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ABSTRACT

The enhanced biological phosphorus removal (EBPR) process has been implemented in
many wastewater treatment plants worldwide. While the EBPR process is indeed capable of
efficient phosphorus (P) removal performance, disturbances and prolonged periods of
insufficient P removal have been observed at full-scale plants on numerous occasions
under conditions that are seemingly favourable for EBPR. Recent studies in this field have
utilised a wide range of approaches to address this problem, from studying the
microorganisms that are primarily responsible for or detrimental to this process, to
determining their biochemical pathways and developing mathematical models that
facilitate better prediction of process performance. The overall goal of each of these
studies is to obtain a more detailed insight into how the EBPR process works, where the
best way of achieving this objective is through linking together the information obtained
using these different approaches. This review paper critically assesses the recent advances
that have been achieved in this field, particularly relating to the areas of EBPR microbiology,
biochemistry, process operation and process modelling. Potential areas for future research
are also proposed. Although previous research in this field has undoubtedly improved our
level of understanding, it is clear that much remains to be learned about the process, as
many unanswered questions still remain. One of the challenges appears to be the
integration of the existing and growing scientific knowledge base with the observations and
applications in practice, which this paper hopes to partially achieve.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction through anaerobic and aerobic conditions (Barnard, 1975).

Phosphorus (P) is a key nutrient that stimulates the growth of
algae and other photosynthetic microorganisms such as toxic
cyanobacteria (blue-green algae), and must be removed from
wastewater to avoid eutrophication in aquatic water systems.
The risk of adverse effects to the plant and animal commu-
nities in waterways declines as P concentrations approach
background levels (Mainstone and Parr, 2002). Around the
world, a growing awareness of the need to control P
emissions, which is reflected in increasingly stringent regula-
tions, has made P removal more widely employed in waste-
water treatment. Enhanced biological phosphorus removal
(EBPR) promotes the removal of P from wastewater without
the need for chemical precipitants. EBPR can be achieved
through the activated sludge process by recirculating sludge

Usually, biological nutrient removal (BNR) refers to the
combination of biological nitrogen removal and the EBPR
process.

The group of microorganisms that are largely responsible
for P removal are known as the polyphosphate accumulating
organisms (PAOs). These organisms are able to store phos-
phate as intracellular polyphosphate, leading to P removal
from the bulk liquid phase via PAO cell removal in the waste
activated sludge. Unlike most other microorganisms, PAOs
can take up carbon sources such as volatile fatty acids (VFAs)
under anaerobic conditions, and store them intracellularly as
carbon polymers, namely poly-p-hydroxyalkanoates (PHAS).
The energy for these biotransformations is mainly generated
by the cleavage of polyphosphate and release of phosphate
from the cell. Reducing power is also required for PHA
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formation, which is produced largely through the glycolysis of
internally stored glycogen (Mino et al., 1998).

Aerobically, PAOs are able to use their stored PHA as the
energy source for biomass growth, glycogen replenishment, P
uptake and polyphosphate storage. Net P removal from the
wastewater is achieved through the removal of waste
activated sludge containing a high polyphosphate content.
While the majority of P removal from the EBPR process is
often achieved through anaerobic-aerobic cycling, anaerobic—
anoxic operation also allows P removal to occur, due to the
ability of at least some PAOs (i.e. denitrifying PAOs or DPAOs)
to use nitrate or nitrite instead of oxygen as electron
acceptors and, therefore, perform P uptake and denitrification
simultaneously. Maximising the fraction of P removal
achieved anoxically can reduce process operational costs,
due to savings in aeration as well as in the amount of carbon
sources needed for denitrification. Currently, many different
process configurations exist where both P and nitrogen
removal are combined (Henze et al., 1997; Tchobanoglous
et al., 2002).

When operated successfully, the EBPR process is a relatively
inexpensive and environmentally sustainable option for P
removal; however, the stability and reliability of EBPR can be a
problem. It is widely known that EBPR plants may experience
process upsets, deterioration in performance and even fail-
ures, causing violations to discharge regulations (Hartley and
Sickerdick, 1994; Blackall et al., 2002; Thomas et al., 2003;
Stephens et al., 2004). In some cases, external disturbances
such as high rainfall, excessive nitrate loading to the
anaerobic reactor, or nutrient limitation explains these
process upsets. In other cases, microbial competition be-
tween PAOs and another group of organisms, known as the
glycogen (non-polyphosphate) accumulating organisms
(GAOs), has been hypothesised to be the cause of the
degradation in P removal. Like PAOs, GAOs are able to
proliferate under alternating anaerobic and aerobic condi-
tions without performing anaerobic P release or aerobic P
uptake, thus they do not contribute to P removal from
EBPR systems. GAOs are believed to use glycogen as their
primary energy source for anaerobic VFA uptake and PHA
formation, while PHA is oxidised aerobically, leading to
biomass growth and glycogen replenishment (Liu et al,
1994; Satoh et al., 1994; Mino et al, 1995). Since GAOs
consume VFAs without contributing to P removal, they are
highly undesirable organisms in EBPR systems. GAOs have
indeed been found in numerous full-scale EBPR plants
(Crocetti et al.,, 2002; Kong et al.,, 2002b; Saunders et al,,
2003; Thomas et al., 2003; Gu et al., 2005; Wong et al., 2005;
Kong et al, 2006; Burow et al., 2007), and studies have
suggested that they increase the anaerobic VFA requirements
of these plants (Saunders et al., 2003; Thomas et al., 2003; Gu
et al., 2005). Minimising the growth of GAOs in EBPR systems
has been a widely researched topic recently, due to the
opportunities that exist for increasing the cost-effectiveness
of this process.

The aim of this review is to discuss recent advances in EBPR
research, related to the microbiology and biochemistry of the
microorganisms involved as well as process modelling and
optimisation. The main focus of the review is to summarise
the many new findings that have been made since previous

reviews of this subject (e.g. van Loosdrecht et al., 1997; Mino
et al., 1998; Kortstee et al., 2000; Blackall et al., 2002; Seviour
et al, 2003). Future developments for this process are
discussed as well.

2. Microbiology
2.1. Identification of PAOs

2.1.1. Isolated organisms proposed as PAOs

The first attempts to identify the microorganisms involved in
EBPR, over 30 years ago, were based on culture-dependent
techniques. Postulation of which bacteria were thought to be
responsible for P removal were made based on the number of
viable bacterial colonies that grew on defined media (Barker
and Dold, 1996). Through these techniques, Acinetobacter was
first proposed to be the primary organism responsible for P
removal in EBPR (Fuhs and Chen, 1975), and was long believed
to be the sole PAO present in EBPR plants. However, the use of
techniques such as fluorescence in situ hybridisation (FISH),
16S rRNA-based clone libraries or denaturing gradient gel
electrophoresis (DGGE), showed that a high diversity of
phylogenetic groups are present in lab- and full-scale EBPR
sludges (Seviour et al., 2003). It was with the use of specific
FISH probes that Acinetobacter was shown to have little
significance in full-scale plants when compared to members
of other phylogenetic groups, such as the Betaproteobacteria
and Actinobacteria (Wagner et al., 1994).

Microlunatus phosphovorus (Nakamura et al, 1995) was
another isolated microorganism that was also hypothesised
to play an important role in P removal, but later studies
carried out with 3'P- and C-NMR (Santos et al, 1999)
demonstrated that neither glycogen nor PHA were cycled
within their cells, unlike the characteristic PAO phenotype.
Furthermore, this organism is not generally present in EBPR
systems (Seviour et al.,, 2003) suggesting that it was not a
major PAO. Other organisms isolated from EBPR systems,
such as Lampropedia spp. (Stante et al., 1997) and Tetrasphaera
spp. (Maszenan et al.,, 2000) also did not demonstrate the
characteristic PAO phenotype (Seviour et al., 2003). In fact,
despite multiple efforts, the successful isolation of a PAO has
yet to be conclusively achieved.

Potential methods to successfully isolate PAOs have been
proposed through the use of e.g. micro-manipulation techni-
ques from enriched cultures of these organisms (Seviour et
al,, 2003; Saunders, 2005). In order to be able to capture
isolates using these techniques, and avoid contamination by
other organisms, highly enriched PAO cultures are necessary
(Saunders, 2005). An operational strategy has been proposed
by Lu et al. (2006) in order to obtain very high PAO
enrichments (>90% of all Bacteria as assessed by FISH
quantification), and eliminate the growth of GAOs (see
PAO-GAO competition section for more detail), which could
be useful in future attempts to isolate PAOs.

Considerable study has also been devoted to determining
the identity of DPAOs, and establishing if they are different
organisms than non-DPAOs. Both chemically and microbio-
logically based methods have been employed for this purpose
(see Section 5.1 for more detail).
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2.1.2. Candidatus Accumulibacter phosphatis or Rhodocyclus-

related bacteria

In spite of the difficulty in the isolation of PAOs, the
identification of this group of organisms has proceeded in
the last decade through the use of molecular techniques. Bond
et al. (1995) observed differences in community structure
between phosphate and non-phosphate-removing sludges, as
determined by phylogenetic analysis of 16S rRNA clone
libraries; in particular, the Rhodocyclus group from subclass 2
of the Betaproteobacteria was represented to a greater extent in
the phosphate-removing community. Bond et al. (1999a) later
supported these conclusions through observing an abundance
of Rhodocyclus-related bacteria by FISH in other sludges
exhibiting good EBPR performance. Hesselmann et al. (1999)
named the subclass 2 Betaproteobacteria closely related to
Rhodocyclus as “Candidatus Accumulibacter phosphatis”. They
are often abbreviated to Accumulibacter, as in this paper, but are

also referred to as Rhodocyclus-related bacteria. Hesselmann
et al. (1999) and Crocetti et al. (2000) reported several FISH
probes for Accumulibacter that target the organism at different
areas of the 16S rRNA. These studies each demonstrated that
Accumulibacter corresponded to the characteristic PAO pheno-
type of anaerobic/aerobic cycling of poly-P and PHA through
chemical staining. Zilles et al. (2002a) proposed modifications
of the FISH probes for Accumulibacter in order to cover two
additional clones obtained from a full-scale plant. An analysis
of the specificity and sensitivity of the sets of probes for
Accumulibacter (Table 1) has been reported by Saunders (2005).
It was concluded that a combination of the Crocetti et al. (2000)
probes (PAO462, PAO651 and PAO846) is the most sensitive and
specific for Accumulibacter from the presently available probes
for these bacteria.

Since Accumulibacter was shown through FISH analysis
to be a highly abundant PAO in many lab-scale systems

Table 1 - Most common 16S rRNA-targeted probes used for FISH detection of organisms of relevance in EBPR systems

Probe Sequence 5'-3

Specificity Reference

Probes designed for (potential) PAOs

PAO462 CCGTCATCTACWCAGGGTATTAAC
PAO651 CCCTCTGCCAAACTCCAG
PAO846 GTTAGCTACGGCACTAAAAGG
RHC439 CNATTTCTTCCCCGCCGA
RHC175 TGCTCACAGAATATGCGG
PAO462b CCGTCATCTRCWCAGGGTATTAAC
PAO846b GTTAGCTACGGYACTAAAAGG
Actino-221a CGCAGGTCCATCCCAGAC
Actino-658a TCCGGTCTCCCCTACCAT

Probes designed for (potential) GAOs

Most Accumulibacter

Most Accumulibacter

Most Accumulibacter
Rhodocyclus/Accumulibacter

Crocetti et al. (2000)
Crocetti et al. (2000)
Crocetti et al. (2000)
Hesselmann et al.
(1999)
Hesselmann et al.
(1999)

Zilles et al. (2002a)
Zilles et al. (2002a)
Kong et al. (2005)
Kong et al. (2005)

Most Rhodocyclaceae

Most Accumulibacter
Most Accumulibacter
Actinobacteria—potential PAOs
Actinobacteria—potential PAOs

Gam1019 GGTTCCTTGCGGCACCTC Some Gammaproteobacteria Nielsen et al. (1999)
Gam1278 ACGAGCGGCTTTTTGGGA Some Gammaproteobacteria Nielsen et al. (1999)
GAOQ431 TCCCCGCCTAAAGGGCTT Some Competibacter Crocetti et al. (2002)
GAOQ989 TTCCCCGGATGTCAAGGC Some Competibacter Crocetti et al. (2002)
GB CGATCCTCTAGCCCACT Competibacter (GB group) Kong et al. (2002b)
GB_G1* TTCCCCGGATGTCAAGGC Some Competibacter Kong et al. (2002b)
(GAOQ989)
GB_G2° TTCCCCAGATGTCAAGGC Some Competibacter Kong et al. (2002b)
GB_1 and 2 GGCTGACTGACCCATCC Some Competibacter Kong et al. (2002b)
GB_2 GGCATCGCTGCCCTCGTT Some Competibacter Kong et al. (2002b)
GB_3 CCACTCAAGTCCAGCCGT Some Competibacter Kong et al. (2002b)
GB_4° GGCTCCTTGCGGCACCGT Some Competibacter Kong et al. (2002b)
GB_5 CTAGGCGCCGAAGCGCCC Some Competibacter Kong et al. (2002b)
GB_6 GGTTCCTTGCGGCACCTC Some Competibacter Kong et al. (2002b)
(Gam1019)
GB_7% CATCTCTGGACATTCCCC Some Competibacter Kong et al. (2002b)
SBR9-1a AAGCGCAAGTTCCCAGGTTG Sphingomonas-related organisms—potential Beer et al. (2004)
GAOs
SBR9-1b TGTTAGGGGCTTAGACCT Sphingomonas-related organisms—potential Beer et al. (2004)
GAOs
SBR8-4 CACCGAAGCACTAAGTGCCC Sphingomonas-related organisms—potential Beer et al. (2004)
GAOs
TFO_DF218 GAAGCCTTTGCCCCTCAG Defluviicoccus-related organisms (cluster 1) Wong et al. (2004)
TFO_DF618 GCCTCACTTGTCTAACCG Defluviicoccus-related organisms (cluster 1) Wong et al. (2004)
DF988? GATACGACGCCCATGTCAAGGG Defluviicoccus-related organisms (cluster 2) Meyer et al. (2006)
DF1020* CCGGCCGAACCGACTCCC Defluviicoccus-related organisms (cluster 2) Meyer et al. (2006)

