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To investigate the possible biochemical metabolisms for excess phosphate uptake in a sequencing batch
reactor (SBR) with single-stage oxic process, which was reported using glucose as the sole carbon source
previously, glucose and acetate were fed to two SBRs as the sole carbon source, respectively. The changes
of polyhydroxyalkanoates (PHAs), glycogen and the removal of phosphorus were compared between two
SBRs. It was observed that the phosphorus removal efficiency was 91.8–94.4% with glucose, and 23.3–
28.5% with acetate, although the former showed much lower accumulations/transformations of PHAs.
Instead, the former showed a much higher transformation of glycogen. The facts suggested that glycogen
could replace PHAs to supply energy for phosphate uptake under the single-stage oxic condition. Further-
more, the possible biochemical metabolisms were proposed to describe the relation between phosphate
uptake and energy storages formations under such a single-stage oxic process. Such a process may serve
as a prototype for the development of alternative biological and chemical options for phosphate removal
from wastewaters.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Excessive phosphate (Pi) supply to freshwater negatively affects
water quality and ecosystem balance through a process known as
eutrophication. This can lead to the increase of wastewater treat-
ment costs, a reduction in the biological diversity and recreational
value of natural water bodies through algal blooms, loss of live-
stock and human health issues (Mullan et al., 2006). Increasingly
stringent Pi limits for effluent wastewater are expected in the fu-
ture, and therefore efficient and reliable Pi removal methods are
required. Any improvements in existing methods should have tan-
gible economic and ecological consequences for the massive quan-
tity of wastewater treated daily.

Enhanced biological phosphorus removal (EBPR), convention-
ally conducted by alternating anaerobic and aerobic conditions
and widely applied in real wastewater treatment processes,
exploited the ability of certain microorganisms to accumulate Pi
in excess of metabolic requirement and to store this intracellularly
as the biopolymer polyphosphate (poly-P) (Mullan et al., 2006;
Chen et al., 2004). Recently, many researchers have investigated
the microbiology and biochemistry of EBPR to make it a more reli-
able industrial process (Pantelis et al., 2009; Lu et al., 2007; Pijuan
009 Published by Elsevier Ltd. All r
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et al., 2008), others have focused on the process improvement to
obtained higher efficiency or more economy of Pi removal (Fu
et al., 2009; Zhang et al., 2009). Compared with chemical Pi re-
moval, EBPR is more economical in the long term and has a lower
environmental impact (Martín et al., 2006), but is prone to failure
due to low concentrations of volatile fatty acids (VFAs) in the influ-
ent wastewater. In South China and other temperate regions, the
VFAs concentrations of wastewater are low, and periodic organic
matter supplementation and/or chemical ‘‘polishing” may be re-
quired to attain compliance. Moreover, anaerobic pretreatment
zones required for EBPR may make the retrofitting of existing acti-
vated sludge processes problematic (Mullan et al., 2006).

Our recent study on possible alternatives to the conventional
EBPR process has demonstrated that it is possible to increase the
level of Pi removal using glucose as the sole carbon source under
single-stage oxic conditions (Wang et al., 2008). This phenomenon
may form a potentially novel strategy for the ‘‘one-step” removal of
Pi from wastewater. Nevertheless, the previous study has shown
that PHAs which are supplied as the energy storages for Pi uptake
in traditional EBPR process are almost kept constant at a low level
during the process, and has also indicated that other storages are
synthesized to provide energy for Pi uptake. Before this potential
‘‘one-step” process of Pi removal could successfully apply in real
wastewater treatment, the energy storages supplied for Pi removal
needed to be clearly investigated. The purpose of this study was
ights reserved.
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therefore to investigate the energy storages supplied for Pi uptake
and polyphosphate accumulation, and to propose the probable
metabolic relation between Pi uptake and storage product forma-
tion under single-stage oxic condition.

2. Methods

2.1. Experimental device and synthetic media

Experiments were carried out in two reproductive sequencing
batch reactors (SBRs) with a working volume of 12 l, which were
made of Lucite.

