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This review discusses critically what we know and would like to know about the microbiology of phosphorus
(P) removal in activated sludge systems. In particular, the description of the genome sequences of two
strains of the polyphosphate accumulating organism found in these processes, Candidatus ‘Accumulibacter
phosphatis’, allows us to address many of the previously unanswered questions relating to how these proc-
esses behave, and to raise new questions about the microbiology of P removal. This article attempts to be
deliberately speculative, and inevitably subjective, but hopefully at the same time useful to those who have
an active interest in these environmentally very important processes.
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What do we know now about the process of phospho-
rus removal?
Like many other wastewater treatment processes, our knowl-
edge of the engineering/operational features of enhanced
biological phosphorus removal (EBPR) activated sludge
processes predated our understanding of its microbiology
(Seviour et al., 2003; Oehmen et al, 2007). It has been
agreed generally that successful P removal requires the bio-
mass to be cycled continuously through anaerobic and aero-
bic operating zones, conditions thought necessary for the
enrichment and eventual domination of the phosphate ac-
cumulating organisms or PAO (polyphosphate accumulating
organism) populations (Mino et al., 1998; Seviour et al,
2003; Oehmen et al., 2007). These assimilate substrates anae-
robically and synthesize poly B hydroxyalkanoates (PHA),
using stored polyphosphate (polyP) as the energy source and
glycogen as source of energy and reducing power. Under
subsequent aerobic conditions the stored PHA is then re-
spired aerobically by the PAO, and the energy used to as-
similate phosphate, to synthesize polyP and with the available
stored carbon, to replenish their glycogen stores. As exoge-
nous readily metabolizable substrates are no longer avail-
able aerobically, populations able to use their stored PHA
are selectively advantaged and become dominant (Seviour
et al., 2003; Oehmen et al., 2007). One would expect organ-
isms able to cope with these changing and stressful con-
ditions to have unusual and fascinating properties.

It is now clear that EBPR can also occur under con-
tinuously aerated ‘aerobic’ conditions where the addition of
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the phosphorus and the carbon source (acetate) are tempo-
rarily separated and not added simultaneously (Ahn et al.,
2007), as happens with anaerobic;aerobic EBPR systems.
EBPR can also take place anaerobically in the presence of
nitrate, as long as no readily biodegradable substrates are
present (Seviour et al., 2003; Barnard and Abraham, 2006;
Oehmen et al, 2007). In denitrifying EBPR systems PAO
cells use nitrite (not nitrate? - but see later) and not oxy-
gen as the electron acceptor, and P assimilation and polyP
synthesis occur by populations called denitrifying PAO or
DPAO (Seviour et al., 2003). The attractions of denitrifying
EBPR processes are clear. Achieving simultaneously nitrogen
(N) and P removal with less sludge production and no re-
quirement for aeration makes such systems more econom-
ical (Kuba et al., 1996; Carvalho et al., 2007).

What do we know about the microbes responsible for
EBPR?

The application of molecular culture independent methods,
based largely on SSU rRNA sequence analyses to EBPR
communities has radically changed our views about the
likely identity of the PAO in the past decade (Seviour et al.,
2003; Oehmen et al., 2007). Whereas early culture dependent
methods suggested the gammaproteobacterial Acinetobacter
spp. were important, none of those cultured were ever shown
to possess the supposed phenotype of a PAO, raising doubts
as to their involvement in EBPR. Clone library analyses
followed by quantitative fluorescence in situ hybridization
(FISH) confirmed this view (Wagner et al., 1993; Wagner et
al., 1994), and instead indicated that Rhodocyclus-related
Betaproteobacteria, given the name Candidatus ‘Accumulibacter
phosphatis’ were more likely candidates (Hesselmann et al.,
1999). However, not all clone libraries from EBPR proc-
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esses have detected these populations, possibly because of
problems in extracting the DNA from such heavily capsu-
lated clustered cells. An in situ phenotype expected of a
PAO has since been demonstrated frequently for them
(Crocetti et al., 2000; Kong et al., 2001; Kong et al., 2004)
in both lab scale and full scale EBPR systems. The avail-
ability now of the genome sequence of Candidatus ‘Aumuli-
bacter phosphatis’ from a heavily enriched community (Garcia
Martin et al., 2006; Lu et al., 2006) has already had a con-
siderable impact on our understanding of these PAO pop-
ulations, as this review will hopefully illustrate.

It seems clear now that Accumulibacter are not the only
PAO populations in EBPR systems. Many FISH based
studies have detected polyP by DAPI staining in other un-
related organisms in these communities (Liu et al., 2000;
Wong et al., 2005; Beer et al., 2006; He et al., 2008). In fact
evidence shows the Accumulibacter/Beta-Proteobacteria often
make up only a relatively small proportion of cells accumu-
lating polyP, especially in full scale plants. So that raises the
important issue of what is the identity of all the other PAO,
a question which needs to be answered before we can feel
confident we understand EBPR. At the moment we don’t
really have an answer, and so whether recently cultured polyP
accumulating organisms like Malikia granosa (Spring et al.,
2005), Stenotrophomonas (Ghosh et al., 2005) or Gemmatimo-
nas aurantiaca (Zhang et al., 2003) are shown eventually to
play an important role in these systems remains to be seen.

We do know that many full scale EBPR plant commun-
ities contain high numbers of polyP staining and as-yet un-
cultured Tetrasphaera-related Actinobacteria (e.g., Beer et al.,
2006; e.g., Kong et al, 2007). Kong et al. (2005) demon-
strated that their in situ physiology was not that expected of
conventional PAO, in that they did not assimilate acetate or
synthesise PHA anaerobically, as the Accumulibacter do.
Instead they appear to utilize amino acids, but in what form
these are stored is unclear. However, these Actinobacteria
have a phenotype different to that normally used to ‘define’
what we understand a PAO to be, and as a result we be-
lieve it is appropriate to use a wider and looser definition
of a PAO. In our view, any population which accumulates
more P than it requires for growth and which stains pos-
itively for polyP should be considered as a putative PAO,
regardless of whether it synthesizes PHA anaerobically. As
Kong et al. (2005) showed, other survival strategies exist to
allow cells to cope with the feast: famine conditions of EBPR
anaerobic:aerobic recycling, and more are likely to emerge
as our understanding of EBPR microbiology increases.
Certainly microautoradiography (MAR) studies invariably
reveal that anaerobic acetate uptake in EBPR plants is a
feature of many cells other than Accumulibacter (Kong et
al., 2004), but not all these stain positively for PHA with
nile blue stain. Alternatively, sufficient metabolizable sub-
strates may still be available in the aerobic zone to allow
some populations not storing PHA to scavenge these and
assimilate P into polyP.

