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Abstract Despite the knowledge on anaerobic degrada-
tion of hydrocarbons and signature metabolites in the oil
reservoirs, little is known about the functioning microbes
and the related biochemical pathways involved, especially
about the methanogenic communities. In the present study,
a methanogenic consortium enriched from high-tempera-
ture oil reservoir production water and incubated at 55 °C
with a mixture of long chain n-alkanes (C;5—C,y) as the
sole carbon and energy sources was characterized. Bio-
degradation of n-alkanes was observed as methane pro-
duction in the alkanes-amended methanogenic enrichment
reached 141.47 pumol above the controls after 749 days of
incubation, corresponding to 17 % of the theoretical total.
GC-MS analysis confirmed the presence of putative
downstream metabolites probably from the anaerobic bio-
degradation of n-alkanes and indicating an incomplete
conversion of the n-alkanes to methane. Enrichment cul-
tures taken at different incubation times were subjected to
microbial community analysis. Both 16S rRNA gene clone
libraries and DGGE profiles showed that alkanes-degrading
community was dynamic during incubation. The dominant
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bacterial species in the enrichment cultures were affiliated
with Firmicutes members clustering with thermophilic
syntrophic bacteria of the genera Moorella sp. and Gelria
sp. Other represented within the bacterial community were
members of the Leptospiraceae, Thermodesulfobiaceae,
Thermotogaceae, Chloroflexi, Bacteroidetes and Candidate
Division OP1. The archaeal community was predominantly
represented by members of the phyla Crenarchaeota and
Euryarchaeota. Corresponding sequences within the Eur-
yarchaeota were associated with methanogens clustering
with orders Methanomicrobiales, Methanosarcinales and
Methanobacteriales. On the other hand, PCR amplification
for detection of functional genes encoding the alkylsucci-
nate synthase «-subunit (assA) was positive in the enrich-
ment cultures. Moreover, the appearance of a new assA
gene sequence identified in day 749 supported the estab-
lishment of a functioning microbial species in the enrich-
ment. Our results indicate that n-alkanes are converted to
methane slowly by a microbial community enriched from
oilfield production water and fumarate addition is most
likely the initial activation step of n-alkanes degradation
under thermophilic methanogenic conditions.

Keywords Anaerobic biodegradation of n-alkanes -
Alkylsuccinate synthase - Methanogenic enrichment -
Microbial community dynamic - Production water from oil
reservoir

Introduction

Anaerobic degradation of petroleum hydrocarbons is gen-
erally well documented. Most of the altered petroleum res-
ervoirs have undergone biodegradation to some extents
worldwide with anaerobic hydrocarbon biodegradation as a
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major process involved (Aitken et al. 2004; Duncan et al.
2009; Gieget al. 2010; Head et al. 2003). Among the electron
acceptors available in petroleum reservoirs, methanogenic
degradation of crude oil hydrocarbons within these subsur-
face ecosystems has recently become an important focus for
the microbial conversion of residual oil in reservoirs into
natural gas (methane) through biological methanogenesis
(Gieg et al. 2008; Jones et al. 2008). Indeed, these oil-rich
environments represent a significant resource of hydrocar-
bons for bioconversion by the methanogenic populations.
However, only a handful of reports of methanogenic
enrichments for degrading crude oil alkanes have been
established with production waters from oil reservoirs (Gieg
et al. 2010; Wang et al. 2011). Information about microbial
communities and the biochemical pathways involved for
alkanes-degrading consortium under thermophilic metha-
nogenic conditions is rather scarce (Gieg et al. 2010).
n-Alkanes, a main constituent of petroleum, are biode-
graded under methanogenic conditions via syntrophic
processes involving both bacteria and archaea. In the bio-
degradation process, n-alkanes can be initially activated by
different strategies, including fumarate addition, carbox-
ylation, or alternative mechanisms (Mbadinga et al. 2011).
The initial products after fumarate addition can be used as
specific biomarkers since they are only formed under
anaerobic condition by alkylsuccinate synthase (Ass) cat-
alyzed reactions. However, detection of alkylsuccinates in
n-alkanes-degrading methanogenic enrichments can be a
challenge because of their transient nature and very low
concentrations. Alternatively, gene encoding the alkylsuc-
cinate synthase o-subunit (assA) can serve as a useful
biomarker to track for the presence of functional anaerobic
n-alkanes-degrading members (Callaghan et al. 2010).

In the present work, an attempt was made by utilizing oil
reservoir production water as inoculums to enrich a high-
temperature n-alkanes-degrading methanogenic consortium
in order to investigate the microbial community dynamics
and the possible biochemical activation mechanisms. 16S
rRNA gene-based clone libraries, DGGE and functional
genes (assA) were used to reveal the community dynamics
over the long-term incubation. Moreover, the recovery of a
new assA gene sequence indicated that the n-alkanes-
degrading methanogenic enrichment may contain new
microbial species.

Materials and methods
Preparation of methanogenic enrichment cultures
Production water from oil producing well at Shengli oil-

field of P.R. China was collected and used in the prepa-
ration of the thermophilic methanogenic enrichment

cultures. Description of the sampling and the water char-
acteristics are reported previously (Wang et al. 2011).