Synthetic wastewater was used in this research. The G-SBR and
A-SBR were fed, respectively, with glucose and acetate which were
mostly considered as detrimental and favorable substrates for
EBPR (Cech and Hartman, 1993; Tong and Chen, 2007), but they
had almost the same influent amount of carbon element (0.45 g
C6H12O6/l and 0.62 g CH3COONa/l, respectively, implied about
14.96 and 14.83 mmol of C/l or 479 and 481 mg of chemical oxy-
gen demand/l) and Pi concentration (35 mg/l). The concentrations
of the other nutrients in the synthetic media fed to two SBRs are
the same as below (per liter): 0.12 g NH4Cl, 0.01 g MgSO4 � 7H2O,
0.005 g CaCl2, and 0.5 ml of a trace metals solution. The trace met-
als solution has also been described in our previous publication
(Wang et al., 2008). An aliquot of 1 mg/l of allylthiourea was added
to the synthetic wastewater to inhibit nitrification in the SBRs.

2.2. Operational methods

Activated sludge, taken from the first municipal wastewater
treatment plant of Changsha, PR China, which was operated with
a anaerobic (1 h)-aerobic (4 h) process, was seeded and acclimated
according to the way described below, and the initial concentra-
tions of mix liquor suspended solids (MLSSs) in two reactors were
set both around 4000 mg/l. The operation of two SBRs was the
same as described in our previous publication (Wang et al., 2008)
with minor revisions. The 720 min cycles of both SBRs consisted
of approximately 240 min aerobic period, followed by 28 min set-
tling, 2 min decanting and 450 min idle periods. Each of the reac-
tors was constantly mixed with a stirrer except during the
settling and decanting periods. Synthetic wastewater was fed to
reactor during the first 2 min of the aerobic periods. For each SBR
cycle, 7.8 l supernatant was discharged after the settling period,
resulting in a hydraulic retention time of 18 h approximately. In
contrast to the conventional EBPR of anaerobic–aerobic process,
anaerobic phase did not exist but long-term idle zone (450 min)
was operated during two aerobic zones. In aerobic phases, dis-
solved oxygen concentration was controlled at 3 ± 0.2 mg/l using
an on/off control valve that was connected with a compressed air
supply. The pH was controlled at 7–8 during aerobic periods
through addition of 0.5 M HCl and 0.5 M NaOH. The sludge reten-
tion time (SRT) in the two SBRs was maintained at approximately
12 days.

2.3. Analytical methods

Sludge samples from the reactors were immediately filtered
through a Whatmann GF/C glass microfiber filter (1.2 lm). The fil-
trate was analyzed for total phosphorus (TP), total organic carbon
(TOC), and the filter was assayed for MLSS, mix liquor volatile sus-
pended solids (MLVSSs), polyhydroxyalkanoates (PHAs) and sludge
TP content. For analyses of cell glycogen and PHAs, two drops of
1 N hydrochloric acid were immediately added to the samples to
stop the bacterial activity. Glycogen was measured by the phe-
nol-sulfuric method with glucose as standard (Herbert et al.,
1971). Saturated HgCl2 of 0.2 ml and 1 ml test mixture were added
to several heat-resistant tubes, and then heated with 70–80 �C
water for 15 min. After cooling, the samples were centrifuged at
a speed of 2500–3000 r/min for 30 min and 1 ml distilled water
was added in the centrifugal sludge, then 1 ml 5% phenol and
5 ml thick sulfuric acid were added in the mixture. After cooling,
the samples were measured by spectrophotometry method at
490 nm.

