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The potential role of ‘Candidatus Microthrix parvicella’
in phosphorus removal during sludge bulking in two
full-scale enhanced biological phosphorus removal plants
Juan Wang, Rong Qi, Miaomiao Liu, Qian Li, Haipeng Bao, Yaming Li,
Shen Wang, Valter Tandoi and Min Yang

ABSTRACT
We investigated the bacterial community compositions and phosphorus removal performance under
sludge bulking and non-bulking conditions in two biological wastewater treatment systems
(conventional A2/O (anaerobic/anoxic/aerobic) and inverted A2/O (anoxic/anaerobic/aerobic)
processes) receiving the same raw wastewater. Sludge bulking resulted in signiﬁcant shift in bacterial
compositions from Proteobacteria dominance to Actinobacteria dominance, characterized by the
signiﬁcant presence of ﬁlamentous ‘Candidatus Microthrix parvicella’. Quantitative real-time
polymerase chain reaction (PCR) analysis revealed that the relative abundance of ‘Candidatus
Accumulibacter phosphatis’, a key polyphosphate-accumulating organism responsible for
phosphorus removal, with respect to 16s rRNA genes of total bacteria was 0.8 and 0.7%,
respectively, for the conventional and inverted A2/O systems when sludge bulking occurred, which
increased to 8.2 and 12.3% during the non-bulking period. However, the total phosphorus removal
performance during the bulking period (2-week average: 97 ± 1 and 96 ± 1%, respectively) was not
adversely affected comparable to that during the non-bulking period (2-week average: 96 ± 1 and
96 ± 1%, respectively). Neisser staining revealed the presence of large polyphosphate granules in
‘Candidatus Microthrix parvicella’, suggesting that this microbial group might have been responsible
for phosphorus removal during the sludge bulking period when ‘Candidatus Accumulibacter
phosphatis’ was excluded from the systems.
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INTRODUCTION
Bacterial communities in activated sludge are mainly
responsible for the removal of pollutants, including phosphorus and nitrogen compounds from wastewater, and
thus represent the core component in wastewater treatment
systems. The enhanced biological phosphorus removal
(EBPR) process is achieved by enrichment of
polyphosphate-accumulating organisms (PAOs) under alternating anaerobic–aerobic conditions (Crocetti et al. ). A
large amount of research efforts have been made to identify
the microorganisms responsible for EBPR. Based on classical culture-dependent methods, early studies have
speculated that Acinetobacter spp. may be responsible for
doi: 10.2166/wst.2014.216
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EBPR because they were routinely isolated from EBPR
sludge (Oehmen et al. ). However, later studies using
cultivation-independent molecular techniques showed that
Acinetobacter is not primarily responsible for EBPR (He
et al. ). Further investigations led to the identiﬁcation
of bacteria phylogenetically afﬁliated with the Rhodocyclus
group of the Betaproteobacteria as candidate PAOs, which
is a coccobacillus with a tentatively proposed name ‘Candidatus Accumulibacter phosphatis’ (He et al. ). In a
previous study, a strong positive correlation was established
between the proportion of ‘Candidatus Accumulibacter
phosphatis’ and the phosphorus content in activated
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sludge in laboratory-scale reactors (Oehmen et al. ),
which was supported by a survey carried out in six EBPR
plants in Australia (Saunders et al. ). Previous studies
have shown that the relative abundance of ‘Candidatus
Accumulibacter phosphatis’ to total bacteria could be in a
range of 4–22% (Oehmen et al. ), indicating that it is
an important organism contributing to phosphorus removal
in EBPR plants. Recently, members of the genus Tetrasphaera have been considered to be other putative PAOs
in EBPR from wastewater (Kristiansen et al. ).
Sludge bulking, which adversely affects sludge settleability in the secondary clariﬁers as well as efﬂuent
