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Abstract

In this study we present a new approach to determine volumes, heterogeneity factors, and compositions of the
bacterial population of activated sludge flocs by 3D confocal imaging. After staining the fresh flocs with fluorescein-
isothiocyanate, 75 stacks of images (containing approx. 3000 flocs) were acquired with a confocal laser scanning
microscope. The self-developed macro 3D volume and surface determination for the KS 400 software package
combined the images of one stack to a 3D image and calculated the real floc volume and surface. We determined
heterogeneity factors like the ratio of real floc surface to the surface of a sphere with the respective volume and the
fractal dimension (Dy). According to their significant influence on floc integrity and quality, we also investigated the
chemical composition of flocs and quantified their bacterial population structure by using group-specific rRNA-
targeted probes for fluorescence in situ hybridization. By a settling experiment we enriched flocs with poor settling
properties and determined the above-mentioned parameters. This approach revealed shifts in floc volume,
heterogeneity, and bacterial and chemical composition according to the settling quality of the flocs.
© 2003 Elsevier Science Ltd. All rights reserved.

Keywords.: Sludge settling; Confocal laser scanning microscopy (CLSM); Floc characterization; Fluorescence in situ hybridization
(FISH)

1. Introduction

A prominent problem in wastewater treatment is poor
settling properties of activated sludge flocs in the
secondary clarifier. This often leads to a decreased
performance of the wastewater treatment plant
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(WWTP) and in the worst case to environmental
pollution.

The settling properties of activated sludge can be
affected by a number of factors such as the median floc
size and floc heterogeneity [1,2], by growth of filamen-
tous or zoogloeal bacteria (e.g. [3,4]), and by the amount
and composition of extracellular polymeric substances
(EPS) in the sludge [5]. The relative importance of these
factors is, however, not always well understood [6], so
reliable methods to study settling characteristics and floc
properties are important. The settling properties of the
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sludge are often characterized by measurement of the
sludge volume index (SVI). However, this method only
provides macroscopic settling properties [7]. Therefore,
various studies have focused on methods for a more
comprehensive characterization of activated sludge
flocs.

Floc size distributions were previously determined by
light microscopy (e.g. [8,9]). This approach revealed that
most particles have a diameter lower than 5pm but the
major part of the volume is found by flocs with a
diameter in the range of 68-183um. Since light
microscopic studies are tedious, sizes of bacterial
aggregates and their heterogeneity in terms of fractal
dimensions were recently characterized by a light
scattering approach [10]. This technique, though fast,
provides only an indirect insight into physical floc
properties with no information about the microbial
community structure or EPS composition.

Since it was shown previously that confocal laser
scanning microscopy (CLSM) is a suitable method for
visualization of floc structure [11], we combined CLSM
with image analysis to provide a direct determination of
floc volume and architecture. We applied this approach
to characterize activated sludge flocs with average and
poor settling properties. CLSM-based applications for
quantitative fluorescence in situ hybridization (FISH)
were used to detect the population structure of the
activated sludge flocs. The determination of the chemical
composition of the flocs allowed us to detect differences
in the physical structure, chemical composition, and in
the microbial composition in poor settling flocs com-
pared to the average flocs from WWTPs.

2. Materials and methods

2.1. Sampling

Samples were taken from the aeration basins from the
plants listed in Table 1 and stored on ice.

2.2. Fractionation of activated sludge flocs

Samples were taken from the original sludges (time 0),
which represent mixtures of flocs with different settling

properties. For the separation of good and poor settling
activated sludge flocs, each of the undiluted sludge
samples was applied to a cylinder with a height of 22 cm
and a diameter of 8 cm. The flocs were allowed to settle,
so the poor settling flocs were enriched in the upper part
of the supernatant. Previous settling experiments
showed that an almost complete solid-liquid separation
took place after about 20 min. Therefore, samples were
taken after 20min of settling using a glass pipette
(without tip to avoid shearing effects) at a height of
about 5cm within the supernatant. Aliquots of these
samples were immediately processed for analysis of the
physical, chemical and biological parameters and
compared to original samples.

