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Abstract

Microbial production of methane is an important terminal metabolic process during organic matter degradation in marine
sediments. It is generally acknowledged that hydrogenotrophic and acetoclastic methanogenesis constitute the dominant path-
ways of methane production; the importance of methanogenesis from methylated compounds remains poorly understood. We
conducted various biogeochemical and molecular genetic analyses to characterize substrate availability, rates of methanogen-
esis, and methanogen community composition, and further evaluated the contribution of different substrates and pathways
for methane production in deltaic surface and subsurface sediments of the Western Mediterranean Sea. Major substrates rep-
resenting three methanogenic pathways, including H2, acetate, and methanol, trimethylamine (TMA), and dimethylsulfide
(DMS), were detected in the pore waters and sediments, and exhibited variability over depth and between sites. In accompa-
nying incubation experiments, methanogenesis rates from various 14C labeled substrates varied as well, suggesting that envi-
ronmental factors, such as sulfate concentration and organic matter quality, could significantly influence the relative
importance of individual pathway. In particular, methylotrophic and hydrogenotrophic methanogenesis contributed to the
presence of micromolar methane concentrations in the sulfate reduction zone, with methanogenesis from methanol account-
ing for up to 98% of the total methane production in the topmost surface sediment. In the sulfate-depleted zone, hydrogeno-
trophic methanogenesis was the dominant methanogenic pathway (67–98%), and enhanced methane production from acetate
was observed in organic-rich sediment (up to 31%). Methyl coenzyme M reductase gene (mcrA) analysis revealed that the
composition of methanogenic communities was generally consistent with the distribution of methanogenic activity from dif-
ferent substrates. This study provides the first quantitative assessment of methylotrophic methanogenesis in marine sediments
and has important implications for marine methane cycling. The occurrence of methylotrophic methanogenesis in surface
sediments could fuel the anaerobic oxidation of methane (AOM) in the shallow sulfate reduction zone. Release of methane
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produced from methylotrophic methanogenesis could be a source of methane efflux to the water column, thus influencing the 
benthic methane budgets.
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1. INTRODUCTION

Methane is a potent greenhouse gas, and marine sedi-
ments are the largest global reservoir of methane (Milkov,
2004). Much of the methane present in marine sediments
is generated from microbial methanogenesis during organic
matter degradation. Methanogenic archaea produce
methane from a limited number of substrates (e.g., bicar-
bonate, acetate, methylated compounds) that are generated
during the hydrolysis, depolymerization, and fermentation
of large organic macromolecules. Despite their limited sub-
strate range, methanogens are phylogenetically diverse and
span different orders within the Euryarchaeota phylum of
the Archaea (Liu and Whitman, 2008; Iino et al., 2013),
yet uncultured methanogens also putatively exist in the
phyla Bathyarchaeota (Evans et al., 2015) and Ver-
straetearchaeota (Vanwonterghem et al., 2016).

Despite of the large quantities of methane observed in
marine sediments and the fairly extensive knowledge of
the specific processes and microorganisms dominating
methane production, surprisingly little is known about
alternative methanogenic pathways. Acetoclastic and
hydrogenotrophic methanogenesis are often considered
the principal pathways of methanogenesis, but both of
these pathways can be inhibited thermodynamically by sul-
fate reduction. As a result, these processes occur mainly in
deeper sediments, below the sulfate reduction zone
(Valentine, 2011), where methanogens no longer need to
compete for H2 and acetate with sulfate-reducing bacteria
(Oremland et al., 1982; King et al., 1983). In contrast,
methylotrophic methanogens can be competitive when they
compete with sulfate reducers for methylated substrates
(e.g., methanol, methylamines, or other C1-compounds).
Facilitated by utilization of those methylated substrates,
sulfate reduction and methanogenesis were observed to
co-occur in salt marsh sediment (Oremland et al., 1982).
The concurrence of sulfate reduction and methanogenesis
due to methylotrophic methanogenesis was also postulated
in deep marine subseafloor sediments (Mitterer et al., 2001).
Recently, methylotrophic methanogenesis was identified as
the dominant methanogenic pathway in hypersaline sedi-
ment of Orca Basin, Gulf of Mexico (Zhuang et al.,
2016). Only a few studies on methylotrophic methanogene-
sis have been conducted in vitro in salt marsh or intertidal
sediments (King et al., 1983; Parkes et al., 2012; Chuang
et al., 2016), where sulfate concentrations are high and
methylated substrates such as methylamines are abundant
(King, 1988; Wang and Lee, 1994). The contribution of
methylated compounds to methane production in marine
surface and subsurface sediment remains elusive.
Typical organic-rich marine sediments are geochemi-
cally stratified with a clear transition from sulfate- to
methane-bearing sediments, termed the sulfate methane
transition zone, hereafter SMTZ. However, methane is
virtually ubiquitous at �micromolar concentrations within
the sulfate reduction zone (e.g., D’Hondt et al., 2004;
Valentine, 2011). The occurrence of in situ methane pro-
duction in the sulfate-reducing zone rather than diffusive
flux from underlying horizons in sediments from Santa
Barbara Basin, Cariaco Basin and Skan Bay is supported
by the methane’s higher radiocarbon content relative to
more deeply buried sediments from the methanogenic zone
(Kessler et al., 2008). Considerable methanogenic activity
has been observed in in vitro incubations of sediments
from the sulfate reduction zone (e.g., Xie et al., 2013),
which also indicates the presence of active methanogens
and suggests a potential for methane production in
sulfate-reducing environments. Increasing evidence further
suggests microbial methanogenesis in the surface sediment
could be a source of methane to the water column
(Maltby et al., 2016; Chronopoulou et al., 2017). Never-
theless, the mechanisms and magnitude of methane pro-
duction in these surface or sulfate-reducing sediments
remain poorly understood.

To decipher the role of methylotrophic methanogene-
sis, and examine the relative importance of methanogenic
pathways and controlling factors, we present here the first
comprehensive evaluation of methane production from
different substrates in marine sediments. A suite of biogeo-
chemical and molecular genetic analyses was conducted in
surface and subsurface sediment from the Western
Mediterranean Sea. Potential methanogenic substrates
such as H2, acetate, methanol, trimethylamine (TMA),
dimethylsulfide (DMS) or dimethylsulfoniopropionate
(DMSP) were collectively characterized in the pore water
and solid phase of the sediments, and the resultant metha-
nogenic activities and communities were combined to esti-
mate the magnitude of methanogenesis and delineate the
importance of different substrates fueling the process. Pre-
vious studies have proposed the significant impact of
organic carbon transport and deposition on the benthic
microbial communities and biogeochemical processes in
the sediments of this area (e.g., Canals et al., 2006;
Fagervold et al., 2014). Therefore, we selected our study
sites representing different depositional and geochemical
settings (e.g., in the delta and on the shelf or along the
gradient of terrestrial organic matter) (Heuer et al.,
2014), to elucidate the influence of environmental factors
on the relative importance of individual methanogenic
pathways.



