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Abstract Agricultural biogas plants were operated in most
cases below their optimal performance. An increase in the
fermentation temperature and a spatial separation of hydroly-
sis/acetogenesis and methanogenesis are known strategies in
improving and stabilizing biogas production. In this study, the
dynamic variability of the bacterial and archaeal community
was monitored within a two-phase leach bed biogas reactor
supplied with rye silage and straw during a stepwise tempera-
ture increase from 55 to 75 °C within the leach bed reactor
(LBR), using TRFLP analyses. To identify the terminal restric-
tion fragments that were obtained, bacterial and archaeal 16S
rRNA gene libraries were constructed. Above 65 °C, the
bacterial community structure changed from being
Clostridiales-dominated toward being dominated by members
of the Bacteroidales, Clostridiales, and Thermotogales orders.
Simultaneously, several changes occurred, including a de-
crease in the total cell count, degradation rate, and biogas yield
along with alterations in the intermediate production. A bio-
augmentation with compost at 70 °C led to slight improve-
ments in the reactor performance; these did not persist at 75 °C.
However, the archaeal community within the downstream
anaerobic filter reactor (AF), operated constantly at 55 °C,
altered by the temperature increase in the LBR. At an LBR
temperature of 55 °C, members of the Methanobacteriales
order were prevalent in the AF, whereas at higher LBR

temperaturesMethanosarcinales prevailed. Altogether, the best
performance of this two-phase reactor was achieved at an LBR
temperature of below 65 °C, which indicates that this temper-
ature range has a favorable effect on the microbial community
responsible for the production of biogas.
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Introduction

The production of biogas by the anaerobic digestion of agri-
culturally produced or derived biomass is conducted in most
cases below its optimal performance (Ward et al. 2008).
Strategies known to improve biogas production are the main-
tenance of increased fermentation temperatures and the com-
partmentalization of the biogas reactor, as realized in two-
phased or staged systems. Experimental thermophilic biogas
reactors achieved higher methane rates and better solids re-
moval than comparable mesophilic systems (Dugba and
Zhang 1999). An increased temperature also leads to a reduc-
tion in potentially pathogenic bacteria, as indicated by sludge
analysis (Buhr and Andrews 1977). This is of particular
interest when substrates with potential pathogens such as
household waste (Ahring 1995) or feces (Dahlenborg et al.
2001, 2003) are fermented and subsequently used as soil
fertilizer. Specialized two-phase biogas systems with a sepa-
rate hydrolysis/acetogenesis and methanogenesis, which
allows for adjusting the operation parameters for each reactor
separately, can also improve the biogas yield (Demirer and
Chen 2005). Such systems support the settlement of special-
ized microbial communities, depending on the reactor phases
and the conversion process.
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Only a few studies have already focused on the microbial
community structure within phase-separated systems under
mesophilic conditions (Cirne et al. 2007; Klocke et al. 2008;
Wang et al. 2010) or thermophilic conditions, supplying
beet silage and wheat hydrolysate (Kongjan et al. 2011;
Krakat et al. 2010). However, analyses of thermophilic
phase-separated systems supplied with substrates with
high-fiber content are rather scarce. Furthermore, studies
focusing on a further increase in the operation temperature
above 70 °C are also rare (Lepistö and Rintala 1996;
Nozhevnikova et al. 1999), particularly studies which also
considered the microbial community structure.

The stabilization of themicrobial community during biogas
production especially at high temperatures may be supported
by bioaugmentation. Recently, the bioaugmentation of biogas
systems—either by pure cultures (e.g., Caldicellulosiruptor,
Bagi et al. 2007; Nielsen et al. 2007) or by compost commu-
nities (Neumann and Scherer 2011)—improved the biogas
efficiency within a completely mixed thermophilic reactor as
well as in mesophilic and thermophilic two-staged systems.

In this study, we analyzed the influence of temperature
increases within the leach bed reactor of a two-phase leach
bed biogas system on the microbial community by applying
terminal restriction fragment (TRF) length polymorphism
(TRFLP) and 16S rRNA gene library analyses. Although,
the TRFLP method, a high-throughput fingerprint tool,
comprises some limitations concerning the resolution of
complex microbial communities, it is a valuable tool for
tracking microbial dynamics (e.g., Kitts 2001; Schutte et
al. 2008). To support the TRFLP results and to identify the
TRFs that were obtained, 16S rRNA gene libraries were
constructed.

The subject reactor system was developed to ensure an
efficient conversion of high-fiber crop material. It consisted
of a leach bed reactor (LBR) for anaerobic degradation of
the substrate and a downstream anaerobic filter reactor (AF)
for methanogenesis. The aims were (1) to monitor the dy-
namics of the hydrolytic and acidogenic bacteria community
in the LBR during a stepwise temperature increase from 55
to 75 °C, (2) to track the impact of bioaugmentation with
compost on the bacterial community in the LBR at high
fermentation temperatures, and (3) to consider the impact of
temperature increase within the LBR on the methanogenic
archaea community residing within the AF, operated at a
constant temperature of 55 °C.

