


Friedrich-Schiller-Universität Jena 
Biologisch-Pharmazeutische Fakultät 

Institut für Ökologie 
Arbeitsgruppe Limnologie / Aquatische Geomikrobiologie 

 
 
 
 
 

 
Diplomarbeit 

 

Effects of Protozoa with Different Feeding 
Modes on Biofilm Morphology 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vorgelegt von Anne Böhme 
geboren am 10.12. 1981 in Jena 
 
 
Erstgutachterin: HDoz. Dr. Kirsten Küsel 
 
Zweitgutachter: Prof. Dr. Stefan Halle 
 
 
Jena, den 22.12. 2008 

seit 1558



______________________________________________________________Index I 

Index 
 
Index of Figures          IV 
 
Index of Tables          VII 
 
Legend of Abbreviations, Synonyms and Definitions     VIII 
 

1. Introduction          1 
1.1  Biofilm Development        1 
1.2  Biofilms in Streams        3 
1.3  Advantages and Disadvantages for Bacteria Living in a Biofilm  4 
1.4  Protozoan Predation and Bacterial Defence Mechanisms   5 
1.5  Trends in Biofilm Research       6 
1.6  Aims and Hypotheses of this Study      8 

 
2. Material & Methods         10 

2.1  Materials and Preparations       10 
2.1.1 Isolation Procedure and Cultivation of the Protozoa   10 
2.1.2 Characterisation of the Protozoa      12 
2.1.3 Bacteria for Experiments       16 
2.1.4 Organism Handling before Experiments     16 
2.1.5 Media for Experiments       16 
 

2.2  Experimental Procedures       17 
2.2.1 Flow Cell Experiments       17 

2.2.1.1  General Setup       17 
2.2.1.2  Flow Velocity in Flow Cells      18 
2.2.1.3  Flow Cell Experiment with VYE-Bacteria    19 
2.2.1.4  Flow Cell Experiment with Stream Bacteria   21 

2.2.2 Batch Experiment        21 
 

2.3  Analysis          22 
2.3.1 Staining and Fixation       22 

2.3.1.1  Protozoa        22 
2.3.1.2  DAPI         23 
2.3.1.3  Propidium Iodide       23 

2.3.2 Microscopy and Image Analysis      24 
2.3.2.1  Live Observation       24 
2.3.2.2  Confocal Laser Scanning Microscopy (CLSM)   26 

2.3.3 Data Analysis        26 
2.3.3.1  Daime         26 
2.3.3.2  Image Browser       28 

2.3.4 Statistics         28 
 

3. Results          30 
3.1  Flow Cell Experiment with VYE-Bacteria     30 

3.1.1 Protozoan Abundances       30 
3.1.2 Morphology of the Stained Bacterial Biofilms    32 
3.1.3 Biofilm Thickness       37 

3.1.3.1  Maximal Biofilm Thickness      37



____________________________________________________________Index II 

3.1.3.2  Thickness of the Basal Biofilm Layer    39 
3.1.4 Volume, Surface Area, Surface Area / Volume Ratio  

and Base Porosity of the Bacterial Biofilm    41 
3.1.5 Microcolonies        47 

3.1.5.1  Abundances        47 
3.1.5.2  Diameter and Coverage on Cover Slip    48 
3.1.5.3  Base Diameter, Covered Base Area  

 and Covered Base Area / Base Area Ratio    48 
 

3.2  Flow Cell Experiment with Stream Bacteria     56 
3.2.1 Protozoan Abundances       56 
3.2.2 Morphology of the Stained Bacterial Biofilms    57 
3.2.3 Biofilm Thickness       59 

3.2.3.1  Maximal Biofilm Thickness      59 
3.2.3.2  Thickness of the Basal Biofilm Layer    59 

3.2.4 Volume and Base Porosity of the Bacterial Biofilm   60 
3.2.5 Microcolonies        62 

3.2.5.1  Abundance        62 
3.2.5.2  Diameter and Coverage on Cover Slip    62 
 

3.3  Batch Experiment        64 
 

4. Discussion          66 
4.1  Impact of the Filter Feeders on the Morphology of VYE-Bacterial Biofilms 66 

4.1.1 Dexiostoma campylum       66 
4.1.1.1  Sloughing of Biofilm Fragments by Dexiostoma campylum 66 
4.1.1.2  Microcolony Abundance and Microcolony Distribution Pattern 68 

4.1.2 Cyclidium glaucoma       69 
 

4.2  Impact of the Gulper Feeders on the Morphology of  
 VYE-Bacterial Biofilms        70 
4.2.1 Chilodonella uncinata       70 

4.2.1.1  Grazing keeps Biofilms in an Early Developmental Stage  70 
4.2.1.2  Grazing leads to Increased Formation of Microcolonies and  

 to a Mushroom-like Shape of Microcolonies   70 
4.2.2 Vannella sp.        72 

4.2.2.1  Vannella sp. holds Biofilm in Early Developmental Stage  72 
4.2.2.2  Formation of Microcolonies is no Effective Mechanism against   

 Grazing by Vannella sp.      73 
 

4.3  Impact of the Direct Interception Feeder Spumella sp. on the Morphology  
 of VYE-Bacterial Biofilms       74 
4.3.1 Spumella sp. sloughes Bacteria from Biofilm    74 
4.3.2 Microcolony Formation does not Provide Grazing Resistance for  

Bacteria against Spumella sp.      75 
 

4.4  Impact of Protozoan Grazers on the Morphology of Stream Bacterial  
Biofilms          76 
4.4.1 Neobodo designis causes Biofilm Fragmentation   76 
4.4.2 Shape of Microcolonies is influenced by Grazing of  

Neobodo designis        77



____________________________________________________________Index III 

4.5  The Role of Protozoan Abundance on Biofilm Thickness and  
 Microcolony  Formation        78 
 

4.6  Methods and Failure Discussion       78 
 
4.7 Recapitulation and Conclusion       80 

 
5. Summary          81 

 
6. Zusammenfassung         82 

 
7. References          83 

 
8. Appendix          95 

 
Danksagung                   100 
 
Eidesstattliche Erklärung                  102 

 



____________________________________________________________Index IV 

Index of Figures 
 
Fig. 1.1:   Succession stages of biofilm development. Picture by Center for Biofilm  

     Engineering, Montana State University–Bozeman, USA.      3 
 
Fig. 2.1:   Sampling site on the stream Ilm at Griesheim, Germany.    10 
 
Fig. 2.2:   Protozoan species that were used in the experiments. A) Dexiostoma campylum,  

     photo by Y. Tsukii B) Cyclidium glaucoma, photo by Y. Tsukii C) Chilodonella  
     uncinata D) Vannella sp., 2 trophozoids, 1 cyst E) Spumella sp., photo by M. Bahr   
    & D. Patterson F) Neobodo designis, photo by B. Malik.    15 

 
Fig. 2.3:   Experimental setup for the flow cell experiments. A) Flow system with medium  

     bottle, peristaltic pump, bubble traps, flow cells and waste bottle B) Flow chamber  
     with 3 flow cells.          17 

 
Fig. 2.4:   Graph with the velocity of flowing silica particles (particle size 0.014 µm) in 12  

     different heights on 3 different locations in a flow cell.     19 
 
Fig. 2.5:   Staining procedure of biofilms in the flow cell experiments.    24 
 
Fig. 3.1:   Experiment with VYE-Bacteria: Mean protist abundances in the protist treatments  

     cm-2 over time. A) Dexiostoma campylum B) Cyclidium glaucoma C) Chilodonella  
     uncinata, Spumella sp. D) Vannella sp.      31 

 
Fig. 3.2:   Experiment with VYE-Bacteria: Top- and side view of z-stacks from the  

     experimental cycle with Dexiostoma campylum. A) Control before protozoa  
     inoculation (day 1) B) Control after protozoa inoculation (day 5) C) Treatment with  
     Dexiostoma campylum (day 5).        34 

 
Fig. 3.3:   Experiment with VYE-Bacteria: Top- and side view of z-stacks from the  

     experimental cycle with Chilodonella uncinata and Spumella sp. A) Control before  
     protozoa inoculation (day 1) B) Control after protozoa inoculation (day 5) C)  
     Treatment with Spumella sp. (day 5) D) Treatment with Spumella sp., Chilodonella  
     uncinata (day 5).          35 

 
Fig. 3.4:   Experiment with VYE-Bacteria: Top- and side view of z-stacks from the  

     experimental cycle with Vannella sp. A) Control before protozoa inoculation (day  
     1) B) Control after protozoa inoculation (day 5) C) Treatment with Vannella sp.  
     (day 5).           36 

 
Fig. 3.5:   Experiment with VYE-Bacteria: Mean maximal thickness of the bacterial biofilm  

     in µm over time. A) Dexiostoma campylum B) Cyclidium glaucoma C)  
     Chilodonella  uncinata, Spumella sp. D) Vannella sp.    38 

 
Fig. 3.6:   Experiment with VYE-Bacteria: Mean thickness of the basal layer of the bacterial  

     biofilm in µm. A) Dexiostoma campylum B) Chilodonella uncinata, Spumella sp.  
     C) Vannella sp.          40 

 
 



_____________________________________________________________Index V 

Fig. 3.7:   Experiment with VYE-Bacteria: Mean volume of bacterial biofilm (BV) calculated  
     per cm2. A) Dexiostoma campylum B) Chilodonella uncinata, Spumella sp. C)  
     Vannella sp.          43 
 

Fig. 3.8:   Experiment with VYE-Bacteria: Mean surface area of the bacterial biofilm (BSA)  
     calculated per cm2. A) Dexiostoma campylum B) Chilodonella uncinata, Spumella  
     sp. C) Vannella sp.         44 

 
Fig. 3.9:   Experiment with VYE-Bacteria: Surface area to volume ratio of the bacterial  

     biofilm (BSA / BV; µm2 µm-3). A) Dexiostoma campylum B) Chilodonella  
     uncinata, Spumella sp. C) Vannella sp.       45 

 
Fig. 3.10: Experiment with VYE-Bacteria: Mean base porosity of bacterial biofilm (BBP;  

     µm2 cm-2). BBP indicates biofilm free space on cover slip. A) Dexiostoma  
     campylum B) Chilodonella uncinata, Spumella sp. C) Vannella sp.   46 

 
Fig. 3.11: Experiment with VYE-Bacteria: Microcolony abundances per cm2 in the ungrazed  

     and grazed treatments over time. A) Dexiostoma campylum B) Chilodonella  
     uncinata and Spumella sp. C) Vannella sp.      50 

 
Fig. 3.12: Experiment with VYE-Bacteria: Mean estimated diameters of microcolonies in µm  

     over time. A) Dexiostoma campylum, B) Chilodonella uncinata, Spumella sp. C)  
     Vannella sp.          51 

 
Fig. 3.13: Experiment with VYE-Bacteria:  Surface area on the cover slip covered by  

     microcolonies (%) compared to the whole area of the cover slip (4 x 0.4 cm) over  
     time. A) Dexiostoma campylum B) Chilodonella uncinata, Spumella sp. C)  
     Vannella sp.          52 

 
Fig. 3.14: Experiment with VYE-Bacteria: Mean base diameters of bacterial microcolonies in  

     µm. A) Dexiostoma campylum B) Childonella uncinata, Spumella sp. C) Vannella  
     sp.            53 

 
Fig. 3.15: Experiment with VYE-Bacteria: Mean area on the base of a bacterial microcolony  

     covered by bacteria (CBA; µm2 microcolony-1). A) Dexiostoma campylum, B)  
     Chilodonella uncinata, Spumella sp., C) Vannella sp.     54 

 
Fig. 3.16: Experiment with VYE-Bacteria: Ratio of the mean bacteria-covered base area  

     (CBA) to the mean base area (BA) of a bacterial microcolony (µm2 µm-2). A)  
     Dexiostoma campylum B) Chilodonella uncinata, Spumella sp. C) Vannella sp.  
                55 

 
Fig. 3.17: Experiment with Stream Bacteria: Mean protozoa abundances in the protozoa  

     treatments cm-2 over time.        56 
 
Fig. 3.18: Experiment with Stream Bacteria: Top- and side view of z-stacks. A) Control  

     before protozoa inoculation B) Treatment with Neobodo designis C) Treatment  
     with Neobodo designis, Spumella sp. D) Treatment with Neobodo designis,  
     Spumella sp., Chilodonella uncinata.      58 

 



____________________________________________________________Index VI 

Fig. 3.19: Experiment with Stream Bacteria: Maximal biofilm thickness of bacterial biofilm  
     in µm over time.         59 

 
Fig. 3.20: Experiment with Stream Bacteria: Mean thickness of the basal layer of the bacterial  

     biofilm in µm.         60 
 
Fig. 3.21: Experiment with Stream Bacteria: Mean volume of bacterial biofilm (BV) per cm2.  

                61 
 
Fig. 3.22: Experiment with Stream Bacteria: Mean base porosity of the bacterial biofilm  

     (BBP) per cm2.          61 
 
Fig. 3.23: Experiment with Stream Bacteria: Microcolony abundances in grazed treatments  

     per cm-2 over time.         62 
 
Fig. 3.24: Experiment with Stream Bacteria: Mean estimated diameter of microcolonies over  

     time in µm.          63 
 
Fig. 3.25: Experiment with Stream Bacteria: Surface area of the cover slip (4 x 0.4 cm)  

     covered by microcolonies (%) over time.      63 
 
Fig. 3.26: Batch Experiment: Mean protozoa abundances in the protozoan treatments per cm2  

     over time.           65 
 
Fig. 3.27: Batch Experiment: Maximal thickness of the bacterial biofilm in µm over time.  

                65 
 
Fig. 4.1:   Three Dexiostoma campylum cells on a large biofilm folding. The upper two are  

     sitting in small biofilm flocks, while the lower one is sitting above the biofilm  
     surface.           67 

 
Fig. 4.2:   Uniformly and patchy distribution of microcolonies in presence of Dexiostoma  

     campylum.           69 
 
 



____________________________________________________________Index VII 

Index of Tables  
 
Tab. 2.1:  Mean characteristics of the protozoa used in the experiments.    12 
 
Tab. 8.1:  Results of repeated measures ANOVA. Parameters which were measured within  

     course of time were tested. For post hoc tests see Tables 8.3 to 8.7.   95 
 
Tab. 8.2:  Results of one-way ANOVA. Parameters of day 1 and day 5 of the experiments  
                 were compared.         97 
 
Tab. 8.3:  Results of post hoc tests (Tukey) for the experimental cycle with Dexiostoma  
                 campylum of the experiment with VYE-bacteria. Treatments were compared for  
                 parameters where the one way ANOVA disclosed significant differences 
                 (α < 0.05).           97 
 
Tab. 8.4: Results of post hoc tests (Tukey) for experimental cycle with Spumella sp. and  
                Chilodonella uncinata of the experiment with VYE-bacteria. Treatments were  
                compared for parameters where the one way ANOVA disclosed significant  
                differences (α < 0.05).         98 
 
Tab. 8.5: Results of post hoc tests (Tukey) for experimental cycle with Vannella sp. of the  
                experiment with VYE-bacteria. Treatments were compared for parameters where  
                the one way ANOVA disclosed significant differences (α < 0.05). * indicates  
                Kruskal Wallis test.        98 
 
Tab. 8.6: Results of post hoc tests (Tukey) for the experiment with stream bacteria.  
                Treatments were compared for parameters where the one way ANOVA disclosed  
                significant differences (α < 0.05).        99 
 
Tab. 8.7: Results of post hoc tests (Tukey) for batch experiment. Treatments were compared  
                for parameters where the one way ANOVA disclosed significant differences  
                (α < 0.05).           99 
 



___________________________________________________________Index VIII 

Legend of Abbreviations, Synonyms and Definitions 
 
 
approx.  approximately  
comp. nov.   new combination of a scientific name (latin: compound nova) 
e.g.   for example (latin: exempli gratia)  
et al.   And others (latin: et alii) 
Fig.   figure 
i.e.   that is; that means (latin: id est) 
pers. com.  personal comment 
Tab.   table 
SD   standard deviation 
SE   standard error 
sp.   spezies 
 
 
 
C. uncinata  Chilodonella uncinata 
C. glaucoma  Cyclidium glaucoma 
D. campylum  Dexiostoma campylum 
N. designis  Neobodo designis 
 
 
 
C   control 
C(bp)   control before prototzoa inoculation 
C(ap)   control after protozoa inoculation 
T(D)   treatment with Dexiostoma campylum 
T(Cg)   treatment with Cyclidium glaucoma 
T(S)   treatment with Spumella sp. 
T(SC)   treatment with Spumella sp. and Chilodonella uncinata 
T(N)   treatment with Neobodo designis 
T(NS)   treatment with Neobodo designis and Spumella sp. 
T(NSC)  treatment with Neobodo designis, Spumella sp. and Chilodonella  

uncinata 
T(V)   treatment with Vannella sp. 
T(10)   treatment with 10 Vannella sp. trophozoids cm-2 in inoculum 
T(100)   treatment with 100 Vannella sp. trophozoids cm-2 in inoculum 
T(300)   treatment with 300 Vannella sp. trophozoids cm-2 in inoculum 
VYE-bacteria  bacteria community gained with Volvic table water and yeast-extract 
 
 
 
BA   base area of microcolonies (µm2) 
BBP   biofilm base porosity (not overgrown surface on cover slip; µm2 cm-2) 
BSA   biofilm surface area (µm2) 
BV   biofilm volume (µm3) 
CBA   covered base area of microcolonies (whole area of the stained particles  

(daime software) in the BA ; µm2) 
z-stacks  three-dimensional picture stacks of biofilms 



____________________________________________________________Index IX 

axenic   protozoan culture which contains no other organisms 
monoxenic  protozoan culture which contains food organisms as well 
protozoa  diverse polyphyletic group of unicellular eucaryotic organisms 
ciliate   monophyletic high differentiated protozoa within the super-group  

Chromalveolata (ADL et al., 2005)  with nucelar dualism, special cortex 
construction (pellicula), conjugation stage and typically numerous cilia 

amoeba  monopyletic protozoa within the super-group Amoebozoa (ADL et al.,  
2005) with typically creeping (sometimes floating) locomotion,  
pseudopodia, fluctuating morphology and sometimes forming cysts or  
flagellate stages 

flagellate  polyphyletic protozoa with typically roundish body and one or more  
long flagella 
 



________________________________________________________1. Introduction 

 1

1. Introduction 
 
1.1 Biofilm Development 
Biofilms are aggregations of microorganisms, which can be found on almost every surface 

that is in contact with water (COSTERON et al., 1994; WATNIK & KOLTER, 2000), even at the 

water-air interface (so called flowers). The main amount of biomass and activity in biofilms is 

represented by bacteria (e.g. WAGNER et al., 2002; BATTIN et al., 2003a) that are embedded in 

a matrix of extracellular polymeric substances (EPS). There are many different types of 

biofilms and the group and species composition can differ in great extent. In many natural 

environments, algae, fungi and protozoa are also a part of biofilm (e.g. Lock et al. 1984).  

Development of bacterial biofilms can be divided into at least four different stages. At the 

beginning, bacteria attach reversibly on a surface and initiate biofilm formation (1st stage). 

Early biofilm formation can occur by redistribution of attached cells due to surface motility 

(KORBER et al., 1995; DALTON et al., 1996), by binary division of attached cells (HEYDORN et 

al., 2000) and by recruitment of cells from the bulk fluid to the developing biofilm (TOLKER-

NIELSON et al., 2000). In the next stage, the released amount of EPS from the bacterial cells 

increases and induces the irreversible attachment stage (2nd stage). The bacterial aggregations 

expand and the biofilm becomes more heterogenic. In mature biofilms (3rd stage), bacteria 

have a different protein profile than planktonic bacteria. More than 300 proteins are detected 

in mature biofilms that are undetectable in planktonic bacteria (SAUER & CAMPER, 2001). 

Biofilm maturation leads to a complex morphology and can take over 10 days (STOODLEY et 

al., 1999a; HEYDORN et al., 2000). The morphology of mature biofilms is complex and highly 

structured with tower- and mushroom shaped microcolonies and intersected open water 

channels (LAWRENCE et al., 1991; MØLLER et al., 1997; STOODLEY et al., 1999b; BATTIN et 

al., 2003a,b). Biofilm morphology appears to be largely determined by the production of the 

EPS-matrix (FLEMMING et al., 2000), which is composed of polysaccharides (e.g. alginate), 

proteins and nucleic acids. Structural complexity is induced in a normally flat undifferentiated 

wild-type of Pseudomonas aeruginosa biofilm by causing over-expression of alginate 

(HENTZER et al., 2001). In addition, EPS is required for development of complex morphology 

in Escherichia coli K-12 and Vibrio cholerae O139 biofilms (DANESE et al., 2000; WATNICK 

et al., 2001). These studies also show that disruption of EPS production not only results in 

lower structural complexity but also confer to a greater susceptibility to antimicrobial agents, 

while induced EPS overproduction has the opposite effect. Additionally, EPS determines the 

cohesive strength and density of biofilms when the biofilm is exposed to high flow velocities 
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(FLEMMING et al., 2000; LIU & TAY, 2001; STOODLEY et al., 2001). It is yet unclear if this is 

regulated at the genetic level or determined by purely physical mechanisms. The physical 

environment may play a significant role in the determination of biofilm morphology (BATTIN, 

2003b; COSTERTON, 2007). Laboratory biofilms grown under laminar flow conditions form 

towers and flocks, while there is no obvious evidence of directionality in the formed patters 

on the surface. However, under higher unidirectional flows, the influence of the increased 

shear becomes apparent. The biofilm cell clusters become elongated in the downstream 

direction and form filamentous streamers (STOODLEY et al., 1999a,b). A number of other 

biological factors such as twitching motility, growth rate and cell signalling influence the 

morphology of biofilms as well (STOODLEY et al., 2002).  

