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Cold seep environments such as sediments above outcropping hydrate at Hydrate Ridge
(Cascadia margin off Oregon) are characterized by methane venting, high sulfide fluxes
caused by the anaerobic oxidation of methane, and the presence of chemosynthetic
communities. Recent investigations showed that another characteristic feature of cold
seeps is the occurrence of methanotrophic archaea, which can be identified by specific
biomarker lipids and 16S rDNA analysis. This investigation deals with the diversity
and distribution of sulfate-reducing bacteria, some of which are directly involved in
the anaerobic oxidation of methane as syntrophic partners of the methanotrophic ar-
chaea. The composition and activity of the microbial communities at methane vented and
nonvented sediments are compared by quantitative methods including total cell counts,
fluorescence in situ hybridization (FISH), bacterial production, enzyme activity, and sul-
fate reduction rates. Bacteria involved in the degradation of particulate organic carbon
(POC) are as active and diverse as at other productive margin sites of similar water
depths. The availability of methane supports a two orders of magnitude higher microbial
biomass (up to 9.6 x 10" cells cm™3) and sulfate reduction rates (up to 8 umol cm™3 d~1)
in hydrate-bearing sediments, as well as a high bacterial diversity, especially in the group
of 8-proteobacteria including members of the branches Desulfosarcina/Desulfococcus,
Desulforhopalus, Desulfobulbus, and Desulfocapsa. Most of the diversity of sulfate-
reducing bacteria in hydrate-bearing sediments comprises seep-endemic clades, which
share only low similarities with previously cultured bacteria.

Keywords anaerobic oxidation of methane, sulfate reduction, sulfate-reducing bacte-
ria, bacterial production, extracellular enzymes, syntrophic consortia, bacterial diversity,
gas hydrate, Hydrate Ridge, Cascadia margin

Introduction

The greenhouse gas methane is present in huge amounts in marine sediments and exists
either as crystalline, solid phase methane hydrates, or as free gas. Methane emission to
the hydrosphere is controlled by a microbial process called anaerobic oxidation of methane
(AOM), which involves methane as electron donor and sulfate as electron acceptor (Hinrichs
and Boetius 2002, and references therein) and which removes most methane within the
sediments (Reeburgh 1996). The metabolic process of AOM is assumed to be a reversal
of methane formation involving methanogenic archaea and sulfate-reducing bacteria as
partners (Hoehler et al. 1994; Valentine and Reeburgh 2000). Recent studies have demon-
strated that AOM is mediated by a structured consortium of archaea belonging to the
order Methanosarcinales (ANME-2 group), and SRB of the Desulfosarcina/Desulfococcus
branch of the §-proteobacteria (Boetius et al. 2000a; Orphan et al. 2001b), in the following
referred to as “ANME-2/DSS aggregates.” These consortia oxidize methane with equimolar
amounts of sulfate, yielding carbonate and sulfide, respectively (Nauhaus et al. 2002). A
second archaeal group (ANME-1), distantly related to Methanosarcinales, has also been
shown to mediate AOM (Michaelis et al. 2002; Orphan et al. 2002). Neither ANME-1 nor
ANME-2 or their sulfate-reducing partners have been isolated yet and the enzymes and
biochemical pathways involved in AOM remain unknown.

This investigation was carried out to quantify microbial activity and distribution at
a cold seep environment and to analyze its community composition. At Hydrate Ridge,
discrete methane hydrate layers occur at the seafloor, at a water depth of 600—-800 m cor-
responding to the hydrate stability limit (Suess et al. 1999). The hydrates are located a few
centimeters beneath the sediment surface and form mounds of several meters in diameter
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(Suess et al. 2002). The mounds are covered by sediment and populated by thick mats of
the sulfur-oxidizing filamentous bacteria Beggiatoa (Sahling et al. 2002; Torres et al. 2002).
Another typical chemosynthetic community of Hydrate Ridge is the vesicomyid clams of
Calyptogena forming clam fields of several meters diameter. Both, Beggiatoa and Calypto-
gena spp., are indicative of active methane seeping (Tryon et al. 2002). A third community
is formed by the subsurface dwelling bivalves Acharax, which occur farther away from the
strongly methane-vented sites and are here referred to as reference sites. The distribution
of chemosynthetic communities at Hydrate Ridge is mainly related to the sulfide flux from
the surface sediments (Sahling et al. 2002), which is caused by methane-dependent sul-
fate reduction (Nauhaus et al. 2002). As a consequence, AOM and sulfate reduction rates
(SRR) correlate strongly across the different samples and even within the sediment profile at
Hydrate Ridge (Treude et al. submitted). The hydrate-bearing sediments of Hydrate Ridge
show high rates of methane-dependent sulfate reduction and harbor extremely high amounts
of AOM mediating ANME-2/DSS aggregate biomass (Boetius et al. 2000a).

This study focused on quantification and comparison of abundance, activity, and di-
versity of microbial organisms involved in carbon cycling at methane-vented and methane-
depleted sites (Beggiatoa and Calyptogena sites vs. Acharax reference). Earlier investi-
gations showed a relatively low diversity of archaea in cold seep sediments compared to
the bacterial diversity in these habitats (Hinrichs et al. 1999; Lanoil et al. 2001; Orphan
et al. 2001a, 2002; Teske et al. 2002), despite their quantitative dominance at cold seeps
(Boetius et al. 2000a; Michaelis et al. 2002). This study addressed the bacterial diversity
and abundance in sediments above gas hydrate, especially regarding the SRB community
structure.

Materials and Methods

Study Site and Sampling

Sediment samples were obtained during RV SONNE cruises SO143-2 in August 1999
(Bohrmann et al. 2000) and SO148-1 in August 2000 (Linke and Suess 2001) at the crest of
southern Hydrate Ridge (44°34'N, 125°09'W, 780 m water depth) at the Cascadia convergent
margin off the coast of Oregon. Sediment cores of 20—40 cm length were obtained using a
video-guided multiple corer from gas hydrate bearing sediments and from reference sites not
enriched in methane in the surface sediments (Table 1). Sediments from above hydrate were
covered by mats of filamentous sulfur-oxidizing bacteria of the genus Beggiatoa (stations
105-1 and 19-2; called “Beggiatoa mats”) or by clam fields of Calyptogena spp. (stations
185-1 and 38-1; called “Calyptogena fields™).

Geochemical Description of the Study Sites

Sediments from both sites, Beggiatoa mats and Calyptogena fields, were highly sulfidic and
gassy. Oxygen had a maximum penetration of a few millimeters. Sulfide concentrations of
up to 28 mM were reached within 3-5 cm depth in the Beggiatoa mats with concurrent
depletion of sulfate down to <2 mM. In Calyptogena fields sulfate penetrated deeper into the
sediments due to the bioturbating activity of the clams. Nevertheless, sulfide concentrations
>20 mM were reached below 10 cm and sulfate was depleted below. Layers of hydrate were
found in several cores at depths of about 13—20 cm. Strong degassing from decomposing
hydrates was observed in several cores from Beggiatoa mats and in a few cores from
Calyptogena fields. Sediments of the southern crest of Hydrate Ridge not covered by either
community but sometimes containing bivalves of the species Acharax contained only traces
of methane and sulfide in the upper 15 cm and are referred to as “reference” site. Upon
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TABLE 1 List of stations sampled during expedition SO143/2 (TECFLUX I) and

S0148/1 (TECFLUX II)

