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Abstract: The biochemical mechanisms of the wastewa-
ter treatment process known as enhanced biological
phosphorus removal (EBPR) are presently described in a
metabolic model. We investigated details of the EBPR
model to determine the nature of the anaerobic phos-
phate release and how this may be metabolically asso-
ciated with polyhydroxyalkanoate (PHA) formation. Iodo-
acetate, an inhibitor of glycolysis, was found to inhibit
the anaerobic formation of PHA and phosphate release,
supporting the pathways proposed in the EBPR meta-
bolic model. In the metabolic model, it is proposed that
polyphosphate degradation provides energy for the mi-
croorganisms in anaerobic regions of these treatment
systems. Other investigations have shown that anaero-
bic phosphate release depends on the extracellular pH.
We observed that when the intracellular pH of EBPR
sludge was raised, substantial anaerobic phosphate re-
lease was caused without volatile fatty acid (VFA) uptake.
Acidification of the sludge inhibited anaerobic phosphate
release even in the presence of VFA. From these obser-
vations, we postulate that an additional possible role of
anaerobic polyphosphate degradation in EBPR is for in-
tracellular pH control. Intracellular pH control may be a
metabolic feature of EBPR, not previously considered,
that could have some use in the control and optimisation
of EBPR. © 1999 John Wiley & Sons, Inc. Biotechnol Bioeng 63:

507–515, 1999.
Keywords: phosphorus removal; activated sludge; meta-
bolic model; pH regulation

INTRODUCTION

For the biological removal of phosphorus (P) from waste-
water, an activated sludge process known as enhanced bio-
logical phosphorus removal (EBPR) is used. In the design of
EBPR systems, there are various operational configurations
that basically comprise some version of an anaerobic/
aerobic treatment of the wastewater (Toerien et al., 1990).
While there are many full-scale EBPR activated sludge
plants in operation worldwide, optimal P removal is not

always acheved. Considerable effort has focused on under-
standing the biochemical nature of EBPR in activated
sludge systems, although details of the metabolic pathways
involved are still incomplete.

Biological models to explain the characteristic anaerobic
and aerobic biochemical transformations that occur in
EBPR have been proposed largely from measurements in
mixed culture activated sludge systems. Organisms that ac-
cumulate phosphorus in the form of polyphosphate are se-
lected for in these systems. The transformations occurring
under the anaerobic conditions are thought to be critical for
the selection of polyphosphate accumulating organisms
(PAO) in these anaerobic/aerobic systems. In the anaerobic
stage, a considerable amount of phosphate is released by the
sludge, and biological models link this metabolically with
the events of intracellular polyphosphate degradation, poly-
hydroxyalkanoate (PHA) accumulation, and carbohydrate
(glycogen) utilisation (Arun et al., 1988; Satoh et al., 1992;
Smolders et al., 1994; Wentzel et al., 1991). It is thought
that this energy production from polyphosphate degradation
provides PAO with a selective advantage in EBPR. The
metabolic link suggested in the models is that polyphos-
phate degradation provides ATP which is utilised in the
production of PHA (Arun et al., 1988; Satoh et al., 1992;
Smolders et al., 1994; Wentzel et al., 1991). Mechanisms
for the production of ATP from polyphosphate degradation
are suggested and include (1) direct catalysis by polyphos-
phate kinase (Kornberg, 1957; Kulaev and Vagabov, 1983),
(2) production of ADP and subsequent ATP by the com-
bined action of polyphosphate:AMP phosphotransferase
and adenylate kinase (van Groenestijn and Deinema, 1987),
and (3) by the efflux of an uncharged metal–phosphate com-
plex coupled with a proton, resulting in the generation of a
proton motive force that could drive production of ATP
(van Veen et al., 1994).

In laboratory reactors operating with the anaerobic/
aerobic configuration for P removal, sludges have been ob-Correspondence to:L. L. Blackall
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tained that have very poor P removal capabilities. Such
sludges show minimal phosphorus compound transforma-
tions but carry out the carbon compound transformations
thought to be inseparable from EBPR (Bond et al., submit-
ted to Appl. Environ. Microbiol.; Fukase et al., 1984; Liu et
al., 1994; Satoh et al., 1994). In P-removing sludge it is
thought the ability of PAO to take up volatile fatty acids
(VFA) in the anaerobic stage provides the selective advan-
tage for these bacteria in EBPR reactors. However, in these
non-P-removing sludges PAO may have no competitive ad-
vantage. If these sludges can accumulate PHA anaerobically
without phosphate release, then what do the polyphosphate
degradation and phosphate release do for PAO?

