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Abstract—The anaerobic oxidation of methane in aquatic environments is a globally significant sink for a
potent greenhouse gas. Significant gaps remain in our understanding of the anaerobic oxidation of methane
because data describing the distribution and abundance of putative anaerobic methanotrophs in relation to rates
and patterns of anaerobic oxidation of methane activity are rare. An integrated biogeochemical, molecular
ecological and organic geochemical approach was used to elucidate interactions between the anaerobic
oxidation of methane, methanogenesis, and sulfate reduction in sediments from two cold seep habitats (one
brine site, the other a gas hydrate site) along the continental slope in the Northern Gulf of Mexico. The results
indicate decoupling of sulfate reduction from anaerobic oxidation of methane and the contemporaneous
occurrence of methane production and consumption at both sites. Phylogenetic and organic geochemical
evidence indicate that microbial groups previously suggested to be involved in anaerobic oxidation of methane
coupled to sulfate reduction were present and active. The distribution and isotopic composition of lipid
biomarkers correlated with microbial distributions, although concrete assignment of microbial function based
on biomarker profiles was complicated given the observed overlap of competing microbial processes.
Contemporaneous activity of anaerobic oxidation of methane and bicarbonate-based methanogenesis, the
distribution of methane-oxidizing microorganisms, and lipid biomarker data suggest that the same microor-

ganisms may be involved in both processes.

1. INTRODUCTION

A substantial increase in atmospheric methane concentration
over the past two centuries has contributed to present-day
global warming (Intergovernmental Panel on Climate Change,
2000). Additional evidence links atmospheric methane concen-
trations with global-scale climate change throughout geologic
time (Katz et al., 1999; Hesselbo et al., 2000; Thomas et al.,
2002). Though the largest known reservoirs of methane occur
in marine sediments as methane hydrate (Kvenvolden, 1988),
the contribution of this reservoir to the atmospheric methane
pool is moderated by the anaerobic oxidation of methane
(AOM). Rate measurements, geochemical profiles and reac-
tion-transport modeling results indicate methane is consumed
anaerobically using sulfate as electron acceptor according to
the following net equation (Barnes and Goldberg, 1976; Ree-
burgh, 1976; Devol et al., 1984; Iversen and Jgrgensen, 1985;
Hoehler et al., 1994):

CH, + SO” - HCO; + HS™ + H,0 (1)

Although the correlation between AOM and sulfate reduc-
tion (SR) has been observed in a variety of environments, the
biogeochemical mechanism behind AOM remains to be deter-
mined (Hoehler et al., 1994; Valentine and Reeburgh, 2000;
Sgrensen et al., 2001; Nauhaus et al., 2002). Phylogenetic and
organic geochemical data have identified a putative syntrophic
consortia of anaerobic methanotrophs and sulfate reducing bac-

* Author to whom correspondence should be addressed (mjoye@
uga.edu).

4267

Copyright © 2005 Elsevier Ltd

teria that mediate AOM, but the metabolic intermediate(s)
exchanged between the participating microbes is unknown
(Hoehler et al., 1994; Elvert et al., 1999; Boetius et al., 2000;
Hinrichs et al., 2000; Orphan et al., 2001b). The anaerobic
methanotrophs (named ANME) are phylogenetically related to
methanogenic archaea, while the sulfate reducing bacteria are
associated with the Desulfosarcina/Desulfococcus cluster
(Boetius et al., 2000; Orphan et al., 2001a; Knittel et al., 2003).
Additional molecular data suggest the involvement of multiple
archaeal and bacterial groups in AOM (Hinrichs et al., 2000;
Pancost et al., 2000; Orphan et al., 2001a; Thomsen et al.,
2001; Orphan et al., 2002; Teske et al., 2002). Available 16S
clone library evidence suggests that classical methanogens are
rare in ANME communities, with the exception of the hydro-
thermally-heated sediments of the Guaymas Basin (Teske et al.,
2002). Recent genomic and proteomic data from samples nat-
urally enriched in ANME microorganisms showed that they
contained modified methanogenic genes and enzymes, suggest-
ing that the biochemical mechanism of AOM is a reversal of
the bicarbonate-based methanogenesis (Bi-MOG) pathway
(Hallam et al., 2003, 2004; Kriiger et al., 2003). The question
remains as to whether ANME microorganisms switch between
AOM and methanogenesis (MOG) as a function of environ-
mental conditions.

The processes of AOM, MOG and SR may interact in a
variety of ways but no previous work has documented patterns
of these processes in comparison to microbiological and geo-
chemical variables. While a number of studies of surficial
sediments have focused on interactions between SR and AOM
(Hoehler et al., 1994; Hansen et al., 1998; Joye et al., 2004) or
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SR and MOG (Oremland and Polcin, 1982; Lovley and Klug,
1986), few have investigated potential interaction(s) between
AOM and MOG. Available data show that rates of MOG vary
considerably in comparison to AOM rates. In sediments from a
barrier lagoon (Cape Lookout Bight, USA), AOM occurred in
sulfate-depleted sediments at ~10% the rate of Bi-MOG:; both
AOM and Bi-MOG were stimulated when sediments were
amended with sulfate (Hoehler et al., 1994). In contrast, in
sediments from another coastal environment (Eckernférde Bay,
Germany), AOM was limited to sulfate-containing sediments,
and Bi-MOG rates were ~40% to 50% of AOM rates (Treude
et al., 2005). In benthic microbial mats from the Black Sea,
Bi-MOG rates were comparable to AOM and SR rates (Treude,
2003); the majority of archaeal biomass in these mats was
associated with ANME-1 and ANME-2 (based on 16S clone
libraries and FISH; Knittel et al., 2005). Thus, the activity of
AOM and MOG exhibit variability with respect to the geo-
chemical environment, being restricted to sulfate-depleted sed-
iments in one case and sulfate-replete sediments in another, and
the relative magnitude of rates of MOG to those of AOM
spanned a considerable range, from 10% to 100% of AOM
rates. The observed variation in patterns of methanotrophic and
methanogenic activities could result from variability in geochemi-
cal factors, microbial community structure, or additional, un-
known factors.

To further understand why the processes of AOM and SR
appear to be tightly coupled in some cases (Hinrichs and
Boetius, 2002) but only loosely coupled in others (Joye et al.,
2004), and to document the interaction between AOM and
MOG, we investigated these processes in two types of cold
seep habitats on the continental slope in the Northern Gulf of
Mexico. One site featured a brine pool, the absence of surficial
gas hydrates, and a fluid flux of methane-saturated brine; the
second site was characterized by surficial and deep gas hydrates
and contemporaneous seepage of methane, other alkanes and
oil. We used an integrated biogeochemical, molecular biologic
and organic geochemical approach to holistically characterize
the environment. '“C- and *°S-based radiotracer assays re-
vealed weak coupling between AOM and SR (e.g., <1:1 stoi-
chiometry as would be expected from Eqn. 1) and contempo-
raneous activity of AOM and Bi-MOG, with Bi-MOG rates
amounting to ~10% of AOM rates. Microbial distribution and
lipid biomarker data illustrated the abundance of putative meth-
anotrophic Archaea, but these data were insufficient to deter-
mine concretely the metabolic role of these microbes since
AOM and MOG activity overlapped.

2. METHODS
2.1. Study Sites and Sample Collection

Along the continental slope in the northern Gulf of Mexico, salt
tectonics generate fault networks that act as natural migration pathways
for oil, gas, and brine fluid from deep reservoirs to surficial sediments
(Behrens, 1988; Kennicutt et al., 1988; Aharon, 1994). When pressure
and temperature conditions on the bottom are suitable, high gas fluxes
result in gas hydrate formation (Sloan, 1990; Kvenvolden, 1993;
Milkov and Sassen, 2000; Dickens, 2001). Seepage of gas charged
brine vs. oil and gas support distinct cold seep environments dominated
by brine pools and mud volcanoes (in the former case) or gas hydrates
(in the latter case). Both types of cold seeps are characterized by
abundant chemosynthetically-based communities of free-living bacte-
ria (e.g., Beggiatoa, Thioploca, Thiomargarita) and symbiotic macro-

fauna (e.g., Lamellibranchia sp. and Escarpia sp. tube worms with
thiotrophic symbionts, and Bathymodoilius-like mussels with meth-
anotrophic symbionts (MacDonald et al., 1989, 1994, 2003; Sassen and
MacDonald, 1994; Sassen et al., 2001).

