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The anaerobic oxidation of methane (AOM) is a key process in the global methane cycle, and the majority
of methane formed in marine sediments is oxidized in this way. Here we present results of an in vitro 13CH4
labeling study (�13CH4, �5,400‰) in which microorganisms that perform AOM in a microbial mat from the
Black Sea were used. During 316 days of incubation, the 13C uptake into the mat biomass increased steadily,
and there were remarkable differences for individual bacterial and archaeal lipid compounds. The greatest
shifts were observed for bacterial fatty acids (e.g., hexadec-11-enoic acid [16:1�11]; difference between the �13C
at the start and the end of the experiment [��13Cstart-end], �160‰). In contrast, bacterial glycerol diethers
exhibited only slight changes in �13C (��13Cstart-end, �10‰). Differences were also found for individual
archaeal lipids. Relatively high uptake of methane-derived carbon was observed for archaeol (��13Cstart-end,
�25‰), a monounsaturated archaeol, and biphytanes, whereas for sn-2-hydroxyarchaeol there was consider-
ably less change in the �13C (��13Cstart-end, �2‰). Moreover, an increase in the uptake of 13C for compounds
with a higher number of double bonds within a suite of polyunsaturated 2,6,10,15,19-pentamethyleicosenes
indicated that in methanotrophic archaea there is a biosynthetic pathway similar to that proposed for
methanogenic archaea. The presence of group-specific biomarkers (for ANME-1 and ANME-2 associations)
and the observation that there were differences in 13C uptake into specific lipid compounds confirmed that
multiple phylogenetically distinct microorganisms participate to various extents in biomass formation linked
to AOM. However, the greater 13C uptake into the lipids of the sulfate-reducing bacteria (SRB) than into the
lipids of archaea supports the hypothesis that there is autotrophic growth of SRB on small methane-derived
carbon compounds supplied by the methane oxidizers.

Since the pioneering work on the anaerobic oxidation of
methane (AOM) (2, 33), there has been increasing evidence
that the vast majority of methane arising from deeper horizons
of marine sediments is recycled by this process into the global
pool of inorganic carbon (34). Recently, it was shown that
mainly two phylogenetic groups of archaea, termed ANME-1
and ANME-2, are involved (4, 15, 29). Mechanistic insights
into AOM as a potential reverse of methanogenesis were ob-
tained from genetic and biochemical studies of natural samples
(13, 14, 21). Also, the AOM process, with its 1:1 stoichiometry
between methane oxidation and sulfate reduction, could be
established in the laboratory (26). However, the mode of cou-
pling between methane oxidation and sulfate reduction is still
insufficiently understood. Hoehler et al. (16) proposed that
anaerobic methanotrophic archaea oxidize methane with di-
rect coupling to sulfate-reducing bacteria (SRB) based on in-
terspecies hydrogen transfer. Other findings do not indicate
that there is this type of syntrophy, and other coupling mech-

anisms or even the entire reaction sequence in one organism
alone has been discussed (26, 42).

Another insufficiently understood aspect of AOM is the as-
similation of carbon into microbial cell mass. Neither growth
yields (amounts of biomass formed per mole of methane oxi-
dized) nor pathways for substrate carbon assimilation have
been investigated. A suitable tool for tracing the incorporation
of substrate carbon into cell components such as lipids is the
use of 13C-labeled substrates. Recently, this approach was suc-
cessfully used to link characteristic lipid biomarkers to the
biosynthetically active source microorganisms (5, 6, 8, 24) or to
investigate the fate of anthropogenic contaminants during mi-
crobial biodegradation (1, 35).

Several studies have shown that specific isoprenoid hydro-
carbons, fatty acids, isoprenoid and nonisoprenoid dialkyl glyc-
erol diethers (DAGE), and glycerol dialkyl glycerol tetraethers
are produced by AOM-performing consortia (3, 15, 25, 31, 32,
40). These lipids are characterized by strong depletion of nat-
ural 13C, indicating that there is incorporation of carbon from
biogenic methane. Recently, we distinguished ANME-1 asso-
ciations from ANME-2 associations on the basis of specific
lipid patterns (3). However, details concerning lipid biosynthe-
sis for both associations are unknown. The large microbial
buildup fostered by methane gas seepage in anoxic waters of
the Black Sea is a unique, promising system for the study of
biosynthetic processes due to the presence of compact biomass
that is essentially free of sediment (25). Molecular analyses
based on 16S rRNA and the distribution of group-specific lipid
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biomarkers (3, 25) revealed the predominance of ANME-1
associations and to a lesser extent the presence of ANME-2
consortia, both accompanied by sulfate-reducing bacteria be-
longing to the Desulfosarcina-Desulfococcus group.