While some molecular data have suggested that the PAO
populations active under anoxic and aerobic conditions
might be different (Ahn et al, 2002; Lee et al., 2003), it
seems increasingly likely that Accumulibacter are the major
PAO populations in both denitrifying and conventional EBPR
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processes (Zeng et al., 2003; Kong et al., 2004; Carvalho et
al., 2007), emphasizing their metabolic versatility. Yet the
story may be more complex than that. Some evidence im-
plies that different Accumulibacter strains with different phys-
iologies may exist. Thus, Carvalho et al. (2007) suggested
(albeit from indirect evidence) that rod shaped Accumuli-
bacter used nitrate, nitrite and oxygen as electron acceptors
for EBPR, whereas the more common Accumulibacter mor-
photype of large coccal cells used nitrite and oxygen. Resolv-
ing any such ecophysiological variations among Accumuli-
bacter PAO strains is vitally important in our attempts to
monitor EBPR processes better, and their possible phyloge-
netic diversity will be discussed in more detail next.

Are all Accumulibacter PAO the same?

It is becoming clear that considerable phylogenetic diversity
probably exists among the Accumulibacter PAO closely re-
lated to Rhodocyclus in the Betaproteobacteria, but whether
this is associated with corresponding physiological and eco-
logical diversity is not so apparent. Understanding which
factors might determine which populations are present in a
plant, how these might impact on EBPR capacity and the
factors responsible for their selection are questions in need
of urgent attention.

This group of organisms was first suggested as PAO by
Hesselmann et al. (1999) and confirmed by Crocetti et al.
(2000) who described a set of probes designed from their
clone library data to target the 16S rRNA of its members,
which were 98% similar to each other. Zilles et al. (2002)
then redesigned their probes to include two Dechloromonas
related sequences. An assessment by Saunders (2005) sug-
gested that the original probes of Crocetti et al. (2000) are
the most sensitive and specific for Accumulibacter PAO.
Some studies have cast doubt over the value of 16S rRNA
gene analysis in revealing the full phylogenetic diversity of
the Accumulibacter PAO. A similarity level of >97% is used
frequently to delineate individual species (Stackebrandt and
Goebel, 1994), although many believe this should be in-
creased to >98.7~99% (Stackebrandt and Ebers, 2006).

The existence of Accumulibacter DPAOs (see above), mor-
phological differences between them and cells responding
to the PAO FISH probes which do not accumulate polyP
(Kong et al., 2004) would all suggest the existence of phe-
notypically distinct strains (He et al, 2007). For example, as
discussed above, Carvalho et al. (2007) suggested that one
of the two morphologically distinct Accumulibacter PAO
they saw with the PAO FISH probes use nitrate as an elec-
tron acceptor, despite the absence of the nitrate reductase
gene required for this in the whole genome sequence of
the ‘Accumulibacter phosphatis’® strains in enriched lab-scale
anaerobic:aerobic EBPR processes fed acetate or propio-
nate (Garcia Martin et al., 2006). Furthermore, other Accu-
mulibacter PAO in both communities showed 15% genome
sequence divergence from the dominant strains, likely to
translate into phenotypic differences (Carvalho et al., 2007).
By comparative analysis of the internally transcribed spacer
region (ITS) in the rn operon, He er al. (2006) revealed
much finer scale differences between members of the
Accumulibacter PAO than were apparent with 16S rRNA.
McMahon et al. (2007) have since suggested using the gene
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encoding the polyphosphate kinase (ppk) involved in the
production of polyphosphate, as a marker capable of eluci-
dating Accumulibacter biodiversity. They showed that phylo-
genetic trees generated with ppk and 16S rRNA genes were
largely congruent (He et al, 2007). However, they could
group strains by ppk sequence information into five distinct
clades designated I, IIA, IIB, IIC, and IID (He et al., 2007).
The additional phylogenetic resolution provided by the ppk
sequences allowed the design of appropriate primers sets to
differentiate between members of each clade. Plant surveys
based on this gene marker showed their presence varied
depending on plant configuration and location, information
not forthcoming from 16S rRNA based analyses. Thus, in
lab scale reactors fed synthetic sewage, only subgroups I
and ITA were present, while in full scale plants members of
at least three of the five clades were present. The suggestion
was made that ppk diversity was related to the ‘complexity’
of the system, with lab scale reactors operating under con-
trolled conditions and fed a simple defined carbon source
exhibiting the lowest diversity. Application of this approach
to more plants from different countries and operating under
different conditions is needed before the relevance of this
information to EBPR performance can be assessed. Whether
members of individual clades are associated with plant char-
acteristics, and can be used for monitoring is an intriguing
prospect. At the moment the ecophysiological importance
of ppk sequence variations in Accumulibacter on process
performance is not known. Whether similar studies with
other key genes involved in EBPR in Accumulibacter, for
example those encoding for phaC synthases, show additional
diversity remains to be seen.

Why do EBPR processes fail?

The general experience is that full scale EBPR processes
dealing with complex and variable feeds are especially notori-
ously unreliable, and in many countries, chemical P removal
is used as a back-up to finally polish their effluents (Seviour
et al., 2003). There may be several sound explanations for
poor EBPR capacity, and not all of them microbiological
(Seviour et al., 2003; Barnard and Abraham, 2006). Increas-
ingly attention is being directed to the possible negative im-
pact on EBPR of bacterial populations known generically
as the glycogen accumulating organisms (GAO) (Seviour et
al., 2003; Oehmen et al., 2007). Their anaerobic phenotype is
shared with the PAO, in being able to assimilate substrates
like acetate and use these to synthesize intracellular PHA.
Then under aerobic conditions the GAO like the PAO are
thought to metabolize this stored PHA, but now to synthe-
size intracellular glycogen (which unlike polyP and PHA is
not routinely detectable by staining) instead of polyP as the
PAO do. Not too surprisingly for organisms with such a phe-
notype, these GAO appear to be ubiquitous members of
anaerobic: aerobic EBPR communities. They are viewed as
potential competitors of the PAO for anaerobic substrate
uptake and thus a likely cause of EBPR failure (Seviour et
al., 2003; Oehmen et al, 2007). As with the PAO, this
working ‘definition’ of a GAO is somewhat unsatisfactory,
especially since in practice the anaerobic component of the
GAO phenotype is usually the only one determinable, and
glycogen accumulation in activated sludge has never been
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demonstrated directly in situ for any putative identified
GAO population. It is probable that EBPR populations exist
which assimilate substrates like acetate and synthesize PHA
anaerobically, but do not subsequently synthesize either gly-
cogen or polyP aerobically. Equally it is likely that many
populations with the GAO phenotype exist in EBPR proc-
esses, but whose identity is currently unknown (e.g., Ochmen
et al., 20006).

What do we know about the identity of the GAO?
For the same reasons that Acinetobacter was considered
likely PAO, so were cultured alphaproteobacterial Amaric-
occus once considered probable GAO (Seviour et al., 2003).
Yet they also lack the expected phenotype, showing no ability
for anaerobic substrate assimilation or PHA production
(Falvo et al., 2001; Seviour et al., 2003). Like Acinetobacter
they too probably represent ‘laboratory weeds’, growing very
well on artificial medium but largely irrelevant in nature. In
the absence of being able to identify glycogen accumulating
cells directly by staining (Serafim et al, 2002), recognising
the GAO in EBPR communities has been based on applying
a range of molecular methods to identify the dominating
populations (often as tetrad forming organisms or TFO) in
systems with low EBPR capacity. Whether these possess
the GAO phenotype can be determined by fluorescence in
situ hybridization/microautoradiography (FISH/MAR) (Kong
et al., 2006; Ahn et al., 2007; Wong and Liu, 2007).

