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Summary

Summary

Fluorescence in situ hybridization (FISH) with rRNA-targeted oligonucleotide probes

facilitates the rapid and specific identification of individual microbial cells in their

natural environments. Detailed knowledge of methodological aspects of the FISH

protocol is of great importance for understanding the potential and limitations of the

technique.

In this thesis the regional differences in hybridization efficiency of Cy3-labeled

oligonucleotides to small subunit ribosomal RNA have been systematically stUdied.

The in situ accessibility of small-subunit rRNA was investigated for the bacteria

Escherichia coli and Pirellula sp. strain 1, the archaeon Metallosphaera sedula, and

the yeast Saccharomyces cerevisiae. Additionally, the efficiency of probe binding to

the 01/02 domains, located at the 5' end of the 26S rRNA of Saccharomyces

cerevisiae, has been evaluated. The in situ accessibility data are more similar for

phylogenetically more closely related organisms. Differences in probe-conferred

fluorescence correlated most strongly with intra-helix secondary rRNA-rRNA

interactions. Future updates of the probe design software package ARB will include

information on the in situ accessibility of ribosomal RNA to oligonucleotide probes.

Data from the probe binding study of Escherichia coli 16S rRNA has been

systematically evaluated with respect to the currently available models of the three­

dimensional structure of the small ribosomal subunit. Although the small-subunit

rRNA is a highly conserved molecule, the data presented in this study show that the

3D-structure of the native small ribosomal subunit is not relevant to probe

hybridization, likely because FISH is performed in a strongly denaturing environment.

Probe hybridization without sodium dodecylsulfate in the hybridization buffer was

very low.

In the third part of this thesis the relevance of nucleotide specific quenching for

FISH was addressed for the first time. The 5' end sequence of carboxyfluorescein­

labeled oligonucleotide probes was investigated for their influence on probe

fluorescence intensity before and after duplex formation. Probes quenched upon

hybridization to their complementary sequence in solution were not quenched upon

FISH. A statistical analysis of 113 carboxyfluorescein-Iabeled oligonucleotide probes

hybridized to whole fixed Escherichia coli cells suggested that the nucleotide

sequence in close proximity to the probe's 5' end does not affect probe-conferred

fluorescence upon FISH.



Zusammenfassung

Zusammenfassung

Die Fluoreszenz-In Situ-Hybridisierung (FISH) ermbglicht die schnelle und

spezifische Identifizierung von einzelnen Mikroorganismen in ihrem natOrlichen

Habitat. Das genaue Studium methodischer Aspekte des FISH Protokolls ist von

immenser Bedeutung fOr das Verstandnis der M6glichkeiten und Grenzen dieser

Technik.

Der erste Teil dieser Arbeit beschaftigt sich mit der Untersuchung von lokalen

Unterschieden in der Hybridisierungseffizienz von Cy3-markierten Oligonukleotid­

sonden nach Bindung an die RNA der kleinen ribosomalen Untereinheit. Dabei stand

die systematische Untersuchung der Zuganglichkeit der 16S ribosomalen RNA

(rRNA) der Bakterien Escherichia coli und Pirellula sp. strain 1, sowie des

Archaebakteriums Metallosphaera sedula und der 18S rRNA der Hefe

Saccharomyces cerevisiae , als Vertreter der Eukaryoten, im Mittelpunkt. Desweitern

wurde die Sondenbindungseffizienz an die D1/D2 Domane am 5' Ende der 26S

rRNA von Saccharomyces cerevisiae betrachtet. Die Unterschiede in der Sonden­

vermittelten Fluoreszenz korrelierten am besten mit sekundaren intrahelicalen rRNA­

rRNA Wechselwirkungen. Die Ahnlichkeit der ermittelten Sondenzuganglichkeit fOr

die verschiedenen rRNAs ist fOr phylogenetisch naher verwandte Organismen

gr6~er. ZukOnftige Versionen des weltweit zur Sondenentwicklung genutzten

Computerprogramms ARB werden die in dieser Arbeit ermittelten Informationen Ober

die unterschiedlichen Sondenbindungseigenschaften an die rRNA enthalten.