Here we describe the results of long-term in vitro incuba-
tions with 13CH4 of a microbial mat from the Black Sea with
high AOM activity. The data obtained allowed us to trace the
incorporation of methane carbon into biomass. By using spe-
cific lipids methane carbon uptake into the microbially heter-
ogeneous mat could be attributed to distinct microbial groups.
Moreover, the data obtained contribute to our understanding
of biosynthetic pathways of isoprenoid hydrocarbons and iso-
prenoid glycerol ethers in naturally relevant populations.

MATERIALS AND METHODS

Mat sample and incubation. The microbial mat was obtained during a re-
search cruise of the RV Professor Logachev in July 2001 from the anoxic waters
of the northwest Black Sea shelf and corresponded to sample LOGA C described
previously (3) and the microbial mat studied by Michaelis et al. (25) (44°46.5�N,
31°59.6�E; water depth, 230 m). Mat pieces were taken with the manipulator of
the submersible Jago and were placed into a barrel filled with anoxic in situ water.
The closed barrel was transported to the surface. On board, samples were
immediately transferred into glass bottles with anoxic Black Sea water, sealed
with butyl rubber stoppers, and stored at 8°C under a methane or nitrogen
atmosphere until further processing.

The experiment was carried out in two glass bottles (bottles A and B; 156 ml
each) sealed with butyl rubber stoppers and crimp caps. Pieces of mat material
were homogenized in a bowl using a fork under sterile conditions. Three milli-
liters of a mat suspension was incubated with 53 ml artificial seawater medium
(the salinity and sulfate concentrations were adjusted to the in situ conditions
[about 22‰ and �16 mM], respectively) in bottles A and B. All manipulations
were performed under an N2-CO2 (90:10, vol/vol) atmosphere in an anoxic glove
chamber (Mecaplex). The remaining headspace (103 ml) was flushed with meth-
ane for 4 min, and the overpressure was adjusted to a final value of 0.6 � 105 Pa.
Finally, 10 ml of CO2 and 10 ml of 13C-labeled methane (�7% 13CH4; �13C,
5,400‰) were added. The bottles were incubated at 12°C and gently shaken
horizontally to facilitate mixing of the methane and sulfate. Pure 13CH4 was not
used as it was shown previously that extremely high concentrations of a 13C-
labeled substrate may retard microbial growth significantly (43).

After 96 days of incubation the mat material in both bottles was pelleted by
centrifugation. All of the material from bottle A (wet weight, �3 g) was used for
analyses of lipids and stable carbon isotope ratios. Bottle B was resupplied with
medium and gas as described above. After an additional 97 days of incubation
the mat material was pelleted and split into two aliquots (1.5 g [wet weight]
each). One aliquot was used for biomarker and �13C analyses, and the other was
resupplied as described above, incubated for an additional 123 days, and then
pelleted and analyzed.

For quantification of sulfate, 1.5 ml of a particle-free water sample was mixed
with 0.1 ml of 2 M HCl. After the preparation was heated in a boiling water bath,
0.4 ml of a 0.5 M BaCl2 solution was added. Precipitated BaSO4 was quantita-
tively collected on a nitrocellulose filter (diameter, 25 mm; pore size, 0.2 mm),
washed with 10 ml distilled water, dried at 60°C, and quantified by weighing.

