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Deep-subsurface samples obtained by deep drilling are likely to be contaminated with mesophilic microorganisms in the drilling fluid, and this could affect determination of the community structure of the geothermal
microflora using 16S rRNA gene clone library analysis. To eliminate possible contamination by PCR-amplified
16S rRNA genes from mesophiles, a combined thermal denaturation and enzyme digestion method, based on
a strong correlation between the GⴙC content of the 16S rRNA gene and the optimum growth temperatures
of most known prokaryotic cultures, was used prior to clone library construction. To validate this technique,
hot spring fluid (76°C) and river water (14°C) were used to mimic a deep-subsurface sample contaminated with
drilling fluid. After DNA extraction and PCR amplification of the 16S rRNA genes from individual samples
separately, the amplified products from river water were observed to be denatured at 82°C and completely
digested by exonuclease I (Exo I), while the amplified products from hot spring fluid remained intact after
denaturation at 84°C and enzyme digestion with Exo I. DNAs extracted from the two samples were mixed and
used as a template for amplification of the 16S rRNA genes. The amplified rRNA genes were denatured at 84°C
and digested with Exo I before clone library construction. The results indicated that the 16S rRNA gene
sequences from the river water were almost completely eliminated, whereas those from the hot spring fluid
remained.

water. This contamination by mesophilic microbes invalidates
culture-independent phylogenetic investigations that are based
on molecular evolutionary markers, such as the 16S rRNA
gene sequence, because PCR tends to amplify, without discrimination, genes from indigenous thermophiles as well as
genes from contaminating mesophiles. To date, tracer monitoring with perfluorocarbon chemicals or fluorescent microspheres has been used to test for microbial contamination (27,
28). However, this type of tracer monitoring is both costly and
time-consuming and is applicable only to investigation of complete and dense cores. Since the materials in deep-subsurface
geothermal environments are denatured and cracked by heat
from magma, tracer monitoring is difficult to use for determining microbial contamination by deep drilling. Two novel drilling systems to avoid contamination of core samples have been
proposed, one using riser pipes (excavation with drilling fluid
in a closed circulation system) and the other using filter-sterilized drilling fluid. However, both of these approaches require
expensive equipment. For reliable investigations of deep-subsurface microbial communities by culture-independent techniques, it is necessary to develop new methods for eliminating
mesophilic microbes contaminating the cores recovered from
deep drilling.
Here, we describe a simple method involving moderate heat
treatment and digestion with exonuclease I (Exo I), which is
known to be specific for single-stranded DNA (ssDNA) (4).
This method is based on the following findings regarding the
presence of rRNA genes in prokaryotes: the G⫹C contents of
the rRNA genes are strongly correlated with the optimal

In recent years, international drilling projects, such as the
Integrated Ocean Drilling Program (http://www.iodp.org/) and
the International Continental Scientific Drilling Program
(http://icdp.gfz-potsdam.de/), have been expanded for the purpose of scientific study. The goal of the Integrated Ocean
Drilling Program is to drill 7,000 m below the seafloor in the
near future. The International Continental Scientific Drilling
Program, on the other hand, has already drilled to a depth of
more than 9,000 m during the KTB Continental Deep Drilling
Project (5, 6). The temperature of the crust increases steadily
with depth and at a fairly uniform rate. The subsurface thermal
gradients are between 15°C and 30°C per km in nonvolcanic
regions (10). The deep-subsurface crust is therefore considered to be a high-temperature environment. Many microbiologists have become very interested in this vast subsurface environment because of the number and variety of unknown
thermophilic microbes that it harbors (9). Thermophiles and
hyperthermophiles inhabiting subsurface environments beneath active deep-sea hydrothermal fields and continental hot
springs have been studied extensively (11, 18, 22, 31, 33).
A major problem in obtaining core samples by drilling for
the study of deep-subsurface microbial communities is contamination of the samples by mesophilic microbes in the drilling
fluid, which consists primarily of surface seawater or river
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TABLE 1. Characterization of 16S rRNA genes, growth temperature ranges, and optimal growth temperatures of seven strains obtained from
the Japan Collection of Microorganisms
16S rRNA gene
Type strain