# Requires competitor or helper probes.
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(Hesselmann et al., 1999; Crocetti et al., 2000; Liu et al., 2001),
a number of surveys were carried out to assess their presence
in full-scale plants. Wastewater treatment plants with various
process configurations and from different countries across
four continents were evaluated (Zilles et al., 2002a; Saunders
et al,, 2003; Kong et al., 2004; Gu et al., 2005; He et al., 2005;
Wong et al., 2005). In all of these studies, Accumulibacter was
present in relative abundance (4-22% of all Bacteria); con-
sidering the large diversity of organisms that is present in
full-scale sludge, and was concluded to be an important
organism contributing to P removal in EBPR plants. A survey
carried out in six EBPR plants in Australia (Saunders et al,,
2003) found that a good correlation was observed between the
EBPR performance and the percentage of Accumulibacter
present in the sludge. Methylene blue and Sudan Black B
chemical staining were performed in this study to detect
polyphosphate and PHA cycling, respectively, but cells
displaying the PAO phenotype other than Accumulibacter were
not observed. Through combining FISH with microautoradio-
graphy (FISH-MAR), Kong et al. (2004) found that the
metabolism of Accumulibacter in three Danish EBPR plants
correlated very well with the PAO phenotype as defined by the
biochemical models proposed for PAOs. Some studies have
noted that not all cells binding the FISH probes for Accumu-
libacter were observed to store polyphosphate (Zilles et al.,
2002a; Wong et al., 2005), while poly-P granules have also been
observed in other cells that are not Accumulibacter (Zilles et al.,
2002a; He et al., 2005; Wong et al., 2005). This suggests that
other PAOs may also have been present in these sludges.
Wong et al. (2005) combined FISH with chemical staining in
sludges displaying this effect, and with group-specific probes
showed that most of the bacteria still belonged to the
Betaproteobacteria, while lower, but still substantial percen-
tages were Actinobacteria, Alphaproteobacteria and Gammapro-
teobacteria. Further studies focussed on the identification of
other PAOs, the development of FISH probes to target these
organisms, and their assessment as relevant organisms in
full-scale EBPR plants is recommended.

2.1.3. Are a group of Actinobacteria a new type of PAO?

Many studies have previously reported the presence of
Actinobacteria in EBPR systems, often in substantial numbers
(Bond et al., 1999a; Kawaharasaki et al., 1999; Crocetti et al.,
2000; Liu et al., 2001; Lee et al., 2002), but their relevance as
P-removing bacteria had not been conclusively shown.
A recent study by Kong et al. (2005) showed that two
morphotypes of Actinobacteria (closely related to Tetrasphaera)
were found to take up phosphate aerobically (but not
anoxically), only after taking up organic matter such as
amino acids anaerobically. However, these organisms could
not take up short-chain fatty acids and their intracellular
storage polymer (shown not to be PHA) was not identified. If
these Actinobacteria are PAOs, they do not behave according to
most biochemical models that have been proposed for PAOs,
and thrive on different carbon sources that may be available
in wastewater plants. FISH probes were developed for these
particular Actinobacteria, and they were detected in high
numbers (as high as 35% of Bacteria) in many of the 10 full-
scale EBPR plants studied in Denmark (Kong et al., 2005).
These organisms were particularly abundant in industrial

wastewater plants, however, they have also been observed in
domestic plants (Kong et al., 2005; Beer et al., 2006). Although
the role of these bacteria in EBPR cannot be clarified at
present, due to the lack of process performance data and
information concerning its biochemical mechanism, further
investigation is highly recommended.

2.2.  Identification of GAOs

Failure of EBPR systems operated under seemingly favourable
operational conditions has been widely reported in literature
(Cech and Hartman, 1990, 1993; Liu et al., 1994; Satoh et al.,
1994; Nielsen et al., 1999; Crocetti et al., 2002; Wong et al,,
2004). Fukase et al. (1985) was the first to report the presence
of organisms that can potentially compete with PAOs, by
taking up VFA under anaerobic conditions and not accumu-
lating polyphosphate under aerobic conditions. Cech and
Hartman (1990; 1993) observed that cocci-shaped cells ar-
ranged in tetrads were abundant in systems fed with glucose
and/or acetate, where carbon uptake was observed without
phosphate release under anaerobic conditions. The organ-
isms were initially called “G bacteria”. Subsequently, they
have often become known as tetrad-forming organisms or
TFOs (Tsai and Liu, 2002). The term GAO was proposed by
Mino et al. (1995), and is defined as the phenotype of
organisms that store glycogen aerobically and consume it
anaerobically as their primary source of energy for taking up
carbon sources and storing them as PHAs. These organisms
do not always form a tetrad-type morphology, and thus the
present definition of GAOs is based on their phenotype rather
than their morphotype.

2.2.1. Isolated organisms proposed as GAOs
Culture-dependent methods have generated isolates with
TFO morphology, similar to that observed in some EBPR
systems. The isolate of the original ‘G-bacteria’ candidate of
Cech and Hartman (1993) was identified as Amaricoccus
kaplicensis (Maszenan et al., 1997), but was also reported as
Tetracoccus cechii (Blackall et al., 1997). However, this organism
has not been observed in other anaerobic/aerobic systems fed
with acetate and glucose that have exhibited poor EBPR
performance (Kong et al., 2001), and furthermore, the organ-
ism is not able to take up these substrates anaerobically
(Falvo et al., 2001). Other isolated bacteria are phylogeneti-
cally diverse, and belong to the Alphaproteobacteria (Amaricoc-
cus spp., and Defluviicoccus vanus), Betaproteobacteria
(Quadracoccus sp.), Gammaproteobacteria, and Actinobacteria
(Tetrasphaera spp., Micropruina glycogenica and Kineosphaera
limosa) (Maszenan et al., 1997; Shintani et al., 2000; Kong et al.,
2001; Hanada et al.,, 2002; Liu et al., 2002). Except for M.
glycogenica (which was isolated from a lab-scale culture fed
with glucose), none of the other isolates have been observed
in abundance in either full- or lab-scale EBPR processes (Kong
et al., 2001; Seviour et al., 2003). It has not currently been
shown if M. glycogenica or any of the other isolates have the
GAO phenotype.

2.2.2. Gammaproteobacteria GAOs
The first microbial characterisation of a GAO was carried out
by culture-independent methods using DGGE of PCR-amplified
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16S rRNA genes. From selected gel bands a novel group of the
Gammaproteobacteria was identified (Nielsen et al., 1999). Two
FISH probes for this novel group (Gam 1019, Gam 1278) were
designed and FISH quantification showed that these coccoid
cells represented 35% of the total bacterial population of this
deteriorated biological P removal reactor.

Using a deteriorated EBPR sludge, Crocetti et al. (2002)
generated a 16S rRNA gene clone library from which two new
FISH probes were designed (GAOQ431, GAOQ989), which
targeted bacteria belonging to the Gammaproteobacteria. These
cloned sequences were in the same cluster reported by
Nielsen et al. (1999). The GAO phenotype was clearly
identified and the organisms were named “Candidatus Com-
petibacter phosphatis” (henceforth referred to as Competibac-
ter (Crocetti et al., 2002)). Kong et al. (2002b) carried out a
phylogenetic analysis of 14 pre-existing 16S rRNA sequences
(some obtained by Nielsen et al. (1999)) and 18 new sequences
and observed a novel cluster with seven subgroups in the
Gammaproteobacteria. They designed ten FISH probes specifi-
cally targeting the novel group at different hierarchical levels,
GB, the most general, was divided into GB_G1 (identical to
GAOQ989) and GB_G2, and finally GB_1-GB_7, for the seven
subgroups. These bacteria exhibited cocci and rod morphol-
ogies and were widely distributed in sludge samples taken
from nine lab- and full-scale EBPR systems (10-50% of total
cells) and four conventional activated sludge systems (1-10%).
Thus, Competibacter (also known as the GB lineage) can be
targeted either through probe GB or a mixture of probes
GAOQ989 and GB_G2. Either of these sets of probes will target
the known diversity of Competibacter, which have frequently
dominated lab-scale cultures fed with acetate (Crocetti et al.,
2002; Kong et al., 2002b; Zeng et al., 2003d; Oehmen et al.,
2004), and are often present in abundance in the biomass
from full-scale plants (Crocetti et al., 2002; Kong et al., 2002b;
Saunders et al., 2003; Gu et al., 2005; Wong et al., 2005; Kong
et al., 2006). A high abundance of Competibacter in the sludge
has also been observed to correlate well with a low P release
to VFA uptake ratio (Saunders et al., 2003; Gu et al., 2005),
suggesting that Competibacter actively compete with PAOs for
anaerobic VFA uptake in full-scale plants.

2.2.3. Alphaproteobacteria GAOs

Recently, other groups of TFO GAOs belonging to the
Alphaproteobacteria have been observed in lab-scale reactors.
One such group related to the Sphingomonadales has been
identified in lab-scale systems with poor P removal capacity
(Beer et al., 2004). This study used DGGE and primers
specifically designed to amplify DNA from Alphaproteobacteria.
Retrieved sequences were used to design new FISH probes to
target the abundant organism (SBR9-1a, SBR9-1b and SBR4).
Two other distinct subgroups of Alphaproteobacteria hypothe-
sised to be GAOs have since been identified, both related to
D. vanus (Wong et al., 2004; Meyer et al., 2006) and displaying
the TFO morphotype. Wong et al. (2004) found the organism
in an acetate-fed anaerobic-aerobic membrane bioreactor
with a deteriorated P removal performance, where the
community was dominated by TFOs corresponding to the
Alphaproteobacteria (85.0+7.0% of total cells). A 16S rRNA gene
clone library specific for Alphaproteobacteria was prepared, and
from four identical clones, two new probes (TFO_DF218,

TFO_DF618) were designed. Most of the 16S rRNA gene
clones were closely affiliated with D. vanus. Wong et al.
(2004) found that these Defluviicoccus-related TFOs were not
abundant in the different full-scale EBPR and non-EBPR plants
that were tested.

Meyer et al. (2006) used rRNA-based stable isotope probing
followed by full-cycle rRNA analysis to characterise an
unidentified GAO highly enriched in a propionate fed lab-
scale bioreactor. A new GAO belonging to the Alphaproteobac-
teria was found, which was also closely related to D. vanus.
Phylogenetic analysis showed that the sequences related to
D. vanus formed a monophyletic group with two distinct
clusters. Cluster 1 included the sequences from Wong et al.
(2004), while two new FISH probes (DF988, DF1020) were
designed to target the new cluster 2. These microorganisms
comprised 33% of all Bacteria in the original lab-scale reactor
and were also detected in two other deteriorated EBPR lab-
scale reactors (51 and 55% of Bacteria). The new group
identified was also found in two full-scale treatment plants
in Australia performing EBPR, although the abundance was
low (<5%). In a study of Defluviicoccus-related organisms in 10
full-scale EBPR plants in Denmark, the organisms were
generally detected in low abundance, although in some
plants their population was similar or larger than Accumuli-
bacter and Competibacter, comprising up to 9% of the total
bacterial population (Burow et al., 2007). Defluviicoccus-related
organisms were shown through FISH-MAR to take up carbon
sources such as acetate and propionate anaerobically, sug-
gesting that this group of organisms have the capacity to
actively compete with PAOs for anaerobic carbon uptake in
full-scale systems. Sphingomonas-related organisms were not
observed in any of the plants that were tested in this study.

While Alphaproteobacteria GAOs have been observed now in
numerous lab-scale systems, they have been found in only a
small number of full-scale EBPR plants. Further investigation
is necessary in order to determine their abundance and role
in EBPR systems, as well as to clarify the presence of other
potential GAO candidates. Other TFO belonging to the
Alphaproteobacteria have been shown to exhibit the GAO
phenotype, yet do not bind the currently available FISH
probes for GAOs from the Alphaproteobacteria (Oehmen et al.,
2006b). Additional study seems to be necessary in order to
design other FISH probes to target GAOs within the Alphapro-
teobacteria, which could potentially affect the frequency that
these organisms are detected in full-scale plants.

2.3.  New tools and future trends in PAO microbiology

In recent years, it is generally recognised that this field
requires advances concerning not only the identity and
biodiversity of the microorganisms involved in EBPR systems,
but also their biochemistry and metabolism (Mino et al., 1998;
Blackall et al., 2002; Seviour et al., 2003). Beyond the taxonomy
of PAOs, which is now routinely studied using rDNA- and
rRNA-based methods, the next challenge is to obtain more
information about the genetics and gene expression of the
EBPR-related enzymes.

To this end, a near complete genome of Accumulibacter was
recently obtained from two enriched EBPR sludges, one from
the USA and the other from Australia (Martin et al., 2006).
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Based on this metagenomic data, it was possible to analyse
the presence or absence of genes encoding enzymes involved
in important metabolic processes such as: the transport of
polyphosphate through the cell membrane and its degrada-
tion/generation under anaerobic/aerobic conditions; the me-
tabolic pathways for glycogen degradation and for the
generation of additional reducing power necessary for
anaerobic PHA production (see Section 3 for more detail);
extracellular polymeric substances (EPS) production; denitri-
fication and nitrogen fixation ability. This work opens up new
research possibilities. Beyond the knowledge of the metabolic
capabilities of Accumulibacter, it was also possible to analyse
the flanking EBPR species and distinguish which functions
could be attributed to Accumulibacter itself or to other
members of the community. Furthermore, new isolation
strategies may be derived from this new knowledge.

