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Abstract
Anaerobic treatment process is a cost-effective method for treating organic wastes, since the biogas formed can be
used for heat/electricity production and the digester residues can be recycled for other applications. An innovative
use of the digestate could be as biodegradative and methanogenic inoculum for the stimulation of methane
production in gas-producing or depleted wells. The microbial communities involved in the biodegradation of
petrochemical waste are similar to the indigenous microorganisms typically found in unconventional basins. These
communities also follow the same cascade of reactions: from the initial breakdown of complex molecules to the
production of intermediate compounds used by methanogens. This study carried out a culture-independent
assessment of the bacterial community composition of a digestate from the Bran Sands Advanced Digestion
Facility (Middleborough, UK) and compared the results with the microbial populations found in unconventional
gas basins. The 454 pyrosequencing analyses revealed a bacterial community dominated by Thermotogae,
Bacteroidia, Clostridia and Synergistia, which are typically found in unconventional gas systems. The
classification of nucleotide sequence reads and assembled contigs revealed a genetic profile characteristic for an
anaerobic microbial consortium running fermentative metabolic pathways. The assignment of numerous sequences
was related to hydrocarbon decomposition and digestion of cellulosic material, which indicates that the bacterial
community is engaged in hydrolysis of plant-derived material. The bacterial community composition suggest that
the effluent of the digester can be used as a biodegradative inoculum for the stimulation of methane generation in
unconventional wells, where events of microbial methanogenesis have been previously observed.

Keywords: Pyrosequencing, anaerobic degradation, petrochemical waste.

1. Introduction

1

Energy and Environment Research; Vol. x, No. x; 2014
ISSN 1927-0569 E-ISSN 1927-0577
Published by Canadian Center of Science and Education

