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Temporal evolution of methane cycling
and phylogenetic diversity of archaea
in sediments from a deep-sea whale-fall
in Monterey Canyon, California

Shana K Goffredi', Regina Wilpiszeski', Ray Lee* and Victoria ] Orphan’
'Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA, USA
and ?School of Biological Sciences, Washington State University, Pullman, WA, USA

Whale-falls represent localized areas of extreme organic enrichment in an otherwise oligotrophic
deep-sea environment. Anaerobic remineralization within these habitats is typically portrayed as
sulfidogenic; however, we demonstrate that these systems are also favorable for diverse methane-
producing archaeal assemblages, representing up to 40% of total cell counts. Chemical analyses
revealed elevated methane and depleted sulfate concentrations in sediments under the whale-fall, as
compared to surrounding sediments. Carbon was enriched (up to 3.5%) in whale-fall sediments, as
well as the surrounding sea floor to at least 10m, forming a ‘bulls eye’ of elevated carbon. The
diversity of sedimentary archaea associated with the 2893m whale-fall in Monterey Canyon
(California) varied both spatially and temporally. 16S rRNA diversity, determined by both sequencing
and terminal restriction fragment length polymorphism analysis, as well as quantitative PCR of
the methyl-coenzyme M reductase gene, revealed that methanogens, including members of the
Methanomicrobiales and Methanosarcinales, were the dominant archaea (up to 98%) in sediments
immediately beneath the whale-fall. Temporal changes in this archaeal community included the early
establishment of methylotrophic methanogens followed by development of methanogens thought to
be hydrogenotrophic, as well as members related to the newly described methanotrophic lineage,
ANME-3. In comparison, archaeal assemblages in ‘reference’ sediments collected 10 m from the
whale-fall primarily consisted of Crenarchaeota affiliated with marine group | and marine benthic
group B. Overall, these results indicate that whale-falls can favor the establishment of metabolically
and phylogenetically diverse methanogen assemblages, resulting in an active near-seafloor
methane cycle in the deep sea.
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Introduction

The deep sea, fed by a trickling input of photo-
synthetically derived carbon, has historically been
considered a low-energy, oligotrophic environment.
In localized areas, however, oases of elevated
microbial biomass and activity do exist (Jergensen
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and Boetius, 2007). Perhaps the most well known
are hydrothermal vents, emerging along spreading
centers and subduction zones, fueled by hot
reduced fluids recirculated within the Earth’s crust.
Although less publicized, equally rich areas of
stimulated biomass production and activity also
occur in the permanently cold depths of the deep
sea, fueled by methane seepage or large organic
accumulations (that is, food falls). For example,
carcasses of dead whales deliver ~20-50ton of
organic material to a typically food-limited sea floor,
at a rate that is estimated to be 2000 times faster than
the supply of planktonic marine snow (Van Dover,
2000; Smith and Baco, 2003). The microbial ecology
within these locally active deep-sea habitats has the
potential to be unique, particularly with regard to
pathways for carbon degradation and nutrient
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regeneration. This is especially significant when one
considers that over half of the sediments covering
the deep ocean floor are thought to contain at least
30% skeletal remains of marine animals (Shepard,
1973; Kennett, 1982).

The anaerobic degradation of organic matter is
complex, involving many microbial guilds. In
particular, methanogenesis and sulfate reduction
are the terminal steps in the diagenesis of organic
carbon (Jergensen, 1982). These processes are
thought to be mutually exclusive in most environ-
mental settings and controlled, in large part, by the
amount of available sulfate (Reeburgh and Heggie,
1977; Winfrey and Zeikus, 1977). Archaeal methano-
genesis is typically considered the dominant
process in low-sulfate habitats, such as freshwater
lakes, whereas bacterial sulfate reduction dominates
in the sulfate-replete marine environment. Sulfate-
reducing bacteria outcompete methanogenic archaea
for common substrates, including hydrogen and
acetate; thus, it is thought that sulfate reduction
generally precludes methanogenesis as the primary
terminal step in the microbial diagenesis of organic
carbon in marine sediments (Kristjansson et al.,
1982; Lovley et al., 1982).

The quantity and quality of organic carbon in
sediments can also be a major factor determining the
distribution and metabolism of microbes (Capone
et al., 1983). In certain anoxic marine environments
where input of organic carbon is high, including
mangroves, eel grass beds, estuaries, swamps and
polluted intertidal sediments, both sulfate reduction
and methanogenesis can occur simultaneously
(Oremland and Taylor, 1978; Oremland et al,
1982; Senior et al., 1982). Similarly, in hypersaline
environments, the use of non-competitive methy-
lated substrates by methanogens also enables
co-habitation by both functional guilds (Visscher
et al., 2003). In the marine environment, methano-
genesis and sulfate reduction are often temporally or
spatially separated (Cappenberg, 1974; Mountfort
and Asher, 1979); for example, methanogenesis is
typically dominant in deeper sulfate-depleted sedi-
ment horizons below the zone of active sulfate
reduction. The methanogenic conversion of organic
carbon to CO, and CH, below the depth of sulfate
depletion persists at very low rates and is thought to
account for only a small fraction of the carbon
catabolism observed in these marine sediments
(Senior et al., 1982). A high surplus of biologically
available organic carbon, however, may have a
significant influence on the overall habitat distribu-
tion of methanogenic archaea and their contribution
to carbon breakdown in these environments.

Investigating the diversity and distribution of
natural microbial communities in the permanently
low-temperature sediments of the deep sea is critical
to our understanding of global biogeochemical
cycles, especially with regard to the breakdown
and recycling of organic carbon. A unique opportu-
nity in which to study the diagenesis of organic
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matter and the impact of high organic loading on
deep-sea microbial assemblages arose with the
serendipitous discovery of a decomposing whale at
2893 m depth in Monterey Bay, California (Goffredi
et al., 2004). In this study, we combine molecular
analyses with geochemical measurements in the
sediments underlying this deep-sea whale-fall to
characterize changes in the magnitude and distri-
bution of the archaeal community, compared to
the surrounding deep-sea sediments. We assessed
whether microbial communities were enriched
under the whale-fall, if they changed over time,
and the extent and impact of this enrichment on the
surrounding sea floor. Regular field sampling
was conducted to examine the temporal changes
in the whale-fall-associated microbial assemblages,
an ecological task that is typically difficult to
accomplish for deep-sea environments.

Materials and methods

Site description and sampling

Sediment samples were obtained from a whale-fall
in Monterey Canyon, California (Figure 1). The
whale-fall was originally discovered in February
2002 (Goffredi et al., 2004; 36.78°N/122.08°W,
2893m depth; Figure 1a, star symbol). Samples
were collected by means of the remotely operated
vehicle Tiburon (owned and operated by the
Monterey Bay Aquarium Research Institute).
Sampling occurred over a period of 59 months
(from October 2002 to January 2007) following the
discovery of the 2893 m whale-fall (Table 1 and
Figure 1); 8 months—dive T486; 33 months—dive
T769 (Figures 1b and c); 45 months—dive T917
(Figure 1e); 51 months—dive T991 (Figure 1f); and
59 months—dive T1069 (not shown). Chemical data
are shown for two other whale-falls artificially
implanted at 385m (36.79°N/121.89°W) and
1018 m (36.78°N/122.08°W) depth in Monterey
Canyon in April 2005 and October 2004, respec-
tively (Braby et al., 2007).

Sediments were sampled directly beneath the
whale-fall (Om distance away), and at 1, 3 and
10m distance from the center of the carcass (the
latter considered to be ‘reference’ sediment, initially
outside the influence of the whale-fall; Figure 1d).
Changes in archaeal community composition were
monitored both with increasing distance from the
whale-fall and with increasing depth within
the sediment column. Spatial sampling, thus,
included these two different parameters (Table 1):
distance from the whale-fall and depth within the
sediment (referred to as ‘depth horizon’).