The analyses of poly-3-hydroxybutyrate (PHB), poly-3-
hydroxyvalerate (PHV), and poly-3-hydroxy-2-methylvalerate
(PH2MV) were conducted according to the method of Randall
and Liu (2002) and Oehmen et al. (2005a) and described in our pre-
vious publication (Wang et al., 2008). Lyophilized sludge samples
were digested, methylated and extracted with chloroform. The ex-
tracted methyl esters were analyzed using gas chromatography
(GC) equipped with a DB-5 column (30 m length � 0.25 mm
LD � 0.25 lm film). A calibration curve using a PHB/PHV (88%/
12%) standard and another calibration curve using 2-hydroxy-ca-
proic acid purchased from Sigma–Aldrich Chemical Co. were ob-
tained. It should be noted here that no sample was available for
the direct measurement of PH2MV. In addition, 2-hydroxy-caproic
acid and PH2MV are isomers, therefore, the former compound was
utilized for the standard curve of PH2MV (Oehmen et al., 2005a).
The total PHA was calculated as the sum of measured PHB, PHV
and PH2MV.

TP, MLVSS and MLSS were measured according to Standard
Methods (APHA, 1995), and TOC was determined using a TOC ana-
lyzer (ShimadzuTOC-500, Japan). Sludge TP content was measured
by the method described in the Industry Standards of Town Con-
struction of PRC (ISTCPRC, 2005). Dried sludge samples of 10–
25 mg were put on the bottom of crucibles, 2 g of NaOH were tiled
on the sludge samples after adding four drops of C2H5OH to the
samples, and then dried in an oven. Shut off the switch for
15 min when the temperature was up to 400 �C. After that, dried
at 650 �C for 15 min and cooled to room temperature. Approxi-
mately 80 �C of distilled water (10 ml) was added and mixed vigor-
ously with each sample, and then the solution was filtered through
a Whatmann GF/C glass microfiber filter (1.2 lm). The filtrate was
analyzed for TP according to Standard Methods.

3. Results

3.1. Summary of performances of TP removal in two SBRs during
steady-state operation

Performances of TP removal in two SBRs during steady-state
operation were summarized in Table 1. Besides Pi uptake for cell
normal assimilation, e.g. C:N:P = 100:10:1 for wastewater (Yu
et al., 2007), excess TP removal was observed in both G-SBR and
A-SBR, but they showed quite different capabilities of TP removal
(32.82 vs 9.55 mg/l on the average). Effluent TP concentration in
G-SBR was much lower than in A-SBR (2.18 vs 25.45 mg/l on the
average), and a much higher efficiency of TP removal in the G-
SBR was obtained (93.8 vs 27.3% on the average). Unexpectedly,
MLSS and MLVSS in G-SBR were also much higher than in A-SBR
(4824 vs 2616 mg/l and 2991 vs 2114 mg/l on the average, respec-
tively) when operated approximately as the same SRT (12 d), pos-
sibly because carbon source of acetate fed to A-SBR was short-
chain fatty acids and was easier to be oxidized to CO2 than that
of glucose fed to G-SBR. To eliminate any possible effects of MLVSS
concentrations on microbial ecosystem capabilities of TP removal,
TP removal was also expressed relative to MLVSS present in two
SBRs (Fig. 1). On a unit biomass basis there was an approximate
2.4-fold increase in the level of removal in G-SBR during steady-
state operation, compared to that in A-SBR, which was in corre-
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Fig. 1. Comparisons of phosphorus removal performances of two SBRs over the first
100 day test period (filled symbols refer to changes in G-SBR, and open symbols
refer to changes in A-SBR).

Table 1
Summary of performance parameters in two SBRs during steady-state operation.

Item G-SBR A-SBR

Max Min Avg Max Min Avg

TP in effluent (mg/l) 2.87 1.95 2.18 26.84 25.02 25.45
TP removed (mg/l) 33.05 32.13 32.82 9.98 8.16 9.55
Efficiency of TP removal (%) 94.4 91.8 93.8 28.5 23.3 27.3
MLSS (mg/l) 5107 4561 4824 2831 2429 2616
MLVSS (mg/l) 3243 2785 2991 2386 1897 2114
Glycogen accumulation (mmol-C/VSS) 3.15 2.82 3.06 1.63 1.46 1.57
PHA accumulation (mmol-C/VSS) 0.28 0.13 0.23 2.94 2.68 2.75

Data were obtained over a 100-day steady-state operation period after stabilization for 40 days (more than 3 times of SRT).
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spondence with a greater TP content in the sludge of G-SBR than
that of A-SBR (Fig. 1). Furthermore, the lower VSS/SS ratio (Fig. 1)
showed in G-SBR also implied that there was a higher level of
poly-P accumulated in the sludge (Oehmen et al., 2005b). All above
facts exhibited that G-SBR showed a much better performance of
TP removal than that of A-SBR.

