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A Introduction 
 
Since the first humans began to settle, they started to produce waste and wastewater in an 

excessive way. Their uncontrolled disposal within the cities caused outbreaks of serious diseases 

like typhus or cholera, which forced many lives. With the beginning of the industrialization in 

the 19th century and the exponential increase of produced waste, strategies to clarify sewage 

compounds were developed (e.g. Kröhnke, 1900). During the last century, various changes and 

improvements were applied to these techniques. Today for treatment of large amounts of 

municipal wastewater most commonly the activated sludge system (see below) is used. 

Nevertheless, this method is often hampered by serious problems, like sludge bulking caused by 

activated sludge flocs with poor settling ability or by complete breakdowns of nitrification. Since 

nitrification, which is the oxidation of ammonia –one of the most toxic nitrogen compounds in 

sewage–, over nitrite to nitrate, is a central process in nutrient removal via wastewater treatment, 

nitrification failure results in environmental pollution.  

Though wastewater treatment systems are vital to our environment, they are often poorly 

understood. The general introduction of this thesis will give a brief summary of the current 

knowledge in wastewater treatment with special regard to (i) attached and suspended biofilms 

like activated sludge flocs, and (ii) ammonium/ammonia oxidation. In addition, it will 

summarize problems of common microbiological techniques for the examination of wastewater 

treatment systems. 
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A1 Wastewater treatment systems 

 

This section provides a short introduction of commonly used and recently introduced wastewater 

treatment systems, which were investigated in this study.  

 

A1.1 The activated sludge process 

 

The most common technique in biological wastewater treatment is the activated sludge process 

(Tchobanoglous and Burton, 1991). It consists of an aerated suspension of a mixed microbial 

culture, which spontaneously forms flocs. The aeration is applied by compressed air, by pure 

oxygen or by a mechanical setup and fulfills two essential functions. It provides (i) a steady 

upflow or turbulence with a rate exactly balancing the settling velocity of the activated sludge 

(Figure 1) and (ii) the oxygen required for the microbial oxidation of waste water compounds  

like ammonia. After a certain dwell of the sewage in the aerated basin, it is transferred to a 

secondary clarifier, where the flocs are left settling. During this time anaerobic processes like 

denitrification can be observed. The cleared water is removed and the remaining sludge is partly 

recycled to the activated sludge basin to keep a high biomass concentration in the aeration tank 

and to provide a continuous reinoculation. This results in an extended retention time of the 

sludge and an improved adaptation of microorganisms to their environment. The not recycled 

part of the floc biomass matching the amount of biomass produced in the activated sludge basin 

is transferred as excess sludge to the sludge dewatering. 

 

 

 

 

 

 

 

 

 

influent effluent

oxygen
supply

oxygen
bubbles

activated sludge
flocs

Fig. 1: Schematic drawing of
an activated sludge basin

excess sludge

secondary clarifier
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A1.2 The trickling filter 

 

The trickling filter is the most widely distributed biofilm reactor. As fill material for the filter 

tower lava stones or alternatively plastics are in use. The wastewater is poured over the top of the 

biofilm covered fill material and is cleaned by trickling down to the bottom, where it is removed. 

Aeration is accomplished through the bottom of the filter tower by a steady air flow only driven 

by differences in temperature from the filter material to the waste water and the surrounding air 

(Figure 2; Henze et al., 1997). 

The major problem in the conventional trickling filter is clogging. Small plants with a low load 

and unhindered growth of biofilm often show local clogging. The biofilm grows too thick and 

the circulation of air is no longer possible. Consequently, the biofilm is starting to foul and to 

degrade until air is able to circulate again. Another factor influencing these plants is the grazing 

of the biofilm by worms, snails and larvae. Nevertheless, is the load increased in such plants the 

clogging runs out of control till a certain point, when the shearing effect of the water trickling 

through the filter becomes this high, that biofilm is continuously washed out of the system. 
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filling 
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effluent 

influent 

Fig. 2: Schematic drawing 
of a trickling filter 
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A1.3 The sequencing batch reactor 

 

The sequencing batch reactor (SBR) was introduced by Irvine et al. in 1977. This reactor type 

uses a process were populations of organisms are discontinuously provided with medium or 

waste water (Figure 3; Rubio et al., 1988; Wilderer, 1992).  

The reactor sequence starts with the addition of nutrient during a defined filling phase. By 

choosing the filling velocity and the volume transfer rate a control of the occurrence and 

frequency of substrate concentration increase is possible. While slow filling and therefore 

continuously low substrate concentration within the reactor will select for organisms with high 

substrate affinity (low ks value), a fast filling and temporarily increase of substrate concentration 

lowers the selective pressure on organisms with high ks value.  

With adjusting the biomass retention time (remaining sludge volume in the reactor/removed 

sludge volume per day) the medium growth rate limit for organisms to stay in the reactor can be 

set. A high sludge age provides an opportunity for slow growing organisms to hold their ground 

in the reactor. 

The continuous change from high to low substrate concentration also stimulates the production 

of extracellular polymeric substances (EPS) during starvation periods. This could lead to a better 

aggregation and lower heterogeneity of the flocs resulting in a decrease of the sludge volume 

index (SVI). 
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Fig 3: Schematic of a SBR cycle. The aerobic/anaerobic treatment (step 2) 
could be also applied in separated steps. 
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The major advantage of the SBR is its flexibility in providing different growth conditions in 

well-defined phases during the batch sequence. For example, the reactor could be driven aerated 

continuously, alternatingly aerated and not aerated to support nitrification and denitrification in 

one reactor, and also completely not aerated to force anaerobic growth (Strous et al., 1998). 

 

A1.4 The rotating biological contactor  

 

The rotating biological contactor consists of discs in a row situated on a turning axe (Figure 4A). 

Normal plants possess 3 to 4 turning rows of discs ordered in sequence (Figure 4B), which are 

partially drowned in a basin filled with wastewater (Figure 4A). Since the biofilm keeps growing 

on the smooth surface of the discs, biomass is permanently sheared off into the basin. When the 

biofilm gets in contact with the air during a turn its surface will become oxygen saturated and 

oxygen dependent physiological processes are performed. After drowning of the biofilm into the 

water the oxygen diffusion turns into the wastewater and supplies the suspended biomass with 

oxygen. Another effect of the turning of the row of discs is the creation of turbulences, which 

keep the suspended biomass floating and causes a permanent wash out of biomass according to 

the construction of the discs and the basin into a secondary clarifier. 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig 4:  A Cross section of a rotating disk biological contactor.
B Schematic of the layout of a rotating disk biological
contactor.  
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A1.5 The moving bed reactor 

  

Similar to a fixed bed reactor the biofilm in a moving bed reactor grows on a small cylindric 

plastic material (Figure 5A). These carriers are not tightly packed, but floating in the waste water 

like activated sludge on a steady upflow or turbulence with a rate exactly balancing their settling 

velocity. Since this upflow or turbulence can be generated by either influx of gas (e.g. oxygen, 

Figure 5B) or stirring (Figure 5C), an aerobic or anaerobic operation of the moving bed reactor is 

possible (Odegaard et al., 1994). This technique provides a higher settling rate, because of the 

bigger, more compact, biofilm covered plastic beads. This results in a better biomass retention as 

in the normal activated sludge process. Adversely, the reactor is more difficult to operate and 

more energy is necessary for the suspension of the carrier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A2. Biofilms in waste water treatment 

 

All the above mentioned techniques use biofilms in different forms for the conversion of  

nutrients and toxic inorganic or organic compounds of wastewater. But not only attached  

biofilms (biofilm is originally defined as conglomerates of microorganisms and extracellular 

polymeric substances attached to a surface; Characklis and Wilderer, 1989; see below) are 

influenteffluent

oxygen 
supply 

oxygen 
bubbles

Kaldnes carrier 
material 

influent effluent

stirrer

B C

A 
biofilm

Kaldnes carrier 
 material 

Fig. 5: A. Schematic of a Kaldnes carrier
with biofilm. B. Schematic of a moving
bed reactor with upflow generated by gas
influx. C. Schematic of a moving bed
reactor with an upflow generated by
stirring.  
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applied, but also in an extended version of the biofilm definition suspended forms like flocs or 

granules. Regarding full-scale wastewater treatment, the activated sludge floc rather 

compromises the most common biofilm. 

 

A2.1 Biofilm structure and function 

 

Although the overall biofilm structure is dependent on growth rate (Tijhuis et al., 1996),  

substrate concentration (Wimpenny and Colasanti, 1997), shear stress (van Loosdrecht et al., 

1997), grazing and cell surface properties (deBeer and Kühl, 1999), the most prominent structure 

of biofilms consist of more or less dense bacterial cell clusters surrounded by EPS with  

interstitial voids (Figure 6, Figure 7). A steep gradient within the biofilm leads to chemical 

conditions providing via substrate limitation different ecological niches in close neighborhood. 

For example, ammonium is converted on the oxygenated surface of the biofilm to nitrate 

(nitrification), which diffuses to deeper anaerobic parts of the biofilm. There nitrate is used as 

electron acceptor and thus reduced by classical denitrification to dinitrogen gas (Schramm et al., 

1996). 

Many of the beneficial properties for bacteria within a biofilm are mediated by the EPS, which 

includes a variety of substances (mainly polysaccharides, but also proteins and free DNA; 

Sutherland, 1985). Most bacteria are capable of producing EPS, either as capsules attached to the 

cell or as secretion in the extracellular environment (e.g. Omar et al., 1983; Uhlinger and White, 

1983; Unz, 1989; Dugan, 1992). The role of EPS ranges from influences in cellular processes 

that relate to microbial competitiveness and reproductive success, such as the formation of 

microcolonies (Allison and Sutherland, 1987), attachment to surfaces (Marshall et al., 1989) and 

increased resistance to antimicrobial substances (Uhlinger and White, 1983), to concentration of 

nutrients (Decho, 1990).  

 

 

 

 

 

 

 Fig 6: Structure of a common attached 
biofilm  carrier material

bacterial cells

EPS
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A2.2 Activated sludge flocs 

 

 The activated sludge floc, though not attached, also comprises the features of a biofilm. Clusters 

of cells and filamentous bacteria as backbone (Szegin et al., 1978) are imbedded in EPS 

occasionally with voids and a diffusion boundary layer. With regard to a better settling the ideal 

form of an activated sludge floc is large and compact (Figure 7). But this structure is, for 

example, not always suitable for an efficient nutrient transfer from the floc surface to the center 

resulting in decreased metabolic rate in the floc. In reality, the perfect floc morphology is 

difficult to achieve in wastewater treatment plants and thus various types of problems are 

directly related to the floc structure.  

The most prominent malfunction is sludge bulking which is caused by extensive growth of 

filamentous bacteria leading to a less compact sludge with a reduced settling ability (e.g. Wanner 

and Grau, 1988; Jenkins, 1993; Novak et al., 1994; Wanner, 1994). Another undesired effect is 

the occurrence of pinpoint flocs. These are small flocs and dispersed bacteria, which do not settle 

by gravity. This causes a poor clarification and a low dewaterability (Pipes, 1979; Karr and 

Keinath, 1978). At last, there is the phenomenon of scumming or foaming of the sludge which is 

triggered by non-degradable surfactants or by the presence of certain bacteria like Nocardia sp., 

Gordonia sp., Rhodococcus sp. or “Microthrix parvicella” (e.g. Blackall, 1994; Goodfellow et 

al., 1996; Davenport et al., 2000). Thereby the sludge is building thick foam on the surface of 

the settler (Kappler and Gujer, 1994).  

The quality of activated sludge flocs is currently monitored by the measuring of the sludge 

volume index (SVI) which is the volume occupied by 1g sludge after settling of 30 minutes in a 

cylinder. Values lower 100mg/l indicate normally a good settling sludge, while sludges with 

Fig 7: Common 
structure of 
an activated sludge 
floc (Wilén, 1999; 
modified) 

EPS

filamentous
 bacteria

bacterial
colonies

void

organic fiber
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values over 150mg/l are considered as bulking. In general, the SVI is well correlated with the 

functionality of the plant, but it provides no detailed information about the reason for the 

malfunction. As demonstrated the SVI is affected by the abundance of filamentous bacteria (e.g. 

Jenkins 1993; Wanner, 1994), floc size and heterogeneity (Barber and Veenstra, 1986; 

Sadalgekar et al., 1988; Andreadakis, 1993), and the chemical composition of the EPS (Urbain et 

al., 1993). Therefore, it is not possible to maintain a stable activated sludge process just on the 

basis of the SVI. A more comprehensive knowledge on the links between microbial community 

composition and floc structure could be achieved by the application of molecular methods like 

fluorescence in situ hybridization for the detection of bacteria responsible for bulking (e.g. 

Wagner et al., 1994a; Wagner et al., 1994b; Davenport et al., 2000) and further modern chemical 

and microscopic tools for the determination of EPS composition and floc architecture (e.g. 

Zartarian et al., 1997). 

 

A2.3 Granular sludge 

 

Granular sludge was first described in upflow anaerobic sludge blanket reactors (UASBR; 

Lettinga, et al., 1980). These anaerobic granules comprise a common and very complex structure 

with two major zones, referred to as the cortex and the medulla, providing several ecological 

niches (Figure 8; MacLeod et al., 1990; Macario et al., 1991). It was possible to shift the 

bacterial populations by applying different substrates (Grotenhuis et al., 1991) or to introduce a 

certain de novo degradative pathways into the anaerobic granular sludge by inoculation with a 

pure culture (Ahring et al., 1992) without alteration of the granule architecture.  

 

 

 

 

 

 

 

 

Fig. 8: Structure of anaerobic 
granular sludge according to 
Macario et al. (1991) 

filamentous bacteria
surface colonies

inner colonies
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Keeping in mind the problems occurring in conventional sewage treatment regarding sludge 

bulking and foaming in activated sludge systems or the often fruitless application of 

bioaugmentation (Bouchez et al., 2000), the process stability, high settling ability and grazing 

resistance offered by granular sludge could provide important advantages. However, aerobic 

processes like nitrification and phosphorous removal could not be applied to anaerobic granular 

sludge. Therefore, the development and characterization of aerobic granules (van Loosdrecht et 

al, 1997; Etterer et al, 2001), which were also characterized as part of this thesis, is a prerequisite 

to establish this technique in conventional aerobic sewage treatment. 

 
 
A3 Ammonia/ammonium oxidation in microbial biofilms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The oxidation of ammonia or its ionized form ammonium to nitrate as a prerequisite for its 

further conversion to dinitrogen gas is one of the key processes in the global nitrogen cycle 

(Figure 9, Prosser, 1989). Due to the toxicity of ammonium and other higher oxidized nitrogen 

compounds to aquatic life (Painter, 1986, Arthur et al., 1987) and the risk of eutrophication of 

aquatic systems the N-removal represents an integral part of the secondary treatment in 

wastewater treatment plants. Two pathways for the biologically mediated oxidation of 

ammonium in the environment are known so far.  
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Fig. 9: Extended nitrogen cycle
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A3.1 The aerobic ammonia oxidation 

 

In conventional wastewater treatment plants ammonia is first converted by ammonia oxidizing 

bacteria to nitrite. Complete N-removal requires a further oxidation the nitrite to nitrate and its 

subsequent reduction in an additional heterotrophic step (denitrification) to dinitrogen gas. Since 

the whole process of N-removal consists of different stages, which need also different 

prerequisites to keep functional like, for example, the provision of enough carbon source to 

maintain denitrification, it is time consuming and difficult to control.  

The aerobic ammonia oxidation is a two step reaction (eq. 1). The copper containing membrane-

bound protein ammoniummonooxygenase (AMO) catalyzes the initial oxidation of ammonia to 

the intermediate hydroxylamine (Hollocher et al., 1981; Wood, 1986; Bedard and Knowles, 

1989). Subsequently, the periplasmatic, tetrameric heme protein hydroxylamine oxidoreductase 

(HAO) oxidizes the hydroxylamine to nitrite (Sayavedra-Soto et al., 1994). 

 

eq. 1: NH3 + O2 + 2H+ + 2e- → NO2
- + 5H+ + 4e- 

 

Since the redox potential of the reaction sequence is too low for a direct NADH regeneration, a 

reverse electron transport is necessary for gaining redox-equivalents (Bock et al., 1986). 

Previous studies based on comparative 16S rRNA gene sequence analysis showed that the so far 

cultured and described species of autotrophic aerobic ammonia oxidizers (e.g. Koops et al., 1976, 

Watson et al., 1989; Koops et al., 1991) form two different monophyletic clusters within the 

Proteobacteria (e.g. Head et al., 1993; Stehr et al., 1995; Pommerening-Röser et al., 1996). The 

species Nitrosococcus oceani and Nitrosococcus halophilus belong to the Gammaproteobacteria, 

whereas the genera Nitrosomonas (including the species Nitrosococcus mobilis), Nitrosospira, 

Nitrosolobus and Nitrosovibrio belong to the Betaproteobacteria (Figure 10). The later three 

genera are very closely related on the 16S rRNA gene level and it was therefore suggested to 

lump them together into the single genus Nitrosospira (Head et al., 1993).  

Since isolation of ammonia oxidizing bacteria from environmental systems is difficult and time 

consuming, the 16S rRNA approach has frequently been applied to investigate the natural 

diversity of ammonia oxidizing bacteria (e.g. Stephens et al., 1996; Kowalchuk et al., 1997). 

Furthermore, quantitative dot blot hybridization as well as fluorencence in situ hybridization, 

was used to quantify the abundance of AOB in environmental systems (e.g. Wagner et al., 1995; 



A Introduction 

 16

Mobarry et al., 1996; Schramm et al., 1996; Juretschko et al., 1998; Okabe et al., 1999). But 

with very high 16S rRNA gene sequence similarities within the closely related aerobic ammonia 

oxidizing bacteria of the Betaproteobacteria the 16S rRNA gene as phylogenetic marker was not 

longer sufficient to provide a fine scale differentiation of these organisms. After initial studies 

(Holmes et al., 1995, Rotthauwe et al., 1995) Rotthauwe and coworkers proposed in 1997 the 

less conserved amoA-gene coding for the active site carrying AmoA subunit of AMO as 

additional phylogenetic marker for fine scale differentiation of ammonia oxidizing bacteria 

(Figure 11). The evolution of the amo-homologous genes in those ammonia-oxidizers 

investigated to date has occurred orthologously rather than by horizontal gene transfer (Klotz and 

Norton, 1998). The genes of the three subunits of AMO (amoA, amoB, amoC) are located in 1 to 

3 operon copies (McTavish et al., 1993; Klotz and Norton, 1995; Norton et al., 1996; Sayavedra-

Soto et al., 1998), but the high similarity of these multiple operons indicate paralogous evolution 

(Klotz and Norton, 1998). Therefore, amoA fulfills the criteria to be used as phylogenetic marker 

(Ludwig et al., 1998) and thus enables a comparison of amoA/AmoA phylogeny with 16S rRNA 

gene phylogeny. Keeping in mind that nitrification in wastewater treatment is often affected by 

serious breakdowns, it is necessary to learn more about the links between nitrifier community 

composition and process stability. The 16S rRNA and amoA approach are valuable tools for 

high-resolution composition studies of ammonia oxidizer populations in complex systems, but 

these approaches suffer from incomplete coverage of the recognized ammonia-oxidizer species 

in the respective data sets. Furthermore, the available sequences are mostly partial and of minor 

quality. In environmental studies, phylogenetic analyses with this rudimentary data set often 

indicated “new species“ of ammonia oxidizers (e.g. Stephen et al., 1996; Ward 1996; McCaig et 

al., 1999). However, a definite interpretation of the obtained phylogenetic data is only possible if 

all recognized species of ammonia oxidizers are reliably (full sequence data with few 

ambiguities) represented in the data set. 

 
Fig. 10 (next page): Phylogenetic neighbor-joining tree based on 16S rRNA reflecting the relationship between 

ammonia oxidizing bacteria (AOB) of the Beta- and Gammaproteobacteria and methane oxidizing bacteria (MOB) 

of the gamma and Alphaproteobacteria. MOBs were included, because their particulate methane monooxygenase 

(PMO) is highly homologous to the ammonium monooxygenase (AMO) of AOBs (see Figure 11). Only sequences 

with more than 1000 bases were taken into account (status end 1999). The bar indicates 10% estimated sequence 

divergence. It should be noted, that for some of the species shown complete recently published 16S rRNA sequence 

data (Purkhold et al. (2000)) were used to reconstruct this tree. 
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Fig. 11 (previous page): Phylogenetic Fitch-Margoliash tree based on deduced AmoA and PmoA sequences 

reflecting the relationship between ammonia oxidizing bacteria (AOB) of the Beta- and Gammaproteobacteria and 

methane oxidizing bacteria (MOB) of the Gamma- and Alphaproteobacteria (status 1999). MOBs were included, 

because their particulate methane monooxygenase (PMO) is highly homologous to the AMO of AOBs. The bar 

indicates 10% estimated sequence divergence.  

 
A3.2 The anaerobic ammonia oxidation 

 

The existence of anaerobic ammonium oxidation as the reaction of ammonium as electron donor 

with nitrite as electron acceptor was first postulated by Broda in 1977. He considered the amount 

of free energy gained in this reaction as sufficient for autotrophic growth. The process itself was 

discovered 18 years later in a fluidized bed reactor (Mulder et al., 1995). The first yet not 

isolated organism, which catalyzed the anaerobic ammonium oxidation, was provisionally 

named Candidatus “Brocadia anammoxidans” (Strous, 2000). 
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Fig. 12 (previous page): Phylogenetic tree based on 16S rRNA reflecting the relationships of Candidatus “Brocadia 

anammoxidans”, environmentally derived 16S rRNA sequences of organisms with unknown physiology affiliated to 

the order Planctomycetales, the “classical” planctomycetes represented by isolates (genera Pirellula, Planctomyces, 

Gemmata, Isosphaera), and other reference organisms. The triangles indicate phylogenetic groups. The tree is based 

on results of maximum likelihood analyses on different data sets. The bar represents 10% estimated sequence 

divergence. The Antarctic clone cluster comprise mainly Antarctic clones, but also a methanogenic sludge clone and 

a sequencing batch reactor clone (for details please refer to Schmid et al., 2001). References: 1 Van der Meer et al., 

1999; 2 DeLong et al., 1993;  3 Rappe et al., 1997; 4 Li et al., 1999; 5 Derakshani et al., 2001. 

 
Three enzymes are proposed to be involved in the anaerobic ammonium oxidation. In an initial 

reaction ammonium is converted by a putative enzyme hydrazine hydrolase with hydroxylamin 

to hydrazine (eq. 2; Schalk et al., 1998). Subsequently, the hydrazine disintegrates mediated by a 

hydrazine oxidizing enzyme to dinitrogen gas (eq. 3; Strous 2000).The hydroxylamine for the 

initial reaction has to be recovered by the reduction of nitrite with a nitrite reducing enzyme (eq. 

4). 

 

eq. 2: NH4
+ + NH2OH → N2H4 + H2O + H+  

 

eq. 3: N2H4 → N2 + 4H+ + 4e- 

 

eq. 4: NO2
- + 5H+ + 4e- → NH2OH + H2O  

 

Interestingly Candidatus “ Brocadia anammoxidans could be identified as member of a deep 

branching lineage within the order Planctomycetales (Figure 12; Strous et al., 1999; Strous, 

2000). The order Planctomycetales was first described in 1986 by Schlessner and Stackebrandt 

and includes four genera (Planctomyces, Pirellula, Gemmata and Isosphaera). Up to now, within 

this order only 7 species are validly described and represented by pure cultures isolated from 

various aquatic systems (Schlesner, 1994, Fuerst 1995; Ward et al., 1995; Griepenburg et al., 

1999). As indicated by numerous 16S rRNA gene sequences retrieved from different 

environmental systems (e.g. Liesack and Stackebrandt, 1992, De Long et al., 1993; Ward et al., 

1995; Griepenburg et al., 1999; Derakshani et al., 2001) the diversity of yet uncultured 

planctomycetes is very high. Despite their almost ubiquitous abundance, only few properties are 

known of the members of the order Planctomycetales. They are all peptidoglycane less, budding 
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bacteria largely differing in morphology (Fuerst, 1995) within a fast evolving lineage indicated 

by large sequence distances (Woese, 1987). Since all so far isolated planctomycetes are 

considered heterotrophic, the anaerobic ammonium oxidation as autotrophic process comprises a 

distinct physiology within the planctomycetes.  

The potential application of anaerobic ammonium oxidation in wastewater treatment is obvious, 

when it is kept in mind that the process is autotrophic and leads to dinitrogen gas. This is ideal 

for the treatment of ammonium rich wastewater with low organic carbon content, which does not 

maintain heterotrophic denitrification. The recently developed “Completely autotrophic N-

removal over nitrite” (CANON) process (Strous, 2000), which could be realized so far only in 

lab reactors, represents the most interesting application of the process. It comprises a partial 

ammonium oxidation to nitrite by classical ammonia oxidizing bacteria prior to an anaerobic 

ammonium oxidation (Jetten et al., 1999) to dinitrogen gas. Since this process could be located 

in one reactor, great enhancements in speed and process control are at hand. However, the 

anaerobic ammonium oxidation by planctomycetes has not yet been detected in real wastewater 

treating systems. Nitrogen losses not explainable by classical denitrification were reported for 

some oxygen limited full scale plants, but also the classical ammonia oxidizing bacteria 

Nitrosomonas europaea and Nitrosomonas eutropha are capable to oxidize ammonium or 

hydroxylamine with nitrite or nitrogen dioxide as electron acceptor (Bock et al., 1995; De Bruijn 

et al., 1995; Schmidt and Bock, 1997). Nevertheless, the conversion rates are very low in this 

process and hence these bacteria are unlikely candidates causing the above described nitrogen 

losses.  

For the fast and reliable investigation of the causative agents of the observed nitrogen losses 

FISH would a suitable method. However, the available probe set for anaerobic ammonium 

oxidizing bacteria was constructed on the basis of one 16S rRNA sequence from Candidatus 

“Brocadia anammoxidans” (Strous et al., 1999; Strous et al., 2000). Since it is unlikely that this 

organism is the only anaerobic ammonium oxidizing bacterium and the phylogenetic distances 

within the planctomycetes are large, it is almost certain that FISH probes constructed specifically 

for Candidatus “Brocadia anammoxidans” are not able to detect the full diversity of anaerobic 

ammonium oxidizing bacteria. Therefore, an elaborated detection system could discover not only 

new species of anaerobic ammonium oxidizing bacteria in the environment with, for example, 

better oxygen tolerance or higher growth rate than Candidatus “Brocadia anammoxidans”. Also 
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the identification of the species diversity and activity in the samples could provide information 

about process stability and enhanced plant control. 

 

A4 Scope of the thesis 

 

Basically, the gain of knowledge accomplished by this thesis could be separated in two parts, 

both focusing on problems during waste water treatment. 

 

The first part is focusing on activated sludge settling. The methods, which are currently in use 

for describing activated sludge floc properties indicative for the quality of sludge settling are 

only covering certain aspects of this problem like floc size or heterogeneity and are often time 

consuming. Therefore, molecular methods mainly based on the CLSM were accustomed to a 

quick and high accurate determination of different physical, chemical and microbial population 

parameters, which might contribute to floc settling. With these utilities, it was possible to 

investigate the characteristics of flocs during their enrichment for poor settlers. Data derived 

from these studies may contribute to a better understanding of the sludge settling and help to 

identify and prevent beginning sludge malfunctions. 

By partly using these methods aerobic granules could also be characterized. However, further 

investigations must show if their application in full-scale wastewater treatment plants or as a tool 

for an enhanced bioaugmention is worthwhile.  

 

The second part of the thesis focused on the identification and detection of bacteria with the 

physiotype of ammonium/ammonia oxidation as key processes in the wastewater treatment. The 

16S rRNA and amoA approaches would be most suitable for this. However, there was the 

problem that the information obtained with them was based on incomplete data sets and therefore 

difficult to interpret. With the now elaborated tools we investigated different environments and 

could obtain a more accurate detection of the diversity of aerobic ammonia oxidizing bacteria. 

Since a higher diversity might positively influence the process stability of ammonia oxidation, a 

fast determination of population structure will direct the plant control to a more stable 

population. 

