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Abstract 

Analysis of the bacterial community in the biological phosphorus removal system is propitious to study the phosphorus-
removal mechanism. The activated sludge was acclimated through a repeated anaerobic-aerobic process with glucose as car-
bon source for 2 months and a stable EBPR was established in an SBR. Total phosphate of the wastewater decreased by 12.43 
mg·ℓ-1 after 4 h aerobic treatment while total P uptake in the raw sludge was 0.57 mg·ℓ-1 under the same conditions, and the 
phosphate content of the sludge increased from 1.83% to 6.79%. The protozoa and dominant bacteria of the two sludges were 
observed by optical and electron microscope. The genomic DNA of samples was extracted as the template and the 16S rDNA 
genes (V3 region) were amplified; denaturing gradient gel electrophoresis (DGGE) separated these amplified DNA frag-
ments with the denaturant from 35% to 70%. The DGGE profiles showed that the raw sludge, acclimated sludge and dominant 
bacteria in the acclimated sludge had different band patterns. The results indicated that micro-organisms were selected by 
the repeated anaerobic-aerobic process and some non-phosphorus accumulating organisms were eliminated. The cultured 
strains obtained from acclimated sludges were purified and their DNA was amplified using F27 and R1522 to 1.5 kb; the gene 
sequences were located on the GenBank and they were identified as Acidovorax sp.BSB421 and Sphingomonas sp.SA-3.
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Introduction

Acinetobacter spp. was first identified as the bacterium respon-
sible for enhanced biological phosphorus removal (EBPR) by 
Fuhs and Chen (1975). Subsequently many researchers reported 
its predominance in EBPR processes based on culture-depend-
ent identification methods (Buchan, 1983; Lötter, 1985; Wentzel 
et al., 1988). Pseudomonas spp. (Lötter, 1984; Li et al.,2003), 
Moraxella spp. (Lötter, 1984), Aeromonas spp. (Lötter, 1984; Li 
et al.,2003), Klebsiella spp. (Gersberg et al., 1985), Pseudomonas 
cesicularis (Suresh et al., 1985), γ-Proteobacteria (Schuler 
et al.,2002; Ahn et al., 2002) and some other bacteria (Ahn et 
al., 2002) were isolated and identified as having phosphorus-
removal ability. Over recent years, very intensive research has 
demonstrated that no pure cultures of Acinetobacter spp. have 
shown the typical characteristics of EBPR sludges with high P-
removal capability (Jenkins et al., 1991; Van Loosdrecht et al., 
1997) though there are some different reports (Lin et al.,2003; 
Okunuki et al.,2004). In fact, the poly phosphate-accumulating 
organisms (PAOs) in activated sludge are not a sole species and 
are considered as a group of micro-organisms capable of accu-
mulating phosphate. In the traditional pure-culture methods, 
only those bacteria that are cultivable on the artificial medium 
used under the defined conditions can be isolated and identi-
fied (Mino et al., 1998). It is likely that only a minor portion 
of bacteria in activated sludges can grow under such conditions 
and can thus be detected (Wagner et al., 1993, Kämpfer et al., 
1996). Since single pure-culture is not sufficient to determine 

the predominant bacteria in the EBPR process, micro-organisms 
responsible for EBPR need further investigation.
 To determine PAOs that are responsible for aerobic phospho-
rus removal in the EBPR process, we adapted the polymerase 
chain reaction (PCR)-denaturing gradient gel electrophoresis 
(DGGE) method that has been widely recognised as a powerful 
tool in the study of microbial ecology. DGGE is based on the elec-
trophoresis of PCR-amplified 16S ribosomal DNA-V3 fragments 
in polyacrylamide gels containing a linearly increasing denatu-
rant gradient (Muyzer et al., 1993). Different DGGE bands are 
separated depending on the melting behaviour of the PCR prod-
ucts with the same length but with different sequences, which 
correspond to the species. Therefore, PCR-DGGE assay allows 
us to analyse the microbial composition and diversity of a given 
system without the need to isolate individual species (Muyzer et 
al., 1995). It is particularly effective in analysing the microbial 
community structure of micro-organisms responsible for EBPR.
 However, no single method is sufficient to analyse complex 
communities present in the biological wastewater treatment 
processes as quantitative and detailed information of the total 
community is necessary to characterise the process perform-
ance. The purpose of this study is to characterise PAOs in a 
sequencing batch reactor (SBR) to analyse the change in micro-
bial community structure and to identify PAOs that perform 
EBPR by using PCR-DGGE.

