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Archaeal community structures in microhabitats in a deep-sea hydrothermal vent chimney structure were
evaluated through the combined use of culture-independent molecular analyses and enrichment culture
methods. A black smoker chimney was obtained from the PACMANUS site in the Manus Basin near Papua
New Guinea, and subsamples were obtained from vertical and horizontal sections. The elemental composition
of the chimney was analyzed in different subsamples by scanning electron microscopy and energy-dispersive
X-ray spectroscopy, indicating that zinc and sulfur were major components while an increased amount of
elemental oxygen in exterior materials represented the presence of oxidized materials on the outer surface of
the chimney. Terminal restriction fragment length polymorphism analysis revealed that a shift in archaeal
ribotype structure occurred in the chimney structure. Through sequencing of ribosomal DNA (rDNA) clones
from archaeal rDNA clone libraries, it was demonstrated that the archaeal communities in the chimney
structure consisted for the most part of hyperthermophilic members and extreme halophiles and that the
distribution of such extremophiles in different microhabitats of the chimney varied. The results of the
culture-dependent analysis supported in part the view that changes in archaeal community structures in these

microhabitats are associated with the geochemical and physical dynamics in the black smoker chimney.

Since the discovery of deep-sea hydrothermal vents in 1979
(12, 15), various microorganisms have been isolated from
global deep-sea hydrothermal vent environments (26, 27, 29).
Hyperthermophiles and thermophiles, including members of
both the bacterial and archaeal domains, are the most fre-
quently isolated microorganisms, and their physiological prop-
erties likely reflect the extraordinary environmental settings of
the deep-sea hydrothermal vents (9, 10, 18, 23, 28, 42, 43, 53,
56, 60). In addition, recent culture-independent molecular ap-
proaches have revealed the presence of as-yet-uncultivated
thermophiles showing substantial phylogenetic diversity in the
deep-sea hydrothermal vent environments (27, 38, 39, 44, 51).
Relatively little is known about the ecological significance and
geomicrobiological function of the extremophilic microbial
communities found, as the occurrence, abundance, and distri-
bution of the microbial communities associated with the for-
mation of diverse geochemical and physical gradients remain
to be elucidated.

A deep-sea hydrothermal vent chimney, formed by chemical
interaction between cold seawater and hot vent water, is a
distinctive structure in the deep-sea hydrothermal fields and is
largely composed of sulfide materials. In the chimney struc-
tures and the underlying sulfide mounds, steep environmental
gradients of temperature, pH, oxidation-redox potential, and
various chemicals can be formed by equilibration between the
vent water and the seawater, and these provide diverse micro-
habitats for microbial communities. In addition, the presence
of similar environmental gradients in the subvent environment
beneath the active hydrothermal seafloor is evident. Based on
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several microbiological, geochemical, and geophysical obser-
vations, the possible existence of a subvent biosphere popu-
lated by hyperthermophilic microorganisms was predicted
(14). Also, microbial ribosomal DNA (rDNA) showing sub-
stantial diversity was recovered from black smoker vent water
in the Thaya Basin, Okinawa Trough (51), at a temperature of
>300°C, which is far above the upper temperature limit for
growth of even the most hyperthermophilic archaeon, Pyrolo-
bus fumarii (113°C) (9). The microbial rDNA may serve as a
genetic signature indicative of the microorganisms thriving in
the subvent habitats, conveyed there by vent water. Hence, a
hydrothermal vent chimney is an environment analogous to the
subvent biosphere, and elucidation of its microbial community
structure is likely to provide great insight into features of the
subvent microbial ecosystem.

The black smoker chimney structure investigated in the
present study was obtained from a hydrothermal vent field
located at the PACMANUS site in the Manus Basin near
Papua New Guinea at a depth of 1,644 m. This hydrothermal
field was discovered in 1991 (7), and a geological survey of the
field and geochemical characterization of the vent waters have
both been performed (6, 7, 16, 17). The results of the micro-
biological assessment have not yet been reported. Archaeal
community structures in microhabitats present in the chimney
structure were evaluated through the combined use of culture-
independent molecular analyses and enrichment culture
methods. The molecular techniques used in this study are
PCR-based terminal restriction fragment length polymor-
phism (T-RFLP) and rDNA clone analyses, and the data
provided by these methods should be carefully evaluated.
However, the PCR-mediated molecular techniques will allow
the possible detection and evaluation of a probably very low
biomass of archaeal communities in the hardly accessible deep-
sea hydrothermal vent chimney. The distribution of archaeal
communities associated with the occurrence of discrete micro-
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FIG. 1. Schematic drawings of the morphological and structural features of a black smoker chimney and the subsampling method used. (A)
Appearance of the surface. (B) Vertical section of the whole chimney structure. (C) Horizontal section of the root part of the chimney. The part
where each of the subsamples was taken and the preliminary morphological and structural features of the subsamples are indicated.

habitats in the chimney structure and implications for the pos-
sible subvent biosphere are discussed.

MATERIALS AND METHODS

Sample collection, subsampling, and chemical analysis. A chimney structure
was obtained from a black smoker found in a hydrothermal field at the PAC-
MANUS site in the Manus Basin (03°43.816'S, 151°40.016'E) at a depth of 1,644
m by means of the manned submersible Shinkai 2000 in a dive in 1999 (dive no.
1151). The in situ temperature of the effluent black smoker vent water was found
to be over 250°C. The chimney structure was immediately cooled and stored
during 2 weeks in an anaerobic bag filled with 100% N, at 4°C prior to subsam-
pling in the laboratory. During the storage, no apparent change was found in the
appearance of the chimney structure.

