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Introduction 1 

1 Introduction  

Organic residues (biowaste) accumulate in large amounts as left-overs of food processing 

and households and are therefore available as a substrate for biogas production (methane 

(CH4) and carbon dioxide (CO2)) in anaerobic reactors (Wiesenthal et al., 2006). 

Household waste is regularly collected at public expense and the amount that is presently 

incinerated or landfilled without energy recovery is in principle accessible for energy 

recovery (Wiesenthal et al., 2006). Biowaste has a considerable advantage compared 

against renewable primary products (mainly maize silage, fodder beat, green rye) as there 

is no competition between the use of the substrate for the production of biogas and the use 

of the substrate as food.  

In general, the biogas-forming process is characterized by three phases which are 

proceeded simultaneously in a continually fed reactor. Initially, certain bacteria attack and 

utilize polymers (complex carbohydrates, proteins, and lipids) by excreting hydrolytic 

enzymes (e.g. cellulases, cellobiases, xylanases, amylases, lipases, and proteases) 

(Weiland, 2010). This process is called hydrolysis or is sometimes referred to as primary 

fermentation (Schink, 1997). The major products produced by these bacteria are carbon 

dioxide (CO2), hydrogen (H2), volatile fatty acids such as acetate, and a wide range of 

intermediates. Those intermediates are also further transformed to H2, CO2, acetate, and 

other acids during a process called acidogenesis/acetogenesis which is sometimes referred 

to as secondary fermentation (Schink, 1997). H2 and CO2 or acetate is used by 

methanogenic archaea for the production of methane, (also called methanation) (Weiland, 

2010). Finally, the methane is converted to electricity. To close the cycle, in most cases, 

the digestate of the biogas-forming process can be recycled as fertilizer or soil amendments 

(Bogner et al., 2008).  

The influence of the composition and diversity of the microbial community on the stability 

of the biogas-forming process and on the biogas yield is of great interest (Weiland, 2010). 

So far, several studies focused on the microbial diversity in biogas plants supplied with 

renewable primary products and liquid manure as substrates (Schnürer et al., 1999; Cirne 

et al., 2007; Schlüter et al., 2008; Weiss et al., 2008; Kröber et al., 2009; Liu et al., 2009; 

Nettmann et al., 2010). In contrast, this work analyzes the composition and the diversity of 

the microbial community, as well as the stability of the microbial community over the time 

of a mesophilic, continually operated, agricultural biogas plant, which is predominantly 
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supplied with biowaste (mainly sanitized food residues and stale bread in variable 

compositions). Substrates as pig slurry, maize silage, potato peelings, and grain husk were 

supplied in minor and variable proportions.  

The microorganisms that break down the organic compounds initiate the biogas production 

and produce the major substrates for the methanogens (Ahring, 2003). Besides the known 

fermentative bacteria, microorganisms from the eukaryotic domain are also possible 

important candidates of this process. For instance, it is well known that obligate anaerobic 

protozoa are part of the anaerobic ruminal microbiota (Williams and Coleman, 1997). The 

attendance of episymbiotic methanogens in ruminal ciliated protozoa was proven in the 

early 1980s by microscopy (Ushida, 2011). Furthermore, anaerobic fungi are known to 

form co-cultures with ruminal methanogenic archaea as a result of their high hydrogen 

production (Orpin and Joblin, 1997). The role of ruminal fungi in the degradation of plant 

fibers has been studied extensively (Akin and Borneman, 1990; Wubah et al., 1993; 

Krause et al., 2003; Tripathi et al., 2007). The fungi  attach to the most lignified tissues of 

plant material (Akin and Rigsby, 1987) and penetrate the plant tissue in a way that 

cellulolytic bacteria can gain access to the interior. In this way, fungal penetration leads to 

faster and more complete decomposition of fodder that enters the rumen (Orpin and Joblin, 

1997). The same could be true for a biogas plant, but up to recently, not much is known 

about the occurrence of fungi and other eukaryotes within a biogas plant. 

Most of the latest studies were focusing on the methanogenic archaea present in biogas 

plants (Krakat et al., 2010a; Krakat et al., 2010b; Nettmann et al., 2010). Certainly, this is 

due to the fact that methane-generating microorganisms (methanogens) are the key 

microorganisms in the biogas-forming process (Weiland, 2010). Methanogens are 

generally divided into two groups, hydrogenotrophic and acetoclastic methanogens. 

Members of the first group use CO2 as a carbon source for their metabolism and H2 or 

formate as an electron donor, whereas members of the second group metabolize primarily 

C1-compounds and acetate (Whitman et al., 2006). Recently, it has been shown that 

members of the hydrogenotrophic group dominate the biogas-forming process (Nettmann 

et al., 2010). This is in good accordance with the results of Laukenmann et al. (2010). 

They used stable carbon isotope labeling (δ13CCH4 and δ13CCO2) to identify the pathway of 

methane production. As a result, they found that only a minor part of the produced 

methane derives from acetate (Laukenmann et al., 2010).  

The first topic of this work was to analyze the composition and diversity of the microbial 

community of the mentioned mesophilic biogas plant supplied with biowaste. The 



Introduction 3 

dominating bacterial, archaeal, and eukaryotic community members were characterized 

using different culture-independent approaches. Therefore, clone libraries were constructed 

containing either prokaryotic 16S rDNA fragments of bacteria or archaea, or mxaF-

fragments (coding for methanol dehydrogenase), or pmoA fragments (coding for 

membrane-bound methane monooxygenase), or eukaryotic 18S rDNA fragments.  

Furthermore, the enumeration of the microorganisms in the biogas reactor content was 

done using epifluorescence microscopy. In order to microscopically detect all groups of 

microorganisms in the biogas reactor content, different staining dyes were used that 

intercalate into the DNA of microorganisms. The method of fluorescence in situ 

hybridization (FISH) was applied to visualize prokaryotic cells in the biogas reactor 

content by addressing their 16S rRNA genes via oligonucleotide probes targeting bacteria 

and archaea.  

The second topic of this work was to analyze the stability of the microbial community of 

the mentioned biogas plant. So far, very little is known about the stability of the microbial 

communities in full-scale biogas reactors (Weiss et al., 2008), especially under substrate 

variation. To investigate the stability the composition of the microbial community was 

monitored and described as a function of time. The hypothesis was that the microbial 

community of a full-scale biogas reactor is stable over time despite variations in the 

substrate composition. The stability of the microbial community was analyzed by 

denaturating gradient gel electrophoresis (DGGE) which allows amongst others a 

comparison of molecular DNA fingerprints of microbial communities as a function of time 

(Muyzer et al., 1993). 

Substrates such as sanitized food residues and stale bread have also disadvantages, most 

importantly they possess low structure and additionally they provide a high energy 

potential if supplied to a biogas reactor. As a result, high organic loading rates of these 

substrates might lead to overloading the whole biogas-forming process. This is due to an 

intensified hydrolysis and subsequent acidification that results in higher concentrations of 

volatile fatty acids in the biogas reactor. If the amount of acids produced is higher than 

their utilization and the pH drops below 7.0, the worst case would be a stop of methane 

formation as the metabolism of methanogenic archaea decreases or stops completely. 

One opportunity to stabilize a biogas-forming process in a reactor supplied with substrates 

of low structure is to provide additional surfaces for biofilm formation by for instance the 

addition of straw. In general, microorganisms form biofilms at a solid-liquid interfaces and 

are implemented in a matrix of extracellular polymeric substances. Different 
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microorganisms of a certain community are able to form stable multispecies biofilms that 

develop physiochemical gradients and tight cell-cell communication (Flemming and 

Wingender, 2010). The microbial community in the biofilm attached to straw could 

stabilize the biogas-forming process, especially at higher loading rates as syntrophic 

interactions are possible and facilitated, resulting in a superior utilizion of the produced 

volatile fatty acids. As straw has a disposable, natural, and decomposable background, 

there is no need to remove the straw from the digestate which is further used as fertilizer or 

soil amendment. 

In the third topic of this work, straw was added to a reactor of the mentioned biogas plant 

which is predominantly supplied with substrates of low structure, namely sanitized food 

residues and stale bread, to be able to increase the organic loading rate. In order to explain 

the predicted stabilizing effect on a microbiological scale, the following hypothesis was 

tested: The abundance of syntrophic or facultative syntrophic living microbes in biofilms 

on straw is higher than in fluid biogas reactor content. 454 Pyrosequencing (Sogin et al., 

2006) was used to compare the composition and diversity of the microbial community 

attached to straw to the respective community of the fluid reactor content. 
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2 Materials and Methods 

General matters regarding materials and methods used in this work. 

Every material or solution used to work with reactor content, cell suspensions, or nucleic 

acids was autoclaved for 20 min at 121 °C to avoid contaminations of probes. Heat 

sensitive solutions were filtrated by 0.2 µm filters, and other components were 

decontaminated by 70 % ethanol. Common chemicals used in this work were ordered via 

companies as Carl Roth GmbH & Co.KG (Karlsruhe, Germany), Fermentas GmbH (St. 

Leon-Rot, Germany), Merck KGaA (Darmstadt, Germany), Roche Diagnostics GmbH 

(Mannheim, Germany), and Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany). 

Special chemicals and kits used in this work are mentioned with detailed informations in 

the text.  

 

2.1 Biogas plant 

A biogas plant located in southern Germany near Aulendorf in Baden Württemberg 

utilizing predominantly sanitized food residues was chosen to investigate the microbial 

community. The plant consists of three reactors with 350, 450 and 1,200 m3 total volume, 

and an installed electric power of 380 kWh (Figure 1). Before sampling, operation of the 

plant was stable in terms of substrate feeding, biogas production, and engine performance 

for at least one year. The methane content accounts to 55-60 % [v/v] of the produced 

biogas. Temperature in the reactor ranged between 37 and 44 °C depending on the season, 

and the pH had an average of 7.9. Food residues and stale bread were constantly fed into 

the plant, all other substrates such as pig slurry, maize silage, potato peelings, and grain 

husk were supplied according to availability, with a retention time of 100 days. The biogas 

reactor that was investigated in this case (350 m3) had an organic loading rate of 3.5 to 

4.0 kg VS m-3 d-1 (VS, volatile solids) with a total solid content of 4.5 %. The total solids 

contained 34 % total carbon (C) and 4 % total nitrogen (N) (C:N ratio of 8.5). The 

concentration of volatile fatty acid in the reactor was approx. 0.8 to 1.0 g l-1. The main acid 

produced was acetate. Other acids as propionate, butyrate, isovalerate and isobutyrate were 

below the detection limit. Extensive description of the process parameters and analytical 

methods is given elsewhere (Zak, unpublished).  
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Figure 1. Scheme of the biogas plant near Aulendorf. The plant consists of three reactors and 

one disposal zone. Two block heating stations possess an electric power of 190 kilowatt per hour 

(kWh) each. Permanent arrows indicate substrates supplied to reactor 1, dashed arrows indicate 

substrates supplied to reactor 2 and 3. 

 

2.2 Sampling 

2.2.1 Standard sampling for genomic DNA extraction 

The analyzed reactor (350 m3) was sampled several times during the period from 

December 2008 to March 2011 (Table 1). The reactor content was stirred for 10 min prior 

to each sampling. Samples of warm reactor content were taken through a provided outlet, 

whereas the first cold liters from the pipe were discarded. At every sampling day, at least 

ten liters were collected in a clean canister through a clean funnel. In two parallels, a total 

of 20 ml of reactor content were mixed with 20 ml of 99.8 % ethanol in a 50-ml Falcon 

tube, transported on ice, and stored at -20 °C for genomic DNA extraction.  
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Table 1. List of samples from reactor 1 (350 m3) of the biogas plant near Aulendorf. 

Sample number Date of sampling Quality pH Annotation 

1 19-Dec.-2008 raw rca 7.8 DGGEc sample 

2 27-Feb. -2009 raw rc 8.0 DGGE sample 

3 05-Mar.-2009 raw rc 7.9 Internal reference and DGGE sample 

4 26-May-2009 raw rc 8.2 DGGE sample 

5 08-Aug.-2009 raw rc 8.0 DGGE sample 

6 12-Feb.-2010 raw rc 8.0 DGGE sample 

7 15-Mar.-2010 raw rc  microscopically cell density analysis 

8 10-Mai-2010 raw rc  microscopically cell density analysis 

9 17-June-2010 raw rc  no data obtained  

10 26-July-2010 raw rc  no data obtained 

11 07-Sep.-2010 raw rc  Sample A for 454 Pyrosequencing 

12 21-Sep.-2010 lab rcb  Sample C for 454 Pyrosequencing 

13 04-Oct.-2010 raw rc  Sample B for 454 Pyrosequencing 

14 04-Nov.-2010 raw rc  no data obtained 

15 09-Dec.-2010 raw rc  no data obtained 

16 03-Mar.-2011 raw rc  no data obtained 
a raw rc: raw reactor content,  
b lab rc: lab-scale fermentation reactor content,  
c DGGE: denaturing gradient gel electrophoresis 
 
2.2.2 Sampling for 454 Pyrosequencing 

The 454 Pyrosequencing study was used to compare the microbial composition attached to 

straw to the respective community within the fluid reactor content. Therefore, different 

samples were taken and further processed. Sample A was taken from the 350 m3 full-scale 

biogas reactor 1 in Aulendorf before any straw was added to the biogas process. 

Simultaneously, a lab-scale fermentation (4 parallels, 10 l digester) was started with 5 g l-1 

of straw of 2 cm length and operated continuously (Zak, unpublished). After 21 days of 

fermentation, sample B was taken from the 350 m3 full-scale biogas reactor 1 in Aulendorf 

and sample C was taken from the lab-scale biogas reactor. In the laboratory, the fluid 

reactor content from samples A, B, and C (Table 1) was filtered (> 1 mm), and the 

microbial biomass attached to particles (sample A) as well as to straw (samples B and C) 

was removed with sterile swaps (Hong et al., 2010). In total, 1 g of fresh cell suspension 
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was collected for each sample. Consecutively, samples from the fluid reactor content (frc) 

were named A1 frc, B1 frc, C1 frc, samples with biomass attached to particles (bap) were 

named A2 bap, and samples with biomass attached to straw (bas) were named B2 bas and 

C2 bas. 

 

2.2.3 Sampling for microscopy 

For verification of cell density by fluorescence microscopy, reactor content was fixed 

according to the protocol of Daims et al. (2005) using either a fixative solution (4 % 

paraformaldehyde, PFA) or 99.8 % ethanol and incubated for on ice varying time periods. 

For microscopy experiments two extra samples (Table 1) were drawn from the 350 m3 

biogas reactor 1 (Aulendorf) at 15-March-2010 (sample no. 7) and 10-May-2010 (sample 

no. 8). For Gram-negative microorganisms, one volume of reactor content was added to 

3 volumes of fixative solution and mixed immediately. For Gram-positive microorganisms, 

one volume of reactor content was mixed with one volume of 99.8 % ethanol and mixed 

immediately. The cell fixation lasted from 3 to 26 h, including the following time intervals: 

3 h, 4 h, 5 h, 6.5 h, and 26 hours for both the PFA fixative solution and ethanol. 

Afterwards, the cells were spun down by centrifugation (5,000× g, 3 min, 4 °C), washed 

with PBS buffer to eliminate the toxic paraformaldehyde and other probe hybridization 

inhibiting substances. The PBS washing step was repeated three times. Finally, all cell 

pellets were suspended in one volume 1× PBS buffer and one volume 99.8 % ethanol, and 

stored at -20 °C.  

 
1× PBS buffer (Hugenholtz et al., 2002) 

NaH2PO4 0.33  g 2.8  mM 

Na2HPO4 1.02  g 7.2  mM 

NaCl 7.58  g 130  mM 

KCl 0.1  g 1.3  mM 

ddH2O ad 1000  ml  

pH 7.2 with KOH  

 
Fixative solution: 4 % paraformaldehyde solution (Hugenholtz et al., 2002) 

For 100 ml solution, 67 ml of double distilled water were heated to 

60 °C. Afterwards, 4 g of paraformaldehyde were added dissolved 

by subjoining a few drops of 2 M NaOH solution, and rapidly 
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stirring. The almost clarified solution was removed from the source 

of heat, and 33 ml of 3× PBS buffer were added. The pH was 

adjusted to 7.2 with 2 M HCl, and the residual crystals were 

removed by sterile filtration (0.2 µm). This filtrated fixative solution 

was quickly cooled down on ice, and stored in 2 ml aliquots at          

-20 °C. 

The fixation was also carried out for pure cultures of Escherichia coli, Clostridium 

acetobutylicum, and Haloferax volcanii (exponentially growing cells) as positive controls.  

 

2.3 DNA isolation and purification 

Genomic DNA was isolated from the reactor content of a biogas plant (Chapter 2.1). The 

initial treatment of 2 ml of fixed reactor content was done as described by Nettmann 

et al. (2008). A centrifugation step (3,500× g, 45 min, 4 °C) was performed, and the cell 

pellet was suspended in PBS buffer (Chapter 2.2.3). This washing procedure was 

continued until the supernatant became clear. After the last centrifugation, the pellet was 

suspended in EDTA (1 mM) and NaCl (15 mM). 

In case of the 454 Pyrosequencing experiment, the initial treatment contained additional 

cell disruption steps. The cell suspension and 100 mg of sterile glass beads (∅ 0.1 mm) 

were filled in a 2-ml micro tube (Sarstedt, Germany) and subjected to a three cyclic 

repetition of: (1) a homogenisation step by the RiboLyser (Hybaid Ltd, Middlesex, UK) for 

45 s, at 6.5 m s-1; (2) a freezing step at -80 °C for 15 min, and (3) a thawing step at 95 °C 

for 15 min. 

Further DNA isolation steps were equal for all samples of reactor content. 30 µl lysozyme 

(20 mg ml-1) were added to 500 µl of cell suspension and incubated at 37 °C for 60 min. 

Thereafter, 30 µl of proteinase K (20 mg ml-1), 5 mM CaCl2, and 1 to 2 % SDS (w⁄v) were 

added and subsequently incubated at 65 °C for 45 min. Afterwards, the genomic DNA was 

extracted following the protocol of the 'High Pure PCR Template Preparation Kit' from 

Roche (Mannheim, Germany). One volume of 'binding buffer' (provide) was added, mixed 

immediately, and incubated for 10 min at 70 °C. After the incubation, each sample was 

mixed with ¼ volume of isopropanol. The entire volume was transferred into the upper 

buffer reservoir of a filter tube, centrifuged (12,000× g, 15 min, RT), and the flow-through 

discarded. One volume of 'inhibitor removal buffer' (500 µl, provided) was added to the 

filter tube to remove PCR inhibitors, and the centrifugation step was repeated. Thereafter, 

consecutively twice 500 µl of washing buffer were added to the filter tube and 
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centrifugation repeated. Finally, 100 µl of prewarmed (70 °C) 'elution buffer' were added 

to elute the genomic DNA from the membrane. For further purification of genomic DNA, 

the RNA was removed by RNase digestion (20 µg ml-1) for 20 min at 37 °C, followed by a 

standard phenol chloroform extraction and ethanol precipitation (Chapter 2.3.1). Yields of 

the genomic DNA extracted were determined photometrically with the Ultraspec 3100 pro 

(GE Healthcare Bioscience AB, Uppsala, Sweden) 

 

2.3.1 Phenol chloroform extraction and ethanol precipitation 

This method was applied to eliminate proteins from any nucleic acid solution. One volume 

phenol/chloroform/isoamylalcohol (25:24:1 [v/v/v]) was added to the DNA-containing 

solution and mixed carefully. After centrifugation (14,300× g, 5 min, 4 °C) the aqueous 

phase was collected in a new tube at all times. This step was repeated twice. To remove 

phenol from the preparation, these steps were followed by twice adding one volume of 

chloroform/isoamylalcohol (24:1 [v/v]) and subsequent centrifugation steps. Finally, for 

precipitation of genomic DNA, 2.5 volumes of 96 % ethanol and 1/10 volume sodium 

acetate (3M, pH 5.2) were added and the solution was stored at -20 °C for at least for 

20 min and centrifuged (14,300× g, 30 min, 4 °C). DNA pellets were flushed with 70 % 

ethanol, air-dried, and solved in 20 to 50 µl TE buffer. Yields of the genomic DNA from 

each sample were determined photometrically (Ultraspec 3100 pro, GE Healthcare 

Bioscience AB, Uppsala, Sweden). 

 

TE buffer   

Tris base (1 M, pH 8) 1.0 ml 10 mM 

EDTA  38.0 mg 1 mM 

ddH2O ad 100 ml  

 pH 8.0 with HCl   

 

2.3.2 Preparation of plasmid DNA from E. coli by alkaline lysis  

Transformed E. coli cultures (Chapter 2.5) were grown in 5 ml LB medium supplemented 

with the respective antibiotic at 37 °C for 16 to 20 h. The preparation of (recombinant) 

plasmid DNA was done according to Birnboim and Doly (1979). First, 5 ml of cell 

suspension was centrifuged (5,000× g, 5 min, RT), and the cell pellet afterwards suspended 

in 200 µl of solution 1. Cell lysis was done with 400 µl freshly prepared solution 2. Within 

1 min incubation time at room temperature (RT), a selective alkaline denaturation of high 



Materials and Methods   11 

molecular weight chromosomal DNA occurred, while covalently closed circular DNA 

remained double-stranded. The lysate was neutralized by adding 300 µl solution 3, 

followed by an incubation for 5 min on ice, and a subsequent centrifugation (15,000× g, 

5 min, 4 °C). The high acetate concentration causes precipitation of high molecular weight 

RNA as well as protein-SDS complexes, and the mass of chromosomal DNA forms an 

insoluble network. The DNA-containing supernatant was transferred to a new tube, and the 

DNA was precipitated by the addition of isopropanol (0.8 vol), incubation for 5 min at RT, 

and centrifugation (15,000× g, 20 min, 4 °C). The remaining pellet was washed (70 % 

ethanol), air-dried, and suspended in 200 µl TE buffer (Chapter 2.3.1) containing RNase A 

(20 µg ml-1, Fermentas GmbH, St. Leon-Rot, Germany). Incubation was done for 30 min at 

37 °C, and further purification procedures are described above (Chapter 2.3.1). 

 

 

 

2.3.4 Nucleic acid enrichment and purification  

Purification of polymerase chain reaction (PCR) products were done by applying the 

'NucleoSpin® Extract II Kit' from Macherey & Nagel (Düren, Germany). For clean-up of 

PCR products, the sample volume was adjusted to 100 µl using TE buffer (Chapter 2.3.1) 

or water and added to 200 µl 'NT buffer' (provided). Alternatively, 200 µl of 'NT buffer' 

were added to with 100 mg of agarose gel and liquefied at 50 °C for 5 to 10 min to extract 

PCR fragments from the gel matrix. The respective volume was applied to a provided 

column, and the following steps were carried out slightly modified according to the 

instructions of the manufacturer. The column was centrifuged (13,000× g, 1 min, RT) to 

Solution 1 (Sambrook and Russell, 2001)  Solution 3 (Sambrook and Russell, 2001) 

Glucose 9 g 50 mM   Potassium acetate 29.4 g 5 M 

Tris base 3 g 25 mM   ddH2O ad 100 ml  

EDTA 3.7 g 10 mM   pH 5.2 with pure acetic acid  

ddH2O ad 1000 ml      

pH 8.0 with HCl       

Solution 2 (Sambrook and Russell, 2001) LB Medium (Sambrook and Russell, 2001) 

SDS (10 % [w/v])  10 ml 1 % [w/v] Tryptone  10 g 1 %  [w/v] 

NaOH (2 M)  10 ml 200  mM Yeast extract  5 g 0.5 %  [w/v] 

ddH2O                   ad 100 ml  NaCl  10 g  172 mM 

always freshly prepared  ddH2O  ad 1000 ml  
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bind the DNA fragments to the silica membrane, and the flow-through was discarded. 

