3. The diversity

index in the chemical bioflocculation process at the second
operational condition (sample 7, 8, 9) was higher than at
the first one (sample 1, 2, 3), As more aiding flocculants
were supplied at condition 2, the biodiversity index only
increased slightly, indicating that the addition of aiding
flocculent polyacrylamide (PAM) at the range of our ex-
periment on the biodiversity of AOB in the chemical bio-
flocculation reactors was negligible. The biodiversity index
in the three tanks of chemical coagulation reactors did not
differ significantly from each other. However, the biodi-
versity index decreased from 1.05 in the influent to 1.01,
0.91, and 0.98 at the second condition. The biodiversity
index in the first condition was also lower than that of the
influent. The decrease was contributed to the addition of
coagulants to the reactors, which inhibited some species of
microorganisms. The diversity of AOB in the chemical
bioflocculation reactors was higher than in the chemical
coagulation reactors as demonstrated by the Shannon index
(Fig. 3). The analysis of influent at the second operational
conditions showed that the microbial structures in the in-
fluent and the chemical coagulation reactors were practi-
cally the same (Fig. 2). The high degree of similarity was
ascribed to the fact that the chemical coagulation reactors
were not aerated and no sludge was returned to the reactors.
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Fig. 3 Shannon diversity index of AOB in all samples. Samples 1,
2, and 3, chemical bioflocculation process (condition 1); samples 4, 5,
and 6, chemical coagulation process (condition 1); samples 7, 8, and
9, chemical bioflocculation process (condition 2); samples 10, 11, and
12, chemical coagulation process (condition 2); sample 13, influent at
operation condition 2

Table 4 Sequence length and closest phylogenetic affiliation of DGGE band

Band Sequence length
(bases)

Phylogenetic relationship

Species Accession no. Similarity

1 128 Nitrosomonas sp. 16S rRNA gene,
clone 74

1091597393-31953-19695194159.
BLASTQ4

120/120
(100%)

2 113 Nitrosomonas sp. Nm59 16S rRNA gene,
partial sequence

1091598619-11507-95743581839.
BLASTQ4

112/113
(99%)

3 130 Nitrosomonas communis partial 16S
rRNA gene, isolate Nm2

1091599282-21338-33716923856.
BLASTQ4

114/114
(100%)

4 114 Nitrosospira sp. III7 16S rRNA gene,
partial sequence

1091600593-815-26068653218.
BLASTQ4

98/99
(98%)

5 117 Uncultured Nitrosomonas partial 16S
rRNA gene, DGGE band6a1

1091674179-27736-122086505385.
BLASTQ4

116/116
(100%)

6 110 Nitrosospira sp. III7 16S rRNA gene,
partial sequence

1091601559-8103-38289001130.
BLASTQ4

97/98
(98%)

7 103 Bacterium Ellin6067 16S rRNA gene,
partial sequence

1091601895-11909-144518155181.
BLASTQ4

99/101
(98%)

8 133 Nitrosomonas communis partial 16S
rRNA gene, isolate Nm2

1091602495-15944-31580079444.
BLASTQ4

101/102
(99%)

9 132 Dechlorimonas sp. SIUL 16S
rRNA gene, strain ED1

1091669296-20186-23782907931.
BLASTQ4

132/132
(100%)

10 144 Perchlorate-reducing bacterium EAB3 16S rRNA gene,
partial sequence

1091669570-22525-193635238891.
BLASTQ4

142/144
(98%)

11 130 Dechloromonas sp. HZ 16S rRNA gene, partial sequence;
16S-23S intergenic spacer, complete sequence,
and 23S rRNA gene, partial sequence

1091669895-25007-24340521235.
BLASTQ4

129/130
(99%)

12 169 Beta proteobacterium OcN1 16S rRNA
gene, partial sequence

1091670531-29318-130671795008.
BLASTQ4

156/156
(100%)

13 144 Beta proteobacterium ASRB1 16S rRNA
gene, partial sequence

1091671411-4355-139752103820.
BLASTQ4

98/99
(98%)
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Therefore, all the microorganisms in the chemical coagu-
lation reactors were from the influent.

Of all the influencing factors, oxygen is probably the
single most important factor which affects the AOB. Al-
though traditional wisdom has it that nitrification will not
happen efficiently unless DO is maintained above 1.5 mg/l
(Wanner 1997), more recent studies have demonstrated that

nitrification could take place at anoxic conditions (Park
et al. 2002). The fact that AOB were detected in the third
tank of the chemical coagulation process where the DO was
as low as 0.3 mg/l underpinned the latest findings. Because
the diversity index in the third tank was higher than in the
second tank, the detection of AOB could not be simply
accounted for by the carryovers from the second thank.

Fig. 4 Phylogenetic tree de-
rived from partially sequenced
16S rDNA
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Other than DO, the main difference of the two operational
conditions was the sludge returning rate. The higher
returning rate was thought to be a contributing factor to the
lower removal rate of ammonia-N, although it did not
switch the microbial community significantly. The caveat
was that the higher returning rate brought back more non-
AOB which competed with AOB for substrates and con-
tained AOB activities. Because DNA did not reveal the
activities of bacteria, other analyses such as rRNA analysis
and lipid analysis would be desirable. Nevertheless, the
study was insightful for the operations and maintenance
of the treatment processes to maximize the N removal
efficiency.

Sequencing and comparison of DGGE fragments

To further investigate the ammonia-oxidizing bacterial
community, several typical bands (bands 1–13) were se-
quenced, and the results were aligned with previously
published sequences in the NCBI database (Table 4). Some
sequences were analyzed with ClustalX and PhyloDraw
software, and the phylogenic tree is shown in Fig. 4.

The 13 bands chosen for sequencing showed more than
98% similarity to those identified bacteria, indicating that
the primers used in the first round of PCR were specific.
All 13 sequenced species were from Betaproteobacteria.
Bands 1, 2, 3, 5, and 8 were assigned to the family of
Nitrosomonadaceae nitrosomonas in the order of Nitroso-
monadales, and bands 4 and 6 were assigned to the family
of Nitrosomonadaceae nitrosospira in the same order.
Bands 9 and 11 were from the family of Rhodocyclaceae
dechloromonas, and band 10 fell in the family of Rho-
docyclaceae. Bands 7, 12, and 13 stood for bacteria from
Betaproteobacteria, but could not be assigned to any
known order. The sequences indicated higher percentage of
Nitrosomonas than Nitrosopira. Nitrosopira is widespread
in the environment and is primarily associated with low DO
concentration environments such as rice paddies and sed-
iments. The operational conditions in this work, where DO
was above 1 mg/l except for the third tank at the second
condition, favored the growth of Nitrosomonas.

In conclusion, the results demonstrated that AOB were
abundant in both chemical bioflocculation and coagulation
processes. The AOB community structures were similar in
the subunits of each process at the same condition. The
community structures and diversity changed when opera-
tional conditions were changed, but the difference was
insignificant. The microbial structure in the chemical bio-
flocculation was less susceptible to the addition of aiding

flocculants and the sludge returning rate; however, those
factors indeed had some impacts on the removal of am-
monia-N. It is likely that microbial structures varied at
varying addition amounts of adding flocculants and sludge
returning rates, but the difference was smaller than the
detection resolution of DGGE. The molecular analysis
should combine with chemical analysis to provide more
comprehensive knowledge on the operation of wastewater
treatment processes.
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