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Abstract

The diversity of bacterial groups of activated sludge samples that received wastewater from four different types of industry was
investigated by a nested PCR^DGGE (denaturing gradient gel electrophoresis) approach. Specific 16S rRNA primers were chosen for large
bacterial groups (Bacteria and K-Proteobacteria in particular), which dominate activated sludge communities, as well as for actinomycetes,
ammonium oxidisers and methanotrophs (types I and II). In addition primers for the new Acidobacterium kingdom were used to observe
their community structure in activated sludge. After this first PCR amplification, a second PCR with bacterial primers yielded 16S rRNA
gene fragments that were subsequently separated by DGGE, thus generating `group-specific DGGE patterns'. The community structure and
diversity of the bacterial groups from the different samples was further analysed using different techniques, such as statistical analysis and
Shannon diversity index evaluation of the band patterns. By combining the seven DGGE gels, cluster analysis, multidimensional scaling and
principal component analysis clearly clustered two of the four activated sludge types separately. It was shown that the combination of
molecular and statistical methods can be very useful to differentiate microbial communities. ß 2001 Federation of European Micro-
biological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Activated sludge of aerobic wastewater treatment plants
(WWTP) consists of a complex mixture of microorganisms
that are either generalists or specialists. For years, re-
searchers have examined the microbial populations of
these activated sludge communities in order to understand
their speci¢c biological processes [1]. The presence of cer-
tain microbial groups in wastewater treatment systems can
cause problems such as poor solid separation, bulking and
foaming [2] and needs a more thorough evaluation. When

biodiversity is studied by conventional techniques, such as
cultivation of bacteria on solid media, these results are
quite biased, because a majority of microorganisms are
not culturable using standard techniques [3]. For activated
sludge the percentage of culturable bacteria in comparison
with total cell counts is estimated to range between 1 and
15% [4,5].

During the last decade, methods based on direct PCR
ampli¢cation and analysis of ribosomal RNA genes were
developed and allowed a more comprehensive analysis of
microbial communities in comparison with cultivation
based techniques. The ampli¢ed fragments of 16S or 18S
rRNA genes and especially the analysis of these genes by
temperature or denaturing gradient gel electrophoresis
(DGGE) have been frequently used to examine the micro-
bial diversity of environmental samples and to monitor
changes in microbial communities [6^9]. In a DGGE gel
the number, precise position, and intensity of the bands in
a gel track give an estimate of the number and relative
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abundance of numerically dominant ribotypes in the sam-
ple. This approach allows a comparison of di¡erent micro-
bial communities, but not without speci¢c problems. The
banding patterns of highly diverse microbial communities,
present in soils, activated sludges and sediments, are
usually very complex when Bacterial primers are used.
Moreover, only the major populations of the analysed
community are represented on these DGGE patterns and
thus relatively less abundant but potentially very impor-
tant species may not be detected by this molecular method
[10].

A recent evolution in the direct ampli¢cation and anal-
ysis of ribosomal RNA genes is the use of speci¢c primers,
which allows to amplify and analyse the 16S rRNA genes
of de¢ned groups within a complex microbial community.
The analysis of these group-speci¢c PCR fragments on a
DGGE gel provides a valuable tool for monitoring the
structure and dynamics of microbial populations over
time or under the in£uence of environmental changes.
This approach has already been used in a few studies,
which investigated speci¢c microbial groups such as
methanotrophic members of the K- and Q-Proteobacteria
[11], actinomycetes [10], K- and L-Proteobacteria [12],
ammonia-oxidising bacteria [13], Archaea [14] and fungi
[15].

In this study, we aimed to standardise the use of DGGE
for di¡erent group-speci¢c PCR generated 16S rRNA gene
fragments, and apply this method to analyse the structure
of speci¢c bacterial groups in activated sludge systems of
di¡erent WWTP. This standardisation was made possible
by performing a nested PCR approach. In a ¢rst PCR
round, speci¢c fragments were ampli¢ed by using group-
speci¢c primers for methanotrophic members of the
K-and Q-Proteobacteria, actinomycetes, K-Proteobacteria,
ammonia-oxidising bacteria and Acidobacterium, and in
parallel a ¢rst set of Bacterial primers was used to amplify
all members of the domain Bacteria. The second PCR
round was performed with a second set of Bacterial prim-
ers and served to reduce and equalise the length of the
speci¢c fragments and to add a GC-clamp, necessary for
DGGE analysis. Since all above mentioned groups belong
to the domain of the Bacteria, the Bacterial primers used
in the second PCR round should reamplify all fragments
obtained after the ¢rst PCR round. The use of this group-
speci¢c approach can extend the possibilities of DGGE in
microbial community analysis because it can better reveal
subtle changes within or di¡erences between microbial
communities. To detect and quantify these small di¡eren-
ces, the power of statistical tools, such as clustering anal-
ysis, multidimensional scaling (MDS), principal compo-
nent analysis (PCA), diversity index evaluation and
regression analysis were evaluated. We chose to limit the
analysis to bacterial groups that are known to be present
in activated sludge systems, and for which speci¢c 16S
rRNA primers have been designed and published previ-
ously.

