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ABSTRACT: Anaerobic oxidation of methane (AOM) was shown to reduce
methane emissions by over 50% in freshwater systems, its main natural
contributor to the atmosphere. In these environments iron oxides can become
main agents for AOM, but the underlying mechanism for this process has
remained enigmatic. By conducting anoxic slurry incubations with lake
sediments amended with 13C-labeled methane and naturally abundant iron
oxides the process was evidenced by signiﬁcant 13C-enrichment of the
dissolved inorganic carbon pool and most pronounced when poorly reactive
iron minerals such as magnetite and hematite were applied. Methane
incorporation into biomass was apparent by strong uptake of 13C into fatty
acids indicative of methanotrophic bacteria, associated with increasing copy
numbers of the functional methane monooxygenase pmoA gene. Archaea were
not directly involved in full methane oxidation, but their crucial participation,
likely being mediators in electron transfer, was indicated by speciﬁc inhibition of their activity that fully stopped iron-coupled
AOM. By contrast, inhibition of sulfur cycling increased 13C-methane turnover, pointing to sulfur species involvement in a
competing process. Our ﬁndings suggest that the mechanism of iron-coupled AOM is accomplished by a complex microbemineral reaction network, being likely representative of many similar but hidden interactions sustaining life under highly reducing
low energy conditions.

■

methanotrophs, ANME) and sulfate-reducing bacteria.4−6 The
process had been hypothesized to be the reverse of methanogenesis carried out by the archaea themselves,7,8 and indeed
most of the genes for methanogenesis were found in the
ANME genome, indicating the potential for true reverse
methanogenesis.9,10 Nonetheless, AOM mediated solely by
ANME was reported by Milucka et al.,11 where elemental sulfur
was shown to be a key intermediate in the process.
Other terminal electron acceptors available to AOM, such as
nitrate or nitrite, have been identiﬁed during the past

INTRODUCTION
Microbial methane (CH4) production (methanogenesis) is
known to be the terminal carbon remineralization process in
deep sediments, after the other electron acceptors (oxygen,
nitrate, manganese oxides, iron oxides, and sulfate) have been
exhausted in dissimilatory respiration.1 In aquatic systems,
microbial methane oxidation (methanotrophy) is the main
process controlling the release of this potent greenhouse gas to
the atmosphere.2 While under oxic conditions, aerobic
methanotrophs eﬀectively oxidize CH4 to carbon dioxide,3
anaerobic oxidation of methane (AOM) coupled to sulfate
reduction (known as sulfate-dependent AOM) has been shown
to consume up to 90% of methane at the sulfate-methane
transition zone in marine sediments.1 Sulfate-dependent AOM
is typically performed by consortia of archaea (anaerobic
© 2017 American Chemical Society
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decade.12−14 Nitrite-dependent AOM is performed by oxygenic
bacteria (″Methylomirabilis oxyfera″, NC10 group), which
reduce nitrite and intermediately produce oxygen to oxidize
the methane in nonmarine anoxic environments.15 In the
presence of nitrate, however, speciﬁc members of the ANME
clade (ANME-2d) were shown to be capable of AOM, either in
a coculture with M. oxyfera or in a syntrophic relationship with
an anaerobic ammonium-oxidizing (Anammox) bacterium.14
Evidence for AOM via iron reduction has been provided by
methane turnover in sediment slurries derived from marine
cold seeps,16,17 and by modeling approaches using pore water
proﬁles of marine sediments,18,19 brackish and coastal sediments,20−22 and lake sediments.23−25 In freshwater environments, AOM is responsible for the removal of over 50% of the
produced methane26 and, because of low levels of sulfate, ironcoupled AOM can become the major process consuming
methane.23 However, although the global importance of ironcoupled AOM was emphasized, neither its mechanism nor the
microbial community members involved have been described in
environmental samples so far. Nonetheless, Scheller et al.27
showed the potential of ANME 2a and 2c to oxidize methane in
the presence of artiﬁcial oxidants such as soluble ferric citrate
and ferric-EDTA using deep-sea sediments, and Ettwig et al.25
emphasized the capability of Methanosarcinales related to
“Candidatus Methanoperedens nitroreducens” in reducing
dissolved Fe(III) and ferrihydrite by AOM in a freshwater
enrichment culture.
In order to obtain insight into iron-coupled AOM, we used
anoxic sediment slurry incubations amended with 13C-labeled
methane from the methanogenic zone in Lake Kinneret (Israel)
known to harbor a microbial community capable of this
process.28 The principle of this stable isotope labeling is to
pinpoint AOM by the transformation of 13C-labeled methane
to 13C-enriched dissolved inorganic carbon (DIC). Ironcoupled AOM can be indicated when the 13C-enrichment of
the DIC is higher with the addition of speciﬁc iron oxides than
without them. Experiments were performed using addition of
the naturally abundant iron oxide minerals and inhibitors for
sulfate reduction/sulfur disproportionation and methanogenesis. They were analyzed for methane and Fe(II)
concentrations and carbon isotope composition (δ13C in ‰:
((13C/12C)sample/(13C/12C)standard) − 1) × 1000) of the
DIC (δ13CDIC) for more than a year, as we expected the process
to be rather slow given the low energy yield of the reaction.
The set of incubations was additionally investigated at the
beginning and the end for targeted qPCR of functional genes
and the uptake of 13C-methane carbon into bacterial and
archaeal lipid biomarker components.
Study Site. Lake Kinneret is a monomictic lake located in
the north of Israel, with maximum and average depths of 42
and 24 m, respectively. Spring is characterized by the
development of phytoplankton blooms in the epilimnion,
supported by the nutrient contribution from the overturn and
the winter ﬂoods. During this time the continuous heating of
the surface water initiates thermal stratiﬁcation and the
formation of a thermocline.29 In May, as the bloom declines,
the hypolimnion becomes enriched with particulate organic
carbon which is utilized by heterotrophic microorganisms thus
gradually depleting oxygen and nitrate until sulfate becomes the
dominant electron acceptor.30 Typical concentrations of major
electron acceptors in the water column during the mixed period
are 35−50 μM nitrate and 600 μM sulfate.31−33 At the
uppermost part of the lake sediment, sulfate reduction is the

