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Introduction

Abstract

The impact of four electron acceptors on hydrocarbon-induced methanogenesis
was studied. Methanogenesis from residual hydrocarbons may enhance the
exploitation of oil reservoirs and may improve bioremediation. The conditions to
drive the rate-limiting first hydrocarbon-oxidizing steps for the conversion of
hydrocarbons into methanogenic substrates are crucial. Thus, the electron
acceptors ferrihydrite, manganese dioxide, nitrate or sulfate were added to
sediment microcosms acquired from two brackish water locations. Hexadecane,
ethylbenzene or 1-'>C-naphthalene were used as model hydrocarbons. Methane
was released most rapidly from incubations amended with ferrihydrite and
hexadecane. Ferrihydrite enhanced only hexadecane-dependent methanogensis.
The rates of methanogenesis were negatively affected by sulfate and nitrate at
concentrations of more than 5 and 1 mM, respectively. Metal-reducing Geobacter-
aceae and potential sulfate reducers as well as Methanosarcina were present in situ
and in vitro. Ferrihydrite addition triggered the growth of Methanosarcina-related
methanogens. Additionally, methane was removed concomitantly by anaerobic
methanotrophy. ANME-1 and -2 methyl coenzyme M reductase genes were
detected, indicating anaerobic methanotrophy as an accompanying process
[Correction added 16 December after online publication: ‘methyl coenzyme A
changed to ‘methyl coenzyme M’ in this sentence]. The experiments presented here
demonstrate the feasibility of enhancing methanogenic alkane degradation by
ferrihydrite or sulfate addition in different geological settings.

methane, is a slow process (Zengler et al., 1999; Feisthauer
et al., 2010).

Roughly, one third of oil in reservoirs remains inaccessible
(US Department of Energy, 2006). Since Zengler et al.
(1999) reported the conversion of hexadecane to methane,
it has been suggested that remaining energy can be recovered
as methane gas (Anderson & Lovley, 2000; Head et al.,
2003). Moreover, the conversion of hydrocarbons to carbon
dioxide (CO,) or methane represents a useful tool for
bioremediation of oil-impacted ecosystems. The overall
reaction kinetics of hydrocarbon biodegradation are con-
trolled by the initial attack on hydrocarbons, where hydro-
carbon biodegradation with oxygen as an electron acceptor
is the energetically most favorable process. However, micro-
bial methanogenesis usually requires anoxic conditions and
methanogenesis, including the conversion of hexadecane to
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The initial anaerobic activation of hexadecane may be
irreversible and the removal of reaction products is unlikely
to accelerate the initial steps or the overall degradation
(Cravo-Laureau et al., 2005; Callaghan et al., 2006). How-
ever, B-oxidation and the release of electrons are essential
steps in hydrocarbon biodegradation pathways (Fig. 1;
Kniemeyer et al., 2003; Rabus, 2005; Callaghan et al., 2006).
It is commonly accepted that the removal of reducing power
from the reaction system drives B-oxidation. Examples for
this are fermentative hydrogen (H,)-releasing microorgan-
isms, which require a low H, partial pressure to effectively
unload electrons from the system. One can deduce that
electron acceptors are required to accelerate the oxidation of
hydrocarbons and their intermediate reaction products to

FEMS Microbiol Lett 315 (2011) 6-16


mailto:michael@siegert.org

Methanogenic hydrocarbon degradation

R~

—00c” X €007 4 ] + 21

O]

co,
R -ooc
Cowr
-ooc i
H,0 H,0 ] ?
4 [H] 4[H]
lo) Y
R ;C -ooc
___C00- OO
0 -ooc

°\

B-Oxidation
and/or ring cleavage

CH,

Acetate, H,, CO, ———

(propionate +) acetate

Methylation
CO,?