Fig. 1. Sampling sites in the Western Mediterranean Sea. Panel A: Rhône Delta sites GeoB17306 and GeoB17308, Panel B: Moulouya Delta
Site GeoB17314. Isobath distances are 1000 m on the large overview map, 10 m on Panel A, and 250 m on Panel B. The maps were created
using the R package marmap (Pante and Simon-Bouhet, 2013).
2. MATERIALS AND METHODS

2.1. Site description and sampling protocol

Sediment cores were retrieved during expedition POS450
of the research vessel Poseidon offshore the Rhône River
(France) and Moulouya River (Morocco) in the Western
Mediterranean Sea in April 2013 (Fig. 1). Site GeoB17306
was located in the prodelta of the Rhône River while
GeoB17308 was established 12 km off the river mouth. Site
GeoB17314 was located on the shelf off the Moulouya
River. Surface sediments were recovered by multi-corer
(MUC), and deeper sediments were retrieved by gravity
corer (see Table 1 for details). More details on sites and
sampling procedures are given in Heuer et al. (2014). The
geochemical data of this study are archived in PAN-
GAEA–Data Publisher for Earth & Environmental Science
(https://doi.pangaea.de/10.1594/PANGAEA.883599).

After retrieval, the MUC sediment core was sectioned
immediately on board at ambient temperatures around
13 �C using a core extruder. For methane analysis, 2–3
mL sediment were taken from the freshly cut sediment sur-
face and transferred with a 5 mL cut-off syringe into a
Table 1
Overview of sampling sites in the Western Mediterranean Sea.

Site Location Latitude Long

GeoB17306 Rhône River pro-delta 43�18.950 N 4�52.
GeoB17308 Gulf of Lions shelf 43�16.200 N 4�43.
GeoB17314 Shelf offshore the Moulouya River 35�7.990 N 2�31.
a Miralles et al. (2005).
b Sedimentation rates were not available at Site GeoB17314.
helium-purged 22 mL serum vial, which was closed with a
Teflon septum and crimp-capped. Methane concentrations
were determined on-board the ship within two days after
collection (see next section). Another set of samples was
collected similarly, fixed by addition of 5 mL 1 M NaOH,
and stored at 4 �C for shore-based isotopic analysis of
methane. For hydrogen analysis, a sediment sample of 2–
3 mL was extruded into a 12-mL headspace vial, immedi-
ately sealed with a thick black butyl stopper, crimp capped,
and flushed with N2 (purity = 99.999%) for at least 1 min
(Lin et al., 2012). Samples were stored at 4 �C for shore-
based incubation and analysis. Subsamples of sediments
for analysis of total organic carbon (TOC), TMA, DMS
or DMSP in the solid phase were collected using cut-off
plastic syringes, transferred to headspace vials, and stored
at �20 �C. Pore water samples were extracted from sedi-
ment via Rhizon soil moisture samplers (0.1 mm porous
polymer, Rhizosphere Research, Wageningen, the Nether-
lands) (Seeberg-Elverfeldt et al., 2005). Rhizons were rinsed
with at least 30 mL of dilute hydrochloric acid (pH 1–2) fol-
lowed by 30 mL of Milli-Q water before use. The collected
pore waters were split into aliquots for analyses of sulfate,
itude Core type Core
length (cm)

Water
depth (m)

Sedimentation
rate (cm/a)

180 E Gravity Core 516 30 35a

790 E Gravity Core 405 62 0.65a

980 W Multicore 35 66 n.d.b
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acetate, dissolved inorganic carbon (DIC), volatile alco-
hols, TMA, DMS and stored at �20 �C.

Gravity cores were cut into 1 m segments on deck, pro-
cessed immediately in the shipboard laboratory at an ambi-
ent temperature of 18 �C, i.e. 5 �C above in situ

temperature, or stored temporally at 7 �C. In order to min-
imize degassing and oxygenation of the sediment, core lin-
ers were left intact during pore water and gas sampling,
which were conducted first. Syringe samples for solid phase
analysis (e.g., methane, hydrogen, TMA, DMSP) were
taken from freshly exposed sediments through small sam-
pling ports (ca. 2 cm � 3 cm), which were cut into the
sealed core liners. Pore water samples were extracted with
Rhizons from holes drilled into the core liner, and stored
in the same manner as those collected from the MUC core.

For methanogenesis rate measurements, �3 mL sedi-
ments were introduced into the cut-end Hungate tubes,
and a plunger modified from the butyl rubber stopper
was added from the cut end to move the sediment to the
threaded end of the tube (Bowles et al., 2011). Then the sep-
tum was placed onto the sediment without headspace, and
the screw cap was tightened. The gas-tight sample tubes
filled with sediments were stored at 4 �C before incubation
with radiotracers. Quadruplicate samples (triplicate sam-
ples plus a killed control) for each substrate (HCO3

�, acet-
ate, methanol, methylamine) were collected at various
depths from Sites GeoB17306, GeoB17308, and
GeoB17314. Activity in killed control samples was termi-
nated by injecting 2.5 mL of 2 M NaOH into the sediment
before commencing the incubation.

Sediments for DNA analysis were sampled with cut-off
syringes, stored in sterile Falcon tubes, immediately frozen
at �32 �C (this was the coldest temperature available),
shipped on dry ice, and then stored at �80 �C in the labo-
ratory at UNC in Chapel Hill, NC, U.S.A., before analysis.

2.2. Biogeochemical analyses

Concentrations of dissolved methane were measured on
board on a gas chromatograph (Trace GC Ultra,
ThermoFinnigan) equipped with a CP-PoraBOND Q (Var-
ian Inc.) column and a flame ionization detector (FID) as
described previously (Ertefai et al., 2010); using manual
injection of 100–500 mL headspace gas. Analysis of d13C
values of methane was performed on a gas chromatography
combustion isotope ratio mass spectrometry (GC-C-IRMS)
system combining a ThermoFinnigan Trace GC Ultra with
a DELTA Plus XP mass spectrometer via a ThermoFinni-
gan GC Combustion III interface as described previously
(Ertefai et al., 2010). Sulfate concentrations were deter-
mined by ion chromatography (Metrohm 861 Advanced
Compact IC, column A Supp 5, conductivity detection after
chemical suppression) as described previously
(Goldhammer et al., 2011). Quantitative and isotopic anal-
yses of volatile fatty acids (VFAs) in the pore water were
performed with a liquid chromatography-isotope ratio
mass spectrometry system, which consisted of a
ThermoFinnigan Surveryor high performance liquid chro-
matography (HPLC) equipped with a VA Nucleogel Sugar
810-H column (300 � 7.8 mm; Macherey-Nagel, Germany)
and a guard column of the same material coupled in line
with a DELTA Plus XP IRMS via a ThermoFinnigan LC
Isolink interface (Heuer et al., 2006, 2009).

