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The microbial diversity of a deteriorated biological phosphorus removal reactor was investigated by methods
not requiring direct cultivation. The reactor was fed with media containing acetate and high levels of phosphate
(P/C weight ratio, 8:100) but failed to completely remove phosphate in the effluent and showed very limited
biological phosphorus removal activity. Denaturing gradient gel electrophoresis (DGGE) of PCR-amplified 16S
ribosomal DNA was used to investigate the bacterial diversity. Up to 11 DGGE bands representing at least 11
different sequence types were observed; DNA from the 6 most dominant of these bands was further isolated and
sequenced. Comparative phylogenetic analysis of the partial 16S rRNA sequences suggested that one sequence
type was affiliated with the alpha subclass of the Proteobacteria, one was associated with the Legionella group
of the gamma subclass of the Proteobacteria, and the remaining four formed a novel group of the gamma
subclass of the Proteobacteria with no close relationship to any previously described species. The novel group
represented approximately 75% of the PCR-amplified DNA, based on the DGGE band intensities. Two
oligonucleotide rRNA probes for this novel group were designed and used in a whole-cell hybridization analysis
to investigate the abundance of this novel group in situ. The bacteria were coccoid and 3 to 4 mm in diameter
and represented approximately 35% of the total population, suggesting a relatively close agreement with the
results obtained by the PCR-based DGGE method. Further, based on electron microscopy and standard
staining microscopic analysis, this novel group was able to accumulate granule inclusions, possibly consisting
of polyhydroxyalkanoate, inside the cells.

The concept of modern activated sludge processes for in-
dustrial and human wastewater has expanded from the simple
degradation of organic matter to the removal of nutrients such
as nitrogen and phosphate. Biological phosphorus removal has
become one of the most important processes, but little is
known about the microbial groups participating in the reac-
tions. In enhanced biological phosphorus removal (EBPR),
groups of polyphosphate-accumulating bacteria are enriched
in the activated sludge by recycling of the sludge in anaerobic
and aerobic zones. In the anaerobic step, the polyphosphate-
accumulating bacteria take up short-chain fatty acids and store
them in granules as polyhydroxyalkanoates (PHA). The re-
quired energy and reducing equivalents for this process are
thought to come from the degradation of polyphosphates and
glycogen stored in the cells. In the aerobic step, the poly-
phosphate-accumulating bacteria utilize the stored PHA, take
up available phosphates, and restore the pools of polyphos-
phates and glycogen (10, 15, 16, 23, 55). The polyphosphate-
accumulating bacteria are thought to be enriched in the sludge,
since strictly heterotrophic and aerobic bacteria are limited by
the low concentrations of carbon source in the aerobic step.

Although the EBPR process provides a more economical
solution than the chemical precipitation processes previously
used, the process operation has not yet been fully optimized
and therefore often fails. One of the difficulties in process
optimization is the inability to isolate the responsible micro-
organisms and to verify the biochemical metabolism for the

observed EBPR activity. For example, a number of researchers
(8, 15, 29, 65) have repeatedly found Acinetobacter spp. to be
the most common isolates and have demonstrated the ability of
Acinetobacter spp. to accumulate polyphosphates during aero-
bic growth on acetate. However, Acinetobacter spp. have failed
to exhibit the key biochemical transformation observed in
EBPR sludge (20, 60). Not surprisingly, as in other natural
systems, this bias is caused by the lack of culturability of the
majority of the microorganisms in the activated sludge (61).
When molecular techniques were implemented, Acinetobacter
spp. were found to constitute only a small fraction of the total
population (62, 63). A much higher microbial diversity was
identified by molecular criteria (7, 28, 53), which showed that
bacteria from the subclasses of the Proteobacteria accounted
for up to 80% of the total sludge population (62, 63).