Sediment samples were collected with push cores
and stored at 4 °C until they were processed (usually
shipboard within 0-5h) and subdivided for
chemical analysis or molecular studies. From the
push core sleeve, samples were extruded upwards
in 3-cm-thick sections and subsampled using cutoff
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Figure 1 (a) Shaded relief map of the continental margin off Monterey Bay showing the whale-fall location at 2891 m depth (large white
star). Modified from Goffredi et al., 2004. (b, c, e, f) Photo mosaics of digital still images. (d) Schematic of the whale skeleton at 2893 m
showing areas of sediment collections and sampling strategy. (b, ¢) At 33 months (dive no. T769, November 2004), (e) 45 months (dive no.

T917, November 2005) and (f) 51 months (dive no. T991, May 2006).

1 and 5ml syringes. Samples were then subdivided
for cell counts via fluorescent in situ hybridiza-
tion (FISH) (~0.5g sample wet weight in 2-4%
paraformaldehdye as described below), nucleic acid
analyses (approximately 15g of sediment frozen at
—80°C) and pore-water chemistry (6-10g for CH,
and ~15g sediment for SO, and H,S, as described
below). Additional samples were preserved in
ethanol or flash-frozen in liquid nitrogen.

Sediment chemistry

Sediments were collected and analyzed for percent
total carbon and nitrogen, stable isotopes (6*°C and
0"°N) of bulk carbon and nitrogen, concentration and
0"C of methane specifically, as well as concentra-
tions of sulfide and sulfate. For methane analysis,
6-10g sediment plugs were added (~1:1) to 1M
NaOH in gas-tight serum vials. Greater than 99.5% of
the methane in the sediment is typically present in
the gas phase. Methane concentration in the

The ISME Journal

headspace of the bottles was determined with a
Shimadzu mini-2 gas chromatograph equipped with
a flame ion detector and magnesium perchlorate
trap, with a 2ml injection loop. A 9.93p.p.m.
methane standard was wused for calibration.
Sediment porosity was measured to be 40-60%,
via drying of sediments at 65 °C for 24h, and was
taken into account in the final methane calculations.
Compound specific isotopic values for methane
from eight selected samples representing different
methanogen assemblages were measured via
gas chromatography-combustion-isotope ratio mass
spectrometry (GC-C-IRMS; Isotech Laboratories Inc.,
Champaign, IL, USA).

To collect pore waters for both sulfide and sulfate
measurements, sediment samples were centrifuged
(1380 g for 15 min) in cutoff, stoppered 10 ml syringes
without a headspace (Barry et al., 1996). Pore fluid
samples were transferred to gas-tight syringes via a
needle through the side wall of the 10ml syringe,
minimizing exposure to oxygen, and preserved
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Table 1 Summary of chemical descriptions for sediment samples investigated in this study
Depth  Date (dive no.) Months* Description®  Sediment CH, 8”CH, SO, H,S TOC 8&“C TON &N
(m) (PC no.) depth (wmolg™) (%)  (mM) (M) (%) (%) (%) (%)
(cm)
2893 October 2002 (T486) 8 0m (PC73) 0-3 — — — — 3.4 -19.5 0.5 9.6
November 2004 (T769) 33 0m (PC18) 0-3 1321 — 11 — 1.5 —-20.6 0.2 10.5
5-8 4230 — — — — — — —
12—-15 2970 — — — 2.2 =20.1 0.3 12.6
10m (PC55) 0-3 — — — — 1.9 -20.3 0.2 7.5
12-1 — — — — 1.6 —-21.2 0.2 7.6
November 2005 (T917) 45 0m (PC43) 0-3 685 —50.7 29 7 1.3 —-20.5 0.2 11.2
9-12 962 —50.5 11 0 2.0 -20.0 0.3 11.9
1m (PC47) 3-6 39 —58.6 28 0 3.6 —-18.7 0.6 9.9
9-12 43 —39.6 25 0 0.7 —22.2 0.1 10.8
May 2006 (T991) 51 0m (PC64) 0-3 33 — 16 0 1.4 -20.2 0.2 9.8
12-15 357 —54.7 9 60 2.1 -20.4 0.2 7.8
January 2007 (T1069) 59 0m (PC75) 0-3 — — — — 3.2 —-19.9 0.5 8.9
12-15 — — — — 1.8 —-19.9 0.2 9.7

Abbreviations: PC, push core number used at the time of collection from the sea floor; TOC, total organic carbon; TON, total organic nitrogen.

—, not measured.
*Months since discovery for the 2893 m whale-fall.

"Description includes distance from the whale; 0 m (sediments collected immediately underlying the whale-fall), 1 m and 10 m (considered to be

‘reference’ sediment, initially outside the influence of the whale-fall).

immediately in either 0.5M zinc acetate or 0.5M
barium chloride (1:1) for sulfide and sulfate, respec-
tively. Sulfide was measured via the colorimetric
cline assay (Cline, 1969). A 200mM sodium sulfide
stock solution was made by dissolving Na,S in
N,-sparged distilled water (adjusted to pH 10 with
NaOH), and decanted into anaerobic vials. Sulfide
standards (15-1000puM final concentrations) for the
Cline assay were made from this stock solution via
serial dilution with N,-sparged distilled water. Sulfate
in the pore fluids was determined by turbidometry
using a spectrophotometer (Association APH, 1976;
Gieskes et al., 1991). The turbidity of a given reaction
was measured at 420nm and expressed in units
derived from a standard curve prepared by use of
barium sulfate suspensions (0-28 mm).

For percent carbon and nitrogen, as well as stable
isotopes on bulk sediments, samples were dried at
65°C for 24h, then milled to a fine powder. Dry
material (0.5-2.0mg) was placed into a tin capsule
and combusted in a Eurovector (Milan, Italy)
elemental analyzer. The resulting N, and CO, gases
were separated by gas chromatography and admitted
into the inlet of a Micromass (Manchester, UK)
isoprime isotope ratio mass spectrometer (IRMS) for
determination of N/*N and "*C/**C ratios. Typical
precision of analyses was + 0.5%o for 6"°N and £ 0.2%o
for 6"°C where 6=1000(Rsumpie/ Rstandara)—1%0, where
R="N/"N, the standard for ¢'"°N is atmospheric
nitrogen and Peedee Belemnite for 6**C. Egg albumin
was used as a reference material during each run.

Microscopy
Samples for microscopy were preserved shipboard
for 4-12h at 4°C in phosphate-buffered 4%

paraformaldehyde, rinsed twice with 1 x phos-
phate-buffered saline (PBS), transferred to an equal
volume of PBS/ethanol and stored at —20°C.
Pre-processing for FISH included dilution of sedi-
ments 1:20 (vol/vol) in 1 x PBS, containing 0.01M
pyrophosphate (final concentration), to a final
volume of 2.0 ml, sonication on ice with a sonicating
wand (Branson sonifier 150) for two 10s pulses at
8W and shaking at 150r.p.m. for 15min at 35°C.
Samples were briefly centrifuged to pellet large
particles, and the supernatant was collected onto a
0.2um Millipore polycarbonate filter. Catalyzed
reporter deposition-FISH (or CARD-FISH) using
tyramide signaling and probes labeled with heat-
stabilized horseradish peroxidase was performed
according to the protocol of Pernthaler et al. (2004).
For permeabilization of the target cells, a 40pul
subsample of sonicated sediment was pipetted into
100ml of 1 x TE (10mM Tris-HCI, 1 mMm EDTA, pH
9.0) in glass dish and microwaved in a histological
microwave oven (Microwave Research & Applica-
tions Inc., Laurel, MD, USA) at 65°C for 2min.
Subsequently, the slurry was put onto ice and
centrifuged for 5min at 1000 g at 4 °C. To inactivate
endogenous peroxidases, samples were first ex-
posed to 0.1% H,O, (in 1 x PBS for 1min at room
temperature) and centrifuged at 1000g for 4 min.
Hybridization buffer was made as described
previously, using 35% formamide concentration
(vol/vol) and 0.5ngpl™* of a horseradish peroxi-
dase-labeled oligonucleotide probe (Pernthaler
et al., 2004). The universal bacterial probe set
EUB338 I-III (Daims et al., 1999) and a universal
archaeal probe, Ar915 (Stahl and Amann, 1991),
both labeled with horseradish peroxidase (Biomers.
net, Ulm, Germany), were used for cell counts.
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Independent checks for nonspecific hybridization
by the CARD-FISH procedure were negative.
Hybridizations were conducted at 46 °C for 2—-3h,
followed by a 15min wash in 1x PBS (at room
temperature) and a 10min amplification step at
37 °C. Amplification buffer contained 0.0015% H,0,
and 0.5 pg of tyramide labeled with Alexa,gs (green)
or Alexas,s (red) specifically. Cells were post-stained
with 4’,6’-diamidino-2-phenylindole (5pgml~") for
1min and counted by epifluorescence microscopy
using a DeltaVision restoration microscopy system
(Applied Precision LLC, Issaquah, WA, USA).