Active detachment of bacterial cells or cell clusters from the biofilm indicates the last stage of 

biofilm development (4th stage). It is assumed that detachment is caused by physiological 

mechanisms (STOODLEY et al., 2002), i.e. the release of matrix polymer-degrading enzymes 

(e.g. alginate lyase (BOYD & CHAKRABARTY, 1995), homoserine lactones (PUCKAS et al., 

1997; ALLISON et al., 1998)). As triggers for detachment the onset of a stationary phase 

(LAMED & BAYER, 1985) resulting in starvation (O’TOOLE et al., 2000) and density-

independent regulations are discussed. In the detachment stage, single bacterial cells may give 

rise to planktonic stages that swim or float away from the matrix-enclosed structures, leaving 

hollow remnants of microcolonies or empty spaces that become part of the biofilm channels. 

Additionally, even whole microcolonies may detach from the surface without any obvious 

perturbation to the system (STOODLEY et al., 2002). The mechanisms behind this phenomenon 

are yet unclear. Since these processes are not necessarily synchronised throughout the biofilm 

but often localised, the surface of the biofilm may contain morphology characteristics at each 

developmental stage. 
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Fig. 1.1: Succession stages of biofilm development. In the left lower corner first bacterial 
cells attach to the surface and might stand in the stages of reversible and irreversible 
attachment. Right beside an early bacteria cluster in the maturation stage can bee seen. The 
large bulks on the right and in the upper area of the picture represent a mature biofilm that is 
more heterogeneous. Detachment and dispersion of single bacterial cells or cell clusters are 
displayed, which represent the last stage of biofilm development. Picture by Center for 
Biofilm Engineering, Montana State University–Bozeman, USA. 
 

1.2 Biofilms in Streams 
In streams, the majority of bacteria lives in biofilms attached to the streambed (COSTERTON et 

al., 1994; LOCK et al, 1984; GEESEY et al., 1978), where metabolic activity of the bacteria is 

higher compared to the bacteria of the water column (FLETCHER, 1986). Biofilm bacteria in 

streams benefit from a constant nutrient supply by water currents, hydrodynamic retention and 

mutualistic opportunities (ANDERSON-GLENNA et al., 2008). Stream biofilms are dynamic 

communities, with new microorganisms constantly seeded from the overlaying river water 

and recruited into the biofilm matrix, while cell death, sloughing of biofilms and invertebrate 

grazing ensure constant turnover (KAPLAN & BOTT, 1989). In riverine biofilms, microscale 

variation in biofilm morphology and chemical structure may result in spatial variations 

(COSTERTON et al., 1994). For example, in a thick biofilm, an anoxic layer may exist at the 

base of the biofilm and consequently be occupied by anaerobic bacteria (SCHRAMM et al., 

1999). Stream biofilms are places for biogeochemical cycling, particularly carbon and 

nitrogen and also bases for food webs (ANDERSON-GLENNA et al., 2008). Communities like 

algal-dominated biofilms have the potential to influence stream hydrodynamics 

(MULHOLLAND et al., 1994; KIM et al., 1990). Stream biofilms are important components of 
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the transient storage zone of organic material (BATTIN et al., 2003b). Biofilms are highly 

efficient and successful ecological communities that may contribute to the influence that 

headwater streams have on rivers, through longitudinal linkages of local biogeochemical and 

hydrodynamic processes (ALEXANDER et al., 2000; GOMI et al., 2002; BATTIN et al., 2003b). 

 

1.3 Advantages and Disadvantages for Bacteria Living in a Biofilm 
In natural environments, bacterial biofilms can grow in very large extensions and may contain 

millions of bacterial cells. There are several advantages for bacteria living in a biofilm 

community. Liquid flow in biofilm channels maintains nutrient and gas exchange between the 

biofilm and its surrounding fluid (DE BEER et al., 1994; STOODLEY et al., 1994; DE BEER et 

al., 1996). Especially those channels that reach deep into the biofilm matrix maintain 

exchange processes also at the basal biofilm layer. It was found that the channels could 

increase the supply of oxygen and nutrients to bacteria cells within the biofilm (DE BEER et 

al., 1994). The biofilm community often provides members protection against diverse 

physical and chemical stress factors including exposure to ultra violet radiation (ESPELAND & 

WETZEL, 2001), dehydration and salinity (LEMAGREX-DEBAR et al., 2000) and antibiotics 

(MAH & O’TOOLE, 2001). Biofilm development and cell differentiation may represent a 

collective adaptive defence of bacteria against predation by protozoa (COSTERTON et al., 

1995; HAHN et al., 2000; JÜRGENS & MATZ, 2002; MATZ et al., 2002a, b; MATZ et al. 2004a). 

In natural environments, photoautotrophic organisms like diatoms, green algae and 

cyanobacteria are included in the complex community of biofilms and exchange metabolites 

with bacteria (PAERL et al., 2000).  

There are some disadvantages for the biofilm life mode. Bacterial cells that live in close 

neighbourhood compete for nutrients, gases and other limiting resources (MATZ & 

KJELLEBERG, 2005). In Pseudomonas aeruginosa and Escherichia coli biofilms it has been 

shown that the activity of cells in the centres of cell clusters is lowered when the clusters grow 

larger, but their activity can be restored by the addition of a more readily utilizable carbon 

source (STERNBERG et al., 1999). This indicates that cell activity in the interior of the clusters 

may be controlled by nutrient availability (STERNBERG et al., 1999). Further, biofilm mats are 

an attractive food source of many protozoa (e.g. SIBBALD & ALBRIGHT, 1988; HAHN & 

HÖFLE, 2001), multicellular invertebrates like periwinkles (e.g. HIDALGO et al., 2007), insects 

(e.g. KOCK et al., 2006) or even vertebrates like birds (KUWAE et al., 2008) and can be altered 

in different extents due to contrasting feeding modes of the predators (LAWRENCE et al., 

2002). 
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1.4 Protozoan Predation and Bacterial Defence Mechanisms 
Natural bacterial biofilms are colonized by a large number of different protozoan taxa 

including amoebas, flagellates and ciliates (ARNDT et al., 2003; WEITERE et al., 2003; PARRY, 

2004). The colonisation follows a clear succession pattern. First, heterotrophic flagellates 

colonise the surface within minutes after exposure, followed by ciliates, and further amoebas 

appear as late colonizers (ARNDT et al., 2003). This taxonomic succession pattern correlates 

with a functional succession in the protozoan community. Early biofilms are colonized mainly 

by generalists, which can feed on suspended and attached bacteria, while permanently 

attached specialists, which often feed on surface associated bacteria only, colonize biofilms in 

later stages (ARNDT et al., 2003). It is assumed that the taxonomical and functional succession 

of protozoan grazers allows bacterial survival depending on the feeding type of the grazer and 

the protective mechanisms used by the bacteria in different stages of biofilm development 

(WEITERE et al., 2005). Microcolonies, quorum sensing and cytotoxicity determine the 

survival of Pseudomonas aeruginosa biofilms exposed to protozoan predation, even though in 

different fractions (WEITERE et al. 2005; MATZ et al., 2004). Microcolonies sufficiently 

protect biofilm bacteria against the early colonizers Bodo saltans and Rhynchomonas nasuta, 

while for the late colonizer Acanthamoeba polyphaga only cytotoxicity is an effective 

bacterial defence mechanism. Microcolonies seem to be a widespread protection mechanism 

since they are found in many single species biofilms (e.g. WOOD & SØRENSEN, 1998; 

KLAUSEN et al. 2003; DA SILVA et al. 2007; HIGASHI et al. 2007) and also in multi-species 

biofilms (e.g. LAWRENCE & CALDEWELL, 1987; BREUGELMANS et al., 2008). Sufficient 

defence by stimulated formation of microcolonies is reported in planktonic bacterial 

communities (MATZ et al., 2004). Another morphological mechanism, which prevents 

protozoan grazing, is the formation of bacterial filaments and cell chains. Serratia marcescens 

biofilms form long cell chains which remain ungrazed by Acanthamoeba polyphaga (QUECK 

et al., 2006). Additionally, bacterial survival can be ensured by several other adapted 

mechanisms, like oversized cell morphology (HAHN et al., 1999; HAHN et al., 2000), 

increased bacterial motility (MATZ & JÜRGENS, 2003; MATZ & JÜRGENS, 2005), masking of 

cell surface (WILDSCHUTTE et al., 2004), digestional resistance (KOVAL, 1993; BOENIGK et 

al., 2001), and toxin release after been ingested (MATZ et al., 2004). 

Besides the described defence mechanisms of bacterial biofilms, consumption by protozoa is 

considered to be a major source of bacterial mortality in most soil, freshwater and marine 

ecosystems (FENCHEL, 1987). The biomass of biofilms can be strongly reduced by protozoa 

and recent studies demonstrated that protozoa influence the three-dimensional morphology of 
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biofilms (MARTÍN-CERECEDA et al., 2001; MATZ et al., 2004; WEITERE et al., 2005). The 

ciliate Colpoda maupasi reduces biofilm thickness by up to 60%, which is assumed to be the 

result of grazing or sloughing due to movement of the ciliate (HUWS et al., 2004; JACKSON & 

JONES, 1991). The amoebas Acanthamoeba castellanii and Acanthamoeba polyphaga reduce 

bacterial biomass by 70% and almost 100%, respectively (HUWS et al., 2004; WEITERE et al., 

2005). Additionally, protozoa shape the biofilm morphology. The flagellates Bodo saltans and 

Rhynchomonas nasuta cause a higher number of microcolonies in Pseudomonas aeruginosa 

biofilms (WEITERE et al., 2005; QUECK et al., 2006) and also the presence of the filter feeding 

ciliate Tetrahymena sp. results in a heterogeneous biofilm morphology composed of distinct 

microcolonies (WEITERE et al., 2005). The filter feeding ciliate Euplotes sp. increases spatial 

and temporal heterogeneity within biofilm communities (LAWRENCE & SNYDER, 1998). These 

findings imply that protozoa play a major role in altering biofilm morphology.  

Since biofilms are colonized by a great variety of protozoa, biofilm morphology could be 

influenced in several different ways due to different feeding modes. General modes of food 

acquisition in protozoa include filter feeders, gulper feeders and direct interception feeders. 

Filter feeders concentrate suspended food particles by producing strong feeding currents with 

their undulating membranelle (e.g. high differentiated ciliature pattern in the mouth funnel of 

hymenostomatean ciliates). Single selected food particles are directly taken up from a surface 

by gulper feeders (e.g. with the cytopharynx, a basket of strong microtubuli rows in 

phyllopharyngian ciliates). Direct interception feeders capture and process single prey 

particles along flow lines of a flagella to a sensitive region near the flagella base (FENCHEL, 

1986; BOENIGK & ARNDT, 2002; HAUSMANN, 2002).  

 

1.5 Trends in Biofilm Research 
The first biofilms were described by Zobell in marine environments (ZOBELL, 1943). The 

research group of J. W. Costerton expanded the biofilm research to freshwater biofilms (e.g. 

COSTERTON et al., 1978; COSTERTON et al. 1987). In the first decades, biofilm research went 

ahead slowly and was even neglected by many researchers. Until the 1980th biofilms were 

perceived as simple bed of matrix material with randomly embedded bacterial cells without 

any conspicuous morphological structures (COSTERTON et al., 1987). When Lawrence and 

colleagues accomplished the first images of a biofilm with confocal laser scanning 

microscopy (LAWRENCE et al. 1991), it was shown that biofilms are highly structured 

landscapes (Fig. 1.1). In the last two decades, biofilm research got an upswing, not least 

because of the importance of biofilms in many medical issues. Hence, until now most biofilm 
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studies focus on medical issues, since biofilms act as important environmental reservoirs for 

bacterial pathogens (BROWN & BARKER, 1999). There have been many studies with single 

species biofilms of the pathogens Pseudomonas aeruginosa and Serratia marcescens (e.g. 

O’TOOLE & KOLTER, 1998; HENTZER et al., 2001). Today, biofilm research is also an 

ecological interest. Battin and colleagues recommend a more extensively use of ecological 

theory to contribute to the understanding of fundamental biofilm issues (BATTIN et al., 2007). 

They understand biofilms as microbial landscapes, which can be described with models and 

patterns of classic landscape ecology. 

Not only the focus of biofilm research changed in the last years, also the investigation 

methods became more widespread and new techniques were established.  At the beginning of 

biofilm research, many studies focused on the use of electron microscopy techniques, where 

preparation may induce morphological changes and shrinkage during fixation (WOLDRING et 

al., 1977). Studies of this nature have also neglected the dynamic aspects of the biofilm 

development process. However, there was a need for non-destructive procedures for studying 

the development and architecture of undisturbed biofilms on surfaces. Advanced culture and 

microscopic techniques, like biofilm reactor systems, flow cell systems, and confocal laser 

scanning microscopy (CLSM) satisfied this need. Flow cell systems allow the investigation of 

features of biofilm development via light microscope directly during the experiment. These 

culture systems have been used to study various aspects of biofilms, e.g., structural features 

(WEITERE et al., 2005), sorption kinetics (KUBALLA & GRIEBE, 1995), metabolism in biofilms 

(MANGALAPPALLI-ILLATHU et al., 2008), effect of biocides and toxic substances (SRINIVASAN 

et al., 1995; WELIN-NEILANDS & SVENSÄTER, 2007), degradation of contaminants 

(ARCANGELI & ARVIN, 1995) and photosynthetic biofilms (MITSUHASHI et al., 1995). 

Investigations of biofilms with CLSM have challenged the classic image of biofilms as 

homogeneous layers on a substratum and resulted in new, more complex models of biofilm 

structure (COSTERTON et al., 1994). Additionally, natural microbial communities were studied 

by using new approaches without the necessity for cultivation, e.g. biomarkers (WHITE, 

1994), microelectrodes (REVSBECH & JÖRGENSEN, 1986), and gene probes (AMANN et al., 

1995).  

No more then 20 years ago, the assumption became popular that protozoa play a major role in 

altering bacterial biofilms in morphology and community structure (e.g. PEDERSEN, 1990; 

ZUBKOV & SLEIGH, 1999; HUWS et al., 2005). Modelling approaches of biofilms are 

accomplished mainly with bacteria but also with algae, while protozoan grazing and the 

impacts upon the biofilm morphology are still poorly understood. Previous analysis of 
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protozoa utilizing bacteria focused more on quantification of ingestion rates than on feeding 

behaviour, although protozoa change the morphology of biofilms due to their grazing activity 

(LAWRENCE et al., 2002). Recent investigations focused on the vagile filter feeding ciliate 

Tetrahymena sp. which frequently changes between the planktonic lifestyle and the 

association with the biofilm (WEITERE et al., 2005; PARRY et al., 2007). Tetrahymena sp. has 

a great impact on biofilm morphology (stimulation of microcolonies) and reduces the 

bacterial biomass (WEITERE et al., 2005), although the feeding apparatus of this species is 

supposed to be more efficient in capturing planktonic cells (FENCHEL, 1987; EISENMANN et 

al., 1998). The effect of ciliated gulper feeders and direct interception feeders on biofilm 

morphology is less well studied until now.  

 

1.6 Aims and Hypotheses of this Study  
Bacterial survival in biofilms is thought to depend on the taxonomical and functional 

succession of protozoan grazers and therefore on the feeding type of the grazer (WEITERE et 

al., 2005). Hence, this study focused on the effects of protozoa with different feeding modes 

on the morphology of bacterial biofilms. It is known, that the filter feeding ciliate 

Tetrahymena sp. has a great impact on biofilm morphology, e.g. by reducing the bacterial 

biomass and stimulating the microcolony formation (e.g. WEITERE et al., 2005). To 

investigate, if other filter feeding species have comparable effects on biofilm morphology, the 

ciliates Dexiostoma campylum and Cyclidium glaucoma were used in this study. 

Investigations concerning the effects of gulper feeders on bacterial biofilms are rare to date 

and comprise exclusively amoebas. Thus, the ciliate Chilodonella uncinata and the naked 

amoeba Vannella sp. were used in this study. It is known, that the direct interception feeding 

flagellates Bodo saltans and Rhynchomonas nasuta affect the morphology of bacterial 

biofilms, e.g. by stimulating microcolony formation (WEITERE et al., 2005; QUECK et al., 

2006). To investigate, if other direct interception feeding species have comparable effects on 

biofilm morphology, the flagellates Spumella sp. and Neobodo designis were used in this 

study. 

Most of the previous investigations regarding protozoan grazing on biofilm bacteria were 

done using single species bacterial biofilms. In contrast, natural stream biofilms are usually 

composed of mixed bacterial communities. In this study, a mixed bacterial biofilm was used 

and investigated in an early succession stage. One experiment with a community gained with 

Volvic table water and yeast extract (VYE-bacteria) and another experiment with a bacterial 

community from a stream were accomplished. A third experiment was accomplished to test 
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the ability of the bacterial biofilm to withstand protozoan predation with respect to different 

protozoan abundances. 

 

Hypotheses: 

1. The filter, gulper and direct interception feeding species reduce biofilm thickness, 

biofilm volume and biofilm surface area. 

2. The filter, gulper and direct interception feeding species increase biofilm surface 

area to volume ratio and biofilm porosity. 

3. The filter, gulper and direct interception feeding species have a stimulatory effect 

on the formation of bacterial microcolonies. 

4. Gulper feeding species affect the biofilm morphology (concerning the 

morphological parameters mentioned in Hypotheses 1. – 3.) to a greater extent 

than the filter and direct interception feeding species. 
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2. Material & Methods 
 
2.1. Materials and Preparations 
2.1.1 Isolation Procedure and Cultivation of Protozoa 
Before starting the experiments, it was strived to maintain pure protozoa cultures (target 

species without any other protozoa species) of protozoa species that occur naturally in stream 

biofilms. The water samples for this procedure derived from mixed cultures that were gained 

from the water column, from biofilm of stones and leafs and from sediment of the Ilm. The 

Ilm is a 128.7 kilometers long 3rd order stream in Thuringia (Germany) and is a left tributary 

of the river Saale. It flows into this river at Großheringen near Bad Kösen. The catchment 

area of the Ilm is 1043 km². The sampling site was in the upper region of the stream at the 

village Griesheim (coordinates: 50°44’58’’ N, 11°2’13’’ E).  

 
Fig. 2.1: Sampling site on the stream Ilm at Griesheim, Germany. At this site biofilm probes 
for isolation of protozoa species were gained. Additionally, water samples out of the water 
column were gained for media and inoculum of the experiment with stream bacteria (2.2.1.4). 
 

Different water samples were browsed to find fitting protozoa species for the experiments. 

These protozoa were picked with a pasteur pipette and cultured with a sterile rice grain (food 

source for bacteria) in table water (Eau de Volvic, France; hydrogencarbonat 71.0 mg l-1; 

http://en.wikipedia.org/wiki/Saale
http://en.wikipedia.org/wiki/Gro%C3%9Fheringen
http://en.wikipedia.org/wiki/Bad_K%C3%B6sen
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siliciumdioxide 31.7 mg l-1, chloride 13.5 mg l-1, sodium 11.6 mg l-1, calcium 11.5 mg l-1, 

sulfate 8.1 mg l-1, magnesium 8.0 mg l-1, nitrate 6.3 mg l-1, potassium 6.2 mg l-1, phosphate 

0.63 mg l-1, ferrum 0.05 mg l-1, ammonium < 0.02 mg l-1, nitrite < 0.02 mg l-1, pH 7). Volvic 

is a tested artificial medium for cultivation of protozoan strains (LE DÛ-DELEPIERRE et al., 

1996). After the protozoa were grown in larger abundances, single individuals of the target 

species were picked with a very fine Pasteur pipette and washed for two – four times. For 

each washing step, a new sterile pipette and a new sterile vessel with Volvic was used. After 

washing, several cells were transferred in the same way in a new sterile culture vessel with 

Volvic and one sterile rice grain. Now the culture was given time to grow. When there were 

enough individuals of the targeted species, the culture was checked for impurity species. If 

impurity species were found, the picking and washing procedure had to be repeated until the 

target species was in pure culture. Unfortunately, the separation did not work that good in all 

cases, so only two pure cultures were gained (Cyclidium glaucoma, Vannella sp.). 

Alternatively, a culture of the ciliate Dexiostoma campylum was ordered from the culture 

collection of Tübingen, Germany, which also included the ciliate Chilodonella uncinata and 

the flagellate Spumella sp. as impurity species. From this culture, two pure cultures were 

maintained (Dexiostoma campylum, Spumella sp.), while it was not possible to exclude 

Spumella sp. from Chilodonella uncinata cultures. 

Finally, five cultures were used in the experiments: The ciliate Dexiostoma campylum 

(monoxenic), the ciliate Cyclidium glaucoma (monoxenic), the ciliate Chilodonella uncinata 

(with impurity species Spumella sp.), the amoeba Vannella sp. (monoxenic) and the flagellate 

Spumella sp. (monoxenic). After obtaining the pure protozoan cultures, the strains were 

further cultivated in new medium (Volvic and yeast extract (Fluka BioChemika, for 

microbiology, Sigma-Aldrich, Steinheim; final concentration 5 mg l-1) to maintain similar 

conditions for the protozoan growth like in the experiments. The cultures were transferred 

into fresh medium after two weeks, respectively. 

Additionally, a sixth species was introduced to the experiment with the stream bacteria 

(2.2.1.4) rather accidentally, presumably through deficient filtration of the stream water. 

Although the flagellate is too large (own measurements: 3 µm – 10 µm, in literature size 

reports ranged from 5 µm –  15 µm, e.g. PATTERSON et al., 1993; VORS, 1992) to pass the 

filter (0.2 µm pore size for medium, 0.45 µm pore size for inoculum) it came up in the flow 

cells during the experiment. As CYNAR et al. (1985) stated, Neobodo designis can pass 

through nucleopore filters with a pore size of 0.6 µm maybe due to smaller cell size of just 

divided cells or maybe due to the plasticity of the cells. Cysts that are formed by Neobodo 
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designis are unlikely to pass through the filter pores because of the rigidity of their cell walls. 

Nevertheless, they also stated that overlapping pores are commonly observed on nucleopore 

filters, what could be a leakage for small protists like Neobodo designis at least in case of the 

0.45 µm filters used for the inoculum at day 1 of the experiment. 