Psychrobacter okhotskensis JCM11840
Escherichia coli JCM5491
Anaerolinea thermoplia JCM11388
Thermoanaerobacter thermocopriae JCM7501
Thermus filiformis JCM11600
Thermotoga maritima JCM10099
Aquifex pyrophilus JCM9492
a

Accession no.

Length
(bp)

G⫹C content
(%)a

AB094794
J01859
AB046413
L09167
L09667
M21774
M83548

1,492
1,541
1,457
1,522
1,475
1,562
1,564

53.0
54.4
57.1
59.7
62.6
63.6
64.9

Growth temp range
(°C)

Topt
(°C)

Reference

0–35
8–48
50–60
47–74
37–80
55–90
67–95

25
37
55
60
73
80
85

37
3
25
16
15
13
14

The G⫹C contents of 16S rRNA genes were calculated based on sequences obtained from the DDBJ/EMBL/GenBank database.

growth temperatures of prokaryotes (8); the rRNA genes of
thermophiles and hyperthermophiles have high G⫹C contents;
and these high-G⫹C-content rRNA genes are indicative of
melting temperatures (Tm) that are higher than those of mesophiles. Because of the differences in Tm values, 16S rRNA
genes of mesophilic origin can be selectively denatured by
moderate heat treatment, followed by digestion with Exo I. In
this study, we demonstrated for the first time that there is a
strong correlation between the G⫹C contents of 16S rRNA
genes and their actual Tm values by using several bacterial
strains with different optimal growth temperatures. Here we
also describe a test using a mixture of hot spring water, simulating a deep-subsurface sample and containing thermophilic
bacteria, and river water, simulating drilling fluid used in deep
drilling and containing mesophilic bacteria, that was used to
determine whether we eliminated 16S rRNA gene fragments
from mesophiles by heat treatment and digestion with Exo I.
MATERIALS AND METHODS
Bacterial strains and environmental samples. Seven bacterial strains, Psychrobacter okhotskensis JCM11840, Escherichia coli JCM5491, Anaerolinea thermoplia JCM11388, Thermoanaerobacter thermocopriae JCM7501, Thermus filiformis JCM11600, Thermotoga maritima JCM10099, and Aquifex pyrophilus
JCM9492, were obtained from the Japan Collection of Microorganisms (http:
//www.jcm.riken.jp/). Each strain has a different optimal growth temperature in
the range from 25 to 85°C. These strains were cultured under suitable conditions
and were used for experimental measurement of the Tm values of PCR-amplified
16S rRNA gene fragments. In addition, the 16S rRNA gene sequences of these
strains were obtained from the DDBJ/EMBL/GenBank database, and the G⫹C
content of each of the sequences was calculated (Table 1).
Two environmental samples, hot spring fluid (76°C) and river water (14°C),
were collected at Nakabusa hot spring (36°23⬘20⬙N, 137°44⬘53⬙E), located in
Nagano Prefecture, Japan. The sampling sites were very close to each other in
the same hot spring field (the distance between the two sites was approximately
3 m).
DNA extraction, real-time PCR, and melting curve analysis. To extract the
genomic DNAs from the seven strains, a conventional extraction protocol was
used (12). Cells of each strain were lysed with a lysozyme and proteinase K
solution, and then the genomic DNAs were extracted with phenol-chloroformisoamyl alcohol and precipitated with ethanol. The bulk DNAs in the two environmental samples were obtained by the following procedure. Exactly 2 liters of
hot spring fluid and 2 liters of river water were each aseptically filtered with a
Millipore (Bedford, MA) Sterivex-GV filter unit (pore size, 0.22 m) using a
tubing pump. The DNA from the microorganisms trapped by each of the two
filter units was extracted by the method previously described by Somerville et al.
(29).
The bacterial 16S rRNA genes from the DNAs of the seven reference strains
and the two environmental samples were PCR amplified using a universal primer
set, Bac27F and Uni1492R (19), and real-time PCR reagents (SYBR Green PCR
master mixture; Applied Biosystems, Foster City, CA). After PCR amplification,

