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Molecular phylogenetic analysis of a naturally occurring microbial community in a deep-subsurface geo-
thermal environment indicated that the phylogenetic diversity of the microbial population in the environment
was extremely limited and that only hyperthermophilic archaeal members closely related to Pyrobaculum were
present. All archaeal ribosomal DNA sequences contained intron-like sequences, some of which had open
reading frames with repeated homing-endonuclease motifs. The sequence similarity analysis and the phylo-
genetic analysis of these homing endonucleases suggested the possible phylogenetic relationship among

archaeal rRNA-encoded homing endonucleases.

Since sizable populations of viable microorganisms were
found in terrestrial and ocean subsurface environments, there
has been increasing interest in microbial communities and
diversities in deep-subsurface environments (3, 7, 13, 17, 21,
27-29, 34). Subsurface microorganisms are often viewed as
important because they could play a significant role in subsur-
face geochemical processes, and some of these strains may
have novel metabolic properties potentially useful for indus-
trial processes, bioremediation, or biotechnology (10, 11). Hy-
perthermophilic or thermophilic microorganisms are likely
major and important members of deep-subsurface microbial
communities, considering that the temperature of subsurface
environments increases with increasing depth. In fact, a num-
ber of thermophiles and hyperthermophiles within the do-
mains of Bacteria and Archaea have been isolated from deep
continental or sea oil reservoirs (14, 21, 26, 27). However,
thermophilic microbial diversity in deep-subsurface environ-
ments other than oil reservoirs is poorly understood.

Here, we sought to determine the microbial diversity in a
hot-subsurface biosphere. Deep-subsurface geothermal water
pools are found in active volcanic areas and are often tapped
by geothermal electric power plants. As the first step in com-
prehending thermophilic microbial diversity in such environ-
ments, molecular phylogenetic analysis based on small-subunit
rRNA gene (SSU rDNA) sequencing was undertaken. In this
study, a sample from a deep-subsurface geothermal water pool
was obtained 1,500 m down in a production well of the Hac-
choubaru geothermal plant in Oita Prefecture, Japan. Approx-
imately 100 liters of effluent hot water (96°C, but over 250°C in
situ at a depth of 1,500 m) was collected from immediately
beyond the end of the production well. The chemical compo-
sition of the water was described by Hirowatari et al. (15). Sixty
liters of water was immediately filtered by 0.22-pwm-pore-size
47-mm-diameter cellulose acetate filters (Advantec, Tokyo, Ja-
pan), and the microbial particles were collected on the filters.
The filters were washed with NET buffer (50 mM Tris-HCI [pH
8.0], 150 mM NacCl, 100 mM EDTA) twice. Nucleic acids were
extracted from the microbial particles on the filters and puri-
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fied according to the method of Takai and Sako (31). Approx-
imately 10 ng of DNA was recovered from 60 liters of the water
sample. Based on this DNA yield (0.17 pg/ml) and assuming an
average cellular DNA content of 2 fg (2), the calculated mi-
crobial population density was 0.8 X 10? cells/ml. This was in
good agreement with the population density determined by
epifluorescence microscopy direct count (approximately 107
cells/ml) with 4’,6-diamidino-2-phenylindole (DAPI). No ex-
perimental contaminant (32) was detected throughout the pro-
cedure of DNA extraction and purification.

SSU rDNAs were amplified by PCR using LA Taq polymer-
ase with GC buffer (TaKaRa, Kyoto, Japan). Reaction mix-
tures in which the concentration of each oligonucleotide
primer was 0.1 uM and that of DNA template was 0.1 ng/ul
were prepared. Thermal cycling was performed with the
GeneAmp PCR system 9600 (Perkin-Elmer, Foster City, Cal-
if.), 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. The oligonucleotide primers
Arch21F (12) and 1492R (19) were used for archaeal rDNA,
and Uni515F and Unil408R (30, 31) were used for all micro-
bial rDNAs. As usual, PCR products approximately 1.5 and 0.9
kb in size are expected with these archaeon-specific primers
and universal primers, respectively. However, products 2.9 and
2.4 kb in size, respectively, were obtained from the reactions.
These rDNA products of unusual length have often been re-
ported in characterization of hyperthermophilic archaea such
as Pyrobaculum, Thermoproteus, and Aeropyrum (8, 16, 25) that
are isolated from various hot-water environments. In view of
the occurrence of introns in rDNA of hyperthermophilic ar-
chaea, the cloning and sequencing of these PCR products were
carried out as described by Takai and Horikoshi (30).