Another difficulty in the optimization of the EBPR process
is the possible involvement of microbial competitors for sub-
strate uptake under anaerobic conditions. Under these condi-
tions, some bacteria can store carbon at the expense of other,
previously stored compounds, such as glycogen (9, 25, 50).
These bacteria can compete with the polyphosphate-accumu-
lating bacteria for anaerobic uptake of the carbon source and,
under certain conditions, can cause the failure of biological
phosphorus removal (26). By gradually decreasing the P/C
ratio in the feed from 20:100 to 2:100, Liu et al. observed a
decrease in the sludge phosphate content along with a change
in the microbial community from polyphosphate-accumulating
to non-polyphosphate-accumulating bacteria (25, 26) and a
parallel shift in the community DNA fingerprint (28). The shift
in the microbial population was attributed to an inability of the
polyphosphate-accumulating bacteria to compete for the C
and P resources at this P/C ratio. Similar EBPR deterioration
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in the presence of a high-P-containing substrate (5, 16, 34, 43,
51) suggested that a variety of substrate-related changes in
community structure or function may contribute to process
failure. Descriptive information about the relevant populations
is thus essential to better understanding and control of the
EBPR process.

Molecular techniques based on the rRNA phylogenetic frame-
work have demonstrated the ability to characterize community
structure and activity in natural and engineered systems with-
out prior cultivation and isolation (3, 41, 56). For example, the
PCR-based 16S rRNA gene community fingerprinting meth-
ods have been extensively used to provide an estimate of the
complexity of a microbial community or as a relative index of
similarity to other communities (14, 27, 32, 38, 48, 59). Further,
oligonucleotide probes specific for organisms of interest can be
designed (2, 12, 56) from sequence data. Used in combination
with membrane or in situ whole-cell hybridization, these can
provide knowledge of the abundance, distribution, and activity
of the organisms of interest under specific growth conditions
(3, 12, 22, 36, 37, 44, 46). We applied these techniques to
identify populations that may compete with polyphosphate-
accumulating microorganisms in a deteriorated reactor system.
We anticipate that the results will provide important informa-
tion for defining populations associated with or contributing to
impairment of reactor performance.

We used the denaturing gradient gel electrophoresis (DGGE)
method to investigate the microbial diversity of sludge from a
deteriorated EBPR reactor. DGGE utilizes the melting prop-
erty of each unique DNA fragment in a denaturing gradient gel
to separate different double-stranded DNA fragments with
identical lengths, and its theory and application have been
extensively described in previous reports (14, 38, 48, 59). 16S
ribosomal DNA (rDNA) from the dominant sequence types
was purified and sequenced, and the phylogenetic affiliations
were determined. A novel group of the gamma subclass of the
Proteobacteria was discovered, and nucleotide probes were de-
signed for fluorescent in situ hybridization to identify and in-
vestigate the abundance of the novel group in the sludge di-
rectly. In addition, conventional microscopic and biochemical
methods were applied to correlate the abundance of this group
of bacteria with system performance.

MATERIALS AND METHODS

Reactor design and operation. A sequencing batch reactor with a working
volume of 4 liters was seeded with sludge from a local wastewater treatment
plant. The reactor was operated with four 6-h anaerobic-aerobic cycles per day
at room temperature (22°C). Each cycle consisted of an initial anaerobic period
of 2.25 h, an aerobic period of 2.25 h, and a settling period of 1.5 h. In the
beginning of the anaerobic stage, the reactor was fed with a growth substrate to
maintain an organic loading of 1.2 g of carbon/day. The growth substrate was
prepared daily from stock solutions and contained (per liter) 0.85 g of
NaCH3COO z 3H2O, 50.4 mg of NH4Cl, 302 mg of NaH2PO4 z H2O, 360 mg of
MgSO4 z 7H2O, 144 mg of KCl, 14 mg of CaCl2 z H2O, 1 mg of yeast extract, and
1.2 ml of mineral salt solution. The mineral salt solution (55) was composed of
(per liter) 0.375 g of FeCl3 z 6H2O, 0.0375 g of H3BO3, 0.0075 g of CuSO4 z
5H2O, 0.045 g of KI, 0.03 g of MnCl2 z 4H2O, 0.015 g of Na2MoO4 z 2H2O, 0.03 g
of ZnSO4 z 7H2O, 0.0375 g of CoCl2 z 6H2O, and 2.5 g of EDTA. The system was
maintained with a solids retention time of 7 days and a hydraulic residence time
of 12 h. The pH in the system was maintained at between 6.8 and 7.1 by use of
a pH controller.