Samples were collected during dives of the manned submersible
Johnson Sea Link II operated from the R/V Seward Johnson 1I (Harbor
Branch Oceanographic Institute) during the summer of 2002 using
methods described previously (Joye et al., 2004). One suite of samples
was collected at a brine-influenced seep (GC233; 27:43.3844N, 91:
16.6054W, 650 m water depth). Seepage was dominated by gas-
charged brine; no gas hydrate or oil seepage was evident (MacDonald
et al., 1990a; Sassen et al., 1994). At this site, a brine pool (~190 m?;
MacDonald et al., 1990b) was surrounded by concentric rings (3—7 m
wide) of densely-packed mussels (MacDonald et al., 2003). Sediment
cores were collected along the outer edge of the mussel bed, ~3 to 5 m
from the edge of the brine pool, where microbial mats dominated by a
Thiomargarita namibiensis-relative (Kalenetra et al., 2005) were abun-
dant. The second suite of samples was collected from a hydro-
carbon-influenced seep in lease block GC232 (27:44.4566N,
91:18.9812W, 504 m water depth). The GC232 site lies ~4 km west of
GC233 (De Beukelaer et al., 2003; Sager et al., 2003) and was char-
acterized by abundant, large (~2 m in diameter) surficial gas hydrate
mounds and seepage of methane and oil. The sediment surface was
covered by a plush mat of vacuolate sulfide-oxidizing bacteria (Beg-
giatoa spp.). Sediment push cores (7 cm I.D., ~30 cm core tube length,
average recovery of ~15 cm of sediment) were collected carefully
using the robotic arm of the submersible. Upon return to the surface,
cores were transferred immediately to an environmental lab held at
bottom water temperature (~8°C) where all subsequent processing was
conducted.

2.2. Core Sectioning, Porewater Collection and Analysis

Several replicate cores were recovered from an area of ~1 m?. One
replicate core was used for each of the following procedures: (1)
porewater and solid phase analyses, (2) AOM and SR rates, molecular
ecology and lipid biomarkers samples, and (3) MOG rates. For pore-
water and solid phase sample collection, each core tube was fitted with
a piston (black rubber stopper) and mounted on a hydraulic extruder.
The sediment was extruded at 2-cm intervals into an Argon-filled glove
bag in a cold room. At each depth interval, a 2-mL subsample was
collected into a cut-off syringe for dissolved methane quantification.
The sediment was transferred immediately to a 6-mL helium-purged
serum vial that contained 2 mL of helium-purged 2 mol/L NaOH,
which served to arrest biologic activity in the sample, and crimp sealed
with a butyl rubber stopper. Another 1-mL subsample was collected
into preweighed and precombusted glass vial for determination of
porosity (determined by the change in weight after drying at 80°C to a
constant weight). The remaining material was transferred into a PVC
cup for attachment to a Reeburgh-type squeezer for porewater extrac-
tion (Joye et al., 2004). Sample fixation and analyses for quantifying
dissolved methane (CH,), sulfide (HS ™), sulfate (SO,), chloride (Cl™)
and bicarbonate (DIC or HCO5') followed the methods of Joye et al.
(2004). Samples for volatile fatty acids analysis, primarily for acetate
(CH5COO™), were filtered (0.2 wm) and stored frozen until quantifi-
cation using HPLC (Albert and Martens, 1997).

2.3. Rate Measurements

To determine AOM and SR rates, one to six subcores (30 cm long X
2.54 cmi.d.) were collected from a core (7 cm i.d.) by manual insertion.
Each Plexiglas subcore had predrilled, silicone-sealed injection ports at
1 cm intervals along one side of the core. The water phase overlying the
core was maintained during subcoring and the ends of the core tubes
were sealed securely with black rubber stoppers. For AOM, 100 uL of
dissolved '*CH, tracer (~35,000 dpm in slightly alkaline milliQ water)
was injected into each silicone-filled port. Cores were incubated for
12 h at bottom water temperature (8°C). Following incubation, cores
were extruded and subsamples were collected at 1 cm intervals and
immediately transferred to 20-mL glass vials containing 2 mL of 2
mol/L NaOH (which served to arrest biologic activity and fix '*C-CO,
and '*C-HCO5). Each vial was sealed with a Teflon-lined screw cap,
vortexed to mix the sample and base, and immediately frozen. Time
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zero samples were fixed immediately after tracer injection. The specific
activity of the tracer (**CH,) was determined by injecting 100 uL
directly into scintillation cocktail (Scintiverse BD) followed by liquid
scintillation counting (Joye et al., 1999). The accumulation of '*C
product (**CO,) was determined by acid digestion following the
method of Joye et al. (1999, 2004). The AOM rate was calculated using
Eqn. 2:

AOM rate = [CH,] X acp/t X (a-'*CO,/a-"*CH,) 2)

Here, the AOM rate is expressed as nmol CH, oxidized per cm?
sediment per day (nmol cm > d 1), [CH,] is the methane concentration
(nmol/L), oy, is the isotope fractionation factor for AOM (1.06;
Alperin and Reeburgh, 1988), ¢ is the incubation time (d), (1—]4CO2 is
the activity of the product pool, and a-'"*CH, is the activity of the
substrate pool.

For SR rate measurements, each port was injected with 100 uL of
slightly alkaline milliQ water containing ~2 uCi of Na3°SO,. Cores
were incubated and sectioned as described above. Each section was
transferred to a 50-mL centrifuge tube containing 10 mL of 20% zinc
acetate to halt microbial activity and fix H3’S as Zn*>S. The accumu-
lation of H3>S product was recovered in a one-step hot chromous acid
digestion (Canfield et al., 1986; Fossing and Jgrgensen, 1989). The
activity of ZnS and sulfate fractions was determined by scintillation
counting. The sulfate reduction rate was calculated using Eqn. 3:

SR rate = [SO,] X agos/t X (a — HY’'S/a—*S0,) 3)

The SR rate is expressed as nmol SO, reduced cm™* d ™', agq, is the
isotope fractionation factor for sulfate reduction (1.06; Jgrgensen,
1978), [SO,] is the pore water sulfate concentration (mmol/L), ¢ is
incubation time (d), a-H3’S is the activity of the product pool, and
a-*S0, is the activity of the substrate pool.

Rates of Bi-MOG and acetoclastic methanogenesis (Ac-MOG) were
determined by incubating samples in gas-tight, closed-tube vessels
without headspace, to prevent the loss of gaseous '*CH, product during
sample manipulation. For collection of subsamples, a polycarbonate
manifold containing 8 predrilled holes that were slightly larger than the
diameter of the sample tubes was placed on top of the sediment core.
The sediment was extruded into the manifold at 2 cm intervals and then
a stainless steel blade was inserted at the base of the device to isolate
the section from the remaining sediment. Next, 6-8 glass tubes (20-mL
Pyrex Hungate culture tubes with the rounded end removed) were
inserted through the predrilled holes into the sediment, stopping at the
blade. Tubes were sealed using custom-designed plungers (black Hun-
gate stoppers with the lip removed containing a plastic “tail” that was
run through the stopper) were inserted at the base of the tube; the
sediment was then pushed via the plunger to the top of the tube until a
small amount protruded through the tube opening. A butyl rubber septa
was then eased into the tube opening to displace sediment in contact
with the atmosphere and close the tube, which was then sealed with a
open-top screw cap. The rubber materials used in these assays were
boiled in 1 N NaOH for 1 h, followed by several rinses in boiling
milliQ, to leach potentially toxic substances.