Fifty milliliter of the oil reservoir fluid were transferred
aseptically into each 120 ml sterile serum bottle and flu-
shed with O,-free N, (99.99 %) after passing through
heated copper filings. After flushed with N,, the serum
bottles were capped with butyl rubber stoppers (Bellco
Glass, Inc., Vineland, NJ) and aluminum crimp sealed, and
incubated at 55 °C in the dark until substantial methane
formation was detected after 100 days by analysis of
headspace gas on gas chromatography (GC). These bottles
were then flushed with the pure N, again to remove the
methane produced in the headspace; and alkanes-based
methanogenic enrichment cultures were then established
by transferring 5 ml of the primary incubation culture
mentioned above into 120 ml serum bottles, that had been
flushed with O,-free N, (99.99 %), containing each 45 ml
mineral salt medium (Wang et al. 2011). After further
flushing the serum bottles for 5 min with pure N,, they
were sealed with butyl rubber stoppers and aluminum
crimps. An equal mixture (v/v) of long chain n-alkanes
(CisHsz, CieHas, Ci7Hze, CisHss, CioHao and CyoHao,
74.65 pmol total n-alkanes) (Sigma-Aldrich, Milwaukee,
WI) was prepared and amended into each enrichment
culture before dispensing mineral medium. All incubations
including the background controls (without n-alkanes)
were prepared in the same way in triplicate. Controls,
amended with the n-alkanes mixtures and autoclaved three
times successively, were also included. All the microcosms
including the controls were incubated at 55 °C in the dark.
Changes of microbial community were monitored through
sampling of enrichment cultures in the serum bottles. For
convenience, B1-B5 and B13 were samples of the alkanes-
based methanogenic enrichments collected on day 154,
253, 333, 413, 477 and 749 of incubation, respectively.
B11 was the background control (without addition of
n-alkanes) sampled on day 749.

Chemical analyses of methanogenic enrichment
cultures

Methane and hydrogen gases in the headspace of serum
bottles were monitored periodically by injecting 200 pl of
the headspace gas into GC equipped with a flame ioniza-
tion detector (FID), a thermal conductivity detector (TCD),
and a packed 1.5 m stainless steel column filled with 5 A
carbon molecular sieves as previously described (Wang
et al. 2011).

After taking the incubation cultures for genomic DNA
extraction, the aliquot samples were adjusted to pH 12 and
then heated for 1 h to 105 °C. n-Alkanes amended into
methanogenic enrichment were extracted with n-hexane
and analyzed on an Agilent 6890 GC equipped with an
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HP-5MS capillary column (30 m x 0.25 mm x 0.25 pm)
and mass detector (MSD 5975) as described by Wang et al.
(2011). Volatile fatty acids (VFA) were detected on GC—
MS after butyl esterification of extract with 1:10 H,SO4—
butanol (v/v) at 90 °C for 60 min and being extracted with
n-dodecane. The injector temperature was 250 °C and the
oven temperature was initially held at 60 °C for 1 min, and
then increased at 15 °C min~' to 145 °C. A portion of the
above mentioned butyl esterified products were extracted
with n-hexane to check for non-volatile fatty acids. GC—
MS analysis was accomplished with the following pro-
gram: the injector temperature was 250 °C and the oven
temperature was held at 120 °C for 3 min, then increased
at 8 °C min~"! to 260 °C, and held for 10 min.

Simultaneously, 20 ml of enrichment aliquot were
adjusted to pH 12, left for 30 min and heated for 1 h to
105 °C before acidification to pH <2 with HCI and being
extracted three times with ethyl ether. Pooled organic
extracts were dried over anhydrous NaSO, and concen-
trated under a stream of N,. The resulting organic extracts
were derivatized with N, O-bis (trimethylsilyl) trifluoro-
acetamide (BSTFA) (Sigma-Aldrich Shanghai Trading Co
Ltd, Shanghai, China) at 60 °C for 60 min to introduce
trimethylsilyl groups before analysis on GC-MS. The
injector temperature was 260 °C and the oven temperature
was initially held at 80 °C for 3 min, then increased at
10 °C min~! to 280 °C, and finally held for 37 min. All
analyses were completed in the scan mode. EI was oper-
ated at 70 eV and ion source temperature was held at
230 °C.

DNA extraction and PCR amplification

Total genomic DNA was extracted from 10 ml of
enrichment culture using AxyPrep™ Bacterial Genomic
DNA Miniprep Kit (Axygen Biosciences, Inc., CA, USA)
according to the manufacturer’s protocol. Extracted geno-
mic DNAs were immediately frozen and store at —70 °C
until further use.