Material and methods

Reactor setup and sampling

The system analyzed in this study, which was operated since
2006, was previously described in detail by Rademacher et

al. (2012). In short, it consisted of a gastight LBR (net
volume 100 L), an effluent storage reactor (HS, net volume
60 L), and a downstream AF (net volume 30 L) with 390
packings (Bioflow 40; Rauschert, Judenbach-Heinersdorf,
Germany). The LBR was supplied discontinuously with
10 kg of rye silage and 0.5–1.0 kg of straw material, having
a retention time of 21 days. The distribution of intermediates
as well as a consistent temperature and moisture level was
accomplished by circulating the leachate. The AF was op-
erated continuously at 55 °C, whereas the temperature of the
LBR was increased from 55 to 75 °C in increments of 5 °C.
Each temperature regime was kept constant for three fer-
mentation periods of 21 days each. After the temperature
regime of 70 °C, a bioaugmentation was conducted by add-
ing 4-week-old compost (5 kg; Biowork, Schmergow, Ger-
many), comprising thermophilic microorganisms, to the
substrate while maintaining the temperature of 70 °C. After
two fermentations with compost lasting 21 days, rye silage
and straw without compost were digested in the LBR at 70 °
C. After this fermentation, the temperature regime in the
LBR was increased following the previous scheme up to
75 °C.

Three of these biogas reactor systems were set up and
were operated in parallel. Samples were mainly taken
from the first reactor system during the second or third
fermentation period of each temperature regime allowing
the microbial community to adapt to the increased tem-
perature. The second and third reactor system was ana-
lyzed at specific time points to confirm the reproducibility
of the results.

For bacterial community analysis, the leachate was sam-
pled at days 7 and 21 of one fermentation period for each
temperature regime. The selection of these sampling days
was performed after analyzing the bacterial community
dynamics during the fermentation of one charge of substrate
at 60 °C (LBR), sampling the leachate at days 0, 2, 7, 14,
and 21 and the digestate at day 21. A volume of 50 mL of
leachate was taken from the plug of the effluent storage
reactor, and 50 g of digestate was sampled from the LBR.
To support the findings of the bacterial community dynam-
ics during the temperature increase within the first reactor
system, the second and third biogas reactor was also ana-
lyzed at the temperature regimes of 65 and 70 °C.

For the archaeal community analysis, the biofilm on the
surface of one packing out of the AF was analyzed for each
temperature regime of the LBR. The packings that were
analyzed were removed at the end of the 21-day fermenta-
tion process to prevent a disturbance of the biogas produc-
tion process. Prior to the biofilm detachment, the packing
was rinsed with 1× phosphate-buffered saline (PBS) to
remove the planktonic cells. Afterwards, the biofilm was
detached using a sterile scalpel. All samples were stored at
−20 °C until further processing.
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Simultaneously to the operation of the reactors, process
parameters were determined throughout the experiment.
The biogas and methane yield, measured as described in
Schönberg and Linke (2012), are listed in Table 1. The
degradation rate of the organic material was calculated
based on the organic dry matter (ODM) before and after
the fermentation and was corrected by the nondegradable
lignin fraction of the substrate. The concentrations of
acetic acid, n-butyric acid, propionic acid, ethanol, and
propanol (Fig. 1) were analyzed by gas chromatography
(CP-3800; Varian, Palo Alto, USA). The pH was
measured using a pH meter 340i (WTW, Weilheim,
Germany). The total ammonia concentration (NH4

+–N+
NH3–N) was determined after Kjeldahl, and the concen-
tration of free ammonia (NH3–N) was calculated accord-
ing to Anthonisen et al. (1976).

Determination of total cell counts

To determine the total cell counts, the LBR leachate
samples of the first reactor were fixed immediately after
sampling. Therefore, the samples were washed two times
with 1× PBS and were incubated with three volumes of
3.7 % formaldehyde at 4 °C over night. After incubation,
the samples were centrifuged and the pellets obtained
were washed two times with 1× PBS. Finally, the pellets
were resuspended in equal parts of 1× PBS and 96 %
ethanol. All samples were stored at −20 °C until further
processing. For the cell count analysis, the fixed samples were
washed and afterwards sonicated according to Nettmann et al.
(2010). The samples were analyzed in triplicates and applied
to a Teflon-coated slide, which was covered with 0.1 % gel-
atine and 0.01 % CrK(SO4)2. Afterwards, the samples were
stained using 5 μL Citifluor AF1 antifading reagent and
0.2 μL 4′,6-diamidino-2-phenylindole (DAPI; 33 μgmL−1).
The detection of stained microbial cells was performed under

an Olympus BX51 fluorescent microscope (Olympus,
Hamburg, Germany) at a magnification of 600, using
the filter set WU for DAPI detection. Images of the
samples were taken with a digital Olympus DP72 cam-
era, applying the software cell F (Olympus, Hamburg,
Germany). For each triplicate of the samples, about
1,000 stained cells were counted from randomly taken
images. The calculation of the total cell count was
performed according to Raizada (2004).

DNA extraction and amplification

The genomic DNA was extracted by means of the Fast
DNA® SPIN Kit for Soil (Mp Biomedicals, Heidelberg,
Germany), according to the manufacturer’s instruction.
For each sample, three subsamples were extracted using
2 mL of leachate and 0.2 g of digestate from the LBR
for the bacterial community analysis and 0.2 g of the
packing’s biofilm from the AF for the archaeal commu-
nity analysis.

