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International drilling projects for the study of microbial communities in the deep-subsurface hot biosphere
have been expanded. Core samples obtained by deep drilling are commonly contaminated with mesophilic
microorganisms in the drilling fluid, making it difficult to examine the microbial community by 16S rRNA gene
clone library analysis. To eliminate mesophilic organism contamination, we previously developed a new method
(selective phylogenetic analysis [SePA]) based on the strong correlation between the guanine-plus-cytosine
(G�C) contents of the 16S rRNA genes and the optimal growth temperatures of prokaryotes, and we verified
the method’s effectiveness (H. Kimura, M. Sugihara, K. Kato, and S. Hanada, Appl. Environ. Microbiol.
72:21–27, 2006). In the present study we ascertained SePA’s ability to eliminate contamination by archaeal
rRNA genes, using deep-sea hydrothermal fluid (117°C) and surface seawater (29.9°C) as substitutes for
deep-subsurface geothermal samples and drilling fluid, respectively. Archaeal 16S rRNA gene fragments, PCR
amplified from the surface seawater, were denatured at 82°C and completely digested with exonuclease I (Exo
I), while gene fragments from the deep-sea hydrothermal fluid remained intact after denaturation at 84°C
because of their high G�C contents. An examination using mixtures of DNAs from the two environmental
samples showed that denaturation at 84°C and digestion with Exo I completely eliminated archaeal 16S rRNA
genes from the surface seawater. Our method was quite useful for culture-independent community analysis of
hyperthermophilic archaea in core samples recovered from deep-subsurface geothermal environments.

The temperature of a subsurface environment increases
steadily with depth at a fairly uniform rate. The thermal gra-
dient is approximately 15 to 30°C per km of depth in nonvol-
canic regions (14). Deep-subsurface crusts are therefore con-
sidered extremely hot environments. To date, a number of
thermophilic and hyperthermophilic prokaryotes have been
isolated from geothermal and hydrothermal environments,
such as terrestrial hot springs and deep-sea hydrothermal vent
fields (16, 32, 39, 41). Pyrolobus fumarii, on record as the
prokaryote having the highest growth temperature, is known to
have a maximum growth temperature of 113°C (1). In addition,
an archaeal strain that is closely related to Pyrodictium oc-
cultum and Pyrobaculum aerophilum has the highest recorded
maximum growth temperature, 121°C (21). Since prokaryotes
can survive at temperatures up to 121°C, the prokaryotic hab-
itat could reach a depth of 8 km in regions of crust that exhibit
low thermal gradients (15°C per km or less) and a depth of 4
km where thermal gradients are high (30°C per km). Many
microbiologists therefore take great interest in the deep-sub-
surface biosphere, because it is a vast space that can support an

immense number and variety of thermophilic prokaryotes (13,
27, 30).

In recent years, international deep drilling projects for sci-
entific study, including microbiological research, have been
expanded. Geothermal core samples have already been re-
covered from extremely hot subsurface environments, such
as that examined in the German Continental Deep Drilling
Project “KTB” (8, 10) and that examined during the Ocean
Drilling Program Leg 193 cruise (23, 25, 33). In these studies,
the molecular biology of subsurface microbial communities
was investigated using core samples obtained by drilling. Dril-
ling fluid is indispensable for obtaining rock cores, and seawa-
ter and river water are commonly used as drilling fluids during
ocean and continental deep drilling, respectively. Thus, it is
almost inevitable that the rock cores are exposed to drilling
fluid during excavation. The cell density of mesophiles in dril-
ling fluid is clearly higher than the cell densities of thermo-
philes and hyperthermophiles in core samples recovered from
deep-subsurface geothermal environments. This contamina-
tion by mesophilic microbes invalidates culture-independent
community analysis based on rRNA gene sequences, because
PCRs targeting rRNA genes amplify genes that originate in
contaminating mesophiles, as well as in indigenous thermo-
philes and hyperthermophiles. Tracer monitoring with perfluo-
rocarbon chemicals or fluorescent microspheres has recently
been used to test for microbial contamination (35, 36), and the
indigenous microbial community has been analyzed using in-
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ternal parts of rock cores that are thought to be uncontami-
nated. This type of monitoring is, however, applicable only to
complete and dense core samples. Since deep-subsurface ma-
terials are frequently altered and cracked by heat from magma,
the tracer monitoring technique is probably less useful for
determining microbial contamination in deep drilling.

