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The objective of this study was to investigate the ability of a culture highly enriched with

the polyphosphate-accumulating organism, “Candidatus Accumulibacter phosphatis”

clade IIC, to adjust their metabolism to different phosphate availabilities. For this

purpose the biomass was cultivated in a sequencing batch reactor with acetate and

exposed to different phosphate/carbon influent ratios during six experimental phases.

Activity tests were conducted to determine the anaerobic kinetic and stoichiometric

parameters as well as the composition of the microbial community. Increasing influent

phosphate concentrations led to increased poly-phosphate content and decreased

glycogen content of the biomass. In response to higher biomass poly-phosphate

content, the biomass showed higher specific phosphate release rates. Together with

the phosphate release rates, acetate uptake rates also increased up to an optimal

poly-phosphate/glycogen ratio of 0.3 P-mol/C-mol. At higher poly-phosphate/glycogen

ratios (obtained at influent P/C ratios above 0.051 P-mol/C-mol), the acetate uptake

rates started to decrease. The stoichiometry of the anaerobic conversions clearly

demonstrated a metabolic shift from a glycogen dominated to a poly-phosphate

dominated metabolism as the biomass poly-phosphate content increased. FISH and

DGGE analyses confirmed that no significant changes occurred in the microbial

community, suggesting that the changes in the biomass activity were due to different

metabolic behavior, allowing the organisms to proliferate under conditions with fluctuating

phosphate levels.

Keywords: polyphosphate-accumulating organisms (PAO), glycogen-accumulating organisms (GAO), phosphate

limitation, metabolic response, microbial population dynamics

INTRODUCTION

To prevent the receiving waters from eutrophication, the Enhanced Biological Phosphorus
Removal (EBPR) process is a cost-effective and environmentally-friendly process for phosphorus
removal in wastewater treatment activated sludge systems. The organisms responsible for EBPR
are called phosphate-accumulating organisms (PAO). Under anaerobic conditions, PAO are
able to take up volatile fatty acids (VFA), such as acetate (HAc) and propionate (HPr), and
store them intracellularly as poly-β-hydroxyalkanoates (PHA) (Wentzel et al., 1985; Comeau
et al., 1986; Mino et al., 1987). The VFA uptake and storage processes require energy and
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reducing power. For instance, acetate is taken up by active
transport, activated to acetyl-CoA, followed by condensation
of two acetyl-CoA molecules into acetoacetyl-CoA and
subsequently reduced to poly-β-hydroxybutyrate. The required
reducing equivalents (NADH) are obtained from glycolysis
(Smolders et al., 1994), while required ATP is obtained
partly from the glycolysis supplemented by polyphosphate
conversion. Cleavage of intracellular polyphosphate (poly-P),
and subsequent release of ortho-phosphate into the liquid phase,
is assumed the main pathway for all energy generation. Poly-P is
converted by either the combined action of polyphosphate: AMP
phosphotransferase [(poly-P)n +AMP :(poly-P)n-1 + ADP]
and adenylate kinase [2 ADP :ATP + AMP)] or the action
of polyphosphate kinase [(poly-P)n + ADP :(poly-P)n-1 +

ATP] (Van Groenestijn et al., 1987; Van Niel et al., 1998; Martín
et al., 2006; Wilmes et al., 2008). Release of orthophosphate is
considered to potentially generate a proton motive force through
a PIT system (Van Veen et al., 1994; Saunders et al., 2007; Burow
et al., 2008). Glycolysis of intracellular glycogen is considered
the main reducing power source (Mino et al., 1987; Smolders
et al., 1994), besides this process generates additional energy.
However, several studies have shown that glycolysis in PAO can
also function as the main energy generating pathway when the
energy production pathway from poly-P is limiting (Brdjanovic
et al., 1998; Hesselman et al., 2000; Erdal et al., 2008; Zhou
et al., 2008; Acevedo et al., 2012; Welles et al., 2014). Under
aerobic conditions, PAO are able to grow and to take up and
store ortho-phosphate in excess as intracellular polyphosphate,
leading to P-removal from the bulk liquid by wastage of activated
sludge (Mino et al., 1998).

The stoichiometry and kinetic rates of EBPR anaerobic
conversions (HAc+ Poly-P+Gly:PHB/PHV+ CO2+ ortho-
P) are still controversial. Reported anaerobic P-release/HAc-
uptake ratios range from 0.15 up to 0.93 P-mol/C-mol (Wentzel
et al., 1987; Smolders et al., 1994; Pereira et al., 1996; Hesselman
et al., 2000; Kisoglu et al., 2000) and kinetic rates range
from 1 up to 7 [C-mmol HAc/(gVSS.h)] (Smolders et al.,
1994; Liu et al., 1997; Sudiana et al., 1999; Filipe et al.,
2001; Schuler and Jenkins, 2003b). Such differences have often
been explained based on differences on microbial composition
and operational conditions. Presence of glycogen-accumulating
organisms (GAO) has been suggested as a microbial factor
affecting the anaerobic stoichiometry (Mino et al., 1987). GAO
compete with PAO for substrate but neither release phosphate
anaerobically nor store it under aerobic conditions. Besides GAO,
the enrichment of different PAO clades is another factor since
PAO I mainly relies on poly-P as energy source for VFA uptake,
while PAO II utilizes a mixed PAO-GAO metabolism where
glycogen generates a significant part of the energy required for
VFA uptake (Welles et al., 2015b). Regarding the operational
conditions, pH, nature of the carbon source, sodium and calcium
concentration affect the anaerobic stoichiometry (Satoh et al.,
1992; Smolders et al., 1994; Oehmen et al., 2005; Barat and van
Loosdrecht, 2006; Barat et al., 2008; Welles et al., 2014).