For the amplification of the bacterial 16S rRNA gene,
the 27f forward primer (5′ AGAGTTTGATCMTGGCT
CAG 3′, Lane 1991; Sipos et al. 2007) labeled with Cy5
(5′ end) and the 926r reverse primer (5′ CCGTCA
ATTCMTTTRAGTTT 3′, Després et al. 2007; Weisburg
et al. 1991) were used. The amplification of the archaeal
16S rRNA gene was achieved using the Ar109f forward
primer (5′ ACKGCTCAGTAACACGT 3′, Großkopf et al.
1998) also labeled with Cy5 (5′ end) and the Ar912r
reverse primer (5′ CTCCCCCGCCAATTCCTTTA 3′;
Lueders and Friedrich 2000; all primers: Biomers, Ulm,
Germany). The following reaction mix was used for the
amplification in a total volume of 25 μL: 2.5 μL 10× PCR
buffer, 2 mM (Bacteria assay) or 2.5 mM (Archaea assay)
MgCl2, 0.2 mM dNTPs, 0.4 μM of each primer, and 1 U
of the recombinant Taq DNA polymerase (all provided by
Fermentas, St. Leon-Rot, Germany). The thermal profile
for amplification was as follows: initial denaturation at
95 °C for 3 min, denaturation at 94 °C for 30 s, annealing
at 51 °C (Bacteria assay) or 52 °C (Archaea assay) for
30 s, elongation at 72 °C for 90 s, steps 2–4 were repeated
25 times (Bacteria assay) and 28 times (Archaea assay),
followed by a final extension at 72 °C for 8 min. Positive
controls were set up using genomic DNA purified from
the following cultures: Escherichia coli (DSM 1116),
Pseudomonas fluorescens (DSM 50090), Clostridium
tyrobutyricum (DSM 2637), Methanothermobacter ther-
mautotrophicus (DSM 1053), Methanosarcina thermo-
phila (DSM 1825), and Methanoculleus marisnigri
(DSM 1498). After amplification, the PCR products were
purified using the QIAquick PCR Purification Kit (Qia-
gen, Hilden, Germany), according to the manufacturer’s
instructions.

Table 1 Biogas yield and methane content of biogas in the two-phase
leach bed biogas system analyzed during temperature increases from
55 to 75 °C (LBR)

Temperature LBR
reactor (°C)

Biogas yielda

(L kgoS
−1)

Methane content
(%)

55 619.4 50.7

60 602.9 55.5

65 610.6 49.8

70 435.2 41.6

70b 513.2 50.3

75 378.1 65.2

a Biogas yield normalized to 0 °C and 1,013 hPa
b Analysis after bioaugmentation with compost
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TRFLP analysis

The concentrations of the PCR amplicons were determined
photometrically using a NanoPhotometer (Implen, Mün-
chen, Germany). A total of 200 ng DNA was digested
enzymatically in a total volume of 20 μL at 37 °C for 4 h
using 10 U of each, MspI and Hin6I, in the case of the
Bacteria assay, or AluI for the Archaea assay (all enzymes
provided by Fermentas). Subsequently, the digested prod-
ucts were purified by ethanol precipitation, using 300 μL
75 % ethanol and 0.1 volume of 3 molL−1 sodium acetate.
The precipitated DNA was resuspended in 20 μL (Archaea
assay) or 40 μL (Bacteria assay) HPLC–H2O. The electro-
phoretic separation and fluorescent detection of digestion
fragments were conducted using a GenomeLab™ GeXP
Genetic Analysis System (Beckman Coulter, Krefeld, Ger-
many). Each sample was loaded together with 0.5 μL of
standard-sized DNA (600) labeled with D1 dye (Beckman
Coulter, Krefeld, Germany), comprising fragments from 60
to 640 nucleotides. The samples were filled up to a volume
of 30 μL with sample loading solution (SLS, Beckman
Coulter, Krefeld, Germany) and separated for 70 min with
a voltage of 4.8 kV.

The recording and analysis of data were performed
with the GeXP analysis software (version 10.2). The size
of the TRFs was calculated with the quartic model based
on the migration time of the size standard. Due to the
applied size standard, only fragments between 60 and
650 bp were analyzed. Further, the fragments showing
fluorescence intensities below 370 rfu were not measur-
able within a linear range and therefore removed from
the study. The data obtained were subsequently

normalized by focusing on the total fluorescence intensi-
ty of peak heights, corresponding to Dunbar et al.
(2001). The alignment of TRFs (clustering threshold
0.8) was conducted applying the T-Rex software
(Culman et al. 2009). For further downstream analysis,
only TRFs were used, which are represented in at least
two of the conducted triplicates per sample. For the bar
chart, TRFs with a relative abundance below 3 % of the
total detected fluorescence intensity were removed from
the analysis. Then, the relative abundance of each TRF
was calculated based on the standardized and aligned
data set according to Wang et al. (2010) and displayed
using SigmaPlot 8.0 (Systat Software, Erkrath, Ger-
many). The nonmetric multidimensional scaling
(NMDS) was constructed on the basis of the rank order
of a Bray–Curtis similarity matrix, which was constructed
using the EstimateS software version 8.0.0 (Colwell 2006).
The NMDS was performed applying the Statistica software
(StatSoft, Hamburg, Germany). The stress value obtained for
this NMDS was 0.05, indicating a very good ordination
(Clarke 1993).