Methanol and ethanol in pore water was determined by
a custom-built purge and trap pre-treatment system con-
nected to a Hewlett-Packard GC 5890 series II equipped
with a FID and Alltech Heliflex� AT-Q capillary column
(30 m � 0.32 mm I.D.; Alltech Associates, Inc., Deerfield,
US) (Zhuang et al., 2014). The dissolved pool of DMS
and DMSP (hereafter, DMS(P)d), and dissolved TMA in
the pore water were measured in one analytical step, and
total base-hydrolysable DMS and DMSP (hereafter DMS
(P)T) as well as base-extractable TMA in the sediment were
quantified simultaneously (Zhuang et al., 2017). Briefly,
DMS(P)d and TMA in the pore water, or base-
hydrolysable DMS(P)T and TMA in the sediment, were
released by the addition of NaOH, pre-concentrated with
a purge and trap procedure, and analyzed on a Trace
GC 2000 (Thermo Finnigan, Milan, Italy) coupled to a
DSQ II MS (Thermo Finnigan, Texas, USA) with a
Rtx�-Volatile Amine Column (30 m � 0.32 mm I.D.,
Restek GmbH, Homburg, Germany). The detection limits
for DMS and TMA were 0.1 and 20 nM, respectively. To
quantify exchangeable TMA that reversibly adsorbs to
exchange sites on sediment particles (Lee and Olson,
1984; Wang and Lee, 1990), �4 g wet sediment was
extracted with 20 mL 1 M LiCl for 2 h with continuous agi-
tation. After centrifugation, the supernatant was treated
with the same procedure for TMA analysis in the pore
water.

Determinations of TOC and d13CTOC were conducted
on pre-weighed, freeze-dried, decarbonatized sediment
using a ThermoScientific Flash 2000 elemental analyzer
coupled to a ThermoScientific DELTA V Plus IRMS via
a ThermoScientific ConFlo IV interface (Schmidt et al.,
2017). DIC in pore water samples fixed with zinc chloride
was measured by carbon dioxide infrared spectroscopy on
a carbon analyzer (multi N/C� 2100s, Analytik Jena,
Germany). Carbon dioxide was stripped from the sample
in a 10% phosphoric acid trap. The carbon isotopic compo-
sition of DIC was analyzed using a gasbench coupled to a
Finnigan MAT 252 mass spectrometer (Heuer et al.,
2010). Headspace hydrogen concentrations were measured
after 45 days of incubation with a Peak Performer 1
Reduced Gas Analyzer equipped with a mercury oxide
detector (Peak Laboratories, USA) following the protocol
of Lin et al. (2012).

2.3. Methanogenic activity

Methanogenesis rate measurements were conducted
using 14C-labeled substrates according to previously
described methods (Bowles et al., 2011). Sediment samples
in the cut-end Hungate tubes were injected with 100 lL of
14C-bicarbonate (600 kBq), 1, 2-14C-acetate (210 kBq),
14C-methanol (298 kBq) or 14C-methylamine (143 kBq) in
sets of four, with one killed control and three live samples;
all samples were incubated at in situ temperature (i.e.,
13 �C) for 7 days. The injection of the 14C-labeled sub-
strates would result in an addition of 91 mM bicarbonate,



32 mM acetate, 45 mMmethanol and 22 mMmethylamine to
the initial samples. We minimized the amount of tracer
added so as to minimally alter in situ concentrations, but
we had to ensure detection of potential activity at the level
of label addition. These additions achieved both but in light
of this, the measured rates represented the methanogenic
potential and might not be identical to the in situ rates in
the original sediment. However, relative comparisons
between sites and depths are valid and environmentally
relevant as the added tracers or in situ substrate concentra-
tions were of similar magnitude (e.g., acetate, methanol,
methylamine). For killed controls, 2.5 mL of 2 M NaOH
were injected into the samples and they were homogenized
before tracer addition. Incubations were terminated by
injecting 2.5 mL 2 M NaOH into the samples using a
syringe and needle, and a headspace was created by gently
pulling the plunger to the base of the Hungate tube. The
methane production rate was determined by quantitatively
converting 14CH4 in the headspace to 14CO2 and trapping
the evolved 14CO2.

Vessels were shaken vigorously and purged with a gentle
flow of CO2 free compressed air. Volatile 14C-labeled
non-methane components such as 14CO2,

14C-acetate,
14C-methanol and 14C-methylamine were removed from
the gas stream via a series of traps. The gas stream then
passed through an 800 �C titanium-nickel alloy column
packed with copper oxide to catalyze the conversion of
14CH4 to 14CO2. The resulting 14CO2 was trapped in
4.5 mL ScintiSafe Gel cocktail mixed with 1.5 mL
Carbosorb E and quantified on a LS Beckman 6500 liquid
scintillation counter. The recovery of the combustion
system was >90%, as determined by adding a known activ-
ity of 14CH4. Methanogenesis rates were calculated using
substrate concentrations measured in separate samples,
and activities recovered from the 14CH4 pool (Eq. (1)):

MOG rate ¼ Csubstrate � a=tðDPM-14CH4=DPM-14CsubstrateÞ
ð1Þ

where MOG is the rate of methanogenesis from bicarbon-
ate, acetate, and methanol (nmol substrate reduced cm�3

d�1), Csubstrate is the concentration of different substrates
(nmol cm�3), a is the isotopic fractionation factor (assumed
to be 1.04 for bicarbonate, 1.02 for acetate and 1.07 for
methanol; Krzycki et al., 1987; Summons et al., 1998;
Whiticar, 1999), t is the period of incubation (days),
DPM-14CH4 is the activity recovered in the products pool,
DPM-14Csubstrate is the activity of the substrate injected into
sample (DPM: disintegrations per minute). Relative turn-
over times for 14C-labeled substrates were compared and
calculated (as in situ concentrations were unknown for
methylamine) based on the time (in days) required to fully
metabolize the total amount of added 14C-substrate to
methane (Eq. (2)):

Turnover time ¼ DPM-14Csubstrate=ðDPM-14CH4=tÞ ð2Þ

All the rates and turnover time calculations were
corrected by subtracting killed sample counts, which were
typically close to the instrument blanks.
2.4. Molecular analysis

DNA was extracted from 10 g of sediment using the
UltraClean� Mega Soil DNA Isolation Kit (MO BIO,
CA). The mcrA genes were amplified by PCR using the
ME1 (GCMATGCARATHGGWATGTC) and ME2
(TCATKGCRTAGTTDGGRTAGT) primers for metha-
nogens (Hales et al., 1996). The PCR conditions were as fol-
lows: denaturation at 94 �C for 40 s, annealing at 50 �C for
1 min 30 s, and extension at 72 �C for 3 min for 30 cycles.

PCR products were cloned using the TOPO XL cloning
kit (Invitrogen, CA), and chemically transformed into
Escherichia coli TOPO10 One Shot cells according to the
manufacturer’s instructions. The cloned PCR products
were sequenced by Genewiz (South Plainfield, NJ) on an
ABI Prism 3730xl sequencer using the M13R primer.

Sequences were analyzed using the NCBI BLASTN
search program within GeneBank (http://blast.ncbi.nlm.
nih.gov/Blast) (Altschul et al., 1990). The mcrA sequences
were translated into amino acid sequences using BioEdit
and amino acid sequences were aligned using ClustalX
(Larkin et al., 2007). Sequence data were analyzed with
the MEGA4.0.2 program (Tamura et al., 2007). The phylo-
genetic trees were calculated by the neighbor-joining analy-
sis. The robustness of inferred topology was tested by 1000
reiterations of bootstrap resampling. The sequence data
reported here can be found in the GenBank nucleotide
sequence database under the accession numbers:
MG777641-MG777944.

