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A rapid and simple approach to the small-subunit (SSU) rRNA-based quantitative detection of a specific
group of microorganisms in complex ecosystems has been developed. The method employs sequence-specific
cleavage of rRNA molecules with oligonucleotides and RNase H. Defined mixtures of SSU rRNAs were mixed
with an oligonucleotide (referred to as a “scissor probe”) that was specifically designed to hybridize with a
particular site of targeted rRNA and were subsequently digested with RNase H to proceed to sequence-
dependent rRNA scission at the hybridization site. Under appropriate reaction conditions, the targeted rRNAs
were correctly cut into two fragments, whereas nontargeted rRNAs remained intact under the same conditions.
The specificity of the cleavage could be properly adjusted by controlling the hybridization stringency between
the rRNA and the oligonucleotides, i.e., by controlling either the temperature of the reaction or the formamide
concentration in the hybridization-digestion buffer used for the reaction. This enabled the reliable discrimi-
nation of completely matched rRNA sequences from single-base mismatched sequences. For the detection of
targeted rRNAs, the resulting RNA fragment patterns were analyzed by gel electrophoresis with nucleotide-
staining fluorescent dyes in order to separate cleaved and intact rRNA molecules. The relative abundance of
the targeted SSU rRNA fragments in the total SSU rRNA could easily be calculated without the use of an
external standard by determining the signal intensity of individual SSU rRNA bands in the electropherogram.
This approach provides a fast and easy means of identification, detection, and quantification of a particular
group of microbes in clinical and environmental specimens based on rRNA.

Microorganisms are an essential component of the earth’s
biota, playing integral roles in ecosystems in terms of function
and sustainability. To unambiguously understand these roles,
extensive studies of the microbial ecology of systems such as
aquatic environments, soils, subsurfaces, and animals have
been carried out. Due to such studies, there is now a much
better understanding of microbial diversity as well as the func-
tions of each microbial constituent and of the nature of the
interactions among individual members (and environments or
hosts) in various ecosystems. The recent accumulation of such
knowledge in the field of microbial ecology can be attributed to
a great extent to the development and application of molecular
techniques in environmental microbiology, particularly those
based on small-subunit (SSU) rRNA and the rRNA gene (6).
Among rRNA-rRNA gene-based techniques developed to
date, the use of group-specific DNA probes complementary to
SSU rRNA provides the most powerful tool to precisely iden-
tify different populations in complex systems (3, 6). For exam-
ple, whole-cell in situ hybridization based on SSU rRNA is now
commonly used to detect specific groups of microbes and to
quantify populations of interest in environments by direct

counting (2). Another example of a method based on SSU
rRNA is the quantitative membrane hybridization of labeled
DNA probes to community rRNAs (43, 50). This method has
also been applied to various environmental rRNAs for the
quantitative detection of specific groups of microbes present in
complex communities (21, 37, 38, 44, 45). More recently, an
oligonucleotide-based DNA microchip format targeting multi-
ple rRNA molecules is being developed, providing a powerful
framework for the parallel hybridization of different rRNA
fragments to a matrix array of DNA probes (15, 18, 30, 32, 52,
53). However, in spite of the potential advantages of these
techniques, all of them are often laborious and require time-
consuming procedures in general, particularly when they are
employed for the quantitative detection of specific microbial
groups in natural populations (5, 10, 55). To precisely and
rapidly evaluate the abundance and activity of selected groups
of microbes in complex ecosystems, more direct, rapid, simple,
quantitative, and cost-effective tools which can be applied to
various types of heterogeneous environments should be devel-
oped.

Here, we report the concept of sequence-specific cleavage of
rRNA fragments using oligonucleotides and RNase H as a
rapid and easy means of rRNA-based microbial identification,
detection, and quantification (Fig. 1). RNase H is known to
specifically degrade the RNA strand of RNA-DNA hybrid
duplexes (9, 22, 24). By using this method, total RNAs from
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complex microbial communities are mixed with oligonucleo-
tides that bind in a sequence-specific manner to a particular
site of targeted SSU rRNAs and are subsequently digested
with RNase H to proceed to sequence-dependent rRNA scis-
sion at the hybridization site. Upon the digestion, the targeted
rRNAs are specifically cut into two fragments, whereas non-
targeted rRNAs remain intact under the same conditions. For
the detection of the cleaved rRNAs, the resulting RNA frag-
ment patterns can be resolved by gel electrophoresis with
RNA-staining dyes. The relative abundance of SSU rRNA
fragments in the total SSU rRNA of the targeted species can
also be quantified without the use of external standards by
determining the signal intensity of individual SSU rRNA bands
in an electropherogram. Since a large collection of SSU rRNA-
targeted DNA probes has already been developed for studies
in the fields of clinical, pharmaceutical, and environmental
microbiology, such probes may directly be used as “scissor”
oligonucleotides (here, we refer to them as scissor probes) in
the digestion process.

In this report, we tested the feasibility of this rationale by
using a model microbial community, and we optimized the

digestion procedure to clearly discriminate single-base mis-
matches in the hybridization between rRNA fragments and the
scissor probes. The method was then applied to environmental
samples of RNAs extracted from several complex ecosystems.

MATERIALS AND METHODS

Microorganisms and environmental samples. The following organisms were
used in this study. Escherichia coli (DSM5717), Thiothrix disciformis (JCM11364),
Methanosaeta concilii (DSM3671), and Methanosarcina barkeri (DSM800) were
obtained from either the Japan Collection of Microorganisms (Wako, Japan) or
the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (Braun-
schweig, Germany). Genomic nucleic acids of Legionella pneumophila (ATCC
33152) were kindly provided by Yoshikazu Ishii at the Toho University School of
Medicine, Tokyo, Japan. Environmental samples were collected from (i) two
types of activated sludge processes used for treating sewage at different locations
in Japan, (ii) mesophilic anaerobic digesters (operated at 35 to 40°C) decom-
posing sewage sludge, and (iii) a mesophilic (37°C) upflow anaerobic sludge
blanket (UASB) reactor treating high-strength wastewater from a food-process-
ing plant. In addition, cow feces were collected from healthy Holstein dairy cattle
bred at the National Institute of Livestock and Grassland Science, Tsukuba,
Japan. Solid fractions of the samples were collected by centrifuging them at
15,000 � g for 5 min, and the samples were kept at �80°C until they were used
for RNA extraction.

RNA extraction. RNA extraction from pure cultures, as well as from environ-
mental samples, was performed according to the method of Stahl et al. (50) with
slight modifications. Briefly, pellets of cells (or samples; approximately 0.1 to
0.2 g [wet weight]) were harvested in conical 2.2-ml screw-cap tubes; each tube
contained 1 g of baked glass beads (0.1 mm in diameter) and 1 ml of pH 5.1
buffer (10 mM EDTA, 50 mM sodium acetate [pH 5.1]). The remaining volume
in the tubes was filled with phenol equilibrated with pH 5.1 buffer. The tubes
were then subjected to mechanical disruption for 1 min on a bead-beating device
(FastPrep machine; Bio101, Holbrook, N.Y.). Additional extractions with an
equal volume of pH 5.1 buffer-equilibrated phenol (once), an equal volume of
pH 5.1 buffer-equilibrated phenol-chloroform-isoamyl alcohol (50:49:1) (twice),
and an equal volume of chloroform (once) were performed in order to purify the
RNA molecules. Total nucleic acids (mainly composed of RNA) were ethanol
precipitated and were subjected to further purification of the RNA with RNase-
free DNase (Promega) in Tris-EDTA buffer (10 mM Tris-HCl [pH 8.0], 1 mM
EDTA). The RNA samples were further extracted with an equal volume of
phenol-chloroform-isoamyl alcohol (once) and an equal volume of chloroform
(once) and were recovered by ethanol precipitation. The recovered nucleic acids
were suspended in water to give final concentrations of 100 to 500 ng/�l. Shorter
RNA fragments of approximately 500 nucleotides (nt) or less were removed with
a purification column (MicroSpin column S-400; Amersham Pharmacia Biotech)
when the RNAs were extracted from complex communities (environmental,
industrial, and fecal samples).