3.2. Changes of TP, TOC, glycogen and PHAs during one cycle in two
SBRs

From Figs. 2 and 3, it can be indicated that external substrates
were quickly depleted in two SBRs (about 45 and 30 min of aera-
tion in G-SBR and A-SBR, respectively), thus we divided one cycle
into three periods: a feast period defined as the time when external
substrates were consumed and a famine period when the added
external substrates had been exhausted in aerobic zone as well
as an idle starvation period (settling–decanting–idle periods).

Along with rapid decreases of TOC during the feast period, sig-
nificant internal storage compounds were accumulated in two
SBRs, and the phenomenon of aerobic storage was similar to that
observed by other researchers (Carta et al., 2001; Dirck et al.,
2001; Carucci et al., 2001). Nevertheless, different storage poly-
mers were observed in two SBRs. Except for substantial glycogen
accumulation (3.09 mmol of C/g VSS), unconspicuous increases of
PHAs were observed in G-SBR, and similar changes of PHAs have
been reported in our previous publication (Wang et al., 2008). In
contrast to G-SBR, significant glycogen and PHAs were simulta-
neously synthesized in A-SBR (0.39 and 2.77 mmol of C/g VSS,
respectively), moreover, Fig. 3 also showed that the storage poly-
mer of PHB gave the main contribution to the calculation of PHAs
accumulation (2.19 mmol-C of PHB vs 0.37 mmol-C of PHV vs
0.21 mmol-C of PH2MV/g VSS, respectively). However, just a slight
TP removal was observed in the feast period of both SBRs (2.01 and
1.01 mg of TP/l in G-SBR and A-SBR, respectively).

During the famine period of aeration (from min 45 and 30 to
min 240 in G-SBR and A-SBR, respectively), glycogen and PHAs
were, respectively, degraded to provide carbon and energy sources
for cell growth and maintenance in G-SBR and A-SBR, and glycogen
accumulated in G-SBR and PHAs synthesized in A-SBR during the
feast period were almost depleted at the end of aeration, but glyco-
gen in A-SBR was continued synthesizing to a high level (from 3.25
to 4.36 mmol of C/g VSS). Surprisingly, obvious TP removal was ob-
served in the famine period in both SBRs (24.10 and 7.71 mg of TP/l
in G-SBR and A-SBR, respectively). The behavior of the current per-
iod in A-SBR was similar to that observed in aerobic zone of con-
ventional EBPR by other researchers (Oehmen et al., 2005b; Tong
and Chen, 2007), but the action in G-SBR was peculiar.

In contrast to the traditional activated sludge process, an idle
starvation period was operated in this study. During this period,
unconspicuous changes of glycogen and PHAs were observed other
than a high level of Pi release (13.56 mg of Pi/l) in G-SBR. On the
contrary, A-SBR had a lower release of Pi (6.19 mg of Pi/l), and
had an obvious decrease of glycogen (1.54 mmol of C/g VSS) cou-
pled with a substantial increase of PHAs (1.13 mmol of C/g VSS).
Furthermore, the increase of PHAs was completely due to the sig-
nificant increase of PHV.