o o

Carboxylation

Cco

2

N S

Ring cleavage
and B-Oxidation

|

<«——Acetate, H,, CO,

Fig. 1. Conceptual figure depicting the proposed pathways of hydrocarbon degradation. A removal of electrons [H] by adding electron acceptors such
as Fe(lll), Mn(IV), nitrate or sulfate may accelerate the overall reactions to yield substrates for methanogens. This may accelerate all B-oxidation reactions,
for example at numbers 4-7. R may be an aliphatic or an aromatic residue. Note that besides fumarate addition, hydroxylation was shown for R = phenyl
(Kniemeyer & Heider, 2001). 1, Fumarate addition to the hydrocarbon [e.g. hexadecane (Cravo-Laureau et al., 2005; Callaghan et al., 2006) or
ethylbenzene (Kniemeyer et al., 2003)]. 2, fumarate addition to methylnaphthalene after methylation (Annweiler et al., 2000; Safinowski &
Meckenstock, 2005). This may possibly be achieved by CO, reduction/acylation in a reversed carbon monoxide dehydrogenase pathway (Safinowski &
Meckenstock, 2005). Intermediate succinate adducts and carbon skeleton rearrangements (Callaghan et al., 2006) are not shown because they may be
indirectly driven by electron acceptor addition. 3, Carboxylation and further ring reduction (Zhang & Young, 1997). 4 and 5, Proposed B-oxidation
yielding four electrons (Annweiler et al., 2000; Callaghan et al., 2006). 6, B-Oxidation yielding acetate. Propionate would only be released when
R =aliphatic. 7, Ring cleavage would precede further B-oxidation to yield acetate and CO, analogous to a proposed ring cleavage of toluene (Boll &
Fuchs, 1995). Steps 4-7 and all subsequent B-oxidations may be accelerated by electron acceptor addition. 8, The substrates acetate and CO,/H; are

finally converted to methane by methanogenic Archaea. Question marks indicate debated mechanisms. Succ., succinate.

transform them into substrates for methanogens, for exam-
ple acetate, CO, and H, (Fig. 1; Zhang et al., 2010). For
activation and processing of biological hydrocarbon degra-
dation, the presence of oxidants is not necessary (Zengler
et al., 1999). However, it is plausible to indirectly stimulate
the activity of the methanogenic community by providing
oxidants other than oxygen to hydrocarbon-degrading mi-
croorganisms (Zengler et al., 1999; Zhang et al., 2010).
Sulfate reduction is well described in oil spills and oil field
souring, where the latter can result in substantial economic
losses (Sunde & Torsvik, 2005). Research on trivalent iron
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reduction by hydrocarbon oxidation emerged during the
last 20 years (Lovley, 2000; Rabus, 2005; Kunapuli et al.,
2007), but was not studied in detail in conjunction with
hydrocarbon-induced methanogenesis. Hydrocarbon-asso-
ciated manganese reduction has only been described in few
reports so far (Greene et al., 1997, 2009; Langenhoff et al.,
1997a,b). Alkane biodegradation to methane is well docu-
mented and some reports for methanogenesis from aro-
matics and polyaromatics are available (Grbi¢-Galic &
Vogel, 1987; Kazumi et al., 1997; Zengler et al., 1999;
Townsend et al., 2003; Chang et al., 2006; Jones et al., 2008;
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Feisthauer et al.,, 2010; Herrmann et al., 2010). However,
detailed research on the impact of electron acceptors on
hydrocarbon-dependent methanogenesis remains elusive.
Our central hypothesis is that electron acceptors can accel-
erate hydrocarbon-dependent methanogenesis. Thus, we
tested their stimulating effect on the rates of hydrocarbon-
dependent methanogenesis in different sediments.

Materials and methods

Site descriptions and sampling

Sediment samples were obtained from two different sites.
One sampling site was contaminated by hydrocarbons
(Zeebrugge) and the other site was pristine (Eckernforde
Bay, Supporting Information, Appendix S1).

The sea port of Zeebrugge (Belgium; NW: 51°19'59N
3°11'57E, SE: 51°19/55N 3°12'12E, approximately 0.1 km?)
comprised several sediment sections with anoxic conditions
and was contaminated with hydrocarbons and heavy metals
(Ministerie van de Vlaamse Gemeenschap, 2002). The water
depth was 3 m during ebb. A constant freshwater influx was
maintained by the irrigation system of Brugge. In September
2008, samples were obtained from three locations within the
harbor basin using a manual sediment grabber. Sample
bottles were filled completely and closed using butyl rubber
stoppers and screw caps. Surface water samples were also
collected.