Thereafter, 700 µl of 'NT3 buffer' (provided) were added to the column, followed by a 

centrifugation (13,000× g, 1 min, RT) to wash the membrane. The membrane was dried by 

a centrifugation step (13,000× g, 2 min, RT) and air-dried for complete removement of the 

'NT3 buffer' (5 min, 60 °C). Elution of the DNA fragments from the silica membrane was 

done by using 15 to 50 µl of 'NE buffer' (provided) or water and finished by a final 

centrifugation step (13,000× g, 1 min, RT). 

 

2.4 Amplification of genes 

Polymerase chain reaction (PCR) was performed to amplify genes from genomic DNA 

using a Thermocycler (MWG-Biotech AG, Ebersberg, Germany). All primers were 

synthesized by biomers.net GmbH (Ulm, Germany). Deoxyribonucleotide triphosphates 

(dNTPs) were used from MBI Fermentas GmbH (St. Leon-Rot, Germany). The chosen 

DNA polymerase was dependent on the genes to amplify and is given in the corresponding 

protocol. In some PCR protocols, 5 % dimethyl sulfoxide (DMSO) was used as an additive 

to enhance the performance of the DNA polymerase. Negative controls always lacked 

DNA as a template. Positive controls for bacterial and archaeal 16S rDNA contained 

chromosomal DNA of either Eschericha coli DH5α or Methanocaldococcus jannaschii. 

The following PCR protocols are given in the order: initial denaturation, number of cycles, 

denaturation step, primer annealing step, elongation step, and final elongation step. PCR 

samples were used at a final volume of 50 µl and were composed of: 

 
Template    approx. 100  ng of genomic DNA 

10× PCR buffer 0.1  vol 

MgCl2 1.5  mM 

Forward primer  0.1  pM 

Reverse primer  0.1  pM 

dNTP mix 0.2  mM 

DNA polymerase 0.5-2  U  

ddH2O ad 50  µl 
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2.4.1 Genes for construction of clone libraries 

The dominating bacterial, archaeal, and eukaryotic community members were 

characterized by creating clone libraries based on marker genes for the identification of 

microorganisms. The appropriate marker genes were either prokaryotic 16S rDNA of 

archaea and bacteria or 18S rDNA of eukaryotes. Furthermore, the genes mxaF (coding for 

methanol dehydrogenase) and pmoA (coding for membrane-bound methane 

monooxygenase) were used as functional gene markers for methylotrophic bacteria. The 

prepared genomic DNA (Chapter 2.3) from the 300 m3 biogas reactor 1 in Aulendorf was 

used as template. All employed primers are given in Table 2. 

Bacterial 16S rDNA fragments (approx. 1500 bp) were amplified using the primer set 27F 

and 1492r (Lane, 1991) with the DF Taq DNA polymerase (5 U µl-1, Genaxxon, Ulm, 

Germany). Temperature steps were 95 °C for 5 min, a loop of 35 cycles of 94 °C for 45 s, 

55 °C for 1 min, 72 °C for 1.5 min, and a final step of 72 °C for 7 min.  

Archaeal 16S rDNA (approx. 1500 bp) was amplified using the primer set 8aF and 1512uR 

(Eder et al., 1999) with the High Fidelity PCR Enzyme Mix (5 U µl-1, Fermentas, St. 

Leon-Rot). Temperature steps were 96 °C for 5 min, 10 cycles of 96 °C for 45 s, 54 °C for 

1 min, and 72 °C for 3 min, 25 cycles of 94 °C for 30 s, 59 °C for 1 min, and 72 °C for 

3 min, and a final incubation at 72 °C for 10 min.  

Eukaryotic 18S rDNA was amplified using the primer set Euk1a and Euk516r-GC 

(Scanlan and Marchesi, 2008) with the DF Taq DNA polymerase. 18S rDNA fragments of 

approx. 500 bp were generated with the following protocol: initial denaturation at 95 °C 

for 5 min, 8 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, 20 cycles of 

92 °C for 30 s, 52 °C for 30 s, and 72 °C for 1 min, followed by final extension at 72 °C 

for 10 min.  

A fragment of the key functional gene mxaF of methylotrophic bacteria was amplified with 

the primer set mxaF1003f and mxaF1561r (Dedysh, 2002) as well as 5 % DMSO as 

additive for the DF Taq DNA polymerase. Temperature steps for amplification of a 500-bp 

fragment were 95 °C for 5 min, a loop of 30 cycles of 95 °C for 1 min, 58 °C for 1 min, 

72 °C for 1 min, and a final step of 72 °C for 10 min. 

Amplification of fragments of pmoA, the key functional gene of methanotrophic bacteria, 

was performed with two different primer sets. The primers pmoAA189f and pmoAA682r 

(Dedysh, 2002) amplified an approx. 500-bp fragment using DF Taq DNA polymerase via 

the following PCR protocol: 95 °C for 3 min, a loop of 30 cycles of 94 °C for 30 s, 52 °C 

for 30 s, 72 °C for 45 s, and a final step of 72 °C for 10 min. Alternatively, the primers 
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pmoAf 325 and pmoAr 643 (Fjellbirkeland et al., 2001) were used to amplify an approx. 

320-bp fragment. The protocol used the High Fidelity PCR Enzyme Mix and as an additive 

5 % DMSO. Temperature steps were 95 °C for 5 min, a loop of 30 cycles of 92 °C for 30 s, 

55 °C for 30 s, 72 °C for 1 min, and a final step of 72 °C for 10 min. 

Amplification of fragments of the key functional gene dsrA, coding for dissimilatory 

sulfite reductase of sulfate-reducing bacteria, was done with the primer dsrA_290F, RH3-

dsr-R’, and dsrA_660R according to the protocol of Pereyra et al. (2010). 

 
Table 2. Primers used for amplification of prokaryotic 16S rDNA, eukaryotic 18S rDNA, 

functional gene markers mxaF, pmoA, and dsrA. 

Primer Sequence (5' → 3') Reference 

27F ATAAGCTTGGATCCAGAGTTTGAT (Lane, 1991) 
CCTGGCTCAG 

1492r ACTCGAGGATATCGGTTACCTTGTT (Lane, 1991) 
ACGACTT 

8aF AGAATTCGGATCCTCYGGTTGATC (Eder et al., 1999)  
CTGCC 

1512uR ACTCGAGGATATCACGGHTACCTT (Eder et al., 1999) 
GTTACGACTT 

mxaF1003f GCGGCACCAACTGGGGCTGGT (Dedysh, 2002) 

mxaF1561r GGGCAGCATGAAGGGCTCCC (Dedysh, 2002) 

pmoAA189f GGNGACTGGGACTTCTGG (Dedysh, 2002) 

pmoAA682r GAASGCNGAGAAGAASGC (Dedysh, 2002) 

pmoAf 325 TGGGGYTGGACCTAYTTC (Fjellbirkeland et al., 2001) 

pmoAr 643 CCGGCRCRACGTCCTTAC (Fjellbirkeland et al., 2001) 

dsrA_290F CGGCGTTGCGCATTTYCAYACVVT (Pereyra et al., 2010) 

RH3-dsr-R’ GTGGMGCCGTGCATGTT (Pereyra et al., 2010) 

dsrA_660R GCCGGACGATGCAGHTCRTCCTGR (Pereyra et al., 2010) 
WA 

Euk1a CTGGTTGATCCTGCCAG (Scanlan and Marchesi, 2008)  

Euk516r-
GC 

CCCGCCGCGCCCCGCGCCCGTCCC  (Scanlan and Marchesi, 2008)  
GCCGCCCCCGCCCGACCAGCATTG 
CCCTCC 
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2.4.2 Colony PCR  

The colony PCR (Woodman, 2005) was used to analyze transformed E. coli cells (Chapter 

2.5). Cell material from an agar plate was dissolved in 50 µl of sterile water, boiled for 

10 min, cooled on ice, and centrifuged (13,000× g, 1 min, RT). The cell-free supernatant 

contained the DNA and was used as template. The respective DNA fragment cloned  into 

the pJET1.2/blunt Cloning Vector (Fermentas GmbH, St. Leon Rot) was amplified with 

the primer set pJET1.2 Forward (5'-CGACTCACTATAGGGAGAGCGGC-3') and 

pJET1.2 Reverse (5'-AAGAACATCGATTTTCCATGGCAG-3'). The temperature 

protocol using DF Taq DNA polymerase was 95 °C for 5 min, a loop of 30 cycles of 94 °C 

for 30 s, 55 °C for 30 s, 72 °C for 1 min, and a final step of 72 °C for 10 min. 

The respective DNA fragment cloned into the pDrive Cloning Vector (QIAGEN GmbH, 

Hilden, Germany) was amplified with the primer set M13 forward (5'-

GTAAAACGACGGCCAGT-3') and M13 reverse (5'-AACAGCTATGACCATG-3'). The 

conditions using DF Taq DNA polymerase were 95 °C for 5 min, a loop of 30 cycles of 

95 °C for 30 s, 43 °C for 30 s, 72 °C for 1.5 min, and a final step of 72 °C for 10 min. 

 

2.4.3 Denaturing gradient gel electrophoresis (DGGE) 

In the DGGE approach samples from the 300 m3 biogas reactor 1 (Table 1) were compared 

considering either the composition of amplifiable 16S rDNA fragments from bacteria, 

archaea or the 18S rDNA fragment composition from eukaryotes. All employed primers 

are given in Table 3. 

Bacterial and archaeal 16S rDNA fragments were amplified using the protocol of 

O’Sullivan et al. (2008). The primer set 357F-GC and 518R (Muyzer et al., 1993) was 

used to amplify of bacterial DGGE PCR products (200 bp) with DF Taq DNA polymerase 

and 5 % DMSO as an additive. The corresponding protocol equates to the one described 

above for 18S rDNA fragments from eukaryotes (Chapter 2.4.1). 

Archaeal DGGE PCR products (180 bp) were generated using a nested PCR. Nearly full-

length archaeal 16S rDNA fragments (approx. 1500 bp, Chapter 2.4.1) were used as 

templates with the primer set SA1f-GC, SAf2-GC, and PARCH519r (O'Sullivan et al., 

2008) and DF Taq DNA polymerase. The following program was used: initial denaturation 

at 95 °C for 5 min, 5 cycles of 94 °C for 30 s, 53.5 °C for 30 s, and 72 °C for 1 min, 30 

cycles of 92 °C for 30 s, 53.5 °C for 30 s, and 72 °C for 1 min, followed by final extension 

at 72 °C for 10 min.  
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Eukaryotic DGGE PCR products (500 bp) were generated as described above (Chapter 

2.4.1). DGGE PCR products of mxaF fragments (540 bp) were generated using the primers 

mxaF1003 and mxaF1561r_(GC) by applying the protocol as described in Chapter 2.4.1. 

 

Table 3. Primers used for DGGE experiments. 

Primer Sequence (5' → 3')a 

Bacteria 
357F-GC  

 
CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGG 
GCCTACGGGAGGCAGCAG 

518R  ATTACCGCGGCTGCTGG 

mxaF1003f GCGGCACCAACTGGGGCTGGT 

mxaF1561r-GC GGGCGGGGCGGGGGCACGGGGGG 
GGGCAGCATGAAGGGCTCCC 

Archaea 
SAf1-GC  

 
CGCCGGCGGCGCGCGGCGGGCGGGGCGGGGGCACGGGGG 
GCCTAYGGGGCGCAGCAGG 

SAf2-GC  CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGG 
GCCTACGGGGCGCAGAGGG 

PARCH519r  TTACCGCGGCKGCTG 
Eukaryotes 

Euk1a  

 

CTGGTTGATCCTGCCAG 

Euk516r-GC CCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG 
ACCAGCATTGCCCTCC  

a The underlined nucleotides of each primer designate the approx. 40-bp GC clamp at the 5' end.  
 

2.4.4 454 Pyrosequencing 

To determine the taxonomic composition of the microbial community, the bacterial and 

archaeal 16S rDNA gene was chosen for amplification and further pyrosequencing of the 

PCR products (Sogin et al., 2006). The bacterial V2-V3 region of the 16S rDNA gene was 

amplified with the primer set F8 and R357 (McKenna et al., 2008) and the corresponding 

archaeal 16S rDNA fragment with the primer set SAf1, SAf2, PARCH519r (Nicol et al., 

2003). Each of these primer sets (Table 4) has a barcode (seven designated unique bases) 

at the 5' end used to tag each PCR product. 

Bacterial (350 bp) and archaeal (200 bp) 16S rDNA fragments were amplified using the 

High Fidelity PCR Enzyme Mix (Fermentas, St. Leon-Rot, Germany). Temperature steps 

for bacterial 16S rDNA were 98 °C for 5 min, a loop of 10 cycles of 95 °C for 1 min, 
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55 °C for 45 s, and 72 °C for 1 min, 20 cycles of 95 °C for 1 min, 59 °C for 30 s, and 

72 °C for 1 min, and a final incubation at 72 °C for 10 min. Temperature steps for archaeal 

16S rDNA were 98 °C for 5 min, 10 cycles of 98 °C for 45 s, 53.5 °C for 45 s, and 72 °C 

for 1 min, 20 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, and a final 

incubation at 72 °C for 10 min. The expected PCR products were cut out from the 2 % 

agarose gel after electrophoresis and purified applying the 'NucleoSpin® Extract II Kit' 

(Macherey-Nagel, Düren, Germany, Chapter 2.3.4). Additional PCR cycles were 

performed using the purified products as template in order to minimize possible UV light 

damages in the 16S rDNA fragments and to increase the amount of DNA. Temperature 

steps for bacterial 16S rDNA were: 98 °C for 2 min, a loop of 10 cycles of 95 °C for 

1 min, 59 °C for 45 s, and 72 °C for 1 min, and 72 °C for 10 min, for archaeal 16S rDNA: 

98 °C for 2 min, a loop of 10 cycles of 98 °C for 45 s, 55 °C for 45 s, 72 °C for 1 min, and 

72 °C for 10 min. Bacterial 16S rDNA fragments from all samples (Chapter 2.2.2) were 

merged and purified again by the 'NucleoSpin® Extract II Kit'. An analogue procedure was 

carried out for archaeal 16S rDNA fragments. The quantification of the 16S rDNA was 

done photometrically (Ultraspec 3100 pro, Bio-Science, Sweden). In a final step, bacterial 

and archaeal 16S rDNA fragments were combined in eqiuimolar amounts for 

pyrosequencing (Vahjen et al., 2010). The company LGC Genomics (Berlin, Germany) 

carried out the sequencing by applying the Roche GS-FLX TITANIUM 454 

Pyrosequencer (Roche, Mannheim, Germany) and using one part of an eight part picotiter 

sequencing plate. 
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Table 4. 16S rDNA primers used for 454 Pyrosequencing. Primer sets are tagged with a barcode 

at the 5' end, each unique for the corresponding sample (Chapter 2.2.2). 

Samples Primers for 16S rDNA  Barecodes 

A1 frca bacteria: F8d and R357e  
archaea: SAf1f, SAf2g and PARCH519rh 

ACAGTCT 

A2 bapb bacteria: F8 and R357  
archaea: SAf1, SAf2 and PARCH519r 

ACACACT 

B1 frc bacteria: F8 and R357  
archaea: SAf1, SAf2 and PARCH519r 

AGCTACT 

B2 basc bacteria: F8 and R357  
archaea: SAf1, SAf2 and PARCH519r 

ACTGACT 

C1 frc bacteria: F8 and R357  
archaea: SAf1, SAf2 and PARCH519r 

ACGTACT 

C2 bas bacteria: F8 and R357  
archaea: SAf1, SAf2 and PARCH519r 

ACATGCT 

a frc: fluid reactor content, b bap: biomass attached to particles, c bas: biomass attached to straw,  
d F8: 5'-AGAGTTTGATCCTGGCTCAG-3' (McKenna et al., 2008), 
e R357: 5'-CTGCTGCCTYCCGTA-3' (McKenna et al., 2008), 
f SAf1: 5'-CTAYGGGGCGCAGCAGG-3' (Nicol et al., 2003), 
g SAf2: 5'-CTACGGGGCGCAGAGGG-3' (Nicol et al., 2003), 
h PARCH519r: 5'-TTACCGCGGCKGCTG-3' (Nicol et al., 2003) 
 

2.5 Construction and analysis of clone libraries 

2.5.1 Direct cloning of amplified genes  

Different libraries of clones were constructed for 16S rDNA fragments from bacteria as 

well as archaea, 18S rDNA fragments of eukaryotes, mxaF and pmoA fragments. 

PCR products of amplified genes (Chapter 2.4.1) were cloned using the 'QIAGEN PCR 

Cloning Kit' (pDrive Cloning Vector, QIAGEN GmbH, Hilden, Germany) or the 

'CloneJET™ PCR Cloning Kit' (pJET1.2/blunt Cloning Vector, Fermentas, St. Leon-Rot, 

Germany). The kit provided by QIAGEN contains linearized plasmid DNA that carries a 

single 3'-thymidine overhang. PCR products amplified with DF Taq DNA polymerase 

and High Fidelity PCR Enzyme Mix include a single 3'-deoxyadenosine, so that PCR 

fragments can be directly ligated with the vector. The pDrive cloning vector allows 

ampicillin (100 µg ml-1) or kanamycin (30 µg ml-1) selection and furthermore blue/white 

colony screening (Chapter 2.5.4). 
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The pJET1.2/blunt cloning vector includes a lethal restriction endonuclease gene that is 

disrupted by ligation of a PCR fragment into the multiple cloning site. In consequence, 

only E. coli cells with recombinant plasmids are able to form colonies. Re-circularized 

vector molecules without any insert express an restriction endonuclease that kills the host 

cell after transformation (Chapter 2.5.3). This vector allows ampicillin (50 mg ml-1) 

selection, but no blue/white screening. 

The bacterial and archaeal 16S rDNA, the eukaryotic 18S rDNA as well as mxaF and 

pmoA fragments amplified from the genomic DNA (Chapter 2.4.1) were used to construct 

respective recombinant plasmids. 16S rDNA and mxaF fragments were ligated into the 

pJET1.2/Blunt Cloning Vector according to the instructions of the manufacturer. 

18S rDNA and pmoA fragments were either cloned into the pDrive Cloning Vector or 

pJET1.2/blunt cloning vector according to the instructions provided by the manufacturer. 

Negative controls lacked any DNA for the construction of recombinant plasmids. 

 
2.5.2 Competent E. coli DH5α cells  

Cold competent cells of E. coli DH5α were prepared according to the protocol of Inoue et 

al. (1990) for subsequent heat shock transformation (Chapter 2.5.3). E. coli DH5α cells 

were grown overnight in LB medium (5 ml, Chapter 2.3.2), and thereafter transferred into 

250 ml of SOB medium (2 l Erlenmeyer flask). The culture was grown at 18 °C and 

60 rpm to an optical density of 0.6 at a wavelength of 600 nm (OD 600). The flask was 

placed on ice for 10 min, and cells were concentrated by centrifugation (4,000× g, 10 min, 

4 °C). The cell pellet was suspended in 80 ml ice-cold TB buffer and spun down as above. 

At last, the cell pellet was gently suspended in 20 ml TB buffer, DMSO was added to a 

final concentration of 7 % and the cell solution was incubated on ice for 10 min. Aliquots 

of the cell suspension were frozen in liquid nitrogen and stored at -70 °C.  

 
SOB medium (Sambrook and Russell, 2001)  TB buffer (Inoue et al., 1990) 

Tryptone  5 g 2.0 % [w/v]  PIPES  3.02 g 10 mM 

Yeast extract  1.5 g 0.5 % [w/v]  CaCl2× 2 H2O  2.2 g 15 mM 

NaCl  140 mg 10 mM  KCl  18.6 g 250 mM 

KCl  480 mg 2.5  mM  MnCl2× 4 H2O 6.9 g 55 mM 

ddH2O  ad 125 ml   ddH2O ad 1000 ml  

pH 7.0 with NaOH    pH 6.7 with KOH  

  filtrated, stored at 4 °C  
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2.5.3 Heat shock transformation 

Cold competent E. coli DH5α cells (Chapter 2.5.2) were used for heat shock 

transformation of plasmid DNA. 100 µl competent E. coli cells were defrosted on ice and 

subsequently incubated with plasmid DNA (50-150 ng µl-1) for 30 min on ice. After heat 

shocking (42 °C for 30 s) cells were directly chilled on ice. LB medium (400 µl) was 

added for cell regeneration, and cells were incubated for 1 h at 37 °C and 225 rpm. Cells 

were spread out on solid LB medium with ampicillin (100 µg ml-1) for selection and 

incubated aerobically overnight at 37 °C. As controls, untransformed E. coli DH5α cells 

were spread out on medium with and without ampicillin. 

 

2.5.4 Blue white screening  

The pDrive Cloning Vector (QIAGEN, Hilden, Germany) contains the lacZ gene within 

the multiple cloning site. In the presence of IPTG (Isopropyl β-D-1-thiogalactopyranoside) 

the respective enzyme, the β-galactosidase, catalyzes the alteration of X-Gal (5-bromo-4-

chloro-3-indolyl β-D-galactopyranoside) into blue 5-bromo-4 chloroindole. Accordingly, 

successful ligation of DNA fragments is indicated by white E. coli colonies after 

transformation, since the ligation of a DNA fragment into the lacZ gene inhibits the 

generation of operational β-galactosidase. On the other hand, unsuccessful ligation is 

indicated by E. coli blue colonies. LB agar plates (100 µg ml-1 ampicillin), covered with 

80 µl X-Gal (98 µM) and 40 µl IPTG (200 µM), were used for screening of recombinant 

E. coli cells. 

 

2.5.5 Restriction fragment length polymorphism (RFLP) 

RFLP is a method to screen clone libraries. It has been applied to determine the 

redundancy of cloned DNA fragments within the clone libraries and to estimate the 

abundance of particular cloned inserts (Muyzer and Smalla, 1998).  

The following procedures were performed to analyze every clone of a library. Colony PCR 

(Chapter 2.4.2) was carried out to recover the cloned DNA fragment from the recombinant 

plasmid. PCR fragment (5 to 10 µl) with the expected size was combined with the 

restriction enzyme mix and the appropriate enzyme buffer. Before being incubated for at 

least 1 h at the required temperature (mostly 37 °C), bacterial 16S rDNA PCR products 

were combined with the enzymes MspI and AluI, archaeal products with Tru1I and HinfI, 

eukaryotic 18S rDNA fragments either with MspI or Bsh1236I, and pmoA fragments either 
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with MspI and RsaI or Bsh1236I.  