A description of the structure of the chimney and of the identification features

of the subsamples is shown in Fig. 1. Subsampling was performed in an anaerobic
chamber in an atmosphere of 10% H, and 90% N,. Each of the subsamples was
subjected to chemical analysis, nucleic acid extraction, microscopic observation,
and cultivation of microorganisms. Subsamples I and IT were obtained from the
top part of the chimney. A surface layer (thickness, 1 to 2 mm) with white or gray
weathering (subsample IT) was moisturized and grazed from the top part of the
chimney, and the rest (subsample I) was less moisturized and pulverized using a
mortar and pestle which had been sterilized by heating in a dry oven (200°C). A
surface layer (thickness, 1 to 2 mm) with white, orange, or gray weathering
(subsample IIT) was also obtained from the middle part of the chimney. The vent
surface (subsample IV), which was black, solid, and crystalline and contained
little water, was pulverized using a mortar and pestle. Subsamples V and VI were
obtained from the inside structure of the root part of the chimney. The inner
structure (subsample V) was gray, soft, and porous and contained a considerable
amount of water. The outer structure (subsample VI) was black and solid and
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much less moisturized. The outer structure was pulverized using a mortar and
pestle.

The elemental composition of the subsamples was analyzed by scanning elec-
tron microcopy and energy-dispersive X-ray spectroscopy (SEM-EDS). The
grazed or pulverized samples were directly embedded on specimen mounts using
adhesive tape or electroconductives. After natural drying, the specimen was
coated with osmium plasma to a thickness of 5 nm by using an osmium plasma
coater. The coated specimen was observed using a JEOL JSV-5800LV scanning
electron microscope at 15 kV and was analyzed using an energy-dispersive X-ray
spectrometer with an ultrathin window at 15 kV. NaCl, BaSO,, BaO, BaS,
ZnS0,7H,0, ZnO, ZnS, and colloidal elemental sulfur (S”) (Nakarai Tesque,
Kyoto, Japan) were used as reference substances.

Microscopic observation. A 2-g portion of the subsample was suspended in 6
ml of sterilized synthetic seawater (MJ) (46, 54) containing 3.7% (wt/vol) form-
aldehyde, and the mixture was vigorously agitated for 2 min using a vortex mixer.
The suspension solution was very briefly centrifuged (3,000 X g), and the super-
natant was filtered with a 0.22-pm-pore-size 13-mm-diameter polycarbonate
filter (Advantec, Tokyo, Japan). The filter was stained by treatment with MJ
seawater containing 4',6'diamidino-2-phenylindole (DAPI) (10 wg ml~') or acri-
dine orange (10 pg ml™") at 4°C for 20 min. The filter was briefly rinsed in MJ
seawater and examined under epifluorescence using a Nikon Optishot micro-
scope.

Extraction of nucleic acids. Microbial DNA was directly extracted from each
subsample (approximately 5 g) using a Soil DNA Kit Mega Prep (MO BIO
Laboratories, Inc., Solana Beach, Calif.), following the manufacturer’s suggested
protocol. Microbial RNA was extracted from a replicate aliquot of each of the
samples used for DNA extraction. Approximately 5 g of sample material was
suspended in 3.5 ml of extraction buffer (pH 4.2) containing 25 mM sodium
acetate, 5 mM EDTA, and 5% (wt/vol) sodium dodecyl sulfate. Then 2.5 g of
sterile glass beads (0.1-mm diameter; Sigma) and 3.5 ml of phenol equilibrated
with extraction buffer were added. The suspension was shaken on a bead beater
for 2 min and incubated at 60°C for 1 h. The shaking treatment was repeated, and
the suspension was centrifuged at room temperature. The lysate was extracted
with phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/vol) and with chloro-
form-isoamyl alcohol (24:1, vol/vol). RNA was precipitated by adding 1.5 ml of
10 M ammonium acetate and the same volume of isopropyl alcohol and was
recovered by centrifugation. The pellet was washed with 70% (vol/vol) ethanol
and dissolved in filter-sterilized, distilled, deionized water. The total RNA was
purified from the crude RNA solution using a RNeasy Midi Kit spin column
(Qiagen, Valencia, Calif.). All plasticware and all solutions used for RNA ex-
traction and purification were treated with 0.1% diethyl pyrocarbonate to inac-
tivate nucleases. In order to check for laboratory contaminants, a blank tube
(with no sample added) was processed as a negative control in the case of both
DNA and RNA extraction (57). RNA and DNA concentrations were measured
using a spectrophotometer.

