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Abstract
In this article, polyphosphate-accumulating organisms (PAOs) from a lab-scale continuous-flow two-sludge system was isolated and

identified, the different phosphorus accumulation characteristics of the isolates under anoxic and aerobic conditions were investigated.
Two kinds of PAOs were both found in the anoxic zones of the two-sludge system, one of them utilized only oxygen as electron
acceptor, and the other one utilized either nitrate or oxygen as electron acceptor. Of the total eight isolates, five isolates were capable
of utilizing both nitrate and oxygen as electron acceptors to uptake phosphorus to some extent. And three of the five isolates showed
good phosphorus accumulative capacities both under anoxic or aerobic conditions, two identified as Alcaligenes and one identified as
Pseudomonas. Streptococcus was observed weak anoxic phosphorus accumulation because of its weak denitrification capacity, but it
showed good phosphorus accumulation capacity under aerobic conditions. One isolates identified as Enterobacteriaceae was proved to
be a special species of PAOs, which could only uptake small amounts of phosphorus under anoxic conditions, although its denitrification
capacity and aerobic phosphorus accumulation capacity were excellent.
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Introduction

Polyphosphate accumulation and denitrification are
important biochemical processes in biological nutrient
removal (BNR) system. Enhanced biological phosphorus
removal (EBPR) process is based on the ability of certain
bacteria, such as polyphosphate-accumulating organisms
(PAOs), to take up excess orthophosphate and store it
as polyphosphate. Then phosphorus is removed with the
biomass from the wastewater treatment plant.

In the early studies of EBPR processes, it was assumed
that PAOs could only grow and accumulate phosphorus
under aerobic conditions. Several early studies mainly on
the aerobic heterotrophic bacteria have shown that the
removal and release of phosphorus within sludge are the
results of the dominance of a single genus of bacteria
known as Acinetobacter spp. (Buchan, 1980, 1983; Horan,
1991; Van Starkenburg et al., 1993). Acinetobacter spp. is
deemed to have a strictly respiratory type of metabolism
with oxygen as the terminal electron acceptor (Juni, 1984).

However, from basic microbiological viewpoint, there
is no reason why nitrate or nitrite could not be used
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as an electron acceptor for phosphorus removal. In fact,
several recent publications have reported the occurrence of
phosphorus removal with the presence of nitrate in acti-
vated sludge system (Vlekke et al., 1988; Pokethitiyook et
al., 1990; Shin et al., 1992; Wanner et al., 1992; Kerrn-
Jespersen and Henze, 1993; Kerrn-Jespersen et al., 1994;
Kuba et al., 1993; Ng et al., 2001; Peng et al., 2004).
It was hypothesized that biological phosphorus removal
population comprises at least two groups: one group
capable of utilizing either oxygen or nitrate as electron
acceptor (denitrifying PAOs), and the other group capable
of utilizing only oxygen as electron acceptor (aerobic
PAOs) (Gerber et al., 1987; Kerrn-Jesperson and Henze,
1993; Meinhold et al., 1998).

With the development of phosphorus and nitrogen re-
moval techniques in microbiological field, PAOs have
been investigated more and more. Acinetobacter spp.
are the most common isolates from EBPR process, but
the community analyses using molecular techniques do
not support their predominance in the EBPR process
(Cloete and Steyn, 1987; Wagner et al., 1993, 1994).
In addition to Acinetobacter, bacteria like Aeromonas,
Pseudomonas, Alcaligenes, Comamonas-Pseudomonas
group, Flavobacterium-Cytophaga group, Moraxella,
Xanthomonas, Paracoccus, Bacillus, Corynebacterium
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and many other Gram-positive bacteria have been reported
to accumulate polyphosphate in activated sludge (Hiraishi
and morishima, 1990; Streichan et al., 1990; Van Groen-
estijn, 1988). The most common genera with denitrifying
species are Pseudomonas, Alcaligenes, Flavobacterium,
Paracoccus and Bacillus (Tiedje, 1988). It is validated
that both the abilities to accumulate polyphosphate and to
denitrify are widespread among bacteria. Using culture-
dependent techniques JØrgensen and Paulii (1995) isolated
15 strains of bacteria which can accumulate phosphorus
and denitrify at the same time and pointed out that
polyphosphate accumulation and denitrification in acti-
vated sludge can be carried out by the same organisms.
Furthermore, a molecular approach using PCR-DGGE
analysis was adopted in to study community structure
of their PAOs community (Ahn et al., 2002). Marked
differences in DGGE profiles of 16S rDNA fragments in
biomasses from denitrifying PAOs and aerobic PAOs com-
munities were revealed. The presence of common bands
was taken to imply that some populations were capable
of both aerobic and anoxic polyphosphate accumulation
in EBPR, and two of these bands were recovered and
sequenced (Loy et al., 2002; Amann and Ludwig, 2000).
Consequently, two groups of PAOs are now recognized
(Seviour et al., 2003).

