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The temporal variation in archaeal diversity in vent fluids from a midocean ridge subseafloor habitat was
examined using PCR-amplified 16S rRNA gene sequence analysis and most-probable-number (MPN) cultiva-
tion techniques targeting hyperthermophiles. To determine how variations in temperature and chemical
characteristics of subseafloor fluids affect the microbial communities, we performed molecular phylogenetic
and chemical analyses on diffuse-flow vent fluids from one site shortly after a volcanic eruption in 1998 and
again in 1999 and 2000. The archaeal population was divided into particle-attached (>3-pm-diameter cells)
and free-living fractions to test the hypothesis that subseafloor microorganisms associated with active hydro-
thermal systems are adapted for a lifestyle that involves attachment to solid surfaces and formation of biofilms.
To delineate between entrained seawater archaea and the indigenous subseafloor microbial community, a
background seawater sample was also examined and found to consist only of Group I Crenarchaeota and Group
11 Euryarchaeota, both of which were also present in vent fluids. The indigenous subseafloor archaeal commu-
nity consisted of clones related to both mesophilic and hyperthermophilic Methanococcales, as well as many
uncultured Euryarchaeota, some of which have been identified in other vent environments. The particle-
attached fraction consistently showed greater diversity than the free-living fraction. The fluid and MPN counts
indicate that while culturable hyperthermophiles represent less than 1% of the total microbial community, the
subseafloor at new eruption sites does support a hyperthermophilic microbial community. The temperature
and chemical indicators of the degree of subseafloor mixing appear to be the most important environmental
parameters affecting community diversity, and it is apparent that decreasing fluid temperatures correlated
with increased entrainment of seawater, decreased concentrations of hydrothermal chemical species, and

increased incidence of seawater archaeal sequences.

Hydrothermal vent environments consist of multiple biotopes
that span many of the physical and chemical conditions known
to support life, including large ranges of temperature, pH,
pressure, and oxygen concentrations and various forms of
chemical energy, such as hydrogen sulfide, methane, and hy-
drogen (3, 27, 35). In all of these biotopes, microorganisms
utilize either chemical energy derived from the reaction of
water with rock at high temperatures or organic compounds
derived from multiple sources (27). The microbial diversity
varies from a single species of bacteria, as is the case for animal
endosymbionts (52), to complex communities of different ther-
mal groups of bacteria and archaea observed in hot vent fluids
(42, 48, 49), sulfide structures (14, 20, 48, 50), and microbial
mats (31, 36). The subseafloor biotopes are probably the most
enigmatic, since they are characterized by variable porosity
(22) and complex thermal and chemical gradients (6) due to
mixing of seawater with hydrothermal fluids. The subseafloor is
also one of the most difficult environments to sample. Studies
of the subsurface have relied either on sediment cores from
deep-sea drilling (9, 38, 45) or on fluids leaking out of the crust
at stable vents or at new sea floor eruption sites (13, 23, 24, 44).
Most of what is known about subseafloor microbial communi-
ties is based on cultured microorganisms (23, 24, 44, 46, 47)
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and microscopic observations of microbial communities
ejected from the subsurface (8, 23) or is inferred from chemical
characteristics of subseafloor hydrothermal fluids (2, 6, 30;
D. A. Butterfield, M. D. Lilley, J. A. Huber, K. K. Roe, R. W.
Embley, and G. J. Massoth, unpublished data). Thermophilic
and hyperthermophilic methanogens and heterotrophs are
viewed as indicator organisms of hot subseafloor habitats and
usually have a minimum growth temperature that is higher
than the temperature of the fluids sampled (23, 46). However,
little is known about the overall phylogenetic diversity of mi-
crobial communities in the subseafloor and in particular the
physiological diversity of microorganisms specifically adapted
to this biotope.

In this study, we followed changes in archaeal diversity in
hydrothermal fluids from a single vent over a 3-year period.
Diffuse, low-temperature hydrothermal fluids show marked
variations in thermal and chemical characteristics over periods
of 1 to 3 years due to the evolution of hydrothermal systems (5,
6, 21, 53) and over minutes to hours due to changes in the
degree of mixing with seawater and tidal cycles (5, 6). The
effects these variations have on microbial communities are
unknown. In an effort to understand how these variations in
fluid properties affect the microbial communities, we per-
formed molecular phylogenetic and chemical analyses on dif-
fuse-flow vent fluids from one site 7 months after the January
1998 Axial Seamount eruption and again in 1999 and 2000.
The archaeal diversity was divided into particle-attached (>3-
pm-diameter cells) and free-living fractions to test the hypoth-
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Axial Volcano, marked.

esis that subseafloor microorganisms associated with active
hydrothermal systems are adapted to a lifestyle that involves
attachment to solid surfaces and the formation of biofilms (46).
Our results indicate that archaeal diversity does vary with
changes in temperature and chemistry and furthermore pro-
vides evidence that there are archaea specifically adapted to
the subseafloor environments.