 

2.1.2 Characterisation of the Protozoa 
Tab. 2.1: Mean characteristics of the protozoa used in the experiments. *habitats 
characterised by BERGER et al., 1997. **feeding modes characterised by FENCHEL, 1986; 
HAUSMANN, 2002; BOENIGK & ARNDT, 2002. ***cultures of four protist species are maintained 
at the culture collection of algae and protozoa (CCAP) in Argyll, Scotland (www.ccap.ac.uk). 

species Dexiostoma 
campylum 

Cyclidium 
glaucoma 

Chilodonella 
uncinata 

Vannella 
sp. 

Spumella 
sp. 

Neobodo 
designis 

taxonomic 
group 
 
 
size (µm) 
 
habitat 
 
 
 
feeding  
mode** 
 
 
isolated 
from 
 
accession 
number of 
CCAP*** 

Ciliophora 
(Hymeno-
stomatia) 

 
35 - 90 

 
benthic* 

 
 
 

filter  
feeder 

 
 
culture from 

Tübingen 
 

CCAP  
1611/1 

Ciliophora 
(Hymeno-
stomatia) 

 
14 - 30 

 
biofilm, 
benthic, 
pelagial* 

 
filter 

feeder 
 

 
Ilm 

 
 

CCAP 
1616/2 

Ciliophora 
(Phyllo-

pharyngia) 
 

25 - 70 
 

biofilm, 
benthic* 

 
 

gulper 
feeder 

 
 

culture from 
Tübingen 

 
- 

Gymnamoeba 
(Vannellidae) 

 
 

25 - 70 
 

biofilm, 
benthic 

 
 

gulper  
feeder 

 
 

Ilm 
 
 

CCAP 
1589/18 

Chrysophyta 
(Chryso-
phyceae) 

 
5 - 15 

 
biofilm 

 
 
 

direct 
interception 

feeder 
 

culture from 
Tübingen 

 
CCAP 
955/2 

Kineto-
plastida 

(Bodonidae) 
 

3-10 
 

biofilm, 
benthic 

 
 

direct 
interception 

feeder 
 

Ilm 
 
 
- 

 

Dexiostoma campylum (STOKES, 1886) JANKOWSKI, 1967 (Fig. 2.2A) is a large sized ciliate 

and belongs to the taxon of the Hymenostomatia (DELAGE & HÉROUARD, 1896). It is very 

common in waters of all types but it prefers meso- to polysaprobic waters and reaches high 

abundances in waters with high nutrient input (FOISSNER et al., 1991). The species is 

commonly found in activated sludge of wastewater treatment plants (i.e. WENIGER, 1970; 

MADONI & GHETTI, 1981). The food sources of D. campylum are bacteria (TAYLOR & 

BERGER, 1976) and sometimes flagellates, algae and detritus. An ingestion rate of 1.25 x 106 

bacteria individual-1 day-1 and a generation time of 13 – 27 h at 20 °C was given by 

LAYBOURN & STEWART (1974). Dexiostoma campylum is commonly found in the stream Ilm 

(U. Risse-Buhl pers. com.), but isolation efforts from probes of this stream were unsuccessful. 

Hence, for experiments this species was isolated from the culture derived from the University 

of Tübingen, Germany, where it occured with two impurity species (Chilodonella uncinata 

and Spumella sp.). In the laboratory cultures the species developed well and reached high 
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abundances in a short time (up to 300 cells ml-1 in seven days). As it is typical for this species, 

individuals were often lying on the bottom of the glass vessel, creeping slowly over the 

bottom or were swimming in the free water column. 

 

Cyclidium glaucoma MUELLER, 1773 (Fig 2.2B) is a small sized ciliate and belongs to the 

taxon of the Hymenostomatia (DELAGE & HÉROUARD, 1896). It is a very common species in 

detritus and biofilms of less to strong polluted flowing and standing water bodies (FOISSNER 

et al., 1994). It also occurs as typical plankton organism (ZACHARIAS, 1903). C. glaucoma 

mainly feeds on bacteria and sometimes on small algae (NOLAND, 1925). The preferred size of 

food particles is 0.3 – 0.6 µm (FENCHEL, 1980) and approximately 1,200 bacteria are ingested 

day-1 (SCHÖNBORN, 1982). C. glaucoma is commonly found in the stream Ilm (U. Risse-Buhl 

pers. com.) and was isolated from probes of this stream (2.1.2) for experiments. In the 

laboratory cultures this species developed well and reached high numbers in a short time (up 

to 800 cells ml-1 in 7 days). 

 

Chilodonella uncinata (EHRENBERG, 1838) STRAND, 1928 (Fig. 2.2C) is a medium sized 

ciliate and belongs to the taxon of Phyllopharyngia (DE PUYTORAC et al., 1974). It is supposed 

that it feeds on bacteria only (FOISSNER et al., 1991), but observations showed that small 

flagellates could be ingested as well (H. Norf pers. com.). Chilodonella uncinata is a very 

common species in limnic and terrestric biotopes and colonises nearly every surface 

(periphyton, benthos, neuston, biofilms). This species was found many times in activated 

sludge in waste water treatment plants and it is assumed that it prefers beta- to 

alphamesosaprobic conditions (FOISSNER et al., 1991). Additionally, this species is also 

named as a leading type in sulphur founts (PAX, 1948). Chilodonella uncinata was commonly 

found in the stream Ilm (U. Risse-Buhl pers. com.), but isolation efforts of this species from 

probes of this stream were unsuccessful. Subsequently, the species was isolated together with 

Spumella sp. from the Dexiostoma campylum strain derived from the University of Tübingen, 

where it occurred as impurity species. In the laboratory cultures, Chilodonella uncinata 

reached high abundances in a short time (approximately 300 cells ml-1 in seven days) and 

developed well. Typical characteristic of this species was the strong attachment to the surface 

(thigmotactism). When cells were disturbed by the water current of a pipette, they held strong 

attached for long time (this was already reported by FOISSNER et al., 1991). Just a few 

individuals were found in the water column. Another characteristic was the preference of the 
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cells to attach rather to the waters’ surface (hyponeuston) than on the bottom of the culture 

vessel. 

Vannella sp. BOVEE, 1965 (Fig. 2.2D) is a Gymnamoeba of the taxon Vannellinae ((BOVEE, 

1970) PAGE, 1987). SMIRNOV et al. (2007) revised the taxonomy of this group. Species of this 

genus are found in freshwater and marine habitats (e.g. SMIRNOV et al., 2007; ARMSTRONG et 

al., 2000). Vannella sp. used in this study was found in culture vessels that previously 

contained wild cultures from the freshwater stream Ilm. Possible reasons might be survival of 

the species during unfavorable conditions due to cyst formation or deficient sterilization of 

the culture vessel. Routinely culture vessels were dried completely and sterilized at 180 °C for 

5h. After the experience that Vannella sp. grew in culture vessels that ran through this 

sterilisation step, the sterilization time was increased for another 3h. The determination of the 

cultured organism to the genus Vannella was made through morphological characteristics. 

The affiliation to the new similar genus Ripella was disproved due to the large size, very slow 

locomotion and continuous crescent or broad fan shape in movement. The determination to 

the species level was not accomplished. Most similarities occurred to the brackish water 

species V. danica because of size, shape of locomotive form and forming cysts.  

 

Spumella sp. CIENKOWSKI, 1870 (Fig. 2.2E) is a flagellate of the taxon Chrysophyceae 

(PASCHER, 1914). Most Chrysophyceae are photoautotroph, but Spumella sp. possesses only 

leucoplasts (MIGNOT, 1977) and is strictly heterotrophic (ROTHAUPT, 1997). Species of the 

genus Spumella are important heterotrophic flagellates in freshwater ecosystems (ARNDT et 

al., 2000). The cell shape of Spumella sp. is more or less spherical with one long and one 

short flagellum that are used for food capturing and food ingestion (BOENIGK & ARNDT, 

2000).  In the laboratory cultures, most of the time the cells attached to the biofilm of the 

bottom of the culture vessel or the waters’ surface and did not move although a stalk or other 

attachment structures could not be detected. The species did not form aggregates but the 

distribution of single cells appeared in clusters. In a few cases swimming individuals appeared 

that were slightly more elongated in shape than the others. Morphologically, the cultured 

strain showed the most similarity to the species Spumella archabdomonas, S. guttula, S. 

minima, S. obliqua, S. socialis and  S. globules (http://starcentral.mbl.edu/microscope). In the 

laboratory cultures, this strain gained very high abundances in short time (up to 7,000 cells 

ml-1 in seven days). 
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Fig. 2.2: Protozoan species that were used in the experiments. A) Dexiostoma campylum, 
photo by Y. Tsukii B) Cyclidium glaucoma, photo by Y. Tsukii C) Chilodonella uncinata D) 
Vannella sp., 2 trophozoids, 1 cyst E) Spumella sp., photo by M. Bahr & D. Patterson F) 
Neobodo designis, photo by B. Malik. Bar size = 10 µm. 

A) C) 

E) F) D) 

B) 

Neobodo designis (SKUJA, 1948) VICKERMANN comp. nov. 2004 (MOREIRA et al. 2004) is a 

solitary flagellate of the taxon Kinetoplastea (HONIGBERG, 1963). This species (Fig. 2.2F) was 

first described as Bodo designis, but after the revision of the kinetoplastid phyllogeny 

(MOREIRA et al., 2004) the genus Neobodo was newly created. It is considered as ubiquitous 

heterotrophic flagellate (LARSEN & PATTERSON, 1990). It is assumed that it is one of the 

twenty most common heterotroph flagellates of the world (PATTERSON & LEE, 2000). The 

species is commonly found in freshwater biofilms (e.g. SCHMIDT-DENTER, 1999) and also in 

marine habitats (e.g. LARSEN & PATTERSON, 1990). It was found in biofilm and water samples 

of the stream Ilm, where it reached high abundances after some days (cultured at room 

temperature; abundances not counted). The cells usually attached to the bottom of the culture 

vessel and on floating biofilm flocks.  

 

 

 

 

 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B7GX3-4G0YTPT-2&_user=6492750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000056279&_version=1&_urlVersion=0&_userid=6492750&md5=b5ba26f81754048815809c964b1cf776#bib26#bib26
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B7GX3-4G0YTPT-2&_user=6492750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000056279&_version=1&_urlVersion=0&_userid=6492750&md5=b5ba26f81754048815809c964b1cf776#bib26#bib26
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B7GX3-4G0YTPT-2&_user=6492750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000056279&_version=1&_urlVersion=0&_userid=6492750&md5=b5ba26f81754048815809c964b1cf776#bib26#bib26
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B7GX3-4G0YTPT-2&_user=6492750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000056279&_version=1&_urlVersion=0&_userid=6492750&md5=b5ba26f81754048815809c964b1cf776#bib26#bib26
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B7GX3-4G0YTPT-2&_user=6492750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000056279&_version=1&_urlVersion=0&_userid=6492750&md5=b5ba26f81754048815809c964b1cf776#bib26#bib26
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B7GX3-4G0YTPT-2&_user=6492750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000056279&_version=1&_urlVersion=0&_userid=6492750&md5=b5ba26f81754048815809c964b1cf776#bib26#bib26
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B7GX3-4G0YTPT-2&_user=6492750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000056279&_version=1&_urlVersion=0&_userid=6492750&md5=b5ba26f81754048815809c964b1cf776#bib26#bib26
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2.1.3. Bacteria for Experiments 
The bacteria for two of the three experiments were gained with a mixture of Volvic table 

water and yeast extract (5 mg l-1). After three days of incubation (room temperature, natural 

night-dark cycle), the bacterial cells were scraped off from the margin of the glass vessel with 

a glass rod to gain a bacterial suspension for inoculation. This species composition of bacteria 

was called “VYE-bacteria”. 

For the third experiment, water samples were collected from the stream Ilm (2.1.2). A water 

aliquot was filtrated with 0.45 µm pore sized filter (cellulose nitrate, Sartorius AG, 

Goettingen, Germany) through vacuum filtration to eliminate protozoan organisms from the 

water. The bacterial cells in the filtrate were enriched by filtration through 0.2 µm pore sized 

filter (cellulose nitrate, Sartorius AG). The supernatant (approx. 20 ml) was resuspended with 

20 ml Volvic. This natural species composition of bacteria was called “stream bacteria”. 

 

2.1.4 Organism Handling before Experiments 
The cultures of the isolated protozoa grew until the number of individuals was high enough 

for the experiment. Chilodonella uncinata and Spumella sp. reached this cell density after 

three days, Dexiostoma campylum after six days, Vannella sp. and Cyclidium glaucoma after 

ten days of growth. The cultures (except Cyclidium glaucoma) were filtrated with a 5 µm 

cellulose nitrate filter (cellulose nitrate, Sartorius AG) through vacuum filtration one day 

before inoculation into the flow system. This step was necessary to enrich the protozoa and to 

eliminate at least a fraction of bacteria out of the culture by filtration. Approximately 10 ml of 

the supernatant was diluted with 10 ml Volvic water. Protozoan cells were left over night for 

recovering of the protozoa and to further minimize the bacteria in the culture by feeding 

activity of the protozoa.  

Before inoculation, the protozoa and the bacteria in the cultures were counted (2.3.1.1 and 

2.3.1.2). Depending on the protozoan and bacterial abundances, it was sometimes necessary 

to dilute the cultures (by adding Volvic). After dilution, the organism abundances were 

checked again. Prior inoculation, the cultures were stirred to get the protozoa in suspension. 

 

2.1.5. Media for Experiments 
For the experiments with VYE-bacteria, Volvic table water with yeast extract (5 mg l-1) was 

used as medium. For the experiment with stream bacteria, filtrated water (0.2 µm cellulose 

nitrate filter, Sartorius AG) from the stream Ilm (2.1.2) was used. All media were autoclaved 

at 121° C and cooled down before used. 
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2.2. Experimental Procedures 
2.2.1. Flow Cell Experiments 
2.2.1.1. General Setup 
To provide a continuous input of nutrients and continuous output of waste substances of the 

experimental system, a flow cell setup was used (based on setup of CHRISTENSEN et al., 

1999). Flow chambers made of acryl glass with three separate flow cells (40 x 4 x 4 mm each) 

were used. The flow cells were open at one side of the flow chamber where they were sealed 

by hand with a cover slip (24 x 50 mm, dimension 1, Menzel GmbH + Co KG, Braunschweig, 

Germany) using silicone. 

 A)  B) 

Fig. 2.3: Experimental setup for the flow cell experiments. A) Flow system with medium 
bottle, peristaltic pump, bubble traps, flow cells and waste bottle B) Flow chamber with 3 flow 
cells. Dimension of one flow cell: 40 x 4 x 4 mm. 
 

The medium was transferred into the flow cells via silicone tubes, which were adhered to 

small steel tubes at the flow cell inlets. The water current was gained with a peristaltic pump 

(Ismatec Sa, Typ MCP 552, ISM 726-0062) at 100 W, 230 V and 50 Hz. Bubble traps placed 

between media bottle (4.5 l) and flow cells were necessary to prevent the occurrence of air 

bubbles within flow cells that might destroy the biofilm structure. These bubble traps were 

made of acrylic glass pedestals with syringes on top. The upper openings were tagged with 

short, lockable silicone tubes. From the outflow of the flow cells, silicone tubes led to the 

waste bottle (4.5 l), where they were bundled and attached at the upper border of the bottle. In 

every experiment, six flow cells were used as replicates for each treatment. 
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2.2.1.2. Flow Velocity in Flow Cells 
The flow velocity was measured inside one clean flow cell. A flow chamber was situated on 

the lens table of an inverted light microscope (Axiovert 25, Zeiss, Jena, Germany). A solution 

of fumed silica (40% SiO2, particle size 0.014 µm, Fluka Chemica, Sigma-Aldrich Chemie 

GmbH, Steinheim, Germany) was plugged on the flow system. The peristaltic pump was 

adjusted to the lowest calibration position (0026) to gain the same conditions as were used 

during the experiments. The flow velocity in one flow cell was measured at twelve different 

heights in the inflow (10 mm from inflow opening), middle (22 mm from inflow opening) and 

outflow region (33 mm from inflow opening). With the focus wheel, the different heights 

were arranged (calibration of the focus wheel 2.3.2.1). When the flow was started, the 

currents in the flow cell were observed with 20x magnification and recorded with a video 

recorder for two – four minutes at every measure point. Flow velocity of ten silica particles in 

every height and every location in the cell was measured using frame by frame analysis. For 

this, a transparent foil was fixed on the screen. The location of the selected particle was 

marked at the foil as starting point. Now the video band was moved further frame by frame. 

After 25 frames or a distance of 200 µm (this was depending on the velocity of the particles), 

the distance between the start and endpoint was measured. This was achieved with a scale on 

a transparent foil. This scale was traced on the foil from a recorded object micrometer at the 

light microscope before. In addition, the duration from start to endpoint was measured by 

counting the video frames (1 minute consisted of 25 pictures). 

There was no great difference in velocity between the three regions of the flow cell. In all 

heights and regions, the velocities were below 0.004 m s-1. The Reynold’s Number (RE) for 

this flow velocity is 0.4 indicating laminar currents inside the flow cells (RE < 2,000 indicates 

laminar current, RE > 2,000 indicates turbulent current). The RE was calculated with formula 

(1). 

 

RE = (v * R) / ν          (1) 

 

v = flow velocity (m s-1); R = hydraulic radius (m); ν = kinematical viscosity (m2 s-1; for water 

at 20°C: 1 x 10-6 m2 s-1) 

 

The hydraulic radius was calculated with formula (2). 

 

R = Q / U           (2) 
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Q = discharge profile (m2; for flow cell: 0.004 m x 0.004 m); U = moistened perimeter (m; for 

flow cell: 0.004 m + 0.004 m + 0.004 m +0.004 m) 

In the experiments (except with Cyclidium glaucoma) the maximal thickness of the biofilm 

was below 500 µm, hence flow velocities lower than 0.00013 m s-1 (Fig. 2.4) are expected in 

the surrounding of the biofilms. No turbulences were observed in the flow cells. Anyhow, 

peristaltic pump action caused fast but short changes of flow direction in the opposite 

direction (approximately one time per minute). Then the current stood one second at zero 

(approximately), before running in the original direction again. 

Flow velocity (m s-1)
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Fig. 2.4: Velocity of flowing silica particles (particle size 0.014 µm) in 12 different heights on 
3 different locations in a flow cell. 
 

2.2.1.3. Flow Cell Experiment with VYE-Bacteria 
The flow cells were sterilized with sodium hypochlorite solution (0.5%, Fluka Chemika 

GmbH) which was pumped through at maximum flow (28 l min-1, pump calibration 5133) 

until the bubble traps were filled. Then the short silicone tubes on top of the bubble traps were 

branched off with plastic clamps so that the remaining system could be filled. After that, the 

pump was calibrated to the minimum flow (0.11 l min-1, pump calibration 0026) and the 

sodium hypochlorite solution run through for four hours slowly. Remaining bubbles in the 

flow cells were removed by tapping. After sterilization, the system was washed with sterilised 
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distilled water. One litre was pumped through at maximum speed; followed by approximately 

two litres that were pumped through with minimum speed over night. At the next day (t0), the 

sterilized medium was connected to the system. The medium was changed every day. At the 

beginning of the experiment, the flow cells were flushed with medium for one hour. Then the 

flow was stopped and the tubes in front of the flow cells were branched off with plastic 

clamps. The tube endings near the inflow of the flow cells were disinfected with 96% ethanol. 

The bacteria suspension was filled into a syringe (Terumo Europe N.V., Leuven, Belgium) 

and 1 ml was injected in every flow cell by pricking into the tubes. For each replicate, the 

needle was changed. The flow stood off for two hours to give the bacteria time to attach on 

the cover slip. The flow cell was arranged with the cover slip downside during the biofilm 

growth for one day at minimum flow. The temperature of the medium was measured each 

day. 

At the inoculation day of the protozoa, the flow for all treatments was stopped and the tubes 

were branched off. The protozoan suspension was filled carefully into a syringe without the 

needle and 1 ml was injected very carefully into every flow cell of the protozoan treatment. A 

bacterial suspension (gained from the bacterial culture which was used as inoculum at t0) was 

injected into the control, to adjust the bacterial input for all replicates. For every treatment the 

syringe and for every replicate the needle was changed. After inoculation, the penetration 

regions were cut off, because of medium discharge out of the system through the penetration 

holes. The protozoan input procedure was changed for Cyclidium glaucoma since the ciliate 

cells were washed out of the flow cells. A three-litre culture of Cyclidium glaucoma was 

prepared. This culture was split and one half was connected to the tubes of the flow cells of 

the protozoan treatment. A continuous input of ciliates into the flow cells was accomplished 

through a magnetic stirrer in the connected culture. The other half of the culture was filtrated 

(5µm, cellulose nitrate, Sartorius AG) to exclude the ciliates and connected to the control 

treatment. The cultures were replaced daily. 

Right after the protozoan inoculation the flow stood off for two hours to allow the organism to 

attach. The pump was adjusted to a discharge of 0.11 l min-1 (minimal pump calibration). The 

mean thickness of the biofilm was measured and microcolonies and protozoan abundances 

were enumerated every day. At the end of the experiment, the flow channels were fixed and 

stained (2.3.1.3). The flow channels were closed with short (2 cm) silicone plugged silicone 

tubes and stored in the fridge until further use (0 – 5 days). 

Four experimental cycles were accomplished. One cycle with Dexiostoma campylum (10.07. 

– 15.07. 2007), one with Cyclidium glaucoma (25.05. – 31.05. 2007), one with Chilodonella 
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uncinata and Spumella sp. (28.06. – 03.07. 2007) and one with Vannella sp. (22.07. – 27.07. 

2008). In each experimental cycle there were six control replicates which were fixed and 

taken out of the system before protozoan inoculation (named as C(bp)). This was the case for 

the cycle with Cyclidium glaucoma at day 3 and for the others, after an optimization of the 

experimental settings, at day 1. Another six replicates served as control without protozoa, 

which ran till the end of experiment (named as C(ap)). The treatments with protozoa grazing 

on biofilms ran for 4 days (in case of T(D) with Dexiostoma campylum, T(S) with Spumella 

sp., T(SC) with Spumella sp. and Chilodonella uncinata, T(V) with Vannella sp.) or three 

days (in case of T(Cg) with Cyclidium glaucoma). The cover slip was laying downside for the 

whole time of the experiment, except in the cycle with Chilodonella uncinata and Spumella 

sp., where the cover slip was laying upside because of the preference of Chilodonella 

uncinata to settle on the upper interface of water bodies (own observation). The experiment 

ran for a total of six (with Cyclidium glaucoma) or five days (after optimisation of the 

experimental settings; all other cycles). 