In addition, it has been suggested that the PAO biomass
P-content affects the anaerobic stoichiometry. In this regard,
at short-term, enriched PAO cultures can shift from a poly-P

dependent toward a glycogen dependent metabolism when the
biomass P-content decreases (Brdjanovic et al., 1998; Hesselman
et al., 2000; Erdal et al., 2008; Zhou et al., 2008; Acevedo et al.,
2012). Using highly enriched PAO I and II cultures, Welles et al.
(2015b) demonstrated that the poly-P depletion led to a seven
and two-fold decrease in the anaerobic kinetic rates of PAO I
and II, respectively. Although these studies clearly indicated that
the PAO possess metabolic flexibility, the results only represent
the short-term response to changes in the biomass P-content.
Furthermore, in most of the studies the specific PAO clades were
either not reported or the biomass consisted of a mixture of
different PAO clades (Brdjanovic et al., 1998; Hesselman et al.,
2000; Zhou et al., 2008; Erdal et al., 2008; Acevedo et al., 2012).
Finally, not all studies covered a broad range of different biomass
P-contents (Welles et al., 2015b). Therefore, it remains unclear
how the kinetic rates and stoichiometry of specific PAO clades I
and II are affected by a wide range of different biomass P-contents
during long-term operation.

In two long-term studies, Liu et al. (1997) and Schuler and
Jenkins (2003a) observed a gradual shift from a PAOmetabolism
to a GAO metabolism when the P-influent concentrations and
intracellular poly-P content decreased. In particular, Schuler
and Jenkins (2003b) observed higher HAc-uptake rates when
the metabolism shifted from a GAO- to a PAO-metabolism.
To explain their observations, Liu et al. (1997) suggested that
a PAO-GAO competition might have taken place; whereas,
Schuler and Jenkins (2003a,b) suggested that the PAO and
GAO metabolisms could be either two unique metabolisms
in separate groups of organisms or two components of one
metabolism in one single group of organisms. In those studies;
however, no microbial identification analyses were performed.
Kong et al. (2002), in a similar study, observed a shift from
Betaproteobacteria (the subdivision to which most “Candidatus
Accumulibacter phosphatis” belong) at a high P/C influent ratio
toAlphaproteobacteria (the subdivision to which “Defluviicoccus”
belong) and Gammaproteobacteria (the subdivisions to which
most “Candidatus Competibacter phosphatis” belong) at a low
P/C influent ratio. Recent studies have demonstrated that
PAO I and II have very different characteristics in terms of
morphology, stoichiometry and kinetic rates, the ability to
denitrify and possibly tolerance to stress conditions as well
(Carvalho et al., 2007; Flowers et al., 2009; Slater et al.,
2010; Welles et al., 2015b). These differences may lead to
the prevalence of specific clades under certain conditions
and consequently differences in the metabolic conversions.
Considering the metabolic differences, prevalence of specific
clades may significantly affect EBPR processes. For instance,
differences in the anaerobic stoichiometry may affect the P-
release efficiency in combined chemical and biological P-removal
and P-recovery processes. Therefore it becomes important
to study the metabolism of the specific clades separately to
get a better understanding about the conditions favoring the
specific clades. Furthermore, considering the large differences
in kinetic rates (four times higher for PAO II at poly-P
depleted conditions), the different PAO clades can no longer
be considered as one organism in modeling approaches (Welles
et al., 2015b).
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Therefore, the objective of this study was to assess at long-
term how the anaerobic kinetics and stoichiometry of a highly
enriched PAO II culture are affected by a wide range of different
biomass P-contents. This will provide a more quantitative
insight into the relationship between storage polymers and
anaerobic metabolic pathways, contributing to explain the wide
range of different P/HAc ratios and kinetic rates observed in
previous studies. From a practical perspective, this important
understanding will ultimately help to improve the existing
metabolic models, leading to better design and operation of the
EBPR processes and, in particular, of combined chemical and
biological phosphorus removal and recovery systems where the
P-contents in general are lower.

MATERIALS AND METHODS

PAO Enrichment and SBR Operation
The PAO culture was enriched as described in previous studies
(Welles et al., 2014, 2015a,b) in a 2.5 L double-jacketed laboratory
sequencing batch reactor (SBR). The SBR was operated and
controlled automatically in a sequential mode by an Applikon
ADI controller also used for data acquisition and storage (e.g., pH
and O2) using BioXpert software (Applikon, The Netherlands,
Schiedam). The reactor was inoculated with activated sludge
from a municipal wastewater treatment plant with a 5-stage
Bardenpho configuration (Hoek van Holland, The Netherlands).

The SBR was operated in cycles of 6 h (2.25 h anaerobic,
2.25 aerobic and 1.5 settling phase) following similar operating
conditions used in previous studies (Smolders et al., 1994;
Brdjanovic et al., 1997; Welles et al., 2014). The pH was
maintained at 7.0 by dosing 0.4 M HCl and 0.4 M NaOH and
temperature was controlled at 20 ± 1◦C. Each cycle started with
a 5min sparging phase with nitrogen gas at a flow rate of 30 L/h
to create anaerobic conditions. After the first 5min, 1.25 L of
synthetic substrate was fed to the SBR over a period of 5 min
and nitrogen gas sparging continued throughout the anaerobic
phase. In the aerobic phase, compressed air was sparged to
the SBR at a flow rate of 60 L/h. Mixing was provided at 500
rpm, except during settling and decant phases when mixing was
switched off.