the Tm values of the PCR products were immediately determined by melting
curve analysis. Fluorescence signal monitoring for both the real-time PCR and
the melting curve analyses was performed by using a 7300 real-time PCR system
(Applied Biosystems, Foster City, CA).
PCR, cloning, and restriction fragment length polymorphism (RFLP). The
bacterial 16S rRNA genes from bulk DNAs from the hot spring fluid and the
river water were PCR amplified using primers Bac27F and Uni1492R and KOD
DNA polymerase (TOYOBO, Osaka, Japan). The resultant PCR products were
cloned using a Zero Blunt TOPO PCR cloning kit (Invitrogen, Carlsbad, CA);
16S rRNA gene clone libraries were constructed separately.
Plasmid DNAs were isolated from single colonies from each of the two libraries originating from the two environmental samples. For this isolation we used a
QIAprep Spin miniprep kit (QIAGEN, Valencia CA). The 16S rRNA gene
inserts were PCR amplified using the following vector-specific primers: T7 (5⬘TAA TAC GAC TCA CTA TAG GG-3⬘) and M13 reverse (5⬘-CAG GAA ACA
GCT ATG A-3⬘). To group similar clones into operational taxonomic units
(OTUs), the PCR products were divided based on RFLP analysis with restriction
enzyme HaeIII (Promega, Madison, WI), which recognizes 4-bp restriction sites.
The resulting RFLP was visualized by electrophoresis with a 2% agarose gel. The
PCR products that had the same restriction patterns were analyzed again with
another 4-bp recognizant restriction enzyme, RsaI (Promega, Madison, WI), and
further divided into groups. This analysis was repeated once more with another
4-bp recognizant restriction enzyme, MspI (Promega, Madison, WI).
Sequencing and homology search. The sequences of representative 16S rRNA
gene clones in each OTU were determined with a capillary DNA sequencer
(CEQ 8000 genetic analysis system; Beckman Coulter, Fullerton, CA). For the
sequencing reactions, vector-specific primers T7 and M13 reverse and the following internal 16S rRNA gene-specific primers were used: 324R, 357F, 519R,
530F, 1114F, 1100R, 1389R (19), and 803R (30). The sequences were checked
for chimera formation by using the Chimera check program of the Ribosomal
Database Project II database (21). The OTUs that survived the Chimera check
analysis were homology searched using the program FASTA (20) in the DNA
Data Bank of Japan (http://www.ddbj.nig.ac.jp/).
Heat treatment and digestion with Exo I. Bacterial 16S rRNA genes from bulk
DNAs in hot spring fluid and river water were PCR amplified using primers
Bac27F and Uni1492R. In addition, a DNA mixture was prepared by blending
equal amounts of bulk DNA extracted from the two environmental samples. The
bacterial 16S rRNA genes in this DNA mixture were then amplified. The products from each of the three PCRs were denatured for 3 min at various temperatures between 80°C and 86°C and immediately chilled on ice in order to prevent
rehybridization of denatured 16S rRNA genes. Exo I (TaKaRa, Kyoto, Japan)
was then added to the chilled reaction tubes, and this was followed by incubation
at 37°C for 30 min to allow sufficient digestion of the denatured rRNA genes.
Since Exo I is a 3⬘-to-5⬘ exonuclease specific for ssDNA (4), all ssDNAs in a
reaction tube were completely digested, leaving any double-stranded DNA intact
(details of the procedure are shown in Fig. 1). Prior to cloning of the surviving
16S rRNA gene fragments, the Exo I was inactivated by heating the sample at
80°C for 15 min. Bacterial 16S rRNA gene fragments that survived the heat
treatment were cloned and grouped by RFLP analysis. A representative clone in
each OTU was sequenced using the universal forward primer Bac27F, which
determined approximately 600 bp. The resulting sequences were homology
searched in the DNA Data Bank of Japan using FASTA and were compared with
sequences obtained from the original hot spring fluid and river water samples.
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FIG. 1. Flow chart showing the concept of the approach used for
elimination of 16S rRNA genes with low G⫹C contents, generally
found in mesophiles, and for selective analysis of 16S rRNA gene
fragments with higher G⫹C contents derived from thermophiles and
hyperthermophiles.