1m zweiten Teil dieser Arbeit wurden die Daten Ober die unterschiedlichen

Sondenbindungseffizienzen an die rRNA von Escherichia coli mit dem gegenwartig

aktuellen 3D-Strukturmodell der kleinen ribsomalen Untereinheit verglichen. Obwohl

die raumliche Struktur des Ribosoms hoch konserviert ist, konnte gezeigt werden,

dass die native 3D-Struktur der kleinen ribsomalen Untereinheit nicht geeignet ist, die

lokalen Hybridisierungsunterschiede von Oligonukleotidsonden mit rRNA zu erklaren.

FISH wird unter stark denaturierenden Bedingungen durchgefUhrt. Ohne

Natriumdodecylsulfat in der Hybridisierungsl6sung war die Sondenhybridisierung

stark eingeschrankt.

1m dritten Teil dieser Arbeit wurde die Bedeutung der Nukleobasen­

spezifischen Fluoreszenz-Auslbschung (Quenching) fUr FISH untersucht. Dazu

wurde der Einfluss der Sequenz am 5' Ende von Carboxyfluorescein-markierten

Oligonukleotidsonden auf die Sonden-vermittelte Fluoreszenz vor and nach
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Zusammenfassung

Dappelstrangbildung untersucht. Selbst fOr Sanden, die nach Hybridisierung in

Losung eine Reduktian der Fluareszenz zeigten, kannte kein Quenching der

Fluareszenz bei der FISH nachgewiesen werden. Eine erste Durchsicht van 113

Carbaxyfluarescein-markierten Sanden nach Hybridisierung mit fixierten Escherichia

coli Zelien ergab keinen signifikanten Einfluss der Nukleatidsequenz in der Nahe des

Fluarenszenzfarbstaffs auf die Sanden-vermittelte Fluareszenz. Weitere statistische

Untersuchungen sind im Gange.
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Introduction

A Introduction

1 Ribosomal RNA-Targeted Oligonucleotide Probes for Investigation of

Microorganisms

One major objective in applied and environmental microbiology is the accurate

identification and quantitative description of microorganisms in their natural

environment. The limited morphological detail of most microorganisms prevents the

visual identification possible with higher plants and animals. Traditional cultivation­

based methods are slow and selective, and normally result in an incomplete picture

of the real community composition (Wagner et a/., 1993). In recent years, there have

been attempts to use PCR-based assays for the rapid and sensitive detection of

microorganisms that have so far proven impossible to culture (Liu et a/., 1997;

Muyzer et a/., 1993). Although quantitative PCR allows quite precise measurements

of gene copy numbers, PCR-based techniques provide only semi-quantitative

estimates of cell numbers and the spatial distribution of microorganisms (Everett et

a/., 1999; ludwig & Schleifer, 2000; Pahl et a/., 1999; Pusterla et a/., 1999). In the

past 25 years the comparative analysis of homologous ribosomal RNA (rRNA)

sequences and the genes encoding them has fundamentally revolutionized the field

of microbial taxonomy. rRNA sequences can be retrieved directly from the

environment without prior cultivation of the organism of interest (Amann et a/., 1995;

Giovannoni et a/., 1990; Hugenholtz et a/., 1998; Olsen et a/., 1986). Fluorescence in

situ hybridization (FISH) with rRNA-targeted oligonucleotide probes, combines the

precision of nucleic acid hybridization with the visual information of microscopy,

permitting visualization and quantification of the microorganism behind an rRNA

sequence (Figure 1). Since the initial application of fluorescently labeled rRNA­

targeted oligonucleotide probes as 'phylogenetic stains' for the in situ detection of

whole fixed cells (Delong et a/., 1989), FISH has become a common and reliable

method for the direct, cultivation-independent identification of individual microbial

cells in natural samples (Amann et a/., 1995; Moter & Gobel, 2000).

rRNA-targeted oligonucleotide probes are ideally suited to investigation of the

composition of complex microbial communities. There are many good reasons for

targeting probes to 16/18S rRNA of the small subunit of the ribosome (SSU rRNA) or

to the 23S/28S rRNA of the large subunit of the ribosome (lSU rRNA) (Woese,

1987): rRNA molecules are found in all living organisms. They occur in high copy

6
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FIG. 1. Flow chart showing the application of rRNA-targeted nucleic acid probes for the cultivation-independent
identification of microorganisms in an environmental sample. Modified after Amann et a/., 1995.

numbers, are relatively stable, and have a length of about 1500 (16S) and 3000

(23S) nucleotides comprising variable and highly conserved sequence domains

(Amann et at., 1990; Amann et at., 1995). However, the major advantage is the

availability of comprehensive rRNA sequence databases (Cole et at., 2003; Ludwig et

at., 2003; Wuyts et aI., 2002). Currently the ARB database contains 30,000 aligned

SSU rRNA sequences and 1,500 LSU rRNA sequences. Comparative sequence

analysis allows the identification of short sequence stretches (15 to 20 nucleotides)

unique to a group of microorganisms ranging from whole phyla to individual species.