Expedition/ Date  Depth Types of
Station [d/m/y] [m] Position Site description analysis
143/91-1 03.08.99 850 44° 33.880'N, Reference (no EEA
125° 08.290'W Acharax)
143/105-1  05.08.99 780  44° 34.140'N, Medium TDR, EEA,
125° 08.810'W Beggiatoa mat TCC, agg.no,
FISH
143/114-1 07.08.99 760 44° 34.210'N, Beggiatoa mat w TDR, EEA
125° 09.850'W Calyptogena
143/127-1  09.08.99 2321 44° 38.500'N, Reference (no SRR
125° 14.490W Acharax)
143/131-1 10.08.99 780  44° 34.180'N, Calyptogena field TDR, EEA
125° 08.8300'W
143/135-3 11.08.99 783  44° 34.196'N, Reference (few EEA
125° 08.825'W Acharax)
143/139 12.08.99 830 44° 34.100'N, Reference (no EEA, SRR,
125° 08.380'W Acharax) TCC, agg.no,
FISH
143/151-1 13.08.99 1284 44° 33.000'N, Reference (no TDR
125° 04.000W Acharax)
143/173-1 16.08.99 785 44° 34.160'N, Beggiatoamatw  EEA, SRR
125° 08.850'W Calyptogena
143/179-3 17.08.99 785 44° 34.210'N, Calyptogena field TDR, EEA, TCC
125° 08.740'W
143/185-1  18.08.99 785 44°34.190'N, Calyptogena field TCC, agg.no,
125° 08.830'W FISH
143/187-1/4 18.08.99 785 44°36.160'N, Medium TDR, EEA
125° 08.860'W Beggiatoa mat
143/190-1 19.08.99 825 44° 34.050'N, Reference (few TDR
125° 08.410W Acharax)
143/193-1  20.08.99 685 44° 37.509'N, Reference (no EEA, TDR
124° 55.970W Acharax)
148/19-2 27.07.00 777 44° 34.104'N, Medium TCC, agg.no,
125° 08.807'W Beggiatoa mat FISH, 16S
148/38-1 30.07.00 787 44° 34.186'N, Calyptogena field TCC, agg.no,
125° 08.847'W FISH
148/51-1 01.08.00 775 44° 34.198'N, Reference (few TCC, agg.no,
125° 08.858'W Acharax) FISH

Gas hydrates were recovered from cores with Beggiatoa at sediment depths >13 cm and from Ca-
lyptogena fields (>16 cm). Samples from Calyptogena fields contained 1-5 clams per core. “Beggiatoa
mats” relate to cores covered by a carpet of Beggiatoa extending several mm into the overlying bottom
water. Types of analysis: Bacterial secondary production measured as tymidine incorporation (TDR),
total cell counts (TCC), aggregate numbers (agg.no), fluorescence in situ hybridization (FISH), 16S
rDNA cloning (16S), sulfate reduction rates (SRR), extracellular enzyme activities (EEA).
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recovery sediment cores were immediately transferred to a cold room (4°C). Samples were
processed within 4 h after sampling according to the methods that follow.

DNA Extraction

Cores were sectioned into 1 cm layers and deep frozen (—20°C) for DNA extraction at the
home laboratory. Total community DNA was directly extracted from the sediment (Hydrate
Ridge, station 19-2, Beggiatoa site) as described by Zhou et al. (1996). Aliquots (ca. 4 g) of
wet sediment of three different sections (depths, 0—1, 2—4, and 8-9 cm) were used for DNA
extraction. Crude DNA was purified by dialysis as described previously (Ravenschlag et al.
2000).

PCR Amplification and Clone Library Construction

Two universal bacterial primers, GM3F (E. coli 16S rRNA position 0008; Muyzer et al.
1995) and EUB1492 (Kane et al. 1993), were used to amplify 16S rRNA genes from the
extracted chromosomal DNAs. PCR was performed with a Mastercycler Gradient (Eppen-
dorf, Hamburg, Germany) as described previously (Ravenschlag et al. 1999). Products of
two parallel PCRs were combined and purified with the QiaQuick PCR Purification Kit
using the protocol of the manufacturer (Qiagen, Hilden, Germany). DNA was ligated in the
pGEM-T-Easy vector (Promega, Madison, WI, USA), and a clone library was constructed
for each section (0-1, 2—4, and 8-9 cm) as described by Ravenschlag et al. (1999). The
number of amplification cycles during PCR was reduced as much as possible to minimize
PCR biases, chimera formations, and Tag polymerase error rates; however, 36 cycles were
needed to yield sufficient product.

ARDRA

A total of 131 clones (01 cm: 34; 24 cm: 56; 89 cm: 41) known to contain the correctly
sized insert of 1.5 kb were selected for further analysis. Amplified rDNA restriction analysis
(ARDRA) was performed in order to identify clones with different inserts. Digestion with
two restriction enzymes (Haelll and Rsal) was used to screen the clones as described
previously (Ravenschlag et al. 1999).

Sequencing and Phylogenetic Analysis

Representatives of all ARDRA pattern groups were used for sequencing. Tag Cycle Se-
quencing of plasmid DNAs from selected 16S rDNA clones with vector pimers and uni-
versal rRNA specific primers was performed by GATC Biotech (Konstanz, Germany) and
GAG BioScience (Bremen, Germany). Sequence data were analyzed with the ARB soft-
ware package (Strunk et al. 1998). Phylogenetic trees were calculated with sequences from
Hydrate Ridge sediments together with sequences, which are available in the databases
EMBL, GenBank, and DDJB, by performing parsimony, neighbor-joining, and maximum-
likelihood analysis with different sets of filters. In all cases, general tree topology and
clusters were stable. For tree calculation, nearly full length sequences (>1,340 bp) were
considered. Partial sequences were inserted into the reconstructed tree by parsimony criteria
with global/local optimization, without allowing changes in the overall tree topology.
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Total Cell Counts, ANME-2/DSS Aggregate Numbers, and Size Measurements

Samples for total cell counts were obtained from 1 cm core slices, fixed with 2% formalde-
hyde, and stored cold (4°C) until analysis at the home laboratory. Total cell counts and
the quantification of aggregates was done via epifluorescence microscopy after staining the
sediments with Acridine Orange Direct Counts (AODC) according to the method of Meyer-
Reil (1983). Total cell counts were defined as the sum of single cells plus the aggregated
cells in the syntrophic consortia. In sediments from Hydrate Ridge, these ANME2/DSS
aggregates can be easily recognized via AODC because of their conspicuous spherical
shape and the surrounding organic matrix. However, the aggregated cells cannot be counted
in these spheres. Hence, we used a semidirect method for the quantification of cells as
described below. DAPI staining was used to measure ANME2/DSS aggregate sizes via
epifluorescence microscopy of FISH-treated samples.

Five samples were selected for the measurement: Two horizons of the Beggiatoa mat
(station 105-1: 1-2 cm, 9-10 cm) and the Calyptogena field (station 185-1: 1-2 cm, 9—
10 cm) and one sample of the reference (station 139: 0-1 cm), in which we detected the
highest numbers of ANME2/DSS aggregates. For the upper layer of the Beggiatoa mat and
Calyptogena field the diameter of 100 aggregates was measured, that of 50 aggregates for
the other samples. Average diameters were between 3—4 pm in all cases (see Results), with
a deviation of about 30% as standard deviation, and 10% as confidence level. We simply
used 3 um as average aggregate diameter at all stations. Cell numbers in the aggregates
were calculated based on the assumption that both the aggregates and the cells within the
aggregates are spheres. The volume of the aggregate sphere (vol 14 um?) was divided by
the volume of the cell (diameter ca. 0.4 um for SRB and 0.5 um for ANME?2 cells, i.c.,
average 0.043 um?), resulting in an average cell number of ca. 300 cells (with ca. 200 SRB
and 100 archaea (Boetius et al. 2000a).

Microbial biomass in gram carbon was calculated by multiplying cell numbers with a
carbon content of 20 fg per cell. This is a standard factor commonly used in aquatic microbial
ecology and gives similar results to the other commonly used factor of 3 x 10~1* gC/um?
biovolume of cells (Bgrsheim et al. 1991).