Amplification of 16S rRNA gene for bacteria and archaea

Small-subunit rRNA genes in the pooled DNA samples
were amplified using PCR primers 8F (5-AGAGTTTG
ATYMTGGCTCAG-3) and 805R (5'-GACTACCAGG
GTATCTAATCC-3’) for bacteria (Savage et al. 2010);
primers ARCI09F (5'-ACKGCTCAGTAACACGT-3') and
ARC915R (5'-GTGCTCCCCCGCCAATTCCT-3') specific
for archaea (Cheng et al. 2007). Twenty five microliter
(25 pl) of PCR reaction mixtures including 13 pl of ddH,0,
9 ul of 2x Tag PCR Master Mix, 1 pl of each primer
(12.5 uM) and 1 pl of template DNA, were used. PCR
amplifications of the 16S rRNA gene fragments from the

@ Springer

genomic DNA were carried out in a Peltier thermal cycler
(Bio-Rad, USA). The thermal cycler programs for bacteria
and archaea were initial denaturation at 95 °C for 5 min, 33
cycles at 95 °C for 30 s, annealing gradient from 45 to 55 °C
(for bacteria) and a single annealing at 60 °C (for archaea)
for 30 s, extension at 72 °C for 60 s, and a final elongation
step of 72 °C for 10 min.

Amplification of alkylsuccinate synthase alpha-subunit
A (assA) gene fragments

Gene encoding the alpha subunit of the alkylsuccinate
synthase was amplified with primers 1432F (5-CCNACC
ACNAAGCAYGG-3) and 1933R (5-TCGTCRTTGC
CCCATTTIGGIGC-3') (Callaghan et al. 2010). Twenty
five microliter (25 pl) of PCR reaction mixtures included
7.5 ul of ddH,O, 12.5 pl of 2x Taq PCR Master Mix, 1 pl
of each primer (12.5 pM) and 3 pl of template DNA. The
thermal cycler program for assA gene included initial
denaturation at 95 °C for 5 min; followed by 40 cycles of
95 °C for 36 s, annealing at 60 °C for 60 s, and extension
at 72 °C for 2 min; followed by a final extension step at
72 °C for 20 min.

Unless otherwise mentioned, all PCR products obtained
above were first visualized by agarose gel (1 %, w/v)
electrophoresis followed by ethidium bromide staining to
ensure the correct size amplified. Subsequently, PCR
products resulting from independent 5 reactions were
pooled and visualized by agarose gels (1.8 %, w/v) elec-
trophoresis (70 min at 160 V). The appropriate sizes of
these fragments were excised and purified with a DNA
purification kit (U-gene, China) prior to cloning.

Amplification of 16S rRNA fragments for bacterial DGGE
profile

For bacterial DGGE analysis, genomic DNAs retrieved
from methanogenic enrichment cultures were amplified
with primer set 341F-GC (Muyzer et al. 1993) and 907R
(Muhling et al. 2008). Fifty microliter (50 pl) of PCR
reactions included 30 pl of ddH,O, 2x Taq PCR Master
Mix 15 pl, 2 pl of each primer (12.5 uM) and 1 pl of
template DNA. Thermal cycler conditions were 95 °C for
5 min, 35 cycles at 95 °C for 30 s, annealing at 51 °C for
30 s, extension at 72 °C for 1 min with a final extension at
72 °C for 10 min. PCR products (20 pl) were loaded onto a
6 % (w/v) polyacrylamide gel with a denaturing gradient of
30-60 % (100 % denaturant contained 40 % formamide
and 7 M urea). PCR products for DGGE were separated
using the DCode™ universal mutation detection system
(Bio-Rad, USA). Electrophoresis was performed for 4.5 h
at 160 V and 60 °C in TAE running buffer (40 mM Tris—
acetate, 20 mM sodium acetate, | mM EDTA). DGGE gels
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were stained with GelRed (Sigma-Aldrich) and photo-
graphed under UV transillumination by using a Tanon gel
imaging system 2026. Selective bands were excised from
the gels, eluted in sterile de-ionized water, and reamplified
with the primers set as described above without GC clamp.
PCR products were purified with a DNA purification kit
(U-gene, China) and sequenced after cloning into Esche-
richia coli (see below).

Construction of 16S rRNA and assA genes clone
libraries

Purified 16S rRNA gene and catabolic gene (assA) frag-
ments were directly cloned into Escherichia coli using a
pMD®19-T Simple cloning vector (Takara, Japan) fol-
lowing the instructions of the manufacturer. The obtained
white colonies were randomly picked and cultured over-
night at 37 °C in 0.8 ml Luria Broth (LB) medium in the
presence of ampicillin (100 mg/ml). The size of the gene
inserts was checked by PCR using the forward M13F (-47)
(5’-CGCCAGGGTTTTCCCAGTCACGAC-3') and the
reverse RV-M  (5-GAGCGGATAACAATTTCACACA
GG-3') plasmid specific primers, followed by agarose gel
electrophoresis with subsequent ethidium bromide staining.