Quantification of archaeal rRNA and the rDNA population. Quantification of
archaeal rRNA in the whole microbial RNA assemblages extracted from the
subsamples was performed by RNA dot blot hybridization. A dilution series of
RNA samples (1, 0.5, and 0.25 ng ul~') with 10 mM Tris-HCI (pH 7.5) were
prepared, the RNA was denatured at 100°C for 10 min, and the samples were
cooled on ice. The denatured RNA samples were dotted onto Hybond-N+ nylon
membranes (Amersham Pharmacia) and cross-linked to the membranes by ex-
posure to 120 mJ of UV light energy using a UV Stratalinker 1800 (Strategene,
Torrey Pines, Calif.). The oligonucleotide probes (Unil392R and Arch915R
conjugated at the 5" ends to digoxigenin) (52) and the hybridization conditions
used have been described previously (52). Quantification of the archaeal rDNA
population in the whole microbial DNA assemblages was performed by a quan-
titative fluorescent PCR method as previously described (52). An archacal DNA
mixture containing equal amounts of eight kinds of archaeal rDNA (Haloarcula
Japonica, Palaeococcus ferrophilus, Pyrobaculum sp., Sulfurisphaera sp., pISA42,
pISAA48, pISA16, and pMC1A11) was used as a standard (52).

T-RFLP analysis of archaeal rDNA. In order to rapidly identify archaeal
sequences in the subsamples, T-RFLP analysis of rDNA was performed (34).
Archaeal rDNA was amplified by PCR using LA Tag polymerase (TaKaRa,
Kyoto, Japan). The oligonucleotide primers used were Arch21F and Arch958R-
FAM (13). Reaction mixtures were prepared in which the concentration of each
oligonucleotide primer was 0.1 uM and that of the DNA template was 0.1 ng
ul™!. Thermal cycling was performed using GeneAmp 9600 (Perkin-Elmer,
Foster City, Calif.), and the conditions were as follows: denaturation at 96°C for
20 s, annealing at 50°C for 45 s, and extension at 72°C for 120 s for a total of 30
cycles. In cases in which no apparent product was recovered after 30 cycles of
reaction, the number of cycles was extended to 45 cycles. In the fewer cycles of
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the reaction (20 and 25 cycles for 30 cycles and 35 and 40 cycles for 45 cycles),
no apparent product was obtained.

Amplified rDNA from two separate reactions was pooled and subjected to
agarose gel electrophoresis. The products were purified by means of a Gel Spin
DNA purification kit (MO BIO). The DNA was precipitated with ethanol and
centrifuged, and the pellet was resuspended in the distilled deionized water. The
purified tDNA was digested with a restriction enzyme (Hhal). The terminal
restriction fragments (T-RFs) were analyzed using a model 377 automated se-
quencer equipped with GeneScan software, version 3.0 (PE Applied Biosystems,
Foster City, Calif.). The precise lengths of T-RFs were determined by compar-
ison with an internal size standard added to each digested sample. The electro-
phoresis conditions and the procedures followed were those suggested in the
manufacturer’s protocol. The archaeal T-RFLP profiles from the subsamples
were repeatedly checked in a different series of experiments for PCR amplifica-
tion, restriction enzyme reaction, and electrophoresis.

Cloning and sequencing of archaeal rDNA. Archaeal rDNA was amplified by
PCR using the same protocol as for T-RFLP analysis except for the use of a
nonlabeled primer set of Arch21F and Arch958R. Amplified rDNA from two
separate reactions was purified as described above. The purified rDNA was
cloned in the vector pCR2.1 using the Original TA cloning kit (Invitrogen,
Carlsbad, Calif.). The inserts were amplified by direct PCR from a single colony
using M13 primers (36), treated with exonuclease I and shrimp alkaline phos-
phatase (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire,
United Kingdom), and directly sequenced by the dideoxynucleotide chain-ter-
mination method using a dRhodamine sequencing kit (PE Applied Biosystems)
following the manufacturer’s recommendations. The Arch21F primer was used
in partial sequencing analysis.

Sequence and phylogenetic analyses. Single-strand sequences approximately
400 nucleotides in length were analyzed. The sequence similarity among all of the
single-strand sequences was analyzed using the FASTA program equipped with
DNASIS software (Hitachi Software, Tokyo, Japan). The rDNA sequences hav-
ing =98% similarity as determined by the FASTA program were assigned to the
same clone type, and a representative sequence of each clone type was applied
to sequence similarity analysis with databases by the gapped-BLAST method (1,
8). The databases used for gapped-BLAST analysis were the prokaryotic small-
subunit (SSU) rRNA database and the nonredundant nucleotide sequence da-
tabases from GenBank, EMBL, and DDBJ.

Sequences of representative rDNA clones approximately 0.95 kb in length
were determined from both strands. The data from the rDNA clone libraries and
the data from T-RFLP analysis were linked by calculating the T-RF length for
the sequenced clones. Clones with a T-RF length identical (within =1 bp) to one
found by T-RFLP analysis were assigned to a T-RFLP ribotype. The sequences
were manually aligned to prokaryotic SSU rDNA data from the Ribosomal Data
Project II (35) based on primary and secondary structure considerations and
were also submitted to analysis using the Chimera Check program of the Ribo-
somal Data Project II to detect the presence of chimeric artifacts. Phylogenetic
analyses were restricted to nucleotide positions between the Arch21F and
Arch958R primers that were unambiguously alignable in all sequences. Neigh-
bor-joining analysis was performed using the PHYLIP package (version 3.5;
obtained from J. Felsenstein, University of Washington, Seattle). Bootstrap
analysis was used to provide confidence estimates for phylogenetic tree topolo-
gies.