3. RESULTS

3.1. Geochemistry at study sites

Generally, the three selected sites displayed different
geochemical characteristics (Table 2). At Site GeoB17306
in the prodelta of the Rhône River, the concentrations of
sulfate decreased from roughly 30 mM at the surface to
1 mM at 100 cm (Fig. 2A). Methane concentrations were
generally low (<0.1 mM) in the sulfate-rich sediment, but
increased rapidly to �5.3 mM at 105 cm and remained high
in the deeper sections of the 500 cm long core (Fig. 2A). A
clear sulfate-methane transition zone was observed at �100
cm. The d13C values of methane increased from �67.2‰ at
14 cm to �55.1‰ at 57 cm, shifted to �62.3‰ at 82 cm,
and varied between �73.1‰ and �80.8‰ below 100 cm
(Fig. 2B). TOC was relatively abundant (�1.1%)
(Fig. 2C) and the stable carbon isotopic composition of
TOC (�27.2‰ to �25.8‰) (Fig. 2C) and the C/N ratio
(11–19) (Fig. 2D) suggested that organic matter was pri-
marily derived from terrestrial sources (e.g., soil, C3 land
plant). A high terrestrial input of organic matter at this site
had been previously reported (Tesi et al., 2007).

Sulfate decreased from 31 mM at the surface to 1.4 mM
at 270 cm at Site GeoB17308 on the shelf of Gulf of Lions
(Fig. 3A). With the depletion of sulfate, methane accumu-
lated progressively and the concentration increased to
3 mM at 403 cm (Fig. 3A). Methane was strongly depleted
in 13C below 290 cm, with d13C values between �89‰ and
�97‰ (Fig. 3B). Compared to Site GeoB17306, the TOC

http://blast.ncbi.nlm.nih.gov/Blast
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content was much lower (average: 0.5%, Fig. 3C). The d13C
value of TOC was more positive (��25.1‰) and its C/N
ratio (�9.5) was lower, which was indicative of less terres-
trial input and a higher proportion of marine organic mat-
ter at Site GeoB17308. This result agreed well with previous
findings (Tesi et al., 2007).

In the surface sediment of GeoB17314 on the shelf off
the Moulouya River, pore water sulfate varied little with
depth, and the concentrations of methane were �1 lM
(Fig. 4A). TOC content generally decreased with depth
and the average value of TOC was only 0.2% (Fig. 4B).
Ranging from �22.6‰ to �24.0‰ (average: �23.3‰,
Fig. 4B), d13C values of TOC were indicative for organic
matter derived from C4 plants or marine sources. Com-
pared to Sites GeoB17306 and GeoB17308, the C/N ratio
was three to four times lower at GeoB17314 (average:
3.1), and slightly deceased from 3.9 at 1.5 cm to 1.4 at
32.5 cm (Fig. 4C).

3.2. Distribution of potential methanogenic substrates

At Site GeoB17306, the concentration of DIC increased
from 4.2 mM at 25 cm to a maximum of 42.1 mM at 125
cm, then decreased to 20.1 mM at 175 cm and varied
between 22.6 mM and 32.3 mM below 200 cm (Fig. 2E).
The d13C values of DIC increased from �23.7‰ at 50 cm
to 3.8‰ at 500 cm (Fig. 2E). Hydrogen concentrations were
generally low and varied between 0.18 and 0.57 nM
(Fig. 2F). Acetate concentrations ranged from 1.2 to 5.7
lM, and the d13C values of acetate were between �29.8‰
and �32.4‰ in samples, in which concentrations exceeded
5 lM (the lower threshold required for isotopic analysis)
(Fig. 2G). The concentrations of methanol and ethanol
were generally below 2 lM and 0.5 lM, respectively
(Fig. 2H). Dissolved TMA was not detectable in the pore
water (detection limit: 20 nM), while exchangeable and
base-extractable TMA were relatively abundant though
concentrations decreased with depth (exchangeable TMA:
0.3–1.5 lmol kg�1; base-extractable TMA: 0.7–3.2 lmol
kg�1, Fig. 2I). Likewise, the pore water concentrations of
the dissolved pool of DMS and DMSP (DMS(P)d) were
in the low nanomolar range (0.2–2.1 nM; Fig. 2J). Base-
hydrolysable DMS(P)T was three orders of magnitude
higher than DMS(P)d, and ranged from 0.2 to 1.8 lmol
kg�1 (Fig. 2J).

In contrast to GeoB17306, DIC concentrations were
much lower at GeoB17308, which increased from 2.8 mM
at 20 cm to 6.7 mM at 270 cm, and declined to 1 mM at
345 cm (Fig. 3E). The d13C of DIC varied slightly with
depth, reached a minimum value of �20.5‰ at 270 cm
and became progressively positive until �8.6‰ at 395 cm
(Fig. 3E). Hydrogen concentrations were higher at
GeoB17308 (0.2–4.9 nM) (Fig. 3F), with a peak observed
between 240 cm and 290 cm. The concentration of acetate
increased from 2.7 lM at 20 cm to 5.2 lM at 345 cm, and
the isotopic values were �25.8‰ at 295 cm and �27.2‰
at 345 cm (Fig. 3G). The average concentration of metha-
nol was 0.2 lM at GeoB17308, much lower than that of
GeoB17306 (Fig. 3H). Similarly, TMA was below detection
limit in the pore water. The average concentrations of
exchangeable and base-extractable TMA were 0.3 lmol
kg�1 and 0.5 lmol kg�1, respectively (Fig. 3I). Despite the
low concentration of DMS(P)d in the pore water (0.3–1.3
nM; Fig. 3J), base-hydrolysable DMS(P)T was much more
abundant, with an average of 1.2 lmol kg�1 in the sediment
(Fig. 3J).

In the surface sediment of GeoB17314, DIC concentra-
tions varied between 1.4 mM and 3.0 mM (Fig. 4D). The
carbon isotopic values of DIC became increasingly negative
with depth below 10 cm, reaching �7.5‰ at 36 cm
(Fig. 4D). Hydrogen concentrations generally increased
with depth and reached a maximum of 1.6 nM at 32.5 cm
(Fig. 4E). The concentrations of acetate ranged from 0.7
to 4.1 lM (Fig. 4F). Methanol was more abundant in the
upper 7 cm (maximum: 2.4 lM) and then the concentration
decreased with increasing depth (Fig. 4G). DMS(P)d exhib-
ited a maximum of 3.1 nM at 4 cm and showed a similar
trend with concentrations decreasing with depth (Fig. 4I).
Exchangeable and base-extractable TMA, and base-
hydrolysable DMS(P)T in the surface sediment of
GeoB17314 were much higher than those at GeoB17306
and GeoB17308. The maxima of those pools were found
in the uppermost sediment and then the concentrations
deceased with depth (exchangeable TMA: 5.9 lmol kg�1;
base-extractable TMA: 9.9 lmol kg�1; DMS(P)T: 13.1
lmol kg�1) (Fig. 4H and J).