Nucleic acid extraction

For 16S rRNA analysis, total nucleic acids were
extracted from 3-cm-depth sediment intervals, with
each representing a 3-cm-depth interval. Cell lysis
and DNA extraction from ~0.5g (wet weight) of
sediment was conducted using the Ultra-Clean Soil
DNA kit (MoBio Laboratories Inc., Carlsbad, CA,
USA). The protocol was modified by two initial 5-
min incubations at 70°C followed by beadbeating
(using a Bio101 Fastprep machine, speed 5.5 for
45 s; Thermo Electron Corporation, Whaltham, MA,
USA). The remainder of the extraction procedure
was carried out according to the manufacturer’s
instructions, with the exception of a second 4 °C
incubation in IRS (Inhibitor Removal Solution®
(MoBio Laboratories Inc., Carlsbad, CA, USA))
solution between solutions S2 and S3. DNA
concentrations were determined using a Nano-Drop
1000 Spectrophotometer (Nano-Drop Technologies,
Wilmington, DE, USA).

PCR, clone library construction and sequencing

SSU rRNA (168S) and methyl-coenzyme M reductase
(mcrA) genes were amplified by PCR from purified
DNA samples. PCR mixtures (25 pl) contained 0.4 pM
of either Archaea-specific 16S rRNA primers, 20F
and 958R (Delong, 1992), or mcrA-F and mcrA-R for
the mcrA analysis (Luton et al., 2002). Reactions
also contained 2.5 pl of 10 x PCR buffer (containing
2mM MgCl,), 0.2mM each of deoxynucleotide
triphosphates and 0.025 U of Eppendorf HotMaster
Taq (Westbury, NY, USA). Thermal cycling condi-
tions included 45s each of denaturation at 94 °C,
annealing at 54 and 50 °C, respectively for 16S rRNA
and mcrA, elongation at 72 °C (25-30 cycles) and a
final 6 min of elongation at 72 °C. PCR products were
cloned using the Topo TA cloning kit (Invitrogen,
Carlsbad, CA, USA). Clone libraries of PCR-ampli-
fied archaeal 16S rRNA genes were constructed from
2 to 3 depth horizons from each core, with 35-119
clones analyzed for each library, depending on the
diversity of recovered ribotypes. A summary of
the samples analyzed is included in Table 2. To
group similar clone types for subsequent sequence
analysis, 16S rRNA clones were subjected to
restriction fragment length polymorphism (RFLP)
analysis using the restriction enzyme Haelll (New
England Biolabs, Beverly, MA, USA). Inserts from
clones chosen for sequencing were amplified with
M13 primers, as above except with Tag polymerase
from Promega (Madison, WI, USA). M13 amplicons
were cleaned prior to sequencing with MultiScreen
HTS plates (Millipore Corporation, Bedford, MA,
USA). Sequencing reactions were performed on
these products using the Genome Lab DTCS Quick
Start Kit (Beckman Coulter, Fullerton, CA, USA),

Table 2 Summary of samples used in the construction of 16S rRNA libraries from the 2893 m whale-fall, including results of the

dominant methanogens recovered from each

Date Months*  Description®  Sediment Library No. of Total % Dominant
(dive no.) (PC no.) depth name® clones methanogens methanogen taxa
(cm) screened (% abundance)?®
October 2002 (T486) 8 0m (PC73) 0-3 R8 _0s 39 93 Methanococcoides (93)
November 2004 (T769) 33 0m (PC18) 0-3 R33_0s 89 36 Methanogenium (31)
5-8 R33_0m 65 98 Methanogenium (75)
12-15 R33 od 70 96 Methanogenium (96)
10m (PC55) 0-3 R33_10s 88 0 None
12—-15 R33_10d 62 0 None
November 2005 (T917) 45 0m (PC43) 0-3 R45 0s 36 88 Methanogenium (80)
9-12 R45_0d 66 89 Methanogenium (56)
1m (PC47) 3-6 R45_1m 32 36 Methanococcoides (36)°
9-12 R45_1d 90 64 ANME-3 (64)
May 2006 (T991) 51 0m (PC64) 0-3 R51_0s 46 97 Methanogenium (85)
12-15 R51 o0od 31 80 Methanogenium (80)

Abbreviation: PC, push core number used at the time of collection from the sea floor.

*Months since discovery for the 2893 m whale-fall.

"Description includes distance from the whale; 0 m (sediments collected immediately underlying the whale-fall), 1 m and 10 m (considered to be

‘reference’ sediment, initially outside the influence of the whale-fall).

Library designations are R (Ruby, 2893 m whale-fall), no. (months from discovery or implantation) 0, 1 or 10 m distance from whale, and s, m or d
for shallow (0-3 cm), mid (3-6 or 5-8 cm) or deep (9-12 or 12—15 cm) depth horizons.
9In some cases, other methanogens were present at lower abundances (<10%).

°ANME-3 methane-oxidizers also present at ~10%.
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then precipitated with glycogen and sodium acetate,
resuspended in 40l of formamide and run on a
CEQ 8800 Genetic Analysis System (Beckman
Coulter). Sequences acquired during this study were
deposited in GenBank (accession numbers
EU084511-EU084526, EU220725 and EU201175-
EU201182). Library designations are R (Ruby,
2893 m whale-fall)_no. (months post discovery)_0,
1 or 10m distance from whale, and s, m or d for
shallow (0-3cm), mid (3-6cm) or deep (9-12 or
12—-15cm) depth horizons, respectively. Additional
sequences were obtained from GenBank and
compiled and aligned with our 16S rRNA sequences
using ARB Fast Aligner (Ludwig et al., 2004) and
Sequencher v4.5 (Gene Codes, Ann Arbor, MI, USA).
Phylogenetic trees were generated using PAUP
v4.0b10 (Swofford, 1998). The Kimura two-para-
meter model was used to estimate evolutionary
distance. Maximum-parsimony and neighbor-join-
ing analyses were conducted with heuristic searches
using 100 and 5000 non-parametric bootstrap repli-
cates, respectively, to assign confidence levels to
nodes. mcrA gene sequences were first translated in
Sequencher v4.6 and then aligned manually in
MacClade v4.08. Total character difference was used
to estimate evolutionary distance and a neighbor-
joining analysis was conducted using 5000
non-parametric bootstrap replicates, to assign
confidence levels to nodes.