PCR, cloning, sequencing, and in vitro transcription. For all reference bac-
terial and archaeal strains, plasmids containing each SSU rRNA gene of the
strains and a T7 promoter were constructed for in vitro transcription of the
respective SSU rRNAs. DNA extraction from pure cultures was performed by
using the method of Hiraishi (23). SSU rRNA genes were amplified by PCR
using the following primer pairs: bacterial primer 8f (5�-AGAGTTTGATCCT
GGCTCAG-3� [positions 8 to 27 in the E. coli system]) (56) or archaeal primer
7f (5�-TTCCGGTTGATCCYGCCGGA-3� [positions 7 to 26 in the E. coli sys-
tem]) (12) and universal primer 1492r (5�-TACGGYTACCTTGTTACGACT
T-3� [positions 1492 to 1471; Y represents T or C]) (31). PCR and subsequent
TA cloning with a pT7 Blue vector (containing a T7 promoter; Novagen) were
performed as described previously (48). Clones containing the SSU rRNA gene
of the reference strains were partially sequenced with a T7 promoter primer
(Novagen) in order to determine whether the gene was inserted in the correct
direction for subsequent in vitro transcription (36, 40). Partial sequencing was
performed with the CEQ2000 DNA analysis system (Beckman) and a DTCS
quick start kit (Beckman). Each of the T7 promoter-conjugated SSU rRNA
genes was amplified by PCR, and the SSU rRNA transcripts were generated in
vitro with the PCR-amplified fragments and T7 RNA polymerase from a T7
RiboMAX express kit (Promega). The concentration of SSU rRNA transcripts
was measured with a spectrofluorophotometer (RF-1500; Shimadzu) and a Ribo-
Green RNA quantification kit (Molecular Probes).

Sequence-dependent scission of rRNA with RNase H. Protocols for the se-
quence-specific cleavage of rRNA fragments developed for this study were pri-
marily based on a previously reported method (13). The following steps were

FIG. 1. Flow diagram showing the concept of sequence-specific
digestion of SSU rRNA with oligonucleotides (scissor probes) and
RNase H.
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carried out for the optimized digestion of rRNA fragments. Cleavage reactions
were carried out at 40 to 60°C for 15 min with hybridization-digestion buffer (25
mM Tris-HCl [pH 7.5], 1 mM EDTA, 25 mM NaCl, 10 mM MgCl2, 1 mM
dithiothreitol [DTT], 30 �g of bovine serum albumin [BSA]/ml, 5 U of RNase
H/ml) containing the extracted RNAs (10 ng/�l) and each of the oligonucleotide
scissor probes (0.2 pmol/�l). The hybridization stringency was adjusted by adding
formamide to the hybridization-digestion buffer (see Table 2). Briefly, to create
a 100-�l hybridization-digestion mixture, an aliquot (10 �l) of RNA suspension
(containing approximately 100 ng of RNA/�l) was mixed with 5 �l of 15�
hybridization buffer (375 mM Tris-HCl [pH 7.5], 15 mM EDTA, 375 mM NaCl),
2 �l of each of the oligonucleotide solutions (10 pmol/�l), and a defined amount
of formamide. Then, diethyl pyrocarbonate-treated water was added to make a
75-�l solution. The mixture was subsequently heated at 95°C for 1 min to unfold
the RNA fragments, and then the mixture was kept at an appropriate hybrid-
ization and digestion temperature (40 to 60°C). To initiate the cleavage reaction,
25 �l of preheated 4� enzyme solution (25 mM Tris-HCl [pH 7.5], 40 mM
MgCl2, 25 mM NaCl, 4 mM DTT, 120 �g of BSA/ml, 20 U of RNase H

[TaKaRa]/ml) was added to the mixture. After incubation at the hybridization
and digestion temperature for 15 min, 50 �l of 3� stop solution (30 mM EDTA,
0.9 M sodium acetate [pH 7.0]) was added to the mixture to terminate the
reaction. The RNA in the mixture was then precipitated with 380 �l of ethanol
and centrifuged at 15,000 rpm for 20 min at 4°C, dissolved in diethyl pyrocar-
bonate-treated water, and subjected to further analysis. The oligonucleotides
used as scissor probes in this study (Tables 1 and 2) were commercially synthe-
sized. The specificity of newly designed probes (ARC915m and MX825m) was
evaluated in silico by using the ARB program (33) as well as public nucleotide
databases.

Electrophoresis of RNA fragments. The resultant RNA fragments were elec-
trophoresed by either 1.5% agarose gels (Nusieve 3:1 agarose; BioWhittaker
Molecular Applications) or the Agilent 2100 bioanalyzer with the RNA 6000
nano kit (Agilent). For electrophoresis with agarose gels, digested RNA frag-
ments were denatured at 70°C for 2 min, rapidly cooled on ice, and subjected to
electrophoresis. Nucleic acids in the gels were stained by CYBER GOLD nu-
cleotide-staining dye (Molecular Probes) to make the RNA bands visible. For

TABLE 1. DNA scissor probes used for the evaluation of sequence-dependent cleavage of 16S rRNA with E. coli total RNA

Probe name Sequence (5�–3�)a Target
position

PM or
MM

Probe
length
(mer)

G � C
content

(%)

Reaction conditions for 50%
digestionb

Td (°C) Fd (% at 50°C)

530 probes (high G � C content)c

530-12 CCGCGGCTGCTG 519–530 PM 12 83 59.5 � 0.5
530-16 CCGCGGCTGCTGGCAC 515–530 PM 16 81 50 24.9 � 0.8
530-20 CCGCGGCTGCTGGCACGGAG 511–530 PM 20 80 50 30.9 � 0.3

327 probes (around 50% G � C content)
327-12 TCAGTTCCAGTG 314–325 PM 12 50 52.8 � 2.5
327-14 CTCAGTTCCAGTGT 313–326 PM 14 50 59.5 � 1.1
327-16 TCTCAGTTCCAGTGTG 312–327 PM 16 50 50 23.2 � 0.7
327-16M8 TCTCAGTACCAGTGTG 312–327 MM 16 50 50 10.6 � 0.7
327-16M16 TCTCAGTTCCAGTGTC 312–327 MM 16 50 50 11.3 � 0.2
327-18 TGTCTCAGTTCCAGTGTG 312–329 PM 18 50 50 28.8 � 0.4
327-18M9a TGTCTCAGTACCAGTGTG 312–329 MM 18 50 50 15.7 � 0.5
327-18M9c TGTCTCAGTCCCAGTGTG 312–329 MM 18 56 50 12.0 � 0.1
327-18M13 TGTCTCAGTTCCGCTGTG 312–329 MM 18 56 50 23.9 � 0.7
327-18M14 TGTCTCAGTTCCACTGTG 312–329 MM 18 50 50 9.0 � 1.6
327-18M6 TGTCTGAGTTCCAGTGTG 312–329 MM 18 50 50 12.9 � 0.1
327-18M1 AGTCTCAGTTCCAGTGTG 312–329 MM 18 50 50 25.9 � 0.1
327-18M18 TGTCTCAGTTCCAGTGTC 312–329 MM 18 50 50 11.2 � 0.2
327-20 GTGTCTCAGTTCCAGTGTGG 311–330 PM 20 55 50 29.8 � 0.5
327-20M10 GTGTCTCAGTACCAGTGTGG 311–330 MM 20 55 50 21.9 � 0.6
327-20M20 GTGTCTCAGTTCCAGTGTGC 311–330 MM 20 55 50 27.5 � 0.9