2.3. Staining with fluorescein-isothiocyanate (FITC)

Samples were vortexed for S5s prior to and after
staining with FITC (Merk, Darmstadt, Germany) to
destroy low-energy aggregation between flocs. Staining
was performed for 3h by addition of 25ul of FITC-
stock solution (1% FITC in dimethyl-formamide,
Merck) to 1 ml of the native sample. All floc structures
were best stained by FITC, which binds to molecules
containing amino groups like the proteins and amino-
sugars of cells and EPS. The Fluorescent Brightener 28
(Sigma-Aldrich, Steinheim, Germany) and the negative
staining with fluoresceine (Sigma-Aldrich) yielded
poorer results (data not shown). Excess dye was
removed by carefully replacing the supernatant of the
settled stained samples with fresh filtered sample liquid
(0.2um). Samples were diluted with filtered sample
liquid (0.2pm) to gain single flocs and immediately
viewed under the CLSM with a 40X objective
(C-Apochromat W1.2, Zeiss, Jena, Germany). The basic
slide setup described by Droppo et al. [12] was used for
the acquisition but no agarose was needed to stabilize
the flocs.

2.4. Fluorescence in situ hybridization

The oligonucleotide probes used are listed in Table 2.
Further information to the probes is available at
probeBase [13]. They were purchased as Cy3- and CyS5-
labeled derivatives from Thermo Hybaid Interactiva

Table 1

Characteristics of analyzed municipal activated sludge samples

Sludge samples analyzed PE SVI Suspended solids (g SS171)
Semitechnical plant GroBlappen ND 125 ND

WWTP Dietersheim; high load stage 1,000,000 72 3.7

WWTP GroBlappen; high load stage 1,200,000 103 33

WWTP Poing 110,000 137 2.9

SVI and SS data were determined in the laboratories of the respective WWTP. PE = population equivalent and ND =not determined.
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Table 2

Oligonucleotide probes and their specificity used in this study

Oligonucleotide Specificity

probe

Alf968 Many Alphaproteobacteria

Betd2a Betaproteobacteria

Gam42a Gammaproteobacteria

Plad6 Planctomycetes

CF319a Many Bacteroidetes

Hgc69a Actinobacteria

Lgcb +c* Many Firmicutes

Eub338 Many but not all Bacteria

Eub33811 Bacterial lineages not covered by probe
EUB338 and EUB338I11

Eub338111 Bacterial lineages not covered by probe

EUB338 and EUB338II

% An equimolar mixture of Lgeb and Lgee was used for FISH.

Division (Ulm, Germany). Flocs were fixed and
analyzed by FISH as described by Juretschko et al. [14].

2.5. Microscopy, image analysis, and quantification of
probe target bacteria

For image acquisitions an LSM 510 scanning confocal
microscope (Zeiss) equipped with an UV laser (351 and
364nm), an Ar ion laser (458 and 488 nm), and two
HeNe lasers (543 and 633 nm) was used together with
the standard software package delivered with the
instrument (version 2.1). For floc volume and surface
determinations 3D image stacks were acquired with the
CLSM and processed by the macro three-dimensional
volume and surface determination (3DVASD) for the
Carl Zeiss Vision KS400 software package, developed in
this study. The floc volume was computed from the
acquired 3D image stacks by enlargement of the pixels
of each single slice by half of the slice distance in both
directions of the z-axis. To separate background voxels
from stained floc structure a voxel intensity threshold
for each sludge sample was determined so voxels with an
intensity below this threshold were not considered for
volume measurement. Thus increasing threshold values
starting from zero to 255 (maximum amount of intensity
values in 8 bit grey images) in steps of five were applied
to 10 randomly selected image stacks derived from one
sample. Due to the high-intensity differences between
background and stained flocs the measured volumes of
one image stack stayed constant at thresholds from
about 50 to about 120. The threshold applied to all
image stacks was chosen from that range of threshold
values in which each of the 10 stacks showed a constant
volume. Resulting voxels, which touched each other in
at least one plane, were defined as belonging to an
individual structure. Additionally, voxels of non-stained
enclosures within the structures were added to their

volume. Voxels of these structures were counted and
multiplied by the volume of one voxel given by the
dimension of the pixels of the slices in the x- and y-
direction and the slice distance. Structures touching the
borders of the image stack were excluded from the
measurement. Classes were defined in order to group the
flocs according to their volume (Table 3). The overall
surface of one individual structure was determined by
adding voxel surface planes, which did not have other
surface planes of stained voxels as neighbor. The surface
information measured by the macro 3DVASD from
CLSM acquired images was also used to determine the
ratio of the real surface of a floc to the surface of a
sphere with the respective volume (Stoc/Ssphere). Since
the KS400 software package is not able to compute the
original diameters of the flocs, diameters to the
corresponding volume classes were determined with
the following equation:

dfloc =1/ Sﬂoc/Ssphere X dulvc~

dpioc 18 the deduced diameter of an original floc with the
volume of the upper limit of the respective volume class,
Stloc/Ssphere the ratio of the original surface computed by
the 3DVASD and the surface of a sphere with the
respective volume of the floc (see below), and dyyy. is the
diameter of the sphere with the volume of the upper
volume class limit.

