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Abstract

Microbial mats thriving at gas seeps within anoxic bottom water were sampled during a Black Sea expedition in summer
2001. These mats contain associations of archaea which belong to the ANME-1 and, to a lesser extent, to the ANME-2
cluster, both accompanied by sulphate-reducing bacteria of the Desulfosarcina/Desulfococcus-group and perform the
anaerobic oxidation of methane (AOM). Transferring living mat into the laboratory allowed for an in vitro investigation
of its methane turnover. We incubated aliquots of these AOM performing mats over a time period of 242 days tracking
concentrations and '*C/'2C ratios of the methane. The data obtained showed a decrease in concentration accompanied by
a relative enrichment of '°C in the residual methane. These results indicate that the mats performed, in the presence of
sulphate, both methane oxidation and methane production (methanogenesis). Rate calculations using information from
additional experiments and field data gave a ratio between methane oxidation and methanogenesis of about 2:1. The par-
allel investigation of concentrations and signatures of stable carbon isotopes of methane revealed methane dynamics within
these mats exceeding considerably what becomes apparent from only recognising the methane concentrations.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction ral and anthropogenic greenhouse effect. Moreover,
several recent findings have added to the combined

Methane is known to be of particular importance efforts to understand the biogeochemistry of meth-
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temperature records within the last 420,000 years
(Petit et al., 1999; Wuebbles and Hayhoe, 2002),
and (iv) indications for large-scale methane releases
in the geological record causing substantial effects
on the global atmosphere and hydrosphere (Dickens
et al., 1995; Haq, 1998; Beerling and Berner, 2002;
de Wit et al., 2002).

Stable carbon isotope determinations represent a
well-established tool to trace transformation pro-
cesses especially for compounds of low carbon num-
bers that show strong kinetic isotope effects.

Several studies were accomplished on the kinetic
carbon isotope fractionation accompanying bacte-
rial methane oxidation in oxygenated milieus,
resulting in fractionation factors («C) ranging
between 1.003 and 1.037 (Silverman and Oyama,
1968; Barker and Fritz, 1981; Coleman et al.,
1981; Tyler et al., 1994; Bergamaschi and Harris,
1995; Reeburgh et al., 1997).

Much less is known about the carbon isotope
fractionation during the anaerobic oxidation of
methane (AOM). A first study by Whiticar and
Faber (1986) who applied three different calculation
models on published data sets from marine and
brackish pore water profiles yielded fractionation
factors in the range of 1.002-1.014. Other calcula-
tions based on marine pore water data were done
by Alperin et al. (1988) with oC values of
1.0088 +0.0013 and more recently by Martens
et al. (1999) with slightly higher o«C values of
1.011 £ 0.001. Grossman et al. (2002) obtained aC
values of 1.0136 + 0.001 from studies of a landfill-
leachate contaminated aquifer. So far, no data from
in vitro experiments are available. Though sulphate
reduction coupled AOM and microbial methano-
genesis have thought to be spatially mutually exclu-
sive for a long time, recent work points to a conjoint
presence of both processes in marine environments
Pimenov et al., 1997; Hoehler et al., 2000; Inagaki
et al., 2004; Kriiger et al., 2003, 2005;). Moreover,
there is evidence that the same organisms can be
involved in both AOM and methanogenesis (Kriiger
et al., 2003; Hallam et al., 2004; Orcutt et al., 2005).
However, the biochemical functioning of AOM and
the physiology of the relevant microorganisms
remain poorly understood.

Recent investigations have shown the massive
occurrence of microbial mats in the Black Sea that
thrive on methane and are mainly built by consortia
of methanotrophic archaca and sulphate-reducing
bacteria. Molecular microbiological and biomarker
analysis revealed that the archaea are dominated

by members of the ANME-1 cluster (Michaelis
et al., 2002; Blumenberg et al., 2004; Treude et al.,
2005).

We incubated pieces of a microbial mat perform-
ing AOM recovered from the Black Sea. During an
incubation period of 242 days, we traced the con-
centration and the signature of stable carbon iso-
topes of methane to gain information on the
turnover of methane.

