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Abstract

Convergent lines of molecular, carbon-isotopic, and phylogenetic evidence have previously indicated (Hinrichs, K.-
U., Hayes, J.M., Sylva, S.P., Brewer, P.G., DeLong, E.F., 1999. Methane-consuming archaebacteria in marine sedi-
ments. Nature 398, 802±805.) that archaea are involved in the anaerobic oxidation of methane in sediments from the

Eel River Basin, o�shore northern California. Now, further studies of those same sediments and of sediments from a
methane seep in the Santa Barbara Basin have con®rmed and extended those results. Mass spectrometric and chro-
matographic analyses of an authentic standard of sn-2-hydroxyarchaeol (hydroxylated at C-3 in the sn-2 phytanyl

moiety) have con®rmed our previous, tentative identi®cation of this compound but shown that the previously exam-
ined product was the mono-TMS, rather than di-TMS, derivative. Further analyses of 13C-depleted lipids, appreciably
more abundant in samples from the Santa Barbara Basin, have shown that the archaeal lipids are accompanied by two
sets of products that are only slightly less depleted in 13C. These are additional glycerol ethers and fatty acids. The alkyl

substituents in the ethers (mostly monoethers, with some diethers) are non-isoprenoidal. The carbon-number distribu-
tions and isotopic compositions of the alkyl substituents and of the fatty acids are similar, suggesting strongly that they
are produced by the same organisms. Their structures, n-alkyl and methyl-branched n-alkyl, require a bacterial rather

than archaeal source. The non-isoprenoidal glycerol ethers are novel constituents in marine sediments but have been
previously reported in thermophilic, sulfate- and nitrate-reducing organisms which lie near the base of the rRNA-based
phylogenetic tree. Based on previous observations that the anaerobic oxidation of methane involves a net transfer of

electrons from methane to sulfate, it appears likely that the non-archaeal, 13C-depleted lipids are products of one or
more previously unknown sulfate-reducing bacteria which grow syntrophically with the methane-utilizing archaea.
Their products account for 50% of the fatty acids in the sample from the Santa Barbara Basin. At all methane-seep

sites examined, the preservation of aquatic products is apparently enhanced because the methane-oxidizing consortium
utilizes much of the sulfate that would otherwise be available for remineralization of materials from the water column.
Crown Copyright # 2000 Published by Elsevier Science Ltd. All rights reserved.

1. Introduction

Recent studies using culture-independent r-RNA
analyses of environmental samples have revealed con-

siderable genetic diversity in natural microbial commu-
nities that exceeds, by far, estimates based on previously
applied, classical microbiological techniques (Pace,
1997). Therefore, in analyses of samples from extreme

environments, we might expect this genetic diversity to

be re¯ected in previously undescribed inventories of
microbial lipids.
The process by which microbes consume large

amounts of methane in anoxic marine sediments has
been a biogeochemical enigma for many years. Nearly
90% of the methane produced in anoxic marine sedi-
ments is recycled through anaerobic oxidation pro-

cesses. As a result, the marine environment contributes
only about 2% of the annual input to the atmospheric
inventory of methane (Reeburgh, 1996). However, the
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organisms and biochemical processes responsible for the
anaerobic oxidation of methane (AOM) have evaded
elucidation.
Recent molecular and isotopic studies have indicated

the participation of archaea1 in an anaerobic, methane-
consuming consortium (Elvert et al., 1999; Hinrichs et
al., 1999; Thiel et al., 1999; Bian et al., 2000). Results of

these studies partly supported existing hypotheses,
which described a consortium consisting of methano-
genic archaea that reverse their metabolism, together

with sulfate-reducing bacteria that utilize H2 or acetate
produced by the archaea. The yield of energy from the
overall process is su�cient for growth (Hoehler et al.,

1994). Seeking possible archaeal methanotrophs, Hin-
richs et al. (1999) identi®ed novel phylotypes that are
chemotaxonomically related to the methanogenic order
Methanosarcinales. More recently, we have extended

this work to a survey of biomolecules that originate
from members of the methanotrophic community at
three seep sites in di�erent environmental settings. In

addition to signals related to archaeal member(s) of the
AOM community, we have found isotopic and chemo-
taxonomic evidence for contributions from previously

unknown bacteria.

2. Experimental methods

2.1. Sampling

Sediment samples were obtained in both the Santa
Barbara Basin (SBB, 34�160N, 119�990W) and Eel River
Basin (ERB, 40�47.080N, 124�35.300W) by the Monterey

Bay Aquarium Research Institute's ROV Ventana using
either push cores (SBB-PC24 and ERB-PC26) or
hydraulic piston cores (ERB-HPC4 and 5). Samples

SBB-PC24 (16±18 cm), ERB-PC26 (13±15 cm), and
ERB-HPC4 (20±22 cm) were collected between 503 and
521 m water depth from active cold seeps hosting large
communities of associated macrofauna (i.e. veicomyid

clams) and sul®de-oxidizing bacterial mats, while ERB
HPC 5 (33±36 cm) was collected from a 521-m control
site outside the active seep area.