Enrichment and MPN calculation. For enrichment cultures targeting mem-
bers of the genus Thermococcus, MIYPS medium (56) was used and enrichment
was performed at 55, 75, and 90°C. For enrichment cultures targeting halophilic
microorganisms, including members of the genus Haloarcula, the medium (hem-
agglutinin [HA] medium) described by IThara et al. (24) was used and enrichment
was performed at 30 and 45°C. The three-tube most-probable-number (MPN)
method was employed to assess the populations of viable cells obtained by
enrichment from the subsamples. The microorganisms present in the most di-
luted of the series of cultures of MJYPS and HA media were isolated by the
extinction-dilution method. The partial sequences of the 16S rDNA were deter-
mined and applied to sequence similarity analysis.

Nucleotide sequence accession numbers. The sequences from this study are
available through DDBJ under accession numbers AB052972 to AB052993.

RESULTS

Description of subsamples and chemical composition. Sub-
samples of the chimney structure were obtained from vertical
and horizontal sections distinguished on the basis of morpho-
logical features. In the case of hydrothermal vents with slowly



VoL. 67, 2001 DISTRIBUTION OF ARCHAEA IN A BLACK SMOKER CHIMNEY 3621
TABLE 1. Primary chemical composition of subsamples from a black smoker chimney obtained from the PACMANUS site?
Chemical composition (atom%)
Subsample used

(0] S Ca Ba Fe Zn Other
1 12 41.0 ND ND 1.8 58.0 ND
IT (white) 5.0 375 0.6 3.8 0.6 53.1 ND
II (gray) 6.5 30.9 0.5 1.8 1.1 54.0 53
III (gray) 0.5 37.2 0.2 0.4 ND 55.9 ND
III (white and orange) 19.3 35.8 ND 19.6 ND 25.1 0.5
v 0.8 394 ND ND 1.4 61.1 ND
v 0.2 39.8 0.2 0.2 1.5 60.2 0.2
VI 24 40.0 0.5 ND 1.9 56.1 ND
Subsurface orange layer 18.0 40.1 1.8 23.6 0.2 19.1 ND

“ Numbering of subsamples was indicated in Fig. 1. ND, not detected.

flowing effluent, it has often been observed that the top part of
the chimney is covered with weakly packed materials, consist-
ing of chalcopyrite, pyrrhotite, and anhydrite on solid sulfide
materials (21, 22, 33). The chimney investigated in the present
study was obtained from a black smoker with vigorously flow-
ing effluent, and no such soft head-structure was observed. The
vent surface, the interface with vent fluid, was formed by a
solid, crystalline vent wall, which was observed throughout top
to bottom of the chimney structure. The morphological fea-
tures of the top part were similar to those found on the vent
surface. In the middle and root parts, four distinct inner struc-
tures were observed (Fig. 1). Considering the features from
inside towards the outer surface, a solid, crystalline vent wall,
a grayish, porous soft structure, a black solid structure, and a
thin orange layer approximately 1 to 2 mm from the surface
were recognized. The surface of the chimney was weathered
and gray for the most part, with white or orange in some parts.
These morphological features might be associated with geo-
chemical and physical gradients of temperature, pH, oxidation-
redox potential, and various chemicals formed in the chimney
structure.

The primary chemical composition of the subsamples was
examined by SEM-EDS (Table 1). The whole chimney struc-
ture was found to contain mainly elemental sulfur and zinc as
the primary elements, suggesting that zinc sulfide is the main
chemical fabric of the chimney. In the subsamples obtained
from the surface of the chimney, a higher amount of elemental
oxygen was observed. Although the molecular species contain-
ing oxygen was not identified, it seemed likely that the higher
proportion of oxygen detected in the elemental composition
was consistent with the increasing amount of oxidized materi-

als on the outer surface of the chimney, indicating the occur-
rence of relatively oxidative microhabitats in the exterior zones
of the chimney. In the weathered surface parts that were white
and orange and in the orange subsurface layer, barium was
accumulated at high levels while no significant change in the
amount of calcium was observed.

Microbial population density and nucleic acid extraction.
The microbial population density was determined by direct
counting of DAPI- and acridine orange-stained cells (Table 2).
The highest population density was observed in the surface
layer at the top part of the chimney (subsample II) and was
3.2 X 107 cells g (wet weight)~*. The top part from which the
surface was removed (subsample I) and the porous structure
inside the chimney (subsample V) had somewhat higher pop-
ulation densities (1.0 X 10° and 8.0 X 10, respectively) than
did the other subsamples (approximately 5 X 10°).

Nucleic acids were directly extracted from the subsamples.
Both DNA and RNA were isolated at concentrations in pro-
portion to the observed population densities (Table 1). Based
on the DNA yield from each sample and assuming an average
cellular DNA content of 2 fg (2), the calculated microbial
population density in the subsamples was 8 X 10° to 8.5 X 107
cells g wet weight ! and was thus in relatively good agreement
with the population densities determined (Table 1).