MATERIALS AND METHODS

Sampling. Axial Seamount (46°55'N; 130°00'W) is an active submarine vol-
cano located on the Juan de Fuca Ridge, approximately 300 miles off the coast
of Oregon (Fig. 1). The caldera of the volcano (3 by 8 km) rises 700 m above the
mean ridge level; it lies between two rift zones to the north and south and is
bordered on three sides by a boundary fault. Active long-term venting occurs
along these rift zones and near the boundary fault (25). In January 1998, Axial
experienced a week-long series of earthquakes, and subsequent water column
and sea floor observations on the southeast portion of the caldera found tem-
perature and chemical anomalies, extensive new sea floor lava flows, large “snow-
blower” type vents, and other characteristics commonly associated with diking-
eruptive events (1, 16, 17).

Diffuse fluids were collected at marker 33 on dive R473 (September 1998),
dive R485 (July 1999), and dive R551 (July 2000) with the ROV ROPOS. Using
the hydrothermal fluid and particle sampler (HFPS), filtered and unfiltered fluids
were sampled at the vent after a steady temperature was found on the intake
probe and fluid was pumped at a known rate. Fluid was pumped through a
47-mm-diameter (3-pm-pore-size) Millipore mixed cellulose ester filter followed
by a Sterivex-GP (0.22-um-pore-size) filter. Approximately 1 liter of fluid was
pumped through the filters over a 10- to 15-min period. The temperature and
volume of fluid collected were monitored throughout sampling. Once on deck,
the filters were placed in 50-ml sterile Falcon tubes (BD Sciences Labware),
frozen in liquid nitrogen, and stored at —20°C until they were processed. Unfil-
tered fluid samples were used for chemical analyses, including sulfide, magne-
sium, and silica content; epifluorescent microbial counts; and culturing. The
HFPS records temperature throughout the sampling procedure, so the average
temperature of the water collected can be calculated and compared with the
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average temperature of the water passed through the filters used for DNA
analysis. Extreme microgradients in temperature and fluid flow make it difficult
to achieve a steady temperature during diffuse fluid sampling in some vents,
including marker 33. Repositioning the intake probe by a centimeter or less can
result in significant changes in the sampled fluid temperature. Whenever possi-
ble, we collected multiple fluid and particle samples without changing position.

The collected fluids were inoculated into various anaerobic enrichment media
for most-probable-number (MPN) semiquantitative enrichment of both hetero-
trophic and autotrophic hyperthermophiles (18, 23). Medium ingredients and
methods for hyperthermophile enrichment were as previously described (23).
The cultures were incubated at 90°C until they were turbid or for a week. Positive
autotrophic cultures were checked for methanogens by examining the organisms
for autofluorescence using a blue-violet 05 excitation filter in a fluorescence
microscope (Zeiss). An 18-ml aliquot of each fluid sample was preserved in
formaldehyde (3.7% final concentration) in duplicate, stored at 2°C, and counted
by epifluorescence microscopy with DAPI (4',6’-diamidino-2-phenylindole;
Sigma) (41). A background (no detectable hydrothermal plume) filtered seawa-
ter sample from a depth of 1,275 m and approximately 700 m southeast of the
active vent site was collected with a Niskin bottle mounted on a CTD instrument,
which measures conductivity, temperature, and depth. The seawater was filtered
through a sterile 47-mm-diameter, 0.22-wm-pore-size filter shipboard and pro-
cessed for further molecular analyses.

Chemical analysis. The analytical methods have been described by Butterfield
et al. (6). The fluids collected with the HFPS were analyzed aboard ship for H,S,
pH, and dissolved silica. On shore, the fluids were analyzed for major, minor, and
trace elements. The levels of precision (=1 standard deviation) of the reported
chemical analyses were as follows: pH, 0.05 U; H,S, 4%; Mg, 1%; Cl, 0.5%; silica,
0.5%; and Fe, 4%.