A volume of radiotracer solution (100 uL of *C-HCO; tracer [~1
X 107 dpm in slightly alkaline milliQ water] or 1,2-'*C-CH,COO~
tracer [~5 X 10° dpm in slightly alkaline milliQ water]) was injected
into each sample. Samples were incubated as described above and then
2 mL of 2 N NaOH was injected through the top stopper into each
sample to terminate biologic activity (time zero samples were fixed
before tracer injection). Samples were mixed to evenly distribute
NaOH through the sample. Production of '“CH, was quantified by
stripping methane from the tubes with an air carrier, converting the
1“CH, to '*CO, in a combustion furnace, and subsequent trapping of
the 14CO2 in NaOH as carbonate (Crill and Martens, 1986; Cragg et al.,
1990). Activity of '*CO, was measured subsequently by liquid scin-
tillation counting. The rates of Bi-MOG and Ac-MOG rates were
calculated using Eqn. 4 and 5, respectively:

Bi-MOGrate = [HCO; | X aycoy/t X (a—"*CH,/a-H“CO;) (4)

Ac-MOGrate = [CH,COO ] X atenscoo-/t X (a-"*CH,/a-14CH,
C00~

Both rates are expressed as nmol HCO; or CH;COO ™, respectively,
reduced cm ™ d ™', aycos and acyscoo- are the isotope fractionation
factors for MOG (assumed to be 1.06; Krzycki et al., 1987; Gelwicks
et al., 1994). [HCO;3 ] and [CH;COO ] are the pore water bicarbonate
(mmol/L) and acetate (umol/L) concentrations, respectively, ¢ is incu-
bation time (d), a-"*CH, is the activity of the product pool, and
a-H'*CO; and a-14CH}*COO are the activities of the substrate pools.
All rates reflect correction for porosity where appropriate.

2.4. Microbial Distribution

The abundance and associations of specific microbial groups were
evaluated using fluorescence in situ hybridization (FISH) techniques
that targeted 16S rRNA (Pernthaler et al., 2002). Due to high back-
ground fluorescence from oil in sediment preparations, mono-labeled
fluorescent oligonucleotide probes were not sensitive enough for robust
detection of microbes; thus, a immunochemical-based FISH protocol
was used to increase signal intensity (Pernthaler and Amann, 2004). In
catalyzed reporter deposition FISH (CARD-FISH; also described else-
where as the tyramide signal amplification [TSA] system; Schonhuber
et al., 1997), multiple copies of fluorescently-labeled tyramide mole-
cules bind to oligonucleotide probes bound with horseradish peroxidase
(HRP), which increases the fluorescent label per copy of rRNA in the
target cells relative to mono-labeled FISH.

Sediment samples for cell counts and FISH were fixed in 3.7%
formaldehyde buffered in 1XPBS (140 mmol/L NaCl, 10 mmol/L
sodium phosphate, pH 7.6) for 4 to 8 h at 4°C, washed in 1 XPBS, and
subsequently stored in 1:1 1XPBS:ethanol (EtOH) at —20°C until
analysis (Boetius et al., 2000). Immobilization of cells on filters for
hybridization followed methods described previously (Boetius et al.,
2000). Total cell abundance of single cells and cells in aggregates
(estimated by dividing aggregate size by average size of spherical cells
in aggregate) was determined using acridine orange direct counting
(Orcutt et al., 2004).

The application of FISH probes and amplification of the fluorescence
signal followed the methods of Pernthaler et al. (2002), as modified for
sediment applications. Hybridization filters were covered in a thin layer
of 0.1% (wt/vol) low-melting point agarose (MetaPhor, Bioproducts,
Rockland, Maine), dried at 46°C for 1 h, dehydrated with 80% EtOH
and dried at room temperature (RT). Endogenous peroxidases in fixed
cells were inactivated by incubating filters in 0.01 mol/L. HCI for 10
min at RT. Permeabilization of microbial cell walls was required to
permit passage of the large HRP-labeled rRNA probes into the cells;
these procedures did not compromise the integrity of the cell structure.
Filters were briefly washed in 1XPBS, incubated in SDS solution
(0.5% [wt/vol] sodium dodecyl sulfate in 1XPBS) for 8 min at RT,
washed again in 1XPBS, incubated in fresh lysozyme solution (0.05
mol/L EDTA, 0.1 mol/L Tris [pH 8], 10 mg ml ! lysozyme) for 1 h at
37°C, serially washed in 1XPBS, MilliQ water, and 80% EtOH and
then dried at RT. This permeabilization strategy resulted in robust
enumeration of sediment Archaea and Bacteria with minimal increase
in background fluorescence, loss of target cells, or unspecific binding of
rRNA probes (data not shown).

Hybridization protocols were performed as described previously
(Pernthaler et al., 2002). Filter sections were incubated in appropriate
hybridization buffers (900 mmol/L NaCl, 20 mmol/L Tris-HCI, varying
concentrations of formamide [FA; 99.9% molecular biology grade, see
below for percentage used], 1% blocking reagent [Roche, Basel, Swit-
zerland], 10% [wt/vol] dextan sulfate) with HRP-labeled probes
(Thermo Biosciences GmbH, Germany; ~27 pmol ml~' final concen-
tration) at 35°C for 2 h with gentle mixing. Probes and corresponding
FA concentrations in hybridization buffers used were as follows:
EUB338 I-1II (Daims et al., 1999) for Bacteria (55% FA), ARCH915
(Amann et al., 1990) for Archaea (55% FA), ANMEI-350 (Boetius et
al., 2000) for the ANMEI clade of Euryarchaeota (40% FA), Ee-
IMSX932 (Boetius et al., 2000) for the ANME2 clade of Euryarcha-
eota (40% FA), DSS658 (Manz et al., 1998) for the Desulfosarcina
spp./Desulfococcus spp./Desulfofrigus spp./Desulfofaba spp. clades of
sulfate reducing 8-Proteobacteria (55% FA), and NON338 (Wallner et
al., 1993) as a non-sense negative control probe to check for unspecific
binding (55% FA). Background signal from the nonsense probe
NONB338 was negligible, and thus, is not reported. Probe specificity
was verified by hybridization in samples of defined microbial compo-
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Fig. 1. Composite profiles of geochemistry, rates of microbial processes, microorganism diversity and abundance, and

abundance and isotopic composition of select lipid biomarkers in sediments collected from underneath a bacterial mat at a
brine pool cold seep (GC233) in the Gulf of Mexico. In (A) to (D), filled symbols represent the concentration while open
symbols represent the rate. In (F) to (I), abbreviated names of lipids are presented in legends; see text for explanation of
abbreviations. (A) Methane (CH,) concentration and AOM rate; (B) dissolved inorganic carbon (HCO5') concentration and
the rate of autotrophic methanogenesis (Bi-MOG); (C) acetate concentration and the rate of acetoclastic methanogenesis
(Ac-MOG); (D) sulfate (SO3~) concentration and SR rate; (E) total abundance of specific groups of microorganisms as
determined by CARD-FISH; (F) abundance of select archaeal lipid biomarkers extracted from sediment; (G) 8'*C isotopic
composition of same select archaeal lipid biomarkers; (H) abundance of select bacterial lipid biomarkers extracted from
sediment; (I) §'C isotopic composition of same select bacterial lipid biomarkers. All panels scaled to the same depth axis

(given in [A] and [E] in cm below seafloor).

sition. Synthesis of fluorescently-labeled (Cy3, carboxyfluorescein,
Alexas,, and Alexa,gg dyes) tyramides followed the method of Hop-
man et al. (1998); application of tyramide to hybridized samples
followed the method of Pernthaler et al. (2002). To simultaneously
visualize multiple microbial groups, hybridization and fluorescence
labeling was carried out in sequence using probes labeled with different
fluorescent dyes. Each probe was applied, hybridized, and then signal
amplified. Then, the HRP-label was inactivated by incubating in 0.01
mol/L HCI for 10 min at RT followed by a 1 XPBS wash. The next
hybridization was performed in a similar manner.

Hybridized filters were covered with 4',6’-diamidino-2-phenylindole
(DAPI)-amended mounting solution (1 part 1 XPBS, 5.5 parts Citifluor
mountant, 1 part Vecta Shield mountant, 2 ug ml~" DAPI) for total cell
enumeration. Cell counts using DAPI was comparable to measurements
using AODC (data not shown). Roughly 40 fields (1000-1600 DAPI
cells) were examined for each sample/probe combination to determine
average cell counts. Percentages of each microbial group were deter-
mined by the representative proportion of hybridized cells to DAPI
cells per field. Samples were visualized under 1000X oil-immersion
magnification using an Axioplan II Zeiss epifluorescence microscope
equipped with an HBO 100-W Hg vapor lamp, with appropriate filters
sets for Cy3 and Alexas,q (Chroma, Brattleborough, Conn.), carboxy-
fluorescein and Alexa,gg (Zeiss09; Zeiss, Germany), and DAPI
(Zeiss01; Zeiss, Germany) fluorescence.