907 probes (low G � C content)
907-12 CGTCAATTCATT 912–923 PM 12 33 44.0 � 2.4
907-16 GTCAATTCATTTGAGT 908–923 PM 16 31 58.0 � 0.6
907-20 CGTCAATTCATTTGAGTTTT 904–923 PM 20 30 61.2 � 0.4

a Underlined bases represent MM sites with targeted rRNA sequences.
b Under the conditions shown here, 50% of the targeted SSU rRNA molecules can be cleaved. These values were determined from the probe dissociation curves

in cleavage experiments with E. coli RNA. Td, hybridization or digestion temperature for 50% digestion; Fd, formamide concentration for 50% digestion at 50°C
hybridization or digestion temperature.

c Based on the probe UNI 530 (28).

TABLE 2. DNA scissor probes used for quantitative detection of specific microorganisms in complex microbial communities

Probe name Target group Probe sequence (5�–3�)
Probe
length
(mer)

Target site (E.
coli position)

Optimal cleavage conditions

Formamide
(%)

Cleavage
coefficienta

UNI530 Virtually all organisms CCGCGGC(G/T)GCTGGCAC 16 530–545 15 1.00
EUB338 Domain Bacteria GCTGCCTCCCGTAGGAGT 18 338–355 20 0.96
ARC915mb Domain Archaea CCCCCGCCAATTCCTTTA 18 912–929 30 0.80
MX825mc Family Methanosaetaceae TGGCCGACACCTAGCGAG 18 821–838 10 0.94
G123T Genus Thiothrix CCTTCCGATCTCTATGCA 18 697–714 30 0.55

a The cleavage coefficient represents the proportion of fragmented SSU rRNA to the total targeted SSU rRNA at the optimal conditions. A cleavage coefficient of
0.5 indicates that 50% of the targeted SSU rRNA can be cleaved at the defined conditions in the RNase H digestion.

b The scissor probe (ARC915m) is a slightly modified version of the probe ARC915 primarily reported by Stahl et al. (50).
c The scissor probe (MX825m) is a modified version of the probe MX825 previously described by Raskin et al. (43).
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electrophoresis with the Agilent 2100 bioanalyzer, the RNA samples and elec-
trophoresis medium (microchips) were prepared according to the manufacturer’s
instructions. The signal intensities of individual bands in the electropherograms
were determined with the software associated with the 2100 bioanalyzer (Bio
Sizing; Agilent). Signals were calculated by duplicate determinations in different
digestion experiments with different electrophoresis media (the ranges of values
obtained from replicate measurements are shown as standard deviations in Fig.
3 to 6 and Table 3).

Fluorescence in situ hybridization. The fixation of community samples was
performed as described previously (48). Whole-cell in situ hybridization was
performed according to a method described previously elsewhere (47, 48). The
following Cy-3-labeled, 16S rRNA-targeted oligonucleotide probes were used in
this study: ARC915 for the domain Archaea (50), MX825 for the genus Meth-
anosaeta (43), and G123T for the genus Thiothrix (27). For in situ hybridization,
we adjusted the stringency of hybridization by adding formamide to the hybrid-
ization buffer (20% [vol/vol] for MX825, 35% [vol/vol] for ARC915, and 40%
[vol/vol] for G123T). Cells immobilized and hybridized on glass slides were
viewed with a fluorescence microscope (BX50F; Olympus).

Quantitative membrane hybridization. For quantitative membrane hybridiza-
tion, the following digoxigenin-labeled, 16S (and 18S) rRNA-targeted oligonu-
cleotide probes were used: UNI1390 for all organisms (57), ARC915 for the
domain Archaea (50), MX825 for the genus Methanosaeta (43), and G123T for
the genus Thiothrix (27). Denatured RNA samples (50 to 500 ng) were applied
by slot blotting to Hybond-N� membranes (Amersham) and were hybridized
according to the methods described in previous reports (43, 57). In vitro-tran-
scribed 16S rRNA of E. coli, M. concilii, and T. disciformis was also applied to
membranes as standard RNA samples for quantification. After hybridization, the
membranes were washed with washing solution (0.9 M NaCl, 1% sodium dodecyl
sulfate, 1% blocking reagent [Roche], and formamide) at 46°C for 15 min; this
washing step was repeated twice. For washing, we adjusted the stringency of
hybridization by adding formamide to the hybridization buffer (0% [vol/vol] for
UNIV1390, 20% [vol/vol] for MX825, 35% [vol/vol] for ARC915, and 40%
[vol/vol] for G123T). digoxigenin-labeled probes on the membranes were subse-
quently detected with an ECF chemifluorescence signal amplification kit (Am-
ersham) according to the manufacturer’s instructions. Fluorescence signals on
the membranes were detected with a confocal laser scanning device (molecular
imager FX; Bio-Rad) and were quantified with the software equipped with the
device. Each experiment was performed in triplicate.

RESULTS AND DISCUSSION

RNase H has been detected in multiple forms in all organ-
isms that have been studied to date, and it is thought to be
involved in DNA replication as well as in cDNA synthesis from
retroviral RNA (9, 22, 24). In addition to these roles, RNase H
has attracted increased interest regarding the two following
issues (24): (i) the presumed role of endogenous RNase H
activity in the mechanisms of action of antisense oligonucleo-
tides in vivo and (ii) the potential importance of the enzyme as

an antiviral agent. Due to these concerns, the physiological
functions and structure of this enzyme derived, in particular,
from human immunodeficiency virus type 1 (11), E. coli (28,
29), and Thermus thermophilus (25) have been intensively stud-
ied in detail, and the enzyme is now commonly used in molec-
ular biological research, such as in reverse transcription-PCR
analyses and in in vitro studies involving the sequence-specific
digestion of particular RNA strands (9). In addition, rRNA has
been cleaved by using similar methods to create partial frag-
ments of rRNA for in vitro reconstitution studies (1, 7). How-
ever, to our knowledge, there has been no report on the use of
this enzyme for rRNA-based ecological studies.

To verify the feasibility of sequence-dependent SSU rRNA
scission with RNase H, we first used the total RNA extracted
from E. coli cells. Highly purified RNA samples were prepared
from exponentially grown cells by use of acid phenol extraction
procedures, and the samples were then subjected to digestion
with RNase H and an oligonucleotide scissor probe (probe
530-16) (Table 1). Initially, we partially optimized the reaction
conditions (e.g., buffer constituents, etc.) for the digestion
based on a previous report concerned with the sequence-de-
pendent digestion of RNA with RNase H (13). The cleavage
procedures developed here were primarily composed of the
following five steps: (i) denaturing rRNA at 95°C for 1 min in
a hybridization buffer containing a scissor probe, (ii) maintain-
ing the reaction mixture at a hybridization temperature (nor-
mally 50°C) and then subsequently adding a digestion buffer
containing RNase H, (iii) digesting rRNA at the hybridization
temperature (typically 50°C for 15 min), (iv) stopping the di-
gestion reaction and then the carrying out the subsequent
purification of RNA, and (v) performing electrophoresis of the
resultant RNA fragments (Fig. 1). Under the appropriate re-
action conditions, we confirmed that the site-specific scission of
16S rRNA could occur in the presence of RNase H and the
oligonucleotide probe, and we demonstrated that E. coli 16S
rRNA was cut into two fragments (Fig. 2). The molecular sizes
of the cleaved RNA molecules were approximately 500 and
1,000 nt, suggesting that E. coli 16S rRNA was correctly frag-
mented at around position 500 of the 16S rRNA when the
530-16 probe was used. No fragmentation of the rRNA was

