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Abstract This study provides a comprehensive, long-term
microbiological study of a continuously operated, mesophilic,
agricultural biogas plant fed with whole-crop silages of maize
and rye, cattle manure and cattle slurry. The microbial com-
munity structure was accessed by high-throughput 16S rRNA
gene amplicon sequencing. For the characterisation of the mi-
crobial dynamics, the community profiling method terminal
restriction fragment length polymorphism (TRFLP) in combi-
nation with a cloning-sequencing approach as well as a LC-
MS/MS approach for protein identification were applied. Our
results revealed that the anaerobic digestion is a highly sensi-
tive process: small variations in the process performance in-
duce fluctuations in the microbial community composition
and activity. In this context, it could be proven that certain

microbial species were better adapted to changing process
condition such as temperature (interspecies competition) and
that there is a physiological compensation between different
microorganisms so that the reactor efficiency was not adverse-
ly affected despite of structural and functional changes within
the microbial community.

Keywords Full-scale (agricultural) biogas plant . Microbial
community . 16S rRNA gene amplicon sequencing . TRFLP .
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Introduction

One central concern of an environmentally friendly, sustain-
able energy policy is the use of high-yield methane-containing
biogas as alternative energy source (Weiland 2010; Appels
et al. 2011; Lebuhn et al. 2014). During the anaerobic diges-
tion, conversion of organic material to biogas is mediated by a
complex interacting microbial consortium (Talbot et al. 2008;
Ward et al. 2008; Nelson et al. 2011). The process can be
disturbed when a single degradation step is out of balance.
Frequent reasons are temperature increase caused by a self-
induced heating effect or the overproduction of volatile fatty
acids (VFA) in combination with inappropriate buffer capacity
(e.g. Blume et al. 2010; Fotidis et al. 2013; Lindorfer et al.
2008). In case of large-scale biogas plants (BGPs), such im-
balances can lead to dramatic economic losses (Weiland 2010;
Nelson et al. 2011). Hence, a well-balanced microbial consor-
tium providing high efficiency as well as resilience towards
disturbances is commonly regarded as the most crucial for the
reactor performance and the biogas production.

The biochemical metabolic pathways at different process
stages of anaerobic digestion are well described, and molecu-
lar biological analysis of the process microbiology with
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respect to the composition and dynamics of the involved mi-
croorganisms revealed a high community complexity and
broad range of metabolic interactions (e.g. Nettmann et al.
2010; Wang et al. 2010; Carballa et al. 2011; Regueiro et al.
2012; Fotidis et al. 2013). The following molecular biological
methods are commonly used to study the structural and dynam-
ic variations of biogas-producing microbial communities:
cloning/sequencing (C/S) (e.g. Rademacher et al. 2012), quan-
titative real-time PCR (Q-PCR) (e.g. Blume et al. 2010), com-
munity profiling techniques such as the terminal restriction
fragment length polymorphism (TRFLP) (e.g. Rademacher
et al. 2012), the denaturing gradient gel electrophoresis
(DGGE) (e.g. Liu et al. 2009) or the microarray technology
(Franke-Whittle et al. 2009; Goberna et al. 2010) and also the
high-throughput metagenome or amplicon sequencing
(Schlüter et al. 2008; Krause et al. 2008; Jaenicke et al. 2011;
Zakrzewski et al. 2012). These analyses mainly base on the
investigation of the 16S rRNA gene as this gene gives the most
reliable information about the phylogenetic relation of organ-
isms and is therefore useful for a description of microbial com-
munities (Lane et al. 1985; Talbot et al. 2008; Tringe and
Hugenholtz 2008; Kim et al. 2011). In addition to these
DNA-based methods, proteomics is increasingly applied to
characterise a microbial community (Benndorf and Reichl
2014; Vanwonterghem et al. 2014; Heyer et al. 2015).
Recently, metaproteomic analyses were successfully applied
to investigate functional microbial communities of anaerobic
digesters (Hanreich et al. 2013; Heyer et al. 2013; Kohrs et al.
2014). Ideally, a comprehensive investigation combining geno-
mic and proteomic approaches in correlation with physico-
chemical process parameters can show how community struc-
ture and function are determined in its respective habitat.

Recent genomic studies of lab- and full-scale anaerobic
digesters revealed that the composition of the microbial com-
munity is strongly affected by process conditions, e.g. temper-
ature, substrate composition or pH value (e.g. Carballa et al.
2011; Nettmann et al. 2010; Pycke et al. 2011; Wang et al.
2010). Unfortunately, no signatures of a Bhealthy ,̂ well-bal-
anced, efficiently working microbial consortium for the pro-
duction of biogas were described so far. Furthermore, one of
the main questions which is still under discussion is the opti-
mal degree of community complexity, a less complex com-
munity of highly specialised workhorses or a more complex
community with functional redundant and often less efficient
species. Accordingly, there is an urgent need to better under-
stand the levels of microbial community organisation and the
functionality within BGPs. Identification of key organisms
(biomarkers) related to specific process conditions could serve
as basis for microbiological monitoring, control and
management.

In this study, we characterised the microbial community of
an agricultural biogas plant using a polyphasic, complemen-
tary approach of different molecular biological methods,

namely 16S rRNA gene amplicon sequencing, TRFLP finger-
printing in combination with a cloning/sequencing approach
and metaproteomic analysis. The aim of this study was to
investigate the microbial community resistance against pro-
cess fluctuations as an important property for ecosystem sta-
bility. We assumed that even small variations, e.g. in the tem-
perature regime or a combined effect of temperature, pH value
and the ammonium nitrogen content (NH4

+-N), will cause
structural and functional variations within the microbial com-
munity. We further supposed that these variations will com-
pensate the changing process condition without influencing
the overall biogas production process.