3.3. Methanogenic activities

To assess the methanogenic activities, methane produc-
tion rates were measured from key substrates representing
different pathways. At the prodelta site GeoB17306, the
methanogenic activities from bicarbonate and acetate were
low in the upper 70 cm, and the corresponding turnover
times (Eq. (2); time required to fully metabolize the injected
14C substrates to methane) of these two substrates were
�1.2 � 106 days and �3.1 � 104 days, respectively
(Fig. S1, A and B). In contrast, the turnover of methanol
and methylamine was 3–5 orders of magnitude faster, with
an average turnover time of 44 and 25 days, respectively
(Fig. S1, C and D). Methane production rates from metha-
nol and bicarbonate were relatively high (�0.02 nmol cm�3

d�1) in the top 70 cm, both of which were about hundred
times the rate of acetoclastic methanogenesis (Fig. 5).
Below 90 cm, methanol and methylamine turnover times
were similar to those in the surface sediment. The turnover
of bicarbonate and acetate increased, with acetate increas-
ing more than bicarbonate and exhibiting a turnover time
of only 43 days (Fig. S1, A and B). Methanogenesis from
H2/CO2 increased to a maximum of 1.83 nmol cm�3 d�1

at 120 cm and rates remained elevated down to the bottom
of the core (Fig. 5A). The average rate of acetoclastic
methanogenesis was 0.14 nmol cm�3 d�1 in the deeper
sulfate-depleted sediment (Fig. 5B), about thousand times
higher than in overlying sulfate-bearing sediment.

At the shelf site GeoB17308, the turnover times of bicar-
bonate were lower in the upper 75 cm (3.1 � 105 days) than
in the deeper sulfate-bearing zone at 200 cm (1.4 � 107

days), and then decreased progressively to 8.6 � 105 days
at 350 cm in the sulfate-depleted zone (Fig. S2, A). The



Table 2
Geochemical characterization and methanogenic activities in the Western Mediterranean Sea.

GeoB17306 GeoB17308 GeoB17314

SRZ SDZ SRZ SDZ SRZ

Methane (mM) 0.04 ± 0.01 3.5 ± 1.3 0.04 ± 0.12 1.3 ± 0.9 6 � 10�4 ± 5�10�4

Sulfate (mM) 16.6 ± 12.9 0.6 ± 0.4 14.7 ± 7.6 0.5 ± 0.5 30.5 ± 0.6
TOC (%) 0.9 ± 0.2 1.1 ± 0.3 0.5 ± 0.1 0.5 ± 0.02 0.2 ± 0.09
d13C-TOC (‰) �27.1 ± 0.1 �26.5 ± 0.5 �25.1 ± 0.2 �25.2 ± 0.2 �23.3 ± 0.4
TOC accumulation rate (g C m�2 y�1) 1362 ± 290 1667 ± 473 17.5 ± 3.2 17.5 ± 0.9 –
DIC (mM) 18.2 ± 12.4 26.7 ± 4.2 5.0 ± 1.4 2.0 ± 0.9 2.2 ± 0.5
Acetate (mM) 3.7 ± 0.5 3.6 ± 1.8 3.2 ± 0.4 5.2 ± 0.05 2.5 ± 1.4
Methanol (mM) 0.9 ± 0.4 0.5 ± 0.4 0.2 ± 0.1 0.1 ± 0.04 0.7 ± 0.8
CO2 turnover time (d) 1.3 � 106 ± 3.8 � 105 1.1 � 105 ± 6.1 � 104 8.7 � 106 ± 9.1 � 106 3.7 � 106 ± 3.2 � 106 2.1 � 106 ± 2.4 � 106

Acetate turnover time (d) 3.5 � 106 ± 2.1 � 105 53.8 ± 32.4 1.0 � 105 ± 9.7 � 104 2.3 � 105 ± 6.5 � 104 1.2 � 105 ± 5.8 � 104

Methanol turnover time (d) 50.1 ± 12.6 45.6 ± 14.3 5.7 � 103 ± 7.3 � 103 6.6 � 104 ± 5.2 � 104 48.2 ± 27.3
Methylamine turnover time (d) 25.8 ± 3.5 46.6 ± 27.8 1.0 � 104 ± 2.1 � 104 2.6 � 105 ± 3.2 � 105 23.9 ± 6.65
H2/CO2 MOG (nmol cm�3 d�1) 0.01 ± 0.01 0.8 ± 0.6 5.0 � 10�3 ± 7.1 � 10�3 9.7 � 10�4 ± 4.1 � 10�4 2.3 � 10�3 ± 1.7 � 10�3

Acetate MOG (nmol cm�3 d�1) 1.6 � 10�4 ± 1.0 � 10�4 0.1 ± 0.1 1.4 � 10�4 ± 1.7 � 10�4 3.0 � 10�5 ± 1.3 � 10�5 2.5 � 10�5 ± 2.3 � 10�5

Methanol MOG (nmol cm�3 d�1) 0.02 ± 0.01 0.01 ± 0.01 2.0 � 10�3 ± 1.9 � 10�3 2.8 � 10�6 ± 2.6 � 10�6 0.02 ± 0.01
Total MOG rate (nmol cm�3 d�1) 0.04 ± 0.003 0.9 ± 0.6 7.1 � 10�3 ± 9.2 � 10�3 1.0 � 10�3 ± 0.4 � 10�3 0.02 ± 0.01

MOG: methanogenesis; SRZ: sulfate reduction zone (GeoB17306: 0–80 cm; GeoB17308: 0–270 cm; GeoB17314: 0–40 cm); SDZ: sulfate depleted zone (GeoB17306: 100–520 cm; GeoB17308: 290–
400 cm). Values are mean (the average of total measured samples from SRZ or SDZ) ± S.D. TOC accumulation rates were calculated based on a density of 2.63 g cm�3 for dry sediment
(Fagervold et al., 2014) and an average porosity of 0.6, and the rates were not calculated at GeoB17314 as the sedimentation rate was not available. MOG rates and turnover time were calculated
based on Eqs. (1) and (2), respectively.



Fig. 2. Site GeoB17306: depth profiles of methane and sulfate (A), d13C of methane (B), TOC and d13C of TOC (C), C/N ratio (D), DIC and
d13C of DIC (E), hydrogen (F) acetate and d13C of acetate (G), methanol and ethanol (H), exchangeable TMA and base-extractable TMA (I)
and dissolved DMS(P)d and base-hydrolysable DMS(P)T (J) in pore waters and sediment. Note that exchangeable TMA, base-extractable
TMA and base-hydrolysable DMS(P)T was expressed as lmol per kg wet sediment. SMTZ was marked with gray bars.
fastest turnover for acetate was observed at 75 cm
(6.7 � 103 days) (Fig. S2, B); the turnover rate of acetate
decreased by a factor of ten in the deeper sediment. Metha-
nol and methylamine displayed a parallel trend with increas-
ing turnover time with increasing depth. The most rapid
turnover of methanol and methylamine was observed at
25 cm, with turnover times of 25 days and 29 days, respec-
tively. The turnover time of these methylated substrates
increased markedly with depth, and reached the maximum
of 7.4 � 104 and 1.1 � 105 days at 350 cm (Fig. S2, C and
D). Compared to GeoB17306, methanogenesis rates from
bicarbonate, acetate and methanol were much lower. Rela-
tively high activities were observed in the upper 75 cm for all
amended substrates, and then the methanogenic rates gener-
ally decreased with increasing depth (Fig. 6).