The partial rDNA sequences (400 bp corresponding to po-
sitions 536 to 935 of Escherichia coli IDNA numbering) were
analyzed with the similarity_rank and align_sequence from the
Ribosomal Database Project (20) and the gapped-BLAST
search algorithm (1, 6) to examine the microbial and archaeal
populations in a deep-subsurface geothermal water pool. Sixty-
eight and fifty-two clones were analyzed from the universal and
archaeal primer PCR libraries, respectively. Sequence similar-
ity analysis among the partially sequenced clones indicated that
two distinct clone types (pHGPU6 and pHGPU?21, 37 and 31
clones of 68 clones, respectively) were recovered from the
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universal primer PCR library and that these clone types almost
completely matched two distinct clone types (pHGPA1 and
pHGPA13, 24 and 28 clones of 52 clones, respectively) ob-
served in the archaeal primer PCR library. Low sequence sim-
ilarity (below 65%) between the partial sequences of pHGPA1
and pHGPA13 was found. Gapped-BLAST analysis of the
partial sequences of pHGPA1 and pHGPA13 revealed coex-
istence of highly and poorly conserved regions in their se-
quences. When analysis was performed on these regions, the
highly conserved regions of pHGPA1 and pHGPA13 were
found to be quite similar to the rDNA sequences of Pyrobacu-
lum species (over 99.0%). In contrast, the poorly conserved
regions had certain similarities to the sequences of rRNA
introns (033-II and 061-II) of Thermoproteus sp. strains IC-033
and IC-061 (16). These results suggested that the clones in the
universal and archaeal primer PCR libraries represented the
microbial rDNAs containing intron-like sequences and that all
of the rDNA sequences recovered were derived from hyper-
thermophilic archaeal members. In order to characterize the
gene structure of rDNA clones, almost complete sequences
of the representative types of rDNA clones (2,930 bp for
pHGPAL and 2,909 bp for pHGPA13) were determined.

Based on the multiple alignments with the rDNA sequences
of Pyrobaculum members, the insertion sites of intron-like se-
quences were roughly assumed, and then the secondary struc-
tures around exon-intron junction sites were manually con-
structed according to the convention proposed by Thompson
and Daniels (33) and Lykke-Andersen et al. (23). As a result,
three (pHGPAIl-a, -b, and -c) and four (pHGPA13-a, -b, -c,
and -d) possible introns were found in the rDNA sequences of
pHGPAL1 and pHGPA13, respectively. All the introns except
for the second intron of pHGPA13 (pHGPA13-b) had a sec-
ondary structure specific to archaeal rRNA introns, having a
core structure consisting of a bulge-helix-bulge structure, a
long stable stem, and a terminal loop. In terms of their core
structures, these putative introns were quite similar to the
rRNA introns of Thermoproteus sp. strains IC-033 and IC-061
(16). These results strongly suggested that the unusually long
rDNA clones obtained from the deep-subsurface geothermal
pool contained several intervening sequences that were closely
related to archaeal rRNA introns.