2.5. Lipid Biomarkers

Lipid biomarkers were extracted from ~1.4 g wet sediment and
analyzed according to previously described methods (Boetius et al.,
2000; Elvert et al., 2001, 2003). Briefly, total lipids were extracted
following ultrasonification in methanol/dichloromethane. The total
lipid extract (TLE) was saponified with 6% KOH in methanol; neutral
lipids were removed from the saponified TLE by extraction with
n-hexane. Fatty acids were obtained from the remaining TLE phase by
acidification to pH 1 and subsequent extraction with n-hexane. Car-
boxylic (fatty) acid methyl esters (FAMES) were generated from the
fatty acids by reaction with 14% BF; in methanol and subsequent
re-extraction with n-hexane. Alcohol lipid fractions were obtained from
the neutral lipid extract using liquid chromatography separation on a
column of activated silica suspended in dichloromethane. Alcohol
derivatives were generated by reaction with pyridine and BSTFA. Lipid
biomarkers were identified by coupled gas chromatography-mass spec-
trometry (GC-MS) using a Thermoquest Trace GC interfaced to a
Finnigan Trace MS. Compounds were identified by comparison with
mass spectra from known compounds. Carbon isotopic compositions of
individual biomarkers were determined by coupled gas chromatogra-
phy-isotope ratio mass spectrometry (GC-IRMS) using HP 6890 Series
GC interfaced via a Finnigan Combustion Interface III to a Finnigan
Delta plus mass spectrometer. The reported biomarker 8'>C values
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Table 1. Concentrations of sulfide (H,S) and chloride (CI), total cell abundance, and percentage of cells (as determined by CARD-FISH) that were
Bacteria (EUB), Archaea (ARC), of the ANME-1 clade of Euryarchaeota (ANMEL), of the ANME-2 clade of Euryarchaeota (ANME2), or of the
Desulfosarcina/Desulfococcus spp. clades of é-proteobacteria (DSS) in sediments from the Gulf of Mexico.

Depth H,S Cl™ Cells EUB ARC ANMEI1 ANME2 DSS

(cmbsf) (mmol/L) (mmol/L) (10° mL™1) (% cells) (% cells) (% cells) (% cells) (% cells)

Site + dive

GC233 (brine pool) 1 0.2 544.9 5.4 64.5 5.6 2.7 4.6 10.0
3 1.0 531.4 4.8 553 16.9 11.8 74 9.9
Dive 4458 5 2.9 571.1 55 28.9 41 36.1 44 7.0
7 4.6 — 54 22.8 37.6 334 6.9 44
9 — 509.5 6.8 11.7 48.3 459 24 4.6
11 7.0 — — — — — — —
GC232 (hydrate) 1 11.9 556.7 3.7 78.5 4.4 2.5 0.0 18.8
3 18.9 544.4 2.5 79.5 4.1 1.0 0.1 16.9
Dive 4459 5 20.1 535.3 2.2 79 12 3.7 1.0 12.2
7 174 421.9 2.2 74 24.5 19.1 3.0 25.9
9 17.8 468.6 — — — — — —
11 14.5 511.0 — — — — — —

Dashes indicate no data.

have an analytical error of *1.0%0 and have been corrected for the

introduction of additional carbon atoms during derivitization.

3. RESULTS

3.1. Methane Turnover and Sulfate Reduction

In sediments collected from a microbial mat at the edge of
the brine pool (GC233; MacDonald et al., 2003), methane
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1A) and AOM rates were very low (<2 nmol cm™* d~'; Fig.
1A), despite high turnover rates for '*C-methane (~10% turn-
over in 12 h). Dissolved inorganic carbon (HCO; ) concentra-
tion increased steadily with depth, reaching a maximum of 14
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Fig. 2. Composite profiles of geochemistry, rates of microbial processes, microorganism diversity and abundance, and
abundance and isotopic composition of select lipid biomarkers in sediments collected from underneath a bacterial mat at a
gas hydrate cold seep (GC232) in the Gulf of Mexico. Panels and symbols identical to those presented in Figure 1.
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Fig. 3. Photomicrographs of microorganisms in Gulf of Mexico sediments identified using CARD-FISH. Scale bars
represent various lengths. (A) Oil autofluorescence prevented robust usage of mono-labeled FISH probes. Arrow indicates
a cell targeted by a general Archaeal rRNA FISH probe labeled with a green fluorescent dye to illustrate difficulty in
separating signal from oil autofluorescence. (B) Representation of microbial morphologies present. Cells stained with DAPI
(blue). (C) Loose cluster of rods targeted with green-fluorescent probe specific for the ANME-1 group of Archaea. Other
rod-shaped cells in the image (stained with DAPI, blue) may be ANME with a low cellular rRNA content, making these
cells fall below the threshold of detection for FISH. (D) Mono-specific cluster of microorganisms targeted with a
green-fluorescent probe specific for the ANME-1 group of Archaea. No SRB of the Desulfosarcina/Desulfococcus group,
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1B). Both acetate concentrations and rates of Ac-MOG were
also low in these sediments (Fig. 1C). The SR rates, in contrast,
were extremely high between 2 and 8 cm (>3.5 pwmol cm >
d % Fig. 1D). The sulfate concentration decreased from 26 to
15 mmol/L over 10 cm (Fig. 1D). Sulfide (H,S) gradually
increased from 0.2 mmol/L at the surface to 7 mmol/L at 11 cm
(Table 1). Although these sediments were collected from a
brine seep, the pore water chlorinity (Cl7) did not increase
markedly with depth (Table 1), showing that the core did not
penetrate into brine. Averaged over the top 10 cm, AOM and
SR rates were 0.1 and 154 mmol m~2 d ™', respectively, and
the Bi-MOG rate was 4.8 wmol m 2 d "

In contrast to the brine site, sediments collected from a gas
hydrate site (GC232) contained significant concentrations of
methane (<1.5 mmol/L; Fig. 2A), though still below in situ
saturation values (~80 mmol/L). The peak in methane concen-
tration at 5 to 7 cm coincided with the peak in AOM (~160
nmol cm™ > d ™~ '; Fig. 2A) and Bi-MOG (~30 nmol cm ™ * d™';
Fig. 2B). The HCO3 concentration increased rapidly from the
surface (<2 mmol/L) to 5 to 7 cm where concentrations were
~30 mmol/L (Fig. 2B). Acetate concentration, in contrast,
remained fairly constant (<12 wmol/L) down to 5 to 7 cm, then
increased dramatically to ~400 umol/L at 15 cm (Fig. 2C).
Similarly, Ac-MOG was negligible (<0.1 nmol cm > d™ ')
above 5 to 7 cm, but increased gradually to >50 nmol cm >
d™! by 15 cm (Fig. 2C). Sulfate was rapidly consumed within
0 to 4 cm from 28 to ~6 mmol/L and then gradually decreased
between 4 and 10 cm (Fig. 2D). Rates of SR ranged from 80 to
640 nmol cm™> d™" in the upper 10 cm, and were usually
greater than AOM rates (Fig. 2D). The SR rates in deeper
sediments were extremely high (>3.3 wmol cm > d~'; Fig.
2D). Overall concentrations of H,S were high (>11 mmol/L)
throughout the core, with a peak in concentration (~20
mmol/L) at 5 cm (Table 1). A noticeable decrease in CI~ from
557 mmol/L at the surface to 421 mmol/L at 7 cm (Table 1) in
the core suggests freshening of the porewater, possibly via gas
hydrate dissociation during core recovery. Aerial AOM and SR
rates at GC232 in the upper 10 cm were 6.4 and ~30 mmol
m~2 d7', respectively; Bi-MOG and Ac-MOG rates were
~380 and 93.2 wmol m 2 d~ ', respectively.