Nucleotide sequence accession numbers. The 16S rRNA gene sequences determined in this study have been deposited in the DDBJ/EMBL/GenBank database under the following accession numbers: AB199562 to AB199567 (hot
spring fluid) and AB199568 to AB199581 (river water).

RESULTS AND DISCUSSION
Correlation between optimal growth temperatures of various prokaryotes and the GⴙC contents of their 16S rRNA gene
sequences. Until now, no correlation has been found between
the growth temperature ranges of prokaryotes and their
genomic G⫹C contents. However, we found that there is a
correlation between the G⫹C contents of the 16S rRNA genes
of different prokaryotes and their optimal growth temperatures. We plotted the optimal growth temperatures against the
G⫹C contents of the 16S rRNA genes of 406 prokaryotes (254
bacterial strains and 152 archaeal strains) (Fig. 2A). The data
plot shows that the higher the optimal growth temperature
(Topt) of a prokaryote, the higher its G⫹C content (PGC) (PGC
⫽ 0.17Topt ⫹ 49.0; R2 ⫽ 0.828), indicating that there is a direct
correlation between these values and suggesting that the 16S
rRNA genes of thermophiles and hyperthermophiles generally
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FIG. 2. Correlations between the optimal growth temperatures of
prokaryotic strains and the G⫹C contents of their 16S rRNA genes
(A) and between the G⫹C contents and the actual melting temperatures of 16S rRNA gene fragments amplified from seven bacterial
strains (B). (A) Bacterial strains (E) and archaeal strains (⫻) were
randomly chosen from various publications reviewing the phylogeny,
metabolism, and taxonomy of microorganisms (2, 24). (B) Seven
strains were selected from the bacterial strains, and the plot indicates
data for the 16S rRNA gene fragments amplified from Psychrobacter
okhotskensis (P. okh), Escherichia coli (E. coli), Anaerolinea thermoplia
(A. ther), Thermoanaerobacter thermocopriae (T. ther), Thermus filiformis (T. fili), Thermotoga maritima (T. mar), and Aquifex pyrophilus (A.
pyr). The 16S rRNA gene sequences of the strains were obtained from
the DDBJ/EMBL/GenBank database. The G⫹C contents were calculated with GENETYX-MAC. The error bars indicate the standard
deviations for triplicate determinations.

have higher G⫹C contents than the 16S rRNA genes of mesophiles or psychrophiles.
Although an obvious correlation between the G⫹C contents
and optimal growth temperatures was recognized (Fig. 2A), a
few exceptions were also found, including some strains of the
genera Deinococcus and Halomonas in the domain Bacteria
and some strains of the genera Halococcus and Halorubrum in
the domain Archaea. All of these organisms are mesophilic
strains but have relatively high 16S rRNA gene G⫹C contents
(56.6 to 59.4%). These exceptional strains were halophilic or
radiation-tolerant microorganisms that live in extreme environments, which appears to be reflected in the high G⫹C
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TABLE 2. 16S rRNA gene sequences obtained from hot spring fluid (76°C) and river water (14°C)
Library

Hot spring

River water

16S rRNA gene

No. of
clones

Length (bp)