Several putative introns having relatively long terminal in-
serts (pHGPAIl-a, pHGPAl-c, pHGPA13-b, and pHGPA13-
d) were found to contain a single open reading frame (ORF)
each. The ORFs encoded proteins consisting of 234, 69, 160,
and 108 residues in the case of pHGPAl-a, pHGPAl-c,
pHGPA13-b, and pHGPA13-d, respectively. These ORFs
were found to contain amino acid sequences similar to
LAGLI-DADG-like stretches, which are considered to be mo-
tifs shared by intron- and intein-encoded homing endonucle-
ases (24). In the archaeal rRNA intron-encoded homing en-
donucleases found so far, the LAGLI-DADG-like stretches
appear to be repeated with an interval of about 60 to 90 amino
acid residues (8, 9, 16, 18, 22, 25). It seems likely, therefore,
that the repeated LAGLI-DADG-like stretch is a feature of
a proper ORF incurring no lethal mutation or frameshift.
Although the products of the ORFs in pHGPAl-a and
pHGPA13-b had the repeated LAGLI-DADG-like stretches
with intervals of 88 and 73 residues, respectively, pHGPA1-c
and pHGPAI13-d products had one LAGLI-DADG-like
stretch each. A second LAGLI-DADG:-like stretch was found
in the products of other reading frames in the case of
pHGPA1-c and pHGPA13-d. When the amino acid sequences
encoded by the ORFs in pHGPA1l-c and pHGPA13-d were
modified by a single nucleotide deletion at the nucleotide po-
sition 206 of pHGPA1-c and in the nucleotide position 224 of
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FIG. 1. Unrooted phylogenetic tree of archaeal rRNA intron-encoded hom-
ing endonucleases. The tree was inferred by applying the neighbor-joining
method to 81 homologous positions of the amino acid sequence. Each number
shows the bootstrap value on the branching (1,000 replicates). The scale bar
indicates 0.1 substitution per residue. The amino acid sequences in this figure are
based on the nucleotide sequences of archaeal rRNA introns under the following
GenBank accession numbers: Aeropyrum pernix 16S and 23S rRNA IVSs,
AB008745; 1C 033-1, AB009616; IC 061-1I and -V, AB009617; TneV, AB009618;
I-Dmol, X03263; pHGPAl-a, AB027539; and pHGPA13-b, AB027540. The
amino acid sequences of Pyrobaculum organotrophum 23S rRNA IVS-I and -1I
are from GenPept, under accession no. JC1382 and JC1383, respectively. LSU,
large subunit.

pHGPA13-d, the highest sequence similarity was obtained with
other archaeal homing endonucleases. These results indicated
that both ORFs of pHGPAIl-c and pHGPA13-d incurred
mutations that shifted the reading frames, resulting in smaller
size and loss of the second LAGLI-DADG:-like stretch. The
putative junction sites and lengths of intron-like sequences and
the initiation and terminal sites and amino acid sequences of
ORF products were described in the DDBJ database under
accession no. AB027539 for pHGPA1 and AB027540 for
pHGPA13.

Although an increasing number of homing-endonuclease-
like proteins have been found to be encoded in archaeal rRNA
genes, the amino acid sequence-based relatedness and the phy-
logenetic relationship among such homing-endonuclease-like
proteins are little understood. The amino acid sequences of
archaeal rRNA intron-encoded proteins, including those of
pHGPAl-a and pHGPA13-b, were aligned to focus on the
repeated LAGLI-DADG-like stretch. Except for the ORF in
the Pyrobaculum aerophilum 16S rRNA intron, all of the amino
acid sequences reported so far were potentially alignable. Al-
though no identical amino acid residue was found in the mul-
tiple alignment, 16 similar amino acid residues were identified
in the LAGLI-DADG-like stretches and in other parts. The
result indicated that most of the archaeal rRNA intron-en-
coded homing endonucleases were related to each other on the
primary structure level. The phylogenetic analysis also sup-
ported the relationship among these archaeal rRNA intron-
encoded homing endonucleases (Fig. 1). Although the general
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FIG. 2. Phylogenetic tree of cultivated strains and rDNA clones within Thermoproteales members. The tree was inferred by a neighbor-joining analysis of 414
homologous positions of the rDNA sequence in the case of each organism or clone. rDNA clones were derived from a shallow marine hydrothermal vent (pOWA) (31)
and from sediment in a Yellowstone National Park hot spring (pJP) (5). Bold letters indicate rDNA clones obtained from a deep-subsurface geothermal environment.
The scale bar represents 0.02 nucleotide substitution per sequence position. The number of bootstrap resamplings out of 1,000 is indicated. The rDNA sequences in
this figure are from GenBank under the following accession numbers: Thermofilum pendens, X14835; Thermocladium modestius, AB005296; Thermoproteus tenax,
M35966; Thermoproteus sp. strain IC-061, AB009617; Thermoproteus sp. strain 1C-033, AB009616; Thermoproteus neutrophilus, AB009618; Pyrobaculum islandicum,
L07511; P. aerophilum, 1L07510; pJP8, L25309; pOWA20, AB007314; pOWA103, AB007311; pHGPAL1, AB027539; and pHGPA13, AB027540.

tree topology was not significantly supported by bootstrap ex-
amination, it revealed the presence of two distinct lineages:
one group contained most of the SSU rRNA intron-encoded
endonucleases, and the other group consisted of the large
subunit rRNA intron-encoded entities and several SSU rRNA
intron types (Fig. 1).

