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REZUMAT. Utilizarea combustibililor fosili la scară planetară este limitată de disponibilitatea acestor resurse şi 
de efectele asupra mediului conex cu exploatarea lor excesivă. Producerea de purtători de energie 
regenerabilă capătă un interes crescând la nivel global. Astfel, biogazul reprezintă un candidat cu potenţial pe 
măsură ce tehnologia utilizată pentru producerea sa poate combina tratamentul diverselor deşeuri organice 
cu generarea unui purtător de energie. Scopul prezentului studiu este de a determina posibilitatea aplicării 
tehnologiei de secvenţiere de generaţie viitoare pentru a caracteriza consorţiul compozit ce se dezvoltă într-un 
fermentator de biogaz şi de a testa dacă rezultatele validează valorile obţinute utilizând abordarea prin 
pirosecvenţiere. 
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ABSTRACT. The utilization of fossil fuels on a global scale is limited by the availability of these resources and 
by the environmental effects of their excessive exploitation. The production of renewable energy carriers is 
therefore currently receiving increasing attention worldwide. Biogas is a promising candidate as the 
technology of its production may combine the treatment of various organic wastes with the generation of an 
energy carrier. The aim of the present study was to determine the possibility of applying this short-read next-
generation sequencing technology to characterize the composite microbial consortium developing in a biogas 
fermenter and to test whether the results validate those obtained by using the pyrosequencing approach. 
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1. BACKGROUND 

The utilization of fossil fuels on a global scale is 
limited by the availability of these resources and by 
the environmental effects of their excessive exploita-
tion. The production of renewable energy carriers is 
therefore currently receiving increasing attention 
worldwide. Biogas is a promising candidate as the 
technology of its production may combine the treat-
ment of various organic wastes with the generation of 
an energy carrier for the most versatile applications 
[1]. Biogas can be converted to heat and/or 
electricity, and its purified derivative, biomethane, is 
suitable for every function for which fossil natural 
gas is used today. The decomposition of organic 
materials by a microbial community is carried out 
under anaerobic conditions [2].  

The great variety of diverse microbes that parti-
cipate in the microbial food chain gradually degrade 
the complex molecules essentially to a mixture of 

CH4 and CO2 [3]. The actions of the various 
microbes, involving members of the Eubacteria and 
Archaea, are coordinated by environmental and 
internal factors. The composition of this microbial 
consortium depends on various factors, such as 
substrate ingredients, temperature, pH, mixing, or the 
geometry of the anaerobic digester. A clear under-
standing of the organization and behavior of this 
multifarious community is crucial for optimization 
of their performance and attainment of the stable 
operation of the process. Classical microbiological 
methods are principally based on studies of isolated 
pure strains of microbes, and hence are of little help 
when the goal is elucidation of the relationships 
among members of a complex microbial consortium 
in order to improve the overall performance. 

The development of high-throughput sequencing 
technologies has opened up new avenues for such 
investigations. Methods with which to reveal the 
compositions of microbial communities, based on 
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the generation of 16 S rRNA gene clone libraries 
and Sanger sequencing of the 16 S rDNA amplicons, 
have recently been devised [4]. Archaeal community 
members have been identified and semi-quanti-
tatively enumerated through the use of the mcrA 
gene, which codes for one of the key enzymes in 
methanogenesis, the α-subunit of methyl-coenzyme 
M reductase occurring uniquely in methanogens [5]. 
Alterations in the organization of methanogenic 
communities under various conditions have been 
reported on the basis of this phylogenetic marker [6]. 

The automated Sanger sequencing approach is 
frequently referred to as “first generation sequencing”. 
The past few years have brought important technical 
breakthroughs and the “next-generation sequencing” 
techniques have been developed. A common feature 
of these methods, which employ various chemical 
reactions for the rapid determination of DNA 
sequences [7], is the production of huge databases 
prepared from relatively short sequence fragments 
and the use of sophisticated bioinformatics to analyze 
the results [8]. This metagenomic approach allows the 
real-time study of live consortia in various environ-
ments through identification of the members of these 
communities and/or determination of the relative 
abundances of particular physiological functions, 
reflected in the occurrence of specific enzymes. 
Currently the most widespread next-generation sequen-
cing method employs 454-pyrosequencing procedures 
for metagenomic purposes (Roche). This technique 
has been used for the characterization of biogas-pro-
ducing communities [9-11], among numerous other 
applications. A fundamentally different methodology 
is offered by the SOLiD™ (sequencing by oligo 
ligation and detection) technology (Applied Biosys-
tems). As indicated by its name, SOLiD™ is based 
on a ligation reaction and each nucleotide is in-
terrogated twice, which significantly reduces the 
potential errors arising from misreading and thereby 
improves the reliability of the data [12]. Since its 
introduction onto the market in 2007, a number of 
systems have been investigated with the SOLiD™ 
method [13], but as far as we are aware biogas-pro-
ducing microbial communities have not been analyzed 
by SOLiD™ so far. Besides its exceptional accuracy, 
the fundamental differences as compared with the 454-
pyrosequencing approach are the extremely high 
throughput of the SOLiD system (200 Gb/run) and the 
short-read technology (50–75 nucleotides/read). 