2. Samples and methods
2.1. Samples

Mat samples were obtained during a research
cruise with the RV ‘Professor Logachev’ in July
2001 from the anoxic waters of the NW Black Sea
shelf (44°46.5'N, 31°59.6'E; water depth 230 m
(Michaelis et al., 2002)). Mat pieces were taken with
the manipulator of the submersible JAGO, placed
into a barrel filled with anoxic in situ water, and
the closed barrel was brought to the surface. On
board, the samples were immediately transferred
into glass bottles with anoxic Black Sea water,
sealed with butyl-rubber stoppers and stored at
8 °C under an atmosphere of methane until further
processing. A detailed characterisation of the micro-
bial community in the mat used for the in vitro
experiments was published previously by Blumen-
berg et al. (2004) based on lipid and molecular
microbiological work (sample code C; resembling
the sample described in Michaelis et al. (2002)). It
was shown that, in addition to the clearly predomi-
nating ANME-1 archaea members of the ANME-2
cluster are also present, although to a much lesser
extent (accompanied by specific sulphate-reducing
bacteria [SRB] of the Desulfosarcina/Desulfococcus
d-proteobacteria subgroup). Moreover, an in vitro
incubation with '*C-labelled CH, of the mat used
also for this study showed a higher uptake of meth-
ane carbon into lipids specific for ANME-1 com-
pared to ANME-2 archaea (Blumenberg et al.,
2005).

2.2. Experimental set up

Experiments for the measurement of methane
consumption were carried out in glass vials (20 ml
each) sealed with butyl-rubber stoppers and screw
caps. Pieces of mat material were homogenised in
a bowl. For each of three experiments (A, B, and
C) conducted in parallel, 500 pl of this mat suspen-
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sion were incubated with 10 ml artificial seawater
medium (salinity and sulphate concentrations were
adjusted to the respective in situ conditions of
~22%. and 16 mM, respectively). The same set up
was used for the control, but no mat suspension
was added. All manipulations were performed
under an atmosphere of N,/CO, (90/10 [v/v]) in
an anoxic glove chamber (MECAPLEX). The
remaining headspace of 10 ml was filled with 50%
CH,; and 50% N,/CO, (90/10 [v/v]). Thereafter,
the bottles were incubated at 12 °C and gently sha-
ken once per day horizontally to facilitate mixing of
methane and sulphate. Headspace samples (100 pl)
for analyses of CH4 concentrations and 8'3C-CH,
were taken with gas-tight syringes at the beginning
of the experiments and after 28, 59, 104, 166, and
242 days, respectively. For methane production
rates, the same set up and medium were used. The
headspace was flushed with N,/CO, (90/10 [v/v]),
and CH4 concentrations were below the detection
limit (<1 ppmv) 1 h after the start of incubation.
Triplicate tubes were incubated for two weeks hori-
zontally at 12 °C and gently shaken once per day to
facilitate mixing of substrates and sulphate. As
potential substrates for methanogenesis the follow-
ing final concentrations were added: acetate
(10 mM), formate (10 mM), methanol (5 mM),
methylamines (10 mM), molecular hydrogen (80%
v), and N,/CO, (90/10 [v/v]) in control experiments.
Headspace samples were taken daily with gas-tight
syringes and analysed for CH4 concentrations.

2.3. Analytical procedures

2.3.1. CH, concentrations

CH, concentrations were determined using a GC
14B gas chromatograph (Shimadzu) equipped with
a Supel-Q Plot column (30 m x 0.53 mm; Supelco)
and a flame ionisation detector. The carrier gas
was N, at a flow rate of 3 mlmin~!. The column
temperature was 110 °C.