TABLE 3. Comparison of abundances of respective microbial populationsa

Sample Quantitative method used
% of total SSU rRNA (mean � SD) for:b

Prokaryotes Bacteria Archaea Methanosaetaceae Thiothrix

Activated sludge (I) RNase H method 92.4 � 2.6 91.2 � 2.4 ND ND 2.7 � 0.2
Membrane hybridization � � 0.5 � 0.1 0.4 � 0.2 4.7 � 1.2

Activated sludge (II) RNase H method 92.6 � 1.5 90.2 � 2.5 ND ND ND
Membrane hybridization � � 0.4 � 0.1 ND 1.3 � 0.3

Cow feces (I) RNase H method 93.1 � 3.8 89.4 � 1.8 ND ND ND
Membrane hybridization � � ND ND ND

Cow feces (II) RNase H method 96.4 � 2.2 75.9 � 3.6 ND ND ND
Membrane hybridization � � ND ND ND

Digested sewage sludge RNase H method 62.6 � 0.5 46.5 � 2.5 15.6 � 1.7 13.8 � 1.7 ND
Membrane hybridization � � 15.5 � 2.6 11.2 � 0.6 1.2 � 0.3

UASB granular sludge RNase H method 83.5 � 0.9 62.5 � 5.4 20.9 � 1.7 4.9 � 0.5 ND
Membrane hybridization � � 20.5 � 3.2 9.3 � 1.0 0.5 � 0.1

a As determined by the RNase H and membrane hybridization methods.
b ND, not detected; �, not determined.

VOL. 70, 2004 SEQUENCE-SPECIFIC CLEAVAGE OF SSU rRNA 3653



observed when either the RNase H or the oligonucleotide was
removed from the digestion buffer (Fig. 2).

Optimization of the reaction conditions for the sequence-
specific digestion of rRNA. To further optimize the reaction
conditions, we examined the effects of the respective concen-
trations of scissor probe, NaCl, and RNase H in the hybrid-
ization-digestion buffer, as well as the digestion time and tem-
perature on the specific cleavage of 16S rRNA by using E. coli
total RNA.

(i) Sequence-specific digestion effects of the respective con-
centrations of DNA probe, NaCl, and RNase H in the hybrid-
ization-digestion buffer. Under the defined conditions (500 ng
of E. coli RNA and 0.25 U of RNase H in 50 �l of hybridiza-
tion-digestion buffer [hybridization and digestion at 50°C for 5
to 90 min]), specific but partial cleavage of 16S rRNA was
observed within 5 to 30 min of incubation in hybridization-
digestion buffer (50 �l) containing 2.5 pmol of the scissor
probe 530-16 (data not shown). However, specific and com-
plete cleavage of 16S rRNA was observed in 1 h under these
conditions. The optimum cleavage was observed with 50 �l of
hybridization-digestion buffer containing 10 to 200 pmol of the
scissor probe; this range of probe concentrations resulted in
the specific and rapid cleavage of 16S rRNA fragments within
5 min of incubation, and no nonspecific fragmentation was
observed, even under conditions of prolonged digestion (�1
h). In contrast, higher concentrations (�250 pmol) of the
probe in 50 �l of hybridization-digestion buffer resulted in the
slight but nonspecific digestion of the RNA within 1 h of
incubation. Under the defined conditions (500 ng of E. coli
RNA, 10 pmol of scissor probe, and 0.25 U of RNase H in 50
�l of hybridization-digestion buffer [hybridization and diges-
tion at 50°C for 15 min]), no significant differences in banding
patterns of digested RNA were observed with buffer contain-

ing 0 to 100 mM NaCl. In addition, no significant changes in
banding patterns were found with different RNase H concen-
trations (0.01 to 5 U/50 �l of hybridization-digestion buffer)
under the defined conditions (500 ng of E. coli RNA, 10 pmol
of 530-16 probe [hybridization and digestion at 50°C for 15
min], 25 mM NaCl). These data demonstrated that the con-
centrations of NaCl and RNase H are not crucial factors af-
fecting sequence-specific digestion.

(ii) Reaction temperature for hybridization and digestion.
The temperature used for hybridization and subsequent diges-
tion was found to be an important factor affecting the cleavage
reaction. In our procedure, hybridization and digestion were
simultaneously performed at the same temperature. Sequence-
specific cleavage was observed at a wide range of temperatures,
i.e., from 40 up to 70°C, under the defined conditions (500 ng
of E. coli RNA, 10 pmol of 530-16 scissor probe, 25 mM NaCl
in 50 �l of hybridization-digestion buffer [hybridization and
digestion, 15 min]) (data not shown). However, nonspecific
fragmentation of the RNAs was observed at hybridization and
digestion temperatures above 70°C; moreover, the nonspecific
digestion occurred even in the absence of RNase H and the
oligonucleotides, suggesting that the nonspecific digestion
might be due to physicochemical degradation at high temper-
atures (possibly due to the presence of MgCl2 in the buffer). To
avoid this phenomenon, for further study, we carried out se-
quence-specific rRNA cleavage reactions at 40 to 60°C for 15
min with a hybridization-digestion buffer (25 mM Tris-HCl
[pH 7.5], 1 mM EDTA, 25 mM NaCl, 10 mM MgCl2, 1 mM
DTT, 30 ng of BSA/�l, 0.025 U of RNase H/�l) containing the
extracted RNAs (10 ng/�l) and each of the oligonucleotide
scissor probes (0.2 pmol/�l; total volume, 50 �l).

Effects of the length and the G�C content of scissor probes
on the efficiency of specific digestion. We then examined the
effects of the length and the G�C content of scissor probes on
the efficiency of specific digestion. To precisely evaluate the
effects of oligonucleotide length and the G�C content of the
scissor probes in the cleavage reactions, three different sites
(around positions 327, 530, and 907) were targeted in E. coli
16S rRNA; the G�C content of these individual sites differs
from each other (ranging from approximately 30 to 80%).
Position 327 has a G�C content of around 50%, and five
scissor probes (12-, 14-, 16-, 18-, and 20-mer oligonucleotides,
designated as 327-12, 327-14, 327-16, 327-18, and 327-20
probes, respectively) complementary to this site were made
(Table 1). For positions 530 and 907, which possess higher
G�C content (approximately 80%) and lower G�C content
(approximately 30%), respectively, three scissor probes (12-,
16-, and 20-mer oligonucleotides, designated as 530-12, 530-16,
and 530-20 probes for position 530, and 907-12, 907-16, 907-20
probes for site 907, respectively) complementary to each of the
sites were employed (Table 1). All probes were used in the
cleavage reaction with E. coli RNA at different hybridization
temperatures ranging from 40 to 60°C.