It seems from these studies that the GAO are phyloge-
netically diverse bacteria, currently including the gamma-pro-
teobacterial Candidatus ‘Competibacter phosphatis’ (Crocetti
et al., 2002), the alphaproteobacterial Sphingomonas-related
organisms (Beer et al., 2004) and Defluviicoccus- related or-
ganisms (Wong et al., 2004; Maszenan et al., 2005; Meyer et
al., 2006). FISH probes are available for each of these
phylotypes. Allowing for how we define a GAO, Dechlor-
omonas related Betaproteobacteria may also show the GAO
phenotype in continuously aerated ‘aerobic’ lab-scale EBPR
systems (Ahn et al., 2007). Emphasizing how flexible we need
to be in defining what a GAO (and PAO?) is comes from
the work of Zhou et al. (2008). By supplying an enriched
culture of Accumulibacter with feed containing acetate but
no P anaerobically, they showed acetate was still assimilated
into PHA, but without polyP degradation and P release, a
distinctive feature of PAO. Instead, energy for PHA syn-
thesis appeared to come from glycogen degradation, which
is equally distinctive of the GAO. Thus, apart from yet
again demonstrating how remarkably metabolically flexible
Accumulibacter is (a feature probably necessary in EBPR
activated sludge processes), by simply changing the feed
conditions, a PAO phenotype switches to that of a GAO.

How diverse are the GAO?
The same questions raised earlier in relation to the Accumu-
libacter apply equally to the Competibacter and Defluviicoccus
GAO, for the same reasons. 16S rRNA gene analysis has
been popular in attempts to assess the diversity amongst
these and the attempts to overcome the limitations of this
approach are discussed here.

Undoubtedly even 16S rRNA sequence data reveal that
the gammaproteobacterial GAO Competibacter are phyloge-
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netically diverse (Kong et al., 2002). Nielsen et al. (1999) first
identified members of this group in a deteriorated EBPR
system using DGGE analysis and designed two FISH probes,
Gam1278 and Gam1019 to cover the dominant sequences
found. Crocetti et al. (2002) who named this group ‘Competi-
bacter’ designed new probes, GAOQ989 and GAOQ431
from additional 16S rRNA sequence data they obtained, to
cover all the then known sequences. However, the story did
not finish there, and finding further sequence diversity en-
couraged Kong et al. (2002) to design a set of FISH probes
now defining seven subgroups. An additional probe was de-
signed to cover all the members of this so-called GB group,
as not all were targeted by the GAOQ989 and GAOQ431
probes. Subsequent FISH/MAR studies using the probes
they designed for each sub-group revealed only minor dif-
ferences in their substrate assimilation profiles (Kong et al.,
2006), but did show that only members of sub-group 6 were
capable of denitrification while sub-groups 1, 4, and 5 reduced
nitrate only to nitrite (Kong et al., 2006). Importantly, Kong
et al. (2006) also reported that some Competibacter cells re-
sponding to the universal GB probe were not covered by any
of the sub-group probes and the likelihood of the existence
of further sub-groups and increased biodiversity. In addition,
16S rRNA sequences closely related to those of the GB
group have also been recovered from EBPR plants that are
not targeted by any of the existing sub-group probes (Wong
and Liu, 2006).

Interestingly it was proposed that propionate as the car-
bon source for EBPR reduced competitive abilities of Com-
petibacter GAO in lab-scale systems (Oehmen et al., 2004).
Yet MAR studies on samples from full-scale plants revealed
they assimilated propionate with similar MAR signal intensity
to the Accumulibacter PAO (Kong et al., 2006). Although the
propionate MAR signal reportedly varied between experi-
ments when sub-group targeted probes were applied (Kong
et al., 2006) this was considered to relate to the physio-
logical state of the cells rather than reflect any phenotypic
differences. It is possible that individual populations within
each sub-group might vary in their affinity for propionate.
The lab scale studies of Oehman et al. (2004) did not apply
the sub-group level FISH probes, leaving open the possibility
of another sub-group of Competibacter different to those
found in the full-scale EBPR studies of Kong et al. (2006).
Nielsen et al. (1999) also indicated that some of these or-
ganisms assimilated phosphate, although this has not been
reported since.

Whether the 16S rRNA gene can indicate the full bio-
diversity of this group is unclear. Some of the probes have
been designed against a single sequence to define a sub-
group, while the sequences making up other sub-groups vary
by up to 4.7% in their 16S rRNA sequences. Can FISH be
used to provide further delineation between subgroups or
to target new sub-groups? There is no FISH probe available
which targets GB sub-group 1, and relies for its in situ
identification on a probe that covers sub-groups 1 and 2
whereby cells targeted by this probe and not by the probe
specific for sub-group 2 are assumed to be from sub-group
1 (Kong et al., 2002).

No obvious link was found between in sifu physiology of
the different sub-groups and their distribution in a survey
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involving 12 full-scale EBPR plants (Kong et al, 2006).
Understanding how individual sub-groups behave in response
to different operational conditions is likely to be vital in at-
tempts to understand and ultimately control the growth of
this group of organisms.

Much less is known of the phylogenetic diversity among
the Defluviicoccus GAO. This is due in part to difficulties
in acquiring their 16S rRNA sequence information in clone
libraries generated from EBPR communities even where
they are abundant (Meyer et al, 2006). Success has been
achieved with prior enrichment (Wong et al., 2004; Meyer
et al., 2006; Wong and Liu, 2007; Mcllroy et al., submitted).
Wong et al. (2004) first proposed that putative alphaproteo-
bacterial GAO may be related to Defluviicoccus vanus from
clone sequences in a library constructed with alpha-proteo-
bacterial targeted PCR primers. These sequences formed a
monophyletic group including D. vanus. The two FISH
probes they designed from these (TFO_DF218 and TFO_
DF618) targeted members of the entire cluster. Then Meyer
et al. (2006) obtained further 16S rRNA sequences also re-
lated to D. vanus, which formed a distinct second cluster
with 97% similarity between members, but sharing only
90% similarity to those of Wong et al. (2004). The probes
Meyer et al. (2006) published (DEF988 and DEF1020) were
also designed so that together they targeted the whole
cluster. A third Defluviicoccus ‘cluster’ (Wong and Liu, 2007)
is based on a single 16S rRNA sequence only from a non-
EBPR system but no FISH probes are available to detect
it. Additional sequence data increasing the diversity among
members of both clusters I and II have been reported
(Wong and Liu, 2007), but the FISH probe designed to
cover these for cluster II members (TFO_DF629) does not
appear to work (Wong and Liu, 2007; Mcllroy et al., sub-
mitted). Furthermore, insufficient sequence data were ob-
tained to determine whether the probes already available
for the cluster II members (Meyer et al., 2006), covered
these additional sequences.