DNA extraction and purification. DNA was extracted by the method of Crump
et al. (10) with some modifications. The Sterivex and 47-mm-diameter filters
were allowed to thaw, the 47-mm-diameter filter was cut into strips with a sterile
razor, and the pieces were placed back in the Falcon tube. The ends of the
Sterivex filter were sealed with the threaded plastic caps from 1-ml syringes to
prevent leaking during extraction. DNA extraction buffer (0.1 M Tris-HCI [pH
8], 0.1 M Na-EDTA [pH 8], 0.1 M NaH,PO, [pH 8], 1.5 M NaCl, 5% cetyltri-
methylammonium bromide), and proteinase K (1%) were added to each filter
(1.85 ml and 20 pl, respectively, to the Sterivex filter and 2.0 ml and 20 wl,
respectively, to the cut-up 47-mm-diameter filter). Samples were frozen at —80°C
and thawed at 65°C three times and then incubated on a rotating carousel for 30
min at 37°C. Sodium dodecyl sulfate (SDS; 20%) was added to each sample (60
wl), and the samples were incubated at 65°C on a rotating carousel for 2 h. The
liquid from each filter was then removed using a 3-ml syringe and placed in a
2-ml microcentrifuge tube, which was centrifuged at room temperature (6,000 X
g 5 min). The supernatant from each microcentrifuge tube was then placed in
separate 15-ml Falcon collection tubes. DNA extraction buffer, SDS, and pro-
teinase K were then added to each filter (1 ml and 75 and 20 pl, respectively) and
to each microcentrifuge tube containing spun-down particles (0.37 ml and 75 and
10 pl, respectively). Both the filter samples and the microcentrifuge tubes were
incubated on a rotating carousel for 10 min. The microcentrifuge tubes were
again centrifuged (6,000 X g; 5 min), and the supernatant was added to the
appropriate collection tube. Liquid was then removed from the filters, placed in
the microcentrifuge tubes, and centrifuged (6,000 X g; 5 min), and the superna-
tant was added to the collection tubes. The extraction buffer, SDS, and protein-
ase K were added to each filter and the particles again, and the extraction process
was repeated. An equal volume of chloroform-isoamyl alcohol (24:1) was added
to each collection tube of supernatant, and the tubes were vortexed and centri-
fuged (1,200 X g; 10 min). The aqueous (top) layer from each tube was drawn off
into a 30-ml acid-washed sterile Corex (Corning) tube, and an equal volume of
isopropanol was added to each tube and mixed gently. Often additional aliquots
of isopropanol-water (1:1) were added to adequately dissolve the aqueous layer
in the isopropanol. After the tubes were incubated for 1 h at room temperature,
the precipitated DNA was centrifuged at room temperature (16,000 X g; 20 min),
and the isopropanol supernatant was removed and replaced with 5 ml of 70%
ethanol. After a final centrifugation (16,000 X g; 20 min), the ethanol was
removed and the DNA was dried down and resuspended in 500 ul of TE buffer
(10 mM Tris-HCI, 1 mM Na-EDTA; pH 8). The DNA was purified using
Qiaquick PCR purification columns (Qiagen) according to the manufacturer’s
instructions and stored at —20°C.

PCR. PCR was performed on environmental DNA with the universal ar-
chaeon-specific primers 21f (5'-TTC CGG TTG ATC CYG CCG GA-3') and
958r (5'-YCC GGC GTT GAM TCC AAT T-3'). Each PCR mixture (20 pl)
contained 3.0 mM MgCl,, 0.8 mM deoxynucleoside triphosphates, 0.25 pM
(each) primer, 1X PCR buffer (Promega), and 1 U of Tag DNA polymerase
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(Promega). An initial denaturation step of 5 min at 94°C was followed by 22 to
24 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min. The final extension
step was 72°C for 10 min. To minimize bias in amplification, PCR cycles were
stopped while the product concentration was still in the exponential phase, as
visualized and quantified on 1% (wt/vol) agarose gels stained with SYBR green
(Molecular Probes) at 15, 20, 25, and 30 cycles. To minimize PCR drift (40), 6 to
10 replicate amplifications were pooled and then concentrated and purified with
Qiaquick PCR purification columns in accordance with the manufacturer’s in-
structions.

Cloning and restriction fragment length polymorphism (RFLP) analysis. The
consolidated and cleaned PCR products were cloned with a TA cloning vector kit
(Invitrogen, Carlsbad, Calif.) according to the manufacturer’s instructions. A
total of 100 to 150 white colonies for each library were selected and stored on
agar plates. Approximately 20 to 25 randomly selected clones were grown in 100
wl of Luria-Bertani broth medium with shaking at 220 rpm for 1 h at 37°C and
PCR amplified with primers M13F (5'-GTA AAA CGA CGG CCA G-3') and
M13R (5'-CAG GAA ACA GCT ATG AC-3"). Each 50-pl reaction mixture
contained 5 pl of clone culture, 1 mM MgCl,, 0.8 mM deoxynucleoside triphos-
phates, 1 uM (each) primer, 1X PCR buffer (Promega), and 5 U of Tag DNA
polymerase (Promega). The PCR conditions were as follows: 2 cycles of 1.5 min
at 94°C, 45 s at 56°C, and 1.5 min at 72°C followed by 22 cycles of 30 s at 90°C,
30 s at 56°C, and 1 min at 72°C. The final step consisted of a 10-min extension
at 72°C. PCR products were visualized on 1% (wt/vol) agarose gels stained with
SYBR green.

To ensure we had sequenced a representative community from each library,
approximately 100 clones from each library were analyzed by RFLP. The clones
were inoculated into 100 pl of Luria-Bertani broth medium and incubated with
shaking at 220 rpm for 1 h at 37°C. The plasmid inserts were PCR amplified with
MI13F and M13R (20-pl reaction volumes with 1 pl of clone culture, 3 mM
MgCl,, 0.8 mM deoxynucleoside triphosphates, 1 ng of each primer/ml, 2.5 U of
Tag DNA polymerase [Promega], and 1X PCR buffer [Promega]). PCR ampli-
fication began with a 1-min denaturation at 94°C followed by 30 cycles of 94°C for
30s, 50°C for 30s, and 72°C for 1.5 min and ended with a 5-min extension at 72°C.
The PCR products were digested with Haelll (Gibco BRL) and Hhal (New
England BioLabs) according to the manufacturer’s instructions and visualized on
2.5% (wt/vol) agarose gels stained with SYBR green. Different banding patterns
were noted. RFLP was not performed on the marker 33 2000 or CTD back-
ground sample.