quality, frequently occurs in EBPR systems. The overgrowth
of ﬁlamentous bacteria has been considered to be mainly
responsible for sludge bulking, and one of the most frequently encountered ﬁlamentous bacteria is ‘Candidatus
Microthrix parvicella’ (Rossetti et al. ). With a low
maximum speciﬁc growth rate, high storage capacities,
and low maintenance energy requirements, ‘Candidatus
Microthrix parvicella’ has a signiﬁcant advantage over
other microorganisms prevailing in the extended aeration
activated sludge systems under starvation conditions.
When serious sludge bulking occurs, outgrowth of ﬁlamentous bacteria, including ‘Candidatus Microthrix parvicella’,
could lead to the exclusion of functional bacteria like
‘Candidatus Accumulibacter phosphatis’, which may
adversely affect the phosphorus removal performance.
The storage of polyphosphates has been speculated as a survival strategy for ‘Candidatus Microthrix parvicella’ (Erhart
et al. ). Machnicka () has revealed that ‘Candidatus
Microthrix parvicella’ might be responsible for the phosphorus removal in a laboratory-scale experiment.
However, it has never been revealed if ‘Candidatus Microthrix parvicella’ could act as a PAO for phosphorus
removal when ‘Candidatus Accumulibacter phosphatis’ is
excluded from the systems during the sludge bulking
period in a full-scale EBPR system.
In this study, the phosphorus removal performance of two
parallel full-scale municipal wastewater treatment systems in a
plant located in Beijing, China, which have been experiencing
serious sludge bulking mainly caused by ‘Candidatus
Microthrix parvicella’ in winter time, was continuously monitored over a period of 12 months to determine the potential
impacts of sludge bulking on EBPR. The bacterial community
structures as well as the abundance of ‘Candidatus Accumulibacter phosphatis’ under sludge bulking conditions were
compared with those under non-bulking conditions. The
knowledge acquired in this study will contribute towards
better management of the EBPR systems.
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MATERIALS AND METHODS
Description of the wastewater treatment plant
The investigated municipal wastewater treatment plant consists of a conventional A2/O system (anaerobic/anoxic/
aerobic) and an inverted A2/O system (anoxic/anaerobic/
aerobic) (Figure S1, available online at http://www.
iwaponline.com/wst/070/216.pdf), each of which has a
treatment design capacity of 200,000 m3/day. Since the
two systems were fed with the same sewage, one system
could be used as the reference for another system. The
sludge recycling ratio was approximately 100% for both
the systems, while the mixed liquor recirculation ratio was
250% for the conventional system and none for the inverted
one. In the inverted system, the inﬂuent was distributed into
the anoxic and anaerobic tanks, respectively, at a ratio of
7:3. In the past 3 years, each system had received mean
wastewater ﬂows of 225,000 m3/day. The two systems had
exhibited sludge bulking from late December to early May,
with the inverted A2/O system exhibiting more serious
bulking. Beijing is characterized with a relatively cold
winter. The low temperature might be responsible for the
occurrence of sludge bulking (Rossetti et al. ). The proliferation of ‘Candidatus Microthrix parvicella’ in the mixed
liquor may be caused by the increased availability of the
hydrophobic substrates such as lipids at low temperature
(Xie et al. ). When ‘Candidatus Microthrix parvicella’
grows in sufﬁcient numbers in activated sludge, it can also
cause foaming problem in two systems. Sludge bulking
disappeared from mid-May when the temperature was
above 20 C. The operating conditions, including hydraulic
residence times and sludge retention times (SRTs), are summarized in Table 1. The 2009 performance data were kindly
provided by the plant operators. The determination of biochemical oxygen demand (BOD), chemical oxygen
W
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|