We recently proposed a new method for eliminating 16S
rRNA genes of contaminating mesophiles in drilling core sam-
ples (24). This method is based on the following findings: the
optimal growth temperatures (Topt) of prokaryotes are strongly
correlated with the guanine-plus-cytosine (G�C) contents of
16S rRNA sequences (11, 12, 22); the rRNA sequences of
thermophiles and hyperthermophiles tend to have high G�C
contents, and the high-G�C-content rRNA gene fragments
are indicative of melting temperatures (Tm) that are higher
than those of mesophiles; and the clear difference in Tm values
allows selective denaturation of PCR-amplified 16S rRNA
gene fragments of contaminating mesophiles by a moderate
heat treatment and then elimination of the fragments by di-
gestion with exonuclease I (Exo I), an enzyme that is strictly
specific for single-stranded DNAs (3).

In a previous paper (24), using a mixture of terrestrial hot
spring water (76°C) and river water (14°C), we demonstrated
that this technique, called selective phylogenetic analysis
(SePA), could feasibly eliminate almost all 16S rRNA gene
fragments originating from mesophilic bacteria. In the present
study, we examined whether SePA can differentiate archaeal
16S rRNA gene fragments. To ascertain whether SePA elim-
inates all the fragments amplified from mesophilic archaea,
deep-sea hydrothermal fluid (117°C) and surface seawater
(29.9°C) were used as simulated deep-subsurface geothermal
samples and drilling fluid, respectively.

MATERIALS AND METHODS

Sample collection. Samples of deep-sea hydrothermal fluid were collected
during the YK05-09 cruise, which was conducted in July and August 2005 and
during which the deep-sea submersible vehicle Shinkai 6500 and R/V Yokosuka
were used to investigate active submarine hydrothermal systems in the southern
Mariana Trough. A hydrothermal fluid sample was collected during dive 903
from an active mound in the Archaean field (12o56.336�N, 143o37.894�E; depth,
3,002 m), where fluid was venting vigorously both from the surface of the mound
and from the top of chimney structures. Prior to sampling, the temperature of the
hydrothermal fluid was determined with a platinum resistance thermometer by
putting it into venting orifices. While higher-temperature fluid (343°C) was found
at the top of the chimney, the temperature of the shimmering fluid at the mound
surface was 117°C. The fluid sample used in this study was collected from the
mound surface. About 10 liters of the hydrothermal fluid was drawn into a clean
plastic bag using an impeller pump installed in a sample basket of the deep-sea
submersible vehicle. At the same time, surface seawater (29.9°C) was collected in
the southern Mariana Trough area from the deck of R/V Yokosuka. The surface
seawater was obtained using a clean plastic bucket prewashed with sterilized
water and rerinsed with surface seawater. Exactly 4 liters of each water sample
was each aseptically filtered with a Sterivex-GV filter unit (pore size, 0.22 �m;
Millipore, Bedford, MA) using sterilized silicon tubes and tubing pumps. The
microbial cells trapped in the filter units were immediately frozen at �80°C in
the shipboard laboratory until DNA was extracted.

DNA extraction, real-time PCR, and melting curve analysis. The bulk DNAs
of microbes trapped by the filter units were extracted using a method described
by Somerville et al. (37). The filters were washed with 10 ml of SET buffer (20%
[wt/vol] sucrose, 50 mM EDTA, 50 mM Tris-HCl; pH 8.0), and 1.8 ml of SET
buffer was added to each filter unit. The microbial cells were lysed with a solution
of lysozyme and proteinase K in the filter units. The bulk DNAs were extracted
with a phenol-chloroform-isoamyl alcohol mixture (25:24:1, vol/vol/vol; pH 8.0)
and were concentrated by ethanol precipitation.