Recently, it has been observed that anaerobic phosphate
release is affected by pH. During the anaerobic uptake of
VFA in EBPR sludge, raising the mixed liquor pH resulted
in increased phosphate release (Liu et al., 1996b; Smolders
et al., 1994). It is suggested that the extra phosphate release
results from the bacteria requiring more energy at the higher
pH for uptake of the acetate anion (Smolders et al., 1994).
In contrast to the observations above, it has also been hy-
pothesised that the anaerobic release is a consequence of
intracellular acidification of EBPR sludge, caused by the
passive diffusion of indissociated VFA across bacterial
membranes (Fleit, 1995).

There is a poor understanding of the metabolic details of
EBPR. While it is probable that polyphosphate degradation
results in the production of energy in the anaerobic stages,
investigations have failed to show that this actually occurs
in EBPR sludge. Also, the occurrence of non-P-removing
sludges in the anaerobic/aerobic systems obscures the meta-
bolic picture of EBPR. Opposing explanations for the effect
of pH on the anaerobic phosphate release are proposed in
the literature. However, in our investigations anaerobic
phosphate release from the sludge was stimulated by alka-
lisation of the mixed liquor (Bond et al., submitted to Appl.
Environ. Microbiol.), similar to the observations described
above (Liu et al., 1996b; Smolders et al., 1994). This study
aimed to investigate the nature of the anaerobic events in
EBPR sludge to improve the understanding of the anaerobic
metabolism. In particular, we investigated the influence of
pH on anaerobic phosphate release by EBPR sludge.

MATERIALS AND METHODS

Source of EBPR Sludge

To measure the anaerobic transformations of EBPR, batch
experiments were carried out on sludge samples taken from
a sequencing batch reactor (SBR) operating in the anaero-
bic/aerobic arrangement for P removal. The operation and
high EBPR performance of the reactor is described in a
previous paper (Bond et al., submitted to Appl. Environ.
Microbiol.). Samples for the batch experiments were taken
from the SBR during a period when extremely high and
stable P removal occurred (stage B, from day 145 to day

181) (Bond et al., submitted to Appl. Environ. Microbiol.).
During this period, the P content of the mixed liquor sus-
pended solids (Px) measured between 8.5% and 12.5% at
the end of the aeration stages.

Anaerobic transformations were also measured directly in
the SBR during an earlier period of operation when inter-
mediate P removal performance occurred (Bond et al., sub-
mitted to Appl. Environ. Microbiol.). This was performed
on day 83 of operation stage A, when the Px measured
4.0%.

Chemical Analyses

Analyses of phosphate and acetate in filtered samples were
performed as previously described (Bond et al., submitted to
Appl. Environ. Microbiol.). Total phosphorus of the mixed
liquor was determined in duplicate 10 mL samples by the
sulphuric acid–nitric acid digestion method (APHA, 1992).
Mixed liquor suspended solids (MLSS), cellular polyhy-
droxyalkanoate (PHA), and mixed liquor carbohydrate were
all determined as previously described (Bond et al., submit-
ted to Appl. Environ. Microbiol.).

Batch Experimental Setup

Batch tests were used to investigate aspects of anaerobic
phosphate release from samples of EBPR sludge over a 2-h
period. For each batch test a 110 to 130 mL sample of mixed
liquor was taken from the SBR near the end of the aerobic
stage, when the cells have accumulated most of the phos-
phate. After the sludge was gravity settled (5 to 10 min), the
supernatant was withdrawn from the sample and the agent
affecting phosphate release was added to the supernatant.
The effectors used were acetate, diethanolamine, formate, or
iodoacetic acid. The pH of the amended supernatant was
quickly adjusted to the experimental level and this was
added back to the settled sludge. The amended mixed liquor
was then placed in a 250-mL Dreschel flask which was
gassed with N2 to expel air and keep the mixture suspended.

At intervals throughout the batch experiment, samples of
the mixed liquor were taken by syringe through a supraseal
and immediately filtered for phosphate and acetic acid
analyses. Mixed liquor samples were taken before the ad-
dition of the effector and after the 2-h test, to determine the
glycogen utilised and PHA accumulated throughout the an-
aerobic period. In each flask, the pH was maintained manu-
ally by frequent measurement with a pH electrode and ad-
justment with NaOH or HCl solutions (approximately every
10 min).