Fluorescence In Situ Hybridization (FISH)

For FISH, subsamples of sediment cores were sliced into 1 cm intervals and fixed for 2-3 h
with 3% formaldehyde (final concentration), washed twice with 1 x PBS (10 mM sodium
phosphate; 130 mM NaCl), and finally stored in 1 x PBS/EtOH (1:1) at —20°C. Fixed
samples were diluted and treated by mild sonication for 20 s with a MS73 probe (Sonopuls
HD70, Bandelin, Germany) at an amplitude of 42 um <10 W. An aliquot was filtered on
0.2 um GTTP polycarbonate filters (Millipore, Eschborn, Germany). Hybridization and
microscopy counts of hybridized and 4',6'-diamidino-2-phenylindole (DAPI)-stained cells
were performed as described previously (Snaidr et al. 1997). Means were calculated by using
10 to 40 randomly chosen fields for each filter section, which corresponded to 800 to 1000
DAPI-stained cells. Cy3-monolabeled oligonucleotides were purchased from ThermoHy-
baid (Ulm, Germany). Probes and formamide (FA) concentrations used in this study were
as follows: EUB338 I-I11 targeting Bacteria (Daims et al. 1999; 35% FA), ARCH915 target-
ing Archaea (Amann et al. 1990; 35% FA), Non338 (negative control; Wallner et al. 1993;
10% FA), DSS658 targeting Desulfosarcina spp./Desulfococcus spp./Desulfofrigus spp. and
Desulfofaba spp. (60% FA), DSR651 targeting Desulfosarcina spp. (35% FA), DSV698 tar-
geting Desulfovibrio spp. (all in Manz etal. 1998; 35% FA), 221 targeting Desulfobacterium
spp- (35% FA), 660 targeting Desulfobulbus spp. (Devereux et al. 1992; 60% FA), Sval428
targeting Desulfotalea spp./Desulfofustis spp./SEEP-SRB4/Desulfocapsa relatives (Sahm
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etal. 1999b; 35% FA), and CF319a targeting the Cytophagal/Flavobacterium cluster (Manz
et al. 1996; 35% FA). Background signal of samples, observed with the nonsense probe
NON338, was negligible (<0.1%).

Bacterial Secondary Production (Thymidine Incorporation)

Thymidine incorporation was measured in slurries of 1 cm layers of sediment according
to Boetius et al. (2000b). The procedure for the extraction of the DNA containing the *H-
thymidine and the calculation of thymidine incorporation followed the method of Findlay
(1993).

Activity of Extracellular Hydrolytic Enzymes

The extracellular enzymatic activities (EEA) of the hydrolases «-, 8-glucosidase, chitobiase,
lipase, sulfatase, phosphatase, butyrase, and aminopeptidase were determined according to
Boetius et al. (2000b) at in situ temperature (2°C) in sediment slurries of 1 cm depth
horizons.

Sulfate Reduction Rates (SRR)

Sediment cores collected from the multiple corer were subsampled with small PVC cores
in the cold room (4°C), and % SOi_ was injected horizontally into the intact sediment cores
at 1-cm depth intervals. The cores were incubated for 24 h at in situ temperature before the
reaction was stopped by sectioning the sediments at 1 cm intervals and mixing with 20%
zinc acetate. The samples were stored frozen until the single-step acidic distillation of the
Cr-II-reduced sulfur compounds was carried out as described by Fossing and Jgrgensen
(1989). SRR was calculated from the ratio of radioactive sulfide to the total radioactive
sulfate added, multiplied by the porewater sulfate concentration. Sulfate concentrations and
porosity data for calculating the rates were kindly provided by D. Rickert (GEOMAR).

Nucleotide Sequence Accession Numbers

The nucleotide sequence data reported in this paper will appear in the EMBL, GenBank,
and DDBJ nucleotide sequence database under the accession no. AF535216 to AF535259.

Results

Bacterial Abundance and Secondary Production

The abundance of single cells was compared among the sulfidic, hydrate-bearing sediments
recovered from Beggiatoa mats and Calyptogena fields and the sediments of a reference
station, which was not substantially enriched in methane in the upper 10 cm (Figure 1,
Table 2). In the top centimeter layer of methane-rich sediments, numbers of single cells
were 4.5 x 10° cells cm ™ and significantly higher than at the reference site (1 x 10° cells
cm™3). Counts of single cells in the strongly sulfidic Beggiatoa mat dropped quickly to
around 1 x 10° cells cm 3 below sediment surface, and were only slightly higher than at the
reference site. However, cell counts in sediments of the Calyptogena field remained high
down to 25 cm. A high number of aggregated cells (>10% aggregates cm~?) was detected in
the sediments above hydrate by the characteristic fluorescent green of nucleic acid staining
with Acridine Orange (AO). The aggregates were enclosed in an organic matrix, which was
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FIGURE 1 (A) Depth profile of total single cells as detected by AODC at the Beggiatoa
site (station 105), Calyptogena field (station 179), and reference site (station 139). (B) Depth
profile of bacterial production measured as thymidine incorporation into DNA in samples
of Beggiatoa mats (mean of stations 105, 114, 187), Calyptogena fields (mean of stations
131, 179), and reference stations (mean of stations 151, 190, 193).

stained orange by AO. These cell aggregates could not be separated by sonification and
were counted separately (see below). Using specific probes targeting the ANME?2 archaea
and DSS bacteria, these aggregates were identified as the syntrophic consortia responsible
for anaerobic oxidation of methane.

Thymidine incorporation into DNA (TDR) was measured as an indicator of bacterial
secondary production. In contrast to bacterial abundance, highest TDR were measured at
the reference site. In the top surface layer, TDR was around 0.007 nM h™! at the Beggiatoa
mat and 0.01 nM h~! TDR at the Calyptogena field and the reference site. TDR dropped to
lowest values in the strongly sulfidic sediments of the Beggiatoa mat. No relation between
bacterial abundance and growth rate was detected with this method.

Activity of Extracellular Hydrolytic Enzymes

Activities of the hydrolytic enzymes «-glucosidase, 8-glucosidase, chitobiase, lipase, phos-
phatase, sulfatase, butyrase, and peptidase were measured in the sediments above hydrate
and at a reference station. Generally, extracellular enzyme activities (EEA) were highest in
the top cm layer of sediment and decreased quickly with depth (Figure 2). No substantial dif-
ferences between sites were found comparing esterases and peptidases. In hydrate-bearing
sediments, enzyme activities of the glucosidases («-,B-glucosidase, chitobiase) declined to
low or nondetectable EEA with increasing sediment depth, i.e., sulfide concentration. In
subsurface sediments of Calyptogena fields EEA were generally higher than in Beggiatoa
mats. Highest EEA were measured in the subsurface sediments of the reference site. Only
the enzyme sulfatase showed highest activities in the hydrate-bearing sediments. A maxi-
mum was found in the top cm of the Beggiatoa mats, medium values in the Calyptogena
fields, and lowest sulfatase EEA at the reference site.
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FIGURE 2 Comparison of extracellular hydrolytic activities of different enzymes at dif-
ferent study sites (sampling 1999) and sediment depth horizons at Hydrate Ridge. Activities
are given in nmol cm ™ h™!, Beggiatoa mat: mean of stations 105, 114, 173, 187; Calypto-
gena field: mean of stations 114, 131, 135, 173, 179; reference stations: mean of stations
91, 139, 193.