The aim of the present study was to determine the 
possibility of applying this short-read next-generation 
sequencing technology to characterize the composite 
microbial consortium developing in a biogas fermenter 
and to test whether the results validate those obtained 
by using the pyrosequencing approach. Samples were 
taken from an anaerobic fermenter fed primarily with 
plant biomass and pig manure slurry so that the 
conclusions could be compared with those drawn from 

other data sets relating to distinct anaerobic degrada-
tion processes with similar substrates. 

2. RESULT AND DISCUSSION 

2.1. The metagenome data normalization  
and analysis 

In order to gain an insight into the diverse bio-
chemistry of the biogas-producing community, the 
short DNA sequences generated by parallel sequen-
cing were used to create environmental gene tags 
(EGTs) and clusters of orthologous groups of 
proteins (COGs). The raw sequence reads of about 
50 bp were assembled into contigs by using the CLC 
Bio Genomics Work Bench software [14]. The 
generated contigs were uploaded to the MG-RAST 
server, where the data were automatically norma-
lized, processed and evaluated. Those that passed the 
quality control were aligned to sequences stored in a 
number of public databases [15]. In this way, the 
DNA sequences from the SOLiD™ reads could be 
linked to taxa and metabolic functions. 

2.2. Taxonomic profile of the biogas microbial 
community 

The assembled contigs were subjected to taxo-
nomic analysis through use of the MG-RAST server 
[15]. The results were filtered for e-values, per-
centages of homology and lengths of homology. The 
ensuing identification and abundance list clearly 
showed that prokaryotes comprised the most abundant 
domain; the predominant systematic groups were the 
Bacteria and Archaea. Within the Bacteria domain, 
the Firmicutes phylum proved most abundant. The 
classes Clostridia and Bacilli belonging in this 
phylum accounted for the majority of the Bacteria in 
the biogas fermenter. In the Archaea domain, the 
Methanomicrobiales family provided a preponde-
rance of the identified species. Members of the 
above-mentioned systematic groups have been 
identified previously in the anaerobic digestion of 
maize silage and silage supplemented with animal 
manure [9-11, 16]. It should be noted that a number 
of sequence reads did not exhibit homology to any 
of the known and sequenced microbial species, 
which implies the presence of numerous so far 
unidentified microbes in biogas fermenters. 

2.3. Comparison of the 454-pyrosequencing 
and SOLiD™ metagenomic results 

Previous studies designed to improve the un-
derstanding of microbial communities in biogas-
producing anaerobic digestors, based on next-genera-
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tion sequencing methods, relied exclusively on the 
pyrosequencing technique [9-11, 16]. The substrates 
fed into the fermentors included animal manure and 
green plant biomass (maize or green rye silage), 
commonly employed in German biogas facilities. 
Our laboratory fermenters were fed with a substrate 
mix with a similar composition, but our operational 
parameters, sample handling, DNA extraction proto-
cols and sequence data collection and analysis 
methods were different. 

In a comparison of the Bacteria domain, a re-
markably good match was found between the data 
sets obtained by the various next-generation sequen-
cing methods. In all cases, the class Clostridia 
comprised the most widespread group of microbes in 
the biogas fermenters. The Clostridia are noted for 
their highly effective cellulose degradation potential 
[17], and are therefore essential in the breakdown of 
lignocellulosic substrates in the biogas process. It 
should also be noted that the majority of Clostridia 
possess highly active hydrogenases. This is in line 
with the observation that hydrogenases have been 
found in large quantity among the redox enzymes in 
the biogas producing community (Figure 5). Thus, 
the Clostridia may contribute to the widening of at 
least two bottlenecks in the biogas process, through 
the hydrolysis of large polymeric substrates and the 
in situ production of H2, an important reductant for 
the hydrogenotrophic methanogens [18]. At the level 
of resolution of the abundances of individual strains, 
the most frequently occurring species likewise dis-
played a good correlation. Strains noted for their highly 
efficient polysaccharide degradation capabilities, such 
as Clostridium thermocellum, C. cellulolyticum and 
Caldicellulosiruptor saccharolyticus are found to be 
the most abundant, regardless of the sequencing 
method used for their identification. 