RESULTS

To investigate the details of the anaerobic events of EBPR
the transformations of phosphate release, PHA production
and carbohydrate utilisation were measured in batch
samples of P removing activated sludge. The results of the
final transformations over the 2-h period for the experi-
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ments are given in Table I. Details of each of these experi-
ments are explained in the text.

Effect of Iodoacetate on Anaerobic
Phosphate Release

Initially the existence of a metabolic link between anaerobic
phosphate release and PHA accumulation as suggested in
EBPR biological models (Wentzel et al., 1991) was inves-
tigated. Anaerobic transformations were observed in batch
samples of EBPR activated sludge in the presence of iodo-
acetate over the 2-h period. Iodoacetate is an inhibitor of
glycolysis (Webb, 1966), and when carbohydrate utilisation
was inhibited in the presence of iodoacetate and acetate,
there was no PHA production and phosphate release was
severely diminished (Fig. 1 and Table I, experiment 1).
When the sludge was incubated with acetate alone, during
experiment 1, there was considerable phosphate release as
well as carbohydrate utilisation and PHA production. These
results support the suggestion in the biological model that
the events of phosphate release, PHA accumulation, and
glycogen utilisation are metabolically linked.

Effect of Intracellular Alkalisation on Anaerobic
Phosphate Release

Previously, the performance of an extremely poor P-
removing sludge, labelled the Q sludge, was described
(Bond et al., submitted to Appl. Environ. Microbiol.). Dur-
ing that period of SBR operation, it was noticed that when
the supernatant pH was permitted to rise in the anaerobic
stages, the anaerobic phosphate release increased. This ef-

fect was measured in subsequent anaerobic stages of the
SBR cycles shortly after the appearance of the Q sludge (on
day 83 of operation stage A) (Bond et al., submitted to Appl.
Environ. Microbiol.) and the results are shown here (Fig. 2).
In the first cycle, the anaerobic pH was permitted to rise,
while in the subsequent cycle it was controlled at pH 7.0.
More phosphate release into the supernatant was detected in
the first cycle, when the pH reached approximately 8.2 (Fig.
2). It is likely that this rise in mixed liquor pH was accom-
panied by some rise in intracellular pH. This prompted our

Table I. Transformations of phosphate-P, PHA, and carbohydrate measured in batch samples of mixed liquor after 2 h of anaerobic incubation at various
pH and with various effectors. Experiments were carried out on different days, and Px is the phosphorus content of the MLSS at the time of the experiment.

Experimental conditions
Phosphate released

(mg P/g MLSS)
PHA produced
(mg/g MLSS)

Carbohydrate utilised
(mg/g MLSS)Batch number and effector added

Experiment 1: (1) No addition control 1.7 0 2
pH 7.0 ± 0.2, (2) 5 mM acetate 47.7 106 40
Px 4 8.5% (3) 5 mM acetate and 5 mM iodoacetate 8.8 0 0

Experiment 2: (1) No addition control 3.8 −7 3
pH 8.5 ± 0.2, (2) 5 mM acetate 67.0 69 36
Px 4 8.6% (3) 100 mM DEA 49.0 −7 4

(4) 5 mM acetate and 100 mM DEA 60.5 −7 8

Experiment 3: (1) No addition control 1.0 0 0
pH 6.0 ± 0.2, (2) 5 mM acetate 39.3 86 41
Px 4 8.8% (3) 50 mM acetate 16.1 12 3

(4) 5 mM acetate and 50 mM formate 16.5 0 3

Experiment 4: (1) No addition control 1.6 −3 3
pH 6.0 ± 0.2, (2) 4 mM acetate 38.0 76 42
Px 4 8.6% (3) 10 mM acetate 17.2 29 18

(4) 20 mM acetate 15.1 26 19

Experiment 5: (1) pH 6.0 ± 0.2 17.8 17 13
10 mM acetate, (2) pH 6.4 ± 0.2 39.1 51 26
Px 4 12.5% (3) pH 6.8 ± 0.2 59.7 100 40

(4) pH 7.2 ± 0.2 81.0 135 44

Figure 1. Anaerobic release of phosphate from batch samples of EBPR
mixed liquor with a Px of 8.5%, at pH 7.0 ± 0.2, in the presence of no
addition control (h), 5 mM acetate (j), and 5 mM acetate plus 5 mM
iodoacetate (s).
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investigations into the effect of deliberately raising intracel-
lular pH on the anaerobic phosphate release.