2.2. Lipid analyses

Free lipids were extracted using a Dionex Accelerated
Solvent Extraction 200 system at 100�C and 1000 psi
with dichloromethane/methanol (90:1 v/v) as the sol-

vent. Individual compounds were quanti®ed and identi-
®ed using a HP 6890 gas chromatograph equipped with
a J&W DB-5 (60-m length, 0.32-mm inner diameter, and

0.25-mm ®lm thickness) capillary column and coupled to
a HP 5973 mass-selective detector. Stable carbon iso-
topic compositions of individual compounds were
determined using a Finnigan Delta Plus mass spectro-

meter coupled to a HP 6890 GC and equipped with a
column identical to that described above. Column tem-
peratures of both GC systems were programmed from

40�C (1 min isothermal) to 130� at a rate of 20�/min,
and then to 320� (60 min isothermal) at 4�/min. Alco-
hols and fatty acids were analyzed as their trimethylsilyl

ethers and esters, respectively, after reaction with N,O-
bis(trimethylsilyl)tri¯uoroacetamide (BSTFA+1%
TMCS) in dichloromethane (DCM). Reported d values

are means of at least two analyses and have been cor-
rected for the presence of carbon atoms added during
derivatization. Di�erences between individual measure-
ments were generally less than 1%. Sub-fractions of the

total extract (except ERB-HPC4) were also analyzed
isotopically. Extracts were separated into four fractions
of increasing polarity using Supelco LC-NH21 glass

cartridges (500 mg sorbent) and a sequence of solvent
mixtures of increasing polarity (hydrocarbons, 4 ml n-
hexane; ketones/esters 6 ml n-hexane/DCM 3:1; alco-

hols 5 ml DCM/acetone 9:1; and carboxylic acids, 2%
formic acid in DCM).

3. Results and discussion

3.1. Anaerobic methanotrophy and remineralization of

sedimentary organic matter

In the Eel River Basin, biomarkers observed at an

active seep (ERB-PC26) were compared to those at a
control site with no methane venting (ERB-HPC5)
approximately 100 m distant. Gas chromatograms of

the total lipid extracts are shown in Fig. 1. Lipids rela-
ted to methanotrophy were absent from the control site
(Hinrichs et al., 1999). Moreover, the distributions and
concentrations of major algal and plant-wax lipids at

these sites di�er profoundly. For example, sediments at
the active seep contain considerable amounts of wax
alcohols from higher land plants together with algal

sterols, long-chain diols, and ketols with carbon isotopic
compositions characteristic of aquatic primary produ-
cers (Table 1). These compounds are either absent or

present only in trace concentrations at the control site.
Given the proximity of the two sites, this contrast can-
not be attributed to di�erent inputs from the water col-

umn. Assuming that the observed di�erences in
preservation of aquatic products are not related to pos-
sibly di�erent ages of the compared samples, we infer
that they are controlled by di�ering degrees of reminer-

alization by sulfate reduction. This interpretation is
consistent with observations by Borowski et al. (1996,
1999), who reported a clear relationship between the

1 Note current terminology: archaea (previously archae-

bacteria) and bacteria (previously eubacteria).
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depth at which concentrations of sulfate are depleted in
sediments and the di�usive upward ¯ux of methane.
They concluded that, in marine sedimentary environ-

ments with high methane ¯uxes, the anaerobic oxidation
of methane becomes the process controlling removal of
pore-water sulfate. Moreover, Aharon and Fu (2000)

reported that rates of sulfate reduction at cold seeps in
the Gulf of Mexico were up to 600 times higher than
those at control sites, indicating that the oxidation of

methane is clearly the major sulfate-consuming process.
A similar observation was made by Burns (1998) in
sediments from the Amazon Fan, where sulfate reduc-
tion was driven mainly by oxidation of methane rather

than by remineralization of terrestrial organic matter.
At the Eel River site, the contrast between preservation
of lipids at the active seep site and at the control site

illustrates how a supply of methane from below favors
the preservation of organic matter delivered from the
water column. This observation can be explained by

consumption of a signi®cant portion of sulfate (and/or
other electron acceptors) by anaerobic methanotrophy,
thereby reducing the availability of electron acceptors

for remineralization of sedimentary organic matter.

3.2. Mass spectral identi®cation of sn-2-

hydroxyarchaeol

sn-2-Hydroxyarchaeol, a diagnostic biomarker for the
methanogenic archaeal order Methanosarcinales (Koga

et al., 1998), was previously described as a constituent of
sediments at methane seeps, where it was interpreted as
being derived from novel methanotrophic archaea

Fig. 1. Reconstructed-ion-current chromatograms of trimethylsilylated total lipid extracts from (A) a sample 13±15 cm below the

sediment surface at a site of active methane seepage (ERB-PC26) and (B) a control sample 33±36 cm below the sediment surface in the

same basin but remote from any site of methane release (ERB-HPC5). Analytical conditions for both sediment extracts were identical

(similar amounts of extracted sediment, identical dilutions prior injection into the GC). Compound 1=archaeol, compound 2=sn-2-

hydroxyarchaeol.
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(Hinrichs et al., 1999). In the absence of an authentic

standard, this tentative identi®cation of sn-2-hydro-
xyarchaeol was based on interpretation of mass spectra.
We have now obtained electron-impact mass spectra for

a standard isolated from cell material of Methanosarcina
barkeri. The structure of this material has been con-
®rmed by 1H- and 13C NMR and CI±mass spectrometry

(Sprott et al., 1990). Our examination of this authentic
standard yielded, depending on conditions of derivati-
zation, a derivative with one TMS group at the sn-1
hydroxyl position (Fig. 2a; Henrichs et al., 2000), an sn-

1-monoacetate (Fig. 2b), and a derivative with TMS
groups at both the sn-1 hydroxyl group and at the
hydroxyl group of the sn-2-phytan-3-ol moiety (Fig. 2c;

Henrichs et al., 2000). The mono-TMS derivative is
identical to that of the compound previously described
by Hinrichs et al. (1999), con®rming the tentative

assignment as an hydroxyarchaeol, but with one instead
of both hydroxyl functions in the TMS-ether form. A
revised fragmentation pathway is presented in Fig. 2a.
The expected molecular ion at 740 daltons is absent,

although fragments at 725, 722, and 650 daltons are
consistent with the loss of a CH3 radical, H2O, and
TMSOH, respectively from the parent. Fragmentation

of the monoacetate (Fig. 2b) is analogous to that of the
mono-TMS derivative. The molecular ion at 710 amu is
again absent, but its presence is anticipated by virtue of

fragments at 695 (MÿCH3), 650 (Mÿacetate), and 632
daltons [M-(acetate+H2O)]. This pattern strongly sug-
gests that the derivative is the sn-1 monoacetate of sn-2-

hydroxyarchaeol. No diacetate derivative was obtained
under the reaction conditions applied (Fig. 3C).
The fragmentation of the di-TMS derivative di�ers

signi®cantly from that of either compound with a free

hydroxyl group in the alkyl chain. It is directed mainly
by the tertiary OTMS function, leading to three intense
fragments at 143, 341, and 517 daltons (Fig. 2c). Under

the GC±MS conditions applied [scanned from 50 to 800
(upper limit)], the largest visible fragment is at 797 dal-
ton (MÿCH3), followed by a fragment at 722 dalton
(MÿTMSOH).

