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Abstract This study investigated the role of Accumulibacter-
related bacterial populations and factors influencing their
distribution in enhanced biological phosphorus removal
(EBPR) systems in the USA. For this purpose, five full-
scale wastewater treatment facilities performing EBPR were
surveyed. The facilities had different configurations but were
all treating primarily domestic wastewater. Two facilities had
history of poor EBPR performance. Batch-scale acetate
uptake and inorganic phosphate (Pi) release and uptake
experiments were conducted to evaluate the EBPR activity
of each sludge. Typical Pi and acetate profiles were
observed, and EBPR activity was found to be positively
correlated to polyphosphate (polyP)-accumulating organism
(PAO) abundance, as determined by staining intracellular
polyP. The abundance of Accumulibacter-related organisms
was investigated using fluorescent in situ hybridization.
Accumulibacter-related organisms were present in all full-
scale EBPR facilities, at levels ranging from 9 to 24% of
total cells. More than 80% of Accumulibacter-related
organisms were estimated to have high polyP content,
confirming their involvement in EBPR in these five
facilities. However, Accumulibacter-related PAOs were only
a fraction (40–69%) of the total PAO population. The
variation of Accumulibacter-related PAO abundance among
these EBPR systems suggests that multiple interacting

factors such as wastewater characteristics and operational
conditions are structuring PAO communities.

Introduction

Phosphorus (P) is the critical factor leading to the
eutrophication of many surface waters. Enhanced biological
phosphorus removal (EBPR) has been applied for several
decades to achieve low P levels in treated wastewater
effluents [3, 19]. Enhanced biological phosphorus removal
employs the activities of polyphosphate-accumulating
organisms (PAOs) that take up large amounts of P in
excess of the metabolic demands for growth and store it in
the form of intracellular polyphosphate (polyP). Phospho-
rus is ultimately removed from the system through sludge
wastage. In spite of its wide and successful application, our
poor understanding of the underlying biological mecha-
nisms responsible for EBPR requires that process design
and operation be largely empirical. Therefore, some
wastewater treatment plants (WWTPs) suffer from unreli-
able EBPR performance and as such must rely on costly
backup chemical precipitation systems [14, 20].

A significant amount of research effort has been expended
in an attempt to identify the microorganisms responsible for
EBPR. Early studies, based on culture-dependent methods,
suggested that dominant PAOs were Acinetobacter spp.
However, more recent studies showed the insignificance of
Acinetobacter in EBPR using cultivation-independent tech-
niques [19, 29]. Further investigation using such tools led to
the identification of bacteria phylogenetically affiliated with
the Rhodocyclus group of the Betaproteobacteria [4, 8, 13]
and those affiliated with Gram-positive Actinobacteria as
candidate PAOs [16]. The Rhodocyclus-related organisms
have been repeatedly enriched in lab-scale acetate-fed
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sequencing batch reactors and have been tentatively named
Candidatus Accumulibacter phosphatis [13]. The involve-
ment of Accumulibacter-related organisms in EBPR was
confirmed in pilot-scale and full-scale WWTPs [15, 17, 31],
although other studies found predominantly Actinobacterial
PAOs in some WWTPs [2, 16]. It is not surprising that PAOs
comprise diverse bacterial groups. A number of factors, such
as wastewater characteristics and operational conditions in
WWTPs, may act as selecting forces to determine which
PAO group dominates. Earlier studies on full-scale systems
did not provide enough details on these parameters,
preventing cross-study analysis of factors influencing PAO
population.

As Accumulibacter-related organisms have been repeat-
edly enriched in lab-scale reactors fed with simple carbon
sources (e.g., acetate or propionate), they have been widely
used as a model organism to study EBPR. Indeed, the
genome sequence of an Accumulibacter species was
recently determined with an interest in studying the genetic
and biochemical mechanisms of EBPR using powerful
whole-genome targeted tools [10]. The objective of this
study was to further characterize the role of Accumulibacter-
related organisms in full-scale EBPR systems and investi-
gate the factors influencing PAO population structure and
activity. As we continue to study Accumulibacter as a
model organism for EBPR, it is imperative that we make
efforts to understand Accumulibacter ecology in full-scale
systems treating real wastewater. For this purpose, sludge
samples from five full-scale EBPR facilities in the USA
were examined.