When low-percentage G�C probes (i.e., a G�C percentage
[G�C%] of 30%, targeting position 907) were used, E. coli 16S
rRNA was specifically cleaved at hybridization and digestion
temperatures ranging from 40 to 60°C (Fig. 3A and B). A
sample electropherogram of the resultant RNA fragments is
shown in Fig. 3A. As shown in Fig. 3A, E. coli 16S rRNA was
specifically but partially cleaved with scissor probe 907-16 at a

FIG. 2. Cleavage of the 16S rRNA of E. coli with oligonucleotides
(probe 530-16) and RNase H, as resolved in 1.5% agarose gel. Lanes:
1, whole E. coli RNA before digestion with RNase H; 2, digested RNA
in the presence of oligonucleotides and RNase H; 3, digested RNA in
hybridization-digestion buffer from which only RNase H was elimi-
nated; 4, digested RNA in the buffer from which only the oligonucle-
otides had been removed. Lanes 3 and 4 demonstrate that the rRNA
cleavage reaction does not occur in the absence of either the oligonu-
cleotides or the RNase H. The digestion reactions were performed at
55°C for 15 min under the conditions described in Materials and
Methods.
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hybridization and digestion temperature of 41°C; the resulting
RNA banding pattern suggested that 16S rRNA (approxi-
mately 1,550 nt) was cut into two fragments (approximately 910
and 610 nt), demonstrating that the cleavage occurred at the
correct position (position 907). Based on the electrophero-
gram, the percentage of digested SSU rRNA in the total SSU
rRNA was calculated by the following equation: percentage of
digested SSU rRNA in the total SSU rRNA � [(peak area of
cleaved SSU rRNA band A, i.e., the peak at 612 nt in Fig. 3A)
� (peak area of cleaved SSU rRNA band B, i.e., the peak at
907 nt)]/[peak area of all bands derived from SSU rRNA (�
the sum of peak areas of band A, band B, and the intact SSU
rRNA band, i.e., the peak at 1548 nt)] � 100. According to this
equation, we calculated the digestion efficiencies (percentage
of digested SSU rRNA) at different hybridization and diges-
tion temperatures. As shown in Fig. 3B, when scissor probe
907-20 was used, the plotted line (i.e., the “cleavage curve”)
was similar to typical probe dissociation (melting) curves, as
has often been indicated in DNA probe evaluations (17, 27); in
other words, E. coli 16S rRNA was completely digested at
hybridization and digestion temperatures ranging from 40 to
50°C, whereas it was only partially digested at hybridization
and digestion temperatures higher than 50°C (Fig. 3B). Com-
plete, sequence-specific cleavage of rRNA occurred at 50 to
60°C with other oligonucleotides such as the 530-16 probe (as
mentioned above). Thus, it was thought that the decrease in
digestion efficiency at high temperatures (i.e., the decrease in
the percentage of fragmented rRNA in the total 16S rRNA
with increases in the reaction temperature) in the case of the
907-20 probe was not due to a loss of enzyme activity (RNase
H) at high temperatures but instead was due to the dissociation
of oligonucleotide-rRNA duplexes. This finding also indicated
that the stringency of hybridization between oligonucleotides
and rRNA can be controlled by controlling the reaction tem-
perature (hybridization and subsequent digestion tempera-
ture) during the digestion. However, reactions with probes
907-12 and 907-16 resulted in only the partial cleavage of 16S
rRNA at all tested temperatures (40 to 60°C) (Fig. 3B). As will
be discussed in more detail below, this result was probably due
to incomplete heteroduplex formation between the 16S rRNA
and relatively short oligonucleotides.

When neutral G�C% probes (327 probes; G�C% � 50%)
were used, specific and complete cleavage of E. coli 16S rRNA
molecules was found at hybridization and digestion tempera-
tures ranging from 45 to 60°C with 327-16, 327-18, and 327-20
probes, whereas probes 327-12 and 327-14 allowed only the
partial cleavage of 16S rRNA at all temperatures tested (40 to
60°C) (data not shown). Temperatures lower than 45°C
showed insufficient cleavage of 16S rRNA with scissor probes

FIG. 3. Effect of oligonucleotide type (G�C% and nucleotide
length) on the 16S rRNA cleavage reaction. (A) Electropherogram of
E. coli RNA digested with the 907-16 probe at 41°C, as resolved by an
Agilent 2100 bioanalyzer with an RNA 6000 nano kit. Numbers with
arrows indicate approximate estimates of the molecular weight of each
peak (unit, nt). A gel-like image of the electropherogram is also shown
in the graph; lane 1, RNA 6000 ladder marker (TaKaRa); lane 2,
digested E. coli RNA fragments. (B) Temperature dependence of the
rRNA cleavage reaction with the 907 probes. Percentages of cleaved
16S rRNA in the total 16S rRNA were directly estimated based on the
peak areas of intact and cleaved 16S rRNA fragments in the electro-

pherograms, and the percentages were plotted with the hybridization
and digestion temperatures at which the respective reactions were
performed. Error bars indicate the standard deviation of duplicate
determinations. (C) Temperature dependence of the rRNA cleavage
reaction with the 530 probes. Percentages of cleaved 16S rRNA in the
total 16S rRNA were calculated in the same manner used for the graph
in panel B and were plotted along with the hybridization and digestion
temperatures used. Error bars indicate the standard deviation of du-
plicate determinations.
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327-16, 327-18, and 327-20 (cleaved rRNA was 80 to 90% of
the 16S rRNA).

When high G�C% probes (530 probes; G�C% � 80%)
were used, all E. coli 16S rRNA was specifically digested at
hybridization and digestion temperatures ranging from 50 to
60°C (with probe 530-16) and from 55 to 60°C (with probe
530-20) (Fig. 3C). As was seen with the probes for position 327,
temperatures lower than the above values resulted in the in-
complete digestion of 16S rRNA. In addition, a short-length
scissor probe (i.e., a 12-mer probe) was unable to completely
cleave 16S rRNA at any of the temperatures examined (40 to
60°C) (Fig. 3C); these findings may imply that the heterodu-
plex formation that occurred between the scissor probes and
the rRNA under these conditions was unstable.

These examinations demonstrated that both the length and
the G�C content of a scissor probe were significant factors
affecting the rRNA cleavage reaction. The effects of these
factors can be clearly accounted for by consideration of the
commonly known characteristics of DNA-DNA and DNA-
RNA duplex formation (49); hence, it was concluded that the
reaction stringency could be controlled in a similar manner to
that used for several rRNA-based molecular techniques, in-
cluding fluorescence in situ hybridization and membrane hy-
bridization (3, 4, 43, 50).

As indicated by some of the oligonucleotide scissor probes
tested, hybridization and digestion of rRNA at low tempera-
tures (40 to 50°C) often exhibited lower rates of rRNA frag-
mentation than those exhibited at higher temperatures (50 to
60°C). A similar phenomenon was also reported in the site-
specific cleavage of MS2 RNA with RNase H, the tertiary
structure of which is known to be stable (8). This fact may
imply that DNA-RNA heteroduplex formation was hindered
by the secondary and tertiary structural conformations of
rRNA under low-temperature conditions. In fact, similar find-
ings have been reported in whole-cell hybridization studies
showing that probe accessibility is often limited at lower hy-
bridization temperatures (17).