We first tried to amplify archaeal 16S rRNA genes with a standard primer set

(primers 8aF [4, 9] and 1512uR [26] or primers 8aF and 1406uR [26]), but a
sufficient amount of PCR products could not be obtained. Therefore, the 16S
rRNA genes were PCR amplified with another archaeon-specific primer set,
primers Arch109F (15) and Arch915R (38), and real-time PCR reagents (SYBR
green PCR master mixture; Applied Biosystems, Foster City, CA). To determine
the Tm values of the PCR amplicons, melting curve analyses were performed
immediately after the real-time PCR. The fluorescence signals during the real-
time PCR and melting curve analysis were monitored by using a 7300 real-time
PCR system (Applied Biosystems).

PCR, cloning, and sequencing. The archaeal 16S rRNA genes obtained from
bulk DNAs extracted from the deep-sea hydrothermal fluid and the surface
seawater were PCR amplified using KOD DNA polymerase (Toyobo, Osaka,
Japan) and the archaeon-specific primer set that was used in the real-time PCRs
(primers Arch109F and Arch915R). The resultant PCR amplicons were cloned
using a Zero Blunt TOPO PCR cloning kit (Invitrogen, Carlsbad, CA). Clone
libraries of archaeal 16S rRNA genes were constructed separately.

The sequences of insert PCR amplicons selected from recombinant colonies
were determined with a capillary DNA sequencer (RISA-384 system; Shimadzu,
Kyoto, Japan). The vector-specific primers T7 and T3 were used for the sequenc-
ing reactions. All of the sequences of archaeal 16S rRNA genes obtained were
checked for chimera formation with Bellerophon (17, 18) and RDP_Chi-
mera_Check (5). Nonchimeric sequences were aligned, and pairwise similarity
values were calculated by using Genetyx-Mac (Genetyx, Tokyo, Japan). A level
of similarity of 99% was used as the cutoff value for grouping the sequences into
different operational taxonomic units (OTUs). A representative sequence in
each OTU was homology searched using the FASTA program (28, 31) of the
DNA Data Bank of Japan (DDBJ) (http://www.ddbj.nig.ac.jp/).

Heat treatment and digestion with Exo I. Archaeal 16S rRNA genes were PCR
amplified from bulk DNAs in the deep-sea hydrothermal fluid and the surface
seawater using the archaeon-specific primers Arch109F and Arch915R. In addi-
tion, a DNA mixture was prepared by blending equal amounts of bulk DNAs
extracted from the two environmental samples. The archaeal 16S rRNA genes in
the DNA mixture were then amplified using the same primer set (primers
Arch109F and Arch915R). The three PCR products were purified with a
QIAquick PCR purification kit (QIAGEN, Valencia, CA) and were resuspended
in sterilized water. Then the purified PCR products were heat denatured and
digested with Exo I using the method described previously (24).

The PCR products that were amplified from the DNA mixture and survived
the heat treatment and digestion with Exo I were cloned by using a Zero Blunt
TOPO PCR cloning kit (Invitrogen), and they were sequenced with a capillary
DNA sequencer (RISA-384 system; Shimadzu). Sequencing was performed us-
ing the vector-specific primer T7, which determined approximately 600 bp of
sequence from the T7 priming site. The sequences obtained were aligned using
Genetyx-Mac, and pairwise similarity values were calculated in order to group
the sequences into OTUs. The level of similarity mentioned above was used as
a cutoff value for grouping the sequences into different OTUs. At least one
representative sequence in each OTU was homology searched using FASTA, and
the sequences were compared with the sequences obtained from the original
deep-sea hydrothermal fluid and surface seawater.

The bulk DNAs extracted from the deep-sea hydrothermal fluid and the
surface seawater were blended at ratios of 1:1, 1:10, 1:100, and 1:1,000 separately.
The archaeal 16S rRNA genes in the four DNA mixtures were amplified using
KOD DNA polymerase and the universal primer set for archaea (primers
Arch109F and Arch915R). The PCR products were purified, heat denatured at
84°C, and digested with Exo I. The archaeal 16S rRNA genes that survived the
heat denaturation and digestion were PCR amplified again with the same primer
set (Arch109F and Arch915R) to determine their Tm values by melting curve
analysis. The fluorescence signals during the second PCR and the melting curve
analysis were monitored by using a 7300 real-time PCR system (Applied Bio-
systems).