Chemical analyses were performed by SGS, Mol, Belgium.
Typical contaminants in the harbor mud originated from
protective boat paints and fuel leakages. Besides metals
such as nickel, zinc, lead, copper, mercury and chromium,
the concentrations of mineral oil ranged from 5 to
400 pg cm  sediment. Iron, manganese and sulfate were
detected in concentrations of up to 85, 0.1 or 2 umol cm ™,
respectively. The pH was between 8.0 and 8.5 and the in situ
water temperature was 14 °C.

Preparation of microcosms

For incubations established from the Zeebrugge samples,
filter-sterilized harbor water (using 0.2-pm membrane fil-
ters) served as a medium to mimic in situ conditions.
However, the harbor water naturally contained 2 mM sulfate
and sediment microcosms without electron acceptors were
therefore impossible to prepare. Basal salts were not added.
Dissolved oxygen was removed by nitrogen gassing of 1L
filtered water. All additional manipulations were performed
in an anaerobic glove box. To homogenize the sediment
sample, a 1/1 mix of sediment and medium was stirred. The
slurry was sampled for DNA extraction and 20 mL was used
to inoculate 40 mL medium in 120-mL serum bottles. These
were sealed with butyl rubber stoppers and aluminum crimp
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caps. Triplicate microcosms were incubated under a nitro-
gen headspace at atmospheric pressure at 25 °C.

Before inoculation, 2.5 mM ferrihydrite, 1.25 mM man-
ganese dioxide, 1 mM potassium nitrate or 20 mM sodium
sulfate was added to the medium. Ferrihydrite was precipi-
tated by neutralization of an FeCl; solution (Lovley &
Phillips, 1986) and manganese dioxide was obtained by
oxidation of an MnCl, solution with KMnO, (Lovley &
Phillips, 1988). To determine indigenous methanogenesis,
controls without additional hydrocarbons and electron
acceptors were prepared. Controls without hydrocarbons,
but with electron acceptors were set up as single incuba-
tions.

The final hexadecane or ethylbenzene concentrations
were 0.1% v/v in 60 mL total liquid volume. To test polyaro-
matic hydrocarbon (PAH) degradation, 1.6mg 1-"°C-
naphthalene or '?C-naphthalene was added to 100mL
medium containing 20 mL sediment in 120-mL serum
bottles sealed with butyl rubber stoppers and aluminum
crimp caps. Manganese dioxide was not used in the case of
naphthalene. To examine the activity of anaerobic methano-
trophs, the headspace of separate microcosms was flushed
with a 1/1 methane—nitrogen mix without additional higher
hydrocarbons.

Methane and CO, measurements

Methane and CO, in headspace samples were analyzed using
a GC-FID (+nickel catalyst methanizer, SRI 8610C, SRI
Instruments) equipped with a 6-foot Hayesep D column
(SRI Instruments) running continuously at 60 °C. Methane
and CO, formation from '°C- and 1-'>C-naphthalene was
also measured using a Thermo Fisher MAT252 GC-IRMS
(Herrmann et al., 2010). The rates were calculated based on
the formation of ?CH, measured in the headspace and
subtracted from the 6"”Ccy, of indigenously produced
methane. §'°C values are expressed as %o vs. Vienna Pee
Dee Belemnite (VPDB)

The rates in unamended control experiments, hexade-
cane, ethylbenzene and methane incubations were calcu-
lated for a timeframe of 178 days with an intermediate
measurement at day 155. For naphthalene incubations, the
rates were calculated in a timeframe of 435 days without an
intermediate measurement.

DNA analytical methods

Sediment DNA was extracted using a FastDNA Spin Kit for
Soil DNA extraction kit (MP Biomedicals). Genes of interest
were quantified using an Applied Biosystems StepOne
thermocycler. 16S rRNA gene copy numbers of Archaea and
Bacteria were determined as described previously (Takai &
Horikoshi, 2000; Nadkarni et al., 2002). The concentrations
of mcrA and dsrA genes were investigated according to
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Nunoura ef al. (2006) and Schippers & Nerretin (2006),
respectively. Members of the Geobacteraceae were quantified
using the method described by Holmes et al. (2002). Copy
numbers are expressed as copies cm ™ sediment.