3.2. Distribution and Diversity of Microorganisms

Using CARD-FISH, we evaluated the abundance patterns of
five groups of prokaryotes. Total cell counts via AODC were
higher in brine sediments (5.6 + 0.7 X 10° cells ml~ ") than in
gas hydrate sediments (2.7 = 0.7 X 10° cells ml~'; Table 1).
In brine sediments, Bacteria dominated the surficial microbial
community; however, below 5 cm, Archaea abundance in-
creased significantly, accounting for nearly 50% of the total
microbial population at 9 cm (Table 1). In contrast, Bacteria

were dominant over depth in hydrate sediments, although the
proportion of Archaea increased with depth (Table 1).

CARD-FISH with group specific primers revealed high num-
bers of putative methanotrophic archaea (i.e., ANME-1 and
ANME-2; Figs. 1E and 2E; Table 1), although the abundance
patterns were noticeably different between sites. At the brine
site, ANME-1 dominated the archaeal microbial population
below 3 cm, increasing from 12% to 46% of the total microbial
community (70%-95% of Archaea) within the zone where
peak SR activity was observed (Fig. 1E). Typically, ANME-1
occurred as short rods (2-3 um in length) or as segmented rod
chains consisting of two to eight cells up to 20 wm in length
(Fig. 3C); mono-specific clusters of ANME-1 up to 25 um in
diameter were also observed (Fig. 3D). Although not present in
high abundance, ANME-2 archaea were typically found in
shell-type consortia with sulfate reducing bacteria (SRB) of the
Desulfosarcina/Desulfococcus spp. (DSS) taxon (Figs. 1E and
3E). Clusters ranged from 5 to 25 wm in diameter. ANME-1
occasionally formed loose clusters with other microorganisms,
including DSS and other unidentified bacteria. DSS-type cells
were most often found associated with ANME-2 cells in shell-
type consortia.

In gas hydrate sediments, ANME-1 was also the dominant
archaeal group (Fig. 2E, Table 1), accounting for up to 20% of
the total microbial population and 78% of total Archaea at
depth. Shell-type consortia of the ANME-2/DSS were more
abundant and generally larger in size at the gas hydrate site.
DSS-targeted cells were often found unassociated with either of
the ANME groups; these microbes had a vibrio-like morphol-
ogy in contrast to the more coccoid-like DSS-SRB that were
observed in the ANME consortia. ANME-2 were not observed
in shell-type consortia with non-DSS cells, although they were
occasionally observed in loose arrangements without associ-
ated DSS (Fig. 3F). Both ANME populations increased around
the depth where rates of AOM and Bi-MOG peaked; DSS
increased in the same interval (Fig. 2E). At this depth, com-
bined numbers of ANME-1 and ANME-2 comprised >96% of
the total Archaea.

3.3. Distribution and C Isotopic Signatures of Lipid
Biomarkers

The abundance and C isotopic composition of signature lipid
biomarkers were evaluated to infer carbon flow through the
microbial population. Unraveling carbon flow in such complex
systems requires knowledge of the isotopic values of various
carbon pools (for example, methane, carbon dioxide, organic
acids, organic matter, etc.; Table 2). The 8'>C-methane at the
brine site was ~14%o to 30%o lighter than that observed at the
hydrate site. Values of 8'>C for acetate or other labile organic
acids (common substrates for sulfate reducers) are, to our
knowledge, unknown at either site.

which were targeted with a red-fluorescent probe, were visible in this cluster. (E) Organized consortia of ANME-2 (targeted
with a group specific green-fluorescent probe) and Desulfosarcina/Desulfococcus spp. (targeted with a group-specific
red-fluorescent probe). ANME-2 were typically found in organized consortia with these SRB. (F) Loose cluster of ANME-2
cells (green) surrounded by other microorganisms which were not related to the Desulfosarcina/Desulfococcus spp. (which

would have been labeled red).
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Table 2. Isotopic composition of various carbon compounds from
gas hydrate and brine pool sites in the Gulf of Mexico.

Compound Gas hydrate Brine pool
Methane 8" C (%o)* 8" C (%o)
Vent gas —48.5° —63.8 to —80"
Hydrate-bound —47.5°
Porewater —49.3°
Particulate organic matter -25¢ -25!
Sedimentary carbonate —15 to —26¢ -10°
Dissolved inorganic carbon -30°
C,,—C;, alkanes (average) -30.1°
Photic zone organic matter —20.6
Crude oil —27#

 Isotopic composition versus the Vienna Pee Dee belemnite stan-

dard.

® From site GC234, ~9.5 km from the site in this study (Sassen et al.,

2004).

¢ From site GC185 (Joye et al., 2004).
4 From site GC234 (Formolo et al., 2004; Joye et al., 2004).

¢ Jahnke et al. (1995).

fClaypool and Kaplan (1974).

2 Kennicutt et al. (1988).

" Same brine pool as this study, GC233 (MacDonald, 2002; Mac-

anald et al., 1990b).

! Same brine pool as this study, GC233 (Joye et al., 2004).

Lipid biomarkers diagnostic for the putative methanotrophic
archaea (i.e., archaeol and sn-2-hydroxyarchaeol; Elvert et al.,
1999; Hinrichs et al., 1999; Orphan et al., 2002) were present
at low concentration at both sites (Figs. 1F and 2F, Tables 3A
and 3B). These biomarkers were very depleted in '*C, with
8'3C values of —90.7%0 to —114.5%o at the brine site (Fig. 1G,
Table 3A) and —83.9%0 to —104.6%o at the gas hydrate site
(Fig. 2G, Table 3B). Generally, stronger '*C-depletions and
higher concentrations were detected for sn-2-hydroxyarchaeol
at both sites with the exception of two depths at the brine site,
where archaeol was more '*C-depleted. Other forms of hydrox-
yarchaeol were not detected at either site. Signature archaeal
hydrocarbon lipids could not be analyzed due to weak signal-
to-noise resolution of lipids against a strong background of an
unresolved complex mixture (UCM; Zhang et al., 2002). Other
important membrane lipids such as glycerol dialkyl glycerol
diethers (GDGTs) and their biphytanic hydrocarbon degrada-
tion products (Hinrichs et al., 2000; Pancost et al., 2001;
Blumenberg et al., 2004) were not targeted by the methods
employed here.

In brine sediments, the most abundant bacterial fatty acid,
cis-11 octadecanoate (18:1w7c; Table 3A), had 8'*C values

Table 3A. Abundance (expressed as ug lipid g~ ' sediment) and isotopic composition (8'*C vs. PDB standard) of select lipid biomarkers extracted
from sediments at a brine influence site in the Gulf of Mexico. See text for explanation of lipid nomenclature.

0-2 cm 2-4 cm 4-6 cm 6-8 cm 8-10 cm
Location Lipid nelg 83 nelg 8'3C uelg st nelg 8"3c nelg 8'3C
GC233 14:0* 10.5 453 5.7 58.5 2.5 55.7 1.2 55.5 0.9 449
i15:0 5.3 — 2.3 — 1.2 — 0.9 — 0.5 —
41.9 48.0 58.9 62.9 68.9
Brine pool al5:0 9.6 — 5.0 — 3.1 — 32 — 2.9 —
41.5 57.1 74.0 79.9 83.7
15:0 2.1 — 1.3 — 0.6 — 0.7 — 0.4 —
452 56.3 61.1 83.3 57.5
16:1w7c 11.5 — 4.6 — 10.2 — 6.4 — 2.7 —
434 474 55.6 66.4 71.9
16:1w5c 20.7 — 11.0 — 33 — 2.7 n.m. 1.1 —
62.6 65.8 72.1 90.4
16:0 41.2 — 19.5 — 7.4 — 7.0 — 4.7 —
40.6 404 37.7 31.3 359
10Me16:0 5.3 — 35 — 0.7 — 0.5 — n.d. n.d.
53.1 64.3 62.6 65.1
17:1w6¢ 1.7 — 1.1 — 1.0 — 1.0 — 0.5 —
54.4 69.0 79.6 76.1 79.1
cyl7:0w5,6 0.7 — 1.1 — 0.5 — 0.5 — n.d. n.d.
112.4 82.6 81.7 73.8
17:0 1.2 — 0.7 — 0.3 — 0.3 — 0.2 n.m.
36.2 39.1 324 329
18:1w9c 6.1 — 29 — 1.2 — 2.0 — 1.1 —
37.4 39.7 40.2 46.2 383
18:1w7c 43.8 — 21.2 — 9.3 — 8.5 — 5.2 —
39.8 48.3 68.6 71.8 79.2
18:0 9.2 — 6.7 — 39 — 45 — 3.1 —
25.4 23.6 20.7 22.5 222
Archaeol® 0.5 — 0.3 — 0.3 — n.d. n.d. 0.3 —
100.5 114.5 109.5 93.2
sn-2-hydroxy 1.1 — 0.6 — 0.7 — n.d. n.d. 0.2 —90.7
113.3 109.2 114.5

n.d. = not detected; n.m. = not measurable due to low signal to noise ratio.