Sampling from the bioreactor. The phosphate concentration in the biomass
was measured by the ascorbic acid method after digestion with ammonium
persulfate (4). Total organic carbon was measured by use of a Shimadzu TOC-
5000 analyzer equipped with an ASI-5000 autosampler. At day 213, activated-
sludge samples were taken from the end of the aerobic stage for the analysis of
microbial community structure.

Bacteria. Alicyclobacillus acidocaldarius ATCC 43030 was obtained from the
American Type Culture Collection (Rockville, Md.) and was grown at 50°C as
previously described (11). Nitrosomonas eutropha was obtained from Jodi Flax
(Northwestern University).

Isolation and PCR amplification of DNA. Total community DNA from the
activated sludge was obtained after cell lysis, phenol-chloroform extraction, and
ethanol precipitation by a protocol previously described (27). This DNA prep-
aration was used as a DNA template in a PCR performed with 13 PCR buffer
(Gibco BRL, Gaithersburg, Md.) containing a 200 mM concentration of each of
the deoxynucleoside triphosphates, 1.5 mM MgCl2, a 0.1 mM concentration of
each of the primers (Operon Technologies, Inc., Alameda, Calif.), and 2.5 U of
Taq polymerase (Pharmacia Biotech Inc., Piscataway, N.J.) in a final volume of
100 ml. For amplification of 16 S rDNA for DGGE, the forward primer 968FGC
(59-AACGCGAAGAACCTTAC-39) with a GC clamp (59-CGCCCGGGGCGC
GCCCCGGGCGGGGCGGGGGCACGGGGGG-39) (54) and the reverse
primer 1392R (59-ACGGGCGGTGTGTAC-39) (14) were used. The PCR was
performed with a PTC-100 programmable thermal cycler (MJ Research Inc.,
Watertown, Mass.) and the following program: an initial denaturation at 94°C for
5 min; 30 cycles of denaturation (45 s at 94°C), annealing (45 s at 38°C), and
extension (1 min at 72°C); and a final extension at 72°C for 5 min. Amplified
DNA was verified by electrophoresis of 2 ml of the PCR product on a 1% agarose
gel in 13 TAE buffer (20 mM Tris acetate [pH 7.4], 10 mM sodium acetate, 0.5
mM disodium EDTA).

DGGE. DGGE was performed with the D-Gene system (Bio-Rad Laborato-
ries, Hercules, Calif.) at 200 V, 60°C, and various electrophoresis times. Samples
were loaded on a 6% (wt/vol) polyacrylamide gel (acrylamide:N,N9-methylene-
bisacrylamide ratio, 37.5:1 [Bio-Rad]) in 13 TAE buffer. The denaturing gradi-
ent in the gel was formed by mixing two stock solutions of 6% acrylamide
containing 40% denaturing agent (2.8 M urea [Sigma Chemical Co., St. Louis,
Mo.], 18.7% [vol/vol] formamide [Sigma] deionized with AG501-X8 mixed-bed
resin [Bio-Rad]) and 60% denaturing agent (4.2 M urea, 24% formamide). The
separated DNA was visualized with silver stain by the following procedure. The
gel was rinsed briefly in water and shaken gently in fixing solution (10% ethanol,
0.5% acetic acid) for 2 h. The gel was transferred to a freshly made staining
solution (1 g of AgNO3 per liter) and shaken gently for 20 min, followed by a
brief rinse in water. The stained gel was developed in a freshly made developing
solution (0.1 g of NaBH4 per liter, 4% formaldehyde, 1.5% [wt/vol] NaOH) until
the desired exposure was achieved. The gel was fixed in 0.75% Na2CO3 and
photographed with a charge-coupled device camera.