Sulfate Reduction Rates

Differences between hydrate-bearing and reference sites were most obvious when compar-
ing sulfate reduction rates (SRR, Figure 3). SRR was two orders of magnitude higher above
hydrate than at the reference site (Figure 3C). Also, a difference was noted between SRR
in cores from Beggiatoa mats (Figure 3A) and Calyptogena fields (Figure 3B). Generally,
samples from Calyptogena fields had a subsurface maximum in SRR whereas Beggiatoa
mats often showed highest SRR in the top 2 cm of sediments. A considerable variation
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FIGURE 3 Depth profiles of sulfate reduction rates (SRR) in three parallel sediment cores
of different sampling sites of Hydrate Ridge (sampling 1999). (A) Beggiatoa mat (station
173); (B) Calyptogena field (station 173); (C) reference station (station 127).
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FIGURE 4 Depth profile of ANME-2/DSS aggregate numbers at different sampling sites.

between cores within one bacterial mat or clam field was observed in 1999 (Figure 3) and
also in 2000 (data not shown). Integrated sulfate reduction rates in the upper 10 cm were 8, 4,
and 0.05 umol cm~2 d~!in 1999 and 3, 6.5, and 0.03 umol cm~2 d~! in 2000 in Beggiatoa
mats, Calyptogena fields, and the reference sites, respectively.

ANME-2/DSS Aggregate Sizes, Numbers, and Total Cell Counts

Numbers of ANME-2/DSS aggregates and total cells (single cells plus cells in aggregates)
were determined in Hydrate Ridge sediments at six different sampling sites (Beggiatoa
mats, Calyptogena mats, and reference stations). ANME-2/DSS aggregates were present in
all sediments investigated (Figure 4, Table 2). At the reference station aggregate numbers
were one to two orders of magnitude lower or aggregates were absent. All aggregates were
similarly structured and consisted of an inner core containing archaeal cells partially or
fully surrounded by SRB which form an outer shell of 1-2 layers as described previously
(Boetius et al. 2000a). We did not find evidence for other bacterial associations with the
methane-oxidizing archaeal ANME-2 group. Aggregations of ANME-2 without bacterial
partners were also not detected. The size spectrum of ANME-2/DSS aggregates ranged
from 1 to 12 pum in diameter (Figure 5). The size of aggregates did not change significatly
with depth and between study sites (Beggiatoa mat: 1-2 cm: 3.2 £ 1.5 um, range 1-12 um
and 9-10 cm: 4.1 £ 1.4 um, range 2—10 um; Calyptogena field: 1-2 cm: 3.9 + 1.4 pum,
range 2—-8 um and 9-10 cm: 4.0 £ 1.4 um, range 2—6 pum; reference: 0—1 cm: 3.7+ 1.6 um,
range 2—10 pm).

Aggregate numbers were highest in sediments from Calyptogena fields with 31 x
107 cm~3 at 4.5 cm depth (station 185-1, 1999). At station 38-1 (2000) the average aggregate
numbers were slightly lower with two maxima at 1.5 cm and 8.5 cm depth and 14 and
13 x 107 aggregates per ml sediment, respectively. In sediments covered by Beggiatoa mats
aggregate numbers ranged from 2.5 x 107 cm™> up to 14 x 107 cm™ (station 105-1, 1999)
and 1.2t0 12.7 x 107 cm ™~ sediment (station 19-2,2000). At the reference station aggregate
numbers ranged from 0 to a 1.5 x 107 cm 3.

Due to the high aggregate numbers in the hydrate-bearing sediments total cell numbers
were very high at the Beggiatoa mats and Calyptogena fields. Total cell numbers ranged
from 1.2 t0 9.6 x 10'° (station 185-1) and 1.0 to 4.6 x 10'° cells cm~> (station 38-1) in
sediments covered by Calyptogena. Below the Beggiatoa mat numbers ranged from 4.6
to 0.8 x 10'° cm~3 (station 105-1) and 0.5 to 4.2 x 10'° cm™3 sediment (station 19-2).
As a percentage, ANME-2/DSS aggregates accounted for more than three-quarters of total
cells (77 to 95%) in hydrate-bearing sediments. At the reference station these values were
generally significantly lower and ranged from 1 to 5 x 10? cm? (Table 2). These high cell
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.
FIGURE 5 Epifluorescence micrographs of structured ANME-2/DSS aggregates and other
bacteria in sediment samples from Hydrate Ridge. (A, B) Size spectrum of DAPI stained
ANME-2/DSS aggregates. (C, D) DAPI staining and FISH with probe DSS658 specific for
the Desulfosarcina/Desulfococcus branch (same microscopic field). (E, F) DAPI staining

and FISH with probe DSR651 specific for the Desulforhopalus spp. (same microscopic
field). The scale bar is equivalent to 10 um.

numbers correspond to extremely high microbial biomass of 5, 13, and 0.8 mg C cm™2 in

1999 and 4.5, 6, and 0.6 mg C cm~2 in 2000 integrated over the upper 10 cm of sediment
from Beggiatoa mats, Calyptogena fields, and the reference sites, respectively.

FISH Detection Rates

A high quantity of DAPI-stained single cells was detected by domain specific probes
EUB338 I-III (Bacteria) and ARCH915 (Archaea) in sediments above hydrate (Table 3).
At the Beggiatoa and Calyptogena sites detection of Bacteria ranged between 40 and 52%
at the sediment surface and was highest with 62% in 1.5 cm depth (Calyptogena field,
station 38-1). Below this depth the detection rate strongly decreased to less than 10% of
total DAPI cell counts. In contrast, detection rates for single cell Archaea increased with
increasing depth. At the sediment surface detection of such Archaea was relatively low with
1-2% in sediments from the Calyptogena field and Beggiatoa mat and increased strongly
to 18-31% in 9.5 to 14.5 cm depth. Significant differences in presence and abundance of
specific phylogenetic groups were not observed between Beggiatoa and Calyptogena cov-
ered sediments. At the reference stations detection rates of Bacteria were low with only
<19% of total single cells. Archaea detection was highest in 8.5 cm depth with 4% of total
DAPI single cell counts, i.e., up to one order of magnitude lower than in hydrate-bearing
sediments.

SRB Community Structure

The SRB communities in sediments covered by Beggiatoa or Calyptogena were dominated
by complete oxidizers of the Desulfosarcina/Desulfococcus branch (probe DSS658). Up to
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TABLE 3 Quantification of single Bacteria, Archaea, SRB, and members of the
Cytophaga/Flavobacterium cluster by FISH

Sampling 1999

D'sarcina Desulfo- Desulfo- Desulfo- Desulfo- Desulto- Cytophaga

D'coccus rhopalus ~ vibrio  bacterium  talea bulbus Flavobact.
Depth Bacteria Archaea spp. spp. spp. spp. spp. spp. Spp.
[em] (EUB338 I-1II) (ARCH915) (DSS658) (DSR651) (DSV698)  (221)  (Sval428) (660) (CF319a)

Beggiatoa mat
Station 105-1

0.5 52 1 1 4 <1 0 2 <0.5 5
1.5 22 4 4 2 <1 0 0 <l 4
2.5 24 2 2 1 <0.5 0 0 <0.5 1
3.5 20 1 3 <1 0 0 1 0 <0.5
4.5 21 7 2 <0.5 0 n.d. <1 0 <1
5.5 20 3 1 <0.5 n.d. <1 2 0 1
6.5 18 1 2 <0.5 0 0 0 <0.5 1
7.5 17 5 2 <0.5 0 0 0 0 0
9.5 12 23 4 0 0 0 0 0 0
14.5 15 14 1 <0.5 0 0 <1 0 0
Calyptogena field
Station 185-1
0.5 48 3 3 <1 <0.5 0 <0.5 0 0
1.5 25 2 2 <1 <0.5 0 <0.5 0 3
2.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
3.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4.5 18 23 1 <1 0 0 0 0 <1
5.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
6.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
7.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
9.5 15 30 5 0 0 0 0 <0.5 <0.5
14.5 9 28 0 0 0 0 <0.5 <0.5 0
Reference
Station 139
0.5 17 <1 <1 <1 <1 0 <1 0 <1
1.5 19 <1 1 <0.5 <1 0 0 0 <1
2.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
3.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
4.5 11 <0.5 <1 0 0 0 0 0 2
5.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
6.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
7.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
9.5 n.d. n.d. <0.5 0 n.d. 0 0 0 2
14.5 n.d. n.d. <0.5 0 0 0 0 0 0
Sampling 2000
Beggiatoa mat
Station 19-2

