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Aerobic granules are dense microbial aggregates with the potential to replace floccular sludge for the
treatment of wastewaters. In bubble-column sequencing batch reactors, distinct microbial populations domi-
nated propionate- and acetate-cultivated aerobic granules after 50 days of reactor operation when only carbon
removal was detected. Propionate granules were dominated by Zoogloea (40%), Acidovorax, and Thiothrix,
whereas acetate granules were mainly dominated by Thiothrix (60%). Thereafter, an exponential increase in
enhanced biological phosphorus removal (EBPR) activity was observed in the propionate granules, but a linear
and erratic increase was detected in the acetate ones. Besides Accumulibacter and Competibacter, other bacterial
populations found in both granules were associated with Chloroflexus and Acidovorax. The EBPR activity in the
propionate granules was high and stable, whereas EBPR in the acetate granules was erratic throughout the
study and suffered from a deterioration period that could be readily reversed by inducing hydrolysis of
polyphosphate in presumably saturated Accumulibacter cells. Using a new ppk1 gene-based dual terminal-
restriction fragment length polymorphism (T-RFLP) approach revealed that Accumulibacter diversity was
highest in the floccular sludge inoculum but that when granules were formed, propionate readily favored the
dominance of Accumulibacter type IIA. In contrast, acetate granules exhibited transient shifts between type I
and type II before the granules were dominated by Accumulibacter type IIA. However, ppk1 gene sequences from
acetate granules clustered separately from those of propionate granules. Our data indicate that the mere
presence of Accumulibacter is not enough to have consistently high EBPR but that the type of Accumulibacter
determines the robustness of the phosphate removal process.

In sequencing batch reactors operated under high shear
stress and short setting times, microorganisms involved in
wastewater treatment can form structures called aerobic gran-
ules (1). Aerobic granules are compact quasispherical aggre-
gates formed by self-immobilized mixed microbial communi-
ties embedded in a matrix of extracellular biopolymeric
substances (35). These microbial aggregates can accommodate
a biomass concentration five times higher than that of activated
sludge flocs (13) and settle 10 times faster (42, 60). These
characteristics translate into small-footprint treatment plants,
and therefore the use of aerobic granular sludge-based systems
has recently been proposed as a promising alternative technol-
ogy to conventional activated sludge treatment systems, with
annual maintenance costs and land requirements that would be
reduced by 17% and 75%, respectively (12).

For a robust application of this novel technology, the gran-
ular sludge should be not only physically but also microbiolog-
ically stable; that is, granules should contain an appropriate
microbial assembly to account for contaminant removal, and
ideally this assembly should reveal fitness to environmental
changes. Aerobic granules can be used to simultaneously re-

move carbon, nitrogen, and phosphorus from wastewaters, as
has been shown in laboratory sequencing batch reactors (13,
32, 61). However, this technology for combined carbon and
nutrient removal still needs to be demonstrated at full scale.

Phosphorus removal is achieved by the Betaproteobacteria
species tentatively named “Candidatus Accumulibacter phos-
phatis” and generally referred to as polyphosphate (poly-P)-
accumulating organisms (PAOs) or Accumulibacter (11, 49,
64). When exposed to anaerobic-aerobic/anoxic cycles, PAOs
have the metabolic capacity to take up phosphate beyond their
anabolic requirements and store it intracellularly as poly-P.
This microbial process is called enhanced biological phospho-
rus removal (EBPR) and has been incorporated in numerous
full-scale activated sludge treatment plants (41, 43). However,
different reports have indicated that often and for unknown
reasons, this process is not stable, and attempts to recover
EBPR capacity are not always successful (see reference 43 and
references therein). One proposed reason for EBPR failure is
that Accumulibacter-related populations are outcompeted by
glycogen-accumulating organisms (GAOs). GAOs classed with
Gammaproteobacteria are generally named “Candidatus Com-
petibacter phosphatis” (10). Additionally, two GAO lineages
that are classed with Alphaproteobacteria have been described;
one is related to Sphingomonas and the other to Defluvicoccus
vanus (40, 59). GAOs compete for carbon but they do not
contribute to EBPR (10, 43). In general, temperatures equal to
or lower than 20°C and pH values equal to or higher than 7.5
favor Accumulibacter over GAO populations (36). In addition,
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propionate provides Accumulibacter with a selective advantage
because the propionate uptake rate by Competibacter GAOs is
insignificant and because only Alphaproteobacteria GAOs, and
not other GAOs, may compete for propionate (44, 45). There
is the hypothesis that different PAO types or strains develop
when either acetate or propionate is present as the main car-
bon source (9). Recently, by using the polyphosphate kinase
gene (ppk1) as a phylogenetic marker, two major types of ppk1
sequences comprising at least five clades within Accumulibacter
were recovered from lab-scale and full-scale EBPR sludges,
suggesting that this lineage is more diverse than previously
thought (20). Furthermore, a recent study suggests that Accu-
mulibacter belonging to ppk1 clade type I and type II have
different denitrification capabilities, with type I being able to
couple nitrate reduction with phosphorus uptake, whereas type
II cannot (17). It is not clear, however, which reactor opera-
tional conditions favor the selection of either Accumulibacter
type, as their observed dominance in laboratory-activated
sludge systems seems to be random (17). It is also not known
whether the propionate-conferred superior phosphorus re-
moval capacity as compared to that for acetate is associated
with the selection of a specific Accumulibacter clade.

Because aerobic granular technology is recent, not much
information is available in relation to the microbial makeup of
the granules (33, 34, 54). In contrast to suspended biomass,
strong chemical gradients may develop within the granular
environment, leading to the formation of distinct microbial
niches and granule architecture where flanking populations
may closely interact with PAOs. For full-scale applications,
detailed knowledge that guarantees granule robustness con-
cerning efficient nutrient removal is needed. Therefore, the
aims of the present study were as follows: (i) to explore the
effectiveness of using propionate as the controlling parameter
to develop granules with robust phosphate removal activity, (ii)
to reveal the microbial community structure and dynamics of
aerobic granules cultivated with propionate or acetate and its
association to reactor performance over time, and (iii) to ex-
plore the associated dynamics of Accumulibacter clades.