2.3.2. Sulphide determinations
Sulphide was determined using the methylene
blue assay (Aeckersberg et al., 1991).

2.3.3. Stable carbon isotope signatures of CH,

3'3C signatures were analysed using coupled gas
chromatography-combustion-isotope ratio mass
spectrometry (GC-C-IRMS), using a Finnigan Del-
taPlusXL mass spectrometer equipped with a HP
6890 gas chromatograph and CuO/Ni/Pt combus-

tion furnace operated at 1010 °C. Gases were
injected via an 8 Port Valco-valve into a carrier
gas flow of 6 ml min~'. The gases were trapped on
a Gerstel Cooled Injection System 4 (CIS4) packed
with 10 mg PoraPak Q (80-100 mesh) and operated
in splitless mode at —135 °C for 8 min. The gases
were desorbed through heating the injector to
60 °C at 12°C s~ ' and held at this temperature for
1.6 min. The gas chromatograph was equipped with
a CP Plot molsieve 5 A capillary column (25 m,
0.32 mm i.d., 30 pm film thickness), which ensures
separation of CH, from N, at ambient temperatures
(30 °C). Standard deviations for replicate injections
were less than +0.79,. GC-C-IRMS precision was
checked daily using a CH, standard with known iso-
topic composition. The carbon isotope ratios are
expressed in a permil deviation from the Vienna Bel-
emnite (VPDB) standard in the usual 6-notation:

613C = [(Rsample/Rslandard) - 1] - 1000

where R is the ’C/'C ratio and Ryandard =
0.0112372.

Isotopic fractionation factors are expressed in the
o-notation for a reaction 4 — B, o is defined as

2(AB) = (84 + 1000) /(3B + 1000)

where 84 and 8B are the 5'°C values of the sub-
strate and the product, respectively (Hayes, 1993).

3. Results and discussion

During the 242 days of the experiment CHy
decreased to 26%, 22%, and 44% of the initial
amounts for incubations A, B, and C, respectively,
while about 80% of the methane was still present
in the control (Fig. 1A). However, the loss of CHy
in the control was not accompanied by a significant
variation in the 8'*C (Fig. 1B).

Rates of the decrease of methane (Table 1) are cal-
culated after subtracting an amount of CH,4 equiva-
lent to the loss observed for the control. The rates
calculated for the total incubation time of 242 days
ranged between 7.3 and 11.9 umol per day and per
gram dry weight (umol d ' g;!) (Table 1). The corre-
sponding sulphide-production rates (SP) were
between 7.5 and 10.7 pmol d ™' g5l (Table 1). The
resulting ratios between CHy-decrease and sulphide
production of 1.4, 1.1, and 0.8 for incubations A,
B, and C, respectively, are in accordance with the
assumption of a molar ratio of about 1:1 between
AOM and sulphate reduction in the Black Sea mats
(Michaelis et al., 2002; Nauhaus et al., 2005).
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Fig. 1. (A) Changes of CH,4 concentrations (total amounts of CHy present in the respective incubation vial) for three parallel incubations
of a Black Sea mat (incubations A, B, and C) and a control. (B) Respective changes of signatures of stable carbon isotopes of CHy.

Table 1
Mean rates of methane-decrease (MD) and sulphide-production
(SP) per day and per gram dry weight of microbial mat

[umol d! g,11 for the three incubations depicted in Fig. 1

Days A B C

MD Sp MD Sp MD Sp
0-28 5.8 12.1 9.4
28-59 7.4 10.6 10.9
59-104 6.2 8.8 9.3
104-166 4.7 6.7 6.5
166242 19.8 18.2 43
0-242 10.2 7.5 11.9 10.7 7.3 9.2

Similar anoxic incubations of homogenised
microbial mats of the Black Sea yield CH4-depen-
dent sulphate-reduction rates ranging from 15 to
81 pmol d ™' g, with an average of 41+
16 pmol d ™' g;) (Nauhaus et al., 2005). These incu-
bations were performed at a CH, partial pressure of
0.1 MPa (1 atm), twice that initially present during
the incubations reported here. The relatively low
rates we measured might be attributed to the rela-
tively low CH4 pressure. Nauhaus et al. (2005) incu-
bated Black Sea mats and Hydrate Ridge sediments
performing the AOM at different partial pressures
of CHy4. Increasing the CH4 pressure from 0.1 to
1.1 MPa provoked a fivefold higher sulphate-reduc-
tion rate in the Hydrate Ridge sediment but only
doubled the rate for the Black Sea mats. However,
the CHy-decrease rates did not become minor with
the ongoing decrease of CH4 during the incubations
as would be expected assuming CH, pressure to be
the controlling parameter (Table 1).