So far, the only possibility to detect anaerobic ammonium oxidizing bacteria is by FISH probes 

specific for Candidatus “Brocadia anammoxidans”. This seems hardly enough to detect the full 
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diversity of anaerobic ammonium oxidizing bacteria. In this thesis, wastewater treatment systems 

with unexpected nitrogen losses were investigated for the presence of additional species and 

genera of anaerobic ammonium oxidizing bacteria. Therefore, a PCR for the specific 

amplification of the planctomycete 16S rRNA gene was applied. Phylogenetic analyses of the 

obtained sequences led to the assignment of a new genus (represented by the species Candidatus 

“Kuenenia stuttgatiensis”) affiliated to Candidatus “Brocadia anammoxidans”. However, only 

one probe of the probe set designed for Candidatus “Brocadia anammoxidans” targeted 

Candidatus “Kuenenia stuttgatiensis”. Consequently, new FISH probes were designed for the 

detection of all recognized anaerobic ammonium oxidizing bacteria and a specific differentiation 

of Candidatus “Brocadia anammoxidans” and Candidatus “Kuenenia stuttgatiensis”. As detected 

by FISH Candidatus “Kuenenia stuttgatiensis” was the dominant organisms in the investigated 

anaerobic ammonium oxidizing system and hence Candidatus “Kuenenia stuttgatiensis” was 

postulated as a new anaerobic ammonium oxidizing bacterium. The combination of the specific 

amplification of the planctomycete 16S rRNA gene to identify new potential anaerobic 

ammonium oxidizing bacteria in environmental samples and FISH applied with a comprehensive 

probe set is a prerequisite for investigating species richness and evenness of anaerobic 

ammonium oxidizing bacteria in the environment.  

In addition to diversity analysis, information about the in situ activity of the detected anaerobic 

ammonium oxidizers would be required to better understand their ecophysiology. It has been 

postulated in the past that the signal intensities from FISH targeting rRNA, which are dependent 

on the ribosome content of the target cell, can be used to infer activity and even growth rates 

(DeLong et al., 1989; Poulsen et al., 1993). Although the link between FISH signal intensity and 

activity probably holds true for most fast growing heterotrophic microorganisms, past research 

and data from this thesis show that slow growing organisms including anaerobic ammonium 

oxidizing bacteria keep a high ribosome content during inhibition and starvation (Wagner et al., 

1995; Morgenroth et al., 2000). For in situ activity analysis of anaerobic ammonium oxidizers 

we therefore developed and applied a set of fluorenscently labeled oligonucleotide probes 

specific for the intergenic spacer region between the 16S and 23S rRNA genes of anaerobic 

ammonium oxidizers. The cellular content of spacer region transcripts is dependent on the 

ribosome production (the non-coding parts of the intergenic spacer region are rapidly degraded 

after cleavage of the precursor RNA). Assuming that ribosomes are only produced in non-

inhibited and non-starved cells the deduction of cell activity with this method is more reliable. 
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This fast detection of cell activities of populations could provide relevant information to shorten 

the startup of anaerobic ammonium oxidizing plants and allows a sophisticated control of the 

process. 
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B Materials and Methods 
 
B1. Sampled environments 

 

Environments studied in this thesis are listed and briefly described in Table 1. 

 

Table 1. Description of environments analyzed in this study 

Anammox enrichment lab scale 
reactor, Delft, The Netherlands 

Sequencing batch reactor containing a 80-90% enriched culture of 
Candidatus “Brocadia anammoxidans” 

Granular sludge lab scale reactor, 
Garching 

Sequencing batch reactor containing aerobically grown granules; the 
medium contained 27-29 mg/l ammonium and 7-8 mg/l phosphate. 

Semitechnical plant, Großlappen Experimental activated sludge plant fed with municipal waste water 

Semitechnical plant, Stuttgart 

System consisting of two trickling filters with biofilm grown on plastic 
filling material; the aerobic trickling filter 1 performs a partial oxidation of 
ammonium to nitrite; the anaerobic trickling filter 2 performs an anaerobic 
ammonium oxidation; the plant is fed with synthetic waste water 

WWTP Mechernich Rotating biological contactor treating ammonium rich landfill leachate 

WWTP Kraftisried Waste water treatment plant treating the effluent of an animal rendering 
plant, population equivalent 6000 

WWTP Dietersheim high load 
stage 

High load stage of the municipal waste water treatment plant Munich 2, 
population equivalent 2100000 

WWTP Großlappen high load 
stage 

High load stage of the municipal waste water treatment plant Munich 1, 
population equivalent 2000000 

Mongolian soda lakes Soda lakes in Mongolia with high pH and high salinity 

 

 

B2. Isolation of high molecular weight DNA 

 

B2.1 Extraction of DNA from pure cultures 

 

The isolation of pure culture DNA was performed according to a simplified protocol. For the 

isolation of DNA from pure bacterial cultures, the cells were suspended in TE buffer containing 

10mM Tris/HCl and 10mM sodium EDTA. Cell lysis was performed by addition of sodium 

dodecyl sulfate (SDS) to 2% final concentration and incubation at 65°C for 1h. Subsequently, the 

DNA was separated from cell debris by a phenol chloroform (phenol:chloroform:isoamylalcohol 

25:24:1) extraction. After centrifugation the aqueous phase was transferred to a new tube and the 

extraction was repeated with chloroform:isoamylalcohol (24:1) to remove residual Phenol. The 
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DNA, which remained in the aqueous phase, was precipitated by adding NaCl to a final 

concentration of 1M and 0.6 volume of 2-propanol for 1 h at room temperature. The DNA was 

washed with 70% ethanol, air-dried and dissolved in 10mM Tris/HCl (pH 8). The amount and 

quality of DNA were determined by spectrophotometric analysis of the ratio of optical densities 

at 260 and 280 nm (Sambrook et al., 1989) 

 

B2.2 Extraction of DNA from Biofilm samples 

 

Biofilm samples had to be pretreated prior to DNA extraction, because most organisms in 

biofilms are tightly embedded in a hull of extracellular polymeric substances (EPS). 

Pretreatments used in this thesis were enzymatic digestion and mechanical disruption (Klein et 

al., 2001) of EPS and cell walls. 

 

B2.2.1 Mechanical EPS and cell wall disruption 

 

DNA isolations with the bead beating technique were performed with the Fastprep Bead-beater 

(BIO 101, Vista) and the FastDNA kit (BIO 101, Vista) according to the manual of the 

manufacturer. Large yields of high molecular DNA were obtained with the bead beater setting: 

3x 15s at a speed of 4.5.  

 

B2.2.2 Enzymatic digestion of EPS 

 

Enzymatic digestion was combined with an altered version of the DNA isolation protocol 

published by Zhou et al. (1996). A 0.25-g activated sludge pellet was resuspended in a 2-ml tube 

with a screw-on plastic cap with 675 µl of DNA extraction buffer (100 mM Tris-HCl [pH 8.0]; 

100 mM sodium EDTA [pH 8.0], 100 mM sodium phosphate [pH 8.0], 1.5 M NaCl, 1% 

cetyltrimethylammonium bromide [CTAB]) and treated for 30 s with a blender (Ultraturrax; 

Janke and Kunkel, Freiburg, Germany). After addition of 50 µl of enzyme mixture I (each at 10 

mg/liter; Table 2), the mixture was incubated for 30 min at 37°C. Subsequently, 50 µl of enzyme 

mixture II (each at 10 mg/liter; Table 2) was added and the mixture was incubated for another 30 

min at 37°C.  
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Table 2. Content of enzyme mixes I and II with provider and enzyme activities 

 Enzyme Provider Target 

lysozyme  Fluka, Buchs, Switzerland murein 

lipase type 7 Sigma, Deisenhofen, Germany tri-, di-, monoglycerides 
Enzyme Mix I pectinase (from A. 

niger, contains 
also cellulases and 
hemicellulases) 

Roth, Karlsruhe, Germany pectin, cellulose 

proteinase K Boehringer, Mannheim, 

Germany 

proteins, peptides, 

glycoproteins 

protease type 9 Sigma, Deisenhofen, Germany proteines, peptides 
Enzyme Mix II 

pronase E Serva, Heidelberg, Germany all proteins 

 

After addition of 75 µl of 20% sodium dodecyl sulfate and incubation at 65°C for 2 h, cell lysis 

was completed by addition of 600 µl of a mixture of phenol-chloroform-isoamyl alcohol 

(25:24:1) and 20 min of incubation at 65°C. After centrifugation the aqueous phase was carefully 

transferred to a fresh tube. Residual phenol was removed by a chloroform:isoamyalcohol (24:1), 

extraction. Nucleic acids were precipitated from the aqueous phase by incubation with 0.6 

volume of 2-propanol for 1 h at room temperature. Precipitated DNA was treated further as 

described in section B2.1. 

A prominent problem of DNA preparations from environmental samples is their high content of 

humic substances, which bind to DNA and can reduce efficiency of DNA amplification or 

hybridization (Alm et al., 2000). It is difficult to remove these substances from DNA, but 

compounds like cetyltrimethylammonium bromide (CTAB), polyphenyl polypyrolidone (PVPP) 

or Sephadex have been used to significantly lower the content of humic substances in DNA 

preparations (e.g. Tsai and Olson, 1992; Young et al, 1993; Zhou et al, 1996; Jackson et al., 

1997; Kowalchuk et al., 1997). Although both DNA extraction protocols for biofilms described 

here used agents to remove humic acids, a brown coloring of the preparations indicated residual 

humic compounds. However, these substances did apparently not hamper polymerase chain 

reactions (PCR) performed with these samples. 

 

 

 



B Material and Methods 

 28

B3. Polymerase chain reaction 

 

Amplifications of the amoA gene or rRNA genes were performed in a 96 micro well plate 

(Biorad, München, Germany) with a gradient cycler (Eppendorf, Hamburg, Germany). The 

standard reaction mixtures were prepared in a total volume of 50 µl containing 2 mM MgCl2, 10 

nmol of each deoxynucleoside triphosphate, 15 pmol of each primer, 100 ng of template DNA 

and 1.5 U of Taq DNA polymerase (Promega, Madison). A general PCR program is given in 

Table 3. 

 
Table 3. General program for the polymerase chain reaction 

initial denaturing 94°C 30-240sec  

denaturing 94°C 15-45sec  

annealing 48-60°C 20-50sec 25-30 cycles 

elongation 72°C 40-180sec  

final elongation 72°C 60-600sec  

 
Table 4. References, sequences, annealing temperatures and target sites for primers used for PCR 

Trivial name  Sequence 5‘-3‘e Annealing 

temperatures 

Target site 

616V AGAGTTTGATYMTGGCTCAG 48-60°C 16S rRNA gene, 

8-27a 

Pla46F GGATTAGGCATGCAAGTC 58°C 16S rRNA gene, 

46-63a 

1390R GACGGGCGGTGTGTACAA 58°C 16S rRNA gene, 

1390-1407a 

630R CAKAAAGGAGGTGATCC 48-60°C 16S rRNA gene, 

1529-1545a 

1037R CGACAAGGAATTTCGCTAC 58°C 23S rRNA gene, 

1930-1948b 

amoA-1F GGGGTTTCTACTGGTGGT 55°C amoA, 332-349c 

amoA-2R CCCCTCKGSAAAGCCTTCTTC 55°C amoA, 802-822c 

amoA-3F GGTGAGTGGGYTAACMG 48°C amoA, 295-310c 

amoB-4R GCTAGCCACTTTCTGG 48°C amoB, 30-44d 
a 16S rRNA position, E.coli numbering (Brosius et al., 1978), b 23S rRNA position, E.coli numbering (Brosius et al., 1980), c amoA 
gene positions of Nitrosomonas europaea, d amoB gene positions of Nitrosococcus oceani C-107, e IUB code: K=G/T, M=A/C, 
S=C/G, Y=C/T 
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Duration of the different steps was set according to the length of the expected PCR fragments. 

Annealing temperatures were applied specific for each primer pair (Table 4). The optimal 

annealing temperature for the primer set Pla46F and 1390R was determined by using the thermal 

gradient function of the gradient cycler. 12 different annealing temperatures between 44-64°C 

were tested. Since the amplification efficiency for different templates in one sample can deviate, 

it is possible that the ratios of obtained amplification products does not match the ratio of applied 

templates. This bias increases with every amplification cycle (Suzuki et al., 1996). Thus the 

amount of PCR cycles was kept as low as possible. The presence and size of amplification 

products were determined by agarose (0.8% for large and 1.7% for small DNA fragments) gel 

electrophoresis of 5 µl aliquots of the PCR products. 

 

 

B4. Gel retardation amoA amplificates 

 

The gel retardation of amplified amoA fragments was performed in a Hoefer HE33 submarine 

gel electrophoresis unit (Pharmacia Biotech, Freiburg, Germany) with cooled base using a 

modification of the protocol published by Wawer et al. (1995). The 2% agarose gel consisted of 

35 ml 0.5 x TBE (0.0445 M Tris/HCl, 0.0445 M boric acid, 0.001 M EDTA, pH 8.3) and 0.7 g 

Nusieve 3:1 agarose. After cooling down the agarose mixture to 70°C, 35 µl of the DNA ligand 

bisbenzimide, to which long chains of polyethylene glycol 6000 are covalently coupled (Hanse 

Analytik Yellow; Hanse Analytik, Bremen, Germany), was added to the gel. The dye 

bisbenzimide binds preferentially to A + T rich sequence motifs in the DNA and retards them 

compared to DNA sequences with low A+T content. After poring, the gel was solidified in the 

dark. The electrophoresis was performed applying a voltage of 100V for 80 min with 0.5 x TBE 

as running buffer. After the run, the gel was stained with SYBR Green I (FMC BioProducts, 

Rockwell, US) nucleic acid stain (5 µl in 50 ml 0.5 x TBE) for 1 h in the dark. The bands on the 

gel were visualized using UV illumination (364nm) and cut out with a capillary. The gel 

fragments were resuspended in sterile H2O and reamplified.  
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B5. Cloning of PCR products 

 

B5.1 Transformation of PCR products 

 

The biofilm-derived rDNA PCR products were cloned by using the TOPO TA Cloning kit 

following the instructions of the manufacturer (Invitrogen, Groningen, The Netherlands). The 

major advantage of the TOPO TA cloning kit is that the duration of the ligation step mediated by 

vector-bound DNA-topoisomerases I can be reduced to 5 minutes. Furthermore, even with 

relatively large PCR products (5 kb) very high ligation and transformation efficiencies could be 

achieved. Other features of the pCR2.1-TOPO vector (included in the kit) are the lacZ operon 

with the multiple cloning site for an easy blue/white screening of clones and resistance genes for 

kanamycine and ampicilin. Plasmid-DNA was isolated with the Quiaprep spin miniprep kit 

(Quiagen, Hilden, Germany).  

 

B5.2 Screening of plasmids by restriction digestion 

 

After cloning of PCR fragments, plasmids with an insert of the expected size were identified by 

EcoRI digestion and subsequent agarose (0.8%) gel electrophoresis . All plasmids were 

additionally digested with “sure cutting” restriction enzymes (Mbo I, Alu 1) to obtain 

fingerprints of the cloned PCR fragments. To harvest a maximum diversity within the sequenced 

clones of one clone library, at least one plasmid of each unique restriction pattern was sequenced. 

All restriction enzymes used in this thesis were purchased at MBI Fermentas (St. Leon Roth, 

Germany). For restriction sites of the enzymes see Table 5.  

 

Table 5. Restriction enzymes and respective restriction sites 

Restriction enzyme Restriction sites 
Eco RI G↓AATTC 

Alu I AG↓CT 
Mbo I ↓GATC 
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B6. Determination of nucleotide sequences 

 

All sequencing in this thesis were performed according to the dideoxy method, also called chain 

termination method (Sanger et al., 1977), with the Thermo Sequenase Cycle Sequencing Kit 

(Amersham, Little Chalfont, United Kingdom) and an infrared automated DNA sequencer 

(model LiCor Longreadir DNA 4200, MWG - Biotech, Ebersberg, Germany). This sequencer 

uses the primer-labeling technique, where the primer added to the sequencing reactions is 

fluorescently labeled (IRD 800, MWG - Biotech, Ebersberg, Germany). For each sample four 

separated sequencing reaction each with one of the ddNTP terminators must be performed. The 

sequencing reactions are transferred on four lanes, for each base one, on a sequencing poly acryl 

amide (PAA) gel. The resulting pattern is read out by a computer program. Compared to the dye 

termination method, the main disadvantages of this technique are the low number of 

simultaneously applicable samples (12 with the configuration of the sequencers used in this 

thesis) and the gel run duration of 12 to 16h. However, the reading length of up to 1200 bases 

with high accuracy is most suitable for sequencing long DNA fragments like rRNA genes. 

 

Table 6. Standard amplification program used for sequencing 
initial denaturing 94°C 300sec  

denaturing 94°C 30sec 

annealing 45/60°C 30sec 
25-30 cycles 

final elongation 72°C 300sec  

 

Biofilm-derived rDNA, and amoA PCR products were cloned before sequencing as described in 

B5. PCR fragments amplified from pure culture were sequenced directly (without intermediate 

cloning). Sequencing reactions were amplified with a PTC 100 Thermocycler (MJ Research, 

Watertown, USA) used a standard amplification program listed in Table 6. For information about 

the applied sequencing primers see Table 7. 
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Table 7. Sequencing primers, their respective target sites and annealing temperatures  

Trivial name  Direction Sequence 5‘-3‘a Annealing 

temperatures 

Target site 

609V forward TTAGATACCCCDGTAGT 45°C 16S rRNA gene, 
785-806 

699R reverse AGGGTTGCGCTCGTTGC 45°C 16S rRNA gene, 
1099-1114 

630R reverse CAKAAAGGAGGTGATCC 45°C 16S rRNA gene, 
1529-1545b 

1035R reverse TTCGCTCGCCRCTAC 45°C 23S rRNA gene, 
242-256c 

1274V forward GCGTRCCTTTTGTAKAATG 45°C 23S rRNA gene, 
559-577c 

1020R reverse TCTGGGYTGTTYCCCT 45°C 23S rRNA gene, 
975-990c 

M13F (-20) forward GTAAAACGACGGCCAGT 60°C vector, 391-406 

M13R reverse CAGGAAACAGCTATGAC 60°C vector, 205-221 
a IUB code: D=A/G/T, K=G/T, R=A/G, Y=C/T 

 

B7. Phylogenetic inference 

 

The rRNA as part of ribosomes is ubiquitous in all cellular live forms and displays functional 

stability. It consists of regions with different level of conservation which allows to determine 

phylogenetic relationships from distantly related species as well as from highly related ones. 

These features make rRNA a very powerful phylogenetic marker (Woese, 1987; Ludwig et al., 

1998). However, rRNA represents not the only molecule suitable for phylogeny inference. For 

phylogenetic analysis of prokaryotes the elongation factor TU, recA, ribosomal proteine genes 

and the ATPase have successfully been analyzed (Liao and Dennis, 1994; Eisen, 1995; Brendel 

et al., 1997; Ludwig et al., 1998) For guilds of microorganisms genes encoding key enzymes of 

the respective physiotype (so-called functional genes) can be used for deducing evolutionary 

relationships. For example, the amoA gene and the dsrAB genes have been used to investigate the 

evolutionary history of ammonia oxidizers (Rotthauwe et. al., 1997) and sulfate-reducing 

prokaryotes (Wagner et al., 1998b; Klein et al., 2001), respectively.  

For phylogenetic analyses many computer programs and internet services are available, but the 

ARB program package (used in this thesis) developed at the Department of Microbiology at the 

Technical University Munich is one of the most powerful software packages (Strunk and 

Ludwig, 1997). Its sequence databases currently encompass about 22000 16S rRNA, and about 

1500 23S rRNA (all available in public data bases) entries. 
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Table 8. Basic description of treeing methods (from Ludwig et al., 1998) 

Distance matrix (neighbor joining) 

The basis of this method is the measuring of distances between 
sequences. These values are usually transferred into phylogenetic 
distances by a correction factor (various algorithms are available) 
The phylogenetic distances contain the phylogenetic and branch 
length information 

Maximum parsimony 
This method uses real sequence information. A tree is the most 
parsimoniest, if the minimum number of differences between the 
sequences is sufficient in account to put the species into a 
phylogenetic order. Branch length information is not available 

Maximum likelihood 

This most sophisticated of all treeing methods takes the whole 
sequence information into account. The applied models in this 
method use parameters like transition/tranversion ratios, back 
mutation etc. to calculate branch lengths. During tree reconstruction 
first basic trees with few species will be calculated. The one which 
is the most likely (shortest branch length between species) will be 
taken to add the next species. The new species will be put into all 
possible positions within the tree and again the most likely will be 
taken to go on with adding species. Trees are very reliable, but the 
high calculation efforts allow only limited amounts of species 

 

B7.1 Phylogenetic analysis of rRNA sequences 

 

New rRNA sequences were added to the respective 16S or 23S rRNA sequence data set of the 

ARB program package. While ISR sequences were not aligned, 16S and 23S rRNA sequences 

were aligned automatically using the respective tool of the ARB package (O. Strunk and W. 

Ludwig, http://www.arb-home.de). Subsequently, the alignments were corrected by visual 

inspection. Additionally, a combined 16S and 23S rRNA sequence database was generated 

including all members of the Planctomycetales for which 16S and 23S rRNA sequence 

information is available (Ward et al., 2000). Phylogenetic analyses of rRNA sequences were 

performed by applying neighbor-joining, ARB parsimony, and maximum likelihood analyses 

(Table 8) using the respective tools of the ARB and PHYLIP (Phylogeny Inference Package, 

version 3.57c; J. Felsenstein, Department of Genetics, University of Washington, Seattle) 

program packages and the fastDNAml program (Maidak et al., 1996). The composition of the 

data sets varied with respect to the reference sequences and the alignment positions included. 

Variabilities of the individual alignment positions were determined using the ARB package and 

were used as criteria for removing or including variable positions for phylogenetic analyses. 

Bootstrapping was performed using the PHYLIP parsimony tool (100x resampling). 



B Material and Methods 

 34

B7.2 Phylogenetic analysis of amoA sequences 

 

The amoA sequences were added to an ARB amoA sequence database which contains all 

publicly available amoA sequences. Deduced amino acid sequences were manually aligned using 

the editor GDE 2.2 (S. W. Smith, C. Wang, P. M. Gillevet, and W. Gilbert, Genetic Data 

Environment and the Harvard Genome Database, Genome Mapping and Sequencing, Cold 

Spring Harbor Laboratory) implemented in the ARB software package. Nucleic acid sequences 

were aligned according to the amino acid alignment. For facilitation of protein alignment more 

recent versions of the ARB software packages have the CLUSTALW alignment tool included 

(Thompson et al., 1994). To construct phylogenetic trees based on amino acid alignments, 

protein distances were inferred by using a maximum likelihood method implemented in the 

PROTDIST program, with the Dayhoff PAM 001 matrix as the amino acid replacement model. 

Trees were inferred from the distances by using FITCH with global rearrangements and 

randomized input order of species (PHYLIP, version 3.57c). In addition, protein maximum-

likelihood (using the JTT-f amino acid replacement model, computer science monographs, no. 

28, MOLPHY version 2.3; programs for molecular phylogenetics based on maximum likelihood, 

Institute of Statistics and Mathematics, Tokyo, Japan), protein parsimony (PHYLIP, version 

3.57c), and neighbor–joining methods (using the Dayhoff PAM 001 matrix as amino acid 

replacement model and the respective tool in the ARB program package) were applied. To 

perform amoA phylogenetic analysis on the nucleotide level, filters were constructed which 

allowed exclusion of the third codon position for phylogenetic analysis. Nucleotide-level 

phylogenetic analyses were performed by applying distance matrix, maximum-parsimony, and 

maximum-likelihood methods (Table 8) using the tools described above. Bootstrap analysis for 

protein-level (AmoA) and nucleotide-level (amoA,) phylogenetic analyses were performed for 

parsimony using the tool in the PHYLIP program package. For each calculation, 100 bootstrap 

resamplings were analyzed.  
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B8. Probe design 

 

Probes targeting rRNA were designed with the probe design tool of the ARB program package. 

Probe sequences as well as positions and qualities of mismatches of the suggested probes on the 

probe design output list to non target organisms were checked by the probe match tool of the 

ARB program package and manually in the ARB sequence editor. In some cases probes had to 

be adjusted by increasing their length or shifting their position on the alignment for few bases to 

increase their specificity. 

Probes targeting the intergenic spacer region between the 16S and 23S rDNA (ISR) of 

Candidatus “Brocadia anammoxidans” and Candidatus “Kuenenia stuttgatiensis”, respectively, 

were designed manually in the ARB editor according to the following criteria: (i) probes must 

not have overlapping target regions; (ii) GC content and length of the probeswere adjusted such 

that they possess comparable theoretical melting temperatures Tm (defined as temperature, 

where 50% of the probe have melted of the target region) to allow their simultaneous application; 

(iii) tRNA coding regions must not be used for probe design. All ISR targeting probes were 

checked against the ARB 16S and 23S rRNA datasets as well as against all nucleotide databases 

via the BLAST similarity search tool (http://www.ncbi.nlm.nih.gov/BLAST; Altschul et al., 

1990) to exclude unexpected false positive results. 

 

 

B9. Fluorescence in situ hybridization 

 

Fluorescence in situ hybridization (FISH) using rRNA-targeted oligonucleotide probes was first 

introduced for identification of microorganisms 1989 (De Long et al., 1989) and subsequently 

found widespread application in environmental microbiology (e.g. Amann et al., 1990; Amann et 

al., 1995; Manz et al., 1992; Wagner et al., 1994a; Wagner et al., 1998a). The oligonucleotides 

used in this method usually have a length between 18 and 22 nucleotides and target regions on 

the rRNA with different evolutionary conservation. Therefore, the specificity of the probes can 

be adjusted ranging from the domain to the species level (high conservation of the target site – 

broad specificity and vice versa). For adjusting the stringency in FISH experiments formamide is 

applied to the hybridization buffer, which destabilizes the DNA(probe)-RNA(target) hybrid 
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(1,7% formamide in the hybridization buffer has the same effect as increasing the hybridization 

temperature by 1°C).  

Probes were purchased as Cy3, Cy5 and 5(6)-carboxyfluorescein-N-hydroxysuccinimide ester 

(FLUOS) labeled derivatives from ThermoHybaid/Interactiva division (Ulm, Germany). 

Hybridizations were performed as described by Amann (1995). Simultaneous hybridization with 

probes requiring different stringency was realized by a successive-hybridization procedure 

(Wagner et al., 1994a). Optimal hybridization conditions for newly designed probes were 

determined by using the hybridization and wash buffers described by Manz et al. (1992) The in 

situ probe dissociation temperatures were evaluated by measuring the relative fluorescence 

intensity of bacteria after hybridization at different stringencies as described by Daims et al. 

(1999). For information about previously published probes used in this study, please refer to 

Table 9. 
 
 
Table 9. Previously published oligonucleotide probes used in this thesis with probe sequences, specificity, target 
sites, formamide concentrations in the hybridisation buffer as well as NaCl concentrations in the washing buffer 
required for specific in situ hybridisation 

Trivial name (if 

available); 

(reference) 

OPDa designation Specificity Sequence 5’-3’ 

% 

Formamide/ 

mM [NaCl] b 

Target sitec 

ACA 23a 
(Wagner et al., 
1994b) 

S-P-Acin-0652-a-A-18 Acinetobacter sp. ATCCTCTCCCATACTCTA 35/80 16S, 652-669 

Act 1458 (Rabus 
et al., 1999) 

S-P-AzTh-0338-a-A-21 Azoarcus/Thauera GAATCTCACCGTGGTAAGCGC 50/28 
16S, 1458-

1479 
Alf968 (Neef, 
1997) 

S-P-Alf-0968-a-A-18 Alphaproteobacteria GGTAAGGTTCTGCGCGTT 20/225 16S, 968-985 

Bet42a (Manz et 
al., 1992) 

L-P-Bet-1027-a-A-17 Betaproteobacteria GCCTTCCCACTTCGTTT 35/80 
23S, 1027-

1043 
CF319a (Wagner 
et al., 1994a) 

S-P-CF-0319-a-A-18 
Cytophaga/ 
Flavobacterium 

TGGTCCGTGTCTCAGTAC 35/80 16S, 319-336 

CNIT3 (Wagner 
et al., 1996) 

S-G-Nbac-1035-b-A-18 Competitor to NIT3 CCTGTGCTCCAGGCTCCG 35/80 
16S, 1035-

1052 

Cted) (Schleifer et 
al., 1992) 

S-G-Cte-659-a-A-18 

Comamonas spp., 
Acidovorax spp., 
Hydrogenophaga spp., 
Aquaspirillum spp. 