main process throughout the year.30 Below 5 cm depth,
methanogenesis becomes dominant with methane production
maximizing at 7−12 cm31 and sulfate is depleted (below 10
μM). Below that zone, ferrous iron concentrations increase to
∼200 μM.28,31 Total iron content (Fe(tot)) in the sediment
increases with depth down to 18 cm and stabilizes at around
550 μmol g−1 dry weight (dw).34 Total organic carbon content
of the sediment is about 2−3% per gram dry weight (dw)23).
Our previous work on Lake Kinneret sediments showed
evidence for iron-coupled AOM below the zone of intense
methanogenesis based mainly on in situ porewater proﬁles and
the output from a reaction-transport model.23,31 Sediment
proﬁles of microbial community using 16S rRNA gene
sequencing (454 platform) showed an increase in Methanosarcinales with depth toward the zone of iron-coupled AOM
while Methanomicrobiales decreased.28 The bacterial communities were much more diverse than archaeal communities, which
opened diﬀerent biogeochemical avenues for bacterial groups
being involved in iron-coupled AOM.28 Among these avenues
bacteria were speculated to be involved either by iron reduction
directly coupled to methane oxidation or indirectly. This is
through the oxidation of sulﬁde to sulfur intermediates followed
by disproportionation to sulﬁde and sulfate with the latter
ﬁnally being accessible to sulfate-driven AOM,35 through other
intermediates, or/and even utilization of methane in an
unexpected manner through a hidden aerobic methane
oxidation pathway in an anaerobic environment.