The dpo. values were taken as the upper diameter class
limit corresponding to the respective volume class and
plant. Diameters and heterogeneity factors (Spoc/Ssphere)
to the corresponding volume classes and plants are given
in Table 3.

The fractal dimension (Dy) was deduced out of 20
randomly selected 2D image sections from acquired 3D
image stacks of each sample by using the two-point
correlation function mentioned in Thill et al. [15].

The filament indices were determined according to
Jenkins et al. [3]. Quantification of probe-labeled
bacterial populations was performed as described by
Schmid et al. [16] and Daims et al. [17].

2.6. Determination of the chemical composition
The chemical composition of the sludges in terms of

total protein, carbohydrate, DNA, and humic sub-
stances was measured as described by Frelund et al. [18].

3. Results

3.1. Evaluation of floc volume determination by CLSM
and image analysis

To determine the number of flocs which need to be
analyzed to get a reliable statistical floc volume
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Table 3
Transfer of volume classes into the respective diameters
Volume classes (um®)  Dietersheim GroBlappen

0 min 20 min 0 min 20 min

Stioc/Ssphere  Diameter  Spioc/Ssphere  Diameter Shioc/Ssphere  Diameter  Spoc/Ssphere  Diameter

classes classes classes classes
(nm) (pm) (m) (nm)

17-32 2.00 4.51-5.57 2.12 4.65-5.74 2.16 4.69-5.79 2.22 4.75-5.86
33-64 2.01 5.58-7.03 2.13 5.75-7.25 2.19 5.80-7.34 2.29 5.87-1.51
65-128 1.98 7.04-8.79 2.13 7.26-9.13 2.27 7.35-9.43 241 7.52-9.71
129-256 2.02 8.80-11.2 2.11 9.14-11.5 2.32 9.44-12.0 2.56 9.72-12.61
257-512 2.09 11.2-143 2.16 11.5-14.6 2.38 12.0-15.3 2.72 12.6-16.4
513-1024 2.07 14.4-18.0 2.32 14.6-19.1 2.44 15.3-19.6 291 16.4-21.3
1025-2048 2.11 18.0-22.9 231 19.0-24.0 2.61 19.6-25.5 3.10 21.4-27.8
2049-4096 2.39 22.9-30.7 2.36 24.0-30.5 2.86 25.5-33.6 3.10 27.8-35.0
4097-8192 2.47 30.7-39.3 2.72 30.5-41.2 3.26 33.6-45.2 3.02 35.0-43.5
8193-16,390 2.26 39.3-474  2.69 41.24-51.7 3.52 45.2-59.1 3.83 43.5-61.7
16,390-32,770 2.56 47.4-63.6 282 51.7-66.7 4.38 59.1-83.1 4.36 61.7-82.9
32,770-65,540 2.81 63.6-83.9 3.56 66.7-94.3 5.00 83.1-112 4.61 82.9-107
65,540-131,100 3.24 83.9-113 431 94.3-131 491 112-140 5.39 107 —146
131,100-262,100 3.63 113-151 5.31 131-183 5.64 140-189 7.30 146-215
262,100-524,300 4.88 151-221 5.44 183-233 6.78 189-261 9.13 215-302
524,300-1,049,000 5.43 221-294 6.50 233-321 8.28 261-363 11.38 302-425
1,049,000-2,097,000 6.96 294-419 7.58 321-437 8.64 363-467 12.34 425-558

distribution, the volumes of 600, 3000, 6000, and 15,000
randomly selected flocs originating from the same
activated sludge sample from Dietersheim WWTP were
measured. Pronounced differences were observed in the
floc volume distributions inferred from 600, 3000 and
6000 analyzed flocs. Almost identical volume distribu-
tions were obtained from 6000 and 15,000 measured
flocs (data not shown). The 6000 flocs corresponded to
approx. 75 confocal images. Consequently, the time
required for sample treatment (staining, wash steps, etc.)
and image acquisition (without data analysis) was
approx. 7h for a single sample. To investigate the
influence of storage on activated sludge, an aliquot of
the sludge from Dietersheim WWTP was stained and
observed immediately after sampling. Other aliquots
were examined after storage times of 6h, 1, 2, 3 and 5
days at 4°C, respectively. For each analysis, 6000 flocs
were recorded at room temperature. The storage did not
cause any pronounced shifts in the volume distributions.