Isolation and sequencing of DGGE bands. DNA bands in the DGGE gel were
cut out with a razor blade, and the DNA of the excised bands was eluted
overnight at 4°C in a 1.5-ml tube containing 100 ml of 13 TAE buffer. The DNA
was amplified by PCR with primers for DGGE as described above and run on a
second DGGE gel. This procedure was repeated two or three times to obtain
clean DNA products for DNA sequencing. DNA sequences of excised bands
were obtained from both 59 and 39 directions with infrared light-labeled primers
968F (forward primer without the GC clamp) and 1392R by use of a 4000L
automated sequencer in accordance with the manufacturer’s instructions (Li-
Cor, Lincoln, Nebr.).

Phylogenetic analysis and probe design. The six partial sequences (;390 bp)
obtained were compared to available 16S rRNA sequences in GenBank by use of
the NCBI Blast program. Bacterial sequences closely related to those six se-
quence types or representative sequences from different subclasses of the Pro-
teobacteria were used in the phylogenetic analysis. These sequences were first
aligned by use of a sequence alignment editor, the ARB program (provided by
Oliver Strunk and Wolfgang Ludwig, Technical University of Munich, Munich,
Germany). A distance matrix tree with bootstrapping was constructed by use of
the neighbor-joining method of Saitou and Nei (49) provided in the ARB pro-
gram. For distance correction, the algorithm of Jukes and Cantor (21) was used.
A parsimony tree with bootstrapping was constructed by use of the DNAPARS
method in the ARB program. Approximately 350 base positions that were iden-
tical in more than 50% of the aligned sequences were included in the analysis.

Oligonucleotide rRNA probes were designed from the retrieved sequences,
and specificities were checked by use of the Check Probe program of the Ribo-
somal RNA Database Project (40). Two probes specific for the novel group of
the gamma subclass of the Proteobacteria were designed. Gam1019 (Table 1),
labeled with CY5, was specific for organisms represented by band 4, while
Gam1278, labeled with CY3, was specific for organisms represented by bands 3,
5, and 6. Furthermore, a probe specific for the domain Bacteria (Eub338) and
labeled with fluorescein isothiocyanate and another gamma subclass probe
(Gam42a) labeled with CY3 were used. Probes were synthesized and labeled by
Operon Technologies. Nucleotide sequences of probes Gam1019 and Gam1278
had one mismatch each to zero and five sequences that were available in Gen-
Bank, respectively. The specificity of probe Gam1019 was optimized by compar-
ative hybridization to A. acidocaldarius, which has one mismatch to the target.
This step could not be performed with Gam1278, since no known strain with one
mismatch exists. The optimal conditions for the hybridization of Gam1019 and
Gam1278 at 37°C were found to be formamide concentrations of 30 and 33%,
respectively (Table 1). Probe Gam42a, specific for the gamma subclass of the
Proteobacteria, was tested against a one-mismatch target, N. eutropha, from the
beta subclass of the Proteobacteria, and was found to be specific at a formamide
concentration of 45% at 37°C as previously reported (31).

In situ hybridization. Samples for in situ hybridization were fixed in 3%
formaldehyde as previously described (44). Cells were attached to poly-L-lysine-
coated slides as described by Møller et al. (38) and dehydrated by sequential
washes in 50, 70, and 96% ethanol (3 min each). Subsequently, 10 ml of hybrid-
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ization solution (formamide as indicated in Table 1, 0.9 M NaCl, 100 mM Tris
[pH 7.2], 0.1% sodium dodecyl sulfate [SDS]) containing 25 ng of probe was
added to each hybridization well. Cells were incubated with hybridization solu-
tion for 16 h in a humid chamber at 37°C (57). For washing, slides were sub-
mersed in 80 ml of washing solution I (formamide as indicated in Table 1, 0.9 M
NaCl, 100 mM Tris [pH 7.2], 0.1% SDS) at 37°C for 20 min and subsequently in
washing solution II (0.9 M NaCl, 100 mM Tris [pH 7.2], 0.1% SDS) at 37°C for
20 min. Slides were briefly rinsed with Milli-Q water between each washing step.