Electrophoresis to separate restriction fragments was done using 2 % agarose gels in TAE 

buffer (20 mM Tris, 10 mM acetic acid, and 0.5 mM EDTA, pH 8) at 80 V. The resulting 

banding patterns were compared visually. In case of identical banding patterns one 

representative DNA fragment was chosen for DNA sequencing (Chapter 2.6). The 

resulting representative DNA sequences and the corresponding banding patterns, 

respectively were defined as an operational taxonomic unit (OTU). Representative 

sequences were used for phylogenetic classification (Chapter 2.7) of the corresponding 

microorganisms. 

 

2.6 DNA sequencing 

Sequencing of DNA fragments was done by the companies Eurofins MWG Operon 

(Ebersberg, Germany) and GATC Biotech AG (Konstanz, Germany) either from plasmid 

DNA or from PCR products. The company LGC Genomics (Berlin, Germany) carried out 

the sequencing of the partial 16S rDNA fragments by applying the Roche GS-FLX 

TITANIUM 454 pyrosequencer (Roche, Mannheim, Germany, Chapter 2.4.4).  

 

2.7 Phylogenetic analysis  

2.7.1 Clone library data 

Nucleotide sequences were checked for quality with the program FinchTV 

(www.geospiza.com). The sequences received with reverse primers were edited using the 

'reverse-complement' function. To obtain nearly full-length 16S rDNA sequences, the 

forward and reverse sequences were manually combined. All reference sequences used to 

analyze the mxaF, pmoA and 16S/18S rDNA sequences from the bacterial, archaeal and 

eukaryotic clone libraries were retrieved from GenBank (National Center for 

Biotechnology Information database) and the Ribosomal Database Project (RDP). 

References were found using MEGABLAST (Zhang et al., 2000) by searching the 

GenBank database and SeqMatch from the RDP site (Cole et al., 2009). Considering the 

fact that the closest BLAST hit to a query sequence is usually not the nearest neighbor 

(Koski and Golding, 2001), two or three related sequences with high similarity (97 %) 

were chosen as references for further analysis. All obtained nucleotide sequences were 

checked for chimeric artifacts with the Mallard software tool (version 1.02) (Ashelford et 

al., 2006). For each deduced dataset of bacterial, archaeal, or eukaryotic 16S or 18S rDNA 

sequences, three multiple sequence alignments (MSA) were calculated: using either 
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ClustalW2 (Larkin et al., 2007), MUSCLE (Edgar, 2004), or MAFFT (Katoh and Toh, 

2008). All programs are available at the European Bioinformatics Institute (EBI, 

www.ebi.ac.uk). The resulting MSAs were checked visually. The reconstruction of 

phylogenetic trees based on each of these three MSAs was performed with the program 

MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003). The default settings recommended in 

the manual for tree reconstruction were used for all analyses. 

 

2.7.2 Nucleotide sequences accession numbers 

All nucleotide sequences obtained in this study were deposited in the NCBI GenBank 

database. Bacterial and archaeal 16S rDNA sequences are available under the accession 

numbers JF421645 to JF421664 and JF421665 to JF421673, while fungal 18S rDNA 

sequences are available under the accession numbers JF421674 to JF421682. The 

16S rDNA sequences obtained by 454 Pyrosequencing were submitted as raw data to the 

NCBI Sequence Read Archive (SRA) and are available under the title: Biofilm-forming 

microbiota of a full-scale and lab-scale biogas reactor. 

 

2.7.3 Pyrosequencing data 

The RDP's Pyrosequencing Pipeline (http://pyro.cme.msu.edu) was used for data 

processing steps. The following tools of this pipeline were used: Pipeline Initial Process, 

Pyrosequencing Aligner, Complete Linkage Clustering, Rarefaction, Classifier, Shannon 

Index and Chao1 estimator, Sample Abundance Statistics, Dereplicate Request, FASTA 

Sequence Selection, and Library Compare (Cole et al., 2009). Initial processing started 

with sorting raw sequences according to the barcode (Chapter 2.4.4). The barcodes were 

trimmed from each sequence, but not the primer sequences. Sequences of low quality were 

removed (Q-score: > 20) as well as sequences shorter than 150 bp (bacterial) or 140 bp 

(archaeal) in length. All obtained sequences from a unique sample were aligned using the 

Pyrosequencing Aligner. This is a fast and secondary-structure respecting tool also called 

Infernal aligner ("INFERence of RNA ALignment") (Nawrocki et al., 2009). The aligned 

sequences were clustered with the tool Complete Linkage Clustering. Rarefaction curves 

as well as Shannon indices (Shannon and Weaver, 1949) and Chao1 indices (Chao and 

Bunge, 2002) for each sample were calculated based on the Complete Linkage Clustering 

data sets. Jaccard and Sørensen dendrograms (Chao et al., 2006) were generated with R 

Statistical Computing Package and deduced from a cluster file combining the 

corresponding alignment file. 
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In order to classify the obtained 16S rDNA sequences, all redundant sequences (97 % 

homology) were removed from each cluster with the tool Dereplicate Request. In this way, 

a dereplicated data set was obtained for each sample, containing one representative 

16S rDNA sequence (OTU) per cluster. The Classifier (Wang et al., 2007) from RDP was 

used to assign the representative 16S rDNA sequences from the top 30 clusters of each 

sample. The bootstrap value was set to 80 % for this analysis. 

 

2.8 DGGE  

Denaturing gradient gel electrophoresis (DGGE) is a procedure that fractionates DNA 

molecules on the basis of their melting behavior and thereby permits the separation of 

DNA fragments with local variations in base composition (Fischer and Lerman, 1979).  

The electrophoresis took place in a vertically placed polyacrylamide gel within a gradient 

of denaturants and 0.5× TAE buffer. Before casting the gel, the gel chamber (Protean® II xi 

cell, Bio-Rad, Hercules, USA) needs to be assembled as follows. The glass plates were 

cleaned using detergent and 97 % ethanol to completely remove grease from prior runs. A 

quarter of both sides of the spacers were covered with as little as possible silicon grease 

and placed with the greased edge to the outer sides of the glass plates. The glass plates and 

spacers together with the sandwich clamps were placed in the casting stand and checked 

for leakage by filling it up with water.  

DGGE analysis of bacterial and archaeal 16S rDNA fragments as well as eukaryotic 

18S rDNA fragments were performed in gels containing denaturing gradients of 25-50 %, 

35-60 % and 25-55 %. Two stock solutions were prepared to set up an acrylamide gel with 

a urea and formamide gradient to denaturate DNA fragments during electrophoresis. First, 

a zero denaturing acrylamide solution containing no urea or formamide and, second, the 

corresponding high denaturing acrylamide solution containing 7 M urea and 40 % 

formamide. Two defined concentrations of denaturing solutions were prepared (both in a 

volume of 23 ml) by mixing the stock solutions in adequate proportions. The two 

denaturing solutions were poured into the two tubes of the gradient maker (channel closed 

between tubes):  high denaturing solution right (outlet-side), low denaturing solution left. 

The gradient maker was positioned on a platform slightly higher than the glass plates of the 

gel chamber. The pipe of the gradient maker was attached with a pipette tip providing a 

smooth flow angle to the top of the glass plates. Ammonium persulfate (100 µl, 10 % 

APS [v/v]) and tetramethylethylenediamine (8 µl, TEMED) were added to the high and 

low denaturing solutions and mixed immediately to start polymerization directly prior of 
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casting the gel. The casting of the gel was started by opening the channel and immediately 

checking if the high and low denaturing solutions were mixing each other in the right tube 

of the gradient maker. The flow was stopped, when the denaturing solution was 

approximately 1 cm under the comb level. Butanol (2 ml) was put on top to obtain a plane 

surface, while polymerization took place for at least 60 min. After removing the butanol, 

cleaning with ddH2O, and drying with Whatman paper, the comb was placed to the gel 

chamber, and a mixture of the zero denaturing solution, 5 µl TEMED, and 50 µl APS were 

used to make slots in the gel (polymerization time about 15 min). The comb was removed 

from the gel, and the slots were filled with buffer.  

The DNA samples were mixed with loading buffer and filled into the slots, while the gel 

chamber was still standing on the bench. The gel chamber was attached to the carrier 

segment (Protean® II xi cell), which was then positioned in the plastic Protean® II tank. The 

entire set was placed into a 50-l plastic tank containing a thermostat with a pump and 

approx. 30 l of 0.5× TAE buffer (Chapter 2.5.5). The buffer in the upper compartment of 

the gel chamber needed to be recycled by the pump to prevent leakage of buffer 

components. Furthermore, during electrophoresis (40 V) the gel had to be maintained at 

constant temperature (60 °C) for 15.5 h. The 50-l plastic tank was closed tight with a panel 

to avoid evaporation.  

The DGGE device and the protocol were derived from the protocol of Zwart and Bok 

described in Bodelier et al. (2009). For more detailed information use the following link: 

(http://omega.rc.unesp.br/mauricio/curso/bibliografia/25/415/protocolo_DGGE.pdf) 

 
Zero denaturing solution High denaturing solution 

40 % Acrylamide  40 ml  8 % [w/v] 40 % Acrylamide  40  ml  8 % [w/v] 

50× TAE buffer  2 ml 100 % Formamide  80 ml 40 % 

ddH2O  up to 200 ml Urea 84 g  7 M 

  50× TAE buffer 2 ml  

  ddH2O  up to 200 ml  

 

 

 

 
 

 

Loading buffer (10×)   

Bromophenol blue 25 mg 0.05 % 

Xylene cyanol 25 mg 0.05 % 

Glycerol 15 g 30 % 

ddH2O                            ad 50 ml   
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2.8.1 Internal classification standard (ICS) 

After identification of the dominating bacterial community members based on sequencing 

data (Chapter 3.1.2), an internal classification standard (ICS) was developed for DGGE 

analysis (Nicol et al., 2003; Smalla et al., 2007). Suitable bacterial 16S rDNA fragments 

(using the primers 357F-GC and 518R) (Chapter 2.4.3) were re-amplified from plasmid 

DNA (Chapter 2.3.2) from identified clones of the bacterial 16S rDNA library. Such single 

16S rDNA fragments were run in the DGGE and their specific position was visually 

determined in the gel. ICS1 consists of five different 16S rDNA fragments mixed in equal 

concentrations, while ICS2 consists of four different 16S rDNA fragments. A DGGE was 

performed to verify that 16S rDNA fragments amplified from cloned fragments (ICS) run 

at identical positions as fragments amplified from a genomic DNA. To confirm the identity 

of representative 16S rDNA fragments from the DGGE banding pattern, bands were 

excised, re-amplified, and sequenced according to the protocol of O'Sullivan et al. (2008).  

 

2.8.2 Gel image analysis 

Each banding pattern generated by DGGE reflects the bacterial community composition at 

the time the corresponding sample was drawn from the biogas reactor (Table 1). Similarity 

analysis of DGGE banding pattern was done with the Bio-1D software package (version 

12.06, Vilber Lourmont). Therefore, the digital DGGE banding pattern image of the 

acrylamide gel was used for comparison and clustering in order to determine the stability 

of the bacterial community over a period of one year. Lanes were defined by hand, and 

corresponding band positions were recognized from a corrected intensity chart. The total 

number of bands in each banding pattern is related to the number of dominant phenotypes 

(Muyzer et al., 1993). The dice coefficient was calculated to produce a similarity matrix, 

and banding patterns were clustered according to the UPGMA algorithm (unweighted 

pairwise grouping method with mathematical averages) (Smalla et al., 2007). The 

corresponding dendrogram was created using UPGMA with a tolerance position value of 

2 % (Lliros et al., 2010). 

 

2. 9 Microscopy 

2.9.1 Fluorescence microscopy 

To determine the number of cells, fixed reactor content (Chapter 2.2.3) was diluted (100-

200 fold). The cell suspension and 100 mg of sterile glass beads (∅ 0.1 mm) were filled in 

a 2-ml micro tube (Sarstedt, Nümbrecht, Germany), and homogenized using the RiboLyser 



26   Materials and Methods 

(Hybaid Ltd, Middlesex, UK) at 4 m s-1 for 20 s. The homogeneous cell suspension (15 µl) 

was dropped onto each well of a teflon-coated slide (8 wells, ∅ 6 mm, Menzel GmbH & 

Co KG, Karlsruhe, Germany) and incubated for 15 min at 60 °C. Cells per well were 

stained with 20 µl of 10,000 fold diluted SYBR® Gold solution (Molecular Probes Inc., 

Eugene, USA) per well (Yamada et al., 2008) for 10 min at room temperature (RT), 

flushed with cold ddH2O, and immediately dried with compressed air. An analogous 

procedure was done with 4',6'- Diamidino-2-phenylindole (DAPI, 2.5 mg ml-1) instead of 

SYBR® Gold. Acetate solution (0.5 M, pH 3.5) containing acridine orange (AO, 3 µl ml-1) 

was used for cell staining as well. 20 µl of AO acetate solution were applied per well, 

incubated for 5 min (RT), flushed, and dried as described before. To reduce background 

radiation, every stained well was washed twice with 40 µl of pure acetate solution (0.5 M, 

pH 3.5) for 1 min (RT), flushed, and dried. Fluorescence microscopy was also used to 

detect methanogenic archaea using their coenzyme F420 native autofluorescence (Solera 

et al., 2001). In this case, the unstained cell suspension was stimulated using fluorescence 

excitation at 420 nm. Fluorescence was detected using a Leica microscope (Leica, Solms, 

Germany). The microscope suitable for epifluorescence microscopy was equipped with a 

100 W mercury high-pressure bulb (HBO 103W/2), and adequate filter cubes (Table 6, 

Chapter 2.9.2). Digital images were taken with an AxioCam MRc 5 (D) (Carl Zeiss, Jena, 

Germany) and the software AxioVision Rel. 4.8. Ten microscopic pictures (randomly 

chosen, magnification of 1,000), were made per well. Cells in the picture were only 

counted if approx. 600 cells were stained with SYBR® Gold, DAPI, AO, or 6 cells showed 

autofluorescence of the coenzyme F420. The following formula was used to calculate the 

total cell counts (TCc) per ml reactor content: TCc = A/Ami× Cn× Df.  A is the total area of a 

well (28.27 mm2), Ami is the area of microscopic image (0,015552 mm2), Cn is the average 

cell number per microscopic image, and Df is the dilution factor per milliliter reactor 

content. The sum of the average cell counts determined by specific dyes and coenzyme 

F420 autofluorescence served as a basis for the calculation of the distribution of 

methanogenic cells. 

 

2.9.2 Fluorescence in situ hybridization (FISH) 

Fluorescence in situ hybridization was applied to visualize cells in the reactor content by 

addressing their 16S rRNA genes via oligonucleotide probes. The FISH method allows to 

evaluate phylogenetic microbial composition of environmental habitats (Hugenholtz et al., 

2002). Probes are available for a broad range of phylogenetic groups and also for single 



Materials and Methods   27 

species up to the domain level. The probes penetrate the cells and hybridize in particular to 

their complementary target 16S rRNA sequence in the ribosomes. The probes that did not 

bind to a specific 16S rRNA were removed by a later washing step. The probes used in this 

study (Table 5) were 5'-end labeled with the following fluorochromes: Arc 915, MG 1200, 

and MSMX 860 were labeled with Texas Red® (Sulforhodamine 101 acid chloride), 

EUB 338 was labeled with Alexa Fluor 555 and Erec 482 with Fluoresceinisothiocyanat 

(FITC). All probes were designed by the company Eurofins MWG Operon (Ebersberg, 

Germany). Cells stained with a hybridized probe were directly detected by epifluorescence 

microscopy. The microscope (Chapter 2.9.1) was equipped with adequate intensification 

and filter cubes (Table 6) for the detection of the fluorescent signals originating from a 

sufficient number of ribosomes in any target cell. 
 
Table 5. Probes used for FISH experiments. 

Probes  Sequence (5' → 3') Specificity References 

Arc 915 GTGCTCCCCCGCCAATTCCT Archaea (Raskin et al., 1994) 

MG 1200 CGGATAATTCGGGGCATGCTG Methano- (Raskin et al., 1994) 
microbiales 

MSMX 860 GGCTCGCTTCACGGCTTCCCT Methano- (Raskin et al., 1994) 
sarcinaceae 

EUB 338 GCTGCCTCCCGTAGGAGT Bacteria (Amann et al., 1990) 

Erec 482 GCTTCTTAGTCAGGTACCG Clostridia (Franks et al., 1998) 

 

Table 6. Description of used filter cubes with corresponding fluorochromes and dyes. 

Filter 
cube 

Excitation 
filter [nm] 

Dichromatic 
mirror [nm] 

Suppression 
filter [nm] 

Fluorochromes  
and dyes 

A BPa 340-380 400 BP 470/40 DAPI, SYBR® Gold 

I3 BP 450-490 510 LPb 515 AO, FITC, Alexa Fluor 555, 

TX BP 560/40 595 BP 645/75 Texas Red® 

D BP 355-425 455 LP 470 Coenzyme F420 
a BP: bandpass filter 
b LP: longpass filter 
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2.9.2.1 Standard slide preparation and probe hybridization protocol  

The protocol used in this study for slide preparation and probe hybridization was 

previously described by Hugenholtz et al. (2002). 

Ethanol, or PFA, fixed reactor content (Chapter 2.2.3) was diluted, until the total cell count 

reached 107 to 108 cells ml-1 and the suspension was homogenized as described in Chapter 

2.9.1. An analogous procedure was done with cells of pure cultures from E. coli, 

C. acetobutylicum, and H. volcanii, which were implemented as positive controls. For this 

procedure, those aliquots of the reactor content or pure cultures, respectively fixed with 

4 % PFA for 4 h were used as recommended by Nettmann et al. (2010). Afterwards, 15 µl 

of diluted cell suspension were dropped onto each well of a teflon-coated slide (Chapter 

2.9.1) and incubated for 15 min at 60 °C. Cells attached to the slides were dehydrated in 

50 %, 80 %, and 98 % ethanol for 3 min, respectively. The oligonucleotide probes (Table 

5) were applied with stringency conditions given by formamide concentration in 

hybridization buffer (Table 7), as recommended in the probeBase data bank (Loy et al., 

2007). The hybridization buffer (2 ml) was freshly prepared for every slide. In total, 8 µl of 

buffer were added to each well of the slide filled with cells. For cell staining, 1 µl of the 

probe (50 ng µl-1) of interest was added to the buffer and mixed gently with pipette tip. A 

soft paper tissue 'slightly larger than the slide' was folded and placed into a 50-ml Falcon 

tube. The remaining hybridization buffer was poured onto this tissue to prevent 

evaporation of the buffer. The slide was positioned in this 50 ml tube above the moistened 

tissue, and the tube was carefully placed in the hybridization oven for 2 h at 46 °C. 50-ml 

of wash buffer were freshly prepared and pre-warmed in a water bath at 48 °C. The 

required salt concentration depended on the formamide concentration of the hybridization 

buffer (Table 8). After hybridization, the slide was removed from the tube, placed into 

another tube containing the washing buffer, and incubated at 48 °C for 15 min. 

Subsequently, the slides were removed from the tube, dunked into a glass of ice-cold 

distilled water, and carefully dried using compressed air. DAPI staining (Chapter 2.9.1) 

was used to verify that the majority of bacterial cells were sufficiently permeable for the 

universal FISH probe EUB 338 (Table 5). Untill further microscopically processing, the 

slide was stored in a dark box in order to prevent bleaching of the fluorescence by light. 

Before microscopy, a slim film of CitifluorTM (Citiflour Ltd., London, UK) was applied to 

the slide, and a large coverslip was positioned to cover all wells. CitifluorTM, which is a non 

fluorescent immersion oil, was dropped onto the coverslip, and furthermore CitifluorTM 

reduces the bleaching of the fluorescence. The slides were observed for fluorescence of 
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fluorochromes (Table 6) using the epifluorescence microscope described in Chapter 2.9.2. 

No-probe wells were used to observe autofluorescence of the sample using all available 

filter cubes.  

 

Hybridization buffer (Table 7)  Wash buffer (Table 8)  

5 M NaCl 360  µl  5 M NaCl z  µl 

1 M Tris-HCl (pH 7.2) 40  µl  1 M Tris-HCl (pH 7.2) 1  ml 

100 % Formamide x  µl  ddH2O up to 50 ml 

ddH2O, according to volume  y µl  10 % SDS 50  µl 
of Formamide 

10 % SDS 2  µl    
 

Table 7. Formamide volumes for hybridization buffer. 

% Formamide Formamide vol. x (µl) Double distilled water vol. y (µl) 
0 0 1598 
5 100 1498 
10 200 1398 
15 300 1298 
20 400 1198 
25 500 1098 
30 600 998 
35 700 898 
40 800 798 
45 900 698 
50 1000 598 
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Table 8. NaCl concentrations of wash buffers according to formamide concentration in 

hybridization buffer. 

% Formamide in 

hybridization buffer 
5 M NaCl volume z 

(µl) 
Final NaCl concentration 

of wash buffer (M) 
0 9000 0.900 
5 6300 0.630 
10 4500 0.450 
15 3180 0.318 
20 2150 0.215 
25 1490 0.149 
30 1020 0.102 
35 700 0.070 
40 460 0.046 
45 300 0.030 
50 180 0.018 

 

2.9.2.2 Enhancing hybridization signals 

In order to improve the probe penetration through the cell walls, the following procedures 

were stepwise added to the described standard slide preparation protocol for FISH 

(Chapter 2.9.2.1).  

An enzyme treatment was applied using proteinase K (≥ 30 units mg-1) and lysozyme 

(≥ 40,000 units mg-1) to enhance cell wall permeablility. The stock solution contained 

10 mg/ml of both enzymes in 50 mM Tris buffer (pH 7,5) containing 5 mM CaCl2. A 

series of working concentrations were used (0, 0.5, 0.75, 1, 2, and 3 mg ml-1), and each 

was combined with three incubation times (20, 40, and 60 min) at 37 °C. The enzyme 

solution was either added to the diluted cell suspension or dropped onto the wells 

containing the fixed cells.  

The SDS concentration in the hybridization buffer was increased stepwise up to 10-fold, 

resulting in a final concentration of up to 0.1 %. Additionally, 10× Denhardt’s reagent 

(Krakat et al., 2010b) was supplied to the hybridization buffer to maintain adequate surface 

tension.  

The following modifications of the described standard slide preparation protocol for FISH 

(Chapter 2.9.2.1) were done in order to improve the probe hybridization to the target 

16S rRNA in the ribosomes. The hybridization times of the probes EUB 338 and Arc 915 
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were expanded to 3, 4, 5, 14, and 16 h, and the following hybridization temperatures were 

used for these probes: 50, 54, 55, and 60 °C. Stringency of the probe (EUB 338 and 

Arc 915) hybridization was adjusted by gradually increasing the formamide concentration 

in the range of ± 10 % as recommended by probeBase.  