TTCCATCCCCCTCTGCCG 20/225 16S, 659-676 

Eub338 (Amann 
et al., 1990) 

S-D-Bact-0338-a-A-18 Bacteria GCTGCCTCCCGTAGGAGT 0/900 16S, 338-355 

Eub338II (Daims 
et al., 1999) 

S-D-Bact-0338-a-A-18 
Bacterial lineages not 
covered by probe 
EUB338 

GCAGCCACCCGTAGGTGT 0/900 16S, 338-355 

Eub338III (Daims 
et al. 1999) 

S-D-Bact-0338-a-A-18 
Bacterial lineages not 
covered by probe 
EUB338 and EUB338II 

GCTGCCACCCGTAGGTGT 0/900 16S, 338-355 
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Euk 516 (Amann 
et al.,1995) 

S-D-Euk-0516-a-A-16 Eucarya ACCAGACTTGCCCTCC 0/900 18S, 516-531 

Gam42a (Manz et 
al., 1992) 

L-P-Gam-1027-a-A-17 Gammaproteobacteria GCCTTCCCACATCGTTT 35/80 
23S, 1027-

1043 
Hgc69a (Roller et 
al., 1994) 

L-P-HGC-1901-a-A-18 Actinobacteria TATAGTTACCACCGCCGT 25/159 
23S, 1901-

1918 

Neu (Wagner et 
al., 1995)  S-*-Neu-0653-a-A-18 

Halophilic and 
halotolerant 
Nitrosomonas sp. 

CCCCTCTGCTGCACTCTA 40/56 16S, 653-670 

NIT 3 (Wagner et 
al., 1996) S-G-Nbac-1035-a-A-18 genus Nitrobacter sp. CCTGTGCTCCATGCTCCG 35/80 16S, 1035-

1052 
NmV (Juretschko 
et al., 1998) S-S-Ncmob-0174-a-A-18 Nitrosococcus mobilis TCCTCAGAGACTACGCGG 35/80 16S, 174-191 

Nsm156 (Mobarry 
et al., 1996)  S-G-Nsm-0155-a-A-19 genus Nitrosomonas TATTAGCACATCTTTCGAT 5/636 16S, 156–174 

Nso1225 
(Mobarry et al., 
1996) 

S-P-Betao-1225-a-A-20 
ammonia oxidizers of 
the Betaproteobacteria 

CGCCATTGTATTACGTGTGA 35/80 
16S, 1225-

1244 

Nso 190 (Mobarry 
et al., 1996) 

S-P-Betao-0190-a-A-19 
ammonia oxidizers of 
the Betaproteobacteria 

CGATCCCCTGCTTTTCTCC 55/20 16S, 190-208 

Nsv 443 (Mobarry 
et al., 1996) S-F-Nsp-0444-a-A-19 Nitrosospira-cluster CCGTGACCGTTTCGTTCCG 30/112 16S, 444-462 

- (Daims et al., 
2001) S-G-Ntspa-0662-a-A-18 genus Nitrospira sp. GGAATTCCGCGCTCCTCT 35/80 16S, 662-679 

Lgca (Meier et al., 
1999) 

S-P-LGC-0354-a-A-18 Firmicutes TGGAAGATTCCCTACTGC 20/225 16S, 354-371 

Lgcb (Meier et al., 
1999) 

S-P-LGC-0354-b-A-18 Firmicutes CGGAAGATTCCCTACTGC 20/225 16S, 354-371 

Lgcc (Meier et al., 
1999) 

S-P-LGC-0354-c-A-18 Firmicutes CCGAAGATTCCCTACTGC 20/225 16S, 354-371 

PAO651 (Crocetti 
et al., 2000) 

S-*-PAO-0651-a-A-18 
Phosphate accumulating 
bacteria affiliated to 
Rodocyclus 

CCCTCTGCCAAACTCCAG 35/80 16S, 651-668 

Pla46 (Neef et al., 
1998) 

S-P-Planc-0046-a-A-18 Planctomycetales GACTTGCATGCCTAATCC 25/159 16S, 46-63 

Sna 23a (Wagner 
et al., 1994a) 

S-S-Sna-0656-a-A-18 
Sphaerotilus natans and 
relatives  

CATCCCCCTCTACCGTAC 45/40 16S, 656-673 

Zra 23a (Rosello-
Mora et al., 1995) 

S-S-Zora-0647-a-A-18 Zoogloea ramigeraT CTGCCGTACTCTAGTTAT 35/80 16S, 647-664 

- (Strous, 2000) S-*-Amx-0156-a-A-18 
Candidatus. “B. 
anammoxidans” CGGTAGCCCCAATTGCTT 40/56 16S, 156-173 

- (Strous, 2000) S-*-Amx-0223-a-A-18 
Candidatus. “B. 
anammoxidans” GACATTGACCCCTCTCTG 40/56 16S, 223-240 

- (Strous, 2000) S-*-Amx-0432-a-A-18 
Candidatus. “B. 
anammoxidans” CTTAACTCCCGACAGTGG 40/56 16S, 432-449 

- (Strous, 2000) S-*-Amx-0613-a-A-22 
Candidatus. “B. 
anammoxidans” CCGCCATTCTTCCGTTAAGCGG 40/56 16S, 613-634 

- (Strous, 2000) S-*-Amx-0820-a-A-22 

Candidatus. “B. 
anammoxidans” and 
Candidatus. “K. 
stuttgartiensis” 

AAAACCCCTCTACTTAGTGCCC 40/56 16S, 820-841 

- (Strous, 2000) S-*-Amx-0997-a-A-21 
Candidatus. “B. 
anammoxidans” TTTCAGGTTTCTACTTCTACC 20/225 16S, 997-1017 

- (Strous, 2000) S-*-Amx-1015-a-A-18 
Candidatus. “B. 
anammoxidans” GATACCGTTCGTCGCCCT 60/14 16S, 1015-

1032 

- (Strous, 2000) S-*-Amx-1154-a-A-18 
Candidatus. “B. 
anammoxidans” TCTTGACGACAGCAGTCT 20/225 16S, 1154-

1171 
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- (Strous, 2000) S-*-Amx-1240-a-A-23 
Candidatus. “B. 
anammoxidans” TTTAGCATCCCTTTGTACCAACC 60/14 16S, 1240-

1262 

- (Juretschko et 
al., 2002) 

S-*-Zora-1414-a-A-20 
Zoogloea ramigeraT and 
affiliated molecular 
isolates 

TTCTGGTAAACCCCACTCCC 25/159 
16S, 1414-

1433 

a)Oligonucleotide probe database (Alm et al., 1996), b) Formamide in the hybridization buffer and [NaCl] in the washing buffer, respectively. c) 

rRNA positions, E. coli numbering (Brosius et al., 1981), d) Probe also used together with NEU as unlabeled competitor, e) Probe used as 

unlabeled competitor together with NIT 3. 

 

 

B10. Confocal laser scanning microscopy 

 

Compared to conventional epifluorescence microscopy the major advantage of confocal laser 

scanning microscopy (CLSM) is that light of a single focal plane can be acquired. Since the 

intensity of the emitted light of one focal plane is normally very low the fluorescently labeled 

sample has to be exited by monochromatic laser light. The focal plane of the sample is scanned 

in two dimensions. The emitted light from each spot is projected through a pinhole onto a 

detector and enhanced by a photo multiplier The pinhole eliminates scattered light and light 

emitted from above or below the focal plane. The thickness of the focal plane can be adjusted by 

changing the diameter of the pinhole. By moving the object desk up and down it is possible to 

scan different optical planes of the sample. These optical planes (or slices) can be combined by 

image analysis software to a 3D presentation.  

During this thesis image acquisitions were performed with a Zeiss LSM 510 laser scanning 

confocal microscope (Zeiss, Jena, Germany) together with the standard software package 

delivered with the instrument (version 2.1). The CLSM was equipped with a UV laser (351 and 

364 nm), an Ar ion laser (458 and 488 nm) and two HeNe lasers (543 and 633nm) as well as long 

pass and band pass filters for the emission wavelengths of the dyes used in this thesis.  
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B11. Image analysis 

 

For image analysis several computer programs were developed in C, Microsoft Excel and for the 
Carl Zeiss Vision Kontron KS400 (version 3.1) and applied (Table 10). All programs are 
available on request. 
 
Table 10. Description of programs used in this thesis. 

 
Program name 

 
Reference Program type Description 

3DVASD this thesis 
Kontron KS 

400 macro 

3DVASD - 3 Dimensional Volume and Surface Determination 

3D image stacks acquired with the CLSM are processed to a 
complete 3D reconstruction. After setting a threshold (pixels with 
intensitiesa below this value are not considered for further 
calculations) the gaps between the optical slices were extrapolated 
by enlargement of all pixels of each single slice by half of the 
slice distance in both directions of the z-axis. These 3D pixels are 
so-called voxels. Non-stained enclosures within the aggregate 
structure are filled out by the software. All voxels which form a 
connected structure are counted and multiplied by the volume of 
one voxel (dimension of a pixels in x- and y-direction and the 
slice distance in µm). The overall surface of an aggregate is 
determined by adding voxel surfaces, which do not touch other 
voxels. 

Purpose: 3D volume and surface measurement of aggregates 

Output: Volume and surface area of aggregates 

DfDist This thesis C program 

For each measurement 20 random confocal optical biofilm section 
images (thickness 1 µm) are processed with pixel intensity 
threshold values (0, 25, 50, 75, 100, 125, 150, 175, 200, 225, 250a, 
see 3DVASD).For each threshold value the distances of all pixels 
to each other are measured. However, this process requires 
immense calculation power. Therefore, images exceeding 50.000 
pixels after setting the threshold are not considered. 

Purpose: Calculation of the fractal dimension Df of aggregates 
(first part) 

Output: Text files for each threshold value with distances 

DfCal This thesis 
MS Excel 

macro 

This program reads the output files of DfDist and correlates the 
distance values for each threshold (Thill et al., 1998). The size 
range of objects which are considered for the calculation of the 
fractal dimension Df can be set interactively choosing a range of 
distances (e.g. 10-250 µm for microbial aggregates). The Df for 
each threshold is calculated. 

Purpose: Calculation of the fractal dimension Df of aggregates 
(second part) 

Output: Df for each threshold value 
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RAM 

Schmid et 

al. 2000; 

Daims et 

al., 2001 

Kontron KS 

400 macro 

RAM – Relative Area Measurement 

The program determines for optical sections the ratio of the area 
of cells stained with a specific probe to the area of cells labeled 
with a general probe (e.g. the bacterial probe set EUB338, 
EUB338-II, EUB338-III) or DNA stains like SYBR Green I(FMC 
Bioproducts, Rockland) or 4,6-diamidino-2-phenylindole (DAPI). 
For each measurement, analysis of 20 randomly recorded optical 
sections (magnification of 400)  of slides completely covered with 
biofilm material is generally sufficient to obtain statistically 
significant data (Bouchez et al., 2000).  

Purpose: Quantitative in situ analysis of the composition of 
microbial communities 

Output: Ratio of the area of cells stained with a specific probe to 
the area of cells stained with a general probe or a DNA-staining 
dye 

SIM 
Daims et 

al., 1999 

Kontron KS 

400 macro 

SIM – Signal Intensity Measurement 

This program measures intensities of object on images. The size 
range of these objects is set interactively on screen by choosing 
the largest and smallest object which should be considered. 
Objects identified as artifacts can be removed on screen and will 
not be included in the computation. 

Purpose: Determination of optimal probe stringency by 
measuring of probe intensities in a formamide row. 

Output: Mean intensity of all objects and single object intensities 
for each image 

SIIM This thesis 
Kontron KS 

400 macro 

SIIM Split Image Intensity Measurement 

A high resolution image (2048x2048 pixels) is split into squares 
of 256x256 pixels. Subsequently, the ratio of all pixels (no 
threshold applied) to the total amount of pixels is calculated. 

Purpose: Determination of a distribution profile of organisms on 
image 
 

Output: List of ratios of stained to total amount of pixels of the 
squares 

SIAM This thesis 
Kontron KS 

400 macro 

SIAM Split Image Area Measurement 

A high resolution images (2048x2048 pixels) is split into squares 
of 256x256 pixels. Subsequently, the mean intensity of all pixels 
in each square is measured. 

Purpose: Determination of an activity profile of organisms on a 
digital image 
 

Output: List of mean intensities of the squares 
a) Pixels from 8 bit images can have grey (intensity) values from 0 to 255 
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C Results 
 
C1. Characterization of activated sludge flocs 

(published in Schmid et al., submitted) 
 

During this thesis a new approach was developed and evaluated to characterize biovolume, 

heterogeneity and the microbial community composition of activated sludge flocs by using 

confocal laser scanning microscopy and digital image analysis. To identify floc parameters 

which differ between flocs with good and bad settling ability, bad settling activated sludge flocs 

were enriched from activated sludge of three different waste water treatment plants (wwtp). 

Subsequently, floc architecture as well as the microbial community composition of the flocs 

were determined and compared to the respective original activated sludge.  

 

C1.1 Evaluation of the 3D volume measurement 

 

For 3D volume and surface measurement of biological aggregates by confocal laser scanning 

microscope a well-suited staining procedure for activated sludge flocs was developed. 

Furthermore, the available set of tools implemented in the software package Kontron KS400 

(Carl-Zeiss Vision; version 3.1) was complemented by the newly developed macro 3DVASD 

(for specifications see Table 10). This macro measures the volume and surface area of distinct 

particles on 3D image stacks. 

The time required for sample treatment (staining with fluoresceine isothiocyanide FITC and 

wash steps) and image acquisition (without data analysis) was approx. 7 hours for a single 

sample. Transport and storage of activated sludge samples might influence the number, shape, 

and volume of the activated sludge flocs. Thus, the influence of sample storage was investigated 

by keeping an activated sludge sample for 6 hours, 1, 2, 3 and 5 days at 4°C, respectively. An 

aliquot was stained and observed immediately after sampling. No pronounced changes in 

measured floc parameters could be observed during storage. 

To determine the number of flocs which need to be analyzed to get a reliable statistical floc 

volume distribution, the volumes of 600, 3000, 6000, and 15000 randomly selected flocs 

originating from the same activated sludge sample (Dietersheim wwtp) were measured. While 

floc volume distributions deviated significantly for less than 6000 acquired flocs, they were 
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almost identical for 6000 and 15000 acquired flocs. 6000 flocs correspond to about 75 confocal 

images. 

In the next step, the largest distance between two 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 1 µm distance intervals between the optical 

sections (distances <1 µm 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 µm. The use of section distances of 1, 2, and 4 µm resulted in only marginal 

variations in the determined floc volumes and distributions. The total volumes of all measured 

flocs using 1, 2, and 4 µm section distance, respectively, differed only by 3.5%. However, 

increase of section distance to 8 µm led to significant alterations of floc volumes and 

distributions.  

 

C1.2 Physical floc properties  

 

The physical floc properties were determined for the semitechnical plant in Großlappen and the 

Dietersheim wwtp. Generally, the small flocs were most abundant [below 256 µm3 (diameter of 

about 9 µm)], while the large ones comprised almost the complete volume [above 131073 µm3 

(diameter above about 140 µm)]. The poor settling flocs remaining in the supernatant after 20 

minutes of settling in Dietersheim were slightly more voluminous and the abundance of small 

flocs decreased. In contrast, the poor settling flocs in Großlappen showed a shift to smaller 

volumes in the larger volume classes [above 131073µm3 (diameter above about 140 µm)]. A 

significant increase in the number of small flocs was not visible. 

In both plants, the fractal dimension (Df) of the poor settling flocs had mean values  (1.9 for 

Großlappen and 1.8 for Dietersheim) lower than the Df of the original sludge flocs (2.2 for 

Großlappen and 2.1 for Dietersheim), indicating that the poor settling flocs were more 

heterogeneous. This finding was  also supported by measurement of the ratio of the floc surface 

to the surface of a sphere with an identical volume (Sfloc/Ssphere), which showed a marked increase 

for poor settling flocs in both plants.  
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C1.3 Chemical composition of activated sludge  

 

The chemical composition of the solids was determined in the activated sludge samples from the 

wwtps Großlappen (high load stage), Dietersheim (high load stage) and Poing (Table 1 section 

B). In all plants the relative carbohydrate 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. 

 

C1.4 Microbial population structure of activated sludge flocs 

 

Group-specific probes listed in Table 9 were applied to investigate the microbial population 

structure of the activated sludge of the wwtps Großlappen (high load stage), Dietersheim (high 

load stage) and Poing by FISH. Activated sludge from all three plants was dominated by 

Betaproteobacteria and Actinobacteria. In Poing also Firmicutes were numerous. In medium 

amounts, members of the Alpha- and Gammaproteobacteria could be detected in Dietersheim 

and Poing. Bacteroidetes and Planctomycetes played only a minor role in these two sludges. The 

Großlappen sludge contained the most heterogeneous bacterial population and a relatively high 

proportion of the bacteria could not be identified by any of the probes applied (18%).  

After enrichment for poor settling sludge two major shifts in the population could be observed in 

the Dietersheim sludge. The Betaproteobacteria decreased from about 62% to 40%, and the 

percentage of Alphaproteobacteria was only about half of the original (about 15% to 7%).  

In poor settling sludge from Großlappen 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. This increase was most significantly 

for Gammaproteobacteria (from about 6% to 12%). 

In the poor settling flocs from Poing the abundance of Actinobacteria dropped significantly 

(from 35% to 10% of all bacteria detected with the EUB probe mixture) after enrichment for 

poor-settling flocs. A large fraction (about 25%) of the bacterial population in the poor settling 

flocs could be detected only with the EUB probe mixture and must thus be affiliated with 

bacterial lingeages for which no specific probes were applied.  
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Additionally, a general shift in the filament index to higher values (from 2 to 4 for Dietersheim 

and Großlappen, and from 3 to 5 for Poing, respectively) could be observed for all wwtps after 

enrichment for poor settling flocs. 

 

 

C2. Characterization of the of the population structure and distribution in aerobic 

granular sludge 

 

Since aerobic granular sludge shows an excellent settling ability, they could be an alternative to 

conventional activated sludge systems. The aim of this study was to investigate for the first time 

the microbial community composition of aerobic granular sludge and to link the obtained data 

with physiological properties of the granules. A sequencing batch reactor (SRB) with alternating 

anaerobic/aerobic conditions was used to produce the granules. The reactor was operated in 

sequencing batch mode with alternating aerobic/anaerobic phases and was fed with synthetic 

wastewater, containing glucose as major carbon source and peptone as the organic nitrogen 

source. 

 

C2.1. Physiological properties of the aerobic granular sludge 

 

In the reactor ammonia was usually degraded up to 100 %. During the cycle nitrite and nitrate 

were detectable only in very low concentrations (0.23 and 0.02 mg/l, respectively). 30-35 % of 

the COD reduction occurred in the anaerobic phase and a removal efficiency between 88 and 

96% could be observed usually. The phosphate removal ranged from 24 % (in the first weeks 

after start-up) to 78%. 

 

C2.2 Microbial population composition of the aerobic granular sludge  

 

C2.2.1 Investigation of the microbial population structure by FISH  
 

Initially, granules were analyzed using a previously published set of rRNA-targeted 

oligonucleotide probes for fluorescence in situ hybridization (FISH, Table 9). Almost all (>99%) 

of the bacteria in the granules were detectable by FISH as demonstrated by simultaneous staining 
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with the EUB338 probe set and the nucleic acid stain SYBRGreen. The aerobic granular sludge 

was dominated by Betaproteobacteria (88,8% +/- 1,6%). In addition isolated microcolonies of 

Gammaproteobacteria (5,7% +/- 3,3%) were observed. However, other group specific probes for 

the detection of Alphaproteobacteria, Firmicutes, Actinobacteria, Cytophaga/Flavobacterium 

and, Planctomycetales as well as the probe specific for Eucarya did not hybridize significantly 

(all below 1% of all detectable organisms). In an attempt to refine this analysis many genus or 

species specific probes were applied in addition (Table 9), but none of these probes yielded a 

detectable signal in the aerobic granular sludge. 

 

C2.2.2 Determination of the microbial population structure by the full cycle 16S rRNA 

approach 

 

For high resolution analysis of the microbial population structure aerobic granular sludge derived 

DNA was utilized as template for PCR-mediated amplification of almost full-length 16S rRNA 

gene fragments. Obtained amplificates were cloned and from the resulting clone library 32 clones 

were sequenced. These clones were classified into operational taxonomic units (OTUs) which 

each encompass clones which share 97% or more sequence similarity with each other. Applying 

this criterion, the 32 molecular isolates from the granules could be assigned to 10 OTUs. 6 out of 

10 OTUs consisted of only one clone. Consequently, the 32 clones analyzed were estimated to 

represent 81% of the OTUs deposited within the library according to the following formula 

(Giovannoni et al., 1995; Singleton et al., 2001):  

 

Ccoverage = [1-(n1/N)] x 100%  = [1-(6/32] x 100% = 81% 

 

n1 = number of OTUs represented by only a single clone 

N = total number of clones analyzed 

 

14 of the 32 clones were phylogenetically affiliated to the type strain of Zoogloea ramigeraT 

(ATCC 19544; Unz, 1971, Figure 13) However, no positive hybridization signal within the 

granules was observed after application of the oligonucleotide probe Zra 23a (Table 9) described 

to be specific for Zoogloea ramigeraT (Rossello-Mora et al., 1995) Analysis of the Zoogloea 

ramigeraT related clone sequences revealed, that none of them possessed a fully complementary 
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target site of probe Zra 23a. Thus the recently designed oligonucleotide probe S-*-Zora-1414-a-

A-20 (Juretschko et al., 2002; Table 9) specific for Zoogloea ramigeraT , which also targeted the 

clones obtained from the aerobic granules without a mismatch, was applied. FISH with probe S-

*-Zora-1414-a-A-20 revealed that Zoogloea ramigeraT-like organisms represented the majority 

of the bacterial population of the aerobic granules (88,4% +/- 4,1%, Figure 14 A).  

Table 11. Oligonucleotide probes developed and applied in this thesis. 

OPDa designation Specificity Sequence 5‘-3‘ Target site 
% 

Formamide/ 
mM NaCle 

I-*-Ban-0071(B.anam.)-a-A-18 Candidatus “Brocadia 
anammoxidans” CCCTACCACAAACCTCGT ISR, 71-88b 10/450 

I-*-Ban-0108(B.anam.)-a-A-18 Candidatus “Brocadia 
anammoxidans” TTTGGGCCCGCAATCTCA ISR, 108-125b 10/450 

I-*-Ban-0222(B.anam.)-a-A-19 Candidatus “Brocadia 
anammoxidans” GCTTAGAATCTTCTGAGGG ISR, 222-240b 10/450 

I-*-Ban-0389(B.anam.)-a-A-18 Candidatus “Brocadia 
anammoxidans” GGATCAAATTGCTACCCG ISR, 389-406b 10/450 

I-*-Kst-0031(K.stutt.)-a-A-18 Candidatus “Kuenenia 
stuttgartiensis” ATAGAAGCCTTTTGCGCG ISR, 31-48b 10/450 

I-*-Kst-0077(K.stutt.)-a-A-18 Candidatus “Kuenenia 
stuttgartiensis” TTTGGGCCACACTCTGTT ISR, 77-94b 10/450 

I-*-Kst-0193(K.stutt.)-a-A-19 Candidatus “Kuenenia 
stuttgartiensis” CAGACCGGACGTATAAAAG ISR, 193-211b 10/450 

I-*-Kst-0288(K.stutt.)-a-A-20 Candidatus “Kuenenia 
stuttgartiensis” GCGCAAAGAAATCAAACTGG ISR, 288-297b 10/450 

S-S-Ban-0162(B.anam.)-a-A-18f Candidatus “Brocadia 
anammoxidans” CGGTAGCCCCAATTGCTT 

16S rRNA 
insertion 

 
40/56 

L-*-Amx-1900-a-A-21 
Both anaerobic 

ammonium oxidizing 
bacteria  

CATCTCCGGCTTGAACAA 23S rRNA, 1900-
1483c 30/112 

S-S-Kst-0158-a-A-18 Candidatus “Kuenenia 
stuttgartiensis” GTTCCGATTGCTCGAAAC 

16S rRNA 
insertion 

 
25/159 

S-*-Kst-1275-a-A-20 Candidatus “Kuenenia 
stuttgartiensis” TCGGCTTTATAGGTTTCGCA 16S rRNA, 1275-

1294 25/159 

S-*-Clta-0467-a-A-18 
Aerobic granules 

derived clones affiliated 
to Tolumonas auensis 

ACGTCAATGTTGATGCGT 16S rRNA, 467-
484 15/318 

a Oligonucleotide probe database (Alm et al., 1996),b Position of intergenic spacer region (ISR) with regard to the respective target organism, c 

23S rRNA position, E.coli numbering (Brosius et al., 1980),  d16S rRNA position, E.coli numbering (Brosius et al., 1978), e % Formamid in the 
hybridization buffer and mM NaCl in the washing buffer, respectively, required for specific in situ hybridization.  

 

On basis of several 16S rRNA gene sequences related to the Gammaproteobacterium Tolumonas 

auensis probe S-*-Clta-0467-a-A-18 was designed (Table 11). Probe S-*-Clta-0467-a-A-18 has 

one mismatch to Tolumonas auensis and at least three mismatches to all other 16S rRNA gene 

sequences in the database. The optimal stringency for probe S-*-Clta-0467-a-A-18 was 

determined by recording an in situ probe dissociation curve by varying the formamide and salt 

concentrations in the hybridization and wash buffer as described by Manz et al., 1992 and Daims 

et al., 1999. Applying stringent hybridization conditions (15% formamide in the hybridization  

 



C Results 

 47

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 13 Phylogenetic 16S rRNA gene tree reflecting the relationship of 32 aerobic granule clones (labeled R2WGA) 
and reference organisms belonging to different phylogenetic groups (indicated by brackets) within the Bacteria. The 
tree was constructed by creating a scaffolding tree of full sequences by the maximum-likelihood method and a 
subsequent adding of shorter sequences. The bar represents 10% sequence divergence. 
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Fig. 14. A. In situ identification of Zoogloea ramigera-like organisms (probe S-*-Zora-1414-a-A-20 labeled with Cy5, Table 9), 
Betaproteobacteria (Bet 42a labeled with Fluos) and Gammaproteobacteria (Gam 42a labeled with Cy3, Table 9) in a 
cryosection of an aerobic granule. Zoogloea ramigera-like organisms appear turquoise because of overlapping labels. B: In situ 
identification of Tolumonas auensis-like organisms in a cryosection of an aerobic granule by simultaneous hybridization with 
probe S-*-Clta-0467-a-A-18 (labeled with Cy3; Table 11), Bet 42a (Table 9) specific for Betaproteobacteria (labeled with Fluos) 
and Gam 42a (Table 9) specific for Gammaproteobacteria (labeled with Cy5). Tolumonas auensis-like organisms appear purple 
due to overlapping labels. 
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buffer and 318 mM NaCl in the washing buffer, respectively), probe S-*-Clta-0467-a-A-18 

stained about 5% of the bacteria detectable by FISH and demonstrated that Tolumonas auensis-

like organisms were forming the cell clusters of Gammaproteobacteria within the aerobic 

granules (Figure 14 B). 

Surprisingly, ammonia oxidizing bacteria were not detected by FISH with probes Nso1225 and 

Nso190 both specific for betaproteobacterial ammonia oxidizers. Also sequences of them were 

not present in the clone library. However, the aerobic granular sludge showed ammonia 

oxidizing activity. Thus inhibition experiments using 2,4 dinitrophenol, which inhibits all 

organisms, were performed. A decrease of ammonia oxidation activity indicated its biological 

origin. Further tests with allyl-thio-urea, which specifically inhibits ammonia oxidizing bacteria, 

will reveal whether the aerobic ammonia oxidation in the granules is autotrophic or 

heterotrophic. 

 

C2.2.3 Spatial distribution of “active” microorganisms within the granule 

 

It could be demonstrated by using the SIIM macro (Table 10) that the cells immobilized at the 

surface of the granules had the highest ribosome content possibly indicating maximum microbial 

activity at the surface of the granules. Deeper inside the granules the bacteria possessed a 

significantly reduced ribosome content possibly caused by limited substrate availability. In 

accordance with a high surface activity maximum cell densities (SIAM macro, Table 10) were 

recorded at the surface region of the granules.  