Microscopy. Hybridized samples were analyzed with a Carl Zeiss Axioplan
epifluorescence microscope. The exitation source was a 100-W halogen bulb, and
digital images were captured with a 12-bit cooled slow-scan charge-coupled
device camera (CH250; Photometrics, Tucson, Ariz.). The camera was controlled
by IPLap Spectrum 10 software (Signal Analytics, Vienna, Va.). Fluorescein,
CY3, and CY5 were visualized by use of filter sets 10 and 15 (Carl Zeiss) and
XF45 (Omega Opticals, Brattleboro, Vt.), respectively. Neisser staining of sam-
ples was performed as previously described (19), visualized under bright-field
and phase-contrast illumination with an Olympus BH2 microscope, and photo-
graphed with an Olympus OM-4 camera on Kodak Ektachrome 400-ASA film.
Image analysis was performed with Photoshop 4.0 software (Adobe, Mountain
View, Calif.) and the NIH Image program (39a). Transmission electron micros-
copy was performed by a protocol previously described (17).

Nucleotide sequence accession numbers. The sequences obtained in this study
have been deposited in the GenBank, EMBL, and DDBJ nucleotide sequence
databases under accession no. AF093776 (band 1), AF093779 (band 2),
AF093777 (band 3), AF093778 (band 4), AF093780 (band 5), and AF093781
(band 6).

RESULTS AND DISCUSSION

Deterioration of EBPR processes has been reported in sev-
eral studies (5, 16, 34, 43, 51). In the sludge from deteriorated
processes, the dominance of certain microorganisms not per-
forming EBPR has been observed (25). In these processes, the
carbon substrate was completely taken up under anaerobic
conditions, with an increase in the cellular PHA content (7,
26). It is suspected that, under certain conditions, these micro-
organisms can outcompete polyphosphate-accumulating bac-
teria for uptake of the growth substrate in the anaerobic step
and thus contribute to process deterioration. Therefore, a bet-
ter understanding of the diversity of these microbial competi-
tors is a key element for optimizing the EBPR process.

Performance of the EBPR reactor. The EBPR reactor was
fed with acetate as the main carbon source and operated under
sequential anaerobic and aerobic conditions for more than 250
days. A high P/C weight ratio (8:100) was used to enrich for
bacteria capable of removing phosphate, since bacteria in-
volved in phosphate removal may store excessive amounts of
phosphate as cellular polyphosphate. However, the reactor
failed to completely remove the phosphate, and the EBPR
process deteriorated throughout the course of the operation.
The phosphate content of the sludge measured at the end of
the aerobic stage over 250 days was, on average, 1.95% (dry
weight), equivalent to the normal phosphate content in bacte-
rial cells. This finding agrees with the observation that only
little phosphate was released into the bulk solution under an-
aerobic conditions and taken up under subsequent aerobic
conditions (Fig. 1). At the same time, acetate was rapidly taken
up and accumulated in the cells under anaerobic conditions
(Fig. 1). This finding suggests that the main fraction of the

bacteria in the EBPR process did not use polyphosphate as an
energy source for the uptake and storage of carbon reserves.

Microscopic analysis of sludge. Phase-contrast microscopy
(Fig. 2A) revealed the presence of several morphologically
distinct bacteria in the sludge, including long rods, cells form-
ing tetrads, dicoccoid cells, filamentous cells, and a large frac-
tion of large coccoid cells. These morphotypes resembled those
previously observed by Neisser and polyhydroxybutyrate
(PHB) staining techniques (9, 25, 26). Large coccoid cells with
a diameter of 3 to 4 mm were dominant in the sludge. Within
this group, two slightly different morphologies were ob-
served: bright cells with a high concentration of granules
and darker cells with fewer granules.

Microscopic investigation of the sludge stained with the
Neisser stain revealed that the deteriorated EBPR process was
dominated by organisms that did not accumulate polyphos-
phate. Bacteria capable of accumulating polyphosphate (posi-
tive Neisser stain) were present only in low numbers (Fig. 2B
and C). This finding is consistent with the relatively low phos-
phate content in the sludge. The large coccoid bacteria clearly
visible as large white cells in Fig. 2B also did not stain, sug-
gesting that these bacteria did not accumulate polyphosphate
under the reactor operating conditions.