2. Materials and methods

2.1. Activated sludge samples

Activated sludge samples were taken at 15 WWTP from
di¡erent origins (Flanders, Belgium), i.e., domestic waste-
water (samples A), carbohydrate rich wastewater from
paper and starch related industries (samples B), protein
and fat rich wastewater from food and meat related in-
dustries (samples C) and wastewater from textile industry
(samples D). A list of the samples together with some
operational parameters (SVI = sludge volume index;
SRT = sludge retention time; Bx = sludge loading rate) is
given in Table 1. The respective companies reported the
operational parameters. All samples were collected from
the aerated mixed liquid and 50 ml of sample was frozen
at 320³C until use. Upon thawing, the total community
DNA was extracted and puri¢ed as described previously
[16].

2.2. PCR^DGGE analysis

All the used primers and PCR conditions are listed in
Table 2, and for more information about these primers
and PCR conditions, we refer to the original papers. In
order to increase the sensitivity and to facilitate the
DGGE by analysing fragments of the same length, a
nested PCR technique was applied. In the ¢rst round dif-
ferent group-speci¢c primers and one set of Bacterial
primers were used, each with their own corresponding
PCR protocol. During the second PCR round, the ob-
tained fragments were reampli¢ed by using the Bacterial
primers P338F and P518r in one and the same PCR pro-
tocol (Table 2). Since all mentioned groups in Table 1
belong to the domain of the Bacteria, the Bacterial primers
P338F and P518r used in the second PCR round should
reamplify all fragments obtained after the ¢rst PCR
round. After PCR, samples were stored at 4³C (few hours)
or at 320³C (days).

The ¢nal concentrations of the di¡erent components in
the mastermix were: 0.2 WM of each primer, 200 WM of
each deoxynucleoside triphosphate, 1.5 mM MgCl2,
1UTaq DNA Polymerase 10UReaction Bu¡er (MgCl2-
free), 1.25 U/50 Wl of Taq DNA Polymerase (Promega,
Madison, WI, USA), 400 ng Wl31 of bovine serum albumin
(Ho¡mann-La Roche, Basel, Switzerland), and DNase
and RNase free ¢lter sterilised water (Sigma-Aldrich
Chemie, Steinheim, Germany). During the ¢rst PCR
round, 1 Wl of extracted DNA was added to 24 Wl of
PCR mastermix and in the second PCR round, 1 Wl of
ampli¢ed product from the ¢rst round was added to 49
Wl of PCR mixture. After each PCR ampli¢cation round,
the size of the PCR product was veri¢ed on a 1% agarose
gel.

DGGE, based on the protocol of Muyzer et al. [17], was
performed using the Bio-Rad D Gene System (Bio-Rad,
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Hercules, CA, USA). The PCR products of the second
round were loaded onto 8% (w/v) polyacrylamide gels in
1UTAE (20 mM Tris, 10 mM acetate, 0.5 mM EDTA pH
7.4). The polyacrylamide gels were made with denaturing
gradient ranging from 50 to 65% (actinomycetes, metha-
notrophs, Acidobacterium and K-Proteobacteria) or from
45 to 60% (Bacteria and ammonium oxidisers) (where
100% denaturant contains 7 M urea and 40% formamide).
The electrophoresis was run for 16 h at 60³C and 37 V
(Bacteria, ammonium oxidisers and K-Proteobacteria) or
40 V (actinomycetes, methanotrophs, Acidobacterium).
After the electrophoresis, the gels were soaked for 5 min
in ¢xation bu¡er (10% ethanol, 0.5% acetic acid) (option-
al), and subsequently 10 min in SYBR Green I nucleic
acid gel stain (1:10 000 dilution, FMC BioProducts, Rock-
land, ME, USA). The stained gel was immediately photo-
graphed on a UV transillumination table with a Video
Camera Module (Vilbert Lourmat, Marne-la Vallë,
France).

2.3. Cloning and sequencing analysis

The speci¢c 16S rRNA gene fragments of the ¢rst PCR
round were cloned by using the TOPO TA cloning kit
(Invitrogen, Carlsbad, USA) according to the manufactur-
er's instructions. DNA sequencing was carried out by IIT
Biotech-Bioservice (Bielefeld, Germany). Analysis of DNA
sequences and homology searches were completed with the
BLAST server of the National Centre for Biotechnology
Information using the BLAST algorithm [18] for the com-
parison of a nucleotide query sequence against a nucleo-
tide sequence database (blastn).