 

 

C3.  Phylogenetic analysis and fluorescence in situ hybridization of aerobic ammonia 

oxidizing bacteria 

 

C3.1 The ammonia oxidizing population of the wastewater treatment plant in Kraftisried 

(published in Juretschko et al., 1998) 
 

The industrial waste water treatment plant in Kraftisried (Allgäu, Germany) receives sewage 

from an animal waste processing plant. The decay of protein-rich material causes a high 

ammonium load in the influent, which can reach up to 5000 mg/l. The sewage is treated in one 
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intermittently aerated basin. This method creates oxic and anoxic zones to support nitrification as 

well as denitrification. Due to this plant design, the removal N compound reached up to 90 % 

during the time this experiments were performed.. 

 

C3.1.1 In situ characterization of the population structure of ammonia oxidizing bacteria 

 

The composition of the nitrifying consortium in the activated sludge of the Kraftisried waste 

water treatment plant was analyzed by fluorescence in situ hybridization with a set of previously 

published probes by S. Juretschko (Juretschko et al., 1998). 16 to 20% of the total number of 

cells (determined by DAPI staining) were assigned to the genus Nitrosomonas of 

betaproteobacterial ammonia oxidizers by simultaneous hybridization with probes Nso190, 

Nsm156, and NEU (Table 9). 99% of the ammonia oxidizers detectable with probe NEU 

hybridized also with the N. mobilis-specific probe NmV. A minor amount of bacteria hybridized 

exclusively with either probe NEU or probe NmV.  

 

C3.1.2 Comparative amoA sequence analysis  

 

Two ammonia oxidizer strains (Nm93 and Nm103) were isolated by G. Timmermann from the 

Kraftisried wwtp. Strains Nm 93 and Nm 103 were identified by comparative 16S rRNA 

sequence analysis (performed by S. Juretschko) as Nitrosococcus mobilis and Nitrosomonas 

europaea, respectively. A 665-bp fragment of the amoA gene of both ammonia oxidizer isolates  

was PCR-amplified with the primer set described to be able to amplify all betaproteobacterial 

ammonia oxidizers by Sinigalliano et al. (1995). Nucleic acid sequence analysis of both amoA 

fragments revealed that the sequence of isolate Nm103 was identical to that of the corresponding 

amoA fragment of N. europaea Nm50  and unexpectedly displayed only a single base 

substitution compared to the sequence of isolate Nm93 (99.8% sequence similarity). Initially, the 

primer set published by Sinigalliano et al., (1995) was also applied for direct  analysis of AOB 

diversity in the Kraftisried waste water treatment plant. However, no amplification product was 

obtained in these experiments. To enhance the sensitivity of the amoA PCR, an additional inner 

primer pair for nested amplification of amoA from N. europaea was designed (expected fragment 

size of 625 bp). The nested PCR products retrieved from the activated sludge were used to 
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generate an amoA gene library. All 13 randomly selected clones showed high similarities to N. 

europaea Nm50 (>99%). 

After revaluating the primer pair published by Sinigalliano et al. (1995) with a refined data set 

for the amoA gene (Purkhold et al., 2000), it became obvious that these primers only amplified 

the amoA of Nitrosomonas europaea. Thus the amoA gene from isolates Nm93 and Nm103 as 

well as Kraftisried activated sludge was also amplified with a primer set published by Rotthauwe 

et al. (1997). This primer set was also on the basis of new amoA data specific for all 

betaproteobacterial ammonia oxidizers (Purkhold et al., 2000). Nm103 amoA and 2 clones 

derived from the activated sludge showed high similarities with N. europaea. However, Nm93 

amoA and 7 activated sludge clones were almost identical with the amoA gene of the type strain  

of Nitrosococcus mobilis Nc2. 

 

 

C3.2 AmoA based phylogenetic analysis of the ammonia oxidizer population in waste 

water treatment plants  

(pulished in Purkhold et al., 2000) 

 

AmoA PCR products (using the primers described by Rotthauwe et al., 1997) were obtained of 4 

nitrifying waste water treatment samples (Kraftisried waste water treatment plant, Stuttgart 

trickling filter 1 and 2 and Mechernich biological contactor; Table 1). Phylogenetic analysis was 

performed with 35 randomly selected clones. In all plants amoA sequences were affiliated to the 

Nitrosomonas europaea/Nitrosococcus mobilis cluster While N. europaea and N. eutropha 

related sequences could be found in all of the four plants, only the trickling filter 2 in Stuttgart 

and the wastewater treatment plant in Kraftisried harbored ammonia oxidizer species, which 

grouped with Nc. mobilis. Remarkably, all four nitrifying waste water treatment samples 

contained at least two different species of ammonia oxidizing bacteria. As indicated at Purkhold 

et al. (2000) there are also plants, which harbored up to 5 different ammonia oxidizer (e.g. 

BIOFOR 2 biofilm) 
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C3.3 Phylogenetic analysis of alkaliphilic ammonia oxidizing isolates from Mongolian 

soda lakes 

(published in Sorokin et al., 2001) 

 
In the course of this thesis D. Sorokin approached us to perform phylogenetic analyses of 

ammonia oxidizing strains, which he isolated from Mongolian soda lakes. These lakes represent 

a unique ecosystem with two extreme properties. High concentrations of alkaline salts create a 

high saline and high pH environment.  

All five isolates (AN1-5), which we obtained from D. Sorokin, possessed 16S rRNA genes with 

identical sequence. Comparative 16S rRNA sequence analysis demonstrated that the isolates are 

affiliated with the halophilic ammonia oxidizer Nitrosomonas halophila. The low sequence 

divergence of the 16S rRNA gene (below 1%) with that species indicated that the new alkali-

tolerant isolates might belong to the species N. halophila. Consistent with these results the amoA 

sequence of the isolate ANs1 showed the highest sequence similarity (95.6% on the nucleic acid 

level and 98.6% on the amino acid level) with the respective gene of N. halophila. This was 

confirmed by DNA-DNA hybridization studies performed by others. 

 

 

C4 Phylogeny and in situ detection of anaerobic ammonia oxidizing bacteria 

 

C4.1 Discovery of a new anaerobic ammonium oxidizing bacterium 

(published in Schmid et al., 2000) 

 

A two-stage semi-technical trickling filter reactor system for the treatment of effluent from 

anaerobic sludge digestion (typically containing between 500-2500 mg NH4
+-N l-1) was 

maintained at the Institute for Sanitary Engineering, Water Quality and Solid Waste Management 

at the University of Stuttgart. A partial aerobic nitrification was realized in trickling filter 1 by 

regulating the ammonium conversion rate via the influent load of ammonium. In that stage 60 % 

of the ammonium were oxidized to nitrite. Most likely due to ammonia-inhibition no nitrite 

oxidation occurred in trickling filter 1. Subsequently, the effluent of trickling filter 1 was used as 

influent for the anoxic trickling filter 2 designed for anaerobic ammonium-oxidation. Actually, in 

the experimental period the second trickling filter of the semi technical plant in Stuttgart 
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exhibited anaerobic ammonium oxidation. Trickling filter 2 removed more than 88% of the 

ammonium and 96% of the nitrite present in the influent. Furthermore, an average production of 

64 mg l-1 of nitrate (11.3% formation) was observed. Thus, the average total nitrogen removal in 

trickling filter 2 was 81.2%.  

 

C4.1.1 In situ detection of ammonia oxidizing bacteria in trickling filter 2 with previously 

published oligonucleotide probes 

 

Nine 16S-rRNA targeted oligonucleotide probes designed for specific in situ detection of the 

previously recognized anaerobic ammonium-oxidizer Candidatus “Brocadia anammoxidans” 

(Table 9) were used for in situ hybridization of biofilm samples of trickling filter 2. Only probe 

S-*-Amx-0820-a-A-22 (Table 9) showed bright hybridization signals. Simultaneous application 

of the Planctomycetales-specific probe Pla46 (Table 9) demonstrated that bacteria detectable 

with probe S-*-Amx-0820-a-A-22 made up more than 99% of the area of those cells stained with 

probe Pla46. 

 

C4.1.2 Planctomycetales specific 16S rRNA gene sequence analysis of the biofilm in 

trickling filter 2 

 

A phylogenetic inventory of members of the Planctomycetales present in trickling filter 2 was 

established by using probe Pla46 as forward primer in combination with the universal reverse 

primer 1390R for PCR 16S rRNA gene amplification. After cloning the PCR product, nine 

sequences (1363-1365 bp in length) were highly similar to each other (more than 98.8% 

sequence similarity) but only distantly related to all other sequences presently represented in 

public 16S rRNA databases. Among those the highest similarity values were calculated for the 

previously recognized anaerobic ammonium-oxidizer Candidatus “Brocadia anammoxidans” 

(90% - 91%). Other members of the Planctomycetales and all other organisms displayed very 

low sequence similarities below 81%. Consistent results were obtained after application of 

different treeing methods for phylogenetic analysis of the retrieved Planctomycetales-related 

sequences. Neighbor-joining, maximum-likelihood and maximum parsimony analysis agreed that 

these sequences form a grouping with the deep-branching anaerobic ammonium-oxidizer within 

the Planctomycetales. Bootstrap support for the clustering of the biofilm-retrieved sequences 
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with the anaerobic ammonium-oxidizer and for the monophyly of the Planctomycetales and the 

anaerobic ammonium-oxidizer related sequences is highly significant. The newly discovered 

anaerobic ammonium oxidizer was provisionally named Candidatus “Kuenenia stuttgartiensis” 

 

C4.1.3 Probe design specific for the newly discovered anaerobic ammonium oxidizer 

 

The oligonucleotide probe S-*-Kst-1275-a-A-20 (Table 11) was designed complementary to a 

specific target region shared between the nine (anaerobic ammonium-oxidizer related) 16S 

rRNA gene biofilm sequences. Probe S-*-Kst-1275-a-A-20 had at least three mismatches with 

respect to all other available 16S rRNA sequences. An in situ probe dissociation curve was 

recorded for probe S-*-Kst-1275-a-A-20 with fixed biofilm samples using increasingly stringent 

conditions. Probe S-*-Kst-1275-a-A-20 yielded strong signals up to 25% (v/v) formamide in the 

hybridization buffer followed by a decline at 30% (v/v) formamide. Considering strength and 

position of the mismatches in other known non-target organisms a formamide concentration of 

25% (v/v) was chosen as optimal stringency for probe S-*-Kst-1275-a-A-20. After simultaneous 

hybridization of biofilm material with probe S-*-Kst-1275-a-A-20, and probe S-*-Amx-0820-a-

A-22 (labeled with different dyes) exclusively double-labeled cells occurring in dense aggregates 

were observed. 

 

C4.1.4 Quantification of the anaerobic ammonium oxidizer population in trickling filter 2 

 

Digital image analysis of confocal biofilm sections simultaneously hybridized with the Cy3-

labeled EUB338 probe mixture (Daims et al., 1999; Table 9) and the Cy5-labeled probe S-*-Kst-

1275-a-A-20 demonstrated that bacteria related to the anaerobic ammonium-oxidizer occupied 

49% (+/-12; 95% confidence limit) of the area of those bacterial cells detectable by in situ 

hybridization. In a control experiment, the relative area of the novel biofilm Planctomycetales 

after hybridization with probe S-*-Amx-0820-a-A-22 was determined to be 50% (+/-8; 95% 

confidence limit). Since about 90% of the total bacterial cells within the biofilm stained with 

SYBR Green I were simultaneously detectable with the bacterial probe mixture, the bacteria 

related to anaerobic ammonium-oxidizer constitute almost half of the bacterial biomass in 

trickling filter 2. 
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C4.1.5 Aerobic ammonia oxidizers in the biofilm of trickling filter 2 

 

Biofilm of trickling filter 2 was investigated by fluorescence in situ hybridization with a set of 

16S rRNA-targeted oligonucleotide probes specific for aerobic ammonia oxidizing bacteria of 

the Betaproteobacteria (Table 9). In confocal biofilm sections 27% (+/-8; 95% confidence limit) 

of the area of those cells detectable with the bacterial probe set was occupied by ammonia-

oxidizers identified as halophilic or halotolerant members of the genus Nitrosomonas by 

simultaneous hybridization with probes Nso 1225, Nso190 and NEU (Table 9). In addition, no 

nitrite-oxidizing bacteria of the genera Nitrobacter and Nitrospira could be visualized by FISH. 

For 16S rRNA-independent high resolution diversity analysis of betaproteobacterial ammonia-

oxidizers of trickling filter 2 the amoA approach was performed (Rotthauwe et al., 1997). Gel 

retardation was performed with amoA gene fragments amplified from trickling filter 2 biofilm 

derived DNA. Three distinct bands were observed, cloned and sequenced. Phylogenetic analysis 

of the deduced amino acid sequences of the molecular isolates representing the respective bands 

demonstrated their grouping with Nitrosococcus mobilis (band 1; 3 clones, identity values 

between 95.7 and 97.2% on the amino acid level to the respective AmoA fragment of N. 

mobilis), Nitrosomonas eutropha (band 2, one clone, identity value of 95.0 % on the amino acid 

level to the respective AmoA fragment of N. eutropha), and Nitrosomonas europaea (band 3, 2 

clones, identity values of 98.6 - 99.3% on the amino acid level to the respective AmoA fragment 

of N. europaea). 

 

 

C4.2 Analysis of rRNA operon of anaerobic ammonium oxidizing bacteria 

(published in Schmid et al., 2001) 

 

C4.2.1  Helix 9 of the 16S rRNA of anaerobic ammonium oxidizing bacteria contains an 

insertion 

 

16S rRNA gene sequences of the anaerobic ammonium oxidizing bacteria Candidatus “Brocadia 

anammoxidans” and Candidatus “Kuenenia stuttgartiensis” contain an insertion with 20 

nucleotides in length located within helix 9 (beginning at E. coli position 158). A pronounced 

secondary structure can be predicted for this insertion leading to the proposal of the two new 
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subhelices 9a and 9b. With the exception of the Planctomycetales-affiliated environmental 16S 

rRNA clone AF280847 (LaPara et al., 2000) which contains 14 inserted nucleotides at this site, 

this insertion is absent from all other 16S rRNA gene sequences in the ARB data base. The 

presence of the insertion in the mature 16S rRNA of the anaerobic ammonium oxidizing bacteria 

was demonstrated using the insertion-targeted oligonucleotide probes S-*-Amx-0156-a-A-18 

(specific for Candidatus “Brocadia anammoxidans”, Table 9) and the newly designed probe S-S-

Kst-158-a-A-18 (specific for Candidatus “Kuenenia stuttgartiensis”, Table 11) for FISH. Probe 

S-S-Kst-158-a-A-18 has at least four mismatches with all other available 16S rRNA sequences 

including Candidatus “Brocadia anammoxidans”. Optimal stringency for probe S-S-Kst-158-a-

A-18 was determined by a probe dissociation curve and accordingly set to 25% (v/v) formamide. 

Probes S-*-Amx-0156-a-A-18 andS-S-Kst-158-a-A-18 hybridized specifically to their respective 

target organisms with an intensity comparable to the 16S rRNA-targeted probe S-*-Amx-0820-a-

A-22. 

 

C4.2.2 Phylogenetic analysis of the rRNA operon of anaerobic ammonium oxidizing 

bacteria 

 

In contrast to most other recognized members of the Planctomycetales (Liesack and 

Stackebrandt, 1989; Menke et al., 1991; Ward et al., 2000) the 23S rRNA gene sequence of both 

investigated anaerobic ammonium oxidizing bacteria is directly linked by an ISR (approx. 450 

bp) to the 16S rRNA gene. Candidatus “Brocadia anammoxidans” and Candidatus “Kuenenia 

stuttgartiensis” possess 90.5% and 87.8% sequence similarity on the 16S and 23S rRNA level, 

respectively. 16S and 23S rRNA sequence similarities between the anaerobic ammonium 

oxidizing bacteria and all other planctomycetes are below 78% and 72%, respectively. 

Phylogenetic analysis were performed independently for 16S rRNA and 23S rRNA as well as for 

a concatenated 16S and 23S rRNA data set. Independent from the data set analysed and the 

treeing method used the anaerobic ammonium oxidizing bacteria form a stable, deep branching 

line of descent within the order Planctomycetales. 
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C4.2.3 Design of an oligonucleotide probe targeting the 23S rRNA of all anaerobic 

ammonium oxidizing bacteria 

 

The obtained 23S rRNA gene sequences were used for design of the oligonucleotide probe L-*-

Amx-1900-a-A-21 specific for both anaerobic ammonia-oxidizers (Table 11). Probe L-*-Amx-

1900-a-A-21 has at least three mismatches with respect to all other available 23S rRNA 

sequences. The optimal hybridization stringency for probe L-*-Amx-1900-a-A-21 was 

determined by recording an in situ probe dissociation curve with an enrichment culture of 

Candidatus “Brocadia anammoxidans” and biofilm material containing Candidatus “Kuenenia 

stuttgartiensis”. 30% (v/v) formamide was chosen as optimal stringency for probe L-*-Amx-

1900-a-A-21. 

 

C4.3 In situ detection of anaerobic ammonium oxidizing bacteria using intergenic spacer 

region (ISR) targeted oligonucleotide probes 

 

The ISRs between the 16S and 23S rRNA genes of Candidatus “Brocadia anammoxidans” and 

Candidatus “Kuenenia stuttgartiensis is about 450 bp long and contains coding regions for the 

tRNAs tAlanine and tIsoleucine. Four probes were designed for each of the anaerobic 

ammonium oxidizer targeting the ISR (tRNA genes excluded) and applied in FISH. Each probe 

of both sets had at least four mismatches with all 16S and 23S rRNA sequences and all other 

sequences at GenBank (www.ncbi.nlm.nih.gov). For optimal signal intensities the four ISR 

probes for each species (labeled with the same dye) were applied together. This resulted in 

strong, specific hybridization signals for Candidatus “Brocadia anammoxidans” and Candidatus 

“Kuenenia stuttgartiensis”. No addition of formamide to the hybridization buffer was required to 

obtain specific signals. The specificity of the ISR probes was confirmed by simultaneous 

application of 16S and 23S rRNA-targeted probes (S-*-Amx-820-a-A-22 and L-*-Amx-1900-a-

A-21, labeled with different dyes, Table 9 and 11, respectively; Figure 15) specific for the 

ammonium oxidizing bacteria. The suitability of the ISR probes to measure activity changes of 

ammonium oxidizing bacteria was evaluated with cells of Candidatus “Brocadia anammoxidans” 

which were inhibited by exposure to oxygen for different time periods. Active cells (maintained 

at anoxic conditions) are detectable by both the rRNA and the ISR-targeted probes. However,  
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Fig. 15. A. Enrichment culture of Candidatus ”Brocadia anammoxidans” hybridized with the Candidatus ”Brocadia 
anammoxidans” specific ISR targeting probes (labeled with Cy3), probe S-*-Amx-820-a-A-22 (labeled in Cy5) and 
the EUBmix (labeled in Fluos). Candidatus ”Brocadia anammoxidans” cells appear white, because of simultaneous 
hybridization of all three probes. B. Biofilm of trickling filter 2 of the semitechnical plant in Stuttgart hybridized 
with the Candidatus ”Kuenenia stuttgartiensis” specific ISR targeting probes (labeled with Cy3), probe S-*-Amx-
820-a-A-22 (labeled in Cy5) and the EUBmix (labeled in Fluos). Candidatus ” Kuenenia stuttgartiensis” cells 
appear white, because of simultaneous hybridization of all three probes. 
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after 1 h of oxygen exposure only a minor percentage (8 ± 1 %) of the anaerobic ammonium 

oxidizer cells showed ISR probe conferred fluorescence while cells could still be detected with 

specific 16S and 23S rRNA-targeted probes. After 4 h of oxygen incubation no ISR probe 

signals were detectable while the mean 16S and 23S rRNA-probe conferred fluorescence was 

only reduced to 42 ± 1 % (16S rRNA-targeted probe S-*-Amx-0156-a-A-18) and 72 ± 1 % (23S 

rRNA-targeted probe L-*-Amx-1900-a-A-21), respectively. Even after one day of complete 

physiological inhibition by oxygen exposure, the AAOB cells were still detectable with 16S and 

23S rRNA probes while again no ISR probe signal was recorded. 
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D Discussion 
 

D1. Characterization of activated sludge flocs 

 

The activated sludge process is the most common technique in biological wastewater treatment 

but it is often hampered by plant malfunctions like sludge bulking and foaming. The settling 

quality of activated sludge flocs is routinely monitored by measuring the sludge volume index 

(SVI). The SVI is influenced by many parameters like the excessive growth of filamentous 

bacteria (e.g. Jenkins, 1993; Wanner, 1994), floc size and heterogeneity (e.g. Andreadakis, 

1993), and chemical composition of the flocs (Urbain et al., 1993). Therefore the SVI gives no 

specific information on the causes of sludge bulking. This lack of fundamental data makes proper 

plant management not possible. 

During the last thirty years two different approaches for determining more specific properties of 

activated sludge flocs have been used. Light microscopic surveys provided floc diameter 

distributions (e.g. Parker et al, 1971; Li and Ganczarczyk, 1991; Jorand et al, 1995) and 

provisional information on the abundance (Jenkins, 1993) and identity (Eikelboom, 1971) of 

filamentous bacteria present in the sludge. The introduction of epifluorencence microscopy and 

fluorescence in situ hybridization (FISH) greatly improved the identification of filaments (e.g. 

Wagner et al., 1994; de los Reyes et al., 1997; Blackall et al., 2000; Davenport et al., 2000; 

Kanagawa et al., 2000). But without adequate techniques for image analysis all microscopic 

methods were time consuming and not completely objective.  

A second approach was the measurement of physical sludge properties like floc diameters and 

the fractal dimension Df of the flocs by light scattering. The structure of biological aggregates 

was deduced from the intensities of the scattered light measured as a function of scattering 

angles (e.g. Guan et al., 1998). Despite simplicity of the measurement this technique has the 

disadvantages that no data about the microbial population structure of the aggregate can be 

obtained.  

 
This thesis describes the introduction of confocal laser scanning microscopy (CLSM) and image 

analysis to floc characterization (Schmid et al., submitted). This combination leads to a 

comprehensive description of the floc structure and the composition of the microbial population 

forming the floc. A protocol was developed which allows via CLSM image acquisition and 
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subsequent image analysis to determine actual biovolumes from three-dimensional images of 

unspecifically stained flocs (Schmid et al., submitted). Since CLSM is an optical based method, 

results can always be controlled by visualization of the processed flocs. Additionally, 

heterogeneity factors like the fractal dimension (e.g. Thill et al., 1998) and the ratio of real 

surface of a floc and the surface of a sphere with the same volume as the floc (Sfloc/Ssphere; 

Schmid et al., in preparation) can be calculated from the original images taken for biovolume 

measurements. CLSM in combination with fluorescence in situ hybridization as applied in this 

thesis is also the most suitable tool for qualitative and quantitative microbial population analysis 

(e.g. Wagner et al., 1994; Wagner, et al., 1998; Daims et al., 2001). The image acquisition can 

be done with an automated stage and a suitable macro for the image acquisition software. For the 

calculation of physical parameters of the flocs and quantification of bacterial population macros 

for the Carl Zeiss Vision software package Kontron KS400 3.0 are already available (Schmid et 

al., submitted; Schmid et al., 2000, Daims et al., 2001). Due to the high flexibility of this 

approach, it can be applied fully or in parts to all forms of microbial aggregates as indicated in 

previous studies (e.g. Lawrence et al., 1991) and also in this thesis (Etterer et al., in preparation). 

However, this approach holds also some minor problems. Though the measuring of real 

biovolumes is more comprehensive than the determination of diameters, a transfer of volume 

values to diameters is necessary for  comparison of the obtained results with those of other 

studies (e.g. Parker et al, 1971; Li and Ganczarczyk, 1991; Jorand et al, 1995). Since diameters 

could not directly deduced from the obtained volume values, diameters had to be calculated from 

biovolumes by using the respective Sfloc/Ssphere heterogeneity value. Additionally, the available 

FISH probe set does not target specifically all different bacterial species present in an activated 

sludge. It is likely, that both efficient floc formers and bacterial species, which hamper floc 

settling, are detected with the same for example group-specific oligonucleotide probe. This may 

lead to inconsistent results during comparison of flocs of different origin and settlling ability. A 

construction of new specific probes for activated sludge relevant organisms will help to solve 

this problem. There is also no efficient way to analyze the chemical composition of biological 

aggregates in situ. So it has to be determined classically by isolation of the components (e.g. 

Nielsen et al. 1996). Nevertheless with this set of mainly CLSM based methods it was possible 

for the first time to observe significant shifts in activated sludge floc architecture, chemical 

composition and population structure occurring during enrichment for flocs with bad settling 

properties (Schmid et al., submitted). In an experiment activated sludge was left settling in a 
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cylinder for a period of time. Poorly settling flocs were enriched in the water phase and sampled 

at certain time points. In the different plants investigated in this study only slight shifts in  the 

biovolume distribution were visible. Parameters like Df and Sfloc/Ssphere  generally indicated a 

higher heterogeneity for sludge enriched for poorly settling flocs. For all plants the carbohydrate 

content decreased if flocs with bad settleability were enriched. Changes in the content of humic 

substances, proteins and DNA during enrichment of flocs with bad settleability differed between 

different plants and did not obey general rules. Shifts in the population structure of each plant 

could be observed, but since group specific probes were used in this study, it is not possible to 

tell whether poor settling flocs doe contain more filamentous bacteria or not.  

Nevertheless, a further technical improvement, which reduces costs in terms of equipment and 

manpower needed for the surveys could render the application of the set of tools described in this 

study to a widely used approach for monitoring the settle ability of activated sludge. 

 

D2. Development and characterization of aerobic granules 

 

The ability to detect structural and microbial changes of sludge flocs is a prerequisite for the 

determination of causes for settling problems in wwtps, but there is still the problem of finding 

an adequate response to stop those undesired developments. Currently, one option is the supply 

of chemical settling enhancers. However, addition of these chemicals is cost intensive and 

burdens the environment. Another imaginable approach is bioaugmentation (van Limbergen et 

al., 1998) with recognized floc-forming bacteria. However, this method is often hampered by the 

inflexibility of the applied cultures and sludge of other plants to adapt to the new environment 

and by a massive grazing of Protozoa (Bouchez et al., 2000). In principle, granules formed by 

microbial communities could be used as efficient vectors to introduce allochthonous bacteria into 

an activated sludge community  For anaerobic granules it is known that they provide (i) a stable 

structure even under different growth conditions (Grotenhuis et al., 1991) and (ii) the possibility 

to introduce new degradative pathways by inoculation with bacteria possessing the wanted 

metabolism (Ahring et al., 1992). However, for the application in aerobic wastewater treatment it 

is necessary to produce aerobic granules with similar and evaluated abilities. This thesis reports 

for the first time the determination of the microbial community of these aerobic granules (Etterer 

et al., in preparation). Application of the full-cycle rRNA approach revealed that Zoogloea 

ramigera neotype strain (ATCC 19544; Unz, 1971) related organisms mainly form the matrix of 
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the aerobic granules. Image analysis showed that this matrix contains at least two compartments. 

At the surface of the granule the density and ribosome content of the cells were very high, which 

might indicate a growing zone. The Zoogloe ramigera cells in the core region of the granule are 

less dense and contain less ribosomes. This could be an effect of nutrient or oxygen depletion. In 

fact experiments with microsensors performed by T. Etterer showed that oxygen could not 

penetrate the granule completely. The biological phosphorous removal (BioP) of the aerobic 

granules is a strong indication that the partitioning of aerobic granules in different ecological 

niches could provide habitats for establishing different physiotypes like comprehensive N-

removal. 

Since the aerobic granules exhibited also a measurable ammonia oxidation activity, it was 

surprising that ammonia oxidizing bacteria were not detected by FISH. A chemical binding of 

the ammonium to substances in the reactor could not be supported, because inhibition of the 

ammonia oxidation with 2,4 dinitrophenol showed its biological origin. The ammonia oxidizing 

activity of the aerobic granular sludge might be caused by heterotrophic nitrifying organisms. 