The largest distance between confocal optical sections,
which can be applied without significant decrease of the
accuracy of the analysis, was defined by taking 20
CLSM stack images of an activated sludge sample using
lum distance intervals between the optical sections
(distances <1 pum were not analyzed since they are not
practicable due to bleaching effects caused by the
extended excitation time). After data acquisition,
individual sections were removed from each stack image
to obtain modified data sets with distances between the

sections of 2, 4, and 8 um. The use of section distances of
1, 2, and 4 um resulted in only marginal variations in the
determined floc volumes and distributions. The total
volumes of all measured flocs using 1, 2, and 4um
section distance, respectively, differed only by 3.5%.
However, increase of section distance to 8 pum led to
significant alterations of floc volumes and distributions.
This is also reflected by a 25% overestimation of the
total floc volume using 8 um as section distance.

3.2. Physical floc properties

The physical floc properties were determined for the
semitechnical plant in Groflappen and the Dietersheim
WWTP. Generally, the small flocs were most abundant
[below 256 pum> (diameter of about 9pum; Table 3)
Figs. 1, 2A and B], while the large ones comprised
almost the complete volume [above 131,073 um?®
(diameter above about 140 um; Table 3)]. The poor
settling flocs remaining in the supernatant after 20 min
of settling in Dietersheim were slightly more voluminous
(Fig. 2A) and the abundance of small flocs decreased
(Fig. 2B). In contrast, the poor settling flocs in
GrofBlappen showed a shift to smaller volumes in the
larger volume classes [above 131,073 um® (diameter
above about 140 um; Table 3); Fig. 2A]. A significant
increase in the number of small flocs was not visible
(Fig. 2B).
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Fig. 1. (A, B) Volume distribution of activated sludge flocs from GroBlappen after enrichment for flocs with poor settleability and
application of energy (by vortexing to break up weak adhesions of flocs), respectively. For each volume class the relative contribution
to the total volume of all flocs (A) and the relative contribution to the total number of all flocs (B), which were analyzed, are given. (C)
Dy values of activated sludge flocs after enrichment for flocs with low settleability and application of energy, respectively. For each
analysis, the Dy of 20 activated sludge flocs was determined. Error bars indicate the standard error. (D) Shoc/Ssphere Of activated sludge
flocs after enrichment for flocs with poor settleability and application of energy, respectively.

The fractal dimension (Dr) of the poor settling flocs
had mean values (1.9 for GroBlappen and 1.8 for
Dietersheim) lower than the Dy of the original sludge
flocs (2.2 for GroBlappen and 2.1 for Dietersheim)
indicating that the poor settling flocs were slightly
more heterogeneous (Figs. 1IC and 2C). This is also
supported by measurement of the ratio of the floc
surface to the surface of a sphere with an identical
volume  (Spoc/Ssphere)s Which showed a marked
increase for poor settling flocs in both plants (Figs. 1D
and 2D).

3.3. Chemical composition and population structure of
activated sludge

The chemical composition of the solids was deter-
mined in the activated sludge samples from the three
WWTPs (Table 4). In all plants the relative carbohy-

drate content decreased while the DNA content
increased when the poor settling flocs were enriched.
In contrast, the change in the content of humic
substances and proteins did not show a general pattern
as it increased, decreased or remained constant in the
WWTPs investigated.

Group-specific probes were applied to investigate the
microbial population structure of the activated sludge of
the different WWTPs (Fig. 3). Activated sludge from all
three plants was dominated by Betaproteobacteria and
Actinobacteria (Fig. 3). In Poing also Firmicutes were
numerous. In medium amounts, members of the Alpha-
and Gammaproteobacteria could be detected in Dieter-
sheim and Poing (Figs. 3A—C). The GroBlappen sludge
contained the most heterogeneous bacterial population
(Fig. 3B) and a relatively high proportion of the bacteria
could not be identified by any of the probes applied
(18%).
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Fig. 2. (A, B) Volume distribution of Dietersheim activated sludge flocs after enrichment for flocs with poor settleability. For each
volume class the relative contribution to the total volume of all flocs (A) and the relative contribution to the total number of all flocs
(B), which were analyzed, are given. (C) Dy values of activated sludge flocs after enrichment for flocs with poor settleability. For each
analysis, the Dy of 20 activated sludge flocs was determined. Error bars indicate the standard error. (D) Shoc/Sphere Of activated sludge
flocs of Dietersheim after enrichment for flocs with poor settleability and application of energy, respectively.