# Bacterial fatty acids.
® Archaeal alcohol lipids.



Molecular biogeochemistry of Gulf of Mexico cold seeps

4275

Table 3B. Abundance (expressed as ug lipid g~ ' sediment) and isotopic composition (8'*C vs. PDB standard) of select lipid biomarkers extracted
from sediments at a gas hydrate site in the Gulf of Mexico. See text for explanation of lipid nomenclature.

0-2 cm 2-4 cm 4-6 cm 6-8 cm 8-10 cm

Location Lipid unglg 8"*C nelg 8'3C pnelg pnelg 8"3C pnelg 8"3C pnelg
GC232 14:0° 18 30.1 13.2 384 14.1 50.1 14.6 56.5 22 40.2

i15:0 16.9 — 11.2 — 9.4 — 8.3 — 1.1 —
30.7 32.8 36.7 52.8 42.8

Gas hydrate al5:0 315 — 28.1 — 229 — 214 — 3.6 —43

30.4 35.2 39.3 53.2

15:0 54 — 3.8 — 3.6 — 4.8 — 0.7 —
314 36.8 442 56.7 41.4

16:107c 344 — 63.3 — 51.8 — 36.1 — 4.1 —
62.5 43.8 44.0 61.0 59.9

16:1w5c¢ 26.8 — 15.2 — 15.7 — 16.2 — 2.3 —
47.8 459 54.6 67.6 57.9

16:0 87 -33 404 — 29.9 — 26.5 — 8.6 —
38.1 39.9 46.1 274

10Me16:0 3.1 — 2.9 — 5.2 — 4.5 — 0.4 —
30.7 45.0 64.9 51.1 49.2

17:1w6¢ 34 — 2.4 — 2.1 — 5.6 — 0.9 —
304 45.0 63.4 54.1 54.2

cyl7:0w5,6 0.8 — 1.5 — 2.9 — 54 — 1.2 —
46.6 56.0 79.6 55.3 523

17:0 34 — 1.9 — 1.5 — 1.5 n.m. 0.5 —
353 31.1 30.1 25.5

18:109¢ 14.6 — 9.7 — 6.5 — 52 — 1.3 —
24.7 324 32.6 45.5 34.7
18:1w7c 124.2 —30.2 31.6 —43.8 27.1 —46.8 32.0 —63.6 6.2 —70.1

18:0 17.1 — 13.7 — 9.1 — 8.1 — 11 —
25.3 26.9 232 28.3 19.6

Archaeol® n.d. n.d. 1.2 — 1.9 — 32 — 1.9 —
83.9 83.9 99.8 89.3
sn-2-hydroxy n.d. n.d. 1.7 — 1.3 -97 9.3 — 2.9 —104.6

102.6 101.5

n.d. = not detected; n.m. = not measurable due to low signal to noise ratio.

* Bacterial fatty acids.
® Archaeal alcohol lipids.

ranging from —39.8%o at the surface to —79.2%0 at 10 cm.
After the generic bacterial biomarker hexadecanoate (16:0), the
unsaturated lipids cis-11 hexadeconoate (16:1w5c) and cis-9
hexadeconaote (16:1w7c) were most abundant (Table 3A).
16:1w5c, a biomarker diagnostic for DSS in the AOM consortia
(Elvert et al., 2003), had §'°C values ranging from —62.6%o at
the surface to —90.4%o at depth (Figs. 1H and 11, Table 3A).
The branched chain 13-methyltetradecanoate (ai-15:0) and 12-
methyltetradecanoate (i-15:0) fatty acids (Figs. 1H and 11,
Table 3A), both considered generally diagnostic for sulfate
reducing bacteria (Taylor and Parkes, 1985), also exhibited '*C
depletion with increasing depth (down to —83.7%o for ai-15:0
and —68.9%0 for i-15:0). Although in low abundance, two
additional fatty acids showed significant depletion in '*C with
depth: the cyclopropane fatty acid 11,12-methylene-hexade-
canoic acid (cy17:0w5,6) exhibited 8'C values from —73.8 to
—112.4%o0 and cis-11 heptadeconoate (17:1w6¢c) exhibited a
8'3C range of —54.4%0 to —79.6%o (Table 3A). Both of these
lipids are suggested to be indicative of the DSS involved in
AOM (Elvert et al., 2003). Recent evidence suggests that the
occurrence of 16:1w7c, 16:1w5c, and cyl7:0w5,6 fatty acids
may also be indicative of DSS associated with ANME-2
(‘ANME-2-type DSS’), while isotopically '*C-depleted ail5:0
and i15:0 lipids derive from DSS associated with ANME-1

(‘ANME-1-type DSS’; Blumenberg et al., 2004). The branched
chain 15-methylhexadecanoate (ai-17:0) and 14-methylhexade-
canoate (i-17:0) fatty acids were in very low abundance, and
their values are not reported here.

Overall patterns of lipid abundance were similar in gas
hydrate sediments, with a few notable exceptions. 16:1w7c was
the most abundant biomarker, followed by 18:1w7c; both
showed depletion in '*C with depth (Table 3B). Of the biomar-
kers supposedly diagnostic for SRB, ai-15:0, 16:1w5c, and
i-15:0 were the most abundant (Fig. 2H, Table 3B). As at the
brine site, these fatty acids generally exhibited lighter §'*C
values with depth, with 16:1w5c having the strongest depletion
(—67.6%0; Fig. 21, Table 3B). Cy17:0w5,6 was more abundant
at the gas hydrate site and was the most '*C depleted (down to
—79.6%0 at 4—6 cm depth; Figs. 2H and 2I, Table 3B). In
general, both the bacterial fatty acids and the archaeal alcohol
biomarkers were heavier at the hydrate- site than at the brine
site (Tables 3A and 3B).

4. DISCUSSION

This study presents the first data set from two distinct cold
seeps comparing results from radiotracer-based measurements
of AOM, MOG, and SR with geochemical, microbial diversity,
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Fig. 4. Schematic illustrating the interactions between AOM, SR and MOG, the geochemical, and the geological
environment at the two cold seep environments. Not drawn to scale. Macrofaunal and microbial mat communities are
indicated by specific symbols labeled in the figure. The left-hand side of the diagram depicts a gas hydrate site (GC232)
fed by methane and oil migrating through faults and fractures. The carbon isotopic composition of the mostly thermogenic
source methane at this site is taken from Sassen et al. (2004). Surficial chemosynthetic communities at this site include
Beggiatoa spp. and other sulfide oxidizing bacterial mats, tube worms and mussels. The right-hand side of the diagram
illustrates a brine pool site (GC233), characterized by the migration of biogenic methane (MacDonald, 2002) and brines,
with a surface chemosynthetic community composed of mussels and Thiomargarita-type sulfide oxidizing bacterial mats.
The inset shows a magnified view of hypothesized cycling of methane and sulfur occurring in subsurface sediments
mediated by ANME-type microorganisms (ANME), methanogenic archaea (ARCH; which could also be ANME, see text
for explanation), sulfate reducing bacteria (SRB), and giant vacuolated sulfide oxidizing bacteria (VSB); arrows indicate the
flow of various compounds between microorganisms and the environment.

and lipid biomarker data. We observed decoupling of SR from ANME microorganisms is linked to sulfate reduction activity,