Analysis of microbial diversity. The microbial diversity of
deteriorated EBPR systems was analyzed by DGGE of PCR-
amplified 16S rDNA (Fig. 3). Electrophoresis for 1 to 6 h was
used to optimize the separation of the amplified 16S rDNA. A
running time of 3 to 4 h gave the best resolution of the 16S
rDNA, with up to 11 bands or sequence types observed. A
running time of 3.5 h was chosen for subsequent analyses. The

FIG. 1. Profiles of the concentrations of phosphate and total organic carbon
(TOC) in the sequencing batch reactor during an anaerobic-aerobic cycle after
213 days.

TABLE 1. Oligonucleotide probes used in this study

Standardized probe namea Abbreviation Specificity Sequence FA (%)b Reference or source

S-D-Bact-0338-a-A-18 Eub338 Bacteria 59-GCT GCC TCC CGT AGG AGT-39 30 57
L-Sc-gProt-0042-a-A-17 Gam42a Gamma subclass of

Proteobacteria
59-GCC TTC CCA CAT CGT TT-39 45 31

S-S-gProt-1019-a-A-18 Gam1019 Band 4 59-GGT TCC TTG CGG CAC CTC-39 30 This study
S-S-gProt-1278-a-A-20 Gam1278 Bands 3, 5, and 6 59-ACG AGC GGC TTT TTG GGA TT-39 33 This study

a As described by Alm et al. (1).
b Percentage of formamide (FA) in hybridization buffer during hybridization at 37°C.
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migration of several bands was observed even after extended
running times, emphasizing the importance of proper selection
of running conditions. Although only a few dominant morpho-
types were observed, a complex microbial diversity with at least
11 different sequence types was documented in the DGGE
analysis of amplified rDNA. This observation was consistent
with previous findings obtained with either clone libraries (7)
or the restriction fragment length polymorphism approach
(28).

The six most dominant fragments were isolated (Fig. 3) and
reamplified by PCR. Before DNA sequencing, the recovered
DGGE bands were run on a DGGE gel to confirm their po-
sitions relative to the original sample. This step was repeated at
least two times to obtain a pure DNA product for sequencing,
since reamplification of a (presumably) single fragment often
resulted in the formation of multiple amplicons from the ad-
jacent bands. Partial 16S rDNA sequences of approximately
430 nucleotides were obtained from the DNA from the six
dominant bands. These sequences were compared with the
sequences available in GenBank, and the phylogenetic affilia-
tion of the sequences was further analyzed by the neighbor-
joining method. It was previously shown that relatively short
sequences, such as those obtained from DGGE analysis, are
sufficient for an approximate phylogenetic identification (52,
53, 64). The resulting phylogenic tree (Fig. 4) indicates that
organisms represented by band 1 belonged to the alpha sub-
class of the Proteobacteria, most closely related to Magnetospi-
rillum magnetotacticum (87% similarity). Bacteria of the genus
Amaricoccus, tetrad-forming bacteria in the alpha subclass of
the Proteobacteria, were previously isolated from deteriorated
EBPR sludge (6, 9, 33). However, this group of bacteria was
not observed in the present study. The organisms represented
by band 2 belonged to the gamma subclass of the Proteobac-
teria, most closely affiliated with Legionella pneumophila. A

similar observation was previously reported for EBPR-acti-
vated sludge, in which this group of bacteria constituted ap-
proximately 2% of the total number of clones (7).

The remaining four of the most dominant sequence types
recovered by DGGE fractionation from the sludge belonged to
the gamma subclass of the Proteobacteria and formed a highly
related group with no close relationship to any previously char-
acterized bacteria. The bacterial species most closely related to
this novel group was an environmental clone, LBM45, isolated
from the deep waters of Lake Michigan (B. MacGregor,
Northwestern University). This finding suggests that the bac-
terial group represented by bands 3 to 6 is very likely a novel
group of organisms in the gamma subclass of the Proteobacte-
ria. Based on the intensity of the DGGE bands, the novel
group of the four related organisms accounted for approxi-
mately 75% of the PCR-amplified DNA in the sample (data
not shown), an amount about two times higher than the actual
abundance of the bacteria found by in situ hybridization (see
below). This finding is not consistent with that of a previous
study in which the gamma subclass group was found to consti-
tute only a minority of the population in a deteriorated EBPR
reactor (7). This discrepancy may have been caused by a dif-
ference in the enrichment conditions or biases associated with
DNA isolation and amplification. In the previous study, settled
sewage was used as a substrate, as opposed to the acetate used
in this study. Moreover, a shorter enrichment process was used