Table 4

Percental share of DNA, carbohydrates, proteins, and humic substances of the total chemical composition of activated sludge flocs of
WWTPs Dietersheim, Grofllappen, and Poing prior to and after enrichment for flocs with bad settling properties

DNA Carbohydrates Humic substances Proteins
Dietersheim Omin 0.43 10.8 26.4 62.4
20 min 0.92 6.3 34.3 58.5
GroBlappen O min 0.18 15.9 24.9 59.0
20 min 2.64 14.2 27.2 55.9
Poing O min 0.20 17.8 28.6 53.4
20 min 1.20 12.8 27.0 59.1

After enrichment for poor settling sludge two major
shifts in the population could be observed in the
Dietersheim sludge (Fig. 3A). The Betaproteobacteria
decreased from about 62% to 40% and Alphaproteo-
bacteria from about 15% to 7%.

In poor settling sludge from GroBlappen all bacteria
could be detected with the applied group-specific
oligonucleotide probes and the relative abundance of
the Alpha-, Beta- Gammaproteobacteria and Firmicutes
raised accordingly.
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Fig. 3. Microbial population structure of the activated sludge samples prior to and after enrichment for flocs with poor settling
properties of WWTPs: (A) Dietersheim, (B) GroBlappen and (C) Poing (for probe details please refer to Table 2). ND=not
determined = bacterial population detected by the EUB probe mix but not affiliated to any of the bacterial groups for which specific
probes were applied. Error bars indicate the standard error.

In the poor settling flocs from Poing the abundance of mixture (Fig. 3C) and must thus be affiliated with
Actinobacteria dropped significantly (from 35% to 10%) bacterial lingeages for which no specific probes were
after enrichment for poor-settling flocs. A large fraction applied.

(about 25%) of the bacterial population in the poor Additionally, a general shift in the filament index to

settling flocs could be detected only with the EUB probe higher values (from 2 to 4 for Dietersheim and
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GrofBlappen, and from 3 to 5 for Poing, respectively)
could be observed for all WWTPs after enrichment for
poor settling flocs.

4. Discussion

4.1. Floc volume determined by CLSM and image
analysis

Compared to previous approaches to determine floc
structure [10,19] the use of the CLSM is relatively fast
and flexible. To obtain statistically reliable results 75
stacks with ca. 6000 flocs had to be acquired. It took a
few hours which potentially could have influenced the
floc structure, but as long as the sludge was cooled
down, not stirred or not supplied with substrate, no
changes could be detected during data acquisition or
during a couple of days storage.

The accuracy of the floc volume determinations
depends on the distances between the optical sections.
The lower limit for the CLSM is 0.1 um, but we found a
section distance of 4 um as an optimal compromise as
smaller section distances resulted in (i) time intensive
measurements, (ii) extended excitation times causing
strong fluorochrome bleaching, and (iii) accumulation of
large amounts of digital data.

Previous studies used diameter classes (e.g. [8.,9])
rather than volume classes for the description of floc
sizes. This method does not take into account that it
deals with 3D structures and volume measurement is in
this respect more accurate. However, the software
applied in this study was not able directly to compute
the equivalent diameters and therefore they had to be
deduced from volume and heterogeneity data in order to
compare with previously published data (see materials
and methods section). It should be noted that these
diameter values only allow a relatively rough compar-
ison and should not be taken as absolute values.

4.2. Physical and chemical properties of activated sludge

flocs

The typical floc size distribution is described in
various publications (e.g. [8,9]) as a curve with a peak
at small particles with a diameter of about 0.5-5 um and
one for large particles with a diameter of 30-1000 pm.
Our results generally obey these findings, but pro-
nounced differences in the floc size distributions and
heterogeneity could be found after enrichment for poor
settling sludge.

The poor settling flocs in GroBlappen were character-
ized to be smaller flocs compared to the original sludge.
Furthermore, there was a significant increase in the
number of filaments as indicated by a change in filament
index from 2 (few filaments) to 4 (many filaments). In

Dietersheim only a slight shift in the floc volume could
be detected while the number of filaments also increased
significantly. Thus, there seemed to be an enrichment of
filaments in the poor settling flocs in both plants.