Major parameters of the conventional and inverted A2/O systems
Conventional A2/O

Inverted A2/O

Parameter

system

system

Q (ton/day)

225000

225000

MLSS (mg/L)

3516–4499

3002–4446

SRT (day)

14.2 ± 7.0

9.3 ± 5.8

F/M (kg BOD/(kg MLSS·day))

0.12 ± 0.05

0.19 ± 0.09

Inﬂuent distribution in
anoxic/anaerobic
reactors

/

7:3

MLSS: mixed liquor suspended solids; F/M: food to microorganism ratio.
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demand (COD), total phosphorus and soluble orthophosphate concentrations was performed by plant according
to Standard Methods of Water and Wastewater Monitoring
(). We have detected the soluble orthophosphate concentrations in different sections in the sampling days,
as shown in Table S2 (available online at http://www.
iwaponline.com/wst/070/216.pdf).
As shown in Figure S2 (available online at http://www.
iwaponline.com/wst/070/216.pdf), the total phosphorus
removal performance for the two systems was in general
good except for some occasional ﬂuctuations. The efﬂuent
total phosphorus and soluble orthophosphate concentrations over the whole year were 0.1–0.4 mg/L and 0.02–
0.11 mg/L for the conventional and inverted A2/O systems,
respectively. The reasons for the ﬂuctuations of phosphorus
removals were not clear, but may relate to the ﬂuctuations of
the inﬂuent loading conditions. Two-week average values
for each sampling time (day 76 to 90 (D76–D90) in the bulking period and D176–D190 in the non-bulking period) were
used for evaluating the performance of the two systems
during bulking and non-bulking periods, and are shown in
Table 2.
Activated sludge samples and DNA extraction
In total, four activated sludge samples were taken from the
ends of the aerobic units of the two systems: two in March
(D83) when sludge bulking occurred (sludge volume index
(SVI) ¼ 189 and 216 mL/g for the conventional and inverted
A2/O systems, respectively) and the other two in July (D183)
when the systems returned to the normal state (SVI ¼ 73
and 79 mL/g, respectively). The samples were centrifuged
at 10,000 rpm for 10 min at 4 C, and 0.25 g (wet weight)
of activated sludge was used for DNA extraction, carried
out using a FastDNA SPIN kit for soil (MP Biomedicals,
W
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Cloning and sequencing of 16s rRNA genes
The 16sRNA gene fragments were ampliﬁed by polymerase
chain reaction (PCR) using primer pairs 27f (50 -AGA GTT
TGA TCC TGG CTC AG-30 ) and 1492r (50 -TAC GGY TAC
CTT GTT ACG ACT T-30 ) (Martin-Laurent et al. ) for bacteria. The conditions for PCR ampliﬁcation were as follows:
initial 95 C for 10 min, followed by 35 cycles of 95 C for
60 s, 55 C for 60 s, and 72 C for 90 s, with a ﬁnal extension
step of 10 min at 72 C. The PCR products were puriﬁed
using a TIANpure Mini Plasmid kit (Tiangen, China). The
16s rRNA amplicons were cloned into TOPO TA cloning
vector pCR2.1, with TOP10 Escherichia coli transformants
further selected according to the manufacturer’s instruction
(Invitrogen, China). The transformants were selected by
blue-white selection on Luria–Bertani agar plates containing
ampicillin (100 μg/mL). The cloned inserts were ampliﬁed
from lysed colonies by PCR with plasmid-vector-speciﬁc primers M13F (50 -GTA AAA CGA CGG CCA G-30 ) and M13R
(50 -CAG GAA ACA GCT ATG AC-30 ). Positive clones were
sequenced with an ABI 3730 automated sequencer (Invitrogen, Shanghai, China).
W

W

W

W

W

Phylogenetic analysis
After editing and trimming manually using BioEdit, the bacterial 16s rRNA gene sequences were searched against the
GenBank database using BLASTN (Altschul et al. ). The
most similar reference sequences were downloaded and
aligned with the sequences of the present study using ClustalX