Materials and methods

Reactor performance and sampling

The analysed agricultural, mesophilic (43±2 °C) BGP is
operating since 2007 and consists of two parallel-operated
main fermenters (MF) and one residue storage tank. Each
continuously stirred tank reactor (CSTR) has a volume of
1500 m3. The BGP was continuously fed with 35.1×103±
2.4×103 kgFM solid and liquid feedstock mixture (energy
crops and agricultural waste) per day, whereby only 21 %
of the fresh mass (FM) was volatile solids (VS) and therefore
available for biodegradation. The BGP was fed with whole-
crop silages of maize (46 % fresh mass in 2011 resp. 54 %
FM in 2012) and rye (14 % FM in 2011 resp. 9 % FM in
2012) as well as cattle manure (ca. 15 % FM) and cattle
slurry (ca. 22 % FM). The BGP was operated with an organ-
ic loading rate (OLR) of 1.7±0.2 kgVSm

−3 day−1 and a hy-
draulic retention time (HRT) of 129±9 days. The average
biogas yield was nearly constant with 0.7±0.07 m3 kgVS

−1

and a methane content of 51.4±2.1 %. As the biogas plant
consists of two MF, the partial biogas volume fluxes were
added up as total biogas volume flux. The biogas yield was
determined by the daily total biogas volume flux (measured
before entering the combined heat and power unit (CHP)
unit), the daily average biogas composition and the daily
VS supply.

Samples were taken from the first MF according to
VDLUFA (2011) to be representative of the fermenter con-
tents at its current state (supplementary BText S1^). Sampling
was carried out in two campaigns: in July 2011 and over a
time period of 14 weeks from February to May 2012.

The process data (e. g. feeding, process temperature, biogas
yield and methane content) were recorded daily and provided
by the biogas plant operator.

The following chemical analyses were conducted with
weekly sampled feedstock and fermenter material accord-
ing to VDLUFA (1997): total solids (TS); volatile solids
(VS); total Kjeldahl nitrogen (TKN); total ammonium
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nitrogen (NH4
+-N); soluble volatile fatty acids (VFA) in

terms of acetate, propionate, iso- and n-butyrate, iso- and
n-valerate and capronate; pH; total volatile fatty acids/
total alkalinity (TVFA/TA; ratio between TVFA and
TA); and conductivity. For a better estimation of the bio-
mass conversion process, crude protein (XP); crude fat
(XL); neutral detergent fibre (NDF); acid detergent fibre
(ADF) and acid detergent lignin content (ADL) were ad-
ditionally determined. Calculation of specific process pa-
rameters can be found in supplementary material BText
S2^.

Molecular biological and proteomic analyses were per-
formed monthly (at calendar week (CW) 30 in 2011 as well
as CW 06, 10, 14 and 19 in 2012), whereby the digestate
samples were stored at −80 °C until further preparation.

Extraction of total microbial DNA

Analysis of the microbial community structure
by high-throughput 16S rRNA gene amplicon sequencing

Taxonomic characterisation of the microbial community was
done for the sample CW 19, 2012, applying high-throughput
16S rRNA gene amplicon sequencing as described previously
(Caporaso et al. 2012). Briefly, to amplify the hypervariable
region V4 (as recommended by Klindworth et al. 2013) of the
16S rRNA gene, the bacterial/archaeal primers 515F (5′ -
GTGCCAGCMGCCGCGGTAA - 3′) and 806R (5′ -
GGACTACHVGGGTWTCTAAT - 3′) (Caporaso et al.
2012), complemented with Multiplex Identifier (MID) tags
as well as Illumina-specific sequencing adaptor sequences,
were used. Fragments of the expected length of approximately
300 bp were amplified by PCR in three technical replicates.

magnetic beads (Beckman Coulter Inc.). Further qualitative
and quantitative analyses of the generated amplicons were
performed using the Agilent 2100 Bioanalyzer system
(Agilent Inc.). Constructed 16S rRNA gene amplicon libraries
were pooled in equimolar amounts and diluted for the se-
quencing procedure to 10 nM.

Obtained amplicon libraries were sequenced on Illumina
MiSeq system by applying the paired-end protocol. All se-
quences obtained in this study have been deposited to the
European Molecular Biology Laboratory (EMBL) and are
available under the project accession number PRJEB8240.
Raw sequences were processed using the UPARSE pipeline
(Edgar 2013) based on Usearch 7.0 (Edgar 2010) with default
settings. Processed operational taxonomic units (OTUs) were
taxonomically classified by means of the RDP classifier 2.7 in
16S modus (Wang et al. 2007) using the release version 11.1
of the RDP database (http://rdp.cme.msu.edu/seqmatch/
seqmatch_intro.jsp). Only assignments featuring a
confidence value of at least 0.8 (phylum rank) were
considered. In the next step, raw sequences were mapped on
the OTUs to get quantitative assignments. Finally, the
CopyRighter software (Angly et al. 2014) was applied for
improving the accuracy of microbial community profiles
through lineage-specific gene copy number correction. The
taxonomic profile was visualised using Krona tool (Ondov
et al. 2011).