Quantification of archaeal rRNA and rDNA populations.
Archaeal rRNA and rDNA in the whole microbial RNA and
DNA assemblages extracted from the subsamples were quan-
tified by RNA dot blot hybridization and quantitative fluoro-
genic PCR (Table 2). Throughout the subsamples, the propor-
tion of bacterial rRNA or rDNA was higher than that of
archaeal TRNA or rDNA in the whole microbial nucleic acid

TABLE 2. Preliminary microbiological characterization of subsamples from a black smoker chimney at the PACMANUS site”

Cell density

Subsample no. (cells/g [wet wi])

Total amt (g)

(ng/g [wet wt])

rRNA/rDNA composition (%)

DNA yield RNA yield for:

(ngg [wet wi])

Bacteria Archaea
I 30 1.0 X 10° 5.1 2.2 78.3/92.6 19.9/7.4
11 15 3.2 % 107 169 100 66.8/94.7 30.5/5.3
1T 36 4.5 x 10° 3.2 1.3 97.6/100 1.8/ND
v 18 45 % 10° 1.6 1.4 98.5/97.2 2.8/2.8
\'% 19.5 8.0 X 10° 3.0 4.5 95.1/100 2.2/ND
VI 15 5.1 % 10° 1.6 1.7 76.7/92.8 23.1/7.2

¢ Prokaryotic universal, bacterial, and archaecal SSU rRNA/rDNA composition was quantified by using RNA dot hybridization or quantitative fluorogenic PCR (52).
The proportions represent the result by RNA dot hybridization divided by the result by quantitative fluorogenic PCR. ND, not detected.
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assemblages. However, the proportion of archaeal rRNA and
rDNA varied among the subsamples. In the top part of the
chimney and the outer part of the inside structure of the root
part, the proportion of both archaeal rRNA and rDNA was
increased while the proportion of the archaeal rRNA and
rDNA in the other subsamples was a few percent or below the
detection limit, in the whole microbial nucleic acid assem-
blages. These results suggested that the sizes of the archaeal
communities varied in different microhabitats in the black
smoker chimney.

Molecular phylogenetic analyses. Profiles of archaeal ri-
botypes dominantly recovered from the DNA assemblages of
the subsamples were examined by PCR-mediated T-RFLP
analysis (Fig. 2). Archaeal rDNA clones obtained from the
subsamples were characterized by partial sequencing (ca. 400
nucleotides) and sequence similarity analysis. The number of
archaeal rDNA clones characterized varied from 44 to 65 for
each of the samples (Table 3). In addition, sequences of rep-
resentative TDNA clones that were approximately 0.95 kb in
length were determined from both strands and were then ap-
plied to the phylogenetic analysis (Fig. 3). The data from the
representative DNA clone sequences and the data from T-
RFLP analysis were linked by calculating the T-RF length for
the sequenced clones.

The molecular techniques used in this study were the
PCR-based T-RFLP and rDNA clone analyses, and the data
provided by these methods did not completely represent the
archaeal community structures that occurred in the microhabi-
tats of the chimney. In addition, unstable and strongly biased
results have been pointed out in the nonoptimized experiments
using PCR-mediated T-RFLP and rDNA clone analyses (37,
41). The data obtained should be carefully estimated.

In both T-RFLP and rDNA clone analyses, the structure of
archaeal rDNA phylotypes was varied in the subsamples from
different microhabitats (Fig. 2 and Table 3). In the combined
characterization of T-RFLP and rDNA clone analyses, most of
the major T-RFs found in different subsamples had the corre-
sponding archaeal phylotypes identified by rDNA clone anal-
ysis, while no archaeal rDNA phylotype coincident with T-RF
designated as ribotype 1 or 2 was found throughout all the
subsamples (Fig. 2 and Table 3). In addition, there were cases
in which the rDNA clones that corresponded to the T-RFs
found in the T-RFLP analysis were not obtained from the same
subsample in the rDNA clone analysis. This nonconformity
between the T-RFLP profiles and rDNA clone compositions
might result from the unavoidable cloning bias in Escherichia
coli or from the underestimation in the limited number of
rDNA clones sequenced.

The top part of the chimney (subsamples I and II) and the
surface layer of the middle part (subsample III) contained a
variety of rDNA clones phylogenetically belonging to both
Crenarchaeota and Euryarchaeota (Table 3). An archaeal
rDNA clone, pPACMA-Y, recovered from the archaeal rDNA
clone libraries of the top part of the chimney, was phylogeneti-
cally associated with one of the deepest branches within the
domain of Archaea conventionally named the Marine Hydro-
thermal Vent Group (MHVG) (Fig. 3A). The T-RF probably
representing the deeply branched archaeal phylotype was de-
tected in the top part of the chimney (subsamples I and II), the
surface layer of the middle part (subsample III), and the vent
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TABLE 3. Distribution of representative T-RFLP ribotypes and
clone types of archaeal rDNA obtained from a black
smoker chimney”

No. of archaeal rDNA clones

Clone type (T-RELP ribotype) characterized per subsample:

1 11 11 v \% VI
MHVG-1
pPACMA-Y (9) 1 3 0 0 0 0
Crenarchaeota
Igniococcales
pPACMA-I (5) 7 2 0 11 0 0
pPACMA-X (5) 13 4 0 25 3 0
Euryarchaeota
Thermococcales
pPACMA-C (6) 19 25 29 0 0 0
pPACMA-A (6) 0 0 9 0 0 0
pPACMA-B (6) 0 0 2 0 0 0
Unknown group
pPACMA-N (8) 1 3 0 0 2 0
DHVEG
pPACMA-M (10) 0 5 0 0 0 0
pPACMA-Q (10) 2 0 1 0 0 0
pPACMA-W (7) 0 1 1 0 0 0
pPACMA-P (7) 1 2 2 0 0 0
pPACMA-V (7) 0 3 1 0 0 0
Halobacteriales
pPACMA-H (3) 0 0 0 0 9 21
pPACMA-T (3) 0 0 0 0 0 7
pPACMA-] (4) 0 0 0 1 0 0
pPACMA-L (3) 0 0 0 1 5 8
pPACMA-U (4) 0 0 0 0 0 5
pPACMA-K (4) 0 0 0 2 0 0
pPACMA-E (4) 0 0 0 3 31 10
pPACMA-S (4) 0 0 0 0 1 0
pPACMA-G (4) 0 0 0 1 0 0
pPACMA-F (4) 0 0 0 0 13 2
Total 44 48 45 44 65 53