MATERIALS AND METHODS

Reactor operating conditions. Two double-walled glass reactors with working
volumes of 2.4 liters each were inoculated with 500 ml of activated sludge
obtained from a sewage treatment plant (Uetendorf, Thun, Switzerland) that
biologically removes N and P. The reactors were operated at 20°C in sequencing
batch mode with cycles of 3 h in a manner similar to that described previously
(13). Each cycle consisted of the following phases: (i) a 60-min anaerobic feeding
with the introduction of influent from the bottom of the reactor at a flow rate of
1.2 liters h�1, (ii) a 112-min aeration phase with airflow rate at 4 liters min�1, (iii)
a 3-min settling phase unless otherwise specified, and (iv) a 5-min withdrawal
phase. The reactor pH was controlled at 7.0 to 7.3 during the aerobic phase, and
influent allylthiourea (50 mg liter�1) addition, used to prevent nitrification, was
stopped at day 15. During the first 10 days, the settling time was gradually
reduced from 15 to 3 min; then, at day 33, it was decreased to 2 min; and finally,
at day 55, it was increased and maintained at 3 min. The composition of the
synthetic wastewater used to feed the reactors was as given previously (13) except
that one reactor was fed with acetate and the other with propionate as the sole
carbon source. The organic loading rate for both reactors was 1.8 g chemical
oxygen demand (COD) liter�1 day�1, and the C/N and C/P ratios were 3.5:1 and
20:1, respectively. Oxygen was maintained at saturation levels during the aerobic
phase. To monitor the reactor performance, influent and effluent samples were
taken and analyzed for volatile fatty acids (VFAs), PO4–P, NH4

�, NO3
�, and

NO2
�. Cycle studies were conducted during the experimental period in which

filtered liquid samples were removed from the reactor during the aerobic phase
and analyzed for the same components mentioned above.

Analytical procedures. Concentrations of volatile fatty acids were determined
by high-performance liquid chromatography (HPLC) (Jasco Co-2060 Plus, re-
fraction index detector; Omnilab, Germany) with organic acid ion-exclusion
column ORH-801 (Transgenomics, United Kingdom). Inorganic anions and
cations were measured by ion chromatography (anions: ICS-90, IonPacAS14A
column; cations: ICS-3000A, IonPacCS16 column) with electrical conductivity
detection (Dionex, Switzerland). The total suspended solids (TSS) and volatile
suspended solids (VSS) from the reactor and from the effluent were measured as
described in reference 20. The granule mean diameter was estimated from digital
images of 300 to 770 granules using the open software ImageJ (http://rsb.info
.nih.gov/ij/index.html). The sludge volume index (SVI30), which is the volume
occupied by 1 g of activated sludge after 30 min of sedimentation, was deter-
mined as described previously (13). For granular sludge, the SVI was determined
after 8 min of sedimentation (SVI8) as suggested earlier (13). Polyhydroxyal-
kanoates (PHAs) were measured by gas chromatography as detailed previously
(55).

Fluorescence in situ hybridization (FISH) and flow cytometry. To determine
the relative abundances of PAOs and GAOs, granular sludge samples were fixed
overnight at 4°C in 4% formaldehyde in phosphate-buffered saline (PBS), pH
7.4. Then, granules were washed three times with PBS and stored at �20°C in a
PBS-ethanol solution (1:1, vol/vol). Fixed granules were mechanically disrupted
and the obtained slurry was 5 times diluted (optical density at 600 nm [OD600],
�0.8) with filter-sterilized PBS. The obtained suspension was then sonicated
(Vibra cell 72405) three times for 0.8 s at amplitude 50 with a brief incubation on
ice between the sonication events. Samples were then passed through a 30-�m
nylon mesh filter, and 0.5-ml aliquots of filtrated cells (OD600, �0.3) were
centrifuged and hybridized using the protocol described previously (18) with
slight modifications. Aliquots of 50 �l of hybridization buffer containing a cock-
tail of the following probes were used: Cy3-labeled PAO probes PAO462,
PAO651, and PAO846 (11) or 6-carboxyfluorescein (FAM)-labeled GAO probes
GAOQ431, GAOQ989, and GB_G2 (10, 28). Final concentrations of Cy3-la-
beled and FAM-labeled probes were 3 ng ml�1 and 5 ng ml�1, respectively, and
hybridization conditions were according to references 10, 11, and 28. After the
removal of unbound probes with preheated washing buffer for 20 min at 48°C,
cells were counterstained with DAPI (4�,6-diamidino-2-phenylindole) (20 �g
ml�1) for 20 min. Then, cells were washed and resuspended in 2 ml cold
filter-sterilized PBS buffer and filtered through a 7-�m filter. Cells were then
analyzed using a CyAn ADP flow cytometer (Dako) equipped with an argon laser
(488 nm) and a diode laser (405 nm). FAM- and Cy3-stained cells were excited
with the argon laser and detected by the FL-1 (band-pass filter 530/40) and FL-2
(band-pass filter 575/25) detectors, respectively. DAPI-stained cells were excited
with the diode laser and detected by the FL-6 (band-pass filter 450/50) detector.
The acquisition threshold was set in the side-scatter channel. All parameters
were collected as logarithmic signals. For each sample, 100,000 to 200,000 events
were recorded, and the obtained data were evaluated using Summit software v4.3
(Dako). Bivariant dot plots of DAPI versus Cy3- or FAM-conferred fluorescence
were used to define PAO- or GAO-positive cells in the samples, respectively. As
a proof of principle, hybridization results of some samples were checked by
fluorescence microscopy.

DNA extraction. Granules were taken from the reactors during the aerobic
phase and immediately stored at �80°C. Before DNA extraction, a slurry of the
granules was prepared by mechanical disruption in PBS buffer. Genomic DNA
was extracted, in duplicate, from 0.3 to 0.4 ml of slurry using the Power Soil DNA
isolation kit (MoBio, Inc.) according to the manufacturer’s protocol except that
two cycles of bead beating for 30 s (each cycle followed by 30 s on ice) were used.
DNA integrity was checked by 0.8% agarose gel electrophoresis using GelRed
staining (Biotium, Hayward, CA). DNA concentration and purity were measured
using a NanoDrop ND-1000 spectrophotometer.