■

MATERIALS AND METHODS
Sampling and Experimental Setup. Sediment cores for
the experiment were collected in August 2013, from the center
of Lake Kinneret (Station A; which is located at 42 m depth) by
means of a gravity corer. Cores were dissected under N2
atmosphere to prepare slurries from the sediment zone
between 26 and 41 cm at a porewater to sediment ratio of
5:1. The additional porewater was extracted from parallel
sediment samples (from other cores at the same geochemical
zone) by centrifugation at 27 000g at 4 °C. The homogenized
slurry was transferred under continuous N2 ﬂushing in 40 mL
portions to 60 mL crimp bottles and sealed.
Sediment slurries were amended with 13C-labeled methane
and except the natural sample treated with diﬀerent iron oxide
minerals. Moreover, each individual sample set was kept (I)
without inhibitors, (II) with inhibition of sulfate reduction and
sulfur disproportionation by sodium molybdate (Na2MoO4)
addition, and (III) inhibition of methanogenesis by 2bromoethanesulfonate (BES) addition. One of the sample
sets was autoclaved as a control. The various treatments are
summarized in Supporting Information (SI) Table S1. The
experiment was conducted over the course of 470 days and
highest level of precaution was given to any oxygen leakage into
the bottles (see below). In detail, duplicate bottles were treated
with 0.1 g of diﬀerent iron oxide minerals (amorphous iron,
goethite, hematite or magnetite; for details, see SI Table S1)
and kept at 20 °C in the dark. Amorphous Fe(III)
oxyhydroxide was formed by neutralizing of FeCl3 to a pH of
7 with NaOH. The other iron oxides were grinded from
supplied minerals identiﬁed as pure iron minerals. Molybdate
and BES were added to ﬁnal concentrations of 1 mM and 20
mM, respectively. To avoid oxygen contamination all slurries
were prepared in an anaerobic chamber and the bottles were
sealed with special butyl rubber septa and purged again twice
for 3 min with N2 before the addition of 50 μL of 100% 13C12294
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PLFA carbon based on quantiﬁcation via GC-FID measurements.53 Excess 13C is the diﬀerence between the fractional
abundance (F) of 13C in PLFAs after 470 days relative to the T0
sample where F = 13C/(13C+12C) = R/(R+1), with R being
derived from the measured δ13C values as R = (δ13C/1000 + 1)
× RVPDB.
Total genomic DNA was extracted from duplicate samples of
the slurries using the MoBio Power Soil DNA isolation kit
(MoBio Laboratories, Solana Beach, CA). Genomic DNA was
eluted using 80 μL of elution buﬀer and stored at −20 °C.
Reaction mix for qPCR included the following: 12.5 μL KAPA
SYBR Fast Universal Readymix (KAPA Biosystems, Woburn,
MA); 0.5 μL of each primer (100 nM), 1 μL template
(extracted DNA) and DDW to complete to 25 μL. PCR
protocol was: initial denaturation step at 95 °C, followed by 40
cycles of 95 °C for 30 s; annealing temperatures as described in
SI Table S3 for 30 s; and 72 °C for 30 s. Acquisition was
performed at the completion of each cycle, following a short (2
s) step at 78 °C to ensure primer dimer denaturation.
Calibration curves for mcrA and pmoA, encode for functional
genes at a known concentration with six serial dilution points
(in steps of 10-fold). All runs included a no-template control.
Calibration curves had R2 > 0.98, and the slope was between
−3.0 and −3.9. Ampliﬁcation reactions were carried out in a
Rotor-GeneTM 6000 thermocycler (Corbett Life Science,
Concorde, NSW, Australia). Primer sequences are detailed in
SI Table S3. Quality control values were exported into a
Microsoft Excel worksheet for further statistical analysis.

labeled methane. The bottles were kept upside down with no
contact between headspace and the septa. One of the
experimental duplicates with amorphous iron and natural slurry
did not show any activity with time and were thus discarded
form the results. The signiﬁcant patterns of increasing Fe(II)
concentration and pmoA numbers and of active methanogenesis only in all nonkilled treatments and not randomly (see
Results chapter) highlight the absence of oxygen leakage. In
addition, a set of three additional control bottles with natural
sediment slurries, 13C-labeled methane, without inhibitors and
equipped with a highly sensitive oxygen sensor (SI Figure S1)
was incubated for a year in order to trace oxygen leakage, and
we did not detect any intrusion of oxygen into these bottles.
Analytical Methods. The slurries were subsampled
throughout the year for methane, ferrous iron and δ13CDIC
determination. Methane concentrations were measured directly
from the headspace of the slurries on a Thermo Scientiﬁc gas
chromatograph (GC) equipped with a ﬂame ionization detector
(FID) at a precision of 2 μmol·L−1. Ferrous iron concentrations
were determined from 1 mL of slurry water that was ﬁxed
immediately after the extraction using Ferrozine. The supernatant was ﬁltered through 0.2 μm ﬁlters and analyzed for
dissolved Fe(II) by measuring the absorbance at 562 nm on a
spectrophotometer,36 with an error of less than 7 μmol L−1.
The δ13CDIC of the slurry water (1 mL) was measured on an
isotopic ratio mass spectrometer (Gas Source-IRMS, Thermo).
The measurement is reported in per mil units (‰, 1/10 of the
percentage unit) versus the Vienna Pee Dee Belemnite (VPDB)
standard with a precision of ±0.1‰. Total iron extraction was
determined using heat and 6 N hydrochloride acid.37 The
diﬀerent fractions of various reactive iron minerals were
extracted based on the Poulton and Canﬁeld38 method. Sulfate
concentrations were measured by inductively coupled plasma
(ICP)−atomic emission (PerkinElmer optima 3300) with a
precision of 2%. A ﬁber optic oxygen meter (Fibox 3 trace,
PreSens) with oxygen sensor (type PSt6) was glued to the
inside of the experiment bottle wall. The detection limit of the
PSt6 sensor is 1 ppb oxygen.
The set of incubations was additionally investigated at the
beginning and the end in terms of targeted qPCR and for the
uptake of 13C-methane carbon into polar lipid-derived fatty
acids (PLFAs) and intact ether lipid-derived hydrocarbons.
PLFAs were released and converted to fatty acid methyl esters
(FAME).39 Intact archaeal ether lipids were separated from the
apolar lipid compounds40 and processed to form hydrocarbons.41 In brief, separation into apolar and polar lipids was
performed using a preparative Inertsil Diol column (5 μm, 150
× 10 mm, GL Sviences Inc., Tokyo, Japan) connected to an
Agilent 1200 series HPLC that was equipped with an Agilent
1200 series fraction collector. The ﬂow rate was set to 3 mL
min−1 and the eluent gradient was: 100% A to 10% B in 5 min,
to 85% in 1 min, hold at 85% B for 9 min, then column reequilibration with 100% A for 6 min, where eluent A was
composed of n-hexane/2-propanol (85:15, v:v) and eluent B
was 2-propanol/Milli-Q water (90:10, v:v). The fraction
collection time windows are from 0.1 to 5 min for apolar
fraction and from 5 to 15 min for polar fraction. Both FAMEs
and ether-cleaved hydrocarbons were analyzed by GC-mass
spectrometry (GC-MS) for identiﬁcation and GC-IRMS for
determination of δ13C values.53,54 Double bond positions in
FAMEs were identiﬁed by pyrrolidide derivative formation and
GC-MS veriﬁcation.42,43 Uptake of 13C-methane into PLFAs
was calculated as the product of excess 13C and the amount of