Experimental materials and methods

Materials

Wastewater and sludge were taken from Lie-De Municipal 
Wastewater Treatment Plant (aerobic basin), Guangzhou, China. 
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The chemical reagents for measuring the characteristics of 
wastewater and sludge are analysis pure. Primer 101 (5’-CGC 
CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG 
GGG GCC TAC GGG AGG CAG CAG-3’), 102(5’-ATT ACC 
GCG GCT GCT GG-3’), F27 (5’-AGA GTT TGA TCC TGG 
CTC AG-3’), R1522 (5’-AAG GAG GTG ATC CAG CCG CA-
3’), BSA, polymerase, dNTP were purchased from TaKaRa bio-
technology (Dalian) Co. Ltd, GoldView staining was purchased 
from Beijing SBS Genetech Co., Ltd.

SBR operation methods

At room temperature, the operation of a 3.5 ℓ SBR (3 ℓ water 
and 0.5 ℓ sludge) was conducted for 2 months to obtain PAOs 
responsible for EBPR. Activated sludge was inoculated and the 
reactor was operated with a 6.0 h cycle, consisting of a 2 min 
filling phase (with nitrogen bubbled for 2 min to assure anaero-
bic conditions during the feed), a 1.5 h anaerobic phase, a 4.0 
h aerobic phase, an 0.3 h settling phase and a 5min withdrawal 
phase. After one cycle, 3 ℓ of the effluent was exchanged with 
an influent of the same amount and thus 7.0 h of the hydraulic 
retention time (HRT) was maintained. At the end of one cycle, 
10 mℓ excess activated sludge was also wasted to maintain a 
sludge retention time (SRT) of 12.5 d. 
 During the first 2 weeks, the SBR was run on urban waste-
water and then it was replaced by artificial wastewater. The 
main components of urban wastewater and synthetic medium 
contained are listed in Table 1 and Table 2. The microelement 
nutrient solution consisted of the following compounds per 
litre: 2.0 g FeCl3·4H2O, 0.05 g H3BO3, 0.03 g CuSO4·5H2O,  
0.5 g MnCl2·4H2O, 0.09 g Na2MoO4·2H2O, 0.03 g ZnSO4·7H2O, 
2.0 g CoCl2·6H2O, and 1.0 g EDTA, 36%HCl 1mℓ. 3.5mℓ micro-
element nutrient solution was added to the reactor in every oper-
ation.
 The pH was maintained between 6.5 and 7.5 during the entire 
operation. The relevant parameters, i.e. total suspended solids 
(TSS), mixed liquor suspended solids (MLSS), sludge volume 
index (SVI), COD (chemical oxygen demand), DO (dissolved 
oxygen) and total phosphate (TP) were periodically measured 
according to Standard Methods (1992) to monitor SBR perform-
ance in this study. The protozoa and zoogloea in the sludge were 
observed by DMLB Q500LW (LEICA).

Isolation of the bacteria

The sludge from the reactor was put into a flask with glass 
beads, and after shaking 1 mℓ was taken out with a sterilised 
pipette and spread onto agar plates containing isolating culture 
medium. The culture medium contained 0.5% NaCl and the 
compounds named in Table 2 (pH 7.0). Cultivation took place  
at 30°C for 24 h and then the colonies were picked, purified and 
observed by TEM JEM-100CXII（JEOL Ltd.).

PCR-DGGE analysis

Sampling and preparation

20 mℓ sludge samples were collected at the end of aerobic 
conditions, centrifuged at 12 000 r·min-1 (TG16-WS, SAITE 
XIANGYI, CHINA) for 5 min at 4°C; the residues were recov-
ered with 3 volume (v:v) of TE buffer (10 mM Tris-HCl, 1 mM 
EDTA, pH8.0) and stirred for 5 min. The steps were repeated 
three times, and then the samples were stored at -20°C.