Sequencing and phylogenetic analysis

The sequences of inserted PCR products were determined
with automated ABI 3730 sequencer (Dye-Terminator
Cycle Sequencing; Applied Biosystems) using the forward
sequencing primer M13F (—47). After sequencing, reads
were first trimmed to remove vector and primer sequences
before further analysis. The resulting sequences were
checked for orientation by using OrientationChecker tool
(Ashelford et al. 2006). Putative chimeric sequences were
double checked with Bellerophon 3.0 (Huber et al. 2004)
and Pintail (Ashelford et al. 2005). The FastGrouplI pro-
gram (Yu et al. 2006) was used to group non-chimeric
sequences into operational taxonomic units (OTUs) at a
cut-off of 97 % with gaps. A single sequence was chosen
as representative of each OTU for phylogenetic tree con-
struction. The classifier tool of the Ribosomal Database
Project II (Wang et al. 2007) was used to classify each 16S
rRNA gene sequence. The nearest relatives of each OTU
were identified using the NCBI BLAST network service at
http://www.ncbi.nlm.nih.gov/blast/ (Altschul et al. 1990;
McGinnis and Madden 2004). The coverage of each 16S
rRNA gene clone libraries was calculated by the equation
C =[1 — (n/N)] x 100 (Good 1953). Phylogenetic trees
were constructed based on the Kimura two-parameter
model (Kimura 1980) and neighbor-joining algorithm
(Saitou and Nei 1987) for nucleotide sequences and the
Poisson correction method for amino acid sequences using

the MEGAS software (Tamura et al. 2011). Bootstrap
analysis with 1000 replicates was applied to assign confi-
dence levels to the nodes in the trees. Partial 16S rRNA
gene sequences for bacterial and archaeal as well as assA
genes fragments obtained in this study were deposited
in the GenBank database under accession numbers
JN836375-JN836429 and JN852952-JN852958.

Results

Methanogenic activities in alkanes-based enrichment
cultures

Thermophilic methanogenic activity in enrichment cultures
containing production water of a thermophilic oil reservoir
was observed with significant amounts of methane pro-
duced in headspace during the 749 days of incubation after
transferring into fresh culture media supplemented with
long chain n-alkanes (Fig. 1). Sterile controls did not show
any evidence of gas formation throughout the incubation.
GC-MS analysis of enrichment cultures medium showed
that approximately 83 % n-alkanes were transformed dur-
ing the 749 days of incubation compared with the sterile
controls. Based on the amount of n-alkanes consumption,
about 828.91 pmol of methane should have been theoret-
ically produced as estimated from stoichiometric equations
(Symons and Buswell 1933; Zengler et al. 1999). However,
approximately 141.47 pumol of methane; corresponding to
17 % of the theoretical value, were obtained in the bottles
headspace.

Metabolites formed during methanogenic n-alkanes
degradation

A series of higher alkanoic acids that included tetracosa-
noic acid (C,4), docosanoic acid (C,,), eicosanoic acid
(Cyp), octadecanoic acid (Cg), palmitic acid (C,¢4), penta-
decanoic acid (C;s), tetradecanoic acid (C,4), dodecanoic
acid (Cy,), undecylic acid (Cy;), capric acid (C;(), nona-
noic acid (Co) and octanoic acid (Cg) were detected with
concentrations ranging from 0.69 to 82.67 UM in the
enrichment cultures of the alkanes-amended. These com-
pounds might represent downstream metabolites of the
initial activation and fermentation of n-alkanes (Mbadinga
et al. 2011; Zhou et al. 2011). Volatile fatty acids (C;—C,4)
with concentrations ranging from 1.38 to 72.32 uM were
also detected in the enrichment cultures. In addition, a
dicarboxylic acid referring to as fumarate was detected.
The detection of these metabolic intermediates provided
strong chemical evidences on the incomplete conversion of
substrate n-alkanes to methane. On the other hand, it
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Fig. 1 Methane production in enrichment cultures amended with a
mixture of n-alkanes (closed squares) and Shengli oilfield production
water incubated at 55 °C, compared with inoculated controls without
any n-alkanes (open squares). Hydrogen gas production in the
enrichement with n-alkanes (closed circles) and without any
n-alkanes (open circles). Errors show the standard deviation of
triplicate samples

indicates that n-alkanes were activated and transformed by
the enriched methanogenic microbial community.

Microbial community in thermophilic methanogenic
alkanes-based enrichment cultures

Genomic DNAs extracted from thermophilic methanogenic
enrichment cultures were subjected to molecular analyses
in order to determine the microbial community composi-
tions in these enrichment cultures.

Archaeal composition

A total of 90 clones were sequenced from sample B1 (day
154 after incubation). These clones were clustered into 16
OTUs at 97 % similarity cut-off and rarefaction analysis
indicated that the estimated coverage of the clone library
was 91.1 % (Fig. 2). Phylogenetic analysis revealed that
approximately 45.6 % of the clones in this library were
affiliated with the order Methanosarcinales, which is
known as a group harboring both acetotrophic and meth-
ylotrophic methanogens (Kendall and Boone 2006). In the
present case, methylotrophic methanogens represented by
OTUs B1-A-103, B1-A-41 and B1-A-64 and closely rela-
ted (95-99 % similarities) to the genus Methanomethy-
lovorans prevailed. Phylotypes clustering with the orders
Methanobacteriales and Methanomicrobiales were detec-
ted in relatively low abundance. Members of these orders
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can produce methane by CO,-reduction or alternatively
from formate (Bonin and Boone 2006; Garcia et al. 20006).
The remaining phylotypes, representing 48.9 % of the total
archaeal clones in library B1, were assigned to unclassified
groups of Euryarchaeota and Crenarchaeota. Most clones
in these groups were related to environmental 16S rRNA
gene sequences from oil reservoirs and hydrocarbons
contaminated ecosystems (Fig. 2).