In contrast to the volume determinations, consistent
trends were observed for the fractal dimension of the
flocs during enrichment for flocs with poor settleability.
D¢ of the flocs with a bad settleability were in both
plants characterized by a more heterogeneous structure
(Ds of 1.9 and 1.8, respectively; Figs. 1C and 2C) than
the flocs from the original activated sludges (D of 2.2
and 2.1, respectively; Figs. 1C and 2C). The ratio of the
floc surface to the surface of a sphere of an identical
volume  (Shoc/Ssphere) also  describes the structural
heterogeneity of activated sludge flocs. Interestingly,
the overall value for Spoc/Ssphere Of large flocs was
significantly higher for Grofllappen than for Dietersheim
indicating a higher heterogeneity in the overall floc
structure in GroBlappen. This finding is not supported
by the Dy values. In this respect it seems that the Dy
reflects a tendency within one sludge plant, but cannot
be used to compare different plants. It is tempting to
speculate that a higher Spoc/Ssphere Of large flocs is
indicative for a higher SVI since the sludge from the
Groflappen plant has a higher SVI (125) compared to
the sludge from Dietersheim (72). The results might
indicate that the difference in the overall settling
properties as indicated by SVI (GroBlappen 125 and
Dietersheim 72) was due mainly to larger and more
heterogeneous flocs.

The chemical analysis of the activated sludge showed
a composition similar to other sludge types with protein
as the major compound [6]. For all WWTPs, the relative
carbohydrate content decreased and the relative DNA
content increased if flocs with poor settleability were
enriched. Changes in the content of humic substances
and proteins in all WWTPs investigated seemed not to
obey general rules. In previous studies it was shown that
a high content of uronic acids is likely to be linked to a
better settleability of flocs [20]. This could indicate that
carbohydrate fraction of the biomass is enriched in good
settling flocs. However, this assumption is inconsistent
with the observed increase in DNA content in poor
settling flocs. Thus, there may not exist any substantial
chemical difference between the different floc types, or
the categories total humic substances, carbohydrates,
proteins and DNA are too broad a measure to provide
sufficient resolution for linking chemical composition
with floc sizes or floc structure.

4.3. Population structure of activated sludge flocs

FISH is a powerful tool for cultivation-independent
identification of microorganisms. In combination with
CLSM and digital image analysis, quantitative data
of the composition of the microbial populations in
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activated sludge flocs and biofilms can be obtained (e.g.
[17,14,21]). In accordance with previous investigations
(e.g. [22,23]) two of the activated sludge samples
analyzed were dominated by Betaproteobacteria, which
encompass most lithoautotrophic ammonia-oxidizers,
Zoogloea spp., Sphaerotilus natans, and Azoarcus spp.
The latter genus was recently identified to encompass
important denitrifiers in WWTPs [14]. Actinobacteria
(e.g. Nocardia spp.; Rhodococcus sp.) also played a
numerically important role in all samples analyzed and
dominated in the Poing plant.

Pronounced shifts in the microbial population struc-
ture of the activated sludge flocs from three different
WWTPs were observed after enrichment for poor
settling flocs (Fig. 3). These shifts demonstrate links
between the settling property of a floc and its microbial
community composition. However, using the group-
specific probes the community shifts induced by enrich-
ment for poor settling flocs did not follow a general
tendency. This finding most likely reflects that different
bacterial populations influence the settling properties in
the different WWTPs investigated. Furthermore, the
application of group-specific probes does not allow one
to observe population shifts within the respective
bacterial groups. Future research should attempt to
apply the full-cycle rRNA approach [24,14] for a
comparative analysis of the microbial community com-
position of activated sludge prior to and after enrichment
for poor settling flocs. This approach will almost certainly
allow one to identify bacterial key populations enriched
in flocs with good or bad settleability.

5. Conclusions

1. CLSM in combination with image analysis is a
powerful method for direct determination of the floc
volume, heterogeneity factors and the population
structure of activated sludge flocs.

2. The importance of physical, chemical and microbial
floc properties to describe the settleability varies for
each WWTP. Therefore, a detailed understanding of
variations in sludge settling properties in different
WWTPs, e.g. a certain malfunction, requires infor-
mation about all factors.

3. Significant changes specific for each WWTP in the
microbial population structure of original flocs and
poor settling flocs could be observed (e.g. high
amounts of Actinobacteria in the original sludge of
Poing dropped to about a third of the original value
after enrichment for poor settling flocs).
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