PCR amplification. Bacterial 16S rRNA gene fragments were amplified using
the primer pair 27f and 1392r (30). The PCR contained 12.5 �l of GoTaq
colorless master mix (Promega), 0.4 �M each primer, and 20 to 40 ng of DNA
template in a final reaction volume of 25 �l adjusted with nuclease-free water.
The thermocycling consisted of an initial step at 94°C for 2 min, followed by 25
cycles at 94°C for 45 s, 50°C for 45 s, and 72°C for 1.5 min, with a final extension
at 72°C for 7 min. Accumulibacter-related ppk1 gene fragments were amplified
using the primer pair Acc-ppk1-254f and Acc-ppk1-1376r with the two-step PCR
protocol as described previously (21). The thermocycling consisted of an initial
step at 95°C for 2 min, followed by 25 cycles at 95°C for 45 s, 68°C for 1 min, and
72°C for 2 min, with a final extension at 72°C for 7 min. Product sizes of about
1,300 bp for 16S rRNA and about 1,100 bp for ppk1 gene amplicons were
confirmed on 1.5% agarose gels. Products of duplicate reactions were pooled and
then purified using the MSB spin PCRapace kit (Invitek) according to the
manufacturer’s protocol.
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Cloning and sequencing of bacterial 16S rRNA and Accumulibacter ppk1 genes.
Purified PCR products were ligated into the pGEM-T Easy vector (Promega),
which was then used to transform competent E. coli DH5� cells according to the
manufacturer’s instructions. Transformants were screened by colony PCR in a
25-�l PCR volume with vector-specific primers T7 and SP6. The PCR products
from clones containing the correct size, as determined by gel electrophoresis,
were digested with the HaeIII enzyme (Promega). Digested samples were sep-
arated by electrophoresis in 2.5% agarose gels. Restriction patterns were com-
pared and representative clones were selected for sequencing. Purified PCR
products (100 to 150 ng) from the selected clones were sequenced in both
directions using the BigDye V3.1 terminator sequencing kit with T7 or SP6
primer. The resulting reaction products were cleaned to remove excess dye by
ethanol precipitation and then run in an ABI 3130XL genetic analyzer (Applied
Biosystems) according to the manufacturer’s instructions. Sequences were as-
sembled using Lasergene software (DNASTAR). Sequences were screened for
potential chimeras using the software programs Chimera_Check from Green-
genes (15), Bellerophon (23), and Mallard (3); sequences showing anomalies
were not considered further. Sequences were matched with GenBank sequences
using BLAST (4).

T-RFLP analysis. Bacterial 16S rRNA gene fragments were amplified as
described above except that the forward primer was 5� terminally labeled with
6-carboxyfluorescein (FAM). Accumulibacter ppk1 gene fragments were ampli-
fied as described above except that either the forward or the reverse primer was
FAM labeled. Terminal restriction fragments (T-RFs) were obtained by diges-
tion of 50 ng of 16S rRNA or 20 ng of ppk1-amplified gene products with 5 U of
HaeIII enzyme at 37°C for 4 h. One microliter of digested sample was mixed with
8.5 �l of Hi-Di formamide and 0.5 �l of internal size standard (GeneScan 1200
Liz Size Standard; Applied Biosystems). This mixture was denatured at 95°C for
2 min and then snap-cooled on ice. To separate the restriction fragments, the
denatured samples were loaded on an ABI 3130XL genetic analyzer equipped
with 50-cm capillaries filled with POP 7 (Applied Biosystems) as the electropho-
resis polymer, and the lengths of the fluorescently labeled T-RFs were deter-
mined by comparison with the internal size standard using the GeneMapper
software. Resulting T-RF peak sizes were rounded to the nearest integer using
the Microsoft Excel macro Treeflap (47), and two peaks were considered iden-
tical if their difference was less than 0.5 bp. To avoid detection of primers and
uncertainties in size estimation, fragments of less than 50 bp and more than 900
bp were excluded from further analysis. The relative abundance of a detected
T-RF within a given terminal-restriction fragment length polymorphism (T-
RFLP) profile was estimated from the ratio between its peak area and the total
area of all peaks within the profile. T-RFs showing �1% relative abundance were
considered not significant and were excluded before percentages of relative
abundance were recalculated for the remaining T-RFs. The affiliation of T-RFs
to sequences was confirmed using the corresponding clone as the template.

Pragmatic analysis of T-RFLP data. The 16S rRNA-based T-RFLP commu-
nity patterns derived from the reactor samples were compared by nonmetric
multidimensional scaling (NMS) based on the distance measure with synthetic
axis. The NMS algorithm iteratively searches to place samples as points on k
dimensions (axis) while attempting to maintain the relative distances of points as
close as possible to the actual rank order of similarities between samples. Hence,
sludge samples with similar community structures are plotted together in ordi-
nation space. NMS plots were computed using PC-ORD v.4 (39) in a manner
similar to that described in reference 8 using the “slow-and-thorough” autopilot
mode of the program. A dissimilar distance matrix of Sorensen (Bray-Curtis) was
used with 40 runs with random starting configuration using the real data and 50
runs using randomized data. Based on the rules defined in reference 39, the
ordination result is considered good when final stress values are �10. The
T-RFLP data set was further analyzed following the pragmatic procedure pro-
posed by Marzorati et al. (38), which describes the microbial community based
on the three properties described immediately below. Briefly, the range-weighted
richness was estimated as the number of peaks in each T-RFLP profile. The
dynamics of the community (i.e., rate of change) averages the degree of change
between two consecutive profiles over a set time interval and was estimated using
the Pearson moment correlation coefficient between day x and day x � 60 days.
The functional organization was graphically represented by Pareto-Lorenz even-
ness curves. Construction of these curves was done as described previously (58).
Mathematically, the results yield convex curves. The more a curve deviates from
the theoretical perfect evenness line, defined as a 45° diagonal, the less evenness
can be observed in structure of the community (58).

Nucleotide sequence accession numbers. The GenBank accession numbers for
the sequences reported in this study are JN090776 to JN090838 (16S rRNA
gene) and JN090839 to JN090858 (ppk1 gene).

