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" Laboratory-scale CSTR AD was done with casein or pig blood as sole substrate.
" The mesophilic methanogenic microbial community acclimated to these substrates.
" T-RFLP and sequencing of mcrA and 16S rRNA gene identified methanogenic Archea.
" The methanogens responded to the change in substrate.
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Terminal restriction fragment length polymorphism (T-RFLP) was applied to study the changes in the
composition of the methanogens of biogas-producing microbial communities on adaptation to protein-
rich monosubstrates such as casein and blood. Specially developed laboratory scale (5-L) continuously
stirred tank reactors have been developed and used in these experiments. Sequencing of the appropriate
T-RF fragments selected from a methanogen-specific (mcrA gene-based) library revealed that the meth-
anogens responded to the unconventional substrates by changing the community structure. T-RFLP of the
16S rDNA gene confirmed the findings.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The scarcity of cheap fossil energy carriers and the global envi-
ronmental changes associated with their extensive consumption
are posing a threat to the maintenance of sustainable living condi-
tions and giving rise to economic and social crises on a global scale.
This situation has led to the initiation of worldwide efforts with the
goal of the replacement of fossil resources with renewable and
environmentally friendly ones. Biogas, a product of the anaerobic
degradation (AD) of organic material, is one of the most promising
renewable energy carriers, in part because of the wide range of
substrates that can be utilized in the AD process (De Paoli et al.,
2011; Ferreira et al., 2012). This is the only biotechnological ap-
proach that effectively combines the treatment and elimination
of organic waste streams with direct energy production. The pro-
cess is carried out by a microbial community involving several
hundred individual species. The biogas product of AD is a mixture
of CH4, CO2 and traces of other gaseous components. Biogas is
either utilized directly for heat generation through burning of the
raw gas, or is partially purified before conversion to heat and elec-
tric power. In addition, there is enormous potential in using biom-
ethane, the thoroughly purified biogas, as a biofuel (Murphy et al.,
2004; Osorio and Torres, 2009).

Biogas is formed under strict anaerobic conditions by a unique
microbial consortium that can be divided into three functional
groups (Gerardi, 2003).

The microbial food chain leading to biogas production is very
complex, a multitude of methods are therefore used to follow
and understand the relationships among the members of this com-
munity. In everyday practice, this includes the measurement of
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various chemical parameters (pH, redox potential, FOS/TAC, con-
ductance, etc.), which indirectly reflect the functional status of
the biogas reactor. Cultivation-independent molecular biological
tools have been developed including denaturing gradient gel elec-
trophoresis (Boon et al., 2002), automated ribosomal intergenic
spacer analysis (Pecchia et al., 1998) and single strand conforma-
tion polymorphism (Quéméneur et al., 2010). Terminal restriction
fragment length polymorphism (T-RFLP) is one of the molecular
biological approaches that can be used to identify the most pre-
dominant microbes in a biogas producing digester (Liu et al.,
1997; Osborn et al., 2000). This technique was chosen for the pres-
ent study, because it is widely employed for the semiquantitative
detection of microbes from environmental samples (Horz et al.,
2000; Schütte et al., 2008), including those from biogas reactors
(Collins et al., 2003; Klocke et al., 2007; Kobayashi et al., 2009).

T-RFLP is a fingerprinting tool mainly targeting the small sub-
unit (16S and 18S) ribosomal RNA genes from the total DNA of
the community. Polymerase chain reactions (PCRs) have been
developed, wherein one or both primers are labeled with a special-
ized fluorescent dye. The PCR product is then digested with restric-
tion enzymes, which have four base-pair recognition sites, and the
fragments are visualized, e.g. in a capillary gel electrophoresis sys-
tem. The nascent short DNA sequences, often called T-RFs (termi-
nal restriction fragments) represent the dominant species in the
examined sample. Typically, T-RFLP analysis requires a clone li-
brary for identification of the assortment of DNA sequences. The
members of the clone library are screened and those that yield a
substantial individual T-RF are sequenced via the Sanger method.