Materials and Methods

Full-Scale WWTPs

A total of five full-scale EBPR WWTPs were included in
this study. Important physical and chemical characteristics
of these facilities during the month when the samples were
collected are summarized in Table 1. Among the five
facilities, three of them (facilities A, C, and D) were
included in a recent survey of EBPR system performance
[12, 20, 27]. Table 2 summarizes P removal performance
and stability of these five facilities, as defined previously
[20]. Stability was assessed from the cumulative frequency
that a WWTP achieves a daily secondary effluent total P
concentration of less than 1.0 mg/L because most WWTPs
in the USA need to meet this P level for discharging [20].
Activated sludge samples were collected at the end of the
aerobic stage and transported overnight on ice for analysis
within 24 h of sampling.

Batch-Scale Pi Release and Uptake Test

A subsample of 1 L of activated sludge from each EBPR
facility was used for the batch-scale inorganic phosphate
(Pi) release and uptake test. The sample was initially
aerated for 1 h and then sparged with N2 gas to establish
anaerobic conditions. The sludge was then spiked with
sodium acetate to reach 80 mg/L as acetate and was
incubated under anaerobic conditions for 45 min, followed
by 200 min of aeration. Temperature was maintained at

Table 1 Summary of characteristics of EBPR facilities during the month of sampling

Facility A B C D E1 and 2a

Process A2O Combined UCT/AO VIP VIP MUCT
Prefermentation Yes No No No Yes
Anaerobic volume (%) 9 16 12 15 5
Chemical addition to precipitate Pi Lime/PE; Alum/SC,T; Ferric/RS None None Ferric/SC on demand Noneb

Solid retention time (days) 10.9 9.0 9.5 8.5 8.4c

Influent source Domestic Domestic Domestic Domestic Domestic
pH 7.3 7.7 6.9 7.4 6.9
Temperature (°C) 19 13 21 18 25
SI BOD (mg/L) 180 158 169 174 273
SI TP (mg-P/L) 10.0d 5.6 5.0 11.3 6.5
SI PO4-P (mg-P/L) ND ND 4.1 9.3 4.2
SI BOD/TP (mg/mg-P) 25d 28 34 15 42
SE TP (mg-P/L) 0.1 0.4 0.3 1.1 0.1

MUCT Modified UCT, PE primary effluent, SC secondary clarifier, T tertiary treatment, RS recycled stream, SI secondary influent, TP total
phosphorus, SE secondary effluent, ND not determined
a Facilities E1 and E2 are parallel trains in the same WWTP.
b Ferric was intermittently added to the primary clarifier. There was no ferric addition during the month when the samples were collected.
c Solid retention time (SRT) was 8.4 days for 2 months in both trains previously. SRT was then switched to 7.5 for 16 days, 9.5 for 18 days, and
back to 8.4 days in train 1. In train 2, SRT was switched to 9.5 for 34 days and back to 8.4 days. Samples were taken 5 days after SRT was
switched back to 8.4 days in both trains.
d Values obtained from raw influent.
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ambient conditions (23±2°C) throughout the incubations.
The pH during both anaerobic and aerobic phases was
controlled at 7.0–7.3 using hydrochloric acid and sodium
carbonate. Soluble Pi (by modified ascorbic acid method
4500-P E; [1]), acetate (by gas chromatography; [22]), pH,
dissolved oxygen, and temperature were monitored at
regular intervals. Batch experiments were not replicated,
but during an initial period of methodology development,
we evaluated inter-experimental variability using a sludge
sample from a local WWTP and found a coefficient of
variation of 0.004 and 0.017 for P release and uptake rate,
respectively. Thus, we did not consider it necessary to
perform replicate batch experiments for each sample.