Microbial community dynamics analysed by TRFLP
fingerprinting and 16S rRNA gene sequence libraries

The TRFLP analyses were in general carried out following the
protocols proposed by Rademacher et al. (2012) and Klang
et al. (2015). Briefly, the bacterial and archaeal 16S rRNA
genes were amplified (two replicates per crude DNA extract)
using the primer pairs 27F/926MRr (Bacteria) and Ar109f/
Ar912r (Archaea) whereby the forward primer were fluores-
cently labelled. After purification of the PCR products, 150–
200 ng were digested with MspI and Hin6I in case of the
bacterial assay or with AluI for the archaeal assay. The diges-
tion fragments were separated using a GenomeLab™ GeXP
Genetic Analysis System (Beckman Coulter, Krefeld,
Germany). The obtained data were pre-analysed using the
GeXP analysis software (version 10.2) whereby only profiles
were considered for further analyses whose internal standard
had a standard deviation of 0.39 nucleotides (nt) or less
(Rademacher et al. 2012). A detailed analysis was then per-
formed using the software package BioNumerics 7.1 (Applied
Maths, Belgium) according to Klang et al. (2015). The iden-
tification of Btrue^ terminal restriction fragments (TRFs) by
distinguishing background and baseline Bnoise^ or false pos-
itives (bleed through peaks) from signals of correctly
fluorescent-labelled fragments as well as the alignment (band
matching) of TRFs with a threshold of 0.1 based on the eval-
uation of the peak height. Finally, TRFs were visualised by
their relative distribution within the profile pattern.

For the identification of the detected TRFs, a 16S rRNA
gene sequence library was constructed from sample CW 19,
2012, whereby the obtained sequences were processed using
the software package BioNumerics 7.1 (Applied Maths,
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Total microbial DNA was extracted using the PowerSoil®
DNA Isolation Kit (MO BIO Laboratories Inc., USA) ac-
cording to manufacturer’s instructions. The mechanical
cell disruption was performed using the FastPrep® instru-
ment (MP Biomedical, USA). For each crude sample,
DNA from three subsamples was extracted. The extracted
DNA was then used as template for the TRFLP analyses
as well as for the construction of 16S rRNA gene se-
quence libraries and the 16S rRNA gene amplicon
datasets to characterise the diversity and dynamics of the
bacterial and archaeal communities.

Purification of PCR products was done with AMPureXP®
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Belgium) following the protocol by Klang et al. (2015). After
a quality check of the sequences, OTUs were defined at 97 %
(Bacteria) resp. 99 % (Archaea) sequence similarity required
for the identification at the species level (Kim et al. 2011). All
new sequences obtained in this study have been deposited to
the European Molecular Biology Laboratory (EMBL) and are
available under accession numbers HG530255-HG530303
(Bacteria) and HG530304-HG530309 (Archaea). The de-
fined OTUs were cut virtually using the restriction digest tool
of BioNumerics 7.1 to assign the detected TRFs of the reactor
samples. Finally, OTUs were phylogenetically identified
using the RDP Naïve Bayesian rRNA Classifier Version 2.6
(Wang et al. 2007).

Monitoring of the metabolic activity by analysis
of the microbial metaproteome

For proteome analysis, protein extraction, quantification, sepa-
ration of 100 μg proteins on SDS-PAGE, as well as tryptic
digestion and peptide separation on a liquid chromatography
(LC) system, were carried out according to Heyer et al. (2013).
LC system was coupled online to a Velos Pro/OrbiTrap Elite
hybrid mass spectrometer (MS, Thermo Fisher Scientific). For
MS acquisition, a data-dependent MS/MSmethod was chosen.
Precursor scanning was performed in the orbital trap at a reso-
lution of 30,000 and a m/z range of 350-2,000 in positive ion
mode. Subsequently, fragment scan was preceded in the linear
ion trap with Bnormal^ parameter settings (mass range, scan
rate) for the top 20 most intense precursors selected for
collision-induced dissociation. Acquired data files were loaded
with Proteome Discoverer 1.4 (Thermo Fisher Scientific,
Bremen, Germany) without any post processing and directly
exported as Mascot Generic Format (MGF) files with default
parameter settings. For database search, MGFs were uploaded
to ProteinScape (version 3.0.0.337, Bruker Daltonik, Bremen,
Germany) and automatically submitted to MASCOT search
against UniProt database (version 2013/02/20) using the fol-
lowing parameters: trypsin, one missed cleavage, monoisotopic
mass, carbamidomethyl (C) as fixed and oxidation (M) as var-
iable modifications, ±0.03Da precursor tolerance, ±0.5 DaMS/
MS tolerance, 1 13C and +2/+3 peptide charge. Mascot DAT
files were exported to MetaProteomeAnalyzer software (Muth
et al. 2015) including the MascotDatfile library (Hensens et al.
2007) for parsing results. Protein hits were accepted with an
overall dataset false discovery rate of minor 5%. For taxonomic
classification of the microbial community, redundantly
assigned peptide-to-protein matches have to be avoided. The
assigned protein taxonomies were inherited to its peptides.
Afterwards, all proteins sharing at least one peptide were fused
to so-called metaproteins (MPs). For taxonomic classification
of MP, the common ancestor of all unique peptides in the phy-
logenetic tree was determined and finally assigned to MP. Only
protein and MP hits with a spectral count (SpC) of at least 2

were considered as verified. The metaproteomic data are avail-
able on request from the corresponding author and can be ex-
amined in more details using the MetaProteomeAnalyzer
Viewer application provided (see https://code.google.com/p/
meta-proteome-analyzer/ for download and supporting
material).

Statistical analysis

Various ecological indices were applied which mainly were
based on the microbial resource management concept
(Verstraete et al. 2007; Marzorati et al. 2008; Read et al.
2011). The richness (R) was determined as the total number
of detected TRFs. The Jaccard index was computed as it mea-
sures the similarity between samples and hence can be used as
an index for dynamic community changes (Marzorati et al.
2008; Pycke et al. 2011). It is defined as the intersection of
two samples derived by the sum of TRFs in samples A and B
minus the intersection. From an ecological point, this means the
higher the Jaccard index, the more similar the compared sam-
ples. Additionally, we defined the Lorenz curve and the derived
Gini coefficient for each sample which is related to information
about the community organisation (Verstraete et al. 2007;
Marzorati et al. 2008; Wittebolle et al. 2009). The Lorenz
curves were used to illustrate the community disparity com-
pared to the perfect equality line. Based on the Lorenz curves,
the Gini coefficient was calculated as the normalised area be-
tween a given Lorenz curve and the perfect evenness line. The
higher the Gini coefficient, the more uneven is the community.