2.4. Analysis of DGGE patterns

The processing of the DGGE gels was done with the
Bionumerics software 2.0 (Applied Maths, Kortrijk, Bel-
gium). The calculation of the similarities is based on the
Pearson (product^moment) correlation coe¤cient [19] and
results in a distance matrix. The Pearson correlation is an
objective coe¤cient that does not su¡er from typical peak/
shoulder mismatches as often found when band-matching
coe¤cients are used. Clustering analysis, MDS and PCA,
were performed with Bionumerics 2.0. The clustering algo-
rithm of Ward [20] was used to calculate the dendrograms
of each DGGE gel and a combination of all gels. By using
MDS and PCA analysis, the di¡erent data of the complex
DGGE patterns of one sample could be reduced to one
point in a three dimensional space. MDS does not analyse
the original data set, but the distance matrices of each
DGGE using a similarity coe¤cient (Pearson correlation).
A PCA analysis is di¡erent from MDS, because the
data are directly analysed. However, for PCA, ¢ngerprint
types can only be processed by generating a band-match-
ing table ¢rst. All bands are divided into classes of
common bands and for each pattern, a particular band

class can have two states : present or absent (binary ma-
trix).

The structural diversity of the microbial community was
examined by the Shannon index of general diversity H
[21]. H was calculated on the basis of the bands on the
gel tracks, using the densitometric curves. The intensity of
the bands was re£ected as peak heights in the densitomet-
ric curve. The equation for the Shannon index is:

H � 34 �ni=N�log�ni=N�
where ni is the height of the peak and N the sum of all
peak heights of the densitometric curve. Regression anal-
ysis was performed with SPSS for Windows release 7.5.2.
to investigate correlation between the Shannon index and
operational parameters.

3. Results

The use of DGGE with 16S rRNA gene fragments,
regenerated with group-speci¢c primers, was evaluated
by comparing the speci¢c DGGE patterns of activated
sludge samples from WWTP that receive di¡erent types
of in£uents. To be able to correlate certain industrial ac-
tivities with speci¢c microbial populations, a rough classi-
¢cation was made into four in£uent types (Table 1).

3.1. Nested PCR

In the ¢rst PCR round, group-speci¢c primers were used
(Table 2). These speci¢c forward and reverse primers were
located before and after the 16S rRNA Escherichia coli
positions 338 and 518 respectively. Therefore it was pos-
sible to use the Bacterial primer set P338F and P518r in a
second PCR round. The result of this nested PCR ap-
proach was that a fragment of the same 16S rDNA region
and the same length was obtained for all speci¢c bacterial
groups.

In our study, the size of the ampli¢ed fragments of ¢rst
and second PCR rounds was evaluated on an agarose gel.
All the PCR products were of the expected length.
Although these primers were tested rigorously before (Ta-
ble 2), we evaluated the speci¢city of the PCR ampli¢ca-
tion by cloning and sequencing three fragments for each
speci¢c primer set. The sequence data con¢rmed that no
aspeci¢c ampli¢cation had occurred (data not shown).
After the ¢rst PCR round, the concentration of the PCR
products sometimes di¡ered, depending on the initial
amount of speci¢c template DNA in the sample. However,
after the second PCR round, no di¡erences in PCR prod-
uct concentration were visible, based on band intensities.
For the ammonium oxidiser-speci¢c primers, we examined
what the minimum ratio of ampli¢ed product over tem-
plate DNA after the ¢rst PCR round should be in order to
avoid ampli¢cation of non-group-speci¢c template DNA,
still present as background in the second PCR round. This
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was done by comparing the DGGE patterns after the sec-
ond PCR reaction, in which the PCR product of the ¢rst
round was either added as such, or serially diluted in a
background of the ¢rst template DNA. The DGGE pat-
terns showed that non-speci¢c Bacterial fragments only
appeared when the PCR product of the ¢rst round was
diluted more than 103 times in the template background.
This corresponded with a PCR product concentration of
less than 0.3% of the total template DNA (or pg of am-
pli¢ed product per Wl) (data not shown). These results
strongly indicate that as long as the PCR product of the
¢rst round is visible on the gel, there should be no prob-
lem with ampli¢cation of aspeci¢c ribosomal DNA in the
second PCR round.