Sequencing and analysis. Clones with unique RFLP patterns and 25 randomly
selected clones were used in sequencing. The PCR products were cleaned, and
200 ng was sequenced with at least two of the primers 21f, 515r (5'-TTA CCG
CGG CKG CTG RCA C-3'), and 958r using the Thermosequenase II dye
terminator cycle sequencing kit (Amersham Pharmacia Biotech Inc.) and ana-
lyzed on a 373 A DNA sequencer (Applied Biosystems) or using the DYEnamic
ET dye terminator kit (Amersham Pharmacia Biotech Inc.) and analyzed on a
MegaBACE 1000 (Molecular Dynamics). The sequences were assembled using
the Sequencher program (Gene Codes Corp.) and checked for chimeric se-
quences by examining the secondary structure and using the CHIMERA CHECK
program of the Ribosomal Database Project website (32). Nonchimeric se-
quences were submitted for alignment to the Ribosomal Database Project Se-
quence Alignment program, with common gaps conserved, and manually ma-
nipulated in the BioEdit version 4.7.8 program (19). Sequences were also
submitted to the Advanced BLAST search program (available through the Na-
tional Center for Biotechnology Information) to find closely related sequences to
be used in subsequent analyses. Approximately 600 nucleotide bases were used
in phylogenetic analyses, with only homologous positions included in the com-
parisons. The Phylip version 3.5 package (obtained from J. Felsenstein, Univer-
sity of Washington, Seattle) was used to construct distance trees (NEIGHBOR
and FITCH) and maximum-likelihood trees (DNAML). Bootstrap analysis
(SEQBOOT) was used to provide confidence estimates for tree topologies.
Negative branch lengths were prohibited.

Nucleotide seq e accessi bers. The GenBank nucleotide sequence
accession numbers for the sequences in this study are AF355807 through
AF355981.

RESULTS

Study site description. Marker 33 is a unique diffuse vent
due to both its location on an eruptive fissure and its high
temperatures in 1998 and 1999. Before the eruption, there was
a diffuse vent at the marker 33 site. During the 1998 eruption,
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the site was paved over with lava sheet flows, and a new vent
formed. This vent is a long crack in basaltic sheet flows with a
width of 30 cm and a length of several meters. Temperatures
varied over the length of the crack, and it was probed to find
the highest and steadiest temperatures for sampling. This often
occurred at a point in the middle of the crack, where the flow
appeared most focused. Over the 3 years of sampling marker
33, there were visible changes in the system after the initial
disturbance of the eruption, such as colonization by limpets
and worms and the formation of extensive microbial mats
lining the crack. Obvious visually but hard to measure was the
strength of the flow, or how vigorous it appeared. The most
focused flow was apparent in 1999, when a maximum temper-
ature of 78°C was measured.

The chemical, thermal, and microbiological characteristics
of marker 33 and the background seawater are shown in Table
1. Cell counts of preserved fluids from marker 33 indicate
populations elevated above those of the background seawater.
Microscopic examination of the fluids revealed abundant free-
living cells, as well as clumps of cells and large filamentous
cells, likely members of the particle-attached fraction. Hyper-
thermophilic anaerobic heterotrophs and autotrophs were suc-
cessfully cultured from marker 33 all 3 years, as well as from
waters above the volcano 15 days after the eruption. The ma-
jority of autotrophic cultures autofluoresced at the wavelength
indicative of methanogens.

It is important to characterize the two primary aspects of
change in the chemistry of marker 33 fluids over time. First,
there were changes in the hot source fluid (or end member) at
depth, and second, there were changes in the degree to which
this fluid mixed with crustal seawater below the point of vent-
ing. In Table 1, the maximum temperature, lowest Mg content,
pH of the best sample, maximum H,S content, and percent
crustal seawater all describe the extent of subseafloor mixing at
the marker 33 vent. All of these indicate that the fluids venting
in 1999 contained the highest proportion of high-temperature
source fluid. For example, the maximum measured tempera-
ture increased over 20°C from 1998 to 1999 and then dropped
40°C in 2000, while the proportion of crustal seawater in the
fluids (based on zero Mg in the hot source fluid) decreased
from 1998 to 1999 and then increased in 2000. The extent of
subseafloor mixing, as indicated by the temperature and simple
chemical properties, is the cause of the most significant
changes in environmental variables at the point of venting and
presumably in the subseafloor near the point of venting. The
extent of mixing is the main factor that distinguishes a 70°C
vent from a 10°C vent, and it makes a huge difference in the
likely microbial metabolism that will predominate in a vent (6,
35).