Nucleotide sequence accession numbers. The archaeal 16S rRNA gene se-
quences obtained from deep-sea hydrothermal fluid and surface seawater have
been deposited in the DDBJ/EMBL/GenBank database under the following
accession numbers: AB257406 to AB257411 for ARCS-01 to ARCS-06 from
deep-sea hydrothermal fluid and AB257412 to AB257418 for SURF-01 to
SURF-07 from surface seawater.

RESULTS AND DISCUSSION

Correlation between the Topt values of species of archaea
and the G�C contents of the 16S rRNA gene sequences. The
Topt values of 156 archaeal species are plotted against the
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G�C contents of the 16S rRNA genes in Fig. 1. The Topt

values of the archaeal strains were strongly correlated with the
G�C contents of the 16S rRNA gene sequences (R2 � 0.903).
Although there were a few exceptions in some groups of halo-
philic archaea (e.g., the genera Halococcus, Halorubrum, and
Haloterrigena), the 16S rRNA genes of mesophilic archaea
generally had low G�C contents, and the 16S rRNA genes of
thermophilic and hyperthermophilic archaea had much higher
G�C contents than the 16S rRNA genes of mesophilic ar-
chaea.

As we reported previously (24), there is a high correlation
between the Topt values and the G�C contents of the 16S
rRNA genes for all prokaryotes (R2 � 0.828; n � 406), and
PCR-amplified 16S rRNA gene fragments from mesophilic
prokaryotes have lower Tm values than PCR-amplified 16S
rRNA gene fragments from thermophiles and hyperthermo-
philes. Since the correlation is obviously high (R2 � 0.903 in
archaea), SePA should be more effective for eliminating 16S
rRNA gene fragments originating from mesophiles in the ar-
chaeal community analysis than for eliminating 16S rRNA
gene fragments originating from bacteria.

Melting curve analysis of archaeal 16S rRNA genes. The
archaeal 16S rRNA genes obtained from the bulk DNAs in
deep-sea hydrothermal fluid (117°C) and surface seawater
(29.9°C) were PCR amplified, and their Tm values were deter-
mined by melting curve analysis (Fig. 2A and B). The average
Tm values of the 16S rRNA gene fragments from the deep-sea
hydrothermal fluid were 90.2 � 0.1°C, whereas the average Tm

values of the 16S rRNA gene fragments from the surface
seawater were much lower, 85.2 � 0.2°C. The two peaks of the
melting curves were completely separate, which showed that
there was a great difference between the G�C contents of the
archaeal 16S rRNA genes derived from the deep-sea hydro-
thermal fluid and the G�C contents of the archaeal 16S rRNA
genes derived from the surface seawater.

The archaeal 16S rRNA genes obtained from a DNA mix-
ture that contained equal amounts of the bulk DNAs extracted

from the two samples were PCR amplified. The melting curve
for the PCR amplicons is shown in Fig. 2C. Two separate peaks
were detected in the melting curve analysis and were com-
pletely consistent with the Tm values for the PCR amplicons
from the surface seawater (85.2°C) and the deep-sea hydro-
thermal fluid (90.2°C). These results clearly indicated that the
PCR performed with the DNA mixture as the template ampli-
fied archaeal 16S rRNA genes both in surface seawater and
deep-sea hydrothermal fluid.

Archaeal community in deep-sea hydrothermal fluid. Ap-
proximately 800-bp archaeal 16S rRNA gene fragments ob-

FIG. 1. Correlations between the Topt values of archaeal strains
and the G�C contents of their 16S rRNA genes. The archaeal strains
were randomly chosen from various publications in which the phylog-
eny and taxonomy of microorganisms were reviewed (2, 32). The 16S
rRNA gene sequences of the strains were obtained from the DDBJ/
EMBL/GenBank database. The G�C contents of the 16S rRNA gene
sequences were calculated by using Genetyx-Mac.