 

2.2.1.4. Flow Cell Experiment with Stream Bacteria 

In context of a practical course of Jennifer Schmidt (GPIII, 27.08. – 30.08. 2007), we 

investigated the influence of protozoan grazers on a natural bacterial biofilm community. The 

experimental set-up was similar to the flow cell setup as described in 2.2.1.3. The medium 

and the natural bacterial community were gained from stream water of the Ilm (2.1.1, 2.1.3 

and 2.1.5). The protozoa used in this experiment were Spumella sp., Neobodo designis and 

Chilodonella uncinata. Protozoa grazed on the bacterial biofilm for three days. As main 

difference to the other experiments there was no protozoan free control in this experiment. 

Since the filtered stream water for the inoculum at day 1 seemed to be inhabited by Neobodo 

designis (2.1.1) this species became high abundant in the control and in the protozoan 

treatments. Hence, there were three protozoan treatments: a one-protozoa-treatment with 

Neobodo designis (T(N); former control), a two-protozoa-treatment with Neobodo designis 

and Spumella sp. (T(NS)), a three-protozoa-treatment with Neobodo designis, Spumella sp. 

and Chilodonella uncinata (T(NSC)).  

 

2.2.2 Batch Experiment 
In context of a practical course of Christine Riege (GPIII, 10.03. – 14.03. 2008), a batch 

experiment with still water conditions was added to the investigation complex to test the 

ability of the bacterial biofilm to withstand protozoan predation with respect to different 
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protozoan abundances. Vannella sp. was used because of its grazing effect on the maximal 

biofilm thickness and on the microcolony abundance and size (Results 3.1.3.1 and 3.1.5) in 

the flow cell experiment and because of the existence of the strain as pure culture. A plastic 

plate with wells (Linbro, wells with 1.7 x 1.6 cm, Flow Laboratories Inc., Virginia, USA) was 

sterilised with NaOCl (0.5%, Fluka Chemikals) for two hours. Then the wells were flushed 

several times with sterile distilled water (two hours) and with medium (one hour). Twenty 

wells were filled with 1 ml medium, respectively. The used medium was the same as for the 

flow cell experiments with the cultured bacteria (5 mg l-1 yeast extract in Volvic water). All 

wells were then inoculated with 1 ml of a suspension of a three-day-old bacteria culture. The 

well plate was covered with the cap and incubated for one day. At the next day amoebas of a 

fourteen-day-old amoeba culture were inoculated. The filtered and resuspended culture was 

diluted according to the desired cell concentration for the inoculum. The following 

abundances were used: 10 amoebas ml-1 (treatment named as T(10)), 100 ml-1 amoebas 

(treatment named as T(100)) and 300 amoebas ml-1 (named as T(300)). From these dilutions, 

1 ml was inoculated in the wells, respectively. The pipette tips were exchanged in every step. 

No amoeba culture was added to the control, but 1 ml of a four-day-old bacteria culture (same 

as for inoculum at day one) was added to adapt the bacterial input. Maximal thickness of the 

bacterial biofilm was measured and microcolonies and protozoan abundances were 

enumerated daily. The medium was changed every day after the measurements to provide 

nutrient input and removal of waste products. For this, 1 ml was carefully replaced from each 

well.  

 

2.3. Analysis 

2.3.1. Staining and Fixation 
2.3.1.1. Protozoa 
For counting the protozoa in the protozoan cultures before inoculation, the cultures were 

stirred and 1 ml samples were fixed with one – two drops of Lugol’s solution (1%, Merck 

KGaA, Darmstadt, Germany). The fixed sample was filled in a counting cell (Sedgewick 

Rafter Cell S50 microlitre, Graticules Limited, Tonbride, England) and investigated with a 

light microscope (Axioplan, Zeiss, Jena, Germany) at 100x magnification. At least 100 

protozoan cells were counted and extrapolated for 1 ml. 
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2.3.1.2. DAPI 
To gain the number of bacteria, 1 ml of the culture was fixed with 100 µl glutaraldehyde 

(2.27%, Merck-Schuchardt, Hohenbrunn, Germany). After 30 minutes of incubation, the 

sample was stained with 300 µl DAPI (4'.6-diamidino-2-phenylindole, 10 µg ml-1) in the dark 

(PORTER & FEIG, 1980). DAPI is a fluorescent dye which passes through the perforated 

membrane of dead cells and connects to DNA and RNA. After 10 minutes of incubation, the 

sample was filtered through a 0.2 µm filter (Whatman Nucleopore, track-etched black 

polycarbonate membrane filter, Ø 25 mm, Maidstone, Kent, UK). The filter was fixed on a 

glass slide with glycerol and covered with a cover slip. At a light microscope (Axioplan, 

Zeiss, Jena, Germany) at least 500 bacterial cells were counted in at least three randomly 

selected spots on the filter at 1000x magnification (objective: Plan-Neofluar 1.30 oil) with a 

DAPI filter system (G 365, FT 395, LP 420) with a grid in the ocular (square consisted of 100 

smaller squares). The number of bacteria ml-1 (Nb) was calculated with formula (3). 

 

Nb = Nb’ / [(Vp * Nsq * Asq) / Pi]        (3) 

 

Nb’ = number of counted bacteria; Vp = volume of probe (1 ml); Nsq = number of enumerated 

squares in grid; Asq = size of one square in grid (cm2); Pi = circle constant (3.142) 

 

2.3.1.3. Propidium Iodide 
To investigate the three-dimensional biofilm structure of the flow cell experiments, the 

biofilms were fixed and stained. The flow was stopped and the tubes before and after the flow 

cells were branched off. The media bottle, bubble traps and inflow silicone tubes were 

removed. Short silicone tubes were attached to the pump. Greiner tubes with formaldehyde 

solution (4%) were plugged on one opening of the tubes. After filling the tubes, the flow cells 

were connected to the other opening of the tubes and filled with the fixing solution at 

minimum speed. Approximately 3 ml formaldehyde solution ran through every flow cell. The 

formaldehyde solution was freshly made of paraformaldehyde (95%, Fluka Chemika GmbH, 

Sigma-Aldrich Chemie GmbH, Steinheim, Germany). 
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Fig. 2.5: Staining of biofilms in the flow cell experiments. Left from the peristaltic pump the 
tubes with the propidium iodide were plugged on the silicone tubes, which were connected to 
the flow cells at their other side. The flow cells were wrapped with aluminium foil and tissue 
paper to incubate them in the dark with the dye. 
 

After fixation, the biomass was stained with a 0.3 µM solution of propidium iodide (95%, 

Fluka BioChemika, Sigma-Aldrich, Steinheim, Germany) to study the fixed biofilm structure 

with a confocal laser scanning microscope (CLSM). Propidium iodide is a dye that can pass 

through the perforated cell membrane of dead cells and fluoresces when it is connected to 

DNA and RNA. It has an absorption maximum at a wavelength of 488 nm and an emission 

maximum at 590 nm. The freshly made propidium iodide solution was plugged on the tubes 

and the flow cells were filled at minimum speed. Approximately 1 ml ran through every cell. 

Now the cells were incubated for ten minutes in the dark (wrapped in aluminium foil). After 

staining, the cells were washed with approximately 3 ml PBS buffer (phosphate buffered 

saline) and 5 ml distilled water. 

For the batch experiment, no staining was accomplished. 

 

2.3.2. Microscopy and Image Analysis 
2.3.2.1. Live Observation 
Live observations were done at an inverted light microscope (Axiovert 25, Zeiss, Jena, 

Germany) at 100x magnification. At the beginning of the experiments, the protozoa were 

counted by scanning the whole or half of the flow cell. When the number of protozoa 
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increased over time, a grid inside of the ocular was used (one square with an area of 0.01575 

cm2 consisting of 100 smaller squares with an area of 0.00016 cm2). The counted abundances 

and the number of (small or big) squares were used to calculate the abundances of protozoa 

cm-2. Only protozoa directly on the biofilm on the cover slip were counted. Protozoa in 

suspension or on the ceiling were not included into the measurements except the abundance of 

Chilodonella uncinata and Spumella sp. in the experiment with VYE-bacteria and Vannella 

sp. in the batch experiment at day 1, because the protozoa did not settle to the ground after 

inoculation yet. For the purpose of display in the graph, the number of protozoa in suspension 

was calculated with the moistened area of the flow cell or batch to get the number of protozoa 

cm-2. 

Distinct bacterial cell clusters with a more or less round base (from top view) and a diameter 

of at least 5 µm were defined as microcolonies. Microcolonies were enumerated in the same 

way as the protozoa. They were counted in the whole or the half of the flow cell or with the 

grid inside of the ocular, when the number of microcolonies was very high. The modal value 

of microcolony diameter was estimated by measuring three microcolonies that were assumed 

to have the most frequent diameter in every flow cell. From the modal value of the diameter 

and the abundance of the microcolonies the coverage of microcolonies on the cover slip (Cmc) 

was calculated with formula (4).  

 

Cmc = Amc * 100 / 1.6 cm2.          (4) 

 

Amc = whole area of all microcolonies in flow cell (cm2); 1.6 cm2 = area of cover slip in flow 

cell  

Amc was calculated using formula (5). 

 

Amc = (¼ * Pi * Dmc
2) * Nmc         (5) 

 

Dmc = modal diameter of microcolonies (cm); Nmc = abundance of microcolonies in entire 

flow cell; Pi = circle constant (3.142) 

 

The maximum thickness of the biofilms, which grew on the cover slip, was measured with the 

focus wheel. For calibration of the focus wheel, the quantity of micrometers in the focus that 

correlate to one step from line to line on the focus wheel had to be determined. A cover slip 

with a known thickness (dimension 1, Menzel, Braunschweig, Germany) was painted with a 
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black line on the upper and lower side, respectively. On the microscope, first the upper line on 

the cover slip was focused and the number on the lines on the focus wheel was noted. Then 

the focus was moved to the lower line on the cover slip and this focus wheel number was also 

noted. The factory information about the thickness was 130 – 160 µm. The mean value (145 

µm) was used for calculation. From the calculation it was found that the distance between two 

lines on the focus wheel approximates 12 µm in the focus. The biofilm thickness was 

measured in lines on the focus wheel and then calculated to µm scale (multiplicated with 12). 

 

2.3.2.2. Confocal Laser Scanning Microscopy (CLSM) 
The stained biofilms in the flow cells were analysed with a laser scanning microscope (LSM 

510, Zeiss, Jena, Germany, with the software Version 3.0 SP3, Carl Zeiss GmbH 1997 – 

2002). The biofilm was scanned with an excitation of 534 nm and with detection above 590 

nm (HFT KP 700/533; LP 560; pinhole at 1 airy unit). Three-dimensional picture-stacks (z-

stacks) were scanned (with 0.7 zoom) at three random spots in each flow cell and at a 

magnification of 400x (objective: Appochromat 1.2 W corr) by using a helium neon laser. 

Spots were situated approximately 10 mm, 22 mm and 33 mm from the inflow opening of the 

flow cell. The z-stacks had a solution of 510 x 510 pixels and an x-y-dimension of 325.8 µm x 

325.8 µm, while the z-dimension differed depending on the maximum height of the scanned 

biofilm. For every z-stack, thresholds for the detector gain and the amplifier offset had to be 

chosen, depending on the staining success and the background noise. The laser transmission 

also differed depending on these instances, but was normally around 20%. 

 

2.3.3. Data Analysis 
2.3.3.1. Daime 
To obtain the biofilm volume (BV; µm3), the biofilm surface area (BSA; µm2) and the biofilm 

base porosity (BBP; not overgrown surface on the cover slip; µm2 cm-2) and the covered base 

area of the microcolonies (CBA; whole area of the stained particles in the base area of 

microcolonies (BA; µm2); µm2), the z-stacks were treated with the software daime (DAIMS et 

al., 2005). Before analysis, thresholds in brightness and size for objects in the z-stacks were 

set. Voxels (smallest element in three-dimensional stack) with a brightness range between 0 

and 12 (depending on picture quality) and with less than 5 non-zero (not black) neighbour 

voxels were deleted (see daime user manual). Protozoa or auto fluorescent objects were 

deleted to avoid falsification of the bacterial biofilm measurements. For deletion, the 

automatic segmentation tool of daime was used.  
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The z-stacks were 2D- or 3D- segmented to gain a distinct definition for all objects in the z-

stack. Further, the undesirable objects could be deleted. The z-stacks were masked to obtain 

more accurate results (all non-zero voxels was given the maximum intensity). To gain the BV 

and BSA, the z-stacks were 3D- segmented and all objects in the stacks were fused to one 

single object. Then the parameters were measured directly with the measuring tool of the 

object editor of daime. The BV and the BSA were calculated cm-2 to gain a consistent scale. 

From the BV and the BSA of the bacterial biofilm, the surface area / volume ratio (BSA / BV) 

was calculated to get a relation between these two parameters. 

To gain the BBP a 2D-segmentation with the z-stack was accomplished and a single picture 

from the stack was chosen, that represented the biofilm basal layer briefly above the cover 

slip. Because of the attachment of the cover slip on the flow chamber by hand, it was nearly 

impossible to get a really straight plane. Most of the picture stacks were a bit aslope so the 

BBP in this study is only an approximation to the real numbers. In the selected pictures all 

objects were fused to one single object and the surface area of this object was measured. The 

BBP was calculated with formula (6). 

 

 BBP = (Ap - Ac) / Ap (6) 

 

Ap = whole area of selected picture (xy-dimensions; cm2); Ac = area covered by biofilm 

(measured with daime; cm2) 

To measure the CBA of the microcolonies, a single picture of a 2D-segmented z-stack was 

chosen, which was considered to represent the basal area of a selected microcolony. All pixels 

in this basal area of the microcolony were fused to one object (if they were not already 

defined as one object through segmentation) and the surface area of this object was measured. 

Maximal five microcolonies in each z-stack were selected. The CBA was offset with the BA 

of the microcolony (2.3.3.2) to the CBA / BA ratio. 

To display the morphology of the bacterial biofilms, picture stacks that represent the 

approximative mean of all investigated parameters and pictures were chosen. All protozoa 

were deleted except Neobodo designis. The cells of Neobodo designis were connected too 

close to the biofilm, thus removal with daime was not possible. Top views and side views of 

the z-stacks were created with the visualizer-tool of daime. These z-stacks were optimized for 

display by noise reduction. In all stacks, the brightness of voxels was raised four times to gain 

a better vividness of the biofilms.  
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For the experimental cycle with Cyclidium glaucoma, no parameters could be measured and 

no display pictures could be accomplished with daime, since the staining was not successful. 

For the experiment with stream bacteria, no BSA was measured and no BSA/BV ratio was 

calculated, since the cells of Neobodo designis connected to the biofilm very closely. Thus, 

removal of the cells with daime or the removal of the values of Neobodo designis cells by 

calculating was not possible.  

For the experiment with stream bacteria, no CBA was measured and no CBA/BA ratio was 

calculated, since microcolony abundance was too low. 

 

2.3.3.2. Image Browser 
With the Zeiss LSM Image Browser 4.0.0.157 (offline software of the CLSM) the thickness 

of the basal layer of the bacterial biofilm and the diameter of the base of microcolonies were 

measured. To gain the thickness of the basal layer, a new picture-stack was created from the 

original z-stack with the projection-tool of the software. In the new stack, the biofilm could be 

viewed from the side and the thickness of the basal layer could be measured with the overlay-

tool. The base diameter of the microcolonies was measured within the original z-stack. From 

the z-stack, the same picture as for the measurements of the CBA (2.3.3.1) was used. The 

diameter of the base regions of selected microcolonies was measured with the overlay-tool. 

From the diameter, the BA was calculated with formula (7). 

 

BA = ¼ * Pi * Dmcbase
2          (7) 

 

 Dmcbase = base diameter of microcolony (cm); Pi = circle constant (3.142) 

Maximal five microcolonies were measured in each z-stack. From the BA and the CBA the 

CBA/BA ratio was calculated to get the area covered by bacteria compared to the occupied 

area of the microcolonies on the surface of the cover slip. 

For the experiment with stream bacteria, no microcolony base diameter was measured and no 

BA was calculated, since microcolony abundance was too low. 

 

2.3.4. Statistics 

All parameters were analysed with the software SPSS 15.0 for Windows. For the time series 

of the maximal biofilm thickness, the microcolony abundance, the microcolony diameter, the 

microcolony coverage and the protozoan abundances (only in case of the batch experiment) a 

repeated measures ANOVA was used. For the microcolony base diameter, microcolony CBA, 
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microcolony CBA/BA, the biofilm basal layer thickness, the BV, the BSA, the BSA/BV ratio 

and the BBP (except for experimental cycle with Vannella sp.) a one-way ANOVA was used. 

The Tukey test was used as post hoc test in every case. If the variances of the data between 

the treatments in the single experiments were not equal, the data were log(10)-transformed. 

According to the data of the BBP in the experimental cycle with Vannella sp., a Chi-square-

test was used, because variances were not homogeneous even after log(10)-transformation. 

For all tests a significance level of α = 0.05 was determined. All data were plotted with the 

software SigmaPlot 8.02 (Systat Software Incorporation, San Jose, Californien, USA). 
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3. Results 
 

3.1 Flow Cell Experiment with VYE-Bacteria 
3.1.1 Protozoan Abundances 

The filter feeder Dexiostoma campylum (Fig. 3.1A) showed an exponential growth during the 

experiment and reached its maximal abundances at day 5 with 1,253 ± 664 cells cm-2. The 

filter feeder Cyclidium glaucoma (Fig. 3.1B) first did not show any increase of its abundance 

in the flow cells despite a re-inoculation at day 4. At day 6 the abundance increased up to 157 

± 37 cells cm-2. The gulper feeder Chilodonella uncinata (Fig 3.1C) showed a slightly 

exponential trend and reached its maximal abundance at day 5 with 1,878 ± 689 cells cm-2. 

According to the amoeba Vannella sp. (Fig. 3.1D) trophozoids (feeding stage) and cysts (rest 

stage) were inoculated simultaneous. While the number of cysts decreased during the 

experiment, the number of trophozoids increased and reached its highest abundance at day 5 

with 5,143 ± 1,267 cells cm-2. The direct interception feeder Spumella sp. (Fig. 3.1C) showed 

a more or less linear growth when existing as exclusive predator and reached its maximal 

abundance at day 5 with 98,880 ± 28,644 cells cm-2. In the treatment with a second predator, 

Chilodonella uncinata, the number of Spumella sp. cells increased until day 4 but decreased 

afterwards. The abundance at day 5 was 33,531 ± 28,018 cells cm-2. 
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Fig. 3.1: Mean protist abundances in the protist treatments cm-2 over time. Data represent 
the number of protists upon the bacterial biofilm. N = 6, ± SE. A) Dexiostoma campylum B) 
Cyclidium glaucoma C) Chilodonella uncinata, Spumella sp. D) Vannella sp. 
T(S) = treatment with Spumella sp. T(SC) = treatment with Spumella sp., Chilodonella 
uncinata 
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3.1.2 Morphology of the Stained Bacterial Biofilms 

In the experimental cycle with Dexiostoma campylum (Fig. 3.2) a flat biofilm with few flocks 

and no microcolonies developed in the control before protozoan inoculation (C(bp)), whereas 

in the control at day 5 (C(ap)) a large number of differentiated flocks and small microcolonies 

was formed. The basal layer of this treatment appeared more dense and thicker than in C(bp). 

In the treatment with the ciliate Dexiostoma campylum (T(D)) the density and the height of 

the basal layer appeared similar to C(bp), but there seemed to be more flocks and 

microcolonies. Compared to C(ap), microcolonies in T(D) were rather clustered and the 

distances between the microcolonies were more uniformly. 

Compared to the C(bp)-treatment of the cycle with Dexiostoma campylum, the biofilm of 

C(bp) of the experimental cycle with Chilodonella uncinata and Spumella sp. (Fig 3.3) 

appeared more differentiated in the side view. Small microcolonies and small flocks can be 

seen. The basal layer appeared higher (compare Fig. 3.6B) than in the cycle with Dexiostoma 

campylum, although just 1 day had passed since bacteria inoculation. In the top view a thin 

and porous biofilm displays, where individual cells can be distinguished. In contrast the 

biofilm appeared much denser in the control at day 5 (C(ap)). The basal layer appeared to be 

thicker and besides some heterogeneous shaped flocks a lot of tube- or cone-formed tall 

microcolony clusters were present. In the treatment with the flagellate Spumella sp. (T(S)) the 

biofilm appeared to be less dense from the top view. Although there was still a relatively thick 

basal layer, its density was lower as in C(ap). Additionally there were also microcolonies and 

flocks but they were very translucent. It looked like the bacteria population inside the 

microcolonies was thinned out. Overall, the biofilm of the T(S)-treatment appeared to be 

similar to the control biofilm at day 1. In the treatment with Spumella sp. and the ciliate 

Chilodonella uncinata (T(SC)) the biofilm seemed to have a lower density as in control 

biofilms (C(ap)). The basal layer and the microcolonies were also lower in height. Most of the 

microcolonies had a conspicuous mushroom like shape. The diameter often seemed to be 

lower in the basal regions and larger in the upper regions of these microcolonies. Compared to 

the microcolonies in C(ap) their surface was rather smooth. 