 

Denhardt’s reagent (Sambrook and Russell, 2001) 

Ficoll Type 400 2,5 g 

Polyvinylpyrrolidone 2,5 g 

Bovine Serum Albumin (BSA) 2,5 g 

ddH2O ad 250 ml 
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3 Results 

3.1 Analysis of clone libraries 

3.1.1 Molecular analysis  

Fragments of 16S rDNA (bacterial and archaeal, approx. 1500 bp), 18S rDNA (eukaryotic, 

approx. 530 bp.), mxaF, and pmoA genes (both approx. 500 bp) were amplified from 

genomic DNA extracted from the biogas reactor sample no. 3 (Chapter 2.3) using suitable 

primer sets (Chapter 2.4.1). DNA fragments obtained from the different genes were ligated 

into cloning vectors (Chapter 2.5.1) to construct the respective clone libraries. It was not 

possible to amplify DNA fragments of the dsrA gene using the prepared genomic DNA as 

template. 

In total, 155 randomly chosen clones of the obtained clone libraries were tested positive for 

expected DNA fragments (Chapter 2.4.2): 62 clones contained bacterial 16S rDNA 

fragments (54 % positive clones within the respective library), 38 clones contained 

archaeal 16S rDNA fragments (39 %), 20 clones contained eukaryotic 18S rDNA 

fragments (30 %), 13 clones contained mxaF fragments (33 %), and 22 clones contained 

pmoA fragments (35 %). Only pmoA fragments amplified with the primer set pmoAA189f 

and pmoAA682r were detectable in clones via colony PCR (Chapter 2.4.2), whereas pmoA 

fragments amplified with the primer set pmoAf 325 and pmoAr 643 were not detectable in 

any screened clone. 

The DNA fragments from the different genes were screened by RFLP analysis and 

grouped into operational taxonomic units (OTUs), respectively (Chapter 2.5.4). 

According to the respective RFLP pattern, representative whole DNA fragments were 

sequenced: 43 of the bacterial and archaeal 16S rDNA fragments, 16 of the eukaryotic 

18S rDNA fragments, 13 of the bacterial mxaF fragments, and 8 of the bacterial pmoA 

fragments. All representative sequences were used for phylogenetic classification, and the 

result applied for the representative sequence as well as for the DNA fragments showing 

identical RFLP pattern. Thus, clones possessing identical RFLP pattern were of the same 

family. 

 



Results 33 

3.1.2 Phylogenetic analysis of sequences 

Bacterial 16S rDNA sequences were classified to the families Clostridiaceae, 

Erysipelotrichaceae, Lactobacillaceae, Ruminococcaceae, Thermoanaerobacteraceae 

Caldilineaceae, and Porphyromonadaceae within the phyla Firmicutes, Chloroflexi, and 

Bacteroidetes by the RDP Classifier (95 % confidence threshold). Caldilineaceae, 

Clostridiaceae, Erysipelotrichaceae, and Ruminococcaceae were dominate within the 

bacterial 16S rDNA clone library (Table 9).  

 

Table 9. Classified mxaF, pmoA, 16S, and 18S rDNA sequences from the respective clone 

libraries.  

Families  Number of clones  

Bacteria  62 (Chimeric: 10) 

Caldilineaceae 10 

Clostridiaceae 7 

Erysipelotrichaceae 9 

Lactobacillaceae 1 

Ruminococcaceae 14 

Porphyromonadaceae 6 

Thermoanaerobacteraceae 5 

Archaea 38 (Chimeric: 1) 

Methanomicrobiaceae 35 

Methanosarcinaceae 2 

Eukarya (Fungi) 20 (Chimeric: 11) 

Saccharomycetaceae  5 

Mucoraceae 2 

unclassified  2 

Methylotrophic bacteria 13 (Chimeric: 7) 

Methylococcaceae 4 

Hyphomicrobiaceae 1 

Rhodobacteracea 1 

Methanotrophic bacteria 22 (Chimeric: 22) 

Total 155 
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The archaeal community was less diverse than the bacterial community. The archaeal 

16S rDNA clone library was dominated by clones containing 16S rDNA fragments 

assigned to the family Methanomicrobiaceae especially with the two species 

Methanoculleus sp. and Methanoculleus bourgensis (Table 9). Only two clones contained 

archaeal 16S rDNA from the genus Methanosarcina (RDP Classifier, 95 % confidence 

threshold) belonging to the family Methanosarcinaceae. Similar analyses were done for 

the clone libraries of 18S rDNA, mxaF, and pmoA, fragments just to confirm their identity 

and presence within the biogas reactor content of sample no 3. Due to chimeric DNA 

fragments, 51 clones were excluded from subsequent pylogenetic analyses (Chapter 2.7.1).  

For bacterial phylogenetic tree reconstruction, 20 bacterial 16S rDNA sequences obtained 

from the clone library as well as 40 16S rDNA sequences retrieved from RDP via Seq 

Match were used (Chapter 2.7.1). The corresponding phylogenetic tree (Figure 2) is based 

on the MAFFT alignment and is in accordance with the current taxonomic classification in 

terms of a correct arrangement of all sequences. Lactobacillus delbrueckii, Proteiniphilum 

acetatigenes Alkaliphius oremlandii, and Clostridium isatidis were identified via 

16S rDNA sequences at species level with 97 % sequence identity. In order to root the tree, 

two archaeal 16S rDNA sequences from Methanoculleus bourgensis were used as 

outgroup. The trees based on MUSCLE or ClustalW alignments computed with 

MrBayes 3.1.2 were not correct in terms of sequence arrangements for this specific 16S 

rDNA sequence set (data not shown).  
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Figure 2. Phylogenetic tree based on bacterial 16S rDNA sequences (approx. 1500 bp per 

sequence) from sample no. 3 of biogas reactor content. Estimation is based on Bayesian 

inference and MAFFT alignment. 
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Nine sequences obtained from the archaeal clone library and 13 reference sequences 

chosen from RDP via Seq Match were used to reconstruct the phylogenetic tree for 

archaeal 16S rDNA. The resulting tree (Figure 3) is also based on a MAFFT alignment. 

Reconstructed trees based on MUSCLE and ClustalW alignments showed an analogous 

structure (data not shown). All sequences were assigned to the families 

Methanomicrobiaceae or Methanosarcinaceae within the Euryarchaeota. Two bacterial 

16S rDNA sequences from Caldilineaceae were used as outgroup to root this tree. Archaea 

belonging to the genus Methanoculleus and notably the species Methanoculleus bourgensis 

dominate the methanogenic community in this biogas reactor, which is also shown in the 

RFLP analysis (Table 9). 

 
Figure 3. Phylogenetic tree based on archaeal 16S rDNA sequences (approx. 1500 bp per 

sequence) from sample no. 3 of biogas reactor content. Estimation is based on Bayesian 

inference and MAFFT alignment. 
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Nine 18S rDNA sequences from the eukaryotic clone library and 14 reference sequences 

chosen from the NCBI Genbank were used for reconstruction of the phylogenetic tree. The 

corresponding tree (Figure 4) was reconstructed based on MAFFT alignment showing 

18S rDNA sequences related to the genera Mucor, Saccharomyces, and two so far 

uncultured fungi. These fungal 18S rDNA sequences were classified into the orders 

Mucoromycotina, Saccharomycotina, and Pucciniomycotina. Analyses with MUSCLE and 

ClustalW revealed similar results compared to the phylogenetic tree based on MAFFT 

(data not shown). 

 
Figure 4. Phylogenetic tree based on eukaryotic, particularly fungi 18S rDNA sequences 

(approx. 530 bp per sequence) from sample no. 3 of biogas reactor content. Estimation is based 

on Bayesian inference and MAFFT alignment. 
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Six mxaF sequences from the corresponding clone library and 13 reference sequences 

chosen from the NCBI Genbank were used for reconstruction of the phylogenetic tree. The 

subsequent tree (Figure 5) was reconstructed based on MAFFT alignment showing mxaF 

sequences related to the methylotrophic genera Methylobacter and Methylorhabdus. One 

sequence was related to the methanotrophic genus Methylocaldum, and one other to the 

denitrifying genus Paracoccus. These mxaF sequences were clustered within the orders 

Methylococcales and Rhizobiales. Analyses with MUSCLE and ClustalW revealed similar 

results compared to the phylogenetic tree based on MAFFT (data not shown). 

Not any of the eight pmoA sequences from the corresponding clone library had a 

significant similarity to pmoA sequences deposited in the NCBI Genebank. Also, a search 

in the NCBI protein database using the translated pmoA nucleotide query, showed no 

significant similarity to a deposited amino acid sequence of a methane monooxygenase. 

 

 
Figure 5. Phylogenetic tree based on bacterial mxaF sequences (approx. 500 bp) from sample 

no. 3 of biogas reactor content. Estimation is based on Bayesian inference and MAFFT 

alignment.  
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3.2 DGGE  

The constructed DGGE device (Chapter 2.8) was validated, by running a gel loaded with 

six independent bacterial 16S rDNA products (200 bp), which were amplified from the 

same genomic DNA extract (sample no. 3) using the primer set 357F-GC and 518R 

(Chapter 2.4.3). In order to determine sensitivity of the PCR, this genomic DNA extract 

(190 ng µl-1) was diluted in a series up to 1:5000 (0.038 ng µl-1). All six lanes in Figure 6 

show a highly similar banding pattern, i.e. DGGE profile, for all six bacterial 16S rDNA 

products. This high similarity confirms that the DGGE device is working as expected, and 

the concentration of genomic DNA within the extract is not critical for comparing banding 

patterns qualitatively.  

 

 
Figure 6. DGGE profiles of bacterial 16S rDNA fragments (200 bp) amplified from a dilution 

series of DNA extract from sample no. 3 of the biogas reactor. Lanes: 1, undiluted; 2, 1:10; 3, 

1:100; 4, 1:1000; 5, 2:2000; 6, 1:5000. 

 
After identification of the dominating bacterial community members based on sequenced 

16S rDNA fragments of the bacterial clone library (Chapter 3.1.2), an internal 

classification standard (ICS) was developed for DGGE analysis (Chapter 2.8.1). The ICS 

was divided in ICS 1 and ICS 2, containing bacterial 16S rDNA from the phylum 

Firmicutes (ICS 1) or Bacteriodetes and Chloroflexi (ICS 2), respectively. ICS1 consists of 

five different 16S rDNA fragments (6 Bac, 7 Bac, Clostridiaceae; 7 Bac oFk, 

Ruminococcaceae; 20 Bac, Thermoanaerobacteraceae; 42 Bac, Erysipelotrichaceae) 

mixed in equal concentrations, while ICS2 consists of four different 16S rDNA fragments 



40 Results 

(33 Bac, 5 Bac, Porphyromonadaceae; 13 Bac, Lactobacillaceae; 1 Bac, Caldilineacea). 

Figure 7 represents one example of an image of a DGGE gel run to develop the ICS. 

 

 
 
As the ICS is based on 16S rDNA fragments amplified from plasmid DNA of respective 

clones, a DGGE was performed to verify that those fragments amplified from plasmid 

DNA of respective clones chosen for the ICS run at identical positions as fragments 

amplified from the genomic DNA extract from reactor sample no. 3. Representative 16S 

rDNA fragments from the DGGE banding pattern obtained from genomic DNA extract 

were excised, re-amplified, and sequenced (Chapter 2.8.1). It could be shown by sequence 

alignment and comparison that 16S rDNA fragments from the ICS were homologous to 

16S rDNA fragments within the banding pattern obtained from genomic DNA extracts. 

Altogether, six samples were drawn from the 350 m3 reactor of the biogas plant over a 

period of one year (Table 1) in order to monitor the composition of the microbial 

community (bacteria, archaea and eukaryotes) by DGGE. The ICS was used to analyze if 

dominating bacterial families of the corresponding bacterial families were constantly 

present in all samples drawn. As shown in Figure 8, almost each band of the ICS was 

found in the bacterial 16S rDNA banding patterns of the reactor samples (lanes 1 to 6), 

demonstrating that the following dominating members of the bacterial community were 

present in the biogas reactor throughout the whole sampling time (one year): 

Erysipelotrichaceae (42 Bac), Porphyromonadaceae (5 and 33 Bac), Ruminococcaceae 

(7 Bac oFk) and Clostridiaceae (6 Bac and 7 Bac). The bands for Lactobacillaceae 

(13 Bac) and Caldilineacea (1 Bac) were absent in the banding pattern of lanes 5 and 6 

(Figure 8). Each banding pattern showed on average 17 (±2) bands which could not be 

identified by means of the ICS. Considering this, the diversity of the bacterial community 

was at least 2.5 times higher compared to the seven families described in the bacterial 

phylogenetic tree (Figure 2). 

Figure 7. Development of the  internal 

classification standard (ICS) for DGGE 

analysis. Bacterial 16S rDNA fragments 

(200 bp) amplified from plasmid DNA of 

respective clones. Lanes: 1, 1 Bac; 2, 42 Bac; 

3, 5 Bac; 4, 33 Bac; 5, Mix of lanes 6 to 10; 

6, 20 Bac; 7, 12 Bac; 8, 7 Bac; 9, 6 Bac, 10, 7 

Bac oFk.  
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Figure 8. DGGE profiles of bacterial 16S rDNA fragments (200 bp) amplified from genomic 

DNA extracted from samples of the biogas reactor. Lanes: ICS 1, mix of sequenced 16S rDNA 

fragments from Firmicutes; ICS 2, mix of sequenced 16S rDNA fragments from Chloroflexi and 

Bacteroidetes. Lanes: 1 to 6: samples from the biogas reactor in the order 4, 1, 2, 3, 5, 6 (Table 1). 

 
To compute similarities between the six analyzed banding patterns obtained from the 

different genomic extracts, a homology dendrogram (Figure 9) was deduced from Figure 8 

(Chapter 2.8.2). On average, 25 independent distinct bands were detectable in each 

banding pattern (lanes 1 to 6). Thereof, 16 to 18 independent bands were permanently 

present in all lanes. The homology dendrogram of the banding patterns displayed that these 

lanes were at least 75 to 80 % similar to each other (Figure 9). Lanes 2 and 9 represent the 

ICS 2. Although an identical composition of 16S rDNA fragments, the UPGMA-method 

computed with an 80 % homology value only. Lanes 1 and 10 represent the ICS 1 and due 

to some inconsistent bands such as 20 Bac, the value of homology was even lower (70 %). 

Considering the DGGE banding patterns and the homology dendrogram, the bacterial 

community was stable over the period of one year.  
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Figure 9. Homology dendrogram deduced from Figure 8 computed using Gel Analyser 

software (biocompare®). Lanes: 1 and 10, ICS 1 (mix of sequenced 16S rDNA fragments from 

Firmicutes); 2 and 9, ICS 2 (mix of sequenced 16S rDNA fragments from Chloroflexi and 

Bacteriodetes); 3 to 8, samples from the biogas reactor in top-down order 4, 6, 1, 2, 5, 3 (Table 1).  

 

The banding patterns of the archaeal 16S rDNA fragments from all six reactor samples 

were highly similar to each other and were composed of three bands (Figure 10). Three 

archaeal 16S rDNA fragments (letters a, b, c in Figure 10) were excised from the gel. 

Sequencing led to the 16S rDNA sequences from Methanosarcina sp., Methanoculleus sp., 

and Methanoculleus bourgensis, respectively. 
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The banding patterns of the eukaryotic 18S rDNA fragments were very similar for all six 

samples from the biogas reactor (Figure 11). 18S rDNA fragments for DGGE experiments 

were amplified with the same primer set  as was  used for the assembly of the clone library 

(Table 2, Chapter 2.4.1), and therefore the eukaryotic community in the biogas reactor was 

dominated by fungi (Figure 4). The presence of these fungi did not change over the time 

period of one year (Figure 11).  

 

 
 

Fragments of the functional gene mxaF (methylotrophic bacteria) were permanently 

present in all six samples from the biogas reactor. However, as the DGGE banding pattern 

was different for all samples, a statement concerning the stability of the community of 

methylotrophic bacteria was not possible (data not shown).  

Figure 10. DGGE profiles of archaeal 

16S rDNA fragments (180 bp) 

amplified from genomic DNA extracted 

from samples of the biogas reactor. 

Lanes: 1 to 6, samples from the biogas 

reactor in the order 1, 2, 3, 4, 5, 6 

(Table 1). Letters a, b, c: 16S rDNA 

fragments from Methanosarcina sp., 

Methanoculleus sp., and Methanoculleus 

bourgensis, respectively. 

Figure 11. DGGE profiles of 

eukaryotic 18S rDNA fragments (530 

bp) amplified from genomic DNA 

extracted from samples of the biogas 

reactor. Lanes: 1 to 6, samples from the 

biogas reactor in the order 1, 2, 3, 4, 5, 

6 (Table 1). 
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3.3 454 Pyrosequencing 

The 454 Pyrosequencing of pooled and barcoded 16S rDNA products (Chapter 2.4.4) 

resulted in a total of 112,864 bacterial and archaeal 16S rDNA sequences of pooled and 

barecoded 16S rDNA products (Chapter 2.4.4). The average read length was 350 bp for 

bacterial and 154 bp for archaeal 16S rDNA sequences. The number of sequences per 

sample ranged from 10,125 to 20,050 with an average of 13,940 sequences (Table 10). 

Sequences were excluded from further analysis, if the barecode was missing, or if 

sequences were of low quality or insufficient in length. Furthermore, the archaeal primer 

set SAf2 and PARCH519r amplified many different bacterial 16S rDNA sequences, which 

were also excluded from further analysis (Table 10). 

 
Table 10. Number of bacterial and archaeal 16S rDNA sequences per sample. 

Sample 
 

Archaeal 
16S rDNA 
sequences 

amplified by 
archaeal 
primersa 

Bacterial 
16S rDNA 
sequences 

amplified by 
archaeal 
primersb 

Sum of 
sequences from 

archaeal 
primersa 

Sum of 
sequences from 

bacterial 
primersc 

Sum of 
sequences 

 A1 frc 5,820 2,610 8,430 7,336 15,766 

A2 bap 1,236 7,131 8,367 6,762 15,129 

B1 frc 7,424 4,607 12,031 8,019 20,050 

B2 bas 2,262 1,787 4,049 6,076 10,125 

C1 frc 4,220 2,806 7,026 3,956 10,982 

C2 bas 2,355 5,636 7,991 3,596 11,587 

Sum 23,317 24,577 47,894 35,745 83,639 
a SAf1, SAf2 and PARCH519r; b SAf2 and PARCH519r; c F8 and R357 

 
3.3.1 Species richness and diversity indices 

Species richness and diversity indices were estimated from bacterial and archaeal 16S 

rDNA sequence variances. Therefore, operational taxonomic units (OTUs) were identified 

at 80 % and 97 % sequence homology by applying the tools Pyrosequencing Aligner and 

Complete Linkage Clustering. OTUs provided the basis for the estimation of richness and 

diversity indices by using the tools Rarefaction, Shannon Index, and Chao1 estimator from 

the RDP's Pyrosequencing Pipeline (Chapter 2.7.3)  

The rarefaction analysis of bacterial communities deduced from the full-scale fermentation 

before (sample A), and after (sample B) the addition of straw, as well as from the lab-scale 
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fermentation with straw, is shown in Figure 12. Almost all rarefaction curves showed 

saturation at a sequence homology of 80 % (Figure 12). In addition, a comparison of the 

rarefaction analysis with the number of OTUs estimated by the Chao1 richness estimator 

(Table 11) revealed that at 80 % sequence homology, 86.3 to 97.7 % of the estimated 

taxonomic richness was covered by the sequencing effort. At a sequence homology of 

97 % (Figure 12), the estimated taxonomic richness given by the Chao1 richness estimator 

was covered by 56.4 to 70 % (Table 11). 

 

  
Figure 12. Rarefaction curves reflecting the number of OTUs resulting from the bacterial 16S 

rDNA sequences. A, full-scale fermentation before the addition of straw; B, full-scale 

fermentation after the addition of straw; C, lab-scale fermentation with straw;  frc, fluid reactor 

content; bap, biofilm attached to particles (> 1 mm); bas, biofilm attached to straw. OTUs are 

shown at 80 and 97 % sequence homology.  

 
Table 11. Species richness estimated from bacterial 16S rDNA sequences at a homology of 

80 % and 97 %. 

Sample 
 

Shannon index 
(H')a 

 Rarefactionb 
(no. of OTUs) 

 Chao1c 
(no. of OTUs) 

 Coverage (%) 

 80 % 97 %  80 % 97 %  80 % 97 %  80 % 97 % 
A1 frc 2.28 3.11  79.0 443  84.0 723  94.0 61.2 

A2 bap 2.49 3.76  82.0 539  95.0 954  86.3 56.4 

B1 frc 2.56 3.83  79.0 504  80.8 719  97.7 70.0 

B2 bas 2.54 3.55  85.0 424  98.0 670  86.7 63.2 

C1 frc 2.12 2.89  74.0 298  81.3 521  91.0 57.2 

C2 bas 2.90 4.13  86.0 396  90.0 671  95.5 58.9 
a A higher number indicates a higher diversity. 
b The results from the rarefaction analyses are also shown in Figure 12.  
c Nonparametric richness estimator based on the distribution of singletons and doubletons. 



46 Results 

The rarefaction analysis of archaeal communities revealed also saturation for all curves at 

80 % sequence homology (Figure 13). The comparison of the number of OTUs estimated 

by rarefaction analysis and the Chao1 richness estimator (Table 12) revealed that 87 to 

100 % of the estimated OTUs were obtained by the sequencing effort. At 97 % sequence 

homology (Figure 12) the estimated richness was covered by 63.3 to 87.9 % (Table 12). 

 

 
Figure 13. Rarefaction curves reflecting the number of OTUs resulting from the archaeal 16S 

rDNA sequences. A. full-scale fermentation before the addition of straw; B, full-scale 

fermentation after the addition of straw; C, lab-scale fermentation with straw;  frc, fluid reactor 

content; bap, biofilm attached to particles (> 1 mm); bas, biofilm attached to straw. OTUs are 

shown at 80 and 97 % sequence homology. 

 

Table 12. Species richness estimated from archaeal 16S rDNA sequences at a homology of 

80 % and 97 %. 

Sample 
 

Shannon index 
(H')a  

Rarefactionb 
(no. of OTUs)  

Chao1c 
(no. of OTUs)  

Coverage (%) 
 

 80 % 97 %  80 % 97 %  80 % 97 %  80 % 97 % 

A1 frc 0.14 2.41  7 81  7 102.8  100 78.8 

A2 bap 1.43 2.84  8 59  8 93.2  100 63.3 

B1 frc 0.11 2.34  9 108  9 133  100 81.2 

B2 bas 0.30 2.14  5 50  5 56.9  100 87.9 

C1 frc 0.11 2.16  10 66  11.5 77.7  87.0 85.0 

C2 bas 0.47 2.63  7 54  7 62.7  100 86.2 
a A higher number indicates a higher diversity. 
b The results from the rarefaction analyses are also shown in Figure 13.  
c Nonparametric richness estimator based on the distribution of singletons and doubletons. 
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The full complexity of taxonomic diversity was not accomplished at 97 % sequence 

homology. On average, 81 OTUs derived from the bacterial 16S rDNA sequences at 80 % 

homology, and 434 OTUs at 97 % homology per sample (Figure 12). The average numbers 

of OTUs derived form archaeal 16S rDNA sequences per sample were found to be 10 

times lower at 80 % homology (Ø 8 OTUs), and 6.2 times lower at 97 % homology (Ø 

70 OTUs) compared to the corresponding bacterial OTUs (Figure 13). 

The Shannon index of diversity (H') was determined for all samples (Table 11 and 12). At 

a sequence homology of 80 %, H' ranged for bacteria from 2.12 to 2.90, and for archaea 

from 0.11 to 1.43. At 97 % sequence homology, H' ranged for bacteria from 2.89 to 4.13, 

and for archaea from 2.14 to 2.84. The estimated diversities of bacteria and archaea 

(80 and 97 % sequence homology) in biofilms attached to particles (Sample A2 bap, full-

scale fermentation), and attached to straw (Sample C2 bas, lab-scale fermentation) were 

higher compared to the corresponding samples of fluid reactor content. Contrary, the 

estimated diversity of bacteria and archaea was equal (80 % sequence homology), or lower 

(97 % sequence homology) in the biofilm attached to straw in the full-scale fermentation 

(Sample B2 bas) compared to the corresponding fluid reactor content.  