Genomics give information regarding the potential meta-
bolism that can occur in a cell or population, as well as its
phylogeny. However, the actual metabolic activity in a
particular set of conditions is better assessed by studying
the gene products, i.e., the transcribed mRNA or the proteins
themselves. The application of this research approach in
EBPR was first done by McMahon et al. (2002). This study
identified the functional gene sequence (ppk) of the enzyme
polyphosphate kinase (PPK), which is thought to be primarily
responsible for poly-P synthesis in numerous bacteria. Four
sequence types were obtained from an EBPR sludge highly
enriched in Accumulibacter. The two dominant sequence types
were found to have a high degree of similarity with the ppk
amplified from Rhodocyclus tenuis, which is phylogenetically
closely related to Accumulibacter, suggesting that they were
from Rhodocyclus-related PAO. The expression of these ppk
gene sequences was demonstrated by dot blot quantification
of the mRNA transcribed from this gene in the sludge. These
results showed the involvement of PPK in poly-P synthesis in
EBPR. The expression of the ppk gene was further studied by
Saunders (2005), who investigated the effect of extracellular
phosphate concentration using quantitative reverse tran-
scriptase PCR. It was concluded that the expression of ppk
by Accumulibacter is inhibited at high concentrations of
phosphate in the medium (>2mM).

The global analysis of the products of gene expression (i.e.
proteins) in an EBPR system was performed by Wilmes and
Bond (2004) through a metaproteomic study of an Accumuli-
bacter-enriched sludge. In this study, the entire proteome was
extracted, purified and separated by 2D-polyacrylamide gel
electrophoresis (PAGE), obtaining a protein map that char-
acterises the microbial activity at a certain time and in a given
environment. The most highly expressed proteins can then
be excised and identified through mass spectrometry. Results
obtained with EBPR sludge (enriched in Accumulibacter) and
non-EBPR sludge gave clearly different proteomic maps, and
some of the proteins involved in the PAO metabolism could be
identified with this method (Wilmes and Bond, 2004, 2006).

The presently available 16S rRNA-targeted probes for
Rhodocyclus-related PAOs were included in a microarray for
the Rhodocyclales order (Loy et al., 2005). With a higher
knowledge of the metagenomics of dominant populations of
EBPR systems there may be new and more specific probes that
can be designed, and thus new microarrays for PAOs can be

developed, potentially including PAOs that belong to other
bacterial groups. This would provide full-scale wastewater
plants with a rapid tool for evaluating the EBPR potential of a
sludge population.

3. Biochemistry
3.1.  Limitations of biochemical studies

One limitation with many of the biochemical studies dis-
cussed below is the lack of characterization of the microbial
population present in the culture that was used. In particular,
it is likely that GAOs were present and active in a number of
previous studies that have focussed on the biochemistry of
PAOs (as suggested by low anaerobic P release to VFA uptake
ratios), making the results more difficult to interpret. In
studies focussed on determining the metabolic pathways of
GAOs, the microbial competition between PAOs and GAOs is
less problematic, since the microbial selection of GAOs can be
ensured through the limitation of P in the feed.

In recent years, molecular methods have been implemen-
ted to detect and quantify PAO and GAO organisms through
FISH, facilitating the correlation between the microbiology
and the biochemistry of EBPR systems. Clearly, PAO and GAO
metabolism is highly dependent on which microorganisms
are present, thus no ‘universal’ biochemical model for either
group of organisms is available. The determination of PAO
biochemical pathways using highly enriched cultures of PAOs
that contain few GAOs is highly recommended. Methods of
achieving such highly enriched PAO cultures have been
proposed (see Lu et al. (2006) and Section 4 for more details).

3.2.  Biochemical pathways of PAOs

The vast majority of studies on EBPR metabolism employ
acetate as the model carbon substrate, likely since it is
generally the largest VFA species present in the influent of
wastewater treatment plants (Cuevas-Rodriguez and Tejero-
Monzon, 2003; Thomas et al., 2003; Ahn and Speece, 2006;
Zeng et al., 2006). Most of the biochemical models agree on
the fate of acetate and P conversions during the anaerobic
phase. Once acetate is taken up by PAO cells, it is activated to
acetyl-CoA, which is coupled with the consumption of ATP.
ATP is largely generated from the transfer of an energy-rich
phosphoric group from polyphosphate to ADP. The hydrolysis
of polyphosphate produces cations, like K* and Mg?*, and the
H,PO; anion that are released to the external medium. Two
molecules of acetyl-CoA condense to form acetoacetyl-CoA,
which is reduced by NADH to form 3-hydroxybutyryl-CoA.
This last compound is polymerised forming poly-g-hydro-
xybutyrate (PHB). The major differences in the proposed EBPR
metabolic pathways are related to the origin of reducing
equivalents for PHA synthesis, the pathway for glycogen
degradation (in the models where its utilisation is proposed)
and on the transport of acetate across the cell membrane.

3.2.1. Origin of reducing equivalents
Initially, two biochemical models were proposed to describe
the metabolic transformations of PAOs. The Comeau/Wentzel
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model (Comeau et al., 1986; Wentzel et al., 1986) assumed that
the reducing equivalents needed for the process were
produced under anaerobic conditions by the tricarboxylic
acid (TCA) cycle. Mino et al. (1987) proposed a new model in
order to account for the experimental observation of varia-
tions in intracellular carbohydrates, decreasing under anae-
robic conditions and increasing under aerobiosis. According
to Mino et al. (1987), the TCA cycle was not operational under
anaerobic conditions due to the accumulation of FADH,,
which is not used in PHB synthesis and can only be
regenerated with an external electron acceptor. The reducing
equivalents were believed to be produced from the consump-
tion of internal carbohydrates (i.e. glycogen). Under anaerobic
conditions, glycogen was assumed to be converted to
pyruvate via the Embden-Meyerhoff-Parnas (EMP) pathway,
producing NADH. Pyruvate was further converted to acetyl-
CoA and CO,. Smolders et al. (1994a) later developed a
metabolic model based on the Mino model (see Section 6.1
for more detail), which supported the theory that reducing
equivalents are generated through glycogen degradation.

Some new insights on the biochemistry of EBPR, concerning
TCA and glycogen utilisation, came from the use of in vivo **C
and >?P nuclear magnetic resonance (NMR) by Pereira et al.
(1996). Using this technique with 2-'3C acetate, several cyclic
experiments (anaerobic/aerobic/anaerobic) were performed.
It was confirmed that under anaerobic conditions, external
acetate was mainly used for PHB production, and to a small
extent for poly-g-hydroxyvalerate (PHV) production. Under
aerobic conditions PHB/V were oxidised, and the labelled
carbon was transferred to newly-formed glycogen. In the
subsequent anaerobic phase, where unlabelled acetate was
provided, the labelled glycogen decreased and was trans-
ferred mostly to the propionyl moiety of the new 3-
hydroxyvalerate (3HV) formed. The propionyl-CoA was likely
formed by way of the left branch of the TCA cycle operating
backwards from oxaloacetate to succinyl-CoA and then to
propionyl-CoA through the methylmalonyl-CoA pathway
(also known as the succinate-propionate pathway), as
proposed by Satoh et al. (1992). This study conclusively
showed the involvement of glycogen in the EBPR process,
and thus strongly supported the Mino model. However, the
authors suggested that the full TCA cycle was also functional,
due to the observation of a small fraction of dissolved CO, (i.e.
bicarbonate) generated from the labelled acetate in the first
anaerobic period, and also to the need of another source of
reducing equivalents to balance the biochemical model.
These authors proposed that both glycogen and the TCA
cycle were used for the production of reducing equivalents,
merging the two initial model schemes (see Fig. 1A).

Further investigations have been devoted to attempt to
clarify the role of the TCA cycle in EBPR systems. Louie et al.
(2000) used metabolic inhibitors to elucidate the biochemical
pathways from an EBPR reactor, and proposed that PAOs
employed a partially operating TCA cycle that proceeded
through the glyoxylate shunt (Fig. 1B). The isocitrate formed
in the TCA cycle would be converted to succinate and malate,
via glyoxylate, bypassing the production of CO, and lowering
the production of reducing equivalents. A problem that was
not solved by this proposal was the regeneration of FADH,
formed from the activity of the succinate dehydrogenase

enzymes. The possibility that PAOs employ the split TCA cycle
(Fig. 1C) anaerobically was also proposed (Pramanik et al.,
1999; Hesselmann et al., 2000; Kortstee et al., 2000). In this
case, the TCA could operate forwards from citrate to succinyl-
CoA (right branch, oxidative) or backwards from oxaloacetate
to succinyl-CoA (left branch, reductive). This split TCA cycle
would serve to regulate the availability of reducing equiva-
lents, since they are produced by the right branch and
consumed by the left branch. The sink for succinyl-CoA
would be its conversion to propionyl-CoA via the methylma-
lonyl-CoA pathway, producing CO, that can be further used
for the conversion of pyruvate to oxaloacetate, and resulting
in 3HV formation.

Clearly, numerous pathways have been proposed to gen-
erate the reducing equivalents necessary for anaerobic PAO
metabolism. While one possibility is that some of these
aforementioned pathways exist only in specific microbial
groups of PAOs, another possibility is that these organisms
could contain multiple or all pathways. Martin et al. (2006)
determined that the genes necessary for glycolysis, and the
operation of either the full TCA cycle (Fig. 1A) or the split TCA
cycle (Fig. 1C) were present in Accumulibacter. If multiple
pathways are in fact present in PAOs, it is possible that
different metabolic pathways are employed depending on
their internal or surrounding environmental conditions. For
example, it has been observed in some lab- and full-scale
EBPR sludges that glycogen was utilised to a lower extent than
was predicted by the metabolic models, suggesting that PAOs
might have an increased dependence on the TCA cycle for
balancing their internal redox balance (Schuler and Jenkins,
2003b; Pijuan, 2004). Erdal et al. (20023, b, 2005) have observed
different biochemical pathways employed in EBPR reactors
operated at different temperatures, where the glyoxalate
cycle (Fig. 1B) was active at 5°C and the split TCA cycle
(Fig. 1C) was functional at 20°C. Further investigation is
necessary to clarify if PAOs and/or GAOs are able to change
their metabolic pathways based on their internal or external
conditions.

3.2.2. Glycogen utilisation
Contrasting experimental evidence supporting either the
Entner-Doudoroff (ED) or EMP pathways for glycogen degra-
dation has been observed. According to Mino et al. (1987),
glycogen was converted under anaerobic conditions to
pyruvate via the EMP pathway, producing reducing equiva-
lents. A modification to the Mino model was introduced by
Wentzel et al. (1991), where glycogen hydrolysis was believed
to occur via the ED pathway, assuming at the time that the
organisms responsible for P removal was Acinetobacter sp.,
which did not possess the EMP pathway. The ED pathway
generates less energy (i.e. ATP) from glycogen hydrolysis,
which would require a higher degradation of polyphosphate.
Using solid state *C NMR, Maurer et al. (1997) observed in
experiments with 1-3C acetate that the labelling of glycogen
(carbons 3 and 4) gave rise to a label on carbon 4 of 3-
hydroxybutyrate (3HB) under anaerobic conditions. This
labelling is a validation that the ED pathway was occurring
in the sludge, since via the EMP pathway, carbons 3 and 4
remain oxidised and are converted to CO,, thus they do not
appear in the newly formed PHA polymer. The ED pathway
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Fig. 1 - The proposed anaerobic metabolic pathways of PAOs for the production of reducing equivalents and precursors for
PHA synthesis. Glycolysis has been proposed to be combined with either the full TCA cycle (A), the glyoxylate shunt (B) or the
split TCA cycle (C) to regulate the redox balance in PAOs. [H] represents NADH.

was later observed by Hesselmann et al. (2000), where 3C
NMR studies with 1-'3C acetate were performed in conjunc-
tion with enzymatic studies for a culture primarily dominated
by a single Gram-negative bacterium (>50% DAPI count)
belonging to the Betaproteobacteria (Hesselmann et al., 2000).
Pramanik et al. (1999) presented a model where the metabolic
flux employed by PAOs through theoretical biochemical
pathways (obtained from a database of known pathways)
was calculated using linear optimisation. The results of
this flux-based model suggested that glycogen degradation

proceeded through a combination of the ED pathway and the
pentose phosphate pathway.

In some studies, however, there are evidences that glycogen
degradation proceeds through the EMP pathway. Erdal (2002b)
tested the activity of phosphofructokinase, a key enzyme of
the EMP pathway, in two EBPR systems operated at different
temperatures (5 and 20 °C). They observed the activity of this
enzyme, while the activity of glucose-6-P-dehydrogenase, an
enzyme for both the ED and pentose phosphate pathways,
was not detected. Furthermore, a metagenomic study of two
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enriched cultures of Accumulibacter (Martin et al., 2006)
showed that Accumulibacter contained all EMP genes, while
the key genes of the ED pathway were not present. One
possible explanation for these contrasting results concerning
the pathway that PAOs employ for glycogen degradation is the
presence of different bacteria in the microbial communities
of these different studies. However, it is surprising that
differing results were obtained in the studies of Hesselmann
et al. (2000) and Martin et al. (2006), where in both cases the
sludges were likely dominated by Accumulibacter. Another
possible explanation is that there are multiple strains of
Accumulibacter that display different metabolic behaviours.
Further research is needed in order to clarify this issue.