G⫹C content (%)

NHS-01
NHS-02
NHS-03
NHS-04
NHS-05
NHS-06

18
11
11
7
6
4

1,484
1,506
1,519
1,534
1,522
1,504

57.1
57.1
60.9
62.2
58.3
57.1

Aquificae
Aquificae
Aquificae
Thermodesulfobacteria
Gammaproteobacteria
Betaproteobacteria

SRI-40 (97–98)
NAK14 (96–97)
Hydrogenobacter subterraneus (95–96)
Geothermobacterium ferrireducens (96–97)
Acidithiobacillus ferrooxidans (90–91)
SM2G09 (88–89)

Total

57

RVW-01
RVW-02
RVW-03
RVW-04
RVW-05
RVW-06
RVW-07
RVW-08
RVW-09
RVW-10
RVW-11
RVW-12
RVW-13
RVW-14

18
13
4
4
3
3
2
1
1
1
1
1
1
1

1,492
1,498
1,497
1,490
1,487
1,490
1,501
1,500
1,489
1,473
1,511
1,502
1,495
1,493

53.8
53.3
53.5
49.8
50.6
55.7
52.2
50.8
50.7
50.6
52.9
51.1
53.7
50.1

Betaproteobacteria
Betaproteobacteria
Gammaproteobacteria
Bacteroidetes
Bacteroidetes
Betaproteobacteria
Betaproteobacteria
Bacteroidetes
Bacteroidetes
Bacteroidetes
Gammaproteobacteria
Betaproteobacteria
Betaproteobacteria
Candidate division TM6

LO13-5 (95–96)
KD3-141 (97–98)
NB0.1-H (99–100)
Dysgonomonas capnocytophagoides (92–93)
PHOS-HE21 (85–86)
Leptothrix discophora (96–97)
ARKMP-77 (93–94)
Flavobacterium ferrugineum (91–92)
MBIC4147 (90–91)
BIjii 32 (84–85)
MS-81-1c (86–87)
HOClCi44 (84–85)
Rhodoferax ferrireducens (97–98)
NMW3.210WL (84–85)

Total

54

OTU

Bacterial division

contents of their 16S rRNA genes. Furthermore, we also found
thermophiles that have relatively low 16S rRNA gene G⫹C
contents, including some strains of the genus Methanothermus
in the domain Archaea and some strains of the genera Caminicella, Thermoanaerobacter, and Desulfotomaculam in the domain Bacteria. These thermophilic strains had relatively low
16S rRNA gene G⫹C contents (54.1 to 60.0%). Aside from
these few exceptions, the majority of prokaryotes were in line
with the correlation.
It is well established that the G⫹C content is closely correlated with the Tm of DNA fragments. In order to determine
whether there is also a correlation for PCR-amplified 16S
rRNA gene fragments, the 16S rRNA gene of each of the
seven randomly selected bacterial strains was amplified. The
Tm of the 16S rRNA gene fragments from each of the strains
was determined by melting curve analysis. The correlation between the Tm values and the G⫹C contents of the 16S rRNA
genes is shown in Fig. 2B. The results showed that there was a
strong correlation between the Tm values and the G⫹C contents within the 99% confidence range (Tm ⫽ 0.38PGC ⫹ 64.5;
R2 ⫽ 0.978). There was also a strong correlation between the
Topt values of the representative strains and their Tm values
within the 99% confidence range (Tm ⫽ 0.08Topt ⫹ 82.3; R2 ⫽
0.989).
These mutual relationships suggest that the PCR-amplified
16S rRNA gene fragments of thermophiles and hyperthermophiles have higher Tm values than the PCR-amplified 16S
rRNA gene fragments of mesophiles or psychrophiles. Because
the 16S rRNA gene fragments from mesophiles or psychrophiles have Tm values that are lower than those of the 16S
rRNA gene fragments from thermophiles and hyperthermophiles, it is reasonable to expect that 16S rRNA gene frag-