In the surface sediment of GeoB17314, the average
turnover time of methanol and methylamine was 46 days
and 24 days, respectively, about �3–5 orders of magnitude
faster than bicarbonate (2.0 � 106 days) or acetate
(1.1 � 105 days) (Fig. S3). Correspondingly, the highest
methanogenesis rates were supported by methanol
(0.03 nmol cm�3 d�1) at 2 cm, about 30 times higher
than hydrogenotrophic methanogenesis. Acetoclastic
methanogenesis was detectable but at extremely low rates
(�5 � 10�5 nmol cm�3 d�1) (Fig. 7). The methane produc-
tion rate from bicarbonate and acetate generally decreased
with depth, while the opposite trend was observed for
methanol-based methanogenesis.

3.4. Diversity of methanogenic Archaea

Diverse methanogen communities were detected with
mcrA genes analysis at GeoB17306 and GeoB17308, and
specified at least on the order level, or the genus and species
level whenever possible. In the sulfate reduction zone of
GeoB17306 (20–45 cm), sequences were exclusively affili-
ated within the orders Methanomicrobiales (43%) and
Methanosarcinales (57%). Specifically, the clone library
sequence assemblages contained genera or species related
to Methanoplanus limicola, Methanolobus bombayensis,
Methanosarcina mazei and Methanococcoides spp. (Fig. 8).
At SMTZ (75–90 cm), sequences closely related to
ANME-2a (i.e., ANaerobic MEthanotroph) comprised
55% of the retrieved sequences. The majority of
methanogens belonged to the Methanomicrobiales

(38%), and a few sequences were affiliated with the



Fig. 3. Site GeoB17308: depth profiles of methane and sulfate (A), d13C of methane (B), TOC and d13C of TOC (C), C/N ratio (D), DIC and
d13C of DIC (E), hydrogen (F) acetate and d13C of acetate (G), methanol and ethanol (H), exchangeable TMA and base-extractable TMA (I)
and dissolved DMS(P)d and base-hydrolysable DMS(P)T (J) in pore waters and sediment. SMTZ was marked with gray bars.
Methanosarcinales (e.g., Methanosarcina) andMethanomas-

siliicoccales (Fig. 8). In the deeper sediment between 379 cm
and 395 cm, members of Methanomicrobiales still domi-
nated the methanogen communities (48%). Within the
Methanosarcinales, sequences closely related toMethanosar-

cina mazei (14%) and other species of the genusMethanosar-

cina (9%) were more abundant in relative proportion than in
the upper sediment (Fig. 8). At GeoB17308, the amplifica-
tion ofmcrA gene was only successful above SMTZ between
225 and 240 cm, probably due to the low abundance of
methanogens at this site. Compared to GeoB17306, fewer
sequences were recovered while the methanogen communi-
ties were more diverse, with additional genera present from
the orders Methanocellales and Methanobacteriales.
Sequences related to Methanomicrobiales, Methanocellales

and Methanosarcinales accounted for 33%, 48%, and 26%
of the assemblages, respectively (Fig. 8).

4. DISCUSSION

Geochemical analyses of methane and potential precur-
sors, 14C-based methanogenesis rate measurements and
mcrA gene analysis revealed active methane production in
surface and subsurface sediments of the Western Mediter-
ranean Sea. At the selected sites with different geochemical
settings and terrestrial organic matter input, methane pro-
duction rates from various substrates differed distinctly.
In particular, we found that methylotrophic methanogene-
sis occurred throughout the sediment cores and constituted
the dominant methanogenic pathway in the sulfate reduc-
tion zone. These findings allow us to explore the relation-
ships between depositional settings, substrate pools, and
methanogenesis rates, the linkage between methanogenic
substrates, pathway and community, and the coupling of
methanogenesis and AOM in the sulfate reduction zone,
which will be elaborated below.

4.1. The occurrence of methane and potential precursors

In the two deep gravity cores, methane occurred with
low but detectable concentrations within the sulfate reduc-
tion zone, and accumulated with high abundance in the
sulfate-depleted sediments (Table 2). The differing degrees
of 13C depletion in methane in the sulfate-bearing zone
(e.g., d13C is between �55‰ and �67‰ at GeoB17306)
vs. the sulfate-depleted zone (e.g., d13C is between �73‰



Fig. 4. Site GeoB17314: depth profiles of methane and sulfate (A), TOC and d13C of TOC (B), C/N ratio (C), DIC and d13C of DIC (D),
hydrogen (E), acetate (F), methanol and ethanol (G), exchangeable TMA and base-extractable TMA (H), dissolved DMS(P)d (I) and base-
hydrolysable DMS(P)T (J) in pore waters and sediment.

Fig. 5. Site GeoB17306: depth profiles of methanogenesis (MOG) rate from H2/CO2 (A), acetate (B) and methanol (C), and the relative
proportion of MOG rate from different substrates (D). SMTZ was marked with gray bars. Triplicates (smaller solid symbols) and mean
(larger open symbols with solid line) were shown for MOG rate. Note the break of the scale for H2/CO2 and acetate MOG, and some symbols
were not visible either due to the overlap of the duplicates or the hiddenness by the scale break.
and �88‰ at GeoB17306) suggested the operation of
different modes of methane turnover in these zones. This
isotopic range as a whole is consistent with biological
in situ production of methane throughout the sampled
section at both sites (e.g., Whiticar, 1999). The relative
13C-enrichment in the sulfate-bearing zone most likely
results from a different mode of methanogenesis combined
with the sulfate-dependent methane oxidation; this process
is consistent with the presence of ANMEs (Fig. 8, see
discussion below).



Fig. 6. Site GeoB17308: depth profiles of methanogenesis (MOG) rate from H2/CO2 (A), acetate (B) and methanol (C), and the relative
proportion of MOG rate from different substrates (D). SMTZ was marked with gray bars. Triplicates (smaller symbols) and mean (larger
symbols with solid line) were shown for methanogenesis rate. Note the break of the scale for H2/CO2 and methanol MOG, and some symbols
were not visible either due to the overlap of the duplicates or the hiddenness by the scale break.

Fig. 7. Site GeoB17314: depth profiles of methanogenesis (MOG) rate from H2/CO2 (A), acetate (B) and methanol (C), and the relative
proportion of MOG rate from different substrates (D). Triplicates (smaller solid symbols) and mean (larger open symbols with solid line) were
shown for MOG rate. Some symbols were not visible due to the overlap of the duplicates.
To decipher the potential sources of methane, we first
investigated the abundance of low molecular weight metha-
nogenic compounds (e.g., acetate, methanol, methylated
amine and sulfide), which are important intermediates dur-
ing organic matter degradation and their distribution might
be influenced by different depositional settings and sources
of organic matter.

Acetate concentrations were in the lowmicromolar range
at all three sites, similar to values reported for other shallow
coastal and deep-sea marine sediments (D’Hondt et al.,
2003; Jørgensen and Parkes, 2010; Ijiri et al., 2012;
Glombitza et al., 2015). The similarity of d13C values of acet-
ate and TOC indicated that acetate was predominantly gen-
erated from the degradation of organic matter (cf. Heuer
et al., 2009). The lack of an obvious proportionality between
TOC and acetate concentration suggests that the acetate
pool size might be controlled by biological processes rather
than the size of the potential precursor pool, in analogy to
hydrogen in marine sediments (e.g., Hoehler et al., 1998).
Once produced, acetate or hydrogen could be used by multi-
ple microorganisms, and the microbial consumption would
result in the concentrations of those intermediates main-
tained at some threshold level (Glombitza et al., 2015).