3.2.3. Transport mechanism for VFA uptake
The mechanism for acetate transport into PAO cells and the
energy required for this process has also been studied. The
Comeau/Wentzel model (Comeau et al., 1986; Wentzel et al.,
1986) assumed that the model substrate, acetate, was
transferred into the cell by passive diffusion under anaerobic
conditions. Conversely, Mino et al. (1987), proposed an active
transport mechanism for acetate by PAOs, which was also
suggested by Smolders et al. (1994a). The energy requirement
for active transport was assumed to be obtained through the
hydrolysis of ATP from polyphosphate. Smolders et al. (1994a)
demonstrated that the acetate uptake rate was independent
of the external pH value, while the P release rate increased
with pH. It was hypothesised that the increased energy
consumption at a higher pH was due to the increased energy
requirement for acetate transport through the cell mem-
brane, supporting the mechanism of active transport.
Saunders (2005) studied in detail the anaerobic VFA uptake
mechanism by PAOs at the membrane transport level from a
highly enriched culture of Accumulibacter (>90%). Using
specific chemicals, processes that may be involved in the
transport of acetate under anaerobic conditions were selec-
tively inhibited. It was found that uncoupling of the proton
motive force (PMF) by m-chlorophenylhydrazone (CCCP)
substantially inhibited the rate of acetate uptake by PAOs
(this rate decreased by 64%), and concluded that acetate
transport into PAO cells was primarily driven by energy
contained in the PMF, i.e. by secondary transport. Although
one potential method of PMF generation is by the export of
protons through the ATPase enzyme, no significant decrease
was found in the acetate uptake rate when the ATPase was
inhibited by N-N’-dicyclohexylcarboiimide (DCCD). Another
known mechanism for PMF generation is through the efflux
of phosphate and a proton through the Pit transporter. This
mechanism was proposed to be the primary method that
PAOs transport acetate through the cell membrane.

3.2.4. Aerobic metabolism

The aerobic biotransformations of PAOs are similar in all of
the proposed models, where catabolism proceeds through the
TCA cycle. The degradation of PHB and PHV would lead to
acetyl-CoA and propionyl-CoA, the former entering the TCA
at the oxaloacetate level and the latter entering at the
succinyl-CoA level. Both are used as the carbon and energy
source for biomass growth, while a portion of the ATP is
used for external phosphate uptake and regeneration of

polyphosphate. According to the Mino model, and later
models based on it, some carbon and energy are also used
for the replenishment of glycogen.

3.2.5. Propionate metabolism

Wastewater contains a much more diverse mixture of
substrates other than acetate and investigations were con-
ducted with other compounds, alone or in mixtures, includ-
ing: propionate, butyrate, valerate, isovalerate, formate,
lactate, malate, pyruvate, glucose, citrate, succinate, gluta-
mate, and aspartate (Comeau et al., 1987; Satoh et al., 1992;
Carucci et al., 1994; Satoh et al., 1996, 1998; Lemos et al., 1998;
Louie et al.,, 2000; Oehmen et al., 2004; Pijuan et al., 2004a). In
all cases, with the exception of glutamate, the consumption
of these substrates gives rise to the production of PHA with
different compositions. According to Comeau et al. (1987),
PHV production was significantly higher than that of PHB
when a substrate with an odd number of carbon atoms was
fed to the activated sludge.

Recent research has increasingly focussed on the use of
propionate as carbon source, due to its abundance in many
plants and its impact on the PAO-GAO competition (see
Section 4 for more detail). The metabolism of propionate by
an enriched PAO culture was studied by Lemos et al. (2003)
using in vivo NMR. The fate of labelled 3-*C-propionate was
monitored during anaerobic/aerobic/anaerobic cycles from a
PAO culture that was enriched with a mixture of VFAs
(acetate, propionate and butyrate). The PHA composition
produced from propionate was comprised of a high 3HV
fraction, as well as 3-hydroxy-2-methylvalerate (3H2MV),
3-hydroxy-2-methylbutyrate (3H2MB) and a very low amount
of 3HB. The labelling observed on some 3HV carbons showed
that a small amount of propionyl-CoA was converted to
acetyl-CoA, via the methylmalonyl-CoA pathway to succinyl-
CoA, which was followed by the left branch of the TCA,
further converted to pyruvate and finally to acetyl-CoA. The
labelling pattern observed in acetyl-CoA demonstrated the
operation of succinate dehydrogenase under anaerobic con-
ditions, which allowed for the conversion of succinate to
fumarate. However, the regeneration of FADH, produced
through this pathway was not definable, since it is not
directly utilised in PHA synthesis. Nevertheless, other authors
have also proposed this metabolic reaction under anaerobic
conditions in EBPR systems, where an inhibitor of succinate
dehydrogenase, malonate, was shown to correlate well with a
decreased PHA production, supporting the activity of this
enzyme (Louie et al., 2000). The involvement of glycogen in
the metabolism of propionate was clearly demonstrated,
where acetyl-CoA was preferentially derived from glycogen,
generating the reducing equivalents needed for PHA synth-
esis. The potential contribution of the right branch of the TCA
in the production of NADH was unclear.

Since acetyl-CoA and propionyl-CoA are generated through
propionate metabolism by PAOs, the resulting PHA polymer
(see Fig. 1) can be comprised of 3HB (from 2 acetyl-CoA
molecules), 3HV (from one acetyl-CoA and one propionyl-
CoA), 3H2MB (an isomer of 3HV), and 3H2MV (from 2
propionyl-CoA). The PHA composition depends on whether
PAOs selectively or randomly condense acetyl-CoA and
propionyl-CoA to form PHA. In selective condensation,
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acetyl-CoA preferentially binds with propionyl-CoA, forming
PHV. Since propionyl-CoA is generated in higher abundance
than acetyl-CoA by PAOs through propionate uptake, the
remaining propionyl-CoA condenses to form PH2MV, while
little PHB is produced. In random condensation, the PHA
composition would consist of a lower PHV fraction and a
higher PH2MV and PHB fraction as compared with selective
condensation. While literature studies have shown that all
four PHA fractions may be produced by PAOs from propionate
uptake (Satoh et al., 1992; Lemos et al., 2003; Oehmen et al.,
2005c), these studies have also observed that PHB is only
generated in very low abundance. Furthermore, using meta-
bolic modelling techniques (see Section 6.1 for more detail),
Oehmen et al. (2005c) found that the PHA composition
produced from propionate uptake by an enriched PAO culture
(containing 63% Accumulibacter) correlated very strongly with
the theoretical stoichiometry associated with selective
PHA condensation, and not with random condensation.
This finding has also been supported by Lu et al. (2006)
for a very highly enriched Accumulibacter culture (>90% of
Bacteria). These findings support the hypothesis that PAOs
tend to selectively condense acetyl-CoA and propionyl-CoA in
PHA formation.

3.3.  Biochemical pathways of GAOs

3.3.1. Origin of reducing equivalents for GAOs

In EBPR systems, GAO can compete with PAOs for the uptake
of carbon substrates. Carbon metabolism by GAOs under
anaerobic conditions has been proposed to be similar to that
by PAOs, where carbon is taken up and converted to PHA with
reducing equivalents provided primarily through glycogen
metabolism. The main difference is based on their source of
energy, since GAOs do not cycle polyphosphate, unlike PAOs.
Glycogen is believed to be the primary source of energy for
GAOs, and is utilised to a much larger extent in these
microorganisms as compared to PAOs. Due to the higher
glycogen demand required to produce ATP, reducing equiva-
lents are produced in excess of those required for reduction of
acetyl-CoA to PHB. In order to maintain the redox balance
inside the cells, NADH must be consumed, which was
proposed via the reduction of pyruvate to propionyl-CoA
(Liu et al., 1994; Satoh et al., 1994). Pyruvate, an intermediate
of glycolysis, would enter the left branch of the TCA at the
oxaloacetate level, be converted to succinyl-CoA and further
converted to propionyl-CoA through the methylmalonyl-CoA
pathway. Thus, when consuming acetate, GAOs produced
both acetyl-CoA and propionyl-CoA. This led to another
major difference between PAOs and GAOs; PAOs produce
mainly PHB when fed with acetate, with little PHV production
(generally <10% (C-mol basis): Satoh et al., 1992; Smolders
et al, 1994a; Mino et al, 1998) while GAOs produce
approximately 75% PHB and 25% PHV (C-mol basis) when
fed with acetate (Filipe et al., 2001b; Zeng et al., 2003c), with
only a very small fraction of PH2MV produced (Satoh et al,,
1994; Filipe et al., 2001b). While the activity of the left branch
of the TCA cycle has been shown to consume NADH in GAOs,
it is currently unclear if the full TCA cycle is also responsible
for the generation of some reducing power, for the cases of
either acetate or propionate as carbon sources. There has

clearly been a lesser research focus on GAO metabolism when
compared with PAOs.

Structured metabolic models describing the biochemical
transformations of GAOs under anaerobic and aerobic condi-
tions have been proposed for the cases of acetate and
propionate uptake (Filipe et al., 2001b; Zeng et al.,, 2003c;
Oehmen et al., 2006b: see Section 6.1 for more detail).

3.3.2.  Glycogen utilisation by GAOs

Anaerobically, the hypothesised pathway for glycolysis is the
EMP (Satoh et al., 1994), which has been supported through
the observation that glucose-6-phosphate dehydrogenase, an
enzyme of the ED pathway, was not active in a GAO-enriched
sludge (Filipe et al., 2001b). However, Lemos et al. (unpub-
lished results) recently utilised in vivo NMR with acetate
labelled on positions 1 or 2 in order to clarify the proposed
metabolism of GAOs. A lab-scale SBR was used in these
experiments, comprised of 82% GAOs (consisting of 46%
Candidatus Competibacter phosphatis and 36% D. vanus-
related GAO, with <1% Accumulibacter) as quantified by FISH.
The NMR experiments consisted of an anaerobic/aerobic/
anaerobic cycle. From experiments where 2-'*C-acetate was
fed it was observed that both PHB and PHV were produced in
abundance. The 3HV fraction that was formed was mainly
from glycogen, but it was also partially produced from
externally labelled acetate. A small fraction of 3HB was also
made from the stored glycogen. Evidence of the operation of
the ED pathway came from comparing the labelling of 3HV
between the first and the second anaerobic phase. Glycogen
produced during the aerobic phase, from labelled PHA,
became labelled at positions 1, 2, 5 and 6. Since glycogen
was the only source of labelled carbon in the second
anaerobic phase, its degradation through the ED pathway
resulted in the newly formed 3HV becoming more highly
labelled at carbon positions 3-5 (with the enrichment of 4 and
5 each being three times larger than 3) when compared with
the initial anaerobic period. When the cells were fed with
1-13C-acetate, the glycogen formed during the aerobic phase
was labelled at carbon positions 1, 3, 4 and 6 (from chloroform
extracts). This labelling pattern suggested that aerobic glyco-
gen synthesis proceeded through gluconeogenesis, with
partial carbon cycling through the ED pathway.

3.3.3. Transport mechanism for VFA uptake by GAOs

Saunders (2005) also studied the anaerobic VFA uptake by
GAOs and the mechanism of transport through the mem-
brane, in a similar way as was performed for PAOs. They
observed that GAOs generate PMF by a combination of the
efflux of protons through the ATPase, at the expense of ATP,
and the reductive TCA cycle enzyme, fumarate reductase.
Interestingly, the acetate uptake rate of GAOs was substan-
tially reduced when the ATPase activity was inhibited, but no
such reduction in acetate uptake rate could be observed when
the ATPase activity was inhibited in the case of PAOs.

3.3.4. Aerobic metabolism of GAOs

The aerobic metabolism of GAOs is similar to that of PAOs,
except that there is no poly-P accumulation. The oxidation of
both PHB and PHV produces the energy required for biomass
growth, glycogen replenishment as well as cell maintenance
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(Filipe et al., 2001b; Zeng et al., 2003c). Lemos et al
(unpublished results) suggested that aerobic glycogen synth-
esis proceeds through gluconeogenesis, with partial carbon
cycling through the ED pathway (see Section 3.3.2).

3.3.5. Propionate metabolism by GAOs

Similarly to PAOs, the main difference between the metabo-
lism of acetate and propionate by GAOs is the PHA composi-
tion that is formed. While GAOs produce mainly PHB and PHV
with acetate, PHV and PH2MV are the primary PHA fractions
with propionate uptake (Oehmen et al., 2006b). Oehmen et al.
(2006b) found that the PHA composition produced by GAOs
correlated more strongly with a metabolic model predicting
the random condensation of acetyl-CoA and propionyl-CoA.
This is in contrast to PAO metabolism, where a higher
correlation has been observed with the selective condensa-
tion of acetyl-CoA and propionyl-CoA. Notably, the microbial
community in the sludge was dominated by Alphaproteobac-
teria, while Competibacter were not present. Competibacter-
dominated cultures have almost exclusively been enriched
with acetate as the sole carbon source, and have been
observed to take up propionate at very slow rates as
compared to acetate (Oehmen et al., 2004: see Section 4 for
more detail).

4. The competition between PAOs and GAOs

Successful operation of the EBPR process depends on
numerous process operational factors. Process upsets and
the deterioration of P removal in EBPR plants can be explained
by such disturbances as the presence of nitrate in the
anaerobic zone (Kuba et al., 1994), potassium and/or magne-
sium limitation (Brdjanovic et al.,, 1996; Pattarkine and
Randall, 1999), over-aeration due to e.g. excessive rainfall
(Brdjanovic et al., 1998b) and the microbial competition of
GAOs with PAOs (Thomas et al., 2003). Lately, factors affecting
the PAO-GAO competition have been the focus of many
studies, since eliminating unwanted GAOs from full-scale
plants can often be a difficult task, and effective control
strategies preventing their growth are only beginning to be
developed (Filipe et al., 2001c; Oehmen et al., 2005b; Lu et al.,
2006). Since the microbial identities of different groups of
PAOs and GAOs have only recently been found, and indeed,
other unknown PAOs or GAOs may exist, assessing the
microbial dynamics in EBPR systems has been a recent
development that is still expanding.

It is well known that one factor affecting the PAO-GAO
competition is the ratio of organic carbon to P in the influent,
or the so-called COD/P ratio. Numerous studies have found
that a high COD/P ratio (e.g. >50mgCOD/mgP) in the
wastewater feed tends to favour the growth of GAOs instead
of PAOs (for a review see e.g. Mino et al. (1998)). Thus, a low
COD/P ratio (e.g. 10-20mgCOD/mgP) should be more favour-
able to the growth of PAOs. On the other hand, a sufficient
amount of VFAs has to be provided in order to achieve good P
removal. Other factors may also influence the microbial
competition in EBPR systems, such as the carbon source, pH
and temperature.