Organic residues accumulate in large amounts as left-overs of industrial activities, food processing and as
household refuse; these waste products are therefore available as a substrate for biogas production (methane (CH 4))
in anaerobic reactors (Wiesenthal et al., 2007). Petrochemical waste has a considerable advantage compared with
renewable primary products (maize silage, fodder beat, green rye, etc.) as there is no competition between the use
of the substrate for the production of biogas and the use of the substrate as food.
In general, the biogas-forming process is characterized by three phases which proceed simultaneously in a
continually fed reactor. Initially, bacteria attack and utilize polymers (complex hydrocarbons such as
carbohydrates, proteins, and lipids) by excreting hydrolytic enzymes (e.g. cellulases, cellobiases, xylanases,
amylases, lipases, and proteases) (Weiland, 2010). This process is called (i) hydrolysis or primary fermentation
(Schink, 1997). The major products released by these bacteria are carbon dioxide (CO 2), hydrogen (H2), volatile
fatty acids such as acetate, and a wide range of intermediates. Those intermediates are then further transformed to
H2, CO2, acetate, and other acids during a process called (ii) acidogenesis/acetogenesis or secondary fermentation
(Schink, 1997). H2 and CO2 or acetate is used by methanogenic archaea for the production of methane, in a process
called (iii) methanogenesis or methanation) (Weiland, 2010). Finally, the methane is converted to electricity by
non-bacterial processes. To close the cycle, in most cases, the digestate of the biogas-forming process can be
recycled as fertilizer or soil amendments (Bogner et al., 2008).
The influence of the composition and diversity of the microbial community on the stability of the biogas-forming
process and on biogas yield is of great interest (Weiland, 2010). So far, several studies have focused on the
microbial diversity in biogas plants supplied with renewable primary products and liquid manure as substrates
(Schnürer et al., 1999; Cirne et al., 2007; Schlüter et al., 2008; Weiss et al., 2008; Kröber et al., 2009; Liu et al.,
2009; Nettmann et al., 2010). Whilst most of these studies focused on the Archaea community structure, more
research efforts should address the complex interplay within the bacterial community that ferment complex organic
material.
Research into anaerobic processes is currently undergoing a reawakening due to the development of techniques
suitable for mechanistic linking of whole community function and phylogeny (Vanwonterghem et al., 2014), and
as a platform to investigate phenomena such as direct interspecies microbial electron transfer (Morita et al., 2011).
At the same time as these discoveries are enhancing our understanding of the process, the scope of applications as
biotechnological processes is also expanding. As a waste valorisation process, anaerobic digestion is important, as
it allows almost complete recovery of inherent chemical energy during relatively low cost conversion to methane,
a transportable, vehicle and natural gas network compatible energy source (McCarty et al., 2011). Anaerobic
digestion has been traditionally applied to either slurries (2-6% solids) in mixed reactors (Batstone and Jensen,
2011), or to low solids, concentrated industrial or domestic waste-waters in high-rate processes such as the Upflow
Anaerobic Sludge Blanket (UASB) (Smith et al., 2012). Anaerobic processes have not been widely studied and
applied to treat petrochemical residues or for treatment of industrial waste-products with high concentration of
organics, largely due to treatment quality or process sensitivity.
This work analyses the composition and the diversity of the bacterial community of digestate sludge from the Bran
Sands Advanced Digestion Facility. The anaerobic digester operates using a range of biowaste, such as sewage,
sludge cake (Class A biosolid) as well as petrochemical waste. The recent development of ‘next-generation
sequencing’ such as 454 pyrosequencing has made it possible to deep-sequence microbial communities in complex
biological samples without the time-consuming cloning procedure. The technique has so far been used for the
sequencing of metagenomes from a number of biogas reactors (Schluter et al., 2008;). Schluter et al., (2008)
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described the bacterial community from a full-scale, completely stirred tank reactor (CSTR) digesting maize silage
(63%) and green rye (35%) together with small amounts of chicken manure. Bacterial members of the taxonomic
classes Clostridia and Bacteroidetes were most abundant. Among the Archaea, the hydrogenotrophic
Methanoculleus sp. dominated, but the acetoclastic Methanosarcina sp. were also detected. Lee et al., (2012) used
454 pyrosequencing of the V1, V2, and V3 regions of the 16S rRNA gene to assess the microbial community in
seven full-scale reactors over time. Six of the reactors treated waste-activated sludge (one of these in combination
with smaller amounts of food waste), and one reactor treated night soil. Sequences belonging to Proteobacteria,
Bacteroidetes, Firmicutes, and Chloroflexi were found to be the most abundant, and the bacterial population was
influenced by the digestion temperature. Werner et al. (2011) characterized bacterial communities in nine fullscale granulated sludge reactors treating brewery waste water by targeting a part of the rRNA gene. These bacterial
communities were dominated by Syntrophobacterales, Desulfuromonales, Bacteroidetes, Spirochetes, Clostridia,
Chloroflexi, and Synergistia. The present study carried out a characterisation of the bacterial communities in the
effluent of a full-scale digester to identify bacteria related to hydrolysis and acetogenesis processes. Highthroughput 16S rRNA gene sequencing of the V1-V5 hypervariable region was carried out using 454 technologies
to investigate the bacterial communities, and the set of sequences obtained were further analysed using
bioinformatics tools. These bacteria could potentially be used for application in unconventional gas systems to
achieve a continuous generation of biogenic CH4 from existing producing wells or depleted wells. In
unconventional gas systems, such inoculum could help to achieve a continuous generation of biogenic CH4, since
the bacterial and archaeal consortium are already adapted to high temperatures and high concentration of organic
compounds.

2. Material and Methods

2.1. Samples
The samples used for this study were collected fresh from the effluent of the Bran Sands Advanced Digestion
Facility, which employs thermal hydrolysis processes for the conversion of liquid, solid sewage waste and
petrochemical waste into biogas. The samples were collected in plastic PTFE containers and stored at -80°C until
analysed.

2.2. Plant description
The Bran Sands Advanced Digestion Facility was commissioned in 2009 and designed to treat up to 40,000 tds/y
of sewage sludge comprising:
•

14,500 tds/y of indigenous sludge from the adjacent effluent treatment works;

•

1,500 tds/y of liquid imports;

•

24,000 tds/y of cake imports from satellite works.