Jaccard and Sørensen distance matrix was estimated by using Chao abundance correction 

to compare the occurrence of OTUs of all samples (Chapter 2.7.3). The Chao abundance 

correction is based on occurrence counts of OTUs and the indices are: (1) the number of 

common OTUs from all samples and, (2) the unique numbers of OTUs in each of sample. 

An OTU was defined as all 16S rDNA sequences with 97 % sequence homology. The 

corresponding tree for bacterial OTUs revealed that the composition of OTUs in the 

biofilm attached to the straw in the full-scale fermentation (Sample C2 bas) differed clearly 

from the composition of OTUs of all other samples (data not shown). The corresponding 

tree for archaea showed that the composition of OTUs in the biofilm attached to particles 

in the full-scale fermentation before the addition of straw and the biofilm attached to straw 

in the lab-scale fermentation differed clearly from the composition of OTUs of all other 

samples and were neither similar to each other (data not shown).  

 

3.3.2 Phylogenetic distribution of dominating OTUs 

Within all samples, the relative abundances of classified bacteria and archaea were 

analyzed using the 16S rDNA sequences of the 30 most represented clusters (Chapter 

2.7.2). One cluster consisted of all bacterial or archaeal 16S rDNA sequences with 97 % 

sequence homology. One representative 16S rDNA sequence was chosen per cluster 
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(Chapter 2.7.2), and defined as an OTU for classification via the RDP Classifier (80 % 

confidence threshold). In gerneral, all OTUs were classified in minimum up to the phylum 

level. Comparing the number of sequences within one OTU with the total number of 

sequences of the 30 most represented OTUs, resulted in the relative abundances of one 

OTU. The sum all of bacterial 16S rDNA sequences of the 30 most abundant OTUs 

accounted for 75 to 85 % of the entire number of sequences obtained per sample. In all 

samples, bacterial 16S rDNA sequences most frequently present were assigned to the 

orders Acholeplasmatales, Bacteroidales, Clostridiales, Thermotogales, and so far 

uncultured bacteria of the division WWE1 (Figure 14). The most abundant archaeal 

16S rDNA sequences in all samples were assigned to the genera Methanoculleus, 

Methanosarcina, and Haloferax (Figure 16). The sum all of archaeal 16S rDNA sequences 

of the 30 most abundant OTUs accounted for 94.6 to 98.6 % of the entire number of 

sequences obtained per sample. Bacterial and archaeal compositions were compared 

concerning the respective relative abundances of OTUs within the fluid reactor content 

(frc) and within the biofilms attached to particles (bap) as well as attached to straw (bas).  

The fluid reactor content of the full-scale fermentation before the addition of straw (sample 

A1 frc) was dominated by an OTU classified as bacterium of the WWE1 divison (35 % 

abundance) and an OTU identified as bacterium of the genus Acholeplasma (order 

Acholeplasmatales, 30 % abundance) (Figure 14). Furthermore, 11 different OTUs 

belonged to the order Bacteroidales (30.2 % abundance) (Figure 14), five of these were 

further classified as related to the family Porphyromonadaceae. Five OTUs were assigned 

to the order Clostridiales (2.8 % abundance) (Figure 14). One OTU was belonging to the 

genus Streptococcus (order Lactobacillales, 0.4 % abundance) (Figure 14). 
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Figure 14. Relative abundances of the main bacterial orders. A, full-scale fermentation before 

the addition of straw; B, full-scale fermentation after the addition of straw; C, lab-scale 

fermentation with straw;  frc, fluid reactor content; bap, biofilm attached to particles (> 1 mm); bas, 

biofilm attached to straw. 

 

After the addition of straw to the full-scale fermentation, the fluid reactor content (sample 

B1 frc) was still dominated by the two OTUs identified as bacterium of the WWE1 

division (13 % abundance) and bacterium of the genus Acholeplasma (order 

Acholeplasmatales, 21 % abundance) (Figure 14). Additionally, 14 different OTUs 

belonged to the order Bacteroidales (52 % abundance) (Figure 14), three of these were 

identified as belonging to the genus Proteiniphilum (family Porphyromonadaceae), while 

eight OTUs were assigned as unclassified members of the family Porphyromonadaceae. 

Furthermore, two OTUs were assigned to the genus Petrotoga (order Thermotogales, 7 % 

abundance), two OTUs to the genus Clostridium (order Clostridiales, 4.6 % abundance), 

one OTU to the genus Turicibacter (order Erysipelotrichales, 0.8 % abundance), and one 

OTU to the genus Streptococcus (order Lactobacillales, 0.6 % abundance) (Figure 14). 

The fluid reactor content of the lab-scale fermentation (sample C1 frc) was dominated by 

an OTU classified as related to the genus Acholeplasma (order Acholeplasmatales, 70.5 % 

abundance) (Figure 14). The remaining OTUs were classified as related to different 

bacterial orders demonstrating lower abundances (Bacteroidales 13.2 %, 
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Clostridiales 3.6 %, Lactobacillales 0.9 %, Erysipelotrichales 0.9 %, Thermotogales 

0.8 %), and as bacterium of the WWE1 division (10.2 % abundance) (Figure 14). 

The biofilm attached to particles of the full-scale fermentation before the addition of straw 

(sample A2 bap) was dominated by two OTUs classified as belonging to the order 

Bacteroidales (61.8 % abundance, Figure 14), which was also represented by 13 other 

OTUs, three of these classified as related to the family Porphyromonadaceae. 

Furthermore, one OTU was identified as related to the genus Acholeplasma (order 

Acholeplasmatales, 15.2 % abundance), and one OTU was identified as bacterium of the 

WWE1 divison (11.8 % abundance) (Figure 14). Additionally, eight OTUs were assigned 

to the order Clostridiales (11.2 % abundance) (Figure 14), two of these were further 

classified as belonging to the genus Clostridium, and one as belonging to the family 

Ruminococcaceae. 

The biofilm attached to the straw of the full-scale fermentation after the addition of straw 

(sample B2 bas) was dominated by an OTU identified as bacterium of the WWE1 divison 

(52.6 % abundance) (Figure 14). The second most abundant OTU was classified as related 

to the genus Acholeplasma (order Acholeplasmatales, 28 % abundance) (Figure 14). 

18 OTUs were classified as belonging to the order Bacteroidales (8 % abundance) 

(Figure 14). Furthermore, one OTU was identified as belonging to the genus Petrotoga 

(order Thermotogales, 8 % abundance), four OTUs as belonging to the order Clostridiales 

(2.4 % abundance), and one OTU to the genus Streptococcus (order Lactobacillales, 1.0 % 

abundance) (Figure 14). 

The biofilm attached to the straw of the lab-scale fermentation with straw (sample C2 bas) 

was dominated by three OTUs classified as belonging to the order Clostridiales (70 % 

abundance) (Figure 14), which was also represented by 10 other OTUs, two of these 

classified as related to the Ruminococcaceae, and two as related to the taxonomic group 

Incertae Sedis XI. Furthermore, seven OTUs were identified as belonging to the order 

Bacteroidales (14 % abundance, Figure 14), two of these were assigned to the family 

Porphyromonaceae, one to the family Bacteroidaceae, and one to the genus Prevotella 

(family Prevotellaceae). Additionally, one OTU was identified as bacterium of the WWE1 

divison (11.1 % abundance) one as related to the genus Acholeplasma (order 

Acholeplasmatales, 2.2 % abundance), one as related to the order Fusobacteriales (1.7 % 

abundance), two as related to the order Synergistales (1 % abundance, one OTU genus 

Aminobacterium, one OTU genus Anaerobaculum). 
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Figure 15 shows a phylogenetic tree based on bacterial 16S rDNA sequences, that were 

classified into the WWE1 division. Representative OTUs from all samples clustered within 

the lower branch of the tree, and are therefore related to the uncultured bacterium 

Candidatus Cloacamonas acidaminovorans. 16S rDNA sequences of the WWE1 division 

in the upper branch were unified as an artificial clade called Crown La Farfana. The tree 

was rooted with an archaeal 16S rDNA sequences from the genus Methanoculleus. 

 

 
Figure 15. Phylogenetic tree based on bacterial 16S rDNA sequences of the WWE1 division. 

Estimation is based on Bayesian inference and MAFFT alignment. 

 

The fluid reactor content of the full-scale fermentation before (sample A1 frc) and after 

(sample B1 frc) the addition of straw as well as the fluid reactor content of the lab-scale 

fermentation with straw (sample C1 frc) was dominated by on average 18 OTUs belonging 

to the genus Methanoculleus (order Methanomicrobiales, 99 % abundance per sample) 

(Figure 16). On average, six other OTUs were also designated as members of the order 

Methanomicrobiales, further classified as belonging to the family Methanomicrobiaceae. 

The remaining OTUs were classified as related to different archaeal orders 

(Methanosarcinales, Methanobacteriales) demonstrating low abundances (< 1 %), 

respectively. 



52 Results 

The composition of the archaeal community in the biofilm attached to the straw of the full-

scale fermentation (sample B2 bas) was highly similar to the community described for the 

samples containing fluid reactor content (sample A1 frc, sample B1 frc, sample C1 frc) 

(Figure 16).  

With one exception, the composition of the archaeal community in the biofilm attached to 

the straw of the lab-scale fermentation was also similar to the community described for the 

samples containing fluid reactor content (sample A1 frc, sample B1 frc, sample C1 frc) and 

the sample containing the biofilm attached to the straw of the full-scale fermentation 

(sample B2 bas). The biofilm attached to the straw of the lab-scale fermentation 

additionally comprised five OTUs identified as belonging to the genus Haloferax (order 

Halobacteriales, 12.4  % abundance). 

 

 
Figure 16. Relative abundances of the main archaeal genera. A, full-scale fermentation before 

the addition of straw; B, full-scale fermentation after the addition of straw; C, lab-scale 

fermentation with straw;  frc, fluid reactor content; bap, biofilm attached to particles (> 1 mm); bas, 

biofilm attached to straw. 

 

The composition of the archaeal community in the biofilm attached to particles in the full-

scale fermentation (sample A2 bas) was characterized by a higher diversity compared to 

the composition of the archaeal community of all other samples (Table 12). The 

dominating OTU was identified as belonging to the genus Methanosarcina (order 

Methanosarcinales, 32.7 % abundance) (Figure 16). The order was further represented by 

eight other OTUs also identified as belonging to the genus Methanosarcina. Additionally, 
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15 OTUs were classified as related to the order Methanomicrobiales (51.2 % abundance) 

(Figure 16). Further classification identified 11 OTUs as belonging to the family 

Methanomicrobiaceae and eight of these OTUs as related to the genus Methanoculleus. 

The remaining four OTUs were identified as belonging to the genus Methanospirillum 

(family Methanospirillaceae). Furthermore, six OTUs were assigned to the order 

Methanobacteriales (15.5 % abundance) (Figure 16). Further identification classified three 

OTUs as belonging to the genus Methanobrevibacter, 2 OTUs as belonging to the genus 

Methanobacterium, and one OTU as belonging to the genus Methanosphera. One OTU 

was identified as belonging to the genus Haloferax (order Halobacteriales, 0.6 % 

abundance) (Figure 16). 

 

3.4 Microscopic analyses 

3.4.1 Number of prokaryotic and eukaryotic organisms  

To determine the number of prokaryotic organisms in the reactor content, stained cells 

were analyzed using fluorescence microscopy (Chapter 2.9.1). Fixed reactor content 

(Chapter 2.2.3) from samples no. 7 or 8 (Table 1) was diluted either 1:50 in case of PFA 

fixation or 1:100 in case of the ethanol fixation. For the detection of coenzyme F420 

autofluorescence, the fixed reactor content was used undiluted. Staining dyes were DAPI, 

acridine orange (AO), and SYBR® Gold (Chapter 2.9.1). Micrographs that showed 

fluorescent cells (Figure 17) were used to determine the number of prokaryotic organisms. 

In total, 87 micrographs (30× DAPI, 27× AO, 30× SYBR® Gold) were used to calculate on 

average 1.44 (± 0.3)× 1010 prokaryotic cells per ml reactor content (formula, Chapter 

2.9.1). Independent of the dye used, the magnitude of prokaryotic cells counted was in the 

same range (1010 cells per ml). Additionally, 75 micrographs showing autofluorescent 

methanogenic cells were used to calculate on average 3.5 (± 0.78)× 108 archaea per ml 

reactor content (formula, Chapter 2.9.1), accounting for 2.3 % of the total prokaryotic 

cells. 
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Figure 17. Epifluorescence micrographs showing cells in the biogas reactor content. A, cells 

stained with SYBR® Gold; B, cells stained with AO; C, cells stained with DAPI; D, cells showing 

autofluorescence of coenzyme F420. 

 
In addition to the prokaryotic cells, a variety of eukaryotic organisms (Figure 18) were also 

found by analyzing diluted (1:50 in case of PFA, 1:100 in case of the ethanol fixation) 

fixed reactor content (Chapter 2.2.3) from sample no. 7 and 8 (Table 1) by fluorescence 

microscopy. The eukaryotic organisms (or fragments of them) were autofluorescent and 

were observed using either UV light excitation (340-380 nm) or blue light excitation (450-

490 nm). Eukaryotic organisms (or fragments) differed clearly in length (40 up to 800 µm). 

Worm like organisms (Figure 18 A, C, E, G) were on average longer than 100 µm, and 

organisms of other shape (Figure 18 B, D, F, I) were 100 µm in length or shorter. The 

quantity of those eukaryotic organisms (or fragments) varied on every slide between 2 and 

15 per well. On average, six organisms (or fragments) were counted per well, roughly 

resulting in 106 organisms per ml reactor content (formula, Chapter 2.9.1). The two most 

dominating organisms (or fragments) were shown in Figure 18 A and 18 B. An 

identification or classification of those organisms was not feasible, neither by comparing 

pictured organisms to those on other images, nor by the molecular approach of 18S rDNA 

analysis (Chapter 3.1.2). 

A B 

C D 
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Figure 18. Epifluorescence micrographs (A-I) showing eukaryotic organisms in the biogas 

reactor content. 

A B 

C D 

E F 

G I 



56 Results 

3.4.2 Fluorescence in situ hybridization (FISH) 

The method of fluorescence in situ hybridization (FISH, Chapter 2.9.2) was used to 

visualize cells in the biogas reactor content by addressing their 16S rRNA genes via 

specific oligonucleotide probes (Table 5). The microscopic examination of roughly 

100 slides illustrated in most attempts only very few or no positive signals of in situ 

hybridized probes. This was true for all probes (EUB 338, Arc 915, Erec 428, MG 1200 

and MSMX 860, Table 5). In some cases, fluorescence in situ hybridization using the 

probe EUB 338 (specific for bacteria, Table 5) was successful (Figure 19). However, the 

probe EUB 338 addressed only 10 % of all cells stained with DAPI (50 % expected 

according to literature), and the fluorescence signal using probe EUB 338 was not 

reproducible. All procedures used to improve the hybridization of the probe (Chapter 

2.9.2.2) failed. Changing the sample (all other samples were tested) did not bring any other 

result. The same problems occurred, when using exponentially growing cells of pure 

cultures (E. coli, C. acetobutylicum,) instead of reactor content. Thus, in this case, the 

FISH could not be applied to visualize specific cells of the reactor content. As there was no 

success using probe EUB 338, the other probes (Table 5) were not further analyzed. (The 

practical work was mostly done by S. Langer (Langer, 2010). 

 

  
A B 

C 

Figure 19. Epifluorescence micrographs 

showing fluorescent cells stained by the 

probe EUB 338. A, The rod-shaped 

bacteria from reactor content stain green; 

B, Reference micrograph to Figure 19 A, 

DAPI stained microorganisms; C, stained 

cells of C. acetobutylicum (positive 

control). 

 



Discussion      57 

4 Discussion 

Several studies have been published focusing on the microbial diversity of biogas plants 

supplied with renewable primary products and liquid manure as substrates (Cirne et al., 

2007; Schlüter et al., 2008; Kröber et al., 2009; Liu et al., 2009; Nettmann et al., 2010). In 

contrast, in this study, a biogas reactor utilizing predominantly sanitized food residues and 

stale bread (organic residues) was analyzed concerning the composition of the microbial 

community. Further substrates such as pig slurry, maize silage, potato peelings, and grain 

husk were supplied in minor proportions to the reactor dependent on their availability. A 

long term study was done to monitor qualitative changes in the composition of the 

microbial community. 

Substrates such as sanitized food residues and stale bread possess low structure but provide 

a high energy potential. At high loading rates, the fast fermentation of these substrates 

might lead to overloading the whole biogas-forming process. For stabilization, straw was 

added to a biogas reactor providing surfaces for biofilm formation. To give a 

microbiological explanation for the stabilizing effect, the following hypothesis was tested: 

The abundance of syntrophic or facultative syntrophic living microbes in biofilms on straw 

is higher than in fluid biogas reactor content. 

 

4.1 Enumeration of prokaryotic and eukaryotic organisms in biogas reactor content  

Three different staining dyes which intercalate into DNA were used to ensure the detection 

of all groups of microorganisms microscopically in the reactor content of the biogas 

reactor 1 (350 m3). The total cell count of the microbial community was in the range of 

1010 cells per ml reactor content independent of staining either with AO, DAPI, or 

SYBR®Gold. Using DAPI staining Nettmann et al. (2010) reported total cell counts in the 

range of 108 cells per ml for six different biogas plants and Krakat et al. (2010b) found 

aproxx. 1010 cells per ml reactor content in a 6-l lab-scale reactor. Concerning the 

methanogenic archaea, Krakat et al. (2010b) determined about 16 to 20 % methanogenic 

archaea in the lab-scale reactor, while Nettmann et al. (2010) detected 3 to 7 %, which is 

closer to the 2.3 % found in this study. Still, such differences underline the need to further 

investigate the bacterial and archaeal abundances in biogas reactors. For comparison, the 

rumen microbial ecosystem contains 1010 to 1011 bacterial cells per ml, 107 to 109 

methanogenic archaea per ml, 104 to 106 ciliate protozoa per ml, and 103 to 105 anaerobic 
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fungal zoospores per ml of rumen liquor. The number of organisms might even be higher 

as the majority are non-culturable (Kamra, 2005). 

Many eukaryotic organisms can temporarily live under anaerobic conditions as they 

possess anaerobically functioning mitochondria, mitosomes, and hydrogenosomes (Martin, 

2008). A number of multicellular organisms such as platyhelminths, parasitic nematodes, 

and invertebrates, for instance mussels and snails, spend more or less expanded periods of 

anaerobiosis in their live cycle (Tielens et al., 2002). These animals have anaerobic 

mitochondria and perform fermentation reactions using an endogenously produced organic 

electron acceptor such as fumarate (Tielens and Hellemond, 2007). Mitosomes are 

compartments of mitochondrial origin present in eukaryotes without mitochondria (type I 

'amitochondrial') (Tovar et al., 1999). Mitosomes were first described in Entamoeba 

histolytica and later in microsporidian Trachipleistophora hominis. Hydrogenosomes are 

compartments that produce ATP and hydrogen, and are found in various unrelated 

eukaryotes (type II 'amitochondrial'), such as anaerobic flagellates, chytridiomycete fungi, 

and ciliates (Boxma et al., 2005). Concerning the eukaryotic organisms shown in Figure 18 

many questions remain unanswered. All that can be said is that they are most likely 

multicellular organisms (metazoa) with a length of 40 up to 800 µm and an average 

number of 106 organisms per ml reactor content. Worm-like organisms (Figure 18, A, C, E, 

G) are presumably nematodes. Many different nematodes occur in the gastrointestinal tract 

of pigs (Stewart et al., 1996; Renn, 1998; Kagira et al., 2011). Since pig slurry is also 

supplied to the biogas reactor 1 (350 m3) of the biogas plant near Aulendorf, and those 

nematodes are capable of anaerobic respiration, it is likely that they can survive in the 

reactor content by grazing on other microorganisms.  

The method of fluorescence in situ hybridization (FISH, Chapter 2.9.2) was used to 

visualize cells in the biogas reactor content (Chapter 2.9.2) by addressing their 16S rRNA 

genes via specific oligonucleotide probes (Table 5). The FISH method allows to evaluate 

the phylogenetic microbial composition of environmental habitats (Hugenholtz et al., 

2002). Only in a few cases, fluorescence in situ hybridization using the probe EUB 338 

(specific for bacteria, Table 5) was successfully applied to stain bacterial cells (Figure 19, 

A, C) of biogas reactor content. However, in these single events, the probe EUB 338 

addressed only 10 % of all cells stained with DAPI. Moreover, the fluorescence signal 

using probe EUB 338 was not reproducible, and all procedures used to improve the 

hybridization of the probe (Chapter 2.9.2.2) failed. Using the same probe, Nettmann et al. 

(2010) visualized 51 to 65 % of all bacterial cells stained with DAPI staining from 
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different biogas reactor contents. A large proportion of bacteria in human feces were also 

measurable by FISH analysis, since 90 to 100 % of the DAPI-stained cells hybridized to 

the Bact 338 probe (analogous to the probe EUB 338) (Franks et al., 1998). Furthermore, 

bacteria of a multispecies anaerobic biofilm inside an anaerobic sludge reactor were 

detectable by FISH analysis, 50 to 70 % of the DAPI-stained cells hybridized to the probe 

EUB 338 (Fernández et al., 2008). The reason, why hybridization of the probe EUB 338 to 

bacterial cells of respective samples from biogas reactor content (Table 1), and 

exponentially growing cells of pure cultures (E. coli, C. acetobutylicum) failed, remains 

unknown. Most likely, samples used for FISH analysis containd some probe-inhibiting 

agents, which prevented hybridization of the probe to the target 16S rRNA of bacteria 

despite several washing procedures (Chapter 2.2.3). 

 

4.2 Actual state and long-term stability of the microbial community in an anaerobic  

  biogas reactor utilizing food residues 

The biogas formation results from the degradation of substrates carried out by 

microorganisms in an anaerobic reactor. In general, this fermentation process is 

characterized by the three phases (Weiland, 2010): hydrolysis (primary fermentation, 

Schink, 1997), acidogenesis/acetogenesis (secondary fermentation, Schink, 1997), and 

methane production (methanation), which are proceeded simultaneously. During 

hydrolysis, certain microorganisms attack polymers in particular complex carbohydrates, 

proteins, and lipids by excreting hydrolytic enzymes. The major products produced by 

these microorganisms are carbon dioxide (CO2), hydrogen (H2), and acetate as well 

intermediates such as simple sugars, peptides, amino acids, short-chain fatty acids, and 

alcohols. Very likely, C1-compounds are also produced. Those intermediates are further 

transformed to carbon dioxide, acetate, and hydrogen. The methanation of hydrogen and 

carbon dioxide or acetate is achieved by methanogenic archaea (Weiland, 2010) 

(Figure 20).  