4.1. The effect of carbon substrates

Different carbon sources, VFAs and non-VFAs have been
shown to have an impact on the PAO-GAO competition. The
most prevalent VFA in EBPR plants is acetate, though in plants
where prefermentation is employed, propionate is often
present in substantial quantities (25-45wt%, see: Cuevas-
Rodriguez and Tejero-Monzon, 2003; Thomas et al.,, 2003;
Ahn and Speece, 2006; Zeng et al., 2006). Butyrate, valerate
and other VFAs may also be present, but typically in small
quantities. Non-VFA organic substrates (e.g. amino acids,
sugars) are also present in wastewater, and some may be
metabolised by PAOs or GAOs. Most previous studies focused
on EBPR systems have used acetate as the sole carbon
source. Recently, however, there has been an increased
interest in the impact of propionate and other substrates on
EBPR performance.

While the use of acetate as a carbon source in EBPR systems
has been often documented to yield robust and stable P
removal performance, there are also many reported occasions
where the P removal deteriorated due to what is believed to
be microbial competition of GAOs with PAOs. As shown in
Table 2, a high abundance of Accumulibacter with little or no
GAOs (as determined by FISH targeting previously identified
GAOs) has been observed in some cases with acetate as the
sole carbon source, where good P removal performance was
also achieved (Hesselmann et al., 1999; McMahon et al., 2002;
He et al., 2006). However, the proliferation of GAOs has also
been frequently observed with this carbon source, under
otherwise similar operational conditions in many cases (see
Table 2). The GAO population quantified by FISH can also be
reflected in the chemical data, where a low ratio of P release/
VFA uptake is correlated with a low abundance of Accumuli-
bacter and a high GAO population, as well as an incomplete
level of P removal. Fig. 2 illustrates the correlation between
the abundance of Accumulibacter in the sludge and the P
release/VFA uptake ratio for many of the studies presented in
Table 2 (those operated at a nearly neutral pH). While the P
release to VFA uptake ratio is influenced by many factors,
such as the pH and carbon source, it is clear that the
abundance of PAOs and GAOs also has a strong effect on this
ratio. It has been suggested that the relative activity of PAOs
and GAOs can be estimated through analysis of the P release
to VFA uptake ratio (Saunders et al, 2003; Schuler and
Jenkins, 2003a).

Recent studies have suggested that propionate may be a
more favourable substrate than acetate for successful EBPR
performance (Thomas et al., 2003; Chen et al., 2004; Oehmen
et al,, 2004; Pijuan et al., 2004b; Chen et al., 2005; Oehmen
et al., 2006a). Thomas et al. (2003) has shown that the addition
of molasses into the prefermenter of a full-scale EBPR plant
resulted in a high level of propionate production, which was
hypothesised to be responsible for the improved P removal
performance observed in the plant as compared with the
direct addition of acetic acid. On numerous occasions,
superior P removal performance has been reported with
propionate as compared with acetate during long-term
enrichment studies at the laboratory scale (Hood and Randall,
2001; Chen et al., 2004, 2005; Oehmen et al., 2005a, 2006a).
These studies suggest that a propionate feed source may
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Fig. 2 - Correlation between the P release/VFA uptake ratio
and abundance of Accumulibacter in the biomass.

provide an advantage to PAOs over GAOs, which has been
supported through examining the biomass by FISH. In lab-
scale reactors fed with propionate as the sole carbon source,
Accumulibacter has often been observed to dominate the
bacterial community, while Competibacter were not present
in the biomass (Pijuan et al., 2004a,b; Oehmen et al., 2005c,
2006a). Furthermore, enriched cultures of Accumulibacter were
able to readily switch between acetate and propionate uptake
at similar rates (Oehmen et al.,, 2004; Pijuan et al., 2004b),
while an enriched culture of Competibacter fed with acetate as
the carbon source consumed propionate at <5% of the
acetate uptake rate (Oehmen et al., 2004). It should be noted
that using FISH-MAR on full-scale sludge samples, Competi-
bacter were found to be capable of taking up propionate (Kong
et al., 2006). However, propionate uptake was not observed in
many cells, thus Kong et al. (2006) suggested that either not
all members of this bacterial community are able to take up
propionate, or that the amount of substrate taken up was too
low in some cases to be detected by MAR. In contrast,
they found that acetate uptake was observed in the vast
majority of Competibacter cells, thus supporting the hypoth-
esis that these bacteria more easily take up acetate than
propionate. Overall, the evidence found thus far strongly
suggests that Competibacter are less competitive with PAOs for
propionate uptake as compared to acetate uptake.

Although a propionate carbon source has been hypothe-
sised to be effective in selecting against Competibacter, another
group of GAOs, members of the Alphaproteobacteria, have been
observed to actively take up propionate at substantial rates
(Oehmen et al., 2005b, 2006b; Meyer et al., 2006) and have the
capacity to compete with PAOs for propionate, leading to the
deterioration of P removal performance (Oehmen et al., 2005a;
Meyer et al., 2006). Alphaproteobacteria GAOs have also been
observed to take up acetate (Beer et al., 2004; Wong et al.,
2004; Oehmen et al., 2005b), though it has been shown that
these bacteria may be more efficient in propionate uptake as
compared to acetate uptake (Oehmen et al., 2005b; Dai, 2006).
Dai (2006) found that an enriched culture of Defluviicoccus-
related organisms (95% of all Bacteria) that were enriched with
acetate as the sole carbon source and displayed the GAO
phenotype, took up propionate at a faster rate than acetate

when the sole carbon source was switched from acetate to
propionate. Furthermore, these GAOs preferentially took up
propionate over acetate when both carbon sources were
present in the media. Interestingly, these bacteria were
shown to anaerobically consume glycogen at similar rates
when either acetate or propionate was fed as the sole carbon
source. This likely explains their preference for propionate
over acetate, as proposed by Dai (2006), since according to the
metabolic models proposed for GAOs (Filipe et al., 2001b; Zeng
et al., 2002; Oehmen et al., 2006b) a lower amount of glycogen
is required for propionate uptake as compared to acetate
uptake. Thus, GAOs can maximise their PHA content through
maximising propionate uptake, which can be used to max-
imise their growth in the subsequent aerobic phase (Dai, 2006).

These observations have raised questions concerning the
potential effectiveness of a propionate carbon source in
providing PAOs with a selective advantage over GAOs. Never-
theless, most studies reported thus far have shown improved
P removal performance with a propionate carbon source.
While the reason for this remains unclear, one possible
explanation is due to the slow rate of propionate uptake by
Competibacter, and thus one group of GAOs that are commonly
observed in EBPR systems are unable to compete with
Accumulibacter for propionate. On the other hand, both
Competibacter and Alphaproteobacteria GAOs may potentially
compete with PAOs for acetate uptake. Therefore, a propio-
nate carbon source may be more advantageous than acetate
since a narrower range of GAOs is able to compete with
Accumulibacter for propionate.

Since Accumulibacter have little preference towards acetate
or propionate uptake, unlike Competibacter and Alphaproteo-
bacteria GAOs, the simultaneous presence of acetate and
propionate may be more beneficial for PAOs than GAOs.
Some studies have incorporated both carbon sources in the
feed (Satoh et al., 1992; Lemos et al., 1998; Liu et al., 2001;
Levantesi et al., 2002; Onda et al., 2002; Thomas et al., 2003;
Chen et al., 2004, 2005), in some cases suggesting beneficial
results towards the growth of PAOs and/or a higher level
of P removal. Further study concerning the effects of a
combined acetate/propionate feed on the PAO-GAO competi-
tion is necessary. This approach could be promising for
practical application, since both substrates are often pro-
duced from prefermenters and the acetate/propionate frac-
tion can be controlled through adjusting the operational
conditions of the prefermenter (Thomas et al., 2003; Ahn and
Speece, 2006; Zeng et al., 2006). The carbon source preferences
observed by PAOs and GAOs has also led to the development
of a control strategy whereby the sole carbon source in the
feed is periodically alternated between acetate and propio-
nate (Lu et al., 2006). Using this strategy, Competibacter and
Alphaproteobacteria GAOs were almost completely eliminated
from the biomass, and very highly enriched Accumulibacter
cultures were repeatedly obtained, which was correlated
with a highly stable level of P removal. Regularly alternating
the carbon source appears to be a feasible method of
eliminating GAOs for the purposes of lab-scale studies,
though suitable modification of this strategy (such as the
manipulation of prefermenter operating conditions as
described above) would likely be required for practical
implementation in full-scale plants.
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VFAs other than acetate and propionate (such as butyrate,
lactate, valerate and isovalerate) can also be taken up by PAOs
and/or GAOs (Liu et al., 1996b; Randall et al., 1997; Lemos et
al., 1998; Hood and Randall, 2001; Levantesi et al., 2002). The
effect of these substrates on the PAO-GAO competition is
currently unclear, though some reports have suggested that
isovalerate may be a beneficial carbon source for EBPR
systems, leading to a high level of P removal (Randall et al,,
1997; Hood and Randall, 2001). It has also been reported in
some cases that the uptake rate of butyrate was slower than
that of acetate or propionate (Lemos et al., 1998; Levantesi
et al., 2002). One complication in these studies is that most of
these acids (and other organics, see below) can be quite
rapidly converted to acetate and/or propionate in a mixed
microbial culture, therefore, raising questions concerning
which compounds are actually consumed by the PAOs and/or
GAOs. Although clarification of the role of other VFAs on the
PAO-GAO competition would be of some interest, it is only of
practical relevance in situations where these substrates are
present in abundance, which is not generally the case in most
EBPR plants.

The most widely studied carbon substrate other than VFAs,
has been glucose. Successful EBPR operation has been
achieved in some studies fed with glucose as the carbon
source (Carucci et al., 1999; Sudiana et al., 1999; Jeon and
Park, 2000; Wang et al.,, 2002). However, it is commonly
believed that glucose is fermented to VFAs such as acetate
and propionate prior to substrate uptake by PAO (Wentzel
et al., 1991; Sudiana et al., 1999; Canizares et al., 2000), which
is supported by observations using FISH-MAR for Accumuli-
bacter (Kong et al., 2004). The deterioration of EBPR systems
has frequently been observed when glucose is fed as the
carbon source (Cech and Hartman, 1990, 1993; Tasli et al.,
1997; Carucci et al., 1999; Tsai and Liu, 2002), where TFOs (or
G-bacteria) have proliferated. It is believed that external
glucose can replace internally stored glycogen and serve as
the energy source and reducing power for PHA accumulation,
reducing the dependency on poly-P and thus selecting for
GAOs over PAOs (Mino et al., 1998). However, it has been
suggested that Competibacter, like Accumulibacter, are unable to
assimilate glucose directly, and rely on the consumption of
fermentation products when fed with this carbon source
(Kong et al., 2006). In contrast, glucose has been observed to
be directly taken up by Defluviicoccus-related organisms
(Burow et al., 2007).

Many other non-VFA substrates have been tested (e.g.
amino acids, sugars) and have been shown to be able to be
taken up anaerobically, by different groups of organisms
proposed as PAOs or GAOs (Liu et al., 1996b; Satoh et al., 1996,
1998; Chua et al., 2004; Kong et al., 2004, 2005, 2006). Kong et
al. (2005) have found using FISH-MAR that a group of
Actinobacteria were able to take up amino acids anaerobically
and perform aerobic P removal, though it is currently unclear
which amino acids were taken up by these bacteria. Interest-
ingly, acetate was not taken up by this group of Actinobacteria,
and further investigation is necessary regarding the carbon
sources that they store and use for P removal. The abundance
of these carbon sources in wastewater systems is largely
unknown, although they seem to be particularly abundant in
industrial wastewater systems.

4.2. The effect of pH

Many studies have shown that a higher ambient pH in
enriched PAO sludges has resulted in a higher anaerobic P
release (Smolders et al., 1994a; Liu et al., 1996a; Bond et al.,
1999b; Filipe et al., 2001d). Smolders et al. (1994a) found that
the ratio of anaerobic P release to acetate uptake varied
linearly from 0.25 to 0.75 P-mol/C-mol when pH rose from 5.5
to 8.5. The reason for this variation was explained as follows:
under the assumption that the internal pH of the cell is kept
constant, there is an increased pH gradient and a correspond-
ing increase in electrical potential difference across the cell
membrane at a high ambient pH. Therefore, more energy is
needed for acetate transport through the membrane when
external pH is high. This increased energy is generated
through an increase in polyphosphate degradation. However,
the acetate uptake, glycogen degradation and PHA accumula-
tion rates of PAOs have been shown in batch tests to be
independent of pH over the range 6.5-8.0 (Filipe et al., 2001d),
indicating that the higher energy requirements to take up
acetate does not negatively affect their ability to metabolise
VFA. Aerobically, a series of batch tests has shown that P
uptake, PHA utilisation and biomass growth were all inhibited
by a low pH (6.5), and suggested that a higher aerobic pH
(7-7.5) would be more beneficial for PAOs (Filipe et al., 2001a).