Construction of 16S rRNA gene clone libraries
and identification of TRFs

For the bacterial clone libraries, the microbial DNA
extracted from the leachate (day 7) of the first LBR, oper-
ated at 55 and 75 °C, was used. For the archaeal clone
library, the microbial DNA from the packing’s biofilm with-
in the AF, operated at 55 °C (LBR temperature 55 °C), was
employed. Bacterial and archaeal 16S rRNA gene fragments
were amplified by PCR, using primers (unlabeled) and
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Fig. 1 Chemical characteristics
of the leachate of LBR
measured for each temperature
regime. a Concentration of
acetic acid, b concentration of
n-butyric acid, c concentration
of propionic acid, and d
concentration of ethanol and
propanol (sum), in asteriks
analysis after bioaugmentation
with compost
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temperature adjustments as described above. After purifica-
tion, the PCR products were cloned into a pGem®-T vector
(Promega, Mannheim, Germany) and subsequently trans-
formed into E. coli JM 109 cells (Promega). White colonies
were selected randomly, grown over night, and recombinant
plasmids were extracted using the NucleoSpin® plasmid kit
(Macherey-Nagel, Düren, Germany). The successful clon-
ing was verified by means of a restriction digest using NcoI
and SalI (Fermentas), according to the manufacturer’s
instructions. For each of the three 16S rRNA gene libraries,
96 plasmids with inserts of expected length were sequenced
(GATC Biotech AG, Konstanz, Germany) and checked for
anomalous (e.g., chimeric) sequences using the software
Mallard 1.02 (Ashelford et al. 2006). This software process-
es a pairwise comparison between query sequences and the
reference sequence E. coli K12 (accession no. U00096)
based on the pintail algorithm (Ashelford et al. 2005), which
leads to the identification of anomalous sequences. A total
of 9 % of all sequences were identified as anomalous and
excluded from further data analysis.

Operational taxonomic units (OTUs) were defined as
group of sequences with a p-distance of 0.03 to each other,
applying the software Mega 5 (Tamura et al. 2011). After-
wards, all sequences were blasted against the NCBI nr/nt
database (excluding uncultured and environmental sample
sequences) and assigned to it. The archaeal OTUs were
indicated at rank genus and the bacterial OTUs at rank
order.

To identify TRFs, plasmids of interest were amplified using
T7 (5′ TAATACGACTCACTATAGGG 3′) and SP6 (5′ATTT
AGGTGACACTATAG 3′) primers. The following reaction
protocol was performed using a total volume of 20 μL: 2 μL
10×PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTPs, 0.2 μM of
each primer, and 0.8 U of the recombinant Taq DNA poly-
merase (all provided by Fermentas). The thermal profile
started with an initial denaturation at 94 °C for 2min, followed
by a denaturation step at 94 °C for 30 s, an annealing step at
47 °C for 1 min, and an elongation step at 70 °C for 2 min. The
steps 2–4 were repeated 30 times and finished by a final
extension at 70 °C for 10 min. After purification, a second
PCR was applied focusing on the bacterial or archaeal 16S
rRNA gene, using the TRFLP primers and the thermal profile
described above. The PCR products obtained were purified,
digested, precipitated by ethanol, and finally analyzed on the
GenomeLab™ GeXP Genetic Analysis System, as described
before. The identification and taxonomic assignment of TRFs
previously monitored for the reactor samples were conducted
on the basis of the cloned 16S rRNA gene sequences, resolv-
ing a TRF of similar size.

All determined nucleotide sequences are deposited in the
database of the ENA-EMBL-Bank with the following ac-
cession numbers: HE804839-HE804914 and HE804915-
HE804988 for the bacterial 16S rRNA gene libraries

derived from the LBR at 55 and 75 °C, respectively, and
HE804989-HE805076 for the archaeal 16S rRNA gene
library derived from the AF (LBR at 55 °C).

Results

Biogas reactor performance

The temperature of the LBR was increased from 55 up to
75 °C in increments of 5 °C, whereas the AF was kept
constant at 55 °C. The process parameters of the two-
phase biogas reactors were analyzed at the mentioned tem-
perature regimes within the LBR and AF and were indicated
for the first reactor system.

During the whole experiment, the pH remained nearly
constant in both reactor compartments (LBR 7.53±0.35; AF
7.89±0.13). The concentration of total nitrogen (1.20±
0.11 gL−1) and free ammonia (0.32±0.06 gL−1) in the AF
also remained constant. However, several parameters, such
as the biogas yield, altered severely during the temperature
increase. Whereas the biogas yield of the first three temper-
ature steps (55 to 65 °C) was nearly the same, with a mean
value of 611±8 LkgoS

−1, the biogas yield decreased by
29 % at 70 °C (Table 1). To introduce additional thermo-
philic microorganisms to the system and, hence, to strength-
en the reactor performance, a bioaugmentation with
compost was conducted at 70 °C. As a result, an increase
in the biogas yield by 15 % was obtained. However, this
increased biogas yield did not persist during the following
experiments with LBR temperatures of 75 °C.

Simultaneous to changes in the biogas yield, the degra-
dation potential of organic dry matter also decreased. Be-
tween 55 and 65 °C, a high degradation of ODM could be
achieved with values of 79.5, 77.6, and 61.2 %, respectively.
Then, it declined to 39.0 % at 70 °C, 52.2 % after bioaug-
mentation at 70 °C, and 32.4 % at 75 °C. This indicates that
the bioaugmentation has a positive effect on the degradation
of ODM.