Effect of formamide in the hybridization-digestion buffer on
the efficiency of specific digestion. To accurately cleave tar-
geted rRNA in mixed RNA extracts, single-base-mismatch dis-
crimination between the rRNA and the scissor probe is a
crucial goal of this method. In the case of some scissor probes
possessing shorter nucleotides or lower G�C content, we were
able to optimize the conditions by simply increasing the reac-
tion temperature after determining the dissociation tempera-
ture (Td) (°C) for each probe, at which 50% of the targeted
rRNA was cleaved (Table 1). However, since the specific and
complete digestion of the targeted 16S rRNA was obtained at
60°C with several probes (such as probes 530-16, 530-18, and
530-20) (Fig. 3C), a further increase in the hybridization strin-
gency was impossible due to the upper limit (60°C) of the
reaction temperature in the RNase H digestion procedures
(see above). To overcome this obstacle, we attempted to mod-
ify the cleavage reaction conditions and eventually found that
the use of formamide as a denaturing agent provided a simple
solution to this problem. As shown in Fig. 4, the addition of
formamide in the hybridization-digestion buffer enabled a fur-
ther increase in hybridization stringency without any loss of
RNase H activity; i.e., the cleavage curves with scissor probes
327-16, 327-18, and 327-20 showed typical probe dissociation

curves. We defined the formamide concentration in the buffer
as Fd (percentage at a hybridization and digestion temperature
of 50°C), at which 50% of the sequence-specific cleavage of 16S
rRNA occurs, and we then determined the Fd values for each
probe. We obtained highly reproducible Fd values for each
probe, and different Fd values were clearly found among dif-
ferent probes (Table 1). In all cases, shorter oligonucleotides
exhibited lower Fd values than those of long oligonucleotides
(Fig. 4 and Table 1). In addition, high G�C probes exhibited
higher Fd values in general (Table 1); all of these Fd values
suggested that the cleavage curves occurred in a sequence-

FIG. 4. Effect of formamide concentration in hybridization-diges-
tion buffer on rRNA scission. E. coli total RNA was cleaved with 327
scissor probes by using hybridization-digestion buffer containing dif-
ferent concentrations of formamide (%) (hybridization-digestion tem-
perature, 50°C). Top panel, gel-like images of electropherograms of E.
coli RNA cleaved with the 327-18 probe with different formamide
concentrations. Bottom panel, formamide dependence of the rRNA
cleavage reaction with the 327 probes. The percentages of cleaved 16S
rRNA of the total 16S rRNA were estimated as described in the legend
of Fig. 3 and were plotted together with the formamide concentrations
used for creating the hybridization-digestion buffer. Error bars indicate
the standard deviation of duplicate determinations.
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dependent hybridization manner, even in the presence of for-
mamide. The present results therefore suggest that the addi-
tion of formamide can effectively be used to adjust the
stringency of hybridization in the case of RNase H digestion as
well, instead of increasing the digestion temperature to higher
than 60°C.

Effect of mismatch bases in scissor probe-rRNA heterodu-
plexes on the efficiency of specific digestion. We then evaluated
the effects of mismatched bases in oligonucleotide-rRNA het-
eroduplexes. For resolving perfect-match (PM) and single-
base-mismatch (MM) complexes, we constructed 11 different
probes containing MM at various sites with different forms
based on 327-16, 327-18, and 327-20 probes (Table 1). Exam-
ples of the 16S rRNA cleavage curves, along with those ob-
tained with the addition of formamide, are shown in Fig. 5,
which indicates that almost all of the MM probes were clearly
distinguished from the PM probe (327-18). Almost all MM
probes exhibited �0% lower Fds than that of the PM probe.
However, two MM probes (327-M13 and 327-M1 probes)
showed similar cleavage curves and Fds close to those of the
PM probe. The probe 327-M13 contained a single-base mis-
match (i.e., an A3G change in the base) at position 13 in the
oligonucleotide (Table 1); the change resulted in the formation
of a G:U pair instead of an A:U pair at position 13 of the
oligonucleotide-rRNA duplex. It has been well recognized that
the G:U pair can form a nearly isomorphic bond between
nucleotides to Watson-Crick base pairs and that this pair often
plays a role as an alternative base pairing in tRNA and rRNA
structures (19, 54). Therefore, the imprecise discrimination
between the PM probe and 327-M13 in RNase H digestion can
be explained by the nature of the weak bond between 327-M13
and 16S rRNA at the MM base. Another example that dem-
onstrated unclear discrimination from a PM probe was the

327-M1 probe. The probe contained a single-base mismatch at
position 1 (5� terminal) of the oligonucleotide (i.e., a T3A
change in the base). In this case, we could not clearly identify
the reasons why such imprecise discrimination occurred. How-
ever, this finding suggested that the single-base mismatch at
the 5� terminus of oligonucleotides with nontargeted species of
rRNA should be avoided in the development of scissor probes
to be used for RNase H digestion.

Regarding the length of scissor probes, we found that 18-
mer probes showed better discrimination between the PM
probe and MM probes compared to longer scissor probes (i.e.,
20-mer probes) (Table 1). This result was likely due to the
relatively stable heteroduplex formation between the longer
oligonucleotides and rRNA. This finding suggested that scissor
probes should be shorter than 20 mer for the precise detection
of targeted rRNA in the present method.

Evaluation of scissor probes for different microbial groups.
We then evaluated oligonucleotide scissor probes which target
16S rRNA sequences of important groups of microbes, i.e., the
prokaryotes (including Bacteria and Archaea) (31), the domain
Bacteria (5), the domain Archaea (50), the family Methano-
saetaceae (43), and the genus Thiothrix (27) (Table 2) for use in
our sequence-dependent cleavage method. The nucleotide se-
quences of the UNI530 probe for virtually all prokaryotes, the
EUB338 probe for Bacteria, and the G123T probe for Thiothrix
were obtained from previous studies and were directly used as
scissor probes. The ARC915m probe for Archaea and the
MX825m for Methanosaeta were developed in this study, with
slight modifications of the previously published oligonucleo-
tide probes ARC915 and MX825, respectively; the original
probes were shortened to 18-mer probes according to the
guidelines for creating scissor probes used in this study (see
above). The 16S rRNAs of E. coli, T. disciformis, M. concilii,
Methanosarcina barkeri, and L. pneumophila were synthesized
in vitro with T7 RNA polymerase and were subjected to cleav-
age reaction with the scissor probes at different concentrations
of formamide in hybridization-digestion buffer. The probe dis-
sociation curves of individual probes are shown in Fig. 6; using
these curves, we determined the optimum formamide concen-
tration at which each scissor probe would specifically cleave
only the targeted 16S rRNA. For example, the EUB338 probe
could cleave only bacterial 16S rRNA at a formamide concen-
tration of 20% (Fig. 6A). Under these conditions, 96% of the
total E. coli 16S rRNA was digested reproducibly; this value
remained constant throughout the range of concentrations of
E. coli rRNA that was tested (50 to 500 ng in a 50-�l reaction
mixture; data not shown). Therefore, we defined the optimum
formamide concentration to be 20%, and a coefficient value
(i.e., a “cleavage coefficient”) of 0.96 was employed for esti-
mating the amount of targeted rRNA in complex rRNA mix-
tures. To judge whether or not this approach (i.e., the use of
formamide and a cleavage coefficient) would be feasible for
mixed rRNA samples containing different rRNA molecules,
we then applied this protocol to model rRNA mixtures. For the
quantitative detection of targeted species of rRNA molecules
in mixed 16S rRNA transcripts, the known amounts of tran-
scribed 16S rRNA of E. coli and M. concilii were mixed to give
a range of different ratios of E. coli 16S rRNA to M. concilii
16S rRNA (0 to 100% of E. coli rRNA in the total rRNA) (Fig.
7). The mixed rRNAs were subjected to a cleavage reaction

FIG. 5. Effect of single-base mismatches between oligonucleotides
and E. coli 16S rRNA on the rRNA scission reaction. A PM probe
(327-18) and MM probes containing a single-base MM at different
positions and of different types were used for the cleavage of E. coli
whole RNA at different formamide concentrations.
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with the EUB338 scissor probe in hybridization-digestion
buffer containing 20% formamide. During digestion, the
amount of fragmented rRNA was directly measured by an
electropherogram, and the results were subsequently corrected
with a coefficient value of 0.96 (see above) to estimate the
actual values of the proportions; i.e., the measured values were
divided by the coefficient to give the actual estimates. The data
in Fig. 7 clearly demonstrated that this method could be used
for the quantitative determination of specific 16S rRNA mol-
ecules; the experimentally estimated ratios correlated well with
the actual ratios (at least within a range of 0.5% to 100%), and
the estimated values were highly reproducible upon duplicate
examination.