Members of the microbial community in the Zeebrugge
sediment were identified by the incorporation of 16S rRNA
gene sequence fragments of a clone library into an existing
maximum-parsimony tree (version 102) provided by
Pruesse et al. (2007). Fragments of 16S rRNA genes were
obtained using the modified primer sets Arl09f (5'-
ACKGCTCAGTAACACGT) and Ar912r (5-CTCCCCC
GCCAATTCCTTTA) for Archaea and 27f (5'-AGAGTTTG
ATCCTGGCTCAG) and 907r (5'-CCATCAATTCCTTT
RAGTTT) for Bacteria (Liesack & Dunfield, 2004). Subse-
quently, cloning was performed using the pGEM-T vector
system according to the manufacturer’s instructions (Pro-
mega). All sequencing was conducted at Seqlab Gottingen
(Germany). Sequences were deposited at the GenBank
online database under accession numbers HM598465—
HM598629.

Results

Aliphatic hydrocarbon-dependent
methanogenesis and CO, release

Methanogenesis was observed in all Zeebrugge microcosms
after 178 days. Without added hydrocarbons, the methano-
genesis rates were 2.9, 0.8, 0.6, 0.3 or 0.8 nmol methane
cm > day ! for ferrihydrite, manganese dioxide, nitrate, 2 or
22 mM sulfate-amended microcosms, respectively. The re-
spective CO, release rates in these controls ranged from
35.5nmol CO, cm > day " for ferrihydrite to 73.8 nmol CO,
cm > day ! for nitrate.

In microcosms containing Zeebrugge sediment with
hexadecane, a significant increase of methanogenesis was
observed compared with control experiments without hex-
adecane (Fig. 2a). Moreover, hexadecane-dependent metha-
nogenesis rates were significantly different between
microcosms with and without an added electron acceptor
(Fig. 2a). Most prominently, ferrihydrite accelerated hexa-
decane-dependent methanogenesis to 87.3 %+ 2.3 nmol
methanecm > day ' compared with  37.8 4 6.6 nmol
methanecm > day ' in 2mM sulfate incubations (natural
harbor water). The increase of methanogenesis in manga-
nese dioxide incubations to 45.9 =+ 1.9 nmol methane
cm ™ day ' was insignificant compared with 2mM sulfate
incubations (Fig. 2a). Adding 20mM sulfate decreased
methanogenesis to 2.1 % 1.1 nmol methane cm > day . Ni-
trate inhibited methanogenesis completely. However, the
addition of hexadecane triggered CO, release from the
microcosms (Fig. 2a). The CO, release rates ranged from

FEMS Microbiol Lett 315 (2011) 6-16

D
2

Hexadecane -dependent methanogenesis

%150- DCH4 2 mM 22n_"|A/I
o Oco, 1
5 100
S
£
£
2 501
[]
o
[
2 ! ==
g o0 . . . .
Fe(lll) ~ Mn(lV)  NO,~ S0,z

T
c

Ethylbenzene - dependent methanogenesis

100 ~ 2mM

B CH, 22 mM

a
o
!

Gas released (nmol cm= day ")
o

Fe(lll)  Mn(V)  NO.-

Fig. 2. Effect of the type of electron acceptor on hydrocarbon-depen-
dent methanogenesis in Zeebrugge sediments. Hexadecane (a) and
ethylbenzene (b) were used as substrates. Ninety-five percent confidence
intervals of the triplicate regression slopes against time were calculated.
SEs within this confidence limit are shown.

64.6£5.8nmol CO,cm >day ' for 2mM sulfate to
139.6 = 3.0 nmol CO, cm > day ' for 22 mM sulfate.

The addition of 1 mM nitrate or 10 mM sulfate almost
completely inhibited methanogenesis in Eckernforde Bay
microcosms (Fig. 3a). Hexadecane-dependent methanogen-
esis (46.5 & 3.5 nmol methane cm™ day_l) was higher than
naturally occurring methanogenesis without hexadecane of
no more than 10 nmol methane cm > day ' in the sediment
layer of the highest methanogenesis (Fig. 3a; Treude et al.,
2005). While hexadecane-dependent methanogenesis oc-
curred without additional electron acceptors at a rate of
24.5 + 1.7 nmol methane cm ™ day ™, the process was signif-
icantly slower than that in incubations with 2 mM sulfate
concentrations 46.5 & 3.5 nmol methane cm > day ' (Fig.