The chromatograms shown in Fig. 3 indicate the
e�ect of di�ering derivatisation conditions on hydro-
xyarchaeol. Treatment with BSTFA (+1% TMCS) in

DCM yielded roughly equal amounts of mono- and di-
TMS derivatives (Fig. 3A). We initially suspected that
the presence of two major chromatographic peaks indi-

cated formation of an artifact since hydroxydiether core
lipids have been reported to be acid labile (Sprott et al.,
1990). Accordingly, we heated an aliquot of the stan-

dard with 2.5% HCl in methanol at 70�C for 20 min to
test its stability . The single major product formed on
treatment with BSTFA reagent in dichloromethane
(Fig. 3B) proved to be simply the mono-TMS derivative.

Hydrolysis of this compound and rederivatization with
BSTFA reagent in pyridine yielded exclusively the di-
TMS product. We postulate that traces of water and

acid formed either from the trimethylchlorosilane that is
present as a catalyst in the BSTFA reagent or remaining
from our acid treatment favor formation of the mono-

TMS derivative. Reaction with acetic anhydride yielded
exclusively an sn-1-monoacetate and promoted the loss
of water and formation of phytenyl isomers (Fig. 3C).

The di-TMS derivative was formed exclusively upon
derivatization with BSTFA in pyridine/DCM (1:2 v/v,
Fig. 3D). Our observations are similar to ®ndings of ten
Haven et al. (1989), who reported that admixture of

pyridine increased the yield during derivatization of the
tertiary alcohols tetrahymanol and diplopterol.

3.3. Lipids diagnostic for methanotrophic archaea

The Eel River and Santa Barbara basins di�er with

regard to the origins and contents of organic material.
Sediments in the Eel River Basin have a strong terres-
trial component due to the large terrigeneous detritus
load in waters of the Eel River, whereas sediments of the

Santa Barbara Basin contain a signi®cant component of
diatomaceous and other marine algal organic matter
formed in response to strong seasonal upwelling. Pre-

servation of labile organic material in the Santa Barbara
Basin is aided by suboxic to anoxic bottom waters.
Sediments from both basins contain a series of lipids

produced by methanotrophic archaea (Fig. 4; Table 2).
Assignments of archaeal lipids are based on comparison
of mass spectra with literature data (Teixidor and Gri-

malt, 1992; Robson and Rowland, 1993; Bian, 1994;
Schouten et al., 1997), on comparisons with mass frag-
mentation characteristics of alkyl glycerol-ether lipids
(Myher et al., 1974; Egge, 1983), and on analyses of

authentic standards (archaeol, sn-2-hydroxyarchaeol,
dihydrophytol). Carbon isotopic compositions of these
compounds in each seep sample are ÿ100% or lower,

Table 1

Carbon isotopic compositions of sedimentary lipids produced

by photosynthetic organisms at three di�erent seep sitesa

Photosynthetic lipids SBB-PC24 ERB-PC26 ERB-HPC4

d13C (%) d13C (%) d13C (%)

Phytol ÿ26 nd nd

Loliolide ÿ22 nd nd

Cholesterol ÿ25 ÿ23 ÿ21
5a-Cholestan-3b-ol ÿ26 ÿ22 nd

24-Methylcholesta-

5,22-dien-3b-ol
ÿ27 nd nd

Dinosterol ÿ25 nd nd

C30 diol ÿ33 ÿ39 nd

C30 ketol ÿ35 ÿ40 nd

n-Hexacosanol ÿ33 ÿ33 ÿ32
n-Octacosanol na ÿ31 ÿ32

a na, not analyzed; nd, not detected.
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Fig. 2. Electron-impact mass spectra and tentative fragmentation schemes of three derivatives that were produced under di�erent reaction

conditions from an authentic standard of sn-2-hydroxyarchaeol: (a) mono-TMS derivative with silylation at sn-1 hydroxyl group, (b)

mono-acetate with acetylation at sn-1 hydroxyl group, (c) di-TMS derivative. Experimental conditions andmass spectra are given in Fig. 3.
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whereas d values of terrigenous and aquatic lipids range
mostly from about ÿ35 to ÿ22% (Table 1). Concentra-
tions of archaeal compounds at the three seeps di�er
signi®cantly, and were highest at the Santa Barbara

Basin site (SBB-PC24). The two highly 13C-depleted gly-
cerolethers, archaeol and sn-2-hydroxyarchaeol, which
were previously assigned to novel methanotrophic

archaea (Hinrichs et al., 1999), are abundant at all
seeps. The hydroxyarchaeol is consistently most
strongly depleted in 13C at all sites, reaching a d13C
value as low as ÿ128% at SBB-PC24.2 In addition, iso-
topically depleted dihydrophytol was detected at all seep
sites (Table 2). As indicated by its presence in extracts of

cultures of M. burtonii and M. concilii (unpubl. results);
this compound is either diagenetically related to
archaeol or synthesized de novo by some archaea.
The tail-to-tail linked isoprenoids crocetane, 2,6,10,

15,19-pentamethylicosane (PMI), and (poly-) unsatu-
rated analogs of the latter compound have been attrib-
uted to anaerobic, methane-utilizing organisms (Bian,

1994; Elvert et al., 1999; Thiel et al., 1999). PMI and its
analogs with up to ®ve double bonds are known pro-
ducts of some methanogenic archaea (e.g. Holzer et al.,

1979; Schouten et al., 1997). Microbial sources of cro-
cetane are unknown although the tail-to-tail linkage
strongly suggests an archaeon. Crocetane was detected

only at the Santa Barbara Basin seep, while poly-
unsaturated (PMI) was present at SBB-PC24 (PMI:2)
and ERB-HPC4 (PMI:4; Table 2).