These examinations led us to conclude that the RNase H
cleavage method developed here is applicable for the quan-
titative measurement of specific 16S rRNA fragments in
complex rRNA samples. More importantly, it was clearly
demonstrated that the stringency of the cleavage reactions
could be properly controlled by using formamide and a
cleavage coefficient for the precise and quantitative discrim-
ination of different species of rRNA. The findings also re-
vealed that previously published oligonucleotide probes
could be employed directly, or with slight modifications,
when used in this method. We optimized the conditions for
the specific cleavage of rRNA of prokaryotes, Bacteria, Ar-
chaea, Methanosaeta, and Thiothrix, as summarized in Table

FIG. 6. Probe dissociation curves of scissor probes under increasingly stringent hybridization and digestion conditions for the cleavage
reactions. For each graph, data points indicate percentages of cleaved 16S rRNA in the total 16S rRNA estimated from electropherograms of RNA
fragments with duplicate determinations (error bars indicate standard deviations). (A) Probe EUB338, specific for the domain Bacteria; (B) probe
ARC915m, specific for the domain Archaea; (C) probe MX825m, specific for the genus Methanosaeta; (D) probe G123T, specific for the genus
Thiothrix. In all of the experiments, in vitro-transcribed 16S rRNAs of each representative microbe were used for the digestion. For each probe,
the probe sequences and the corresponding target sequences of the 16S rRNA of the tested organisms are indicated; dashes in the nontargeted
rRNA sequences represent nucleotides identical to those of the targeted rRNA sequences. The vertical dotted lines indicate the optimum
formamide concentrations for individual probes.
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2, and we then used the probes for further analysis of actual
community samples.

Quantitative detection of various microbial groups in com-
plex ecosystems. By using acid phenol extraction and DNase
treatment procedures, we prepared highly intact total RNAs
from activated sludge treating sewage, from anaerobic sludges
treating waste or wastewater, and from cow feces. In all cases,
sharp RNA bands corresponding to 16S rRNA and 23S rRNA
were visualized upon electrophoresis. In some samples, low-
molecular-weight RNA-like bands were observed upon gel
electrophoresis (data not shown), but such substances could be
removed by using an RNA or DNA purification column (see
Materials and Methods). Consequently, highly purified RNAs
were successfully obtained from all samples (Fig. 8A). Simi-
larly, the direct ribosome extraction method developed by Fel-
ske et al. (16) may also be used for this purpose.

By using the total extracted RNA, we measured the abun-
dance of populations of prokaryotes, Bacteria, Archaea, Meth-
anosaeta, and Thiothrix with this 16S rRNA-based RNase H
digestion method (Fig. 8 and Table 3). Figure 8B to E shows
examples of the resultant RNA fragment patterns with various
oligonucleotides and actual RNA samples.

(i) Quantitative detection of prokaryotic populations. By
using the UNI530 probe specific for the 16S rRNA of virtually
all prokaryotes, almost all of the SSU rRNA was cleaved into
two fragments (Fig. 8B). The resulting fragments (correspond-
ing to 500 and 1,000 nt of the RNA fragments) were in good

accordance with the predicted fragments generated with the
probe, suggesting that the targeted rRNA was precisely cut
into two segments. By this cleavage method, the total pro-
karyote populations were estimated to account for 63 to 96%
of the total organisms present in all of the samples, based on
SSU rRNA. Interestingly, all of the samples had certain frac-
tions of 16S rRNA which were not cleaved with the UNI530
probe, even if the correction with cleavage coefficients was
taken into consideration; this finding may indicate that all of
the samples contained some 16S rRNA molecules that do not
hybridize with the prokaryote-universal probe. It may also be
possible that certain rRNA molecules hinder the access of an
oligonucleotide and/or RNase H to the targeted site, depend-
ing on the respective tertiary structure of the rRNA, even
though the targeted site is complementary to the oligonucleo-
tide used. Surprisingly, only 63% of the total SSU rRNA from
anaerobically digested sewage sludge could be digested with
the universal probe.

(ii) Detection of bacterial and archaeal populations. The
abundance of bacterial 16S rRNA was estimated to be 47 to
91% of the total SSU rRNA in all RNA samples with the
EUB338 probe (Table 3). In contrast, archaeal rRNAs were
detected only in digested sewage sludge (16% of total SSU
rRNA) (Fig. 8C) and anaerobic sludge (UASB granular
sludge; 21% of the total SSU rRNA) (Table 3). To compare
the data with the estimation by a more standard hybridization
method, quantitative membrane hybridization was performed
for the same RNA samples (Table 3). The abundance of ar-
chaeal populations estimated by the membrane hybridization
method are in good agreement with the data obtained by the
RNase H cleavage method (Table 3), suggesting that the
present method is comparable with other established methods
in terms of the quantitativeness of a particular population in
actual samples. In addition, fluorescence in situ hybridization
with the ARC915 probe, specific for Archaea, showed similar
population structures within the samples, as measured by the
present cleavage method (data not shown). The data obtained
by the present method were also in good agreement with find-
ings from other reports on community analyses of similar sam-
ples (20, 42, 44, 48).

(iii) Detection of Methanosaeta populations. Members of
Methanosaeta, which are well-recognized aceticlastic methano-
gens (26, 39), were also examined by using the MX825m probe
for all samples; peaks at the predicted positions of the rRNA
fragments in the electropherogram were detected only in the
digested sewage sludge and anaerobic wastewater sludge sam-
ples (Fig. 8D and Table 3). The abundance of these popula-
tions was calculated to be 5 to 14% of the total populations,
based on rRNA. These estimates were in good agreement with
the data obtained by the membrane hybridization method (Ta-
ble 3). In addition, the two anaerobic samples showed a num-
ber of MX825-positive rods when they were examined with
fluorescence in situ hybridization (data not shown). Methano-
saeta species were frequently detected in molecular ecological
surveys of anaerobic sludge such as UASB granular sludge and
digested sewage sludge (20, 42, 44, 46, 47, 51). Therefore, these
values were within the range of the known abundances of
Methanosaeta reported from previous observations, and these
results very likely reflect the actual population (activity) sizes
in the present samples.