After another 600 days of incubation (Sample B13, day
749), the archaeal community experienced some changes. A
total of 89 clones were sequenced and clustered into 13
OTUs at 97 % similarity cut-off and rarefaction analysis
indicated that the estimated coverage of the clone library was
95.5 % (Fig. 2). Unexpectedly, phylogenetic analysis
revealed the dominance of Crenarchaeota-like (52.8 % of
the total archaeal clones, 4 OTUs) members mostly affiliated
with environmental sequences retrieved from subsurface
ecosystems (Duncan et al. 2009; Gihring et al. 2006) or with
sequences detected in hydrocarbon-associated methano-
genic consortia (Penner and Foght 2010; Siegert et al. 2011).
The phylum Euryarchaeota was essentially represented by
methanogens clustering with the orders Methanosarcinales
(2 phylotypes; 9.0 %), Methanobacteriales (4 phylotypes,
31.5 %) and Methanomicrobiales (2 phylotypes; 5.6 %) in
addition to the presence of a single phylotype belonging to
the order Halobacteriales. Among the Euryarchaeota, ar-
chaeal sequences affiliated with the genus Methanother-
mobacter within the order Methanobacteriales prevailed.

Bacterial community and composition

Bacterial community changes were first elucidated by
means of PCR-DGGE approach (Fig. 3). Selective DNA
bands from the DGGE profile were excised, cloned and
sequenced. Results showed the presence of Firmicutes-
like sequences (bands 1 and 3) closely affiliated to Moo-
rella and Gelria spp. Also sequenced was band 2 affiliated
with members of the Candidate division OP8. DGGE band
1 (Moorella sp.) was detected in all profiles whereas band 3
(Gelria sp.) was unique to the alkanes-based methanogenic
enrichment cultures.

Following changes observed from the DGGE profiling
(Fig. 3), bacterial community compositions were assessed by
means of 16S rRNA gene clone libraries focused on samples
B1 and B13 collected at days 154 and 749, respectively.
Within B1, 19 clones were sequenced and clustered into 4
bacterial OTUs and the estimated coverage of 89.5 % indi-
cated that the bacterial composition needed more sampling for
higher coverage (Fig. 4). Phylogenetic analysis revealed that,
of the 19 clones from the B1 library, OTU B 1-B-65 consisting
of 15 clones (78.9 % of total bacterial clones within B1) was a
close relative to Moorella glycerini (95 % identity) within
the family Thermoanaerobacteraceae. Moorella spp. are
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phaeum PB (AB020336) | Bacteria

y
Thermac

thermophilic obligates anaerobes generally known for syn-
trophic metabolism (Pierce et al. 2008; Slobodkin et al. 1997)
with a growth temperatures ranging from 40 to 70 °C and an
optimum between 55 and 60 °C (Balk et al. 2008; Slobodkin
et al. 1997). Among other bacterial members in library B1,
16S rRNA gene sequences clustering with members of
Thermodesulfobiaceae (OTU B1-B-62, 2 clones) and Lepto-
spiraceae and Bacteroidetes (OTUs B1-B-33 and B1-B-73, 2
clones in total) were also detected.

In contrast to B1, the bacterial community composition
in clone library B13 (n = 170 clones) was slightly more
diverse with 8 OTUs detected and the estimated coverage
of the clone library of 97.6 % indicated adequate sampling
of bacterial members in sample B13 (Fig. 4). The B13
library was dominated by Firmicutes-like members;
among which OTUs B13-B-83, B13-B-68 and B13-B-27
representing 90 clones (52.9 % of total bacterial clones
within B13) showing high identity with the thermophilic,
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Bl B2 B3 B4 BS

1-Moorella sp. (JN852952)
2-OP8 (JN852953)
3-Gelria sp. (IN852954)

Fig. 3 PCR-based DGGE fingerprints of the bacteria from methano-
genic enrichment sampling points at different incubation times (B1-
B5, B13 and B11, described in “Materials and methods” for more
detail). The denaturing gradient range was from 30 to 60 %. The
randomly selected sequences of bands indicated by numbers were
aligned and showed the presence of Moorella sp., a member of the
candidate division OPS8 as well as Gelria sp. The results corresponded
to the bacterial phylogenetic tree

obligately syntrophic anaerobe Gelria glutamica. Optimal
temperature of growth for this cultured representative of
the genus Gelria is between 50 and 55 °C (Plugge et al.
2002). The second dominant bacterial members were rep-
resented by phylotypes OTUs B13-B-72 and B13-B-103
(44.1 % of total bacterial clones within B13, 75 clones)
sharing close similarities with members of the genus
Moorella. Other bacterial phylotypes in the B13 clone
library comprised members of the Thermotogae, Chloro-
flexi, as well as a member of the Candidate division OP1,

Fig. 4 Phylogenetic tree of 2%
bacterial clones obtained from
the alkanes-amended
methanogenic enrichment
cultures at different incubation
times with closely related
sequences. Evolutionary
analyses were conducted with
MEGAS software. The topology
shown was obtained with the
neighbor-joining method.
Bootstrap values (n = 1,000
replicates) of >65 % are
reported as percentages. Bl
represented 19 sequences, while
B13 represented 170 sequences.
Sequences from organisms
identified in hydrocarbons-rich
environments or those from
hydrocarbons degrading
enrichment cultures are shown

94

10!