In order to identify representative (indicator) species or
more precisely TRFs of particular environmental conditions
(e. g. different temperature regimes), the indicator species
analysis (ISA; Dufrêne and Legendre 1997) was performed
with the software package of PC Ord Version 6 (McCune and
Mefford 2011). This analysis considers the proportional abun-
dance of a TRF within a sample relative to the abundance in
all samples and the relative frequency within the sample. As a
result, ISA produces indicator values (IV ranging from 0 to
100, absent to exclusively present) for each TRF in defined
groups of a given environment.

Additionally, we calculated correlation coefficients among
and between the operational and biological parameters using a
linear regression. Tests for the statistical significance were con-
ducted to evaluate if the correlations were considerable or not.
Statistical significance was established at the p<0.05 level.

Results

Biogas plant performance

The MF performance of the analysed agricultural BGP in
July 2011 and over a 3-month time period from February to
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May 2012 is shown in Fig. 1 and Table S1. Constant operation
of the BGP (e.g. in terms of the feeding and temperature) over
the entire sampling period resulted in constant process values
and hence a stable reactor performance shown by the biogas
yield. The average biogas yield was nearly constant with 0.7±
0.07 m3 kgVS

−1 and a methane content of 51.4±2.1 %. This
biogas/methane yield was the result of the anaerobic co-
digestion of whole-crop maize and rye silage combined with
cattle manure and cattle slurry. In regard to the process effi-
ciency, overall 76.2±2.8 % of the total VS were degraded and
thus representing a well-operating agricultural plant. As ex-
pected, the highest biomass conversion was detected for easy
degradable carbohydrates (e. g. sugar) and for cellulose with
more than 80 %, followed by hemicellulose and raw fat with
around 70 % and raw proteins with 60 % (data not shown).
Based on the potential maximum biogas yield of the supplied
feedstocks (maize and rye silage, 0.9 m3 kgVS

−1; cattle slurry,
0.6 m3 kgVS

−1; Mähnert and Linke 2009), the large-scale over-
all biomass conversion and the resulting biogas yield demon-
strate high performance and efficiency of biogas technology.

Additionally, a stable pH of 7.9±0.1 and a constant time
course of TVFA/TA ratio of 0.1 further indicated a well-
functioning biogas reactor. The ammonium nitrogen (NH4

+-
N) and the free ammonia nitrogen (NH3-N) contents showed
average values of 2.5±0.2 and 0.3±0.08 g L−1, resp. In con-
trast to most other process parameters observed, the total VFA
content showed significant changes and ranged between 0.07
and 2.17 g L−1 AAE (acetic acid equivalents) (Fig. 1,
Table S1).

Microbial community structure based on high-throughput
16S rRNA gene amplicon sequencing

To determine the taxonomic profile of the biogas community,
high-throughput sequencing of the hypervariable V4 region of
the 16S rRNA gene was performed on the Illumina MiSeq
system by applying the paired-end protocol.

Sequencing of the 16S rRNA gene amplicons on average
resulted in 91,871±12,551 raw reads (supplementary material
Table S2). After processing (quality control, chimaera detec-
tion, taxonomic classification and 16S rRNA gene copy num-
ber correction), approximately 80,000 sequences per replicate
were obtained whereby 99.9 % of the 16S rRNA gene se-
quences were assigned to the domains Bacteria and
Archaea. Figure 2 illustrates that Bacteria with 99 % of all
sequences dominated within the biogas reactor, whereas 1 %
of the sequences were classified as Archaea. Overall, 42 % of
the identified sequence reads could be assigned to ten different
phyla. The predominant phyla were Firmicutes with 27±
1.5 % and Bacteroidetes with 13±1.0 % at the bacterial level
and Euryarchaeota with 1 % at the archaeal level. The taxo-
nomic profiling of the microbial community revealed in total
15 different classes, 8 different orders and 21 different

families. Only 30 % of the sequence reads could be assigned
at the order rank with Clostridiales as the most abundant one
(15 to 18 %), followed by Bacteroidales with 11 to 12 % and
Methanosarcinales with 0.6 to 0.8 %. At the family rank, the
16S rDNA amplicon library uncovered the dominance of
Porphyromonadaceae with 10 % (order Bacteroidales),
Clostridiales incertae sedis XI with 5 to 6 % and
Ruminococcaceae with 4 to 6 % (both order Clostridiales).
The archaeal community was predominated by the genus
Methanosarcina (orderMethanosarcinales) with 0.6 to 0.8 %.

Microbial community dynamic profiling by TRFLP
analyses

For time-dependent profiling of the microbial community, the
fingerprinting method TRFLP targeting either the bacterial or
the archaeal 16S rRNA gene was used (Fig. 3). In case of the
bacterial community, a total of 27 different TRFs were found
most prevalent whereby 21 TRFs were identified by the con-
structed 16S rRNA gene sequence library (see supplementary
material Table S3).

With 19 to 29 %, TRF-150 bp was the most abundant
bacterial TRF in all samples. In the 16S rRNA gene sequence
library, five different OTUs were found that showed a virtual
TRF of 150 bp with an overall abundance of 25 % confirming
the quantification by TRFLP analysis. These OTUs were
clearly related to the phylum Firmicutes, presumably to the
class Clostridia. Within this group, OTU-B039 (representing
17 % of the sequences) was further related to the order
Clostridiales.