To the contrary, the acetate uptake rate of GAOs has been
reported in short-term tests to decrease with increasing pH,
and is accompanied by an increase in anaerobic glycogen
consumption and PHV accumulation (Filipe et al., 2001b). This
suggests that a higher pH not only results in a higher energy
demand for acetate uptake, but also negatively affects the
ability of GAOs to take up acetate. This is likely explained by
the fact that PAOs have poly-P as an extra energy source as
compared to GAOs, which they expend to meet this higher
energy demand. It has been postulated that an anaerobic pH
of 7.25 is a critical point, whereby GAOs are able to
anaerobically take up VFA faster than PAOs below a pH of
7.25, and PAOs take up acetate faster above this pH value
(Filipe et al., 2001c). An improved level of P removal has been
observed when the anaerobic pH setpoint was increased from
6.8 to 7.25 (Filipe et al., 2001c). Other studies have also shown
higher P removal when the anaerobic and/or aerobic pH level
was increased (from <7 to 7.5-8.5) (Bond et al., 1999a; Jeon
et al.,, 2001; Schuler and Jenkins, 2002; Serafim et al., 2002).
The reason for the improved performance was hypothesised
to be from a shift in the microbial competition from GAOs to
PAOs. This hypothesis has been supported through assessing
population changes in the microbial community. Zhang et al.
(2005) found that the deterioration of P removal accompanied
a change in pH from 7.0 to 6.5, while a clear shift in the
microbial community structure was simultaneously observed
through examination of 16S rRNA clone libraries developed at
each pH. The clone library at pH 7.0 consisted mainly of
Betaproteobacteria, Alphaproteobacteria (including Defluviicoccus-
related clones), Bacteriodetes/Chlorobi and Actinobacteria. At pH
6.5, the clone library consisted primarily of Gammaproteobac-
teria, Alphaproteobacteria (including Sphingomonas-related or-
ganisms),  Bacteriodetes/Chlorobi and  Betaproteobacteria.
Furthermore, in a study of two lab-scale reactors, one fed
with acetate and the other with propionate, the acetate
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reactor was shown to be dominated by Competibacter and the
propionate reactor by Alphaproteobacteria GAOs, when the pH
was controlled at 7 (Oehmen et al., 2005a). A clear increase in
the ratio of Accumulibacter PAOs to GAOs was observed in both
systems after the pH was increased to ~8, while the P removal
simultaneously increased in both reactors. Interestingly,
however, GAOs were not completely eliminated from either
bioreactor at high pH, and the propionate reactor exhibited
superior P removal performance to the acetate reactor.

Clearly, the results show that pH strongly influences the
PAO-GAO competition, and an increase in pH can improve P
removal performance by selecting for PAOs over GAOs. This
finding may be a very useful control strategy for improving P
removal in EBPR systems and confirmation of the above lab-
scale results in full-scale plants is recommended. Naturally,
excessive pH can be detrimental to EBPR process perfor-
mance, and there is clearly an upper pH limit where this
control strategy will no longer be effective. In some studies, a
decrease in the VFA uptake, P release and P uptake rates have
been observed at pH values above 8.0 (Liu et al., 1996a; Schuler
and Jenkins, 2002; Oehmen et al., 2005a). It should also be
noted that the fraction of P removed via biologically induced
chemical precipitation increases with increasing pH (Maurer
et al., 1999).

4.3. The effect of temperature

Temperature also appears to be a factor that has an impact on
the PAO-GAO competition. In EBPR systems, a lower tem-
perature has been observed to decrease the rates of biochem-
ical transformations (e.g. P release/uptake, acetate uptake,
PHA oxidation, growth), as is the case in most biological
reactions (Brdjanovic et al., 1998a). However, successful EBPR
operation has been observed at very low temperatures, even
5°C (Brdjanovic et al., 1998a), though a higher sludge age was
necessary at low temperatures due to the decrease in the
kinetics of the process at low temperatures. Moreover, low
temperatures have been found to improve EBPR performance
in some lab-scale studies (Whang and Park, 2002; Erdal et al.,
2003; Panswad et al., 2003). This improved performance has
been hypothesised to be due to a shift in the microbial
community from GAOs to PAOs. Panswad et al. (2003) found
that the rate of P release increased with increasing tempera-
ture from 20 to 35°C, while the rate of P uptake decreased.
Furthermore, they calculated the mass fraction of PAOs and
GAOs through assessing the changes in the ratio of P release
to VFA uptake, assuming that PAO stoichiometry is indepen-
dent of temperature as has been observed previously
(Brdjanovic et al., 1997, 1998a). An increase in the fraction of
GAOs and decrease in the fraction of PAOs was concluded
with an increase in temperature from 20 to 35°C, which
correlated well with a decrease in the P content in the sludge.
It is also noteworthy that Panswad et al. (2003) concluded that
a substantial portion of GAOs were present in the sludge
(28-51% mass fraction) even at 20°C. Whang and Park (2002)
showed that an SBR exhibited good EBPR performance at
20°C, while another SBR operated at 30°C exhibited a lower
level of P release and uptake with higher anaerobic acetate
uptake. A higher level of TFOs was observed in the sludge at
30°C, suggesting an increased GAO proliferation at higher

temperature. Erdal et al. (2003) found a higher P removal
capacity and a corresponding decrease in glycogen transfor-
mations from biomass acclimatised to 5°C as compared to
20°C, and suggested that the low temperature favoured the
growth of PAOs over GAOs. They also suggested that PAOs
were able to dominate the system at 5°C through changing
their metabolic pathway. While Brdjanovic et al. (1998a) also
observed a change in microbial community structure at
different temperatures, their finding that PAO stoichiometry
was independent of temperature contrasts with those of Erdal
et al. (2003, 2005).

The experimental evidence obtained thus far suggests that
GAOs tend to become stronger competitors with PAOs at
higher temperatures. This implies that competition by GAOs
with PAOs in EBPR plants may be more problematic in warm
climates, and during the summer months.

4.4.  Other factors affecting the PAO-GAO competition

The effects of other operational factors on the PAO-GAO
competition have been less widely studied. Some studies
have suggested that a low sludge age favours PAOs over GAOs
(e.g. Rodrigo et al., 1999; Whang and Park, 2006), however,
further investigation would be valuable to corroborate these
results.

The dissolved oxygen (DO) concentration has been hy-
pothesised to impact the PAO-GAO competition (Griffiths et
al., 2002). In this study, the DO concentration was adjusted in
numerous full-scale wastewater plants, resulting in changes
in the process performance. The abundance of PAOs and TFOs
in the sludge (assessed by examining the anaerobic/aerobic
cycling of poly-P and PHA through chemical staining)
suggested a general, yet indefinitive correlation with DO
concentration and plant performance. Poor P removal perfor-
mance and a high number of TFOs were more frequently
observed at very high DO concentrations of 4.5-5.0mg/L,
while DO concentrations of approximately 2.5-3.0mg/L
seemed to correlate with a greater abundance of PAO.
Additionally, Lemaire et al. (2006) have observed an increase
in the abundance of Accumulibacter and a decrease in
Competibacter during SBR operation at a very low DO level
(approximately 0.5 mg/L). Further study is necessary in order
to clarify the impact of DO concentration on the PAO-GAO
competition. This is particularly relevant as there appears to
be a general trend to operate full-scale BNR plants at lower DO
concentrations (0.5-1.5mg/L) than in the past to both reduce
aeration costs and improve the nitrogen removal through
simultaneous nitrification/denitrification (SND).

It has been observed that aerobic and anoxic P uptake is
inhibited by the presence of nitrite (Kuba et al., 1996b; Saito et
al., 2004). Furthermore, Saito et al. (2004) have observed that
an increase in the Competibacter population coincided with
the accumulation of nitrite in the anoxic phases, and
suggested that it may be a factor that provides GAOs an
advantage over PAOs. They also found that the growth rate of
PAOs was also inhibited during periods where nitrite was
present. Thus, it seems that the presence and accumulation
of nitrite inhibits PAOs, thereby favouring the growth of GAOs.

The effects of other factors such as chemical precipitants
(de Haas et al., 2001; Tykesson, 2005), and the presence of
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inhibitory compounds (Rayne et al., 2005) could potentially
have an impact on the PAO-GAO competition, and requires
further study.

5. Process operation

Recent advances have been made in relation to the develop-
ment of novel processes incorporating both P and nitrogen
removal. The ability of PAOs to denitrify is a key factor in
many EBPR process designs, due mainly to the reduced levels
of oxygen and carbon sources that are needed for simulta-
neous denitrification and P removal. This can lead to savings
in plant operational costs.

5.1.  Denitrifying P removal

Organic carbon sources are necessary to achieve denitrifica-
tion and EBPR. Often, denitrification proceeds under condi-
tions where both nitrate (i.e. anoxic conditions) and soluble
organic carbon sources are present. It is widely accepted that
the presence of nitrate in the anaerobic phase of an EBPR
system is detrimental to P removal, due to the competition of
VFA uptake by PAOs with ordinary denitrifiers (Barker and
Dold, 1996). However, when nitrate and PHA-rich sludge are
present simultaneously (i.e. when the anoxic zone follows the
anaerobic phase), simultaneous denitrification and P removal
can be achieved. Denitrifying P removal occurs due to the
capacity of at least a fraction of PAOs to use nitrate and/or
nitrite as an electron acceptor for P removal instead of oxygen
(Kerrn-Jespersen and Henze, 1993; Kuba et al.,, 1993). The
energy production efficiency of PAOs with nitrate seems to be
about 40% lower than with oxygen (Kuba et al., 1996a), and,
therefore, the rate of P uptake by PAOs under anoxic
conditions is generally lower than under aerobic conditions.
However, substantially less COD is required for this process as
compared to separate P and N removal (Kuba et al., 1996c),
which, together with the savings in aeration resulting from
the use of nitrate instead of oxygen, make denitrifying P
removal economically very attractive. In addition, the lower
energy generation efficiency of DPAOs leads to a 20-30% lower
cell yield, resulting in lower sludge production (Kuba et al.,
1994). It should also be noted that at least a fraction of GAOs
have also been found to be able to denitrify (DGAOs), similarly
to PAOs (Zeng et al., 2003e).

While nitrite can have a negative effect on the EBPR process
by inhibiting the metabolism of PAOs (see the Section 4), it has
also been demonstrated that DPAOs can use nitrite as an
electron acceptor up to concentrations of 5-10mgN/L after
acclimatisation (Meinhold et al., 1999; Lee et al., 2001).

5.1.1. Are PAOs and DPAOs the same organisms or not?

Contrasting results has been found in the literature in
relation to the identity of the microorganisms responsible
for simultaneous denitrification and P removal. Kerrn-Jesper-
sen and Henze (1993) observed through anaerobic-anoxic-
aerobic batch tests that the anoxic P uptake rate gradually
diminished until it essentially ceased, but once aeration
commenced the P uptake rate increased, to a higher level
than was observed under anoxic conditions. These results

suggested that the fraction of the PAO population able to
utilise either nitrate or oxygen as electron acceptor (DPAOs)
took up P until their PHA pools were depleted. In the aerobic
phase, another PAO fraction that was able to use only oxygen
(non-DPAOs) was able to take up P, since their PHA was not
consumed anoxically. Similar assays carried out by Meinhold
et al. (1999) supported these results. Further tests carried out
by Ahn et al. (2002) showed that sludge acclimatised for 30
days to anaerobic plus aerobic or anoxic conditions had a
much lower P uptake capacity when the other electron
acceptor (nitrate or oxygen, respectively) was supplied.

The use of molecular tools was employed in the attempt to
characterise the microorganisms involved in denitrifying P
removal. Based on 16S rRNA-based polymerase chain reaction
(PCR)-DGGE, Ahn et al. (2002) demonstrated that three
reactors had different population structures when operated
with electron acceptors of oxygen, nitrate, and oxygen
together with nitrate, respectively. The DGGE band pattern
differed among the three reactors, which were seeded from
the same inoculum. However, one of the bands that were
common to all reactors, which could have come from bacteria
that could use either oxygen or nitrogen as electron acceptor,
was sequenced and found to be closely related to Rhodocyclus
spp. This result was confirmed by the high abundance of cells
that bound the PAO846 FISH probe, suggesting that Accumu-
libacter represented a considerable fraction of the microbial
population regardless of the electron acceptor employed. This
result is in agreement with Zeng et al. (2003b), who detected
high numbers of Accumulibacter with FISH in two SBR
operated with either nitrate or oxygen as the electron
acceptor. In the latter study, sludge acclimatised to anaero-
bic-aerobic conditions required a short adaptation period in
order to be able to use nitrate as electron acceptor, while
sludge acclimatised to anaerobic-anoxic conditions readily
took up P in the presence of oxygen. A study performed by
Kong et al. (2004) using FISH-MAR demonstrated that
Accumulibacter were able to take up phosphate with simulta-
neous denitrification, corroborating these results.

The nearly complete genome of Accumulibacter (Martin
et al,, 2006), did not contain the gene nar for respiratory
nitrate reductase, although the genes responsible for nitrite
reduction to nitrogen were detected. Based on these results, it
was hypothesised that nitrate reduction in simultaneous N
and P removing systems is not carried out by Accumulibacter
but by flanking species, which would supply Accumulibacter
with the necessary nitrite for P removal under anoxic
conditions.

However, recent studies on the phylogeny of Accumulibacter,
based on 16S rRNA gene plus internally transcribed spacer
region clone libraries, showed the existence of sub-clades
within the Accumulibacter group (He et al., 2006). In a recent
study, two SBRs were operated under anaerobic-aerobic
conditions and gradually acclimatised to anaerobic-anoxic
conditions (Carvalho et al., 2006), where the sole carbon
source fed to the SBRs was acetate and propionate, respec-
tively. In these systems, similar results to Kerrn-Jespersen
and Henze (1993) were obtained in anaerobic-anoxic-aerobic
batch tests, suggesting the presence of two different groups of
PAOs (DPAOs and non-DPAOs). A high abundance of Accumu-
libacter was found in both reactors, similarly to the results of
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Zeng et al. (2003b), although different cell morphotypes were
observed. After acclimatisation to denitrifying conditions,
Accumulibacter with rod-type morphology was abundant in
the microbial community of the propionate-fed SBR, which
displayed greater denitrifying capacity. In contrast, the cocci
morphology was prevalent in the Accumulibacter community
of the acetate-fed reactor, which ultimately lost its ability to
anaerobically take up VFA and perform P cycling during
acclimatisation to anaerobic-anoxic conditions. It was hy-
pothesised that DPAOs may be linked to the rod-type
morphology and non-DPAOs to the cocci-type morphology,
where both organisms are Accumulibacter. While this hypoth-
esis has yet to be confirmed, it may explain the seemingly
contrasting results that have been observed in previous
studies. It is possible that the Accumulibacter group contains
multiple sub-groups with different phenotypic characteristics
(Carvalho et al., 2006; He et al., 2006), such as the ability to
denitrify.