Superimposed on the changes resulting from variation in
mixing, there are changes in the source fluids that are seen in
the mixing-independent properties (end member chloride con-
centration and H,S/Si and H,S/heat ratios). The end member
chloride concentration (5, 6, 53) increased progressively, while
the ratio of hydrogen sulfide to other hydrothermal compo-
nents decreased, consistent with a decreasing vapor compo-
nent over time in the hot source fluids (5, 6, 53). The chloride
concentration of marker 33 fluids remained below that of sea-
water over the period of this study, the fluids maintained a high
H,S/Fe ratio, and we did not see a transition to brine-like
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TABLE 1. Chemical, thermal, and microbial characteristics of marker 33 (1998, 1999, and 2000) and background seawater

Value
Characteristic Marker 33
Seawater
1998 1999 2000

Cells/ml 2.53 X 10° 1.17 X 10° 1.15 x 10° 5.0 x 10*
MPN results (cells/liter)

YPS* (90°C) =48,000 3,000-96,000 =48,000 ND¢

YE? (90°C) 280-4600 600-8,800 720-26,000 ND
Temp range at vent (°C) 30-55 45-78 20-32 2
Avg temp (°C) during filtration? 36 26 46 = 6 264 =2 2
Mg in cosampled fluid (mmol/kg) 48.1 44.1 44.9 53
No. of fluid samples analyzed 3 5 2
Lowest Mg content in sampled fluids (mmol/kg) 48.1 40.3 44.9
% Crustal seawater® 90.8 76.0 84.7
pH of best sample 5 4.6 5.8 7.8
Max H,S (mmol/kg) 2.1 2.4 0.2 0
End member chloride (mmol/kg)” 86 = 11 250 =9 415 =5 542
H,S/Si (mol/mol) 1.5 0.76 0.18 0
H,S/heat (nmol/J) 11 8 12 0
H,S/Fe (mol/mol) 1,100 1,230 70 0

“0.3% yeast extract and peptone with elemental sulfur; Ar headspace.
20.1% yeast extract; H,-CO, headspace.

¢ ND, none detected.

@ +1 standard deviation.

€>100 X (lowest Mg content/seawater Mg content).

character. Although the evolution of the source fluids follow-
ing the eruption is easily measured, it does not result in
changes in the environmental variables at the point of venting
that are as important as those caused by the degree of mixing.

Phylogenetic analyses. DNA was successfully extracted and
amplified with archaeon-specific primers from all samples col-
lected. A negative control of sterile frozen filters was extracted
and showed no amplification products. Table 2 shows a sum-
mary of the different phylotypes (determined by distance ma-
trices and 97% sequence similarity) obtained from each sam-
ple, the most closely related organism or clone, the percent
similarity, and the number of clones found in each library for
each phylotype based on sequencing. Over the three sampling
periods, 14 different archaeal phylotypes were obtained that
were considered unique to the vent environment, as well as 14
phylotypes belonging to Marine Group I and II Archaea (28)
(Table 2). All sequenced clones from the background seawater
sample belonged to either the Marine Group I or II Archaea
(28, 33). Phylogenetic trees indicate the relationships between
the sequences of clones from this study and other archaeal
sequences for both representative seawater (Fig. 2) and likely
hydrothermal vent (Fig. 3) populations. Those clones from
marker 33 that fall into the Marine Groups I and II are closely
related to clones from the Santa Barbara Channel (33), the
digestive tracts of marine fish (51), a hydrothermal microbial
mat (36), methane hydrate sediments (4), black smoker vent
water (48), the Mediterranean Sea (34), and the subtropical
North Atlantic (unpublished) (Fig. 2). In all years, the particle-
attached fractions consistently had more different phylotypes
than the free-living fractions, while all diffuse fluid samples had
more different phylotypes than the background sample, which
had only two.

Of the 14 vent phylotypes identified, 3 are closely related to
known cultured organisms. Two phylotypes are 94 to 95%
related to “Methanococcus aeolicus,” and 1 phylotype is 98%

related to Methanococcus jannaschii. Members of the order
Methanococcales utilize hydrogen and carbon dioxide as a sub-
strate for methanogenesis and are strict anaerobes, and all
described isolates are from marine environments (54). For all
3 years, in both the particle-attached and free-living fractions,
with the exception of the free-living population in 2000, clones
were obtained that are closely related to the mesophilic meth-
anogen “M. aeolicus.” “M. aeolicus” is the most deeply branch-
ing mesophilic member of the order Methanococcales, suggest-
ing a deep divergence of this microbe (29). The source,
temperature, and pH optimum of “M. aeolicus” have not been
reported, although it is described as a mesophile (35 to 40°C)
(54). Clones closely related (98%) to the high-temperature
methanogen M. jannaschii were obtained in both the free-
living and particle-attached fractions from 1998 and 1999. No
such clones were found in either fraction in 2000. M. jannaschii
was first isolated from the base of a white smoker chimney on
the East Pacific Rise in 1983 (26). This organism grows opti-
mally at 85°C and pH 6.0 to 7.0 and can also grow rapidly with
carbon dioxide as the sole carbon source. One unique clone,
33-P27A98 (unknown Euryarchaeota V1 [UEVI]), is distantly
(77%) related to Methanosphaera stadtmanae, a methanogenic
mesophilic chemoorganotroph.