0.5 40 1 <1 2 <1 0 0 0 1

1.5 17 1 <0.5 n.d. n.d. n.d. n.d. <1

2.5 24 3 2 <0.5 0 0 0 0 <0.5

3.5 15 1 2 <0.5 n.d. n.d. n.d. n.d. <0.5

4.5 9 3 <1 <0.5 0 0 0 0 <0.5

5.5 14 4 <1 <0.5 n.d. n.d. n.d. n.d. <0.5

6.5 7 9 1 0 0 0 0 0 0

7.5 8 25 1 0 n.d. n.d. n.d. n.d. 0

8.5 7 22 <1 0 0 0 0 0 0

9.5 9 18 5 0 n.d. n.d. n.d. n.d. 0
10.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
11.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

(Continued on next page)
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TABLE 3 Quantification of single Bacteria, Archaea, SRB, and members of the
Cytophaga/Flavobacterium cluster by FISH (Continued)

Sampling 2000

D'sarcina Desulfo- Desulfo- Desulfo- Desulfo- Desulto- Cytophaga

D'coccus rhopalus  vibrio  bacterium  talea bulbus Flavobact.
Depth  Bacteria Archaea spp. Spp. Spp. spp. spp. Spp. spp.
[em] (EUB338 I-IlI) (ARCHO915) (DSS658) (DSR651) (DSV698)  (221)  (Svald28) (660) (CF319a)

Calyptogena field
Station 38-1
0.5 47 2 1 <1 0 <0.5 0 0 3
1.5 62 <1 <1 <1 n.d. n.d. n.d. n.d. 1
2.5 39 1 2 <0.5 0 <1 0 0 <1
3.5 31 4 1 <0.5 n.d. n.d. n.d. n.d. <1
4.5 30 4 2 <0.5 0 <0.5 0 0 <1
5.5 12 16 <1 0 n.d. n.d. n.d. n.d. <0.5
6.5 6 13 2 0 0 0 0 0 0
7.5 5 15 2 0 n.d. n.d. n.d. n.d. 0
8.5 3 12 4 0 0 0 0 0 <0.5
9.5 2 19 <0.5 <0.5 n.d. n.d. n.d. n.d. <0.5
10.5 1 22 1 0 0 0 0 0 <0.5
11.5 n.d. 26 5 <0.5 n.d. n.d. n.d. n.d. 0
Reference
Station 51-1
0.5 16 0 1 0 <0.5 0 0 0 1
1.5 13 0 2 0 n.d. n.d. n.d. n.d. 1
2.5 12 <0.5 1 0 0 <0.5 0 0 <1
3.5 15 0 <1 0 n.d. n.d. n.d. n.d. <1
4.5 13 2 <1 0 0 0 0 0 <1
5.5 10 2 <0.5 <0.5 n.d. n.d. n.d. n.d. 0
6.5 12 2 3 <1 0 0 0 0 <0.5
7.5 6 2 4 0 n.d. n.d. n.d. n.d. 0
8.5 12 4 3 0 0 0 0 0 0
9.5 12 3 2 1.0 n.d. n.d. n.d. n.d. 0
10.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
11.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

n.d.: not determined.
Numbers given in percent of DAPI detected single cells, probe names are in parenthesis.

5% of total single cells (up to 0.7 x 108 cells cm~> Beggiatoa mat and 2.2 x 108 cells cm ™3

Calyptogena field) were detected with this probe by FISH. These unassociated members of
the Desulfosarcina/Desulfococcus branch made up 18—-100% of total detected single SRB.
Detection of this group along the vertical profile showed several maxima and was highest at
1.5 cm (4%) and 9.5 cm (5%) depth in the Beggiatoa mat and at 9.5 cm (5%) and 11.5 cm
(5%) in the Calyptogena filed. Typically, the DSS658-positive cells showed a sarcina-like
cell morphology (Figure 5). The cells were irregularly shaped cocci of about 0.5-1 pm in
diameter and occurred in sarcina-like tetrades, in large clusters of 5—15 or even more cells
or very often as diplococci.

The second dominant population, but with much lower abundance, were members of
the Desulforhopalus (cluster). Probe DSR651 detected a maximum of 4% of all single cells
(1.7 x 10% cells cm™3) by FISH. Detection was highest at the surface layer in all sediments
and decreased strongly with depth. In deeper layers detection rate were close to detection
limit. Detection with probe Sval428 that is specific for Desulfotalea/Desulfofustis/SEEP-
SRB4/Desulfocapsa relatives was lower than for DSR651 although DSR651 is a nested
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probe for Sval428. We only found relevant detection rates at one Beggiatoa site (station
105-1) with maximum 2% of total single cells at the sediment surface and 2% in 5.5 cm
depth. In sediments covered by Calyptogena fields Sval428-targeted SRB were detected,
but at numbers very close to the detection limit. Probe Sval428 was originally designed
to target Desulfotalea species (Sahm et al. 1999b). However, while databases increases,
unspecificity of this probe turned out. The underestimation of the Sval428-target groups
could be explained by a lack of detectability due to the frequently observed weak probe
signals in sediment samples. Cells with a low rRNA content will probably not be detected
by this probe. Desulfovibrio species frequently cultivated in coastal marine sediments could
only be detected in the upper layers (surface layer to 2.5 cm depth) with low numbers of
1% of DAPI cell counts at maximum (0.14 x 108 cells cm~). The cell morphology was not
vibrio-like as typical for Desulfovibrio species, but short or long thin rods and few coccoidal
cells. This can be due to probe unspecificity but there are also rod-shaped Desulfovibrio
species, e.g., Desulfovibrio piger or Desulfovibrio carbinolicus (Widdel and Bak 1992a).
Members of the genus Desulfobacterium (probe 221), completely oxidizing bacteria, and
Desulfobulbus (probe 660), propionate-oxidizing species, could only be detected in very
low numbers of <1% of total DAPI cell counts.

Cytophaga/F lavobacterium Cluster

Cytophaga/Flavobacterium related clone sequences were abundant in the clone libraries
from Hydrate Ridge sediments. Therefore, the in situ abundance of this group was quantified
by FISH as well. In the surface layers a fraction of >1% could be affiliated with the
Cytophaga/Flavobacterium cluster in the surface sediments at all sites (Table 3). Their
abundance ranged from 5% in the uppermost layers to <0.5% at 10.5 cm (Beggiatoa mat,
station 105-1) and generally decreased with depth.

Phylogenetic Diversity

Three 16S rDNA clone libraries have been constructed to study the diversity of SRB and
other bacteria in Hydrate Ridge sediments (Beggiatoa site, station 19-2). Different sediment
depths (0-1 cm, 2—4 cm, and 8-9 cm) were selected according to biogeochemical gradients
(concentrations of sulfate and sulfide, abundance of aggregates) for library construction.
A total of 131 16S rDNA clones with the correct sized insert of 1.5 kb were screened by
ARDRA and assigned to specific ARDRA patterns. There was no substantial difference in
sequence diversity among the clone libraries from the different sediment horizons.