3

Niiboli oilfield clone NRB35 (HM041952)
Leaking oil well clone OP1_18_1_D08 (GU120565)
96 1 Thermotoga hypogea SEBR 7054 (NR_029205)
Yabase oil field clone AR80B6 (AB539933)
in bold 100 | | Methanongenic community of crude oil-degradation clone L55B-72 (JF947066)
100 [ B13-B-100 (3/170, JN836386)
78" Subsurface crude oil deposit clone SRDP-BD05 (AB546057)

all together representing 5 clones (3.0 % of total bacterial
clones within library B13).

Alkylsuccinate synthase alpha-subunit A (assA)

Genomic DNAs extracted from enrichment cultures taken
at different incubation times were screened for the presence
of genes encoding the alkylsuccinate synthase alpha-sub-
unit A (assA). A total of 80 clones retrieved from library
B13 were sequenced and clustered into 2 OTUs (Fig. 5).
The absence of stop codons suggests that the deduced amino
acid products are partial sequence of the functional Ass
proteins. OTU B13-assA-1 representing 78 clones (97.5 %
of total assA genes in library B13) was 77 % similar at the
protein level to deduced reference assA genes from the
Syntrophobacteraceae, alkanes-degrader Desulfoglaeba
alkanexedens ALDC (Davidova et al. 2006) and methano-
genic paraffin degrading enrichment culture (Callaghan
et al. 2010). Noteworthy, sequences highly similar to OTU
B13-assA-1 were also identified in samples B1 and B1l
(Fig. 5). In addition, two clones (2.5 % of total assA genes
in library B13) represented by OTU B13-assA-2 and
exclusively detected in the n-alkanes-amended methano-
genic cultures are close relatives (83 % similarity at the
protein level) to the deduced assAl gene from the

B13-B-72 (74/170, JN836379)
B13-B-103 (1/170, JN836380)

2L B1-B-65 (15/19, IN836375) o 8
Uncultured Moorella sp. clone LNE-13 (AY531650) % ‘g
9t Moorella sp. 64_FGQ (GQ872425) 3 3_:
Moorella glycerini TW/AS-Y6 (NR_029198) S §
Thermophilic anaerobic sludge clone C1 (AY526500) "§
Hydrocarbon Metabolism in Oil Sands Tailings clone BTEX1-10F (HM992534) g
Methanogenic enrichment clone MRE50b24 (AY684084) §
Thermophilic anaerobic bioreactor clone G55_D25_M_B_F11 (DQ887943) ;
B13-B-83 (72/170, JN836381) .§ E
B13-B-68 (17/170, JN836382) 3 g
B13-B-27 (1/170, JN836383) O
Methanogenic enrichment cloneMRE50b25 (AY684072)
99 Anaerobic digester clone QEDP2DD10 (CU924020)
B1-B-33 (1/19, JN836376) Leptospiraceae

Anaerobic river sediment clone LaC15L128 (EF667524)
Uranium contaminated sediments clone FRC-A2_400 (EF508017)

| Thermophilic microbial fuel cell clone SHBZ944 (EU639297)
100 Methanongenic community of crude oil-degradation clone L55B-93 (JF947077)
99 B1-B-62 (2/19, JN836377)
100 " Oil contaminated soil of Shengli oilfield clone B312109 (HQ133015)

— B13-B-61 (1/170, JN836385)
100  Alaskan North Oil Facilities clone PS1SGXI1313 (FJ469327)

[t

Thermodesulfobiaceae

Candidate division OP1

Thermotogaceae

Anoxic Lake sediment clone TK-SH11 (DQ463707)

Subseafloor sediment clone MD2902-B56 (EU385875)
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2% 00 Passaic River OTUS assA (GU453638)
A thur Kill OTU4 assA (GU453639)
Arthur Kill OTUS assA (GU453640)
99 |- Arthur Kill OTU2 assA (GU453641)
Arthur Kill OTU3 assA (GU453642)
Methanogenic paraffin-degrading enrichment clone SDB OTU2 (GU453644)
Duulfz);,la(’ba alkanexedens assA (GU453656)
Melhanovemc paraffin-degrading enrichment clone SDB OTUS (GU453658)
B13-assA-1 (78/80, JN852956)
_" Bl-assA (57/57, JN852955)
assA Bl1l-assA (1/1, JN852958)
3 Eu]fm& reducing bacterium AK-01 assA2 (DQ826036)

Sulfate-reducing bacterium AK-01 assA7 (DQ826035)
B13-assA-2 (2/80, JN852957)

_E Strain HXN1 masD (AM748709)

96 — Aromatoleum sp. OcN1 masD (FN675935)

Thauera aromatica K172 bssA (AJ001848)
Geobacter toluenoxydans bssA (ABM92938)
Geobacter sp. FRC-32 bssA (ACM20801)
Geobacter grbiciae bssA (ABM92936)

L97 Goebacter metallireducens bssA (AAM34597)
Clostridium pasteurianum PFL (CAA63748)

PF|

Fig. 5 Phylogenetic tree of deduced assA gene sequences from the
methanogenic alkanes-degrading enrichment at different incubation
times with closely related sequences. Evolutionary analyses were
conducted with MEGAS software. The topology shown was obtained
with the neighbor-joining method. Bootstrap values (n = 1,000
replicates) of 65 % are reported as percentages. B1 represented 57
sequences; B13 represented 80 sequences; Bll represented 1
sequence

Desulfobacteraceae and syntrophic alkanes degrader Des-
ulfatibacillum alkenivorans AK-01 (Callaghan et al. 2008,
2012).