PolyP Staining and FISH

Samples for enumeration of PAOs and Accumulibacter-
related organisms were taken at the end of the aerobic stage
of batch-scale Pi release and uptake tests. Each sample was
mechanically disrupted by repetitively pushing 1 mL of
sludge through a 26-gauge needle for 20 min and then fixed
with 3% of paraformaldehyde at room temperature for
30 min. After fixation, the sample was diluted and collected
on 0.2-μm polycarbonate filter and transferred to glass
slides. Two slides were prepared from each sample, with
one for enumerating PAOs and the other for enumerating
Accumulibacter-related organisms.

Polyphosphate-accumulating organisms were identified
as cells containing a large amount of intracellular polyP.
The staining of polyP was conducted by incubation with
1 μg/mL of 4′,6-diamidino-2-phenylindole (DAPI) for
60 min [28]. Cells containing a large amount of polyP
were stained bright yellow, whereas the rest of the cells
were blue. The fractions of PAOs (yellow) were determined
as the percentage of the total cells (blue+yellow). On a
separate slide, Accumulibacter-related organisms were
detected by 16S rRNA-targeted fluorescent in situ hybrid-
ization (FISH). A probe mixture (PAO462b, PAO651,
PAO846b, and RHC439) was applied with the same
hybridization conditions used by Zilles et al. [31]. After
hybridization, the slide was counterstained with 1 μg/mL of
DAPI solution for 3 min to visualize total cells. The

fraction of Accumulibacter was expressed as the percentage
of the total cells determined by DAPI staining. Slides were
observed with a Zeiss Axioplan 2 epifluorescent micro-
scope. At least 10 pictures from each slide were taken with
a charge-coupled device camera, and 3000–5000 cells for
each slide were manually counted.

Estimation of Accumulibacter-Related PAOs

The fractions of Accumulibacter with high polyP content
(Accumulibacter-related PAOs) were estimated by the
method developed by Zilles et al. [31]. Briefly, 1 mL of
mechanically disrupted sludge collected at the end of the
aerobic stage of batch-scale Pi release and uptake tests was
added to 30 mL of 20% percoll (MP Biomedicals, Inc.,
Aurora, OH) and centrifuged at 32,000×g for 60 min.
Because of their higher densities, PAOs tend to be enriched
at the bottom of the centrifuge tube [31]. A subsample was
taken from the bottom of the tube, for polyP staining and
FISH as described above. The percentage of Accumulibacter-
related PAOs was estimated by comparing the abundances of
polyP-containing cells and Accumulibacter from activated
sludge with those quantifications from density centrifuged
sample [31].

Results and Discussion

Pi Release and Uptake Test

The profiles of soluble P and acetate during batch tests for
the six samples from WWTPs are shown in Fig. 1.
Inorganic phosphate release began immediately after
acetate spiking. However, net Pi uptake did not start
immediately upon the switch to aerobic conditions, possibly
because acetate was not completely consumed during the
anaerobic phase. Detailed batch test results and fractions of
polyP-containing cells are summarized in Table 3. Phos-
phorus release rate has been used to compare the activity of
EBPR [18, 26, 31], and it can be influenced by factors such
as substrate availability, pH [9], and temperature [5].
Therefore, in this study, acetate was provided in excess,

Table 2 P removal performance and stability

Facility A B C D E1 and 2

Permit (mg P/L) 2.0 1.5 2.0 Seasonal 0.09
CF for SETP<1.0 mg/La 86% 98% 82% 64% 99%
Notable feature Good P

removal
Good and stable P
removal

Good P removal,
with annual upset in August

Unstable P removal Good and stable P
removal

Additional descriptions of facility performance and stability are published elsewhere [20].
a Cumulative frequency that measured daily secondary effluent total P concentration was less than 1.0 mg/L during 2001–2003 for facilities A, C,
and D, 2004 for facility B, and Sep 2003–April 2004 for facilities E1 and 2.
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Figure 1 Profiles of soluble P (diamond) and acetate (triangle) during Pi release and uptake test. A vertical dotted line indicates the switch
between anaerobic and aerobic phases