Liquid imports and indigenous sludges are pumped into a storage facility before being screened and transferred to
a pre-dewatering plant. Cake transfer pumps move the dewatered cake to reception silos before being pumped to
the thermal hydrolysis buffer tanks and two parallel thermal hydrolysis streams (provided by Cambi,
www.cambi.com, CAMBI GROUP AS Skysstasjon 11A, 1383 Asker). Each stream consists of a pulper, four
3
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reactors and a flash tank. The header is supplied with steam from a combination of waste heat recovery modules,
which recover high grade energy from the gas engine exhaust streams and triple fuelled boiler plant. The output
from the second thermal hydrolysis process streams is combined before being split into three separate digesters.
The three digesters provide 18 days retention time, based on 90% Effective Digester Volume (EDV) at design
throughput. The mesophilic temperature within each digester is controlled by air blast sludge coolers installed on
each feed line. Digested sludge is dewatered using centrifuges and transferred to cake storage. This cake store has
been provided with separate bays to enable loading and unloading of cake by front loaders whilst also allowing
cake to be stored for longer periods before transfer off-site (to increase de-waterability). Odourous air which is
generated within the facility is ducted to the existing odour control plants, which make use of biofilter technology.
Liquors generated by the pre and post-digestion plant operation are transferred to the main effluent treatment
works for processing. Northumbrian Water’s existing advanced digestion plant at Bran Sands on Teesside is shown
in Fig. 1.

Figure 1. Schematic diagram of advanced digestion plant. Modified from North East Bioresources & Renewables
(NEBR) (http://www.nebr.co.uk/).

2.3. 16S rRNA gene extraction
Prior to DNA extraction, all samples were shaken by hand before transferring 0.25 g to the bead-beating tube
(PowerSoil DNA Kit PowerBead Tubes, MOBIO Laboratories, Carlsbad, CA, USA). The extraction was
performed with few modifications of the manufacturer’s protocol, and the DNA obtained was stored at -20°C until
further analysis. Concentrations of double stranded DNA in the extracts were determined using the NanoDrop
ND-1000 (Thermo Scientific).

2.4. 16S rRNA gene amplification and pyrosequencing
PCR of the V1-V5 hypervariable region of the bacterial 16S rRNA gene was performed using amplicon fusion
universal bacterial primers 27F (Lane, 1991) and 907R, (Lane, 1995) synthesised by IDTdna (Integrated DNA
Technologies,

BVBA,

Leuven,

Belgium).

The

forward

primer

CCATCTCATCCCTGCGTGTCTCCGACTCAGATCAGACACGAGAGTTTGATCMTGGCTCAG
4

(5ʹ
3

ʹ)
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consisted of a fusion containing the 454 Life Sciences ‘Lib-L Primer A’, a four-base ‘key’ sequence (TCAG), a
unique ten-base barcode ‘MID’ (MID 5, Multiplex Identifier Adaptors, Roche. ATCAGACACG) sequence, and
bacterial primer 27F.
The reverse fusion primer (5′ CCTATCCCCTGTGTGCCTTGGCAGTCTCAGCCGTCAATTCMTTTRAGTTT
3′) contained the 454 Life Sciences ‘Lib-L Primer B’, a 4 base ‘key’ sequence (TCAG), and bacterial primer 907R.
The PCR amplification was performed in 75 μL volume reactions using 47.1 µl Roche PCR Grade Water, 7.5 µl
Reaction Buffer (without MgCl2), 9 µl 25 mM MgCl2, 1.5 µl Nucleotide Mix, 3.75 µl DMSO, 1.2 µl 25M 907R
Primer, 0.75 µl High Fidelity Enzyme Blend, 3 µl of sample DNA and 1.2 µl 25M The MID5 (Roche) was used
to label the Forward Primer 27F. A negative and a positive control were also prepared for the PCR reaction,
containing respectively 2 μl sterile H2O and DNA extracted from Geobacter sulfurreducens (from the collection
of The University of Manchester, School of Earth, Atmospheric and Environmental Sciences). The PCR conditions
included an initial denaturing step at 95°C for 2 min, followed by 35 cycles of 95°C for 30 s, 58°C for 30 s, 72°C
for 1 min, and a final elongation step at 72°C for 5 min. At the end of the run, the whole PCR product was mixed
with 12.5 μl of 5x gel-loading dye, and 35 μl of the mixture was loaded on a 2% Tris-Acetate-EDTA/agarose gel.
A 2000-100 bp ladder was also loaded on the gel that was run at 80 mV for ~ 2 h. At the end of the run, the DNA
bands were observed on a Gel Doc 2000 Gel Imaging System (Bio-Rad Laboratories). Following gel
electrophoresis, bands of the correct fragment size (~ 410 bp) were excised, purified using a QIAquick Gel
Extraction Kit (Quiagen, Limburg, Netherlands) according to the manufacturer’s protocol, and eluted in 30 μL of
DNAse free H2O. The purified PCR products were quantified using the NanoDrop ND-1000 (Thermo Scientific).
The DNA products were then stored at 4°C until it was sequenced. The emulsion PCR was performed at The
University of Manchester, School of Earth, Atmospheric and Environmental Sciences, the pyrosequencing run
was performed at the sequencing facilities of Faculty of Life Science of The University of Manchester using a
Roche 454 Life Sciences GS Junior.