The impact of temperature increase could also be observed
by analyzing different intermediates in the leachate, such as
acetic acid, n-butyric acid, propionic acid, and alcohol. The
concentrations of each intermediate were rather similar be-
tween 55 and 65 °C (Fig. 1). Above 65 °C, the maximal
concentration of the acetic acid (Fig. 1a) and n-butyric acid
(Fig. 1b) decreased strongly, whereas the propionic acid con-
centration (Fig. 1c) showed a lower reduction. However, the
highest concentration of all intermediates was measured dur-
ing the first 9 days of the fermentation independent of the
LBR temperature. Interestingly, above 65 °C, the decomposi-
tion of the acetic acid was prolonged in comparison to the
lower temperatures. This effect was reduced after the bioaug-
mentation, but appeared again at 75 °C.
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In contrast to the carboxylic acids, the concentration of
alcohols, i.e., ethanol and propanol, was slightly increased at
hyperthermophilic temperatures. At 75 °C, an alcohol con-
centration with a mean value of 0.15 gL−1 was measurable
during the first 5 days of the fermentation (Fig. 1d). At
lower temperatures, the alcohol concentration was below
the detection level of 0.02 gL−1, in most cases.

Total cell counts of the leachate derived from the LBR

The increase in the operation temperature led to a reduction
in cell densities, as determined by fluorescence microscopy.
At 55 °C, an average of 2.7±0.6×1010 cells mL−1 were
detected. A first reduction in the total cell count to 1.6–1.7
±0.2×1010 cells mL−1 appeared after a temperature increase
to 60 °C. At 70 °C, the total cell count was decreased to a
total of 6.2±1.3×109 cells mL−1. The following bioaugmen-
tation with compost led to no positive effect on cell densi-
ties. After the bioaugmentation at 70 °C, as well as at 75 °C,
the average total cell counts were 4.6±1.1×109 cells mL−1.

Bacterial community dynamics in the LBR
during the anaerobic digestion of one charge of silage

The bacterial community dynamic in the LBR which was
operated at 60 °C was tracked by a TRFLP analysis of the
leachate and the digestate. During the digestion of one
charge of silage, the bacterial community underlay certain
alterations (Fig. 2). At the beginning (day 0) and the end
(day 21) of the digestion, comparatively similar community
structures were observed. In the middle phase, the commu-
nity structure varied significantly. Major differences of the
community were observed after 7 days of fermentation. In

conclusion, the bacterial community altered in a cyclic
pattern during the 21-day digestion process.

Impact of the temperature increase on the bacterial
community in the LBR

As consequence of the previous results, days 7 and 21 were
chosen to follow the bacterial community dynamics during
the temperature increase in the LBR by TRFLP analysis. A
substantial alteration in the bacterial community structure
was observed after a temperature increase in the LBR. Up to
65 °C, the bacterial community consisted mostly of species
belonging to the Clostridiales order. Above 70 °C, members
of the Bacteroidales, Clostridiales, and Thermotogales
orders dominated the bacterial community structure in the
LBR.

More specifically, in the case of an LBR temperature of
55 and 60 °C, the TRFLP pattern at day 7 showed five
prevalent TRFs (TRF 84, 151, 167, 217, and 304; Fig. 3a).
The sequence analysis of these TRFs revealed the highest
similarities to species belonging to the Clostridiales order
(Fig. 3). Only the phylogenetic affiliation of TRF 84
remained unknown, due to the absence of a corresponding
reference sequence within the 16S rRNA gene clone librar-
ies. At 65 °C, slight changes in the bacterial community
structure were detectable. For instance, within the sample
derived from day 7 of the fermentation, the relative abun-
dance of the TRFs 84 and 167 was elevated twofold, where-
as other fragments disappeared (TRF 217) or decreased
strongly (TRF 304, Fig. 3a).

In accordance with the changes in chemical parameters
and biogas yield, severe alterations of the bacterial commu-
nity structure were observed at 70 °C. TRFs which were
prevalent before disappeared and vice versa. Taking the
bacterial community structure at day 7 of the fermentation
as example, the TRFs 167, and 304 (all Clostridiales affil-
iated, Fig. 3) decreased strongly or disappeared, whereas the
fragments TRF 208, 214, and 221 were identified for the
first time (Fig. 3a). TRF 214 was prevalently detected in
relative abundance at 27–44 % from 70 °C. TRF 214 and
221 showed the highest similarity to the Acetomicrobium
genus (Bacteroidales, Fig. 3). The phylogenetic origin of the
TRF 208 was not ascertainable. At 75 °C, a further frag-
ment, TRF 194, appeared which was affiliated to the Fervi-
dobacterium genus (Thermotogales, Fig. 3).

This apparent shift in the bacterial community structure at
70 °C after 7 days of the fermentation was also observed
after analyzing the community at the end (day 21) of the
fermentation process (Fig. 3b). Furthermore, the analysis of
the two identical two-phase biogas reactors also showed the
shift from a Clostridiales-dominated community towards a
prevalence of Acetomicrobium sp. (TRF 214 and TRF 221;
Fig. 4) indicating a reproducible impact of the temperature

Fig. 2 Nonmetric multidimensional scaling (NMDS) of Bray–Curtis
values for the pairwise similarity of microbial community structures as
determined by the TRFLP analyses. TRFLP profiles were determined
for samples taken from the LBR at different time points during the 21-
day fermentation of one charge of rye silage at 60 °C. L0-L21 samples
of the leachate at days 0–21, D21 samples of the digestate at day 21
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on the bacterial community structure within these two-phase
biogas reactors.

The bioaugmentation with compost conducted at an LBR
temperature of 70 °C introduced several different bacteria
with unknown affiliation to the bacterial community result-
ing in a slightly varied TRFLP pattern in comparison to the
fermentation at 70 °C before the bioaugmentation (Fig. 3).