The remaining 10 phylotypes are related only to other envi-
ronmental sequences, including those from a black smoker
chimney and hot vent fluids >100°C (48), warm vent fluids
<70°C (42), hypersaline lake water (12), estuarine sediments
(unpublished), and coastal salt marsh sediments (37). The larg-
est group, comprising 22% of the vent clones, is UEI (Fig. 3,
33-FL1A00 and 33-P73A99), members of which were found in
all 3 years and are distantly related (71%) to environmental
clone J4.75-24 from anaerobic, methane-rich, hypersaline lake
sediments (12). In phylogenetic analyses, UEI clones consis-
tently grouped with environmental clones from other hydro-
thermal habitats (Fig. 3), including clones from hot water in
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TABLE 2. Summary of 16S rRNA clone sequences from marker 33, 1998 to 2000, in the particle-attached and free-living populations

No. of clones®

Clone?® Phylogenetic group Closest match® Similarity”
FL98  FL99 FLOO P98 P99 P00 BG
Euryarchaeota
33-P127A99 Thermoplasmales group 1 VC2.1 Arcl3 96 2
(AF068820)
33-P23A98 Thermoplasmales group 11 VC2.1 Arcl3 99 2
(AF068820)
33-FL45A99 Mesophilic methanogen I “M. aeolicus” (U39016) 94 20 3 8 4
33-FL96A98 Mesophilic methanogen II “M. aeolicus” (U39016) 95 1 3
33-FL27A98 Hyperthermophilic methanogen M. jannaschii (U67517) 98 2 4 1
33-FL1A00 UE I J4.75-24 (AF199337) 71 7 1 1 7
33-P120A98 UE I pMC2A24 (AB019736) 80 1
33-P74A98 UE III pMC2A24 (AB019736) 84 1
33-P44A00 UE IV pMC2A211 (AB019746) 88 1
33-FL18A98 UE V pISA35 (AB019748) 96 1
33-P27A98 UE VI M. stadtmanae (M59139) 77 1
33-FL31A00 UE VII 65B (AF268642) 78 1
33-P73A98 UE VIII 2C25 (AF015971) 94 1
Marine Group II
33-P59A99 Marine Group Ila DCMS865 (AF121996) 97 1
33-P17A98 Marine Group IIb U78206 (UEU78206) 97 1 1
33-FL25A00 Marine Group Ilc DCMS865 (AF121996) 96 3 2 2 3 1 4
Crenarchaeota
33-P92A98 UCI pMC2A36 (AB019720) 97 1
Marine Group I
33-P88A00 Marine Group Ia DOUROS (AF201359) 96 1
33-PSA00 Marine Group Ib pIVWA108 (AB019726) 99 1 1
33-P12A99 Marine Group Ic TS235C306 (AF052948) 94 1
33-P7A00 Marine Group Id TS235C310 (AF052949) 93 1
33-P4A00 Marine Group Ie DCMS862 (AF121995) 94 1 3
33-P72A98 Marine Group If ME-450 (AF223117) 96 4 2 2
33-FL17A98 Marine Group Ig DCMS863 (AF121991) 98 4 1 1
33-FL12A00 Marine Group Ih PVA OTU4 98 5 6 2
(UHU46680)
33-FL20A00 Marine Group Ii U78199 (UCU78199) 99 3 4 1 1
33-FL25A98 Marine Group Jj PVA OTU4 96 1 1
(UHU46680)
33-FL83A98 Marine Group Ik ODPB-A2 (AF121092) 99 11 9 2 5 13 24
Total clones 30 30 22 3 30 30 28

sequenced?

“ Representative 16S rRNA sequence from this study used in phylogenetic analyses.

® Based on BLAST search and similarity matrices. GenBank accession numbers are indicated in parentheses.
¢ FL, free living; P, particle attached; BG, CTD background sample. The number is the last two digits of the year of sampling.
4 Total numbers of phylotypes were as follows: FL98, 9; FL99, 3; FL00, 6; P98, 18; P99, 10; P00, 12; BG, 2.

deep-sea sediments in the Okinawa trough and a black smoker
chimney from the Izu-Ogasawara arc (48).

In the particle-attached fractions from 1998 and 1999, there
were four clones that fell into two groups (Thermoplasmales 1
and II) that are closely related (96 and 99%, respectively) to
clone VC2.1Arcl3 from an in situ growth chamber study by
Reysenbach et al. (42). The clone from that study, as well as
the clones from this study (Fig. 3, 33-P23A98 and 33-
P127A99), fell into the same group as cultured microorganisms
in the Thermoplasmales group, including Thermoplasma aci-
dophilium and Picrophilus oshimae. Examination of clear-water
shimmering sediments from the Okinawa trough and a black
smoker chimney from Izu-Ogasawara arc also found environ-
mental sequences that grouped closely with the Thermoplasma-
Picrophilus clade (48).