DNA extraction and PCR amplification

The genomic DNA of sludge samples was extracted with an SDS-
based DNA extraction method as described by Zhou et al. (1996). 
PCR amplification was conducted in an automated thermal cycler 
(PCR 9600, PE, USA) using the following steps: initial denatur-
ing for 5 min at 94°C and 30 cycles of denaturation for 1 min at 
94°C, annealing for 1 min at 52°C, extension for 0.5 min at 72°C, 
followed by a final extension for 7 min at 72°C. The obtained 
PCR mixtures were 100 μℓ which contained DNA (2.0 μℓ) deion-
ised H2O (61.5 μℓ), 10×PCR buffer (10.0 μℓ), 25 mM MgCl2  
(8.0 μℓ), 2.5 mM dNTP (10.0 μℓ), 10 μM primer 101 (2.0 μℓ),  
10 μM primer 102 (2.0 μℓ), 1.5 μg·μℓ-1 BSA (4.0 μℓ), and 5U·μℓ-1 
DNA polymeraseTaq (0.5 μℓ).

Electrophoresis

The electrophoretic process was carried out using the Dcode 
Universal Mutation Detection System (BioRad, USA). PCR 
products were electrophoresed in 1×TAE buffer (40 mM Tris-
HCl, 40mM CH3COOH, 1mM EDTA, and pH 8.0) for 260 min 
at 180 V and 60°C on polyacrylamide gel containing a linear 
gradient ranging from 35% to 70% denaturant. After electro-
phoresis, polyacrylamide gel was stained with GoldView stain-
ing for 30 min, and then visualised on GDS-8000 (Ultra-Violet, 
USA).

Sequencing

The pure-culture predominant strains were picked and placed in 
20 μℓ sterilised deionised H2O, and then boiled for 5 min as the 
PCR template for 16S rDNA fragment sequencing. PCR ampli-
fication was conducted in an automated thermal cycler using the 
following protocol: initial denaturation for 3 min at 94°C and 30 
cycles of denaturation for 1 min at 94°C, annealing for 1 min at 
54°C, extension for 2 min at 72°C, followed by a final extension 
for 7 min at 72°C. PCR mixtures were 50 μℓ which contained 
deionised H2O (36.5 μℓ), 10×PCR buffer (5.0 μℓ), 2.5 mM dNTP 
(5.0 μℓ), 10 μM primer F27 (1.0 μℓ), 10μM primer R1522 (1.0 
μℓ), DNA template (1.0 μℓ), and 5U μℓ -1 Blend-Taq (0.5 μℓ).

TABLE 1
Water quality of urban wastewater

Items COD TP NH4
+-N NO3

--N NO2
--N SS

Strength /mg·ℓ -1 105-500 1-10 10-20 0.5-3.0 0.1-0.5 200-1000

TABLE 2
Compositions of the synthetic culture medium

Reagent Glucose KH2PO4 NH4CH2COOH CaCl2·2H2O MgSO4·7H2O FeSO4·7H2O
strength/mg·ℓ-1 234 22 138 28 10 5
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Results and discussion

Performance of phosphorus removal ability

In South China, the average temperature in summer (Apr., May, 
Jun., Jul., Aug., Sep., Oct.) is 26℃ above, and 15℃ in winter 
(Nov., Dec., Jan., Feb.). The lower temperature has some nega-
tive effects on the EBPR, and the temperature above 40℃ is 
even more disadvantageous. In the acclimation period, the 
inflow was urban wastewater; the water was replaced partly by 
artificial wastewater 2 weeks later in order to control the initial 
strength of COD, TP, NH4

+-N and so on. After one month, the 
inflow was artificial wastewater totally. The DO, MLSS, SVI 
and other items were steady during the subsequent experiment. 
The anaerobic status was maintained because of the nitrogen 
bubbling while the wastewater was filling. When the anaerobic 
period finished, the DO increased to 4.0 mg·ℓ-1 in 30 min and 
kept in the same level during the full aerobic period. Thus the  
2 h anaerobic – 4 h aerobic operation can be achieved. After 
more than 2 months’ acclimation, a typical biochemical trans-
formation responsible for EBPR was observed during the opera-
tion, which strongly suggested that PAOs were predominant in 
the reactors used in this study. 
 The phosphorus release and uptake rates are dependent on 
the initial COD, DO, NH4

+-N, NO3
--N, NO2

--N, temperature and 
some other factors. During multi-cycles’ anaerobic-aerobic cul-
tivation, the COD removal rate of the wastewater in the aerobic 
period is more than the anaerobic period, the sludge released 
PO4