■

RESULTS
Reactive iron minerals extracted from the sediments demonstrated that they comprise 10−15% of the total iron (SI Figure
S2). Magnetite, an iron mineral containing Fe(II) and Fe(III)
that can be dissimilatory reduced by microbes as a product of
iron reduction, was found in a concentration of 0.06% dw
equivalent to 2 μmol g dw−1 at the top of the sediment core,
and increased to 0.19% or 8 μmol g dw−1 at the bottom. All
other iron minerals (i.e., ferrihydrite, hematite, goethite and
others) ranged from 0.3% dw or 20−25 μmol g dw−1 at the top
to ∼0.4% dw or 35 μmol g dw−1 at the bottom part,
respectively. The availability of these iron oxides is a basic
prerequisite for iron-coupled AOM in Lake Kinneret.
Measurements of δ13CDIC in the slurries without inhibitors
and only with addition of 13C-labeled methane and minerals
revealed no change during the ﬁrst three months of the
incubation (Figure 1A). After 10 months we observed a
signiﬁcant increase in δ13CDIC values, indicating the turnover of
13
C-methane, whereas autoclaved controls remained unchanged
throughout the experiment. Magnetite and hematite additions
introduced the most dramatic increase in δ13CDIC values by up
to 250‰. Increase of methane oxidation, as indicated by
δ13CDIC values of up to 450‰, was found when molybdate was
added to the slurries (Figure 1B). During addition of
molybdate the largest increase in δ13CDIC values occurred in
incubations where amorphous iron was used, followed by
hematite, goethite, and ﬁnally magnetite. When BES was added
to the slurries no positive deviations of δ13CDIC values was
observed in all treatments (Figure 1C), highlighting the
essential role of methanogens during iron-coupled AOM. The
natural slurry without any iron additions also showed an
increase in δ13CDIC values up to 80‰, which suggests that the
inhibition of microbial sulfate reduction stimulates AOM even
for samples containing natural amounts of iron minerals.
12295
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tane revealed only marginal 13C-enrichment of 19‰ and 3‰
relative to T0, respectively. In accordance with the δ13CDIC data,
fatty acids were 13C-enriched only in active treatments as
opposed to the autoclaved control and those treatments where
methanogen activity was inhibited by BES addition. When
molybdate was added the 13C-enrichment of PLFAs was
signiﬁcantly higher. Highest speciﬁc uptake with δ13C values of
more than 3,200‰ was characteristically found for C16:1ω5,
which is depicted as a number next to various experiments in
Figure 1A−C. Total 13C-uptake into PLFAs is presented in SI
Table S2B and was highest for the C16:1 cluster (∼2.8 to ∼5 ng
13
C gdw−1) and C16:1ω5 (∼0.7 to ∼1.5 ng 13C gdw−1) in all
experiments with molybdate addition but especially high in the
slurry experiment where only hematite was added (∼3.6 and
∼1.1 ng 13C gdw−1, respectively).
The net changes in δ13CDIC values, as well as methane and
Fe(II) concentrations after 470 days are displayed in Figure
2A−C. Change in δ13CDIC values was highest for magnetite
without any inhibitors and highest for amorphous iron with the
addition of molybdate (Figure 2A). Methane concentrations
increased with time in all nonautoclaved slurries except those
treated with BES (Figure 2B), pointing toward the coexistence
of net methanogenesis and iron-coupled AOM. Methane
concentrations in the treatments with molybdate addition
were lower by 100−300 μM than those without molybdate,
indicating enhanced methane consumption and supporting the
most positive δ13CDIC values that evidence enhanced AOM.
Iron oxide mineral treated slurries demonstrated signiﬁcant
microbial iron reduction and increase in ferrous iron by about
∼20−50 μM over the course of the experiments with and
without molybdate addition (Figure 2C). The high ferrous iron
concentration in slurries with BES addition and speciﬁcally in
the autoclaved BES sample points toward abiotic reaction of
BES with iron minerals.
The copy number of the pmoA functional gene of
methanothrophs at the end of the experiment is shown in
Figure 3. In incubations with molybdate additions, there was a
signiﬁcant increase in pmoA copy numbers by a factor between
2 and 10 relative to those where BES was added. This was
generally corroborating the trends of the DIC and lipid analyses
but with the exception of higher pmoA copy numbers found in
the hematite incubation without additions.
Complementary functional mcrA gene analysis of methanogens indicates a minor decrease in copy numbers of
methanogens when iron minerals were added to the slurries
(SI Figure S3). When BES was applied, the concentration of
mcrA was strongly reduced in all treatments, while molybdate
additions led to a slight decrease relative to the natural sample.
An exception is again seen in the hematite incubation. In
general, copy numbers of mcrA had low variability across all
slurries (SI Figure S3).