Performances of the conventional and inverted A2/O systems

BOD removal efﬁciency

Inverted A2/O system

Sludge

Non-sludge

Statistical

Sludge

Non-sludge

Statistical

bulkinga

bulkinga

signiﬁcanceb

bulkinga

bulkinga

signiﬁcanceb

(97 ± 1)%

(97 ± 1)%

P > 0.05

(97 ± 1)%

(96 ± 1)%

P > 0.05

COD removal efﬁciency

(93 ± 1)%

(94 ± 1)%

P > 0.05

(92 ± 2)%

(92 ± 2)%

P > 0.05

Total phosphorus removal
efﬁciency

(97 ± 1)%

(96 ± 1)%

P < 0.05

(96 ± 1)%

(96 ± 1)%

P > 0.05

Soluble orthophosphate removal
efﬁciency

(98 ± 1)%

(97 ± 1)%

P > 0.05

(98 ± 2)%

(98 ± 1)%

P > 0.05

a

2-week average related to sludge sampling.
Paired-samples t-test was used to assess the signiﬁcant differences in the efﬁciencies between different sludge states based on P-values.
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USA) in accordance with the instructions provided by the
manufacturer. The ﬁnal volumes of the DNA solutions
were 50 μL. Triplet genomic DNA was extracted from
these samples and then pooled.

Conventional A2/O system

b
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(Thompson et al. ). Four 16s rRNA gene libraries were constructed (AAB and AAN, bacteria in bulking and non-bulking
sludge from the conventional A2/O system; IAB and IAN, bacteria in bulking and non-bulking sludge from the inverted A2/
O system). The operational taxonomic unit (OTU)_number
was determined using mothur software by deﬁning the
sequences sharing 97% or greater similarity as one OTU
(Schloss & Handelsman ). The sequences obtained in
the present study were deposited in the NCBI GenBank
under accession number KF427922-KF428121.

Quantiﬁcation of total bacteria and ‘Candidatus
Accumulibacter phosphatis’ using quantitative realtime PCR
Quantitative real-time PCR was performed to quantify the
16s rRNA genes of total bacteria and ‘Candidatus Accumulibacter phosphatis’ using primer sets 341f/534r (Koike et al.
) and PAO651f/PAO846r (Fukushima et al. ),
respectively. Standard plasmids carrying the target genes
were obtained by utilizing TA clones and extracted using a
TIANpure Mini Plasmid kit (Tiangen, China). The concentrations of the standard plasmids (ng/μL) were determined
with NanoDrop ND-1000 (NanoDrop, USA), and their
copy concentrations (copies/μL) were subsequently calculated by using the following formula (Pei et al. ):
copy concentration (copies=μL)
DNA mass concentration (ng=μL)
¼
× 6:02 × 1023 × 109
DNA molecular weight (g=mol)
Triplicate quantitative real-time PCR assays were performed for the decimally diluted standard plasmids to
obtain the standard curves, with no ampliﬁcation signal
from the negative control. Duplicate assays were performed
for all samples on an ABI7300 apparatus (ABI, USA) using
SYBR Green chemistry, as described previously (Fukushima
et al. ). The following requirement was satisﬁed to
obtain reliable quantiﬁcation: R 2 ¼ 0.99 for standard
curves over ﬁve orders of magnitude. The speciﬁcity was
assured by melting curves and gel electrophoresis. The
gene copies per gram wet weight are shown in Table S2.
To minimize the variance caused by the differences in bacterial abundance as well as DNA extraction and
quantiﬁcation efﬁciencies, the relative abundance of ‘Candidatus Accumulibacter phosphatis’ was obtained by
normalizing their copy numbers to those of the 16s rRNA
genes.
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Microscopic examination, ﬁlament identiﬁcation and
Neisser staining
Microscopic observations of ﬁlamentous bacteria were under
contrast at ×100 or ×1000 magniﬁcation, using an Olympus
BX51 microscope, and the micrographs of sludge samples
were taken via a charge-coupled device camera connected
to the microscope. The determination of abundance and
dominance of ﬁlamentous bacteria and Neisser staining for
polyphosphate determination were carried out according to
Jenkins et al. (). Filament abundance was observed at
100× magniﬁcation and subjectively rated for overall abundance on a scale from 0 (none) to 6 (excessive). In all
samples, the microscopical examinations were conducted
independently by three observers to conﬁrm the scoring of
ﬁlament abundance.
Statistical analysis
The similarities and diversities in bacterial compositions
between bulking and non-bulking sludge samples were
determined using mothur software (Schloss et al. ).
All other statistical analyses were performed using the
SPSS software, version 18.0.