Furthermore, as expected from our previous results, the
composition of the bacterial community showed strong dif-
ferences between the TRF profiles observed at days 7
(Fig. 3a) and 21 (Fig. 3b), particularly at LBR temperatures
between 55 and 65 °C. For instance, TRF 151 strongly
dominated the profiles at the end of the fermentation at 55
and 60 °C in contrast to the samples derived from day 7.
Additionally, TRFs that were relatively abundant at day 7
were decreased at day 21, such as the TRFs 167 and 304. At
LBR temperatures above 65 °C, fewer differences were
observed within the TRFLP profiles of days 7 and 21
(Fig. 3).

Bacterial community structure in the LBR as revealed
by 16S rRNA gene library analysis

The results of the analysis of two bacterial 16S rRNA
gene libraries, constructed from leachate samples of the
LBR at 55 °C (76 clones, 30 OTUs) and 75 °C (74 clones,
17 OTUs), confirmed the alterations from Clostridiales to
Bacteroidales within the bacterial community obtained by
TRFLP analysis. At 55 °C, 80 % of the total clones and
60 % of the total OTUs were assigned to Clostridiales
(Table 2). Their relative abundance was strongly reduced,
accounting for 12 % of total clones and 41 % of the total
OTUs at 75 °C. Simultaneously, the number of sequences
assigned to the Bacteroidales order increased strongly
from 3 % (55 °C) to 62 % (75 °C) of the total clones
(Table 2).

a

Temperature of LBR (°C)

55 60 65 70 70* 75

T
R

F
 a

bu
nd

an
ce

 (
%

)

0

20

40

60

80

100

TRF   76, Thermoanaerobacter sp. (EU262599, 87%)
TRF   84, unkown phylogenetic affiliation
TRF 151, Clostridium sp. (FJ808611, 87-89%)
TRF 167, Clostridium sp. (FJ808609, 96-99%)
TRF 194, Fervidobacterium sp. (EF222229, 97-98%)
TRF 208, unknown phylogenetic affiliation
TRF 214, Acetomicrobium sp. (FR749980, 94-98%)
TRF 217, Clostridium sp. (CP000568, 91-94%)
TRF 221, Acetomicrobium sp. (FR749980, 95-98%)
TRF 228, Haloplasma sp. (NR_044362, 86%)
TRF 304, Defluviitalea sp. (HQ020487, 89-91%)

b

Temperature of LBR (°C)

55 60 65 70 70* 75

Fig. 3 Dynamics of the
bacterial community structure
within the leachate of the LBR
at days 7 (a) and 21 (b) during
temperature increases from 55
to 75 °C. TRFs with a relative
abundance above 3 % of the
total fluorescence intensity
were displayed. In asterisks,
analysis after bioaugmentation
with compost, in brackets the
accession number and sequence
identity of the sequence are
given, producing the best
alignment to the query 16S
rRNA sequence, as indicated by
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NCBI nr/nt database, without
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Fig. 4 Dynamics of the bacterial community structure within the LBR
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Additionally, 16S rRNA sequences related to the Actino-
mycetales, Halanaerobiales, Pseudomonadales, and Synergis-
tales orders were also detected at 55 °C and were absent at
75 °C (Table 2). In contrast, 16S rRNA sequences related to
the Burkholderiales and particularly the Thermotogales orders
were absent at 55 °C and showed a relative abundance at 1 and
10 % of the total clones at 75 °C, respectively (Table 2).

Archaeal community structure in the AF
during the temperature increase in the LBR

During the increase in the operational temperature of the
LBR, the temperature of the AF was kept constant at 55 °C.
To monitor the methanogenic archaeal community, the bio-
film on the surface of a packing in the AF was analyzed at
each LBR temperature regime.

The archaeal TRF 339, affiliated to the Methanothermo-
bacter genus (Methanobacteriales), and TRF 628, affiliated
to the Methanosarcina genus (Methanosarcinales), were
prevalent during the whole experiment (Fig. 5). During the
temperature increase in the LBR, both TRFs showed an
uneven progress. At 55 °C, the archaeal community con-
sisted mostly of members of the Methanobacteriales order,
whereas species belonging to the Methanosarcinales order

dominated the archaeal community structure at 75 °C
(Fig. 5).

In addition to these TRFs, further fragments were identi-
fied. TRF 107, which was prevalent at 55 °C, was assigned
to members of the Methanobacteriales, Methanomicro-
biales, and Methanosarcinales orders (Fig. 5). Additionally,
TRF 337, corresponding to the Methanobacteriales, and
TRF 430, corresponding to three members of the Methano-
microbiales order, were less detected (Fig. 5).

Within the 16S rRNA gene clone library, a total of 12 OTUs
were identified (Table 3) after analyzing the biofilm derived
from the AF (LBR 55 °C). About 50 % of the OTUs obtained
belonged to the Methanobacteriales order, and within this
order, the Methanobacterium and Methanothermobacter
genera were found. Further, Methanomicrobiales and Metha-
nosarcinales were also identified at 33 and 17 % of the total
OTUs, respectively, confirming the results of the archaeal
TRFLP approach at 55 °C (LBR).