In this set of experiments the changes in the composition of the
biogas-producing microbial community after the biogas fermenter
was fed solely with a protein-rich substrate were investigated. Pro-
tein-rich materials, which frequently accumulate as waste by-
products to be disposed of in food processing, are generally consid-
ered toxic for the biogas fermentation process because of the high
level of ammonia released upon protein degradation. We have re-
cently demonstrated that the microbial community acclimates to a
high concentration of protein without any additional co-substrate,
and the modified community is capable of an elevated level of bio-
gas production (Kovacs et al. to be published). The changes in the
microbial composition involved practically all of the genera partic-
ipating in biomass degradation. The present study focuses on the
methanogenic Archaea by targeting a part of the methyl coen-
zyme-M reductase gene (mcrA) with universal primers designed
earlier (Luton et al., 2002). The results are complemented with
an analysis of the V3–V5 variable region of the 16S rRNA gene, with
the use of universal primers (Baker et al., 2003).
2. Methods

2.1. Fermentation conditions

All anaerobic fermentations were carried out in 5-L continu-
ously stirred tank reactors (CSTRs) (Kovacs et al. Journal of Biomed-
icine and Biotechnology, in press) designed and constructed by
Biospin Ltd., Hungary, and installed at the Department of Biotech-
nology, University of Szeged. Experiments were run in triplicate.
Two protein-rich substrates were tested: casein (C) is a by-product
of milk processing, while pig blood (B) is a waste material from
slaughterhouses. The adaptation was started with an inoculum
from an operational biogas plant, in which substrates of agricul-
tural origin, i.e. mixtures of pig manure and maize silage, are trea-
ted. Steady-state biogas production was attained after 4–6 weeks
of operation and daily feeding. From this time point on the fer-
menters were fed only with the protein-rich substrate, an increas-
ing amount of the material being supplied daily (Kovacs et al. to be
published and HU patent P1100510). Temperature was maintained
at 37 ± 1.0 �C. The pH was kept between 7 and 8, and the redox po-
tential was <�500 mV. Gas volume was measured with thermal
mass flow devices (DMFC, Brooks) attached to each gas exit port.

2.2. DNA extraction

Two milliliter of samples was withdrawn from the fermenters
after the first week of the acclimation to the protein-rich substrates
(C1 and B1) and after 5 weeks (C5 and B5). A cetyltrimethylammo-
nium bromide-based buffer was used to extract the total genomic
DNA (gDNA) (Minas et al., 2011). Phenol: chloroform (1:1) purifica-
tion was employed (Roose-Amsaleg et al., 2001). gDNA concentra-
tion was determined spectrophotometrically (NanoDrop ND-1000
Technologies, Washington, USA). DNA purity was assessed by aga-
rose gel-electrophoresis.

2.3. PCR amplification of the partial mcrA and 16S rRNA gene

In order to amplify the approximately 500 bp fragment of the
methyl coenzyme-M reductase coding gene, a fluorescent labeled
forward primer (TET-mcrA_F) and a reverse primer (mcrA_R) were
used (Luton et al., 2002). An approximately 550 bp fragment of the
16S rRNA gene was amplified by using the primer pair F344 and
R934 (Baker et al., 2003; Raskin et al., 1994), in this system the for-
ward primer was also labeled with the same fluorescent dye. PCR
reactions were carried out in a volume of 30 lL, containing approx-
imately 50 ng of gDNA, 1X DreamTaq reaction buffer, 100 lmol of
dNTP, 3 mM MgCl2, 10 lM of each primer (Sigma, St. Louis, MI,
USA) and 1.5 U of DreamTaq DNA polymerase. Chemicals, exclud-
ing the primers, and enzymes were purchased from Fermentas
(St. Leon-Rot, Germany). The PCR reactions were performed in an
ABI 9600 Fast Thermal cycler (Applied Biosystem, Foster City, CA,
USA), where the reaction profile was as follows: initial denatur-
ation at 96 �C for 3 min, followed by 30 cycles of denaturation at
96 �C for 30 s, annealing at 52 �C for 30 s and elongation at 72 �C
for 1 min. To avoid amplification of the host 16S rRNA gene, a
nested PCR reaction was used in the case of the clones carrying
the partial 16S rDNA. In the first step, the vector specific primer
pair (M13F and M13R) was applied to multiply the insert. In the
second step, the product of the previous reaction was used as tem-
plate for the primer pair F344 and R934. The PCR protocol was as
described, except that the annealing temperature was raised to
58 �C in the case of the primer pair F344 and R934, due to the dif-
ferent Tm of the oligonucleotides. A final extension step for 10 min
was added in order to allow the polymerase to finish incomplete
PCR products.