Terminal restriction fragment length polymorphism
analysis

Terminal RFLP (T-RFLP) was used to further
characterize the diversity and relative proportion
of methanogen-associated 16S rRNA genes in sedi-
ment samples. 16S TRNA genes from purified DNA
samples were PCR-amplified using archaeal primers
20F (fluorescently labeled with WellRED dye D4,
Sigma-Proligo, St Louis, MO, USA) and 958R using
the same PCR conditions as described above for
unlabeled PCR reactions. For a few samples that
were particularly difficult to amplify, 20 cycles of
PCR were performed using unlabeled primers,
followed by a subsequent reaction using 1 pl of the
unlabeled PCR product for an additional 25 cycles
using the fluorescently labeled forward primer. For
each sediment sample, duplicate PCR amplifica-
tions were performed and pooled prior to digestion
with either Haelll or Sau961 (for 6—8 h at 37 °C; New
England Biolabs). Digest reactions contained 3pl
DNA, 0.5 ul of enzyme and 2pl 10 x buffer diluted
with purified H,O to a final volume of 20 ul. Haelll
and Sau961 were chosen based on in silico analysis
of known methanogen 16S rRNA sequences using
the restriction enzyme cutting program in
Sequencher v4.6 (Gene Codes). Digested products
were precipitated using glycogen and sodium
acetate as carriers (as above for direct sequencing)
and resuspended in 40l of formamide containing
0.5 ul of an internal dye standard (GenomeLab DNA
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size 600; Beckman Coulter). Fluorescently labeled
fragments were separated by capillary electro-
phoresis and analyzed on a CEQ 8800 Genetic
Analysis System (Beckman Coulter). Fragment sizes
were parsed to the nearest two whole base pairs and
relative abundances were estimated using the CEQ
8800 Fragment Analysis software. Clones positively
identified via sequencing were used as controls
for amplification, restriction and sizing during the
T-RFLP analysis.

Quantitative PCR analysis of archaeal mcrA genes
The copy number of mcrA genes in each DNA
extract was determined using real-time PCR. Pri-
mers, modified from Luton et al. (2002), were used
to amplify an ~470-bp fragment from the archaeal
mcrA gene (mcrA-f, 5GGTGGTGTMGGATTCA-CA
CAR-3/, T,, 56.5°C, and mcrA-r, 5'-TTCATTGCR
TAGTTWGGRTAG-3', T,, 50.0°C). Triplicate real-
time PCR reactions (20 pl) contained 0.5 mM of each
primer and 1 x PCR buffer containing MgCl,, dNTPs
and Amplitagq Gold in the SYBR green master
mix (Applied Biosystems, Foster City, CA, USA).
Purified DNA (1pl) was added as template (DNA
extracts ranged from 10 to 160ngul™" but were
normalized to 10ngpul™ and diluted 100 x). All
reagents were RNase- and DNase-free. A standard
curve was generated using serial dilutions of a
pBAD-derived plasmid (Invitrogen) containing a
known partial mcrA sequence. This template was
CsCl-purified to reduce the presence of inhibitory
compounds, and linearized to more closely approxi-
mate environmental DNA. The slope of this
standard curve (regression lines of C, versus log N,
the log of initial DNA concentration in standard
templates) was used to estimate amplification
efficiency for these particular primers in our
quantitative PCR (QPCR) assays (~82%, slope of
C, versus concentration=3.86). Reactions were
carried out using the Sequence Detector System
ABI Prism 7300 (Applied Biosystems). Cycling
parameters included an initial denaturation of
95°C for 3min, followed by 45 cycles of 95°C
(30s) and 60s of annealing/extension at 58.5°C,
determined empirically. A dissociation curve from
each QPCR reaction was examined to further ensure
proper target sequence amplification.

Results

Chemistry

Sulfate was depleted beneath the whale-fall, relative
to both seawater and reference cores (~ 28 mM), with
the lowest measured value of 9mm SO, at a depth
horizon of 12—15cm (Table 1). Sulfide concentra-
tions at the 2893 m whale-fall were generally low
(from undetectable levels to only 60 puMm; Table 1);
however, this trend appears unique to this particular
whale-fall as significant sulfide levels were
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observed at other whale-fall sites in Monterey
Canyon (up to 2.5 mM, data not shown).

Methane concentrations were elevated in sedi-
ments directly beneath the whale (up to
4230 pmol CH, g~ * sediment; Table 1) relative to the
reference sediments. Two reference cores taken
approximately 450m from the whale-fall (and
~60m apart) had methane values of ~0.2pm
(Bill Ussler, personal communication, Monterey
Bay Aquarium Research Institute). Spatial (lateral)
heterogeneity in methane levels was recorded at 45
months, with higher values observed in sediments
immediately underlying the whale-fall (up to
1455 pmol CH,g ' sediment at 6 cm depth, closed
circles in Figure 2a), compared to a core (PC47)
taken at a distance of 1m away (129 pmol CH,g™*
sediment, closed diamonds; Figure 2a). Associated
stable carbon isotope values for methane were
measured for a subset of samples beneath, or
adjacent to, the whale-fall. The greatest difference
in 0"CH, was observed between different depth
horizons (3—6cm versus 9-12cm) within a single
core (PC47), taken 1m from the whale-fall, with
0"CH, ranging from —39.6% to —58.6%0 (see 45
months, Table 1; closed diamonds in Figure 2a),

while a second core (PC43) appeared to have more
constant 6**CH, values (~ —50%o; Table 1).

High levels of carbon (total organic carbon; TOC)
were observed in sediments under the 2893m
whale-fall for all time points investigated. This
enrichment in organic carbon was established
relatively early, with no noticeable change in surface
sediments from 8 (3.4% TOC) to 59 months (3.2%
TOC) post-discovery (Table 1). Spatial relationships
(vertical and lateral) in TOC were investigated for
cores collected directly beneath the whale-fall (0m
distance), and at 3 and 10m distances from the
center of the carcass (Figure 3). At 59 months,
the greatest enrichment was observed in shallow
depth horizons (0-3 cm), averaging 2.5 + 1.1 total wt
% (n=7), compared to deeper (9—15cm) sediment
depths (1.8 £ 0.5 total wt %, n=8; Figure 3a). There
was a significant decrease in total carbon occurring
at 3cm depth (decreasing by 44 + 12 relative %),
indicating a very shallow and localized zone of
enriched carbon immediately under the whale-fall
(Figure 3a, open squares and circles). A similar
sharp decrease in carbon was observed in sedi-
ments collected at a distance of 3m from the
whale-fall (Figure 3a, open triangles and diamonds).
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Figure 2 Pore-water profile of (a) total CH, (pmol per g sediment) under the 2893m whale-fall (0m, T917 PC43), and at 1m
(T917_PC47) and 10m (T917_PC52) distance away. 0"*CH, (%o) are noted next to each depth horizon, along with the predominant
methanogen detected in 16S rRNA libraries. (b) Total organic carbon (% TOC) for the same sediment samples and depth horizons with
0"*C values (%o) noted next to each depth horizon. All samples were taken at 45 months.
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Figure 3 Total carbon (%) in sediments under the (a) 2893 m
whale-fall (0m), and at 3 and 10 m distances away (samples were
taken at 59 months). For comparison, similar measurements are
shown for whale-falls at 1018 m (b) and 385 m (c) depth at earlier
stages in their decomposition (24 and 20 months post-deposition
on the sea floor, respectively).

At 59 months, elevated levels of TOC were also
observed for sediments collected 10m from the
whale-fall; however, the decrease in % TOC with
sediment depth was much less (decreasing by only
13%; Figure 3a, closed diamonds). For two arti-
ficially implanted whale-falls with known dates of
origin, we observed slightly less elevated carbon
in underlying sediments at 24 and 20 months
after deposition on the sea floor (1.4-2.1%;
Figures 3b and c).