RESULTS

Initial reactor stage. At day 50 to day 65, and in both reac-
tors, most biomass was in granular form (approximately 90%
of granules had diameters of �0.5 mm). The average granule
sizes of the propionate- and acetate-cultivated granules were
1.8 	 0.2 mm and 2.0 	 0.4 mm, respectively. The granules had
good settling properties, as reflected by the measured SVI8

values of 48 ml g�1 for the propionate and 63 ml g�1 for the
acetate granules. The SVI (sludge volume index) is typically
used to monitor sludge settleability and is usually measured
after 30 min of sedimentation. The lower the SVI value, the
better the sludge sediments. As a reference, the activated
sludge used as the inoculum had an SVI30 value of 130 ml g�1,
which is common for this type of floccular biomass. At this
stage, the microbial community consumed all carbon, mostly
during the aerobic phase, and there was no phosphorus re-
moval. Some nitrogen was removed, likely due to assimilation,
and neither nitrite nor nitrate was detected in the effluent of
the reactors. For both reactors, the 16S rRNA gene T-RFLP
data showed that a strong change in the bacterial community
composition occurred between days 0 and 65. The number of
T-RFs measured for the propionate and acetate granules
dropped substantially compared to the number of the T-RFs
measured in the inoculum floccular biomass. A strong differ-
ence was observed with respect to the dominant T-RFs in the
two types of granules at day 65 (Fig. 1A). The dominant T-RF
in the propionate granules with about 40% relative abundance
was affiliated with the genus Zoogloea, being 99% similar to
clones from activated sludge and with the closest isolate being
the floc-forming bacterium Zoogloea caeni (50). Other de-
tected important T-RFs were affiliated with Acidovorax-like
and Thiothrix-like bacteria, with relative abundances of around
12% each, as well as Accumulibacter-like bacteria, at about 7%
abundance. The reported isolate most closely related to the
Thiothrix-like sequences from the propionate reactor was Thio-
thrix lacustris. The Acidovorax-like sequences were 99% to 98%
similar, respectively, to clones obtained from denitrifying bio-
films (clone HU5) and denitrifying activated sludge (clone
KSP1) (25, 27). The closest cultivated representative of the
Acidovorax-like sequences is Acidovorax delafieldii (57). In con-
trast, the T-RFLP profile of the acetate granules was domi-
nated at about 60% by a T-RF affiliated with Thiothrix-like
bacteria, the closest cultivated match for which (99%) is Thio-
thrix fructosivorans ATCC 49748 (22).

Mature reactor stage with concurrent P removal. After day
50, the onset of P removal took place. In the propionate-fed
reactor, the establishment of P removal was quasiexponential,
reaching 80% by day 80 (Fig. 1C, left). In contrast, the P
removal capacity in the acetate-fed reactor increased linearly
and erratically, reaching 60% to 70% by day 120 (Fig. 1C,
right). Measured chemical profiles for both reactors during
cycles were typical for biomass-conducting EBPR. At day 134,
the P released per VFA taken up (P-mol/C-mol) during the
anaerobic phase was 0.27 for the propionate and 0.26 for the
acetate granules. Due to the different carbon sources, the com-
positions of the polyhydroxyalkanoates (PHAs) stored by the
two types of granules were distinct. The proportions of poly-
hydroxybutyrate, polyhydroxyvalerate, and polyhydroxy-2-
methylvalerate (PHB:PHV:PH2MV) were 3:60:37 for the pro-
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pionate granules and 70:30:0 for the acetate granules (day
134).

Within the time frame of the experiment, P removal in the
propionate-fed reactor was high and stable. T-RFLP and FISH
analysis showed that the microbial community was dominated
by Accumulibacter-like bacteria, with abundances between 20
and 60% (Fig. 1A and B). Competibacter-like bacteria were at
all times below 15% based on FISH analysis (Fig. 1B), but
T-RFLP analysis showed that on days 200 and 250, T-RFs
associated with Competibacter-like bacteria were present at 30
and 35% relative abundances, respectively (Fig. 1A). This,
however, did not disturb the P removal activity of the reactor.
Other important T-RFs detected in all profiles were affiliated
with Chloroflexus-like (18 to 2%) and Acidovorax-like (10 to
2%) bacteria. The Chloroflexus-like clones were 98% similar to
Herpetosiphon aurantiacus ATCC 23779 and 97% similar to the
filamentous bacterium Herpetosiphon (Ben 15; X86447), pre-
viously isolated from activated sludge (6).

In the acetate-fed reactor, although erratic, P removal was
maintained at 60% from day 100 to day 180. Accumulibacter-
like bacteria were abundant, as evidenced by T-RFLP (20 to
30%) (Fig. 1A) and FISH (40 to 70%) (Fig. 1B) data. In this
reactor, a Chloroflexus-like T-RF was also observed, although
at abundances lower (1.5 to 12%) than those found in the
propionate reactor, whereas an Acidovorax-like T-RF was de-
tected at values similar to those measured in the propionate
granules (Fig. 1A). After about 200 days, the P removal of the
acetate reactor deteriorated, and no P removal was detected
from day 240 to day 310 (Fig. 1C). Concomitantly, the micro-

bial community structure changed from an Accumulibacter- to
a Competibacter-dominated community, as reflected by the T-
RFLP patterns (Fig. 1A, right). This population shift was also
detected by FISH analysis. Moreover, various clones obtained
from the acetate granules on day 201 and 314 were 97% similar
to the “Candidatus Competibacter phosphatis” clone SBRH10,
which was retrieved from a full-scale activated sludge system by
Crocetti et al. (10). In the propionate granules, only one sim-
ilar Competibacter-related clone was retrieved on day 201.

Although low, the abundance of Accumulibacter during the
P deterioration period in the acetate reactor was still at 9 to
14% of the total bacterial community. One possibility for the
loss of enhanced phosphorous uptake by the bacteria could be
that these became poly-P “saturated.” To verify this hypothe-
sis, a test was conducted on day 330 to enhance the release of
phosphate by increasing two times the normal acetate concen-
tration in the influent. This anaerobic feeding phase lasted
2.25 h and was followed by emptying and filling the reactor
with carbon-free influent two times before normal operation
was reset. The P removal activity by the sludge was readily
recovered within 1 day (Fig. 1C, right) and remained at around
60 to 80% until the end of the experiment at day 380. A
concomitant increase in Accumulibacter-related T-RFs was
also observed (Fig. 1A, right).