The SBR was controlled at a biomass retention time (SRT)
of 8 days, not taking into account the potential loss of solids in
the effluent during removal and biofilm removal during regular
cleaning. At the end of the settling period, the supernatant was
pumped out from the reactor, leaving 1.25 L of mixed liquor
in the reactor. This resulted in a total hydraulic retention time
(HRT) of 12 h.

Experimental Phases and Medium
To investigate the effect of the storage polymers on the on the
kinetic rates and stoichiometry of the anaerobic conversions,
six long-term experimental phases were designed with the aim
to obtain an EBPR biomass with different P-contents. The SBR
was fed with the same medium in all the experimental phases.
The only difference was the orthophosphate concentration. The
respective orthophosphate concentrations (provided with the
addition of NaH2PO4.H2O) are shown in Table 1.

TABLE 1 | Phosphate concentrations and influent P/C ratios applied in the

experimental phases.

Experimental phases Phosphate concentration Influent P/C ratio

(P-mmol/L) (P-mol/C-mol)

Phase 0 0.64 0.051

Phase 1 0.48 0.038

Phase 2 0.96 0.076

Phase 3 1.44 0.114

Phase 4 0.48 0.038

Phase 5 0.64 0.051

The concentrated medium was prepared with demineralised
water. In the beginning of every cycle, 250 mL of concentrated
substrate together with 1000 mL demi water were fed to
the reactor. After dilution, the influent contained per liter:
860mg CH3COONa·3H2O (12.6 C-mmol/L, 405mg COD/L),
107mg NH4Cl (2 N-mmol/L), 120mg MgSO4.7H2O, 14mg
CaCl2.2H2O, 48mg KCl, 2mg of allyl-N-thiourea (ATU) to
inhibit nitrification, 0.3 mL/L trace element solution, and
a defined concentration of NaH2PO4.H2O different in each
experimental phase as previously described. The trace element
solution was prepared as described by Smolders et al. (1994).
Prior to use, both concentrated solutions were autoclaved at
110◦C for 1 h. In phase 0, the biomass culture was enriched,
which required a long operation time to obtain a high grade
enrichment culture dominated by a specific PAO clade. This
phase was not continuously monitored. In phase 1, multiple
experiments were done to characterize the biomass performance
and microbial community in short-term experiments (Welles
et al., 2015b). The remaining phases were about 2-3 SRT each
with the aim to be long enough for obtaining stable performance
and short enough to avoid gradual changes in the microbial
community structure.

SBR Monitoring
The performance of the SBR was regularly monitored by
measuring ortho-phosphate (PO3−

4 -P), acetate (HAc), total
suspended solids (TSS) and volatile suspended solids (VSS).
Stable performance in the reactor was confirmed by daily
observation of the aforementioned parameters as well as by the
pH and DO online data. At the end of each experimental phase,
(except for phase 0), a cycle test was conducted to determine
the anaerobic stoichiometric and kinetic parameters. In the cycle
tests, polyhydroxyalkanoate (PHA) and glycogen concentrations
were determined in addition to the above described parameters.
Furthermore, the composition of the microbial community
was characterized by fluorescence in situ hybridization (FISH)
analysis and denaturing gradient gel electrophoresis (DGGE)
analysis.

Kinetic Rates and Stoichiometric Values
The PO4-release rates and HAc-uptake rates were determined
using the PO4 and HAc profiles observed in the cycle tests
and expressed as maximum active biomass specific rates as
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described by Smolders et al. (1994) and Brdjanovic et al. (1997).
For the maintenance activity (in the absence of HAc), only
phosphate release was determined and no glycogen consumption.
In order to see potential changes in the glycogen content
due to maintenance activity, that are significant enough to be
measured, different type of tests would need to be conducted
(Zeng et al., 2003). As the maintenance activity was not the
main focus of this study, no additional tests were conducted. The
stoichiometric parameters of interest were: P/HAc, PHV/HAc,
PHB/HAc, PHV/PHB, gly/HAc and gly/PHB.

Analyses
Determination of TSS, VSS and PO3−

4 -P concentrations were
performed in accordance with Standard Methods (A.P.H.A.,
1995). HAc was determined using a Varian 430-GC Gas
Chromatograph (GC) equipped with a split injector (split ratio
1:10), a WCOT Fused Silica column with a FFAP-CB coating
(25m × 0.53 mm × 1 µm), and coupled to a FID detector.
Helium gas was used as carrier gas. Temperature of the injector,
column and detector were 200◦, 105◦, and 300◦C, respectively.
PHB and PHV contents of freeze dried biomass were determined
by gas chromatography after a digestion, esterification and
extraction step following the method described by Smolders et al.
(1994). Glycogen content of freeze dried biomass was determined
by HPLC after digestion according to the method described
by Smolders et al. (1994) and Dircks et al. (2001) but with an
extended digestion of 5 h in 5 mL 0.9 M HCl, using 5mg of
freeze-dried biomass as described by Lanham et al. (2012).

Characterization of Microbial Populations
An estimation of the biomass fractions of the populations of
interest (PAO Type I, PAO type II and GAO) was based on
FISH analyses, following the procedure described by Winkler
et al. (2011). All bacteria were targeted by the EUB338 mix
(general bacteria probe) (Amann et al., 1990; Amann, 1995;
Daims et al., 1999). “Candidatus Accumulibacter phosphatis”
and “Candidatus Competibacter phosphatis” were targeted by
PAOMIX probe (mixture of probes PAO462, PAO651, and
PAO846) (Crocetti et al., 2000) and GAOMIX probe (mixture
of probes GAOQ431 and GAOQ989) (Crocetti et al., 2002),
respectively. PAO I (clade IA and other type I clades) and PAO
II (clade IIA, IIC, and IID) were targeted by the probes Acc-1-
444 and Acc-2-444 (Flowers et al., 2009), respectively. Hybridized
samples were examined with Zeiss Axioplan-2 epifluorescence
microscope. The quantification of the PAO and GAO biomass
fractions (of the entire bacterial community) and the PAO I and
PAO II fractions (of the PAO community) in the biomass was
carried out via FISH image analysis in a previous study (Welles
et al., 2015b).