Recently, to consider the proportion of PAOs capable of
anoxic phosphorus accumulation by using nitrate instead
of oxygen as electron acceptor, the denitrifying activity
of denitrifying PAOs were introduced into the activated
sludge model (ASM) by the IAWQ task group (Henze
et al., 1999). Nevertheless, still less is known about the
community structure and identity of denitrifying PAOs.
Foregone studies mainly focused on the microbiology of
anaerobic/aerobic EBPR systems, and very few studies
have been reported on denitrifying EBPR systems.

The aims of this study were, therefore, to isolate and
identify PAOs from a lab-scale denitrifying EBPR systems,
to investigate the different characteristics of phosphorus
accumulation under anoxic and aerobic conditions.

1 Materials and methods

1.1 Isolation and identification of potential PAOs

Acetate mineral media (AMM) was used for the initial
enrichment and isolation of potential PAOs (JØrgensen and
Paulii, 1995). Samples of activated sludge were obtained
from the anoxic zones of one lab-scale continuous-flow
two-sludge system situated at Harbin, China (Li et al.,
2006). Potential PAOs were isolated according to the
following procedure: ten milliliters of sludge was mixed
with 90 ml of 0.9% NaCl. Then the mixture were ho-
mogenized using glass beads for floc break up, and
serial dilutions (10−1–10−7) were prepared and plated
onto AMM agar using the spread plate technique. The
composition of the AMM was as follows (per liter):
3.68 g CH3COONa·3H2O, 28.73 mg Na2HPO4·2H2O,
57.27 mg NH4Cl, 131.82 mg MgSO4·7H2O, 26.74 mg
K2SO4, 17.2 mg CaCl2·2H2O, 12 g HEPES buffer (Sigma,

Australia), 15 g agar and 2 ml trace mineral solu-
tion. The trace mineral solution was: 50 g EDTA, 5 g
FeSO4·7H2O, 1.6 g CuSO4·5H2O, 5 g MnCl2·4H2O, 1.1
g (NH4)6Mo7O24·4H2O, 50 mg H3BO3, 10 mg KI and
50 mg CoCl2·6H2O. The pH value was adjusted to 7.0
with 1 mol/L NaOH. The plates were incubated at 30°C.
After 3 to 5 d of incubation, well-separated colonies were
randomly isolated from the plates, restreaked thrice on the
AMM. Subsequent to P uptake screening, positive PAOs
were identified to generic level using Gram stains, key
differential biochemical tests, cellular and colonial mor-
phological characteristics (Buchanan and Gibbons, 1974).

1.2 Phosphorus uptake assay

Potential PAO isolates were initially screened for deni-
trification using a colorimetric biochemical reduction test
(Drysdale et al., 1999). This step identified the denitri-
fying heterotrophic bacteria from the isolates. Positive
denitrifying isolates were then tested for their phospho-
rus uptake efficiency under anoxic condition as follows
(JØrgensen and Paulii, 1995; Lacko et al., 2003): the
bacteria were pregrown anaerobically under phosphorus
limitation (4 mg PO4-P/L) in liquid acetate mineral media
to deplete resident poly-P granules. The composition of
the medium was (per liter): 3.23 g CH3COONa·3H2O,
22.98 mg Na2HPO4·2H2O, 152.76 mg NH4Cl, 81.12 mg
MgSO4·7H2O, 17.83 mg K2SO4, 11.00 mg CaCl2·2H2O,
7 g HEPES buffer. The trace mineral solution was added
as described in Section 1.1. The pH value was adjusted to
7.0 with 1 mol/L NaOH. The cultures were incubated at
30°C for 24 h on a shaker (80 r/min, Desk type oscillator
registration THZ-92B, Shanghai, China). After incubation
the biomass was centrifuged (4000 r/min, 20 min, 10°C,
Anke TDL-40B, China) and washed with sterile distilled
water. Cells were re-centrifuged and then suspended in
phosphorus uptake media (JØrgensen and Paulii, 1995)
and incubated for a further 20 h. Anoxic conditions were
created in the uptake media via the addition of KNO3
coupled with N2 sparging prior to inoculation. Samples
for analysis were withdrawn during the incubation and
filtered through a syringe filtering unit with a 0.2-µm final
filter. NO3-N concentration, P concentration and OD600
were monitored using a UV754 spectrophotometer while
uninoculated media were used as controls for the exper-
iments. All the isolates were tested for their phosphorus
uptake efficiency under aerobic conditions. The procedure
was similar to the anoxic phosphorus uptake test except
for creating aerobic conditions by shaking the flasks on a
shaker.