FIG. 2. Melting curve profiles for the PCR amplicons amplified
from bulk DNAs that were extracted from deep-sea hydrothermal fluid
(A), surface seawater (B), and a mixture of equal amounts of bulk
DNAs extracted from surface seawater and deep-sea hydrothermal
fluid (C). The profiles are plots of the negative first derivatives of
relative fluorescence units (RFU) [�d(RFU)/dT] versus temperature.
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tained from the bulk DNAs in the deep-sea hydrothermal fluid
were amplified. A clone library was constructed, and then 53
clones were randomly selected and sequenced (Table 1). The
clones were divided into six OTUs based on an alignment
analysis of the sequences (ARCS-01 to ARCS-06). The phylo-
genetic analysis revealed that these OTUs belonged to the
genera Vulcanisaeta, Archaeoglobus, Methanotorris, and Ther-
mococcus. ARCS-01 and ARCS-02 were closely related to
Vulcanisaeta distributa and were members of the Crenarcha-
eota, which is a group of heterotrophic, anaerobic, hyperther-
mophilic archaea commonly isolated from terrestrial hot
springs (19). The ARCS-01 and ARCS-02 clones accounted for
79.2% of all the clones. ARCS-03 and ARCS-04 exhibited the
highest level of homology to Archaeoglobus profundus, a ther-
mophilic sulfur-reducing archaeon belonging to the Eury-
archaeota (20), and accounted for 15.1% of all the clones. The
closest match for ARCS-05 was Methanotorris sp. strain Mc-I-
70, a thermophilic methanogen isolated from a deep-sea hy-
drothermal vent field (40). The ARCS-05 clones accounted for
3.8% of all the clones. ARCS-06 was closely related to Ther-
mococcus kodakaraensis, which is often found in terrestrial
geothermal areas (29), and it was a minor component of the
clones examined. The phylogenetic analysis indicated that all
of the clones belonged to clusters composed primarily of hy-
perthermophilic archaeal strains or environmental clones that
were collected from geothermal and hydrothermal hot envi-
ronments.

The G�C contents of the 16S rRNA gene sequences ranged
from 65.5% (ARCS-05) to 68.0% (ARCS-01), and the overall
average G�C content was 67.3% (Table 1). These extremely
high G�C contents were consistent with the high Tm values
determined by the melting curve analysis (Fig. 2A).

Archaeal community in surface seawater. A 16S rRNA gene
clone library for the archaeal community in surface seawater
was constructed in the same manner as the 16S rRNA gene
clone library for the deep-sea hydrothermal fluid sample, and
52 clones in the library were sequenced (Table 1). The clones
were divided into seven OTUs based on an alignment analysis

of their sequences (SURF-01 to SURF-07). The phylogenetic
analysis indicated that none of these OTUs was related to any
known archaeal taxonomic group. Although none of the data-
base similarity values exceeded 82%, all of the OTUs were
related to environmental clone sequences found in marine
or hypersaline environments, including SRI-298 (34) and
DJ3.25-13 (7). The G�C contents of the 16S rRNA gene
sequences ranged from 54.0% (SURF-01) to 56.4% (SURF-
06), and the overall average was 54.5% (Table 1). The overall
average G�C content was clearly lower than that of archaeal
16S rRNA genes that originated from the deep-sea hydrother-
mal fluid. The low G�C contents resulted in the low Tm values
for the 16S rRNA gene fragments in the melting curve analysis
(Fig. 2B).

Heat treatment, digestion, and cloning of archaeal 16S
rRNA genes. We examined the abilities to survive heat dena-
turation and digestion with Exo I of archaeal 16S rRNA gene
fragments amplified from three samples: (i) hydrothermal
fluid, (ii) surface seawater, and (iii) a mixture of equal amounts
of bulk DNA extracted from the two environmental samples.
The extent of survival of each 16S rRNA gene fragment was
visualized by electrophoresis (Fig. 3). The PCR amplicons am-
plified from the surface seawater were denatured by heat treat-
ment at 82, 84, and 86°C and were completely removed by
subsequent digestion with Exo I. In contrast, the 16S rRNA
gene fragments from the deep-sea hydrothermal fluid survived
heat treatment even at 84°C, as well as subsequent digestion.
Furthermore, some PCR amplicons from the deep-sea hydro-
thermal fluid survived the heat treatment at 86°C and digestion
with Exo I.