Four further bacterial TRFs were determined as predomi-
nant: TRF-178 bp (9 to 11 %) and TRF-181 bp (6 to 10 %)
were also assigned to the phylum Firmicuteswhile TRF-86 bp
(6 to 9 %) and TRF-93 bp (3 to 8 %) were related to the family
Porphyromonadaceae (order Bacteroidales, phylum
Bacteroidetes). In the latter case, the corresponding OTUs of
TRF-86 bp and TRF-93 bp covered around 15 % of the entire
16S rRNA gene sequence database, which is in accordance
with the TRFLP results.

With eight different TRFs in total, the archaeal community
was less diverse compared to the bacterial one. With up to
63 %, the TRF-627 bp dominated all samples. TRF-470 bp
showed a high abundance in CW 30, 2011 (45 %), whereas it
reached only 3 to 5 % within the other samples. Three further
archaeal TRFs (TRF-84 bp, TRF-174 bp and TRF-318 bp)
were found in all five samples, each with an average of 5 %.
Generally, almost all detected TRFs were assigned to the order
Methanosarcinales (see supplementary material Table S3).
The constructed archaeal 16S rDNA sequence library showed
a clear dominance of one OTU with 87 % which had a theo-
retical TRF of 627 bp. This OTU was assigned to
Methanosarcina barkeri (99 % sequence identity to
NR_074253). Furthermore, TRF-470 bp was related to be a
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Fig. 1 Feedstock supply given as fresh mass input (a), process temperature,
ammonium nitrogen (NH4

+-N), free ammonia nitrogen (NH3-N) content and
biogas yield (b), as well as volatile fatty acids (VFA) and pH value (c), during
the sampling campaign in July 2011 and over a time period of 14weeks from
February to May 2012. Sampling points which were chosen for the
biological analyses are marked in red. All values which are shown in the

graphs are additionally given in Table S1.Missing values (gaps) in (b) for the
NH4

+-N and NH3-N content are caused by laboratory problems. CW
calendar weeks, AAE acetic acid equivalents, AS acetic acid, PS propionic
acid, nBA n-butyric acid, iBA iso-butyric acid, nVA n-valeric acid, iVA iso-
valeric acid, CA capronic acid
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relative ofMethanosarcina acetivorans (90 % sequence iden-
tity to NR_044724), while TRF-340 bp (detected only in CW
30, 2011, with 2% and CW19, 2012, with 4%)was identified
to be a relative of Methanobacterium formicicium (95 % se-
quence ident i ty to NR_025028) f rom the order
Methanobacteriales.

In conclusion, the bacterial community organisation was
more even (Gini coefficients between 0.34 and 0.43) than

the archaeal one (Gini coefficients between 0.45 and 0.61)
as shown in Table 1. Furthermore, Jaccard indices were cal-
culated in order to characterise the dynamics of the microbial
community during the biogas production process. The esti-
mated Jaccard indices showed that the microbial communities
of the first sample (CW 30, 2011) and the last sample (CW 19,
2012) had a similarity value of 65 %. Both communities differ
with up to 60 % from the microbial communities of CW 06,

Fig. 2 Taxonomic profiling of the
biogas plant microbial community
of CW 19, 2012, based on 16S
rRNA gene amplicon sequences.
Data from three replicates were
combined in order to describe the
taxonomic profile of the analysed
anaerobic digester. 16S rRNA
gene sequences were classified
using the RDP classifier. For the
taxonomic profile, only
assignments with a confidence
level of 0.8 were considered. The
profile was visualised using Krona
tools (Ondov et al. 2011)

Fig. 3 Structural composition of the bacterial (a) and archaeal (b)
communities involved in the biomethanation process of the analysed
BGP. The relative abundance of the detected terminal restriction

fragments (TRFs) as a function of the percental fluorescence intensity
of each individual TRF in relation to the total fluorescence intensity is
shown. Numbers symbolise the dominant TRFs in base pairs (bp)
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2012, CW 10, 2012, and CW 14, 2012, whereby the last three
showed similarity values of 68 to 80 % indicating the period
with the most stable community structure (Table 1).

Functional profiling by metaproteomic analysis

Both bacterial (mean of 27.2±14) and archaeal MPs (mean of
24.6±7) were identified and can be investigated in detail using
the provided MPA viewer. Archaeal MP hits were assigned to
Kyoto Encyclopaedia of Genes and Genomes (KEGG) path-
way maps in order to evaluate the abundance of enzymes in-
volved in acetoclastic (KEGG module M00357) and
hydrogenotrophic methanogenesis (KEGG module M00567).
For acetoclastic methanogenesis, acetyl-CoA decarbonylase/
synthase complex (ACDS) and its respective subunits (alpha,
beta, gamma, delta and epsilon) were detected in all samples
(Fig. 4, Table S4). Methylenetetrahydromethanopterin dehy-
drogenase has been detected as well, but with minor abun-
dance, indicating a weak activity of methanogens that use the
hydrogenotrophic pathway of methane formation. Proteins
which are involved in both pathways showed the highest abun-
d a n c e r a n g i n g f r o m 5 5 t o 7 0 % ( F i g . 4 ) :
tetrahydromethanopterin S-methyltransferase (subunit A, H
and E), V-type H+-transporting ATPase subunit B and
methyl-coenzyme M reductase (subunits alpha, beta and gam-
ma). The latter is the key enzyme in the final step of
methanogenesis. In addition, trimethylamine methyltransferase
MttB has also been detected in all samples. This protein is
involved in the formation of methane using tertiary amines
(KEGG module M00563). Additionally, methanol-5-
hydroxybenzimidazolylcobamide co-methyltransferase was
identified in two of five samples (Fig. 4) indicating partial ac-
tivity of methanogens using methanol (KEGG module
M00356) as intermediate.