Closest database match (%)

ments from mesophiles and psychrophiles can be completely
eliminated by first denaturing them at a temperature below the
lowest Tm at which the 16S rRNA gene fragments from the
thermophiles and hyperthermophiles can be denatured and
then digesting them with an ssDNA-digesting enzyme (Fig. 1).
Our proposed method makes culture-independent analysis of
the microflora in a sample from a geothermal environment
easily possible, even when there is sample contamination by
drilling fluid containing a large number of mesophiles.
Melting temperatures of 16S rRNA genes obtained from
environmental samples. The bacterial 16S rRNA genes from
the bulk DNAs in hot spring fluid (76°C) and river water
(14°C) were PCR amplified, and their Tm values were determined by melting curve analysis. The average Tm for the 16S
rRNA gene fragments from the hot spring fluid was 86.8°C,
whereas the average Tm for the 16S rRNA gene fragments
from the river water was lower, 84.5°C. The mean G⫹C contents, inferred from the regression analysis (Fig. 2B), were
approximately 59% in the case of the fragments from the hot
spring fluid and 53% in the case of the fragments derived from
river water. The actual measurements clearly indicated that
microbes containing 16S rRNA genes with high Tm values and
therefore with high G⫹C contents were dominant and that
microbes in the river water had 16S rRNA gene sequences with
low G⫹C contents.
Phylogenetic analysis of a bacterial community in hot spring
fluid. Approximately 1.5-kb portions of bacterial 16S rRNA
gene fragments from the bulk DNAs in the hot spring fluid
were amplified. A clone library was constructed, and 57 clones
were analyzed (Table 2). The 16S rRNA gene clones were
divided into six OTUs based on RFLP (NHS-01 to NHS-06).
The phylogenetic analysis revealed that these OTUs belonged
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to the classes Aquificae, Thermodesulfobacteria, Gammaproteobacteria, and Betaproteobacteria. NHS-01, NHS-02, and
NHS-03 were phylogenetically included in a cluster of Aquificae that was primarily composed of a number of authentic
thermophilic strains and environmental clones obtained from
hot springs and subsurface geothermal water (26, 32, 36).
Clone sequences belonging to these Aquificae-related OTUs
(NHS-01, NHS-02, and NHS-03) accounted for 70% of the
clones in the library. NHS-04 was closely related to Geothermobacterium ferrireducens, which is known to be a hyperthermophile that is able to use Fe(III) as an electron acceptor (17).
The clones in NHS-04 accounted for 12% of the clones.
NHS-05 exhibited the highest level of homology to Acidithiobacillus ferrooxidans in the Gammaproteobacteria and accounted for 11% of the entire library. The closest relative, A.
ferrooxidans, is a mesophile. However, NHS-05 appeared to be
a clone that originated from a thermophilic bacterium, since
the G⫹C content of the NHS-05 fragments was clearly high.
NHS-06 showed the closest match to an environmental clone
from a hot spring in Yellowstone National Park (SM2G09).
The clones in NHS-06 accounted for 7% of all clones.
The phylogenetic analysis indicated that almost all clones
were closely related to clusters primarily composed of thermophilic microbes and/or thermal environment-related clone sequences. These findings suggest that all of the 16S rRNA gene
fragments originated from thermophilic microbes inhabiting
the hot spring. The G⫹C contents of the 16S rRNA gene
fragments ranged from 57.1% (NHS-01, NHS-02, and NHS06) to 62.2% (NHS-04), and the overall average was 58.6%
(Table 2); the mean unexpectedly agreed with the G⫹C content inferred from the actual Tm of the total rRNA gene fragments.
Phylogenetic analysis of a bacterial community in river water. A 16S rRNA gene clone library for the river water was
constructed by using the same method that was used in the
analysis of the hot spring fluid, and 54 clones in the library
were analyzed (Table 2). The clones were divided into 14
OTUs based on RFLP (RVW-01 to RVW-14). The phylogenetic analysis indicated that these 14 OTUs belonged to clusters of the bacterial divisions Betaproteobacteria, Gammaproteobacteria, and Bacteroidetes and candidate division TM6 (34).
All OTUs were closely related to mesophilic bacteria and environmental clones obtained from nongeothermal fields, including peat soils (23), forest soils (1), industrial bioreactor
samples (7), and drinking water (35).
The G⫹C contents of these 16S rRNA gene fragments
ranged from 49.8% (RVW-04) to 55.7% (RVW-06), and the
overall average was 52.9% (Table 2). The average G⫹C content also agreed with that inferred from the actual Tm values of
the total rRNA gene fragments.
Heat treatment, digestion, and cloning of surviving 16S
rRNA genes. The bacterial 16S rRNA genes from bulk DNAs
in hot spring fluid and river water were again amplified. In
addition, a DNA mixture containing equal amounts of bulk
DNA from hot spring fluid and bulk DNA from river water was
prepared, and the 16S rRNA genes in the mixture were amplified by PCR under the conditions described above. The
PCR products from these three amplifications were heat denatured at several temperatures and digested by Exo I. The
extent of survival of each 16S rRNA gene was visualized by
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FIG. 3. Heat denaturation and digestion with exonuclease I of bacterial 16S rRNA genes, as visualized in a 1.0% agarose gel. Lanes 1,
16S rRNA genes amplified from bulk DNA derived from river water;
lanes 2, 16S rRNA genes amplified from bulk DNA derived from hot
spring fluid; lanes 3, 16S rRNA gene fragments amplified from a DNA
mixture that was a blend of equal amounts of bulk DNAs extracted
from hot spring fluid and river water; lanes M, DNA marker (1-kb
DNA ladder; Promega, Madison, WI). The temperatures of the heat
treatments are indicated at the top. The size of each amplified 16S
rRNA gene fragment was approximately 1,500 bp (arrow).