2 Results and discussion

2.1 Identification of the isolates

Totally there were eight strains isolated from the ac-
etate mineral media. They were identified as species
of Staphylococcus, Streptococcus, Alcaligenes, Bacillus,
Pseudomonas and Enterobacteriaceae by using various
biochemical tests. Five strains of isolates did show den-
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itrification capacities, they were identified as species of
Streptococcus, Pseudomonas, Alcaligenes and Enterobac-
teriaceae.

2.2 Anoxic phosphorus uptake assay

It was found that the five strains which showed denitrifi-
cation activities could accumulate phosphorus in different
extent by doing anoxic phosphorus uptake test. Results
of anoxic P uptake studies conducted on the monoculture
of the five denitrifying isolates are shown in Table 1 and
Fig.1. Of five isolates, Alcaligenes (PA4) demonstrated
the best anoxic phosphorus accumulation with 5.55×10−11

mg PO4-P/cell removal after 8 h and 5.01×10−11 mg
PO4-P/cell release 20 h later. Pseudomonas (PA3) and
Alcaligenes (PA2) accumulated 3.98×10−11 mg PO4-P/cell
and 3.56×10−11 mg PO4-P/cell after 20 h, respectively,
and were also classified as good phosphorus accumulators.
The remaining two isolates were regarded as weak anoxic
phosphorus accumulators because they accumulated less
than 10−11 mg PO4-P/cell after 20 h.

The reasons that the phosphorus accumulation capaci-
ties were largely different from these denitrifying bacteria
were discussed. It was observed that the high anoxic phos-

Fig. 1 Phosphorus uptake profiles (a) and NO3-N reduction profiles (b)
by isolates PA1–PA5 when cultivated in phosphorus uptake media under
anoxic conditions.

phorus accumulation simultaneously gone with the high
NO3-N reduction, but the ratio of phosphorus uptake per
cell was larger than of the NO3-N reduction. Streptococcus
(PA1) was regarded as weak phosphorus accumulator, this
could possibly be due to the weak denitrification capacity
with only 2.22×10−12 mg NO3-N/cell reduction after 20
h. Although the Enterobacteriaceae (PA5) demonstrat-
ed the best efficient denitrification with 1.37×10−10 mg
NO3-N/cell reduction, it can only be capable of accumu-
lating a small amount of phosphorus with 5.69×10−12 mg
PO4-P/cell. Enterobacteriaceae (PA5) may be denitrifying
bacteria with non phosphorus accumulation capacity. At
the end of the test anoxic phosphorus release by the Alcali-
genes (PA4) was also observed, which released as much
as 5.01×10−11 mg PO4-P/cell with concurrent reduction of
1.02×10−10 mg NO3-N/cell. It is difficult to explain why
phosphorus release occurred simultaneously with NO3-N
reduction, as the presence of NO3-N is known to inhibit
phosphorus release under anaerobic conditions (Kuba et
al., 1996; Muyima et al., 1997). However, since acetate
was present in the phosphorus uptake media it was possible
that phosphorus release was acetate induced even though
NO3-N was available as an electron acceptor (Lacko et al.,
2003; Muyima et al., 1997). Researchers have shown that
phosphorus release is directly dependent on the presence
of acetate and not necessarily anaerobic conditions which
only stimulate fermentation of substrates to acetate and
other volatile fatty acids (Lacko et al., 2003; Muyima et
al., 1997).

2.3 Aerobic phosphorus uptake assay

Through anoxic phosphorus uptake test, three of five
denitrifying bacteria isolates were proved to be capable of
good phosphorus accumulation under anoxic conditions.
However, the remaining two isolates could not be regarded
as weak phosphorus accumulators since these organisms
might performance well under aerobic conditions. All the
eight isolates were tested for their phosphorus uptake
efficiency under aerobic conditions to investigate the dif-
ferent characteristics of the phosphorus accumulation and
evaluate the removal capacities under anoxic and aerobic
conditions. Results are shown in Table 2 and Fig.2.

Except Bacillus (PA7), seven isolates were proved to
be good aerobic phosphorus accumulation, while En-
terobacteriaceae (PA5) demonstrated the most efficient
phosphorus accumulation with 5.94×10−11 mg PO4-P/cell
removal after 20 h.