The 16S rDNA clone libraries obtained are phylogenetically diverse and include nu-
merous cultivated as well as uncultivated bacterial lineages represented by 44 different
ARDRA patterns (Table 4). SRB within the §-proteobacteria dominated the clone libraries
from Hydrate Ridge sediments and constituted 53% (n = 69) of all clones (Figure 6). Se-
quence similarity to cultivated species was in all cases lower than 95%. However, similarity
to sequences from uncultivated organisms was always high and often exceeded 98%. Se-
quences related to Desulfosarcina species were the most abundant phylotype (14.5%) with
almost 95% similarity. Together with environmental sequences from the Eel River Basin
and the Guaymas Basin they form a clade specific for methane-rich sites with 97.0-99.0%
similarity to each other (group SEEP-SRB4). SEEP-SRB4 phylotypes were most often de-
tected at the sediment surface and in 2—4 cm depth but not in the deep (8-9 cm) sediment
layer.

Sequences related to the Desulfosarcina/Desulfococcus branch were the second most
abundant phylotype recovered (12.2%). This group comprises the complete-oxidizing
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FIGURE 6 Phylogenetic tree showing the affiliations of Hydrate Ridge 16S rDNA clone
sequences to selected reference sequences of the §-proteobacteria. The tree was calcu-
lated on a subset of 109 nearly full length sequences by maximum-likelihood analysis in
combination with filters, which considered only 50% conserved regions of the 16S rRNA
of §-proteobacteria to exclude the influence of highly variable positions. A total of 1428
positions were used for analysis. Partial sequences (480-1000 bp: AF361656, AF361654,
AJ305055, AF121085, AF121084, AF121082, and AF121089) have been inserted into the
existing tree by parsimony criteria with global/local optimization, without allowing changes
in the overall tree topology. Cloned 16S rDNA sequences from Hydrate Ridge sediments
are in boldface type. Probe specificity shown with colored boxes. The bar represents 10%
estimated phylogenetic divergence.
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genera Desulfosarcina spp., Desulfococcus spp., Desulfofrigus spp., Desulfofaba sp., and
several other strains, which have not been further characterized yet. Hydrate Ridge se-
quences show a maximum similarity of 93.4% to cultivated species of this group. These
and other environmental sequences form a seep-specific clade with 90.2-99.2% similarity
to each other (group SEEP-SRB1).

Other SRB sequences from Hydrate Ridge group together with two additional seep-
specific groups (SEEP-SRB2 and SEEP-SRB3) of environmental sequences from methane-
rich sites. SEEP-SRB2 comprises few sequences from Hydrate Ridge (2.3%) and several
sequences from the Eel River Basin and the Guaymas Basin. SEEP-SRB2 contains the
uncultivated “Eel-2-group” from Eel River methane seep sediments (Orphan et al. 2001a),
and has no close cultivated relatives (87% similarity). Sequence similarity to each other
was 92.8-99.5% (without the Guaymas Basin clone sequence A2 B025 even higher with
96.1-99.5%). In all analysis, they formed an independent phylogenetic cluster among the
8-proteobacteria that could not be assigned to cultivated genera.

SEEP-SRB3 is related to Desulfobulbus species (91% similarity). Sequences of this
group have 93.1-99.0% similarity to each other. Again, this group is formed by sequences
from the Hydrate Ridge, the Eel River, and Guaymas Basin and also contains a sequence
from deep sea sediments near Japan (Nankai Trough) (Li et al. 1999b), which is known
to bear methane hydrate (Reed et al. 2002). The fourth group defined in this study named
SEEP-SRBA4 is related to Desulforhopalus species. Within this group sequence similarity
is quite high with 97.0-99.9%.

In addition to §-proteobacteria Hydrate Ridge libraries contained a large percentage
of sequences affiliated with the Cytophaga/Flavobacterium phylum (34%, n = 45). Se-
quence similarity to cultivated species of the Cytophaga/Flavobacterium group was very
low and in the range of 82 to 92%. Two main groups (12 and 15%) were detected, both most
closely affiliated with Cytophaga marina and Flexibacter maritimus within the Flavobac-
teraceae. Many Hydrate Ridge sequences were closely related to sequence CS_B009 from
the hydrothermally active Guaymas Basin sediment (99.6% similarity) (Teske et al. 2002)
although recovered from a geographically distant and cold site. These sequences were all
retrieved from the 2—4 cm deep sediment layer.

Sequences related to y-proteobacteria were detected in Hydrate Ridge sediments but
comprised only a relatively small percentage (5%). Clone sequences represented within
this group included those highly affiliated with the aerobic methane-oxidizing bacterium
Methylobacter luteus (94.4%) and the sulfur-oxidizing bacteria Acidothiobacillus ferroxi-
dans (94.9%) and Leucothrix mucor (89.5%).

One phylotype (4 clones) affiliated with e-proteobacteria was found in the Hydrate
Ridge sediment clone library from 24 cm depth. It branches with bacteria associated
with the hydrothermal vent tubeworm Riftia pachyptila, with epibionts of the hydrothermal
vent annelid Alvinella pompejana, and with environmental sequences from uncultivated
8-proteobacteria found in cold seeps and the deep sea. Clones affiliated with other bacte-
rial groups were retrieved in low numbers, including members of the phylum Firmicutes
(Clostridiales, Haloanaerobiales) and the recently described Acidobacterium/Holophaga
division. Sequences affiliated with «- and B-proteobacteria were not retrieved.

Discussion

Bacterial Activity and Distribution above Hydrate

There are two sources of energy and carbon at Hydrate Ridge nourishing the benthic micro-
bial communities: (1) methane, which rises from below with venting fluids and decomposing
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hydrates, and (2) particulate organic matter (POC), which sinks to the seafloor from the pro-
ductive ocean surface. Just as at any other continental margin the POC arriving at the seafloor
of Hydrate Ridge fuels heterotrophic benthic communities, including aerobic microbes and
metazoa as well as fermenting microbes and other anaerobic bacteria and archaea. From
primary productivity in the water column it was estimated that about 2 mmol C m~2 d~!
settle to the seafloor at a depth of 780 m (Sommer et al. 2002), a typical value for up-
per continental margins of productive oceans. It can be assumed that all investigated sites
receive the same amount of POC. However, there is a considerable difference as to the
availability of electron acceptors and electron donors at the different sites. At the reference
station, nitrate penetrates down to 15 cm and methane and sulfide is very low or absent in
the surface sediments (Bohrmann et al. 2000). In several of the reference cores, bivalves of
the genus Acharax that harbor sulfide-oxidizing symbionts in their gills dwell deep into the
sediments for access to sulfide. The reference site may obtain low fluxes of methane from
greater depths or by advection from nearby vented sites; however, most of this methane is
already consumed in the subsurface sediments below 15 cm.

At the methane vented Calyptogena fields, nitrate penetrates only a few cm and sulfide
increases considerably to values of >10 mM at 10 cm sediment depth (Torres et al. 2002).
Beggiatoa mats receive the highest methane flux and are the most sulfidic, with >10 mM
H,S already in the top few cm (Torres et al. 2002). Accordingly, there are differences in the
microbial abundance and activity of all three sites. Typical numbers of cells, production rates
estimated from thymidine uptake into DNA, and extracellular hydrolytic activities for the
degradation of POC were found in the surface sediments of the reference sites a few hundred
meter away from the vented, hydrate-bearing sediments covered by Beggiatoa or Calytogena
(for comparison see Boetius et al. 2000b). Similar production rates and hydrolytic enzyme
activities as well as abundances of members of the Cytophaga/Flavobacterium cluster were
found in the surface sediments of all sites, showing the activity of the microbial community in
POC degradation. The hydrolytic enzyme activities found in the Hydrate Ridge sediments
are comparable to those of other continental margin sediments at similar water depths
(Boetius and Damm, 1998; Boetius et al. 2000b). In the subsurface sediments (2—15 cm),
integrated production rates estimated from thymidine uptake were higher at the reference site
than at the hydrate-bearing sites. The most abundant bacteria in hydrate-bearing sediments
are SRB, which do not incorporate thymidine nor possess extracellular hydrolytic enzymes
for the degradation of particulate matter (Widdel 1988). The only hydrolytic enzyme activity,
which was significantly higher in hydrate-bearing, sulfidic sediments was that of sulfatase.
Possibly, this enzyme is expressed by some bacteria to acquire sulfate from organic sources.
Accordingly, the higher activity of sulfatase could be caused by the relatively high numbers
of cells of the Cytophaga/Flavobacterium cluster found in the Beggiatoa surface layers
(station 105-1, 185-1). Cytophaga spp. require sulfatases to cover its sulfur needs in the
production of sulfonated sphingolipids (Godchaux and Leadbetter 1983).