Table 3 Summary of Pi
release and uptake test and
polyP staining results

Facility P release rate
(mg P/g VSS/h)

P uptake rate
(mg P/g VSS/h)

P release to acetate uptake
ratio (mol P/mol C)

Percentage of
PAOs (%)

A 15.2 4.5 0.51 25±4
B 19.0 8.1 0.45 34±6
C 19.2 11.0 0.39 32±4
D 17.0 3.6 0.36 29±3
E1 11.1 1.9 0.46 20±2
E2 15.9 3.2 0.40 24±5

232 S. He et al.



pH was controlled at 7.0–7.3, and ambient room tempera-
ture was maintained during the Pi release and uptake test,
all of which allowed the comparison of EBPR activities and
PAO populations across samples. It was found that P
release rates normalized by volatile suspended solids (VSS)
had a strong linear and positive correlation with the
percentage of polyP-containing cells in the full-scale
samples (R2=0.90), confirming that EBPR activity (as
measured by P release rate) is positively correlated to
PAO relative abundance. The ratios of P release to acetate
uptake (P/HAc) in the anaerobic stage observed in this
study (0.36–0.51 mol P/mol C) are in agreement with those
reported by other researchers for EBPR systems (0.01–
0.93 mol P/mol C), as summarized in the study by Schuler
and Jenkins [22]. According to the proposed stoichiometry
of EBPR, at pH 7, the theoretical P/HAc ratio should be
0.55 [9] or 0.48 [25] (mol P/ mol C). All samples, except
facility A, exhibited lower ratios than the stoichiometry
suggested, especially facility D, indicating the activity of
glycogen-accumulating organisms (GAOs) [21, 23, 24] that
are able to assimilate acetate anaerobically but without
polyP transformation, leading to a decreased P/HAc ratio.
Indeed, in the survey conducted by Gu et al. [12], facility D
had the highest level (15±5% of the total cells) of
Candidatus Competibacter phosphatis, a candidate GAO
in the Gammaproteobacteria.

Detection of Accumulibacter-Related Organisms

The relative abundance of Accumulibacter-related organisms
was quantified using rRNA-targeted FISH with a probe

mixture. It should be noted that probe RHC439 also targets
some bacteria in the “Dechloromonas agitatus subgroup”
within the Rhodocyclaceae family, as defined by Zilles et al.
[31] and that the role played by members of this subgroup in
EBPR has been suggested but unconfirmed [11]. The relative
abundances of Accumulibacter-related organisms and polyP-
containing cells before and after PAO enrichment by
centrifugation are shown in Fig. 2. Accumulibacter-related
organisms were present in all six samples, at levels
ranging from 9 to 24% of total cells, confirming that they
are abundant in full-scale EBPR systems. It is noteworthy
that samples for FISH and polyP staining were collected at
the end of the batch test in which acetate was the sole
carbon source. As acetate is a favored carbon source for
Accumulibacter [13], the results may be biased toward
Accumulibacter if PAOs that cannot take up acetate were
present in these samples. However, a change in total
Accumulibacter biomass is expected to have been minimal
because the 4-h batch test incubation was very short in
comparison with the solid retention time (SRT) of these
facilities (8.4–10.9 days).

Estimation of Accumulibacter-Related PAOs

It was possible to associate the trait of polyP accumulation
with the identity of Accumulibacter-related organisms using
the method that combines polyP staining, FISH, and
density enrichment of PAOs [31]. Different from the usual
PAO definition by its anaerobic/aerobic phenotype, in this
study, PAOs were defined as microorganisms that accumu-
late large amounts of polyP in excess of the metabolic
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demands for growth. By this definition, PAOs were detected
by polyP staining and enriched by density centrifugation.
Figure 2 shows that both the percentages of total PAOs and
percentages of Accumulibacter-related organisms approxi-
mately doubled upon density centrifugation, indicating the
enrichment of PAOs was successful. Based on the polyP
staining and FISH results before and after density gradient
centrifugation, the percentage of Accumulibacter-related
organisms with high polyP content (Accumulibacter-related
PAOs) was estimated (Table 4).