A potential e¡ect of the second PCR round on the
number and relative intensities of the di¡erent bands in
the ¢nal DGGE pro¢le was examined by comparing this
pro¢le with that obtained after only the ¢rst PCR with the
speci¢c primers. On the one hand, a nested PCR fragment,
was generated by a ¢rst PCR with primer 31f (speci¢c for
the Acidobacterium group), without GC-clamp, and prim-
er P518r, followed by a second PCR round with the Bac-
terial primers P63FGC (a GC-clamp was added to primer
P63F), and 518r. On the other hand, another Acidobacte-
rium speci¢c PCR fragment was obtained in a single PCR
run with primer 31f with GC-clamp (31fGC) in combina-
tion with primer P518r. These primer sets were chosen
such that both fragments would only di¡er 40 bp in length

Table 1
Overview of the analysed activated sludges from the WWTP and their operational parameters

Sample Source SVI (ml g31) Bx (g COD g31 d31) SRT (d)

Domestic wastewater in£uent
A1 Municipal waste 107 0.1 10
A2 Hospital waste 120 0.2 17
A3 Municipal waste 160 0.3 4
A4 Municipal waste 220 0.4 5

Carbohydrate rich in£uent
B1 Starch production 190 0.1 38
B2 Paper production 100 0.3 8
B3 Potato processing 100 0.1 15
B4 Paper production 30 0.3 6

Protein and fat rich in£uent
C1 Food production 109 0.2 5
C2 Food production 160 0.05 50
C3 Slaughterhouse 110 0.2 20
C4 Meat production 70 0.1 21

Textile in£uent
D1 Textile 48 0.2 31
D2 Textile 114 0.2 52
D3 Textile 140 0.1 31

COD = chemical oxygen demand; SVI = sludge volume index; Bx = sludge loading rate; SRT = sludge retention time.

Table 2
PCR primers used in this study

Target Primers PCR conditions References

Number of cycles Denaturation Annealing Elongation

³C min ³C min ³C min

First PCR round
Bacteria P63F, R1378r 30 95 1 53 1 72 2 [14]
Actinomycetes F243, R1378r 35 95 1 63 1 72 2 [10]
Ammonium oxidisers CTO189fAB, CTO189fC,

CTO653r
35 94 1 57 1 72 2 [13]

Acidobacterium 31f, R1378r 30 95 1 53 1 72 2 [10,36]
Type I methanotrophs MB10Q, R1378r 35 94 1 60 1 72 2 [10,36]
Type II methanotrophs MB9K, R1378r 35 94 1 60 1 72 2 [10,11]
K-Proteobacteria F203a, R1378r 35 94 1 56 1 72 2 [10,12]

Second PCR round
Bacteria P338Fa, P518r 30 95 1 53 1 72 2 [14]

Before each run of cycles, the temperature was held at 95³C for 10 min and after each run the temperature was kept 72³C for 12 min for ¢nal template
elongation.
aA 5P GC-clamp was added for DGGE analysis [17].
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and thus could both be easily analysed on the same
DGGE gel. For four samples tested, both patterns were
very similar both in position, number and intensities of the
band, except that the positions of the P63FGC-518r PCR
fragments were all shifted downwards in comparison to

the 31fGC-518r fragments, due to the larger length of
the latter fragment (data not shown). This suggests that
the second PCR round did not drastically change the
number nor the intensities of the DGGE bands, compared
to a one-step PCR protocol with speci¢c primers.

Fig. 1. DGGE analysis of the 15 activated sludge samples, listed in Table 1. Bacteria (a); actinomycetes (b); Acidobacterium (c); ammonium oxidisers
(d); methanotrophs, type II (e) and type I (f) ; K-Proteobacteria (g).
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3.2. DGGE analysis of PCR-ampli¢ed 16S rRNA gene
fragments

Fig. 1 shows the seven DGGE gels of the di¡erent bac-
terial groups. The DGGE patterns obtained with the Bac-
terial primers did not show many intensive bands (Fig.
1a). A few dominant bacteria were present in some sam-
ples, but in all samples the high number of weak bands
resulted in a smear. This is probably due to the high num-

ber of di¡erent Bacterial species present in the sludge.
Also the DGGE patterns of the K-Proteobacteria were
very complex (Fig. 1g). The DGGE pattern obtained
with the Acidobacterium primers also contained a rela-
tively high number of bands (Fig. 1c), which indicates
that this group is highly diverse as well. Every activated
sludge sample seemed to have a unique Acidobacterium
population and common bands were exceptional. The ac-
tinomycete, methanotrophs and ammonium oxidising pop-

Fig. 2. Clustering analysis of the DGGE patterns of the 15 samples, listed in Table 1: Bacteria (a); actinomycetes (b); Acidobacterium (c); ammonium
oxidisers (d); Methanotrophs, type II (e) type I (f) ; K-Proteobacteria (g); all di¡erent DGGE tracks combined (h).
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ulations in all sludge samples seemed to consist of only a
limited number of dominant species, without a smear of
weak bands (Fig. 1b,d^f). Striking were the patterns of the
ammonium oxidising populations for the sludge samples
of groups A and B. The four DGGE patterns within each
of these two types of sludge showed great similarity
among each other, although they came from four di¡erent
WWTP. This was not the case for patterns from the sludge
groups C and D.