3.3.1. Composition of archaeal communities
Based on the lipid distributions, the most diverse

archaeal methanotrophic community is that at the Santa

Barbara Basin seep (Table 2). Biomarker evidence from
two studies (Bian, 1994; Hinrichs et al., 1999) suggested
that crocetane and hydroxyarchaeol were derived from

di�erent archaeal methanotrophs. Speci®cally, these
earlier studies showed the presence of either, but not
both, 13C-depleted crocetane or 13C-depleted archaeol
and hydroxyarchaeol in environments where methane

was being oxidized anaerobically. In a previous study of
Kattegat sediments (Denmark), we found isotopically
light crocetane as the only compound clearly produced

by methanotrophy in the narrow band of sediment
where both methane and sulfate concentrations become
depleted (Bian, 1994; unpubl. data). For example, iso-

topic compositions of fatty acids in the Kattegat sam-
ples did not re¯ect any signi®cant contributions from
methanotrophy. In contrast, seep-related sediments

Fig. 3. Partial, reconstructed-ion-current chromatograms of

products of derivatization of the authentic standard of sn-2-

hydroxyarchaeol: (A) treatment with BSTFA/TMCS(1%) in

dichloromethane 1 h/70�C, yielding a series of dehydrated iso-

mers (*), a di-TMS derivative (2A; Fig. 2C), and a mono-TMS

derivative (2B; Fig. 2A), (B) treatment with BSTFA/

TMCS(1%) in DCM 1 h/70�C and traces of water and acid

(from previous treatment of standard with methanolic HCl

(2.5%) for 20 min), thus inhibiting formation of the di-TMS

derivative and strongly favoring the formation of the mono-

TMS derivative, (C) treatment with acetic anhydride in pyr-

idine/DCM for 1 h/70�C, yielding large amounts of dehydrated

isomers (+) and a mono-acetate (2C; Fig. 2B), and (D) treat-

ment with BSTFA/TMCS(1%) in pyridine 1h/70�C, strongly
favoring formation of the di-TMS derivative (2A). Identical

treatment of compound 2 from the mixture shown in Fig. 3B

leads to the same result.

2 In SBB-PC24, hydroxyarchaeol was detected as both

mono- and di-TMS derivarive, wheras both ERB seep samples

yielded only the mono- TMS derivative. In analogy to experi-

ments undertaken with authentic standards (see above), we

assign this di�erence to matrix-related e�ects that are speci®c

for these particular samples.

1690 K.-U. Hinrichs et al. / Organic Geochemistry 31 (2000) 1685±1701



from the California-margin basins contained both ether-
linked products of archaeal methanotrophs and, as
described below, 13C depleted non-isoprenoidal, bacter-
ial lipids.

3.4. Biomarker evidence for bacterial syntrophic partners

At SBB-PC24 and at ERB-PC26, 13C-depleted sn-1-
alkylglycerolmonoethers are present (Table 3; n.b. non-

Fig. 4. Reconstructed ion chromatograms, showing the relative contribution of lipids derived from methanotrophic archaea, syn-

trophic bacterial partner, and higher plants/algae to total lipid extracts of two seep sediments: (A) ERB-PC26, (B) SBB-PC24.

Archaeol (1), and sn-2-hydroxyarchaeol (2A and 2B). Alkylglycerolmonoether and -diether are designated by M and D, respectively.

K.-U. Hinrichs et al. / Organic Geochemistry 31 (2000) 1685±1701 1691



Table 2

Concentrations and carbon isotopic compositions of sedimentary lipids that are assigned to the methanotrophic archaeal community

at three di�erent seep sitesa

Archaeal lipids SBB-PC24 ERB-PC26 ERB-HPC4

(mg/g) d13C (%) (mg/g) d13C (%) (mg/g) d13C (%)

Archaeol 2.9 ÿ119 0.5 ÿ100 0.4 ÿ100
sn-2-Hydroxyarchaeolb 7.3 ÿ128 0.2 ÿ106 0.1 ÿ101
Dihydrophytol 1.3 ÿ120 na ÿ88 na ÿ81
Unsaturated PMI (C25:2) 1.1 ÿ129 nd nd (C25:4) na ÿ76
Crocetane 0.3 ÿ119 nd nd nd nd

sn-1 Phytanylglycerol-monoether 0.8 ÿ120 0.1 na nd nd

a na, not analyzed; nd, not detected.
b Isotopic composition was determined from the mono-TMS derivative.

Table 3

Concentrations and carbon isotopic compositions of monoalkylglycerolethers and fatty acids at three di�erent seep sitesa

Lipids with bacterial contributions SBB-PC24 ERB-PC26 ERB-HPC4

(mg/g) d13C (%) (mg/g) d13C (%) (mg/g) d13C (%)

sn-1-Monoalkylglycerolether
n-C14:0 1.9 ÿ106 Traces ± Traces ±
i-C15:0 0.4 ÿ57 Traces ± Traces ±
ai-C15:0 0.4 ÿ102 Traces ± Traces ±
n-C15:0 1.0 ÿ101 Traces ± Traces ±
n-C16:1 (cis-o:7)

b 3.5 ÿ109 Traces ± Traces ±
n-C16:1 (cis o:5) 2.0 ÿ105 Traces ± Traces ±
n-C16:0 5.3 ÿ95 0.1 na Traces ±
br-C17:0 (10Me-C16:0) 2.6 ÿ111 Traces ± Traces ±
!-C17:0