Discussion
Partial conversion of n-alkanes to methane

Anaerobic degradation of n-alkanes has been reported in
enriched cultures from near surface sediments (Zengler et al.
1999). Little has been reported with samples originating from
petroleum reservoirs, especially those collected from high-
temperature subsurface oil-rich ecosystems (Gieg et al. 2010).
It is generally accepted that methanogenic degradation of
alkanes is a slow process resulting in slow growth and low
conversion rates due to substrate activation and syntrophic
metabolism. Though higher amounts of methane were
detected in the n-alkanes-amended methanogenic cultures in
comparison to the background controls, stoichiometric esti-
mation indicated only 17 % of the theoretically predicted
methane production on day 749 of incubation. This might be
caused by potential losses of methane during repeated sam-
plings and the utilization of organic carbon for cellular syn-
thesis. More importantly, incomplete conversion of n-alkanes
to methane should be the most important factor as detection of
potential downstream metabolites of the anaerobic degrada-
tion of n-alkanes in the enrichment cultures was evident. The
reasons for the accumulation of these metabolites to detect-
able level are not well understood. Nutritional limitation and/
or inhibitors buildup cannot be totally ruled out. Therefore, for

accurate stoichiometric estimation it is necessary to take into
account the mass of metabolites accumulated in the culture
medium. In that case, the ratio between the produced and
theoretically predicted methane would have been much higher
than 17 % calculated assuming that the n-alkanes were totally
converted to methane.

Community dynamics and methanogenesis

Methanogenic degradation of n-alkanes has been reported
before, but the present study was designed to assess
dynamic changes of microbial communities during long-
term incubation. Considering bacterial clone library of the
alkanes-based methanogenic enrichment, the earlier phy-
logenetic profile (day 154) was dominated by Moorella
spp., similar to that of the background control OTU B11-B-
11 (Fig. S1). In contrast, the bacterial population profile
retrieved from the n-alkanes amended methanogenic cul-
ture at day 749 was quite different. The only phylotype
present in substantial proportions in both the earlier and the
later settings was Moorella sp. Other sequences retrieved
from day 749 were very different and form clusters with
Gelria, Thermotogaceae, Chloroflexi, and OP1 (Fig. 6). To
our knowledge, only a few reports have shown the occur-
rence of Moorella spp. in production water from oil res-
ervoirs (Duncan et al. 2009; Mayumi et al. 2011) whereas
Gelria spp. have never been reported. Furthermore, none of
the bacterial phylotypes identified are known to degrade n-
alkanes anaerobically. However, there are reports showing
that methanogenic biodegradation of alkanes or crude oil
alkanes involve acetogenic bacteria, syntrophs and meth-
anogens (Jones et al. 2008; Zengler et al. 1999). These
assumptions are consistent with the detection of Moorella
spp. as well as the later emergence of Gelria spp. in the
alkanes-amended methanogenic enrichment culture. On the
other hand, with the exception of the phylotype represented
by B13-A-4, most of the Crenarchaeota identified in B13
were not detected in B1 (Fig. 2). This observation indicates
the enrichment of new Crenarchaeota phylotypes follow-
ing the progressive anaerobic degradation of n-alkanes
under thermophilic methanogenic conditions. For instance,
Crenarchaeota are not known to produce methane.
Therefore, they could have been implicated in the syn-
trophic conversion of organic carbon to methane. This
assumption is also supported by the low frequency of
Crenarchaeota-like sequences in the control incubation
OTU B11-A-106 (only one sequence was detected, Fig.
S2). Using the classifier tool of the RDP Release 10 (Cole
et al. 2009), most of the Crenarchaeota-like sequences
identified in our thermophilic alkanes-based methanogenic
enrichment cultures appear to be related to members of the
class Thermoprotei; but represented by low similarities to
known cultured species.
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bacierial community Bacteroidetes Chorotlext
Y Leptospiraceae Thermotogaceae 0.6 %
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amended methanogenic \ 5.3 % 1.8 % 0.6 %
enrichment cultures on days 154
and 749
hermodesulfobiaceae
10.5 %
Moorella
Moorella -
78.9 % 44.1 %
B1 (N=19) B13 (N=170)

Dynamic changes observed with assA genes suggest that
the thermophilic alkanes-amended methanogenic enrich-
ment cultures harbor microorganisms likely involved in the
anaerobic degradation of n-alkanes via fumarate addition.
It is important to mention that, in the alkanes-amended
methanogenic enrichment culture assA gene with close
affiliation to assAl gene from Desulfatibacillum alkenivo-
rans AK-01 was detected in this study. However, 16S
rRNA sequences affiliated to members of the Proteobac-
teria were not found in the methanogenic enrichment cul-
tures. This has implication for the role played by
microorganisms other than Proteobacteria in the thermo-
philic anaerobic activation of n-alkanes via fumarate
addition.