Computer-based algorithms (Ashelford et at., 2002; Ludwig et at., 2003; Pozhitkov &

Tautz, 2002) have been used to design several hundred rRNA-targeted

oligonucleotides applicable for FISH. Recently, an online database has been

established that contains more than 700 published probes and their characteristics

(Loy et at., 2003).

7



Introduction

2 Limitations of rRNA-Targeted Probes and Methodological Improvements

to Overcome Them

While the importance of FISH for microbiology and biotechnology is undisputed, the

standard protocol has certain limitations. The procedure must be optimized for each

target group to achieve good probe penetration of cells while maintaining

morphological integrity. For example, Gram-positive bacteria need different fixation

protocols than Gram-negative bacteria (Beimfohr et al., 1997; Erhart et al., 1997;

Roller et al., 1994; Sekar et aI., 2003) to sufficiently permeabilize their more rigid cell

wall of multiple peptidoglycan layers, lipoteichoic acids, and teichuronic acids.

Other limitations of the FISH technique include the limitations on

oligonucleotide probe access imposed by rRNA secondary structure, the limited

detectability of mono-labeled oligonucleotide probes and the lack of automation. In

the following sections the current limitations of the standard FISH protocol are

described and methodological improvements to overcome many of them are

discussed.

2.1 The Target Molecule

rRNA has a relatively slow mutation rate. Therefore it is generally impossible to find

target sites on the 16S rRNA that allow strains of a prokaryotic species to be

distinguished, and sometimes even different species will have identical 16S rRNA

(Fox et al., 1992). The 23S rRNA molecule, which is approximately twice as long,

may be a useful target in such cases. Another problem can be the heterogeneity

among rRNA operons of a single organism. For the archaeon Haloarcula

marismortui, 16S rRNA sequence dissimilarities of 5% have been found for the two

rrn operons (Mylvaganam & Dennis, 1992). Interoperon differences have also been

described in bacterial species (NObel et al., 1996; Wang et al., 1997).

There are also problems with probes designed to target the rRNA sequences

of yet uncultured organisms. Optimization of hybridization and washing conditions for

these probes cannot precisely be done. Recently, Schramm and coworkers (2002)

(Schramm et al., 2002) reported a FISH protocol for detection of heterologous rRNA

transcribed in Escherichia coli (Clone-FISH). 16S rRNA genes cloned from the

environment are transcribed in vivo using plasmids with a T7 RNA polymerase

promotor and Escherichia coli host cells with an isopropyl-beta-D-thiogalacto­

pyranoside (IPTG)-inducible T7 RNA polymerase. Heterologous rRNA transcripts can

8
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be detected by FISH within the E. coli cells. Clone-FISH is generally applicable for

the validation of probes that target organisms for which no pure cultures are available

and for the rapid screening of environmental rRNA gene libraries for those clones

carrying the genes of interest.

Further limitations come from the fact that rRNA diversity has only partially

been described (Amann et al., 1995; Olsen et al., 1986). If a probe is designed to be

specific for a defined group of organisms based on the currently available data set, it

may also hybridize with as yet unknown organisms. Therefore, it is recommended to

target one population with more than one probe (Amann & Ludwig, 1994; Amann,

1995). The multiple probe approach (Ludwig et al., 1998) involves the use of nested

probes specific for the genus, species, and sequences of interest, or of two or three

probes that target the same population. The simultaneous application of two or three

differently labeled probes allows the identification of 'cross-hybridizing' populations in

a sample (Amann et al., 1996). Finally, the ability to quantify populations in complex

microbial communities is dependent on a high-quality rRNA sequence database,

which must be continually enlarged and updated.