RESULTS AND DISCUSSION
Performance of the two systems
SVI value of 150 mL/g has been considered as the starting
point of sludge bulking (Lau et al. ; Liao et al. ).
The microscopic examination of bulking sludge samples
(SVI ¼ 189 and 216 mL/g for the conventional and inverted
A2/O systems, respectively) showed that the ﬂoc structures
were weak and diffuse (Figure S3, available online at
http://www.iwaponline.com/wst/070/216.pdf). The scoring
of ﬁlamentous abundance was 5 (abundant). The morphology of non-bulking sludge samples (SVI ¼ 73 and
79 mL/g, respectively) was different from bulking sludge
samples. The ﬂoc structure became ﬁrm and compact. The
scoring of ﬁlamentous abundance decreased to 2 (some).
Table 2 shows the average removals of BOD, COD, total
phosphorus and soluble orthophosphate under sludge bulking (D76–D90) and non-bulking (D176–D190) conditions.
The BOD and COD removals were almost the same for
both sludge bulking and non-bulking conditions. In general,
the total average phosphorus and soluble orthophosphate
removal efﬁciencies were at a level of 96% and 97%,
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respectively, over the whole year, except for occasional disturbances.
The
total
phosphorus
and
soluble
orthophosphate removals during the sludge bulking period
(2-week average: 97 ± 1 and 96 ± 1%, respectively; 98 ± 1
and 98 ± 2%, respectively) were comparable to those during
the non-bulking period (2-week average: 96 ± 1 and
96 ± 1%, respectively; 97 ± 1% and 98 ± 1%, respectively),
showing that the system performance in terms of BOD,
COD, and phosphorus removals was not adversely affected
by the occurrence of sludge bulking.
Bacterial community structures under different
settleability conditions
The four 16s rRNA gene libraries were constructed as shown
in Figure 1 and Table S1 (available online at http://www.

Figure 1
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iwaponline.com/wst/070/216.pdf). A total of 21 and 49
OTUs were obtained for the sludge bulking (AAB; SVI ¼
189 mL/g) and non-bulking (AAN; SVI ¼ 73 mL/g) bacterial
libraries of the conventional A2/O system, respectively, and
16 and 46 OTUs were obtained for the sludge bulking (IAB;
SVI ¼ 216 mL/g) and non-bulking (IAN; SVI ¼ 79 mL/g)
bacterial libraries of the inverted A2/O system. A signiﬁcant
decrease in the OTU number for the sludge bulking clone
libraries of both the systems implied that a reduction in the
diversity was accompanied by the occurrence of sludge bulking. Meanwhile, cluster analysis revealed that the bacterial
communities under non-bulking conditions clearly differed
from those under bulking conditions (Figure 2).
In the present study, the two bulking sludge samples
exhibited a signiﬁcantly low biodiversity (Shannon index
of 2.20 and 2.10 for AAB and IAB libraries, respectively).

Abundance distribution of bacteria in A2/O and inverted A2/O systems. (AAN) Conventional A2/O system during non-bulking period; (AAB) conventional A2/O system during
sludge bulking period; (IAN) inverted A2/O system during non-bulking period; (IAB) inverted A2/O system during sludge bulking period.
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Dendrograms of similarity (based on the membership-based Jaccard coefﬁcient calculated using Chao1 estimated richness values) between bulking
sludge and non-bulking samples for conventional and inverted A2/O systems,
respectively, based on cluster analysis of bacterial composition using mothur.
The scale bar indicates linkage distance for the index.

It is possible that the excessive growth of ‘Candidatus
Microthrix parvicella’ in the mixed liquor led to the
de-ﬂocculation of activated sludge, resulting in the washout
of the non-ﬁlamentous bacteria. The bacterial clones
afﬁliated with the phylum Actinobacteria constituted the
vast majority (60 and 66%), followed by the clones afﬁliated
with the phyla Firmicutes (30 and 8%) and Proteobacteria
(10 and 26%). Furthermore, 50 and 60% clones afﬁliated
with Actinobacteria in the AAB and IAB libraries, respectively, were related to ﬁlamentous ‘Candidatus Microthrix
parvicella’ (GenBank Accession No. JQ624332), and this
ﬁnding was in accordance with the microscopic observation
(Figure 3). The higher ratio of clones related to ‘Candidatus
Microthrix parvicella’ in the inverted A2/O system was in
accordance with the higher SVI value (216 mL/g vs.
189 mL/g in the conventional A2/O system). Firmicutes
was the second most abundant group followed by Alphaproteobacteria in the AAB library while Gammaproteobacteria
followed by Firmicutes were present in the IAB library.
The organisms related with phylum Firmicutes are usually
found involved in pollutant degradation (Hesham et al.
). Some Alphaproteobacteria and Gammaproteobacteria