In the C(bp)-treatment of the experimental cycle with Vannella sp. (Fig. 3.4) there was a 

smooth, thin basal layer which was similar to that in the C(bp)-treatment of the cycle with 

Dexiostoma campylum. Some very small bacterial clusters and some baggy flocks with low 

density could be detected. The basal layer was rather thin, while in the C(ap)-treatment a 

thicker basal layer developed (compare Fig. 3.6C). In the C(ap)-treatment large flocks and 

microcolonies appeared. In the treatment with the amoeba Vannella sp. (T(V)), the biofilm 
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density seemed to be just as low as in the C(bp)-treatment. The basal layer seemed to be also 

similar to that in C(bp). As in the C(ap)-treatment there were some large microcolonies 

present but they were less abundant (Fig. 3.11C). These microcolonies were very translucent 

which resembles the microcolonies in the T(S)-treatment of the cycle with Chilodonella 

uncinata and Spumella sp. 
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A) B) 

C) 

Fig. 3.2: Top- and side view of z-stacks from the experimental cycle with Dexiostoma campylum. 
The z-stacks were made from stained biofilm with the confocal laser scanning microscope and 
arranged with the software daime. A) Control before protozoa inoculation (day 1) B) Control 
after protozoa inoculation (day 5) C) Treatment with Dexiostoma campylum (day 5). 
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D) C) 

B) A) 

Fig. 3.3: Top- and side view of z-stacks from the experimental cycle with Chilodonella uncinata 
and Spumella sp. The z-stacks were made from stained biofilm with the confocal laser scanning 
microscope and arranged with the software daime. A) Control before protozoa inoculation (day 
1) B) Control after protozoa inoculation (day 5) C) Treatment with Spumella sp. (day 5) D) 
Treatment with Spumella sp., Chilodonella uncinata (day 5). 
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A) B) 

C) 

Fig. 3.4: Top- and side view of z-stacks from the experimental cycle with Vannella sp. The z-
stacks were made from stained biofilm with the confocal laser scanning microscope and 
arranged with the software daime. A) Control before protozoa inoculation (day 1) B) Control 
after protozoa inoculation (day 5) C) Treatment with Vannella sp. (day 5). 
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3.1.3 Biofilm Thickness 
3.1.3.1 Maximal Biofilm Thickness 
At day 1 of every single experimental cycle, the maximal biofilm thickness was comparable 

between all treatments, respectively. In the cycle with Dexiostoma campylum (Fig. 3.5A) the 

maximal thickness increased over time and the highest value was reached at day 5 in the 

control treatment (C(ap); 398 ± 96 µm). The biofilm thickness in the treatment with 

Dexiostoma campylum (T(D)) showed exactly the same trend like in C(ap) until day 3 but 

then it seemed to reach a plateau at day 3 around 300 µm and even decreased slightly. At day 

4 and 5 the thickness in T(D) was lower than in the control, which was a significant difference 

in the time response. However, the between subject effect was not significant (Tab. 8.1). 

The maximal biofilm thickness in the cycle with Cyclidium glaucoma (Fig 3.5B) was always 

very high. Large flocks occupied the flow cells and partially reached the upper border of the 

flow cell. Real measurements were only taken on day 5 and 6 (end point). In the control 

(C(ap)) and the treatment with Cyclidium glaucoma (T(Cg)) the thickness decreased from 

around 800 µm to 625 ± 348 µm (T(Cg)) and 387 ± 152µm (C(ap)). 

In the cycle with Chilodonella uncinata and Spumella sp. (Fig. 3.5C) the maximal biofilm 

thickness increased over time with no difference between the particular treatments. There was 

a significant difference in the time response of the treatments (Tab. 8.1). In C(ap) and the 

treatment with Spumella sp. and Chilodonella uncinata (T(SC)) maximal thickness increased  

more or less linear with a maximum at day 5 of 199 ± 65 µm and 194 ± 42 µm, respectively. 

The increase of the maximal biofilm thickness in the treatment with Spumella sp. (T(S)) first 

showed a linear trend, but since day 3 it seemed to converge to a plateau around 140 µm 

(lowest of all treatments at this time point).  

In the cycle with Vannella sp. (Fig 3.5D), none of the treatments showed a linear trend. 

Despite the treatments did not differ significantly between each other, there was a highly 

significant difference in the time response. The increase of the biofilm thickness in the control 

C(ap) showed a linear curve until day 2 with a following plateau at approximately 180 µm 

and a slight decrease at day 5 to 157 ± 63 µm. The biofilm thickness in the treatment with 

Vannella sp. (T(V)) showed a similar increase of like that in C(ap) at day 1 and 2 but it 

decreased afterwards at day 4 (minimum; 111 ± 25 µm). At day 5, the thickness slightly 

increased again to 119 ± 46 µm. As seen for the cycles with Dexiostoma campylum, 

Chilodonella uncinata and Spumella sp., the treatments did differ significantly in the time 

response but not between each other (Tab. 8.1). 
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Fig. 3.5: Mean maximal thickness of the bacterial biofilm in µm over time. N = 6, ± SE. A) 
Dexiostoma campylum B) Cyclidium glaucoma C) Chilodonella uncinata, Spumella sp. D) 
Vannella sp. 
C(bp) = control before protozoa inoculation, C(ap) = control after protozoa inoculation, T(D) = 
treatment with Dexiostoma campylum, T(Cg) = treatment with Cyclidium glaucoma, T(S) = 
treatment with Spumella sp., T(SC) = treatment with Spumella sp., Chilodonella uncinata, 
T(V) = treatment with Vannella sp. 
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3.1.3.2 Thickness of the Basal Biofilm Layer 
Even though some bacterial biofilms were lacking microcolonies, flocks or folding, the 

biofilm in all treatments contained of a basal layer at least. This basal layer was measured at 

the z-stacks of the stained biofilms from the treatments at day 1 (C(bp)) and day 5 (C(ap) and 

protozoan treatments; Fig. 3.6). 

According to the controls, the thickness of the basal layers before protozoan inoculation 

(C(bp)) differed between the experimental cycles. It was highest in the experimental cycle 

with Chilodonella uncinata and Spumella sp. (11 ± 1 µm). Until day 5, the basal layer 

thickness in the controls increased in the cycle with Dexiostoma campylum up to 8 ± 0.3 µm 

(significantly) and in the cycle with Chilodonella uncinata and Spumella sp. up to 9 ± 1 µm. 

In the cycle with Vannella sp., the thickness of the basal layer did not change in the control. 

Generally, the thickness of the basal layer in the protozoan treatments was lower than that in 

the control at day 5. However, these differences were only significant for the treatments with 

Spumella sp. and Chilodonella uncinata (T(S) and T(SC)) (Tab. 8.2 and 8.4).        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



___________________________________________________________3. Results 

 40

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Treatment

C(bp) C(ap) T(V)

Th
ic

kn
es

s 
of

 
B

as
al

 L
ay

er
 (µ

m
)

0

5

10

15

C(bp) C(ap) T(S) T(SC)

Th
ic

kn
es

s 
of

 
B

as
al

 L
ay

er
 (µ

m
)

0

5

10

15

C(bp) C(ap) T(D)

Th
ic

kn
es

s 
of

 
B

as
al

 L
ay

er
 (µ

m
)

0

5

10

15 A)

B)

C)

ab
a a

b

a
ab

b

day 1 day 5

day 1 day 5

day 1 day 5a a

a
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3.1.4 Volume, Surface Area, Surface Area / Volume Ratio and Base Porosity of 
the Bacterial Biofilm 

In the controls of the experimental cycles, the biofilm volume  (BV; Fig. 3.7) at day 1 ranged 

from 0.7 x 108 ±  0.2 x 108 µm3 cm-2 (cycle with Vannella sp.) and  2.7 108 ±  0.6 108 µm3 cm-2 

(cycle with Chilodonella uncinata and Spumella sp.). The BV of the controls increased 

significantly until day 5 in all experimental cycles. The largest increase was observed in the 

cycle with Chilodonella uncinata and Spumella sp. (6.4 x 108 ± 1.6 x 108 µm3 cm-2). 

According to the protozoan treatments, the BV was either similar to the control at day 5  

(treatment with Dexiostoma campylum (T(D); 3 x 108 ± 0.33 x 108 µm3 µm-2) or lower 

(treatments with Chilodonella uncinata and Spumella sp. (T(SC)), Spumella sp. (T(S)) and 

Vannella sp. (T(V)). In the cycle with Chilodonella uncinata and Spumella sp. the BV was 

even lower than that of the control at day 1, which was significant when Spumella sp. was the 

only predator (1 x 108 ±   0.3 x 108 µm3 cm-2; Tab. 8.4).  

According to the biofilm surface area (BSA; Fig. 3.8) the relations of the treatments to each 

other in the experimental cycles were similar than the relations according to the BV. The BSA 

in the control at day 1 ranged between 1.5 x 108 ± 0.1 x 108 µm2 cm-2 (cycle with Vannella 

sp.) and 5.8 x 108 ± 0.4 x 108 µm2 cm-2 (cycle with Chilodonella uncinata and Spumella sp.). 

In the controls at day 5 BSA increased significantly in all experiments, the largest value was 

gained in the cycle with Chilodonella uncinata and Spumella sp. (10.6 x 108 ± 0.6 x 108 µm2 

cm-2). In the protozoan treatments with Dexiostoma campylum (T(D)) and Vannella sp. (T(V)) 

the biofilm surfaces were significantly below the surface of the controls at day 5 (Tab. 8.2, 8.3 

and 8.5). The BSA in the treatments with Spumella sp. (T(S)) and with Spumella sp. and 

Chilodonella uncinata (T(SC)) (3.1 x 108 ± 0.4 x 108 µm2 cm-2 and 3.9 x 108 ± 0.6 x 108 µm2 

cm-2, respectively) were below that of the control of day 1 and also below that of the control 

of day 5. These differences were significant when Spumella sp. was the only predator. When 

Chilodonella uncinata was also present, only the difference to the control at day 5 was 

significant (Tab. 8.2 and 8.4). 

The quotient of the BSA and the BV was used as the BSA to BV ratio (Fig. 3.9). In the 

controls at day 1, the ratio was always slightly above 2 µm2 µm-3 in all experimental cycles. 

Until day 5, the BSA / BV in the controls of the cycles with Dexiostoma campylum and 

Vannella sp. increased slightly, while in the cycle with Chilodonella uncinata and Spumella 

sp. the ratio decreased significantly down to 1.7 ± 0.3 µm2 µm-3. In the protozoan treatments 

with Dexiostoma campylum (T(D)) and with Chilodonella uncinata and Spumella sp. (T(SC)), 

the ratio did not differ from the controls at day 1 and day 5. The ratios in the protozoan 
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treatments with Vannella sp. (T(V)) and with Spumella sp. as only predator (T(S)) were 

significantly higher than the ratio in the controls at day one (Tab 8.2, 8.4 and 8.5). The BSA / 

BV in T(S) (3.1 ± 0.2 µm2 µm-3) was even significantly higher as the ratio in the control at 

day 5.  

The biofilm base porosity (BBP; Fig. 3.10) indicates the free (not overgrown) surface on the 

cover slip. The BBP was high in the controls at day 1 (C(bp)). It ranged from 0.55 x 108 ± 

0.07 x 108 µm2 cm-2 (cycle with Chilodonella uncinata and Spumella sp.) to 0.87 x 108 ± .03 x 

108 µm2 cm-2 (cycle with Vannella sp.). BBP of the controls at day 5 (C(ap)) was significantly 

lower than at day 1 in all experimental cycles (lowest in cycle with Chilodonella uncinata and 

Spumella sp.; 0.2 x 108 ± 0.1 x 108 µm2 cm-2). In the protozoan treatments, BBP was 

significantly higher than in the controls at day 5 (Tab. 8.2, 8.4 and 8.5), except in the 

treatment with Dexiostoma campylum (T(D); Tab. 8.3). In the treatments with Spumella sp. 

and Chilodonella uncinata (T(SC)) and with Vannella sp. (T(V)), the BBP was similar to that 

in the controls at day 1. When Spumella sp. was the only predator (T(S)), BBP was even 

significantly higher (0.74 x 108 ± 0.09 x 108 µm2 cm-2) than that in the control at day 1 (Tab. 

8.4).  
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Fig. 3.7: Mean volume of bacterial biofilm (BV) calculated per cm2. N = 6, ± SE. A) 
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C(bp) = control before protozoa inoculation, C(ap) = control after protozoa inoculation, T(D) = 
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3.1.5. Microcolonies     
3.1.5.1 Abundance 
No microcolonies were count in the experimental cycle with Cyclidium glaucoma due to large 

biofilm folding in all treatments which blocked the sight to the basal layer of the biofilm. In 

the other experimental cycles microcolony formation occurred already at day 1, although 

during the experiments no microcolonies could be detected with the light microscope at this 

time. Microcolonies at day 1 could be detected in the z-stacks of the control treatments before 

protozoan inoculation (C(bp)) in the cycles with Dexiostoma campylum, Chilodonella 

uncinata, Spumella sp. and Vannella sp. They were not counted in the z-stacks, but in the 

cycle with Chilodonella uncinata and Spumella sp. the abundance of microcolonies appeared 

to be already relatively high. During the experiments, microcolonies were first detected in the 

protozoan treatments at the same time as in the control treatment (C(ap)), but the time point 

differed between the experiments (Fig. 3.11). In the cycle with Chilodonella uncinata and 

Spumella sp. microcolonies could be detected already at day 2, while in the cycle with 

Vannella sp. at day 3 and at last in the cycle with Dexiostoma campylum at day 4. In the 

controls (C(ap)) the numbers of the microcolonies stood more or less stable in all 

experimental cycles, even though the range was different. In C(ap) the highest number was 

reached in the cycle with Dexiostoma campylum with approximately 27 x 103 microcolonies 

cm-2. In the experimental cycles with Chilodonella uncinata, Spumella sp. and Vannella sp., 

the numbers ranged below or around 10 x 103 cm-2. For the protozoan treatments, clear 

differences to the controls and between the treatments occurred. In the treatment with 

Dexiostoma campylum (T(D); Fig. 3.11A) the microcolonies appeared with almost a two 

times higher number than in the control and increased the next day to a number of 60,843 ± 

33,901 cm-2 while in the control there were only 24,719 ± 15,874 cm-2. The difference 

between these treatments in the time responses was significant, but for the treatments itself the 

difference between each other was narrowly not significant (p = 0.05; Tab. 8.1). The 

treatment with Spumella sp. and Chilodonella uncinata (T(SC)) showed a similar time 

response. When the first microcolonies appeared in this treatment the number was slightly 

higher than in the control and increased linearly in the next 3 days (Fig. 3.11B). At day 5 there 

were approximately 4 times more microcolonies cm-2 in T(SC) (22,393 ± 2,100 cm-2) than in 

the control (5,916 ± 747 cm-2). While the microcolony abundance in T(SC) was highly 

significant different from the control, the treatment with Spumella sp. (T(S)) as the only 

predator the microcolony abundance was similar to the control. In the treatment with Vannella 

sp. (T(V); Fig. 3.11C) an opposite effect to T(D) and T(SC) can be seen. When the first 
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microcolonies were detected, the abundance of the microcolonies was approximately half the 

amount than in the control. In the next 2 days the number in T(V) decreased linearly to 1,347 

± 181 microcolonies cm-2, while in the control the number was 11,876 ± 2,437 microcolonies 

cm-2. This difference in the time course and between the treatments was highly significant 

(Tab. 8.1).  

 

3.1.5.2 Diameter and Coverage on Cover Slip 
The diameter of the microcolonies was nearly stable in size within the single treatments over 

time. According to the range of the diameters, the experimental cycles differed more or less 

between each other. In the cycle with Dexiostoma campylum (Fig. 3.12A) the diameter was 

mainly below 10 µm. The mean diameter was a bit higher in the T(D)-treatment (7.5 ± 0 µm) 

than in the control (5 ± 0 µm). In contrast, the diameter in the cycle with Chilodonella 

uncinata and Spumella sp. (Fig. 3.12B) ranged between 10 µm and 20 µm. The control 

appeared to have the microcolonies with the least diameter (around 15 µm) and T(SC) the 

microcolonies with the major diameter (around 19 µm), but the differences were rather small 

and not significant (Tab. 8.1). In the T(V)-treatment (Fig. 3.12C) the microcolonies had a 

significantly lower diameter (around 10 µm) than in the control (around 16 µm). The 

percentage of surface area of the flow cell which was covered by microcolonies (named as 

“coverage”; Fig. 3.13) was calculated from the abundance and the diameter of the 

microcolonies. The coverage appeared to be analogue to the microcolony abundance. While 

the coverage was higher in the T(D)- and T(SC)- treatments and increased compared to their 

controls, the coverage in the T(V)-treatment was lower than in the control (3.45 ± 1.17 %) 

from day 3 on and even decreased down to 0.16 ±  0.06 % at day 5. The difference to the 

controls was significant for T(SC) and T(V) but not significant for T(D) (Tab. 8.1 and 8.4). 

Overall, the microcolony coverage on the cover slip always ranged below 11%. The highest 

value was gained in the T(SC)-treatment at day 5 with 10.56 ± 0.78 % (0.17 cm2 of 1.6 cm2 of 

the flow cell).  

 

3.1.5.3 Base Diameter, Covered Base Area and Covered Base Area / Base Area 
Ratio 
The following three parameters were maintained from the z-stacks of the treatments at day 1 

(C(bp)) and day 5 (C(ap) and protozoan treatments). The diameters of the microcolonies base 

(Fig. 3.14) in the controls of all experiments ranged between 16 µm and 21 µm. The base 

diameter did not vary in the control from day 1 to day 5 in the experimental cycle with 
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Chilodonella uncinata and Spumella sp., whereas it increased in the cycle with Dexiostoma 

campylum and decreased in the cycle with Vannella sp. While the base diameter in the 

treatments with Dexiostoma campylum (T(D)) and Vannella sp. (T(V)) (around 12 µm, 

respectively) significantly ranged below the controls at day 1 and day 5 (Tab. 8.2, 8.3 and 

8.5), the base diameter of the treatment with Spumella sp. and Chilodonella uncinata (T(SC)) 

significantly ranged above the controls with 25 ± 2 µm (Tab. 8.4). The base diameter in the 

treatment with Spumella sp. as only predator (T(S)) was slightly above the controls (21 ± 2 

µm) but this difference was not significant.   

The whole area of the stained bacteria at the base area (BA) of a microcolony was named as 

covered base area (CBA; Fig. 3.15). The mean values for the controls at day 1 ranged from 

133 ± 10 µm2 (cycle with Dexiostoma campylum) to 208 ± 6 µm2 (cycle with Vannella sp.), 

whereas the values for the controls at day 5 differed in a larger range from 151 ± 11 µm2 

(decreased in cycle with Vannella sp.) to 307 ± 31 µm2 (increased in cycle with Chilodonella 

uncinata and Spumella sp.). At day 5 the CBA of microcolonies in all protozoan treatments 

(101 ± 10 µm2 in T(D), 171 ± 20 µm2 in T(S), 101 ± 6 in T(SC), 83 ± 9 µm2 in T(V)) were 

significantly below the CBA in the control treatments (Tab. 8.2, 8.3, 8.4 and 8.5). The CBA 

also differed significantly from the control at day 1 in the T(SC) and the T(V)-treatment.  

The amount of CBA of the whole area which the microcolony occupied on the cover slip 

(base area = BA, calculated from the microcolony base diameter) is represented in the CBA / 

BA ratio (Fig. 3.16). The ratio of the controls at day 1 ranged around 0.6 µm µm-2 in all 

experimental cycles. The ratio in the controls at day 5 was nearly similar (cycles with 

Dexiostoma campylum and Vannella sp.) or higher (1 ± 0.08 µm2 µm-2; cycle with 

Chilodonella uncinata and Spumella sp.) as the ratio in the controls at day 1. The CBA / BA 

ratio in the treatments with Spumella sp. (T(S); 0.29 ± 0.04 µm2 µm-2), Spumella sp. and 

Chilodonella uncinata (T(SC); 0.34 ± 0.03 µm2 µm-2) were significantly lower than the ratio 

in the controls. In the treatment with Dexiostoma campylum (T(D); 0.84 ± 0.05 µm2 µm-2) the 

ratio was significantly higher than in the controls. In the treatment with Vannella sp. the ratio 

was similar (0.66 ± 0.04 µm2 µm-2) to that in the controls (Tab. 8.2 and 8.5). 
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Fig. 3.11: Microcolony abundances per cm2 in the ungrazed and grazed treatments over 
time. Data represent the number of microcolonies upon the basal layer of the bacterial 
biofilm. Protozoa were inoculated at day 1 in all experiments. N = 6, ± SE. A) Dexiostoma 
campylum B) Chilodonella uncinata and Spumella sp. C) Vannella sp. 
C(ap) = control after protozoa inoculation, T(D) = treatment with Dexiostoma campylum, T(S) 
= treatment with Spumella sp., T(SC) = treatment with Spumella sp., Chilodonella uncinata, 
T(V) = treatment with Vannella sp. 
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Fig. 3.12: Mean estimated diameters of microcolonies in µm over time. Data represent the 
number of microcolonies upon the basal layer of the bacterial biofilm. N = 6, ± SE. A) 
Dexiostoma campylum, B) Chilodonella uncinata, Spumella sp. C) Vannella sp. 
C(ap) = control after protozoa inoculation, T(D) = treatment with Dexiostoma campylum,T(S) 
= treatment with Spumella sp., T(SC) = treatment with Spumella sp., Chilodonella uncinata, 
T(V) = treatment with Vannella sp. 
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Fig. 3.13: Surface area on the cover slip covered by microcolonies (%) compared to the 
whole area of the cover slip (4 x 0.4 cm) over time. Data represent the number of 
microcolonies upon the basal layer of the bacterial biofilm. N = 6, ± SE. A) Dexiostoma 
campylum B) Chilodonella uncinata, Spumella sp. C) Vannella sp. 
C(ap) = control after protozoa inoculation, T(D) = treatment with Dexiostoma campylum, T(S) 
= treatment with Spumella sp., T(SC) = treatment with Spumella sp., Chilodonella uncinata, 
T(V) = treatment with Vannella sp. 
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Fig. 3.14: Mean base diameters of bacterial microcolonies in µm. Data represent the number 
of microcolonies upon the basal layer of the bacterial biofilm. N = 6, ± SE. A) Dexiostoma 
campylum B) Childonella uncinata, Spumella sp. C) Vannella sp. abc - equal indices indicate 
equality; unequal indices indicate significant differences. 
C(bp) = control before protozoa inoculation, C(ap) = control after protozoa inoculation, T(D) = 
treatment with Dexiostoma campylum, T(S) = treatment with Spumella sp., T(SC) = 
treatment with Spumella sp., Chilodonella uncinata, T(V) = treatment with Vannella sp. 
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Fig. 3.15: Mean area on the base of a bacterial microcolony covered by bacteria (CBA; µm2 
microcolony-1). CBA was measured with the daime software. Data represent the number of 
microcolonies upon the basal layer of the bacterial biofilm. N = 6, ± SE. A) Dexiostoma 
campylum, B) Chilodonella uncinata, Spumella sp., C) Vannella sp. abc - equal indices 
indicate equality; unequal indices indicate significant differences. 
C(bp) = control before protozoa inoculation, C(ap) = control after protozoa inoculation, T(D) = 
treatment with Dexiostoma campylum,T(S) = treatment with Spumella sp., T(SC) = treatment 
with Spumella sp., Chilodonella uncinata, T(V) = treatment with Vannella sp. 
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Fig. 3.16: Ratio of the mean bacteria-covered base area (CBA) to the mean base area (BA) 
of a bacterial microcolony (µm2 µm-2). The CBA was measured with the daime software. The 
BA was calculated from the base diameter of the microcolonies, which was measured with 
the LSM-offline software. Data represent the number of microcolonies upon the basal layer of 
the bacterial biofilm. N = 6, ± SE. A) Dexiostoma campylum B) Chilodonella uncinata, 
Spumella sp. C) Vannella sp. abc - equal indices indicate equality; unequal indices indicate 
significant differences.  
C(bp) = control before protozoa inoculation, C(ap) = control after protozoa inoculation, T(D) = 
treatment with Dexiostoma campylum, T(S) = treatment with Spumella sp., T(SC) = 
treatment with Spumella sp., Chilodonella uncinata, T(V) = treatment with Vannella sp. 
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3.2 Flow Cell Experiment with Stream Bacteria 
3.2.1 Protozoan Abundances 
The protozoa Spumella sp. and Chilodonella uncinata were inoculated at day 1. The flagellate 

Neobodo designis was found in all treatments at day 2, although it was not inoculated 

knowingly. The species was found in the unfiltered probes of the stream water, which ensured 

that the flagellate originally came from the stream Ilm. It is assumed, that it was inoculated 

with the stream bacteria at t0 after it could stand the filtration with 0.45 µm pore sized filter 

(2.1.1). When N. designis was detected the first time in the flow cells at day 2, it directly 

reached a number of 27,116 ± 8,301 cells cm-2 when the flagellate was the single predator 

(Fig. 3.17). The overall maximal abundance was reached at day 3 with 146,265 ± 46,982 cells 

cm-2 in this treatment. The abundances in the other treatments were lower but in similar 

scales. The flagellate Spumella sp. showed a linear growth in the treatment with N. designis 

with a maximum at day 3 with 4,105 ± 771 cells cm-2. In coexistence with N. designis and C. 

uncinata this Spumella sp. had its highest abundance at day 1 with 1,312 ± 557 cells cm-2. 