AOM as well as the contemporaneous production of methane although the specific intermediate coupling these processes is

from bicarbonate and the oxidation of methane to bicarbonate unknown. Other Archaea, perhaps ANME microorganisms,

in sediments from gas hydrate and brine sites. Phylogenetic and produce methane within the same environment, though the

organic geochemical evidence indicate that microbial groups mechanism of potential coupling between MOG and AOM is

associated with AOM coupled to SR (i.e., ANME-1, ANME-2, unclear. Oxidation of oil and other alkanes may also fuel sulfate

and DSS; Boetius et al., 2000; Hinrichs et al., 2000; Orphan et reduction activity, particularly at the gas hydrate site.

al., 2001b; Michaelis et al., 2002) were present in these sedi-

ments and ANMEs dominated the archaeal community. We 4.1. Brine-Dominated Cold Seeps

suggest that both types of ANMEs were responsible for the

observed '*C-methane consumption and that one or both of the The geochemical profiles in brine sediments (e.g., low meth-

ANMESs were responsible for the observed methane production. ane and high sulfate concentrations at depth) showed that the
A schematic of physical and geochemical characteristics of “traditional” sulfate-methane interface, which demarcates the

the sites, highlighting the differences between the two cold seep AOM zone, was not penetrated in this core. However, SR rates

environments, is presented in Figure 4. Interactions between were extremely high (>3.5 wmol cm > d~', 154 mmol m 2

AOM, SR and MOG occurring in sediments underlying micro- d™" for the upper 10 cm), similar to previous SR rates docu-

bial mats are also illustrated. The oxidation of methane by mented in the Gulf of Mexico (Arvidson et al., 2004; Joye et
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al., 2004) and higher than rates observed at other methane seeps
(Hansen et al., 1998; Pimenov et al., 1999; Boetius et al., 2000;
Weber and Jgrgensen, 2002; Aharon and Fu, 2003; Treude,
2003; Treude et al., 2003). High SR and low AOM suggests
that the majority of SR activity was fueled by organic carbon
sources other than methane (Joye et al., 2004).

Despite the observed low rates of AOM in brine sediments,
turnover of the methane pool was rapid (~10% d~'; Fig. 1A),
suggesting a considerable potential for AOM during periods of
increased methane fluxes/concentrations. The conspicuously
dominant ANME-1 population increased rapidly within and
below the depth of maximal AOM and Bi-MOG rates. Given
the observed low rate of AOM, the large size of the ANME
population is surprising, suggesting that this population either
used another metabolic strategy (see inset of Fig. 4), was
supported by the measured (low) AOM rates, or reflected a
previous high methane flux/methane oxidation activity period.
The presence and '>C depletion of archaeal lipids indicated an
active, or recently active, AOM-mediating population. Fluid
flow through cold seep sediments is transient in both space and
time (Linke et al., 1994; Brown et al., 1996; Tyron et al., 1999;
Torres et al., 2002a). Currently, it is unclear how long popu-
lations of AOM-associated microbes can survive during peri-
ods of low methane flux. Available data indicate that anaerobic
methanotrophs grow slowly (doubling time of several months;
Nauhaus et al., 2002), even under relatively high methane
concentrations, inferring that the modest energy yield of AOM
results in low anabolic rates.

Though AOM rates were low, SR rates were extremely high.
To reconcile the observed sulfate profile with the high SR rates
(Fig. 1D) requires a sulfate source in addition to diffusion
(Arvidson et al., 2004). Brine advection through the sediments
would reduce the sulfate penetration depth since the brine
contains no sulfate (Joye et al., 2005) and, at present, no fluid
flux rates are available for this site. However, it is possible that
brine advection generates convection cells that drive seawater
percolation through sediments at the edge of the brine pool,
increasing sulfate availability at least in some areas. Modeling
of geochemical profiles at gas hydrate sites indicated that
organism-sediment interactions replenish subsurface sulfate via
bioirrigation and/or in situ recycling via anaerobic sulfide ox-
idation (Arvidson et al., 2004; Cordes et al., 2005) but tube-
worms are not abundant at this brine pool. Some sulfide oxi-
dizing microbes (e.g., Thiovulum) common to sulfide-rich
sediments generate structures (e.g., veils) that influence flow
through the sediments to optimize geochemical conditions for
their activity (Fenchel and Glud, 1998). Beggiatoa at Gulf of
Mexico cold seeps also form complex surface veils that may
influence fluid flow through sediments. The surface sediments
at the brine site were covered by a dense mat of a giant sulfide
oxidizing bacteria closely related to Thiomargarita namibiensis
(0.51 mm® cm 2 biovolume; Kalenetra et al., 2005). However,
because 99% of the sulfide oxidizing bacterial biomass was
found in the upper 2 cm of sediment (Kalenetra et al., unpub-
lished data) and because Thiomargarita-like microbes are not
motile, it is unlikely that they supplied sulfate to depths > 5
cm. One possible explanation for the increased sulfate concen-
tration at depth is barite dissolution. Authigenic barite is abun-
dant at cold seeps in the Gulf of Mexico (Fu et al., 1994) and
elsewhere (Paytan et al., 2002; Torres et al., 2002b, 2003).

Similar increases in sulfate concentration at depth in cold seep
sediments in the Sea of Okhotsk were linked to barite dissolu-
tion (Greinert et al., 2002). We hypothesize that barite disso-
lution is responsible for generating the increased sulfate con-
centration observed at depth and plan to address this possibility
in future studies.

The abundance of Thiomargarita-related bacteria correlated
with the lipid biomarker profiles of the sediments. The 18:1w7c
and 16:1w7c fatty acids likely derive from Beggiatoa spp.
(Cantu et al., 2003; Elvert et al., 2003). In the brine sediments,
18:1w7c and 16:0, both having similar &'>C-values of
~—40%o, were the dominant fatty acids; 16:1w7c (—43%0) was
less common. Since Beggiatoa spp. were almost two orders of
magnitude less abundant than the dominant Thiomargarita
namibienses-relative (Kalenetra et al., 2005), the 18:1w7¢ >16:
lw7c trend may reflect a biosignature of this abundant microbe.

Although the SR rate was high in brine sediments, the total
number of SRB detected with CARD-FISH was low: <7% of
cells were DSS (compared with 40%-50% ANME-1; Fig. 1E).
The DSS 658 probe may not have targeted the dominant SRB
in these sediments; however, hybridization with other FISH
probes specific for putative seep-endemic SRB (probe DSR
651, Desulforhopalus spp.; probe 660, Desulfobulbus spp.;
Kanittel et al., 2003) revealed that these microorganisms were
rare (<5% and 1%, respectively, of the total population; data
not shown). Previous work at Gulf of Mexico gas hydrate sites
(Lanoil et al., 2001; Mills et al., 2003, 2004) indicated that a
significant fraction (32.4%) of 8-Proteobacteria sequences in
sediments (based on 16S complementary rDNA clone libraries;
Mills et al., 2004) fall within the coverage of the DSS 658
probe, although ~49% of 6-Proteobacteria sequences (Mills et
al., 2004) group with the “SEEP-SRB2/Eel-2 group” of SRB
(Orphan et al., 2001a; Knittel et al., 2003), which is not targeted
by the DSS 658 probe (Knittel et al., 2003) or any other
published probe. To our knowledge, no 8-Proteobacteria se-
quences have been published for Gulf of Mexico brine sedi-
ments; therefore, the SRB at these sites could be divergent from
known groups and thus were not targeted by the FISH probes
we used.

The DSS-cells observed in the brine sediments occurred
almost exclusively in consortia arrangements with ANME-2
microorganisms. This association was also evident in the lipid
biomarker profiles: in the upper depths of the sediment, the
ANME-2-type DSS signature lipids (Blumenberg et al., 2004;
Elvert et al., 2003) were abundant and significantly depleted in
13C. However, ANME-1-type DSS appeared to become more
prevalent with depth (based on decreasing abundance of ANME-
2-type DSS signature lipids and depletion of '*C of ANME-1-type
DSS signature lipids; Figs. 1H and 11, Table 3A). The concen-
tration ratio of sn-2-hydroxyarchaeol to archaeol in the upper
sediments indicates that the ANME-2 may be the dominant
producer of these lipids (Blumenberg et al., 2004). In the upper
sediment layers, ANME-2-type consortia carry the strongest
AOM-derived signal, followed by ANME-1 with depth, a pat-
tern consistent with other observations (Orphan et al., 2004).