Pragmatic analysis of 16S rRNA gene T-RFLP data. A non-
metric multidimensional scaling analysis (NMS) was used to
visualize in two axes the T-RFLP fingerprint patterns from the
inoculum and the granule samples over the experimental time.
During the development of granules (granulation), there was a

FIG. 1. (A) Microbial community composition and dynamics of propionate- and acetate-cultivated granules expressed in terms of 16S rRNA
gene-based T-RFLP patterns. The affiliation of major T-RFs is shown in the legend. (B) Dynamics of abundance of Accumulibacter- and
Competibacter-like bacteria in the granules assessed by fluorescence in situ hybridization (FISH). (C) Phosphate removal capacity of the
propionate- and acetate-fed sequencing batch reactors. The arrow in the right indicates the day of inducing enhanced release of phosphate from
cells.
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marked change in the bacterial community structure. After the
granules were formed, a second important change was ob-
served from day 65 to 145. For the propionate reactor, the
initial granule community strongly moved along one axis (Fig.
2A, axis 2), whereas for the acetate reactor it moved along both
axis (Fig. 2B). Therefore, we define maturation as the second
axis movement and clustering of granule communities follow-
ing about 65 days of reactor operation (Fig. 2).

During the transformation of floccular into granular bio-
mass, the microbial community range-weighted richness
dropped from 22 to 7 and 10 for the acetate and propionate
reactors, respectively. Afterward and throughout the experi-
mental period, the range-weighted richness was lower than 15
for the granular biomass in both reactors (Fig. 3A). To com-
plement the visual inspection of the community dynamics pro-
vided by the NMS, the moving window analysis provided a
quantitative value of this property. The maximum rate of
change at 80% occurred during the first 145 days of reactor
operation. Near the end of the experiment, the rate of change
fluctuated between 40% and 3% for both propionate and ac-
etate granules (Fig. 3B).

Pareto-Lorenz curves showed that the evenness of the
bacterial community notably decreased during the transfor-
mation from the inoculum flocs to granules (Fig. 4). In the
inoculum, 20% of the T-RFs accounted for 50% of the
bacterial relative abundances (i.e., a Pareto value of 0.5),
whereas for the granular sludge, 20% of the T-RFs ac-
counted for 70% of the bacterial abundances at day 380, i.e.,
a Pareto value of 0.7 (Fig. 4).

Accumulibacter phylotypes in propionate- and acetate-culti-
vated granules. Sequence analysis of 16S rRNA gene frag-
ments showed that in the propionate granules, all the Accu-
mulibacter-related clones were highly similar (99 or 100%) to

clone UTFS-O02-12-40. In contrast, the Accumulibacter-re-
lated clones of the acetate granules were 97% similar to clone
VIR_B4 (21) and 99% similar to clone UWMH_4 (21) (Fig. 5).
Although the number of analyzed sequences was small, the
phylograms (Fig. 5) showed that Accumulibacter from the pro-
pionate granules at days 145 and 359 belonged to clade type
IIA. Accumulibacter from the acetate granules on day 201 were
also of type IIA, and one sequence on day 65 clustered outside
the clades defined previously (21). All these 16S rRNA gene
Accumulibacter-related sequences resulted in the same in silico

FIG. 2. Nonmetric multidimensional scaling (NMS) plots of the
16S rRNA gene-based T-RFLP data derived from the propionate- and
acetate-cultivated granules. The NMS final stress was 9.4, which is
considered a good value for ordination results. The numbers beside the
symbols refer to days of reactor operation.

FIG. 3. (A) Range-weighted richness as a function of reactor op-
eration time. (B) Moving window analysis reflecting the change in the
bacterial community composition. Each data point is based on a com-
parison between 16S rRNA gene-based T-RFLP patterns separated by
a time window of 60 days (except for the point at 145 days, where the
time window was 80 days).

FIG. 4. Pareto-Lorenz distribution curves based on 16S rRNA
gene T-RFLP patterns showing that, in comparison with the activated
sludge used as the inoculum, the evenness of the bacterial community
in aerobic granules is lower as the corresponding curve positions fur-
ther from the perfect evenness represented by the 45° diagonal line.
(A) Propionate-cultivated granules. (B) Acetate-cultivated granules.
The vertical line is plotted to estimate the Pareto values as indicated by
the arrow for the case of granular biomass at day 380 in panel A.
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and measured T-RF values. Although the data were used for
phylogenetic assignment of T-RFs in the T-RFLP profiles (Fig.
1A), it was not possible to resolve potential differences in
Accumulibacter type composition between the two kinds of
granules.

Since the propionate granules exhibited P removal activity
higher and more stable than that measured for the acetate
granules, one question was whether distinct clades developed
in these granules during the long-term reactor operation. Thus,
to explore the dynamics of Accumulibacter clades in these two
distinct granules in more detail, a ppk1 gene-based approach
was used, as this gene is a robust phylogenetic marker to
elucidate the Accumulibacter-like community structure at finer
scale (21). A high-throughput approach to discriminate be-
tween Accumulibacter type I and type II was designed and
consisted of obtaining T-RFPL profiles from ppk1 genes by
using either the fluorescently labeled forward or reverse
primer in two separate analyses. The feasibility of this ap-
proach was tested in silico by using previously reported ppk1
gene sequences retrieved from laboratory- and full-scale reac-
tors conducting EBPR (21, 26, 56). The in silico results indi-
cated that type I and type II can be well distinguished (Fig. 6).

Applying this approach experimentally to the granules re-
vealed that the Accumulibacter community from the inoculum-
activated sludge (day 0) was more diverse and more evenly
distributed than the ones from the propionate and the acetate
granules (Fig. 7). The use of propionate as the carbon source
readily selected for type IIA Accumulibacter in the granular

sludge. In contrast, acetate stimulated shifts between types I
and II. However, type IIA was the dominant clade in both
granular sludges at the end of the experiment on day 379
(Fig. 7).