The important methylated substrate methanol was
detected at low concentration (<3 lM) in the sedimentary
pore waters (Fig. 2; 3; 4H). Methanol can be derived from
the presence of terrigenous lignin and pectin in marine sed-
iment (Donnelly and Dagley, 1980; Schink and Zeikus,
1980), and the abundance and decomposition of fresh
organic matter can contribute to the accumulation of
methanol in surface sediments (e.g., GeoB17306) (Zhuang
et al., 2014). Hence, the higher abundance of methanol at
GeoB17306 compared to GeoB17308 (Table 2) agrees well
with the decreasing input of terrestrial organic matter from
the prodelta to the shelf.

Due to the strong adsorption on the sediments (Wang
and Lee, 1990, 1993; Fitzsimons et al., 2006; Zhuang
et al., 2017), TMA was barely detectable at most depths



Fig. 8. Depth profile of relative abundance of methanogen populations at Site GeoB17306 and GeoB17308 based on mcrA genes clone
libraries. Genera and species belonging to different orders (see Table S1) were marked with different patterns. The numbers (n) represented the
total sequences of methanogens recovered from each depth.
in the pore waters (<20 nM) at all sites, whereas the pool
sizes in the sediment solid phase were relatively large. The
existence of abundant exchangeable TMA (extracted with
LiCl to compete for adsorption) indicated a substantial
pool of potentially bioavailable TMA, which could be uti-
lized for microbial processes in sediments (Wang and Lee,
1993). Likewise, the concentrations of base-hydrolysable
DMSP in the sediments were about three orders of magni-
tude higher than the combined pool of dissolved DMS and
DMSP in the pore water (<3 nM). Methylated amines and
sulfur compounds could be derived from a number of
potential precursors (e.g., choline, glycine betaine, DMSP)
that are largely formed by phytoplankton and act as osmo-
lytes (Keller et al., 1999; Belviso et al., 2006; Zhuang et al.,
2011). Upon deposition at the seafloor, these precursors can
be degraded to TMA and DMS, which constitute highly
energetic substrates for methanogenesis as well as non-
methanogenic processes (Oremland and Polcin, 1982;
King, 1984; Kiene et al., 1986; van der Maarel and
Hansen, 1997; Zhuang et al., 2017). In this regard, the
higher concentration of TMA at Site GeoB17306 than at
Site GeoB17308 could be possibly explained by the higher
marine primary production that was stimulated by consid-
erable riverine input of nutrients. The larger pools of TMA
and DMS(P) at Site GeoB17314 are consistent with the
higher proportion of marine organic matter, as reflected
from the less negative isotopic values of TOC.

Collectively, these data suggest that the abundance of
methane precursors could be related to the sources (terres-
trial vs marine) and quantities of organic matter for each of
the three sites. The differences in geochemistry, organic
matter and substrate pools could further influence metha-
nogenic rates and pathways, which will be discussed below.

4.2. The influence of geochemistry and substrates on

methanogenic activity

Rate measurements demonstrated the influence of envi-
ronmental factors on the potential for methanogenic activ-
ity: for all amended 14C labeled substrates, rates of
methanogenesis varied with depths and sites. At the pro-
delta site GeoB17306, methanogenesis rates from bicarbon-
ate and acetate were much lower in the sulfate reduction
zone than in the sulfate-depleted sediment (Table 2). This
is not surprising as sulfate reducers outcompeted methano-
gens for hydrogen and acetate. In contrast, high methano-
genesis rates from methanol and rapid turnover of
methylamine in the sulfate reduction zone confirmed that
methylated compounds were less competitive methanogenic
substrates and also indicated that methylotrophic methano-
genesis was the dominant methanogenic pathway in the
presence of high levels of sulfate. After sulfate was
exhausted, acetate and hydrogen were available for metha-
nogens. As a result, hydrogenotrophic and acetoclastic
methanogenesis rates increased and methane was largely
produced from H2/CO2 or to a lesser extent acetate. While
the presence of sulfate inhibited the methanogenic activity
at the prodelta site, the shelf site showed higher hydrogeno-
trophic and acetoclastic rates in the sulfate zone compared
to the sulfate-depleted zone below (Table 2). Those differ-
ences between sites suggested sulfate was not the sole factor
controlling the production of methane.

Because of the different sedimentation and TOC accu-
mulation rates in the prodelta and on the shelf, organic
matter age might critically impact the methanogenic capac-
ity at Sites GeoB17306 and 17308, respectively. Young sed-
iments contain fresh organic matter, and the presence of
labile organic matter is advantageous for the degradation
of organic carbon and the release of substrates (Schmidt
et al., 2017), further facilitating the production of methane.
With increasing age, organic matter becomes less reactive
and therefore substrates are less available in greater sedi-
ment depth. This concept is supported by the recent study
of Peruvian margin sediment, where the availability of
labile organic matter has been found to be the dominant
factor controlling surface methanogenesis (Maltby et al.,
2016). In the prodelta, considerable riverine inputs and high
sedimentation rate (i.e., 35 cm/a) lead to the delivery of
fresh material to the seafloor, thus influence the quantity,
quality and mineralization of the organic matter. The



average TOC accumulation rate was 1622 g C m�2 y�1 at
Site GeoB17306, about 100 times of that at Site GeoB17308
(17.5 g C m�2 y�1) (Table 2). Correspondingly, the ages of
the organic matter differed distinctly. The estimated age for
the deepest sample taken from Site GeoB17306 (516 cm)
was only around 15 years based on the accumulation rates
of approximately 35 cm/a, whereas the 405 cm deep sedi-
ment at Site GeoB17308 had a maximum age of 620 years
(0.65 cm/a). Much lower methanogenic activities were
detected at the shelf site GeoB17308, and methanogenesis
rates from H2/CO2 below SMTZ were lower by 2–3 orders
of magnitude than those at the prodelta site GeoB17306
(Table 2). Similarly, acetoclastic methanogenesis rates were
extremely low throughout core GeoB17308 (<4 � 10�4

nmol cm�3 d�1), but reached up to 0.2 nmol cm�3 d�1 in
the sulfate-depleted sediment at GeoB17306. In the same
fashion, the decrease of other substrate pools, such as
methanol, also lowered the methylotrophic methanogenesis
rates in shelf sediments compared to prodelta sediments.
Although we could not estimate the organic matter age at
Site GeoB17314 off the Moulouya River due to the lack
of data for sedimentation rates, the lower methanogenesis
rates from H2/CO2 and acetate at GeoB17314 than those
rates in the sulfate reduction zone of GeoB17306 and
GeoB17308, was consistent with the lower TOC content
observed at this site. Taken all those observations together,
we conclude that the presence of sulfate, and the quantity
and age of organic matter are the driving factors for varia-
tions in methanogenic activities between sites and over
depth.

4.3. The linkage between the methanogenic substrate,

pathway and diversity

To better understand the methanogenic process, we ana-
lyzed the functional gene for the alpha subunit of methyl
coenzyme M reductase (mcrA), a key enzyme of methano-
genesis and anaerobic methane oxidation (Friedrich,
2005). The identification of the methanogenic populations
allows us to link the taxonomic information to the substrate
pools and methanogenic pathways.