3.3. Pi removal under fully aerobic conditions and the energy storages
of conventional EBPR paradox

Since the first report of organisms capable of accumulating ex-
cess amounts of poly-P by alternating anaerobic and aerobic condi-
tions (Shrinath et al., 1959), numerous studies have been
conducted in order to understand the EBPR mechanisms and to
accomplish stable and efficient biological phosphorus removal pro-
cesses. Although several disputes still exist, the essential biochem-
ical metabolisms of EBPR are well understood and accepted by
most researchers. It is generally accepted that alternating anaero-
bic and aerobic conditions is necessary for EBPR and Pi is removed
from wastewater by uptake into poly-P organisms and conversion
into poly-P during the aerobic period. These poly-P organisms then
break the phosphodiester bonds of the stored poly-P to provide an
energy source for taking up and storing available VFAs (mostly ace-
tate and propionate) as PHAs during the anaerobic period (Martín
et al., 2006). Efficiently sequestering VFAs during the anaerobic
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period is thought to give the poly-P organisms a selective advan-
tage over other members of the community for subsequent growth
and replication in the aerobic period, allowing them to dominate
EBPR sludge. Moreover, PHB (PHA) is widely considered as a key
storage for EBPR, because a high level of PHB (PHA) accumulation
in the anaerobic period can insure the energy production required
for Pi uptake in the subsequent aerobic period. Furthermore, glyco-
gen just plays a role in providing NAD(P)H and extra energy for
PHAs synthesis in the anaerobic zone (Mino et al., 1998). However,
in G-SBR of this study, the anaerobic period was not conducted and
no change of PHB (PHA) was observed during the whole cycle other
than a substantial accumulation/transformation of aerobic storage
of glycogen (Fig. 2), in addition, high efficiency of Pi removal was
achieved (Table 1). Although significant accumulations of PHAs
and glycogen were measured in A-SBR (Fig. 3), it showed the much
lower efficiency of Pi removal (Table 1). The performances of Pi
removals of two SBRs and the energy storages of conventional
EBPR paradox strongly indicated that an entirely different energy
metabolism of Pi removal did exist in such a single-stage oxic
process.
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4. Discussion

4.1. Energy metabolism of Pi removal with single-stage oxic process in
this study

This research showed a completely different behavior of Pi re-
moval from conventional EBPR, and the energy metabolisms we
proposed were summarized in Fig. 4.

Since the bacteria in this study is to encounter external sub-
strates feast and famine regime, and the regime can induce the
bacteria to store external substrates as internal storage compounds
in the feast period which hereby can take up available substrate
very fast and utilize it to gain a more balanced growth (Dirck
et al., 2001; Carucci et al., 2001). Glycogen and PHB were the dom-
inant aerobic storages when glucose and acetate were fed to SBRs
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It is assumed that part of the end product of glycolysis, pyru-
vate, was utilized for PHB synthesis (Wang et al., 2002). The pre-
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PHB synthesis is summarized in Eq. (3).
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2CH3COCOOHþ NADþ ðC4H6O2Þn
! ðC4H6O2Þnþ1 þ 2CO2 þ NADH2 ð3Þ

Additionally, PHV formation requires two precursors in equal
amounts: acetyl-CoA and propionyl-CoA, and PH2MV formation
requires 2 propionyl-CoA (Mino et al., 1998). The formations of
acetyl-CoA and propionyl-CoA are summarized in Eqs. (4) and (5)
(Wang et al., 2002; Oehmen et al., 2007).

CH3COCOOHþ NADþ CoASH

! C3COSCoAþ CO2 þ NADH2 ð4Þ

CH3COCOOHþ 2NADH2 þ CoASHþ ATP

! C3CH2COSCoAþH2Oþ 2NADþ ADPþ 2H3PO4 ð5Þ

Therefore, PHV and PH2MV formations can be summarized in
Eqs. (6) and (7).

2CH3COCOOHþ NADH2 þ ðC5H8O2Þn þ ATP

! ðC5H8O2Þnþ1 þH2Oþ NADþ CO2 þ ADPþ 2H3PO4 ð6Þ

2CH3COCOOHþ 4NADH2 þ ðC6H10O2Þn þ 2ATP

! ðC6H10O2Þnþ1 þ 2H2Oþ 4NADþ 2ADPþ 4H3PO4 ð7Þ

The aerobic storages in the feast period are very important to
bacteria growth under dynamic conditions, which can give an
advantage over other bacteria in microbial ecosystem. The more
the microorganisms are able to store during the feast period and
subsequently use it for growth, the more they have a competitive
advantage (Beccari et al., 1998).