3.3. Analysis of DGGE banding patterns

Highly diverse ecosystems, such as activated sludge,
sediments and soils, have DGGE banding patterns that
are very complex to interpret. Therefore, computer-aided
analyses are necessary to examine these patterns by means
of densitometric curves. In the densitometric curve of a gel
track, the number of peaks and their intensity re£ect the
number and relative abundance of the dominant 16S
rRNA gene sequences. Thus, a numerical comparison
can be made based on these densitometric curves. To be
able to perform such analyses on each gel, three standard
patterns (markers) were included to allow a normalisation

of the gels. The normalised gels were then used to perform
the calculations for the di¡erent statistical analyses and for
the calculation of the Shannon diversity index.

The di¡erent DGGE banding patterns were examined in
three ways, i.e., clustering, analysis by dimensioning tech-
niques (MDS and PCA) and Shannon diversity index
analysis. First, the information of the di¡erent tracks
was analysed for one type of group-speci¢c fragments by
calculating a distance matrix of all the possible gel tracks
within the DGGE patterns by using the Pearson correla-
tion. Based on the values of the resulting matrix, a cluster
analysis was performed and the 15 di¡erent samples were
visualised in dendrograms (Fig. 2). In the dendrograms,
sometimes several sludge samples (three or four) of the
same type of wastewater were located in one cluster,
such as for samples A (Fig. 2a,b,d,e,g), samples B (Fig.
2a,b,d,g), samples C (Fig. 2a,b,d,g) and samples D (Fig.
2a,b,d,f,g). At ¢rst sight, no real conclusions or correla-
tions could be made when Bacterial patterns were com-
pared, while on the group-speci¢c level, the clustering
analysis in some cases led to interpretable results. Finally,
a dendrogram was created based on the combination of all
data from the seven di¡erent gels (Fig. 2h). Remarkably,

Table 3
Mean and standard deviation of the Shannon diversity index for the sludges of the di¡erent WWTP groups

Samples A Samples B Samples C Samples D Average

Bacteria 1.08 þ 0.08 1.07 þ 0.06 1.06 þ 0.06 0.98 þ 0.09 1.05 þ 0.08
Actinomycetes 0.81 þ 0.14 0.70 þ 0.11 0.66 þ 0.12 0.59 þ 0.27 0.70 þ 0.16
Acidobacterium 1.04 þ 0.10 1.05 þ 0.07 0.91 þ 0.25 0.97 þ 0.09 1.00 þ 0.15
Ammonium oxidisers 0.45 þ 0.09D 0.45 þ 0.16D 0.58 þ 0.14 0.76 þ 0.09AB 0.54 þ 0.17
Type I methanotrophs 0.91 þ 0.21 0.71 þ 0.14 0.78 þ 0.21 0.62 þ 0.19 0.86 þ 0.20
Type II methanotrophs 0.95 þ 0.06C 0.88 þ 0.13 0.80 þ 0.05A 0.83 þ 0.10 0.76 þ 0.10
K-Proteobacteria 1.08 þ 0.13 1.07 þ 0.13 0.97 þ 0.14 0.85 þ 0.20 1.00 þ 0.16

A;B;C;DSamples which are signi¢cantly di¡erent (t-test), with P6 0.05.

Fig. 3. Representation of two dimension techniques, calculated for each track of each DGGE gel with group-speci¢c 16S rDNA fragments: MDS (a)
and PCA (b). Samples A (blue dots) ; samples B (red dots) ; samples C (green dots) ; samples D (purple dots).
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this resulted in a dendrogram with two clusters, which
clearly separated the patterns of the di¡erent activated
sludge groups A and B. This was not the case for the
activated sludge groups C and D, where more variation
was present within each group of samples.

MDS and PCA are two alternative grouping techniques
that can both be classi¢ed as dimensioning techniques.
These techniques produce two or three-dimensional plots
in which the entries are spread according to their related-
ness. Unlike a dendrogram, a MDS or PCA plot does not
provide clusters and thus the interpretation is more sub-
jective. To perform the MDS and PCA analysis, all
DGGE patterns available for the di¡erent activated sludge
samples were included. MDS just replaces the clustering
step and it is an alternative to the dendrogram methods,
which often oversimplify the data available in a similarity
matrix and tend to produce overestimated hierarchies. The
MDS analysis shows that the di¡erent activated sludge
groups in the three-dimensional plot are not grouped to-
gether (Fig. 3a). The samples of the fat and protein rich
in£uents (C) and of the textile industry (D) are more dis-
tributed over the whole plot, while the other sample types
are more or less grouped. This corresponds to the results
of the overall cluster analysis of all DGGE patterns. A
PCA analysis distinguishes itself from a MDS, because a
PCA analyses the data directly by a binary band-matching
table. Therefore, the same sets of data will result in a
di¡erent PCA and MDS plot (Fig. 3b). The three principal
components (PC) explained a low and almost equal per-
centage of the total variation (PC 1 = 12%; PC 2 = 10%;
PC 3 = 9%). The PCA did not separate the di¡erent groups
completely, but all the sludge samples of one wastewater
type were localised together in the same area.