To further explore whether type IIA strains present in the
propionate and acetate granules were different, cloning and
sequencing of ppk1 gene fragments were conducted. Phyloge-
netic analysis of retrieved clone sequences revealed that the
Accumulibacter community from the activated sludge inoculum
was more diverse than that found in the granular sludges, as it
contained representatives from nearly all clades (Fig. 8). This
supports the observations of the T-RFLP profile for this sam-
ple (Fig. 7). On the other hand, and in agreement with the
T-RFLP profiles, the phylogenetic analysis indicated that the
Accumulibacter strains from the propionate granules were
mainly composed of type IIA and that the sequences clustered
separately from those of the acetate granules. Furthermore,
acetate seemed to induce shifts between different dominant
clades as a function of reactor operation time, and the com-
munity seemed more diverse than that from the propionate
granules (Fig. 8). These observations also agree with the re-
sults of the T-RFLP profiles (Fig. 7).

DISCUSSION

The microbial community of propionate and acetate gran-
ules is less diverse than the community of the activated sludge
inoculum flocs. The transformation from flocs to granules was
a rapid process that occurred, in both reactors, within the first
50 days of reactor operation. This agrees with other studies in
which full granulation was observed within 12 to 50 days (34)
or within 21 days with acetate (16, 33), domestic (14), or
industrial (2) wastewater. In all cases, the metabolic activity of
these “young” granules was limited to carbon removal. Inde-
pendent of the microbial assembly, and in relative terms, our
pragmatic analysis shows that the microbial weighted richness

FIG. 5. Unrooted maximum likelihood phylogram of Accumulibac-
ter-related 16S rRNA gene sequences. Bootstrap values of �50% and
generated from 1,000 bootstrap resamplings are shown next to nodes.
Roman numerals refer to Accumulibacter clades as designated previ-
ously (21). Sequences obtained in this study are shaded. The clone
names are read as follows: the number following d refers to the reac-
tor’s operation day of sampling; AG_Prop refers to the propionate-
and AG_Acet to the acetate-cultivated aerobic granules. The numbers
in parentheses refer to the frequency of that sequence with respect to
the total sequences in the respective clone library. The scale bar indi-
cates changes per site. The phylogram was constructed using version 5
of the MEGA software (53).

FIG. 6. Forward (top) and reverse (bottom) terminal restriction
fragments (T-RFs) generated by in silico digestion (52), using HaeIII
endonuclease, of Accumulibacter ppk1 genes reported previously (21,
26, 56) and obtained from the NCBI database. The associated clade
types are indicated in roman numerals, and, when required, the num-
ber of sequences is given in brackets.
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in the “young” (or early-stage) granules dropped to half of that
seen for the inoculum.

The 16S rRNA gene-based T-RFLP patterns clustered the
propionate and acetate granule community well apart from
that of the floccular biomass. Distinctively, when granules were
formed, filamentous-type Thiothrix sp. bacteria in combination
with the floc-forming Zoogloea sp. bacteria were predominant.
Zoogloea spp. dominated the young propionate granules,
whereas Thiothrix spp. dominated the acetate ones. Indeed,
theories for the formation of anaerobic (24) and aerobic (5)
granules suggest that filamentous microorganisms serve as
backbones for granular structure. Young granular sludge com-
prised hairy granules and smooth granules (not shown) as
previously reported for short-term studies on aerobic granula-
tion (5). A key property of these filamentous and floc-forming
bacteria is their known capacity to store PHB when exposed to

strong transient feast-and-famine conditions, as applied in this
study. Eventually, most filaments were outcompeted and
washed out from the reactors, as the short settling time applied
induced a further selective pressure.

The mature granules range-weighted richness oscillated be-
tween 7 and 15 T-RFs. This falls within a low-range value and
suggests that granules as the end product, in most anaerobic-
aerobic sequencing batch reactors, represent an environment
with low carrying capacity and with a tendency to develop
dominant-species-based communities (i.e., high functional or-
ganization reflected by high Pareto values [38]). We consider
that this ecological interpretation of mature aerobic granules
applies as well for complex wastewaters, although further re-
search is required (e.g., parallel operation of acetate/propi-
onate-fed floccular versus granular system). In support of this,
the microbial community reported for mature aerobic granules

FIG. 7. Measured Accumulibacter community dynamics of propionate- and acetate-cultivated granules expressed in terms of ppk1 gene-based
T-RFLP patterns. *, unassigned T-RFs.
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FIG. 8. Unrooted maximum likelihood phylogram of Accumulibacter-related ppk1 gene sequences. Bootstrap values of �70% and generated
from 1,000 bootstrap resamplings are shown next to nodes. Roman numerals refer to Accumulibacter clades as designated previously (21).
Sequences obtained in this study are shown in green (inoculum-activated sludge), blue (propionate granules), and pink (acetate granules). For the
clone names, the starting numbering refers to the sampling day, and the ending numbering derives from logistics of the clone libraries (i.e.,
arbitrary). The scale bar indicates changes per site. The phylogram was constructed using version 5 of the MEGA software (53). Forward (F) and
reverse (R) T-RFs were measured for all clones.

8048



treating the complex abattoir wastewater appeared highly
dominated by Accumulibacter-like bacteria (approximately 80
to 90%), as revealed by FISH images of entire granule sections
(31). In relative terms, it is possible that the intuitively ex-
pected high richness values due to more complex wastewaters
may be counteracted by the strong physical and redox change
selection pressure applied in the anaerobic-aerobic sequencing
batch reactors. The mature propionate and acetate granules of
this study were also dominated by Accumulibacter- and Com-
petibacter-like bacteria. Additionally, and within the low rich-
ness values found in the mature granules, important flanking
populations were associated with Acidovorax spp., of which
some strains are capable of heterotrophic denitrification of
nitrate and may utilize acetate, propionate, and PHB from
decomposing cells as the carbon source for denitrification (25,
48). Another important population, belonging to the class the
Chloroflexi, was Herpetosiphon spp., filamentous bacteria not
associated with bulking sludge that thrive on exopolymers pro-
duced by other microorganisms or the cell walls of decaying
bacteria (29).