For the six full-scale sludges sampled, more than 80% of
the Accumulibacter-related organisms were participating in
polyP accumulation (Table 4). Facilities B, C, and D had
high relative abundance of Accumulibacter-related PAOs,
and a large proportion (around 60%) of the total PAOs were
Accumulibacter related. These data suggest that Accumu-
libacter-related PAOs play a significant role in EBPR in these
three facilities. The percentage of Accumulibacter- related
PAOs was lower than the percentage of total PAOs in all
EBPR systems surveyed, especially in facilities A and E.
This observation is consistent with other studies on full-scale
EBPR systems [2, 15, 30, 31] and confirms the presence of
non-Accumulibacter-related PAOs in the full-scale EBPR
facilities.

Compared with recent studies on PAO population
structure in full-scale EBPR sludges in Australia [2] and
Japan [30], the fractions of Accumulibacter-related PAOs
were higher in the current study. This may be largely
caused by regional differences, and variations in wastewater

characteristics, system configurations, and operational con-
ditions. Therefore, it is worthwhile to report these factors
and discuss their influence on PAO population structure.

Potential Factors Affecting Accumulibacter-Related PAOs

It was previously suggested that Accumulibacter-related
PAOs were able to consume a relatively wide range of
substrates, whereas the newly identified Actinobacteria-
related PAOs seem only able to assimilate certain amino
acids [16]. Accumulibacter-related PAOs were abundant in
domestic WWTPs (9 to 17%) but barely present in most
industrial WWTPs receiving food processing wastewater
[16]. In our study, all five facilities were receiving primarily
domestic wastewater. The range of Accumulibacter-related
PAO abundance (9 to 20%) was comparable to that
observed in WWTPs receiving domestic wastewater [16],
confirming that Accumulibacter-related PAOs are important
players in municipal WWTPs. To further investigate other
potential factors that led to the observed differences in
Accumulibacter-related PAO relative abundance, statistical
analysis was performed to determine the correlation
between the abundance of Accumulibacter-related PAOs
and the available physical and chemical factors (Table 5).

Strong correlations were found to be associated with
primary sludge prefermentation (r=−0.99, P=0.00007) and
anaerobic volume percentage (r=0.94, P=0.006). Prefer-
mentation of primary sludge is applied in some WWTPs to
provide hydrolyzed carbon such as volatile fatty acids

Table 5 Correlation between Accumulibacter-related PAOs, wastewater characteristics, and treatment system operational parameters

Raw
BOD

pH Temp SI
BOD

SI
TP

BOD/
TP

Final
TP

Pre-fermentation SRT An% Nitrate level in
anaerobic zonea

Chemical
addition

r b −0.2 0.527 −0.72 −0.83 −0.03 −0.61 0.704 −0.99 −0.11 0.94 −0.16 0.07
P value 0.797 0.283 0.106 0.043 0.96 0.198 0.119 0.00007 0.838 0.006 0.767 0.894

Temp Temperature (°C), SI secondary influent, An% anaerobic volume percentage
a Nitrate levels in the anaerobic zone were categorized as 2—A2O, 1—Combined UCT/AO, and 0—MUCT and VIP.
b r is the Pearson’s product-moment correlation coefficient.

Table 4 Estimated fractions of Accumulibacter-related PAOs in surveyed sludges

Facility A B C D E1 E2

Accumulibacter-related organisms/Total cells (%) 11 20 24 20 11 9

Accumulibacter-related PAOs a/Total cells (%) 11 20 20 20 10 9

Accumulibacter-related PAOs/ (%) 100 100 84 100 90 100
Accumulibacter-related organisms