Spectral counts (SpC) recorded for MPs of the acetoclastic
methanogenesis clearly showed a higher abundance for sam-
ples CW 30, 2011 (33%), as well as fromCW06, 2012, to CW
14, 2012, with around 20 % compared to SpC for the
hydrogenotrophic proteins with 3 to 4% (Fig. 4) corresponding

to an acetoclastic to hydrogenotrophic ratio of 10 for CW 30,
2011, resp. of 5 for CW 06, 2012, to CW 14, 2012. Most
m e t h a n e w a s f o rm e d f r om a c e t a t e . F o r t h e
sampling point CW 19, 2012, an evident increase in SpC for
t h e h y d r o g e n o t r o p h i c - r e l a t e d e n z y m e
methylenetetrahydromethanopterin dehydrogenase was re-
corded resulting in a decrease of the acetoclastic to
hydrogenotrophic ratio to a factor of 2.

Taxonomic assignments of MP using the common ancestor
strategy allowed the classification at different taxonomic
levels. Most of the identified archaeal MPs, especially en-
zymes from the ACDS complex, were assigned to the archaeal

Table 1 Characteristics of the microbial community structure in the analysed biogas plant indicated by the number of detected TRFs (richness), the
community organisation (Gini coefficient) and whole community similarity (Jaccard index)

Sample Richness (no. of TRFs) Gini coefficient Community similarity (Jaccard index) [%]

Bacteria Archaea Sum Bacteria Archaea CW 30, 2011 CW 06, 2012 CW 10, 2012 CW 14, 2012 CW 19, 2012

CW 30, 2011 18 8 26 0.41 0.61 – 43 41 53 65

CW 06, 2012 12 5 17 0.36 0.52 – 80 68 50

CW 10, 2012 14 5 19 0.34 0.58 – 77 42

CW 14, 2012 14 6 20 0.38 0.45 – 55

CW 19, 2012 18 7 25 0.43 0.61 –

CW calendar week, TRF terminal restriction fragment

Fig. 4 Relative distribution of the detected archaeal metaproteins of the
analysed BGP. The relative abundance of enzymes involved in the
acetoclastic pathway (KEGG module M00357, green) or the
hydrogenotrophic pathway (KEGG module M00567, orange), proteins
which are involved in both pathways (KEGG module M00357 and
M00567, dark grey) as well as the relative abundance of
trimethylamine methyltransferase MttB (KEGG module M00563, light
grey) and methanol-corrinoid protein co-methyltransferase (KEGG mod-
ule M00356, black) is shown
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genus Methanosarcina. Additionally, for the MPs methyl-
c o e n z y m e M r e d u c t a s e a n d m e t h a n o l - 5 -
hydroxybenzimidazolylcobamide co-methyltransferase, the
evaluation revealed a highly specific assignment on species
level to M. barkeri. The hydrogenotrophic-related enzyme
methylenetetrahydromethanopterin dehydrogenase was
assigned at the order level to Methanomicrobiales. V-
t y p eH + - t r a n s p o r t i n g ATP a s e s u b u n i t B a n d
tetrahydromethanopterin S-methyltransferase were matched
at the class level to Methanomicrobia.

Correlation of the system microbiology with prevalent
process parameters

It appears that the system microbiology, especially the com-
munity organisation, was correlated with the process temper-
ature as the bacterial and archaeal communities were more
uneven in samples at higher process temperature (45 °C in
the first and last samples, Fig. 5). Additionally, the ISA re-
vealed that species with a generally lower abundance (the
specialists) were mainly affected. Four bacterial TRFs (TRF-
99 bp, TRF-167 bp, TRF-296 bp and TRF-490 bp; related to
the order Clostridiales) and one archaeal TRF (TRF-340 bp,
related to the genusMethanobacterium) were exclusively (in-
dicator value (IV)>80, p=0.0002) found in the samples of
CW 30, 2011, and CW 19, 2012 (Table S5). This indicates a
competitive advantage of these species over other community
members at higher temperature regimes.

A combination of higher temperature, higher NH4
+-N con-

centration but lower pH and subsequently lower NH3-N con-
centration led to a high abundance of the TRF-470 bp which is

r e l a t e d t o t h e m i x o t r o p h i c a r c h a e a l f am i l y
Methanosarcinaceae. This suggests that the TRF-470 bp-
related organism(s) probably was/were responsible for main-
taining the acetoclastic pathway of methane production in CW
30, 2011, with an IVof 75 (p=0.0008) for the prevalent NH3-
N content and with an IVof 80 (p=0.0004) for the amount of
acetoclastic proteins (Table S6). In contrast to that,
hydrogenotrophic methanogenesis (especially the orange
TRF-340 bp) becamemore abundant when theNH3-N content
exceeded 400 mg L−1 (Table S6).

Discussion

Conventional procedural-chemical parameters are still the best
source for monitoring the process performance of anaerobic
digesters and are routinely used in large-scale BGPs for con-
trolling (Drosg 2013). Biogas formation itself, however, is
driven by the physiological activity of the present microbial
community. Consequently, actual microbiological research ef-
forts focus on correlating process parameters and process mi-
crobiology (structure and activity) in order to optimise the
environmental conditions for the growth, fitness and activity
of microorganisms and hence to improve the biogas produc-
tion. In this context, the presented study investigated new
insights into the microbial community behaviour by combin-
ing genomic and proteomic approaches.

General biogas plant performance

Our results generally showed that the overall biogas produc-
tion process was stable during the trial period as we found no
statistical significant correlations between the process param-
eters feedstock, OLR, HRT, process temperature, VFA, NH4

+-
N or NH3-N content and the biogas resp. the methane yield
(data not shown).