The lowest TOC value (0.7%) was measured 1m
from the whale-fall (PC47, Table 1) in a sediment
horizon with a 6"*C value of —22.2%, (Figure 2b) and
heterogeneous ¢'*CH,. This particular core showed
the greatest difference in 6"*C TOC among different
depth horizons with a 6"*C of —18.7%. in the 0-3 cm
horizon and —22.2%o in the 9-12 cm horizon (Table 1

Archaeal diversity under a deep-sea whale-fall
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and Figure 2b). With the exception of PC47,
however, bulk 6®C TOC values beneath the
whale-fall were not significantly different from
the 10m sediments (—20.2+0.7% (n=25) versus
—20.3+£0.7% (n=4), respectively, for all depth
horizons at both 33 and 51 months; Table 1, not all
data are shown).

Total nitrogen ranged from 0.2% to 0.5%
immediately underlying the carcass and from
0.2% to 0.3% for sediments collected at 3 and
10 m distance from the whale-fall. 6*°N values were
variable and ranged from 7.5%o to 12.6%o, with no
obvious spatial or temporal pattern (Table 1).

Archaeal communities associated with the whale-fall
Cell counts revealed an increase in total microbial
abundance (~1.6 x). Under the whale-fall, with
archaea representing 10-40% of the total cells
detected by FISH microscopy. Total microbial
counts (bacterial and archaea) were generally higher
(1.5-2.2 x ) in shallow (0-3 cm) versus deep depth
horizons (9-15cm), a trend that was consistent
in both 0 and 10m cores. Similarly, a decrease in
the yield of genomic DNA with increasing depth
in the sediment was also observed, from 4 to
5ugDNA g " sediment recovered from the 0-3cm
depth horizon and 0.5-1pgDNAg™" sediment
recovered from the 9-15 cm horizon.

At 33 months, a comparison was made between
archaeal assemblages in sediment immediately
underlying the whale-fall and at a ‘reference’ site
10m away. The majority of phylotypes recovered
from ‘reference’ sediments (T769 PC55) were
related to uncultured marine Crenarchaeota,
including phylotypes associated with groups pre-
viously recovered from deep-sea sediments (Li et al.,
1999; Vetriani et al., 1999; Knittel et al., 2005;
Inagaki et al., 2006). Specifically, archaeal assem-
blages in the reference core from the 2893 m whale-
fall primarily consisted of marine group I (MGI) and
marine benthic group B (MBGB), representing up to
98% and 27% of the libraries from ‘reference’
sediment, respectively (Table 2 and Figure 4). The
dominant Crenarchaeota MGI phylotypes in both
depth horizons within reference sediments were
related to an uncultured archaeon from a fish gut
(R33_10d_G7; van der Maarel et al., 1998) as well as
an uncultured Crenarchaeote from sediments in the
Japan Trench (R33_0s_B10; Li et al., 1999). These
MGI phylotypes fell within the MGI-a microcluster,
which contains both surface and deep-water taxa
(Massana et al., 2000). The dominant Crenarchaeota
MBGB phylotype (R33_10d_E11), present only in
the deeper 12—15 cm layer of the reference core, was
98% similar to an uncultured archaeon from deep-
sea sediments in the Atlantic Ocean (Table 3 and
Figure 5; Vetriani et al., 1999). Phylotypes related
to the Euryarchaeota were also found only in
the 12-15cm layer (representing up to 24% of
the recovered phylotypes; Table 3 and Figure 4),
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including a phylotype (R33_10d_G1) related to
uncultured Euryarchaeota from sediments in Skan
Bay, Alaska and other members of the Thermo-
plasmatales-related marine benthic group D,
(Girguis et al, 2003; Kendall et al, 2007).
Additional, as yet unclassified Crenarchaeota (for
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Figure 4 Differences in the abundance of archaeal subgroups
recovered from sediments immediately underlying the 2893 m
whale-fall, at two different depth horizons (0-3 and 12-15cm)
versus those recovered from ‘reference’ sediments collected 10 m
from the whale-fall (samples were taken at 33 months).

example, R33_0s_F10), related to freshwater and soil
archaea (Bintrim et al., 1997; Stein et al., 2002),
made up the remainder of the sequence diversity
(11%; Table 3 and Figure 4). No methanogen-
affiliated sequences were recovered from the 10m
reference core.

In contrast, archaeal assemblages directly beneath
the whale-fall (T769_PC18), at the same time point
(33 months), were distinct from the surrounding
communities, with methanogen-affiliated sequences
dominating the archaeal diversity. In both shallow
and deep sediment horizons, methanogen phylo-
types represented between 36% and 98% of the
archaeal diversity observed at all time points (Table 2
and Figure 5). Vertical heterogeneity in methanogen
abundance was observed at the 33-month time point
with Methanogenium-related phylotypes account-
ing for approximately 31% of the archaeal diversity
in the 0-3 cm depth, yet dominating in the deeper
5-8 and 12-15 cm layers (representing up to 98% of
the diversity; Table 2 and Figure 4). This trend in
vertical methanogen abundance was confirmed by
QPCR analysis of the mcrA gene with 30 x greater
mcrA copy numbers detected at 12—15 cm compared
to 0-3 cm.

Most of the methanogenic phylotypes in sedi-
ments underlying the whale-fall (for example,
R33_0s_H2) were highly related (99% similarity
in 16S rRNA) to Methanogenium marinum from
Skan Bay, Alaska (Table 3 and Figure 5; Chong et al.,
2002). Additional methanogenic phylotypes in-
cluded those related to Methanococcoides alaskense
(99% similarity, R33_0s_B2), present in both sedi-
ment horizons, and Methanosarcina baltica (98%

Table 3 Summary of archaeal ribotypes (based on 16S rRNA) in different sediment depth horizons, in both 0 m (whale-fall) and 10m

(reference) cores associated with the 2893 m whale-fall at 33 months

Representative GenBank No. of clones at the following sediment depths® Group %
ribotype ID° accession no. Closest relative similarity
(accession no.)
0m core (whale-fall) 10m core (reference)
0-3cm 12-15cm 0-3cm 12-15cm
Euryarchaeota
Methanomicrobiales
R33_0s_H2 EU084515 28 67 0 Methanogenium, DQ177344 99
R45_0s_A9 EU084512
Methanosarcinales
R33 0s_B1 EU084513 0 1 0 Methanosarcina, AY663809 98
R45_0d_C4 EU084523
R8_0s_B2 EU084526 4 1 0 Methanococcoides, AY941802 99
R33_10d_G1 EU084518 0 0 15 Euryarchaeota—other, AY592255 97
Crenarchaeota
R33_10d_G7 EU084520 47 1 86 24 Marine group I, AF052948 98
R33_10d_E11 EU084517 0 0 17 Marine group B, AF119137 98
R33_0s_F10 EU220725 10 0 6 Crenarchaeota—other, AF418939 99
89 70 88 62 Total

*Sediment depth horizons include shallow (0-3cm) and deep (12-15cm) layers, and correspond to samples collected during dive T769
(November 2004) under the whale-fall (0 m, PC18) and in reference sediments (10 m, PC55) as shown in Table 1.