The third method that was used to compare the bacte-
rial communities of the di¡erent samples, was the calcu-
lation of the Shannon diversity index H, based on the
DGGE banding patterns of the speci¢c groups. Diversity
indices are useful as a ¢rst approach to estimate the diver-
sity of microbial communities, i.e., the higher H, the great-
er the diversity of the microbial community. A diversity
index consists of two components: (i) the total numbers of
species present or species richness and (ii) the distribution
of the number of individuals among those di¡erent spe-
cies, called species evenness, or species equability [22]. The
averages and the standard deviations of the Shannon in-
dex H values for each activated sludge group and for all
samples are listed in Table 3. Also a two-tailed t-test was
performed to investigate if the H values of di¡erent acti-
vated sludge groups were signi¢cantly di¡erent. The diver-
sity index of ammonium oxidisers was signi¢cantly higher
in textile wastewater activated sludge types (samples D)
than in the activated sludge types A and B. The Shannon
index for the methanotrophs type II population was sig-
ni¢cantly di¡erent between sludge groups A and C. The
Bacteria and the K-Proteobacteria showed the highest
average index H of the sludge samples. Remarkably, the

standard deviation of the Bacterial indices was very low,
in comparison with those of the other bacterial groups.
The ammonium oxidiser community had the lowest aver-
age Shannon index H. This is a result of the very limited
number of bands, visible in the gel (Fig. 1d).

The Shannon diversity indices of the di¡erent groups
and the operational parameters were subjected to a corre-
lation analysis. The diversity indices for the ammonium
oxidisers correlated positively with the SRT (P = 0.05;
R2 = 0.31), while the index of the Bacteria (P = 0.05;
R2 = 0.30) had a negative correlation. The Shannon index
of the actinomycetes was positively correlated to the SVI
(P = 0.10; R2 = 0.22).

4. Discussion

4.1. Nested PCR

In this study a nested PCR approach was chosen to
facilitate the analysis of the 16S rRNA gene fragments
of di¡erent bacterial subgroups by DGGE. A comparable
approach has been used earlier by Heuer et al. [10] to
monitor actinomycete community changes in potato rhizo-
sphere and to investigate actinomycete diversity in di¡er-
ent soils. They used the actinomycete-speci¢c primer F243
(same as in this study), followed by the Bacterial primers
F984GC and R1378. An advantage of the nested PCR
approach in our study is that the ¢nal group-speci¢c
DGGE patterns can be directly compared (under the
same DGGE conditions) to all the other group-speci¢c
and Bacterial patterns of the same sample, because the
same 16S rRNA gene fragment was ampli¢ed in the sec-
ond PCR. As a result, only small optimisation of the de-
naturing gradient and electrophoretic conditions is needed
to obtain a good separation for all the fragments of the
di¡erent bacterial groups. A second advantage of using
nested PCR with speci¢c primers is the increased sensitiv-
ity, which makes it possible to visualise also those species
that are present in lower numbers. Phillips et al. [23] de-
tected ammonium oxidisers by using a nested PCR ap-
proach with the speci¢c primers, while the abundance of
these ammonium oxidisers was maximum 0.01% of the
total bacterial soil community.

The use of nested PCR should be evaluated with cau-
tion. A possible disadvantage of applying two successive
PCR reactions is the introduction of an even greater bias
due to preferential ampli¢cation [24]. However, according
to previous studies this bias of preferential ampli¢cation
may be overestimated, and the intensity of the 16S rDNA
bands in a DGGE gel may correspond at least semiquan-
titatively with the abundance of the corresponding species
[10,25].

The number and intensity of bands in a DGGE gel do
not necessarily give an accurate picture of the number and
abundance of the corresponding species within the micro-
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bial community. One organism may produce more than
one DGGE band because of multiple, heterogeneous
rRNA operons [26^28]. On the other hand, partial 16S
rDNA sequences do not always allow discrimination be-
tween species, such that one DGGE band may represent
several species with identical partial 16S rDNA sequences
[29]. In addition, in a mixture of target rDNAs present at
very di¡erent concentrations, the less abundant sequences
are not ampli¢ed su¤ciently to be visualised as bands on a
DGGE gel. Therefore, the banding pattern re£ects only
the most abundant rDNA types in the microbial commun-
ity [17]. Because of these shortcomings inherent in 16S
rDNA DGGE, the diversity index calculated from the
DGGE banding patterns of ampli¢ed 16S rDNA sequen-
ces must be interpreted as only an indication and not an
absolute measure of the degree of diversity in a bacterial
community [9].