Extraction and fractionation of lipids. For lipid biomarker analyses 1 g (wet
weight) of a mat sample was saponified in 6% KOH in methanol (75°C, 3 h) and
extracted with n-hexane to obtain the neutral lipids. Carboxylic acid methyl esters
were obtained by acidification of the residual phase to pH 1, extraction with
CH2Cl2, and subsequent methylation using trimethylchlorosilane reagent in
methanol (1:8, vol/vol) for 1 h at 80°C. For carboxylic acids (methyl esters)
double bonds were determined by using dimethyl disulfide derivatives (7) and
performing coelution experiments with authentic standards. Neutral lipids were
separated by thin-layer chromatography, which resulted in a hydrocarbon frac-
tion (Silica Gel 60; 0.25 mm; CH2Cl2; Rf, 0.35 to 1). Double bond positions of the
isoprenoid hydrocarbons were not determined. Alcohols were silylated with
N,O-bis(trimethylsilyl)-trifluoroacetamide for 1 h at 80°C prior to analyses. To
analyze high-molecular-weight ether-bound lipids, aliquots of the neutral lipids
were subjected to ether cleavage by HI treatment (2 h at 110°C), and reduction
of the resulting iodides using LiAlH4 in dry diethyl ether under an Ar atmo-
sphere was performed by using a procedure modified from the procedure de-
scribed by Kohnen et al. (20).

Gas chromatography, gas chromatography-mass spectrometry, gas chroma-
tography-combustion isotope ratio mass spectrometry, and elemental analyzer-
combustion isotope ratio mass spectrometry. Compounds were analyzed by
combined gas chromatography-mass spectrometry (HP6890 gas chromatograph
coupled to a Micromass Quattro II mass spectrometer) and were identified by
comparison of the mass spectra and retention times with previously published
data and/or data for reference compounds (3, 25). The analytical error for lipid
quantification was about 5% using cholestane as an internal standard.

�13C values of lipids were analyzed (minimum of three replicates) using a
ThermoFinnigan Trace GC gas chromatograph coupled to a Finnigan MAT 252
isotope ratio mass spectrometer. Combustion of the components to CO2 was
performed with a CuO-Ni-Pt furnace operated at 940°C. The stable carbon
isotope compositions are expressed in the delta notation (�13C) compared with
the Vienna-Pee Dee Belemnite standard (the standard deviation was usually less
than 0.5‰). Isotopic compositions of alcohols and fatty acids were corrected for
addition of trimethylsilane and the addition of the carbon atom during the
preparation of methyl esters.

For measurements of carbon isotope ratios (�13C) of the bulk mat samples the
samples were combusted in a Carlo Erba NA-2500 analyzer, from which the
evolved CO2 was passed into a continuous flow of helium through a ConFlo II
interface to a Finnigan MAT 252 isotope mass spectrometer. The analytical error
of this method was �0.2‰.

Carbon stable isotope values are expressed in � notation in parts per thousand
compared with V-PDB and were calculated as follows: �13C � [(Rsample/Rstandard)
� 1] � 1,000. The concentration of 13C in any given compound was calculated
from �13C and the total concentration (Ct) using the following equation (with
RV-PDB � 0.0112372 � 0.0000090): 13C concentration � Ct/{1/[(�13C/1,000 � 1)
� RV-PDB] � 1}.

RESULTS

A microbial mat performing anaerobic oxidation of methane
was incubated in vitro under strictly anoxic conditions using
13C-enriched methane for 316 days. At three times the mat was
sampled and the samples were used for lipid analyses (i.e., to
determine compound-specific �13C values) in order to trace
the methane-derived carbon in the biomass and in lipids spe-
cific for distinct microorganisms.

In vitro consumption of sulfate. Consumption of sulfate was
measured at the three sampling times. After 96 days the added
sulfate (15.42 mM) was nearly completely reduced, and the
remaining concentration was 1.29 mM. After addition of 20.28
mM and 16.85 mM sulfate, at the next two times the sulfate
was consumed and the residual concentrations were 1.14 mM
and 5.43 mM, respectively.

Microbial composition of the mat. The mat sample used for
the experiment was an aliquot of the mat described previously
(25) and sample LOGA C described by Blumenberg et al. (3).
The mat was reported to consist mainly of ANME-1 archaea,
which were accompanied by SRB belonging to the Desulfosar-
cina-Desulfococcus group. However, ongoing molecular micro-
biological (18) and biomarker (3) investigations showed that
various amounts of ANME-2 archaea, which grew in close
association with SRB belonging to the cluster mentioned
above, were also present.