4.2. Gas Hydrate-Dominated Cold Seeps

In gas hydrate site sediments, the coincident occurrence of
AOM and Bi-MOG was observed between 5 and 9 cm (Figs. 2A
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and 2B). As observed at the brine site, total Bi-MOG rates were
~10% of AOM rates, although rates of both processes were 2
orders of magnitude higher at the hydrate site, where methane
concentrations were also higher. Within the zone of elevated
AOM and MOG, the populations of ANME-1, and to a lesser
degree ANME-2, increased as based on CARD-FISH observa-
tions; together they comprised nearly 92% of the identified
Archaea (Fig. 2E, Table 2). A study of sediments collected at
a nearby gas hydrate site (GC234, 9.5 km from GC232) indi-
cated that only the ANME-2 group was metabolically active
(based on complementary rDNA clone libraries; Mills et al.,
2004), even though ANME-1 comprised a significant portion of
archaeal 16S rRNA clone libraries (17.2%, Lanoil et al., 2001;
19.8%, Mills et al., 2003). Since FISH methods are based on
the presence of rRNA, a molecule that degrades rapidly in dead
or dying microbial cells, our data suggest that both groups are
metabolically active at these sites.

The higher abundance of ai15:0 and i15:0 in the hydrate site
sediments suggest the association of DSS with ANME-1 (Blu-
menberg et al., 2004). Similarly, the abundance and '*C-deple-
tion of 16:1w5c and cy17:0w5,6 lipids may imply associations
of DSS with ANME-2. Although the branched chain fatty acids
were present in high concentration in the gas hydrate site
sediments (specifically ail5:0 and i15:0), they were not the
most '3C depleted fatty acids observed (Fig. 2H, Table 3B),
contrary to previous reports for Gulf of Mexico cold seep
sediments (Zhang et al., 2002). The differences in lipid distri-
butions and isotopic composition of bacterial biomarkers be-
tween brine and hydrate sediments most likely reflects the
variability between the SRB populations (e.g., ANME-1-type
or ANME-2-type DSS or other sulfate reducers), metabolism
(e.g., involvement in AOM vs. oil, hydrocarbon or other DOM
oxidation), and/or differences in available organic carbon sub-
strates (e.g., absence of oil and higher alkanes at the brine site).
Overall, the isotopic composition of DSS lipids are relatively
heavy at the hydrate site, which is consistent with the incorpora-
tion of carbon derived from heavier thermogenic methane or
fractionation during lipid biosynthesis.

In contrast to the brine sediments, in gas hydrate site sediment,
DSS-type SRB were abundant (=20% with depth, Fig. 2E).
Many of the observed DSS were attached to ANME-2 archaea
in consortia of various sizes (Fig. 3E); however, the majority
occurred alone or in loose association with ANME-1 or other
unidentified bacteria. The unattached DSS-SRB typically had a
vibrio-like morphology when compared to the coccoid DSS-
SRB noted in consortia with ANME-2, suggesting that distinct
subpopulations of DSS-type SRB inhabited the gas hydrate site
sediment. As observed in brine sediments, only a few cells
could be visualized with FISH probes for other non-DSS SRB
(i.e., Desulforhopalus, Desulfobulbus spp.; data not shown).
The unattached DSS-SRB and possibly other SRBs likely con-
tributed to the high SR observed; the excess SR activity (rel-
ative to AOM) was probably coupled to oxidation of higher
hydrocarbons or oil (Joye et al., 2004).

In the surficial sediments from the hydrate site, which were
covered by a mat containing white Beggiatoa and other sulfide
oxidizing bacteria (Fig. 4), 16:1w7c and 18:1w7c were by far
the most abundant fatty acids, with 16:1w7c almost three times
as abundant as 18:1w7c (Table 3B). These lipids are suggested
to be derived from sulfide oxidizing bacteria (Cantu et al.,

2003; Elvert et al., 2003). However, the lighter isotopic com-
position of 16:1w7c (—63%¢) compared to 18:1w7c (—30%¢)
suggest that these fatty acids are derived from at least two
different bacterial sources.

4.3. Are Methane Production and Oxidation Linked in
AOM Zones?

Although there are substantial geochemical and geological
differences between the two sites investigated in this study
(highlighted in Fig. 4), similar trends of AOM and MOG
activity were observed. In sediments from both sites, rates of
Bi-MOG were ~10% of measured AOM rates within the zones
of maximal activity. This contemporaneous occurrence of
AOM and MOG, coupled with the observation that ANME-1,
and to a lesser degree ANME-2, microorganisms dominated the
archaeal community, suggests that one or both of the ANME
groups catalyzes both processes (inset of Fig. 4). Previous
studies with methanogenic cultures and methanogenic coastal
sediments showed low rates of AOM relative to Bi-MOG
(~1%-10% respectively; Hoehler et al., 1994; Zehnder and
Brock, 1980). The coincident occurrence of AOM and Bi-
MOG in sediments dominated by ANME’s has been observed
elsewhere (e.g., ANME-1 dominated Black Sea mats and
ANME-2 dominated estuarine sediments; Treude, 2003), sug-
gesting that the involvement of ANME’s in AOM and MOG is
widespread. Previous evidence suggests that ANME-1 may
occur without associated sulfate reducing bacterial partners
(Orphan et al., 2002) and the results presented here suggests
that ANMEs may mediate MOG.

Recent evidence suggests that the ANME archaea contain
genes involved in the methanogenic pathway and that expres-
sion of these genes generates catalytically active enzymes (Hal-
lam et al., 2003, 2004; Kriiger et al., 2003). These data help
explain the biochemical machinery necessary to allow
ANME’s to oxidize methane (i.e., by reversing the methano-
genic enzymatic machinery). However, if the enzymatic ma-
chinery is reversible, it is possible that the observed rates of
MOG occur via enzymatic back-reaction (e.g., equilibrium
enzyme effects). While it is highly unlikely that a single mi-
croorganism would both oxidize and produce methane for
energy generation, it is possible that separate but similar mi-
crobes exploit opposing methanogenic/methanotrophic ma-
chinery depending on environmental geochemical cues and/or
the association of syntrophic partners. An enzymatic back
reaction with one pathway being dominant and the other rep-
resenting a small fraction of the other could occur, as has been
demonstrated in methanogens that oxidize methane slowly
(~1%) relative to the rate of MOG (Zehnder and Brock, 1980;
Hoehler et al., 1994). Availability of labile organic carbon,
hydrogen, and other possible intermediates represent chemical
cues that could influence the patterns of AOM coupled to MOG
and SR. Determining which cues drive AOM-associated mi-
crobes to be net methanogenic vs. net methanotrophic is im-
perative to understand interactions between the microbes in-
volved in AOM.

The observation that ANME-type microorganisms dominate
the archaeal community in areas with coincident AOM and
Bi-MOG raises questions about the function(s) of these micro-
organisms in the environment. Previous work (Pancost et al.,
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2000; Orphan et al., 2001a, 2002, 2004; Teske et al., 2002)
suggests that multiple and diverse groups of microorganisms
are involved in AOM; the data presented here suggests that
these microorganisms utilize multiple and diverse metabolic
strategies (i.e., ANME-1 may be involved in MOG; Fig. 4).
Presumably, microorganisms involved in AOM survive on the
edge of thermodynamic limits since the energy yield of the net
process is small (Hoehler et al., 1994; Sgrensen et al., 2001),
thus, it would be advantageous if they were able to utilize
multiple metabolic strategies as a function of local environ-
mental conditions. If ANME microorganisms mediate AOM by
a reversal of the methanogenic pathway (Fig. 4; Zehnder and
Brock, 1980; Hoehler et al., 1994; Hallam et al., 2003, 2004),
the key, then, is to determine the factors that trigger the enzy-
matic processes to result in net methanotrophy vs. net metha-
nogenesis. Achieving this goal requires additional research in a
variety of environments where AOM occurs.
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