Application of the Defluviicoccus FISH probes in combi-
nation with MAR, to EBPR communities has indicated con-
siderable morphological and physiological variation exists
among these GAO (Wong et al., 2004; Burow et al., 2007,
Wong and Liu, 2007; Schroeder et al., submitted). The aerobic
substrate uptake profiles (Schroeder et al, submitted) for
cluster II members in an aerated novel EBPR process (see
later) differed markedly to those reported by Burow et al.
(2007) in the community of a full scale anaerobic: aerobic
EBPR process. This was especially true with propionate,
which was only very slowly assimilated in those identified by
Burow et al. (2007), and is a surprising result, considering that
their high apparent affinity for propionate was exploited to
enrich them by RNA-SIP (stable isotope probing) (Meyer
et al., 2006). These studies suggest that the currently available
FISH probes do not adequately indicate the full diversity
within this group.

High similarity of 16S rRNA sequences in cluster II
clone libraries recovered from communities of EBPR plants
with very different operational conditions might question the
suitability of 16S rRNA as a phylogenetic marker (MclIlroy
et al., submitted). With the exception of the D. vanus se-
quence all the 16S rRNA data available for clusters I and
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IT Defluviicoccus were obtained from lab scale reactors fed
either amino acids and/or simple fatty acids (McMahon et
al., 2002; Wong et al., 2004; Zhang et al., 2005; Meyer et
al., 2006; Wong and Liu, 2007; Mcllroy et al., submitted).
Even with such a reactor containing almost all alphaproteo-
bacterial TFO, Ochman ef al. (2006) showed only 16% of
its biomass hybridized with the existing Defluviicoccus probes
or other probes designed to target known alphaproteobacte-
rial TFO. Additional sequence information from a variety
of EBPR-systems is likely to reveal a much higher level of
diversity amongst this group of important organisms.

Which factors affect competition between the GAO
and PAO?

Unfortunately many early publications describing how EBPR
performance is altered in response to changes in plant op-
erating conditions fail to describe any corresponding shifts
in the microbial composition of the communities. This work
is of little value if we seek to answer the question posed
above, and so will not be discussed here. However, several
parameters are now known which appear to affect relative
PAO/GAO population sizes (Oehmen et al., 2007), including
for example, the carbon source. Its influence depends on
which GAO population is involved, emphasizing further the
problem with studies where GAO identity is not provided.
Thus, while propionate favours Accumulibacter over the
Competibacter GAO (Oehmen et al., 2004), acetate is used
by both (Oehmen ef al., 2007). On the other hand, indirect
evidence suggests that the alpha-proteobacterial Defluviicoc-
cus GAO assimilate propionate preferentially to acetate,
unlike the Accumulibacter PAO which showed no clear
preference for either (Oehmen et al., 2007). By alternating
both carbon sources in the feed, highly enriched cultures of
Accumulibacter could be obtained (Lu et al., 2006), and
such a strategy was suggested as a tactic for discouraging
the GAO and operating EBPR processes more reliably. Yet
Dai et al. (2007) obtained a highly enriched community of
cluster 1 (see below) Defluviicoccus GAO with only an ace-
tate feed, and suggested that the low dissolved oxygen levels
used (1% saturation) were selecting these GAO popula-
tions, again emphasizing how much is still to be learned
about the conditions determining their proliferation.

Other published data suggest that EBPR systems operate
best at pH>7.25 (Oehmen et al., 2007), while at lower pH
values the GAO have a competitive advantage over the
PAO. However, little microbiological data exist to help us
interpret such trends, although Oehmen et al (2005) have
shown that both Competibacter and unidentified (possibly
novel) alphaproteobacterial TFOs became numerically less
important as pH was increased from 7 to 8 in reactors fed
acetate and propionate respectively.

Several reports have also suggested that EBPR capacity
falls at higher temperatures (30°C) (Oehmen et al., 2007),
and indirect evidence has suggested that this also may result
from changes in the PAO:GAO balance. Less well under-
stood is how plant configuration and operating conditions
might influence this relationship, or which GAO populations
are favoured (Oehmen et al., 2007).
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What anaerobic metabolic differences exist between
the GAO and PAO?

The metabolic properties of these phenotypes might be ex-
pected to influence their individual abilities to compete under
anaerobic conditions for substrates. Bearing in mind that the
PAO have both polyP and glycogen stores and the GAO
only glycogen, how each generates reducing power and en-
ergy for PHA production is likely to differ. How they then
balance their intracellular redox under anaerobic conditions
has also been controversial (Oehmen et al., 2007). The whole
genome sequences of Accumulibacter (Garcia Martin et al.,
2006) reveal some (but maybe not all) answers to these ques-
tions, since many functionally important genes await char-
acterization, and incidentally contain several real surprises.
In the past such questions have attracted considerable in-
terest and generated much controversy and debate. Targeted
metabolic inhibitor studies, with highly enriched but not pure
cultures of Accumulibacter and Defluviicoccus (cluster 1) ex-
ploiting this genomic information (Saunders et al., 2007;
Burow et al., 2008) have also allowed speculation on their
respective competitive abilities under EBPR conditions. Similar
data are not yet available for Competibacter or cluster 2
Defluviicoccus. A few examples of these metabolic features
will be discussed briefly here.

It now seems clear from genome sequence data that under
anaerobic conditions Accumulibacter has what is required to
operate a functional anaerobic TCA cycle, including a unique
(?) cytochrome b/bs allowing succinate dehydrogenase to
function anaerobically (Garcia Martin et al., 2006). It also
degrades its glycogen stores not with the Entner Doudoroff
(ED) pathway, as once considered likely (Oehmen et al.,
2007), but by the Embden Meyeroff Parnas (EMP) pathway
(Garcia Martin et al., 2006), an important difference, since
ATP yields from the former are lower than those from the
latter. On the other hand, BC-NMR data from an acetate
fed enriched culture of both Defluviicoccus and Competibacter
(Lemos et al., 2007) suggest both might employ the ED
pathway for their anaerobic glycogen degradation.

Both Saunders et al. (2007) and Burow et al. (2008) pro-
duce persuasive evidence from their metabolic inhibitor
studies with highly enriched cultures that Accumulibacter
assimilates acetate by a process of active transport involving
an acetate permease, although some facilitated diffusion
may also be involved. The necessary proton motive force
(pmf) or membrane potential is generated not by any ATP
dependent mechanism, but by P efflux via a Pi transporter,
and part of the pmf seems to be conserved by the cells as
ATP by influx via a H"-ATPase. Since its inhibition had no
effect on acetate assimilation, Burow et al. (2008) suggested
fumarate reductase had no role in generating this pmf, and
any carbon flux through the reductive branch of the TCA
cycle (Fig. 1) (Oehmen et al., 2007) was negligible. Nor did
a sodium membrane potential (smf) play any role in anae-
robic acetate transport.