The PCR products were separated by electrophoresis in 1% aga-
rose gel using TRIS-acetate buffer (Green and Sambrook, 2012), and
visualized with ethidium bromide under UV light. The DNA frag-
ments were purified by using the PCR clean-up kit (Viogene-Biotek,
New Taipei, Taiwan) following the recommendations of the manu-
facturer; the recovered DNA was eluted in 30 lL, and stored at
�20 �C.

2.4. Generation of the mcrA and 16S rDNA clone libraries

For the preparation of the clone library, the pGEM-T vector sys-
tem was employed (Promega, Madison, WI, USA). The PCR product
was used for the ligation, except that non-fluorescent forward
primers were employed. NovaBlue chemical competent cells
(NovaGene, Billerica, MA, USA) were utilized for the transforma-
tion. Cloned inserts were amplified by PCR as above, using vec-
tor-specific M13F (50-TGT AAA ACG ACG GCC AGT-30) and M13R
(50-CAG GAA ACA GCT ATG ACC-30) primers. Clones carrying an in-
sert of correct size were identified by agarose gel electrophoresis.
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Small portions of the colonies were suspended in 30 lL distilled
water and heated at 95 �C for 5 min. The cell debris was collected
by centrifugation at 12,000 rpm for 5 min.

2.5. T-RFLP analysis and screening

Restriction digestion of the purified PCR products was carried
out with the endonuclease RsaI (Fermentas, St. Leon-Rot, Ger-
many). The digestion mixture contained 10 lL of purified PCR
product (�100 ng), 2 lL of Tango buffer (Fermentas, St. Leon-Rot,
Germany), 3.3 U of RsaI and bi-distilled water to a final volume
of 20 lL. The reaction was carried out in a heating block at 37 �C
for 3 h. The enzyme was inactivated by incubation at 80 �C for
20 min, followed by ethanol precipitation. 3 lL of the digested
DNA was mixed with 12 lL of Hi-Di formamide and 0.3 lL of TAM-
RA 500 size standard (http://www.invitrogen.com/1/1/11192-
genescan-500-tamraTM-size-standard.html) (Applied Biosystems,
Foster City, CA, USA). The lengths of the T-RFs were determined
by comparison with the size standard in an automated ABI
PRISM310 Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA) with the help of the GeneScan� 3.1 analysis software (Applied
Biosystems, Foster City, CA, USA). Both the mixed PCR products and
the cloned amplicons were processed as described above. The
restriction pattern of the community PCR was compared with the
fragments of the positive clones through use of the GeneScan 3.1
program. Every run was conducted in triplicate in order to mini-
mize the bias during electrophoresis. In order to eliminate the
occurrence of pseudo T-RFs (Egert and Friedrich, 2003), mung bean
nuclease (New England Biolabs, Ipswich, MA, USA) digestion was
also performed on parallel samples. The mung bean nuclease-trea-
ted samples were compared with the untreated ones and the peaks
that could only be found in the untreated samples were excluded
from subsequent analyses. The T-REX software (http://trex.bio-
hpc.org/) helped to generate the restriction fragment size patterns.
The T-RF lengths corresponding to the capillary electrophoresis
peaks were adjusted to round numbers and noise-filtered. Peak
intensities with an area lower than 2% of the total fluorescence
were excluded. The cloned fragments that could be matched with
the dominant peaks in the restriction pattern were selected for
sequencing and the DNA sequences of the entire inserts were
determined.