Figure 1. Change of δ13CDIC values over time in duplicate incubations
using addition of 13C-labeled methane and a variety of iron oxide
minerals (amorphous iron, goethite, hematite, and magnetite) with
and without inhibitors. (A) Without inhibitor addition, (B) Inhibition
of sulfate reduction by molybdate addition, and (C) Inhibition of
methanogenesis by BES addition. All sample types were incubated
with and without sterilization (autoclaved and natural, respectively).
The colored marked numbers in all panels represent the δ13C value
(‰) of the C16:1ω5 fatty acid at the end of each experimental type
(magnetite was not measured). n.d.: samples where the determination
of δ13C values of C16:1ω5 was impossible due to low concentrations.
The analytical error is smaller than the symbol size.

■

DISCUSSION
This study provides evidence for iron-coupled AOM in a slurry
incubation experiment with natural sediments from the deep
methanogenic zone of Lake Kinneret based on turnover of 13Clabeled methane and production of 13C-enriched DIC. In this
sedimentary zone, sulfate and nitrate, two oxidants commonly
associated with AOM, are below the detection limit. The
addition of various iron oxide minerals, including the less
reactive but still conductive (electron transferring) forms
hematite and magnetite (e.g., ref 44), led to a signiﬁcant
increase in methane turnover evidenced by signiﬁcantly higher

Changes in δ13C values of PLFAs and intact ether-lipid
derived hydrocarbons in sediment slurries are summarized in SI
Table S2A and B. At the end of the experiment, the strongest
13
C-enrichment was observed for monounsaturated hexadecanoic fatty acids (C16:1ω5 and a cluster including C16:1ω9, C16:1ω8
and C16:1ω7, with the latter dominating) as indicators of bacteria
in most active treatments, ranging in δ13C values between
440‰ and 3200‰ compared to −47‰ at T0. By contrast,
archaeal-derived isoprenoid hydrocarbons phytane and biphy12296
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Figure 3. Copy numbers of the pmoA functional gene in the diﬀerent
treatments after 470 days. Solid blue: no inhibitor addition; Fence red:
inhibition of methanogenesis by BES addition; Dot green: inhibition
of sulfate reduction by molybdate addition. The copy number of pmoA
in the original untreated sediment was about 0.4 × 10−6 per gram of
slurry.