To confirm the FISH observations and to identify potential
changes in the microbial populations at the sub-clade level,
16S-rDNA-PCR DGGE was applied. Samples were collected
at the end of each experimental phase. DNA extraction,
PCR amplification, DGGE, band isolation, sequencing and
identification of microorganisms were carried out according to
the procedures described by Bassin et al. (2011). To double
confirm the specific PAO clade, ppk1 gene fragments were

recovered and analyzed. A direct PCR was done on the gDNA
of the biomass sample from experimental stage 1 using the
primers for Accumulibacter sp. like bacteria and amplifying the
near full length polyphosphate kinase I gene, ACCppk1-254F and
ACCppk1-1376R (McMahon et al., 2007). The product from PCR
was sequenced using both primers. Both reads were assembled
using Codoncode aligner software v4.2.7 (Codoncode corp. USA)
and submitted for BLASTn (NCBI) analysis.

Microscopy
For thin sectioning electron microscopy, the cells were first fixed
in 3% (v/v) glutaraldehyde for 1 h on ice, then post-fixed in 1%
(w/v) OsO4 + 0.5 M NaCl for 3 h at room temperature, washed
and stained overnight with 1% (w/v) uranyl acetate, dehydrated
in ethanol series and embedded in Epoxy resin. The thin sections
were finally stained with 1% lead acetate.

Active Biomass
The active biomass concentration was determined as MLVSS
excluding PHB, PHV and glycogen (active biomass = MLVSS
– PHB – PHV – glycogen). Unbiodegradable particulate
endogenous residue, shown to be another non-active biomass
component of the MLVSS (Wentzel et al., 1988, 1989a,b) was
neglected for the sake of simplicity, and marginal contribution
to the MLVSS in these enrichment cultures. The active biomass
concentration was expressed in C-mol units by taking into
account the experimentally determined composition of PAO
(CH2.09O0.54N0.20P0.015) (Smolders et al., 1994).

Estimation of Poly-P
The concentration of PAO Poly-P was estimated on the basis
of the inorganic suspended solids to total suspended solids
(ISS/TSS) ratio and confirmed using steady-state mass balances
as described in Welles et al. (2015b). Equation 1 was developed
using the ISS/TSS ratio of the biomass, assuming that (i)
the ISS/TSS ratio associated with active biomass in non-EBPR
biomass (ISSb) was 0.025mg ISS/mg TSS (as observed in this
study after poly-P depletion), (ii) a poly-P composition of
(PO3)3MgK with a P-content (fP,ppASH) of 0.31mg P/mg ISS and,
(iii) negligible chemical precipitation. Equation 2, derived from
the steady-state mass balance of phosphorus, assuming that (i)
the solids in the effluent were negligible, (ii) a ratio of non poly-
P phosphorus per VSS (fP,bVSS) equal to the P-content of non-
EBPR biomass at around 0.023mg P/mg VSS (Metcalf and Eddy,
2003) and, (iii) absence of chemical precipitation. A detailed
description of the development of the equations can be found in
Supplementary file.

poly− P =

(

ISS−
fISSb,TSS

(

1− fISSb,TSS
) ∗ VSS

)

∗ fP,ppISS (1)

poly− P =
SRT

HRT
∗ (TPi − TPe) − fP,bVSS ∗ VSS (2)

where;
VSS: Concentration of volatile suspended solids
ISS: Concentration of inorganic suspended solids
Poly-P: Concentration of poly-phosphate
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TP,i: concentration of total phosphorus in the influent
TP,e: Concentration of total phosphorus in the effluent
fP,bVSS: Ratio of non poly-P phosphorus per VSS
fISSb,TSS: ISS/TSS ratio associated with active biomass
fP,ppISS: P-content of poly-P
HRT: Hydraulic retention time
SRT: Solids retention time

RESULTS

EBPR Performance at Different P/C
Influent Ratios
An enriched EBPR culture was cultivated with different influent
ortho-phosphate concentrations during six experimental phases
(phases 0 to 5). The increase in influent phosphate concentration
resulted in higher P-release and consequently higher ortho-
phosphate concentrations at the end of the anaerobic phase
(Figure 1A) and higher biomass ISS/TSS ratio at the end of the
aerobic phase (Figure 1B). A decrease in the influent phosphate
concentrations decreased both the biomass ISS/TSS ratio content
and ortho-phosphate concentrations at the end of the anaerobic
phase, showing that the observed patterns were reversible.
The P-release/HAc-uptake ratio fluctuated between 0.15 and
0.6 P-mol/C-mol, depending on the influent ortho-phosphate
concentration, showing the highest P-release in phase 3 at the
highest influent ortho-phosphate concentration. Full P-removal

was observed in all phases except in phase 3, leaving an average
ortho-phosphate concentration of 0.20 P-mmol/L in the effluent.

Microbial Community at Different Influent
P/C Ratios
FISH analysis and quantification showed that PAO were highly
dominant in experimental phase 1, 3, and 5 (PAO biomass
fraction of 99 ± 3% in phase 1, (Welles et al., 2015b) and
more specifically that the PAO population consisted of PAO
clade II with minor traces of PAO clade I (biomass fractions
of 99 ± 6% PAO II and 1 ± 2% PAO I in phase 1, Welles
et al., 2015b) (Figures 2A,D) (raw FISH images are shown in
Supplementary Figures 1–24, Supplementary File). GAO were
not detected and only minor traces of PAO clade I were observed.
In the execution of the FISH microscopic analysis, GAO biomass
samples were used as a positive control for the Competibacter
probes and as negative control for the PAO probes, which
confirmed that there were no problems with the probes or
analytical procedures to detect GAO presence or PAO absence
in the samples. Light microscopy confirmed the dominance of
bacteria with the PAOmorphology, but also showed that bacteria
with smaller dimensions and different morphology were present
as well (Figures 2G,H).