3b).

Aromatic hydrocarbon-dependent
methanogenesis and CO, release

Also, the addition of ethylbenzene significantly increased
methanogenesis in microcosms containing Zeebrugge sedi-
ment (Fig. 2b). Compared with 2 mM sulfate, the addition
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of ferrihydrite or manganese dioxide reduced methanogen-
esis from 58.1+£0.6 to 39.6£0.9 or 28.2=+12.1nmol
methane cm ™ day ', respectively (Fig. 2b). Like in hexade-
cane incubations, an increase of sulfate concentrations to
22mM decreased the methanogenesis rate to 10.0 +0.5
nmol methane cm > day '. Nitrate inhibited methanogen-
esis completely. The addition of ethylbenzene inhibited
CO, release (Fig. 2b) compared with unamended controls.
The lowest CO, production rate was detected with nitrate
(19.5 £ 0.6 nmol CO, cm™> dayﬁl), while 22 mM sulfate led
to an increase in CO, release to 45.9+0.3nmol
CO,cm > day .

Methanogenesis depending on 1-'>C-naphthalene com-
menced between days 124 and 235 in 2 mM sulfate incuba-
tions, with maximum rates of 12.5=+ 0.3 pmol methane
cm” da)f1 (Table 1). At the same time, the 513CCH4 was
—37.14+1.6%0 (unamended control: 513CCH4 =—432+
1.1%o; Fig. 4d). At day 435, 1-'’C-naphthalene-derived
CH, formation was also detected as indicated by the
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elevated 513CCH4 values compared with unamended con-
trols. Methanogenesis rates were, however, within the same
order of magnitude in all microcosms (Table 1). Further-
more, a strong enrichment in '*CO, was observed already
after 42 days of incubation in all setups amended with
1-1 C-naphthalene (Fig. 4e-h). The 513Cc02 values ranged
from +34.9+2.6%0 (nitrate addition) to +68.4 £ 23.5%0
(iron addition), which was significantly different from the
(313Cc02 values produced in microcosms amended with
unlabelled naphthalene (total mean — 26.6 & 0.2%o). In the
1-"*C—naphthalene-degrading cultures, the 6"*Cco, values
further increased to a maximum at day 235 (total mean
513CC02 +419 £ 21%o; Fig. 4e-h). The CO, release rates were
at least 200 times higher than the methane formation rates
(Table 1). Ferrihydrite addition resulted in relatively low
CO, formation rates from 1-'’C-naphthalene of
236.7 4 3.4pmol CO,cm > day !, while the highest rate
was observed with nitrate (499.4 £ 0.5 pmol CO, cm
day ™).

Anaerobic methanotrophy

In parallel experiments, anaerobic oxidation of methane
(AOM) was observed in Zeebrugge microcosms. Incuba-
tions with 22mM sulfate showed the highest AOM rates
(1216.0 £ 135.3 nmol methane cm > dayfl), while cultures
with ferrihydrite or manganese dioxide displayed slightly
lower rates (1117.34+0.2 or 1070.9 &= 37.8 nmol methane
cm > day ', respectively). The AOM rates were lower with
nitrate  (881.3 £ 0.7 nmol methane cm > dayfl) or with
2mM sulfate (479.0 £ 6.4 0.0 nmol methane cm > day ).

Hydrocarbon-degrading microbial community

The original Zeebrugge sediment contained 16S rRNA gene
copy numbers of 2.6 x 10° copiescm > for Bacteria and
3.1 x 10® copies cm ™ for Archaea (Fig. SI in Appendix S1).
Compared with the sediment used as an inoculum, a
significant increase of the methanogenic (Methanosarcina
mcrA) and the methanotrophic (ANME-1 and -2 mcrA)
populations was observed in microcosms with ferrihydrite
and hexadecane (Fig. 5). With sulfate and methane, only the
number of ANME-2 copies increased. The growth of Geo-
bacteraceae — although present in significant numbers — was
not initiated by the addition of hexadecane or electron
acceptors compared with the inoculum (Fig. 5). In contrast,
the addition of sulfate and/or ferrihydrite stimulated the
growth of the sulfate-reducing community in the micro-
cosms. Experiments with ethylbenzene, naphthalene, nitrate
or manganese were not monitored by real-time PCR.