2.6. Sequencing the clones

Several clones were chosen from the clone library that could be
correlated with the dominant peaks of the digested total commu-
nity gDNA. Plasmid DNA was purified by means of the GeneElute
plasmid miniprep kit (Sigma, St. Louis, MI, USA) according to the
manufacturer’s instructions. The DNA sequences were determined
with the Sanger sequencing method combined with capillary gel
electrophoresis. The sequences were then compared with GenBank
entries with the Basic Local AlignmentS Tool (BLAST) at NCBI. The
sequences of the 16S rDNA clone library were also aligned against
the entries of the Ribosomal Database Project (RDP Release 10, Up-
date 29; http://rdp.cme.msu.edu/).
3. Results and discussion

3.1. Biogas production

Analytical parameters (pH, redox potential and temperature)
were continuously monitored in the computer-controlled ferment-
ers and stable operation of the process was maintained. Ammonia
content and volatile fatty acid (VFA) composition were measured
repetitively on every third day (data not shown). The ammonia
concentration of around 1 g/L at the beginning of the fermentation
increased to a value of 6 g/L during the adaptation period. The total
VFA content fluctuated in the interval 2–4 g/L. The CH4 content of
the biogas was 50–60%. The overall gas production yield was 800–
900 L/kg organic total solids (oTS), which significantly exceeded
the yields with commonly employed biogas substrates such as ani-
mal manure and/or maize silage (Schwab, 2010). A detailed evalu-
ation of the biogas fermentation results will be presented
elsewhere (Kovacs et al. to be published and HU patent P1100510).
3.2. T-RFLP restriction patterns of the mcrA PCR products

The normalized and noise-filtered patterns from the fermenters
fed with casein (C1) or blood (B1) at the beginning of the adapta-
tion are presented in Fig. 1. Basically the same T-RF distribution
appeared in the two cases, although the abundances of the various
T-RFs slightly differed. This similarity between the C1 and B1 samples
is not surprising in view of the fact that both sets of fermenters had
the same history, i.e. they were fed with the same mixture of pig
manure and maize silage. However, when the system was fed with
either blood or casein exclusively for 5 weeks, the microbiological
community structure changed substantially. The most pronounced
transformation was observed in the Bacteria domain, i.e. the mi-
crobes responsible for the anaerobic decomposition of the complex
feedstock, including proteins (Kovacs et al. to be published and HU
patent P1100510). Interestingly, in line with the results of the
metagenomic approach based on new generation sequencing of
the total community gDNA, our results indicated that the metha-
nogenic population also responded to the introduction of the
new substrate. The diversity of the species comprising the archaeal
community decreased, with fewer methanogens dominating in the
population.

Altogether 359 clones were selected from the clone libraries
containing the restriction fragments of the mcrA gene. 173 clones
were analyzed from the DNA samples isolated after 1 week, and
186 clones from the samples derived from anaerobic digestions
of the proteinaceous substrates for 5 weeks. Following the PCR
amplification of the cloned mcrA gene fragments, restriction diges-
tion revealed the T-RFs of the clones. A total of 68 clones were se-
lected for sequencing, 41 from samples C1 and B1, and 27 from
samples C5 and B5. The BLAST analysis results are summarized
in Table 1.
3.2.1. T-RF at 57 bp operational taxonomic unit (OTU-1)
The smallest identified T-RF in all four restriction patterns was