b 0.8 ÿ88 Traces ± Traces ±
!-C17:0 0.8 ÿ97 Traces ± Traces ±
n-C18:1 (o:7) 0.6 ÿ43 0.3 ÿ90 Traces ±
n-C18:0 0.5 na Traces ± Traces ±
Average d13Cd ÿ99
Fatty acids (C14±C18)
n-C14:0 2.0 ÿ76 0.1 ÿ55 0.1 ÿ22
i-C15:0 0.3 ÿ56 0.1 na ± ±
ai-C15:0 0.9 ÿ58 0.2 na 0.1 ÿ51
n-C15:0 0.7 ÿ60 0.1 ÿ71 0.1 ÿ23
n-C16:1 (o:10)

b 0.4 ÿ22 0.2 ÿ61 0.1 ÿ25
n-C16:1 (cis o:7) 1.0 ÿ61 0.1 na ± ±
n-C16:1 (o:5) 1.5 ÿ103 0.1 ÿ76 ± ±
n-C16:0 4.9 ÿ41 0.5 ÿ48 0.5 ÿ23
br-C17:0 (10Me-C16:0) 1.6 ÿ99 0.2 ÿ62 ± ±
ai-C17:0 ± ± 0.1 ÿ65 ± ±
!-C17:0

c 0.7 ÿ114 ± ± ± ±
n-C17:0 ± ± 0.1 ÿ45 0.1 na
n-C18:1 (o:9) 0.6 ÿ23 0.1 ± 0.1 na
n-C18:1 (o:7) 1 ÿ52 0.7 ÿ68 ± ±
n-C18:0 1 ÿ26 0.1 na 0.1 ÿ46
Average d13Cb ÿ67 ÿ61 na

a na, not analyzed.
b Double bond positions of fatty acids and monoalkylglycerolethers were determined by DMDS adduction following a procedure

described by Dunkelblum et al. (1985). Assignments of cis- or trans-con®guration were made when two isomers with identi®cal double
bond position were present and is based on relative retention time.

c Compounds with assigned cyclopropyl alkyl chains (!) did not react during DMDS adduction conditions, although the mole-
cular weight indicates one degree of unsaturation. Relative retention times are consistent with published data for cyclopropyl fatty
acids (Taylor and Parkes, 1983).

d Weighted average baded on relative abundances.
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isoprenoidal monoethers as opposed to isoprenoidal
diethers). In sample SBB-PC24, these compounds are
among the predominant constituents of the total
extract, with a concentration of �20 mg/g dry sediment

for the monoethers with alkyl chain lengths between 14
and 18 (Fig. 4B). Both structural and isotopic features
strongly suggest a bacterial source for these lipids. Non-

isoprenoidal glycerol ether lipids are unknown from
archaea (e.g. Langworthy and Pond, 1986a; Gamba-
corta et al., 1994). Known bacterial sources of alkylgly-

cerolmono- and diethers are the thermophilic sulfate-
reducer Thermodesulfotobacterium commune (Lang-
worthy et al., 1983), the thermophilic hydrogen-oxidizer

Aquifex pyrophilus (Huber et al., 1992), and the ther-
mophilic bacterium Thermatoga sp. (DeRosa et al.,
1988). In addition to these phylogenetically deeply-
branching bacteria, thermophilic and mesophilic clos-

tridia have been reported to produce monoethers with n-
alkyl and methyl-branched alkyl chains (Langworthy
and Pond, 1986b). Reports of non-isoprenoidal ether

lipids in natural environments so far have been restric-
ted to hydrothermal environments (Ward et al., 1989;
Zeng et al., 1992a,b) and to amphipods collected at

hydrothermal vents in the Guaymas Basin (Rieley,
1993). In the latter case, these compounds were likely
dietary. In addition, a series of monoethers was isolated

the lugworm Arenicola marina, collected from sediments
of the North Sea (Liefkens et al., 1979), where these
compounds possibly re¯ected a bacterial diet as well.
As shown in Fig. 5, the chain-length distributions of

the ether-bound and fatty-acid alkyl moieties are
remarkably congruent and suggest that a single source
could have contributed to both compound classes. Fatty

acids characteristic of sulfate-reducing bacteria, espe-
cially the methyl-branched C15, C17, and cyclopropyl-
C17 acids (e.g. Taylor and Parkes, 1983; Dowling et al.,

1986), are particularly abundant. Major monoethers in
SBB-PC24 are, in order of decreasing abundance, the n-
C16:0, n-C16:1(o5), methyl-branched-C17:0 (tentatively
identi®ed as 10-methyl-C16:0), and n-C14:0, while fatty acid

concentrations decrease in the order n-C16:0>n-C14:0>n-
C16:1(o7) � branched-C17:0 (10-Me-C16:0) (Table 3,

3).
With a few notable exceptions, the fatty acids are

strongly depleted in 13C relative to products derived
exclusively from algae and higher plants. They are,
however, less depleted than most of the monoethers

(Fig. 6, Tables 1 and 3). The exceptions are the ubiqui-
tous n-C16:1(o9), n-C18:1(o9), and n-C18:0 components with
structures and isotopic compositions that are consistent

with their derivation from algae. These alkyl substituents

were either absent or present in minor amounts in the
glycerolmonoethers.
Most glycerolmonoethers have d13C values ranging

from ÿ111 to ÿ88% (Fig. 6). Only the iso-C15 and n-

C18:1(o7) compounds have relatively heavy d13C values
of ÿ57 and ÿ43%, respectively. These two compounds,
both present in relatively low concentrations, must

derive at least in part from bacteria that utilize carbon
pools una�ected by methanotrophy. Extreme depletions
of 13C, comparable to those of the monoethers, are

observed for the n-C16:1(o5), br-C17:0, and cyclopropyl-
C17 fatty acids (Fig. 6; Table 3). All of the 13C-depleted
non-isoprenoidal glycerol ethers and fatty acids must be

synthesized by bacteria closely linked through carbon
metabolism Ð probably via syntrophy Ð to the
methane-utilizing archaea.
As a group, the monoethers are depleted in 13C relative

to the fatty acids (weighted averages=ÿ99 and ÿ67%,
respectively). The organisms producing the extremely
depleted monoethers are probably also producing fatty

acids with roughly equal delta values. If so, the enrichment
of 13C in the total fatty acid pool is due to dilution by
products of organisms not associated with methano-

trophy. If these have d13C�ÿ25%, mass balance calcula-
tions indicate that about 50% of the fatty acids derive
from the syntrophic bacteria. For a sediment underlying

highly productive surface waters like those of the Santa
Barbara Basin, where concentrations of plankton-derived
lipids are generally high throughout Late Quaternary
sediments (Lajat et al., 1990; Kennedy and Brassell, 1992;