16S rRNA gene clone libraries of Bacteria (n=282) and
Archaea (n=93) of the Zeebrugge sediment revealed a broad
microbial diversity (Figs S2-S4 in Appendix S1). Among
Bacteria, Alpha-, Gamma- and Deltaproteobacteria 16S rRNA
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controls were killed with 8% final concentration formaldehyde.
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Fig. 5. Logarithmic plots of the community composition in microcosms
of contaminated harbor mud of Zeebrugge. DNA was extracted from the
sediment microcosms after 178 days of incubation with 2mM sulfate
without any additional hydrocarbon (hc), ferrihydrite and hexadecane or
methane and 20 mM sulfate. ANME-1, ANME-2 and Methanosarcina-
specific mcrA genes were quantified. Sulfate reducers were detected
targeting their dsrA gene and Geobacteraceae were quantified by
amplification of their 16S rRNA genes. When given, error bars were
calculated from SDs of the mean of two extracted incubations, each
determined in three parallel PCR reactions.

observed in our experiments (Feisthauer et al, 2010).
Presumably, a sediment-free enrichment culture never

reaches cell densities of sediments (approximately
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0’ cells cm > sediment, Fig. S2 in Appendix S1), resulting
in lower volume-related rates.

Methanogenesis from naphthalene was in a picomolar
range while other hydrocarbons induced methane release in
nanomolar ranges (Fig. 2 and Table 1). The time lag between
13CO, and '>CH, evolution as well as the significant
difference in 513C—Signature shifts (Fig. 4) indicate that
methanogenesis played a minor role in naphthalene-degrad-
ing microcosms. Primarily, naphthalene seems to have been
mineralized to CO,. Anaerobic oxidation of naphthalene
and subsequent formation of CO, was demonstrated under
nitrate- (Bregnard, 1996) and sulfate-reducing conditions
(Langenhoff et al., 1989; Coates et al., 1996; Hayes et al.,
1999; Musat et al,, 2009). Nevertheless, methanogenesis
occurred in our naphthalene-degrading microcosms, a pro-
cess that was suggested (Sharak Genthner et al., 1997; Chang
et al., 2006), but hitherto never confirmed.

Sharak Genthner et al. (1997) observed an inhibition of
methanogenesis after naphthalene addition and concluded
that naphthalene may be toxic to methanogens. In our
microcosms, this seems unlikely because they were naturally
exposed to various mineral oil compounds found in the
sediments (Ministerie van de Vlaamse Gemeenschap, 2002).
Regardless of naphthalene toxicity, methanogens possibly had
better access to degradation products of hexadecane and
ethylbenzene than to those of naphthalene. We therefore
postulate that methanogens themselves were directly involved
in the degradation chain of hexadecane and ethylbenzene, but
not of naphthalene degradation. The observed increase in the
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methanogenic population and the finding of a rich methano-
genic community in 16S rRNA gene clone libraries support
this assumption (Fig. 5; Fig. S4 in Appendix S1).

Impact of electron acceptors on hydrocarbon-
dependent methanogenesis

We studied the impact of ferrihydrite, manganese dioxide,
nitrate and sulfate on hydrocarbon-dependent methanogen-
esis. Ferrihydrite accelerated hexadecane-dependent metha-
nogenesis compared with sulfate or nitrate. Nitrate almost
completely inhibited methanogenesis from hexadecane and
ethylbenzene (Figs 2 and 3a). This is not surprising because
nitrate is a well-known inhibitor of methanogenesis (Kliiber
& Conrad, 1998). Furthermore, nitrate and high sulfate
concentrations negatively influenced the conversion rates of
hexadecane to methane (Figs 2 and 3a). However, in the
presence of 2mM sulfate, nitrate was not inhibitory (Fig.
3a), indicating that a sulfate-reducing hexadecane-degrad-
ing community prevailed.