2.5. Pyrosequencing data analysis
The 454 pyrosequencing reads were analysed using the Quantitative Insights Into Microbial Ecology pipeline
(Qiime 1.8.0 release) (Caporaso et al., 2010b). Raw sequences were first assigned to the different samples by using
the barcode sequences provided: sequences outside the 300–500 bp range were removed along with the reverse
primer sequence, using the split_libraries.py script. The usearch 6.1 programme (Edgar, 2010) was used to perform
filtering of noisy sequences and chimera checking. Operational taxonomic units (OTUs) were picked from and
compared at 97% similarity with the May 2013 release (13_5) of greengenes OTU reference using the usearch 6.1
programme through the pick_otus.py script. The most abundant OTU sequence was chosen as a representative
using the pick_rep_set.py script. Taxonomy assignment was based on the greengenes reference database
(McDonald et al., 2012) using the Ribosomal Database Project Naive Bayes (RDP) classifier v 2.2 (Wang et al.,
2007), with the confidence level set at 80% through the assign_taxonomy.py script. An OTU table was built using
the make_otu.py script and a biological observation matrix file (BIOM) was built using convert_biom.py script. A
OTU heatmap file was generated with the make_otu_heatmap.py script. The sequences were then aligned to the
greengenes core reference alignment (De Santis et al., 2006) using PyNAST (Caporaso et al., 2010a) through the
align_seqs.py script. Aligned sequences were then filtered using the filter_alignement.py script, and a phylogenetic
tree was built through the make_phylogeny.py script (Price et al., 2009). Alpha diversity, alpha rarefraction and
beta diversity were calculated using respectively the alpha_diversity.py, alpha_rarefraction.py and
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beta_diversity_through_plots.py scripts. Jackknifing was performed with the jackkinfed_betadiversity.py script to
directly measure the robustness of individual Unweighted Pair Group Method with Arithmetic Mean (UPGMA)
clusters and build jackknifed 2D and 3D PCoA plots. Sequences (average length of 400 bp) were analysed against
the NCBI (USA) database using BLASTn program packages and matched to known 16S rRNA gene sequences to
retrieve the closest relatives.

3. Results and Discussion

3.1. Phylogenetic analysis
The total number of sequences obtained was 3090, with an average length of ~ 400 bp. In total, 8 phyla, 9 classes,
and 15 genera were found among Bacteria. The Chao1 index of the sample, at 3% distance and with 96%
confidence intervals together with the α-diversity (Fig. 2), indicates a trend of higher microbial richness.

Figure 2. α-Diversity plot, showing the number of leaves in taxonomy.