5.2.  BNR process configurations

The processes designed for nitrogen and P removal involve
recirculating the sludge through anaerobic, anoxic and
aerobic zones. In the anaerobic stage, VFA is taken up and
stored as PHA by PAOs, which is accompanied by P release.
The biomass is then exposed to anoxic conditions if
denitrifying P removal is desired. Finally, the production of
the necessary nitrate takes place by oxidation of the
ammonia in aerobic conditions, where P uptake also takes
place. These three basic steps have been combined in
different arrangements, as illustrated in Fig. 3 and described
in Table 3. While not all processes involving EBPR are
discussed here, many of the processes primarily implemen-
ted in full-scale treatment plants are presented, as well as
recent trends towards novel process developments.

5.2.1. EBPR processes with pre-denitrification
“Classical” processes such as the A,O, University of Cape
Town (UCT) and five-stage Bardenpho processes (Tchobano-
glous et al., 2002) are based on pre-denitrification, i.e., the
anoxic phase is located prior to the nitrifying aerobic stage.
High internal mixed liquor recirculation is, therefore, re-
quired from the aerobic into the anoxic section in order to
provide the PHA-rich PAO sludge (from the anaerobic stage)
with the necessary NO; for denitrifying P removal. In the A,0
process (Fig. 3A) (Tchobanoglous et al., 2002), the return
activated sludge (RAS) is recycled to the beginning of the
anaerobic stage. The drawback of recycling all of the sludge to
the anaerobic zone is that the NO, generated in the aerobic
stage from nitrification is introduced directly into the
anaerobic stage, which can then promote the utilisation of
VFA for denitrification, instead of being stored as PHA by
PAOs. The ISAH (Institute of Sewage and Waste Management
Technology of the University of Hanover: see Henze et al.,
1997) process has a similar configuration to the A,0 process,
where the main difference is that the recycled sludge is first
denitrified in a separate anoxic tank, thus avoiding this
problem.

The UCT process (Ekama et al., 1984) differs from the A,O
process in that it has the RAS recycled to the anoxic phase

(instead of the anaerobic phase), while an additional recircu-
lation flow from the end of the anoxic to the beginning of the
anaerobic phase is provided for increased carbon utilisation
and biomass recycling. The modified UCT process (Fig. 3B) has
two separate anoxic zones. The first zone only receives the
low concentration of nitrate existing in the RAS, which is
quickly denitrified. The mixed liquor recycled into the
anaerobic zone comes from the end of the first anoxic zone
and, therefore, still contains substantial organic carbon but
little nitrate. The recycling stream from the aerobic zone goes
to the main anoxic zone for denitrification. The Virginia
Initiative Plant (VIP: Tchobanoglous et al., 2002) is a process
configuration very similar to the UCT, with modifications to
the RAS recycle stream and the mixed liquor recycle from the
anoxic zone.

The five-stage Bardenpho process (also known as Johannes-
burg: see Tchobanoglous et al., 2002) offers another means of
minimising the undesirable presence of NOy in the anaerobic
zone, through the incorporation of a second anoxic phase for
denitrifying the residual NO,, using stored carbon (Fig. 3C). A
final aerobic phase is also included in this process to promote
the stripping of N, gas from the wastewater and also to
optimise P uptake. A similar strategy is employed in the
BioDenipho and modified oxidation ditch processes (Henze et
al., 1997), which consist of an anaerobic zone followed by
alternating anoxic and aerobic zones. A unique feature of
these configurations is the interconnected nature of the
anoxic and aerobic zones, where the mixed liquor is
continuously cycled through both zones, eliminating the
need for an internal recycle. Effluent is continuously dis-
charged to the clarifier, typically from the aerobic zone, while
the recycled sludge is fed back to the anaerobic zone.

5.2.2. EBPR processes with post-denitrification

Other processes have been developed for BNR based on post-
denitrification. This reduces the need for mixed-liquor
recirculation (as described in most of the processes above)
and promotes the use of sequencing batch reactors (SBRs).
However, when the same sludge is submitted to a sequence of
anaerobic-aerobic-anoxic conditions, the intracellular PHA
required for P removal, which was stored during the
anaerobic stage, risks being depleted aerobically for P uptake,
leaving the anoxic phase with a low level of carbon for
denitrification. In order to avoid this waste of electron donor,
post-denitrification systems are typically operated with two
sludges (Table 3), where the anaerobic-anoxic P removal
sludge bypasses the aerobic stage, containing the nitrifying
biomass. Examples of this system are the DEPHANOX process
(Bortone et al., 1996: see Fig. 3D) and the A,N process (Kuba
et al, 1996¢). In the DEPHANOX system, after the initial
anaerobic phase, the supernatant is separated from the
sludge in an intermediate settling step, and it is then supplied
to a separate tank containing nitrifying bacteria grown on
fixed-film. An additional aerobic tank (or phase) may also be
required at the end of post-denitrification processes if
insufficient P removal is achieved by DPAOs. The final aerobic
phase can also strip-out residual N, gas as well as promote
the conversion of PHA into glycogen, which will be necessary
in the subsequent anaerobic zone. Two-sludge systems
require lower recirculation costs, but involve more settlers
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Fig. 3 - Process diagrams for combined biological phosphorus and nitrogen removal. The expected chemical transformations

are described in each step.

than the single sludge systems. The number of settlers can be
reduced with the use of two SBRs, one anaerobic—anoxic and
another aerobic (Kuba et al., 1996c), or one SBR and a biofilm
nitrifying system (Bortone et al., 1994).

5.2.3. EBPR processes combined with chemical precipitation

In some P removal processes, EBPR is combined with
chemical precipitation. In the PhoStrip process (Tchobano-
glous et al., 2002), a portion of the RAS is diverted to an
anaerobic stripping tank, where P is released. The sludge is

then returned to the biological process and P is removed from
the supertanant by chemical precipitation. Another process
developed and applied in several WWTP in The Netherlands
is the BCFS (biological and chemical P and nitrogen removal:
van Loosdrecht et al., 1998). This process is similar to the
modified-UCT (Fig. 3B) with an integrated “P-stripping”
system to deviate part of the effluent of the anaerobic phase
into a chemical P removal process when the biological P
removal efficiency is not sufficient. An additional area where
chemical precipitation is often integrated with the EBPR
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Table 3 - Processes for biological phosphorus and nitrogen removal

Process Pre- Post- Single sludge  Two sludges References
denitrification denitrification

A0 X X Tchobanoglous et al. (2002)
UCT X X Tchobanoglous et al. (2002)
Five stage Bardenpho X X Tchobanoglous et al. (2002)
BioDenipho X X Henze et al. (1997)
BCFS X X van Loosdrecht et al. (1998)
DEPHANOX X X Bortone et al. (1996)
AN X X Kuba et al. (1996¢)
MBR X X X Lesjean et al. (2002)
Orbal Simultaneous nitrif. and denit. X Zilles et al. (2002b)
SNDPR Simultaneous nitrif. and denit. X Zeng et al. (2003a)

process is during sludge treatment (often by anaerobic
digestion). Under anaerobic conditions, stored polyphosphate
can be hydrolysed and released, which when recycled back to
the activated sludge process, results in an increase in the P
load (Popel and Jardin, 1993). P precipitation as magnesium
ammonium phosphate (struvite) can be implemented in this
stream, simultaneously reducing the P concentration and
recovering it in the form of a potential fertiliser (Booker et al.,
1999; Britton et al.,, 2005; Hao and van Loosdrecht, 2006).
This technology is currently being implemented in some
full-scale wastewater plants (Ueno and Fujii, 2001; Battistoni
et al., 2006).

5.2.4. Recent trends and developments in EBPR

The use of membrane bioreactors (MBR) for P and N removal
has been tested by Lesjean et al. (2002). Both pre- and post-
denitrification processes were adapted to MBRs with similar P
removal efficiency, although post-denitrification achieved
better N-removal. This process configuration offers advan-
tages in reducing the effluent suspended solids, which is
particularly valuable when strict effluent standards are
required. EBPR has also been achieved in a biofilm process,
however, achieving controlled removal of waste activated
sludge (critical for the physical removal of P from the process)
is difficult and has thus far prevented wider application
(Rogalla et al., 2006).

Other process configurations have been designed to achieve
EBPR in conjunction with simultaneous nitrification and
denitrification. The Orbal process (Zilles et al., 2002b) and
the simultaneous nitrification, denitrification and P removal
(SNDPR) process (Zeng et al., 2003a) are among these designs.
In the Orbal process, an initial aerated-anoxic phase
(DO<0.1mg/L) provides the conditions for simultaneous
nitrification and denitrification, along with P release. P uptake
then occurs in the subsequent aerobic phase. The SNDPR
process has an initial anaerobic phase, with P release and VFA
uptake, followed by an aerobic phase with DO = 0.5+0.1mg/
L, where nitrification and denitrification occur via nitrite,
simultaneous to P uptake. This system was successfully
operated in bench-scale SBRs, but has not yet been imple-
mented in larger-scale plants. The use of granular sludge
has gained increasing interest for achieving simultaneous

nitrogen and P removal (Meyer et al., 2005). It seems that
SNDPR is favoured by the oxygen gradient observed through
the microbial aggregates, which promotes nitrification on the
surface of the granules (in the presence of oxygen) while
denitrification occurs in the centre of the granules (in the
presence of NO, and absence of oxygen). Lab-scale experi-
ments using granular sludge have demonstrated that stable P
and nitrogen removal can be achieved in granules supplied
with both synthetic and real wastewater (Dulekgurgen et al,,
2003; Cassidy and Belia, 2005; de Kreuk et al., 2005; Lemaire et
al., 2006). Moreover, a slow anaerobic substrate feeding rate
has been found to improve granule stability by enhancing the
growth of slow growing bacteria such as PAOs (de Kreuk et al.,
2005). Granular sludge also presents the advantage of
improving sludge settleability, thereby requiring smaller
settling tanks, resulting in economic advantages.

6. Process modelling

Two different types of models, namely activated sludge
models (ASM) and metabolic models, have been used to
describe the EBPR process. Both types of models consist of
sets of stoichiometric and kinetic expressions that describe
the biochemical transformations of the process. One key
difference between the two types of models is that the yield
coefficients in metabolic models are derived theoretically
through substrate, energy and reducing power balances,
minimising the need for site-to-site parameter calibration.
ASM and metabolic models have also been integrated
together to simulate the behaviour of full-scale EBPR plants.

6.1.  Metabolic modelling

Since neither PAOs nor GAOs have been obtained in pure
culture, metabolic models have been proposed through
defining the reaction stoichiometry using assumed biochem-
ical pathways (see Section 3). A set of reactions is thus
established to describe the metabolism, each with known
stoichiometry but unknown reaction rate. The consumption
and/or production rate of each compound involved in the
reactions either as an initial substrate (e.g. acetate), a final
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product (e.g. PHAs) or an intermediate (e.g. ATP and NADH) is
then expressed as a function of the rates of the reactions
involving this compound with the use of the reaction
stoichiometry established. By assuming that the reaction
intermediates including ATP and NADH do not accumulate in
bacterial cells (i.e. their production rates are equal to their
consumption rates), the degree of freedom is reduced so that
the substrate consumption and product formation rates are
expressed with a minimum number of independent reaction
rates. The theoretical stoichiometry is based on the yield
coefficients for these independent reaction rates, while the
reaction kinetics are also modelled, usually using Monod-type
kinetics.

The yield coefficients established above are typically
verified by measuring the consumption rates of a set of
substrates and the production rates of a set of products.
When the number of measured rates is larger than the
number of independent reaction rates (see above), equations
involving only known stoichiometric coefficients and mea-
sured variables are obtained, forming independent checks of
the theoretical stoichiometry. At least one such equation is
needed. The more equations there are, the more comprehen-
sive the verification. The measured variables for verifying
metabolic models of PAOs and GAOs have typically been the
rates of VFA consumption, glycogen consumption/regenera-
tion, PHA production/consumption, phosphate release/up-
take, oxygen consumption and ammonium uptake (Smolders
et al.,, 1995; Filipe et al., 2001b, d; Yagci et al., 2003). In some
cases, the rates of CO, and/or proton production have also
been used (Smolders et al., 1994a; Zeng et al., 2003c; Oehmen
et al., 2005c, 2006b).

A summary of the metabolic models that have been
proposed to describe the EBPR process under various condi-
tions is given in Table 4. Smolders et al. (1994a) first developed
a metabolic model to describe the anaerobic metabolism of
acetate by PAOs, based on the Mino model (see Section 3). The
energy required for the active transport of acetate across the
cell membrane was described with parameter «, which was
illustrated to be dependent on the ambient pH. Metabolic
models were later developed to describe the anaerobic
metabolism of GAOs with acetate (Filipe et al., 2001b; Zeng
et al., 2002), where the primary differences between PAOs
were that a portion of the glycogen was degraded through the
reductive branch of the TCA cycle and the methylmalonyl-
CoA pathway (see Section 3), leading to PHV production, and
poly-P was not used as an energy source. Oehmen et al.
(2005c, 2006b) adapted the PAO and GAO metabolic models
developed for acetate to describe the case of a propionate
carbon source.

In each of these aforementioned studies, the proposed
metabolic pathways were shown to describe the experimental
data very well. Yagci et al. (2003) developed a metabolic model
to describe acetate uptake by mixed PAO and GAO cultures.
The glyoxalate pathway was assumed for PAOs (see Section
3), and the succinate that is formed was assumed to be
converted to propionyl-CoA via the methylmalonyl-CoA path-
way, leading to PHV production. Yagci et al. (2003) found that
this model correlated very well with experimental results.