Discussion

The microbial community response to temperature
increases (55 to 75 °C) in the LBR within an experimental

Table 2 Bacteria detected in the leachate of the LBR operated at 55 and 75 °C by analysis of the 16S rRNA gene clone libraries

55 °C 75 °C

OTUs OTUs (%) Clones Clones (%) OTUs OTUs (%) Clones Clones (%)
Total Bacteria 30 76 (20)a 17 74 (22)a

Actinobacteria 1 3.3 1 1.3 ND ND ND ND

Actinomycetales 1 3.3 1 1.3 ND ND ND ND

Bacteroidetes 3 10.0 3 3.9 2 11.8 48 64.9

Bacteroidales 2 6.7 2 2.6 1 5.9 46 62.2

Cytophagales 1 3.3 1 1.3 1 5.9 2 2.7

Firmicutes 21 70.0 64 84.2 11 64.7 13 17.6

Bacillales 1 3.3 1 1.3 1 5.9 1 1.4

Clostridiales 18 60.0 61 80.3 7 41.2 9 12.2

Halanaerobiales 1 3.3 1 1.3 ND ND ND ND

Thermoanaerobacterales 1 3.3 1 1.3 3 17.6 3 4.1

Proteobacteria 2 6.7 5 6.6 1 5.9 1 1.4

Burkholderiales ND ND ND ND 1 5.9 1 1.4

Pseudomonadales 2 6.7 5 6.6 ND ND ND ND

Synergistetes 1 3.3 1 1.3 ND ND ND ND

Synergistales 1 3.3 1 1.3 ND ND ND ND

Thermotogae ND ND ND ND 2 11.8 7 9.5

Thermotogales ND ND ND ND 2 11.8 7 9.5

Unclassified Bacteria 2 6.7 2 2.6 1 5.9 5 6.8

Haloplasmatales 1 3.3 1 1.3 ND ND ND ND

ND not detected
a Number of sequences removed from the analysis, due to the inaccuracy of sequencing or sequence anomaly
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two-phase leach bed biogas reactor was analyzed by the
TRFLP method. Depending on the temperature increase,
alterations in the microbial community structure and pro-
cess parameters, such as the biogas yield or intermediate
production, occurred.

Variation of the bacterial community structure
during the digestion of silage

The bacterial community structure shifted in a cyclic pattern
during the fermentation of one charge of silage at a constant
LBR temperature of 60 °C. Due to the batch feeding in this
study, the maximal concentration of the intermediates that
were produced, such as acetic acid, was achieved during the
first 9 days of the fermentation. It was here that the strongest
alterations within the bacterial community structure oc-
curred. Other studies also showed a highly diverse and
changing community although the whole system remained
stable (Fernandez et al. 1999; Krakat et al. 2010). However,
in contrast to our study, those studies analyzed continuously
fed CSTRs.

Influence of temperature on the fermentative bacterial
community in the LBR

The bacterial community structure is strongly affected by
the temperature as indicated by the TRFLP and 16S rRNA
gene library analyses. Between 55 and 65 °C, members of
the Clostridiales were detected as being the most prevalently
fermentative bacteria in the LBR. At temperatures above
65 °C, a member of the Bacteroidales order dominated the
TRFLP pattern, which is identified as being closely related
to the Acetomicrobium genus. Species of this genus grow at
temperatures of up to 75 °C (Goodfellow et al. 2010). In
addition, Acetomicrobium-degraded carbohydrates, such as
glucose and cellobiose, lead to the fermentation end prod-
ucts acetate, lactate, ethanol, CO2, and H2 (Goodfellow et al.
2010). In other studies, Bacteroidales were only detected in
mesophilic and not in thermophilic fermentations. As exam-
ple, Kongjan et al. (2011) did not identify members of the
Bacteroidales order when analyzing a two-stage UASB re-
actor system at 70 and 50 °C supplied with wheat hydroly-
sate. Furthermore at 75 °C, a member of the Thermotogales

Temperature of LBR (°C)

55 60 65 70 75

T
R

F
 a

bu
nd

an
ce

 (
%

)

0

20

40

60

80

100

TRF 107, Methanobacterium sp. (AY552778, 97-98%)
Methanoculleus sp. (NR_042786, 97-98%)
Methanosaeta sp. (CP002565, 99-100%)

TRF 337, Methanothermobacter sp. (NR_040964, 100%)
TRF 339, Methanothermobacter sp. (HQ283273, 98-99%)
TRF 430, Methanoculleus sp. (AB065298, 100%; 
                NR_028152, 98%; NR_042786, 100%) 
TRF 628, Methanosarcina sp. (AB300208, 99%)

Fig. 5 Dynamics of the archaeal community structure in the AF (55 °
C) during temperature increases in the LBR (55–75 °C). TRFs with a
relative abundance above 3 % of the total fluorescence intensity were
displayed. In brackets the accession number and sequence identity of

the sequence are given, producing the best alignment to the query 16S
rRNA sequence, as indicated by BLAST analysis against the NCBI nr/
nt database, without uncultured and environmental sample sequences

Table 3 Archaea detected in the
biofilm of the AF operated at
55 °C (LBR/AF) by analysis of
the 16S rRNA gene clone library

aNumber of sequences removed
from the analysis, due to the in-
accuracy of sequencing or se-
quence anomaly