However, this has to be proven by further inhibition experiments with allyl-thio-urea, which 

specifically inhibits autotrophic ammonia oxidizing bacteria (Bedard and Knowles, 1989). 

Aerobic granules have the potential to harbor different physiological traits, which can be 

introduced by stimulating the growth (e.g. by altering media composition) or by inoculation of 

certain bacterial strains. Further they are resistant to grazing, because of their size and 

compactness. These features make aerobic granules a promising tool for future, more reliable 

bioaugmentation strategies. 

 

D3. Detection of aerobic ammonium oxidation by a 16S rRNA and amoA gene based 

approach 

 

Nitrification is one of the key processes in wastewater treatment, but still the ecology and 

phylogeny of the responsible organisms is poorly understood. For ammonia oxidizers (on which 

this part of the thesis will be focused) two detection and identification systems are commonly in 

use. One of these is based on the 16S rRNA, and includes fingerprinting techniques (e.g. 

Kowalchuk et al., 1997; Aakra et al., 1999), phylogenetic analysis (e.g. McCaig et al., 1999; 

Mendum et al., 1999; Stephens et al., 1996) and FISH for the detection of these organisms in the 

environment (e.g. Wagner et al., 1995; Mobarry et al., 1996; Juretschko et al., 1998). However, 
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especially finger printing techniques based on amplification of rRNA of ammonia oxidizers are 

hampered by a big shortcoming. The 16S rRNA of ammonia oxidizing bacteria does not provide 

primer target sites suited for a specific amplification of all betaproteobacterial ammonia 

oxidizing bacteria. Thus a complete detection of all relevant ammonia oxidizers by applying one 

16S rRNA gene targeting primer pair is not possible. Otherwise amoA (coding for the active site 

of the ammonium monooxygenase) contains these betaproteobacterial ammonia oxidizer specific 

primer target sides and therefore the amoA approach is more sophisticated and provides 

comparable results (e.g. Rotthauwe et al., 1995; Rotthauwe et al., 1997). But the 16S rRNA as 

well as the amoA approach were handicapped by incomplete sequence data sets. Short and badly 

determined sequences of even characterized species of ammonia oxidizing bacteria made an 

assignment of environmental sequences to their correct phylogenetic positions and a specific 

probe and primer design hardly possible (Purkhold et al., 2000). 

The completion of 16S rRNA and the amoA sequence data sets now including full sequences of 

all previously described aerobic ammonia oxidizing bacteria (Purkhold et al., 2000) showed that 

many of the “new” ammonia oxidizer sequences proposed in different studies (e.g. Stephens et 

al., 1996; Ward 1996; McCaig et al., 1999) were in truth affiliated to already recognized species 

(Purkhold et al., 2000). A revaluation of the specificity of published primers and oligonucleotide 

probes based on the 16S rRNA for beta-subclass ammonia oxidizers revealed that none of them 

showed 100% of their proposed sensitivity or specificity (Purkhold et al., 2000). This most likely 

caused biases in previous environmental studies by use of, for example, primers with 

underestimated specificity (e.g. Kowalchuk et al., 1997; Ward et al., 1997; Ward et al., 2000).  

Also investigations in this thesis were hampered by such inconsistencies (Juretschko et al., 

1998). In samples of the wastewater treatment plant connected to the animal rendering plant in 

Kraftisried/Allgäu a FISH survey indicated a large amount of Nitrosococcus mobilis as the 

dominant ammonia oxidizer. Only isolation of this organism succeeded, while both 16S rRNA 

and amoA clone libraries did not contain this species. The non-appearance of 16S rRNA clones 

of Nitrosococcus mobilis could be explained by DNA isolation and PCR biases (e.g. Suzuki and 

Giovannoni, 1996; Polz and Cavanaugh, 1998; Tanner et al., 1998). However, the lack of amoA 

clones remained uncertain until it turned out that the used primer set for this investigation 

(Sinigallioano et al., 1995), which was described as specific for all beta ammonia oxidizers, 

based on newly obtained data could only detect Nitrosomonas europaea (Purkhold et al., 2000). 

Using a primer set with a much better coverage of aerobic ammonia oxidizer species (Rotthauwe 
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et al., 1997) for amoA PCR, amoA of Nitrosococcus mobilis could be detected in the Kraftisried 

plant (Purkhold et al., 2000). Therefore, as a general guideline, the amoA and the 16S rRNA 

approach should always be applied in parallel for environmental diversity surveys of aerobic 

ammonia oxidizers. Also results obtained from PCR dependent fingerprinting techniques should 

subsequently be controlled by sequencing or by hybridization with suitable probes of resulting 

gel bands (Purkhold et al., 2000). 

All the environmental systems investigated in this thesis (Juretschko et al, 1998; Helmer et al, 

1999, Schmid et al., 2000) showed a consortium of ammonia oxidizing bacteria with a 

considerable diversity. However, the Kraftisried plant is exceptional in this context, because the 

population of the at least 3 ammonia oxidizing species as detected by FISH was by far 

dominated by Nitrosococcus mobilis. This ammonia oxidizing species was previously only 

recognized in brackish water (Koops et al., 1976). Adapted to salty environments this species 

seems to have a selective advantage in the salt rich habitat of an animal rendering waste water 

treatment plant. If the living conditions change; other ammonia oxidizers present, which are 

better adapted to the new conditions might take over the ammonia oxidation. This would prevent 

an intoxication of the system, which could lead to a breakdown of the plant. Consequently the 

diversity of ammonia oxidizing bacteria might be  an indicator for the process stability of the 

ammonia oxidation. Therefore, this thesis contributed to the elaborated tool set (Juretschko et al, 

1998; Purkhold et al., 2000) necessary for the direct detection of ammonia oxidizing bacteria in 

the environment, which should enable us to learn more about systems with different stability. 

 

D4. Detection of anaerobic ammonium oxidation in the environment 

1998 an unexpected nitrogen loss in the rotating biological contactor in Mechernich treating 

landfill leachate was reported (Helmer et al., 1999). Since this plant contained very high amounts 

of aerobic ammonia oxidizers, as demonstrated by quantitative FISH (Helmer et al., 1999) this 

phenomenon was initially attributed to the capability of these bacteria to perform a limited 

anaerobic oxidation of ammonia (e.g. Bock et al., 1995; Jetten et al., 1999). However, one year 

later a similar nitrogen loss was observed in a semitechnical trickling filter system in Stuttgart. 

This plant was designed for anaerobic ammonium oxidation in accordance to the findings of a 

group of scientists in Delft, The Netherlands (e.g. van der Graaf et al., 1996; Strous et al., 1999; 

Strous, 2000). At the same time, these researches reported on the successful enrichment of a new 
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organism affiliated to the order Planctomycetales and provisionally named Candidatus “Brocadia 

anammoxidans” from a Dutch waste water treatment plant. This bacterium is capable to oxidize 

ammonium anaerobically with rates which significantly exceed those of the aerobic ammonia 

oxidizers (Strous et al., 1999). Consequently, efforts were made in this thesis to detect this novel 

organism in Stuttgart. Surprisingly, it turned out that the anaerobic trickling filter in Stuttgart 

indeed contained a highly abundant organism affiliated to Candidatus “B. anammoxidans”, but 

only with a relatively low 16S rRNA gene sequence similarity indicating genus level diversity 

within the anaerobic ammonium oxidizing bacteria. Consequently, this novel annaerobic 

ammonia oxidizer was named Candidatus “Kuenenia stuttgartiensis” (Schmid et al., 2000). The 

trickling filter from Stuttgart was the first environmental system were anaerobic ammonia 

oxidizing bacteria could be detected and identified in situ. Consistent with the findings in the 

Stuttgart trickling filter, Candandidatus “Kuenenia stuttgartiensis” could subsequently be found 

in very high abundance also in the Mechernich plant (Helmer et al., 2002), indicating that this 

species might be more abundant than Candidatus “Brocadia. anammoxidans”. in environmental 

systems (see also Egli et al., 2001).  

Apparently, the process of anaerobic ammonium oxidation has a very high commercial value, 

because it enables a cost effective treatment of wastes with high ammonium load and low 

organic carbon content (Strous, 2000). Thus a sophisticated system based on phylogenetic 

analysis and FISH (Schmid et al., 2000; Schmid et al., 2001) is needed for the detection of new 

species of anaerobic ammonia oxidizing bacteria in the environment, to determine the 

composition of anaerobic ammonium oxidizing population and to monitor shifts in these 

populations. This data is a prerequisite to learn more about the ecology of anaerobic ammonium 

oxidizing bacteria and it will help to gain information about the process stability in newly 

developed full-scale anaerobic ammonium oxidizing plants. 

However, for the startup and for the further management of a full-scale anaerobic ammonium 

oxidizing plant it will be a prerequisite to monitor changes of the ammonium oxidizing activity. 

A deduction of the cell activity from signal intensities of FISH targeting the rRNA as suggested 

by Poulsen et al. (1993) for fast growing heterotrophs was not applicable. For ammonia oxidizers 

as slow growing chemolithoautothrophic organisms it was shown that they keep their ribosome 

content stable even in longer periods of inhibition (Wagner et al., 1995) or starvation (Morita, 

1993; Morgenroth et al., 2000). In the course of inhibition experiments for this thesis, this was 
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also proven for anaerobic ammonium oxidizing bacteria (Schmid et al., 2001). An alternative is 

the concept is based on observations by Cangelosi and Brabant (1997). The availability of 

intergenic spacer region RNA in the cell is dependent on the ratio of its degradation and 

production. Only in the increased transcription of the rRNA operon in active cells leads to an 

accumulation of intergenic spacer RNA in cell to detectable levels by FISH (Oerther et al. 20009 

Therefore, fluorescently labeled oligonucleotide probes targeting the intergenic spacer region 

between the 16S and 23S rRNA genes of Candidatus “Kuenenia stuttgartiensis” and Candidatus 

“Brocadia anammoxidans” were used in this thesis (Schmid et al., 2001) to monitor activity 

changes during inhibition with oxygen of anaerobic ammonium oxidizing bacteria. The 

continuous monitoring of cell activity during the startup and operation of anaerobic ammonium 

oxidizing plants could help to shorten the time period to obtain a stable population and allows a 

sophisticated control of the process. 

The detection of the anaerobic ammonium oxidizing bacteria in the environment is just the 

beginning, because virtually nothing is known about the genome or the biochemical composition 

of anaerobic ammonium oxidizing bacteria. Approaches like environmental genomics (e.g. Stein 

et al., 1996; Schleper et al., 1997; Béjà et al., 2000; Rondon et al., 2000) cloning and sequencing 

of large fragments of environmental DNA) could give further insight in the possibilities of these 

bacteria. With genomic sequence information the analyses of interesting genes and their products 

will become possible. These and other methods will contribute in future studies to get a full 

picture of the anaerobic ammonium oxidation.  
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E Summary 
 
Microbial aggregates are complex structures formed by a variety of organisms and are found in 

many environments. Due to their complexity, they can integrate different physiological 

properties and degradation pathways. Waste water treatment takes advantage of these properties, 

but has also to deal with the uncertainties arising from exploiting living organisms. This thesis 

addresses some fundamental aspects of microbial aggregates in waste water treatment systems by 

investigating the architecture, biodiversity and physiology.  

In the first part of this thesis, methods to determine the biovolume and heterogeneity factors of 

activated sludge flocs were developed by applying confocal laser scanning microscopy in 

combination with various digital image analysis tools. These techniques were complemented by 

chemical analysis of extra-cellular polymeric substances and by quantitative fluorescence in situ 

hybridization for determining the bacterial community composition of activated sludge. This set 

of methods was applied on activated sludge flocs with good as well as poor settling properties 

from three wastewater treatment plants. All measured parameters differed significantly between 

the different floc types Interestingly, the fractal dimension of flocs with poor settling ability was 

always small compared to good settling flocs. Furthermore, pronounced shifts in microbial 

community composition between flocs with good and bad settling properties could be observed.  

In addition, the microbial community composition of an aerobic granular sludge, which allowed 

to combine excellent settling ability with nitrification and efficient phosphorous removal, was 

investigated for the first time. The application of the full-cycle rRNA approach revealed that a 

population affiliated with Zoogloea ramigeraT formed the matrix of these granules and 

constituted about 90% of the total population. Other bacteria mainly affiliated with the 

Gammaproteobacteria were imbedded in this matrix. Further experiments have to show if it is 

possible to introduce allochthonous microbial strains with different physiological properties into 

these granules without changing their physical structure. This would allow to use such granules 

as inoculum for biaugmentation approaches. 

 

The second part of the thesis focused on the ammonium removal in wastewater treatment plants. 

In order to prevent eutrophication of receiving waters the oxidation of ammonia to nitrite is one 

of the key processes in waste water treatment. In this thesis  the diversity of aerobic ammonia 

oxidizing in different nitrifying reactors was monitored by methods based on refined data sets for 
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 the 16S rRNA and amoA genes. These efforts led to the identification of the numerically 

dominant ammonia-oxidizers in various waste water treatment plants. Future research will show 

whether the diversity of ammonia-oxidizing bacteria is linked with process stability. 

In order to learn more about diversity and habitats of the recently discovered but yet not 

culturable anaerobic ammonium oxidizing bacteria, which oxidize ammonium with nitrite under 

anaerobic conditions to dinitrogen gas, a rRNA gene based system for detecting anaerobic 

ammonium oxidizing bacteria was developed and applied to environmental systems. These 

experiments revealed an unexpected genus-level diversity of anaerobic ammonium oxidizing 

bacteria within the order Planctomycetales and led to the identification of a previously unknown 

anaerobic ammonium oxidizing bacterium, Candidatus “Kuenenia stuttgartiensis”. For obtaining 

more information on the in situ physiology of anaerobic ammonium oxidizing bacteria, 

oligonucleotide probes targeting the intergenic spacer region (ISR) between the 16S and 23S 

rRNA gene were developed and successfully applied for fluorescence in situ hybridization. The 

ISR is degraded relatively fast and accumulates only in active cells. By using the ISR approach 

the inhibitory effect of oxygen on anaerobic ammonium oxidizing bacteria was demonstrated. In 

future experiments these tools will be helpful to monitor the start-up phase of waste water 

treatment reactors with anaerobic ammonium oxidizing activity. 
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E Zusammenfassung 
 
Mikrobielle Aggregate sind komplexe Strukturen, die aus einer grossen Anzahl von Organismen 

bestehen und in vielen Lebensräumen angetroffen werden. Aufgrund ihrer Komplexität können 

sie verschiedene metabolische Eigenschaften aufweisen. Die Abwassereinung zieht Vorteile aus 

diesen Eigenschaften, muss aber auch mit Unwägbarkeiten, die mit dem Ausbeuten von 

lebenden Organismen einhergehen, fertig werden. Diese Arbeit beschäftigt sich mit einigen 

fundamentalen Aspekten von mikrobiellen Aggregaten in der Abwassereinigung wie ihre 

Architektur, Physiologie und die Diversität der enthaltenen Mikroorganismen. 

Im ersten Teil dieser Arbeit wurden Methoden zur Bestimmung von Biovolumina und 

Heterogenitätsfaktoren von Belebschlammflocken entwickelt. Verwendet wurde zu diesem 

Zweck eine Kombination von Konfokaler Laser Scanning Mikroskopie und digitaler Bildanalyse. 

Chemische Analysen von extrazellulären polymeren Substanzen und einer Quantifizierung der 

mikrobiellen Population mittels Fluoreszenz in situ Hybridisierung komplettierten diese 

Techniken. Anhand dieser Methoden wurden Belebschlammflocken mit unterschiedlichen 

Absetzeigenschaften von drei Abwassereinigungsanlagen untersucht. Die Messergebnisse 

zwischen den verschiedenen Flockenarten variierten deutlich. Auffallend war, dass die fraktale 

Dimension von Flocken mit schlechtem Absetzverhalten stets geringer war als von denen mit 

gutem Absetzverhalten. Des weiteren konnten klare Veränderungen in der mikrobiellen 

Populationszusammensetzung der unterschiedlichen Flockenarten festgestellt werden. 

Zum ersten Mal wurde die Populationszusammensetzung von aeroben granulärem Schlamm 

bestimmt. Dieser zeichnet sich durch sehr gute Absetzbarkeit in Kombination mit Nitrifikation 

und effizienter Phosphateliminierung aus. Die Anwendung des rRNA Ansatzes zeigte, dass 

Bakterien, die nahe mit Zoogloea ramigeraT verwandt sind, die Matrix dieser Granula bilden und 

ca. 90% der Gesamtpopulation darstellen. Andere Bakterien, überwiegend 

Gammaproteobacteria, waren in deutlich geringerer Zahl in diese Matrix eingebettet. Weitere 

Experimente müssen zeigen, ob es möglich ist allochthone Stämme von Mikroorganismen mit 

verschiedenen physiologischen Eigenschaften in diesen Granula anzusiedeln. Das würde die 

Verwendung dieser Granula als inoculum für Bioaugmentationsanwendungen erlauben. 

 

Der zweite Teil dieser Arbeit beschäftigte sich mit der Eliminierung von Ammonium in 

Abwassereinigungsanlagen. Um die Eutrophierung von Gewässern zu vermeiden, ist die  
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Oxidation von Ammonium zu Nitrit einer der vordringlichsten Prozesse in der 

Abwassereinigung. In dieser Arbeit wurde mit Methoden, die auf komplettierten 16S rRNA and 

amoA Gen Datensätzen beruhten, die Diversität von aeroben Ammoniak Oxidierern in 

verschiedenen nitrifizierenden Reaktoren beobachtet. Dadurch konnten dominante 

ammoniakoxidierende Bakterien in verschiedenen Abwassereinigungsanlagen identifiziert 

werden. Weitere Analysen werden zeigen, ob die Diversität von Ammoniak Oxidierern einen 

Einfluss auf die Prozessstabilität hat. 

Um mehr über die Diversität und Lebensräume von den kürzlich entdeckten, aber nicht 

kultivierbaren, anaeroben ammoniumoxidierenden Bakterien, die Ammonium mit Nitrit unter 

anaeroben Bedingungen zu Luftstickstoff oxidieren, zu erfahren, wurde eine auf dem rRNA Gen 

basierende Methode zum Nachweis von anaeroben ammoniumoxidierenden Bakterien entwickelt 

und auf Umweltproben angewandt. Dabei zeigte sich eine unerwartete Diversität anaerober 

ammoniumoxidierender Bakterien auf Gattungsebene in der Ordnung der Planctomycetales. 

Zudem konnte das vorher noch unbekannte anaerobe ammoniumoxidierende Bakterium 

Candidatus “Kuenenia stuttgartiensis” beschrieben werden. Um mehr Information über die in 

situ Physiologie der anaeroben ammoniumoxidierenden Bakterien zu erhalten, wurden 

Oligonukleotidsonden, die die Spacerregion zwischen dem 16S und 23S rRNA Gen (ISR) 

erfassen, konstruiert und erfolgreich bei Fluoreszenz in situ Hybridisierung angewendet Die ISR 

wird relativ schnell abgebaut und ist nur in aktiven Zellen detektierbar. Mit dem ISR Ansatz 

konnte der hemmende Effekt von Sauerstoff auf die anaeroben ammoniumoxidierenden 

Bakterien demonstriert werden. In zukünftigen Experimenten werden diese Methoden hilfreich 

sein, um Abwassereinigungsreaktoren mit anaerober Ammonium Oxidationsaktivität während 

der Startphase zu beobachten. 
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SUMMARY 
 
Recently, a bacterium capable to oxidize ammonium anaerobically at a high rate was identified as novel 
member of the Planctomycetales (STROUS, M., FUERST, J. A., KRAMER, E. H. M., LOGEMANN, S., MUY- 
ZER, G., VAN DE PAS-SCHOONEN, K. T., WEBB, R. I., KUENEN, J. G., and JETTEN, M. S. M.. Nature 400, 
446-449, 1999). Here we investigated the microbial community structure of a trickling filter biofilm 
with a high anaerobic ammonium oxidation activity. Fluorescence in situ hybridization (FISH) with a set 
of nine probes designed for specific identification of the recently described anaerobic ammonium oxidiz- 
er demonstrated that only one probe hybridized to bacteria within the biofilm. For phylogenetic charac- 
terization of putative biofilm anaerobic ammonium-oxidizers a full-cycle 16S rDNA approach was per- 
formed by using a Planctomycetales-specific forward primer for PCR amplification. Of the twenty-five  
16S rDNA fragments (1364 bp in length) amplified from the biofilm, nine were affiliated to the Plancto- 
mycetales. Comparative analysis showed that these sequences were more than 98.9 % similar to each 
 other but only distantly related to the previously recognized anaerobic ammonium-oxidizer (below 91%  
similarity) and all other organisms represented in public 16S rRNA databases (similarities of below  
79 %). The retrieved sequences and the previously recognized anaerobic ammonium-oxidizer represent  
two well-separated groups of a deep-branching lineage within the Planctomycetales. Quantitative FISH  
analysis with a newly designed specific probe showed that the novel bacterium, provisionally classified  
as “Candidatus Kuenenia stuttgartiensis” constituted the dominant fraction of the biofilm bacteria. In 
situ probing revealed that ammonia-oxidizing bacteria of the beta-subclass of Proteobacteria were also  
present, albeit in significant smaller amounts, within the anoxic biofilm. Comparative sequence analysis 
of a stretch of the gene encoding ammonia-monooxygenase (amoA) demonstrated the occurrence of the  
DNA of at least three different populations of beta-subclass ammonia oxidizers within the biofilm.  

 
Key words: Anaerobic ammonium-oxidation − diversity of Planctomycetales − beta-subclass ammonia  
oxidizers – trickling filter – nitrogen removal – biofilm − quantitative fluorescence in situ hybridization    

 
 

 
 
Introduction 
 

Twenty-two years after Broda’s remarkable theoretical 
consideration that lithotrophic microorganisms which 
exclusively gain energy by using ammonium as inorganic 
electron donor for denitrification should be able to exist  
in nature (BRODA, 1977), a novel member of the Plancto-
mycetales capable of ammonium oxidation with nitrite 
as the electron acceptor under anoxic conditions was 
identified (STROUS et al., 1999). In addition to this au-
totrophic yet uncultured organism, anaerobic ammoni- 
um-oxidizing activity has been reported for some of the 

classical “aerobic” ammonia-oxidizers of the beta-sub-
class of Proteobacteria (BOCK et al., 1995; DE BRUIJN et 
al., 1995; KUAI and VERSTRAETE, 1998; POTH, 1986;  
POTH and FOCHT, 1995; SCHMIDT and BOCK, 1997). 
However, the anaerobic ammonium oxidation rate mea-
sured for enrichments of the novel planctomycete is more 
than twenty times higher than for pure cultures of the 
 beta-subclass ammonia oxidizers (JETTEN et al., 1999). 

Combined with recently developed nitrification systems 
which transform ammonium to nitrite with only 
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minor nitrate formation (ABELING and SEYFRIED, 1992; 
HELLINGA et al., 1998; LOGEMANN et al., 1998) the pro-
cess of anaerobic ammonium oxidation allows for effi-
cient denitrification in the absence of available organic 
carbon sources. Thus, implementation of this combined 
process appears to be a promising alternative for treat- 
ment of sewage with low C/N ratios in waste water treat- 
ment plants. Here we present data on the microbial com- 
munity structure of an anoxic (anaerobic in the presence 
of nitrite) trickling filter biofilm showing high rates of  
anaerobic ammonium oxidation. A novel member of the 
Planctomycetales (FUERST, 1995) which is distantly 
related to the previously recognized anaerobic ammonium 
oxidizer (STROUS et al., 1999) was shown to dominate  
the biofilm by applying the full-cycle rRNA approach. 
Fluorescence in situ hybridization (FISH) with rRNA-tar- 
geted probes demonstrated that beta-subclass ammonia  
oxidizers represented 27% of the area of those bacteria 
detectable by FISH within this biofilm. AmoA gene frag- 
ments retrieved from the biofilm clustered together with  
the Nitrosomonas europaea-lineage and Nitrosococcus  
mobilis, respectively. 
 
 
Materials and methods 
 
Reactor operation and chemical analysis 

A two-stage semi-technical trickling filter reactor system for 
the treatment of effluent from anaerobic sludge digestion is 
maintained at the Institute for Sanitary Engineering, Water 
Quality and Solid Waste Management at the University of 
Stuttgart. A scheme of the reactor system and important param-
eters of the trickling filters are presented in Figure 1. The plant 
was designed for efficient nitrogen removal from the sludge 
liquor (typically containing between 500-2500 mg NH4

+-N l-1) 
via coupled partial aerobic nitrification (nitritation) and anaer-
obic ammonium oxidation. The ammonium conversion rate of 
trickling filter 1 is regulated via the influent load of ammonium 
so that 60 % of the ammonium is oxidized to nitrite. The result- 
ing ratio of 1 : 1.3 of ammonium to nitrite in the effluent of 
trickling filter 1 is optimal for the subsequent anaerobic ammo-
nium oxidation process in trickling filter 2 (STROUS et al., 1998; 
VAN DE GRAAF et al., 1996; VAN DE Graaf et al., 1997). Nitrite 
oxidation to nitrate by nitrite-oxidizers does not occur in trick-
ling filter 1 most likely due to ammonia-inhibition. The effluent 
of trickling filter 1 containing a mixture of ammonium and 
nitrite is used as influent for the anoxic trickling filter 2 de-
signed for anaerobic ammonium oxidation. The key parameters 
of trickling filter 2 are given in Table 1. The concentrations of 
ammonium, nitrite and nitrate in the influent and effluent of 
trickling filter 2 were determined photometrically (Merck, 
Spectroquant Darmstadt). Total nitrogen bounded (TNb; encom-
passing all inorganic and organic nitrogen compounds) was 
measured by a high temperature digestion process with sub-
sequent chemiluminescence detection. 

 
 

Biofilm sampling 
In December 1998 and April 1999, biofilm samples were re-

moved together with their plastic support material (NOR-PAC, 
Norddeutsche Seekabelwerke GmbH, Nordenham, Germany) 
from trickling filter 2 of the semitechnical plant (Figure 1). Sev-
eral pieces of the support material were immediately immersed 
in a fixative containing 4% (w/v) paraformaldehyde (4) and 
stored at 4°C for 8h. Subsequently, the biofilm was detached 
from its support material by gently mixing, washed with PBS 
(130 mM sodium chloride, 10 mM sodium phosphate, pH 7.2), 
transferred into 50% (v/v) PBS/EtOH and stored at –20 °C until 
use. Several other pieces of support material were transported 
on dry ice to the lab and stored at –20°C for subsequent nucleic 
acid extraction. After sampling trickling filter 2 was rinsed with 
dinitrogen gas to reestablish anoxic conditions. 
 
DNA extraction from biofilm 

Biofilm material was removed from the plastic support by 
gently mixing in 10 ml of DNA extraction buffer (100 mM 
Tris/HCl [pH 8.0]; 100 mM sodium EDTA [pH 8.0], 100 mM 
sodium phosphate [pH 8.0], 1.5 M NaCl, 1% CTAB) (ZHOU et 
al., 1996). The plastic support was removed and the biofilm 
material was pelleted by centrifugation for 10 min at 5000 g 
(Hettich, Tuttlingen, Germany). Total genomic DNA was ex-
tracted as described previously for activated sludge by JU-
RETSCHKO et al. (1998). 
 
PCR amplification of 16S rDNA 

For preferential PCR amplification of 16S rDNA of mem- 
bers of the Planctomycetales the recently published phylum-spe-
cific probe Pla46 (E. coli positions 46-63; NEEF et al., 1998) 
was used as unlabeled derivative as forward primer in combina-
tion with the universal reverse primer 1390R (E. coli positions 
1390-1407; ZHENG et al., 1996). PCR was performed in a 96 
micro well plate (Biorad, München, Germany) with the gradient 
cycler (Eppendorf, Hamburg, Germany). Reaction mixtures 
were prepared in a total volume of 50µl containing 2 mM 
MgCl2, 10 nmol of each deoxynucleoside triphosphate, 15 pmol 
of each primer, 100 ng of template DNA and 1.5 U of Taq DNA 
polymerase (Promega, Madison). Thermal cycling was carried 
out with an initial denaturation of 4 min at 94°C, followed by  
30 cycles of denaturation at 94°C for 45 s, annealing at differ-
ent temperatures (see below) for 50 s, and elongation at 72 °C 
for 3 min. Cycling was completed by a final elongation step at 
72° C for 10 min. Negative controls (no DNA added) were in-
cluded in all sets of amplifications. Optimum annealing temper-
ature for the used primer set in combination with the DNA re-
trieved from the biofilm was determined by using the annealing 
temperature gradient function of the thermal cycler. 12 different 
annealing temperatures between 44 and 64°C were tested. The 
presence and size of amplification products were determined by 
agarose (1%) gel electrophoresis of 5 µl aliquots of the PCR 
products. 
 