The propionate granules had better and more stable phos-
phate removal activity than the acetate granules. The lengthy
step in the startup of the granular sludge process is not to
obtain granules per se but relates to obtaining granules with the
microbial assembly and stability required for a specific treat-
ment process. On this regard, we show that mature granules
with robust phosphate removal activity were attained by using
propionate. Although fluctuating levels of Competibacter abun-
dances were observed, these did not compromise the granule
phosphate removal activity of the microbial community dom-
inated by Accumulibacter-like bacteria. This supports recent
model predictions that in 100% propionate-fed systems, Com-
petibacter does not impair Accumulibacter populations (36).
Putative GAOs belonging to Alphaproteobacteria and recently
reported as responsible for deteriorating phosphate removal in
propionate-fed activated sludge (40) were apparently not im-
portant in the system of this study, and no T-RF nor clone
associated with them was detected.

Conversely, the mature acetate granules sustained phos-
phate removal capacity for a period of only about 100 days
before failure, although the reactor was operated in conditions
similar to those for the propionate reactor. During failure, the
microbial community predominance shifted from Accumuli-
bacter- to Competibacter-like. It is known that biological phos-
phorus removal suffers from deterioration events for unex-
plained reasons. Although reports point to Competibacter as
responsible for process deterioration, the parameters that re-
sult in their proliferation have not yet been elucidated (51). We
hypothesized that Accumulibacter in the acetate reactor chan-
neled large amounts of energy to poly-P formation which even-
tually “saturated” the cells. Indeed, based on Raman imaging,
a recent report shows that poly-P inclusions can occupy as
much as 75% of the Accumulibacter cell body (37). This met-
abolic state of Accumulibacter might in turn have allowed Com-
petibacter to proliferate, as assessed here by two independent
methods. After the test providing more substrate to induce
hydrolysis of poly-P by the “saturated” cells, the acetate reac-
tor recovered its phosphate removal activity within 1 day, sug-
gesting that the existing Accumulibacter cells in the granules

were sufficiently numerous and that recovery was not due to
growth.

Differences in the metabolism of acetate and propionate
during EBPR may assist in understanding the results obtained.
According to metabolic models developed for Accumulibacter,
acetate requires more glycogen than propionate to produce
sufficient reducing power for anaerobic VFA storage as PHA
(36). In addition, glycogen degradation does not provide all the
reducing power required for PHA synthesis from acetate, but
it may provide it for propionate (63). It is proposed that this
extra reducing power is generated by the tricarboxylic acid
(TCA) cycle, a split TCA cycle, or the glyoxylate cycle (7, 56,
62). Additionally, on a C-mol basis, the formation of acetyl
coenzyme A (acetyl-CoA) from acetate requires more energy
than the formation of propyonyl-CoA from propionate (36).
Thus, it might be that acetate metabolism by Accumulibacter
depends more on poly-P than propionate metabolism does.
Possibly, acetate-fed Accumulibacter favored channeling en-
ergy for poly-P storage over biomass growth, which in turn
resulted in poly-P-“saturated” cells.

In addition to less energy expenditure for polyhydroxyal-
kanoate formation from propionate as suggested previously
(46), contrasting energy efficiencies associated with different
Accumulibacter strains utilizing different metabolic pathways
may also be responsible for the observed differing functional-
ities of the acetate- and propionate-cultivated granules.

Contrasting structure and dynamics of Accumulibacter-like
community in propionate- and acetate-cultivated granules.
The ppk1 gene T-RFLP data sets and the phylogenetic analysis
of retrieved Accumulibacter ppk1 gene sequences revealed
that, in our anaerobic-aerobic system, propionate readily fa-
vored the dominance of type II Accumulibacter. On the con-
trary, acetate granules exhibited transient shifts between type I
and type II during the first 200 days before the granules were
dominated by type II Accumulibacter as well. Interestingly,
EBPR sludge samples for metagenome studies were taken
after 11 months of reactor operation in the case of an acetate-
fed system from the United States (US metagenome) and at a
time not specified in the case of a propionate-fed one from
Australia (OZ metagenome) (19). Both metagenomes corre-
sponded to type II Accumulibacter and, in accordance with our
study, suggest that anaerobic-aerobic EBPR lab-scale systems
operated for long periods are apparently mostly enriched in
type II Accumulibacter. In the propionate granular sludge sys-
tem, the initial significant presence of Acidovorax, known to
denitrify NO3

� utilizing PHA, may have outcompeted type I
Accumulibacter. Our data indicate that the mere presence of
Accumulibacter is not enough to have consistently high phos-
phate removal in the reactor system but that the type of Ac-
cumulibacter determines the robustness of the phosphate re-
moval process.

Since previous research points to contrasting denitrifying
functions for type I (NO3

�/NO2
� reduction) and type II Ac-

cumulibacter (NO2
� reduction) and highlights that these dif-

ferent functions have important process applications, recent
efforts have been directed toward manipulating these clades at
discretion. To aid on this effort, we propose a distinct dual
T-RFLP approach based on ppk1 genes to readily monitor
changes in those clades under specified conditions. The T-RF
profiles obtained with the reverse primer distinguish between
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type I and type II, whereas T-RF profiles obtained with the
forward primer give resolution within the type II clade by
separating IIA, IIC, and IID (Fig. 6). Combining forward and
reverse T-RF profiles further resolves clade IIB. In addition,
potential differences within type I clusters from the phylograms
might be resolved, as we observed an �2-bp difference in
forward T-RFs within type I members (Fig. 8). Our approach
contrasts with the recently reported multiple reactions-various
restriction enzyme approach (51), as it requires a single restric-
tion enzyme, and if the forward and reverse primers are la-
beled with two different fluorophores, there is an option to
conduct a single-reaction run for analysis.
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37. Majed, N., C. Matthäus, M. Diem, and A. Z. Gu. 2009. Evaluation of
intracellular polyphosphate dynamics in enhanced biological phosphorus
removal process using Raman microscopy. Environ. Sci. Technol. 43:5436–
5442.

38. Marzorati, M., L. Wittebolle, N. Boon, D. Daffonchio, and W. Verstraete.
2008. How to get more out of molecular fingerprints: practical tools for
microbial ecology. Environ. Microbiol. 10:1571–1581.

39. McCune, B., and M. J. Mefford. 1999. PC-ORD, multivariate analysis of
ecological data. MJM Software, Gleneden Beach, OR.

40. Meyer, R. L., A. M. Saunders, and L. L. Blackall. 2006. Putative glycogen-
accumulating organisms belonging to the Alphaproteobacteria identified
through rRNA-based stable isotope probing. Microbiology 152:419–429.