at 57 bp. In the case of the non-acclimated samples, the relative
abundances were about 23% (C1) and 8% (B1). There was a pro-
nounced change by 5 weeks of adaptation to the protein-rich sub-
strate. The increase in abundance of the T-RF was 41% in the casein
sample (C5) and nearly 73% in the fermenter fed with pig blood
(B5). Consequently, the species containing this mcrA gene fragment
are the group of microorganisms which play the most important
role in biogas formation from protein feedstock. The sequencing
of 14 clones which contained this T-RF from the two clone libraries
yielded a straightforward conclusion after BLAST analysis: all the
sequences were closely related (86-88%) to Methanoculleus maris-
nigri, the only species in the genus Methanomicrobiaceae whose
complete genome sequence is known at present. This Class II
methanogen has frequently been observed in anaerobic digesters,
and was found to be the dominant species at the beginning of accli-
mation in our parallel experiments when next-generation
sequencing was used (Kovacs et al. to be published and HU patent
P1100510; Bagi et al., 2007; Herbel et al., 2010; Schlüter et al.,
2008; Wirth et al., 2012).
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Fig. 1. Restriction pattern of samples taken from anaerobic fermentation of casein (C) or pig blood (B) after 1 week (C1 and B1) and 5 weeks (C5 and B5) of acclimation to the
respective monosubstrate and analyzed using the mcrA or 16S rRNA gene specific primers.

Table 1
BLAST results on the sequenced clones (mcrA clone library), and their abundance in the examined samples (; indicates a decrease, whereas " indicates an increase in abundance).

OTU (bp) Closest species Similarity (%) No. of clones Abundance C1; B1 (%) Abundance C5; B5 (%)

OTU-1 (57) Methanculleus marisnigri 88 14 23; 8 41"; 73"

OTU-2 (62) Methanosarcina mazei 94 2 10; 14 3.5;; 0
UAC rlm_R_380Bc 100 5

OTU-3 (92) Methanocorpusculum parvum 98 3 21; 33 37"; 16;
Methanomassiliicoccus luminyensis 84 4
Methanoculleus bourgensis 98 2

OTU-4 (160) Methanobacterium formicicum 86 7 0.5; 1.5 2.5"; 3"

OTU-5 (189) UAC MCR-HID-UND-38 100 5 35; 40 16;; 8.5
UAC barb-M-21 100 2
UAC VAL25 100 6

OTU-6 (198) Methanoculleus chikugoensis 94 2 6.5; 0.5 0

OTU-7 (309) Methanobrevibacter ruminantium 88 3 4; 3 0
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3.2.2. T-RF at 62 bp (OTU-2)
The relative abundance of this peak was initially around 10%

(C1) and 14% (B1). These strains apparently faded away to below
the detection threshold during the adaptation period, which sug-
gests that they could not acclimate to the new, protein-rich mono-
substrate environment.

Some of the clones from the corresponding clone libraries were
identified as Methanosarcina mazei, a well-known methanogen in
biogas-producing communities, which frequently occurs in biogas
plants fed with plant biomass (Klocke et al., 2007). It should be
noted that some of the cloned sequences displayed a match to an-
other methanogenic archaeon, which was marked as ‘‘unclassified’’
in the database. This suggests that more than one archaeal strain
contributed to this T-RF peak (Engebretson and Moyer, 2003).

3.2.3. T-RF at 92 bp (OTU-3)
This peak had a relative abundance of 21% and 33% in the case of

the C1 and B1 samples, respectively. The abundance of this T-RF
varied, depending on the protein source used in the adaptation
process. When the substrate was casein (sample C5), the area of
the peak increased to almost 37%, while the relative abundance
with blood as substrate (sample B5) decreased to 16%.

Twelve clones carrying this insert size were selected for
sequencing: 6 of them originated from the clone library of samples
C1 and B1, while the other 6 were chosen from the clone library of
samples C5 and B5. The results indicated that at least 3 distinct mi-
crobes were responsible for this T-RF peak.