“ Composition of archaeal rDNA clone types was determined by partial se-
quencing analysis of TDNA clones of archaeal primer PCR libraries.

surface (subsample IV) (Fig. 2). The archaeal phylotypes pre-
dominantly obtained from the top part of the chimney were
affiliated with the clusters of Igniococcales, Thermococcales,
and the uncultivated Deep-Sea Hydrothermal Vent Eur-
yarchaeotic Group (DHVEG) (Fig. 3B and C). The archaeal
rDNA clones affiliated with Igniococcales were especially
closely related to the most hyperthermophilic archaeal isolates,
such as Pyrolobus (9), Pyrodictium (42), and Hyperthermus (60),
capable of growth at or above 110°C (Fig. 3B). All of the
Thermococcales TDNA clones obtained from the chimney were
closely related with Thermococcus, and no Pyrococcus-type
clones were detected (Fig. 3C). The archaeal rDNA clones,
pPACMA-M, -Q, -W, -P and -V, were clustered into a certain
phylogenetic group consisting of only uncultivated environ-
mental clones obtained from geologically and geographically
distinct deep-sea hydrothermal vent environments (44, 51)
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FIG. 2. Typical electropherograms of archaeal T-RFLP generated from rDNA with a labeled reverse primer and Hhal digest obtained from
subsamples. The numbers on the peaks indicate major ribotypes commonly observed in various subsamples. Shown are a typical archaeal pattern
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FIG. 3. Phylogenetic trees based on SSU rDNA sequences including various rDNA clones obtained from the black smoker chimney at the
PACMANUS site in the Manus Basin. Each of the trees was inferred by neighbor-joining analysis of approximately 600 homologous positions of
the rDNA sequence. (A) A tree indicating the phylogenetic relationship among the domains of Bacteria and Eucarya, the deep branches of
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(Fig. 3C). The proportion of Igniococcales phylotypes was re-
duced in the rDNA clone libraries from the surface layer sam-
ples (subsamples II and III), while the proportion of rDNA
clones phylogenetically associated with Thermococcus and DH-
VEG was greater in the surface zone (Table 3). These propor-
tion changes found in the rDNA clone analysis were also in-
dicated by the changes of T-RF signals (ribotypes 5, 6, 7, and
10) representing the archaeal phylotypes (Igniococcales, Ther-
mococcus, and DHVEG) in the T-RFLP analysis (Fig. 2).

In the vent surface (subsample IV), most of the archaeal
rDNA phylotypes provided by rDNA clone analysis were Ig-
niococcales members (Table 3 and Fig. 3B). The dominant
occurrence of these phylotypes was clearly represented by a
large single peak of ribotype 5 in the T-RFLP analysis (Fig. 2).
In addition, the presence of ribotype 4 was detected in the vent
surface (Fig. 2), which matched well with the recovery of
rDNA clones phylogenetically related with Halobacteriales
(Table 3).

In the inside structures of the chimney (subsamples V and
VI), the major archaeal phylotypes found in the rDNA clone
analysis shifted from hyperthermophilic groups of phylotypes
to an extremely halophilic group of phylotypes within Halobac-
teriales (Table 3). These shifts in the archaeal rDNA clone
community structure were consistent with the shifts in the
ribotype structure revealed by the results of T-RFLP analysis
(depletion of signatures of ribotypes 5 and 6 corresponding to
rDNA clones of Igniococcales and Thermococcales, respec-
tively, and predominance of ribotypes 3 and 4 representing
Halobacteriales TDNA clones) (Fig. 2). In the phylogenetic
analysis, all of the archaeal rDNA clones related with Halobac-
teriales were located within the phylogenetic cluster of the
genus Haloarcula (Fig. 3D). The phylogenetic placement of the
Haloarcula TDNA clones obtained from the inside structures of
the chimney was divided mainly into two lineages. This disper-
sion and the relatively high divergence of the Haloarcula
rDNA clone sequences could be due to the heterogeneity of
the rRNA genes observed in Haloarcula species (40). The
archaeal rDNA clone pPACMA-N distantly related to any
other archaeal rDNA sequences known so far (Fig. 3C) was
detected at a small proportion in various microhabitats both in
the rDNA clone analysis and the T-RFLP analysis (Table 3 and
Fig. 2). The results obtained from the molecular phylogenetic
analyses indicated that different archaeal phylotype structures
consisting mainly of hyperthermophilic and extremely halo-
philic phylotypes were distributed in different microhabitats in
the black smoker chimney.