In the famine period, Pi was incepted into cell and the Pi trans-
ported into the cell could be synthesized into poly-P via ATP (1.2
mole ATP per mole poly-P accumulation) (Maurer et al., 1997).
Since the external substrates have been exhausted in the famine
period, one might want to know where ATP required for poly-P
accumulation comes from. From Figs. 2 and 3, glycogen/PHA accu-
mulated in the feast period was obviously degraded, and the deg-
radation of glycogen/PHA would generate ATP (Martín et al., 2006).
The ATP generated from glycogen/PHA degradation just provided
for the poly-P synthesis (Fig. 4b), thus the metabolic relation be-
tween Pi uptake and storage product formation was established.
Moreover, the surplus ATP generated from glycogen oxidation
was provided for cell growth and maintenance in G-SBR. However,
in A-SBR, part of energy via PHAs degradation was utilized for gly-
cogen synthesis other than cell growth and maintenance, which
could provide an alternative explanation for lower MLVSS in A-
SBR (Table 1). The PHAs degradation and glycogen accumulation
in A-SBR could be explained by the reason that PHAs were the pri-
mary energy sources during the famine period. Lopez et al. (2006)
observed that a rapid utilization of PHAs and a slower utilization of
glycogen and poly-P to generate maintenance energy under aero-
bic starvation conditions. It should be noted that ATP provided
for poly-P reserves was not supplied by PHAs but glycogen in G-
SBR, and this behavior was absolutely different from the conven-
tional energy metabolism of EBPR which proved that poly-P organ-
isms utilized ATP produced through PHAs degradation only and
dominant storage of glycogen would result in the breakdown of
EBPR due to the outgrowth of glycogen accumulating bacteria
(Cech and Hartman, 1993; Mino et al., 1998).

During the idle starvation period when the external substrate
and aerobic storage of glycogen were exhausted in G-SBR, poly-P
was hydrolyzed to provide energy for poly-P organisms mainte-
nance and the organism shuttled out Pi across its plasma mem-
brane, and therefore, poly-P synthesis and degradation in the
famine and idle starvation periods respectively could give poly-P
organisms an obvious advantage over other organisms of the com-
munity and ensure its dominance in the microbial ecosystem. In
contrast, energy required for bacteria maintenance in A-SBR was
supplied by both poly-P degradation and the conversion of glyco-
gen to PHV (Fig. 4c), for neither poly-P degradation nor glycogen
conversion could not provide enough ATP for bacteria maintenance
during such a long idle starvation period. Lu et al. (2007) still ob-
served that poly-P and glycogen were utilized simultaneously un-
der anaerobic and anoxic conditions for maintenance energy
production, and they explained that glycogen would be the pri-
mary energy source until the glycogen content reached very low
levels. The possible biochemical pathway for the conversion of gly-
cogen to PHV during the idle starvation period was summarized in
Fig. 4c, 2 or 3 moles of ATP are produced in the glycolysis step,
depending on the pathway considered (ED or EM), and propio-
nyl-CoA must be produced in order to maintain the redox balance
(Mino et al., 1998; Lopez et al., 2006). Overall, 1 or 2 moles ATP are
produced per mol of glycogen converted to PHV. Another notice-
able point was the essential difference between the idle starvation
period in this research and the anaerobic period in conventional
EBPR, though they had a similar behavior of Pi release. In anaerobic
period of conventional EBPR, since external substrate was present,
ATP generated from poly-P degradation was provided for PHAs
synthesis rather than bacteria maintenance, but in the absence of
external substrate of idle starvation period, ATP production was
just provided for bacteria maintenance in this study.