A problem with the application of group-speci¢c prim-
ers for the analysis of natural microbial communities is
that the prediction of their speci¢city relies on the avail-
able cultured isolates and on known sequences in the data-
base, which may not adequately re£ect the entire pool of
16S rDNA sequences in nature. The study of Purkhold et
al. [30] clearly demonstrated that speci¢c primers for am-
monium oxidisers are, in many cases, not su¤ciently spe-
ci¢c. Also primer F243 might not be the ideal primer for
all studies of actinomycetes because it does not match the
16S rDNA of all actinomycetes and it matches the 16S
rDNA of a few non-actinomycetes [10]. Nevertheless, the
primer is useful to enrich actinomycete 16S rDNA in order
to improve the detection of this group from environmental
samples [10]. Also in our study, there is no absolute cer-
tainty that all the ampli¢ed bands in the DGGE gels rep-
resent true members of the respective group. However,
sequence analysis of three randomly chosen DGGE bands
for each primer set con¢rmed that the sequences corre-
sponded to bacteria belonging to the respective ampli¢ed
group. In the future, thanks to the ever expanding se-
quence information, improved primer design will allow a
more accurate development of group-speci¢c PCR^DGGE
approach.

4.2. DGGE analysis of di¡erent bacterial groups

To obtain an optimal separation of the PCR fragments
on DGGE, slight modi¢cations of the running voltage and
the gradient had to be performed. After this optimisation
it was possible to analyse the seven di¡erent groups of one
sludge sample on one gel, using a voltage of 40 V and a
gradient of 45^65%. A slight disadvantage of this ap-
proach is a less optimal separation of certain bands in
some groups (data not shown).

For many sludge samples, several bands of some of the
analysed speci¢c groups were not visible in the corre-
sponding Bacterial pattern. Heuer et al. [10] made a sim-

ilar observation when they examined actinomycetes in soil
samples with the same approach. This indicates that spe-
cies, other than the speci¢c groups, analysed in this study,
were more abundant in these activated sludges, and there-
fore masked the presence of some of the members of these
subgroups. The appearance of new bands when group-
speci¢c primers were used, con¢rms that diversity re£ected
by Bacterial DGGE patterns only relates to the numeri-
cally dominant species and not at all to the total number
of di¡erent species in the environmental sample. Muyzer
et al. [17] showed that the presence of a few dominant
species leads to a simple pattern, and that species of less
than 1% of the analysed community were not represented
in the microbial community pattern. This will also be true
for PCR^DGGE for certain very diverse bacterial groups:
only species that are dominant within this speci¢c group
will be visible. For subgroups that still contain a large
number of di¡erent 16S rRNA types, further subdivision
using more speci¢c primers could be useful if more de-
tailed analysis is desired.

In this study, only one activated sludge sample of each
WWTP was investigated. To monitor the reproducibility
in time, two samples of the WWTP A1 were taken with an
interval of 6 months, and their DGGE pro¢les of the Bac-
terial and Acidobacterium populations did not show much
variation (data not shown). Other investigators also did
not ¢nd evidence for variation in the WWTP they studied
by PCR^DGGE and concluded that a single sample of an
activated sludge plant was su¤cient for a plant to plant
comparison [8]. However, more elaborate studies to exam-
ine abiotic parameters, such as seasonal variation, rainfall,
temperature, etc., are necessary to con¢rm the stability of
microbial communities in activated sludge.

Fluorescent in situ hybridisation (FISH) analysis has
shown before that on average 70^90% of the observable
micro-organisms in activated sludge are binding with the
Bacteria probe EUB [4]. In the same study the authors
observed that the K-Proteobacteria accounted for 60^
75% of the Bacteria. Whereas members of the L subclass
were common in both high- and low-load aeration basins,
members of the K subclass were more common in low-load
basins [4]. Earlier work has also demonstrated that the
K-Proteobacteria are numerically dominant in activated
sludge [31,32] and that some species have been shown to
form ¢laments in activated sludge systems [33,34]. Our
DGGE patterns of the Bacteria and K-Proteobacteria are
very complex, because these groups seem to have not only
a high number of cells in the activated sludge microbial
community, but also a high number of di¡erent species
(ribotypes). This was also re£ected in the Shannon diver-
sity index. The Bacteria and the K-Proteobacteria have the
highest average index H of the investigated samples. The
high indices are the result of the high number of bands
and the absence of a few very dominating bacteria. Within
the pro¢les of the Bacteria, the variance of H was very
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low. Therefore the comparison of di¡erent ecosystems by
DGGE analysis would better be carried out by studying
speci¢c bacterial groups.