Another substantial difference between the reference site and the hydrate-bearing sed-
iments was total cell abundance, concerning single cells as well as cell aggregates. In
hydrate-bearing sediments, total microbial biomass was much higher than at the reference
site. Most of this “excess” microbial biomass was attributed to the methanotrophic com-
munity (Table 2) profiting from the much higher availability of methane compared to POC.
Methane fluxes across the surface sediments exceed 100 mmol C m~2 d~! at vented sites
(Torres et al. 2002; Boetius and Suess, submitted) compared to a POC input of 2 mmol
Cm~2 d~!. According to the difference in the source of energy, cell numbers and sulfate
reduction rates are also two orders of magnitude higher at Beggiatoa mats and Calytogena
fields compared to the reference site. Sulfate reduction rates are around 50 mmol m2d!,
matching very well the sulfide fluxes of 60 and 20 mmol m~2 d~! beneath Beggiatoa mats
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and Calyptogena fields, respectively (Sahling et al. 2002). In contrast, sulfate reduction
rates of 0.5 mmol m~2 d~! at the reference site are relatively typical for a margin site at this
water depth and can be explained solely by the POC input.

Bacterial Diversity above Hydrate

The bacterial diversity in clone libraries from Hydrate Ridge sediments was relatively high.
In our study all identified clone sequences were <95% similar to cultivated organisms. In
contrast, in deep subsurface gas hydrate sediments from the same habitat (subduction zone
in the Cascadia Margin, ODP leg 146, site 889/890) and in a massive gas hydrate from
the Gulf of Mexico most of the bacterial clone sequences were >95% similar to cultivated
organisms (Lanoil et al. 2001; Marchesi et al. 2001). The investigated surface sediments
from above outcropping hydrate are constantly vented by high concentrations of methane
and replenished with electron acceptors from the oxic bottom waters by a variety of mixing
processes (Sahling et al. 2002; Boetius and Suess, submitted). High biomass and diverse
substrates are provided by the benthic macrofauna inhabiting the sediment surface (Sommer
et al. 2002) and microbial activity is very high. This may explain the higher diversity found
in hydrate-bearing surface sediments compared to deep subsurface zones and bulk hydrate.

The relatively high diversity in Hydrate Ridge sediments is in very good agreement
with the findings from surface sediments of other methane-rich habitats. Teske et al. (2002)
reported an extremely high bacterial diversity in hydrothermal sediments in the Guaymas
Basin with 18 different phylogenetic groups. In hydrate-bearing sediments from Nankai
Trough, Reed etal. (2002) reported a diverse microbial community with 22 unique sequences
and 5 phylogenetic phyla; likewise, Lanoil et al. (2001) found 21 different phylotypes in
sediments associated with hydrates from the Gulf of Mexico.

The phylogenetic analysis of Hydrate Ridge sequences resulted in many overlaps
with sequences from other methane-rich sites. Gamma-, delta-, and epsilon-proteobacteria,
members of the Cytophaga/Flavobacterium cluster, Actinobacteria, and Firmicutes are
widespread in almost all methane-rich sediments investigated (e.g., Lanoil et al. 2001;
Marchesi et al. 2001; Reed et al. 2002; Teske et al. 2002). However, within these phy-
logenetic groups no cluster seems to be endemic to methane-rich habitats (exception: -
proteobacteria). These groups have been typically recovered from marine sediments and
are likely involved in the degradation of organic substances other than methane (e.g., Kato
et al. 1997; Li et al. 1999a, 1999c; Ravenschlag et al. 1999; Rossell6-Mora et al. 1999;
Urakawa et al. 1999; Bowman et al. 2000). Members of the Cytophaga/Flavobacterium
cluster were also relatively abundant in clone libraries and were detected by FISH in the
surface sediments. Cytophaga/Flavobacterium are known as ubiquitous degraders of poly-
mers in marine habitats (Reichenbach 1991). This group is phylogenetically highly diverse
and seems to play an ecological role as hydrolytic fermentative bacteria (Rossell6-Mora
et al. 1999). Hence, members of this group were relatively abundant at all sites, but rather
linked to the detritus food chain than to AOM. However, bacteria of this group could also
use the high biomass of the DSS/ANME-2 aggregates.

One phylotype retrieved from Hydrate Ridge sediment clustered within the Myxobacte-
ria. It was related to Chondromyces robustus and most closely affiliated with clone OB3_39
from Antarctic sediments (98.9%). Known pure cultures of Myxobacteria are almost all
predators of microorganisms (Reichenbach and Dworkin 1992). Therefore, they might play
arole in the control of bacterial abundance.

Phylogenetic diversity within the §-proteobacterial SRB was very high and the Hydrate
Ridge clone sequences could be affiliated with several genera (Figure 6). Most often these
sequences originate from similar environments such as methane seeps from Eel River Basin
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(Orphan et al. 2001a), the Santa Barbara Basin (Orphan et al. 2001a), the Guaymas Basin
(Teske et al. 2002), and the Gulf of Mexico (Lanoil et al. 2001). Four distinct clusters of
highly related sequences could be detected that appear to be specifically associated with
methane seep communities (see discussion below). In contrast to the relatively high bacterial
diversity, the archaeal diversity in methane-rich environments has always been described as
quite low (Bidle et al. 1999; Hinrichs et al. 1999; Lanoil et al. 2001; Marchesi et al. 2001;
Orphan et al. 2001a; Reed et al. 2002; Teske et al. 2002; Thomsen et al. 2001). Most often
only two phylogenetic groups, ANME-1 and ANME-2, were retrieved from the sediments.
However, the phylogenetic diversity of archaea capable of anaerobic oxidation of methane
is still under investigation, and more groups may be found when further clone libraries are
examined.

Another SRB type of interesting function in the highly sulfidic sediments of Hydrate
Ridge are those related to Desulfocapsa sulfexigens, a bacterium capable of inorganic sulfur
disproportionation (Finster et al. 1998). Sequences related to Desulfocapsa were the third
most abundant SRB phylotype recovered (11.4%) and closely affiliated with sequences
from Cascadia margin deep subsurface sediments (Bidle et al. 1999). These bacteria may
play an important role in the very rapid sulfur cycling at seeps.

SRB Involved in AOM—A Single Specialist or Diversity of Different SRB?

Previous studies have shown that both archaeal ANME groups and members of the Desu!l-
fosarcina/Desulfococcus branch co-occur in methane-rich sediments (Boetius et al. 2000a;
Orphan et al. 2001b, 2002; Michaelis et al. 2002). Studies using FISH and secondary ion
mass spectrometry analysis provided direct evidence for their involvement in AOM (Orphan
et al. 2001b, 2002). As in most syntrophic consortia, this process does not seem to obli-
gatorily require the physical attachment of SRB to methanogenic archaea. Orphan et al.
showed that monospecific single archaeal cells and cell aggregates were depleted in §'3C
indicative of methanotrophy, as were multispecific consortia (Orphan et al. 2002). An im-
portant open question for understanding the process of AOM still remaining is whether all
AOM consortia contain a highly specialized SRB partner (Desulfosarcina/Desulfococcus
cells) or whether the role of H, and/or acetate scavenging syntrophic partners can be filled
by a diversity of different SRB, including free-living single cells.