Based on FISH analyses, no significant changes occurred in
the relative quantities of PAO I, PAO II, and GAO throughout
the execution of the experimental phases (Figures 2B,C,E,F)

FIGURE 1 | Concentrations observed in the different cycles of the experimental phases studied: (A) orthophosphate concentrations in the influent (•), end of

the anaerobic phase (�), and end of the aerobic phase (N); and, (B) TSS concentrations in the end of the aerobic phase (�), VSS concentrations in the end of the

aerobic phase (•) and ISS/TSS ratios (♦).
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FIGURE 2 | Representative FISH microscopic images (A–F) showing the distribution of bacterial populations in biomass samples collected at the end of phase 1

(A,D), phase 3 (B,E) and phase 5 (C,F) on day 890, 964 and 1034, respectively. In (A–C); blue: EUB mix (Cy5); purple (superposition of blue and red): PAO mix (Cy3);

and cyan green (superposition of blue and green): GAO mix (Fluos). In (D–F); blue: PAO mix (Cy5), purple (superposition of blue and red): PAO clade II (Cy3), and cyan

green (superposition of blue and green): PAO clade I (Fluos). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.) Phase contrast images (G,H) showing the microbial distribution at the end of phase 5.
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and therefore quantification was not considered useful in
the other experimental phases. 16S-rRNA gene based DGGE
profiles were obtained from samples collected at the end of
each experimental phase (Figure 3). From the DNA derived
DGGE patterns, 24 bands were selected, covering all the
unique bands observed in the different phases. The phylogenetic
analysis of selected band sequences from all experimental
phases was conducted in this study (Table 2). The bacterial
groups detected were: (i) Betaproteobacteria closely related to
“Candidatus Accumulibacter phosphatis” (bands 7, 21, and
22); (ii) Betaproteobacteria not closely related to “Candidatus
Accumulibacter phosphatis” (band 9); (iii) Deltaproteobacteria
(band 13); (iv) Alphaproteobacteria (bands 06 and 04); (v)
Armatimonadetes were also detected (band 20), as well as (vi)
bacteria belonging to Bacteroidetes (bands 14, 17, 2, 1, 15, 18,
16, 12, 3, and 11). Bands 05, 08, 10, 19, 23, and 24 could not
provide sufficient DNA of the required quality for sequencing
and the quality of the sequence obtained from band 9 was
insufficient for submission to the GenBank A phylogenetic tree
analysis of the 16S rRNA-gene sequences obtained from the
biomass sample collected at the end of experimental phase 1
was presented in a previous study (Welles et al., 2015b) and
revealed that the PAO belonged to “Candidatus Accumulibacter
phosphatis” clade IIC/D. To confirm the specific PAO clade, the
polyphosphate kinase I gene was sequenced and a phylogenetic
analysis was performed (Figure 4). This analysis confirmed that
the PAO belonged to “Candidatus Accumulibacter phosphatis”
clade IIC.

Among the sequenced bands, no “Candidatus Competibacter
phosphatis” nor Defluviicoccus (another known GAO) sequences
were detected. There were also no sequences detected that
were related to Gammaproteobacteria, the subdivision to which
“Candidatus Competibacter phosphatis” belong. In the different
experimental phases, no differences were observed in the
dominant bands (band 1, 4, and 7), representing bacteria
closely related to Bacteroidetes, “Candidatus Accumulibacter
phosphatis” and Alphaproteobacteria, respectively. From the
minor bands, band 3, representing Bacteroidetes (closely related
to Flavihumibacter petaseus) and band 6, representing an
Alphaproteobacteria (closely related to Rhodobacter capsulatus),
showed slightly higher intensity during phases 2 and 3
which were the phases with higher influent ortho-phosphate
concentrations (0.97 and 1.45 P-mmol/L, respectively), but these
bands were not detected when the influent ortho-phosphate
concentration decreased in phase 4 and 5 to 0.48 and 0.65
P-mmol/L, respectively.

Effect of Influent P/C Ratio on Intracellular
Storage Polymers
The effect of the influent P/C ratio on the ISS/TSS ratio of
the biomass and storage polymers is shown in Figures 5A,B.
As the influent P/C ratio increased, the ISS/TSS ratio increased
linear proportionally. The influent P/C ratio data point that
corresponds to zero was obtained in a batch experiment
where the poly-P was depleted from the enriched biomass
(Welles et al., 2015b). At higher biomass ISS/TSS ratios, the

FIGURE 3 | Microbial identification analysis: 16S rRNA bands obtained

by DGGE. M = marker and Number 1 to 5 correspond to biomass samples

collected at the end of the experimental phases on day 890 (phase 1), day 945

(phase 2), day 964 (phase 3), day 993 (phase 4), and day 1034 (phase 5).

poly-P/active biomass ratio and poly-P/gly ratio increased
while the glycogen/active biomass ratio decreased. To get a
better understanding of the intracellular organization of storage
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polymers, thin sections were prepared from the PAO cells taken
at the end of the anaerobic phase in experimental phase 2 and
analyzed by electron microscopy (Figure 5C). In this phase, with
an influent phosphorus concentration of 0.97 P-mmol/L the
biomass ISS/TSS ratio reached about 0.4 at the end of the aerobic
phase. The microscopy showed that poly-P appeared as 1 or 2
large dense inclusions. Smaller electron transparent inclusions
surrounded by a membrane were observed and assumed to
correspond to PHA, as it is known to be surrounded by a
membrane (Liebergesell et al., 1994; Pieper-Fürst et al., 1994;
Steinbüchel et al., 1995; Mayer et al., 1996) while the white
dispersed spots were considered to be glycogen, which is known
to be freely dispersed in the cytosol (Braña et al., 1980; Kamio
et al., 1981).