The biogas plant located near Aulendorf in Baden Württemberg (Chapter 2.1, Figure 1) 

was chosen for the investigation of the microbial community, because of its outstanding 

substrate supply (organic residues). The plant is predominantly fed with sanitized food 

residues and stale bread. The use of these substrates is in contrast to most other biogas 

plants in Germany, which were predominantly supplied with renewable biomass such as 

maize silage (Röhling and Wild, 2008). For the investigation, a sample (sample no. 3, 

Table 3) was taken from the reactor 1 (350 m3, Figure 1) from the biogas plant near 
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Aulendorf, and the microbial community was characterized by cloning and sequencing 

approaches of different gene markers. In particular, 16S rDNA fragments of bacteria and 

archaea, 18S rDNA fragments of eukaryotes, mxaF gene fragments (coding for methanol 

dehydrogenase) of methylotrophic bacteria, and pmoA gene fragments (coding for 

membrane-bound methane monooxygenase) of methanotrophic bacteria were analyzed to 

identify  different members of the microbial community (Chapter 3.1). The assumed 

function of the identified bacteria, fungi, and archaea (Figures 2-5) in the biogas-forming 

process was deduced from the closest relative described in literature.  

 

Hydrolysis and acidogenesis/acetogenesis of food residues by fermentative bacteria 

Most cloned bacterial 16S rDNA fragments (approx. 1500 bp) of the respective clone 

library were were classified as belonging to the families Clostridiaceae, 

Erysipelotrichaceae, Lactobacillaceae, Ruminococcaceae, Thermoanaerobacteraceae, 

Porphyromonadaceae, and Caldilineaceae, within the phyla Firmicutes, Bacteroidetes, 

and Chloroflexi (Figure 2, Table 9) in the biogas reactor 1 (350 m3). Some of the cloned 

bacterial 16S rDNA fragments were even identified at species level (97 % sequence 

identity) as Proteiniphilum acetatigenes (Porphyromonadaceae), Alkaliphilus oremlandii 

(Clostridiaceae), Clostridium isatidis (Clostridiaceae), and Lactobacillus delbrueckii 

(Lactobacillaceae). 

The bacterial type strain Proteiniphilum acetatigenes TB107T was isolated from the 

granule sludge of an anaerobic reactor. The strain is described as rod-shaped (1.9 to 2.2 µm 

in length), strictly anaerobic, and proteolytic. Growth of the strain is observed at 20 to 

45 °C, and at a pH ranging from 6.0 to 9.7 with yeast extract, peptone, pyruvate, glycine 

and L-arginine as carbon and energy sources. Acetic acid, propionic acid, and NH3 are 

produced for instances from yeast extract, whereas pyruvate is converted to acetic acid and 

CO2 (Chen and Dong, 2005).  

The bacterial strain Alkaliphilus oremlandii OhILAs was isolated from Ohio River 

sediments (USA). The strain is a strict anaerobe, and uses lactate, fructose, pyruvate, yeast 

extract, and glycerol as carbon source. For anaerobic respiration, it uses for instance 

arsenate and thiosulfate as electron acceptors, and acetate, lactate, or fructose as electron 

donors. Acetic acid and CO2 are suggested as fermentation products. Growth occurs at 

32 °C to 44 °C and at a pH ranging from of 8.0 to 8.8. The optimal temperature and pH 

values are 37 °C and 8.4. Cells were up to 2 µm in length and chains are often formed 

(Fisher et al., 2008). 
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The bacterial type strain of Clostridium isatidis was isolated from a fermenting woad vat. 

The strain is anaerobic, saccharolytic, and moderate thermophilie. As carbon and energy 

source it uses sugars as amygdalin, cellobiose, fructose, galactose, and glucose. From those 

sugars it produces acetic, lactic and formic acid, ethanol, CO2 and H2 during growth. 

Growth is possible at a temperature ranging from 30 to 55 °C and at a pH ranging from of 

5.6 to 9.9. The optimal temperature values for growth are 49 to 52 °C at a pH of 7.2. Cells 

are rod-shaped (1.8 to 9.1 µm in length) and occur singly, in pairs, or in chains while 

producing oval terminal endospores (Padden et al., 1999).  

The bacterial species Lactobacillus delbrueckii includes four subspecies: delbrueckii, 

bulgaricus, indicus, and lactis. All subspecies are anaerobic, non-motile, non-spore 

forming, rod-shaped, obligatory homofermentative with D(-) lactic acid as sole product. 

The optimal growth temperature is 40 to 44 °C. The subspecies differ in terms of substrates 

used for fermentation (Germond et al., 2003; Dellaglio et al., 2005). 

As all identified species are very well characterized, their function in the biogas reactor, as 

well as the function of the other bacteria belonging to the respective families can be 

predicted. All bacteria able to grow under anaerobic, mesophilic conditions with a pH 

ranging between 7 and 8, and they are able to utilize complex polymers of carbohydrates, 

proteins, and lipids. Thus, in principle, all identified bacteria are capable of degrading the 

organic substrates (food residues, stale bread) fed into the investigated biogas reactor. 

Degradation includes hydrolysis of the complex polymers and acidogenesis/acetogenesis. 

For the hydrolysis, the bacteria release hydrolytic enzymes (e.g. cellulases, cellobiases, 

xylanases, amylases, lipases, and proteases) into the surrounding environment (Weiland, 

2010). The major end products of the fermentation are CO2, H2, acetate, and presumably 

C1-compounds. Further details are given in the discussion of a potential model describing 

the whole biogas-forming process at the end of this part of discussion.  

Bacteria in the investigated biogas reactor predominantly belonged to the phyla 

Firmicutes, Bacteroidetes, and Chloroflexi (Figure 2). The presence of Firmicutes and 

Bacteroidetes was also shown for two other mesophilic biogas plants (Schlüter et al., 2008; 

Liu et al., 2009), one fed with maize silage and green rye (Schlüter et al., 2008) and the 

other fed with pig manure. The latter contained additionally bacteria of the phylum 

Spirochaetes (Liu et al., 2009). There are two further studies investigating the diversity of 

microbial communities in thermophilic biogas plants (Weiss et al., 2008; Goberna et al., 

2009). Goberna et al. (2009) reported that the dominant phyla in an anaerobic reactor fed 

with organic household wastes mixed with garden residues were Firmicutes, 
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Bacteroidetes, and Thermotogae. Weiss et al. (2008) found Firmicutes, Thermotogae, and 

Synergites instead of Bacteroidetes in a thermophilic plant supplied with a wide range of 

organic wastes from different sources. The composition of bacterial families differs clearly 

in all the mentioned biogas plants (Schlüter et al., 2008; Weiss et al., 2008; Goberna et al., 

2009; Liu et al., 2009). Only a few bacterial species found in this study were also reported 

by other authors, for instance Proteiniphilum acetatigenes (Liu et al., 2009), Alkaliphilus 

oremlandii (Schlüter et al., 2008), and Lactobacillus sp. (Weiss et al., 2008; Liu et al., 

2009) comparing relevant literature. Only members belonging to the genus Clostridium 

seem to be ubiquitous in all biogas plants. 

 

Hydrogenotrophic methane production by Methanoculleus  

The methanogenic archaeal community of the investigated biogas reactor (Figure 3) was 

dominated by the genus Methanoculleus belonging to the family Methanomicrobiaceae 

(Table 9). Certain archaeal 16S rDNA fragments were identified on species level (97 % 

sequence identity) as Methanoculleus bourgensis (Figure 3). Methanoculleus bourgensis is 

a methane-producing archaeal strain, which was originally isolated from sewage sludge. 

The cells are non-motile, irregular coccoid (1 to 2 µm in diameter). The strain uses H2, 

CO2, and formate as substrates for methanogenesis. Acetate is essential for growth, but is 

excluded as methanogenic substrate. Yeast extract and trypticase peptone were highly 

stimulatory for growth. The optimal temperature and pH values for growth are 37 °C and 

6.7, whereas methane production is possible at a pH ranging from 5.5 to 8.0 (Ollivier et al., 

1986). The species of the genus Methanoculleus are described as hydrogenotrophic 

(methane results from H2, CO2, and formate) (Garcia et al., 2006). 

Archaeal 16S rDNA fragments classified as genus Methanosarcina (Figure 3) were of 

lower abundance in the archaeal clone library (Table 9). A typical characteristic of this 

genus is the capability to use C1-compounds (preferred) and acetate as substrates for 

methanogenesis. However, a few species are able to produce methane in low amounts by 

using H2 and CO2 (Whitman et al., 2006). 

Seven different studies (Schnürer et al., 1999; Weiss et al., 2008; Cardinali-Rezende et al., 

2009; Goberna et al., 2009; Kröber et al., 2009; Liu et al., 2009; Nettmann et al., 2010) 

showed that the genus Methanoculleus was dominating the microbial communities of full-

scale biogas reactors. Nettmann et al. (2010) pointed out that the hydrogenotrophic genus 

Methanoculleus was the predominant group of methanogens in five of the six mesophilic 

biogas reactors supplied with liquid manure (pig and cattle) and renewable raw materials 
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(maize silage). The dominating methanogenic archaea in the remaining reactor were 

members of the aceticlastic family Methanosaetaceae. The genus Methanoculleus was also 

found to be predominant in other mesophilic biogas plants (Schnürer et al., 1999; 

Cardinali-Rezende et al., 2009; Kröber et al., 2009; Liu et al., 2009). The thermophilic 

biogas plant investigated by Goberna et al. (2009) was dominated by the order 

Methanomicrobiales, and especially by members of the genus Methanoculleus. Weiss 

et al. (2008) described methanogenic archaea belonging to the orders Methanobacteriales 

and Methanomicrobiales as most abundant in a thermophilic biogas plant. A 

thermophilically operated lab-scale biogas reactor (6 l) was dominated by 

hydrogenotrophic archaea belonging to the order Methanobacteriales (Krakat et al., 

2010b).  

In general, about half of the methanogenic archaea are able to grow autotrophically, so 

they obtain all their organic carbon from the assimilation of CO2 (Whitman et al., 2006). 

Hydrogenotrophic methanogenic archaea use the Wood-Ljungdahl pathway in the 

reductive direction, assimilating CO2 into acetyl-CoA (Ragsdale and Pierce, 2008). 

According to Whitman et al. (2006) members of the genus Methanoculleus require acetate 

for growth, but not for methanogenesis. The oxidation of acetate to H2 and CO2 is 

thermodynamically unfavorable. For that reason, this reaction needs to be linked to a 

thermodynamically favorable process as methanogenesis or sulfate reduction (Ragsdale 

and Pierce, 2008). This metabolic interdependence has been described for a co-culture of 

the mesophilic microorganisms Acetobacterium woodii and Methanosarcina barkeri 

(Winter and Wolfe, 1979). The syntrophic growth of acetogens with other organisms has 

been reviewed (McInerney et al., 2008). 

In summary, the methane produced in a biogas plants derives either from H2 and CO2 

(hydogenotrophic methanogens), or from acetate (acetoclastic methanogens). As the genus 

Methanoculleus is dominant in the investigated biogas reactor, most of the methane seems 

to be produced from H2 and CO2, and only a minor amount stems from acetate. Further 

details are given in the discussion of a potential model describing the whole biogas-

forming process at the end of this part of discussion.  
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Do fungi enhance the biogas production?  

So far, nothing is known about the abundance of fungi in microbial communities of biogas 

reactors and they were not even detected by microscopic approaches performed in several 

former studies (Schnürer et al., 1999; Nettmann et al., 2008; Schlüter et al., 2008; Krakat 

et al., 2010a; Krakat et al., 2010b; Nettmann et al., 2010). The current study provides the 

first report of the detection of fungal 18S rDNA sequences in biogas reactor content. By 

means of a cloning and sequencing approach, genera such as Saccharomyces and Mucor as 

well as members from the subphylum Pucciniomycotina could be described (Figure 4). 

The function of ruminal fungi (e.g. Neocallimastix frontalis, N. patriciarum, 

Sphaeromonas communis, and Piromonas communis) in the decomposition of plant fibers 

has been studied extensively (Akin and Borneman, 1990; Wubah et al., 1993; Krause 

et al., 2003; Tripathi et al., 2007). Using divers enzymes (Akin and Rigsby, 1987), the 

fungi adhere to the most lignified tissues of the plant material. Penetrating the plant tissue, 

they facilitate the entry of cellulolytic bacteria to the interior. Therefore, fungal penetration 

leads to faster and more complete degradation of fodder that enters the rumen (Orpin and 

Joblin, 1997). Furthermore, anaerobic fungi are known to form co-cultures with ruminal 

methanogenic archaea as they utilize hydrogen generated by the fungi (Orpin and Joblin, 

1997).  

Members of the genus Saccharomyces are well known for their ability to produce ethanol 

from one or more sugars under anaerobic or semianaerobic conditions (Barnett, 1992). 

Probiotic yeasts have been used as feed additive for cattle in ruminal fermentation for 

many years, especially cultures of Saccharomyces cerevisiae and their extracts (Wallace, 

1994; Tripathi et al., 2008). Lila et al. (2004) showed that living cells of S. cerevisiae 

increased the numbers of total viable bacteria and especially cellulolytic bacteria in the 

rumen of cows but had no effect on the concentration of hydrogen and methane in rumen 

gases. In vitro and in vivo studies carried out by Newbold et al. (1995) reported the same 

beneficial effect for the rumen of sheep. S. cerevisiae in biogas plants could have similar 

effects regarding an increase of cellulolytic bacteria. By this means the decomposition of 

cellulose-rich substrates could be increased. The fact that the investigated biogas reactor is 

not utilizing any residues from cattle breeding, makes it obvious that the Saccharomyces is 

a sustaining member of the microbial community.  

Members of the fungal genus Mucor can be found in soil and environmental samples 

worldwide (Ribes et al., 2000). Mucoralean fungi (Santiago and Motta, 2008), especially 
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Mucor sp. (Alves et al., 2005), are characterized by a high protease activity which improve 

the digestion of organic residues in a biogas plant.  

The subphlyum Pucciniomycotina includes more than 8000 described species, which are 

putative saprotrophs and parasites of plants, animals and fungi. Approx.  90 % of the fungi 

belonging to the subphylum are assigned order Pucciniales (rust fungi). Those fungi are 

known to be obligate plant pathogens. The residual 10 % are quite diverse concerning their 

ecological, biological, and physiological properties (Aime et al., 2006). As the sequenced 

18S rDNA fragments were not classified as belonging to the order Pucciniales, it is likely 

that the sequences belong to the more diverse group of Pucciniomycotina. As further 

classification was not possible, it is impossible to deduce the role of fungi belonging to the 

group Pucciniomycotina in the biogas reactor. 

In summary, it is important to point out that the presence of fungi in a biogas reactor as 

reported here could improve and broaden the application of various substrates for biogas 

production. 

 

Do methylotrophic/methanotrophic bacteria reduce methane production?  

Cloned bacterial mxaF gene fragments (approx. 500 bp, coding for methanol 

dehydrogenase) were sequenced and afterwards classified as belonging to the 

methylotrophic genera Methylorhabdus, Methylobacter, and Methylocaldum, and the 

denitrifying genus Paracoccus (Figure 5). A further identification on species level (97 % 

sequence identity) was not possible for the mxaF sequences, except for one identified as 

Methylorhabdus multivorans. Accordingly, the assumed effect of methylotrophic bacteria 

in the biogas processes is deduced from the description of the above  mentioned genera.  

In general, methylotrophic bacteria are able to use reduced carbon substrates without 

carbon-carbon bonds to satisfy their carbon and energy requirements. With respect to this 

definition, methane, methanol, methyl amines, halogenated methane and methyl-sulfur 

compounds are substrates for methylotrophic bacteria. Methylotrophs are separated into 

two groups according to their ability (1) to use methane as carbon source (methanotrophs), 

and (2) to use not methane but methanol and/or other methylated compounds as carbon 

source (Lidstrom, 2006). 

Methylorhabdus multivorans is a facultatively methylotrophic, Gram-negative, rod-shaped 

bacterium. The optimal temperature values for growth are 28 to 34 °C, at a pH ranging 

from 6.8 to 7.4. Methylorhabdus multivorans can utilize carbon sources such as 

dichlormethane, methanol, methylamine, acetate, propionate, ethanol, and a wide range of 
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sugars (Doronina et al., 1995). Methlylotrophic bacteria of the genus Methylobacter are 

described by Bowman et al. (1993). The Gram-negative cells are variable in shape. If cells 

are motile, they always exhibit a single polar flagellum. The optimal temperature values 

for growth are 20 to 37 °C, at a pH of 6.5 to 7.0. Interestingly, the species M. agilis, M. 

albus, M. luteus, and M. pelugicus are methlylotrophic bacteria utilizing methane and 

methanol as sole carbon and energy sources (Bowman et al., 1993). Bodrossy et al. (1997) 

described species of the genus Methylocaldum as methanotrophs. The Gram-negative cells 

are also variable in shape. They are thermotolerant and grow at temperatures between 30 

and 62 °C (pH requirements are not given). Methane can be used as the only carbon and 

energy source. No growth was observed on methanol, formate, formamide, or 

methylamine, and  growth is limited to one-carbon (C1) substrates (Bodrossy et al., 1997). 

Bacterial species of the genus Paracoccus are coccoid (0.4 to 0.9 µm in diameter) or 

coccobacilli (up to 2 µm in length), and appear as single cells, in pairs, or in clusters. All 

species grow heterotrophically on many organic substrates. Each member of the genus 

Paracoccus grows aerobically, but some are also able to grow anaerobically using nitrate 

or nitirite as terminal electron acceptor and produce dinitrogen as the final product. None 

of the species is known for fermentative growth. The optimum temperature values for 

growth are 25 to 37 °C, at a pH of 6.5 to 8.5 (Kelly et al., 2006). Bamforth et al. (1978) 

showed that Paracoccus denitrificans is able to grow anaerobic on methanol, using nitrate 

or nitrite as electron acceptor. The enzyme methanol dehydrogenase used under 

anaerobically conditions was not different compared to the aerobically-synthesized 

enzyme. 

The mentioned methylotrophic bacteria were originally isolated and cultivated under 

aerobic conditions. However, the corresponding mxaF fragments obtained in this work 

were generated from genomic DNA isolated from anaerobic biogas content by a cloning 

and sequencing approach. Thus, the presence of methylotrophic bacteria that are capable to 

use C1-compounds and/or methane as carbon and energy sources could be demonstrated. 

Nothing is known about their relevance, abundance, viability, or metabolic pathways in the 

investigated biogas reactor. Methylotrophic growth of bacteria is reasonable in a biogas 

reactor if they use C1-compounds such as methanol as carbon source and nitrate or nitrite 

as electron acceptors for anaerobic respiration such as Paracoccus denitrificans (personal 

communication, C. Gliesche; Braker et al., 1998). Nitrate (5.67 mg l-1), which can serve as 

electron acceptor, was detected in the reactor content of the full-scale biogas reactor in the 

sample no. 3 (Table 1) by ion exchange chromatography (measurements performed by E. 
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Salzer, Institute for Systematic Botany and Ecology, Ulm University, Germany). An 

interesting question is: do methylotrophic bacteria compete for C1-compounds used as 

carbon sources with archaea belonging to the genus Methanosarcina which prefer C1-

compounds as substrates for methanogenesis? 

Two different primer sets (Chapter 2.4.1) were used to amplify fragments of the key 

functional gene pmoA (approx. 500 bp, coding for methane monooxygenase) in order to 

analyze if methanotrophic bacteria are detectable in the biogas reactor content. The 

obtained pmoA sequences showed no similarity at all to pmoA sequences deposited in the 

NCBI Genebank (Chapter 3.1.2). Thus, the two primer sets pmoAA189f, andpmoAA682r 

(Dedysh, 2002) as well as pmoAf 325, and pmoAr 643 (Fjellbirkeland et al., 2001) 

produced some chimeric sequence artifacts when used for amplification. Therefore, there is 

no proof for the occurrence of methanotrophic bacteria in the investigated biogas reactor 

content. 

Rastogie et al. (2009) were the first describing methanotrophic bacteria in a biogas reactor. 

The investigated 25 l, non-stirred biogas reactor of a floating dome model in Pune city 

(India) was supplied with cattle dung, and operated at ambient temperature in a semi-

continuous mode with a hydraulic retention time of 30 days. Such biogas reactors are 

commonly used in India as they are manufactured according to the standard KVIC design 

(Khadi and Village Industry Commission). The respective reactor content was analyzed by 

a cloning and sequencing approach targeting the functional gene pmoA (coding for 

methane monooxygenase). Phylogenetic analyses resulted in gammaproteobacteria which 

were distantly related to known methanotrophs. Nevertheless, the existence of unknown 

methanotrophs was suggested capable of aerobic methanotrophic growth inside the biogas 

plant (Rastogi et al., 2009).  

Still, it is worthwhile to investigate if methanotrophic bacteria are part of a microbial 

community that produces biogas in an anaerobic reactor. This is due to the fact that Ettwig 

et al. (2010) described Candidatus Methylomirabilis oxyfera which is an anaerobic, 

denitrifying bacterium that encodes, transcribes, and expresses the well-known aerobic 

pathway for methane oxidation. Hence, methane-oxidizing bacteria could exibt in biogas 

reactors. In general, the activation of the organic molecule methane is difficult for 

microorganisms.  

Currently, three possibilities are known: (1) aerobic methanotrophs activate methane by a 

reaction with molecular oxygen using their methane monooxygenase (Lidstrom, 2006), 

(2) in microbial consortia consisting of distinct methanogenic archaea and anaerobic 
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sulphate-reducing bacteria, methane is activated by bacteria using a homologue of the 

methane-releasing enzyme (methyl-coenzyme M reductase) of methanogens (Scheller 

et al., 2010), and (3) anaerobic methanotrophs reduce nitrite to produce oxygen (intra-

aerobic denitrification) that can be further used to activate methane by using their methane 

monooxygenase (Ettwig et al., 2010). 

In summary, every anaerobic biogas reactor could be a habitat for methanotrophs. Methane 

could be used as sole carbon source, if the reduction of nitrate provides the molecular 

oxygen necessary for the activation of the methane monooxygenase. If methanotrophs are 

part of the microbial community of a biogas reactor, they can have a minor or major 

impact on the methane concentration in the produced biogas.  

 

A model of the biogas-forming process involving bacteria, archaea, and fungi  

The general model of Schink (1997) illustrating the degradation of complex organic 

matters to methane (CH4) and carbon dioxide in a biogas reactor was applied and expanded 

(Figure 20). Fermentative bacteria and fungi utilize complex carbohydrates, proteins, and 

lipids as carbon and energy source. First, hydrolysis of the polymers results in 

intermediates such as simple sugars, peptides, and amino acids, fatty acids, and alcohol. 

Second, fermentation of the respective intermediates, often referred to as 

acidogenesis/acetogenesis, predominantly produces CO2, H2, short chain fatty acids, and 

C1-compounds. Methane production (methanation) from CO2 and H2 or acetate is achieved 

by methanogenic archaea.  