After a sink at day 2 it could not overtop the value of day 1. The ciliate Chilodonella uncinata 

showed a continuous growth with a maximum at day 3 with 128 ± 111 cells cm-2. 
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3.2.2 Morphology of the Stained Bacterial Biofilms 

In the control before protozoan inoculation (C(bp)) a very thin biofilm layer without any 

further structures was found. As in the cycle with Chilodonella uncinata and Spumella sp. of 

the flow cell experiment with VYE-bacteria, single bacterial cells can be distinguished (Fig. 

3.18). In the treatment with the flagellate Neobodo designis (T(N)) the basal layer of the 

biofilm was also very thin. Like it was the case in the T(S)-treatment of the cycle with 

Chilodonella uncinata and Spumella sp. and in the T(V)-treatment of the cycle with Vannella 

sp. of the flow cell experiment with VYE-bacteria, some microcolonies can be seen but the 

density of bacteria inside seemed to be rather low. In contrast, there is a dense biofilm with a 

thicker basal layer (compare Fig. 3.20) and some large dense flocks and folding in the 

treatment with Neobodo designis and Spumella sp. (T(NS)). In the top view, the single 

bacterial cells and small bacterial aggregates appeared rather loose from each other than 

bound up in a cohesive biofilm layer. The biofilm appeared very furrowed. In the three-

protozoa-treatment (T(NSC)) the height of the basal layer appeared to be relatively large. As 

in the T(N)-treatment only few flocks and microcolonies can be seen. The density of the 

biofilms in T(NSC) also appeared to be similar to the density of  the T(N)-treatment. 
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A) B) 

C) D) 

Fig. 3.18: Top- and side view of z-stacks. The z-stacks were made from stained biofilm with the 
confocal laser scanning microscope and arranged with the software daime. A) Control before 
protozoa inoculation B) Treatment with Neobodo designis C) Treatment with Neobodo 
designis, Spumella sp. D) Treatment with Neobodo designis, Spumella sp., Chilodonella 
uncinata. 
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3.2.3 Biofilm Thickness 
3.2.3.1 Maximal Biofilm Thickness 
The maximal biofilm thickness (Fig. 3.19) ranged around 100 µm at day 1 in all treatments 

and increased during the next days. In the treatments with Neobodo designis (T(N)) and 

Neobodo designis and Spumella sp. (T(NS)) the maximal biofilm thickness seemed to reach a 

plateau phase at the end with around 160 µm and 190 µm, respectively. The maximal biofilm 

thickness in the treatment with the two flagellates and the ciliate Chilodonella uncinata 

(T(NSC)) had the same value like the other treatments at day 1 but then it increased rather 

slow and had the lowest value with 145 ± 34 µm at day 3 (end point). The treatments were not 

different within their time response, but they were significant different between each other 

(Tab. 8.1 and 8.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3.2 Thickness of the Basal Biofilm Layer 
Compared the flow cell experiment with VYE-bacteria, the thickness of the basal biofilm 

basal (Fig. 3.20) in the control before protozoan inoculation (C(bp)) was very low (4 ± 0.3 

µm). In the protozoan treatments the basal layer was significantly thicker compared to C(bp) 

(Tab. 8.2 and 8.6). Therefore the treatment with all three protozoan species (T(NSC)) had a 

significantly lower thickness of the basal layer compared to the treatments with only two 

(T(NS)) or one protozoan species (T(N)). 
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Fig. 3.19: Maximal biofilm thickness of bacterial biofilm in µm over time. N = 6, ± SE. 
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3.2.4 Volume and Base Porosity of the Bacterial Biofilm 
In contrast to the biofilm volume (BV) of the protozoan treatments T(S), T(SC) and T(V) of 

the flow cell experiment with VYE-bacteria, BV in the protozoan treatments of the 

experiment with stream bacteria (Fig. 3.21) was higher than that of the control at day 1 (Tab. 

8.2 and 8.6). The BV in the protozoan treatments was always below 2 x 108 µm3 cm-2 which 

was comparable to the protozoan treatments T(S), T(SC) and T(V) of the flow cell experiment 

with VYE-bacteria. The highest BV was gained in the treatment with Neobodo designis and 

Spumella sp. (1.9 x 108 ± 0.3 x 108 µm3 cm-2). 

The porosity at the base of the biofilm (BBP; Fig. 3.22) was high in the control at day 1 (0.92 

x 108 ± 0.03 x 108 µm2 cm-2). In all protozoan treatments, BBP was lower than that in the 

control at day 1. This was significant for the two-protozoan-treatment (T(NS)) and for the 

three-protozoan treatment (T(NSC)). The lowest value was reached in the T(NS)-treatment 

with 0.73 x 108 ± 0.11 x 108 µm2 cm-2. 
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Fig. 3.20: Mean thickness of the basal layer of the bacterial biofilm in µm. N = 6,  ± SE. abc - 
equal indices indicate equality. unequal indices indicate differences. T(N) = treatment with 
Neobodo designis, T(NS) = treatment with Neobodo designis, Spumella sp. T(NSC) = 
treatment with Neobodo designis, Spumella sp., Chilodonella uncinata 
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= treatment with Neobodo designis, Spumella sp., T(NSC) = treatment with Neobodo 
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3.2.5 Microcolonies 
3.2.5.1 Abundance 
In comparison to the experiments with VYE-bacteria, the stream biofilm community formed 

fewer microcolonies in all treatments (Fig. 3.23). Although the highest abundance was gained 

in a replicate of the three-protozoan-treatment (T(NSC)) with 548 cm-2, all the other replicates 

of this experiment showed numbers below 40 microcolonies cm-2. The value of this replicate 

was treated as an outlier and it was not integrated in calculations and statistics. The highest 

mean amount was reached in the treatment with Neobodo designis as the only predator (T(N)) 

with 28 ± 9 microcolonies cm-2, which was significantly different from the other two 

treatments with Spumella sp. and Chilodonella uncinata (Tab. 8.1 and 8.6). The first 

microcolonies appeared at day 3 (end point).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.5.2 Diameter and Coverage on Cover Slip 
The microcolonies were much larger in diameter (Fig. 3.24) in contrast to the experiments 

with cultured bacteria. The diameters of T(N) and T(NS) ranged around 45 µm. The diameter 

in the T(NSC)-treatment was significantly lower than the latter two treatments with 29 ± 11 

µm. The coverage of microcolonies on the cover slip (Fig. 3.25) was very low and ranged 

below 0.08 %. The T(NS)- and T(NSC)-treatments even had values around 0.006 %. The low 

values may be due to the low number of microcolonies despite of their larger diameter.  
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Fig. 3.23: Microcolony abundances in grazed treatments per cm-2 over time. Data 
represent the number of microcolonies upon the basal layer of the bacterial biofilm. 
Protozoa were inoculated at day 1. N = 6, ± SE. 
C(bp) = control before protozoa inoculation, T(N) = treatment with Neobodo designis, 
T(NS) = treatment with Neobodo designis, Spumella sp., T(NSC) = treatment with 
Neobodo designis, Spumella sp., Chilodonella uncinata 
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Fig. 3.24: Mean estimated diameter of microcolonies over time in µm. Data represent 
number of microcolonies upon the basal layer of the bacterial biofilm. N = 6, ± SE. 
C(bp) = control before protozoa inoculation, T(N) = treatment with Neobodo designis, T(NS) 
= treatment with Neobodo designis, Spumella sp., T(NSC) = treatment with Neobodo 
designis, Spumella sp., Chilodonella uncinata 
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Fig. 3.25: Surface area of the cover slip (4 x 0.4 cm) covered by microcolonies (%) over 
time. Data represent number of microcolonies upon the basal layer of the bacterial biofilm. N 
= 6,  ± SE. 
C(bp) = control before protozoa inoculation, T(N) = treatment with Neobodo designis, T(NS) 
= treatment with Neobodo designis, Spumella sp., T(NSC) = treatment with Neobodo 
designis, Spumella sp., Chilodonella uncinata 
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3.3 Batch Experiment 
All treatments with Vannella sp. showed a nearly linear growth (Fig. 3.26). Nevertheless, the 

treatments differed significantly between each other (Tab. 8.1 and 8.7). The highest 

abundances were reached at day 4 with 224 ± 28 cells cm-2 in the treatment with 10 amoebas 

cells cm-2 in the inoculum, 740 ± 82 cells cm-2 in the treatment with 100 cells cm-2 in the 

inoculum and 1,528 ± 209 cells cm-2 in the treatment with 300 cells cm-2 in the inoculum. 

The changes in the maximal biofilm thickness (Fig. 3.27) were significantly different between 

all treatments and also in the time responses (Tab. 8.1 and 8.7). However, at day 1 the lowest 

maximal biofilm thickness was observed in control biofilms compared to grazed biofilms. 

Afterwards the biofilm thickness in the control showed a rather sigmoid increase and ended 

up at day 4 (end point) with the highest maximal biofilm thickness overall (30 ± 4 µm). The 

treatment with the lowest number of amoebas in the inoculum (T(10) with 10 amoebas ml-1) 

also showed a slightly sigmoid trend albeit in a lower extension than the control. Its highest 

extension was gained at day 4 with 25 ± 1 µm. For the treatment with the medium number of 

amoebas in the inoculum (T(100) with 100 amoebas ml-1) the trend of biofilm thickness 

increase was no longer sigmoid and after an increase at day 1 it remained around 12 µm until 

day 4. In the treatment with the highest abundance of amoebas in the inoculum (T(300) with 

300 amoebas ml-1) the biofilm thickness first increased like that in the other amoebas 

treatments to around 12 µm but decreased down to 6 ± 1 µm from day 2 until day 4. However, 

no microcolonies were observed until the end of the experiment and the basal layer appeared 

to stay very low (below 40 µm). 
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Fig. 3.26: Mean protozoa abundances in the protozoan treatments per cm2 over time. Data 
represent the number of protozoa upon the bacterial biofilm. N = 5, ± SE. 
T(10) = treatment with 10 trophozoids cm-2 in inoculum, T(100) = treatment with 100 
trophozoids cm-2 in inoculum, T(300) = treatment with 300 trophozoids cm-2 in inoculum 
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Fig. 3.27: Maximal thickness of the bacterial biofilm in µm over time. N = 5, ± SE. 
C = control without protozoa, T(10) = treatment with 10 trophozoids cm-2 in inoculum, T(100) 
= treatment with 100 trophozoids cm-2 in inoculum, T(300) = treatment with 300 trophozoids 
cm-2 in inoculum 
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4. Discussion 
 
4.1 Impact of the Filter Feeders on the Morphology of VYE-Bacterial Biofilms 
4.1.1 Dexiostoma campylum 
4.1.1.1 Sloughing of Biofilm Fragments by Dexiostoma campylum 
 The filter feeder Dexiostoma campylum developed well during the experiment but had few 

distinct effects on the biofilm morphology. The maximal thickness and the thickness of the 

basal layer of the bacterial biofilm decreased in the presence of this ciliate, even though only 

at the last day when D. campylum reached its highest abundance. Since D. campylum does not 

graze directly on the biofilm surfaces like the gulper feeders Chilodonella uncinata and 

Vannella sp., it is surprising that it affected biofilm thickness. Filter feeders, which 

concentrate food particles due to strong feeding currents (FENCHEL, 1986; HAUSMANN, 2002) 

preferably utilize suspended rather than attached bacteria (EISENMANN et al., 1998). The 

impact of the ciliate on the biofilm could be clarified with some observations during the 

experiment. Most of the time, D. campylum cells were observed lying or slowly creeping on 

the biofilm surface where they ingested bacteria actively. But approximately 30 % of the 

individuals were found inside biofilm flocks (Fig. 4.1). D. campylum can not select single 

attached bacteria cells and actively detach them from the aggregate. For feeding, D. 

campylum creates water currents of 500 µm s-1 near the mouth (FENCHEL, 1986). When the 

mouth is situated close to the biofilm surface, as it was the case when D. campylum was 

sitting inside of flocks, bacterial cells could be sloughed out of the biofilm. In former studies 

it was already assumed, that filter feeders might slough biofilm fragments and utilize the 

sloughed biofilm bacteria (HUWS et al., 2005; PARRY  et al., 2007).  

In the recent study, it was also observed in some cases, that D. campylum cells moved straight 

through the basal layer of the biofilm and ploughed the bacterial cells aside. Some 

micrometers (approximately one ore a half of the ciliate cell length) behind the cell the 

ploughed bacteria were slightly vortexed, but then the biofilm merged behind the forward 

moving ciliate. A similar observation was made with the fast creeping amoeba Acanthamoeba 

castellanii which pushes bacterial cells aside leaving low-level bacterial mounds called 

‘amoeba trails’ (PARRY et al., 2007; PICKUP et al., 2007). Such vortexing of the basal layer 

could be an explanation, why grazing of D. campylum did not increase the base porosity as 

expected, but slightly decreased it compared to the protozoan free control. According to the 

biofilm thickness it is possible that besides the reduction of maximal thickness, moving and 

feeding of D. campylum inside the biofilm caused holes or enlargement of interspaces. These 
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holes may led to a slump down of the biofilm due to lacking of basal biofilm material 

reducing the maximal biofilm thickness. According to sloughing, similar suggestions were 

made for the ciliate Colpoda maupasi (HUWS et al., 2005). Biofilm thickness was 

significantly reduced in presence of this ciliate and it was assumed, that this effect could be 

due to grazing and movement of Colpoda maupasi. However, Tetrahymena sp., a relative of 

D. campylum causes a higher biofilm thickness and a reduced biofilm biomass about 79 % 

compared to control biofilms (WEITERE et al., 2005). In the recent study, no estimations for 

biofilm biomass were established. But according to the volume and surface area of the biofilm 

it is assumed that D. campylum did not have such a strong effect on the biomass, since the 

biofilm volume was not affected in the presence of the ciliate. These findings contrast to the 

reduction of biofilm thickness by the ciliate. Since bacterivorous protists can maintain growth 

by alternatively utilizing yeast extract or detritus (common source in natural environments) 

(BROERS et al., 1991; SCHERWASS et al., 2005), growth of D. campylum in the recent 

experiment may depended on the utilization of yeast extract in the medium rather than on 

biofilm bacteria.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 4.1: Three Dexiostoma campylum cells on a large biofilm folding. The upper two are 
sitting in small biofilm flocks, while the lower one is sitting above the biofilm surface. The 
arrows point on the ciliate cells. 10 of the smallest scale lines conform to 50 µm.
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4.1.1.2 Microcolony Abundance and Microcolony Distribution Pattern 
In the recent study, Dexiostoma campylum caused an increase of microcolony abundance of 

nearly 250 %, which is comparable to a former study with Tetrahymena sp. that causes an 

increase of microcolony abundance by 300 % in relation to the protozoan free control 

(WEITERE et al., 2005). D. campylum also led to a larger diameter of the microcolonies. In 

contrast, the diameter of the base region of the microcolonies tended to be lower with D. 

campylum than in the control. Additionally, the amount of bacteria at the base region of the 

microcolonies was higher in presence of the ciliate than in the control (higher CBA / BA 

ratio). All these findings may indicate a bacterial resistance mechanism. The proliferation of 

bacteria might be stimulated at the base regions of the microcolonies by grazing of D. 

campylum preferential in this height.  

A distinctive feature was the distribution of the microcolonies. In control and protozoan 

treatment the microcolonies tended to appear in patches that were widespread in the flow cell. 

This pattern was more distinct in the presence of D. campylum (Fig. 4.2) than in the control. 

Additionally the distances between the microcolonies appeared to be more uniformly than in 

the control. Maybe D. campylum animated the bacteria to extent small clusters through 

mechanical triggers when creeping along them. When the ciliate is in feeding mode, it creeps 

slowly above the ground (FENCHEL, 1986), which was also observed in the recent study. It 

remains unclear, why these clusters were formed only on several patches instead of on the 

whole biofilm surface area. Since the biofilm consists of a mixed species community it is 

possible, that the microcolonies were formed only by one or a few bacteria species, which 

were spread patchy over the whole flow cell. Another possible reason is the creeping of D. 

campylum on established trails, what could not be observed in the experiment directly. As 

reported for the filter feeding ciliate Euplotes sp. (LAWRENCE & SNYDER, 1998), D. campylum 

could have concentrate feeding activity within certain zones on the biofilm surface. 

Individuals of Euplotes sp. were coming back to these distinct zones, presumably induced by 

chemical cues remaining from past feeding activity (LAWRENCE & SNYDER, 1998). 

Furthermore, these patchy patterns of microcolony formation might result in the combination 

of occasional biofilm grazing and retreating to planktonic environment as it was assumed for 

the close relative of D. campylum, Tetrahymena sp. (WEITERE et al., 2005).  
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Fig. 4.2: Uniformly and patchy distribution of microcolonies in presence of Dexiostoma 
campylum. 10 of the smallest scale lines conform to 50 µm.  
 

4.1.2 Cyclidium glaucoma 
In the flow cells, the ciliate was mostly flowing passively through the cell or actively 

swimming in random directions. Only a small quantity was lying above the surfaces of the 

biofilm. Surprisingly, the numbers of the ciliate on the biofilm surfaces rose at day 6 (seven 

times higher that at day 5). Maybe this was due to the increasing amount of big flocks that 

derived from the continuous input of bacteria from the ciliate culture and from the filtrated 

ciliate culture for the control. These flocks filled out the flow cells nearly completely. The 

ciliates may have had a greater chance to stick on a biofilm flock while passively been pushed 

through the flow cell by the water current. C. glaucoma cells were sometimes found inside of 

biofilm flocks like it was observed for D. campylum. Maybe this could have also a small 

slough effect like it is assumed for D. campylum. The ciliates which were sitting on or in the 

biofilm at day 6 were motionless. However, compared to the huge amount of bacteria forming 

the biofilm flocks, it is doubtful if the effects of grazing could have been high enough to 

account for the slight decrease of maximal biofilm thickness. 
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4.2 Impact of the Gulper Feeders on the Morphology of VYE-Bacterial Biofilms 
4.2.1 Chilodonella uncinata 
4.2.1.1 Grazing keeps Biofilms in an Early Developmental Stage 
Since in the experimental cycle with Chilodonella uncinata the flagellate Spumella sp. could 

not be excluded, the results are discussed also with regard to the flagellate. The maximal 

biofilm thickness was not affected in the presence of the gulper feeder C. uncinata. This is 

surprising because the ciliate was high abundant in the flow cells and the individuals were 

observed to creep at all surfaces of the biofilm. The cells of C. uncinata were rarely 

swimming, rather moving above the biofilm surface all the time without resting. Some 

individuals were slow creeping and presumably in feeding mode, while others were racing 

very fast and were presumably in dispersing or searching mode. C. uncinata cells were 

observed only directly above the biofilm surface and not inside the biofilm, as it was observed 

for D. campylum and C. glaucoma. Nevertheless, this strong exposure of the biofilm surface 

seemed to have an effect, since the thickness of the basal layer of the biofilm was reduced in 

presence of C. uncinata. This effect may be due to the grazing of C. uncinata directly on the 

biofilm surface and also the sloughing of bacteria out of the matrix by Spumella sp. (4.3.1). 