We found a continuous depletion in °C of the
residual CH4 with decreasing CH4 concentrations
for all three incubations (Fig. 1B). A preferential
use of 3*C—CH, during AOM is extremely unlikely.
In fact, all studies on the kinetic carbon isotope
fractionation accompanying AOM showed an
enrichment of '*C for the residual CH, with frac-
tionation factors («C) in the range of 1.002-1.014
(Whiticar and Faber, 1986; Alperin et al., 1988;
Martens et al., 1999; Grossman et al., 2002). Calcu-
lations based on CH, concentrations and 8'*C-CHy,
data of a sediment push-core taken in the Black Sea
close to the sampling site of the microbial mats
(Treude et al., 2005), lead to an oC for the CH4 con-
sumption of 1.009. The anaerobic methanotrophic
community within this core was similar to the incu-
bated mats dominated by ANME-1 (Treude et al.,
2005). Thus, the observed depletions in '*C of the
residual CH,4 during the 242 days incubation period
(8.3%,, 14.29,, and 12.29, for incubations A, B, and
C, respectively) obtained here are the opposite of
what is expected if CH4 concentrations are con-
trolled exclusively by anaerobic methanotrophy.
However, Pimenov et al. (1997) found by a radio-
tracer approach indications for the capability of
microbial mats of the Black Sea to perform both,
AOM and methanogenesis. Geochemical and phy-
logenetic investigations of prokaryotic communities
in methane seep habitats of the southern Ryukyu
Arc also indicated AOM and methanogenesis to
occur in close proximity (Inagaki et al., 2004).
Hoehler et al. (2000) studied AOM in gas hydrate-
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bearing sediments of the Blake Ridge and found
most *C—depleted CH,4, where they suggested high
AOM-rates from data on sulphate-reduction rates.
Increasing 8'°C-CH, accompanied by decreasing
CH, concentrations signatures directly above that
zone were attributed to AOM by these authors.
We thus assumed that the generation of '*C—
depleted CH4 might mask the experimental kinetic
isotope fractionation of the CHy-oxidation. To test
this assumption, we performed three incubations
under the same conditions as for the other incuba-
tions but substituting CH4 by N,. CH4-production
was found for all three incubations with a mean
33C-CH, of —81%, (—80.4%, -—80.4%, and
—82.3%,). Figure 2B illustrates the effects of CHy-
oxidation, CH4-production, and both processes tak-
ing place concurrently on the concentration and iso-
topic composition of CHy4 in a closed system. The
calculations were done assuming an oC of 1.009
for CHg-oxidation and a 8'3C of —819, for the
CH, generated. Thus, our data can be fairly well
interpreted by assuming both processes having co-
occurred in the incubations with a ratio between
CHy-oxidation and CHy-generation of about 2:1
(Fig. 2A and B). Rates of CHgy-oxidation and
CHy-generation for our incubation experiments cal-
culated between the sampling points and for the
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total running period of 242 days are shown in Table
2.

For a time period from ¢, to #;, the amounts of
CHj, generated or oxidised are given by

"*CHy(,,) = CHa() + (*CHamc) — “CHamo)),, 1
PCHy(,) = "CHa,) + (" CHame) — "CHamo)),,

with CHy,,) being the amount of CHy4 present at 1,
CHy(,,) the amount of CHy4 present at 79, CHymg)
the amount of CH4 produced, and CHunmo) the
amount of CH, oxidised for 'CH, and '’CH,,
respectively.