PRibotype ID’s correspond to those shown in Figure 5.
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Methanosarcina semesiae, AJ012742
Methanosarcina baltica, AY663809
R33_0s_B1 (EU084513)

R45_0d_C4 (EU084523)

Methanolobus oregonensis, U20152
uncultured SB05, AY177812
Methanococcoides burtonii, X65537

uncultured SB14, AY177814
Methanococcoides alaskense, AY341802

R8_0s_B2 (EU084526)

Methanosarcina

Methanococcoides

uncultured Eel-36a2H11, AF354136

R45_1d_B12 (EU084524)
R45_1d_E12 (EU084525)
uncultured AJS72-22, AB239074
uncultured HMMVBeg-32, AJ579330
uncultured HMMVBeg-36, AJ704631

uncultured CS_R012, AF419647
uncultured C1_R048, AF419644

Methanosaeta soehngenii, X16932

uncultured CS_R002, AF419645
R45_0s_A9 (EU084512)
-- 1 R33_0s_H3 (EU084516)
97} R51_0d_H9 gEU084522

uncultured SB18, AY177815
R33_0s_H2
Methanogenium marinum, DQ177344
Methanospirillum hungatei, M60880
Methanocalculus haloterans, AF033672
uncultured WCHD3-07, AF050617

uncultured archeon, AF419624
uncultured archeon, AF419649
uncultured archeon, AF419652

uncultured archeon, AB019739
uncultured KTK-9A, AJ133622
uncultured, WCHD3-16, AF050618
uncuitured AMOS1A_4113, AY323219
R33_10d_G1 (EU084518
uncultured KTK-4A, AJ133621

uncultured CRA8-27cm, AF119128

uncultured APA3-11cm, AF119137

00- R33_10d_E11 AEU08451 7)
uncultured VC2.1, AF068822

uncultured C1_R043, AF419642

uncultured CS_R008, AF419646
uncultured archeon, AB019722
R33_0s_B10 (EU084514)
uncultured JTB168, AB015274
uncultured archeon, AJ535118
100 uncultured T$235C306, AF052948
R33_10d_G7 (EU084520)
R33_10d_G2 (EU084519)
uncultured 4B7, U39635
‘Cenarchaeum symbiosum’, U51469
R51_0d_AS5 (EU084521)

ANME-3

ANME-2

Methanogenium

ANME-1

Thermoplasmatales

Marine Group B

Marine Group |

Figure 5 Phylogenetic relationships of archaea associated with a 2893 m whale-fall in Monterey Canyon (CA), based on sequence
divergence within a 938-bp region of the 16S rRNA gene, to selected cultured and environmental sequences in public databases.
Thermotoga maritima (AJ401021) and Aquifex aeolicus (AE000709) were used as outgroups (not shown). Numbers next to nodes

correspond to bootstrap values based on neighbor-joini

ng distance (top number, 5000 replicates) and maximum-parsimony (bottom

number, 100 replicates) methods (- indicates no bootstrap support available). GenBank accession numbers for sequences obtained in this
study are EU084511-EU084526). Taxon designations correspond to those listed in Table 3. For library designations, refer to Table 2.
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similarity, R33_0s_B1), present only in the deeper
12—-15cm layer (Table 3 and Figure 5; Singh et al.,
2005). In the upper sediment horizon (0-3 cm), MGI
made up much of the remainder of the recovered
phylotpes (53%, R33_0s_B10; Figure 5), including
similar MGI phylotypes as recovered from reference
sediments (R33_10d_G7; Table 3 and Figure 5). The
relative increase in abundance of methanogens
under the whale-fall was additionally supported
by QPCR analysis of the methyl-coenzyme M
reductase (mcrA), with 40-120 x greater mcrA
signal in sediments underlying the whale-fall
compared to reference sediments (data not shown).

Changes over time
Over a period of 43 months, methanogen-affiliated
phylotypes dominated the archaeal diversity directly

beneath the whale-fall (n=4 time points; Figure 6).
Specific notable changes in methanogen diversity
included a transition from dominance of members of
the Methanococcoides at 8 months (in the 0-3cm
horizon beneath the whale-fall) to the later
establishment of Methanogenium, detected throughout
the sediment column, at all subsequent time points
(Table 2 and Figure 6). Methanogenium represented
31%, 80% and 85% of the recovered ribotypes in
surface sediments (0-3 cm) collected at 33, 45 and
51 months, respectively (Figure 6). Similarly,
Methanogenium represented 56-96% of the
recovered ribotypes in deeper (9—15cm) sediment
layers (Table 3 and Figure 6). We believe the whale-
fall was well into the process of degradation
(duration on the sea floor was estimated to be 6-12
months at the time of discovery; Goffredi et al.,
2004); thus, characterization of earlier archaeal
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Figure 6 Changes over time in the abundance of archaeal
subgroups recovered from sediments immediately underlying
the 2893 m whale-fall at four different time points (8, 33, 45 and
51 months after discovery). (a) Surface (0-3 cm) depth horizons
and (b) deeper depth horizons (12—15cm for 33 and 51 months
and 9-12 cm for 45 months; see also Table 1). Data shown for the
33-month time point are the same as shown in Figure 4, for
sediments underlying the whale-fall.

assemblages at this site was not possible. However,
early measurements for a whale-fall at 1018 m depth,
although not featured in this study, revealed that at
3 months post-implantation, methanogen-affiliated
phylotypes represented only 18% of the total
recovered archaeal phylotypes in the shallow
0-3cm depth horizon and none were detected in
the deeper 9-12cm horizon (data not shown).
Similar to the 8-month time point for the 2893 m
whale-fall, methanogens present early on at the
1018 m whale-fall, as well as another whale-fall at
1820m depth, were predominantly methylotrophic,
including Methanococcoides and the metabolically
versatile Methanosarcina and Methanolobus spp.
(3—13 months, data not shown).

T-RFLP as a diagnostic for methanogenic taxa in
marine sediments

Fingerprinting, by T-RFLP analysis, of the archaeal
community in surface sediments (0-3cm) under-
lying the whale-fall revealed dominant fragments at
118, 246 and 323bp with Sau961 (Figure 7a) and
220, 243 and 183bp with Haelll, which were
determined to be affiliated with Methanosarcina,
Methanogenium and Methanococcoides, respecti-
vely, based on digestion of sequenced 16S rRNA
clones from this study and in silico predictions.
T-RFLP analysis of archaea resolved the dominant
methanogen-affiliated taxa and generally supported
the proportions recovered in the clone libraries from
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Figure 7 Fingerprinting, by terminal restriction fragment length
polymorphism analysis (T-RFLP), of the archaeal community in
surface sediments (0-3 cm) underlying the whale-fall. Dominant
fragments at (a) 118, 246 and 323 bp with Sau961 (shown) and
220, 243 and 183 bp with Haelll (not shown) were derived from
Methanosarcina, Methanogenium and Methanococcoides, res-
pectively, based on digestion of known clones and in silico
calculations. (b) T-RFLP analysis of archaeal 16S rRNA genes
resolved the two dominant methanogen taxa (Methanogenium
and Methanococcoides) and supported their relative proportions
in clone libraries from the various depth horizons at four different
time points examined. Clone library percentages are the same as
depicted in Figure 6a.

the four different time points examined. Percent
representation for methanogens fell within 25 +13%
on average for both methods and confirmed the
transition from Methanococcoides to Methanogen-
ium as the dominant methanogen between 8 and 33
months (Figure 7b).

A shift in archaea from methane producers to methane
consumers

Lateral heterogeneity in archaeal diversity was
also observed at a later time point (45 months)
between sediments directly under the whale-fall
(T917_PC43) versus those at a distance of 1 m away
(T917_PC47, Table 2). Compared to the Methano-
genium-dominated archaeal assemblages within
methane-producing sediments immediately under-
lying the whale-fall (T917_PC43), phylotypes
affiliated with the wuncultured methanotrophic
archaeal anaerobic methane-oxidizing euryarcheota
group 3 (ANME-3) group were unexpectedly domi-
nant (64% of phylotypes recovered) in the 9—12 cm
depth horizon of a core (PC47) collected 1 m away
(Table 2). The phylotype R33_1d_H12 was 99%
similar to an uncultured ANME-3-related archaeon
from anoxic methane seep sediments from the
Eel River Basin (Figure 5; Orphan et al., 2001;
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Figure 8 Phylogenetic relationships of archaea associated with a 2893 m whale-fall in Monterey Canyon (CA), based on amino-acid
divergence (166 amino acids) within a region of the methyl-coenzyme M reductase (mcrA) gene, to selected cultured and environmental
sequences in public databases. Methanopyrus kandleri (AE009439) was used as the outgroup. Numbers next to nodes correspond to
bootstrap values based on neighbor-joining distance (5000 replicates). GenBank accession numbers for sequences obtained in this study
are EU201175-EU201182. Group ‘f’ designation bases on Losekann et al., 2007.