For PCR-amplified 16S rRNA genes from the DNA mix-
ture, the survival pattern agreed almost entirely with that of
PCR products derived from the deep-sea hydrothermal fluid
(Fig. 3). A clone library was constructed from 16S rRNA gene
fragments that originated from the DNA mixture and survived
heat treatment at 84°C and digestion with Exo I. Seventy
clones in the library were analyzed and divided into six OTUs
(MIX-01 to MIX-06) based on an alignment analysis of the 16S

TABLE 1. 16S rRNA gene sequences obtained from deep-sea hydrothermal fluid (117°C) and surface
seawater (29.9oC) in the south Mariana area

Library OTU No. of
clones

16S rRNA gene

Archaeal division Closest database match (% homology)
Length (bp) G�C

content (%)

Hydrothermal fluid ARCS-01 24 810 68.0 Crenarchaeota Vulcanisaeta distributa IC-065 (95.2)
ARCS-02 18 810 67.2 Crenarchaeota Vulcanisaeta distributa IC-065 (95.3)
ARCS-03 6 814 66.2 Euryarchaeota Archaeoglobus profundus (98.5)
ARCS-04 2 814 66.0 Euryarchaeota Archaeoglobus profundus (97.5)
ARCS-05 2 794 65.5 Euryarchaeota Methanotorris sp. strain Mc-I-70 (97.3)
ARCS-06 1 797 65.6 Euryarchaeota Thermococcus kodakaraensis (99.8)
Total 53

Surface seawater SURF-01 18 789 54.0 Crenarchaeota SRI-298 (81.1)
SURF-02 11 791 54.4 Crenarchaeota SRI-298 (78.7)
SURF-03 8 791 54.7 Euryarchaeota DJ3.25-13 (82.1)
SURF-04 7 778 54.9 Crenarchaeota SRI-298 (81.4)
SURF-05 4 791 54.2 Euryarchaeota DJ3.25-13 (81.4)
SURF-06 2 792 56.4 Crenarchaeota SRI-298 (78.0)
SURF-07 2 792 56.1 Crenarchaeota SRI-298 (78.5)
Total 52
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rRNA gene sequences (Table 2). The phylogenetic analysis
suggested that these OTUs belonged to the genera Vulcani-
saeta, Archaeoglobus, Methanotorris, and Thermococcus. The
compositions of these OTUs were very similar to those of the
OTUs containing hyperthermophilic archaea obtained from
the deep-sea hydrothermal fluid. The results led to the con-
clusion that the 16S rRNA genes of mesophiles in the surface
seawater were completely eliminated by heat treatment at 84°C
and subsequent digestion with Exo I.

Efficiency of elimination of 16S rRNA genes of mesophilic
archaea. In the previous study, we reported the SePA using
bacterial 16S rRNA gene fragments amplified from terrestrial
hot spring and river water samples (24). In the SePA using
these terrestrial samples, 16S rRNA genes obtained from me-
sophilic bacteria in the river water were almost, but not com-
pletely, eliminated. In this study, the SePA using the archaeal
16S rRNA gene fragments completely eliminated 16S rRNA
genes of mesophilic archaea derived from the surface seawater
(Table 2). One of the reasons for the improved efficiency of
elimination of the fragments from mesophiles in this study is

that archaeal rRNA gene fragments were used for the analysis.
Compared with the correlation between the Topt values and the
G�C contents of the 16S rRNA genes in bacteria, the corre-
lation in archaea is obviously high (R2 � 0.903) (Fig. 1). There-
fore, SePA is more effective for elimination of 16S rRNA gene
fragments derived from mesophilic archaea than for elimina-
tion of 16S rRNA gene fragments derived mesophilic bacteria.

Another reason is that the difference between the environ-
mental temperatures affected the efficiency with which the 16S
rRNA genes of the mesophiles were eliminated. The previ-
ously described imperfect elimination by SePA when the ter-
restrial hot spring and river water samples were used appeared
to result from insufficient differences between the environmen-
tal temperatures of the samples (Table 3). On the other hand,
the complete elimination by SePA when deep-sea hydrother-
mal fluid and surface seawater were used was due to a sufficient
difference in the environmental temperatures between deep-
sea hydrothermal fluid and surface seawater and to the clearly
different Tm values for 16S rRNA genes of the archaeal com-
munities in the two samples (Table 3).