The aerobic biochemical processes of PAOs have been
described in a metabolic model developed by Smolders et al.
(1994b). The yield coefficients for bacterial growth, glycogen
generation and phosphate uptake with respect to the

Table 4 - Previously developed metabolic models for describing the activity of PAOs and/or GAOs

Description PAO GAO Anaerobic Anoxic Aerobic Carbon Publication
Source
Model of the anaerobic stoichiometry of X Acetate Smolders et al.
PAOs and the influence of pH (1994a)
Model of the aerobic stoichiometry of PAOs X X Acetate Smolders et al.
(1994b)
Combined anaerobic/aerobic stoichiometry X X Acetate Smolders et al.
and kinetics of PAOs (1995)
Stoichiometric and kinetic model of DPAOs X X Acetate Kuba et al. (1996a)
Integration of the anaerobic/aerobic X X X Acetate Murnleitner et al.
andanaerobic/anoxic models (1997)
The effect of pH on the stoichiometry and X Acetate Filipe et al. (2001d)
kinetics of PAOs
Model of the anaerobic stoichiometry and X Acetate Filipe et al.
kinetics of GAOs, and the influence of pH (2001b), Zeng et al.
(2002)
Anaerobic stoichiometric PAO model with X Glucose Wang et al. (2002)
glucose
Combined anaerobic/aerobic stoichiometry X X Acetate Zeng et al. (2003c)
and kinetics of GAOs
Combined PAO and GAO anaerobic model X X Acetate Yagci et al. (2003),
Zeng et al. (2003d)
Anaerobic stoichiometric PAO model with X Propionate Oehmen et al.
propionate (2005¢)
Anaerobic/aerobic stoichiometric GAO X X Propionate Oehmen et al.

model with propionate

(2006b)
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consumption of PHB was determined as a function of the
respiration efficiency (, also known as the P/O ratio), in moles
of ATP produced per mole of NADH oxidised. The values of
the yields were determined through experimental determina-
tion of . Zeng et al. (2003c) developed a metabolic model to
describe the aerobic metabolism of GAOs. The main differ-
ences of the aerobic GAO model are that the reactions of P
uptake and polyphosphate accumulation are excluded, while
the reactions describing growth and glycogen replenishment
required modification. This is due to the fact that the PHA
produced by GAOs from acetate uptake consists of both PHB
and PHYV, as opposed to just PHB as in the case of PAOs. Under
aerobic conditions, this leads to the formation of both acetyl-
CoA (fraction %) and propionyl-CoA (fraction f)- In the model,
it was assumed that the ratio between acetyl-CoA and
propionyl-CoA used for catabolism, glycogen synthesis and
biomass growth are all equal to i:-

Furthermore, Kuba et al. (1996a) developed a metabolic
model to describe denitrification, anoxic P uptake, growth and
glycogen replenishment by DPAOs. Combined metabolic
models describing the anaerobic/aerobic (Smolders et al.,
1995) or anaerobic/anoxic/aerobic (Murnleitner et al., 1997)
processes of PAOs are also available.

Metabolic models have often served as a reference basis in
the interpretation of data arising from lab- and full-scale
studies. The comparison of experimentally determined
stoichiometry with the theoretical model predictions has, in
many cases, allowed better understanding of the processes
under study (Meijer et al., 2001; Schuler and Jenkins, 2003a;
Yagci et al., 2003; Zeng et al., 2003d; Pijuan, 2004; Oehmen et
al.,, 2005b, 2006b; Tykesson et al., 2006). Some methods of
predicting the relative fraction of PAO/GAO activity have also
been proposed based on comparison of experimental data
with the PAO and GAO theoretical stoichiometry (Schuler and
Jenkins, 2003a; Zeng et al., 2003d). Metabolic models will be a
useful tool towards further investigation into the competition
between PAOs and GAOs and the optimisation of P removal
performance in EBPR systems (Yagci et al., 2003; Zeng et al.,,
2003d). Some of the model components, particularly the
kinetic expressions and the associated parameters, require
further experimental verification.

6.2. ASM models

The ASM No. 2 (ASM2, (Gujer et al., 1995; Henze et al., 1995)),
and later, ASM2d (Henze et al., 1999), have been most widely
used to simulate full-scale EBPR processes. ASM2d is an
updated model of ASM2, which incorporates the denitrifica-
tion capability of PAOs. These models, as well as ASM1 (Henze
et al., 1987) and ASM3 (Gujer et al., 1999), which describe COD
and nitrogen removal processes only, consist of a set of
stoichiometric and kinetic expressions describing the bulk
biochemical transformations of soluble and particulate com-
pounds in the sludge. In contrast to metabolic models, yield
coefficients in these models are not calculated theoretically,
but are to be determined experimentally. Default stoichio-
metric and kinetic parameters are provided as part of these
models, and often used in cases when a full-calibration of the
model parameters is not possible. Nevertheless, calibration of
these parameters is required in most cases, and some tuning

procedures involve the identification of the most important
model parameters to be calibrated and their interdependen-
cies (Brun et al., 2002). It is common practice that calibration
is only performed for the key process parameters, while
default values are used for parameters to which the model
outputs display a low sensitivity (Melcer et al., 2003). Waste-
water characterisation is important for successful model
calibration and application.

ASM2d, as well as the extended ASM3 model incorporating
the EBPR process (ASM3-BioP, also known as the EAWAG
model: Rieger et al., 2001), have been routinely applied to full-
scale EBPR plants for process design, optimisation and control
(Carrette et al., 2001; Wichern et al., 2001; Ingildsen et al.,
2006; Lee et al., 2006). Continuous enhancement of these
models is predicted, which will benefit the wastewater
industry further.

In all ASM models, acetate is represented as the sole carbon
source taken up by PAOs, while the sole carbon storage
polymer cycled by PAOs is represented as PHA (more
specifically, PHB). Moreover, the existence of GAOs was not
considered in these models. Adapted versions of ASM2 have
been formulated to incorporate glycogen as a separate storage
polymer in addition to PHA, some versions also incorporate
the growth and activity of GAOs (Mino et al., 1995; Manga et
al.,, 2001). Others have incorporated the prediction of pH
(Serralta et al., 2004), or included components to describe the
use of propionate (Pijuan et al., 2004b). These modifications
can potentially improve our capability to predict a wider
range of EBPR system conditions. For example, Yagci et al.
(2006) found that an adapted ASM2d model that accounted for
GAOs was able to more accurately describe the process
performance in lab-scale SBR systems over a wide range of
COD/P ratios. The microbial competition between PAOs and
non-polyphosphate accumulating heterotrophs was incorpo-
rated into an ASM-based model developed by Schuler (2005).
This model accounted for the varying nature of microbial
properties in EBPR systems, as opposed to the common
assumption of “lumped” or uniform sludge characteristics,
and improved prediction of EBPR system performance could
potentially be achieved through this approach. Prediction of
microbial population dynamics through various techniques,
particularly in systems like the EBPR process where the
competition between PAOs and GAOs can occur, is likely to be
a focus of future modelling applications.

Recent improvements in modelling capabilities do come
at an expense, however, which is increased model complex-
ity, making the models more difficult to be used in practice
(Gujer, 2006). The combination of metabolic and ASM
models discussed below offers an approach to addressing
this problem. Another approach could be through hybrid
models consisting of a simplified process model and an
artificial neural network (Zhao et al.,, 1997). These hybrid
models rely on a preliminary prediction of the desired outputs
(e.g. effluent phosphate concentration) by the simplified
process model, where the errors are corrected by a ‘trained’
neural network, resulting in fewer parameters that are
necessary for calibration. Although little study has been
devoted to the application of this technology for P removal
systems thus far, there is the potential that hybrid models
may become more widely implemented in the future,
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particularly with the increasing availability of reliable on-line
measurement tools.

For further information regarding ASM models, readers are
referred to reviews by Hu et al. (2003) and Gernaey et al. (2004).

6.2.1. Combined metabolic/ASM models

Metabolic models have been combined with ASM models for
the purpose of modelling P and nitrogen removal in full-scale
WWTPs. The combined metabolic/ASM2d model developed at
the Technical University of Delft (known as the TUDP model)
has been successfully applied to domestic WWTPs with
numerous configurations such as UCT, modified UCT and
A,N (Van Veldhuizen et al., 1999; Brdjanovic et al., 2000; Hao
et al., 2001; Meijer et al., 2001). A combined TUDP/ASM3
model called A3DX was developed by Ky et al. (2001) and
described well a full-scale SBR plant treating industrial
wastewater. The calibration of the TUDP and A3DX models
required the adjustment of only 3 or 4 parameters to
successfully describe the process. Therefore, as compared to
conventional ASM models, combining metabolic and ASM
models can enable improved prediction of the process
performance, and have the advantage of requiring fewer
parameters to be calibrated. Interestingly, there have been
cases reported in full-scale plants where the predicted P
release/VFA uptake ratio was substantially higher than that
observed experimentally, where it was concluded that the
discrepancy was likely due to the activity of GAOs (Brdjanovic
et al., 2000; Ky et al., 2001) and/or the uptake of other VFAs
such as propionate and butyrate (Ky et al, 2001). Thus,
incorporation of these metabolisms into future modelling
endeavours may further improve the capability of these
models to accurately predict the process performance and
biochemical transformations in similar cases.

7. Conclusions and future directions

Over the years, our knowledge of the EBPR process has
steadily improved, largely due to the high number of valuable
studies from various disciplines. However, many unanswered
questions about the process still remain in relation to
numerous issues. Discussed below are a list of the primary
conclusions from this review and some of the main issues
that still remain to be resolved.

7.1. Conclusions

e PAOs and GAOs of high importance are present in many
full-scale EBPR plants, playing substantial roles in terms of
anaerobic carbon consumption and/or aerobic/anoxic P
uptake.

e While the major source of reducing power for PAOs is
generated through glycolysis, the TCA cycle (operating
in either a full or partial form as outlined in Fig. 1) is
also likely to play a role in the regulation of the redox
balance.

o GAOs have been shown to compete with PAOs in EBPR
systems for the anaerobic uptake of carbon sources,
leading to lower P removal efficiency due to the increased
carbon demand. The PAO-GAO competition is influenced

by many factors including the COD/P ratio, carbon sources,
pH and temperature.

e The denitrification capability of at least some PAOs has
been demonstrated. Novel process configurations aimed to
achieve anoxic P uptake have been proposed to save
oxygen and carbon sources. Recent studies have often
focused on the development of simultaneous nitrification,
denitrification and P removal processes, sometimes using
granular sludge.

e Combining metabolic and ASM models has been shown to
be a very useful means of reliably characterising the EBPR
process, with fewer parameters to be calibrated.

7.2. Future directions

e How diverse are the PAO and GAO populations? Do the
putative PAOs or GAOs related to the Actinobacteria and
Alphaproteobacteria, respectively, play a substantial role in
EBPR systems, in addition to Accumulibacter and Competi-
bacter? Further research is needed to clarify the role of
these organisms, and characterise them through selective
enrichment. In particular, very little is currently known
about the metabolism of the novel group of Actinobacteria
proposed as PAOs, which requires further study. Some
studies have suggested that other PAOs or GAOs outside of
these groups also exist, thus, research focussed on the
determination of other key microorganisms relevant to the
process should continue. Furthermore, PAOs and/or GAOs
have yet to be obtained in pure culture. The question
remaining is whether PAO or GAO isolation can be
achieved. There is the possibility that the growth of these
organisms is dependent on synergistic interactions with
other organisms. This would, however, be quite surprising
given the highly enriched PAO and GAO cultures obtained
already and the lack of any other specific bacterial group
being consistently detected in non-culture-based micro-
bial population studies.

e The detailed metabolic pathways of PAOs and GAOs are
yet to be fully revealed. The primary question is:
which pathways are employed by the different microbial
groups of PAOs and GAOs? A greater correlation is
needed between the microbial community present in the
sludge and the biochemical pathways that are
occurring under anaerobic and aerobic/anoxic conditions.
Are PAOs and/or GAOs able to switch between different
biochemical pathways as a response to environ-
mental conditions? Further study into the metabolic
response of PAOs and GAOs under dynamic conditions
may provide clues on their competitive advantage under
certain conditions, and result in improved methods
of controlling the EBPR process. Recent advances in
obtaining the Accumulibacter genome should lead to great-
er knowledge of genomic functions and may yield answers
to some of the existing questions in relation to PAO
metabolism.

e While some methods of altering the PAO-GAO competition
in favour of PAOs have been proposed, testing of these
control strategies in full-scale plants has yet to be carried
out, and cost-effective methods of implementing these
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conditions requires further development. What are the
fundamental mechanisms for why key factors such as the
carbon source and pH influence the PAO-GAO competi-
tion? It is possible that GAOs are more sensitive to
environmental changes than PAOs due to their depen-
dence on only one primary energy source (i.e. glycogen),
whereas PAOs possess both poly-P and glycogen reserves.
What is the most cost-effective way of minimising GAOs in
EBPR sludges? Other control strategies that are inexpen-
sive and easy to implement would be highly useful to
minimise GAOs and improve P removal performance and
reliability.

e Since process performance is likely to be strongly influ-
enced by the microbial composition, it is recommended
that further modelling studies be devoted to predicting
microbial population dynamics in EBPR systems. Linking
the microbial population with the operational factors that
influence their proliferation is likely to be the key issue to
resolve. Incorporating the metabolism of both PAOs and
GAOs and their preferences for different carbon sources
may provide improved predictive capabilities of these
models.

e The overall goal from each field is to improve the design
and operation of EBPR plants in order to maximise the
reliability, efficiency and effectiveness of the process. It
still remains to be seen how we can implement into
practice our improved knowledge of the process, which we
hope to assist with through this review and other scientific
studies.
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