However, our results also revealed that the anaerobic diges-
tion is a complex, sensitive and hence dynamic process. All
prevalent procedural-chemical parameters are subjected to
small temporal variations as shown in Fig. 1. It is well known
that the temperature is one of the most important factors driv-
ing the anaerobic digestion process as it affects the microbial
activity and hence the hydrolysis, acido-/acetogenesis and
methanogenesis rates (Donoso-Bravo et al. 2009).
According toWeiland (2010), the analysed BGPwas operated
at a temperature regime between the optimal values for meso-
resp. thermophilic conditions: While the anaerobic digestion
was performed at 45 °C in July 2011, from February 2012 to
May 2012, a successive increase in the process temperature
from 41 to 45 °C occurred (Fig. 1b, Table S1). These temper-
ature changes can have several reasons: (i) a heating effect due
to an increase in the ambient temperature in combination with
a decrease of heat emission into the environment or (ii) the

Fig. 5 Correlation of the process temperature with the bacterial (black)
and archaeal (red) community organisation (Gini indices). Relationships
are shown by linear regressions with their correlation coefficients (R2)
and the statistical significance level of the correlation given as p value
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fermenter showed a self-induced heating effect as reported by
Lindorfer et al. (2008). Independent from the reason, the tem-
perature increase of the fermenter can lead to several process
imbalances such as an increase in the NH3-N content as it was
found, for example, in CW 19, 2012. But the NH3-N content
is not only a function of changing temperature conditions but
also a function of the NH4

+-N content and the pH value
(Fig. 1b, Table S1). As it is generally accepted that NH3-N is
an important regulator for methane formation (Chen et al.
2008), the observed acid accumulation (from CW 06, 2012,
to CW 08, 2012, and from CW 11, 2012, to CW 13, 2012;
Fig. 1c, Table S1) can be interpreted as a failing degradation of
the produced fatty acids causing a slight decrease in the biogas
yield (Fig. 1b, Table S1).

As the anaerobic digestion is mediated by a complex
interacting microbial consortium, the aim of this study was
an ecological interpretation of the behaviour of the process
microbiology under particular environmental condition, and
further to evaluate potential process key players. The fact that
the mentioned variations in the prevalent procedural-chemical
process parameters had no significant negative effect on the
overall biogas production led to the assumption that the mi-
crobial community was either resistant, resilient and/or func-
tional redundant and therefore enabled to compensate the sud-
den stress situation (Allison and Martiny 2008).

Community structure and its metabolic potential

Based on the 16S rRNA gene amplicon database, the biogas-
producing microbial community was dominated by Bacteria
with 99 % whereby the Archaea were only represented with
1 %. These findings have previously been reported, e. g. by
Liu et al. (2009); Carballa et al. (2011); Regueiro et al. (2012)
and Sundberg et al. (2013), and are in agreement with the fact
that Bacteria are involved in the first three steps of biomass
transformation with a high variety of substrates whereby
Archaea are restricted to a very narrow substrate spectrum in
terms of acetate, methyl-group containing compounds as well
as CO2 and H2.

According to Bergey’s Manual of Systematic Bacteriology
(Krieg et al. 2010; Vos et al. 2011), all detected bacterial com-
munity members are typically involved in the anaerobic deg-
radation of the supplied feedstock as they are described to
have cellulolytic, saccharolytic, glycolytic, lipolytic, proteo-
lytic and/or acido-/acetogenic capacities. Regarding the bio-
mass transformation cascade, the 16S rRNA gene amplicon
database revealed, for example, species from the genera
Ruminococcus, Acetivibrio (phylum Firmicutes, family
Ruminococcaceae) and Petrimonas (phylum Bacteroidetes,
family Porphyromonadaceae) which are reported to be in-
volved in the anaerobic digestion of various carbohydrates
including monosaccharide and disaccharides, hemicellulose,
ce l lu lose and/or pect in . The proteoly t ic genera

Sedimentibacter (phylum Firmicutes, family XI incertae
sedis) and Proteiniphilum (phylum Bacteroidetes, family
Porphyromonadaceae) were also recorded. Additionally, the
16S rRNA gene amplicon database further recorded the oc-
currence of acetogenic species f rom the family
Syntrophomonadaceae (phylum Firmicutes) which oxidise
saturated fatty acids such as butyrate in syntrophic association
with hydrogenotrophic methanogens, for example, of the gen-
era Methanospirillum from the order Methanomicrobiales
(Schink and Stams 2013; Schmidt et al. 2013). In conclusion,
the occurring bacterial species are enabled to perform a suc-
cessive and complementary biomass conversion with a func-
tional redundancy among diverse phylogenetic groups.

Concerning the archaeal community and hence the major
pathway of methane formation in full-scale anaerobic di-
gesters, previous studies reported a predominance of the
hydrogenotrophic methanogenesis mediated by species from
the ordersMethanobacteriales andMethanomicrobiales (e. g.
Nettmann et al. 2010; Regueiro et al. 2012; Fotidis et al.
2013). In contrast, both genomic and metaproteomic analyses
of the here presented study clearly showed a dominance of
acetoclastic methanogenesis derived from the activity of spe-
c i e s f r om th e g enu s Me thano sa rc i na ( f am i l y
Methanosarcinaceae). Among the methanogenic Archaea,
the family Methanosarcinaceae includes the most versatile
methanogens (De Vrieze et al. 2012). They can use acetate,
methanol, methylated amines, carbon monooxide and CO2/H2

as substrates (Liu and Whitman 2008). This high metabolic
diversity is reflected by a high number of genes encoding for
methanogenesis proteins resulting in a relative large genome
sizes as it was shown for M. barkeri strain Fusario with
4.8 Mb or Methanosarcina acetivorans strain C2A with
5.8 Mb (Galagan et al. 2002; Maeder et al. 2006). The pres-
ence of proteins involved in methanogenesis from acetate,
methanol and methylamines in the recorded metaproteomic
data confirms that this extensive genetic potential is used,
andMethanosarcina species succeed by following a generalist
strategy as they switch between substrates and cope with var-
iable substrate concentrations (Galagan et al. 2002; Maeder
et al. 2006).