The phylogenetic analysis showed a dominance of Thermotogae at the class level (Fig. 3), that accounted for the
60.71% of the sequence reads analysed. Microorganisms of this class have the genetic potential to oxidize butyrate
to CO2/H2 and acetate. The second most abundant class is the Bacteroidia (15.28%), followed by Clostridia
(10.42%) and Synergistia (7.18%). These observations suggest that the degrading consortium in the bioreactor
consists of additional syntrophic interactions beyond the standard H2-producing syntroph–methanogen partnership
that may serve to improve community stability. Members of the Thermotogae in the bioreactor community may
participate in the syntrophic interactions by producing acetate from an intermediate molecule. This intermediate
molecule may be the butyrate produced by the Clostridia population. Lastly, a small presence of Cloacamonae
belonging to the phylum WWE1 was also detected (3.33%), microorganisms in the bacterial phylum WWE1 have
been implicated in cellulose degradation in anaerobic sludge digesters (Limam et al., 2014) and were also found
in the coal-bearing strata of the Cherokee Basin, USA (Kirk et al., 2015). The presence of this of these bacterial
classes suggest a putative role in the degradation of complex macromolecules.

6
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Figure 3. Bar chart showing the bacterial class in each sample that were tested.

At the genus level, the digestate sample was characterized by a significant dominance of unclassified members of
the Thermotogaceae family (60.71%). Members of Thermotogaceae are moderately thermophilic to
hyperthermophilic, fermentative bacteria, typically isolated from hydrothermal systems (Dahle et al., 2011). The
cells of Themotogaceae members are wrapped in an outer membrane (toga), which confer resistance to high
temperature. They typically metabolize carbohydrates and have varying amounts of salt and oxygen tolerance.
(Huber et al., 1986) Members of these family were isolated from a number of subsurface environments:
Thermotoga subterranea strain SL1 was found in a 70°C deep continental oil reservoir in the East Paris Basin,
France (Li et al., 2007), Petrotoga halophile was isolated from an oil well in Congo and can grow in the presence
of 5-9% of NaCl (Miranda-Tello et al., 2009). The genus Thermotoga is anaerobic and reduces cysteine and
thiosulphate to hydrogen sulphide, while the genus Petrotoga has moderate halophilic species. Other genera of the
Thermotogaceae include Kosmotoga (Dipippo et al., 2009), Marinitoga (Wery et al., 2001) and Thermosipho
(Huber et al., 1989). The second most abundant genera revealed by the taxonomy analyses were unclassified
members of the Porphyromonadaceae family, which is composed of two genera of environmental bacteria,
Porphyromonas and Dysgonomonas. Within the classified genera (Fig. 3), the taxonomy classification analyses
performed by 454 pyrosequencing identified as the most abundant genera, bacteria such as Paludibacter,
Clostridium, Thermoacetogenium and Syntrophomonas (Respectively 12.62%, 6.08%, 3.33% and 3.01%
abundance) (Fig. 4).
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Figure 4. Bar charts showing the bacterial genera in each sample that were tested.

Further analyses were carried out using the BLAST programme package that matched the pyrosequencing data to
known 16S rRNA gene sequences to find the closest known relatives to the OTUs identified in the sample (Table
1). This analysis showed that the dominant OTU was an uncultured Thermotogae bacterium, with 58.11%
abundance and 97% identity. Other important bacteria retrieved using the BLAST search platform are two
uncultured bacteria belonging to Bacteroidia (6.96% and 3.84% abundance respectively), both at 99% identity and
Aminobacterium colombiense (3.57 % abundance and 99% identity), belonging to the Synergistia phylogenetic
class. Also significant is the presence of the Uncultured WWE1 bacterium clone (3.53% abundance, 99% identity)
belonging to Cloacamonae, isolated from a mesophilic anaerobic digester and of the Defluviitoga tunisiensis
strain SulfLac1 (3.46% abundance, 99% identity), isolated from a thermophilic anaerobic digester.
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Table 1. OTU’s Sequence Reads Analysed Filtered by Counts.