Effect of P-Content on PAO Kinetics
The specific P-release rates for acetate uptake increased strongly
when the poly-P/active biomass ratio increased from 0 to
0.2 P-mol/C-mol, above which the rates seemed to level off
(Figure 6A). Also, the endogenous P-release rate increased with
the increasing poly-P/active biomass ratio. When the P-release
rate increased, the HAc-uptake rate also increased. A maximum
HAc-uptake rate of 0.20 C-mol/C-mol.h was observed when the
P-release rate reached 0.07 P-mol/C-mol.h at a poly-P/gly ratio
of around 0.3 P-mol/C-mol (Figure 6B). Above this poly-P/gly
ratio, the HAc-uptake rate decreased.

Effect of P-Content on PAO Stoichiometry
A clear relationship was observed between the P-content
and stoichiometry of the anaerobic conversions. The PO4-
release/HAc-uptake ratio increased drastically when the poly-
P/active biomass ratio increased (Figure 7A). Consequently,
the gly/HAc ratio, PHV/gly ratio, PHV/HAc ratio, PHB/HAc
ratio and PHV/PHB ratio decreased when the PO4/HAc ratio
increased (Figures 7B–F).

DISCUSSION

Effect of Influent P/C Ratio on the
Microbial Population, Storage Polymers
and EBPR Performance
FISH analysis showed in experimental phase 1, that
the population was highly dominated by “Candidatus
Accumulibacter phosphatis” clade II. In a previous study (Welles
et al., 2015b), with the same biomass culture (SBR-L) in the
same experimental phase, the dominance of Betaproteobacteria
(subdivision to which most “Candidatus Accumulibacter
phosphatis” belong) was double confirmed by an additional FISH
analysis, confirming that the well-known GAO, “Candidatus
Competibacter phosphatis” and Defluviicoccus (belonging to
Gammaproteobacteria and Alphaproteobacteria, respectively)
were not present in detectable quantities. In addition, a poly-P
staining confirmed that practically all bacteria contained poly-P
and thus had the PAO morphology (Welles et al., 2015b).
Phylogenetic analysis of the 16S rRNA gene in a previous study
(Welles et al., 2015b) and the ppk1 gene analysis in this study,
confirmed that the PAO enriched was clade IIC. As FISH analysis T
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FIGURE 4 | Phylogenetic tree constructed using the neighbor joining method implemented in the CLC genomic workbench v7.5.1 package. The

distance between sequences were measured using the kimura model. 332 amino-acid positions were used for calculation which correspondsg to a near complete

ppk1 gene. The sequence of the ppk1 gene from Rhodocyclus tenuis (AF502199) was used as an outgroup and afterwards pruned from the tree. Also bootstrap

(1000 rounds) was performed and the resulting values were displayed on the branching points. All clades are indicated by the text IA till IC and IIA till IIG. The scale bar

represent one percent difference in amino-acid composition. The sequence obtained in this study is indicated in bold.

demonstrated that the biomass was highly dominated by PAO
II and both FISH and DGGE analysis demonstrated that in the
different experimental phases, the composition of the microbial
community did not change over time, further quantification by
FISHmicroscopy in each experimental phase was not considered
useful.

As the poly-P content of the biomass increased, the glycogen
content decreased, indicating that poly-P is the preferred storage
polymer by PAO IIC which results in higher poly-P/glycogen
ratios when the influent phosphate concentrations becomes less
limiting at higher influent P/HAc ratios. Still glycogen formation
was never completely eliminated. When the poly-P content
increased, the metabolism shifted from a mixed PAO-GAO
metabolism to a typical PAO metabolism, i.e., P-release/HAc-
uptake ratio higher than 0.5 P-mol/C-mol in experimental phase
3. In this experimental phase, the biomass culture was able to
remove about 1.45 P-mmol/L, resulting in high poly-P contents
(0.54mg ISS/mg TSS, 0.32mg P/mg VSS). This removal capacity
and poly-P contents are in the range of the highest contents
reported in literature (Wentzel et al., 1988; Schuler and Jenkins,
2003a), confirming that the culture was highly enriched with
PAO.

While FISH analysis demonstrated that a major fraction of the
biomass comprised of PAO (99%), The DGGE profiles showed
in addition to the “Candidatus Accumulibacter phosphatis” clade

IIC/D band two other intense bands belonging to Bacteroidetes
and Alphaproteobacteria. This discrepancy may be explained by
the differences in the analytical methods. While the intensity
of the DGGE bands represents the quantity of PCR amplified
16s rRNA gene products from specific micro-organisms, the
bacterial fractions determined by FISH quantification represent
the relative surface areas of bacterial flocs in which the target
16S rRNA is present. A more detailed microscopic analysis of
the PAO II dominated flocs (Figures 2G,H) showed that other
bacteria of a smaller size were homogeneously enmeshed in each
PAO cluster. The smaller bacteria were on a volume or surface
area basis present as a minor population (hardly observed by
FISH), but their presence was more abundant on a cell-counting
basis. In the DGGE analysis the DNA is extracted from the
biomass. Considering the large difference in size of the bacteria
(about one order of magnitude) and the fact that each bacteria
has a genome, the fraction of extracted template DNA belonging
to Bacteroidetes and Alphaproteobacteria in comparison to the
fraction of extracted template DNA belonging to PAO may
have been much larger than the dry weight biomass fractions.
Other factors that may have contributed to the differences in
the bacterial quantities obtained from FISH and DGGE data
between these organisms may have been: (i) differences in DNA
extraction efficiency, (ii) different copy numbers of the 16S rRNA
gene in the genomes (only 2 for “Candidatus Accumulibacter
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FIGURE 5 | Storage polymers in enriched PAO biomass samples collected at the end of the experimental phases on day 881 and 890 (phase 1), day