3- in the anaerobic period and excess uptake PO4
3- in the 

aerobic period. As in Table 3, the sludge showed significant dif-
ferences in the performance, and the COD, phosphorus uptake 
by the two sludges is shown in Fig. 1.
 The raw sludge without phosphorus-removal ability 
decreased the TP of the solution from 8.84 mg·ℓ-1 to 8.31 mg·ℓ-1 
in the 4 h aerobic period and then remained unchanged – the 
phosphate uptake was utilised to build the bacterial cells but 
could not be accumulated as poly-phosphate. The TP decreased 
from 12.84 mg·ℓ-1 to 0.41 mg·ℓ-1 by the acclimated sludge which 
suggested that the alternating aerobic-anaerobic operation could 
produce PAOs as the predominant micro-organism: In the anaer-
obic phase, PAOs take up the carbon sources and store them in 
the form of polyhydroxyalkanoates (PHAs) accompanied by  
degradation of poly-P and consequent release of orthophosphate; 
in the subsequent aerobic phase, PAOs grow aerobically and take 
up orthophosphate to recover the poly-P level by using the stored 
PHA as the carbon and energy source (Mino et al., 1998; Chen et 
al., 2004). Excess sludge rich in poly-P was discharged from the 
reactor to retain persistent phosphorus-removal ability. 

Characterisation of micro-organism in the sludge

The raw and acclimated sludge was observed under the micro-
scope. Some zoogloea and filamentous fungi exited in the 
raw sludge. Sphaerotilus-like, vorticellidae-like, rotifera-like 
and some other zoogloea were observed when the PAOs were  

predominant. The decrease in the number of the filamentous 
fungi means an improvement of sedimentation of the sludge and 
an increase of the treatment ability. Subsequently the micro-
organisms in the raw and acclimated sludge were inoculated in a 
isolating culture medium respectively. Four predominant bacte-
ria were picked from the raw sludge and marked A1, A2, A3, A4; 
and bacteria respectively marked B1, B2, B3, B4 were picked 
from the acclimated sludge. The TEM photographs are shown in 
Fig. 2. In order to compare the microbial community structure, 
DGGE was used to analyse the treated samples.

Analysis of DGGE pattern

The samples were concentrated to 30 μℓ before electrophoresis. 
Figure 3 shows DGGE profiles of 16S rDNA fragments of sam-
ples. There existed many visible bands showing complexity and 
diversity of microbial ecology in the sludge samples. Since the 
brightness and quantity of the bands reflect the amount and spe-
cies of the mixture of micro-organisms, based on the analysis 
results, it could be concluded that raw sludge (Lane 7) and aero-
bic-anaerobic acclimated sludge (Lane 6) have absolutely dif-
ferent patterns: The brightness of bands in Lane 7 was close to 
each other, which means that there are no predominant bacteria; 
The brighter bands of Lane 6 are thin, as the anaerobic-aerobic 
process is a selector of PAOs which suggested that the predomi-
nant bacteria began to dominate the sludge. The brighter bands 
of Lanes 6 and 7 were interlaced, coupled with the results of 
phosphorus-removal ability, which indicated that the long-term 
anaerobic-aerobic cultivation washed out some non-PAOs. 
 In Fig. 3, it is shown that B1 (Lane 4), B2 (Lane3), B3  
(Lane 2) and B4 (Lane 1) were not corresponding with one of 
the brightest bands of Lane 6, their mixture electrophoresis pat-
terns (Lane 5) was in a weaker state compared with Lane 6. The 
result revealed that the pure-culture bacteria were less predom-
inant in the acclimated sludge community and many bacteria 
in the sludge are difficult to culture on plate culture medium 
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TABLE 3
Performance and phosphate content of two sludges

Index SVI/(mℓ·g-1) MLSS/(g·ℓ-1) TP/(mg·ℓ-1) Phosphate content1)

raw sludge 82.56 5.895 107.75 1.83%
acclimated sludge 52.09 5.120 347.86 6.79%

1) phosphate content =            × 100%

Figure 1
Variation of COD and phosphate under different sludge in 

2 h anaerobic – 4 h aerobic period (one cycle)

MLSS
TP
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even though the main components are the same as with the SBR  
cultivation.
 In order to identify the four pure-culture predominant bacte-
ria, their 16S rDNA fragments were PCR-amplified to 1.5 kb and 
the patterns are shown in Fig. 4. 
 Shanghai Bioasia (Invitrogen) Biotechnology Co. Ltd. 