The anaerobic metabolic attributes of cluster 1 Defluvii-
coccus appear to differ markedly to those of Accumulibacter
in these key steps in EBPR (Burow et al., 2008). Thus, ace-
tate uptake rates appear to be slower in Defluviicoccus and
both a pmf and smf are involved in its transport. Further-
more, since inhibition of fumarate reductase markedly in-
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Fig. 1. Anaerobic metabolic differences between the Accumulibacter PAO, and Defluviicoccus GAO based on the inhibition studies of Burow

et al. (2008). Adapted from Oehmen et al. (2007).

hibited acetate transport in Defluviicoccus, considerable car-
bon efflux probably occurs through the reductive branch of
the TCA cycle, involving fumarate reductase and the succi-
nate-propionate pathway (also see Lemos et al., 2007). Also
in the Defluviicoccus enriched community a much higher
hydroxyvalerate (HV):hydroxybutyrate (HB) ratio was meas-
ured than in that dominated by Accumulibacter, (where in-
cidentally only a single versatile phaC synthase gene is seen;
Garcia Martin et al, 2006), consistent with this. Thus, in
Defluviicoccus, the pmf is generated quite differently, instead
involving H* efflux and fumarate reductase, or Na® efflux,
and some energy conserved by cells from its influx through
ATPase (Burow et al., 2008).

Based on these results, Burow et al. (2008) have suggested
that the scavenging ability of the Accumulibacter acetate
permease should provide these populations with a selective
advantage over Defluviicoccus in full scale plants, where
acetate levels are likely to be generally low. Thus, the view
that EBPR processes fail because the PAO are out-competed
for acetate anaerobically by the GAO may need closer ex-
amination, and the influence of parameters like pH and
temperature on EBPR viewed more widely. Whether this
statement applies to Competibacter GAO is so far unknown.
Burow et al. (2008) also suggest that maintaining low acetate
levels by changing the feed strategy from a dump feed to
a trickle feed would disadvantage Defluviicoccus, and might
allow EBPR plants to function more stably. Clearly further

metabolic information, especially which factors might regulate
key enzyme synthesis and activity, is required before we can
predict such events confidently, as is the need to understand
more completely the possible levels of metabolic diversity
existing between strains of these populations (e.g., cluster 1
and cluster 2 Defluviicoccus?).

What aerobic metabolic differences exist between the
GAO and PAO?

Genome sequence data (Garcfa Martin et al., 2006) also re-
veal that Accumulibacter populations possess genes encoding
two transport systems functioning in aerobic P uptake, a low
affinity (Pit) and high affinity (Pst) system allowing scav-
enging of Pi at very low concentrations. Under the aerobic
conditions used by Burow et al. (2008), Pst seemed to func-
tion continuously at both high and low P levels, and im-
portantly at high velocity. In the absence of similar whole
genome sequence data it is difficult to predict how Defluvii-
coccus might regulate the metabolism of its stored PHA
aerobically, again via the ED pathway and synthesizing gly-
cogen at the same time probably from pyruvate and glycer-
aldehyde 3-phosphate (Lemos et al, 2007), or whether it,
like Accumulibacter, might hold a few metabolic surprises.

How crucial is the anaerobic feed phase in EBPR?
As stated earlier, the view is generally held that EBPR
processes will only operate if the biomass is cycled continu-
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ously through anaerobic:aerobic zones for the reasons ex-
plained earlier. In other words all agree that an anaerobic
feed stage is essential (Seviour et al., 2003; Oehmen et al.,
2007). Why this is so is not clear. The reason generally given
is that if oxygen or nitrate/nitrite is present, then other
aerobic or denitrifying heterotrophic organisms may (like
the GAO) out-compete the PAO for substrates like acetate
because they can use them for respiration and growth. Yet
where is the evidence for this? We know of no published
microbiological data to support such arguments. Further-
more, the metabolic data discussed above would suggest
that Accumulibacter possess a very effective system for
anaerobic acetate assimilation, which of course is not to say
that other organisms may not equal or surpass it. In fact
Ahn et al. (2007) showed that when the supply of C
(acetate) and P to a sequencing batch reactor (SBR) were
temporally separated, then reliable and complete EBPR
was achieved. Aerobic P release paralleling acetate uptake
occurred, which in the absence of any exogenous P supply
was used largely to synthesize intracellular PHA and not
cell growth. Once all the acetate had been assimilated, cells
then respired their stored PHA and the P released earlier
was completely taken up to support cell growth. In the ab-
sence now of any exogenous P, once P was added in the
subsequent famine stage, it rapidly disappeared from the
medium, coinciding with further PHA degradation. The
major PAO involved in this process were identified as Accu-
mulibacter, and cluster 2 Defluviicoccus were also present.

It might be argued that the measured fall in dissolved
oxygen levels in the medium (to about 10~20% saturation
and to a redox of 100~50 mv) coinciding with acetate uptake
was sufficient to create anaerobic microenvironments within
the flocs, explaining the ‘aerobic’ P release. Microelectrode
studies are needed to confirm or otherwise this suggestion,
although several other reports suggest that aerobic P release
exactly as described by Ahn et al. (2007), does occur. Thus,
Guisasola et al. (2004) described precisely the same sequence
of events in their study when biomass from an anaerobic:
aerobic EBPR process was run aerobically, although no mi-
crobiological data were provided to suggest which the PAO
were. Pijuan er al. (2005) showed essentially the same aerobic
behaviour in a community dominated by Accumulibacter.
They also showed (Pijuan et al., 2006) that when an anae-
robic:aerobic EBPR process (where carbon and P are added
simultaneously) was converted to a fully aerobic process
(both feed and famine stages were operated aerobically),
EBPR capacity was retained for several days before failing.
FISH analyses showed no major changes in the number of
Accumulibacter and Competibacter upon failure, suggesting
that it was not associated with any major changes in the key
populations in the community composition. Instead it ap-
peared to be a consequence of the PAO adjusting their me-
tabolism to aerobic conditions. Thus, when Pijuan er al
(2006) measured the chemical transformations taking place
in this now ‘aerobic’ process, major shifts in the activities
of the community had occurred. Although PHA production
did not change following EBPR failure, a critical difference
was the gradual decrease in the turnover rate of the stored
glycogen during the feed and famine stages, and in the
Puptake/Prelease ratio, where less and less P was taken up with
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repeated aerobic FEED periods. They concluded that not
only could Accumulibacter survive under aerobic conditions,
but it was in fact very competitive in terms of its ability to
assimilate acetate, raising doubts about the earlier predictions.
The data suggested the PAO were metabolizing acetate aer-
obically to provide energy via the TCA cycle to synthesize
PHA without having to use any of their stored glycogen as
happens in anaerobic: aerobic EBPR processes. Similar fea-
tures were demonstrated by the community in the aerobic
process of Ahn et al. (2007), suggesting that the PAO and
GAO populations were coping with those conditions, and
again showing just how remarkably metabolically versatile
Accumulibacter is.