Niemann et al., 2006). PCR surveys of the methyl-
coenzyme M reductase (mcrA) gene confirmed
the potential shift from methane-producing to
-consuming archaea with the majority of mcrA
ribotypes (for example, R45_1d_D1_mcr) recovered
from the 1 m core (PC47) belonging to the ‘novel mcr
group f” (ANME-3; Losekann et al., 2007), while the
mcrA ribotypes recovered from the 0m core (PC43)
grouped with known methane producers (for
example, R45_0d_D5_mcr; Figure 8). Archaeal
diversity in the shallower 3—6 cm depth horizon of
PC47 was comprised of Methanococcoides (36%
of the 16S rRNA phylotypes recovered) in addition
to ANME-3 (10%), with crenarchaeotal groups
MBGB (36%) and MG1 (9%) making up the balance.
The variation in archaeal diversity observed both
laterally and vertically on the centimeter scale
suggests substantial heterogeneity and complexity
in both the microorganisms and processes relating to
methane cycling within the whale-fall habitat.

Discussion

Archaeal communities associated with whale-falls

Time-course investigation of the microbial commu-
nity within an organically enriched whale-fall
habitat in Monterey Bay, CA, revealed a previously
underappreciated niche for methanogenic and

methanotrophic archaea within these habitats.
Anaerobic remineralization within whale-fall environ-
ments has been typically described as sulfidogenic
(Deming et al, 1997), capable of supporting
sulfide-based chemosynthetic communities. Our
results, however, suggest that whale-falls are also
suitable habitats for diverse methane-producing
microbial assemblages, with very little observed
production of sulfide. Methanogenic archaea, in
particular, are assumed to play only a small role
in the breakdown of organic carbon within shallow
seafloor sediments compared with aerobic respira-
tion and sulfate reduction, especially at the low
temperatures occurring in the deep sea. Our study
revealed the presence of a specialized commu-
nity under the whale-fall, as compared to the
surrounding deep-sea floor, dominated by methylo-
trophic and H,-utilizing methanogens that appear to
undergo successional changes over time.

Previous characterization of deep-sea sediments
suggest the presence of diverse euryarchaeotal and
crenarchaeotal groups (Vetriani et al., 1999). In these
studies, up to 60% of clones in typical deep-sea
sediments were Crenarchaeota MGI and, similarly,
phylotypes representing the Crenarchaeota MBGB
have been recovered from subsurface marine
sediments (Vetriani et al., 1999; Dhillon et al.,
2005; Knittel et al.,, 2005; Kendall et al., 2007).
Similar diversity was recovered in our study, with
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significant representation by both crenarchaeotal
groups (up to 78% of the recovered ribotypes;
Figure 5) in ‘reference’ sediments collected ~10m
from the 2893 m whale-fall, as well as ‘reference’
sediments from a 1000m whale-fall, which also
included the Thermoplasmatales-related marine
benthic group D (data not shown). This suggests
the widespread occurrence of these archaeal groups
in deep-sea sedimentary environments.

In contrast, microbial biomass was enhanced
under the whale-fall, with archaea representing
10—40% of the total prokaryote cell counts. Archaea
generally only represent 1-12% of the total marine
and freshwater microbial diversity; however, in
some environments, such as Antarctic sediments,
they can comprise up to 34% of the prokaryotic
community (Falz et al., 1999; Purdy et al., 2003).
Under the whale-fall, these archaea appear to be
comprised  predominantly of methanogenic
members of the Methanomicrobiales (Methano-
genium) and Methanosarcinales (Methanosarcina
and Methanococcoides), including phylotypes
related to those found in other marine environments
(Chong et al., 2002; Singh et al., 2005).

Successional changes from methylotrophy to
hydrogenotrophy

Insights into potential succession in the methano-
genic assemblages directly beneath the whale-fall
included the early establishment of methylotrophic
methanogens (at 8+ months) followed by an
increase in phylotypes related to the hydrogeno-
trophic Methanogenium (at 33-51 + months). Early
in the evolution of the whale-fall, sediments under
the whale carcass were dominated by Methano-
coccoides, an archaeal taxon capable of using C1
compounds, such as methanol and methylamines,
and previously recovered from permanently cold
marine environments and methane seeps (Singh
et al., 2005). Use of these non-competitive substrates
presumably enables the early establishment and
co-occurrence of methanogenesis and sulfate reduc-
tion (Oremland and Polcin, 1982; Winfrey and
Ward, 1983). The observation of methylotrophic
methanogens from two independent whale-falls
may reflect both the production and consumption
of methylated non-competitive substrates during the
initial stages of degradation. In the latter time
points, relatives of the hydrogenotrophic Methano-
genium were the dominant methanogen group
recovered in samples collected between 33 and 51
months after the discovery of the whale-fall. This
particular methanogen comprised the bulk of the
archaeal diversity, with minimal representation by
members of the Methanosarcinales. Overall, our
results support the establishment and persistence
of a diversified methanogenic community poten-
tially capable of both competitive (H,/CO,
and acetate) and non-competitive (for example,
trimethylamine (TMA)) substrate use. Follow-up
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studies, including additional analyses of early
time points are necessary to determine how much
of this pattern is due to natural heterogeneity
in sedimentary communities versus true succes-
sional development associated with different stages
in the evolution of whale-fall habitats (currently in
progress).

Pathways of organic carbon remineralization: the role
of sulfate

Different groups of prokaryotes dominate the term-
inal step in carbon catabolism depending on the
prevailing environmental conditions (Capone
and Kiene, 1988). In the majority of marine
environments, greater sulfate concentrations, in-
creased affinity for substrates and more favorable
thermodynamic free energy yields results in the
dominance of sulfate respiration over methanogen-
esis. Active sulfate reduction has been demonstrated
for sediment sulfate levels as low as 1-3mMm
(Boudreau and Westrich, 1984). The lowest sulfate
value measured at the 2893 m whale-fall, although
depleted compared to the overlying seawater,
was 9mM, a presumably sufficient concentration
to support sulfate reduction in the sediments
underlying the whale-fall. Preliminary molecular
analysis of the bacterial community in these
whale-fall sediments (33 months) indicates the
occurrence of sulfate reducers, related to members
of the Desulfobacterium, Desulfobacula, as well as
additional uncultured Deltaproteobacteria (data
not shown).

Pathways of organic carbon remineralization: the role
of hydrogen

Molecular hydrogen is an important energy source
for the anaerobic biodegradation of organic materials
(Reeve et al., 1997; Hoehler et al., 2001). Methano-
genesis could, in theory, co-occur with sulfate
reduction if there was an abundance of competitive
substrates, such as hydrogen or acetate. In our study,
the presence of H,-utilizing methanogens within
the sulfate-replete upper 0-3cm sediments was
surprising in the context of the standard redox
gradients in marine sediments. This deviation from
standard redox progression may be driven by the
surplus of bioavailable carbon. As mentioned pre-
viously, the quantity and sources of organic carbon
in sediments can also be a major factor determining
the distribution of microbes involved in the anaero-
bic remineralization of carbon. Both lipids and
proteins are abundant in a decomposing whale,
with specific 6'*C isotopic signatures of approxi-
mately —24%o and —15%., respectively (Stott et al.,
1997). Isotopic evidence for preferential utilization
of a particular class of whale-derived organic
compounds, however, was inconclusive. 6**C values
of total carbon were constant, around —20%., under
the whale-fall at all sediment depth horizons and all



time points, and thus, difficult to distinguish from
typical marine organic matter.