Hinrichs et al., 1995), this 50:50 distribution points to a
highly active methane-based microbial community.
If the mass balance is examined compound-by-com-

pound, the methanotrophic vs. photosynthetic balance
can be determined for each fatty acid. The results are
illustrated in Fig. 7, which shows that the most impor-

tant contributions from the surface-related food chain
are found at the C16 and C18 saturated fatty acids (Fig.
7A). These same compounds are prominent in recent
sediments in the Santa Barbara Basin that are not

characterized by methane seepage (e.g. Lajat et al.,
1990; Hinrichs et al., 1995). In contrast, the calculated
distribution of fatty acids derived from bacterial mem-

bers of the methanotrophic community is quite unusual
for a marine sediment (Fig. 7B). Major compounds are
the br-C17, n-C16:1(o5), and n-C14:0 fatty acids, with esti-

mated concentrations higher than 1 mg/g dry sediment.
The ®rst two compounds are major products of a vari-
ety of sulfate-reducing bacteria (Taylor and Parkes,

1983; Dowling et al., 1986). For comparison, measured
concentrations of glycerolmonoethers are shown in Fig.
7C. Although the relative distribution does not exactly
match that of compounds assigned to the methano-

trophic community, the carbon chains of the ®ve com-
pounds with signi®cantly elevated concentrations are
identical in both distributions.

3 Double bond positions of fatty acids and monoethers were

determined by DMOS adduction according to protocol descri-

bed by Dunkelblum et al. (1985).
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The concentrations of glycerolmonoethers in samples
from the Eel River Basin are signi®cantly lower than in
the sample from the Santa Barbara Basin. Monoethers

in ERB-HPC4 were detectable only in the m/z 205 ion
chromatogram. Consequently, no d values were
obtained for monoethers in this sample. As in SBB-

Fig. 5. Mass chromatograms of mass 205, representing a diagnostic fragment of sn-1-monoalkylglycerolethers (A), and mass 145,

representing an abundant fragment in TMS-esters of fatty acids (B). Peaks are labeled with the carbon number of attached alkyl

moieties, PHY=phytanyl.
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PC24, the distributions of C14±C18 monoethers and fatty

acids in ERB-PC26 are similar, with C18:1 and C16:0

being the major components in both classes. Addition-
ally, the d value of the C18:0 monoether in the Eel River
sample is ÿ900=000, clearly indicating its association with

the methane-based food chain. In spite of these simila-
rities, the distribution of fatty acids and monoethers at
the Eel River seep di�ers from that at the Santa Barbara

seep. The similarities (congruent ether and acid dis-
tributions, clear relationship to methane) suggest that
trophic relationships and types of organisms at each site

are similar. The di�erences (di�erent distributions with
respect to chain length) suggest that the sites di�er at the
level of speci®c organisms. High contributions from the
methanotrophic bacterial community to the pool of

fatty acids at ERB-PC26 are indicated by the low d13C
values of the C14±C18 fatty acids, which range from
ÿ45.4 to ÿ76.4%. The concentration-weighted average

d value of all the C14 to C18 fatty acids is, at ÿ60.8%,
only slightly higher than that in SBB-PC24.
As with the archaeal lipids, the signi®cant site-to-site

di�erences in the abundances of syntrophic bacterial
lipids are probably linked to the activity of the microbial
community and to the absolute methane ¯ux and sulfate

availability at each site. Higher methane ¯uxes should
lead to increased accumulation of methanotrophic bio-
mass, including lipids. More extreme isotopic depletions
of methanotrophic lipids at the Santa Barbara Basin

seep probably indicate a large excess of the carbon sub-
strate, but may also re¯ect a methane substrate, which is

isotopically lighter than that at the Eel River Basin

seeps.
In addition to the glycerolmonoethers, all seeps con-

tain a series of non-isoprenoidal dialkylglycerolethers
with d13C values indicating derivation from methane

(Table 4). The major compound in this class in the two
Eel River Basin seeps is di-n-pentadecanylglycerolether.
This compound was not detected at the Santa Barbara

Basin seep. As with the glycerolmonoethers, the only
known microbial sources for non-isoprenoidal diethers
are A. pyrophilus (Huber et al., 1992) and T. commune

(Langworthy et al., 1983). Zeng et al. (1992a,b) also
found this C15/C15 diether in their study of hydro-
thermal systems at Yellowstone National Park, where it
co-occurred with monoethers. Values of d13C for this

compound are around ÿ65% in samples ERB-PC26
and ERB-HPC4 (Table 4). The precise con®guration
and size of the n-alkyl chains of the major diether in

SBB-PC24 (Fig. 4A) could not be determined from the
mass spectrum. Taken together, the mass spectrum and
the distributions of the monoethers suggest that this

compound is a mixed diether containing both C15 and
C15:1 alkyl chains. Several other 13C-depleted diethers
with mixed alkyl chains were observed at the three seeps

(Table 4). The mass spectra of these compounds are
characterized by features typical of dialkylglycerolethers
(Egge, 1983). Identi®cation of the alkyl chains and their
location at the sn-1 or sn-2 position of glycerol was not

possible based on mass spectra alone. Uncertainties can
be resolved only by comparative analyses of authentic
standards. Therefore, the diethers have been designated

Fig. 6. Carbon isotopic compositions of monoalkylglycerolethers and fatty acids. Labels on the x-axis designate alkyl moieties for

both compound classes.
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only in terms of the sum of the two ether-bound alkyl
chains (e.g. a hypothetical C15/C16:1 diether would be
designated by C31:1). Observed di�erences in the dis-
tribution of mixed diethers also appear to have a con-

gruence with those observed for monoethers and fatty
acids, and probably re¯ect local characteristics of the
bacterial communities.