Lipid composition of the mat. Figure 1 shows the concen-
trations of selected archaeal and bacterial lipid compounds
found at the beginning of the experiment, prior to addition of
[13C]methane. Large amounts of bacterial fatty acids with ter-
minally branched 12-methyltetradecanoic acid (ai15:0) were
observed, and the concentrations exceeded the concentrations
of other fatty acids by more than threefold (ai15:0 concentra-
tion, 1,243 	g/g [dry weight]). Also present at a high level (262
	g/g [dry weight]) was the nonisoprenoid glycerol diether ai15
DAGE, which presumably is of bacterial origin. The archaeal
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lipids included isoprenoid hydrocarbons (crocetane, 2,6,10,15,
19-pentamethyleicosane [PMI], 2,6,10,15,19-pentamethylei-
cosenes [PMI
s]), isoprenoid dialkyl glycerol diethers (satu-
rated and monounsaturated archaeol, sn-2-hydroxyarchaeol),
and glycerol dialkyl glycerol tetraethers (analyzed as bi-
phytanes after ether cleavage). The quantitatively dominant
archaeal biomarkers were biphytanes, including an acyclic
compound (C40:0; 259 	g/g [dry weight]) and two internally
cyclized compounds, one with one pentacyclic ring (C40:1; 288
	g/g [dry weight]) and one with two pentacyclic rings (C40:2; 76
	g/g [dry weight]).

For all the bacterial and archaeal lipids 13C was strongly
depleted, and the �13C values were between �77.5 and
�98‰.

Change of �13C signatures during the experiment. The �13C
of the total decarbonated biomass shifted from an initial value
of �72.2‰ to �65.5‰ after 96 days and to �62.6‰ after
193 days (there was no data point after 316 days due to sample
size limitation). The substantial enrichment of 13C illustrates
that there was incorporation of methane carbon into the mi-
crobial system.

Figure 2 shows the difference between the �13C at the start
of the experiment and the �13C after 96, 193, or 316 days
(
�13Cstart-end) for selected compounds. Most of the com-
pounds showed increasing uptake of 13C throughout the ex-
periment. For the major compounds, the greatest �13C shifts
were found for bacterial fatty acids, and the 
�13Cstart-end for
16:1
11 was �165‰. Significant enrichment of 13C was also

FIG. 1. Concentrations of selected bacterial and archaeal compounds at the beginning of the in vitro experiment. For chemical structures of
selected compounds see the Appendix. Abbreviations: Croc, crocetane (2,6,11,15-tetramethylhexadecane); PMI, 2,6,10,15,19-pentamethyleico-
sane; PMI
3, PMI
 with three double bonds; Arch, archaeol (2,3-di-O-phytanyl-sn-glycerol); OH-Arch, sn-2-hydroxyarchaeol; C40:0, acyclic
biphytane; C40:1, internally cyclized biphytane (with one pentacyclic ring); C40:2, internally cyclized biphytane (with two pentacyclic rings);
n-C23-ene, n-tricos-10-ene; i15:0, 13-methyltetradecanoic acid; ai15:0, 12-methyltetradecanoic acid; 16:0, hexadecanoic acid; 16:1
9, hexadec-9-
enoic acid; 16:1
11, hexadec-11-enoic acid; ai15-DAGE, 1,2-di-O-12-methyltetradecyl-sn-glycerol.

FIG. 2. 
�13C values of selected compounds at each sampling time in relation to the �13C value at the beginning, indicating the biosynthetic
activity of the source organisms. The error bars indicate the standard deviations for �13C analyses. A number sign indicates that trace amount was
present (not analyzed); an asterisk indicates that a compound was not analyzed. Calculations for PMI
4 and PMI
5 were based on a theoretical
�13C starting value of �90‰ (as observed for PMI). For abbreviations see the legend to Fig. 1.
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observed for the nonisoprenoid hydrocarbon n-tricos-10-ene
(Fig. 2). In contrast, bacterial glycerol diethers (e.g., ai15
DAGE) yielded only low 
�13C values (about 10‰).