To investigate the effect of raising the intracellular pH on
anaerobic phosphate release, batch samples of good P-
removing EBPR sludge (Px of 8.6%) were incubated in the
presence of the weak base diethanolamine (DEA) at pH 8.5.
Batch samples taken from the reactor were prepared as de-
scribed in the methods section and the phosphate release
was measured. In the presence of DEA, with or without
acetate, and with acetate alone, substantial phosphate re-
lease from the sludge was observed (Fig. 3). After 2 h, the
release observed with DEA alone was 73% of that observed

by incubation with acetate alone. The release with no addi-
tion to the sludge was only 6% of the release in the presence
of acetate alone. In a shorter time frame, up to 1 h, the
phosphate release caused by DEA even exceeded the acetate
alone initiated release (Fig. 3). The phosphate release in the
presence of DEA occurred without significant utilisation of
carbohydrate or PHA production (Table I, experiment 2).
Thus, the anaerobic events of EBPR that are suggested to be
linked in the biological model could be separated by intra-
cellular alkalisation.

The effect of DEA at various pH values on the anaerobic
phosphate release was also investigated (Fig. 4). Large
phosphate release only occurred at pH 8.5, while minor
release occurred at the lower pH values. Indicating that both
the presence of the weak base and elevated pH were re-
quired to cause this large phosphate release.

Effect of Intracellular Acidification on Anaerobic
Phosphate Release

Experiments were carried out to investigate the effect of
lowering the intracellular pH on the anaerobic phosphate
release. The phosphate release was detected in batch
samples of sludge in the presence of excess amounts of
acetic and formic acids at pH 6.0. Significant inhibition
(approximately 60%) of the phosphate release was observed
in the presence of excess acid, even when the acidification
was caused by acetic acid (Fig. 5). Carbohydrate utilisation
and PHA production wear nearly completely inhibited by
this internal acidification, as shown in Table I, experiment
3. We also observed significant inhibition of phosphate re-
lease at concentrations of acetate as low as 10 mM (Table I,
experiment 4). However, at the concentrations of 10 and 20
mM acetic acid, the PHA production and the carbohydrate

Figure 3. Anaerobic release of phosphate from batch samples of EBPR
mixed liquor with a Px of 8.6%, at pH 8.5 ± 0.2, in the presence of no
addition control (h), 5 mM acetate (j), 100 mM DEA (s), and 100 mM
DEA with 5 mM acetate (d).

Figure 4. Anaerobic release of phosphate from batch samples of EBPR
mixed liquor with a Px of 8.6%, in the presence of DEA at various pH.
Release from sample with no addition control (h), 100 mM DEA at pH 6.0
± 0.2 (s), 100 mM DEA at pH 7.0 ± 0.2 (d), and 100 mM DEA at pH 8.5
± 0.2 (j).

Figure 2. Release of phosphate during subsequent anaerobic stages in the
SBR, while there was no pH control (cycle 1, closed symbols), and while
the pH was controlled between pH 7.2 and 6.8 (cycle 2, open symbols).
This was observed during a period of SBR operation when intermediate P
removal occurred, as described in a previous study (Bond et al., submitted
to Appl. Environ. Microbiol.). Cycle 1, phosphate-P (–j–) and pH (-d-);
cycle 2, phosphate-P (–h–) and pH (-s-).
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utilisation were considerably less inhibited than at 50 mM
acid (Table I, experiments 3 and 4), while the phosphate
release was similar in these cases.

The effect of acidification on the anaerobic metabolism
was studied over a range of pH values. Inhibition of the
phosphate release was greatest at the low pH values and was
proportionally less as the pH increased (Fig. 6). Similarly
the inhibition of PHA production and carbohydrate utilisa-
tion was greatest at the low pH and this inhibition was less
with increasing pH (Table I, experiment 5). These results
suggest that the inhibition of the anaerobic processes was a
result of internal acidification of the cells, as inhibition oc-
curred only when excess acid was present and the pH was
lowered.