In the biogas reactor analyzed in this study, the following microorganisms seem to be 

involved in the biogas-forming process. 

The fermentative bacteria can be divided in proteolytic bacteria (Proteiniphilum 

acetatigenes) and saccharolytic bacteria (Alkaliphilus oremlandii, Clostridium isatidis, and 

Lactobacillus delbrueckii). The fermentation products, especially CO2, H2, are converted 

directly into CH4 and CO2 by hydrogenotrophic methanogenic archaea of the genus 

Methanoculleus.  

In a stable biogas-forming process, the production and utilization of the intermediates are 

in balance. A rapid modification of environmental conditions could affect the composition 

of the microbial community and unbalance the whole biogas-forming process. A rapid 

increase in the supply of organic matters, i.e. increase in nutrient supply could benefit fast 

growing bacteria rapidly adapting to the new conditions. Under those conditions, the 

production of acids increases and the pH drops. As a result, the amount of acids produced 
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is higher than its utilization. At the worst, pH considerably below 7.0, the methanogenic 

archaea of the genus Methanoculleus become inactive or even die, and certain species of 

the genus Clostridium undergo a metabolic shift and adapt to the new condition by 

converting especially acetic acid and butyrate into solvents such as acetone and butanol. 

This process could be called acid crash and as a result the biogas-forming process is 

imbalanced, the biogas formation drops, and in the worst case the methane formation stops 

completely. 

Fungi and methylotrophic as well as methanotrophic bacteria are added to the current 

model. Saccharomyces and Mucor as well as members from the subphylum 

Pucciniomycotina are added to the model of the biogas-forming process although their 

abundance is not yet clear. Species of the genus Saccharomyces are known for their ability 

to ferment sugars in to ethanol. Species of the genus Mucor produce proteolytic enzymes 

pointing out proteins as potential carbon source. Concerning the Pucciniomycotina, not 

even an assumption regarding their substrate is feasible.  

Methylotrophic and possibly methanotrophic bacteria are also added to the current model. 

Methylotrophic bacteria grow by using C1-compounds such as methanol as a carbon 

source, and nitrate or nitrite as electron acceptors for anaerobic respiration (Paracoccus 

denitrificans). The same is true for methanotrophic bacteria. Further studies are needed to 

investigate the relevance of fungi and methylotrophic/methanotrophic in the biogas-

forming processes. 
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Figure 20. General scheme of a biogas-forming process (Schink, 1997, modified). (1), 

Hydrolysis of complex carbohydrates, proteins, and lipids through bacteria and/or fungi; 

(2), Acidogenesis/Acetogenesis by bacteria and/or fungi, utilizing intermediates and producing 

hydrogen, carbon dioxide, acetic acid; (3), Methanation: acetic acid, hydrogen, carbon dioxide 

utilizing methanogenic archaea. 

 
Long-term stability of the microbial community utilizing food residues 

DGGE experiments monitored the bacterial and archaeal 16S rDNA as well as eukaryotic 

18S rDNA composition and showed a stable microbial community over a 15-months 

period (Chapter 3.2, Figures 8-11). The only available comparison for a long-term study 

using the DGGE method was performed by Weiss et al. (2008) for a thermophilic biogas 

plant. The authors reported a stable microbial composition of bacteria and archaea for 
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more than two years of observation. Assuming the chosen 16S rDNA fragments of the 

bacterial clone library (Chapter 3.1.2) for the internal classification standard (ICS) 

represent the dominating bacteria in the biogas reactor, accurance of the respective bands 

within the six different DGGE patterns would be expected. This was true for 16S rDNA 

fragments classified as belonging to the families Erysipelotrichaceae (42 Bac), 

Porphyromonadaceae (5 and 33 Bac), Ruminococcaceae (7 Bac oFk), and Clostridiaceae 

(6 Bac and 7 Bac) from the ICS (Figure 8). These findings are supported by the 

corresponding homology dendrogram (Figure 9), which shows at least 70 % similarity of 

the bacterial 16S rDNA pattern of all six reactor samples. Anyhow, DGGE results should 

be assessed only qualitatively, considering that the intensity of single bands in the DGGE 

pattern is no reliable measure for quantification (Weiss et al., 2008). This fact can also be 

seen in Figure 6 showing DGGE profiles of bacterial 16S rDNA fragments (200 bp) 

amplified from a dilution series of DNA extract from sample no. 3 of the biogas reactor. 

By means of visually comparing the intensity of single bands in lane 3 (dilution of 1:100) 

to lane 1 or 2 (undiluted or dilution of 1:10)  in the DGGE pattern, no differences were 

recognizable. Nevertheless, there is most likely still a large quantity of unidentified 

bacteria present as the number of 16S rDNA bands in one pattern is at least 2.5 times 

higher compared to the seven families in the internal classification standard which refer to 

the dominating bacteria identified via a cloning and sequencing approach (Figure 2). 

The present study revealed that the composition of the microbial community (bacteria, 

archaea, and fungi) was stable within the full-scale biogas reactor utilizing predominantly 

sanitized food residues and stale bread and other substrates such as pig slurry, maize 

silage, potato peelings, and grain husk dependent on their availability, over more than a 

one-year period (Figures 8 to 11). 

 
4.3 The biofilm-forming microbial community attached to straw improves the 

   utilization of food residues in an anaerobic biogas reactor  

Substrates such as sanitized food residues and stale bread possess low structure but provide 

a high energy potential if supplied into the biogas reactor. The fast fermentation of these 

substrates might lead to overloading the whole biogas-forming process, especially at high 

loading rates. As a result, the production of acids increases and the methane production 

drops (Chapter 4.2). Therefore, the aim of this study was to stabilize the biogas-forming 

process in a reactor supplied with those organic substrates (food residues, stale bread) 

providing additional surfaces for biofilm formation by the addition of straw. In 
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fermentation experiments at laboratory scale (4 parallels, 10-l digester) 5 g l-1 of straw of 

2 cm length were supplied and as a result the biogas-forming process was stabilized, 

especially at increasing organic loading rates (Zak, unpublished). To verify this stabilizing 

effect, an adequate amount of straw was added to the full-scale biogas reactor 1 (350 m3) 

of the plant located near Aulendorf (Figure 1). The respective biogas-forming process was 

monitored by measuring the amounts of biogas produced 100 days before and after the 

addition of straw. Simultaneously, in the same reactor, the organic loading rate had to be 

increased as a second full-scale biogas reactor that could serve as a control was 

unavailable. Under the current conditions (no additional surfaces), an increase of the 

organic loading rate was not possible, the biogas-forming process becames imbalanced 

(operater of biogas plant near Aulendorf, personal communication). 

The monitoring of the biogas production in the biogas reactor 1 (350 m3) was performed 

by Dipl. Biol. Manuel Zak (Institute for Systematic Botany and Ecology, University of 

Ulm, Germany). The complete results are given in his doctoral thesis (Zak, unpublished). 

Kindly, he provided some of his results to illustrate the stabilizing effect of straw on the 

biogas-forming process (Figure 21). The major impacts of the straw were: (1) the organic 

loading rate could be enlarged from 2.45 up to 2.85 (kg VS m-3 d-1) (Figure 21) without 

unbalancing the process, (2) the specific methane yield was increased from 220 up to 

260 Nl kg-1 VS (Figure 21), (3) the engine performances of the block heating station was 

increased about 15 % (data not shown). The organic loading rate was not further increased 

after the second 100 days of recording. 

 

 
Figure 21. Monitoring of the biogas reactor 1 (350 m3) of the biogas plant near Aulendorf. 

Biogas production, substrate supply (organic loading rate) pH, and FOS/TAC values were recorded 

100 days before the addition of straw (day 0) and 100 days after the addition of straw (Zak, 

unpublished). 
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The following hypothesis was tested in order to find evidence for the mentioned  

improvements on a microbiological scale. The abundance of syntrophic or facultative 

syntrophic living microbes in biofilms on straw is higher than in fluid biogas reactor 

content. The objectives were: (1) a relative quantification of the most abundant microbes in 

biofilms compared to fluid reactor content, and (2) the qualitative description of the 

microbial community in biofilms compared to fluid reactor content. 

According to Flemming and Wingender (2010) there is only an informal definition for a 

biofilm. Biofilms are microbial aggregates that generally accumulate at a solid-liquid 

interface and are implemented in a matrix of highly hydrated extracellular polymeric 

substances (EPS). Different microorganisms in a certain community are able to form stable 

multispecies biofilms that develop physiochemical gradients, and tight cell-cell 

communication. These microbial communities represent highly competitive environments 

(Flemming and Wingender, 2010). 

 
454 Pyrosequencing  

To characterize the biogas-producing microbial community in reactor 1 of the biogas plant 

near Aulendorf (Figure 1), the following samples were drawn and further processed. 

Sample A was taken from the full-scale reactor before the straw was added to the process. 

Simultaneously, a lab-scale fermentation was started and operated continuously (Zak, 

unpublished). After 21 days of fermentation, the sample B was taken from the full-scale 

biogas reactor, and sample C was taken from the lab-scale biogas experiment (Table 1). 

The fluid reactor content from samples A, B, and C was filtered, and the microbial biomass 

attached to particles (A) and straw (B and C) was removed with a sterile swap (Chapter 

2.2.2). The obtained six samples were used for genomic DNA preparation (Chapter 2.3), 

barecoded amplification of bacterial as well as archaeal 16S rDNA fragments (Chapter 

2.4.4), and subsequent 454 Pyrosequencing of pooled 16S rDNA fragments (Chapter 2.6).  

Pyrosequencing provides a higher sampling depth compared to the traditional Sanger 

sequencing of 16S rDNA fragments (Sogin et al., 2006). Primers amplifying the V2-V3 

hypervariable region of the 16S rRNA gene were shown to be appropriate for this purpose 

(Fabrice and Didier, 2009). The authors recommended for bacterial 16S rDNA the F8-

R357 primer set, which amplifies a 350-bp fragment spanning the V1 and V3 

hypervariable regions for exploring bacterial diversity. These primers were previously used 

in a study of the macaque gut microbiome (McKenna et al., 2008). A similar 

recommendation for the archaeal 16S rDNA was not given by Fabrice and Didier (2009). 
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Therefore, the previously validated SAf1, SAf2, and PARCH519r (Nicol et al., 2003) 

primer set from the DGGE analysis (Chapter 3.2) was chosen to amplify a 160-bp 

fragment spanning the V2 and V3 hypervariable regions. 

The 454 Pyrosequencing of pooled and barcoded 16S rDNA products (Chapter 2.4.4) 

resulted in the expected amount of 100,000 sequences. The Ribosomal Database Project's 

(RDP) Pyrosequencing Pipeline (Cole et al., 2009) was used to analyze the obtained 

sequences (Chapter 2.7.3). This includes data processing steps as sorting of raw sequences 

according to the respective barcode, clipping off the barcode, and removing sequences of 

low quality. The applied barcode strategy revealed an unequal but acceptable distribution 

of 10,000 to 20,000 sequences per sample (Table 10). The number of bacterial and 

archaeal 16S rDNA sequences per sample was adequate when using the respective primer 

sequences for separation (Table 10). 16S rDNA sequences obtained with the F8, R357 

primer set were classified as belonging to bacteria exclusively (tool RDP classifier). This 

was not the case for the 16S rDNA sequences obtained with the SAf1, SAf2 and 

PARCH519r primer set expected to be specific for archaea. However, most of the 

sequences amplified using the primer set primer set SAf2 and PARCH519r were identified 

as as belonging to bacteria (Table 10). All those sequences were excluded from further 

analyses. Archaeal 16S rDNA sequences were obtained in varying, but minor amounts by 

the primer set SAf2 and PARCH519r (Table 10). In constrast, 16S rDNA sequences 

obtained with the SAf1, PARCH519r primer set were predominantly classified as 

belonging to archaea. In summary, the combination of SAf1, SAf2 and PARCH519r in a 

primer set is not recommendable for the amplification of archaeal 16S rDNA fragments. 

However, the SAf1 and PARCH519r primer set can be further used for that purpose.  

 
Candidatus Cloacamonas acidaminovorans and Acholeplasma 

The two main objectives of the Pyrosequencing study could be achieved by analyzing the 

respective sets of sequences per sample. A relative quantification of the 30 most abundant 

bacteria and archaea in biofilms as well as in the fluid reactor content was completed. 

Furthermore, a classification of these 30 most abundant bacteria and archaea was possible. 

The dominating bacterial orders Bacteroidales, Clostridiales, and Acholeplasmatales as 

well as bacteria of the WWE1 division were found in varying abundances in every 

analyzed sample. Bacteria of the WWE1 division were afterwards assigned as Candidatus 

Cloacamonas acidaminovorans (Figure 15). The bacterial orders of Lactobacillales, 

Fusobacteriales, Synergistales, Erysipelotrichales, and Thermotogales were also found 
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among the most 30 abundant bacteria, but abundances were lower and they were not 

present in each sample. The dominating archaeal order was Methanomicrobiales with the 

dominating genus Methanoculleus. The archaeal orders Methanosarcinales, 

Methanobacteriales, and Halobacteriales were also found, but abundances were lower, 

and except Methanosarcinales they were not present in each sample. 

Initially, some general facts about the most remarkable and abundant bacterium 

Candidatus Cloacamonas acidaminovorans (WWE1 division) and the bacterial genus 

Acholeplasma (order Acholeplasmatales). Candidatus Cloacamonas acidaminovorans is 

probably a syntrophic bacterium that is present in many anaerobic digesters (Pelletier 

et al., 2008). The genome of Candidatus C. acidaminovorans was reconstructed using 

metagenomic sequence data of an anaerobic digester of a municipal wastewater treatment 

plant. This bacterium belongs to the WWE1 division containing only no-culturable 

representatives. In silico proteome analysis indicated that this bacterium might derive most 

of its carbon and energy from the fermentation of amino acids and thereby produces 

hydrogen and carbon dioxide. The occurrence of the oxidative propionate degradation 

pathway in Candidatus C. acidaminovorans as well as the capability of the bacterium to 

produce hydrogen via fermentation and its Fe-only hydrogenases are the reasons why the 

bacterium is assigned as a syntrophic bacterium (Pelletier et al., 2008). Candidatus 

C. acidaminovorans was also identified by another study characterizing the microbial 

community of a biogas reactor by 16S rDNA sequences analyses, but no possible function 

was further discussed (Kröber et al., 2009). 

Acholeplasma is the type genus of the family Acholeplasmataceae (order 

Acholeplasmatales, class Mollicutes). Cells of the order Acholeplasmatales are 

filamentous, non-motile, facultative anaerobic, and usually 2 to 5 µm long. Most species 

are chemoorganotrophic and utilize glucose as well as other sugars as main energy sources. 

Many strains are capable of fatty acid biosynthesis from acetate (Freundt et al., 1984). All 

Mollicutes so far studied exhibit reduced respiratory systems. They have an incomplete 

tricarboxylic acid cycle and no quinones and cytochromes. According to the known 

energy-yielding pathways of Mollicutes, ATP is generated in low yields and rather large 

quantities of metabolic end products are produced (Razin, 2006). The Mollicutes are 

separated into fermentative and non-fermentative organisms. Bacteria of the fermentative 

group produce acids from carbohydrates, and most of the non-fermentative bacteria (and 

some fermentative species) possess the arginine dihydrolase pathway. The natural habitat 

of Mollicutes are farm animals, such as cattle, sheep, goats, horses, pigs, chickens, and 
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turkeys. They harbor a great variety of Mollicutes, many of them pathogenic. The genus 

Acholeplasma was found in two independent  pig manure storage pits when characterizing 

the respective microbial diversity using 16S rDNA sequence analyses (Snell-Castro et al., 

2005; Goh et al., 2009). The genus Acholeplasma was also identified by the previously 

mentioned study of Kröber et al. (2009) analyzing the microbial community of a biogas 

reactor, but nothing more was mentioned.  

The general functions of bacteria and methanogenic archaea in the biogas-forming process 

are discussed using the model of Schink (1997) (Chapter 4.2). 

 
Abundances of microbes in biofilms and in fluid biogas reactor content 

The reactor content of the full-scale reactor was analyzed before the addition of straw to 

monitor the changes in the microbial community. Before the addition of straw, 1 % (dry 

weight) of the reactor content were particles greater than 1 mm (> 1 mm). Thus, it has to 

be assumed that microorganisms in biofilms attached to particles (> 1 mm) are of minor 

relevance.  

The fluid reactor content of the full-scale biogas reactor (99 % dry weight) before the 

addition of straw (sample A1 frc, Figure 14) was dominated by the bacterial orders 

Bacteroidales (30 % abundance), Acholeplasmatales (30.2 % abundance), and members of 

the WWE1 division (35 % abundance). Bacteria of the order Bacteroidales were quite 

diverse and represented by 11 different OTUs. Just five of these were further classified as 

Porphyromonadaceae. In contrast, the order Acholeplasmatales is represented by only one 

genus, further identified as Acholeplasma. Considering the archaea, the order 

Methanomicrobiales (99 % abundance, Figure 16) was dominant in the respective reactor 

content, especially represented by the genus Methanoculleus.  

The composition of the bacterial community in the biofilm attached to particles (> 1 mm) 

of the full-scale fermentation before the addition of straw (sample A2 bap, Figure 14) was 

highly similar to the community described for the sample containing fluid reactor content 

(sample A1 frc, Figure 14), although the respective abundances differed slightly. 

In contrast, the archaeal community in the respective biofilm was characterized by the 

highest diversity (Shannon index 1.43) compared to the diversity of the archaeal 

community in all other samples (Shannon index 0.1 to 0.47, Table 12, Chapter 3.3.1). The 

dominating archaeal orders in the biofilm were Methanomicrobiales (51.2 % abundance), 

Methanosarcinales (32.7 % abundance), and Methanobacteriales (15.5 % abundance) 

(Figure 16). Nevertheless, the microbial community in biofilms attached to particles 
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(> 1 mm) is believed to be of minor relevance compared to the total mass of fluid biogas 

reactor content. 

 
As the total biogas reactor content lacked surface structure, straw (320 kg every 14 days) 

was added to the biogas reactor 1 (350 m3) of the biogas plant near Aulendorf. Due to its 

disposable, natural, and decomposable background, straw was chosen to provide additional 

surfaces, thereby stabilizing the biogas process. These additional surfaces should serve as 

carrier for microorganisms in order to form a multispecies biofilm. After 21 days of 

fermentation, fluid reactor content and straw was drawn from the biogas reactor (Chapter 

2.2.2). According to Fernández et al. (2009) biofilms are stable in their maturation phase 

from 2 weeks up to 2 months. The percentage of straw of the total reactor content is hard to 

determine as the straw is floating on top of the completely stirred reactor content. Thereby 

its hydraulic retention time is not equal compared to the reactor content. Numerically, 

0.6 g l-1 d-1 of chopped straw (5 to 10 cm in length) were added to the biogas reactor. 

After the addition of straw to the full-scale fermentation, the fluid reactor content (sample 

B1 frc) was still dominated by the bacterial the order Bacteroidales (52 % abundance) 

(Figure 14). In this case, the order was represented by the genus Proteiniphilum and other 

unclassified members of the same family Porphyromonadaceae. Bacteria of the genus 

Acholeplasma (order Acholeplasmatales, 21 % abundance) and bacteria  identified as 

Candidatus C. acidaminovorans (13 % abundance) (Figure 14), were the second and third 

most abundant members of the bacterial community.  

 
The composition of the bacterial community in the biofilm attached to straw of the full-

scale fermentation (sample B2 bas, Figure 14) was similar to the community described for 

the sample containing fluid reactor content (sample B1 frc, Figure 14), but the respective 

abundances differed clearly. Here, the dominating bacterium was Candidatus 

C. acidaminovorans (WWE1 divison, 52.6 % abundance) (Figure 14). The second most 

abundant bacteria were of the genus Acholeplasma (order Acholeplasmatales, 28 % 

abundance) (Figure 14). Bacteria belonging to the order Bacteroidales (8 % abundance) 

(Figure 14) were again quite diverse, mostly characterized as unclassified members of the 

family Porphyromonadaceae. The dominating archaea in the respective biofilm attached to 

straw belonged to the order Methanomicrobiales (99 % abundance) (Figure 16) and were 

especially represented by the genus Methanoculleus.  
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With respect to the hypothesis, evidence was found for a higher abundance of a syntrophic 

bacterium living in the biofilm on straw of the full-scale fermentation (sample B2 bas) 

compared to the corresponding fluid reactor content (sample B1 frc) (Figure 14). As 

Candidatus C. acidaminovorans, most likely a syntrophic organism, represents the most 

dominating bacterium (52.6 % abundance) (Figure 14) in the biofilm attached to straw of 

the full-scale fermentation, it seems possible that the organism could undergo some kind of 

syntrophic interaction with the predominating hydrogenotrophic methanogenic archaea of 

the genus Methanoculleus.  

This fact can also be seen as kind of specialization of the microbial community attached to 

straw using the advantages of building up a biofilm at a solid–liquid interface. The EPS 

matrix provides mechanical stability and it immobilizes extracellular hydrolytic enzymes 

close to the cells, enabling them to metabolize substrates. Microorganisms within the 

multispecies biofilms develop physiochemical gradients and tight cell–cell communication 

(Flemming and Wingender, 2010). In consequence, hydrogen and carbon dioxide produced 

for instance by Candidatus C. acidaminovorans can be directly turned over to the utilizing 

hydrogenotrophic archaeum Methanoculleus.  

 
The microbial community of the fluid reactor content as well as those attached to the straw 

in the lab-scale fermentation was analyzed to monitor qualitative and quantitative changes 

in the composition community compared to the full-scale fermentation.  

The fluid reactor content of the lab-scale fermentation (sample C1 frc) was dominated by 

the bacterial genus Acholeplasma (order Acholeplasmatales, 70.5 % abundance) (Figure 

14). Bacteria beloniging to the order Bacteroidales (13.2 %, abundance) (Figure 14) were 

again quite diverse, bacteria of the WWE1 division (10.2 % abundance) (Figure 14) were 

identified as Candidatus C. acidaminovorans.  

In contrast, the bacterial community in the biofilm attached to straw of the lab-scale 

fermentation (sample C2 bas) were dominated by bacteria belonging to the order 

Clostridiales (70 % abundance) (Figure 14). Most of them could not be further classified, 

just a few were assigned to the family Ruminococcaceae and to the taxonomic group 

Incertae Sedis XI. The order Bacteroidales (14 % abundance) (Figure 14) was represented 

by the families Porphyromonaceae, Bacteroidaceae, and Prevotellaceae (genus 

Prevotella). Additionally, Candidatus C. acidaminovorans (WWE1 division) was present 

with an abundance of 11 % and the genus Acholeplasma with an abundance of just 2.2 %.  
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Comparing the bacterial abundances of the full-scale fermentation with the lab-scale 

fermentation, there is a obvious shift in the abundances of the three dominating bacterial 

orders in fluid reactor content and in biofims attached to straw (Figure 14). In order to 

discuss this effect two ecological terms can be used: (1) functional redundancy and 

(2) functional similarity. Functional redundancy is the capability of one microbial taxon to 

accomplish a process at the same rate as another under the same environmental conditions. 