FIG. 7. Quantitative detection of bacterial (E. coli) 16S rRNA mol-
ecules with the sequence-dependent rRNA cleavage method in artifi-
cially mixed 16S rRNA transcripts containing E. coli 16S rRNA and M.
concilii 16S rRNA. Probe EUB338 was used as the scissor probe with
a formamide concentration of 20% for the hybridization-digestion
buffer. Defined (actual) percentages of E. coli rRNA in the total rRNA
are plotted along the x axis, whereas the measured values of the
percentages obtained by the present methods are shown along the y
axis. The values on the y axis were estimated from the electrophero-
grams of digested RNA, with corrections made with a cleavage coef-
ficient of 0.96.
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(iv) Detection of Thiothrix populations. Members of the ge-
nus Thiothrix are recognized as potential bulking agents in
activated sludge systems, and this genus is known for its unique
multicellular filamentous morphology, previously identified as
Eikelboom type 021N (14, 27). The oligonucleotide probe
(G123T) targeting the 16S rRNA of the Thiothrix species was
used for the quantitative detection of Thiothrix populations in
all of the RNA samples. Since several other microorganisms
such as L. pneumophila were found to have similar 16S rRNA
sequences within the targeted site (single-base MM) (27), a
high-stringency condition was employed for resolving the tar-
geted rRNA from the MM sequences. As shown in Fig. 6D, we
determined the optimum formamide concentration (30%) re-
quired to specifically digest the target rRNA, although we had
to sacrifice the complete digestion of the targeted rRNA
(cleavage coefficient, 0.55) (Table 2). We applied this scissor
probe to activated sludge samples under the optimized condi-
tions. As shown in Fig. 8E, two peaks corresponding to ap-
proximately 690- and 850-nt RNA fragments were detected in
the activated sludge (I), whereas these peaks were not seen in
the RNase H digestion of the same RNA sample without the
addition of a scissor probe (data not shown). Since the scissor
probe G123T was expected to hybridize at around position 700
of the 16S rRNA (697 to 714 in the E. coli 16S rRNA num-
bering system), the two peaks were highly likely to be the
rRNA fragments formed by the correct cleavage of the tar-
geted rRNA. According to our cleavage analyses, the abun-
dance of the targeted rRNA of Thiothrix species in activated
sludge (I) was estimated to be approximately 3% of the total
SSU rRNA (Table 3; the value was estimated by correction
with a cleavage coefficient of 0.55). In fact, fluorescence in situ
hybridization with the Cy-3-labeled G123T probe (27) revealed
that a number of Thiothrix-like G123T-positive filaments were
present in activated sludge (I) (Table 3). In contrast, G123T-
reactive filaments were rarely found upon fluorescence in situ
hybridization of the activated sludge sample (II), which was
consistent with the data obtained from the sequence-specific
cleavage of the rRNA. In addition, few G123T probe-positive
cells were detected upon whole-cell hybridization in the case of
the other actual community samples (data not shown). Simi-
larly, membrane hybridization data suggested the same mag-
nitudes of the abundance of these populations in respective
samples (Table 3). The activated sludge (I) did not show a
severe bulking phenomenon, but it did have had good settling
properties; thus, the data indicated that Thiothrix populations
are present in small amounts in typical activated sludges
(	3%, based on rRNA).

All of these examinations suggested that the present method
was applicable to actual complex ecosystems. Because this
method does not require an external RNA standard for each
experiment, as is required for membrane hybridization, and
because the present method is relatively easy to perform within
a short period of time (i.e., within 2 h), this technique may
provide direct, rapid, and easy means of quantitatively detect-
ing particular groups of microbes based on their rRNA. RNA-
dependent community analysis is known to indicate the in situ
activity of individual members in ecosystems for the following
reasons: (i) RNA synthesis is known to reflect the in situ
growth rates of organisms (6, 41), and (ii) the turnover of RNA
is thought to be much higher than that of DNA. Therefore,

rRNA-dependent molecular techniques like the present one
provide precise information about the dynamic nature of indi-
vidual microbes in systems. The rRNA cleavage method de-
veloped here has the potential to facilitate rapid and easy
evaluation of individual rRNAs for real-time measurements.
Therefore, a wide range of applications of this method will
contribute to a better understanding of the active and dynamic
populations in particular environments. In addition, the
present method can also be applied for separating particular
rRNA molecules of interest (e.g., isolation of rRNA molecules
that are cleaved by scissor probes targeting specific groups or
isolation of molecules that are not cleaved by scissor probes
targeting general groups). Potential fields of study that may
benefit from this technology might be those involving stable
isotope probing based on rRNA (34, 35); such studies would
aim to explore the functions of uncultured organisms.

Drawbacks of the present cleavage method. The method we
developed here has two major drawbacks: (i) intact and high-
purity RNA samples, in which sharp rRNA bands can be seen,
must be prepared from fresh samples, and (ii) rRNAs from
low-abundance microbial populations (	1 to 2% of the total
SSU rRNA) cannot be clearly detected. The quality of the
RNA samples is the most critical factor when using this
method. For example, degradation of rRNA in samples prior
to cleavage led to a higher background of RNA banding pat-
terns in the electropherograms, which caused problems in dis-
tinguishing digested rRNA fragments from background sig-
nals. Therefore, the quality of the RNA should be very
carefully taken into consideration when using the present
method. In addition, the detection of rRNA from low-abun-
dance microbial populations may be, to some extent, limited
for the following reasons: (i) short fragments of RNA (digested
rRNA fragments) are relatively difficult to detect when com-
pared to the same moles of large RNA molecules (intact 16S
rRNA) stained with nucleotide-binding fluorescence dyes, and
(ii) from nt 200 to 1500, several RNA fragments such as
mRNAs are usually contained in certain amounts, and these
give a smear background in the RNA banding pattern. Some of
these obstacles might be overcome by improving the experi-
mental procedures, for example, by enriching only SSU rRNA
fragments from whole RNA samples or by labeling either of
the termini of SSU rRNA with fluorescence dyes. Further
improvements should be incorporated into the present method
to achieve a more clear and sensitive detection of rRNA frag-
ments. Methods for preserving RNA molecules in preserved
specimens should be also developed.

Conclusions. In this study, we have developed a novel
method for the detection and quantification of microorganisms
based on the sequence-specific digestion of microbial SSU
rRNA using DNA probes (scissor probes) and RNase H. Se-
quence-specific SSU rRNA cleavage of particular groups at a
range of phylogenetic levels as well as the quantitative detec-
tion of targeted rRNA molecules were successfully achieved
using these experimental protocols. The molecular method
proposed here was fully applicable to actual ecosystems con-
taining complex microbial communities, providing reproduc-
ible data regarding quantitative measurements of specific mi-
crobial populations based on their rRNA. Of particular
interest in this context are the following advantages of this
method: (i) the experimental procedures are very simple to
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carry out and can be completed within less than 3 h, (ii) the
present method requires only a thermal controller and an
electrophoresis unit, and (iii) the method does not require an
external RNA standard in each experiment for the quantitative
estimation of targeted RNA (as is required for membrane
hybridization) and can easily accomplish the calculation of the
proportion of targeted SSU rRNA relative to the total SSU
rRNA. In this regard, this approach has the potential to pro-
vide a fast and easy means for the quantitative detection and
identification of microbes of interest as is required in clinical,
pharmaceutical, and environmental microbiology.
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9. Crouch, R. J., and J. J. Toulmé. 1998. Ribonucleases H. Les Editions IN-
SERM, Paris, France.

10. Daims, H., N. B. Ramsing, K. Schleifer, and M. Wagner. 2001. Cultivation-
independent, semiautomatic determination of absolute bacterial cell num-
bers in environmental samples by fluorescence in situ hybridization. Appl.
Environ. Microbiol. 67:5810–5818.

11. Davies, J. F., Z. Hostomska, Z. Hostomsky, S. Jordan, and D. A. Matthews.
1991. Crystal structure of the RNase H domain of HIV-1 reverse transcrip-
tase. Science 252:88–95.

12. DeLong, E. F. 1992. Archaea in coastal marine environments. Proc. Natl.
Acad. Sci. USA 89:5685–5689.

13. Donis-Keller, H. 1979. Site specific enzymatic cleavage of RNA. Nucleic
Acids Res. 7:179–192.

14. Eikelboom, D. H. 1975. Filamentous organisms observed in activated sludge.
Water Res. 9:365–388.

15. Fantroussi, S. E., H. Urakawa, A. E. Bernhard, J. J. Kelly, P. A. Noble, H.
Smidt, G. M. Yershov, and D. A. Stahl. 2003. Direct profiling of environ-
mental microbial populations by thermal dissociation analysis of native
rRNAs hybridized to oligonucleotide microarrays. Appl. Environ. Microbiol.
69:2377–2382.
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