In the sulfate reduction zone, the availability and
rapid turnover of methylated compounds led to consid-
erable methane production via methylotrophic methano-
genesis, and methanol accounted for 43–87% of total
measured methane production rate (Fig. 6D). Accord-
ingly, methylotrophic methanogens were detected
between 25 cm and 40 cm. The genus of Methanococ-

coides and the species of Methanolobus bombayensis are
obligate methylotrophic methanogens, and they grow
exclusively on methylated compounds (Table S1). A
number of sequences were related to Methanosarcina

mazei, which can metabolize the major substrates from
three methanogenic pathways. Due to the incomplete
inhibition from the sulfate reducers, hydrogenotrophic
methanogenesis occurred and could contribute to 13–
57% of the methane production in the sulfate-reducing
sediments. Correspondingly, abundant hydrogenotrophic
methanogens within the order of Methanomicrobiales

were also found at this horizon.
Between 75 cm and 90 cm, the majority of detected
mcrA genes belonged to hydrogenotrophic Methanomicro-

biales. Interestingly, sequences of the recently proposed sev-
enth order of methanogens Methanomassilicoccales (Iino
et al., 2013) were detected at this depth. The presence of
methanol provided energetic substrate for those methano-
gens as cultured or enriched members from this order could
only metabolize methanol with hydrogen to produce
methane (Dridi et al., 2012). The sequence-based detection
of Methanomassilicoccales in marine sediments, together
with the discovery of their unique membrane lipids (cf.
Becker et al., 2016) in estuarine and deep subseafloor sedi-
ments (Zhu et al., 2014; Meador et al., 2015), indicates that
this new order is more widespread in natural environment
than previously thought.

In the sulfate-depleted sediment, high hydrogenotrophic
methanogenesis rates accounted for 67–98% of the total
methane production (Fig. 6D), in accordance with the pre-
dominance of Methanomicrobiales in retrieved sequences.
Acetoclastic methanogenesis was also active, and its contri-
bution to methane production increased to a larger propor-
tion, e.g., a maximum of 31% at 480 cm. Consistently,
Methanosarcinales were slightly more abundant in relative
proportion than in the sulfate reduction zone, and the
increasing abundance of Methanosarcina suggested that
acetate might be the major substrate for this versatile genus.
In contrast, the role of methylotrophic methanogenesis was
significantly reduced compared to the sulfate reduction
zone (e.g., 43–87% vs. <3%), and no obligate methy-
lotrophic methanogen was observed at this depth.

At Site GeoB17308, the mcrA gene could be only ampli-
fied between 225 and 240 cm, presumably due to the lower
availability of substrates and lower microbial activity at this
site. Still, methylated compounds were important methano-
genic substrates in the upper sulfate reduction zone (fueling
up to 60% of methane production), while the contribution
of methanol to methane production decreased due to the
reduced availability of substrates. With the depletion of sul-
fate, methane was predominantly generated from H2/CO2

(e.g., �97%). A minor fraction of methane was produced
from acetate in both the sulfate-reducing and sulfate-
depleted zones (<3%), indicating the quantitative insignifi-
cance of acetoclastic methanogenesis at this site. Consistent
with the predominance of hydrogenotrophic methanogene-
sis, all the methanogenic taxa detected between 225 and
240 cm belonged consistently to genera and families with
cultured representatives utilizing hydrogen and bicarbonate
to produce methane. Overall, the metabolisms of different
substrates and the relative importance of individual path-
ways could be linked to the diverse and dynamic assem-
blage of methanogen communities at different zonations.

4.4. Methane cycling and the importance of methylotrophic

methanogenesis in surface sediment

Due to the closeness to the sediment-water interface,
microbial methanogenesis in surface sediment might be a
potential source for methane emission to the water column
(Maltby et al., 2016). To further illustrate the mechanism
and magnitude of surface methanogenesis, we carried out



high-resolution sampling of sulfate-rich surface sediments
for rate measurements at Site GeoB17314. Notably, highest
methanogenesis rates were induced by methanol (�0.03
nmol cm�3 d�1) at 2 cm, and methanol-based methanogen-
esis accounted for �66–98% of total methane production in
the upper 30 cm sediment, confirming the particular impor-
tance of methylotrophic methanogenesis in the sulfate-
bearing sediment. This is consistent with the finding from
a recent study, which identified that a benthic methane
source from methylotrophic methanogenesis resulted in
the methane flux to the overlying anoxic water in the East-
ern Tropical North Pacific oxygen minimum zone
(Chronopoulou et al., 2017). The production of methane
from methanol reflects potential rates only due to the addi-
tional substrate added by the tracer. However, the produc-
tion and ubiquity of various methylated compounds in the
pristine sediments clearly point to the potential for methy-
lotrophic methanogenesis occurring in natural environ-
ments, as well. For example, the presence of methanol in
the pore water despite the high methanol-based methano-
genesis suggested persistent methanol production occurred
and balanced the rapid consumption of methanol. This
conclusion is also supported by a recent study (Yanagawa
et al., 2016), which demonstrated that high methanol pro-
duction and consumption rates were balanced in the anoxic
marine sediments.

Despite of the high methanogenesis rate, methane could
be microbially consumed before escaping the sediment.
Indeed, the enrichment of 13C in methane as well as the lack
of methane accumulation, suggested that AOM potentially
occurred in the sulfate reduction zone of Site GeoB17306.
The high frequency of detecting ANME-2 and ANME-3
sequences is strongly suggestive of the activity of AOM in
the sulfate-reducing sediment. Hence, AOM could act as
an effective barrier to methane release from the surface sed-
iments through a close coupling to methylotrophic
methanogenesis in the sulfate reduction zone. A potential
efflux of methane from the sediment needs to be con-
strained with more precise profiling of methane at the
sediment-water interfaces and surrounding bottom water.
Furthermore, due to the presence of abundant methylated
compounds such as TMA and DMSP in the seawater,
methylotrophic methanogenesis might be ubiquitous in
anoxic microniches of the oceanic water column (Damm
et al., 2008).

5. CONCLUSIONS

We conducted integrated biogeochemical investigations
on methanogenic substrates, activity and diversity to con-
strain different factors that control the microbial produc-
tion of methane and further quantitatively estimate the
relative importance of different methanogenic pathways in
marine sediments of the Western Mediterranean Sea. We
found that methylotrophic methanogenesis played an essen-
tial role in the sulfate-reducing sediments and contributed
up to 98% of the total methane production in the surface
sediment. Hydrogenotrophic methanogenesis dominated
the methane production in the absence of sulfate, and
acetate could enhance methane production in organic-rich
sediment. Our findings suggest that not only the presence
of sulfate but also the quantity and age of organic matter
govern the type and extend of methanogenic activity in mar-
ine sediments, while information on the abundance ofmetha-
nogenic substrates is not sufficient to predict the methane
production potential. The evidence for methylotrophic
methanogenesis in surface sediments has further implica-
tions; methane produced by this pathway above the SMTZ
could possibly drive AOM in surficial sediments, while the
release of this methane into the water column could poten-
tially influence the benthic methane budget in the ocean.
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