The unique clones found once over the 3-year sampling

period are related to uncultured Crenarchaeota and Euryarcha-
eota. Clone 33-P92A98 was closely related (97%) to an envi-
ronmental crenarchaeota found in a black smoker chimney and
its high-temperature fluid (Fig. 3) (48). This clone belongs to a
distinct group of uncultured crenarchaeota, to date found only
in the hydrothermal vent environment. Also found were a num-
ber of unique clones related to other environmental euryarcha-
eotal sequences from the Takai and Horikoshi (48) study.
These included clones 33-P120A98 (UEII) and 33-P74A98
(UEII), both distantly related (80 and 84%, respectively) to a
clone from a black smoker chimney (48). Phylogenetically,
these clones formed a cluster of uncultured euryarchaeota
within a larger group including the Methanomicrobiales and
Thermoplasmales (Fig. 3). Two other clones, 33-FL31A00 (UE-
VII) and 33-P73A98 (UEVIII), also fell into this group, and
clone 33-P73A98 was closely related (94%) to an environmen-
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FIG. 2. Phylogenetic tree as determined by neighbor-joining and maximum-likelihood analyses of archaeal 16S rRNA clones for likely seawater
clones from marker 33 and other marine environments in Marine Groups I and II. Clones from this study are indicated in large boldface font and
labeled with P (particle attached) or FL (free living) and the last two digits of the appropriate year (98, 99, or 00, respectively). Accession numbers
for GenBank are provided if the clone or organism name is not unique. The percentage of 100 bootstrap resamplings above 50% is indicated. The
scale bar represents the expected number of changes per nucleotide position.

tal sequence from sediments in a salt marsh (37). Clone 33-
P44A00 (UEIV) was related (88%) to a sequence from a black
smoker chimney (48), although it fell into a different cluster
rooted with the Methanobacteriales that also includes other
hydrothermal vent sequences and those from hypersaline lake
sediments (Fig. 3). 33-FL18A98 (UEV) from this study also
fell into this cluster of uncultured euryarchaeota, along with
its closely related match (96%), an environmental sequence
from hot shimmering sediments (48).

DISCUSSION

All samples from marker 33 had levels of archaeal diversity
higher than that in the surrounding seawater, suggesting the
presence of a unique microbial community in the subsurface
environment. If those clones considered to be part of the

plankton community are removed (either temporarily living in
the subsurface or in the water column), there remain 14 phy-
lotypes found only in the vent samples. These include clones
that were found in only 1 year and others that were found in all
3 years. Over 60% of the unique vent clones are closely related
to members of the order Methanococcales. This is the first
study showing evidence from environmental sequences for the
presence of both mesophilic and thermophilic methanogens in
hydrothermal vent fluids. These data suggest the presence of
warm to hot (10 to 90°C) anaerobic habitats in the subsurface.
While methanogens were not detected in the in situ growth
chamber from the Mid-Atlantic Ridge (42), a clone closely
related to M. jannaschii was detected from a smoker chimney
at Izu-Ogasawara arc (48). Hyperthermophilic methanogens
were also cultured from marker 33 using semiquantitative en-
richments (Table 1). The isolation of methanogens and their
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detection by molecular methods point to the importance of
methanogens in producing the high concentrations of methane
often measured in vent fluids (2). In contrast, while relatively
high numbers of the hyperthermophilic Thermococcales were
enumerated by culturing techniques, they were not detected by
phylogenetic methods (Table 1). Similarly, Takai and Horiko-
shi (48) did not detect Thermococcales in six different deep-sea
vent habitats using molecular methods. Hyperthermophilic
heterotrophs were detected in the in situ growth chamber at
the Mid-Atlantic Ridge (42). However, this was an enrichment
study and selected for organisms that grow rapidly and colo-
nize surfaces. Thermococcales-related clones have been re-
ported from shallow marine vent fluids (49), as well as in a
black smoker chimney from Manus Basin in New Guinea (50).

The remaining vent phylotypes were related only to other
uncultured environmental sequences, and the fact that they

ucleotide position.

were found only in vent fluid samples and not in background
seawater indicates that these phylotypes potentially represent
uncultured organisms inhabiting the subsurface vent environ-
ment at marker 33. Additionally, many of the sequences were
related to others from hydrothermal vent habitats, indicating
that there may be a wide array of ubiquitous vent microorgan-
isms that culturing efforts are missing. Based on this work and
the study by Takai and Horikoshi (48), there is a great amount
of novel diversity in the euryarchaeota of vent environments,
and culturing efforts should continue to search out and de-
scribe these microbes. For example, this is the third study of
hydrothermal vent fluids to find phylogenetic evidence of mi-
crobes related to the Thermoplasmales group (42, 48), suggest-
ing the potential role of these organisms in the hydrothermal
vent ecosystem and likely the subsurface oceanic crust. The
cultured members of the genus Thermoplasma are anaerobic,
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thermoacidophilic heterotrophs, and they have never been iso-
lated from the hydrothermal vent environment (43).