The most abundant of them was closely related to Methanocor-
pusculum parvum, a member of the Methanocorpusculaceae family
(Zellner et al., 1987). Two other microbes could be identified via
the BLAST search, which exhibited a lower representation in the
clone libraries. These Archaea were Methanomassiliicoccus luminy-
ensis, and Methanoculleus bourgensis, with a reliability confidence
of 84% and 99%, respectively.

It is noteworthy that the importance of these species seemed to
increase during the adaptation process as 4 of 6 sequences in the
clone library could be linked to M. luminyensis, and 2 of 4 inserts
to M. bourgensis after 5 weeks of adjustment of the microbial com-
munity to the protein-rich substrates.

3.2.4. T-RF at 160 bp (OTU-4)
This T-RF peak reflected strains with relatively low abundance.

The corresponding capillary gel electrophoresis peak was almost
negligible in samples taken at the time when the substrate was
practically exclusively animal manure and plant biomass (samples
C1 and B1). The relative representation of the strains characterized
by this mcrA T-RF comprised only about 3% in the samples adapted
to casein (C5) and pig blood (B5), suggesting that these members of
the community might have some secondary function in the biogas-
producing community.

Seven clones carrying the DNA fragment that produced this
T-RF were identified in the clone libraries and sequenced. All of them
were related to Methanobacterium formicicum with an 86% confi-
dence value. This hydrogenotrophic and formate-producing meth-
anogen, which belongs to the genus Methanobacterium, has been
found in various biogas-producing consortia (Rastogi et al., 2008).

3.2.5. T-RF at 189 bp (OTU-5)
This peak displayed a high abundance in both samples taken at

the beginning of acclimation to the protein-rich substrates. Unfor-
tunately, on BLAST analysis none of the clones selected for
sequencing gave clear-cut hits to species identified in the database.
The most likely relatives in the databank entries were ‘‘uncultured
archaeon’’ sequences. The corresponding strain may have been de-
tected in biogas microbial communities, but its identity remains
unknown at present. Nevertheless, the insert DNA sequences of
the clones demonstrated a high degree of similarity, suggesting a
taxonomic relationship.

3.2.6. T-RF at 198 bp (OTU-5)
This OTU was apparently present only during the start-up phase

of the adaptation process (samples C1 and B1) with a relative
abundance of 6.5% and 0.5%, respectively. Reflecting the low abun-
dance of this peak, inserts of the corresponding size were found
only in the clone library of sample C1. On the basis of sequence
similarities, these clones were identified as close relatives of the
two Methanoculleus species already detected in the shorter mcrA
T-RFs. In silico studies suggested that a third member of the Met-
hanomicrobiaceae genus may also possibly account for this T-RF,
e.g. Methanoculleus chikugoensis, on which only very limited
knowledge is available (Tang et al., 2005).

3.2.7. T-RF at 309 bp (OTU-6)
This was the largest T-RF in the capillary electrophoresis pat-

tern. It was detected in relatively low abundance (3–4%) in samples
C1 and B1 and the corresponding microbes were likely to diminish
as the adaptation to the protein substrate progressed. Nevertheless
3 members in the clone library prepared from sample C5 displayed
a restriction fragment of the same size. The sequencing results for
all 3 clones pointed to Methanobrevibacter ruminantium, although
with fairly low (88%) confidence. The Methanobrevibacter genus
comprises the majority of rumen methanogens, and M. ruminanti-
um is a hydrogenotrophic methanogen that also forms CH4 from
formate (Leahy et al., 2010).