Besides the basal layer thickness, the biofilm volume, biofilm surface area, the biofilm 

surface area / volume ratio and the biofilm base porosity were similar or lower than that in the 

control of day 1. These findings indicate that C. uncinata and Spumella sp. definitely grazed 

on the bacterial biofilms in an amount that the bacteria could not adjust through proliferation 

and biofilm growth. It seems that the bacterial population was held in early stages of biofilm 

development. Therefore, it would be very interesting, what effect C. uncinata would have on 

the biofilm morphology, when it is the only predator. Hence, a monoxenix culture of this 

ciliate would be desired for a similar experiment in the future. 

 
4.2.1.2 Grazing leads to Increased Formation of Microcolonies and to a 
Mushroom-like Shape of Microcolonies 
In the presence of C. uncinata and Spumella sp. the number of microcolonies was 3.8 fold 

higher than in the control, while the number of microcolonies was not affected when the 

sessile Spumella sp. was the only predator. As described in 4.2.1.1, C. uncinata was very 

abundant and stressed the biofilm surface due to creeping and grazing. Hence, it is assumed 

that the gulper feeder C. uncinata stimulated the formation of microcolonies, maybe by 

mechanical triggers like the mobility and grazing activity, as it was assumed for the acting of 

flagella of the mobile flagellate Bodo saltans (QUECK et al., 2006).  
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Besides the abundance, also the shape of microcolonies was different in presence of C. 

uncinata. In the protozoan free control, the microcolonies were elongated cone or tubular 

formed with rough edges. In presence of C. uncinata microcolonies were mushroom-shaped, 

less in height and the edges were smooth, making them clearly distinguishable from the 

circumjacent biofilm. The microcolonies in presence of C. uncinata consisted of a tubular 

base region with a lower diameter than the upper, more or less globular region. This shape is 

very likely caused by the feeding behaviour of C. uncinata. Individuals of C. uncinata were 

frequently grazing on microcolony surfaces. It could be observed many times during the 

experiment, that the ciliates were creeping along the side of microcolonies, preferential at the 

basal region, which might led to a smooth surface and a reduced diameter of the base regions 

of the microcolonies. C. uncinata cells are slightly flexible, so that the cell body was often 

bended along the microcolony. Meanwhile, the lower side of the ciliate with the oral 

apparatus was held close to the microcolony surface and the whole cell moved forward and 

backward very slowly. It is likely, that the ciliate actively took up bacterial cells with its 

cytopharyngeal basket (FOISSNER, et al., 1991; HAUSMANN, 2002) in that way. Presumably, 

the ciliate cells continuously rasped bacterial cells directly from the surfaces of the biofilm 

basal layer, flocks and microcolonies.  

Nevertheless, the overall diameter and the base diameter of the microcolonies increased in the 

presence of C. uncinata. This is surprising regarding the frequent grazing of C. uncinata. It is 

assumed, that the bacterial growth was enhanced by the grazing activity. On the one hand, 

bacterial resistance mechanisms might have been induced, like increased release of alginate 

and hence, increased formation of extracellular matrix (HENTZER et al., 2001), as stated for 

biofilms of Pseudomonas aeruginosa under grazing pressure (MATZ et al., 2004; WEITERE et 

al., 2005). It is contended, if these resistance mechanisms (increased formation and increased 

diameter of the microcolonies) are mediated by bacterial quorum sensing. While quorum 

sensing mediates gene expression to severe grazing pressure in Pseudomonas aeruginosa 

biofilms (MATZ et al., 2004), quorum sensing plays no significant role in microcolony 

formation under grazing pressure in early batch biofilms of Serratia marcescens biofilms 

(QUECK et al., 2006). On the other hand, grazing by C. uncinata might lead to extension of 

voids and water channels around the microcolonies that enhances nutrient availability for 

biofilm bacteria (MATZ et al., 2004). 

Though the diameter was increased, the bacterial density at the base area of the microcolonies 

decreased in presence of C. uncinata and Spumella sp. (lower CBA / BA ratio then in 
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control). Since this effect is even greater when Spumella sp. was the only predator, it is 

assumed that this effect was mainly due to sloughing caused by this flagellate (4.3.1). 

Hence, these findings imply that microcolony formation is a sufficient resistance strategy 

against the gulper feeder C. uncinata, at least for the bacteria which are deep embedded inside 

the cell clusters. A possible consequence of the grazing of C. uncinata preferential at the base 

region of the microcolonies is the enlargement of water channels and further the displacement 

of the clusters from the bottom due to constantly reduced diameter. This would lead to the 

dispersion of complex clusters of the bacterial biofilm. 

 
4.2.2 Vannella sp. 
4.2.2.1 Vannella sp. holds Biofilm in Early Developmental Stage  
As in the presence of the filter feeder Dexiostoma campylum, the maximal biofilm thickness 

and the thickness of the basal biofilm layer was reduced in presence of Vannella sp. 

Additionally, the biofilm volume, biofilm surface area and base porosity were similar to those 

of day 1. This implies a strong grazing pressure on the biofilm, which could not been 

compensated by the bacteria through proliferation. Since the amoebas were very abundant 

during the whole experiment and ingestion rates for amoebas were stated to be up to 1,465 

bacteria cells amoeba-1 h-1 (ROGERSON et al., 1996), the grazing pressure on the biofilm 

seemed to be high. The amoebas seemed to have favourable conditions inside the flow cell. 

The number of cysts decreased over time what indicates that the amoebas excysted as a result 

of the new environmental conditions (continuous nutrient input, continuous water current). As 

there were about three times more trophozoids at day 2 than trophozoids and cysts together at 

day 1, it indicates the busily proliferation of the amoebas from the very beginning. This was 

different to all other protozoa, which had a rather small increase in their abundances at the 

first days (except Neobodo designis). It seems that the amoebean community converged to the 

carrying capacity (maximum stable population size) according to the living space of the flow 

cell. Most individuals crept very slowly in the typical fan-shaped locomotion mould and 

some, which had a rather round lump-like shape, were not moving forward. It was stated for 

Amoeba proteus that prey consumption over time is not linear (ROGERSON, 1981). After 

sufficient exploitation of prey patches, feeding was ceased until digestion ended (ROGERSON, 

19981). For a Vannella sp. in a former study it was also stated, that it separates grazing time 

from dividing time (ZUBKOV & SLEIGH, 1999). Maybe this was also the case for the Vannella 

sp. in the recent experiment. Amoebas ingesting bacteria were not observed directly. Since the 

amoebas were not forming any new cysts during the experiment, it seemed that the continuous 

nutrient input and the sufficient prey supply offered fair conditions for their growth.  
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Additionally, Vannella sp. increased the biofilm porosity. It is likely, that the gulper feeder 

was able to entrap bacterial cells out of the biofilm matrix. Although it was stated that 

amoebas move through the biofilm and cause sloughing and exposing bare areas (JACKSON & 

JONES, 1991), no individuals were observed creeping or sitting inside of the basal biofilm 

layer or flocks in the recent study. All amoeba cells were creeping or sitting straight on the 

biofilm surface during the whole experiment. It is known, that some amoebas (Vahlkampfia 

avara, Hartmanella cantabrigiensis, Platyamoeba placida) can entrap bacteria which are 

embedded in polysaccharide matrix in similar amounts than exposed naked bacteria (HEATON 

et al., 2001). In the recent study Vannella sp. was grazing directly on the biofilm surface and 

additionally, this amoeba could slough bacteria out of the matrix, what caused the higher 

porosity compared to the protozoan free control biofilms. A high porosity might provide 

nutrient and gas exchange into the deeper regions of the biofilm in a faster and more efficient 

way as through diffusion. A similar effect is assumed for a large biofilm surface area to 

volume ratio. This ratio was increased in presence of Vannella sp. compared to the control. A 

higher surface to volume ratio increases the roughness of the biofilm and thus might improve 

the exchange of nutrients and gases what might accelerate the bacterial growth. This implies, 

since Vannella sp. did not graze the biofilm completely, that the biofilm might be held in an 

early developmental stage. Contrary, in other studies the amoeba Acanthamoeba polyphaga 

grazed the biofilm completely after 7 or even after 3 days (WEITERE et al., 2005; QUECK et 

al., 2006).  This implies that grazing impacts might be species-dependent. Another idea is the 

dependence on protozoa abundances, which was tested in the batch experiment in the recent 

study (4.5). 

 

4.2.2.2 Formation of Microcolonies is no Effective Mechanism against Grazing 
by Vannella sp.  
Abundance of microcolonies did not increase in the presence of Vannella sp. but did even 

decrease (8.8 fold compared to the control). Also the diameter of the microcolonies decreased. 

It is assumed that Vannella sp. reduced the number and diameter of the microcolonies due to 

its grazing activity. A great grazing impact on microcolonies was already reported for 

Acanthamoeba polyphaga (WEITERE et al., 2005; QUECK et al., 2006). According to the 

porosity it was found that the amount of bacteria at the base region of the microcolonies 

(CBA / BA ratio) did not differ to that of the protozoan free control. This contrasts to the 

treatments with Chilodonella uncinata and Spumella sp., where the ratio decreased and to the 

treatment with Dexiostoma campylum where the ratio increased. Nevertheless, microcolony 
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numbers were reduced in the presence of the amoebas, what implies a great grazing impact of 

the amoebas. During the experiment, several individuals were observed that crept on top of 

flocks and microcolonies or wrapped over a whole microcolony. It was stated that amoebas 

can form temporary body structures for food uptake, so called food cups (MARCIANO-CABRAL 

& CABRAL, 2003). It is not known, if Vannella sp. is able to form such food cups. But if it is 

able to feed in this way, this would have been an advantage for the amoebas to exploit small 

microcolonies efficiently. 

It remains unclear if there was a stimulatory effect on microcolony formation by Vannella sp., 

which could be part of a defence mechanism against grazing. If Vannella sp. had a stimulatory 

effect, it was not recognisable because of the strong grazing impact of the amoebas. Maybe all 

clusters which were formed through amoebean stimulation were already consumed or reduced 

in size at the beginning of formation. Hence, microcolony formation is not a sufficient grazing 

defence mechanism against a gulper feeder like the amoeba Vannella sp. as it was already 

stated for another amoeba species, Acanthamoeba polyphaga, on Pseudomonas aeruginosa 

biofilms (WEITERE et al., 2005). 

 

4.3 Impact of Direct Interception Feeder Spumella sp. on the Morphology of 
VYE-Bacterial Biofilms 
4.3.1 Spumella sp. sloughes Bacteria from Biofilm 
The presence of Spumella sp. as only predator led to a plateau phase in biofilm thickness at 

the end of the experiment. Additionally, the thickness of the basal biofilm layer decreased. 

The biofilm volume and biofilm surface area decreased in presence of the flagellate. 

Additionally, the biofilm surface area to volume ratio and also the biofilm base porosity were 

strongly increased. It is assumed that theses effects were caused by grazing of Spumella sp. It 

was reported that amoebas are able to entrap bacteria cells out of a polysaccharide matrix 

(HEATON et al., 2001). These amoebas are surface dwelling gulper feeders that graze directly 

on surfaces. Contrary, Spumella sp. is a sessile direct interception feeder that feeds mainly on 

mobile bacteria (MATZ et al., 2002). In the recent study, individuals of the flagellate were 

observed to sit mainly on the basal biofilm layer but also on flocks and microcolonies. Just a 

few individuals were found actively swimming in suspension. The flagellate captures 

bacterial cells by creating currents with its long flagellum and further handles the prey with 

both flagella (BOENIGK & ARNDT, 2000). The flagellum of the Spumella sp. used in this study 

was mainly 1.5 – 2 fold as long as the flagellate’s cell body. Since there were huge amounts 

of flagellates present in the flow cells it is hypothesised, that the currents produced by 
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thousands of flagella could slough a huge amount of bacterial cells out of the biofilm 

complex. This resulted in a loss of biofilm biomass which can be seen in the pictures of the z-

stack (Fig. 3.3C). Measurements of the porosity were not achieved, but in the z-stacks the 

porosity seemed to be very high. It remains unclear, if flagella of the flagellates are able to 

pass the polysaccharid matrix and can slough bacterial cells even from deeper regions of 

biofilm layers or flocks. Another idea is the release of chemical cues by the flagellates to 

slough bacteria from the matrix. 

These findings are very similar to the findings in presence of Vannella sp., although Spumella 

sp. altered the biofilm morphology in a greater extent. The biofilm bacteria could not adjust 

the removal of cells through proliferation sufficiently. Since the abundance of Spumella sp. 

was very high and still increased towards the end of the experiment, it can be hypothesized 

that the biofilm morphology would have been altered in greater extent, maybe until complete 

depletion, if the experiment would have run longer.  

An interesting finding is the decrease of the flagellate abundances in coexistence with 

Chilodonella uncinata at the last day of the experiment, when C. uncinata reached its 

maximal abundance. When Spumella sp. was the only predator, its abundance increased till 

the end. In speculation C. uncinata was a competitor for Spumella sp., competition about 

space is possible, due to the high mobility and the high abundances of C. uncinata. Spumella 

sp. cells were not able to find enough space to attach to the surface. It was observed, that 

already attached Spumella sp. cells were frequently rolled over or kicked aside by a creeping 

C. uncinata. Maybe this dispute for space and the frequently disturbances could derogate food 

ingestion, which led to a lower division rate or also to detachment of the Spumella sp. cells. 

 

4.3.2 Microcolony Formation does not Provide Grazing Resistance for Bacteria 
against Spumella sp. 
When Spumella was the only predator, the microcolony abundances and microcolony 

diameters were more or less similar to the control. Contrary, Bodo saltans induces 

microcolony formation in biofilms of Pseudomonas aeruginosa (WEITERE et al., 2005) and 

Serratia marcescens (QUECK et al., 2006) and Rhynchomonas nasuta stimulates the formation 

of microcolonies in biofilms of Pseudomonas aeruginosa and Vibrio cholerae (MATZ et al., 

2004; 2005). Since microcolony formation was not induced by chemical cues, the authors 

suggested that the stimulation may be due to mechanical triggers, like the action of the 

flagella of the flagellates (QUECK et al., 2006). Since Spumella sp. cells in the recent study 

were also strongly moving their flagella, flagella action may not be a trigger for microcolony 
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formation. Spumella sp. cells stood attached on the biofilm surface and did not change the 

place during the whole experiment in most cases. Just a very small amount of cells were 

observed swimming in the water column or above the biofilm surface, while Bodo saltans and 

Rhynchomonas nasuta are mobile flagellates. Thus, the mobility of the flagellates might have 

been the trigger for stimulation of microcolonies in the experiments of the former studies and 

hence, stimulation of microcolonies was lacking in the recent experiment due to the sessile 

lifestyle of Spumella sp.  

The shape of microcolonies was not altered when Spumella sp. was the only predator. As in 

the control, the shape was more or less tubular. Nevertheless, the flagellate was able to entrap 

bacterial cells out of microcolonies and flocks even in deeper regions of these clusters, what 

made them appear rather translucent with low density. The bacterial density at the base of the 

microcolonies (CBA / BA ratio) was lower than that in the protozoan free control. Possible 

mechanisms of sloughing bacteria from the biofilm by Spumella sp. are discussed in 4.3.1. 

These findings imply that microcolony formation is not a sufficient mechanism against 

grazing by Spumella sp., since the bacteria were sloughed even from deeper regions of the 

microcolonies. This is contrary to the suggestions from authors of former studies, also 

concerning planktonic bacteria, that microcolonies provide resistance against grazing by 

heterotrophic flagellates (HAHN et al., 2000; MATZ et al., 2002; 2004; QUECK et al., 2006).  

 

4.4 Impact of Protozoan Grazers on the Morphology of Stream Bacterial 
Biofilms 
4.4.1 Neobodo designis causes Biofilm Fragmentation  
The biofilm thickness increased in the presence of all three protozoa, while in the three-

protozoa-treatment the increase seemed to be slightly slower than in the other treatments. 

Additionally, the three-protozoa-treatment showed the lowest thickness of the biofilm basal 

layer of the protozoa treatments. This could imply a positive relationship between protozoan 

species number and grazing impact. According to bacterial biofilm volume and biofilm base 

porosity, the findings are contradictious. No trend according to species number can be 

distinguished. Compared to the experiment with VYE-bacteria, the volume was very low and 

the base porosity very high in all treatments. Since there was no control without predators 

until day 5, no conclusions can be made if there was stimulation or depletion of the bacterial 

biomass. Nevertheless, according to the comparison with the control at day 1, the findings 

look similar to the findings for the biofilm with VYE-bacteria in the presence of D. 

campylum. It remains unclear, if the predators Spumella sp. and C. uncinata contributed to the 
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effects, since their abundances were very low compared to the abundance of N. designis. At 

the beginning of the experiment, individuals were not recognised in the flow cells, but at day 

2 the abundance increased rapidly. These findings are similar to the former experiments 

where e.g. the abundance of Rhynchomonas nasuta increased over three days from 4.3 ± 2.48 

x 102 ml-1 to 6.5 ± 2.95 x 106 ml-1 (MATZ et al., 2004). In general, flagellates are stated as the 

dominant bacterial predators in most aquatic systems (e.g. SHERR & SHERR, 1987). The 

abundance of N. designis was comparable in all treatments during the recent experiment. 

Nevertheless, the highest number was gained when N. designis was the only predator. Hence, 

it is thinkable that the other two protozoa were competitors (e.g. for space) for N. designis. 

Oppositely, the other two protozoan species could have been affected by competition of N. 

designis, since their abundances were notably lower than in the experiment with VYE-

bacteria. Competition for space is possible, due to the high abundances and the high mobility 

of N. designis. The latter was restlessly creeping directly on the surface of the biofilms with 

its rewarded flagella by vellicating movements. It was also found inside the basal layer, flocks 

and microcolonies of the biofilms like D. campylum and C. glaucoma. Hence, it is very likely 

that N. designis stressed the biofilm strongly by movement and grazing. Hints for that are the 

high values for the biofilm base porosity and the strong fragmentation of the basal layer of the 

biofilm that can be seen in the pictures of the z-stacks, particularly in the two-species-

treatment (Fig. 3.18C). It is possible, that N. designis was grazing along linearly pathways that 

resulted in such a furrowed basal layer. It was stated elsewhere, that protozoan grazers disrupt 

the integrity of the biofilm and are presumably the major cause of fragmentation and 

sloughing (JACKSON & JONES, 1991). Nevertheless, the thickness of the basal biofilm layer 

increased in the protozoan treatments. One explanation for this effect could be the stimulation 

of bacterial growth at the basal biofilm layer since nutrients are transported through the deep 

reaching biofilm channels. 

 

4.4.2 Shape of Microcolonies is influenced by Grazing of Neobodo designis 
In the experiment with stream bacteria only a few large microcolonies were formed at day 3. 

The time point of appearance is comparable to the experiments with VYE-bacteria. The shape 

was somewhat different between the protozoan treatments. In the presence of Neobodo 

designis and Spumella sp., microcolonies are shaped like a table mountain (low height, plain 

at the top). This was the case, when Chilodonella uncinata was present, too. However, when 

Neobodo designis was the only predator, the microcolonies looked rather like a round, fluffy 

mound. Since N. designis was highest abundant when it was the only predator, the species 
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possibly grazed at the microcolonies without disturbing or competing by the other species. 

Hence, the shape of the microcolonies already turned from rather table mountain like to round 

mound like. As if Spumella sp. and C. uncinata were not high abundant compared to N. 

designis, it remains unclear if these two species had a large influence on microcolony 

formation and moulding. 

 

4.5 The Role of Protozoan Abundance on Biofilm Thickness and Microcolony 
Formation 
The effect on the maximal biofilm thickness was highly significant between the different 

amoebean concentrations. The maximal biofilm thickness was directly depending on the 

abundance of the amoebas. The more amoebas, the stronger was the decrease of biofilm 

thickness. As marginal value between increase and decrease of biofilm thickness an 

abundance of Vannella sp. of approximately 500 cells cm-2 can be assumed. With this 

abundance of amoebas the biofilm thickness would stay in a dynamic equilibrium between 

proliferation and being grazed, as long as the amoeba remains the only predator. However, no 

microcolony formation was observed in the presence of the amoebas, even if the amoeban 

abundances were low enough for the bacteria to develop and biofilm thickness increased. 

Maybe microcolony formation in biofilms with the given species composition only occurs 

when a constant input of nutrients is warranted (as it is in the flow cell setup) or that a 

mechanical trigger is present. Since the movement of Vannella sp. above the biofilm surface 

would have provided a mechanical trigger, it seems that a mechanical trigger alone does not 

induce microcolony formation. This stays in contrary position to the suggestion, that 

microcolony formation is stimulated by the impulses of the action of the flagella (QUECK et 

al., 2006) or by the mobility of the whole protozoan cell. Another possibility is that 

microcolony formation was stimulated, but all beginning aggregations of bacteria were 

cleared by amoebas.  

 

4.6 Methods and Failure Discussion 
The flow cell setup was a good tool to investigate biofilm formation and grazing impacts 

under defined conditions. Nevertheless, some difficulties and problems occurred during 

compiling the functionality of the system. In the first run of an experimental cycle with 

Dexiostoma campylum, all ciliate cells were flushed out of the flow cells. The ciliates had to 

be re-inoculated every day. This experimental cycle was discarded for the analysis since the 

culture was not axenic and the bacterial input through ciliate inoculation was too large. Just 
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few things were altered for the experimental cycles that were used for analysis. The main 

change was the bundling of the outflow silicone tubes and attaching them on the upper border 

of the waste bottle. Former, the tubes dangled to the bottom of the bottle and became 

continuously surrounded by the waste materials from the flow cells. It is assumed, that the 

flow out or the remaining of the ciliate cells was linked up with this circumstance, even 

though is remained unclear how this mechanism works. 

Since Cyclidium glaucoma is a less surface associated ciliate, it was also washed out of the 

flow cells. For the experimental cycle, cultures of this ciliate were connected to the system. 

This led to a great input of bacteria since the culture was not axenic. The experimental cycle 

was stopped due to very large biofilm flocks. These flocks even reached the ceiling of the 

flow cells what made analysis very difficult. Hence, for future experiments with C. glaucoma 

either only axenic cultures should be used or other investigation systems for less surface 

associated protozoa should be preferred. 