Closest Match

1

58.11

Uncultured
Thermotogae
bacterium
clone
QEEA3DA10

CU918794

97%

Thermo
togae

Mesophilic anaerobic
digester

11

6.96

Uncultured
bacterium
B045

HG530299

99%

Bactero
idia

Mesophilic
agricultural
reactor

3.84

Uncultured
bacterium
clone:
3MP-B-1HY-65

99%

Bactero
idia

Methane Production
Process. Food waste
bioreactor

3.57

Aminobacterium
colombiense strain
DSM 12261

CP001997

99%

Synergi
stia

Anaerobic lagoon of
dairy
wastewater
treatment plant in
Colombia

10

3.53

Uncultured WWE1
bacterium
from
clone
QEDN11CH09

CU925933

99%

Cloaca
monae

Mesophilic anaerobic
digester

1000

3.46

Defluviitoga
tunisiensis
strain
SulfLac1

NR_12208
5

99%

Thermo
togae

Thermophilic
anaerobic
digester

2.50

Uncultured
Firmicutes
bacterium
from
clone QEDV1BH08

CU919563

99%

Clorstri
dia

Mesophilic anaerobic
digester

14

1.99

Uncultured
Bacteroidetes
bacterium
from
clone QEDP2BA06

CU924061

99%

Bactero
idia

Mesophilic anaerobic
digester

20

1.85

Uncultured
bacterium
clone:BSA2B-03

AB175375

97%

Synergi
stia

Mesophilic anaerobic
digester

25

1.47

Tepidanaerobacter
syntrophicus strain
JL

NR_04096
6

99%

Clostri
dia

Anaerobic sludge

403

1.30

Uncultured
bacterium
clone
ATB_CM_534_02

KP151393

99%

Thermo
togae

Thermophilic chicken
dung-cow
slurry
fermentation

OTU

1080

7

16

clone

Accession

AB731261

9

Match
(Identiti
es)

Phylog
enetic

Abun
dance
(%)

Isolation source

Class

biogas

and
whey
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1.13

Bacterium
enrichment culture
clone 4-44

KF460362

99%

Clostri
dia

Paddy soil

1135

1.03

Uncultured
bacterium
S1_3_440

JQ106154

99%

Thermo
togae

Anaerobic
digester

36

0.99

Tepidanaerobacter
acetatoxydans Re1

NC_01995
4

99%

Clostri
dia

Unkn.