PCR amplification of the amoA gene fragment 

For PCR amplification of a stretch of the amoA gene the 
primer set amoA-1F and amoA-2R (ROTTHAUWE et al., 1997) 
was used. Amplification was performed in a total volume of  

Table 1. Key parameters of trickling filter 2 during the sampling period  

O2 
[mg l-1] 

Temp. 
[°C] 

pH TOC (Infl. and Effl.) 
[mg l-1] 

QInfluent 
[l d-1] 

QRecycling 
[l d-1] 

0.00 – 0.08 23 - 26 7.7 - 8.4 5 - 10 42 - 55 200 - 370 
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50 µl with a thermal capillary cycler (Idaho Technology, Idaho 
Falls). Reactions contained 2 mM MgCl2 (Idaho Technology), 
1x BSA (Idaho Technology), 10 nmol of each deoxynucleoside 
triphosphate, 15 pmol of each primer, 100 ng of template DNA 
and 1.5 U of Taq DNA polymerase (Promega). The thermal 
cycling profile used for amplification was as follows: 30 s initial 
denaturation at 94°C; then 30 cycles consisting of 15 s at 94°C 
for denaturing, 20 s annealing at 55°C, 40 s at 72°C for elon-
gation, and a final elongation for 3 min at 72°C. Negative con-
trols (no DNA added) were included in all sets of amplifica-
tions. The presence and size of amplification products were de-
termined by agarose (1%) gel electrophoresis of 5µl aliquots of 
the PCR products. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gel retardation of amoA amplificates 
The gel retardation of amplified amoA fragments was per-

formed in a Hoefer HE33 submarine gel electrophoresis unit 
(Pharmacia Biotech, Freiburg, Germany) with cooled base using 
a modification of the protocol published by WAWER et al., 1995. 
The 2% agarose gel consisted of 35 ml 0.5 x TBE (0.0445 M 
Tris/HCl, 0.0445 M boric acid, 0.001 M EDTA, pH 8.3) and 
0.7 g Nusieve 3:1 agarose. After cooling down the agarose mix-
ture to 70°C, 35 µl of the DNA ligand bisbenzimide, to which 
long chains of polyethylene glycol 6000 are covalently coupled 
(Hanse Analytik Yellow; Hanse Analytik, Bremen, Germany), 
was added to the gel. The dye bisbenzimide binds preferentially 
to A + T rich sequence motifs in the DNA and retards them  
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Fig.1. Scheme of the semi-technical scale plant at the University of Stuttgart
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compared to DNA sequences with low A+T content. After 
poring, the gel was solidified in the dark. The electrophoresis 
was performed applying a voltage of 100V for 80 min with 
0.5 x TBE as running buffer. After the run, the gel was stained 
with SYBR Green I (FMC BioProducts, Rockwell, US) nucleic 
acid stain (5 µl in 50 ml 0.5 x TBE) for 1 h in the dark. The 
bands on the gel were visualized using UV illumination  
(364nm) and cut out with a capillary. The gel fragments were 
resuspended in 300 µl sterile H2O for 10 min at 80°C and 
reamplified using the PCR protocol described above. 
 
Cloning and Sequencing 

The biofilm-derived 16S rDNA and amoA PCR products  
were cloned directly by using the TOPO TA Cloning kit follow-
ing the instructions of the manufacturer (Invitrogen, Gronin- 
gen, The Netherlands). Plasmid-DNA was isolated with the 
Quiaprep spin miniprep kit (Quiagen, Hilden, Germany). Plas-
mids with an insert of the expected size were identified by 
agaraose (1.0%) gel electrophoresis after EcoRI digestion (5 U, 
Eco RI-buffer for 3h at 37°C). Sequencing was done nonra-
dioactively by using the Thermo Sequenase fluorescent labeled 
primer cycle sequencing kit according to the instructions of the 
manufacturer (Amersham, Freiburg, Germany). The reaction 
mixtures were analyzed with an infrared automated DNA se-
quencer (model LiCor Longreadir DNA 4200, MWG - Biotech, 
Ebersberg, Germany). The complete sequences of the amoA 
fragments and the 16S rDNA fragments were determined by 
using M13 forward and reverse primers targeting vector se-
quences adjacent to the multiple cloning site. 
 
Phylogenetic analysis 

The 16S rDNA and amoA sequences retrieved in this study 
were added to the 16S rDNA and amoA sequence databases of 
the Technischen Universität München (currently encompassing 
more than 16.000 small subunit rRNA sequences and about  
200 amoA sequences), respectively, by use of the ARB program 
package (STRUNK and LUDWIG, 1997). 16S rRNA sequences 
were aligned automatically using the respective tool of the ARB 
package. Subsequently, the alignments were corrected by visual 
inspection considering the secondary structure of the 16S  
rRNA. Deduced amino acid sequences for amoA were aligned 
manually by pooling the amino acids into six groups with the 
GDE 2.2 sequence editor implemented in the ARB software 
package. Nucleic acid sequences of the amoA gene fragments 
were then aligned in accordance with the amino acid alignment. 
Phylogenetic analysis of 16S rRNA sequences were performed 
by applying neighbor-joining, ARB parsimony and maximum 
likelihood analysis (fast DNAml, MAIDAK et al., 1996) to differ-
ent data sets. Bootstrapping was performed using the PHYLIP 
parsimony tool (100x resampling) (Phylogeny Inference Pack-
age Version 3.5c,University of Washington, Seattle). Checks for 
chimeric sequences were conducted by independently subjecting 
the first 5’ 454 base positions, the middle 455 base positions, or 
the last 454 3’ base positions for phylogenetic analysis. The re-
construction of phylogenetic trees based on comparative analy-
sis of the AmoA amino acid sequences was performed using 
protein maximum likelihood with the JTT-f amino acid replace-
ment model (PROTML 2.2; ADACHI and HASEGAWA, 1996), 
Parsimony, and FITCH (using the Dayhoff PAM 001 matrix as 
the amino replacement model, randomized input order, and 
global rearrangements) methods (PHYLIP 3.5c; FELSENSTEIN, 
1993) implemented in the ARB software package.  
 
Probedesign, fluorescence in situhybridization, DAPI-stain-
ing, microscopy, and quantification of probe target bacteria 

For the probes used in this study, sequences, target sites and 
optimal formamide concentrations in the hybridization buffers 

are displayed in Table 2. Probe S-*-Kst-1275-a-A-20 specific for 
the retrieved biofilm sequences related to the anaerobic ammo-
nium oxidizer was designed using the probe design tool of the 
ARB package (Table 2). Probes were purchased as Cy3,  
Cy5 and 5(6)-carboxyfluorescein-N-hydroxysuccinimide ester 
(FLUOS) labeled derivatives from Interactiva (Ulm, Germany). 
Hybridizations were performed as described by AMANN (1995). 
Simultaneous hybridization with probes requiring different 
stringency was realized by a successive-hybridization procedure 
(WAGNER et al., 1994). Optimal hybridization conditions for 
probe S-*-Kst-1275-a-A-20 were determined by using the hy-
bridization and wash buffers described by MANZ et al. (1992). 
An in situ probe dissociation curve was recorded by measuring 
the relative fluorescence intensity of biofilm bacteria after hy-
bridization with probe S-*-Kst-1275-a-A-20 at different strin-
gencies as described by DAIMS et al. (1999). Dual staining of 
cells with 4,6-diamidino-2-phenylindole (DAPI) and fluorescent 
oligonucleotides was performed as previously described (JU-
RETSCHKO et al., 1998). Surprisingly, probe S-*-Kst-1275-a-A-
20 positive bacteria did only show a very weak DAPI-conferred 
fluorescence. Thus, we post-stained biofilm material hybridized 
with Cy3-labeled probes with SYBR Green I (FMC Bioprod-
ucts, Rockland). For preparation of a working solution SYBR 
Green I was diluted with ddH2O 10.000-fold. 20 µl of the  
SYBR Green I working solution were applied to each well of the 
microscopic slide and incubated in the dark for 10min at room 
temperature. Slides were washed briefly with ddH2O, air-dried 
and embedded in Citifluor (Citifluor Ltd., Canterbury, UK). For 
image acquisitions a Zeiss LSM 510 scanning confocal micro-
scope (Zeiss, Jena, Germany) equipped with a UV laser (351 
and 364nm), an Ar ion laser (458 and 488 nm) and two HeNe 
lasers (543 and 633nm) was used together with the standard 
software package delivered with the instrument (version 2.1). 
The EUB/SYBR Green I ratio was determined by using an 
equimolar mixture of the probes EUB338, EUB338-II, and 
EUB338-III (30 ng of each probe labeled with Cy3; DAIMS et al., 
1999) by applying the digital image analysis procedure de-
scribed below. For quantification of biofilm bacteria related to 
the anaerobic ammonium-oxidizer or beta-subclass ammonia-
oxidizers Cy3 labeled probes S-*-Kst-1275-a-A-20 or Nso1225 
were used together with the Cy5 labeled bacterial probe set 
(EUB338, EUB338-II, EUB338-III) for simultaneous hybridiza-
tion. The ratio of the area of cells stained with SYBR Green I or 
the specific probe, respectively, vs. the ratio of the area of those 
cells labeled with the bacterial probes was determined for ran-
dom confocal optical biofilm sections (1 µm) by digital image 
analysis using the Carl Zeiss Vision KS400 software package to-
gether with a newly developed macro (R.A.M., Relative Area 
Measurement – the macro is available on request). For each 
probe 20 different microscopic fields completely covered with 
biofilm material (magnification x400) were analyzed. 
 
Nucleotide sequence accession numbers 

The sequences obtained in this study are available in Gen-
Bank under accession no. AF202655 – AF202663 (16S rRNA of 
“Candidatus Kuenenia stuttgartiensis”) and AF202649 – 
AF202654 (anoxic biofilm amoA clones). 

 

 
Results 
 
Anaerobic ammonium oxidation in trickling filter 2 
 

The semi-technical plant displayed in Figure 1 was in-
oculated with activated sludge of the denitrification and 
aeration tank (ratio 1:1) of the waste water treatment 
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plant (designed for 10,000 inhabitants and population 
equivalents) of the Institute for Sanitary Engineering 
(Stuttgart, Germany). Sludge liquor containing up to 690 
mg l-1 N ammonium was used as influent for trickling fil-
ter 1. During the start-up phase semisynthetic waste  
water was successfully used as influent for trickling filter 
2 in order to establish anaerobic ammonium-oxidizing 
activity. Thereafter, the effluent of trickling filter 1 was 
used as influent for trickling filter 2. In the experimental 
period more than 88% of the ammonium and 96% of  
the nitrite present in the influent were removed in trick-
ling filter 2. Furthermore, an average production of 64  
mg l-1 of nitrate (11.3% formation) was observed (Table 
3). Thus, the average total nitrogen removal in trickling 
filter 2 was 81.2%.  

Biofilm bacteria related to the anaerobic ammonium-
oxidizer.  
 

Nine 16S-rRNA targeted oligonucleotide probes de-
signed for specific in situ detection of the previously rec-
ognized anaerobic ammonium-oxidizer (STROUS et al., 
submitted) were used for in situ hybridization of biofilm 
samples of trickling filter 2. While high numbers of 
densely clustered cells were specifically labeled after hy-
bridization with probe S-*-Amx-0820-a-A-22, no signals 
could be detected after application of the other eight 
probes (Table 2). Simultaneous application of the Planc-
tomycetales-specific probe Pla46 (NEEF et al., 1998) 
demonstrated that bacteria detectable with probe S-*-
Amx-0820-a-A-22 made up more than 99% of the area 

 

Table 3. Average nitrogen balances of trickling filter 2 during the biofilm sampling period

 Influent 
[mg l-1] 

Effluent 
[mg l-1] 

Degradation 
[%] 

Formation 
[%] 

Load conversion 
g (m³*d)-1 

Load conversion 
g (m2*d)-1 

NH4
+_N 280 33 88.3  45,6 0.42 

NO2
--N 336 13 96.2  58,7 0.54 

NO3
--N 7 71  11.3a 11,6 0.11 

∑ Nanorg 623 117 81.2  92,6 0.85 
TNB 634 127 80.0  92,6 0.85 
 

a It should be noted that nitrate formation is consistent with anaerobic ammonium-oxidizing activity (STROUS et al., 1998; 
VAN DE GRAAF et al., 1996, VAN DE GRAAF et al., 1997 ) 
 

Fig. 2. In situ identification of “Candi-
datus Kuenenia stuttgartiensis” in bio-
film of trickling filter 2 by simultaneous
hybridization with Cy3-labeled probe
Pla46, Fluos-labeled probe Eub338 and
Cy5-labeled probe S-*-Kst-1275-a-A-
20. “Candidatus Kuenenia stuttgartien-
sis” appears white because of the over-
lapping labels. Planctomycetes other
than “Candidatus Kuenenia stuttgar-
tiensis” are labeled red (locations indi-
cated by arrows). Please note that for il-
lustration purposes probe EUB338 was
used without the probe modifications
EUB338-II and EUB338-III. As all mem-
bers of the genus Isosphaera, “Candida-
tus Kuenenia stuttgartiensis” possess a
single mismatch within the EUB338
probe-target site which does, however,
not hamper probe EUB338 binding
under the hybridization conditions ap-
plied in this study (DAIMS et al., 1999). 
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Fig. 3. PCR amplification of trickling filter 2 derived 16S rDNA with the primers Pla46 and 1390R using different annealing tem-
peratures. Lanes: 1 and 14, 1-kb DNA ladder, 2:44°C, 3:45.8°C, 4:47.6°C, 5:49.5°C, 6:51.3°C, 7:53.1°C, 8:54.9°C, 9:56.7 
°C, 10:58.6°C, 11:60.4°C, 12:62.2°C, 13:64°C. 
 
 
of those cells stained with probe Pla46 (data not shown). 
Both, the probe S-*-Amx-0820-a-A-22-positive bacteria 
and the cells stained exclusively with probe Pla46 had a 
coccoid morphology (average diameter is 1.5 µm) and 
showed a ring-shaped hybridization signal indicative for 
members of the Planctomycetales (NEEF et al., 1998; 
STROUS et al., 1999). Pla46-positive cells which did not 
hybridize with the Anammox-specific probes occurred as 
single cells within the biofilm (Figure 2). 

To establish a phylogenetic inventory of members of  
the Planctomycetales present within trickling filter 2 
probe Pla46 was used as forward primer in combination 
with the universal reverse primer 1390R for PCR 16S 
rDNA amplification. The effect of different annealing  
 

temperatures on yield and specificity of the PCR reaction 
was analyzed (Figure 3). At annealing temperatures from 
44°C to 56,7°C relatively large amounts of unspecific 
amplificates were observed. Use of higher annealing tem-
peratures up to 64°C resulted in specific product 
formation. The PCR product obtained with an annealing 
temperature of 58,6°C was used for subsequent direct 
cloning to cover a maximum diversity of 16S rDNA se-
quences. Surprisingly, only nine of the twenty-five clones 
analyzed were affiliated with the Planctomycetales. These 
nine sequences (1363-1365 bp in length – primers  
not counted) were highly similar to each other (more  
than 98.8% sequence similarity) but only distantly relat- 
ed to all other sequences presently represented in public 

 
 

1636 bp

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1636 bp

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Table 4. Overall sequence similarities for the retrieved biofilm 16S rRNA sequences and representative species 
of the Planctomycetales and Chlamydia trachomatis, respectively. 
 

rDNA source % Similarity to rDNA of: 
 C. tracho-

matis 
P. 
marina 

P. limno-
philus 

G. obscuri-
globus 

I. pallida Marine 
agg. 27 

Biofi.18 An.amm. 
ox. 

Pirellula marina 72.4        
Planctomyces limnophilus 71.8 82.4       
Gemmata obscuriglobus 70.9 81.0 80.8      
Isosphera pallida 72.1 78.1 79.5 78.9     
Marine aggregate clone 27 72.7 77.8 76.0 75.4 75.8    
Biofilm clone 18 71.4 75.0 73.0 72.2 71.9 77.7   
Anaerobic ammonium-oxidizer  72.7 76.1 75.9 75.7 74.7 77.6 75.0  
Anoxic biofilm-clone 2-48a 74.2 77.3 75.5 74.8 73.8 78.6 74.5 90.4 
 
a The molecular isolate 2-48 was selected as representative of the nine almost identical 16S rDNA sequences 
(>98,9%) retrieved from the anoxic biofilm 
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16S rRNA databases. Among those the highest similarity 
values were calculated for the previously recognized 
anaerobic ammonium-oxidizer (90.2% - 90.5%). Other 
members of the Planctomycetales and all other organ-
isms displayed very low sequence similarities below 79% 
(Table 4). The nine biofilm 16S rDNA sequences display 
most but not all the signature nucleotides and nucleotide 
pairs (Table 5) characteristic of planctomycetes (FUERST 
et al., 1997; LIESACK and STACKEBRANDT 1992; WOESE, 
1987). Consistent results were obtained after application 
of different treeing methods for phylogenetic analysis of 
the Planctomycetales-related sequences retrieved from the 
biofilm. Neighbor-joining, maximum-likelihood and 
maximum parsimony analysis agreed that these se-
quences form a grouping with the deep-branching anaer-
obic ammonium-oxidizer within the Planctomycetales 
(Figure 4). Selection of different sets of outgroup organ-
isms and exclusion of highly variable positions prior to 
treeing analysis (by use of a 50% conservation filter for 
the Planctomycetales and the Bacteria, respectively) re-
sulted in identical assignment of the biofilm sequences 
(data not shown). Bootstrap support for the clustering of 
the biofilm-retrieved sequences with the anaerobic am-
monium oxidizer and for the monophyly of the Plancto-
mycetales and the anaerobic ammonium oxidizer related 

sequences is highly significant (Figure 4). Interestingly, 
three environmentally derived 16S rRNA sequences from 
a trickling filter biofilm (VAN DER MEER et al., 1998), 
marine coastal picoplancton (RAPPE, et al. 1996) and a 
marine aggregate (DE LONG et al., 1993) group with the 
anaerobic ammonium-oxidizer and the biofilm sequences 
if maximum likelihood (only in combination with a filter 
selecting those sequence positions which share the same 
nucleotides in at least 50% of the available bacterial se-
quences) or maximum parsimony methods (only without 
sequence filter) are applied. However, these methods  
used with other sequence filters as well as all neighbor 
joining analyses suggest that these three previously pub-
lished sequences form a separate lineage which branches 
not as deep as the anaerobic ammonium oxidizer lineage. 

The oligonucleotide probe S-*-Kst-1275-a-A-20 was 
designed complementary to a specific target region  
shared between the nine (anaerobic ammonium-oxidizer 
related) 16S rDNA biofilm sequences. Probe S-*-Kst-
1275-a-A-20 had at least three mismatches with respect 
to all other available 16S rRNA sequences (Figure 5). 
Since no pure culture is available to determine the optimal 
hybridization stringency for probe S-*-Kst-1275-a-A-20, 
an in situ probe dissociation curve was recorded  
with fixed biofilm samples using increasingly stringent 

 

 
 
Fig. 4. Phylogenetic tree reflecting the relationships of the Stuttgart trickling filter 2 16S rDNA clones, the previously recognized 
anaerobic ammonium oxidizer (STROUS et al., 1999; AJ131819), the other Planctomycetales, and other reference organisms. The tri-
angles indicate phylogenetic groups. The tree is based on the results of maximum likelihood analysis on different data sets. Multifur-
cations connect branches for which a relative order could not unambiguously be determined applying different treeing methods. Par-
simony bootstrap values for branches are reported. Missing bootstrap values indicate that the branch in question was not recovered in 
the majority of bootstrap replicates by the parsimony method. The bar represents 10% estimated sequence divergence. 
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conditions (Figure 6). Probe S-*-Kst-1275-a-A-20 yielded 
strong signals up to 25% (v/v) formamide in the 
hybridization buffer followed by a decline at 30% (v/v) 
formamide. Signal intensities dropped to the level of 
autofluorescence after increasing the formamide 
concentration in the hybridization buffers to more than 
50% (v/v). Cells with highly similar morphology were 
detected by probe S-*-Kst-1275-a-A-20 under conditions 
of different stringency. Considering strength and position 
of the mismatches in other known non-target organisms a 
formamide concentration of 25% (v/v) was chosen as 
optimal stringency for S-*-Kst-1275-a-A-20. After 
simultaneous hybridization of biofilm material with probe 
S-*-Kst-1275-a-A-20, and probe S-*-Amx-0820-a-A-22 
(labeled with different dyes) exclusively double-labeled 
cells occurring in dense aggregates were observed. 
Quantitative in situ analysis of the bacteria related to the 
anaerobic ammonium-oxidizer within the biofilm was 
performed by applying probe S-*-Kst-1275-a-A-20  
 

 
 
Fig. 6. Probe binding profile of probe S-*-Kst-1275-a-A-20.  
The relative strength of hybridization was determined at in-
creasing concentrations of formamide in the hybridization 
buffer and decreasing concentrations of NaCl in the washing 
buffer by quantification of intensities of the fluorescence sig-
nals. 

with 25% formamide in the hybridization buffer and  
159 mM NaCl in the washing buffer (see Materials and 
Methods). Digital image analysis of confocal biofilm sec-
tions simultaneously hybridized with the Cy3-labeled 
EUB338 probe mixture (DAIMS et al., 1999) and the Cy5-
labeled probe S-*-Kst-1275-a-A-20 demonstrated that 
bacteria related to the anaerobic ammonium oxidizer oc-
cupied 49% (+/-12; 95% confidence limit; the relatively 
high standard deviation is caused by the unequal, cluster-
like distribution of the probe target bacteria within the 
biofilm) of the area of those bacterial cells detectable by 
in situ hybridization (Figure 2). In a control experiment, 
the relative area of the novel biofilm Planctomycetales 
after hybridization with probe S-*-Amx-0820-a-A-22  
was determined to be 50% (+/-8; 95% confidence limit). 
Since 85% (+/-8; 95% confidence limit) of the total bac-
terial cells within the biofilm stained with SYBR Green I 
were simultaneously detectable with the bacterial probe 
mixture, the bacteria related to anaerobic ammonium-
oxidizer constitute almost half of the bacterial biomass in 
trickling filter 2.  
 

“Aerobic” nitrifiers within the anoxic biofilm 

The abundance and diversity of “aerobic” ammonium-
oxidizing bacteria of the beta-subclass of Proteobacteria 
within the anoxic biofilm of trickling filter 2 were inves-
tigated by fluorescence in situ hybridization with a set of 
previously developed 16S rRNA-targeted oligonucleotide 
probes listed in Table 2 (JURETSCHKO et al.,1998; MO-
BARRY et al., 1996; WAGNER et al., 1995; WAGNER et al., 
1996) and by comparative sequence analysis of retrieved 
fragments of the amoA gene (ROTTHAUWE et al., 1997). 
In confocal biofilm sections 27% (+/-8; 95% confidence 
limit; the relatively high standard deviation is caused by 
the unequal, cluster-like distribution of the probe target 
bacteria within the biofilm) of the area of those cells de-
tectable with the bacterial probe set was occupied by am-
monia oxidizers identified as halophilic or halotolerant 
members of the genus Nitrosomonas by simultaneous 
hybridization with probes Nso 1225, Nso190 and NEU. 
No signals were observed after hybridization with the 
Nitrosococcus mobilis specific probe NmV or the Nitro-
sospira cluster-specific probe Nsv443. In addition, no 

Probe sequence           3'-ACGCTTTGGATATTTCGGCT-5'
Target sequence          5'-UGCGAAACCUAUAAAGCCGA-3'
 ”Candidatus Kuenenia stuttgartiensis”       ....................  
 Anaerobic ammonium oxidizer   A........C.....A..A. 
 Paenibacillus curdlanolyticus   A.....U............G  
 Desulfotomaculum thermosapovorans  A.....C..G.........G  
 Thermoanaerobacter lacticus   A........C.G.......G  
 Actinopolyspora halophila    A........CGG.......G  
 Halomonas halodurans     A.....U..C.........G  
 Brachybacterium alimentarium   A.....U....A.......G  
 Clavibacter michiganense    A.....U..C.N.......G  
 Mycobacterium ulcerans    A.....U...U........G  
 Legionella adelaidensis    A.....U.U..G.......G  
 Sporotomaculum hydroxybenzoicum   A.....C..G.G.......G  
 Thermoanaerobacter brockii    A........C.A.......G  
 Corynebacterium flavescens    A.....U.G.G........G  
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Fig. 5. Difference alignment for probe S-*-
Kst-1275-a-A-20. 16S rRNA sequences at the
target site of the probe are displayed for repre-
sentative reference organisms.  
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nitrite-oxidizing bacteria of the genera Nitrobacter and 
Nitrospira could be visualized after hybridization with the 
probes NIT3 (WAGNER et al., 1996) and S-G-Ntspa-0662-
a-A-18 (DAIMS et al., submitted), respectively. 
For 16S rRNA-independent high resolution diversity 
analysis of beta-subclass ammonia-oxidizers of trickling 
filter 2 the amoA approach was performed (ROTTHAUWE 
et al., 1997). AmoA gene fragments were successfully 
amplified from trickling filter 2 biofilm derived DNA. 
After gel electrophoretic separation of the equal-sized  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Separation of trickling filter 2 retrieved amoA PCR am-
plificates according to their GC content by gel retardation. Lane 
1: 1-kb DNA ladder (please note that the migration pattern is 
strongly altered due to the gel retardation); Lane 2: 5µl PCR 
product. Bands 1, 2 and 3 were excised, cloned and sequenced 
(See Figure 8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Phylogenetic Fitch-Margoliash tree reflecting the re-
lationships of the trickling filter 2 ammonia oxidizers based on 
deduced AmoA amino acid sequences. GC contents and the re-
spective gel retardation band are given for each biofilm clone in 
brackets. The bar indicates 10% estimated sequence divergence. 
 

amoA fragments according to their GC content by using 
gel retardation, three distinct bands were observed,  
cloned and sequenced (Figure 7). Phylogenetic analysis of 
the deduced amino acid sequences of the molecular iso-
lates representing the respective bands demonstrated  
their grouping with Nitrosococcus mobilis (band 1;  
clones S1, S2, and S4, GC content 43-44%, identity val-
ues between 95.7 and 97.2% on the amino acid level to 
the respective amoA fragment of N. mobilis), Nitro-
somonas eutropha (band 2, clone S5, GC content 47%, 
identity value of 95.0 % on the amino acid level to the 
respective amoA fragments of N. eutropha), and Nitro-
somonas europaea (band 3, clones S3 and S6, GC con-
tent 49%, identity values of 98.6 - 99.3% on the amino 
acid level to the respective amoA fragment of N. euro-
paea) (Figure 8).  
 
 
Discussion 
 
Genus-level diversity of anaerobic ammonium 
oxidizers 
 

On thermodynamical grounds Broda predicted the ex-
istence of lithotrophic prokaryotes mediating the anaerob-
ic oxidation of ammonia to nitrogen in nature (BRODA, 
1977). Recently, this hypothesis was verified by the iden-
tification of a novel, deep-branching planctomycete ca-
pable of catalyzing the above mentioned process (STROUS 
et al., 1999). Our data provide evidence that an addition- 
al genus within the Planctomycetales capable to anaero-
bically oxidize ammonium does exist. The suggested 
novel genus was identified based on nine highly similar 
16S rRNA sequences retrieved from a trickling filter 
biofilm with high anaerobic ammonium-oxidizing activi-
ty. Different phylogenetic analyses consistently demon-
strated that these sequences group as a clearly separated 
cluster with the previously described anaerobic ammoni-
um oxidizer. The moderate sequence similarities between 
the molecular biofilm isolates and the anaerobic ammo-
nium-oxidizer (below 91%), indicate the presence of two 
different genera (LUDWIG et al., 1998). Consistent with 
these findings, the biofilm retrieved sequences do not 
possess fully complementary target sites for eight out of 
nine 16S rRNA-targeted oligonucleotide probes previ-
ously designed for specific in situ detection of the anaero-
bic ammonium-oxidizer (STROUS et al., submitted). 