945 (phase 2), day 964 (phase 3), day 993 (phase 4), and day 1034 (phase 5): (A ) ash/TSS ratio as a functions of the influent P/C ratio at the end of the aerobic

phase; (B) the relationship between the ash/TSS ratio at the end of the aerobic phase and (•) estimated poly-P/active biomass ratio, (◦) glycogen/active biomass ratio

and (�) poly-P/gly ratio; and, (C) electron microscope image of a thin section showing the poly-P, PHA and glycogen organization in the enriched PAO II cell at the

end of the anaerobic phase.

phosphatis”) and, (iii) differences in PCR amplification efficiency
of the 16S rRNA genes. In the perception of the authors, FISH
microscopy is more reliable to quantify the bacterial fractions
in the microbial community, while DGGE is more reliable for
identification of the specific microorganisms. Therefore, the
microbial populations other than “Candidatus Accumulibacter
phosphatis” clade IIC, observed by DGGE, were considered as
minor populations, which were not responsible for the major
function of the biomass.

Effect of Storage Polymers on Kinetic
Rates and Stoichiometry
The shift in the stoichiometry of the anaerobic conversions for
HAc-uptake indicated that the changes in kinetic P-release and
HAc-uptake rates were associated with a shift in the relative

ratio of the metabolic fluxes from the different energy generating
pathways (glycogen conversion and poly-P degradation), which
may have been triggered by a change in the level of the different
intracellular storage polymers. A schematic overview of the
proposed mechanism that regulates the metabolic shift is shown
in Figure 8. When HAc uptake took place to a major extent
through a glycogen dependent metabolism in experimental phase
1, the estimated available intracellularly stored poly-P (5.1 P-
mmol/L) was about four times higher than the poly-P actually
used for HAc uptake (1.3 P-mmol/L). This indicates that the
gradual shift in the metabolism of PAO is not driven by a
stoichiometric limitation of the available poly-P. Considering
that poly-P was stored as large inclusions (Figure 5C), the rate of
poly-P consumption may have been poly-P surface area related.
This has also been seen in past studies for PHA (Smolders et al.,
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FIGURE 6 | Effects of poly-P contents and P-release rates on specific biomass kinetic rates at the end of the experimental phases on day 881 and 890

(phase 1), day 945 (phase 2), day 964 (phase 3), day 993 (phase 4), and day 1034 (phase 5): (A) specific P-release rates during HAc uptake (◦: qPmax) and

endogenous maintenance activity (•: mATP) as a function of the poly-P/active biomass ratio; and, (B) HAc-uptake rates (�: qSAmax) and poly-P/gly ratio (�:

poly-P/gly) vs. P-release rates.

FIGURE 7 | Effect of poly-P content on anaerobic PAO stoichiometric parameters at the end of the experimental phases on day 881 and 890 (phase 1),

day 945 (phase 2), day 964 (phase 3), day 993 (phase 4), and day 1034 (phase 5): (A) correlation of PO4/HAc ratio (filled circle) and estimated poly-P/active

biomass ratio; (B) correlation of gly/HAc ratio (filled circle) and PO4/HAc ratio; (C) correlation of PHV/gly (filled circle) and PO4 /HAc ratio; (D) correlation of PHV/HAc

(filled circle) and PO4/HAc ratio; (E) correlation of PHB/HAc ratio (filled circle) and PO4/HAc ratio; and, (F) correlation of PHV/PHB ratio (filled circle) and PO4/HAc ratio.

1995; Murnleitner et al., 1996). Thus, when the poly-P content
of the biomass is low, possibly the rate of energy production
from poly-P consumption is limited, which then needs to be
topped up by energy production from glycogen conversion.

The consumption of glycogen allows the cell to harvest 0.5mol
ATP/C-mol glycogen (Zeng et al., 2003), while poly-P conversion
generates 1mol ATP/P-mol poly-P (Van Groenestijn et al., 1987;
Smolders et al., 1994).
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When the P-release rates increased, the HAc-uptake rates
increased up to a maximum value above which the HAc-
uptake rate started to decrease again. The increase in the
HAc-uptake rate coupled to an increase in the P-release rate
suggests that the energy production could have been the
rate limiting step for HAc-uptake and that at high poly-P
content the energy production from poly-P was faster than the
energy production from glycogen. Differences in the energy
production rates from poly-P and glycogen may be explained
by differences in the number of metabolic conversions of
each energy generating pathway. The metabolic pathway for
ATP production using poly-P requires only two biochemical
conversions and subsequent release of ortho-phosphate over
the membrane accompanied by counterions (Van Groenestijn
et al., 1987; Saunders et al., 2007). Although the exact pathway
for energy production from glycogen remains unclear, such as
the type of glycolytic pathways, it probably requires at least
10 biochemical conversions (Satoh et al., 1994) to convert
glycogen into PHA and avoid the net-production of reduction
equivalents. When the biomass P-content becomes high, the
P-release and its associated energy production rate from poly-
P conversion become high as well. However, at high biomass
P-content, the glycogen content appears to be low, although
glycogen consumption for anaerobic substrate uptake was never
eliminated in the anaerobic conversions and therefore seems to
be essential for the production of reduction equivalents, which
was also observed in the study of Schuler and Jenkins (2003a).
Possibly the production rate of reduction equivalents is also
surface area related. Therefore, a decrease in the glycogen content
may trigger a transition where the rate limiting step of the HAc-
uptake process changes from the energy production rate to the
production rate of reduction equivalents. Thus, at a high biomass
P-content, the HAc uptake rate starts to decrease possibly due
to limited supply rate of reduction equivalents by glycogen. An
optimal HAc uptake rate seems to occur at a poly-P/gly ratio of
0.3 P-mol/C-mol, which corresponds with an ISS/TSS ratio of
0.3mg ash/mg TSS obtained at an influent P/C ratio of 0.05 P-
mol/C-mol. This is roughly the influent P/C ratio at which the
PAO culture was originally enriched in this study.