2.2 Cellular Ribosome Content

The ribosome content of bacterial cells varies among species or, within one species,

for cells in different physiological states. The influence of cellular growth rate and

nutritional status on cell detection by FISH has extensively been studied (Amann et

at., 1995; ada et al., 2000). Since the FISH signal directly depends on the number of

target molecules present within a cell, cells with low ribosome content are difficult to

detect with mono-labeled rRNA-targeted oligonucleotide probes. To improve FISH

detection of cells with low ribosome content, attempts have been made to boost

cellular ribosome content before cell fixation, by preincubation in a mixture of

substrate and antibiotics to activate rRNA synthesis without cell division. Increased

fluorescence signals have been reported for bacterial biofilms in oligotrophic drinking

and cooling water systems after pretreatment with different substrates and

chloramphenicol or pipemidic acid (Kalmbach et al., 1997; McDonald & Brazel,

2000). The problem with this approach is that community shifts may be induced by

the selectivity of substrates and antibiotics.

9
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2.3 Polyribonucleotide Probes

FISH studies with mono-labeled oligonucleotide probes in oligotrophic environments

are often hampered by the low rRNA content of the target cells. Therefore, slow­

growing or starving cells frequently remain undetected. Polyribonucleotide probes are

16S and/or 23S rRNA gene transcripts, usually several hundred nucleotides long,

labeled with several fluorophores. Polyribonucleotide probes are produced by

incorporation of labeled nucleotides during in vitro transcription (Delong et al., 1999;

Karner et al., 2001; Trebesius et al., 1994) or PCR (Zimmermann et al., 2001). They

have proven to detect a significantly higher percentage of prokaryotes than FISH with

mono-labeled oligonucleotide probes (Pernthaler et a/., 2002b). Domain-specific

polyribonucleotide probes have successfully been applied to differentiate between

bacteria and archaea (Delong et al., 1999; Karner et al., 2001; Pernthaler et a/.,

2002b). However, polyribonucleotide probes also target many conserved sites, and

therefore do not allow discrimination between closely related groups of

microorganisms. Shorter polyribonucleotide probes that target a variable region of

250 nucleotides of the 23S rRNA enable differentiation among genera (Trebesius et

a/., 1994). Another disadvantage of polyribonucleotide probes is that they cannot be

commercially purchased. Their production in the laboratory is expensive and time­

consuming, may result in uneven quality, and the probes are susceptible to

enzymatic or chemical degradation.

2.4 Peptide Nucleic Acids

Peptide nucleic acid (PNA) molecules are DNA analogs with an uncharged

polyamide backbone. They bind to nucleic acids much more strongly than

oligonucleotide probes because there is no electrostatic repulsion between the PNA

probe and the negatively charged sugar-phosphate backbone of the target molecule

(Egholm et a/., 1993; Perry-O'Keefe et a/., 2001; Ray & Norden, 2000).

Hybridizations can be performed at low salt concentrations and high temperatures,

which decreases the stability of the rRNA secondary structure and makes probe

target sites more accessible. The application of PNA probes for FISH has improved

the staining of Gram-positive bacteria (Oliveira et a/., 2002; Stender et a/., 1999),

marine cyanobacteria (Worden et a/., 2000), and tap water samples (Prescott &

Fricker, 1999). Currently, relatively high prices and the fact that oligonucleotide

probes can not simply be converted into PNA probes limit the application of peptide

10
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nucleic acids to FISH. PNA probes need to be shorter than DNA probes (::;15

nucleotides, compared to 17-30 nucleotides) because the high dissociation

temperatures required for longer probes can destroy fixed microbial cells.

2.5 Enzymatic Signal Amplification

Schonhuber and coworkers (1997) significantly enhanced the signal intensities of

hybridized cells by the application of horseradish peroxidase (HRP)-Iabeled

oligonucleotide probes and tyramide signal amplification (TSA) (SchOnhuber et al.,

1997). This technique is also known as catalyzed reporter deposition (CARD)-FISH.