sequenced the PCR samples, log in on GenBank:  B1 (pass over 
the nucleotide sequence) was 99% identified as Acidovorax sp. 
BSB421 (partial sequence length = 1 526), B2 (pass over the 
nucleotide sequence) was 98% identified as Sphingomonas sp. 
SA-3 (partial sequence length = 1 444).
 Acidovorax sp. BSB421 and Sphingomonas sp. SA-3 were 

Figure 2
Photographs of dominant bacteria in raw and anaerobic-aerobic acclimated sludge by electron microscope

D
enaturant gradient 

35%

70%
Figure 3

DGGE of 16S rDNA-V3 of raw sludge, acclimated sludge and 4 
predominant bacteria

1-B4, 2-B3, 3-B2, 4-B1, 5-B1+B2+B3+B4, 6-anaerobic-aerobic 
acclimated sludge, 7-raw sludge

Figure 4
Electrophoresis analysis of the dominant strains by 

16S rDNA PCR (1.0% gel)
1-B1; 2-B2; 3-B3; 4-B4; 5-Marker

        

        

A1�5000 A2�8000
A3�2500 A4�8000

B2�4000B1�4000 B3�2000 B4�4000

1.0kb 
1.5kb
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not so common in phosphorus removal sludge. According to the 
mechanisms of biological phosphorus removal, the P-uptake 
ties in with the formation and decomposition of poly-β-hydroxy-
alkanotes; some researchers reported that the PHA depoly-
merases separated from Acidovorax sp. (Feng et al., 2004), D (-) 
-3-hydroxybutyrate dehydrogenase from Acidovorax sp. Strain 
SA1 (Takanashi et al., 2004) and Acidovorax sp. was reported 
to able to remove nitriles (Wang et al., 2004) degrade aniline 
(Urata et al., 2004). Sphingomonas sp. was reported to degrade 
PHB (Ogita et al. 2006; Hiraishi et al. 2003), nonylphenol single 
isomer (Corvini et al., 2004), PAH (Wick et al., 2004), 2,4-DNT 
(Snellinx et al., 2003). All the above studies suggested that Aci-
dovorax sp. and Sphingomonas sp. are not only related to phos-
phorus removal but also have toxic organic matter degradation 
ability. Zhang et al. (1998) inoculated Sphingomonas sp. to aero-
bic heterotrophic biofilm reactors to measure biofilm extracel-
lular polymers and they concluded that Sphingomonas sp. could 
not compete well with micro-organisms derived from the mixed 
liquor of a wastewater treatment plant aeration basin. This may 
lend some support to the finding that B1 or B2 are not one of the 
brightest bands in Lane 6.
 For the accurate analysis of a real sludge structure, the mole-
cular biological method may be an auxiliary to the traditional 
separation or identification method. Nearly 90% of micro-orga-
nisms are uncultured in the synthetic culture medium, but the 
molecular biological result must be confirmed with pure-culture 
micro-organism. The bacteria in EBPR are very complicated, 
the dominant micro-organisms may vary according to the differ-
ent culture medium (Okunuki et al., 2004; Li et al., 2003; Lin et 
al., 2003; Shoji et al., 2006). The relationship of the two strains 
separated from PAOs with phosphorus-removal is based on their 
source and the formation-decomposition of PHB; more investiga-
tion is needed due to the limited molecular biological methods. 

Conclusion

The sludge characteristics changed remarkably through the 
repeated anaerobic-aerobic process: SVI decreased from 82.56 
mℓ·g-1 to 52.09 mℓ·g-1 and the phosphate content increased from 
1.83％ to 6.79％. The acclimated sludge uptake was 12.43mg/ℓ 
phosphate in a 4h aerobic period; PAOs became the predominant 
bacteria in the SBR. The DGGE results of PCR-amplified 16S 
rDNA fragments showed that the electrophoresis bands were 
very different: there are more species of raw sludge than accli-
mated sludge but the predominant bacteria were not remarkable; 
the repeated aerobic-anaerobic process washed out some non-
PAOs. Four pure-culture strains isolated from acclimated sludge 
have different electrophoresis patterns: they have weaker bands 
compared with those of the entire community, which implies 
that the ‘real’ predominant bacteria are hard to grow in any par-
ticular culture medium. The pure-culture predominant strains 
B1 and B2 were identified as Acidovorax sp. BSB421 and Sphin-
gomonas sp. SA-3.
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