0.93

Uncultured
Chloroflexi
bacterium
clone
QEEA1DG07

CU918614

99%

Anaero
loneae

Mesophilic anaerobic
digester

67

40

clone

sludge

4. Conclusions

In this work, the biodegrading bacterial community of the Bran Sands Teesside anaerobic digester was investigated
using 454 pyrosequencing technology followed by sequence data interpretation using bioinformatics tools. The
main goal of this study was to investigate the bacterial community composition in an anaerobic digester that
include petrochemical waste as a substrate for biogas production. The bacteria population found in the digestate
samples is comparable in term of composition with the bacteria found in unconventional gas systems. DNA-based
assessment of the microbial community structure in unconventional gas basins have shown that bacterial diversity
is higher than archaeal diversity (Barnhart et al., 2013; Penner et al., 2010; Green et al., 2008). Bacteria related to
Proteobacteria (mostly Beta, Delta and Gamma-proteobacteria), Actinobacteria, Bacteroidetes and Firmicutes
seem to be widespread in unconventional systems such as coal-bed methane (Green et al., 2008; Jones et al., 2008;
Jones et al., 2010; Li et al., 2008; Strąpoć and Picardal, 2008; Warwick et al., 2008) and shale gas (Meslé et al.,
2015; M Meslé et al., 2013; Struchtemeyer and Elshahed, 2012). These taxonomic groups are known for their
versatile metabolic activity and hydrocarbon degrading capabilities. The classification of nucleotide sequence
reads and assembled contigs carried out in this study revealed a genetic profile characteristic for an anaerobic
microbial consortium running fermentative metabolic pathways. Moreover, the assignment of numerous sequences
was related to hydrocarbon decomposition and digestion of cellulosic material, which indicates that many species
in the samples are engaged in hydrolysis of plant-derived material. Since hydrolysis is the rate limiting step in
degradation of plant biomass (Noike et al., 1985) and within the biogeochemistry of coal-bed methane (Strąpoć et
al., 2011) it would be worthwhile to learn more about microorganisms and their metabolic features involved in
this process. Some genetic traces of organisms dominating the hydrolysis step were already identified in the
metagenome data set. Future work will concentrate on isolation of corresponding bacteria and analysis of their
genomic properties with the objective to optimise initial steps in the decomposition of substrates for biogas
production. Putative key organisms involved in intermediate steps of methanogenesis were also identified. As a
general conclusion, the bacterial community is comparable with results obtained from other mesophilic and
slightly thermophilic digesters. Leven et al., (2007) studied the effect of process temperature on the anaerobic
10
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digestion of organic household waste and reported a dominance of Thermotogae and Clostridia in their slightly
thermophilic reactors, while Bacteroidetes and Chloroflexi were the main phyla in the mesophilic reactors. Their
results are in agreement with our findings for the mesophilic reactor in Bran Sands, but their mesophilic community
seems less diverse than in our digestate samples. In a study investigating the microbial community of seven
anaerobic sludge digesters, Riviere et al., (2009) identified organisms from the Betaproteobacteria (class level),
Anaerolineales (order level), Bacteroidetes (phylum level), and Synergistetes (phylum level) as ‘core’ organisms.
These results are also in accordance, with the results obtained for the bioreactor investigated in the present study.
However, while sequences belonging to Anaerolineae (Chloroflexi) and sequences from classes of Proteobacteria
(Alpha, Beta, Delta, and Gamma) are characteristic of the reactor, sequences of the class Bacteroidetes were less
present in our samples. Moreover, our results are comparable, to some extent, with the bacterial profile
characterized in unconventional gas systems. More than 10 different bacterial phyla, among which Actinobacteria,
Bacteroidetes, Firmicutes, and Proteobacteria dominate, have been identified in coal and oil.
The bacterial diversity in low temperature unconventional reservoirs is essentially dominated by Proteobacteria
from the alpha, beta, gamma and delta classes. Alpha-proteobacteria dominate in the mesophilic Enermark oil field
in Canada where they represent around 50% of the bacterial diversity (Kryachko et al., 2012). a-proteobacteria
represent circa 29% in sandstone and coal samples of the Eastern Ordos Basin in China. Gammaproteobacteria
dominate in the Bokor oil field in Malaysia (Guo et al., 2012), Beta- and Gamma-proteobacteria are also present
in the Alberta coal beds in Canada (Penner et al., 2010). In these settings, Proteobacteria represent over 70% of
the total diversity. Members of the Alpha-proteobacteria are known degraders of water-insoluble compounds such
as PAHs, and Gamma-proteobacteria include primary hydrocarbon degraders (Guo et al., 2012; Kryachko et al.,
2012; Penner et al., 2010). A large number of Delta-proteobacteria are syntrophic bacteria, acetogens or secondary
fermenters known to be associated with methanogenic Archaea, or sulphate-reducing bacteria, which can degrade
hydrocarbons and organic acids with sulphate as the terminal electron acceptor (Zengler et al., 1999). Besides
proteobacteria, Firmicutes are frequently observed, but sometimes in numbers close or below the detection levels
of the studies, e.g. they can only be detected after cultivation. Firmicutes, which include fermenters and syntrophs
able to hydrolyse water-soluble macromolecular compounds, homoacetogens, fatty acids- oxidizers, and acetogens
are associated with oil formation waters (Yamane et al., 2011) and coal production waters (Guo et al., 2012;
Wawrik et al., 2012). Conversely, Actinobacteria, which include cellulolytic organisms degrading poorly watersoluble organic compounds (Deng and Fong, 2011), are associated with bulk oil, coal, and sandstones. It is unclear
why these organisms, many of which require oxygen to degrade cellulose, are present. Further elucidation is also
required to establish whether these microorganisms are able to degrade the cellulose-like organic compounds in
oil and coal. Nevertheless, there is a strong metabolic convergence towards the microorganisms typically found in
anaerobic digesters and in unconventional systems.
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