41. Mino, T., M. C. M. Van Loosdrecht, and J. J. Heijnen. 1998. Microbiology
and biochemistry of the enhanced biological phosphate removal process.
Water Res. 32:3193–3207.

42. Ni, B.-J., et al. 2009. Granulation of activated sludge in a pilot-scale sequenc-
ing batch reactor for the treatment of low-strength municipal wastewater.
Water Res. 43:751–761.

43. Oehmen, A., et al. 2007. Advances in enhanced biological phosphorus re-
moval: from micro to macro scale. Water Res. 41:2271–2300.

44. Oehmen, A., A. M. Saunders, M. T. Vives, Z. G. Yuan, and H. Keller. 2006.
Competition between polyphosphate and glycogen accumulating organisms
in enhanced biological phosphorus removal systems with acetate and propi-
onate as carbon sources. J. Biotechnol. 123:22–32.

8050 GONZALEZ-GIL AND HOLLIGER APPL. ENVIRON. MICROBIOL.



45. Oehmen, A., Z. G. Yuan, L. L. Blackall, and J. Keller. 2005. Comparison of
acetate and propionate uptake by polyphosphate accumulating organisms
and glycogen accumulating organisms. Biotechnol. Bioeng. 91:162–168.

46. Oehmen, A., R. J. Zeng, Z. G. Yuan, and J. Keller. 2005. Anaerobic metab-
olism of propionate by polyphosphate-accumulating organisms in enhanced
biological phosphorus removal systems. Biotechnol. Bioeng. 91:43–53.

47. Rees, G., D. Baldwin, G. Watson, S. Perryman, and D. Nielsen. 2004. Ordi-
nation and significance testing of microbial community composition derived
from terminal restriction fragment length polymorphisms: application of
multivariate statistics. Antonie Van Leeuwenhoek 86:339–347.

48. Schloe, K., et al. 2000. Polyphasic characterization of poly-3-hydroxybu-
tyrate-co-3-hydroxyvalerate (P(HB-co-HV)) metabolizing and denitrifying
Acidovorax sp. strains. Syst. Appl. Microbiol. 23:364–372.

49. Seviour, R. J., and S. McIlroy. 2008. The microbiology of phosphorus re-
moval in activated sludge processes—the current state of play. J. Microbiol.
46:115–124.

50. Shao, Y., et al. 2009. Zoogloea caeni sp. nov., a floc-forming bacterium
isolated from activated sludge. Int. J. Syst. Evol. Microbiol. 59:526–530.

51. Slater, F. R., C. R. Johnson, L. L. Blackall, R. G. Beiko, and P. L. Bond.
2010. Monitoring associations between clade-level variation, overall commu-
nity structure and ecosystem function in enhanced biological phosphorus
removal (EBPR) systems using terminal-restriction fragment length poly-
morphism (T-RFLP). Water Res. 44:4908–4923.

52. Stres, B., J. M. Tiedje, and B. Murovec. 2009. BEsTRF: a tool for optimal
resolution of terminal-restriction fragment length polymorphism analysis
based on user-defined primer-enzyme-sequence databases. Bioinformatics
25:1556–1558.

53. Tamura, K., et al. 2011. MEGA5: molecular evolutionary genetics analysis
using maximum likelihood, evolutionary distance, and maximum parsimony
methods. Mol. Biol. Evol. doi:10.1093/molbev/msr121.

54. Weber, S. D., W. Ludwig, K. H. Schleifer, and J. Fried. 2007. Microbial
composition and structure of aerobic granular sewage biofilms. Appl. Envi-
ron. Microbiol. 73:6233–6240.

55. Werker, A., P. Lind, S. Bengtsson, and F. Nordström. 2008. Chlorinated-

solvent-free gas chromatographic analysis of biomass containing polyhy-
droxyalkanoates. Water Res. 42:2517–2526.

56. Wexler, M., D. J. Richardson, and P. L. Bond. 2009. Radiolabelled proteom-
ics to determine differential functioning of Accumulibacter during the anaer-
obic and aerobic phases of a bioreactor operating for enhanced biological
phosphorus removal. Environ. Microbiol. 11:3029–3044.

57. Willems, A., et al. 1990. Acidovorax, a new genus for Pseudomonas facilis,
Pseudomonas delafieldii, E. Falsen (EF) Group 13, EF Group 16, and several
clinical isolates, with the species Acidovorax facilis comb. nov., Acidovorax
delafieldii comb. nov., and Acidovorax temperans sp. nov. Int. J. Syst. Bacte-
riol. 40:384–398.

58. Wittebolle, L., H. Vervaeren, W. Verstraete, and N. Boon. 2008. Quantifying
community dynamics of nitrifiers in functionally stable reactors. Appl. En-
viron. Microbiol. 74:286–293.

59. Wong, M. T., F. M. Tan, W. J. Ng, and W. T. Liu. 2004. Identification and
occurrence of tetrad-forming Alphaproteobacteria in anaerobic-aerobic ac-
tivated sludge processes. Microbiology 150:3741–3748.

60. Xiao, F., S. F. Yang, and X. Y. Li. 2008. Physical and hydrodynamic prop-
erties of aerobic granules produced in sequencing batch reactors. Sep. Purif.
Technol. 63:634–641.

61. Yilmaz, G., R. Lemaire, J. Keller, and Z. Yuan. 2008. Simultaneous nitrifi-
cation, denitrification, and phosphorus removal from nutrient-rich industrial
wastewater using granular sludge. Biotechnol. Bioeng. 100:529–541.

62. Zhou, Y., M. Pijuan, A. Oehmen, and Z. Yuan. 2010. The source of reducing
power in the anaerobic metabolism of polyphosphate accumulating organ-
isms (PAOs) – a mini-review. Water Sci. Technol. 61. 7:1653–1662.

63. Zhou, Y., M. Pijuan, R. J. Zeng, and Z. Yuan. 2009. Involvement of the TCA
cycle in the anaerobic metabolism of polyphosphate accumulating organisms
(PAOs). Water Res. 43:1330–1340.

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

VOL. 77, 2011 AEROBIC GRANULE MICROBIAL COMMUNITY DYNAMICS AND EBPR 8051