The role of methanogens was indicated by the addition of
BES that completely stopped methane production (Figure 2C)
as well as consumption of the added 13C-labeled methane, with
the latter shown by the lack of a positive change in δ13CDIC
values (Figure 1C, Figure 2A). All other non-BES inhibited
slurry incubations yielded positive changes in δ13CDIC values
and thus provide evidence of iron-coupled AOM (Figure 2B).
The mcrA gene analysis shows that methanogens were found in
all the experiments but generally in lower numbers in the BES
treated slurries (SI Figure S3).
The methanogens can be involved in the iron reduction as
the ability of methanogens to reduce iron oxides has already
been shown in pure culture experiments45,46 and the process
also seems to compete with methanogenesis.47 The capability
of methanogens to switch to iron reduction could be due to
reactivation of iron minerals at nearly identical ΔG° for
methanogenesis and iron reduction, particularly for poorly
reactive iron oxides such as hematite that is present in Lake
Kinneret.48 Therefore, at high concentrations of methane iron
reduction coupled to methane oxidation could become more
favorable than methanogenesis, providing methanogens an
advantage over iron-reducing bacteria. Moreover, iron oxide
can become a feasible substrate surface to methanogens due to
membrane-bound methanophenazines in some species. Methanophenazines are isoprenoid quinones with known electron
shuttling ability49 that may overcome the physical barrier of
reducing iron minerals.50,51 Possible methanogens known to
contain methanophenazines and thus to be involved in ironcoupled AOM could be Methanosarcinales that increased with
depth in sediments of Lake Kinneret.28 Archaea of the order
Methanosarcinales are very promising players since also other
studies provided evidence that similar or related species are
capable of coupling iron reduction to the oxidation of methane
in freshwater environments.25,52
We cannot fully pinpoint the exact Methanosarcina species
involved and their mechanistic functioning at the moment, but
refer to recent studies where intercellular53 and extracellular54
electron transport by ANME in sulfate-dependent AOM has
been demonstrated, which might suggest a similar fashion
during iron-coupled AOM. However, ANME-1 and 2 were only
found in very low abundance in Lake Kinneret28 and thus

Figure 2. Net change of (A) δ13CDIC values, (B) methane
concentrations and (C) Fe(II) concentrations after 470 days using
addition of 13C-labeled methane and iron oxide minerals with and
without inhibitors. Solid blue: without inhibitor addition; Fence red:
inhibition of methanogenesis by BES addition; Dot green: inhibition
of sulfate reduction by molybdate addition. All three sample types
were incubated with and without sterilization (autoclaved and natural,
respectively) and in addition with diﬀerent iron minerals (amorphous
iron, goethite, hematite, magnetite). Positive methane concentrations
reﬂect net methanogenesis during iron-coupled AOM. The high
ferrous iron concentration in all slurries with BES including the
autoclaved sample points toward additional abiotic reaction of BES
with iron minerals.

δ13CDIC values compared to experiments without iron additions
(Figure 1). Hereon, we explore the possible microorganisms
that could be involved in the process, clarify the potential
relation to cryptic sulfur cycling in sediments with sulfate levels
below detection limit and deﬁne the availability of diﬀerent iron
minerals to iron-coupled AOM in aquatic sediments.
Likely Microbial Candidates Involved in Iron-Coupled
AOM. Our ﬁndings highlight the essential role and
participation of methanogens and methanotrophic bacteria in
the process of iron-coupled AOM. We provide for the ﬁrst-time
direct evidence of their active involvement, and present a
possible microbial reaction network in this highly reduced
sedimentary setting.
12297
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The net reaction of iron-coupled AOM could be described
by eq 1 with iron oxides as terminal electron acceptor and
methane as electron donor.