Our results do not provide direct evidence that the 
identified novel planctomycetes occurring in the trickling 
filter biofilm do actually perform anaerobic ammonium-
oxidation. However, there are two independent experi-
mental results which strongly support the conclusion that 
these organisms are indeed anaerobic ammonium 
oxidizers. Firstly, it should be noted that the influent of 
trickling filter 2 contained significant amounts of ammo-
nium (280 mg l-1) and nitrite (336 mg l-1) but was very 
low in total organic carbon (5-10 mg l-1). Analysis of the 
chemical composition of the influent and effluent of the 
analyzed trickling filter showed that its biofilm possessed 
a high anaerobic ammonium-oxidizing activity at the  
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time of sampling. Taken together it appears very likely 
that the numerically dominant biofilm microorganism,  
the novel planctomycete-like bacterium which accounts 
for almost half of the prokaryotic biofilm biomass, are 
chemolithoautotrophs gaining energy from the anaerobic 
ammonium oxidation. Secondly, the previously described 
anaerobic ammonium-oxidizer is the closest known rela-
tive of the novel biofilm planctomycete representing to-
gether the deepest recognized line of descent within the 
Planctomycetales. Since no other recognized members of 
the Planctomycetales which are capable to perform the 
anaerobic ammonium oxidation have been described, it  
is tempting to speculate that the common ancestor of the 
anaerobic ammonium oxidizer and the novel Candidatus 
genus either developed or acquired (by lateral gene trans-
fer from a yet unknown bacterium) this physiological 
ability. In this context three environmentally derived 16S 
rRNA sequences, one from a marine aggregate (DE  
LONG et al., 1993), marine picoplancton (RAPPE et al., 
1996) and one from a rotating contactor disk biofilm 
(VAN DER MEER et al., 1998), should also be considered. 
Some but not all treeing methods suggest that these two 
sequences do also group with the anaerobic ammonium 
oxidizer and the novel biofilm planctomycete. Future 
studies are required to show whether these sequences  
also represent bacteria performing anaerobic ammonium-
oxidation. If such is the case a widespread environmental 
distribution of bacteria with this physiological trait  
would be expected.  

Based on the results of our study we propose, accord-
ing to MURRAY and SCHLEIFER  (1994) provisional classifi-
cation of the novel biofilm planctomycete as “Candidatus 
Kuenenia stuttgartiensis”. The short description of “Can-
didatus Kuenenia stuttgartiensis” is as follows: deep-
branching within the Planctomycetales; not cultivated; 
Gram-reaction not applicable; coccus, approximately 1.5 
µm in diameter; basis of assignment, 16S rDNA se-
quences (accession numbers AF202655 – AF202663) and 
oligonucleotide probe complementary to unique region of 
16S rRNA S-*-Kst-1275-a-A-20 (5’-TCGGCTTTATAG-
GTTTCGCA-3’); free-living (anoxic biofilm); anaerobic 
ammonium oxidizer, mesophilic; SCHMID et al., this study. 
 
Significance of classical “aerobic” ammonia-oxidizers 
in anoxic habitats 
 

Several studies have demonstrated that “aerobic” am-
monia oxidizers of the beta-subclass of Proteobacteria  
can survive extended periods of anaerobiosis (ABE-
LIOVICH, 1987; BLACKBURN, 1983; JETTEN et al., 1999). In 
addition, a surprising metabolic versatility of different 
Nitrosomonas strains under oxygen limitation and/or 
anoxic conditions including anaerobic oxidation of am-
monium with nitrite as electron acceptor has been re-
ported (BOCK et al., 1995; DE BRUIJN et al., 1995; POTH, 
1986; POTH and FOCHT, 1985, SCHMIDT and BOCK, 
1997). Quantitative FISH showed that halophilic or 
halotolerant ammonia-oxidizers of the genus Nitro-
somonas constitute about one fourth of the microbial 
biomass of the anoxic trickling filter biofilm. Compara-

tive sequence analysis of biofilm derived amoA frag-
ments indicated the presence of DNA originating from 
ammonia oxidizers closely related to Nitrosomonas eu-
ropaea, Nitrosomonas eutropha, and Nitrosococcus mo- 
bilis within the biofilm. It should be noted that, due to  
the reamplification of amoA fragments after gel-retarda-
tion, two rounds of 30 PCR cycles were performed prior 
to cloning of amoA fragments. Thus Taq polymerase in-
duced sequence errors might account for some of the dif-
ferences in the deduced amino acid sequences between 
the cloned amoA fragments and those of the cultured 
ammonia oxidizers. While the detection of amoA frag-
ments from Nitrosomonas europaea and Nitrosomonas 
eutropha-like bacteria is congruent with the FISH results, 
Nitrosococcus mobilis cells were not detectable in situ. 
Possible explanations of this discrepancy are that Ni-
trosococcus mobilis-like cells are not detectable by FISH 
since they (I) occur in low numbers below the FISH de-
tection limit, (II) possess a low cellular ribosome content, 
(III) were subjected to a mutation in the NmV probe-tar-
get site, or (IV) were lysed within reactor 2 and their ex-
tracellular DNA served as template for amoA amplifica-
tion. At present it is difficult to judge the significance of 
the relatively high in situ abundance of classical ammo-
nia oxidizers in the anoxic biofilm for anaerobic ammo-
nium oxidation. It appears to be most likely that aerobic 
ammonia oxidizers have been transferred via the sewage 
from the aerobic trickling filter 1 with high ammonia-ox-
idizing activity to the anoxic trickling filter 2. The high 
cellular ribosome content of these ammonia-oxidizers in 
trickling filter 2 observed by FISH is not necessarily an 
indicator for substantial physiological activity since beta-
subclass ammonia-oxidizers maintain high rRNA con-
centrations per cell even under unfavorable conditions 
like starvation (MORGENROTH, in press; MORITA, 1993) 
or chemical inhibition (WAGNER et al., 1995). Conse-
quently, the high ribosome content of trickling filter 2 
beta-subclass ammonia-oxidizers could just reflect their 
previous aerobic activity in trickling filter 1. However,  
the relatively high numbers of the “aerobic” ammonia-
oxidizers observed in situ in trickling filter 2 suggest that 
they might be able to grow under anoxic conditions or 
under transient periods of microaerophilic conditions (up 
to 0.08 mg O2 l-1 was detectable in trickling filter 2;  
Table 1). Nevertheless, classical ammonia-oxidizers con-
stituted only approx. one half of the biomass of “Candi-
datus Kuenenia stuttgartiensis” within the trickling filter 
2. Keeping in mind that beta-subclass ammonia-oxidizers 
analyzed to date possess (at least in pure culture) specific 
rates for anaerobic ammonium oxidation which are  
more than 20fold lower that the rate measured for the 
anaerobic ammonium-oxidizer affiliated with the Planc-
tomycetales (JETTEN et al., 1999) we conclude that “Can-
didatus Kuenenia stuttgartiensis” is most likely responsi-ble 
for a large part of the anaerobic ammonium oxida- 
tion in trickling filter 2. Future studies will show whether 
members of the Planctomycetales are also responsible for the 
nitrogen loss without corresponding decrease of  
BOD which has been recently reported for two rotating 
biological contactor systems treating landfill leachate  
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(HELMER and KUNST, 1998; HELMER et al., 1999; SIEGRIST 
et al., 1998). In a more general perspective these results 
demonstrate that there is a principal possibility to actual-
ly integrate the process of anaerobic ammoniumoxida- 
tion in modern waste water treatment for inexpensive N-
removal from waste water with high ammonium concen-
trations and low BOD. We just begin to elucidate the act-
ual natural genetic diversity of bacteria capable to per-
form anaerobic ammonium-oxidation. How this diversi- 
ty also reflects differences in physiology remains unre-
solved but will ultimately be important in both, our fun-
damental understanding of nitrogen cycling and the de-
sign of highly efficient waste water treatment plants. 
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Summary 
 
Recently, anaerobic ammonium-oxidizing bacteria 
(AAOB) were identified by comparative 16S rDNA 
sequence analysis as a novel, deep-branching line-
age within the Planctomycetales. This lineage con-
sists currently of only two, not yet culturable bacteria 
which have been provisionally described as Candi-
datus ‘Brocadia anammoxidans’ and Candidatus 
‘Kuenenia stuttgartiensis’. In this study, a large 
fragment of the rDNA operon, including the 16S  
rDNA, the intergenic spacer region (ISR) and approxi- 
mately 2000 bases of the 23S rDNA, was polymerase 
chain reaction (PCR) amplified, cloned and  
sequenced from both AAOB. The retrieved 16S  
rDNA sequences of both species contain an insertion  
at helix 9 with a previously overlooked pronounced 
secondary structure (new subhelices 9a and 9b). This 
insertion, which is absent in all other known prokar- 
yotes, is detectable by fluorescence in situ hybridiza- 
tion (FISH) and thus present in the mature 16S rRNA. 
In contrast to the genera Pirellula, Planctomyces  
and Gemmata which possess unlinked 16S and 23S 
rRNA-genes, both AAOB have the respective genes 
linked together by an ISR of approximately 450 bp in 
length. Phylogenetic analysis of the obtained 23S 
rRNA genes confirmed the deep branching of the 
AAOB within the Planctomycetales and allowed the 
design of additional specific FISH probes. Remark-
ably, the ISR of the AAOB also could be successfully 
detected by FISH via simultaneous application of four 
monolabelled oligonucleotide probes. Quantitative 
FISH experiments with cells of Candidatus ‘Brocadia 
anammoxidans’ which were inhibited by exposure to 
oxygen for different time periods demonstrated that 
 
Received 25 April, 2001, accepted 7 June, 2001. For correspon- dence. 
Email: wagner@mikro.biologie.tu-muenchen.de, Tel. (+ 49) 8161 71 5444, 
Fax (+ 49) 8161 71 5475. 
 
 
 
 
 

the concentration of transcribed ISR reflected the 
activity of the cells more accurately than 16S or  
23S rRNA concentration. Thus the developed ISR 
probes might become useful tools for in situ 
monitoring of the activity of AAOB in their natural 
environment. 
 
 
Introduction 
 
The order Planctomycetales first described in 1986 by 
Schlesner and Stackebrandt (Schlesner and Stackebrandt, 
1986) currently includes four genera (Planctomyces, 
Pirellula, Gemmata and Isosphaera) and seven described 
species represented by pure cultures isolated from various 
aquatic systems (Schlesner, 1994, Fuerst 1995; Ward  
et al., 1995; Griepenburg et al., 1999). Molecular 16S 
rDNA-based diversity surveys of different environments 
demonstrated that the naturally occurring diversity within 
this order is not adequately represented by the cultured 
species (Liesack and Stackebrandt, 1992, De Long et al., 
1993; Bond et al., 1995; Ward et al., 1995; Rappe et al., 
1997; Sekiguchi et al., 1998; Van der Meer et al., 1998; 
Bowman et al., 1999; Griepenburg et al., 1999; Li et al., 
1999; Ravenschlag et al., 1999, Strous et al., 1999; LaPara 
et al., 2000; Schmid et al., 2000; Derakshani et al., 2001) 
(Fig. 1). Among the not yet cultured Planctomycetales are 
two recently identified new Candidatus genera containing 
the provisionally named species Candidatus ‘Brocadia 
anammoxidans’ (Strous et al.,1999; Strous, 2000) and 
Candidatus ‘Kuenenia stuttgartiensis’ (Schmid et al., 2000). 
These bacteria are the only known organisms which derive 
their energy from anaerobic oxidation of ammonium with 
nitrite as electron acceptor  (Jetten et al., 1999). According 
to comparative 16S rRNA analysis, they form a deep 
branching lineage within the Planctomycetales to the 
exclusion of all other members of this order. Although 
Candidatus ‘Brocadia anammoxidans’ and Candidatus 
‘Kuenenia stuttgartiensis’ are organisms with an approved 
physiotype within the order Planctomycetales virtually 
nothing is known about their genetics and ecology. An 
improved understanding of these unique bacteria is not 
only of interest from an fundamental point of view but also 
of practical importance as anaerobic ammonium oxidation 
can successfully be used for nitrogen removal in waste 
water treatment plants (Strous, 2000; Schmid et al., 2000). 
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Fig. 1. 16S rDNA based phylogenetic tree reflecting the relationships of Candidatus ‘Kuenenia stuttgartiensis’ and Candidatus ‘Brocadia 
anammoxidans’ (I), environmentally derived 16S rDNA sequences of organisms with unknown physiology affiliated to the order  
Planctomycetales (II), the ‘classical” planctomycetes (III), and other reference organisms. The triangles indicate phylogenetic groups. The tree is 
based on results of maximum likelihood analyses on different data sets. The bar represents 10% estimated sequence divergence. Sequences 
containing or missing the insertion at helix 9 are labeled by * and $, respectively. Partial sequences not covering helix 9 are marked with #. 
References: 1 Bowman et al., 1999; 2 Ravenschlag et al., 1999; 3 LaPara et al., 2000; 4 Sekiguchi et al., 1998; 5 Van der Meer et al.,  
1998; 6 Rappe et al., 1997; 7 DeLong et al., 1993; 8 Li et al., 1999; 9 Egli et al., 2001 ; 10 Derakshani et al., 2001. 
 

 

  
The current study is based on rRNA operon sequence 

analysis of Candidatus ‘Brocadia anammoxidans’ and 
Candidatus ‘Kuenenia stuttgartiensis’. We detected a 
previously overlooked secondary structure of an insertion 
within helix 9 of the 16S rRNA of these organisms and 
developed a specific oligonucleotide probe for its in situ 
detection. Furthermore, the retrieved 23S rRNA 
sequences were used for extended phylogenetic analysis 
of the anaerobic ammonium-oxidizing bacteria (AAOB) 
and for probe design. Interestingly, the AAOB differ from 
most other members of the Planctomycetales (Liesack 
and Stackebrandt, 1989; Menke et al., 1991; Ward et al., 
2000) by having the 16S and 23S rRNA genes adjacent to 
each other within a single operon. Both genes are 
separated by an intergenic spacer region (ISR) of about 
450 bp. Specific by fluorescence in situ hybridization 
(FISH) probes for the in situ detection of the ISR transcript 
were developed and applied. Compared to FISH with  
16S or 23S rRNA-targeted probes, the signal intensity 
 

obtained with the ISR probes was demonstrated to be 
more directly linked with the physiological activity of the 
cells.  
 
 
Results 
 
AAOB contain an insertion at helix 9 of their 16S rRNA  
 
16S rDNA sequences of the AAOB Candidatus ‘Brocadia 
anammoxidans’ and Candidatus ‘Kuenenia stuttgartien-
sis’ have been presented in previous studies (Strous et al., 
1999; Schmid et al., 2000). In this study we obtained for 
both organisms clones of a large fragment of the rDNA 
operon (approximatly 4000 bp), including the 16S rDNA, 
the intergenic spacer region (ISR) and about 2000 bases 
of the 23S rDNA. Inspection of the 16S rDNA sequences 
revealed a previously overlooked insertion with 20 
nucleotides in length located within helix 9 (beginning at  
E. coli position 157). A pronounced secondary structure  
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can be predicted for this insertion leading to the proposal 
of the two new subhelices 9a and 9b (Fig. 2). With the 
exception of the Planctomycetales-affiliated environmen-
tal 16S rDNA clone AF280847 (LaPara et al., 2000;  
Fig. 1) which contains 14 inserted nucleotides at this site, 
this insertion is absent from all other 16S rDNA  
sequences in the database of the ARB program package 
for sequence analysis (Strunk and Ludwig, 1997; about  
18.000 entries; status March, 2001). The presence of the 
insertion in the mature 16S rRNA of the AAOB was 
demonstrated using the insertion-targeted oligonucleotide 
probes S-S-Ban-0162(B.anam.)-a-A-18 (specific for Can-
didatus ‘Brocadia anammoxidans’) and S-S-Kst-0157-a-  
A-18 (specific for Candidatus ‘Kuenenia stuttgartiensis’) 
for FISH. Both probes hybridized specifically to their 
respective target organisms with an intensity comparable 
to the 16S rRNA-targeted probe S-*-Amx-0820-a-A-22 
(data not shown). The newly designed probe S-S-Kst-
0157-a-A-18 has at least four mismatches with all other 
available 16S rRNA sequences including Candidatus 
‘Brocadia anammoxidans’. As no pure culture is available 
to determine the optimal hybridization stringency for probe 
S-S-Kst-0157-a-A-18, an in situ probe dissociation curve 
was recorded with biofilm samples containing Candidatus 
‘Kuenenia stuttgartiensis’ using increasingly stringent con-
ditions. Probe S-S-Kst-0157-a-A-18 yielded strong signals 
with up to 25% (v/v) formamide in the hybridization buffer 
followed by a decline at 30% (v/v) formamide. Signal 
intensities dropped to the level of autofluorescence after 
increasing the formamide concentration in the hybridization 
buffers to more than 40% (v/v). At 25% (v/v) formamide no 
cross reaction of probe S-S-Kst-0157-a-A-18 with cells  
 

from the enrichment of Candidatus ‘Brocadia anammox-
idans’ could be observed (data not shown). Thus the use 
of a formamide concentration of 25% (v/v) is suggested  
for in situ hybridizations with probe S-S-Kst-0157-a-A-18.  
 
 
AAOB contain 23S rDNA and 16S rDNA in one operon. 
 
In contrast to most other recognized members of the 
Planctomycetales (Liesack and Stackebrandt, 1989; 
Menke et al., 1991; Ward et al., 2000) the 23S rDNA 
sequence of both investigated AAOB is directly linked by 
an ISR (approx. 450 bp) to the 16S rDNA. Furthermore, 
helix 58 is not deleted in the 23S rDNA of the AAOB as 
described for some other species of the Planctomycetales 
and Verrucomicrobiales (Ward et al., 2000). The obtained 
23S rDNA sequences were used for design of the 
oligonucleotide probe L-*-Amx-1900-a-A-21 specific for 
both anaerobic ammonia-oxidizers (Table 1). Probe L-*-
Amx-1900-a-A-21 has at least three mismatches with 
respect to all other available 23S rRNA sequences. The 
optimal hybridization stringency for probe L-*-Amx-1900- 
a-A-21 was determined by recording an in situ probe 
dissociation curve with an enrichment culture of Candi-
datus ‘Brocadia anammoxidans’ and biofilm material 
containing Candidatus ‘Kuenenia stuttgartiensis’ using 
increasingly stringent conditions. L-*-Amx-1900-a-A-21 
yielded strong signals up to 30% (v/v) formamide in the 
hybridization buffer followed by a decline at 35% (v/v) 
formamide. Signal intensities dropped to the level of 
autofluorescence after increasing the formamide concen-
tration in the hybridization buffers to more than 45% (v/v) 
(data not shown). Thus a formamide concentration of 30%  
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Candidatus “Kuenenia stuttgartiensis” and 
Candidatus “Brocadia anammoxidans” (right) 
and Planctomyces limnophilus (as an example 
for all other bacteria) (left). Inserted 
nucleotides are encircled. Differences in 
sequence between Candidatus “Kuenenia 
stuttgartiensis” and Candidatus “Brocadia 
anammoxidans” are displayed using the IUP 
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Positions of probes S-S-Ban-0162(B.anam.)-
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(v/v) was chosen as optimal stringency for probe L-*-Amx-
1900-a-A-21.  
 
 
Phylogenetic analysis of the rDNA operon of the AAOB.  
 
Candidatus ‘Brocadia anammoxidans’ and Candidatus 
‘Kuenenia stuttgartiensis’ possess 90.5% and 87.8% 
sequence similarity on the 16S and 23S rRNA level, 
respectively. 16S and 23S rRNA sequence similarities 
between AAOB and all other planctomycetes are below 
78% and 72%, respectively (Table 2). Phylogenetic 
analyses were performed independently for 16S rRNA  
and 23S rRNA as well as for a concatenated 16S and  
23S rRNA data set. Independent from the data set 
analysed and the treeing method used, the AAOB form a 
stable, deep branching line of descent within the order 
Planctomycetales (Fig. 3). Exclusion of highly variable 
positions prior to treeing (only those positions were 
considered which are conserved in at least 50% of the 
Planctomycetales and the Bacteria, respectively) did not 
influence the phylogenetic affiliation of the AAOB (data not 
shown).  
 

In situ detection of AAOB using intergenic spacer region 
(ISR) targeted oligonucleotide probes.  
 
The approximately 450 bp ISRs between the 16S and  
23S rDNA of Candidatus ‘Brocadia anammoxidans’ and 
Candidatus ‘Kuenenia stuttgartiensis contain genes for  
the tRNAs tAlanine and tIsoleucine. ISR regions located 
outside of the tRNA genes were used as target for 
oligonucleotide probes. Four probes were designed for 
each of the AAOB and applied in FISH (Table 1). Each 
probe of both sets had at least four mismatches with all 
16S and 23S rRNA sequences and all other sequences at 
GenBank (www.ncbi.nlm.nih.gov). For initial FISH 
experiments, physiologically active AAOB cells of both 
genera were used. In situ hybridization of these cells with 
single ISR-targeted probes did result in detectable but 
very weak fluorescence (data not shown). For increasing 
signal intensities the four ISR probes for each species 
(labelled with the same dye) were applied together. This 
resulted in strong, specific hybridization signals for 
Candidatus ‘Brocadia anammoxidans’ and Candidatus 
‘Kuenenia stuttgartiensis’. No addition of formamide to the 
hybridization buffer was required to obtain specific  

 



Appendix E  

 E-VI

 
454. M. Schmid, S. Schmitz-Esser, M. Jetten and M. Wagner 
 

 

signals. The specificity of the ISR probes was confirmed 
by simultaneous application of 16S and 23S rRNA-
targeted probes (S-*-AMX-820-a-A-20 and L-*-Amx- 
1900-a-A-21, labeled with different dyes) specific for the 
AAOB. The suitability of the ISR probes to measure 
activity changes of AAOB was evaluated with cells of 
Candidatus ‘Brocadia anammoxidans’ which were inhibited 
by exposure to oxygen for different time periods (Fig. 4). 
Active cells (maintained at anoxic conditions) are detect-
able by both the rRNA and the ISR-targeted probes (see 
above). However, after 1 h of oxygen exposure only a 
minor percentage (8 ± 1 %) of the AAOB cells showed 
ISR-probe conferred fluorescence while cells could  
still be detected with specific 16S and 23S rRNA-targeted 
probes. After 4 h of oxygen incubation no ISR probe 
signals were detectable while the mean 16S and 23S 
rRNA-probe conferred fluorescence was only reduced to 
42 ± 1 % (16S rRNA-targeted probe S-S-Ban-0162-a- 
A-18) and 72 ± 1 % (23S rRNA-targeted probe L-*- 
Amx-1900-a-A-21) respectively. Even after one day of 
complete physiological inhibition by oxygen exposure,  
the AAOB cells were still detectable with 16 and 23S  
rRNA probes while again no ISR probe signal was 
recorded (Fig. 4).   
 
 
 
Discussion 
 
Phylogeny and unusual rDNA operon structure of AAOB 
 
Phylogenetically the AAOB Candidatus ‘Brocadia anam-
moxidans’ and Candidatus ‘Kuenenia stuttgartiensis’ 
represent the deepest branch within the Planctomyce-
tales. This holds true for 16S rDNA (Fig. 1), 23S rDNA, or 
concatenated 16S/23S rDNA data sets (Fig. 3) and is 
independent from the treeing method applied. The 16S 
rDNA sequences of both recognized AAOB contain a  
20 bp insertion at helix 9 which is, according to FISH 
analysis, present in the mature 16S rRNA and presumably 
forms the two novel subhelices 9a and 9b (Fig. 2). This 
insertion is also found in a recently published 16S rDNA 
sequence almost identical to Candidatus ”Kuenenia 
stuttgartiensis’ (sequence similarity >99%; Fig. 1; Egli  
et al., 2001) and in truncated form (14 bp) in a 16S rDNA 
sequence amplified from an industrial waste water 
treatment plant (AF280847; LaPara et al., 2000) which  
is affiliated to another deep branching lineage within the 
Planctomycetales (Fig. 1; 16S rDNA sequence similarity  
to AAOB <75%). All other prokaryotic 16S rDNA 
sequences in publicly accessible data bases do not 
contain subhelices 9a and 9b. According to the 16S  
rDNA phylogeny of the Planctomycetales, the most 
parsimonious interpretation of these data is that this 
insertion emerged in two independent events in the clone 
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Fig. 3. Phylogenetic tree based on combined sequence data of 16S and 23S rDNA reflecting the relationships of the AAOB Candidatus 
“Kuenenia stuttgartiensis” and Candidatus “Brocadia anammoxidans”, the cultivated members of the order Planctomycetales, and other 
reference organisms. The tree is based on results of maximum likelihood analysis. Parsimony bootstrap values for the major branches are 
reported. The bar represents 10% estimated sequence divergence. 
 
 
AF280847 lineage and in the common ancestor of the 
candidatus genera Brocadia and Kuenenia.  

Another feature that differs between the AAOB Candi-
datus ‘Brocadia anammoxidans’ and Candidatus ‘Kuene-
nia stuttgartiensis’ and most recognized members of the 
Planctomycetales is the genomic arrangement of the 16S 
and 23S rDNA genes. The AAOB and members of the 
genus Isosphaera possess linked 16S and 23S rDNA 
genes while members of the genera Planctomyces, 
Pirellula and Gemmata (Liesack and Stackebrandt, 1989; 
Menke et al., 1991; Ward et al., 2000) contain separated 
16S and 23S rDNA operons.  

 
 

In situ detection of the intergenic spacer region in AAOB 
as measure of activity 
 
The FISH signal intensity of a microbial cell labeled with  
a rRNA-targeted oligonucleotide probe is proportional to 
the concentration of ribosomes and precursor-rRNA 
molecules per cell. Since the cellular rRNA content is 
known to depend on the rate of growth, FISH signal 
intensities have been used to infer growth rates of defined 
microorganisms within their natural environment (e.g. 
Poulsen et al., 1993). However, the links of cellular rRNA 
content with physiological activity differ significantly 

between organisms (Flärdh et al., 1992) and also vary 
dependent upon conditions of growth and starvation (Oda 
et al., 2000). Consequently, a high cellular rRNA content  
is not always indicative for physiological activity. For 
example, ammonia-oxidizing bacteria of the beta-sub-
class of Proteobacteria maintain high cellular rRNA 
contents even after prolonged periods of starvation 
(Morita, 1993; Morgenroth et al., 2000) or inhibition 
(Wagner et al., 1995). As precursor rRNA concentrations 
are more reflective of the physiological activity of a 
microbial cell than the mature rRNA contents (Cangelosi 
and Brabant, 1997), targeting the intergenic spacer region 
(ISR) between the 16S rRNA and 23S rRNA with 
fluorescently labeled oligonucleotide probes allows a  
more direct probing of cellular activity (Oerther et al., 
2000). However, this approach has up to now only been 
applied for the fast growing heterotrophic bacteria E. coli 
and Acinetobacter calcoalceticus. In the present study  
we sequenced the ISR of the AAOB Candidatus ‘Brocadia 
anammoxidans’ and Candidatus ‘Kuenenia stuttgartien-
sis’ and designed probes for ISR in situ detection. The 
suitability of the ISR probes to in situ monitor changes in 
activity of AAOB was evaluated using oxygen-inhibited 
cells. AAOB immediately arrest their metabolism after 
exposure to oxygen (Jetten et al., 1999) but maintain  
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Fig. 4. Panel A. In situ hybridization of Candidatus “Brocadia anammoxidans” with the 16S-rRNA targeted probe S-*-Amx-0820-a-A-22  
(labeled in blue) as well as the ISR-targeted probes I-*-Ban-0071(B.anam.)-a-A-18, I-*-Ban-0108(B.anam.)-a-A-18, I-*-Ban-0222(B.anam.)-a- 
A-19, and I-*-Ban-0389(B.anam.)-a-A-18 (all labeled in red) after different exposure times to oxygen (0 h, 1 h, 4 h, 24 h). Cells stained by rRNA 
and ISR-targeted probes appear magenta due to the overlap of colors. Panel B. Signal intensities of Candidatus “Brocadia anammoxidans” 
exposed for different time periods to oxygen after in situ hybridization with 16S-, 23S- and ISR-targeted probes. The mean relative signal 
intensities were calculated by determining the mean pixel intensity per microscopic image in the respective channel. Bars indicate standard errors 
calculated from 5 independent measurements. 
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detectable levels of 16S and 23S rRNA even 24 h after a 
switch to oxic conditions. In contrast, the ISR-probe-
conferred signals dramatically drop within the first hour of 
oxygen inhibition and are below the detection limit after  
4h of aerobic incubation (Fig. 4) suggesting that the 
developed ISR-targeted probes might become useful  
tools for directly investigating physiological responses of 
the still unculturable AAOB to changes in environmental 
conditions.  
 