Functional similarity is the capability of two microbial communities to accomplish a 

functional process at a similar rate, regardless of differences in composition (Allison and 

Martiny, 2008).  

The fluid reactor content of full-scale fermentation was dominated by the order 

Bacteroidales (sample B1 frc) whereas the fluid reactor content of the lab-scale 

fermentation (sample C1 frc) was conquered by bacteria of the order Acholeplasmatales 

(Figure 14). The reason for this shift can just be speculated. Apart from the difference in 

the volume of the two reactors, the volume of the full-scale reactor is 35,000 times larger 

than the volume of the lab-scale reactor, some other differences might contribute to the 

shift in the abundances of specific bacterial orders. Two additional obvious differences are 

the stirring mode and the manner of substrate supply. However, the shift in the abundances 

of the dominating bacterial orders did not affect the function. In the full-scale as well as in 

the lab-scale fermentation biogas is produced in comparable amounts (Zak, unpublished). 

Unlike to the biofilm attached to straw in the full-scale fermentation, the biofilm in lab-

scale was dominated by bacteria of the order Clostridiales and not by the possible 

syntrophic bacterium Candidatus C. acidaminovorans. Species of the order Clostridiales 

living in the biofilm attached to straw of the lab-scale fermentation could have a redundant 

function as Candidatus C. acidaminovorans in the biofilm attached to straw of the full-

scale fermentation (functional redundancy). Growth of Candidatus C. acidaminovorans in 

the lab-scale fermentation was presumably limited by the lack of some iron-rich minerals. 

Such minerals are used by the full-scale biogas plant operator to feed the nearby pigs, 

whose slurry is supplied to the full-scale biogas reactor, but these minerals were not 

supplied to the lab-scale reactor. Even if bacterial compositions differ in biofilms attached 

to straw in the full-scale and lab-scale fermentations, they accomplish the biogas-forming 

process at a similar rate (Zak, unpublished). 

Concerning the dominating methanogenic archaea, there was no obvious shift in the 

abundances of specific archeal orders comparing the full-scale and lab-scale fermentation. 

The fluid reactor contents as well as the biofilms attached to straw of both fermentations 
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were dominated by the order Methanomicrobiales, especially represented by the genus 

Methanoculleus. The biofilm attached to the straw in the lab-scale fermentation 

additionally comprises archaea of the genus Haloferax (order Halobacteriales, 12.4 % 

abundance) (Figure 16).  

 
454 Pyrosequencing versus traditional molecular approaches 

The microbial diversity in the biogas reactor content is much higher than previously 

estimated using the molecular cloning and sequencing approach as well as the DGGE 

technique. Those traditional molecular approaches are suitable for a qualitative but not 

quantitative identification of dominating members of the microbial community involved in 

the biogas-forming process. Applying the cloning and sequencing approach of bacterial 

16S rDNA fragments (1500 bp), the phyla Bacteroidetes (family Porphyromonadaceae), 

Firmicutes (families Clostridiaceae, Erysipelotrichaceae, Lactobacillaceae, 

Ruminococcaceae, Thermoanaerobacteraceae), and Chloroflexi (family Caldilineaceae) 

were considered to be the dominating members of the community at the time, when sample 

no. 3 (March-2009) was drawn from the biogas reactor 1 of the plant near Aulendorf 

(Table 1). Using the 454 Pyrosequencing technique the phyla Bacteroidetes and 

Firmicutes, and almost all above listed related  families were identified once again as 

dominating members of the community 18 months later, except for  the family 

Thermoanaerobacteraceae. This is probably due to the shorter sequence length (350 bp vs. 

1500 bp) that, in this case, did not allow an accurate identification of a broad range of 

sequences at family level. Bacteria of the phylum Chloroflexi were no members of the 30 

most abundant bacteria in any sample. Those bacteria seem to be no longer part of the 

dominant microbial community, which was already shown by the DGGE analysis applied 

to analyze the stability of the microbial community over a period of one year (Figure 8). 

Bacteria of the genus Acholeplasma (order Acholeplasmatales, phylum Tenericutes) were 

not identified by the cloning and sequencing approach. Those traditional molecular 

approaches lacked the chance to detect members of the community appearing at low 

abundance (Sogin et al., 2006). The limitations of a cloning and sequencing approach of 

16S rDNA fragments are a consequence of the number of molecular procedures necessary 

to construct  and analyze one respective clone library (including: ligation, transformation, 

clone picking, RFLP analysis and sequencing). High-throughput sequencing as 454 

Pyrosequencing skips the cloning procedure since the 16S rDNA fragments of a PCR 

product are directly sequenced. Here the limitation is the length (bp) of the obtained 
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sequences. 454 Pyrosequencing reaches 700 bp and Illumina sequencing 100 bp (personal 

communication Dr. Gerald Nyakatura, LGC Genomics GmbH, Berlin, Germany).  

 
High diversity of low abundant microbes represents a 'rare biosphere' 

Bacteria and archaea were defined as low-abundant within a sample, if they where no 

member of the 30 most represent OTUs. Low abundant bacteria were quite diverse and 

belonging to phyla such as Acidobacteria, Actinobacteria, Chloroflexi, Cyanobacteria, 

Deinococcus-Thermus, Fibrobacteres, Spirochaetes, members of the SR1 division, and 

Proteobacteria (Table 13). The only low abundant archaeum was assigned to the family 

Thermococcaceae (order Thermococcales, class Thermococci, phylum Euryarchaeota). 

Sogin et al. (2006) proposed that a huge number of extremely diverse, low-abundant OTUs 

sustains a 'rare biosphere' that is largely unexplored. Some of its members could serve as 

keystone species within complex consortia, others might simply be the products of 

previous ecological changes with the potential to become dominant in response to shifts in 

environmental conditions (Sogin et al., 2006).  

Most interesting of the low abundant bacteria are members of the phlyum Proteobacteria. 

The amplification of mxaF fragments (coding for methanol dehydrogenase) was feasible 

(Chapter 2.4.1) using the genomic DNA from sample no. 3 (Table 1) as template. 

Subsequently, methylotrophic bacteria were identified (Figure 5) and their metabolic 

capabilities described in Chapter 4.2. Methylobacter and Methylocaldum (both 

Gammaproteobacteria) were discussed as presumably utilizing methane as sole carbon 

source while using nitrate/nitrite as electron acceptor. 18 months later, bacteria of the order 

Gammaproteobacteria were identified with very low abundance via 454 Pyrosequencing. 

This indicates that this time methlylotrophic/methanotrophic bacteria have a rather minor 

impact on the biogas-forming process. 

Amplification was attempted of fragments of the key functional gene dsrA (coding for 

dissimilatory sulfite reductase) (Chapter 2.4.1) of sulfate-reducing bacteria, but it was not 

possible to obtain respective DNA fragments using the prepared genomic DNA from 

sample no. 3 (Table 1) as template. 18 months later, the genus Desulfobulbus, a sulfate-

reducing bacterium (Widdel and Pfennig, 1982) of the order Deltaproteobacteria (Table 

13), was identified as a low abundant member of the microbial community in the biogas-

forming process via 454 Pyrosequencing. As sulfate is present in the biogas reactor 1 

(1.1 mg l-1) the presence of sulfate-reducing bacteria is reasonable. 
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Table 13. Low abundant bacteria of the biogas reactor. 

Phylum Class Order Family Genus 

Acidobacteria Acidobacteria n. a.a n. a. Gp18 
Gp18 

Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae 

Actinomycetaceae 

Dietziaceae 

Nocardiaceae 

Nocardioidaceae 

Corynebacteriaceae 

Micrococcaceae 

n. f. c.b 

Arcanobacterium 

Dietzia 

Rhodococcus 

Aeromicrobium 

Corynebacterium 

n. f. c. 

Chloroflexi Caldilineae Caldilineales Caldilineaceae n. f. c. 

Deinococcus- Deinococci Deinococcales Deinococcaceae Deinococcus 
Thermus 

Fibrobacteres Fibrobacteria Fibrobacterales Fibrobacteraceae Fibrobacter 

Spirochaetes Spirochaetes Spirochaetales Spirochaetaceae Treponema 

SR1 devision n. a. n. a. n. a. SR1 genera  
incertae sedis 

Proteobacteria Alphaproteo- 

bacteria 

Gammaproteo- 

bacteria 

Deltaproteo- 

bacteria 

Epsilonproteo-

bacteria 

Rhodobacterales 

Rhizobiales 

Pseudomonadales 

Xanthomonadales 

Desulfobacterales 

 

Campylobacterales 

Rhodobacteraceae 

n. f. c. 

Pseudomonadaceae 

Xanthomonadaceae 

Desulfobulbaceae 

 

n. f. c. 

n. f. c. 

 

Pseudomonas 

Ignatzschineria 

Desulfobulbus 

a n. a.: not assigned; b n. f. c.: not further classified  

 
Species richness described by rarefraction curve and Chao 1 

Several parameters to characterize the microbial diversity after using 16S rDNA high-

throughput methods, such as 454 Pyrosequencing, are reviewed by Fabrice and Didier 

(2009). Two common parameters, rarefraction curve and Chao1 index, were used to 

describe the microbial diversity (species richness) of all samples taken from the full-scale 

and lab-scale fermentation (samples A1 frc, B1 frc, C1 frc, A2 bap, B2 bas, C2 bas). Each 

sample was represented by a set of 16S rDNA sequences (Chapter 2.7.3, Table 10). 

16S rDNA sequences were clustered into operational taxonomic units (OTUs). In this 

work, as common in several other studies (Sogin et al., 2006; Huber et al., 2007; Roesch 

et al., 2007; Keijser et al., 2008; McKenna et al., 2008; Hong et al., 2010; Will et al., 

2010; Kwon et al., 2011), an OTU was defined as the percentage of nucleotide sequences 
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with 97 % sequence homology. Rarefraction curves map the number of OTUs per sample 

as a function of the sequencing effort (number of all 16S rDNA sequences per sample). In 

contrast, non-parametric methods, such as Chao1, are richness estimators of the 

comprehensive microbial diversity. The Chao1 estimator gives a value for the expected 

number of OTUs for a sample. The proportion of observed OTUs compared to the 

expected number of OTUs reflects the coverage of the microbial diversity obtained by the 

sequencing effort in percent.  

In this study, the rarefraction curves representing the microbial diversity of full-scale and 

lab-scale fermentation revealed on average 434 bacterial OTUs and 70 archaeal OTUs 

(Figure 12 and 13). These rarefraction curves are one of the first published concerning 

biogas reactors.  

Krause et al. (2008) investigated a biogas reactor supplied with maize silage, green rye, 

and small proportions of chicken manure. In a whole-genome-shotgun approach a DNA 

sample was sequenced and the dataset further analyzed. The deduced rarefraction curves at 

97 % sequence homology showed 157 different OTUs, while Chao1 estimated a richness 

of 244 OTUs. Jaenicke et al. (2011) analyzed the same biogas reactor using two 

metagenomic datasets achieved by 454 Pyrosequencing. 16S rDNA sequences from these 

two datasets were separated and further evaluated. To estimate the microbial diversity, an 

unusual way was chosen of illustrating rarefaction curves. Initially, all available 16S rDNA 

sequence were classified on genus or family level. Afterwards, the number of genera or 

families were plotted against the total number of sequences, regardless whether they were 

of 16S rDNA origin or of any other origin. Rarefaction curves revealed a maximum of 38 

and 33 different genera and families for the total microbial community. These numbers 

clearly underestimate the microbial diversity in an anaerobic biogas reactor compared to 

the numbers obtained in this work (Figure 12 and 13). 

Furthermore, there is a meta-analysis available of the microbial diversity observed in 

anaerobic digesters of sewage plants. All respective 16S rDNA sequences offered in public 

databases available were used for phylogenetic and statistical analyses. 16,519 bacterial 

and 2,869 archaeal 16S rDNA sequences were found and assigned to 5,926 OTUs (97 % 

sequence homology) and 296 OTUs (97 % sequence homology), respectively. The 

bacterial and archaeal diversity in anaerobic digesters of sewage plants is currently 

explored to 60 % (bacteria) and 90 % (archaea) (Nelson et al., 2011). The microbial 

diversity in sewage plants seems to be higher than in the biogas reactor investigated in this 
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study (Figure 12 and 13) whereas coverage of the microbial diversity in the present study 

revealed similar numbers at 97 % sequence homology (Table 11 and 12).  

The effort of high-throughput 16S rDNA sequencing per sample in other studies 

investigating the microbial diversity was in general higher (several 10,000 up to 1,000,000) 

compared to the number of sequences obtained per sample in this study (1,000 up 8,000; 

Figure 12 and 13). Quite a few studies (Dunbar et al., 2002; Schloss and Handelsman, 

2005; Roesch et al., 2007; Youssef and Elshahed, 2008; Morales et al., 2009) illustrate that 

the obtained total number of sequences per sample has an influence on the obtained 

number of OTUs per sample. This means a higher sequencing effort could result in a 

higher number of OTUs per sample. For illustration, Roesch et al. (2007) showed different 

rarefaction curves always deduced from the same dataset of a bacterial community present 

in a Canadian forest soil sample. By a stepwise reduction of the number of sequences, they 

determine a reduction of the number of observed OTUs (Figure 22). Uncommonly, the 

rarefaction curves of reduced datasets still show saturation. It was recommended (Roesch 

et al., 2007) to use non-parametric methods such as Chao1 to estimate the true OTU 

richness. However, the Chao1 estimation is also directly dependent on a defined set of 

16S rDNA sequences. Nevertheless, high-throughput 16S rDNA sequencing is the method 

of choice to determine the microbial diversity in different habitats (Roh et al., 2010). The 

most accepted method to determine the coverage of the microbial diversity, obtained by 

the sequencing effort, is to calculate the proportion of observed OTU compared to the 

number of expected OTUs per sample in percent.  

Considering the low number of sequences obtained per sample in this study (compared to 

other studies) the average values of OTUs (97 % sequence homology) for bacteria (434) 

and archaea (70) can be considered as the lower limit of the microbial diversity present in 

biogas reactor content. A higher sequencing effort per sample probably increases the 

number of bacterial and archaeal OTUs at 80 and 97 % sequence homology.  

 
Figure 22. The effect of the 

sequencing effort on the 

estimation of the number of 

OTUs (Roesch et al., 2007). 
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5 Summary  

A mesophilic, continually operating, agricultural biogas plant utilizing predominantly 

biowaste (sanitized food residues and stale bread) was analyzed with respect to the 

composition and diversity of the microbial community as well as the stability of the 

microbial community over time by molecular methods. Biowaste has a considerable 

advantage compared to renewable primary products (mainly maize silage, fodder beat, and 

green rye) as there is no competition between the use of the substrate for the production of 

biogas and the use of the substrate as food.  

A biogas reactor (350 m3) of this biogas plant was used to characterize the dominant 

bacteria, archaea, and eukaryotes of the biogas-forming microbial community by different 

cultivation-independent methods. Therefore, different clone libraries containing specific 

DNA fragments were constructed: 16S rDNA fragments for bacteria and archaea, 

18S rDNA fragments for eukaryotes, mxaF gene fragments (coding for methanol 

dehydrogenase) for methylotrophic bacteria, pmoA gene fragments (coding for methane 

monooxygenase) for methanotrophic bacteria. The cloned DNA fragments were analyzed 

by DNA sequencing and phylogenetic trees were reconstructed. The bacterial community 

of the investigated biogas reactor was dominated by the phyla Bacteroidetes, Firmicutes 

and Chloroflexi, and was composed of the bacterial families Clostridiaceae, 

Erysipelotrichaceae, Lactobacillaceae, Ruminococcaceae, Thermoanaerobacteraceae, 

Caldilineaceae, and Porphyromonadaceae clearly differing from other investigated biogas 

plants. Methylotrophic bacteria of the genera Methylocaldum, Methylorhabdus, 

Methylobacter, and Paracoccus were detected by the functional gene mxaF. Remarkably, 

the genus Methylocaldum is in the literature described as methantroph (utilization of 

methane). However, further methanotrohpic bacteria could not be identified by using the 

functional gene pmoA. 

The methanogenic archaeal community of the investigated biogas reactor was dominated 

by the genus Methanoculleus belonging to the family Methanomicrobiaceae. Species of 

the genus Methanosarcina (Methanosarcinaceae) were minor represented in the archaeal 

community. The genus Methanoculleus was found to be also predominant in other 

mesophilic biogas plants. 

The current study provides the first report of the detection of fungal 18S rDNA sequences 

in biogas reactor content. Genera such as Saccharomyces and Mucor could be described. 
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Denaturing gradient gel electrophoresis (DGGE) was used to monitor the bacterial and 

archaeal 16S rDNA as well as the eukaryotic 18S rDNA composition and showed a stable 

microbial community over a 15-months period. This result is notably, as the biogas reactor 

was supplied with a variety of different substrates in variable amounts during the time 

period.  

Fluorescence microscopy analyses were done to determine the total cell count 

(1.46 (± 0.3)× 1010 cells per ml) using stained cells and to detect methanogenic archaeal 

cells (3.5 (± 0.78)× 108 cells per ml) using their native coenzyme F420 autofluorescence. 

Substrates such as sanitized food residues and stale bread possess low structure and 

provide a high energy potential if supplied to a biogas reactor. To stabilize a biogas-

forming process at higher organic loading rates, straw was added to the mentioned biogas 

reactor to provide additional surfaces for microorganisms to form biofilms. In order to 

explain the predicted stabilizing effect on a microbiological scale, the following hypothesis 

was tested. The abundance of syntrophic or facultative syntrophic living microbes in 

biofilms on straw is higher than in fluid biogas reactor content. With respect to the 

hypothesis, evidence was found for a higher abundance of a syntrophic bacterium, 

Candidatus Cloacamonas acidaminovorans, living in the biofilm on straw. It seems 

possible that this organism undergoes some kind of syntrophic interaction with the 

predominating hydrogenotrophic methanogenic archaea of the genus Methanocullus. This 

syntrophic interaction explains reasonably the stabilizing effect of straw during the biogas-

forming process.  
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6 Zusammenfassung 

Die mikrobielle Lebensgemeinschaft einer mesophilen, kontinuierlich betriebenen, 

landwirtschaftlichen Biogasanlage, die vorwiegend mit Bioabfällen (hygienisierte 

Speisereste und Altbrot) beschickt wurde, wurde unter Anwendung molekularbiologischer 

Methoden hinsichtlich ihrer Zusammensetzung, Diversität und Stabilität über die Zeit 

untersucht. Gegenüber nachwachsenden Rohstoffen haben Bioabfälle den Vorteil, dass sie, 

wenn sie als Substrat für die Biogasproduktion genutzt werden, nicht mit der 

Nahrungmittelproduktion in Konkurrenz stehen. 

Ein Fermenter (350 m3) dieser Biogasanlage wurde ausgewählt, um die dominanten 

Bakterien, Archaeen und Eukaryoten der Biogas-produzierenden Lebensgemeinschaft mit 

verschiedenen, kultivierungsunabhängigen Methoden zu charakterisieren. Dazu wurden 

unterschiedliche Klonbibliotheken, die spezifische DNA-Fragmente beinhalteten, 

hergestellt: 16S rDNA Fragmente von Bakterien und Archaeen, 18S rDNA-Fragmente von 

Eukaryoten, Fragmente des mxaF-Gens (Gen der Methanol-Dehydrogenase) von 

methylotrophen Bakterien und Fragmente des pmoA-Gens (Gen der Methan-

Monooxygenase) von methanotrophen Bakterien. Die einzelnen klonierten DNA-

Fragmente wurden anschließend mittels DNA-Sequenzierung analysiert und 

phylogenetische Stammbäume wurden rekonstruiert. Die bakterielle Lebensgemeinschaft 

des untersuchten Biogasreaktors wurde von den Phyla Bacteroidetes, Firmicutes and 

Chloroflexi dominiert, die sich aus folgenden Familien zusammensetzten: Clostridiaceae, 

Erysipelotrichaceae, Lactobacillaceae, Ruminococcaceae, Thermoanaerobacteraceae, 

Caldilineaceae, und Porphyromonadaceae. Die Zusammensetzung der bakteriellen 

Lebensgemeinschaft unterscheidet sich deutlich von anderen Biogasanlagen. 

Methylotrophe Bakterien der Gattungen Methylocaldum, Methylorhabdus, Methylobacter 

und Paracoccus konnten über das funktionelle mxaF-Gen nachgewiesen werden. 

Hervorzuheben ist die Gattung Methylocaldum, die in der Literatur als methanotroph 

(Methan-verwertend) beschrieben ist. Über das funktionelle pmoA-Gen konnten allerdings 

keine weiteren methanotrophen Bakterien identifiziert werden. 

Die methanogene archaeelle Lebensgemeinschaft des untersuchten Biogasreaktors wurde 

von der Gattung Methanoculleus, zugehörig zur Familie der Methanomicrobiaceae, 

dominiert. Vertreter der Gattung Methanosarcina (Methanosarcinaceae) waren dagegen 

unterrepräsentiert. 
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Weiterhin war es möglich, Pilze der Gattung Saccharomyces und Mucor zu identifizieren. 

Mittels der Denaturierende-Gradienten-Gelelektrophorese (DGGE) konnte gezeigt werden, 

dass die mikrobielle Gemeinschaft der Bakterien, Archaeen und Pilze qualitativ über ein 

Jahr stabil war, obwohl dem Biogasferementer in diesem Zeitraum verschiedenste 

Substrate zugeführt wurden. 

Epifluoreszenz-Analysen wurden durchgeführt, um die Gesamtzellzahl sowie die Anzahl 

der methanogenen Zellen zu bestimmen. Für die Bestimmung der Gesamtzellzahl wurden 

Farbstoff-markierten Zellen ausgewertet (1,46 (± 0,3)× 1010 Zellen pro ml), die durch das 

Coenzym F420 autofluoreszierenden Zellen ergaben die Anzahl der methanogenen Zellen 

(3,5 (± 0,78)× 108 Zellen pro ml).  

Hygienisierte Speisereste und Altbrot weisen kaum Strukturoberflächen auf und besitzen 

einen hohen Energiegehalt, wenn sie einem Biogasreaktor zugegeben werden. Um den 

Biogasprozess bei einer höheren Raumbelastung zu stabilisieren, wurde dem untersuchten 

Biogasreaktor Stroh zugeben, welches als Besiedelungsoberfläche für Biofilm-bildende 

Bakterien dienen kann. Die Hypothese, welche mittels der 454-

Pyrosquenzierungstechnologie getestet wurde, war: Die Abundanz von syntroph bzw. 

fakultativ syntroph lebenden Mikroorganismen im Biofilm auf dem Stroh ist höher als die 

Abundanz selbiger Mikroorganismen in der flüssigen Phase eines Biogasfermenters. Es 

konnten Hinweise darauf gefunden werden, dass ein syntrophes Bakterium names 

Candidatus Cloacamonas acidaminovorans gehäuft im Biofim auf Stroh zu finden ist. Es 

ist vorstellbar, dass dieser Organismus mit den dominanten hydrogenotrophen 

methanogenen Archaeen der Gattung Methanoculleus in syntropher Interaktion steht und 

auf diesem Weg zur Stabilisierung der Biogasproduktion beiträgt.  
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