cannot be considered as likely participants in the process. The
noninvolvement of ANMEs is also supported by the very low
13
C-enrichment found for intact archaeal lipid derived phytane
and biphytane (SI Table S2A), because such lipid biomarkers
are usually detected with much stronger imprint of the methane
stable carbon isotope signature.43,55 Accordingly, this very
minor change in δ13C-values of these lipids suggests that
involved archaea dominantly use a non 13C-enriched carbon
source acetate, which is accessible to archaea of the genus
Methanosarcina.
The other most relevant microbial players involved in ironcoupled AOM are methanotrophic bacteria. These are
identiﬁed by very strong 13C-enrichment of and high 13Cuptake into indicative monounsaturated PLFAs (SI Tables S2A
and B) going along with the increase in copy numbers of pmoA
functional genes of methanotrophs (Figure 3), likely being
Methylococcales as reported in this depth in Lake Kinneret,28 or
more speciﬁcally Methylobacter species as reported for
anaerobic sub-Arctic lake sediments using combined PLFAand DNA-stable isotope probing.56 13C-labeled fatty acids
included C16:1ω9, C16:1ω8, C16:1ω7, and C16:1ω5, which all have
been reported to be found in type I methanotrophs.57 This is
while no signiﬁcant 13C-enrichment was observed in 10MeC16:0 (data not shown), a fatty acid that has been characterized
to be a diagnostic biomarker for various bacteria such as
Methylomirabilis oxyfera, Geobacter or Desulfobacter species.58−60
Moreover, as the fatty acids were 13C-enriched by more than
1000‰ relative to co-occurring DIC, it is very likely that the
participating bacteria directly or indirectly incorporate high
portions of methane-derived carbon and do not use DIC as
main substrate as previously evidenced for sulfate-reducing
bacteria involved in AOM in marine43,55 or the intra-aerobic
methanotroph Methylomirabilis oxyfera in freshwater environments.61 A similar combined ﬁnding of diagnostic fatty acids of
methanotrophs and pmoA abundance was reported from the
deep anoxic water column of Alpine Lake Lugano.62 There, the
authors described a bacterial methanotrophic community
mainly related to Methylobacter species being responsible for
the methane consumption, also without the detectable
contribution from archaeal methanotrophs, near the zone of
increasing ferrous iron concentrations. It was speculated, based
on anoxic laboratory incubation experiments in the dark, that
there may be an alternative electron acceptor system operating
for methane oxidation other than free oxygen.
Methanotrophic activity was evident only in treatments
where methanogens were not inhibited by BES and was
enhanced by molybdate addition. However, if the biochemical
pathway for iron reduction is disconnected from the methane
production pathway BES should not stop the activity of the
methanogens.51 On the other hand, as mentioned above, they
do not assimilate methane or its carbon derivatives as a carbon
source. This contrasting suppression of methanotrophic activity
during inhibition of methanogens thus highlights the interplay
between the two groups of microorganisms. Accordingly, ironcoupled AOM is likely performed by a complex sedimentary
community with methanogens, besides producing methane,
being involved in reducing iron oxides and producing
intermediates that are required for the methanotrophic bacteria.
Such interaction suggests that other processes such as a full
“back reaction” of methanogenesis or carbon isotope
equilibration cannot be held responsible,63−65 even though
the rates of the AOM are pretty low.

CH4 + 8Fe(OH)3 + 15H+ → HCO3− − +8Fe 2 +
+ 21H 2O ΔG° = − 572kJ/mol

(1)

66

According to our experimental isotopic data, it seems that
about half of the injected 13C-methane (i.e., 1.06 μmol) was
converted to 13C-DIC, thus resulting in a signiﬁcant change of
the existing 13C-DIC pool (i.e., 4.49 μmol, assuming ∼10 mM
DIC in 40 mL of slurry) and a δ13CDIC increase of ∼240‰.
Based on the stoichiometry of 1:8 between methane and iron,
the net reaction should produce about 200 μM Fe2+, which is
indeed within the measured range, considering also precipitation of some of the Fe2+ as siderite and other minerals.23,67
A plausible mechanism for iron-coupled AOM that would be
consistent with our combined observations of BES inhibition
and 13C-incorporation into methanotroph biomass may involve
the partial oxidation of 13C-methane to 13C-labeled methyl
intermediates catalyzed by methanogens running in reverse and
reducing Fe(III) and transfer of the intermediates to the
methanotrophs. Such a process would circumvent the requirement of oxygen as electron acceptor for the methane oxidation,
as could be speculated from our data, but which does not have
any known basis in association with iron reduction. In order to
gain metabolic energy, the methanotrophs would have to
couple the methyl group oxidation to iron oxide reduction via a
currently unknown pathway. Such a syntrophic transfer of
electrons from methanotrophs to methanogens could explain
the stimulation of 13C-methane oxidation by the addition of the
conductive iron minerals hematite and magnetite (see
Discussion below) but which has to be further explored in
the future. No matter which mechanism will hold true,
investigation of iron-coupled AOM will certainly extend our
global understanding of energy-limited processes because iron
minerals are very abundant in aquatic environments with high
sedimentation rates such as lakes or continental margins.
The Competition between Iron-Coupled AOM and
Sulfur Cycling. As iron minerals support the production of
sulfate in a “cryptic” sulfur cycle35 at low steady state levels,
sulfate could also be intermediately formed in concentrations
that are below the detection limit (i.e., micromolar levels) and
could thus sustain classical sulfate-dependent AOM.68 If AOM
involves microbial sulfate reduction and/or sulfur disproportionation in Lake Kinneret sediments, molybdate addition should
inhibit methane turnover in our experiment. This was not the
case, and molybdate addition rather led to increased positive
changes in δ13CDIC values (Figures 1C and 2A). Generally,
molybdate inhibits microbial sulfate reduction through an
enzymatic reaction with ATP69 as well as elemental sulfur and
thiosulfate disproportionation,70and yet, molybdate has not
been shown to have any eﬀect on methanogenesis in marine
sediments71 nor on iron-reducing bacteria.68 On the other
hand, if sulfate-dependent AOM is inactive and methane is
turned over via iron reduction, as depicted in eq 1, and sulfur
and iron cycling is coupled by some cryptic redox cycle
independent of methane oxidation, sulfur cycling will compete
with methanogenesis for available iron species. In such a case,
molybdate addition will slow down any sulfur cycling, thus
accelerating iron reduction by methanogens.
Our experimental results suggest that sulfate is not an
intermediate formed through coupled Fe(III) reduction and
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Moreover, our ﬁndings may clarify the worldwide unexplained
phenomena of Fe(II) increase in many deep sediments and
may provide a novel globally signiﬁcant mechanism with
implications for the Archean ferruginous world and for
sustaining life under highly reducing low energy conditions.