In our studies, we have shown that the efficiency of elimina-
tion of 16S rRNA genes of mesophilic prokaryotes increases as
the difference in the environmental temperatures between the
samples increases. Since the subsurface environmental temper-
ature increases with depth, the difference between the temper-
ature of the core sample and the temperature of the drilling
fluid is likely to increase with drilling depth. Therefore, SePA
has a great advantage in phylogenetic analysis targeting hyper-
thermophilic prokaryotes in core samples obtained by deep
drilling into deeper and hotter crusts.

Utility of SePA in deep drilling. In seafloor drilling, surface
seawater is generally used as the drilling fluid. Surface sea-
water commonly contains mesophilic prokaryotes at concen-
trations of about 105 to 106 cells ml�1 (42). On the other hand,
the cell density of hyperthermophilic prokaryotes in the deep-
subsurface hot biosphere is lower than that of mesophiles in
the drilling fluid. Cragg et al. (6) actually counted microbial
cells in subsurface sediments (at 90 to 110°C) in a deep-sea
hydrothermal vent field in the Juan de Fuca Ridge by using the

FIG. 3. Heat denaturation and digestion with Exo I of archaeal 16S
rRNA genes, as visualized in a 1.0% agarose gel. Lanes 1, archaeal 16S
rRNA gene fragments obtained from surface seawater; lanes 2, ar-
chaeal 16S rRNA genes obtained from a mixture of equal amounts of
bulk DNAs obtained from deep-sea hydrothermal fluid and surface
seawater; lanes 3, archaeal 16S rRNA gene fragments obtained from
deep-sea hydrothermal fluid; lanes M, DNA marker (1-kb DNA lad-
der; Promega, Madison, WI). The heat treatment temperatures are
indicated at the top. Each 16S rRNA gene fragment was approximately
800 bp long (arrow).

TABLE 2. Frequencies and levels of homology of 16S rRNA genes
that were amplified from a DNA mixture (bulk DNAs extracted

from deep-sea hydrothermal fluid and surface seawater) and
that survived heat treatment at 84°C and subsequent

digestion with Exo I

OTU No. of
clones

Archaeal
division

Closest database
match (% homology)

MIX-01 23 Crenarchaeota ARCS-02 (100)
MIX-02 29 Crenarchaeota ARCS-01 (99.9)
MIX-03 8 Euryarchaeota ARCS-03 (99.8)
MIX-04 7 Euryarchaeota ARCS-04 (100)
MIX-05 2 Euryarchaeota ARCS-05 (99.8)
MIX-06 1 Euryarchaeota ARCS-06 (99.8)
Total 70

TABLE 3. Comparison of environmental temperatures and prokaryotic
16S rRNA genes of microbial communities in terrestrial hot

spring, river water, deep-sea hydrothermal fluid,
and surface seawater samples

Samplesa Environmental
temp (°C) Tm (°C) G�C

content (%) Reference

THS 76.0 86.8b 58.6c 24
RIV 14.0 84.5b 52.9c 24
Difference 62.0 2.3 5.7

DHF 117 90.2d 67.3e This study
SSW 29.9 85.2d 54.5e This study
Difference 87.1 5.0 12.8

a THS, terrestrial hot spring; RIV, river water; DHF, deep-sea hydrothermal
fluid; SSW, surface seawater.

b Determined by a melting curve analysis of bacterial 16S rRNA genes (ca.
1,500 bp).

c Calculated from bacterial 16S rRNA gene sequences (ca. 1,500 bp).
d Determined by a melting curve analysis of archaeal 16S rRNA genes (ca.

800 bp).
e Calculated from archaeal 16S rRNA gene sequences (ca. 800 bp).
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acridine orange staining method. The cell densities obtained
were 104 to 105 cells cm�3 on average. In the subsurface hot
rocks of a deep-sea hydrothermal area, the Manus Basin, the
microbial cell densities were clearly lower and were estimated
to be less 104 cells cm�3 (23). Given that these cell densities
are adequate, core samples recovered from deep-subsurface
hot environments are likely to be exposed to drilling fluid that

contains mesophilic organisms at concentrations that are 10 to
1,000 times higher than the concentrations of the hyperther-
mophiles in core samples. This would be a serious problem for
culture-independent community analysis of hyperthermophiles
in deep crust.