Growing these PAO and GAO in pure culture
This work of Burow et al. (2008) described above is clearly
valuable in any attempt to understand the in situ physiology
of these EBPR populations, but there are always doubts
about the absolute specificities of the inhibitors used in
such studies. Furthermore although unlikely, there is the
additional risk with enrichment cultures like those they
used for Accumulibacter, and Defluviicoccus, that other pop-
ulations present or physiological diversity between strains of
FISH defined phylotypes may affect the metabolic outcomes.
In our view, the advantages of having pure cultures of both
PAO and GAO available for work of this kind are incalcul-
able. Interpreting their whole genome sequence data would
be less equivocal, factors affecting regulation of synthesis and
activity of key enzymes could be more readily elucidated,
gene knockout studies could be carried out and their genetic
systems resolved. The EBPR literature is full of phrases
suggesting that many attempts have been made to grow
these, yet is equally deficient in details of the methods used
and their outcomes. Only the GAO Defluviicoccus has been
grown in the laboratory (Maszenan et al., 2005), and this
strain was phylogenetically quite distinct from those detected
in activated sludge by culture independent methods.
Certainly the genome sequence data from Accumulibacter
provide clues as to how this might be planned. Thus, very
unexpectedly, Accumulibacter possesses all the genes needed
for nitrogen and carbon dioxide fixation, although whether
these would be expressed in carbon and nitrogen rich acti-
vated sludge systems is unlikely. A high requirement for co-
balt is also indicated. However, Garcia Martin et al. (2006)
tease the reader by saying that this information generated
enriched but not pure cultures. What was not relayed was
how enriched the developed community was? Which other
populations also grew under the imposed conditions? Were
they closely related populations? Under what conditions was
this enrichment carried out (presumably inoculating cells from
such an enriched culture onto N free medium in a CO; en-
riched environment with acetate and/or propionate as carbon
source)? Did the eventual community fix nitrogen? Achieving
this task of culturing these populations is so important that
others should persist, as the scientific rewards from success
would be substantial. Until whole genome sequence data are
available for Defluviicoccus, no similar rational approach to
its culture can be undertaken.
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How widely distributed in nature are these Accumulibacter?
As already mentioned, the possession of genes encoding all
the enzymes etc required for fixation of nitrogen and CO»
and hence indicating no requirement for organic forms of
either nitrogen or carbon for their growth, shows these are
organisms likely to be competitive and to thrive in nutrient
deficient habitats. Thus, as Garcia Martin ef al. (20006) state,
they seem to be well suited to freshwater environments and
sediments in lakes and streams. Having reliable, sensitive
and specific PCR based methods for their detection makes
this a fairly straightforward task. One might expect it to re-
veal how phylogenetically diverse Accumulibacter popula-
tions really are, as well as assist in explaining under which
conditions each phylotype might be favoured. Remember,
the genome sequence data came from populations growing in
lab-scale reactors fed synthetic medium. It seems likely that
those obtained from more complex habitats would differ
markedly from these.

Conclusions

This brief article has tried to outline what we currently
know about EBPR and the key microbial populations found
there, and how having the genome sequence of Accumuli-
bacter has helped. We can look into the crystal ball, and
based on the remarkable advances in EPBR microbiology
which have occurred in the last decade, make a few pre-
dictions of what might happen in the next decade or so, ac-
cepting that we are almost certain to be widely inaccurate
in our predictions. Nevertheless, by then we may have;

i) Understood why the PAO store polyP. Is it necessary
to enable them to survive anaerobic conditions in the ab-
sence of any other means to generate energy for substrate
assimilation, as Burow et al. (2008) suggest? Or does it have
some other function, or is it a consequence of breakdown
in metabolic regulation?

ii) Isolated into pure culture Accumulibacter, Defluviicoccus,
and Competibacter strains from different habitats using novel
isolation methods, and gained a better understanding of their
ecology and phylogeny, genetics and physiology/biochemistry

iii) Applied this information together with functional mi-
croarrays to allow us to predict their behaviour in EBPR
systems, and strategies to manipulate them

iv) As part of this, developed improved EBPR plant con-
figurations, especially in how we operate the feed: famine
stages

Acknowledgements

RJS would like to thank the MSK for inviting him to speak
at the MSK scientific meeting in PyeongChang in May 2007.

References

Ahn, J., T. Daidou, S. Tsuneda, and A. Hirata. 2002. Characteriza-
tion of denitrifying phosphate-accumulating organisms culti-
vated under different electron acceptor conditions using poly-
merase chain reaction-denaturing gradient gel electrophoresis
assay. Water Res. 36, 403-412.

Ahn, J., S. Schroeder, M. Beer, S. Mcllroy, R.C. Bayly, J.W. May,
G. Vasiliadis, and R.J. Seviour. 2007. Ecology of the microbial

J. Microbiol.

community removing phosphate from wastewater under con-
tinuously aerobic conditions in a sequencing batch reactor.
Appl. Environ. Microbiol. 73, 2257-2270.

Barnard, J. and K. Abraham. 2006. Key features of successful BNR
operation. Water Sci. Technol. 53, 1-9.

Beer, M., Y.H. Kong, and R.J. Seviour. 2004. Are some putative
glycogen accumulating organisms (GAO) in anaerobic:aerobic
activated sludge systems members of the a-Proteobacteria? J.
Appl. Microbiol. 150, 2267-2275.

Beer, M., H. Stratton, P. Griffiths, and R. Seviour. 2006. Which are
the polyphosphate accumulating organisms in full-scale acti-
vated sludge enhanced biological phosphate removal systems
in Australia? Microbiology 100, 2267-2275.

Burow, L.C., Y. Kong, J.L. Nielsen, L.L. Blackall, and PH. Nielsen.
2007. Abundance and ecophysiology of Defluviicoccus spp., gly-
cogen-accumulating organisms in full-scale wastewater treat-
ment processes. Microbiology 153, 178-185.

Burow, L., A. Mabbett, A. McEwan, PL. Bond, and L.L. Blackall.
2008. Bioenergetic models for acetate and phosphate trans-
port in bacteria important in enhanced biological phosphorus
removal. Environ. Microbiol. 10, 87-98.

Carvalho, G., P.C. Lemos, A. Ochmen, and M.A.M. Reis. 2007.
Denitrifying phosphorus removal: linking the process perform-
ance with the microbial community structure. Water Res. 41,
4383-4396.

Crocetti, G.R., J.F. Banfield, J. Keller, PL. Bond, and L.L. Blackall.
2002. Glycogen-accumulating organisms in laboratory-scale and
full-scale wastewater treatment processes. Microbiology 148,
3353-3364.

Crocetti, G.R., P. Hugenholtz, PL. Bond, A. Schuler, J. Keller, D.
Jenkins, and L.L. Blackall. 2000. Identification of polyphosphate-
accumulating organisms and design of 16S rRNA-directed probes
for their detection and quantitation. Appl. Environ. Microbiol.
66, 1175-1182.