Compared with the results of phosphorus accumulation

Table 1 Anoxic phosphorus accumulation capacities shown by the isolated bacteria

Organism Viable count P uptakea (20 h) P uptakeb per cell NO3-N reductionc (20 h) NO3-N reductiond per cell
(cfu/ml) (mg PO4-P/L) (mg PO4-P/cell) (mg NO3-N/L) (mg NO3-N/cell)

Streptococcus (PA1) 3.3×108 1.74 5.28×10−12 0.73 2.22×10−12

Alcaligenes (PA2) 6.3×107 2.24 3.56×10−11 2.94 4.67×10−11

Pseudomonas (PA3) 3.6×108 14.34 3.98×10−11 20.69 5.75×10−11

Alcaligenes (PA4) 2.3×108 Release 11.52 Release 5.01×10−11 23.41 1.02×10−10

Enterobacteriaceae (PA5) 1.6×108 0.91 5.69×10−12 21.91 1.37×10−10

a P uptake=(P uninoculated control) – (P sample); b P uptake per cell=(P uptake)/(viable count×1000); c NO3-N reduction=(NO3-N uninoculated
control) – (NO3-N sample); d NO3-N reduction per cell=(NO3-N reduction)/viable count×1000); control: uninoculated sterilized mixed liquor media.
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Table 2 Aerobic phosphorus accumulation capacities by the isolated bacteria

Organism Viable count (cfu/ml) P uptakea (20 h) (mg PO4-P/L) P uptakeb per cell (mg PO4-P/cell)

Streptococcus (PA1) 4.2×108 4.52 1.08×10−11

Alcaligenes (PA2) 2.2×108 6.43 2.92×10−11

Pseudomonas (PA3) 3.5×108 Release 1.74 Release 4.97×10−12

Alcaligenes (PA4) 2.5×108 Release 1.74 Release 6.96×10−12

Enterobacteriaceae (PA5) 1.5×108 8.91 5.94×10−11

Staphylococcus (PA6) 2.7×108 6.23 2.31×10−11

Bacillus (PA7) 8.2×108 4.41 5.38×10−12

Bacillus (PA8) 3.8×108 Release 1.15 Release 3.03×10−12

a, b, and control are the same as Table 1.

Fig. 2 Phosphorus uptake profiles by isolates PA1–PA8 when cultivated
in phosphorus uptake media under aerobic conditions.

tests, it was found that although Streptococcus (PA1)
and Enterobacteriaceae (PA5) were weak phosphorus ac-
cumulators under anoxic conditions, they demonstrated
excellent phosphorus accumulation capacities under aer-
obic conditions. Streptococcus (PA1) was weak anoxic
phosphorus accumulator because of its weak denitrifica-
tion capacity. Enterobacteriaceae (PA5) was hypothesized
to be a special species of PAOs that disobey the cur-
rent theory. Enterobacteriaceae could only uptake small
amounts of phosphorus under anoxic conditions, although
its denitrifying ability and aerobic phosphorus accumu-
lation ability were excellent. The similar phenomenon
had been reported by Lacko et al. (2003). This, howev-
er, remains uncertain and a more detailed understanding
of this species is required. Two strains of Alcaligenes
(PA2, PA4) and Pseudomonas (PA3) demonstrated good
phosphorus accumulation both under anoxic and aerobic
conditions, while the phosphorus accumulation efficiency
under anoxic conditions was higher than that under aerobic
conditions. It can be concluded through phosphorus uptake
test that phosphorus uptake profiles under anoxic condi-
tions showed similar character and biological metabolism
to the aerobic conditions.

3 Conclusions

Using plating technique eight strains of heterotrophic
bacteria were isolated and identified. Results showed that
two kinds of PAOs were both found in the anoxic zones
of a lab-scale continuous-flow two-sludge system. Five
strains of the isolates were found to have the abilities of
both anoxic phosphorus accumulation (utilizing nitrate as

electron acceptor) and aerobic phosphorus accumulation
(utilizing oxygen as electron acceptor) at the same time to
some extent. Because of the weak denitrification capacity,
some isolated organisms were observed weak anoxic phos-
phorus accumulation, though their aerobic phosphorus
accumulation capacities were excellent. A strain identified
as Enterobacteriaceae was proved to be a special species
of PAOs, which could only uptake small amounts of phos-
phorus under anoxic conditions, although its denitrification
capacity and aerobic phosphorus accumulation capacity
were excellent.
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