Calculated rates of anaerobic oxidation of
methane (AOMR) of microbial mat between sam-
pling points range from 8.5 to 38.1 pmold™" gl
For the total time of incubation AOMR were 17.5
(incubation A), 24.7 (incubation B), and
17.9 pmol d™* g5} (incubation C), while the respec-
tive rates of CHy-production (MPR) were 7.3 (incu-
bation A), 12.9  (incubation B), and
10.6 umold™' g;! (incubation C). The AOMR/
MPR ratios are 2.39 (incubation A), 1.92 (incuba-
tion B), and 1.68 (incubation C). Hence, the rates
of AOM during the incubations were about twice
those found for SR putting a stoichiometry of 1:1
between AOM and SR (Boetius et al.,, 2000;
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Fig. 2. (A) Measured changes of the concentration and isotopic composition of CH, during 242 days of incubation of a Black Sea mat (see
also Fig. 1). (B) Modelled shifts of the concentration and isotopic composition of CHy in a closed system during CHy-oxidation, CH,-
production, and both processes taking place concurrently. Initial conditions chosen are a CH,-concentration of 100% and a 8'*C-CH, of
—45%, (like the 8'3C of the CH, used for the incubation experiments). AOMR = Rate of anaerobic CH,-oxidation of; MPR = Rate of
CHgy-production. Note that the observed variations (A) are very well mirrored by the curve calculated for a concurrent presence of CHy-
oxidation and CHy-production with a AOMR:MPR of 2:1 (black curve in B).
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Table 2

Calculated rates of anaerobic oxidation of methane (AOMR), methane production (MPR) per day and per gram dry weight of microbial
mat [umol d™' g;!], and AOMR/MPR ratios for incubations A, B, and C

Days A B C
AOMR MPR Ratio AOMR MPR Ratio AOMR MPR Ratio

0-28 14.2 8.4 1.69 24.9 12.8 1.95 25.8 16.4 1.58
28-59 18.6 11.2 1.66 243 13.6 1.78 26.8 15.9 1.68
59-104 10.4 42 2.46 23.8 15.0 1.58 22.9 13.6 1.68
104-166 11.4 6.7 1.70 13.8 7.1 1.94 20.8 14.3 1.46
166-242 314 11.6 2.71 38.1 19.9 1.92 8.5 42 2.02
0-242 17.5 7.3 2.39 24.7 12.9 1.92 17.9 10.6 1.68

Calculations are done from amounts and 8'3C of methane (Fig. 1) using a kinetic fraction factor aC of 1.009 for the AOM and §'*C of

—819, for the methane produced.

Nauhaus et al., 2002; Nauhaus et al., 2005) into
question, at least for ANME-1 dominated settings.

Results shown in Table 2 based on an assumed
oC of 1.009 for AOM as derived from published
estimates (Whiticar and Faber, 1986; Alperin
et al., 1988; Martens et al., 1999) and observations
in a Black Sea sediment push-core (Treude et al.,
2005). However, these calculations were done on
field data without taking into account a possible
CHy-production, that, according to our incubation
experiments, may have influenced the measured
CH,4 concentrations as well as the isotopic signa-
tures. Addition of *C—depleted CH,4 from methano-
genesis would result in an underestimation of the
actual fractionation during AOM. Similarly, the
3'3C-CH, of —819%, we measured for CH4-produc-
tion might be too high as partial oxidation of the
released CHy4 is likely. Thus, we also calculated
AOMR and MPR assuming a higher fractionation
factor of aC of 1.011 and production of more '*C-
enriched CH, (8'°C—CH, of —919%, and —101%,).
Application of a higher fractionation factor leads
to lower AOMR/MPR ratios while assuming the
production of more '*C—enriched CH,4 results in
higher AOMR/MPR ratios (Table 3). However, sig-
nificant MPR with AOMR/MPR ratios <3.5 result
for all considered scenarios.

This result is surprising, as methanogenesis is gen-
erally thought to be severely curtailed in sulphate-
rich milieus due to outcompeting of methanogenic
archaea by sulphate-reducing bacteria for competi-
tive substrates, in the case of carbonate reduction
for available hydrogen (Martens and Berner,
1974). Thus, methanogenesis based on non-compet-
itive substrates as methanol or methylamines (Orem-
land et al., 1982; Oremland and Polcin, 1982) seems
likely. To check this possibility, we incubated an
active AOM-performing Black Sea mat from the