Anaerobic conversion of n-alkanes to methane requires
the close cooperation between metabolically different types
of microorganisms. The overall biodegradation process is
thermodynamically feasible only when methanogenic pre-
cursors, namely formate, acetate and hydrogen gas, are
completely removed or maintain at very low concentration
by methanogens or sulfidogens. There are several routes
whereby n-alkanes are converted to methane; with the
predominant occurrence of the MADCOR (methanogenic
alkanes degradation dominated by CO, reduction) process
in petroleum reservoirs (Dolfing et al. 2008; Jones et al.
2008). The methanogenic population in our thermophilic
alkanes-based enrichment cultures exhibited considerable
changes from methylotrophic/acetoclastic to CO,-reducing
phylotypes (Fig. 7). Our findings are consistent with sev-
eral reports indicating that alkanes are predominantly
degraded to acetate and hydrogen with subsequent syn-
trophic acetate oxidation to hydrogen and CO, coupled
with hydrogenotrophic methanogenesis (Gieg et al. 2010;
Siddique et al. 2011).

@ Springer

Anaerobic activation of n-alkanes and putative
biochemical degradation pathways

There are several possible biochemical activation strategies
of n-alkanes under anaerobic conditions. However, addi-
tion of n-alkanes to the double bond of fumarate appears to
be the most widely spread activation strategy. As depicted
in Fig. 8, though alkylsuccinates were not detectable in the
enrichment cultures (probably due to the small volume of
the cultures available or non accumulation of alkylsucci-
nates in the methanogenic cultures), the detection of genes
encoding the alkylsuccinate synthase alpha-subunit A
(assA) in the alkanes-amended methanogenic enrichment
cultures indicates that fumarate addition was likely
involved in the initial activation of n-alkanes. Further
degradation of alkylsuccinates will result in the formation
of branched and linear fatty acids (Callaghan et al. 2012).
However, alkylsuccinates and other branched fatty acids
were not detectable in the alkanes-based methanogenic
enrichment cultures of this study, while a series of linear
fatty acids representing possible downstream metabolites
of alkylsuccinates were detected. Therefore, the biochem-
ical degradation pathways that could have been involved in
the anaerobic conversion of n-alkanes to methane are
proposed in the present work (Fig. 8). Alkanes were most
likely activated by addition to fumarate and subsequently
biodegraded via fatty acids by members of the Firmicutes
and Crenarchaeotes into acetate, formate, H, and CO,
which in turn are consumed by acetoclastic (Methanos-
arcinales) and hydrogenotrophic (Methanomicrobiales and
Methanobacteriales) methanogens into methane.
Alternatively, part of the acetate formed during the
anaerobic degradation of n-alkanes should be syntrophi-
cally oxidized to H, and CO, followed by methanogenesis
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Methanomicrobiales

Methanobacteriales

B1 (N=46)

obiales

B13 (N=41)

Fig. 7 Dynamic changes of methanogens in the alkanes-amended methanogenic enrichment cultures on days 154 and 749

from CO,-reduction and acetoclastic methanogenesis. This
assumption is supported by the fact that CO,-reducing
methanogens (Methanomicrobiales and Methanobacteri-
ales) outnumbered obligate acetoclastic methanogens and
represented >80 % of methanogenic archaeal sequences
detected in the thermophilic alkanes-amended methano-
genic cultures on day 749 (Fig. 7).

n-Alkanes (C15-Cz)

L, OV assa .
@ )
Alkylsuccinates 2
¥ N
Alcohols ? A 9
: Branched fatty acids 2 ': Moorella
.| Gelria
Thermotogaceae
OP1
OP8
Crenarchaeota

etracosanoic acid (C
Docosanoic acid (C

ethanomicrobiales'
Methanobacteriales

Fig. 8 Proposed biochemical degradation pathways in the anaerobic
conversion of n-alkanes to methane. (/) Fumarate addition (Callaghan
et al. 2012); (2) Dehydrogenation and hydroxylation (Mbadinga et al.
2011); (3) Alternative mechanisms. The red circles indicate metab-
olites detected in the methanogenic alkane-biodegradation, while the
grey boxes show the intermediates were not detected (Color figure
online)

Conclusion

In the present work, a thermophilic methanogenic alkanes-
degrading community enriched from high-temperature oil
reservoirs production fluid contained the assA genes indi-
cating that fumarate addition was likely involved in the
initial activation of n-alkanes. The presence of abundant
members of the Firmicutes (Moorella and Gelria) impli-
cated their roles contributing to anaerobic biodegradation
of n-alkanes. Also, organisms affiliated to the Crenar-
chaeotes would have played an important role in the
methanogenic conversion of n-alkanes to methane. At the
same time, the accumulation of intermediate metabolites is
indicative of a partial conversion of n-alkanes to methane
in the current system. The current study offers further
information on our understanding of the methanogenic
biodegradation biochemical processes and functional
microorganisms involved in the anaerobic degradation of
alkanes in subsurface petroleum reservoirs.
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