The kingdom Acidobacterium is a recently discovered
bacterial lineage and at this time contains only a few cul-
tured representatives [35,36]. The Acidobacterium group
seems to be present in many ecosystems, particularly in
soils, while only one study so far has reported its presence
in wastewater [37]. The exact role and the ecological sig-
ni¢cance of these bacteria is still unknown, however recent
developments indicate that members of the kingdom Acid-
obacterium are involved in methanol metabolism [38].
Barns et al. [36] have suggested that members of the Acid-
obacterium kingdom could be as genetically and metabol-
ically diverse, as environmentally widespread and, per-
haps, as ecologically important as the well-known
Proteobacteria and Gram-positive bacterial kingdoms.
To study the diversity of this kingdom, the latter authors
designed a speci¢c forward primer to clone Acidobacte-
rium 16S rRNA gene sequences [36], but until now,
DGGE analysis of this new bacterial kingdom has not
yet been published. Remarkably, none of the DGGE pat-
terns in the di¡erent samples were comparable. This was
also observed by the absence of real groups in the cluster-
ing analysis. The Shannon diversity index of the Acido-
bacterium group was as high as the Bacteria and K-Pro-
teobacteria, which could indicate that also in activated
sludge a very diverse Acidobacterium community is
present.

We included the analysis of actinomycetes in this study,
because these bacteria can cause severe bulking and foam-
ing in activated sludge plants [39^41]. Their hydrophobic
cell surface is supposed to support adherence and stabili-
sation of interfaces and thus promote sludge £otation,
leading to a higher SVI [42]. In our activated sludge sam-
ples only a few species were dominating the actinomycete
community, based on the DGGE patterns, and the type of
industrial in£uent seems to determine its species composi-
tion. A weak positive correlation was found between the
Shannon index of diversity of the actinomycetes, and the
SVI. Although the amount of samples investigated in this
study was too low to draw ¢rm conclusions from this
observation, the correlation could be related to the role
of these bacteria in sludge bulking.

Methanotrophs have already been isolated from di¡er-
ent activated sludges [43^45] and they were also clearly
present in the samples examined in this study. They are
a phylogenetically heterogeneous group, belonging to the
K- or Q-Proteobacteria. Seven genera of type I (Q-Proteo-
bacteria) and type II (K-Proteobacteria) methanotrophs
have been proposed [46]. These bacteria can utilise C-1
molecules, such as methane, methanol and formaldehyde.
The samples analysed with group-speci¢c primers for the
type I and II methanotrophs, both with the same meta-
bolic function, cluster di¡erently. This phenomenon was
already observed in groundwater, where both types react

di¡erently on changing conditions, such as biostimulation
[47].

The 16S rRNA gene fragments related to the L-Proteo-
bacteria subgroup of the ammonium oxidisers were exam-
ined because of their importance in the nitrogen removal
process. The most prominent members of this L-subgroup
in activated sludge are usually related to the genera Nitro-
somonas or Nitrosospira [48]. Within this group of bacte-
ria, clustering analysis of their DGGE patterns showed a
clear similarity among the samples of domestic wastewater
(group A) and also among those of the carbohydrate rich
wastewater (group B). The ammonium oxidisers in the
activated sludge samples of the textile industry (group
D) were signi¢cantly more diverse than groups A and B,
as observed by Shannon diversity index evaluation. In
textile wastewaters, azo-dyes and their metabolites, i.e.,
chloroanilines, can be present and these compounds have
a negative in£uence on the nitri¢cation [49]. This could
lead to a lower density of common ammonium oxidisers,
which might result in a more diverse ammonium oxidising
community. More work would have to be done however
to con¢rm this hypothesis.

More and more often, the interpretation of complex
DGGE patterns is carried out with techniques such as
MDS [47,50] and PCA plots [51,52]. We also tried to an-
alyse our data with both techniques, but no clearly de¢ned
groups could be observed. Activated sludge populations
are very complex systems and the reduction into four
groups based on in£uent type is too simplistic. The opera-
tional parameters and nutrient removal e¤ciencies were
di¡erent for every plant and may have an important im-
pact on the composition of the microbial communities. An
indication for the latter interaction was given by the cor-
relation analysis between the Shannon diversity indices of
the di¡erent groups and the operational parameters. The
regression model was signi¢cant, however the low R2 val-
ues make it impossible to draw real conclusions. To know
the e¡ect of the parameters on the di¡erent bacterial sub-
populations, experiments with one type of sludge and con-
trolled changes of one parameter should be performed.

5. Conclusions

This study clearly shows that it is possible to obtain a
view on activated sludge bacterial communities that was
previously inaccessible. The integration of the ¢ngerprint-
ing data with statistical tools can be used to show the
biological relationships between di¡erent activated
sludges. A greater understanding of activated sludge mi-
crobiology is then expected to lead to improvements in
analysis and control of activated sludge treatment process-
es. In the future, when speci¢c primers will be designed for
an increasing number of groups, a more complete picture
of bacterial communities will be obtained. DGGE with
group-speci¢c 16S rRNA primers is not only useful to
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compare di¡erent microbial communities, but also to
monitor microbial communities in function of time. Com-
bination of qualitative (such as DGGE with group-speci¢c
16S rRNA primers) and quantitative techniques (such as
FISH or real time PCR [53]) would be a next step in
acquiring a good descriptive tool for microbial community
analysis of activated sludges.
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