 
Experimental Procedures 
 
DNA extraction from biofilm and enrichment cultures 
 
High molecular weight DNA of biofilm material from the 
trickling filter 2 of the semitechnical plant in Stuttgart 
containing Candidatus ‘Kuenenia stuttgartiensis’ was isolated 
as described by Schmid et al. (2000). The sample of an 
enrichment culture of Candidatus ‘Brocadia anammoxidans’ 
was harvested from a sequencing batch reactor (Strous et al., 
1998). Total genomic DNA was isolated with the Fastprep 
Bead-beater (BIO 101, Vista) and FastDNA kit (BIO 101, 
Vista) according to the standard protocol provided with the 
instrument. 
 
 
PCR amplification of a stretch of the rDNA operon 
 
For preferential PCR amplification of rDNA of members of the 
Planctomycetales the recently published phylum-specific 
probe Pla46 (16S rDNA E. coli positions 46-63; Neef et al., 
1998; Table 3) was used unlabeled as a forward primer in 
combination with the universal reverse primer 1037R (23S 
rDNA E. coli positions 1929-1953; Table 3). PCR was 
performed in a 96 micro well plate (Biorad, München, 
Germany) with the gradient cycler (Eppendorf, Hamburg, 
Germany). Reaction mixtures were prepared in a total  
volume of 50 µl containing 2 mM MgCl2, 10 nmol of  
each deoxynucleoside triphosphate, 15 pmol of each primer, 
100 ng of template DNA and 1.5 U of Taq DNA polymerase 
(Promega, Madison). Thermal cycling was carried out with an 
initial denaturation of 4 min at 94°C, followed by 30 cycles of 
denaturation at 94°C for 45 s, annealing at 58°C for 50 s, and 
elongation at 72 °C for 3 min. Cycling was completed by a 
final elongation step at 72°C for 10 min. Negative controls (no 
DNA added) were included in all sets of amplifications. The 
presence and size of amplification products were determined  
 

by agarose (0.8%) gel electrophoresis of 5 µl aliquots of the 
PCR products. 
 
 
Cloning and Sequencing 
 
The biofilm-derived rDNA PCR products were cloned by  
using the TOPO TA Cloning kit following the instructions of 
the manufacturer (Invitrogen, Groningen, The Netherlands). 
Plasmid-DNA was isolated with the Quiaprep spin miniprep  
kit (Quiagen, Hilden, Germany). Plasmids with an insert of  
the expected size were identified by agaraose (0.1%) gel 
electrophoresis after EcoRI digestion (5 U, Eco RI-buffer for 
3h at 37°C). Sequencing was done nonradioactively by using 
the Thermo Sequenase fluorescent labeled primer cycle 
sequencing kit according to the instructions of the manufac-
turer (Amersham, Freiburg, Germany). The reaction mixtures 
were analyzed with an infrared automated DNA sequencer 
(model LiCor Longreadir DNA 4200, MWG - Biotech, Ebers-
berg, Germany). The complete sequences of the rDNA 
operon fragments were determined by using M13 forward and 
reverse primers targeting vector sequences adjacent to the 
multiple cloning site and internal primers located on the 16S 
and 23S rDNA, respectively (Table 3).  
 
 
Phylogenetic analysis 
 
Sequences obtained in this study were split in 16S rDNA, 23S 
rDNA and ISR and added separately to the respective 
sequence databases of the Technischen Universität  
München (currently encompassing more than 18.000 small 
subunit rRNA sequences and more than 1200 large subunit 
rRNA sequences) by use of the ARB program package 
(Strunk and Ludwig, 1997). While ISR sequences were  
not aligned, 16S and 23S rRNA sequences were aligned 
automatically using the respective tool of the ARB package. 
Subsequently, the alignments were corrected by visual 
inspection. Additionally, a combined 16S and 23S rRNA 
sequence database was generated including all members of 
the Planctomycetales for which 16S and 23S rRNA sequence 
information is available (Ward et al., 2000). Phylogenetic 
analyses of rRNA sequences were performed by applying 
neighbor-joining, ARB parsimony and maximum likelihood 
analyses (fast DNAml, Maidak et al., 1996) to different data 
sets. Bootstrapping was performed using the PHYLIP parsi-
mony tool (100x resampling) (Phylogeny Inference Package 
Version 3.5c, University of Washington, Seattle). 
 
 



Appendix E  

 E-X

 
458 M. Schmid, S. Schmitz-Esser, M. Jetten and M. Wagner 
 
Probe design, FISH and microscopy 
 
For the probes used in this study, sequences, target sites and 
optimal formamide concentrations in the hybridization buffers 
are displayed in Table 1. Probe design was performed with 
the respective tool of the ARB package. Probes were 
purchased as Cy3, Cy5 and 5(6)-carboxyfluorescein-N-
hydroxysuccinimide ester (FLUOS) labeled derivatives from 
Interactiva (Ulm, Germany). Hybridizations were performed  
as described by Amann (1995). Simultaneous hybridization 
with probes requiring different stringency was realized by a 
successive-hybridization procedure (Wagner et al., 1994). 
Optimal hybridization conditions for probes S-S-Kst-0157-a- 
A-18 and L-*-Amx-1900-a-A-21 were determined by using the 
hybridization and wash buffers described by Manz et al. 
(1992). The in situ probe dissociation temperatures were 
evaluated by measuring the relative fluorescence intensity of 
biofilm bacteria after hybridization with probes S-S-Kst-0157-
a-A-18 and L-*-Amx-1900-a-A-21 at different stringencies as 
described by Daims et al. (1999). Slides were washed briefly 
with ddH2O, air-dried and embedded in Citifluor (Citifluor Ltd., 
Canterbury, UK). For image acquisitions a Zeiss LSM 510 
scanning confocal microscope (Zeiss, Jena, Germany) 
equipped with a UV laser (351 and 364 nm), an Ar ion  
laser (458 and 488 nm) and two HeNe lasers (543 and 
633nm) was used together with the standard software 
package delivered with the instrument (version 2.1). FISH 
signal intensities were quantified using the procedure 
described by Daims et al. (1999). 
 
 
Nucleotide sequence accession numbers 
 
The sequences obtained in this study are available in 
GenBank under accession nos. AF375994 (16S rRNA, ISR, 
and 23S rRNA of ‘Candidatus Brocadia anamoxidans’) and 
AF375995 (16S rRNA, ISR, and 23S rRNA of ‘Candidatus 
Kuenenia stuttgartiensis’). 
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Abstract  
 
In this study we present a new approach to determine the volume, the heterogeneity factors, and the composition of the 
bacterial population of activated sludge flocs by 3D confocal imaging. After staining the fresh flocs with FITC 
(fluorescein-isothiocyanate), 75 stacks of images (containing approx. 3000 flocs) were acquired with a Zeiss LSM 510 
confocal laser scanning microscope. The self-developed macro 3DVASD (3 dimensional volume and surface 
determination) for the Zeiss Vision KS 400 software 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 (Df). According to their significant influence on floc 
integrity and quality, we also investigated the chemical composition of the flocs and quantified their bacterial population 
structure by using group-specific rRNA-targeted probes for fluorescence in situ hybridization. By a simple settling 
experiment we enriched flocs with poor settling properties and determined the above mentioned parameters for different 
stages of the enrichment. This approach revealed shifts in floc volume, heterogeneity, and bacterial and chemical 
composition according to the settling quality of the flocs. 
 
Keywords: sludge settling, confocal laser scanning microscopy (CLSM), floc volume, floc heterogeneity, fluorescence 
in situ hybridization (FISH)  
 
 
 

1. Introduction 
 
A prominent problem when wastewater is treated 
using activated sludge treatment plants is poor 
settling properties of activated sludge flocs in the 
secondary clarifier. This often leads to a decreased 
performance of the treatment plant 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 filamentous or zoogloeal bacteria [e.g. 3, 4, 5, 
6], and by the amount and composition of 
extracellular polymeric substances (EPS) in the 
sludge [7]. The relative importance of these factors 
 
 
 
 

 is, however, not always well understood [8], so 
reliable methods to study settling characteristics 
and floc properties are important. The settling 
properties of the sludge are often characterized by 
measurement of the sludge volume index (SVI). 
However, this method does not provide any 
detailed knowledge about the floc properties, only 
about macroscopic settling properties [9]. 
Therefore, various studies have focused on other 
methods for a more comprehensive 
characterization of activated sludge flocs.  
Floc size distributions were previously determined 
by light microscopy [10, 11, 12]. This approach 
revealed that most particles have a diameter lower 
than 5 µm while the major part of the volume is 
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reflected by flocs with a diameter in the range of 
68-183 µm. 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 [13]. This technique, though fast, 
provides only an indirect insight into physical floc 
properties with no information about the microbial 
community structure or EPS composition. 
 
In this study, we have combined confocal laser 
scanning microscopy (CLSM) with image analysis 
to provide a direct and fast determination of floc 
volume and architecture. We applied this new 
approach to characterize activated sludge flocs 
with good and poor settling properties. 
Furthermore, CLSM based applications for 
quantitative fluorescence in situ hybridization 
(FISH) were used to detect the population structure 
of the activated sludge flocs. An additional 
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 
compared to the average flocs from industrial 
wastewater treatment plants. 
 
 
2. Materials and Methods 
 
2.1. Sampling 
  
Activated sludge samples were taken from the 
aeration basins from the plants listed and described 
in Table 1. The samples were immediately stored 
on ice.  
 
Table 1  
Characteristics of analyzed municipal activated sludge samples 
[Sludge volume index (SVI) and suspended solids (SS) data 
were determined in the laboratories of the respective 
wastewater treatment plant (WWTP)]. PE = population 
equivalent. ND = not determined. 

Sludge samples analyzed PE SVI 
Suspended 

Solids [gSS/l] 

Semitechnical plant 

Großlappen 
ND 125 ND 

WWTP Dietersheim; high load 

stage  
2100000 72 3.7 

WWTP Großlappen; high load 

stage 
2000000 103 3.3 

WWTP Poing 110000 137 2.9 

 
 
 
 
 
 
 
 

2.2. Fractionation of activated sludge flocs 
 
For the separation of good and poor settling 
activated sludge flocs, respectively, we used the 
strategy displayed in Figure 1. Each of the 
undiluted sludge samples was applied to three 
cylinders 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. Samples were taken using a glass 
pipette (without tip to avoid shearing effects) at a 
height of about 5 cm within the supernatant at the 
beginning of the experiment. Since previous 
settling experiment showed that an almost 
complete solid-liquid separation took place after 
about 20 min, samples were taken after 20 minutes 
of settling. Aliquots of these samples were 
immediately processed for analysis of the physical, 
chemical and biological parameters and compared 
to unsettled samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Experimental setup used for enrichment of flocs with 
poor settling properties. 
 
2.3. Staining with FITC 
 
Samples were vortexed for 5 sec prior to and after 
staining with FITC (Fluorescein-isothiocyanate, 
Merk Darmstadt, Germany) to destroy low - 
energy aggregation between flocs. Staining was 
performed for 3 hour by addition of 25µl of FITC - 
stock solution (1% FITC in dimethyl - formamide, 
Merck Darmstadt, Germany) to 1 ml of the native 
sample. All floc structures were best stained by 
FITC, while the Fluorescent Brightener 28 (Sigma-
Aldrich, Steinheim, Germany), and the negative 
staining with fluoresceine (Sigma-Aldrich, 
Steinheim, Germany) yielded poorer results (data 
not shown). Excess dye was removed by carefully 
replacing the supernatant of the settled stained 
samples with fresh, 0.2 µm - filtered sample liquid. 
Samples were diluted in 0.2 µm – filtered sample 
liquid to gain single flocs and immediately viewed 
with a 40x objective (C-Apochromat, Zeiss, Jena, 
Germany) using a confocal laser scaning 
microscope (CLSM).  
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2.4. Fluorescence in situ hybridization 
 
The oligonucleotide probes used are listed in Table 
2. They were purchased as Cy3, and Cy5 labeled 
derivatives from Thermo Hybaid Interactiva 
division (Ulm, Germany). Flocs were fixed and 
analyzed by FISH as described by Amann [14].  
 
Table 2  
Oligonucleotide probes used in this study. The bacterial target 
group of each probe is listed together with the appropriate 
reference. The bacterial nomenclature proposed in the 
taxonomic outline (released 1. April 2001) of the second edition 
of Bergey’s manual of systematic bacteriology 
(http://www.cme.msu.edu/bergeys/) was used. 
Oligonucleotide 

probe 

Specificity Ref. 

Alf968 many  

Alphaproteobacteria 

[30] 

Bet42a Betaproteobacteria [31] 

Gam42a Gammaproteobacteria [31] 

Pla46 Planctomycetes [32] 

CF319a many Bacteroidetes [33] 

Hgc69a Actinobacteria [34] 

Lgcb+c1) many Firmicutes [35] 

Eub338 many but not all Bacteria [36] 

Eub338II Bacterial lineages not covered 

by probe EUB338 

[37] 

Eub338III Bacterial lineages not covered 

by probe EUB338 and 

EUB338II 

[37] 

1) An equimolar mixture of Lgcb and Lgcc was used for FISH 

 
2.5. Microscopy, image analysis, and 
quantification of probe target bacteria 
 
For image acquisitions a Zeiss LSM 510 scanning 
confocal microscope (Zeiss, Jena, Germany) 
equipped with a UV laser (351 and 364nm), an Ar 
ion laser (458 and 488nm), and two HeNe lasers 
(543 and 633nm) 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 3DVASD (3 Dimensional Volume and 
Surface Determination) 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. Resulting voxels 
which form a structure without gaps were counted 
and multiplied by the volume of one voxel given 
by the dimension of the pixels of the slices in x- 
and y-direction and the slice distance. Classes were 
defined in order to group the flocs according to 
their volume (Table 3). The overall surface of a 
floc was determined by adding voxel surfaces of 

one floc, which did not touch other voxels. Non-
stained enclosures within the floc structure were 
filled out by the software. 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 (Sfloc/ Ssphere). 
Since the Carl Zeiss Vision 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= spherefloc SS /  * dulvc 
 
dfloc: deduced diameter of an original 

floc with the volume of the upper 
limit of the respective volume 
class 

Sfloc/Ssphere: ratio of the original surface 
computed by the Kontron KS 
400 software and the surface of a 
sphere with the respective 
volume of the floc (see below). 

dulvc: diameter of the sphere with the 
volume of the upper volume 
class limit. 

 
The dfloc values were taken as the upper diameter 
class limit corresponding to the respective volume 
class and plant. Diameters and heterogeneity 
factors (Sfloc/Ssphere) to the corresponding volume 
classes and plants are given in Table 3.  
 
The fractal dimension (Df) was deduced out of 
single 2D image sections from the CLSM acquired 
3D image stacks by using the two-point correlation 
function mentioned in Thill et al. [15]. For each 
analysis, the Df value of 20 randomly selected 
sections was determined. 
The filament indices were determined according to 
[4]. 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 activated sludges 
in term of total protein, carbohydrate, DNA, and 
humic substances was measured as described by 
Frølund et al., [18]. 
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Table 3.  
Transfer of volume classes into the respective diameters 

Dietersheim  Großlappen  

0 min 20 min 0 min 20 min 

Volume classes 
[µm³] Sfloc/Ssphere Diameter classes [µm] Sfloc/Ssphere Diameter classes [µm] Sfloc/Ssphere Diameter classes [µm] Sfloc/Ssphere 

Diameter classes 
[µm] 

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 5.87-7.51 

65-128 1.98 7.04-8.79 2.13 7.26-9.13 2.27 7.35-9.43 2.41 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 11.2-14.3 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 2.91 16.4-21.3 

1025-2048 2.11 18.0-22.9 2.31 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 

8193-16390 2.26 39.3-47.4 2.69 41.24-51.7 3.52 45.2-59.1 3.83 43.5-61.7 

16390-32770 2.56 47.4-63.6 2.82 51.7-66.7 4.38 59.1-83.1 4.36 61.7-82.9 

32770-65540 2.81 63.6-83.9 3.56 66.7-94.3 5.00 83.1-112 4.61 82.9-107 

65540-131100 3.24 83.9-113 4.31 94.3-131 4.91 112-140 5.39 107 -146 

131100-262100 3.63 113-151 5.31 131-183 5.64 140-189 7.30 146-215 

262100-524300 4.88 151-221 5.44 183-233 6.78 189-261 9.13 215-302 

524300-1049000 5.43 221-294 6.50 233-321 8.28 261-363 11.38 302-425 

1049000-2097000 6.96 294-419 7.58 321-437 8.64 363-467 12.34 425-558 

 
 
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 
distribution, the volumes of 600, 3000, 6000, and 
15000 randomly selected flocs originating from the 
same activated sludge sample from Dietersheim 
wastewater treatment plant (wwtp) were measured. 
Pronounced differences were observed in the floc 
volume distributions (plotted versus total volume of 
all flocs or total floc number) inferred from 600, 
3000 and 6000 analyzed flocs, while almost 
identical volume distributions were obtained from 
6000 and 15000 measured flocs (Figure 2 A/B). 
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. 7 hours for a single sample. In this period 
the floc volume distribution within a sample 
remained almost constant (see below). 
 
 
 
 
 

 
 
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 1 µm distance 
intervals between the optical sections (distances <1 
µm 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 µm. The use of section 
distances of 1, 2, and 4 µm resulted in only 
marginal variations in the determined floc volumes 
and distributions (Figure 3 A/B). The total volumes 
of all measured flocs using 1, 2, and 4 µm section 
distance, respectively, differed only by 3.5%. 
However, increase of section distance to 8 µm led 
to significant alterations of floc volumes and 
distributions [e.g. the smallest volume class 17-32 
µm3 (diameter 4.51-5.57 µm; Table 3) is not 
represented any more, but a new largest volume 
class 262145 - 524288 µm3 (diameter 151-221 µm; 
Table 3) is generated - see Figure 3 A/B]. This is 
also reflected by a 25% overestimation  
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of the total floc volume using 8 µm as section 
distance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Influence of the number of analyzed flocs on floc volume 
distributions. For each volume class the percentage of the total 
floc volume (A) and the total number of analyzed flocs (B) is 
given. 
 
Transport and storage of activated sludge samples 
might influence the number, shape, and volume of 
the activated sludge flocs. Thus, the influence of 
sample storage was investigated with sludge from 
Dietersheim wwtp, which is located closely to the 
CLSM laboratory. An aliquot was stained and 
observed immediately after sampling. Other 
aliquots were examined after storage times of 6 
hours, 1, 2, 3 and 5 days at 4°C, respectively. For 
each analysis, 6000 flocs were recorded at room 
temperature. Figure 4 shows the floc volume 
distributions plotted against total floc volume (A) 
and total floc number (B) after the different storage 
times. The storage did not cause any pronounced 
shifts in the volume distributions. However, slight 
variations were observed especially for larger flocs 
[65537 - 2097152 µm3 (diameter 83,8-419 µm; 
Table 3); Figure 4 A]. 
 
3.2. Physical floc properties  

 
The physical floc properties were determined for 
the semitechnical plant in Großlappen and the 
Dietersheim wwtp. Generally, the small flocs were 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Influence of section distance on floc volume distribution. 
For each volume class the percentage of the total floc volume 
(A) and the total number of analyzed flocs (B) is given 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Influence of storage time on floc volume distribution. For 
each volume class the percentage of the total floc volume (A) 
and the total number of analyzed flocs (B) is given. 
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Figure 5. A/B: Volume distribution of activated sludge flocs from Großlappen after enrichment for flocs with poor settleability and 
application of energy (by vortexing to break up weak adheasions 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, is given. C: Df values of 
activated sludge flocs after enrichment for flocs with low settleability and application of energy, respectively. For each analysis, the Df of 
twenty activated sludge flocs was determined. Error bars indicate the standard error. D: Sfloc/Ssphere of activated sludge flocs after enrichment 
for flocs with poor settleability and application of energy, respectively 
 
most abundant [below 256 µm3 (diameter of about 
9 µm; Table 3) Figure 5 and Figure 6 A and B], 
while the large ones comprised almost the complete 
volume [above 131073 µm3 (diameter above about 
140 µm; Table 3)]. The poor settling flocs 
remaining in the supernatant after 20 minutes of 
settling in Dietersheim were slightly more 
voluminous (Figure 6A) and the abundance of 
small flocs decreased (Figure 6B). In contrast, the 
poor settling flocs in Großlappen showed a shift to 
smaller volumes in the larger volume classes 
[above 131073µm3 (diameter above about 140 µm; 
Table 3); Figure 6A]. A significant increase in the 
number of small flocs was not visible (Figure 6B). 
In both plants, the fractal dimension (Df) of the 
poor settling flocs had mean values  (1.9 for 
Großlappen and 1.8 for Dietersheim) lower than the 
Df of the original sludge flocs (2.2 for Großlappen 
and 2.1 for Dietersheim), (Figure 5 C and 6 C), 
indicating that the poor settling flocs were more 
heterogeneous. This is also supported by 
measurement of the ratio of the floc surface to  
 
 
 
 

the surface of a sphere with an identical volume 
(Sfloc/Ssphere), which showed a marked increase for 
poor settling flocs in both plants (Figure 5 D and 6 
D).  
 
 
Table 4  
Percental share of DNA, carbohydrates, proteins, and humic 
substances of the total chemical composition of activated sludge 
flocs of wwtps Dietersheim, Großlappen, and Poing prior to and 
after enrichment for flocs with bad settling properties.  

 DNA Carbo-
hydrates Proteins Humic 

substances
0 min 0.43  10.8 26.4 62.4 Dietersheim
20 min 0.92  6.3  34.3 58.5 

     

0 min 0.18  15.9 24.9 59.0 
Großlappen 

20 min 2.64 14.2 27.2 55.9 
     

0 min 0.20  17.8 28.6 53.4 
Poing 

20 min 1.20  12.8  27.0 59.1 
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Fig. 6. A/B: Volume distribution of wwtp 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, is given. C: Df values of activated sludge flocs after enrichment for flocs with poor settleability. For each analysis, the 
Df of twenty activated sludge flocs was determined. Error bars indicate the standard error. D: Sfloc/Ssphere of activated sludge flocs of wwtp 
Dietersheim after enrichment for flocs with bad settleability and application of energy, respectively. 
 
3.3. Chemical composition and population 
structure of activated sludge  
 
The chemical composition of the solids was 
determined in the activated sludge samples from the 
three wwtps (Table 4). In all plants the relative 
carbohydrate 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. 
In this study, the group-specific probes listed in 
Table 2 were applied to investigate the microbial 
population structure of the activated sludge of the 
different wwtps (Figure 7). The bacterial 
composition differed significantly. Activated sludge 
from all three plants was dominated by 
Betaproteobacteria and Actinobacteria (Figure 7). 
In Poing also Firmicutes were numerous. In 
medium amounts, members of the Alpha- and 
Gammaproteobacteria could be detected in 
Dietersheim and Poing. Bacteroidetes and 
 
 

Planctomycetes played only a minor role in these 
two sludges (Figure 7 A/C). The Großlappen sludge 
contained the most heterogeneous bacterial 
population (Figure 7 B) and a relatively high 
proportion of the bacteria could not be identified by 
any of the probes applied (18%).  
After enrichment for poor settling sludge two major 
shifts in the population could be observed in the 
Dietersheim sludge (Figure 7 A). The 
Betaproteobacteria decreased from about 62% to 
40%, and the percentage of Alphaproteobacteria 
was only about half of the original (about 15% to 
7%).  
In poor settling sludge from Großlappen 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. This increase was most significantly 
for Gammaproteobacteria (from about 6% to  
12%). 
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Fig. 7. Microbial population structure of the activated sludge samples prior to and after enrichment for flocs with poor settling properties of 
wwtps A: Dietersheim, B: Großlappen 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. 
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In the poor settling flocs from Poing the abundance 
of Actinobacteria dropped significantly (from 35% 
to 10% of all bacteria with the EUB probe 
mixture) after enrichment for poor-settling flocs. A 
large fraction (about 25%) of the bacterial 
population in the poor settling flocs could be 
detected only with the EUB probe mixture (Figure 
7 C) and must thus be affiliated with bacterial 
lingeages for which no specific probes were 
applied.  
Additionally, a general shift in the filament index 
to higher values (from 2 to 4 for Dietersheim and 
Großlappen, 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 [13, 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 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 µm, 
but we found a section distance of 4 µm 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 [11, 12] 
rather than volume classes for the description of 
floc sizes. This method though not combined with 
a high technological effort does not take into 
account that it deals with three dimensional 
structures. A volume measurement is in this 
respect certainly 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 
comparison 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. 11, 12, 20] as a curve 
with a peak at small particles with a diameter of 
about 0.5 to 5 µm and one for large particles with a 
diameter of 30 to 1000 µm. Our results generally 
obey these findings, but pronounced differences in 
the floc size distributions and heterogeneity could 
be found after enrichment for poor settling sludge.    
The poor settling flocs in Großlappen were 
characterized 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 (see 
above), consistent trends were observed for the 
fractal dimension of the flocs during enrichment 
for flocs with poor settleability. Df of the flocs 
with a bad settleability were in both plants 
characterized by a more heterogeneous structure 
(Df of 1.9 and 1.8, respectively; Figure 5 C and 6 
C) than the flocs from the original activated 
sludges (Df of 2.2 and 2.1, respectively; Figure 5 C 
and 6 C). The ratio of the floc surface to the 
surface of a sphere of an identical volume 
(Sfloc/Ssphere) also describes the structural 
heterogeneity of activated sludge flocs. 
Interestingly, the overall value for Sfloc/Ssphere of 
large flocs was significantly higher for Großlappen 
than for Dietersheim indicating a higher 
heterogeneity in the overall floc structure in 
Großlappen. This finding is not supported by the 
Df values. In this respect it seems that the Df 
reflects a tendency within one sludge plant, but 
cannot be used to compare different plants. It is 
tempting to speculate that a higher Sfloc/Ssphere of 
large flocs is indicative for a higher SVI since the 
sludge from the Großlappen 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 (Großlappen 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 [8]. For all 
treatment plants, the relative carbohydrate content  
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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. Carbohydrate is likely 
connected to EPS in tight microcolonies or 
intracellular storage material (as glycogen), so this 
could indicate that this biomass fraction 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  
 
Fluorescence in situ hybridization (FISH) with 
rRNA-targeted oligonucleotide probes is the 
current gold standard for cultivation-independent 
in situ identification of microorganisms. In 
combination with confocal laser scanning 
microscopy and digital image analysis quantitative 
data of the composition of the microbial 
populations in activated sludge flocs and biofilms 
can be obtained [17, 21, 22, 23]. In accordance 
with previous investigations [24, 25, 26, 27, 28] 
two of the activated sludge samples analyzed were 
dominated by Betaproteobacteria. Members of this 
subclass are for example most lithoautotrophic 
ammonia-oxidizers, Zoogloea spp., Sphaerotilus 
natans, and Azoarcus spp., the latter genus was 
recently identified to encompass important 
denitrifiers in wwtps [23]. 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 
structure of the activated sludge flocs from three 
different wastewater treatment plants were 
observed after enrichment for poor settling flocs 
(Figure 7). 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 enrichment 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 to observe 
population shifts within the respective bacterial 
groups. Future research should attempt to apply the 
full-cycle rRNA approach [23, 29] for a high 
resolution, comparative analysis of the microbial 
 
 
 

community composition of activated sludge prior 
to and after enrichment for poor settling flocs. This 
approach will almost certainly allow to identify 
bacterial key populations enriched in flocs with 
good or bad settleability. 
 
5. Conclusions  
 
1. Confocal laser scanning microscopy 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 physical, chemical and microbial floc 
properties are more or less specific for each 
treatment plant. Therefore, a detailed 
understanding of variations in sludge settling 
properties in different treatment plants, e.g. a 
certain malfunction, requires information 
about all factors. 

3. Certain bacterial groups are enriched in flocs 
with good or poor settling properties in a 
specific treatment plant. 
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