Similarly to the Bacteria, the members of the 
Archaea domain demonstrate a markedly comparable 
community structure, which is clearly reflected in 
any next-generation sequencing dataset. The analysis 
of the data at the species level revealed a strong 
correlation between the findings of the 454-pyro-
sequencing and SOLiD™ next-generation sequencing 
technology platforms. The Methanomicrobiales were 
indicated to constitute the majority of the Archaea in 
this environment by the sequencing with the 454 GS 
FLX [9-11], 454 Titanium [16] and SOLiD™ 
platforms alike. Within this taxon, the predominant 
genus is Methanoculleus, and the most abundant 
species according to our SOLiD™ results is M. 
marisnigri. Exactly the same picture was revealed 
by the 454-pyrosequencing approach [9-11, 16]. It is 
worth noting that the Methanomicrobiales are hydro-
genotrophic methanogens, which are capable of 
reducing CO2 with H2 to produce additional CH4 in 

the biogas-producing consortium. The DNA-based 
community structure analysis of anaerobic degrada-
tion samples has already demonstrated the enormous 
importance of hydrogenotrophic methanogens. 

3. CONCLUSIONS 

The metagenomic analysis of biogas-producing 
microbial communities is a novel approach by which 
to study the complex interaction among microbes in 
an environment that is important for both basic 
research and the practical aspects of improvement of 
renewable energy production from biomass. In the 
present study, the Applied Biosystems’ SOLiD™ 
sequencing platform was used to collect relevant 
data. This next-generation DNA sequencing approach 
has not been used previously to characterize the 
microbial consortium of a biogas fermentor. Similar 
data sets determined with the Roche 454-pyrose-
quencer have been analyzed and reported [9-11, 16]. 
SOLiD™ differs from the 454 technique in several 
important technical aspects. SOLiD™ sequencing is 
based on ligation reactions, operates with a short 
read length and a much higher throughput than that 
of the 454 technique, and each nucleotide is read 
twice by the system, which makes the data highly 
accurate. Metagenomics is a special application and 
poses a real challenge since the complexity of the 
samples requires both high throughput and long 
reads. It is therefore important to compare the results 
obtained on a similar microbial community by using 
different analytical approaches; this can validate the 
various methodologies. It should be emphasized that 
a contribution is also made by microbes that are 
unknown or undetermined in the databases. These 
are not available for study by any of the current 
methods, but the rapid increase in available genome 
information justifies the exploitation of novel, high-
throughput genomic methods in the field of com-
munity analysis. 

One conclusion drawn from this study is that the 
sets of metagenomic information deduced from the 
databases via the various methods correlate well 
with each other. In this way, the databases generated 
through use of either of the investigated next-ge-
neration sequencing approaches have been validated 
and appear reliable and reproducible. 

Although the anaerobic fermentation conditions 
(fermenter size, feedstock composition and origin, 
mixing, inoculum composition etc.) were somewhat 
different, the SOLiD™ and 454-pyrosequencing 
data appear to lead to the same fundamental con-
clusions. Members of the Firmicutes and Bacteroides 
phyla play the most important role in the hydrolysis 
of the plant biomass and in the secondary fermenta-
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tion. In particular, many Clostridium species were 
identified which possess cellulolytic and H2-pro-
ducing activities, both properties probably being 
essential for the efficient degradation of the biomass. 
In the Archaea domain, Methanomicrobiales is the 
most abundant order that uses CO2 as a carbon 
source and H2 as an electron donor for methanogene-
sis. The predominance of the Methanomicrobiales 
and many hydrogenases suggests that the hydro-
genotrophic pathway leading to CH4 formation may 
be more significant than recognized earlier [19]. 
Methanoculleus marisnigri proved to be the 
principal species among the archaeal habitants in the 
biogas fermenter. Interestingly, the same Archaeon 
has been identified as the most abundant in an 
anaerobic digester operated under different condi-
tions [9-11, 16]. It is therefore concluded that an 
optimized balance between H2 producers and con-
sumers is critical for the efficient operation of the 
biogas microbial community. 
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