FIG. 2. Microscopic observations of activated sludge from the sequencing
batch reactor. (A) Phase-contrast image showing the microbial diversity of the
sludge. (B) Phase-contrast image of Neisser-stained sludge. (C) Bright-field
image of the Neisser-stained sludge in panel B; black indicates phosphate accu-
mulation by the bacteria. The scale bar on panel C (20 mm) also applies to panel
B.

FIG. 3. Silver-stained DGGE pattern of PCR-amplified 16S rDNA from the
total DNA extracted from the deteriorated EBPR reactor. Electrophoresis was
done for 2 to 6 h with a 1-h interval to optimize the running time. Up to 11 bands
were clearly observed in the original gel. The six most dominant bands, which
were further isolated and sequenced, are indicated next to the 3-h lane.
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by Bond et al. (7), and a slower substrate uptake rate was
observed under anaerobic conditions in their study than in the
present study. However, a comparison is also complicated be-
cause the previously identified partial sequences (7) only partly
overlapped the region of the 16S rRNA gene sequence deter-
mined in this study. Longer 16S rDNA fragments are required
for a better determination of the phylogenetic positions of
novel sequence types. This information must be obtained by
independent cloning and sequencing methods, since larger
DNA fragments are poorly resolved by DGGE.

In situ identification of the novel group of bacteria. In situ
hybridization with oligonucleotide probes targeting rRNA is a
valuable method for the identification and monitoring of specific
organisms in natural or engineered systems. Oligonucleotide
probes were designed to monitor the four organisms in the novel
group of the gamma subclass in the sludge. From the sequence
information obtained from the DGGE analysis, it was not possi-
ble to design a probe specific for the entire group. Therefore, two
oligonucleotide probes, Gam1019 and Gam1278, targeting the
organisms represented by band 4 and by bands 3, 5, and 6,
respectively, were designed to target the novel group. In order
to identify closely related strains, sets of hierarchical probes
with increasing specificities can be used (3, 35). In the present
study, two more general probes were used, a probe specific for
the entire gamma subclass of the Proteobacteria (Gam42a) and
a probe targeting the domain Bacteria (Eub338).

As shown in Fig. 5, all cells showed clear signals with the
eubacterial probe, indicating that adequate amounts of rRNA
for detection by in situ hybridization were present in the cells.
The two group-specific probes, Gam1019 and Gam1278, sep-
arately hybridized with two different types of large coccoid cells
in the sludge (Fig. 5B), together constituting approximately

35% of the total population. The large coccoid cells were
found mainly in small clusters in the sludge, and dispersed cells
were observed mainly when mild sonication was imposed on
the sludge. Electron microscopy showed that a thin membrane-
like boundary of unknown origin surrounded these clusters
(Fig. 6). The two types of coccoid cells, with a diameter of
approximately 3 to 4 mm, were morphologically similar but still
distinguishable by phase-contrast microscopy, since the cells
targeted by Gam1019 were darker and more dense than the
cells targeted by Gam1278. These two probes hybridized only
to the large coccoid cells in the sample, suggesting that a high
degree of specificity for the target bacteria in the sludge had
been obtained. Although the Gam1278 probe targeted three
different sequence types (bands 3, 5, and 6), only one morpho-
type was observed after whole-cell hybridization. It is likely
that the closely related strains have similar morphologies. An-
other possibility, although unlikely, is that a single strain may
contain different copy numbers of the 16S rRNA (39) which,
after PCR amplification, may give rise to multiple fragments.
The Gam1019 probe, specific for the bacteria represented by
band 4, hybridized to a similar type of large coccoid cells,
further suggesting that the closely related phylotypes might
have almost identical morphologies.