To determine whether the SePA method is effective even
with a rock sample excessively contaminated with mesophile-

FIG. 4. Melting curve profiles for the archaeal 16S rRNA genes amplified from bulk DNAs extracted from deep-sea hydrothermal fluid and
surface seawater mixed at ratios of 1:1 (A), 1:10 (C), 1:100 (E), and 1:1,000 (G) and of second-PCR amplicons from archaeal 16S rRNA genes
amplified from the 1:1 (B), 1:10 (D), 1:100 (F), and 1:1,000 (H) DNA mixtures after heat denaturation at 84°C and digestion with Exo I. The
profiles are plots of the negative first derivatives of relative fluorescence units (RFU) [�d(RFU)/dT] versus temperature.
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containing drilling fluid, an additional investigation was per-
formed using four mixtures of bulk DNAs extracted from two
environmental samples, deep-sea hydrothermal fluid and sur-
face seawater, at ratios of 1:1, 1:10, 1:100, and 1:1,000. The
archaeal 16S rRNA genes in these four DNA mixtures were
PCR amplified, and then the Tm of each PCR amplicon of an
archaeal 16S rRNA gene was determined by real-time PCR
(Fig. 4). While PCR amplicons from the 1:1 and 1:10 DNA
mixtures clearly produced two peaks of Tm values at around 85
and 90°C, which originated from mesophiles and hyperthermo-
philes, respectively (Fig. 4A and C), the number of amplicons
from hyperthermophiles in the latter sample (1:10) was obvi-
ously lower. The difference was also conspicuous in more
highly diluted samples (1:100 and 1:1,000). There was a slight
peak of PCR amplicons from hyperthermophiles in the 1:100
DNA mixture, and there was only a trace in the 1:1,000 mixture
(Fig. 4E and G). The tests using DNA samples excessively
contaminated with mesophilic archaea indicated that 16S
rRNA genes of hyperthermophilic archaea in the deep-sea
hydrothermal fluid were almost entirely overwhelmed by am-
plicons from mesophiles and could not be detected by the
conventional culture-independent community analysis.

Even in such an undesirable case, the SePA method effec-
tively eliminated 16S rRNA genes of contaminating mesophilic
archaea. Each of the four PCR amplicons was heat denatured
at 84°C and digested with Exo I, and this was followed by
further PCR amplification and a melting curve analysis. Fig-
ures 4B, D, F, and H show the melting curves for the second-
PCR amplicons. For the second-PCR amplicons derived from
the 1:1 DNA mixture, the peak at 85°C completely disap-
peared, indicating that all of the PCR amplicons that origi-
nated from mesophilic archaea were eliminated (Fig. 4B). The
second-PCR amplicons derived from the 1:10 DNA mixture
produced a predominant peak at approximately 90°C, and
most of the amplicons derived from mesophiles were elimi-
nated by denaturation and digestion (Fig. 4D). This remark-
able effect was also observed for the second-PCR amplicons
derived from the 1:100 DNA mixture. Whereas in the melting
curve for the first-PCR amplicons there was a large peak at
85°C and just a faint peak at around 90°C, in the melting curve
for the second-PCR amplicons the peak that originated from
mesophiles (at 85°C) was considerably lower and the peak that
originated from hyperthermophiles was prominently higher
(Fig. 4F). A similar increase for the peak that originated from
hyperthermophiles was observed even when the second-PCR
amplicon from the 1:1,000 DNA mixture was used. The trace
peak at 90°C for the first-PCR amplicons (Fig. 4G) was con-
spicuously higher in the second-PCR curve after denaturation
and digestion (Fig. 4H). These results show that SePA can be
used to detect 16S rRNA genes of hyperthermophilic archaea
in deep-subsurface hot environments, even if the core samples
are excessively contaminated with mesophiles. SePA is a sim-
ple but exceedingly useful method for culture-independent
community analysis of hyperthermophilic archaea in the deep-
subsurface biosphere.
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