The anaerobic P-release rate for maintenance energy
production (determined in the absence of acetate) seemed to
also increase when the biomass P-content increased. Assuming
that the maintenance coefficient (biomass specific energy
requirements per unit of time) of a microorganism is more or
less constant under defined environmental conditions (Herbert,
1958; Pirt, 1965), the drastic change in the P-release rate for
maintenance energy production suggests that for the production
of maintenance energy also a change in metabolism occurred.
Possibly, the changes in the P-release rates for anaerobic
maintenance energy production may have been compensated by
changes in glycogen consumption rates. This hypothesis could
have only been verified by additional tests with a longer duration
as the potential glycogen consumption for maintenance energy
production is very little and the glycogen measurements are not
very accurate (Zeng et al., 2003). Due to potential changes in the
long term experiments, the prolonged maintenance tests were
not performed.

FIGURE 8 | Schematic representation of the mechanism regulating the

metabolic shift in “Candidatus Accumulibacter phosphatis” clade IIC.

Assessment of the Anaerobic
Stoichiometric Parameters against Values
Reported in Literature
Table 3 shows a comparison between the anaerobic kinetic
rates and stoichiometric parameters obtained in this study
and previously reported values (Liu et al., 1997; Schuler and
Jenkins, 2003a,b; among others with highly enriched PAO I,
PAO II, and GAO cultures). Similar to the findings of Liu
et al. (1997) and Schuler and Jenkins (2003b), the P/HAc
stoichiometry increased when the biomass P-content increased
but the dependency of the stoichiometry was different. In this
study, the P/HAc stoichiometry at a medium initial estimated
P/TSS ratio of 0.07 mg/mg was 0.17 P-mol/C-mol against
0.32 P-mol/C-mol reported by Schuler and Jenkins (2003a).
This discrepancy can be explained by the findings of a recent
study that showed at a de fined poly-P/VSS ratio (0.125
mg/mg), that the anaerobic P/HAc stoichiometry of PAO I
was reported to be 2.4 times higher than the stoichiometry of
PAO II (Welles et al., 2015b). Possibly the biomass enriched by
Schuler and Jenkins (2003a,b,c) may have been dominated by
PAO I.

Implications on EBPR Performance and
Modeling
The findings drawn in this study suggest that in wastewaters
containing high VFA concentrations from hydrolysis and
fermentation processes in the sewerage, the anaerobic kinetic
rates of PAO are highly dependent on the poly-P content
of PAO. The kinetic rates and associated competitiveness of
certain PAO clades, increase as the P-content of the biomass
increases. In the anaerobic phase of WWTP’s treating such
wastewaters, PAO perform their best at a medium range P-
content (like observed in this study on PAO IIC) or at a
high P-content (Schuler and Jenkins, 2003a,b,c). If, in a certain
system, GAO become dominant, the availability of P per PAO
biomass, and there with the PAO specific P-content, increases.
Consequently, the HAc uptake rate may increase. However, as
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the P-content increases due to high influent P/C ratios, the
return of phosphorus from the sludge line to the water line or
if GAO prevail, the aerobic P-uptake ability of PAO is reduced
because PAO become saturated with poly-P. In addition, the
endogenous P-release activity of PAO increases, which may
lead to higher secondary P-release processes in an anaerobic
zone that follows the aerated stage. Dependent on different
factors such as the climate, the type of sewerage system and
the dynamics of wastewater in the sewerage, the hydrolysis and
fermentation processes in the sewerage and the associated VFA
production, may be limited. In such cases, the PAO in the
activated sludge systems may rely for a major extend on the
VFA production from fermentation processes in the anaerobic
stage of the activated sludge system, which are in general much
slower than the VFA consumption processes by PAO I, II and
GAO when fed with high VFA concentrations. In such cases,
the competition between the different microbial communities
will not be determined by the maximum rates of PAO I, II and
GAO, but instead the competition between the organisms will
be majorly be determined by the Ks values of the VFA uptake
processes of the respective microbial communities.

The observed relationship between the anaerobic
stoichiometry and the sludge P-content implies that a
determination of the anaerobic HAc-uptake stoichiometry
at pH 7.0 under strict anaerobic conditions at a temperature of
20◦Cmay help to estimate the poly-P content of the PAO present
in the activated sludge. Without any microbial characterization,
a stoichiometric P/HAc value in the range of 0.65-0.72 P-mol/C-
mol in activated sludge at the end of the anaerobic phase, would
indicate that the PAO present in the sludge are saturated with
poly-P and that GAO are not present. In such cases, the net
ortho-phosphate uptake capacity of the activated sludge may

be limited due to incapability of PAO to take up additional
phosphate during the anoxic or aerobic phase.
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