The gamma subclass probe hybridized only to the large coc-
coid bacteria in the sludge (Fig. 5A), indicating that the correct
specificity of the probes was obtained. Surprisingly, the probe
specific for the gamma subclass did not hybridize with the
bacteria corresponding to band 4 (Fig. 5), which belong to the
gamma subclass. This observation provides additional evidence
that the Gam1278 and Gam1019 probes detected different
bacterial strains. It further suggests that the actual abundance
of organisms of the gamma subclass of the Proteobacteria in

FIG. 4. Phylogenetic affiliation of the 16S rDNA isolated from the sequencing batch reactor. The parsimony phylogenetic tree was calculated by use of the
DNAPARS method with bootstrapping. The bold names correspond to the sequence types isolated from the DGGE analysis, while the other sequences used in the
analysis were obtained from GenBank. The tree was rooted with the 16S rDNA sequence of a gram-positive bacterium, Actinomyces multifermentans, as an outgroup.
The scale bar corresponds to 0.10 substitution per nucleotide position. Cle1, Clemson sample 1.
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natural and engineered systems may not be correctly identified
with a gamma subclass-specific probe (Gam42a) during mem-
brane or whole-cell rRNA hybridizations. This probe has been
extensively used in the quantification of organisms of the
gamma subclass of the Proteobacteria (31, 62, 63). It was not
possible to check the specificity of the probe in the Ribosomal
Database Project database (30) due to the rather limited num-
bers of published 23S rDNA sequences. It is possible that more
specific probes can be designed when larger numbers of 16S or
23S rDNA sequences are known.

From the in situ hybridizations, it was estimated that the
novel group of large coccoid cells constituted approximately
35% of the total number of cells in the sludge. This finding is
different from the results of the DGGE analysis, which showed
that the 16S rDNA sequences from the novel group constituted
approximately 75% of the total amount of PCR-amplified
rDNA. This difference is likely due to a bias associated with the
DNA extraction and PCR amplification steps (13, 18, 24, 42,
45, 47, 58, 66) but is rather insignificant in comparison to the

extent of bias reported in the aforementioned studies. Never-
theless, it shows the importance of directly determining the
actual presence and abundance of the populations of interest
by rRNA-based techniques after characterization of the micro-
bial diversity by DNA-based methods.

Bacteria resembling the novel group of coccoid bacteria
described above in morphology showed no response to Neisser
staining (Fig. 2B and C) and therefore did not seem to store
polyphosphates in granules. Bacteria with a similar morphol-
ogy have been observed before in deteriorated sludge, and it
was suggested that the bacteria accumulated glycogen instead
of polyphosphates (25). They were suspected of deriving the
energy required for anaerobic substrate uptake from the gly-
colysis of glycogen, thereby enabling them to compete with
polyphosphate-accumulating bacteria. Electron microscopy re-
vealed that the large coccoid bacteria contained many large
bright granules (Fig. 6), possibly PHA, inside the cells. This
result further indicates that these bacteria might be able to
compete with polyphosphate-accumulating bacteria in sludge.

FIG. 5. In situ hybridization of activated sludge from the deteriorated EBPR reactor. The left side shows phase-contrast images, and the right side shows
epifluorescence micrographs of the corresponding areas. (A) In situ hybridization with probes specific for the domain Bacteria (green) and the gamma subclass of the
Proteobacteria (red). (B) In situ hybridization with probes specific for the domain Bacteria (green) and for the novel subgroup of the gamma subclass of the
Proteobacteria; the probe specific for the bacteria from band 4 is shown in blue, and the probe specific for the bacteria from bands 3, 5, and 6 is shown in yellow. The
scale bar applies to all of the images.
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Nucleic acid methods were used here to identify a novel
group of as-yet-uncultured bacteria which were present in high
concentrations in the sludge. In situ hybridization with probes
targeting rRNA served to better estimate the abundance of
these bacteria in the sludge and provided a method for inves-
tigating the relationship of these bacteria to the deterioration
of the EBPR process. We are now evaluating the use of these
probes to screen enrichment cultures designed for the eventual
isolation of these bacteria. Only pure cultures will provide the
basis for a more complete understanding of the role of these
bacteria in activated-sludge processes.
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