Not only the archaeal groups ANMEI and ANME?2 can be detected exclusively in
methane-rich anoxic habitats (Hinrichs et al. 1999; Lanoil et al. 2001; Orphan et al. 2001a;
Thomsen et al. 2001; Heijs et al. 2002; Teske et al. 2002), but there are also several groups
of SRB endemic to seep sites. Four such distinct clusters of highly related sequences were
detected: Besides Hydrate Ridge sequences these newly defined §-proteobacterial groups
(SEEP-SRB 1 to SEEP-SRB4) comprise multiple sequences retrieved from various sedi-
ment samples from different habitats: the Gulf of Mexico gas hydrates (Lanoil et al. 2001),
Eel River and Santa Barbara Basin methane seeps (Orphan et al. 2001a), Mediterranean
carbonate crusts from mud volcano sites (Heijs et al. 2002), Cascadia margin deep sub-
surface sediments (Bidle et al. 1999), and surface sediments at hydrothermal vents in the
Guaymas Basin (Teske et al. 2002). Sequences within this Desulfosarcina/Desulfococcus
branch (defined as SEEP-SRB1) were very abundant in the clone library in Hydrate Ridge
sediments. This group represents the AOM syntrophic SRB group, which lives together
with ANME-2 cells in a syntrophic consortium, and that also occurs as partner of ANME-1
(Michaelis et al. 2002). The SRB of this group were the most abundant bacteria at Hydrate
Ridge with total numbers of aggregated cells of more than 10'° cm™ in hydrate-bearing
sediments (Table 2). Furthermore, they were also the most abundant single sulfate reducers
in Hydrate Ridge sediment samples and accounted for 18% up to 100% of total detected
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SRB (Table 3). In contrast, single ANME-2 have barely been detected (< 1% of total single
cells). In addition to being a common component of methane-rich habitats, members of the
Desulfosarcina/Desulfococcus branch have also been shown to be very abundant in other
marine sediments (Rooney-Varga et al. 1997; Edgcomb et al. 1999; Sahm et al. 1999a;
Ravenschlag et al. 2000) and made up to 73% of total SRB in Arctic sediments. Also, they
occur as symbionts in a marine oligochaete (Dubilier et al. 2001). The high abundance
in different habitats also underlines that members of this group seem to be fit to survive
under various conditions. Members of the Desulfosarcina/Desulfococcus branch include
nutritionally versatile SRB that oxidize organic compounds including acetate completely to
CO,, and several species can grow autotrophically with CO,, H,, and sulfate (Widdel and
Hansen 1992b). The low sequence similarity of group SEEP-SRBI to cultivated species
(max. 93%) and within the group itself (90.2-99.2%) points to new, still uncharacterized
species or even new genera with unknown physiological properties. This is supported by
data from an accompanying study by Elvert et al. (2003, this issue) who found an enrichment
of unusual fatty acids in Hydrate Ridge sediments (Cj¢:145¢; C17:106¢> and ¢yCi7:005.6) Which
have the lowest §'3C values throught the sediment core. This specific fatty acid pattern was
defined as a stable chemotaxonomic marker for SRB of the Desulfosarcina/Desulfococcus
branch represented in ANME-2/DSS aggregates (for detailed discussion see Elvert et al.
2003, this issue).

In this study we defined three more SRB groups (i.e., SEEP-SRB2 to SRB4) that are cur-
rently associated exclusively with methane-rich, anoxic sites. The presence of these groups
suggests a direct or indirect involvement in AOM by using intermediates or metabolic end
products of this process, or maybe specific organic substrates provided by seep-characteristic
macrofaunal communities around vent sites (e.g., mats of filamentous sulfur-oxidizing bac-
teria Beggiatoa spp., vesicomyid clams Calyptogena spp., solemyid bivalve molluscs of
genus Acharax [Levin et al. 2000; Olu et al. 1997; Sahling et al. 2002]). However, Nauhaus
et al. (2002) tested in vitro if the SRB community (including members of the Desulfos-
arcina/Desulfococcus branch) of hydrate-bearing sediments from Hydrate Ridge can be
decoupled from methane oxidation by adding various potential SRB substrates (or AOM
intermediates). Sulfate reduction was fueled by methane more than by any other electron
donor, pointing to a direct link between methane oxidation and sulfate reduction.

The methane seep-specific groups SEEP-SRB3 and SEEP-SRB4 were located within
the Desulfobulbaceaea and related to the genera Desulfobulbus and Desulforhopalus, re-
spectively. SRB detected by probe DSR651, specific for Desulforhopalus relatives and
SEEP-SRB4, were the most abundant group in the clone library and the second abun-
dant group as detected by FISH in situ. However, their numbers of up to 1.7 x 10% cells
per ml in the uppermost layer were two orders of magnitude lower than those of the
SRB of the Desulfosarcina/Desulfococcus branch represented in ANME-2/DSS aggregates.
This once again shows the limitation in making quantitative assumptions based on clone
frequencies.

SEEP-SRB2 (unclear phylogenetic affiliation) and SEEP-SRB3 (related to Desulfob-
ulbus species) were not targeted by the set of probes used in this study. New probes have
to be developed to quantify the abundance and will clarify the importance of these groups
for AOM sites. A first indication of AOM-relevance of these groups was shown by very
negative §'°C-values of specific fatty acids extracted from Hydrate Ridge sediments. Elvert
et al. (2003, this issue) reported a significant '>C-enriched carbon isotope value (—80%
in 0—19 cm depth in average) for the membrane fatty acid C;7.1,6c, Which is specific for
Desulfobulbus species (but also found in Desulforhopalus species). In addition the dominant
fatty acid Cy¢.145. in Hydrate Ridge sediments, which were formerly assigned to organisms
within the Desulforhopalus/Desulfococcus branch (*C: —90%), has also been detected
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in Desulfobulbus and Desulfosarcina. These findings support the hypothesis that both
Desulforhopalus and Desulfobulbus related AOM-specific groups (SEEP-SRB34) might
be involved in AOM besides members of the Desulfosarcina/Desulfococcus branch. Ex-
tremely '3C-depleted bacterial lipids recovered from other methane-rich sites were also
structurally diverse and likely originated from multiple bacterial sources (Pancost et al.
2000; Orphan et al. 2001a; Thiel et al. 2001; Zhang et al. 2002). It may be that these bac-
terial groups form partnerships with other methane-oxidizing archaea unknown at present.
In Hydrate Ridge sediments, however, we did not find evidence for other bacterial as-
sociations than Desulfosarcina/Desulfococcus cells with the methane-oxidizing archaeal
ANME-2 group, or for other cell associations. In contrast, in Eel River Basin sediment sam-
ples Orphan and coworkers found ANME-2 aggregates, which comprised bacterial partners
other than the Desulfosarcina related species (Orphan et al. 2002). Furthermore, Orphan
etal. (2001a) could define several “Eel groups” (Eel 1, Eel 3) which were missing at Hydrate
Ridge.

Conclusions

This is the first quantitative analysis of bacterial diversity, distribution, and activity of a cold
seep environment. Typical for continental margin sediments of productive ocean regions,
an active and diverse bacterial community involved in the degradation of organic matter
was found in the surface sediments. However, highest biomasses, activities, and phyloge-
netic diversity occurred at the methane-vented sediments above surficial gas hydrates. The
dominant process in these sediments is the anaerobic oxidation of methane via sulfate re-
duction. A high diversity of sulfate-reducing bacteria was found in the gas hydrate-bearing
sediments and four seep-specific phylogenetic clusters were recognized. Members of the
Desulfosarcina/Desulfococcus group represent the dominant cluster of SRB, and are di-
rectly involved in anaerobic oxidation of methane as part of a syntrophic consortium. Most
of the bacterial diversity comprises seep-endemic clades, which share only low similarities
with previously cultured bacteria.
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