The group I marine Crenarchaeota dominated the clone li-
braries (with the exception of the 1999 free-living group) from
both the vent and the background seawater, comprising half of
all sequenced clones. As in other studies that have investigated
hydrothermal vents (36, 42, 48), there was a significant contri-
bution from the archaeoplankton community in the vent fluid
samples. Because the background seawater sample was com-
posed only of Marine Group I and II Archaea, the presence of
these groups in the vent samples indicates a considerable sea-
water component in the hydrothermal system. A recent report
shows that marine Crenarchaeota belonging to Marine Group I
increase with depth in the Pacific Ocean, contributing signifi-
cantly to the mesopelagic microbial community (28). We con-
clude that the group I Archaea found in marker 33 vent fluids
are from background seawater. Since nothing is known about
the physiology of these pelagic marine archaea, it cannot be
determined if they are capable of growing in the hydrothermal
vent environment, although it is unlikely that a pelagic group is
capable of growing at temperatures in excess of 30°C. Another
unknown is the residence time of the seawater that is getting
mixed into the shallow crust, which will greatly influence
whether seawater microbes could be growing and surviving in
the subsurface. It is unlikely that seawater organisms present in
hydrothermal fluids are due simply to entrainment of ambient
seawater during sampling. If this were the only source of sea-
water crenarchaeota and euryarchaeota, these microbes should
be seen in every year and every sample, which is not the case.
Obviously, the seawater component of the diffuse-flow system
is important to consider and should be incorporated into a
model of what may be occurring in hydrothermal vents and the
oceanic crust (7, 39).

We found more diversity in the particle-attached fraction at
marker 33 than in the free-living population, which agrees with
previous diversity studies of particle-associated bacteria in the
Columbia River estuary (11) and on marine snow (15). How-
ever, with the exception of the Thermoplasmales group and
most of the unique vent clones (UEII, UEIII, UEIV, UEVI,
UEVIII, and unknown Crenarchaeota 1 [UCI]), the other phy-
lotypes are distributed in both the particle-attached and the
free-living populations. This suggests that there may be some
interaction between particle-attached and free-living organ-
isms that could include the release of organisms or clumps of
organisms from biofilms. We hypothesize that biofilm forma-
tion is the common mode of existence for subsurface microbial
communities. Many of the hyperthermophilic microbes iso-
lated from the subseafloor have been found to attach to min-
eral surfaces and form copious amounts of carbohydrates (47;
J. A. Huber, unpublished data). The only group unique to the
particle fraction was that found in the Thermoplasmales group,
which suggests that these cells might simply be larger than 3
pm or that their entire life cycle is maintained on particle
surfaces or in biofilms.

The chemical properties of marker 33 have been changing
since the 1998 eruption. There has been a gradual shift away
from a vapor-dominated fluid, characterized by an increase in
chlorinity and a decrease in the hydrogen sulfide content and
the overall heat and fluid flux over the period of our observa-
tions. These changes are consistent with posteruptive fluid
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evolution models (5, 6, 53). However, the measured tempera-
ture at the marker 33 vent does not steadily decrease and
implies variability in the degree of subsurface mixing of sea-
water and hydrothermal fluids, which depends on the details of
plumbing and the flow rate of hydrothermal fluid from the
deep subsurface through the mixing zone to the vent orifice.

The temperature and chemical indicators of the degree of
subseafloor mixing at marker 33 appear to be the environmen-
tal variables correlated best with the composition of the mi-
crobial community. In 1999, there was less mixing of seawater
with hydrothermal fluid, and this was reflected in the microbial
community. There were no seawater-associated Marine Group
I Archaea in the free-living fraction and a higher proportion of
unique clones than in the other sampling periods. Clones re-
lated to M. jannaschii were found in 1998 and 1999 but not in
2000. This result may again reflect the greater extent of dilu-
tion of hydrothermal fluid with seawater in 2000 or may relate
to the cooling and long-term evolution of fluid chemistry at the
vent site (Butterfield et al., unpublished). Molecular methods
generally detect only the numerically dominant phylotypes.
While Thermococcales were cultured all 3 years, their numbers,
based on MPNs, represent less than 1% of the total microbial
population based on epifluorescent counts. The Thermoplas-
males groups were also found in the 1998 and 1999 samples. In
contrast, the putative mesophilic methanogens were found in
all 3 years, indicating that the intermediate temperature zone
of the crust may support high numbers of mesophilic microbes.
While we are limited to what we can infer about the thermal
properties of the unknown euryarchaeota group, their pres-
ence in all 3 years suggests they may also inhabit the interme-
diate anaerobic, mesophilic zone. Moreover, since exactly the
same clones were detected in different years, it is likely that
these euryarchaeota are growing in the subseafloor. In a sep-
arate study in preparation, a very high diversity of bacteria was
detected in these samples. These include mesophilic sulfur and
methane oxidizers and clones that cluster near thermophilic
bacteria (J. A. Huber and J. A. Baross, unpublished data). At
the present time, the proportion of the microbial communities
that is archaea or bacteria is not known.

This study supports the existence of a subseafloor microbial
biosphere and reports the distinct archaeal diversity belonging
to the subseafloor community. The higher diversity of microbes
in the particle-attached fraction supports the idea that the
subseafloor microbial community could exist predominately as
biofilms, and this is being further studied using microbes cul-
tured from these environments. The focus of our future efforts
also includes quantifying the proportion of archaea to bacteria
in the vent fluids, as well as determining the actual numbers of
indigenous subseafloor microbes compared to those from sea-
water. Additionally, while this study followed the changes in
archaeal diversity and chemistry at one site, an examination of
microbial and chemical characteristics at a variety of diffuse-
flow vents will increase our understanding of the distribution
and incidence of the microbial population beneath the sea
floor.
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