Uptake of methane carbon was also observed for individual
archaeal lipids. For major archaeal lipids we observed uptake
of 13C into archaeol (
�13Cstart-end, 24.5‰), tetraether-re-
leased biphytanes (
�13Cstart-end, �9 to 20‰), and a mono-
unsaturated archaeol (
�13Cstart-end, 103.4‰). sn-2-Hydroxy-
archaeol and several isoprenoid hydrocarbons (crocetane,
PMI, PMI
3) exhibited only slight changes in the �13C (Fig. 2).
No clear 13C uptake was found for crocetane over time (Fig. 2).
Exceptionally high �13C values were detected for polyunsatu-
rated 2,6,10,15,19-pentamethyleicosenes with four double
bonds (PMI
4) and five double bonds (PMI
5) (�13C for
PMI
5, 346‰). However, PMI
4 and PMI
5 were found at
significant concentrations only at the last sampling time
(PMI
4, 6.1 	g/g [dry weight]; PMI
5, 0.7 	g/g [dry weight]).
In samples from the other times these compounds were
present only in trace amounts, which did not allow analyses of
their �13C values (the data shown in Fig. 2 and 3 are based on
a theoretical �13C starting value of �90‰).

DISCUSSION

Uptake of methane-derived carbon into microbial biomass.
The bulk decarbonated biomass was clearly enriched in 13C
during the experiment, illustrating that carbon was taken up
from the added tracer methane. Methane concentrations were
not analyzed, but they could be deduced from the sulfate
reduction data, assuming a 1:1 stoichiometry between methane
oxidation and sulfate reduction (27). Based on this analysis and
the isotopic shift of total biomass, 1.9% of the methane C
consumed was incorporated into microbial biomass (without
considering fractionation effects and assuming no change in
the total biomass) during the first period of the experiment (0
to 96 days bottle A), and 1.1% was incorporated during the
second period (0 to 193 days, bottle B).

Uptake of methane carbon into individual lipids. In general,
the extent of the �13C shift of an individual component corre-
sponds directly to the portion of it that is synthesized during
exposure of the source organism to the 13C-labeled substrate.
High �13C shifts are to be expected for compounds with short
life cycles, while relatively stable compounds should exhibit
only minor shifts. Thus, the �13C shifts reflect the biosynthetic
activity of the organisms, while the net 13C uptake values
indicate the total carbon uptake by the source organisms.

Figure 3 shows that the uptake of methane carbon into the
major bacterial compounds (fatty acids) was much greater than
the incorporation into major archaeal lipids (e.g., archaeol,
sn-2-hydroxyarchaeol, glycerol dialkyl glycerol tetraether-re-
leased biphytanes) (also see Fig. 2). The low energy yield of the
anaerobic oxidation of methane (a free energy change of �10
to �40 kJ mol�1 was estimated for various in situ conditions
[42]) requires high methane turnover rates for a sufficient
energy yield (25) and thus led to high 13CO2 production during
our experiment. It is assumed that both SRB and archaea use
CO2 as a substrate for biosynthesis in the acetyl-coenzyme A
pathway (14, 42). The higher uptake rates of methane-derived
carbon into the sulfate reducers than into the methanotrophic
archaea imply that the biosynthetic (anabolic) activity of the
former organisms is enhanced. An unequal energy share within
the coupled AOM process was proposed based on theoretical
studies, with the sulfate-reducing partner demanding about
60% of the total energy yield (17). Consequently, more energy
accessible to the SRB also increases the energy available for
biosynthetic purposes (23), which provides a suitable explana-
tion for the observed higher net 13C uptake of methane-de-
rived carbon by SRB. An enhanced demand for the biosynthe-
sis of lipids by the SRB compared to the archaea might also be
explained by the higher chemical and enzymatic resistance of
archaeal ether lipids than of bacterial ester-bound lipids (41).

Nevertheless, our results do not exclude the possibility of
decoupling of SRB and anaerobic methanotrophic archaea
during AOM, with methane oxidation as well as sulfate reduc-

FIG. 3. Net 13C uptake for selected compounds after completion of the experiment, calculated for 1 g (dry weight) of mat. The error bars
indicate the maximum and minimum uptake of 13C using the analytical error for �13C analyses. Calculations for PMI
4 and PMI
5 were based
on a theoretical �13C starting value of �90‰ (as observed for PMI) and concentrations measured at the end point. For abbreviations see the
legend to Fig. 1. Different kinds of bars indicate the most likely source organisms of the lipid components (based on a previous study [3]), as follows:
solid bars, ANME-1 associations; open bars, ANME-2 associations; gray bars, mixed and/or unknown sources.
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tion taking place in the archaeal cells (42). Recently, genomic
features of both sulfate-reducing and methanogenic archaea
have been detected in ANME-1 archaea (14). However, the
higher level of 13C uptake by SRB excludes the possibility that
heterotrophic consumption of archaeal biomass by the bacte-
rial partners is a prominent process.