3.3. T-RFLP restriction pattern of the 16S rDNA gene products

In order to acquire a more detailed view of the archaeal com-
munity and validate the results of the mcrA-based identifications,
in a separate set of experiments we tested a second primer pair,
designed to the V3–V5 variable segment of the 16S rRNA gene.
The universal primers F344 and R934 permitted the amplification
of a relatively short DNA sequence from the gDNA pool. The com-
positions of the microbial communities in samples taken on the
first day of feeding with protein-rich substrates (C1 and B1) were
compared. The restriction patterns (Fig. 1) were determined and
two clone libraries were created from the samples, each library
containing around 100 individual clones. A total of 181 clones were
screened by restriction analysis (RsaI), which resulted in 56 prom-
ising clones. Some of the capillary electrophoresis peaks were sit-
uated close to each other, which made screening difficult. A
detailed in silico analysis was therefore also carried out on the cor-
responding sequence of the selected clones and the precise size of
the T-RF was determined. The results are presented in Table 2. In
brief, the restriction patterns of samples B1 and C1 were similar.
This is not surprising since the same inoculum was used to start
the anaerobic digestion process. A significant proportion of the se-
quenced individual clones did not relate to methanogens, as the
primer pair F344 and R934 are not specific for this group of mi-
crobes, but target all Archaea groups. However, in consequence
of the nature of this environment, the majority of the identified
strains were involved in CH4 production.

3.3.1. T-RF at 62 bp and T-RF at 142 bp (OTU-1)
As a result of the lack of matching clones in the clone libraries,

available information about this T-RF is limited. Several members
were found in the corresponding clone library of sample C1, but
only one matching clone was found with 142 bp T-RF. The single
microorganism identified was Methanobacterium formicicum. This
methanogen was also found in the mcrA clone library of samples
C1 and B1. It is possible that a faulty restriction reaction resulted
in the occurrence of the larger T-RF (142 bp); this would explain



Table 2
BLAST and RDP results on the sequenced clones (16S rDNA clone library), and their abundance in the examined samples.

OTU (bp) In silico T-RF (bp) Closest species Similarity (%) No. of clones Abundance C1; B1

OTU-1 (62, 142) 62 Methanobacterium formicicum 97 2 13; 3.5
Methanobacterium formicicum 95 1 20; 23.5

OTU-2 (284) 287 Methanoculleus bourgensis 99 11 40; 47
Methanogenium marinum 98 1

OTU-3 (289) 289 Methanomassiliicoccus luminyensis 97 4 27; 26
Thermogymnomonas sp. 81–98 8

290 Thermogymnomonas sp. 87–98 11
291 Methanobrevibacter sp. 95 2

Thermogymnomonas sp. 85–95 3
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the lack of matching clones after screening. In silico restriction
analysis verified that the insert of the clone yielding the 142 bp
T-RF carried the correct size of the shorter T-RF (62 bp). These
T-RFs therefore could be regarded as the same OTU.

3.3.2. T-RF at 284 (287) bp (OTU-2)
The length of this T-RF was determined experimentally as

284 bp although in silico restriction digestion of the clones carrying
the same T-RF gave 287 bp for this OTU. This fragment displayed
the highest abundance in both samples. The relative proportion
in the overall community was 40% (C1) and 47% (B1), respectively.
Twelve clones were selected for sequencing, six from each clone li-
brary. With the exception of one clone, all BLAST and RDP search
results suggested that Methanoculleus bourgensis constituted this
OTU. The genus Methanoculleus was also dominant in the same
samples tested for the mcrA gene. An additional methanogen,
Methanogenum marinum, (Chong-Song et al., 2002) was also iden-
tified in this OTU, indicating a mixed T-RF, although the abundance
of this latter strain was very low.