Enrichment and MPN calculations. In order to support the
apparent distribution of different archaeal community struc-
tures indicated by culture-independent molecular phylogenetic
analyses, enrichment cultures of viable hyperthermophilic and
halophilic microbial populations were prepared and MPN cal-
culations were performed. Techniques for cultivation of Ther-
mococcus and Haloarcula members, among the archaeal phy-
lotypes identified through molecular analyses, are relatively
well established (5, 11, 45). Table 4 shows the viable-cell counts
of Thermococcus members and halophilic microorganisms cul-
tivated at several temperatures in MJYPS and HA media. The
microorganisms that grew in the most diluted series of cultures
in MJYPS medium at 50 or 75°C containing subsample II or in
HA medium at 30°C containing subsample V were isolated by
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TABLE 4. Viable-cell counts of Thermococcus members and
halophilic microorganisms calculated by three-tube
MPN cultivation method”

Viable-cell count in:

. HA medium for
Subsample no. MIYPS meﬁilum fo: Tfuzﬁnococcus Haloarcula (cells g
(cells g [wet wt] ) A
55°C 75°C 90°C 30°C 45°C
1 4.6 X 10> 2.4 x 10> 3.9 x 10 ND ND
11 2.1 x10* 1.5x10* 9.0 X 10° ND ND
111 75 % 10> 43 x 10> 7.5 % 10 ND ND
v 9.0 X 10° 9.0 x 10° ND 9.3 X 10! ND
\'% ND ND ND 9.3 x 10> 9.3 x 10!
VI ND ND ND 7.5 X 10> 9.0 x 10"

“ Viable-cell counts obtained by the MPN method using HA medium repre-
sent not Haloarcula but halophilic bacteria such as Halomonas spp, as described
in Results. ND, not detected.

the extinction-dilution method. Based on the results of simi-
larity analysis of partial IDNA sequences, the microorganisms
that grew in MJYPS medium at 50 and 75°C were found to be
Thermococcus species (Thermococcus spp. PACMS50 and
PACMY75, shown in Fig. 3C). However, the microorganism that
grew in HA medium at 30°C was identified as a Halomonas sp.
(its partial 16S rDNA sequence had 98.5% similarity with that
of Halomonas meridiana [25]), a member of the Bacteria, not
the Archaea. HA medium contains approximately 16% (wt/vol)
NaCl or 20% total salts, which is within the range for growth of
not only Haloarcula spp. but also of Halomonas spp. (58). In
addition, no archaeal rDNA was detected by PCR analysis of
DNA extracts from any of the enrichment cultures in HA
medium at any cultivation temperature. These results indi-
cated that the viable cell counts obtained by the MPN method
in the case of cultures using HA medium represented the
halophilic bacterial population, not the Haloarcula population.
Although no viable cells of the genus Haloarcula were recov-
ered from any of the subsamples, the findings obtained from
the enrichment cultures supported the view that a viable Ther-
mococcus population was present in the surface layers and that
preferential colonization of the inside structures of the chim-
ney by halophilic microorganisms occurred.

DISCUSSION

The distribution of archaea in a black smoker chimney struc-
ture was analyzed by culture-independent, molecular phyloge-
netic techniques. The combined use of rRNA dot slot hybrid-
ization, quantitative fluorogenic PCR, T-RFLP, and rDNA
clone analysis revealed that the archaeal phylotype community
was significantly altered in terms of size and structure with
microhabitats varying at several centimeters distance in the
deep-sea hydrothermal vent chimney. The occurrence of dis-
crete archaeal phylotype communities was likely associated
with the formation of environmental gradients of temperature,
pH, oxidation-redox potential, and various chemicals in the
chimney structure, even though the measurement of the gra-
dients was not completely determined in this study.

The occurrence of discrete microbial communities in deep-
sea hydrothermal vent environments was first reported by
Harmsen et al. (19) after applying enrichment culture and
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whole-cell fluorescence in situ hybridization (FISH) tech-
niques (20) to analysis of black smoker chimneys obtained
from the Mid-Atlantic Ridge. It was demonstrated that the
microbial community density was varied in subsamples ob-
tained from different parts of a chimney structure and that the
top part had the highest density (19). In addition, the increased
density of the total archaeal population in the top part of the
chimney was observed by using the fluorescence in situ hybrid-
ization technique, and the preferred colonization patterns of
potential Thermococcales members in the surface area and of
potential Igniococcales members in the top parts and the vent
area were indicated by enrichment culture techniques (19). A
similar distribution pattern of microbial communities was ob-
served in our analysis of archaeal community structures in
different microhabitats of a black smoker chimney from the
Manus Basin, which is geologically and geographically distinct
from those in the Mid-Atlantic Ridge. These features of the
distribution of microorganisms commonly observed in different
deep-sea hydrothermal vent systems provide an important gen-
eral aspect to be considered in assessment of the global deep-
sea hydrothermal vent microbial ecosystem.

Significant changes in microbial abundance, diversity, and
community structure associated with environmental gradients
in hydrothermal environments have also been observed in a
series of investigations focusing on a shallow marine hydro-
thermal vent site as a model system (47-49). Through the use
of molecular techniques, an increased abundance of the ar-
chaea was found in the active venting area and complex, active,
bacterial communities became predominant with increasing
distance from the venting point (47-49). At the shallow marine
hydrothermal vent site, temperature and pH ranging from ap-
proximately 70°C at pH 5 to 20°C at pH 7 were formed over a
distance of several meters (47). The potential impact of the
environment on a microbial community might be much more
intense in deep-sea hydrothermal systems, since gradients are
expected to exist in the range of approximately 300°C at pH 3
to 4°C at pH 6 to 7 in the case of a black smoker investigated
(16, 17) and from 350 to 400°C to 4°C in the case of the typical
midocean-ridge systems (21). In the range of such extraordi-
nary thermal gradients of the deep-sea vents, the archaeal
components may play a much more important role in the
formation and activity of a microbial community than in the
shallow vents.