OTUs OTUs (%) Clones Clones (%)
Total Archaea 12 88 (8)a

Methanobacteriales 6 50.0 46 52.3

Methanobacterium 3 25.0 13 14.8

Methanothermobacter 3 25.0 33 37.5

Methanosarcinales 2 16.7 26 29.5

Methanosaeta 1 8.3 13 14.8

Methanosarcina 1 8.3 13 14.8

Methanomicrobiales 4 33.3 16 18.2

Methanoculleus 3 25.0 15 17.0

Methanospirillum 1 8.3 1 1.1

Appl Microbiol Biotechnol (2012) 96:565–576 573



(Fervidobacterium sp.) was detected in our system. Mem-
bers of the Fervidobacterium genus use various hexoses for
energy metabolism and produce lactate, CO2, H2, acetate, as
well as ethanol (Cai et al. 2007; Patel et al. 1985). Accord-
ing to the changes in the bacterial community, severe alter-
ations in the degradation potential of ODM occurred above
65 °C. The reduced potential to degrade carbohydrates may
be induced by the strong decrease in members of the Clos-
tridiales order. Furthermore, a degradation of cellulose for
the species of the Acetomicrobium genus has not been
reported to date (Goodfellow et al. 2010). This supports
the findings of a diminished degradation potential at temper-
atures from 70 °C. Although such changes may also be
triggered by the decrease in the cell count at 70 °C, the
remaining cell concentration of 109 cells mL−1 should be
suitable for carbohydrate degradation and the downstream
methanogenesis.

Above 65 °C, the intermediate production also changed.
The fermentation end products of the prevalent bacteria
above 65 °C may explain the slight increase in ethanol and
at least the strong reduction in n-butyric acid at these temper-
atures. Due to the fact that the intermediate butyrate can be
converted into acetate (Wu et al. 1993), the decrease in
n-butyric acid also affects the acetic acid-producing bacteria.
Therefore, the acetic acid concentration was also reduced at
temperatures above 65 °C. A diminished consumption of the
acetic acid by acid-consuming microorganisms, such as syn-
trophic acetate-oxidizing bacteria or acetoclastic methano-
gens, could also be assumed, due to a prolonged
decomposition of acetic acid in the leachate at 70 and
75 °C. Ahring et al. (2001) identified a disturbance between
acid-producing and acid-consuming microorganisms in
CSTRs already at 65 °C. Interestingly, after the bioaugmen-
tation with compost at 70 °C, the produced acetic acid was
converted more rapidly than during the fermentation at 70 °C
without a previous bioaugmentation. Therefore, the bioaug-
mentation seemed to stabilize the bacterial community, which
led to an increased degradation of ODM by 13 % and there-
fore to an increased biogas yield of 15 %. This is in accor-
dance with a recently published study of Neumann and
Scherer (2011), who achieved an increase in biogas yield of
6 % after bioaugmentation with compost during continuous
mesophilic fermentations. However, the improvements of the
bioaugmentation were not conserved during a further tem-
perature increase to 75 °C. Nevertheless, repeated bioaug-
mentation with compost might be a valuable tool for the
stabilization of thermophilic fermentative bacterial commu-
nities. Furthermore, an inoculation of specialized bacteria,
which are capable of carbohydrate degradation at high tem-
peratures, could lead to further improvements. First works on
this have already been published by different authors (e.g.,
Bagi et al. 2007; Nielsen et al. 2007), who have inoculated
several reactor types with Caldicellulosiruptor.

Influence of temperature increase in the LBR
on the archaeal community in the AF

The archaeal community structure, residing in the AF at
55 °C, showed inconsistent alterations during the tem-
perature manipulation in the LBR. At LBR temperatures
of 55 °C, a TRF, affiliated to the Methanosaeta genus,
was identified. During the ongoing experiment, Metha-
nosaeta disappeared from the biofilm within the AF,
although the temperature of the AF, its pH, and its
concentration of free ammonia remained constant. Above
65 °C, a decrease in intermediate production in the LBR
and therefore also in the AF was observed. A reduced
acetic acid concentration combined with the thermophilic
temperature of the AF (55 °C) means favorable condi-
tions for the syntrophic acetate oxidation and an advan-
tage over the acetoclastic methanogenesis (Ahring 1995).
Syntrophic acetate-oxidizing bacteria interact in coopera-
tion with H2 scavengers such as hydrogenotrophic
methanogens. In this study, Methanobacteriales, particu-
larly Methanothermobacter, which conducts hydrogeno-
trophic methanogenesis (Wasserfallen et al. 2000), was
prevalently detected throughout the experiment indicating
such syntrophic interactions.

Interestingly, Methanosarcina was also prevalent, par-
ticularly at higher temperatures. Methanosarcina utilize
acetate as well as CO2/H2 as precursors to methanogenesis.
Due to the fact that the acetic acid concentration also
alternated during the 21-day fermentation period at LBR
temperatures above 65 °C, Methanosarcina may accom-
plish both methanogenic pathways, according to the appar-
ent VFA supply.

In conclusion, the results of this study revealed that the
microbial community structure in a two-phase biogas re-
actor is subject to substantial alterations during the
increase in fermentation temperatures, which are presum-
ably responsible for the decrease in the reactor’s perfor-
mance. At temperatures above 65 °C, the bioaugmentation
with compost proved to be effective in stabilizing the
hydrolytic/acidogenic active community. However, this
effect did not persist during the further temperature in-
crease. Particularly at hyperthermophilic conditions above
65 °C, members of the Bacteroidales order became pre-
dominant in the hydrolysis of crop biomass. Therefore, it
can be assumed that these microorganisms are acting as
competitors to members of the Clostridiales order for car-
bohydrate degradation. The changes within the hydrolytic/
acidogenic community might also be the reason for the
alterations observed in the methanogenic population in
the downstream anaerobic filter reactor. This is particularly
true of the emergence of mixotrophic Methanosarcina sp.
instead of strictly hydrogenotrophic methanogens, such as
Methanothermobacter sp.
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