According to the analysis of microcolonies it was surprising, that the findings for abundance 

and diameter differed between the live analysis with the light microscope during the 

experiment and the analysis of the pictures of the stained biofilms (z-stacks) with the CLSM 

Image Browser. Whereas no microcolonies were found in all treatments at day 1 during live 

analysis, microcolonies could be already distinguished in the z-stacks of day 1 (even though 

in lower numbers than at the end of the experiment). In the live analysis the biofilm was 

always observed from the top view and it depended on the refraction situation, if objects were 

detectable or not. One explanation for invisible microcolonies at day 1 could be the low 

height of the bacterial clusters. Hence, the refraction conjuncture was insufficient to be 

noticeable by the human eye. In addition, the light arrangement of the microscope could be 

adjusted deficient. In the z-stacks, the bacterial biomass was stained and could be viewed with 

the software, hence, all existing clusters were visible and could be measured.  

Also the diameter of the microcolonies tended to be larger in the z-stack-analysis than in live 

analysis. As stated above, the insufficient refraction could be one reason. When microcolonies 

were visible in live analysis with the light microscope they appeared to be yellowish 

compared to the greyish surrounding biofilm. The inner region was rather dark, while it 

became lighter to the border and the outer edging was rather dark again. It was sometimes 

difficult to say where the microcolonies ended exactly, due to diffuse refraction. In the z-

stacks, the diameter of the microcolonies was measured at the base region where the cluster 

passed into the basal layer of the biofilm. Since the microcolonies grew up from the bottom, it 

is expected that the diameter was greater at the bottom. 
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4.7 Recapitulation and Conclusion 
For all protozoan species, except Cyclidium glaucoma, effects on the biofilm morphology due 

to grazing could be observed, even though in different ways. In the case of Cyclidium 

glaucoma, the investigation methods have to be improved in future studies. A greater impact 

of the gulper feeder on the biofilm morphology was only partially detected, since the gulper 

feeder Chilodonella uncinata and Vannella sp. had an overall greater impact than the filter 

feeder Dexiostoma campylum, but the direct interception feeder Spumella sp. appeared to 

have the greatest impact on biofilm morphology overall. Similar effects were detected for the 

gulper feeder Vannella sp. and the direct interception feeder Spumella sp. Both were able to 

entrap bacterial cells from the biofilm matrix even in deeper biofilm layers. Only the mobile 

gulper feeder Chilodonella uncinata and the mobile filter feeder Dexiostoma campylum had a 

stimulatory effect on the formation of microcolonies, while the sessile direct interception 

feeder Spumella sp. had no effect on microcolony abundance. The gulper feeder Vannella sp. 

caused a decrease of microcolony abundance due to grazing. It is assumed, that the trigger for 

stimulation of microcolonies is the mobility of the protozoa. Additionally, the shape of the 

microcolonies was changed from tubular- to mushroom-shaped due to extensive grazing by 

Chilodonella uncinata on the surface of the microcolonies. Since in the experiment with 

stream-bacteria a protozoan free control was lacking, only raw comparisons can be made. The 

biofilm with stream-bacteria was affected by grazing of protozoa in different ways than the 

biofilm with VYE-bacteria. Since the porosity of the latter was increased rather by entrapping 

bacterial cells out of the biofilm matrix, the former was fragmented in very small clusters 

presumably due to furrowing through the basal layer. The results of the batch-experiment 

disclosed, that the thickness of the bacterial biofilm is reduced in a greater extent when 

Vannella sp. is more abundant. 

Overall, it can be stated, that the increase of the biofilm surface area / volume ratio and of the 

biofilm porosity (Spumella sp. and Vannella sp.) as well as altering the shape of 

microcolonies  (Chilodonella uncinata) and fragmentation of the biofilm layers (Neobodo 

designis) may lead to an enhanced gas and nutrient supply even in deeper regions of the 

biofilm. This may keep biofilms in early stages of development. Additionally, microcolonies 

seem to be no efficient defence strategy against grazing by Spumella sp. and Vannella sp., but 

are efficient against grazing of Dexiostoma campylum and Chilodonella uncinata at least for 

bacteria inside the microcolony. 
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5. Summary 
 

Biofilms are aggregations of microorganisms, mainly bacteria, which can be found on almost 

every surface that is in contact with water. Grazing protozoa play a major role in altering the 

morphology of biofilms. In this study, the effect of grazing protozoa on the morphology of a 

bacterial biofilm was investigated. Protozoa with different feeding modes were used in the 

experiments: two filter feeding ciliates (Dexiostoma campylum, Cyclidium glaucoma) that 

concentrate prey with strong water currents at their mouth funnel; two gulper feeders, a ciliate 

(Chilodonella uncinata) and an amoeba (Vannella sp.) that directly take up single bacterial 

cells from surfaces; and two direct interception feeding flagellates (Spumella sp., Neobodo 

designis) that capture single prey cells along flow lines of their flagellum. Biofilms and 

grazing protozoa were co-cultivated in small flow cells and were observed daily with a light 

microscope. After five days of growth, the biofilms were fixed and stained and examined with 

a confocal laser scanning microscope. It was hypothesised that the alteration of the biofilm 

morphology (e.g. increase of biofilm surface area to volume ratio and biofilm porosity) is 

greater in presence of the gulper feeders than in presence of the filter and direct interception 

feeders, but this was only partially detected. The gulper feeders Chilodonella uncinata and 

Vannella sp. had an overall greater impact than the filter feeder Dexiostoma campylum, but 

the direct interception feeder Spumella sp. appeared to have the greatest impact on biofilm 

morphology. Vannella sp. and Spumella sp. seemed to be able to entrap bacterial cells from 

the biofilm matrix also from deeper biofilm layers. It was hypothesised that all species induce 

microcolony formation. Nevertheless, the sessile Spumella sp. did not stimulate the formation 

of microcolonies, while the mobile Chilodonella uncinata and the mobile Dexiostoma 

campylum caused 3.8 fold and 2.5 fold more microcolonies compared to the protozoan free 

control, respectively. Vannella sp. caused an 8.8 fold lower number of microcolonies due to 

intensive grazing. In conclusion, microcolonies served as grazing resistance strategy against 

Chilodonella uncinata and Dexiostoma campylum, but not against Spumella sp. and Vannella 

sp. The extent of the alteration of biofilm morphology caused by protozoan grazing seemed to 

depend on the feeding mode as well as on the mobility of the protozoan predators. The 

increased biofilm surface area to volume ratio and increased biofilm porosity might enhance 

gas and nutrient supply also in deeper biofilm layers where bacterial growth might be 

accelerated.  
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6. Zusammenfassung 
 

Biofilme sind Aggregationen von Mikroorganismen, hauptsächlich Bakterien, welche auf 

nahezu jeder wasserbedeckten Oberfläche vorkommen. Die Beweidung der Biofilme durch 

Protozoen ist eine Hauptursache für Veränderungen der Biofilm-Morphologie. In dieser 

Studie wurde der Effekt von weidenden Protozoen auf die Morphologie eines bakteriellen 

Biofilms im Hinblick auf verschiedene Nahrungsaufnahmestrategien der Protozoen 

untersucht. Folgende Protozoen wurden verwendet: zwei Filtrierer (die Ciliaten Dexiostoma 

campylum und Cyclidium glaucoma), welche ihre Beute durch starke Wasserströmungen an 

ihrem Mundtrichter fangen; zwei Schlinger (der Ciliat Chilodonella uncinata und die Amöbe 

Vannella sp.), welche einzelne Bakterienzellen direkt von Oberflächen lösen; zwei Abfanger 

(die Flagellaten Spumella sp. und Neobodo designis), welche einzelne Bakterienzellen mit 

Strömungslinien entlang ihres Flagellums fangen. Die Biofilme und die weidenden Protozoen 

wurden in kleinen Fließzellen kultiviert und täglich mit einem Lichtmikroskop untersucht. 

Nach fünf Tagen wurden die Biofilme fixiert und gefärbt. Die mit Hilfe eines Konfokalen 

Laser Scanning Mikroskops angefertigten drei-dimensionalen Bilder wurden am Computer 

ausgewertet. Die Annahme, dass Änderungen der Biofilm-Morphologie (z.B. erhöhte 

Oberflächen-Volumen-Rate und Porosität des Biofilms) in Anwesenheit der Schlinger größer 

sind als in Anwesenheit der Filtrierer und der Abfanger, wurde nur teilweise bestätigt. Die 

Schlinger verursachten stärkere Änderungen als die Filtrierer, aber der Abfanger Spumella sp. 

verursachte insgesamt die stärksten Änderungen. Vannella sp. und Spumella sp. waren 

vermutlich fähig, Bakterien sogar aus tieferen Biofilmschichten herauszulösen, während die 

anderen Arten diese Fähigkeit nicht besaßen. Während die mobilen Arten Chilodonella 

uncinata und Dexiostoma campylum eine jeweils 3,8 und 2,5 fach erhöhte Mikrokolonie-

Anzahl im Vergleich zur protozoenfreien Kontrolle verursachten, hatte Spumella sp. keinen 

solchen stimulativen Effekt. Vannella sp. verursachte sogar durch intensives Abweiden 8,8 

fach weniger Mikrokolonien als in der protozoenfreien Kontrolle. Folglich können 

Mikrokolonien als Abwehrmechanismus gegen Chilodonella uncinata und Dexiostoma 

campylum, jedoch nicht gegen Spumella sp. und Vannella sp. dienen. Weiterhin scheint das 

Ausmaß der Änderung der Biofilm-Morphologie durch weidende Protozoen von der 

Nahrungsaufnahmestrategie, als auch von der Mobilität der Protozoen abzuhängen. Die 

erhöhte Oberflächen-Volumen-Rate und Porosität des Biofilms können Gas- und Nährstoff-

Transport auch in tieferen Biofilmschichten verbessern und das Bakterienwachstum fördern. 
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8. Appendix 
 
Tab. 8.1: Results of repeated measures ANOVA. Parameters which were measured within 
course of time were tested. Bold printed values indicate significant differences (α < 0.05). df 
= degrees of freedom, F = Fischer-value, p = p-value. For post hoc tests see Tables 8.3 to 
8.7. Repeated measures ANOVA could not be computed with the data of the microcolony 
diameter in the experimental cycle with Dexiostoma campylum. 
 Parameter        Effects df F p 

Experiment with VYE-Bacteria 
Experimental Cycle with 
Dexiostoma campylum     
maximal biofilm 
thickness within subject effects time 4, 40 50.803 0.001 

   
time vs. 
treatment 4, 40 3.294 0.020 

 
between subject 
effects treatment 1, 10 1.467 0.254 

microcolony abundance within subject effects time 4, 40 29.570 0.001 

  
time vs. 
treatment 4, 40 3.873 0.009 

 
between subject 
effects treatment 1, 10 4.990 0.050 

microcolony coverage within subject effects time 4, 40 24.109 0.001 

  
time vs. 
treatment 4, 40 10.230 0.001 

 
between subject 
effects treatment 1, 10 14.837 0.003 

      
Experimental Cycle with 
Spumella sp. 
Chilodonella uncinata     
maximal biofilm 
thickness within subject effects time 4, 60 54.660 0.001 

  
time vs. 
treatment 8, 60 3.090 0.005 

 
between subject 
effects treatment 2, 15 0.595 0.564 

microcolony abundance within subject effects time 4, 60 56.980 0.001 

  
time vs. 
treatment 8, 60 11.826 0.001 

 
between subject 
effects treatment 2, 15 21.796 0.001 

microcolony diameter within subject effects time 4, 60 239.205 0.001 

  
time vs. 
treatment 8, 60 2.531 0.019 

 
between subject 
effects treatment 2, 15 2.324 0.132 

microcolony coverage within subject effects time 4, 60 51.875 0.001 

  
time vs. 
treatment 8, 60 11.770 0.001 

 
between subject 
effects treatment 2, 15 16.174 0.001 

      
Experimental Cycle with 
Vannella sp.     
maximal biofilm 
thickness within subject effects time 4, 40 16.711 0.001 

  
time vs. 
treatment 4, 40 7.440 0.001 

 
between subject 
effects treatment 1, 10 2.831 0.123 

microcolony abundance within subject effects time 4, 40 97.414 0.001 
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Continuation of Tab. 8.1 

  
time vs. 
treatment 4, 40 28.992 0.001 

 
between subject 
effects treatment 1, 10 57.521 0.001 

microcolony diameter within subject effects time 4, 40 241.563 0.001 

  
time vs. 
treatment 4, 40 14.688 0.001 

 
between subject 
effects treatment 1, 10 110.000 0.001 

microcolony coverage within subject effects time 4, 40 21.425 0.001 

  
time vs. 
treatment 4, 40 15.109 0.001 

 
between subject 
effects treatment 1, 10 44. 828 0.001 

      
Experimental Cycle with 
Cyclidium glaucoma     
maximal biofilm 
thickness within subject effects time 1, 10 10.308 0.009 

  
time vs. 
treatment 1, 10 2.722 0.130 

 
between subject 
effects treatment 1, 10 0.329 0.579 

      
Experiment with 
Stream Bacteria      
maximal biofilm 
thickness within subject effects time 2, 30 20.914 0.001 

  
time vs. 
treatment 4, 30 1.956 0.127 

 
between subject 
effects treatment 2, 15 8.431 0.004 

microcolony abundance within subject effects time 2, 28 12.1ß4 0.001 

  
time vs. 
treatment 4, 28 5.933 0.001 

 
between subject 
effects treatment 2, 14 5.933 0.014 

microcolony diameter within subject effects time 2, 28 109.419 0.001 

  
time vs. 
treatment 4, 28 5.417 0.002 

 
between subject 
effects treatment 2, 14 5.417 0.001 

      
microcolony coverage within subject effects time 2, 28 7.817 0.002 

  
time vs. 
treatment 4, 28 5.379 0.002 

 
between subject 
effects treatment 2, 14 5.379 0.018 

      
Batch Experiment       
maximal biofilm 
thickness within subject effects time 3, 48 47.220 0.001 

  
time vs. 
treatment 3, 48 38.768 0.001 

 
between subject 
effects treatment 3, 16 99.930 0.001 

      
Vannella sp. abundance within subject effects time 3, 36 47875.660 0.001 

  
time vs. 
treatment 6, 36 24387.195 0.001 

 
between subject 
effects treatment 2, 12 18870.626 0.001 
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Tab. 8.2: Results of one-way ANOVA. Parameters of day 1 and day 5 of the experiments 
were compared. Bold printed values indicate significant differences (α < 0.05). df = degrees 
of freedom, F = Fischer-value, p = p-value. For post hoc tests see Tables 8.3 to 8.7. * See 
table 8.5 for Kruskal Wallis test. CBA = mean covered base area of microcolony, BA = mean 
base area of microcolonies, BV = volume of bacterial biofilm, BSA = surface area of bacterial 
biofilm, BBP = base porosity of bacterial biofilm 
 Experiment with  

VYE-Bacteria 
Experiment with  
Stream Bacteria 

  Experimental Cycle with 
Dexiostoma campylum 

Experimental Cycle with 
Spumella sp. 

Chilodonella uncinata 
Experimental Cycle with 

Vannella sp. 
 

 parameter df F p df F p df F p df F p 

microcolony  
base diameter 2, 15 24.409 0.001 3, 20 6.944 0.002 2, 15 34.244 0.001 - - - 

microcolony 
CBA 2, 15 4.277 0.034 3, 20 21.570 0.001 2, 15 52.112 0.001 - - - 

microcolony 
CBA / BA 2, 15 16.138 0.001 3, 20 42.425 0.001 2, 15 0.533 0.598 - - - 

basal biofilm 
layer 2, 15 7.905 0.005 3, 20 4.936 0.010 2, 15 1.816 0.197 3, 20 29.178 0.001 

BV 2, 15 24.707 0.001 3, 20 22.063 0.001 2, 15 15.691 0.001 3, 20 7.388 0.002 

BSA 2, 15 64.038 0.001 3, 20 40.663 0.001 2, 15 30.972 0.001 - - - 

BSA / BV 2, 15 0.855 0.445 3, 20 25.157 0.001 2, 15 7.878 0.001 - - - 

BBP 2, 15 11.536 0.001 3, 20 26.852 0.001 * * * 3, 20 7.556 0.001 

 

 

 

 

 

Tab. 8.3: Results of post hoc tests (Tukey) for the experimental cycle with Dexiostoma 
campylum of the experiment with VYE-bacteria. Treatments were compared for parameters 
where the one way ANOVA disclosed significant differences (α < 0.05). Bold printed values 
indicate significant differences (α < 0.05). CBA = mean covered base area of microcolony, 
BA = mean base area of microcolonies, BV = volume of bacterial biofilm, BSA = surface area 
of bacterial biofilm, BBP = base porosity of bacterial biofilm. C(bp) = control before protozoa 
inoculation, C(ap) = control after protozoa inoculation. T(D) = treatment with Dexiostoma 
campylum 

 comparison 
microcolony 
base diameter 

microcolony 
CBA 

microcolony 
CBA / BA 

basal biofilm 
layer BV BSA BBP 

C(bp) - C(ap) 0.027 0.450 0.159 0.003 0.001 0.001 0.014 

C(bp) - T(D) 0.003 0.246 0.006 0.110 0.001 0.001 0.001 

C(ap) - T(D) 0.001 0.027 0.001 0.203 0.632 0.011 0.595 

 
 
 
 
 



__________________________________________________________8. Appendix 

 98

 
 
 
Tab. 8.4: Results of post hoc tests (Tukey) for experimental cycle with Spumella sp. and 
Chilodonella uncinata of the experiment with VYE-bacteria. Treatments were compared for 
parameters where the one way ANOVA disclosed significant differences (α < 0.05). Bold 
printed values indicate significant differences (α < 0.05). CBA = mean covered base area of 
microcolony, BA = mean base area of microcolonies, BV = volume of bacterial biofilm, BSA = 
surface area of bacterial biofilm, BBP = base porosity of bacterial biofilm, C(bp) = control 
before protozoa inoculation, C(ap) = control after protozoa inoculation. T(S) = treatment with 
Spumella sp. T(SC) = treatment with Spumella sp., Chilodonella uncinata 

  
 
 
 

 

 

 
 
 
 
Tab. 8.5: Results of post hoc tests (Tukey) for experimental cycle with Vannella sp. of the 
experiment with VYE-bacteria. Treatments were compared for parameters where the one 
way ANOVA disclosed significant differences (α < 0.05). * indicates Kruskal Wallis test. Bold 
printed values indicate significant differences (α < 0.05). p = p-value. CBA = mean covered 
base area of microcolony, BV = volume of bacterial biofilm, BSA = surface area of bacterial 
biofilm, BBP = base porosity of bacterial biofilm, C(bp) = control before protozoa inoculation, 
C(ap) = control after protozoa inoculation. T(V) = treatment with Vannella sp.  

BBP* 
 comparison 

microcolony 
base diameter 

microcolony 
CBA BV BSA BSA / BA Chi-square* p* 

C(bp) - C(ap) 0.032 0.001 0.001 0.001 0.392 8.308 0.004 

C(bp) - T(V) 0.001 0.001 0.840 0.153 0.004 0.923 0.337 

C(ap) - T(V) 0.001 0.001 0.001 0.001 0.054 8.308 0.004 

 
 
 
 
 
 

 comparison 

micro 
colony 

abundance 

micro 
colony 

coverage 

micro 
colony 
base 

diameter 

micro 
colony 
CBA 

micro 
colony 
CBA / 
BA 

basal 
biofilm 
layer BV BSA 

BSA / 
BV BBP 

C(bp) - C(ap) - - 1.000 - 0.001 0.450 0.007 0.001 0.038 0.001 

C(bp) - T(S) - - 0.584 - 0.001 0.220 0.002 0.009 0.001 0.029 

C(bp) - T(SC) - - 0.004 - 0.006 0.499 0.324 0.098 0.993 0.850 

C(ap) - T(S) 0.619 0.667 0.559  0.015 0.001 0.011 0.001 0.001 0.001 0.001 

C(ap) - T(SC) 0.001 0.001 0.004 0.726 0.001 0.038 0.001 0.001 0.066 0.001 

T(S) - T(SC) 0.001 0.001 0.068 0.001 0.896 0.938 0.100 0.661 0.001 0.141 
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Tab. 8.6: Results of post hoc tests (Tukey) for the experiment with stream bacteria. 
Treatments were compared for parameters where the one way ANOVA disclosed significant 
differences (α < 0.05). Bold printed values indicate significant differences (α < 0.05). BV = 
volume of bacterial biofilm, BBP = base porosity of bacterial biofilm. C(bp) = control before 
protozoa inoculation. T(N) = treatment with Neobodo designis. T(NS) = treatment with 
Neobodo designis, Spumella sp. T(NSC) = treatment with Neobodo designis, Spumella sp., 
Chilodonella uncinata 

 comparison 
microcolony 
abundance 

microcolony 
coverage 

microcolony 
base 

diameter 

maximal 
biofilm 

thickness 

basal  
biofilm  
layer BV BBP 

C(bp) - T(N) - - - - 0.001 0.108 0.100 
C(bp) - 
T(NS) - - - - 0.001 0.001 0.001 

C(bp) - 
T(NSC) - - - - 0.002 0.116 0.007 

T(N) - 
T(NS) 0.020 0.034 0.993 0.072 0.732 0.131 0.228 

T(N) - 
T(NSC) 0.036 0.035 0.027 0.244 0.002 1.000 0.600 

T(NS) - 
T(NSC) 0.984 0.993 0.033 0.003 0.023 0.122 0.886 

 
 
 
 
 
 
 
 
 
 
 
 
Tab. 8.7: Results of post hoc tests (Tukey) for batch experiment. Treatments were compared 
for parameters where the one way ANOVA disclosed significant differences (α < 0.05). Bold 
printed values indicate significant differences (α < 0.05). C = control without protozoa. T(10) 
= treatment with 10 trophozoids cm-2 in inoculum. T(100) = treatment  with 100 trophozoids 
cm-2 in inoculum. T(300) = treatment with 300 trophozoids cm-2 in inoculum 
  
comparison protozoa abundance maximal biofilm thickness 
C - T(10) - 0.030 
C - T(100) - 0.001 
C - T(300) - 0.001 
T(10) - T(100) 0.001 0.001 
T(10) - T(300) 0.001 0.001 
T(100) - T(300) 0.001 0.008 
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