electrophoresis (Fig. 3). The PCR products obtained from the
river water sample were completely denatured by heat treatment at 82°C, and consequently, all products disappeared after
subsequent digestion with Exo I. In contrast, the 16S rRNA
gene fragments from the hot spring survived heat treatment
even at 84°C, as well as subsequent digestion, since their Tm
values were clearly higher than those of the rRNA gene fragments that originated from the river water sample.
After heat treatment and digestion of PCR products derived
from the DNA mixture, the survival pattern was almost identical to the pattern for the PCR products derived from the hot
spring sample (Fig. 3). A clone library was constructed from
the rRNA gene fragments derived from the DNA mixture that
survived heat treatment at 84°C, as well as subsequent digestion. Fifty-nine clones in the library were analyzed and divided
into seven OTUs (MIX-01 to MIX-07) based on RFLP (Table
3). The phylogenetic analysis suggested that these OTUs belonged to the classes Aquificae, Thermodesulfobacteria, Gammaproteobacteria, and Betaproteobacteria. The composition of
these OTUs was very similar to that of the OTUs derived from
the hot spring sample, both in terms of homology and in terms

TABLE 3. Frequency and homology of 16S rRNA gene fragments
that were amplified from a DNA mixture (DNAs extracted from hot
spring fluid and river water) and that survived heat treatment at
84°C and subsequent digestion by Exo I
OTU

No. of
clones

Bacterial division

Closest database
match (%)

MIX-01
MIX-02
MIX-03
MIX-04
MIX-05
MIX-06
MIX-07

13
12
10
9
6
5
4

Aquificae
Aquificae
Thermodesulfobacteria
Aquificae
Gammaproteobacteria
Betaproteobacteria
Betaproteobacteria

NHS-01 (99–100)
NHS-02 (99–100)
NHS-04 (99–100)
NHS-03 (98–99)
NHS-05 (99–100)
RVW-06 (99–100)
NHS-06 (98–99)