DISCUSSION

Methods to study EBPR

The events that are observed in EBPR activated sludge are
very unusual microbiological transformations. According to
the biological model, the bacteria responsible for the EBPR
process have to be able to store and utilise considerable
amounts of polyphosphate, PHA, and glycogen. To date,
pure cultures of organisms that perform according to the
EBPR model have not been obtained, thus there is a lack of
relevant isolates available for investigations into the meta-
bolic details of EBPR. However, details of EBPR can be
determined from experiments carried out on enhanced,
mixed culture EBPR sludge, which was the approach taken
here.

EBPR sludge from the laboratory scale reactor had ex-
tremely stable P removal capabilities and a high phosphorus
content (Px of up to 12.8%), which is considerably higher
than that observed in typical domestic EBPR plants, in
which Px may be 3–5%. This demonstrates that the reactor
sludge was highly specialised for P removal and should be
most appropriate for investigations of EBPR metabolism.

To study the effects of intracellular pH on the anaerobic
metabolism of EBPR sludge during the batch tests, the in-
tracellular pH was perturbed by incubating the sludge with
excessive amounts of membrane-permeable acids or base.
Acidification was achieved with acetic acid or formic acid,
and alkalisation was achieved with diethanolamine (DEA).
These have dissociation constant (pKa) values of 4.74, 3.74
(Serjeant and Dempsey, 1979), and 8.88 (Perrin, 1965), re-
spectively. Bacterial intracellular pH has been observed to
be manipulated by the addition of such weak acids or weak
bases in appropriate conditions (Bakker and Mangerich,
1983; Nakamura et al., 1984; Repaske and Adler, 1981).
The permeable nature of membranes to these acids and
bases is employed in methods used to measure bacterial
intracellular pH (Booth, 1985). At low extracellular pH, the
undissociated weak acids, acetic or formic acid, will cross
cell membranes and acidify the cytoplasm. At high extra-
cellular pH, the weak base, DEA, will cross cell membranes
and raise the cytoplasmic pH.

Biological Models for EBPR

There is strong evidence that the anaerobic carbon com-
pound transformations in the EBPR process are metaboli-
cally linked. Nonradioactive13C-labelled VFA has been ob-
served to be incorporated into PHA in EBPR sludge during
anaerobic conditions (Satoh et al., 1992). It is also quite
feasible that glycolysis of intracellular carbohydrate (glyco-
gen) provides reducing power and ATP for the production
of PHA (Arun et al., 1988; Mino et al., 1987; Satoh et al.,
1992). Recent models explaining these anaerobic events
have been proposed and the theoretical molar ratios of car-
bohydrate consumption, PHA production, acetate uptake
and CO2 production correspond well with that observed in

Figure 6. Anaerobic release of phosphate from batch samples of EBPR
mixed liquor with a Px of 12.5%, in the presence of 10 mM acetate at pH
6.0 ± 0.2 (h), pH 6.4 ± 0.2 (d), pH 6.8 ± 0.2 (s), and at pH 7.2 ± 0.2 (j).

Figure 5. Anaerobic release of phosphate from batch samples of EBPR
mixed liquor with a Px of 8.8%, in the presence of acid at pH 6.0 ± 0.2.
Release from sample with no addition control (h), 5 mM acetate (j), 50
mM acetate (s), and 50 mM formate with 5 mM acetate (d).
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EBPR sludge (Satoh et al., 1992; Smolders et al., 1994).
Polyphosphate degradation is also included in these models,
as it is suggested that this is linked to the carbon compound
transformations. However, details of polyphosphate degra-
dation in EBPR sludge have not been elucidated.

In the batch experiments carried out in this study, incu-
bation of the EBPR sludge with 5 mM acetate was used as
the positive control for the anaerobic transformations. In all
these controls, anaerobic transformations typical of high
performance EBPR were detected (Satoh et al., 1992; Smol-
ders et al., 1994). This demonstrates the suitability of the
batch experiments for the proposed study.

Iodoacetate is a known inhibitor of glycolysis (Webb,
1966), and we used it to study its effect on anaerobic trans-
formations in the EBPR sludge. The results show that io-
doacetate inhibited glycolysis of carbohydrate and, in turn,
PHA production and phosphate release were diminished.
This confirms that the anaerobic processes of phosphate
release and PHA production are linked to the carbohydrate
degradation. While this provides further support for the
EBPR biological model, no further understanding of the
biochemical pathways is gained from this observation. In
particular, it is not clear what advantage polyphosphate deg-
radation provides this sludge, as non-P-removing sludges
have also been observed to carry out similar carbon com-
pound transformations in the anaerobic stage (Liu et al.,
1994; Satoh et al., 1994). Similar inhibiting effects by io-
doacetate on these carbon compound transformations have
also been detected in non-EBPR sludge (Liu et al., 1994). It
is likely that the anaerobic PHA production in non-EBPR
sludge is also linked to the glycolysis of carbohydrate.