All fatty acids investigated became enriched in 13C, although
to different extents (Fig. 2 and 3). The greatest shift in �13C
within major components was found for the monounsaturated
16:1
11 fatty acid (
�13Cstart-end, 167‰). However, the net
13C uptake of this compound (184.4 ng 13C/g [dry weight]) was
lower than that for the ai15:0 fatty acid (661 ng 13C/g [dry
weight]). Both compounds are attributed to different sulfate-
reducing bacteria belonging to the Desulfosarcina-Desulfococ-
cus group. 16:1
11 fatty acid is suggested to originate from
AOM-specific SRB (10) prevailing in sediment with ANME-2
dominance (4), and the ai15:0 fatty acid is a prominent lipid of
ANME-1-associated SRB (3, 25). The net 13C uptake of com-
pounds attributed to ANME-1-associated SRB exceeded that
of compounds attributed to ANME-2-associated bacteria by
about threefold (Fig. 3). However, greater �13C shifts were
observed for lipids specific for ANME-2-associated bacteria
(Fig. 2). The distribution pattern of bacterial lipids (Fig. 1)
revealed a clear predominance of ANME-1-linked SRB over
ANME-2-linked SRB within the mat investigated (3). A rough
estimate of SRB from the relative concentration of lipid bi-
omarkers resulted in a mass ratio of ANME-1-associated SRB
to ANME-2-associated SRB of 6:1. Based on this estimate,
while about threefold more methane carbon is incorporated by
ANME-1-associated SRB than by ANME-2 associated SRB,
the latter organisms appear to be biosynthetically about twice
as active as the former organisms.

Nonisoprenoid ether lipids have been described for several
AOM sites (25, 30), and it has been suggested that they are
bacterial biomarkers (for instance, for members of the deeply
branching phylum Thermodesulfobacterium) (22). A recent in-
vestigation of AOM-performing mats from the Black Sea sug-
gested that distinct nonisoprenoid ether lipids originate from
the same source bacteria (SRB) as the structurally correspond-
ing fatty acids (e.g., ai15-DAGE and ai15:0 fatty acid) (3).
However, the nonisoprenoid ai15-DAGE had a 
�13Cstart-end

of only about 10‰, and the uptake of 13C was 3.7 ng/g (dry
weight), values much lower than those found for the corre-
sponding ai15:0 fatty acid (Fig. 2 and 3). This indicates that the
biosynthesis rates of DAGEs are lower than those of structur-
ally related fatty acids within the source organism.

The source organism of the nonisoprenoid hydrocarbon
n-tricos-10-ene is still unknown, although it has been suggested
that this compound originates from bacteria found only at
AOM sites (39). The observed 13C uptake for this compound
(
�13Cstart-end, 28.6‰) revealed biosynthetic activity of the
organism in the AOM-performing mat. For the major archaeal
lipids, archaeol, with a 
�13Cstart-end of 24.6‰, showed the
strongest uptake of 13C. However, archaeol is a substantial
lipid compound in all archaea investigated so far (19) and thus
provides no specific information about the biosynthetic activity
of certain phylogenetic groups. The information for a suite of
13C-depleted C40 isoprenoids which are proposed to originate
from archaea belonging to the ANME-1 cluster is more precise
(3). These tetraether-released biphytanes indicate that there is

biosynthetic activity of the source archaea with significant up-
take of methane carbon (
�13Cstart-end, 9.1 to 20.9‰). For
sn-2-hydroxyarchaeol and the isoprenoid hydrocarbon crocet-
ane, biomarkers most probably originating from ANME-2 ar-
chaea (3), there was almost no change in �13C (Fig. 2). Ap-
parently, no substantial biosynthetic activity of ANME-2
archaea took place. This might have been due to the relatively
low methane partial pressure used during the experiment (0.16
MPa). The methane-dependent sulfate reduction in ANME-
2-dominated samples could be increased five times by increas-
ing the methane pressure from 0.1 MPa to 1.1 MPa. The same
treatment of ANME-1-dominated associations resulted in only
a twofold increase (26, 27). Hence, different reactions to meth-
ane partial pressure might be responsible for the marginal
biosynthetic activity of ANME-2 archaea compared to
ANME-1 archaea during our in vitro experiment with the
relatively low methane partial pressure. However, considerable
13C incorporation occurred within lipids of sulfate-reducing
bacteria suggested to be linked to ANME-2 archaea (e.g.,
16:1
11) (3, 10, 38). This indicates that these SRB may not rely
solely on their ANME-2 archaeal partners.