Table 3

Ratios between rates of the anaerobic oxidation of methane
(AOMR) and methane production (MPR) per day and per gram
dry weight of microbial mat [umol d™' 2,11 assuming different
fractionation factors («C) for AOM and different isotopic
compositions for the methane produced

«C AOM  3”CMP[%] A B C
AOMR/ AOMR/ AOMR/
MPR MPR MPR
1.009 —81 2.39 1.92 1.68
1.009 -91 2.89 2.46 2.04
1.009 —101 3.49 2.98 2.39
1.011 —81 2.15 1.74 1.57
1.011 —91 2.71 2.24 1.91
1.011 —101 3.27 2.72 2.24

Calculations are done for the total time of incubation (0-242
days) for all incubation (A, B, and C).

same sampling location as that used for the other
experiments in artificial seawater medium adding
different substrates (Table 4). CHy-production rates
(MPR) were 74 1.5umold ™' g;! without addi-
tional substrate. The addition of hydrogen, acetate
or formate did not lead to a strong stimulation of
the MPR over an incubation period of two weeks,

Table 4

Rates of methane production (MPR) per day and per gram dry
weight of a Black Sea microbial mat [umol d™' g1 in the
presence of sulphate (artificial seawater medium with 16 mM
sulphate) without (control) and with different substrates added

Substrate  Substrate concentration at beginning MPR SE

Control 6.95 145
H, 80% 944 227
Acetate 10 mM 7.74  2.01
Formate 10 mM 8.01 2.05
TMA 10 mM 14.25 2.75
Methanol 5 mM 12.11  1.07

SE = standard error of three parallels; TMA = trimethylamine.
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most likely a consequence of the intensive competi-
tion for these substances of methanogenic archaea
with sulphate-reducing bacteria. However, following
the addition of the non-competitive substrates meth-
anol or trimethylamine MPR significantly increased
to 12+1 and 1443 pmold™’ g.), respectively.
Generally, these MPR in the presence of sulphate
meet those required to account for the analytical
data of incubations A, B, and C (Tables 2 and 3).

Within our experiments, the difference between
the isotopic composition of the CH, consumed
(8'°C = —459, for the CH, added to the system)
and the CH, generated (8'°C = —81%,) was about
369, while in situ this difference is generally very
small. Therefore, an isotopic shift with '*C deple-
tion in the residual CH4 as observed in our incuba-
tions is not to be expected for in situ studies. In fact,
assuming that the CH4 consumed has the same iso-
topic signature as the methane generated, the resid-
ual CH, would become '*C enriched even if the
rates of methanogenesis are only slightly below
those of the AOM. However, disregarding an exist-
ing methanogenesis would generally lead to an
underestimation of the isotopic fraction of the
AOM, as long as the CH4 generated is not more
13C enriched compared to the CH, pool.

4. Conclusions

The methane turnover of a microbial mat per-
forming the anaerobic oxidation of methane could
be traced in incubation experiments. The results
revealed new insights into this process of high rele-
vance for the methane budgets of marine sediments.
Notably, anaerobic methanotrophy and microbial
methanogenesis can take place simultaneously in
sulphate-rich environments. Moreover, our data
show that the rates of methane production and con-
sumption can be in the same order of magnitude.
Several aspects derived from our study are highly
relevant for investigations of the methane dynamics
in anoxic settings.

1. Records of methane concentrations alone do not
allow for a calculation of exact methane oxida-
tion rates.

2. The molar ratio between anaerobic methanotro-
phy and sulphate reduction is not necessarily
1:1, but might be considerably higher. Therefore,
the anaerobic oxidation of methane might be
understated by estimations based on sulphate-
reduction or sulphide-production rates.

3. Methane production takes place in the presence
of sulphate, most probably based on substrates
non-competitive to sulphate-reducing bacteria
like methylamines and methanol.

4. For estimations of AOM rates and of the accom-
panying kinetic carbon isotope fractionation
from field data and laboratory experiments the
possibility of a parallel occurrence of anaerobic
methanotrophy and methanogenesis should be
considered. An underestimation of fractionation
factors («C) for anaerobic methanotrophy may
be caused by unrecognised methanogenesis
within the systems investigated.
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