3.5. Implications of molecular evidence

The combined isotopic, phylogenetic, and chemo-
taxonomic evidence now practically requires that the

anaerobic oxidation of methane involves a consortium
of at least two organisms, thus con®rming the most
basic aspect of the consortium hypothesis (Hoehler et

Fig. 7. Concentrations of fatty acids derived from photosynthetic (A) and methane-related sources (B) based on observed d values

(Fig. 6) and end member isotopic compositions of ÿ25 and ÿ106%, respectively. For comparison, the distribution of glycer-

olmonoethers is shown in (C). Labels on the x-axis designate alkyl moieties for both compound classes. Multiple entries for the

monounsaturated compounds refer to di�erent isomers in order of elution (Fig. 5).
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al., 1994), namely that the process is not mediated by a
single organism. The consortium apparently includes

archaeal relatives of methanogens and psychrophilic or
mesophilic sulfate-reducing and/or hydrogen-oxidizing
bacteria that, based on the presence of unusual lipids,

might have a phylogenetic relationship to the hypother-
mophiles (e.g. Aqui®cales, Thermatogales) located
toward the base of the rRNA-based phylogenetic tree.
Important questions about biochemical mechanisms

and thermodynamics remain unresolved, but several
lines of evidence suggest that the archaeal members of
the community are utilizing methane as a substrate for

growth and production of energy, while a bacterial
member regulates concentrations of an intermediate,
probably H2 or acetate (Hoehler et al., 1994). If so, the

concentration of the intermediate must be low enough
that the archaeal, methane-consuming reaction, is exer-
gonic and high enough that the bacterial, intermediate-
oxidizing reaction is also exergonic. Some form of feed-

back is presumably involved.
At each seep, lipids from archaeal methanotrophs are

generally isotopically lighter than lipids produced by

bacterial members of the community (Fig. 8). This is
consistent with direct utilization of methane, but not
proof for it. Because isotope e�ects associated with the

individual, archaeal and bacterial processes are not
known, the isotopic compositions cannot be interpreted
as decisively requiring consumption of methane by the

archaea rather than the bacteria. Caution is in order
particularly because members of the methanogenic
archaeal order Methanosarcinales are known for their
remarkably high isotopic fractionation during lipid bio-

synthesis (Summons et al., 1998).
However, as reviewed by Hoehler et al. (1994) and

Hoehler and Alperin (1996), several lines of evidence

support a hypothesis in which an archaeon, acting either
as obligate methanotroph or as facultative methanogen
with the capability of methanotrophy under certain
environmental conditions, starts a chain of oxidative

reactions by chemically activating methane, thus leading
to a biochemical pathway consistent with a reversal of
the methane-production pathway used by methanogenic

archaea. While known sulfate-reducing bacteria in cul-
tivation have failed to oxidize methane (Harder, 1997),
this capability has been demonstrated for methanogenic

archaea, although net oxidation of methane was not
observed (Zehnder and Brock, 1979). Nevertheless, the
latter study provided evidence that methanogenic

archaea possess a metabolic system for the chemical
activation of methane. Based on present evidence and
knowledge, it is unlikely that the sulfate-reducing bac-
terium utilizes methane directly and that the archaeal

partner is depleted in 13C because it assimilates some
product released by the sulfate-reducer.
Theoretically, sulfate, iron, manganese, or nitrate

have to be considered as potential electron acceptors
utilized by the bacterial syntrophic partners, which
could either grow autotrophically on CO2+H2, on

acetate, or on reduced C1 compounds. In other local-
ities, however, evidence for net transfer of electrons
from methane to sulfate is compelling (Iversen and Jùr-

gensen, 1985). Analyses of pore waters at the present
sites are underway and will help to identify the electron
acceptors. However, assessments based on pore-water
chemistry might not be su�cient, considering that ¯uid-

¯ow dynamics at an active methane seep (Tyron et al.,
1999) can lead to non-steady-state redox potentials in
sediments where methane is being oxidized.

The low d13C values of the bacterial lipids, which are
slightly less depleted than those of the methanotrophic
archaea, suggest that bacterial members of the con-

sortium must utilize a carbon substrate which is almost
exclusively derived from oxidation of methane. Alter-
natively, the methane-derived carbon pool is appreci-
ably diluted by products of microbial breakdown of

sedimentary organic matter or with oceanic bicarbonate
and a very large isotope e�ect is associated with the
uptake of carbon by the syntrophic bacteria. Notably,

the carbon kinetic isotope e�ect associated with pro-
duction of acetate by autotrophic acetogens is �58%
(Gelwicks et al., 1989). That process is catalyzed by

carbon monoxide dehydrogenase, which also plays a
role in the assimilation of C by some sulfate-reducing
bacteria. Dilution of methane-derived carbon might,

however, very possibly be avoided within micro-
environments. Aggregates that could host such micro-
environments have been observed in other syntrophic
associations of archaea and bacteria (Harmsen et al.,

1996).
Alternative pathways leading to the accumulation of

bacterial ether lipids strongly depleted in 13C, e.g. utili-

Table 4

Carbon isotopic compositions of dialkylglycerolethers at three

di�erent seep sites (in %)a

Glyceroldiethers SBB-PC24 ERB-PC26 ERB-HPC4

Di-n-

pentadecylglycerolether

nd ÿ66 ÿ65

M=582 (30:1)b ÿ111 nd nd

M=596 (31:1) nd nd nd

M=596 (31:1) nd nd ÿ82
mix M=608, 610

(32:2, 32:1)