Adding sulfate in concentrations up to 5mM to the
sediment microcosms of Eckernforde Bay resulted in a
significant increase of hexadecane-dependent methanogen-
esis (Fig. 3b). In contrast, concentrations higher than 5 mM
strongly inhibited hexadecane-dependent methanogenesis.
Possibly, sulfate addition stimulated the growth of new or
other sulfate reducers, dominating substrate competition for
intermediates with methanogens. In contrast, a previous
study reported no inhibition of methanogenesis by sulfate of
up to 10mM (Gieg et al., 2008). The inhibitory effect of
22 mM sulfate on ethylbenzene-dependent methanogenesis
was less pronounced compared with hexadecane. For
naphthalene, neither the inhibition nor the stimulation of
methanogenesis was found with either electron acceptor
(Fig. 4 and Table 1). This agrees with a recent study of
contaminated sediments, where no stimulating effect of
Fe(III) on PAH degradation was observed (Li et al., 2010).

The impact of electron acceptors on hydrocarbon-depen-
dent methanogenesis demonstrates that (1) the concentra-
tion of the added electron acceptor is crucial for
hexadecane-fed methanogenesis and (2) the solubility of
the electron acceptor appears to be important. Indeed,
insoluble electron acceptors such as ferrihydrite or manga-
nese dioxide had a stimulating effect on hexadecane-depen-
dent methanogenesis (Fig. 2a). However, these electron
acceptors are only locally bioavailable, which may result in
microscale compartment formation. In contrast, theoreti-
cally possible products of hexadecane degradation, such as
carbonate, acetate and H,, can freely diffuse and become
available for methanogens in niches where other electron
acceptors are depleted.

In Zeebrugge microcosms, the observed increase of the
total archaeal community and mcrA gene copies suggests
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that especially Methanosarcina species account for iron
reduction as demonstrated by van Bodegom et al. (2004)
(Fig. 5 and Supporting Information). Moreover, neither
ferrihydrite or sulfate nor hexadecane or methane addition
triggered the growth of Geobacteraceae. In conclusion,
members of this family are probably less important for the
respective processes (Fig. 5). This is not surprising because
Geobacteraceae are known for their aromatic metabolism,
while alkane degradation has not been reported. Instead,
other members of the Proteobacteria, known for hosting
many known hydrocarbon degraders (Widdel & Rabus,
2001), were identified (Fig. S2 in Appendix S1). One
sequence was closely related to a clone identified at the
Gullfaks and Tommeliten oil field methane seeps of the
North Sea (Wegener ef al., 2008).

Methanogenesis vs. AOM

AOM rates were determined to assess potential methane
losses during incubation time. These rates were in good
agreement with those observed typically in methane-fed
environments (Knittel & Boetius, 2009). However, methane
seepage was apparently not the major energy source of
Zeebrugge sediments. Therefore, in situ AOM possibly
depended on hydrocarbon-derived methane, as indicated
by the growth of the AOM community in hexadecane-
amended microcosms (Fig. 5). Based on the methane partial
pressure-dependent and cell-specific AOM rate constant
reported by Thauer & Shima (2008), we calculated a loss of
no more than 12% of the produced methane in hydrocar-
bon-amended microcosms.

Conclusions and possible practical implications

To fully exploit exhausted oil reservoirs, the conversion of
residual oil to methane seems to be a viable technique to
recover energy that would otherwise be lost. As a possible
contribution for this application, our experiments demon-
strated that additional sulfate or trivalent iron accelerated
methanogenesis in aliphatic and aromatic hydrocarbon (e.g.
BTEX)-degrading communities. In contrast, the inhibitory
effect of nitrate, commonly used to suppress sulfate reducers
in oil fields, most likely prohibits its application for oil
recovery as methane. Additionally, we present convincing
evidence for the conversion of a PAH to methane.

Consequently, our results also provide novel insights for
bioremediation, where the conversion of hydrocarbon con-
taminants to volatile methane seems to be an option.
Nevertheless, methane is a much more potent greenhouse
gas than CO,. Therefore, the addition of high amounts of
nitrate or sulfate may be preferred to stimulate biodegrada-
tion when methanogenesis is unwanted and oxygen treat-
ment is impossible.

© 2010 Federation of European Microbiological Societies
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