Alkalisation and Anaerobic Phosphate Release in
EBPR Activated Sludge

Other investigators have observed that by raising the extra-
cellular pH in the presence of VFA, an increase in the
phosphate release occurs (Liu et al., 1996a; Smolders et al.,
1994). This was also seen in experiments described in this
study. Progressively more phosphate release occurred as the
extracellular pH was increased, in the presence of 5 mM
acetate (compare the release in Table I, experiments 1, 2,
and 3, batch number 2 for each experiment) and 10 mM
acetate (Fig. 6). It has been speculated that the extra phos-
phate release was due to the higher energy demand for
active uptake of the acetate anion at the higher pH (Smolder
et al., 1994). However, other researchers have suggested
that acetate uptake occurs by passive diffusion of the un-
dissociated acid (Fleit, 1995). Observations made during
operation of the SBR suggest that it is the undissociated acid
that is taken up by the sludge biomass (Bond et al., submit-
ted to Appl. Environ. Microbiol.). These suggestions of un-
dissociated acid uptake contradict the above explanation for
the pH effect by Smolders et al. (1994). However, higher
energy demand for cell maintenance, also suggested by
Smolders et al. (1994), is a possible explanation for the
observed pH effect. This is discussed further below.

It is possible that intracellular alkalisation may be a meta-
bolic feature of anaerobic phosphate release from EBPR
sludge. Our results suggest that raising the intracellular pH
alone can cause anaerobic phosphate release of a similar
magnitude to that caused by acetate uptake by EBPR sludge.
The initial rate of phosphate release by alkalisation is
greater than the corresponding reaction with acetate (Fig. 6).
It was seen that alkalisation completely inhibits PHA pro-
duction and glycolysis in the presence of acetate, while
causing phosphate release (Table I, experiment 2). This al-
kalisation was therefore able to completely uncouple the
carbon-related reactions (glycolysis and PHA production)
from phosphate release in EBPR sludge. It is possible that
the anaerobic polyphosphate degradation may be a mecha-
nism for which the cells buffer intracellular pH. Here we
discuss two possible mechanisms that cells may use to
maintain intracellular pH. These mechanisms are repre-
sented in Fig. 7, and they are not necessarily mutually ex-
clusive.

Anaerobic phosphate release caused by intracellular al-
kalisation has been observed in eukaryotic cells. Some yeast
and algae that accumulate polyphosphate have been re-
ported to hydrolyse this in response to alkaline stress under
anaerobic conditions (Castro et al., 1995; Pick et al., 1990).
In those studies, it is suggested that the polyphosphate hy-
drolysis is a mechanism to maintain cytoplasmic pH. Poly-
phosphate hydrolysis generates H2PO4

− which has a disso-
ciation constant pKa of 7.2, and high intracellular concen-
trations of this would buffer cytoplasmic pH during
alkalisation. According to investigations into condensed
polyphosphates (van Wazer and Holst, 1950), bacterial
polyphosphate (Harold and Harold, 1965; van Groenestijn
et al., 1989), and activated sludge granules (Heymann et al.,
1989), the suggested structure of activated sludge polyphos-
phate is that it is a polyanion, negatively charged for each

Figure 7. Simple representation of the possible occurrence of anaerobic
events in EBPR activated sludge. Anaerobic metabolism of carbon com-
pounds causes alkalisation of cell, while degradation of polyphosphate
provides protons to maintain intracellular pH by two possible mechanisms:
(a) by direct buffering by phosphate and (b) by providing ATP for energy
requiring systems that ultimately use a cation (C+)–proton antiport.
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phosphorus, complexed with Mg2+ and K+ ions. Hydrolysis
of polyphosphate with this structure, possibly mediated by a
polyphosphatase, would result in the generation of H2PO4

−

and metal cations. Therefore, the anaerobic polyphosphate
degradation in EBPR sludge could result in hydrolysis prod-
ucts that buffer intracellular pH. This is represented as
mechanism (a) (Fig. 7).