Accumulibacter-related PAOs/Total PAOs (%) 43 59 63 69 51 40

a For facilities A, B, D and E2, calculated percentages of Accumulibacter-related PAOs were slightly higher than actual percentages of
Accumulibacter-related organisms. Therefore, the latter was used to indicate the fraction of Accumulibacter-related PAOs.
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(VFAs) and amino acids to the anaerobic zone. This
approach has been reported to promote EPBR performance
[6, 7]. It is surprising that Accumulibacter-related PAOs
were strongly but negatively correlated with the application
of prefermentation. We also noticed that, in the study by
Beer et al. [2], WWTPs without prefermentation had more
Accumulibacter than those with prefermentation. In addi-
tion, abundances of Accumulibacter-related PAOs were
found to be positively correlated to anaerobic zone volume
percentage (Table 5). With prefermentation, large quantities
of VFAs are provided all at once. Under these conditions,
PAOs with lower affinity but higher VFA uptake or
assimilation rate would have a competitive advantage.
Without prefermentation, VFAs are generated from fermen-
tation within the anaerobic zone and are almost simulta-
neously taken up by PAOs, maintaining a low ambient VFA
concentration. Such an environment would favor PAOs
with a higher affinity for VFAs. Thus, the higher anaerobic
volume percentage provides more fermentation to support
carbon uptake by such high-affinity PAOs. It was inferred
from metagenomics-based analysis that Accumulibacter are
capable of living in nutrient-limited habitats [10] and an
acetate transporter gene was found to be located near the high-
affinity acetyl-CoA synthase gene in the Accumulibacter
genome [10]. Therefore, we speculate that the Accumulibacter-
related PAOs may have higher affinity for VFAs. A moderate
negative correlation was found to be with secondary influent
biochemical oxygen demand (BOD; r=−0.83, P=0.043), and
this supports the speculation of high affinity of Accumuli-
bacter for VFAs. Further experimentation is required to test
this hypothesis.

In addition to the factors discussed above, there are other
parameters that may impact EBPR performance and
population structure. It was previously suggested that long
SRT and the presence of nitrate in the anaerobic zone
negatively affected Accumulibacter PAO abundance [31].
In our study, the correlations between Accumulibacter PAO
abundance and SRT or nitrate level in the anaerobic zone
were not strong. The WWTPs studied in this article were
chosen partly because the SRT did not vary significantly
(8.4 to 10.9 days). Therefore, SRT cannot explain the
observed difference in Accumulibacter abundance among
the five facilities in this study. However, most facilities
included in the surveys of EBPR WWTPs in Australia [2]
and Japan [30] had a considerably longer SRT than the
facilities studied in this article. This may partially explain
the higher abundance of Accumulibacter found in the
EBPR systems in the current study.

Accumulibacter-Related PAOs and EBPR Activity

In this study, a positive and strong linear correlation (R2=
0.90) was found between P release rate and fraction of

polyP-containing cells. However, only a weak linear corre-
lation (R2=0.55) between P release rate and Accumulibacter
relative abundance was observed. This implies that a lower
proportion of Accumulibacter-related organisms did not
necessarily result in lower EBPR activity and confirms that
other PAOs were also important contributors to the observed
EBPR activity.

Conclusions

Accumulibacter-related organisms were present in all full-
scale EBPR facilities surveyed, at levels ranging from 9 to
24% of total cells. This result is contradictory to some
recent surveys that showed a much lower abundance of this
group. By combining FISH and polyP staining for activated
sludge samples and artificially PAO-enriched samples, we
were able to link Accumulibacter-related organisms to their
hypothesized polyP-accumulating function. Our results
indicated that more than 80% of Accumulibacter-related
organisms in the WWTPs surveyed were able to accumu-
late polyP in batch tests, confirming their involvement in
EBPR. The variation of Accumulibacter-related PAO
relative abundances among these WWTPs might be
because of a number of interacting factors including
wastewater characteristics and operational conditions. In
agreement with previous findings, the high percentage of
Accumulibacter-related PAOs seemed to be associated with
domestic wastewater influent. It is interesting to note that
we found that Accumulibacter abundance was strongly
correlated to systems without prefermentation, but with a
high anaerobic volume percentage, suggesting that
Accumulibacter might have a higher affinity to VFAs,
compared to other PAOs.
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