sulﬁde oxidation in the methanogenic zone of Lake Kinneret
sediments, since molybdate addition did not inhibit AOM, but
rather enhanced it (Figure 1B and 2A). The latter probably
relates to shutting down a competition between the sulfur and
the iron cycles independent of iron-coupled AOM. The
inactivity of sulfate-driven AOM is in agreement with our
natural proﬁles of sulfate and other studies in deep sediments of
continental margins and coastal environments, which showed
that methane oxidation is uncoupled from sulfate reduction.20,72
The Availability of Diﬀerent Iron Oxide Minerals for
Iron-Coupled AOM. The addition of diﬀerent iron oxides
provides important information about the availability of these
minerals with respect to AOM. Reduction of iron minerals
occurs either by biotic or abiotic processes, with the latter
involving sulﬁde or humic acid oxidation.73 The rate of sulﬁde
oxidation by diﬀerent ferric iron minerals was shown to be
dependent on the mineral surface area and concentration, as
well as on the pH and concentrations of sulﬁde.74 Ferrihydrite
was described as more reactive with sulﬁde than goethite and
other minerals (ferrihydrite > geothite > hematite > magnetite).73 Later, Poulton et al.75 described a slightly diﬀerent
reactivity order (ferrihydrite > goethite > magnetite >
hematite). The discrepancies between the two studies were
likely due to diﬀerent grain size and surface area.76 Consistent
across all studies, amorphous iron, including ferrihydrite, and
goethite were shown to be more available for reduction than
hematite and magnetite, and this reactivity order was also
expected for biotic reactions. In light of our results, however,
iron mineral additions give evidence that hematite and
magnetite are more available to AOM in aquatic sediments
than amorphous iron and goethite (Figures 1A and 2A). The
deviating availability makes sense if methanogens compete with
sulﬁde oxidizers for the diﬀerent iron minerals. Iron reduction
by sulﬁde oxidation is probably kinetically favored relative to
methane oxidation. Thus, more reactive amorphous iron and
goethite are utilized more rapidly in the competitive process of
sulﬁde oxidation and are less accessible for iron-coupled AOM
(eq 1). However, in the natural environment of Lake Kinneret
all of the iron minerals of varying reactivity coexist (SI Figure
S2), allowing the competitive processes to occur simultaneously. Using molybdate addition, sulfur cycling is completely
inhibited, giving the rather slow iron-coupled AOM process an
advantage to utilize all iron minerals in the typical order.
Alternatively, hematite and magnetite were shown to transfer
electrons better than other iron minerals in some cases44,47,77,78
and thus may be more available to the AOM process due to
these conductive characteristics, however this speculation
should be further explored.
Our results indicate that iron-coupled AOM appears in the
deep methanogenic sediments, supporting also suggestions in
marine settings.19,20 It coexists with methanogenesis and is
performed by a microbial community composed of methanogens and methanotrophs. The calculated rate of AOM in
Lake Kinneret (13 nmol cm−3 per day)31 is very similar to the
average AOM rate from wetlands (20 nmol cm−3 per day),26
where the role of AOM in freshwater environments as a gate
keeper for methane was shown. There are considerations that
AOM in freshwater environments consumes at least 200 Tg
methane per year,26 which equals to 50% of the methane
emitted. As poorly reactive iron oxides are abundant in nature
they likely play a signiﬁcant role as electron acceptor during
AOM in environments with low sulfate concentrations.
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