The critical step in this approach is the diffusion of the large HRP-Iabeled

oligonucleotide into whole fixed cells. The protocol requires a very carefully controlled

permeabilization step prior to the enzymatic signal amplification, balancing

permeability with cellular integrity (Schonhuber et al., 1999). Therefore, the universal

applicability of this technique was limited, because cell wall composition varies

greatly among prokaryotes (Schonhuber et al., 1997). Recently, Pernthaler and

colleagues modified the permeabilization procedure of the protocol for FISH with

HRP-Iabeled oligonucleotide probes for the quantification of planktonic and benthic

marine bacteria (Pernthaler et al., 2002a). In this protocol the cells are embedded in

low-gelling point agarose to prevent cell loss during permeabilization by controlled

lysozyme digestion. Application of the CARD-FISH protocol for the analysis of North

Sea bacterioplankton samples showed that 94% of the total cell counts were

detectable with a universal bacterial probe. The fluorescently labeled derivative of the

same probe revealed detection rates of only 48%. For the permeabilization of Gram­

positive cell walls an additional digestion step with the enzyme achromopeptidase

has been recommended (Sekar et al., 2003).

2.6 Self-Ligating Probes

The application of standard oligonucleotide probes requires stringent washing

conditions after hybridization to decrease background fluorescence caused by

unspecific binding of labeled probes to sample material. It has been reported that

synthetic quenched DNA probes (QUAL probes) have the potential to reduce this

problem (Sando & Kool, 2002a). QUAL probes are oligonucleotide pairs that target

adjacent regions on the rRNA. One probe carries a fluorophore that is quenched by a

5'-dabsylthymidine group. The other probe has a phosphorothiolate group at its 3'

11
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end. Hybridization of both probes brings the two reactive groups into close proximity.

A nonenzymatic self-ligation reaction covalently connects both probes leading to the

release of the quenching group (Sando & Kool, 2002b) (Figure 2). The fluorescence

unquenching results in a strong signal change when the two oligonucleotide probes

are joined. The technique allows detection of bacterial rRNA in whole cells without

washing steps because fluorescence is only achieved upon specific hybridization of

both probes. However, probe design may be more complicated, since two probes

that target adjacent regions are needed, and the synthesis of the self-ligating probes

is costly.

FIG. 2. The use of quenched autoligation (QUAL) probe pairs in bacterial RNA sensing. Loss of dabsyl results in
"lighting up" of the fluorescent signal, reporting on the bond-formation reaction in real time. Figure taken from
Sando and Kool (2002), J. Am. Chem. Soc. 124, 9686-9687.

2.7 Nucleotide-Specific Quenching of Fluorescent Dyes

In multiple biophysical and biochemical applications of fluorescently labeled

oligonucleotides it has been observed that the fluorescence of several conjugated

dyes is sensitive to the sequence environment around the point of attachment

(Cooper & Hagerman, 1990; Lee et a/., 1994; Sauer et a/., 1998; Walter & Burke,

1997). The fluorescence quenching of fluorescent dyes conjugated to

oligonucleotides can be attributed to interactions between the dye and nucleobases

(Cooper & Hagerman, 1990; Draganescu et a/., 2000; Edman et a/., 1996; Eggeling

et a/., 1998; Fukui et a/., 1999; Horn et a/., 1997; Jia et a/., 1997; Lee et a/., 1994;

Walter & Burke, 1997). Most dyes are quenched by the nucleobase guanine

(Atherton & Harriman, 1993; Crockett & Wittwer, 2001; Marras et al., 2002;

Nazarenko et a/., 2002b; Torimura et a/., 2001; Widengren et al., 1997; Zahavy &

Fox, 1999). Guanine, as the most oxidizable nucleobase, has excellent electron

12
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donating properties (Seidel et al., 1996; Steenken & Jovanovic, 1997). Generally,

f1uorophores emitting light in the green and yellow wavelengths are more affected by

nucleotide quenching than dyes that fluoresce in the blue and red spectral range.

Fluorescence quenching based on interactions between nucleobases and a

fluorochrome involve a photoinduced electron transfer mechanism between a

nucleotide residue and the dye (Edman et al., 1996; Eggeling et al., 1998; Fukui et

al., 1999; Lewis et al., 2001; Lewis et al., 2000; Seidel et al., 1996; Torimura et al.,

2001; Walter & Burke, 1997). Therefore, the fluorescence quenching mechanism is

considered to be distance-dependent.

Fluorescence quenching can also occur upon hybridization of fluorescently

labeled oligonucleotides to their complements. It has been reported that the

fluorescence intensity of oligonucleotides labeled with carboxyfluorescein (FAM) is

decreased after binding to their complementary sequence (Crockett & Wittwer, 2001 ;

Kurata et al., 2001; Lee et al., 1994; Nazarenko et al., 2002a; Nazarenko et al.,

2002b; Torimura et al., 2001). The reduction in fluorescence was attributed to the

presence of guanine bases in close proximity to the dye on the target strand.