4.2. The possible reason for significant Pi removal under single-stage
oxic condition

This study allowed us to confirm the surprising results of Pi up-
take/poly-P accumulation with single-stage oxic process and to
investigate the energy storages. One might want to know why such
a single-stage oxic process can achieve significant Pi removal. One
possible reason is that Pi removal/poly-P accumulation is induced
by exposure to nutrient limitation resulted from the operation of
‘‘feast–famine–idle starvation” periods in this study. Mullan et al.
(2006) reported that microbial poly-P accumulation might be en-
hanced by exposure to such environmental conditions as nutrient
limitation, osmotic stress, stationary phase stress, or, as was the
case for EBPR, by alternating aerobic and anaerobic conditions.
Moreover, from the view of biochemical pathway, the capability
of Pi removal/poly-P accumulation by microbial ecosystem is de-
pended on the role of poly-P playing in its biochemical metabolism
(de-Bashan and Bashan, 2004). If ATP produced by poly-P degrada-
tion is required to maintain the microbial growth balance, good
performance of Pi removal will be achieved such as traditional
EBPR, or else, Pi removal will fail such as EBPR feeding with glucose
as the sole carbon source, because glycogen substitutes for poly-P
to provide energy for PHAs synthesis. This point can be supported
by the publication reported by Wang et al. (2002), which showed a
surprising performance of good EBPR, still using glucose as the sole
substrate, and explained that the ED pathway was used for anaer-
obic glucose metabolism, because this pathway required poly-P as
an energy source. In this study, external substrates and most of
other aerobic storages are depleted during the feast and famine
periods, in addition, poly-P don’t seem to provide as an energy
source for cell growth and maintenance during aerobic starvation
(Lu et al., 2007), the facts thus insure poly-P playing an essential
role in microbial energy metabolism because of its ATP production
for bacteria maintenance during the long-term idle starvation
period.

Furthermore, another question as to why the efficiency of Pi re-
moval is much lower in A-SBR than that in G-SBR. The exact reason
is still unclear so far and is the focus of our ongoing research pro-
gram. Since glycogen is provided as the primary energy source for
bacteria maintenance until the content of glycogen reaches very
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low levels (Lu et al., 2007), and a significant decrease of glycogen
does occur during the idle period in A-SBR (1.54 mmol C/g VSS,
Fig. 3), one probable reason is that glycogen serves as an energy
source rather than poly-P during the idle starvation period
(Fig. 4c), as a result, poly-P plays a subsidiary role in microbial
maintenance, resulting in lower efficiency of Pi removal in A-SBR.
Additionally, the additional energy is necessary to synthesize
poly-P (1.2 mole ATP per mole poly-P accumulation) (Maurer
et al., 1997), thus an alternative explanation is that ATP produced
during the famine period in A-SBR is less than that in G-SBR, if a
lower energy production occurred, then less ATP could be supplied
for poly-P accumulation other than cell growth and maintenance.
The degradations of total aerobic storages (mostly PHAs and glyco-
gen) during a famine period in G-SBR and A-SBR were 3.07 and
2.65 mmol of C/g VSS, respectively (Figs. 2 and 3), thus less energy
was produced on a unit biomass basis in A-SBR, resulting in less Pi
uptake.

This paper suggested the existence of a significant, yet previ-
ously unrecognized, microbial response to nutrient limitation
which may be of importance for phosphate-cycling in the bio-
sphere and could also form the basis of a potentially novel strategy
for the ‘one-step’ removal of Pi from effluents.

5. Conclusions

The enhanced aerobic uptake of Pi and its intracellular accumu-
lation by poly-P organisms could be induced by exposure to nutri-
ent limitation. G-SBR showed a much better performance of TP
removal (91.8–94.4%) than that of A-SBR (23.3–28.5%). Addition-
ally, different aerobic storages accumulations/transformations
were observed in two SBRs, glycogen and PHA were main storages
in G-SBR and A-SBR, respectively. The results indicated both glyco-
gen and PHA would supply as energy source for Pi uptake under
single-stage oxic process, and the possible biochemical metabo-
lisms were proposed.
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