Figure 3
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isolated from the activated sludge had been identiﬁed as
denitriﬁes (Nielsen et al. a). However, the differences
of bacterial community structures between AAB and IAB
were not very clear.
On the other hand, the two non-bulking clone libraries
exhibited a high similarity and diversity (Shannon indices
of 3.88 and 3.59 for AAN and IAN, respectively) in bacterial
community composition. The dominant bacteria were
afﬁliated with the phylum Proteobacteria (48 and 42% for
AAN and IAN libraries, respectively), primarily comprising
the classes Betaproteobacteria (22 and 16%), Gammaproteobacteria (12 and 12%), and Alphaproteobacteria (12 and
14%). The phylum Actinobacteria was the second largest
group (14 and 28%), followed by the phyla Bacteroidetes
(10 and 10%), Firmicutes (4 and 10%), and Chloroﬂexi (8
and 4%). The bacterial compositions of the conventional
and inverted A2/O processes were found to be in accordance with those reported in previous studies, showing that
microbial populations in EBPR plants are rather similar
(Nielsen et al. b). Thus, it was clear that sludge bulking
resulted in drastic shift in bacterial compositions from Proteobacteria dominance to Actinobacteria dominance.
In an EBPR process, ‘Candidatus Accumulibacter phosphatis’ and, occasionally, Tetrasphaera spp. are known to be
the principal PAOs (Kristiansen et al. ). Crocetti et al.
() and Hesselmann et al. () demonstrated that ‘Candidatus Accumulibacter phosphatis’ corresponded to the
characteristic PAO phenotype of anaerobic/aerobic cycling
of polyphosphate and poly-β-hydroxyalkanoates (PHAs).
PAOs can take up carbon sources such as volatile fatty
acids (VFAs) under anaerobic conditions, and store them
intracellularly as PHAs. In the present study, no clone