Biosynthetic pathways of selected archaeal lipids. It is well
known that AOM-performing archaea contain a suite of one
saturated and several unsaturated 2,6,10,15,19-pentamethylei-
cosenes (11, 12). At the beginning of our experiment, only
PMI
s with up to three double bonds were detected. For these
compounds uptake of 13C was not observed. Significant con-
centrations of PMI
s with four and five double bonds were
found only after 316 days, and both exhibited substantial 13C
enrichment (
�13C of PMI
4, 128‰; �13C of PMI
5, 436‰)
(Fig. 2). This suggests that polyunsaturated PMI
s represent
early steps in PMI biosynthesis by methanotrophic archaea and
are subsequently reduced. This biosynthetic pathway was also
suggested for methanogenic archaea (37).

The source of the unsaturated archaeol, which had a

�13Cstart-end of 103.4‰, is still being debated. Monounsatu-
rated archaeols were shown to originate from hydroxyarchaeol
under acidic conditions as laboratory conversion products (9).
However, recent studies described this compound as a consti-
tutive membrane lipid of the hyperthermophilic methanogen
Methanopyrus kandleri (28). Under the conditions used in this
study (mild alkaline hydrolysis), conversion of hydroxyarchaeol
to unsaturated archaeol has not been reported and was suc-
cessfully applied to analysis of hydroxyarchaeol-containing
samples (25, 36). Moreover, the large difference in 
�13C val-
ues between the monounsaturated archaeol (
�13Cstart-end,
103.4‰) and sn-2-hydroxyarchaeol (
�13Cstart-end, �2‰)
strongly argues against formation of unsaturated archaeol
from sn-2-hydroxyarchaeol as an analytical artifact (Fig. 2).
Therefore, we believe that the monounsaturated archaeol ob-
served is a natural lipid constituent of specific methanotrophic
Euryarchaeota.

With regard to biphytanes, Fig. 3 shows that there was a
decrease in 13C uptake from the acyclic compound via the
monocyclic compound to the bicyclic compound. Either this
indicates that there was a shift within the biphytane distribu-
tion of the archaeal cells, with the cyclic biphytanes being
discriminated, or it is explained by differences in the individual
biosynthesis rates.
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Conclusion. In vitro incubation of an AOM-performing mi-
crobial mat from the Black Sea with 13C-enriched methane
resulted in considerable incorporation of the 13C label into
biomass.

In general, the uptake of methane carbon was greater for
sulfate-reducing bacteria than for methanotrophic archaea,
suggesting that the bacteria grew on low-molecular-weight
methane-derived organic and/or inorganic carbon compounds
(e.g., CO2).

Within the bacteria, SRB possibly associated with ANME-1
archaea exhibited higher net 13C incorporation, while SRB
believed to be associated with ANME-2 archaea appeared to
be biosynthetically more active. Within the archaea, lipid bi-
omarkers specific for ANME-1 archaea became more enriched
in 13C than lipid biomarkers specific for ANME-2 archaea,
which might have been a result of an adaptation of ANME-1
archaea to low methane partial pressure.

Enhanced incorporation of 13C into unsaturated PMI
 de-
rivatives with an increasing number of double bonds implies
that in the biosynthetic pathway of PMI and PMI
s in meth-
anotrophic archaea polyunsaturated compounds are precur-
sors of compounds containing fewer or no double bonds.
Moreover, the labeling experiment indicated that unsaturated
archaeol is a natural constituent of the lipid inventory of spe-
cific methanotrophic Euryarchaeota.

The data showed that in vitro incubation experiments using
13C-labeled substrates are powerful tools for investigating the
substrate carbon flow into lipid biosynthesis, even in complex
microbial communities. However, further work is needed to
understand the specific mode of microbial association within
anaerobic methanotrophic consortia.

Appendix. Chemical structures of selected compounds de-
scribed in the legend to Fig. 1 are shown in Fig. A1.
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