Fermentation results in the production of low
molecular weight organic acids, alcohols and mole-
cular hydrogen. Hydrogen enrichment has been
shown to stimulate methanogenesis in the presence
of sulfate reduction (Winfrey and Zeikus, 1977;
Oremland and Taylor, 1978). As the whale carcass
degrades, it is reasonable to assume a stimulation in
H, production derived from enhanced fermentation
of this concentrated source of organic carbon. We
hypothesize that active fermentation provides a
surplus of H, and supports the establishment of
hydrogenotrophic methanogens, observed at later
time points. Although H, partial pressures are likely
kept low by rapid turnover (Conrad, 1999), we
believe H, production would be continuous due to
large-scale fermentation, and potentially in excess of
what can be utilized by other microbes, including
sulfate reducers. A parallel preliminary study of
bacterial communities in these same sediments
revealed an abundance of fermentative bacteria,
such as Clostridia aceticum and C. purinolyticum,
in addition to diverse sulfate-reducing Deltaproteo-
bacteria mentioned above (data not shown). In
addition, hydrogen has recently been shown to
evolve during methane production via catabolism
of C1 compounds, as well (Finke et al., 2007); thus,
it is also possible that H, transfer could occur
between the methylotrophic and hydrogenotrophic
methanogens observed in this study.

At low temperatures, hydrogenotrophic methane
production is thought to be inhibited, shifting
methanogenesis toward acetate or C1 compounds
(Zeikus and Winfrey, 1976; Gunnarsson and Ron-
now, 1982; Schulz and Conrad, 1996; Nozhevnikova
et al., 1997). Despite this limitation, a few species of
Methanogenium have been observed and even
isolated from psychrophilic sulfate-rich marine
sediments (Parkes et al., 1990; Franzmann and Liu,
1997; Chong et al., 2002; Purdy et al., 2003; Kendall
and Boone, 2006). High abundance of the methyl-
coenzyme M reductase (mcrA) gene was documen-
ted in Methanogenium-dominated sediments in this
study, suggesting that despite low temperatures,
methanogenic activity belonging to H,-utilizing
methanogens may occur in sediments underlying
the whale-fall.

Evolution of the methane cycle from production to
consumption

The diverse methanogenic archaea detected under
the whale-fall are presumably responsible for the
elevated methane concentrations (up to 4mmolg™
sediments CH,) measured at these organically
enriched near-seafloor habitats. Indirect evidence
of active methane production affiliated with deep-
sea whale-falls has been reported in a previous
study of a whale-fall at ~4000m depth near the
Torishima Seamount, Japan (Naganuma et al., 1996).
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The presence of methane-oxidizing bacteria, based
on the analysis of fatty-acid methyl esters, was
suggested; however, neither the occurrence of
methanogens nor methane concentrations were
reported (Naganuma et al., 1996). In our study, we
not only detected methanogenic populations but we
also observed geochemical and phylogenetic
evidence of the anaerobic oxidation of methane. In
a single sediment core taken at 1 m distance from the
whale-fall (PC47), phylotypes related to ANME-3
archaea (determined by both 16S rRNA and mcrA
analysis) dominated the 9-12cm depth horizon,
while members of the Methanococcoides were
abundant in the 3—6cm depth horizon, suggesting
active methanogenesis overlying a deeper horizon of
methane oxidation. Accordingly, the lightest 6'*CH,
value (—58%.) corresponded to the depth horizon
dominated by Methanococcoides (Tables 1 and 2
and Figure 2a). The depleted ¢0'*CH, value in the
Methanococcoides-dominated depth layer is consis-
tent with light methane produced by pure cultures
of Methanococcoides burtonii during transformation
of trimethylamine to methane (Summons et al.,
1998). The heaviest value (—39%.), on the other
hand, corresponded to the horizon dominated by the
ANME-3 group (Tables 1 and 2 and Figure 2a).
The observed 19%o shift in the methane isotopic
signature is likely due to preferential microbial
consumption of the lighter molecule by the ANME-
3 group during the anaerobic oxidation of methane.
Fractionation factors for methane in the presence of
methane-oxidizing ANME-3 archaea have been
recently observed to be in this range (T Holler,
Max Planck Institute, personal communication),
although other factors affecting biological fractiona-
tion such as substrate availability may also play a
role. Additional evidence for active methanotrophy
at depth was expressed in the §"*C-TOC from the
ANME-3-dominated sediment horizon, with a ~2%o
depletion in TOC (—22.2%0 versus —18.7%o for the
deeper and shallow sediment horizons, respec-
tively; Figure 2b). The depth distribution of
methanogenic and methanotrophic archaea within
the whale-fall habitat is in contrast to what has been
previously reported from marine methane seeps,
where the source for methane typically originates
from deeper sediment horizons and methanotrophic
archaea typically colonize the overlying sulfate-
replete sediments (Orphan et al., 2001; Knittel
et al., 2005). The inverted distribution in methano-
genic and methanotrophic archaea observed in our
study is likely a result of the substantial organic
enrichment created in the surface sediments within
and adjacent to the whale-fall.

Translocation of organic carbon: radius of influence

At the 2893 m whale-fall, the enrichment and lateral
extent of whale-derived total sediment carbon
appeared to reach the surrounding sea floor to
at least 10m, forming a ‘bulls eye’ around the
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whale-fall. By 33 months from the time of discovery,
the whale-fall was estimated to have already been on
the sea floor for 6-12 months, thus the rate and
full extent of C,, translocation were not known.
Interestingly, lateral organic enrichment appeared to
be far greater than enrichment with increasing
sediment depth immediately under the whale-fall.
This transport of carbon from the site of origin,
apparently confined to the upper 3 cm, is likely due
to bioturbation by megafauna in the area (Braby
et al., 2007). For the 2893m whale-fall, no
noticeable change in TOC was observed after 8
months post-discovery. Whatever the specific time
frame for TOC enrichment, C,, (and even N,)
under and immediately surrounding the 2893 m
whale-fall are much higher than typical deep-sea
sediments. Values for sedimentary organic carbon
and nitrogen from Monterey Canyon have been
reported, averaging 0.5% for TOC and 0.05% for
total organic nitrogen (Paull et al., 2006). These
measurements, made at depths of only 600m, are
likely over estimates of the conditions occurring at
2893 m, suggesting that the whale-fall has left a large
footprint with elevated, but heterogeneous, organic
matter associated with this unique seafloor habitat.
A more detailed investigation of the timing and
spatial extent of organic enrichment in relation to
the whale-fall should be conducted.

Conclusion

Both 16S rRNA and mcrA surveys indicate the
presence of phylotypes related to the metabolically
versatile C1-utilizing Methanococcoides as well as
the H,-utilizing Methanogenium in sediments un-
derlying a deep-sea whale-fall in Monterey Canyon.
Temporal changes in community structure included
the early establishment of methylotrophic methano-
gens followed by later development of methanogens
thought to be hydrogenotrophic. Our results suggest
elevated concentrations of bioavailable carbon,
creating overlapping niches for methanogenic ar-
chaea and sulfate-reducing bacteria and, thus, a
potential role for methanogens in the overall oxida-
tion of enriched sources of organic matter in
permanently cold marine sediments. The existence
of methanogens within sulfate-rich sediments un-
derlying whale carcasses suggests atypical anaerobic
remineralization pathways, possibly supported by
enhanced rates of fermentation and associated H,
production. It is currently unknown how much of
the organic carbon respiration at whale-falls is
accounted for by methanogenesis but it is clear that
they are an important point source of methane
generation in shallow seafloor sediments, with
levels of methanogenic activity sufficient enough
to support the subsequent establishment of
methane-oxidizing archaea and a complete and
active near-seafloor methane cycle within these
environments. The assessment of electron flow and
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the turnover of competitive versus non-competitive
substrates was not the focus of this investigation;
however, contextual measurement of these
compounds, specifically hydrogen, C1 and C2 com-
pounds, is a necessary next step in understanding
terminal carbon metabolism in this environment.
Future work building on these initial observations
will incorporate microbial rate measurements and
additional biogeochemical analyses to assist in
further constraining the local physicochemical
environment supporting enhanced microbial
activity and methane production in this unusual
seafloor environment.
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