The existence of a diversity of archaea in the deep-sea hy-
drothermal vent environments has been demonstrated through
a number of enrichment and isolation attempts to date (9, 10,
18, 23, 28, 42, 43, 53, 56, 60). Additionally, culture-indepen-
dent, molecular approaches have revealed that a greater diver-
sity of archaea are predominantly present and remain uniden-
tified in terms of their physiological properties and metabolic
functions (44, 51). This study is the first report in which the
distribution of discrete archaeal communites in different mi-
crohabitats of a black smoker chimney was demonstrated by
using culture-independent, molecular phylogenetic analysis. In
this study, it was revealed that members of Thermococcus and
members of the DHVEG are abundant on the chimney sur-
face. The coexistence with the hyperthermophiles Thermococ-
cus, the wide distribution in the various deep-sea hydrothermal
vents, the relatively short branch length in the phylogenetic
tree (Fig. 3C), and relatively high G+C content of the tDNA
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(57.6 to 60.2%) of the uncultivated DHVEG may represent the
thermophily in this group of uncultivated archaea. Likewise,
the deeply branched phylotype pPACMA-Y, phylogenetically
related to the MHVG, might at least represent thermophily as
its distinctive physiological feature, as described previously
(51).

The discovery of a sizable population of extremely halophilic
archaea in the inside structures of the chimney was the most
striking finding in this work. Kaye and Baross have reported
finding halotolerant bacteria belonging to the genera Halomo-
nas and Marinobacter at high incidence in a variety of samples
obtained from deep-sea hydrothermal vent environments (30).
We also obtained here a culturable population of Halomonas
from the inside structures of the chimney. The halophilic bac-
teria are abundant in deep ocean water and may be contami-
nated from the ambient seawater around the deep-sea hydro-
thermal vent (30). Given that the halophilic bacterial
population, including Halomonas sp. cultured from the inside
structure of the chimney, is derived from the ambient seawater,
there might be obtained a similar or higher abundance of
cultures for Halomonas spp. from the surface of the chimney
exposure to the seawater. The discovery of extremely halo-
philic archaeal rDNA and successful cultivation of halophilic
microorganisms were achieved specifically from the inside
structures of the chimney. It seems likelier, therefore, that the
halophilic bacterial cultures and the genetic signatures for ex-
tremely halophilic archaea are derived from microbial commu-
nities dwelling in the microhabitats that occurred in the inside
structures rather than from contaminated microbial communi-
ties. Since no positive cultivation of the extremely halophilic
archaea represented by rDNA phylotypes from the inside
structures was achieved, the viability of the extremely halo-
philic archaeal population remained uncertain. However, the
discovery of extremely halophilic archaeal rDNA and the suc-
cessful cultivation of halophilic bacteria suggest that partially
hypersaline microhabitats allowing the survival or growth of
halophilic archaea and bacteria occur in the chimney structure.
Furthermore, the recovery of hyperthermophilic and extremely
halophilic archaeal rDNA phylotypes from the interface with
the vent fluid and the interior structures of the chimney leads
to the hypothesis that the microbial communities in the micro-
habitats of the chimney are provided from the microbial pop-
ulation thriving beneath the active hydrothermal floor, the
subvent biosphere.

Based on several microbiological, geochemical, and geo-
physical observations, Deming and Baross proposed the pos-
sible existence of a hyperthermophilic subvent biosphere be-
neath the active hydrothermal vent fields (14). The relatively
high density of microbial cells and the detection of microbial
rDNA in the black smoker vent water at a temperature of
>300°C also support the occurrence of a sizable microbial
population in the subvent environment of the hydrothermal
system in Thaya Basin, Okinawa Trough (51). Since the deep
ocean water infiltrating this system consistently replenishes
foreign microorganisms and nutrients in the environments, it is
difficult to identify the exclusively indigenous microbial com-
ponents and activities in the subvent biosphere. However, ex-
treme halophiles as well as hyperthermophiles are the possible
indigenous microorganisms in the subvent biosphere. The
physiological and metabolic diversity of known hyperthermo-
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philes allows them to become accustomed to a variety of mi-
crohabitats in the subvent, most of which are extraordinary
high-temperature environments, as in the case of the chimney
structure. In addition, the formation of brines or salt deposits
in deep-sea hydrothermal systems has been proposed (30-32).
These brines or salt deposits provide suitable microhabitats for
the extremely halophilic archaea. The global distribution of
extremely halophilic archaea as well as of hyperthermophilic
Thermococcales members has been observed in nonhydrother-
mal pelagic subseafloor sediments and the subseafloor meth-
ane hydrate core samples (our unpublished results). The dis-
tribution of archaeal components found in the deep-sea
hydrothermal or the subvent environments in global subsea-
floor microbial communities may shed light on the origin of the
subsurface microorganisms and the biogeographical propaga-
tion of hyperthermophiles and extreme halophiles. These are
the foci of our future efforts.
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