Using the exon regions of sequences, the phylogenetic anal-
ysis of IDNA clones obtained from a deep-subsurface geother-
mal environment was carried out by the neighbor-joining and
maximum-likelihood methods with the ODEN software pack-
age (version 1.1; National Institute of Genetics, Mishima, Ja-
pan) and the PHYLIP package (version 3.5; obtained from
J. Felsenstein, University of Washington, Seattle). Phyloge-
netic analysis by both methods resulted in trees with similar
topologies (Fig. 2). As indicated by the extent of sequence
similarity, both archaeal rDNA clones were closely related to
the members of Thermoproteales, especially to Pyrobaculum
species (Fig. 2). However, both rDNA clones had closer rela-
tionships with rDNA clones pJP8, obtained from the sediment
of a Yellowstone National Park hot spring, and pPOWA20 and
pOWAI103, obtained from the vent water of a shallow marine
hydrothermal vent, than with the cultivated Pyrobaculum spe-
cies (4, 5, 31). This implied that uncultivated and unidentified
Thermoproteales members were widely distributed in terres-
trial, shallow marine, and deep-subsurface hot-water environ-
ments.

The presence of a thermophilic microbial population was
evident upon analysis of DNA recovered from a deep-subsur-
face geothermal vent water pool. All of the microbial rDNA
sequences obtained from the water sample from an environ-
ment with a temperature over 250°C represented archaeal
rDNA sequences closely related to those of hyperthermophilic
Thermoproteales members. As determined by microscopic ob-
servation, all of these microbial cells were straight rods with an
average length of 4 to 8 um and a width of about 0.5 to 0.8 pum,
which corresponded well with the morphological characteris-
tics of Thermoproteales members. The chemical composition of

the hot water from the production wells was frequently ana-
lyzed by the water quality department of the power plant, and
it was proved that the hot water and vapor were derived from
the deep geothermal water pool (15). In addition, no rDNA
sequences of mesophilic microorganisms were recovered from
the sample, and no experimental contamination was detected.
These results excluded possible contamination from upper lay-
ers of sediments and other contamination throughout the ex-
perimental procedure. Hence, the archaeal rDNA clone pop-
ulation might represent the true microbial population in the
deep-subsurface geothermal environment.

To date, a great phylogenetic diversity of archaea has been
found in a variety of hot-water environments, such as a Yel-
lowstone National Park hot spring (4, 5), a shallow marine
hydrothermal vent (31), and various deep-sea hydrothermal
vents (30). Lower microbial population density (10 cells/ml)
and less phylogenetic diversity were observed in a deep-sub-
surface geothermal water pool than in other hot-water envi-
ronments. Two phylotypes of archaeal members found in the
deep-subsurface water pool were closely related to Pyrobacu-
lum species, which are known as the most hyperthermophilic
archaeal members isolated from geothermal freshwater sys-
tems (28). The extraordinarily high temperature and the con-
fined hydrological system of the deep-subsurface geothermal
pool are likely to allow only the most hyperthermophilic ar-
chaeal members and to preclude an increase in deep-subsur-
face microbial diversity. In addition, the geochemical condition
of the deep-subsurface hot-water environment might have
great impact on the deep-subsurface microbial populations.
Further molecular phylogenetic analyses will be helpful in
comprehending the magnitude, composition, and diversity of
the microbial communities in deep-subsurface environments.
The isolation and cultivation method should also help in ob-
taining further insight into the thermophilic microbial commu-
nities in the deep-subsurface environments. These subjects are
the focus of future work.
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Nucleotide sequence accession numbers. The sequences
of the 2,930-bp and the 2,909-bp rDNA clones (pHGPA1
and pHGPA13, respectively) determined in this study have
been deposited in DDBJ under accession no. AB027539 and
AB027540.
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