Dai, Y., Z. Yuan, X. Wang, A. Oehmen, and J. Keller. 2007.
Anaerobic metabolism of Defluviicoccus vanus related glycogen
accumulating organisms (GAOs) with acetate and propionate
as carbon sources. Water Res. 41, 1885-1896.

Falvo, A., C. Levantesi, S. Rossetti, R. Seviour, and V. Tandoi. 2001.
Synthesis of intracellular storage polymers by Amaricoccus ka-
plicensis, a tetrad forming bacterium present in activated sludge.
J. Appl. Microbiol. 91, 299-305.

Garcia Martin, H., N. Ivanova, V. Kunin, F. Warnecke, K. Barry,
A. McHardy, C. Yeates, S. He, A. Salamov, E. Szeto, E.
Dalin, N. Putnam, H. Shapiro, J. Pangilinan, I. Rigoutsos, N.
Kyrpides, L. Blackall, K. McMahon, and P. Hugenholtz. 2006.
Metagenomic analysis of two enhanced biological phosphorus
removal (EBPR) sludge communities. Nature Biotechnol. 24,
1263-1269.

Ghosh, D., K.D. McMahon, and D.R. Noguera. 2005. Enrichment
and isolation of Stentrophomonas EBPR-1, an organism that
can perform enhanced biological phosphorus removal in pure
culture, p. 55-61. In S. Hall and L. Blackall (eds.), Conference
proceedings: 4th IWA Activated Sludge Population Dynamics
Specialist Conference-Microbial population dynamics in bio-
logical wastewater treatment (ASPD4). AWMC University of
Queensland, Queensland, Australia.

Guisasola, A., M. Pijuan, J. Baeza, J. Carrera, C. Casas, and J.
Lafuente. 2004. Aerobic phosphorus release linked to acetate
uptake in bio-P sludge: process modeling using oxygen uptake
rate. Biotechnol. Bioeng. 85, 722-733.

He, S., D.L. Gall, and K.D. McMahon. 2007. “Candidatus Accumuli-
bacter” population structure in enhanced biological phosphorus
removal sludges as revealed by polyphosphate kinase genes.
Appl. Environ. Microbiol. 73, 5865-5874.

He, S., A.Z. Gu, and K.D. McMahon. 2006. Fine-scale differences



Vol. 46, No. 2

between Accumulibacter-like bacteria in enhanced biological
phosphorus removal activated sludge. Water Sci. Technol. 54,
111-117.

He, S., A’Z. Gu, and K.D. McMahon. 2008. Progress toward un-
derstanding the distribution of Accumulibacter among full-scale
enhanced biological phosphorus removal systems. Microb.
Ecol. 55, 229-236.

Hesselmann, R., C. Werlen, D. Hahn, J. Van Der Meer, and A.
Zehnder. 1999. Enrichment, phylogenetic analysis and detec-
tion of a bacterium that performs enhanced biological phos-
phate removal in activated sludge. Syst. Appl. Microbiol. 22,
454-465.

Kong, Y., M. Beer, R. Seviour, K. Lindrea, and G. Rees. 2001.
Structure and functional analysis of the microbial community
in an aerobic:anaerobic sequencing batch reactor (SBR) with
no phosphorus removal. Syst. Appl. Microbiol. 24, 597-609.

Kong, Y., J. Nielsen, and P. Nielsen. 2004. Microautoradiographic
study of Rhodocyclus-related polyphosphate-accumulating bac-
teria in full-scale enhanced biological phosphorus removal
plants. Appl. Environ. Microbiol. 70, 5383-5390.

Kong, Y., J. Nielsen, and P. Nielsen. 2005. Identity and ecophysiology
of uncultured actinobacterial polyphosphate-accumulating or-
ganisms in full-scale enhanced biological phosphorus removal
plants. Appl. Environ. Microbiol. 71, 4076-4085.

Kong, Y., S.L. Ong, W.J. Ng, and W.-T. Liu. 2002. Diversity and
distribution of a deeply branched novel proteobacterial group
found in anaerobic-aerobic activated sludge processes. Environ.
Microbiol. 4, 753-757.

Kong, Y., Y. Xia, J.L. Nielsen, and PH. Nielsen. 2006. Ecophysiology
of a group of uncultured Gammaproteobacterial glycogen-ac-
cumulating organisms in full-scale enhanced biological phos-
phorus removal wastewater treatment plants. Environ. Microbiol.
8, 479-489.

Kong, Y., Y. Xia, J.L. Nielsen, and PH. Nielsen. 2007. Structure
and function of the microbial community in a full-scale en-
hanced biological phosphorus removal plant. Microbiology 153,
4061-4073.

Kuba, T., M.C.M. Vanloosdrecht, and J.J. Heijnen. 1996. Phosphorus
and nitrogen removal with minimal COD requirement by in-
tegration of denitrifying dephosphatation and nitrification in a
two-sludge system. Water Res. 30, 1702-1710.

Lee, H,, S. Lee, J. Lee, H. Kim, J. Park, E. Choi, and Y. Park.
2003. The microbial community analysis of a 5-stage BNR
process with step feed system. Water Sci. Technol. 48, 135-141.

Lemos, P, Y. Dai, Z. Yuan, J. Keller, H. Santos, and M. Reis.
2007. Elucidation of metabolic pathways in glycogen-accumu-
lating organisms with in vivo BC nuclear magnetic resonance.
Environ. Microbiol. 9, 2694-2706.

Liu, W, K. Linning, K. Nakamura, T. Mino, T. Matsuo, and L.
Forney. 2000. Microbial community changes in biological phos-
phate-removal systems on altering sludge phosphorus content.
Microbiology 146, 1099-1107.

Lu, H., A. Ochmen, B. Virdis, J. Keller, and Z. Yuan. 2006. Obtain-
ing highly enriched cultures of Candidatus Accumulibacter
phosphatis through alternating carbon sources. Water Res. 40,
3838-3848.

Maszenan, A., R. Seviour, B. Patel, P. Janssen, and J. Wanner.
2005. Defluvicoccus vanus gen. nov., sp. nov., a novel Gram-
negative coccus/coccobacillus in the Alphaproteobacteria from
activated sludge. Int. J. Syst. Evol. Microbiol. 55, 2105-2111.

McMahon, K.D., M.A. Dojka, N.R. Pace, D. Jenkins, and J.D.
Keasling. 2002. Polyphosphate kinase from activated sludge
performing enhanced biological phosphorus removal. Appl.
Environ. Microbiol. 68, 4971-4978.

McMahon, K.D., S. Yilmaz, S. He, D.L. Gall, D. Jenkins, and J.D.
Keasling. 2007. Polyphosphate kinase genes from full-scale ac-

Current state of EBPR research 123

tivated sludge plants. Appl. Microbiol. Biotechnol. 77, 167-173.

Meyer, R.L., AM. Saunders, and L.L. Blackall. 2006. Putative gly-
cogen-accumulating organisms belonging to the Alphaproteobac-
teria identified through rRNA-based stable isotope probing.
Microbiology 152, 419-429.