The other mechanism to maintain intracellular pH, Fig.
7(b), is to use energy, derived from polyphosphate degra-
dation (or phosphate efflux), to drive homeostatic mecha-
nisms. This hypothesis is consistant with the present EBPR
biological model, in that the link between the anaerobic
carbon compound transformations and polyphosphate deg-
radation is by energy demands, and has been suggested
previously (Smolders et al., 1994).

We used the weak base DEA to cause the alkalisation and
looked for other effects of DEA on the sludge. It is unlikely
that the base was utilised as substrate by the sludge as no
carbohydrate utilisation or PHA accumulation was mea-
sured in its presence. Considerable cell lysis was not de-
tected during the batch tests by performing cell counts on
samples (results not shown). It is possible that the presence
of DEA affected the permeability of the cell membrane,
causing the large phosphate release (Fig. 3). However, the
large phosphate release was not observed at low pH in the
presence of DEA (Fig. 4), supporting our postulation that
intracellular alkalisation stimulated the phosphate release.

An alternative experimental approach was undertaken to
investigate intracellular pH changes during the anaerobic
transformations of EBPR sludge. We attempted to directly
measure intracellular pH using31P NMR. However, con-
ducting useful experiments to observe intracellular pH
changes is not trivial. An indicator that locates in the cyto-
plasm and shows shift in the appropriate range is desired.
During anaerobic transformations of EBPR sludge, the large
flux of intracellular phosphate makes this an unsuitable in-
dicator. We have not yet generated useful data with this
approach.

Inhibition of Phosphate Release by Acidification

It has been postulated, but not supported by experimental
data, that uptake of VFA causes intracellular acidification
and this drives phosphate release (Fleit, 1995). This hypoth-
esis was not supported by data obtained in these experi-
ments. We found that intracellular acidification of the
sludge, in the presence of acetate, inhibited the anaerobic
phosphate release as well as the PHA production and car-
bohydrate utilisation.

The anaerobic phosphate release with 4 or 5 mM acetate
at pH 6.0 was inhibited by approximately 60% when acetate
was increased to 10, 20, or 50 mM at pH 6.0. However, the
inhibition was approximately the same for all the increased
concentrations of acid (Table I, experiments 3 and 4). Acidi-
fication completely inhibited PHA formation and carbohy-
drate utilisation, although some phosphate release still oc-
curred. It appeared that the acidification led to leakage of

phosphate from the cells, but this is different from the phos-
phate release caused by PHA formation in EBPR sludge.

The effect of changing the pH in the presence of low
levels of acetic acid produced strikingly different levels of
phosphate release that appeared directly related to the pH
(Fig. 6). This indicates that the inhibition of phosphate re-
lease is directly related to intracellular acidification and not
just the presence of acetate. The levels of PHA accumula-
tion and carbohydrate utilisation also decreased with in-
creasing acidification, although these changes were not as
constant as the decreases in phosphate release (Table I,
experiment 5). Further studies are required to identify pos-
sible explanations for these observations.

Theoretical Considerations of Phosphate Release
and Intracellular pH Control

We hypothesise that anaerobic degradation of polyphos-
phate is a mechanism of intracellular pH control required to
buffer alkalisation caused by anaerobic carbon compound
transformations in EBPR. This requires further supporting
evidence. However, here we discuss additional aspects of
the proposed EBPR metabolic model affecting this hypoth-
esis.

The models proposed for EBPR anaerobic metabolism
have been generated by linking known bacterial biochemi-
cal pathways with the observed stoichiometry of PHA for-
mation and carbohydrate glycolysis (Arun et al., 1988; Sa-
toh et al., 1992; Smolders et al., 1994). In contrast to the
models our hypothesis suggests that polyphosphate degra-
dation may not directly produce ATP. However, ATP pro-
duction resulting from carbohydrate glycolysis, phosphate
efflux, or even from a balance of mechanisms (a) and (b)
occurring (Fig. 7), may satisfy cell requirements. Regard-
less, details of the EBPR anaerobic metabolism are yet to be
confirmed in isolated bacteria from EBPR sludge.