3.3.3. T-RF at 289–291 bp (OTU-3)
Numerous clones were selected for sequencing from this T-RF,

which makes this OTU the second most frequently detected group,
with relative abundances of 27% (C1) and 26% (B1), respectively.
The in silico restriction patterns suggested the complex nature of this
T-RF, and this group therefore could be a mixture of separate OTUs.
The first group of in silico T-RFs was at 289 bp (OTU-3.1); 12 of the
sequenced clones were related to this group. Four of them identified
the methanogen M. luminyensis, with a high (97%) confidence value.
This methanogen was also detected in the mcrA library. The remain-
ing clones were identified at genus level with the help of the RDP
database. They belonged in the Thermogymnomonas genus, which
apparently dominated this OTU and the next OTUs. A restriction
fragment was also detected in silico at 290 bp (OTU-3.2). All 11
clones sequenced corroborated the presence of Thermogymnomonas
sp. in the fermenters. An additional in silico T-RF was detected at
291 bp (OTU-3.3). Two of the five sequenced clones were closely re-
lated to the genus Methanobrevibacter; the others pointed to the
genus Thermogymnomonas. Little is known about these facultative,
anaerobic thermoacidophilic archaea, although this genus has been
described being closely related to M. luminyensis, a recently discov-
ered member of the human microbiome (Dridi et al., 2011, 2012; Vo-
lant et al., 2012). It should be noted that it was virtually impossible to
separate the T-RFs comprising OTU 3.1–3.3 in the capillary gel elec-
trophoretic system because of the small differences in their sizes. A
careful comparison of the estimated in silico restriction fragments
with the experimentally determined ones resulted in the identifica-
tion of these microbes in the community.

3.4. Comparison with related data

It is clear from Sections 3.2 and 3.3 that the data based on the
mcrA and the 16S rRNA genes showed a good correlation. We also
have the opportunity to relate these data sets to those obtained in
a metagenomic approach (Kovacs et al. to be published and HU
patent P1100510). The sequences of the clones generated in this
work were compared with the short read raw DNA sequence data-
base obtained from a metagenomic study of samples taken from
the same biogas experiments. A detailed analysis of the two data
sets is not possible here, but the main findings can be summarized
as follows:

1. The strains identified by the T-RFLP approach using either the
mcrA or 16S rRNA genes were present in the microbial consor-
tium according to the metagenomic analysis using the SOLiD�

new generation DNA sequencing technology. The metagenomic
approach revealed significantly more diversity due to the more
extensive database generated, but the strains identified in our
T-RFLP work were among the most abundant ones according
to both experimental systems.

2. The relative abundances during the acclimation period to the
protein rich substrates did vary depending on the experimental
approach applied. Some of the strains that appeared to gain
dominance as a result of acclimation according to one of the
methods did not seem to follow the same pattern when the
other approach was employed. There are several possible expla-
nations for these divergences. First the samples were taken
from the same fermentation experiments but at somewhat dif-
ferent time points. The DNA extracted for the metagenomic
analysis was obtained from samples at the very beginning of
the acclimation process (week 0), whereas the first DNA sam-
ples for T-RFLP studies were one week older (week 1) in the
course of the experiment. Second, the inherent differences
between the two approaches may have been reflected in the
dissimilar results. T-RFLP involves a PCR step, which is a poten-
tial source of systematic bias due to primer preferences even if
one uses ‘‘universal’’ primers.

These observations suggest that strain specific deductions from
the analyses of complex, uncultured microbial communities should
be considered with precautions.

4. Conclusions

Although Archaea are not directly involved in decomposition of
the protein-rich substrates such as blood and casein, the substrate
composition does influence their biogas-evolving performance and
abundance. Adaptation was achieved in 5 weeks, indicating the
flexibility of the microbial community.

Analysis of the mcrA gene led to the determination of the meth-
anogenic archaebacterial activities. The 16S rRNA gene-based anal-
yses confirmed the findings obtained from the mcrA gene libraries.
The use of in silico restriction fragment size estimation greatly im-
proved the resolution of the T-RFLP method.

It is difficult to establish a putative metabolic context at this
stage of understanding a decrease in the diversity of methanogenic
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archaea accompany the acclimation to the protein-rich
monosubstrates.

The dominant role of Methanoculleus species in mesophilic AD
was corroborated.
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