Mino, T., M.C.M. Van Loosdrecht, and J.J. Heijnen. 1998. Microbi-
ology and biochemistry of the enhanced biological phosphate
removal process. Water Res. 32, 3193-3207.

Nielsen, A.T.,, W.-T. Liu, C. Filipe, L. Grady, Jr., S. Molin, and
D.A. Stahl. 1999. Identification of a novel group of bacteria
in sludge from a deteriorated biological phosphorus removal
reactor. Appl. Environ. Microbiol. 65, 1251-1258.

Ochmen, A., PC. Lemos, G. Carvalho, Z. Yuan, J. Keller, L.L.
Blackall, and M.A.M. Reis. 2007. Advances in enhanced bio-
logical phosphorus removal: From micro to macro scale. Water
Res. 41, 2271-2300.

Ochmen, A., Z. Yuan, L.L. Blackall, and J. Keller. 2004. Short-
term effects of carbon source on the competition of poly-
phosphate accumulating organisms and glycogen accumulating
organisms. Water Sci. Technol. 50, 139-144.

Oechmen, A., Z. Yuan, L.L. Blackall, and J. Keller. 2005. Compar-
ison of acetate and propionate uptake by polyphosphate accu-
mulating organisms and glycogen accumulating organisms.
Biotechnol. Bioeng. 91, 162-168.

Oechmen, A., R. Zeng, A. Saunders, L. Blackall, J. Keller, and Z.
Yuan. 2006. Anaerobic and aerobic metabolism of glycogen-
accumulating organisms selected with propionate as the sole
carbon source. Microbiology 152, 2767-2778.

Pijuan, M., A. Guisasola, J. Baeza, J. Carrera, C. Casas, and J.
Lafuente. 2005. Aerobic phosphorus release linked to acetate
uptake: Influence of PAO intracellular storage compounds.
Biochem. Eng. J. 26, 184-190.

Pijuan, M., A. Guisasola, J. Baeza, J. Carrera, C. Casas, and J.
Lafuente. 2006. Net P-removal deterioration in enriched PAO
sludge subjected to permanent aerobic conditions. J. Biotechnol.
123, 117-126.

Saunders, A. 2005. The physiology of microorganisms in enhanced
biological phosphorus removal. Ph. D. thesis. The University
of Queensland, Brisbane, Australia.

Saunders, A., A. Mabbett, A. McEwan, and L.L. Blackall. 2007.
Proton motive force generation from stored polymers for the
uptake of acetate under anaerobic conditions. FEMS Microbiol.
Lett. 274, 245-251.

Serafim, L.S., P.C. Lemos, C. Levantesi, V. Tandoi, H. Santos, and
M.AM. Reis. 2002. Methods for detection and visualization of
intracellular polymers stored by polyphosphate-accumulating
microorganisms. J. Microbiol. Methods 51, 1-18.

Seviour, R.J., T. Mino, and M. Onuki. 2003. The microbiology of
biological phosphorus removal in activated sludge systems.
FEMS Microbiol. Rev. 27, 99-127.

Spring, S., M. Wagner, P. Schumann, and P. Kampfer. 2005. Malikia
granosa gen. nov., sp. nov., a novel polyhydroxyalkanoate- and
polyphosphate-accumulating bacterium isolated from activated
sludge, and reclassification of Pseudomonas spinosa as Malikia
spinosa comb. nov. Int. J. Syst. Evol. Microbiol. 55, 621-629.

Stackebrandt, E. and J. Ebers. 2006. Taxonomic parameters revisited:
tarnished gold standards. Microbiology Today 33, 152-155.

Stackebrandt, E. and B.M. Goebel. 1994. Taxonomic note: a place
for DNA-DNA reassociation and 16S rRNA sequence analysis
in the present species definition in bacteriology. Int. J. Syst.
Evol. Microbiol. 44, 846-849.

Wagner, M., R. Amann, H. Lemmer, and K. Schleifer. 1993. Probing
activated sludge with oligonucleotides specific for Proteobac-
teria: inadequacy of culture-dependent methods for describing
microbial community structure. Appl. Environ. Microbiol. 59,
1520-1525.



124 Seviour and Mcllroy

Wagner, M., R. Erhart, W. Manz, R. Amann, H. Lemmer, D. Wedi,
and K.-H. Schleifer. 1994. Development of an rRNA-targeted
oligonucleotide probe specific for the genus Acinetobacter and
its application for the in situ monitoring in activated sludge.
Appl. Environ. Microbiol. 60, 792-800.

Wong, M.-T. and W.-T. Liu. 2006. Microbial succession of glycogen
accumulating organisms in an anaerobic-aerobic membrane bi-
oreactor with no phosphorus removal. Water Sci. Technol. 54,
29-37.

Wong, M.-T. and W.-T. Liu. 2007. Ecophysiology of Defluviicoccus-
related tetrad-forming organisms in an anaerobic-aerobic acti-
vated sludge process. Environ. Microbiol. 9, 1485-1496.

Wong, M., T. Mino, R. Seviour, M. Onuki, and W. Liu. 2005. In
situ identification and characterization of the microbial com-
munity structure of full-scale enhanced biological phosphorous
removal plants in Japan. Water Res. 39, 2901-2914.

Wong, M.-T.,, EM. Tan, W.J. Ng, and W.-T. Liu. 2004. Identification
and occurrence of tetrad-forming Alphaproteobacteria in anae-
robic-aerobic activated sludge processes. Microbiology 150, 3741-
3748.

Zeng, R., A. Saunders, Z. Yuan, L.L. Blackall, and J. Keller. 2003.

J. Microbiol.

Identification and comparison of aerobic and denitrifying pol-
yphosphate-accumulating organisms. Biotechnol. Bioeng. 83,
140-148.

Zhang, T., Y. Liu, and H.H.P. Fang. 2005. Effect of pH change on
the performance and microbial community of enhanced bio-
logical phosphate removal process. Biotechnol. Bioeng. 92, 173-
182.

Zhang, H., Y. Sekiguchi, S. Hanada, P. Hugenholtz, H. Kim, Y.
Kamagata, and K. Nakamura. 2003. Gemmatimonas aurantiaca
gen. nov., sp. nov., a Gram-negative, aerobic, polyphosphate-
accumulating micro-organism, the first cultured representative
of the new bacterial phylum Gemmatimonadetes phyl. nov. Int.
J. Syst. Evol. Microbiol. 53, 1155-1163.

Zhou, Y., M. Pijuan, R. Zeng, H. Lu, and Z. Yuan. 2008. Could
polyphosphate-accumulating organisms (PAOs) be glycogen-ac-
cumulating organisms (GAOs)? Water Res. Article in Press.

Zilles, J., J. Peccia, M. Kim, C. Hung, and D. Noguera. 2002.
Involvement of Rhodocyclus-related organisms in phosphorus
removal in full-scale wastewater treatment plants. Appl. Environ.
Microbiol. 68, 2763-2769.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