Neisser-stained dark-colored (blue-back in online version of paper available at http:www.iwaponline.com/wst/toc.htm) polyphosphate granules in ‘Candidatus Microthrix
parvicella’ (1000×) during sludge bulking period (‘Candidatus Microthrix parvicella’ is the bacterium showing large polyphosphate granules accumulation). (a) Conventional A2/O
system; (b) inverted A2/O system.
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related to Tetrasphaera spp. was noted, and one OTU (one
clone) closely related to ‘Candidatus Accumulibacter phosphatis’ was observed in the IAN library. As will be
discussed in the next section, the ‘Candidatus Accumulibacter phosphatis’ with respect to 16s rRNA genes of total
bacteria were 8.2 and 12.3%, respectively, for the conventional and inverted A2/O systems during n¼the non-sludge
bulking period. So it was possible that ‘Candidatus Accumulibacter phosphatis’ was the main PAO for both systems
under non-sludge bulking condition. One possible explanation for the low detection ratios of ‘Candidatus
Accumulibacter phosphatis’ in clone libraries might be the
bias caused by PCR (Becker et al. ).
Abundances of ‘Candidatus Microthrix parvicella’ and
PAOs under sludge bulking and non-bulking conditions
Quantitative real-time PCR was used to quantify the ‘Candidatus Accumulibacter phosphatis’ population (Table S3,
available online at http://www.iwaponline.com/wst/070/
216.pdf). When sludge bulking occurred, the relative abundance was 0.8% and 0.7%, respectively, for the conventional
and inverted A2/O systems, which was extremely low in
comparison with previous studies for full-scale EBPR systems
(4.4–24% by using the quantitative real-time PCR method and
4–22% by using the ﬂuorescence in-situ hybridization (FISH)
technique) (He et al. ). However, as shown in Table 2,
Table S2 and Figure S2, the total phosphorus and soluble
orthophosphate removals were 96–97% and 98%, respectively, for the conventional and inverted A2/O systems during
the bulking period, showing that the phosphorus removal performance was not adversely affected by the signiﬁcant
reduction of the ‘Candidatus Accumulibacter phosphatis’
population. Thus, the ‘Candidatus Accumulibacter phosphatis’
population should not be the major PAOs responsible for the
phosphorus removal during sludge bulking.
On the other hand, the ‘Candidatus Accumulibacter
phosphatis’ with respect to 16s rRNA genes of total bacteria
increased to 8.2 and 12.3%, respectively, for the conventional and inverted A2/O systems during the non-sludge bulking
period. The ratios of the ‘Candidatus Accumulibacter phosphatis’ population in the two systems were in accordance
with previous full plant investigations (Oehmen et al.
). Thus, the ‘Candidatus Accumulibacter phosphatis’
population should be the major PAOs responsible for the
phosphorus removal during the non-bulking period.
Then what might be the main bacterial population,
instead of ‘Candidatus Accumulibacter phosphatis’, responsible for the phosphorus removal during the sludge bulking
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period? Neisser staining has been used to conﬁrm the
presence of polyphosphate inclusions in the microbial components of activated sludge (Eikelboom & Van Buijsen
). As shown in Figure 3, dark-colored (blue-black in
online version of paper) polyphosphate globules (Eikelboom
) were observed mainly in ‘Candidatus Microthrix parvicella’, conﬁrming the presence of large polyphosphate
granules in this ﬁlamentous bacterium. The ability of ‘Candidatus Microthrix parvicella’ to produce polyphosphate
inclusion has also been reported (Eikelboom & Van Buijsen
; Rossetti et al. ). Machnicka () found that ‘Candidatus Microthrix parvicella’ had the capacity for distinct
phosphorus removal from wastewater in a laboratory-scale
experiment. Erhart et al. speculated that the storage of polyphosphate might be a survival strategy for the ‘Candidatus
Microthrix parvicella’ population in response to cell stress
(Erhart et al. ; Kristiansen et al. ). The anaerobic
zone in phosphate removal plants could impose a stressful
condition for ‘Candidatus Microthrix parvicella’, and
induce this organism to store polyphosphate (Erhart et al.
). Furthermore, the presence of genes encoding a polyphosphate glucokinase (EC 2.7.1.63) and a polyphosphate/
ATP NADþ (nicotinamide adenine dinucleotide) kinase
(EC 2.7.1.23) has been found in ‘Candidatus Microthrix
parvicella’ strain RN1, suggesting the possible role of polyphosphate in direct phosphorylation of intermediates
involved in energy metabolism (Kristiansen et al. ). The
hindrance for its study was due to the difﬁculties with its isolation and cultivation, and its characteristic slow growth.
Future studies are required to clarify the potential role of
‘Candidatus Microthrix parvicella’ in phosphorus removal.

CONCLUSION
The bacterial community structures as well as the abundance of ‘Candidatus Accumulibacter phosphatis’ in two
parallel full-scale municipal wastewater treatment systems
under sludge bulking conditions were compared with
those under non-bulking conditions. Sludge bulking resulted
in signiﬁcant shift in bacterial compositions from Proteobacteria dominance to Actinobacteria dominance,
characterized by the signiﬁcant presence of ﬁlamentous
‘Candidatus Microthrix parvicella’ and decrease in the
‘Candidatus Accumulibacter phosphatis’ population.
However, the phosphorus removal efﬁciency was not
adversely affected by the signiﬁcant loss of the ‘Candidatus
Accumulibacter phosphatis’, which should have played a
key role in phosphorus removal. These results suggested
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that ‘Candidatus Microthrix parvicella’ might be responsible
for phosphorus removal during sludge bulking.
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