Other pathways not yet investigated may be involved in
the anaerobic reactions. For example, it is quite feasible in
this complex arrangement of metabolic pathways that a pro-
ton imbalance may occur. Therefore, one possible explana-
tion of the observed pH effect on phosphate release is that
anaerobic PHA production/glycogen utilisation causes in-
tracellular alkalisation. This coincides with the increased
phosphate release we detect with increasing intracellular
pH, and with the inhibitory effect of acidification on the
phosphate release. However, if the anaerobic carbon com-
pound transformations utilize protons, as we postulate, it
may be expected that acidification of the cells would permit
the anaerobic production of PHA and utilisation of carbo-
hydrate. The results obtained in these experiments did not
clearly indicate this. Thus, the effect of pH on anaerobic
metabolism in EBPR sludge is likely more complex than
represented in this simple model.

It would seem that the present theories of phosphate
transport in EBPR are unsupportive to the postulated
mechanism of pH control, mechanism (a) (Fig. 7). Although
the details of this phosphate transport are not known, a
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low-affinity phosphate transporter has been studied in acti-
vated sludge isolates and inAcinetobacter(van Veen et al.,
1994). This transporter would carry a diprotonated metal–
phosphate complex (van Veen et al., 1994). This is sup-
ported by the anaerobic release of phosphate and cations by
EBPR sludge, detected to have a molar ratio of approxi-
mately 3:1:1 for P:Mg:K (Wentzel et al., 1991). If the efflux
of phosphate in EBPR sludge were of the diprotonated form,
this would contradict our postulation that phosphate is act-
ing to buffer intracellular pH. According to mechanism (a)
this phosphate species is the buffering anion (Fig. 7). How-
ever, phosphate concentrations in the anaerobic stage of
SBRs are observed to rise to several millimolar, and if the
efflux is merely diffusion-driven then intracellular concen-
trations would be high and may still be adequate for this to
act as an effective pH buffer. Clearly, further investigations
are required to determine details of the transport mecha-
nisms of acetate and phosphate, and the postulated pH link
between the anaerobic metabolism of EBPR.

Also contradictory to our hypothesis is the possibility that
the increased phosphate release detected when raising the
pH can be explained by the present EBPR model. As pre-
viously mentioned, higher energy requirements by the cell
at higher pH could be necessary for the uptake of acetate,
the maintenance of pH, or for maintaining proton motive
force. Therefore, it may be argued that the increased poly-
phosphate degradation detected with increasing pH is an
artifact not relevant to EBPR metabolism, and the observed
dependence can be explained by the current EBPR biologi-
cal model. However, this current model does not explain the
nature of the response we cause by intracellular alkalisation.
The phosphate release, in response to the raised intracellular
pH, is rapid and immediate. If the cells were not experienc-
ing intracellular pH perturbations, as the EBPR model sug-
gests, it is unlikely that they would have the machinery to
respond to the alkalisation in such a rapid manner. For
example, if energy were used to maintain the intracellular
pH, neutrophiles may do this by activation of sodium–
proton (or potassium–proton) antiport systems (Kroll,
1990). Such homeostatic mechanisms would require gene
expression, and therefore a longer time scale than observed
here, to be effective (Booth, 1985). This could only occur if
the cells were experiencing previous intracellular pH stress,
as suggested in our hypothesis.

CONCLUSIONS

The present biological model for EBPR activated sludge
suggests that the anaerobic events of phosphate release and
PHA accumulation are metabolically linked. In the estab-
lished model, it is proposed that polyphosphate degradation
results in production of ATP. This is supported by our ob-
servation of the inhibition of the anaerobic processes in
EBPR sludge by the glycolysis inhibitor iodoacetate.

Results of this study suggest that the metabolic link be-
tween polyphosphate degradation and PHA accumulation is
more complex than indicated in the biological EBPR model.

Anaerobic phosphate release was caused by intracellular
alkalisation, without the occurrence of typical EBPR carbon
compound transformations. From the results of this study, a
model is postulated suggesting that the anaerobic events of
VFA uptake, PHA production, and glycolysis result in a net
alkalisation in the cells. On this basis, the model suggests
that polyphosphate degradation is a mechanism by which
the cells maintain intracellular pH in the anaerobic condi-
tions.

These findings provide a possible new concept in the
proposed anaerobic metabolism of EBPR. This has ramifi-
cations on the current mechanism proposed in the EBPR
biological model, by which PAO maintain a selective ad-
vantage in EBPR activated sludge systems. Clearly, further
investigations are required to corroborate the model that is
postulated here. Ultimately, this information may prove use-
ful in developing strategies to ensure that PAO are selected
for in EBPR reactors.
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