Total

59
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of frequency. Six of the seven OTUs exhibited significant similarity to the rRNA genes from the hot spring fluid, and almost
all of the clones (93% of all clones) clearly originated from
thermophilic microbes. However, one OTU, MIX-06, was
closely related to RVW-06, which was found in the clone library created from the river water sample, and this OTU was
considered a 16S rRNA gene of mesophilic origin. Because the
sequence of RVW-06 had the highest G⫹C content (55.7%)
among the 16S rRNA genes from river water, it was also able
to survive heat treatment at 84°C.
Applicability of the method for selective phylogenetic analysis of archaea. In this study, we developed a new method of
selective phylogenetic analysis, and we demonstrated that the
approach which we used was effective when a PCR primer set
for bacterial 16S rRNA genes was used. To test the applicability of the this method for phylogenetic analysis of archaea,
PCR amplification with a primer set for archaeal 16S rRNA
genes was also performed. Whereas the archaeal rRNA genes
derived from the fluid of the hot spring were easily amplified by
PCR, no PCR product was obtained from the river water, in
spite of repeated trials with various primer sets. Therefore, in
this paper, we limit our discussion to the bacterial clone analysis. However, it should be noted that there was an obvious
correlation between the optimal growth temperatures and the
G⫹C contents of the 16S rRNA gene sequences of archaea
(PGC ⫽ 0.20Topt ⫹ 47.8; R2 ⫽ 0.901; n ⫽ 152) (Fig. 2A). Thus,
this method ought to be applicable in a selective phylogenetic
analysis of thermophilic and hyperthermophilic archaea.
Conclusions. In this paper we demonstrate that 16S rRNA
gene fragments can be efficiently removed from a mixture of
16S rRNA genes derived from a microbial community of mesophiles and thermophiles by a new method based on differences between Tm values of 16S rRNA genes from mesophiles
and thermophiles. This method is useful for phylogenetic analyses targeted at thermophilic or hyperthermophilic bacteria
(and probably also archaea) in geothermal or hydrothermal
samples, e.g., deep-subsurface cores obtained in the process of
deep drilling that may be contaminated with abundant mesophilic microorganisms in the drilling fluid. The new method has
the following advantages: (i) the experimental procedures are
very simple to perform and can be completed within 1 h; (ii)
the method does not require costly and bulky equipment to
monitor samples for microbial contamination, nor does it require a novel drilling system with riser pipes and filter-sterilized drilling fluid; and (iii) the method frees microbiologists
from cumbersome aseptic treatment of core samples at drilling
sites. Our proposed method presents a solution to dealing with
the problem of possible microbial contamination of samples
obtained by deep drilling.
On the other hand, significant amounts of rRNA gene of
mesophilic origin have been detected in geothermal cores or
hot groundwater samples, and several researchers believe that
some kinds of mesophiles may survive even in deep-subsurface
geothermal environments. Although whether these mesophiles
are indigenous to geothermal environments or just introduced
during sampling is still controversial, the possibility of their
presence in such environments must be considered. If they do
exist in such environments, our method risks missing the presence of indigenous mesophiles because it automatically eliminates rRNA genes with low G⫹C contents. This needs to be
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kept in mind when our method is used. In deep drilling, however, the cores recovered from the deep-subsurface environments are often contaminated with abundant mesophiles via
the drilling fluid. The cell density of the mesophiles in the
drilling fluid is much higher than the cell density of thermophiles or hyperthermophiles that inhabit deep-subsurface environments. In this case, our method is exceedingly effective for
phylogenetic analysis, because it can efficiently eliminate very
large numbers of clone sequences introduced from the contaminating mesophiles. This approach is thus a time-saving and
cost-effective technique for clone analyses of deep-subsurface
cores contaminated with massive amounts of mesophiles via
drilling fluid.
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