ÿ119 nd nd

M=610 (32:1) nd nd ÿ59
M=636 (34:2) nd nd ÿ85
M=636 (34:2) nd ÿ88 nd

a For diethers with unknown substitution, the total, ether-

linked alkyl chain length and number of double bonds is indi-

cated. na, not analyzed; nd, not detected.
b Parenthesized number represent combined properties of

the two alkyl chains.
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zation of light methanotrophic biomass by some bac-
teria not directly involved in AOM, can be excluded.
The only known sources of non-isoprenoidal glycerol
ethers other than thermophilic sulfate-reducers or

hydrogen-oxidizers are anaerobic fermentative bacteria
like Thermatoga sp. (which produces the structurally
distinct 15,16-dimethyl-30-glyceryloxytriacontanoic

acid; DeRosa et al., 1988) and thermophilic and meso-
philic clostridia [which, according to a comment by
Langworthy and Pond (1986b), produce n- and iso-alkyl

C15±C17 monoethers, though no further report has
appeared]. Relatives of both Thermatogales and Clos-
tridia are unlikely candidates as members of a methane-

oxidizing syntrophic community, since these micro-
organisms commonly produce H2 rather than consume
it (Madigan et al., 1997).

3.5.1. Controls on methanotrophic biomass production
and isotope fractionation-speculations
The seep sites in the two basins are notably di�erent

with regard to both amounts of methane-related bio-
mass and ranges of isotopic compositions (Tables 2±4,
Fig. 8). For example, the total amount of methano-

trophic lipids is more than two orders of magnitude
higher in SBB-PC24 compared to ERB-HPC4 and
exceeds that of ERB-PC26 by more than one order of

magnitude. Moreover, d13C values of microbial lipids in
SBB-PC24 reach minimum values that are about 30%
below those measured in the two seeps from the Eel
River Basin. Two principal factors are likely to have led

to these di�erences: (1) environmental controls such as
the ¯ux and d13C of methane and permeability to sul-
fate, and (2) the structures of the microbial commu-

nities.
No quantitative ¯ux data are available to sustain the

hypothesis that a relatively higher ¯ux of methane at the

Santa Barbara Basin seep has led to the accumulation of
particularly large amounts of methanotrophic lipids in
the sediment. As for the high accumulation of lipids

from syntrophic community members, the large isotopic
depletions in archaeal and bacterial lipids at this site
could be related to relatively high availability of the
methane substrate.

The production of larger amounts of methane-related
biomass at the Santa Barbara Basin seep might be rela-
ted to the composition of the microbial community, in

particular with respect to the bacterial syntrophic part-
ners. Comparative studies of di�erent microorganisms
in pure culture and in syntrophy show that metabolic

activities and biomass production increase signi®cantly
during syntrophic growth relative to growth in isolation
(Canganella and Jones, 1994; Cord-Ruwisch et al.,

Fig. 8. Ranges of carbon isotopic compositions of sedimentary lipids assigned to di�erent sources from three di�erent methane seeps.

Ranges for the bacterial syntrophic partner were based on isotopic compositions of the non-isoprenoidal ether lipids.
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1998), with energy yields being signi®cantly higher than
calculated on the basis of measurable concentrations of
intermediates (Cord-Ruwisch et al., 1998). Sample SBB-
PC24 is unique not only in the sense of accumulated

methanotrophic biomass and the diversity of the micro-
bial community as indicated by the lipid composition; it
is also the only sample in which the amount of lipid

biomass from bacterial syntrophic partners signi®cantly
exceeds that from archaea. In contrast, in sample ERB-
HPC4 (which has the lowest abundance of lipids related

to methanotrophy), bacterial monoalkylglycerolethers
occur in trace concentrations. This suggests that envir-
onmental factors in the Santa Barbara Basin favor the

growth of the bacterial syntrophic partners, contribut-
ing signi®cantly to higher rates of biomass production
and energy yield.

4. Conclusions

1. Chemotaxonomic and isotopic evidence derived
from analysis of three methane seeps indicates
that methane is oxidized anaerobically by a syn-

trophic community consisting of (a) archaea rela-
ted to, but distinct from, known methanogenic
bacteria and (b) unknown bacterial partners. The

presence of high concentrations of alkylglycer-
olethers, which are known only from thermophilic
and hyperthermophilic sulfate-reducing bacteria
and from hydrogen-oxidizing bacteria (e.g. Aqui-

®cales, Thermatogales, Hydrogenobacter sp.), sug-
gests that a phylogenetic association may exist
between the latter and the seep bacteria.

2. Three general groups of lipids appear to be exclu-
sively related to biomass produced by members of
the syntrophic community. These occur in di�er-

ent distributions and concentrations at di�erent
seep sites. Tracers for archaeal community mem-
bers are derivatives of diphytanylglycerolethers
(detected at all methane seeps), tail-to-tail-linked

C20 and C25 isoprenoids (abundant only in the
Santa Barbara Basin), dihydrophytol, and sn-1
phytanylglycerolmonoether. Isotopic composi-

tions of archaea-speci®c lipids range mostly from
ÿ128 to ÿ80%. Bacterial members of the com-
munity are represented by non-isoprenoidal

mono- and dialkylglycerolethers with carbon iso-
topic compositions ranging from ÿ111 to ÿ43%.

3. Lipids related to the aquatic food chain are more

abundant at methane seeps than at nearby control
sites. Since inputs of materials from the water
column at seep and control sites must be similar, it
follows that the input of methane stimulates a

community that is able to capture sulfate that
would otherwise be used in the remineralization of
detrital organic matter. A consequence of this is

enhanced preservation of products delivered
through the water column.

4. The tentative identi®cation of sn-2-hydro-
xyarchaeol (Hinrichs et al., 1999) has been con-

®rmed by comparison of trimethylsilyl and acetate
derivatives of an authentic standard.
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