Community dynamics and adaptation to changing
environmental conditions

Our results indicate that the analysed BGP consisted of a well-
established microbial community which is able to compensate
variations in the surrounding environment. According to the
microbial resource management (MRM) approach (Verstraete
et al. 2007; Marzorati et al. 2008; Read et al. 2011) and as
shown by the study of Carballa et al. (2011), the medium
community organisation values found in this study (Gini co-
efficient between 0.34 and 0.43 for the bacterial and 0.45 and
0.61 for the archaeal community; Table 1) indicate a well-
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balanced community composition. It encompassed not only
generalists that are mostly defined by their predominant oc-
currence but also specialists which are able to compensate
environmental fluctuations and hence are responsible for
maintaining the ecosystem functionality. For example, the
process parameters of the BGP, in particular the VFA concen-
tration, showed fluctuations between CW 06, 2012, and CW
14, 2012 (Fig. 1c), whereby the biogas yield (Fig. 1b) as well
as the community structure (Fig. 3) and activity (Fig. 4) were
not significantly affected. Up to 80 % similarity of the com-
munity structure (Table 1) and a constant metaproteome rep-
resented by an acetoclastic to hydrogenotrophic ratio of 5
(Fig. 4) are indicative for the ability of the microbial commu-
nity to compensate these environmental changes without any
significant negative effects on the process. These findings
prove the assumption that the occurring microbial community
is not only resistant but also resilient against sudden stress
situations as the degree to which the microbial community
remains unchanged in face of a disturbance was quite low
(Allison and Martiny 2008).

Both, community and functional data, revealed that the
process temperature was one major factor shaping the micro-
bial community. At the first and last sampling point with a
process temperature of 45 °C, the bacterial and archaeal com-
munity organisation was more uneven (Fig. 5). Not surpris-
ingly, the ISA for these sampling points clearly identified the
exclusive occurrence of bacterial species from the order
Clostridiales indicating the well-known competitive advan-
tage over species from the phylum Bacteroidetes at higher
temperature (Rademacher et al. 2012). However, as the pro-
cess temperature of the analysed BGP has never reached com-
monly defined thermophilic conditions (50–60 °C), species of
the phylum Bacteroidetes were constantly represented with at
least 20 to 30 % of the entire community. Additionally, higher
t empe ra tu r e a l so suppo r t ed the occu r r ence o f
hydrogenotrophic methanogens symbolised by the detected
TRF-340bp, a relative of Methanobacterium formicicum.
However, the activity of the TRF-related organism(s) was ob-
viously suppressed in CW 30, 2011, as we found a tenfold
higher abundance of MPs of the acetoclastic pathway in CW
30, 2011, compared to those of the hydrogenotrophic pathway
(Fig. 4). In contrast, hydrogenotrophic MPs were enriched in
CW 19, 2012, and the acetoclastic to hydrogenotrophic ratio
decreased to a factor of 2. Probably the higher concentration
of free ammonia nitrogen (NH3-N, 440 mg L−1) in CW 19,
2012, caused an inhibition of the mixotrophic archaeal family
Methanosarcinaceae (especially a close relative of
Methanosarcina acetivorans represented by TRF-470 bp)
and opened a niche for hydrogenotrophic methanogens from
the genusMethanobacterium. To conclude, these findings dis-
tinctly showed that both microbial or more precisely the ar-
chaeal communities (from CW 30, 2011, and CW 19, 2012)
were functional similar as they carried out a functional process

at a similar rate, regardless of the differences in the composi-
tion (Allison and Martiny 2008).

Towards biomarkers for the biomethanation process

The here presented complementary application of 16S rRNA
gene amplicon sequencing (entire community structure), com-
munity fingerprinting by TRFLP (community dynamics) and
metaproteomics (community activity) together with a moni-
toring of procedural-chemical process parameters and the bio-
gas yield resulted in one of the most comprehensive descrip-
tions of full-scale agricultural BGPs. The occurring commu-
nity of the analysed BGP seems to be resistant or resilient as it
had a high adaptability potential to changing process condi-
tions. These community characteristics could be ecological
related to interspecies competition as well as functional redun-
dancy and similarity among diverse phylogenetic groups. This
allows fluctuation in the community structure and functional-
ity without negative effects for the overall BGP performance
and efficiency. Finally, this study impressively showed that
using the strength of different methods in a polyphasic ap-
proach can compensate limitations of each applied method.
For example, the here presented results revealed that different
spec i e s f rom the mixo t roph i c a r chaea l f ami ly
Methanosarcinaceae mediated either the acetoclastic
(Methanosarcina acetivorans represented by TRF-470 bp)
or the hydrogenotrophic pathway (Methanosarcina barkeri
symbolised by TRF-627 bp) which paves the way towards
the development of process-relevant molecular biomarkers.

The challenge at this point is to strengthen investigations
on the characterisation on the system microbiology during
disturbed resp. varying process phases. Such efforts would
provide the possibility to determine process-relevant microor-
ganisms with both a positive and a negative impact on the
anaerobic biomass conversion and the related biogas yield.
This may prospectively allow us to draw up recommendations
for Badjustment screws^ to set the process conditions better
suiting the requirements of the microbial community.
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