Torimura and co-workers (2001) demonstrated that the decrease in signal intensity

using artificial probe-target duplexes could be up to 86% for FAM labeled

oligonucleotides. Whether nucleotide-specific quenching is of relevance for FISH

needs to be proven (Wagner et aI., 2003). Experimental data on the effect of

nucleobase-mediated quenching for FISH with rRNA-targeted oligonucleotide probes

were not available before this thesis.

2.8 Accessibility of Probe Target Sites

The probe-conferred fluorescence depends, in addition to cell wall permeability and

cellular ribosome content, on the in situ accessibility of the probe target site. Not all

target sites on the 16S rRNA are equally accessible. The access of fluorescently

labeled oligonucleotide probes to their targets may be hindered by the three­

dimensional structure of the ribosome which includes rRNA-rRNA interactions as well

as interactions of the rRNA with ribosomal proteins.

The variable accessibility was addressed in preliminary studies, by either

oligonucleotide binding assays on filters (Hill et al., 1990; Lasater et al., 1988) or

FISH (Frischer et al., 1996). In the following years, two systematic studies on the

accessibility of rRNA target sites in whole fixed cells for fluorescent oligonucleotides

13
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have been performed. In 1998, Fuchs and co-workers quantified the fluorescence

signals conferred by 171 carboxyfluorescein labeled oligonucleotides targeted to the

16S rRNA of Escherichia coli (Fuchs et al., 1998). Since then the use of

carbocyanine dyes like Cy3 and Cy5 (Southwick et al., 1990) has greatly increased

the sensitivity of FISH (Glockner et al., 1996). A second study on the in situ

accessibility of the 23S rRNA of E. coli has therefore been performed with Cy3­

labeled oligonucleotide probes (Fuchs et al., 2001). However, rRNA target sites

yielding bright fluorescent signals in E. coli might not work well for other organisms.

The transferability of the E. coli accessibility data to other organisms remained an

open question when this thesis started.

The problem of low signal intensity due to the inaccessibility of probe target

sites can be overcome by the use of helper oligonucleotides. The application of

unlabeled helper oligonucleotides that bind adjacent to the probe target site has been

shown to significantly increase weak probe hybridization signals (Fuchs et al., 2000).

Niemeyer and colleagues suggested a mechanism for the 'helper-effect' in which the

unlabeled oligonucleotide binds to the denatured RNA during hybridization and

prevents the reestablishment of the native secondary structure, thereby keeping the

probe target site open (Niemeyer et al., 1998).

2.9 Automation

One of the most important practical limitations for the wide application of rRNA­

targeted oligonucleotide probes in applied and environmental microbiology is the lack

of automation. Quantitative data on the abundance of in situ stained microorganism

are mostly obtained by time consuming manual microscopic counting. In contrast,

digital image analysis allows the quantification of several hundred stained objects per

sample within a few hours (Daims et al., 2001 b; Schmid et al., 2000). Hybridized cells

are pictured using a confocal laser scanning microscope or an epifluorescence

microscope. The abundance of probe target cells is measured as percentage of the

number of total cells in the sample. Image analysis can be fully automated if

motorized computer-controlled microscopic stage drives are available (Kuehn et al.,

1998; Pernthaler et al., 2003).

Another drawback of the FISH technique is the limited number of probes that

can be applied in one hybridization experiment, especially when the protocol is used

for community analysis on a high level of phylogenetic resolution. In addition, the

14
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multiple probe concept (Ludwig et a/., 1998) recommends the use of more than one

probe per population to check for false-positive and false-negative results (see

chapter 2.1). DNA chips or DNA microarrays allow the simultaneous application of a

nearly unlimited number of probes in a single hybridization experiment (Gupta et a/.,

1999; Hoheisel, 1997). They are based on a reverse hybridization format that makes

use of matrix-immobilized oligo- or polynucleotide probes for the specific capture of

labeled target molecules. The DNA microarray technology has the potential to

facilitate the parallel application of multiple probe sets for environmental studies

(Gupta et a/., 1999; Peplies et a/., 2003; Rudi et a/., 2000; Small et a/., 2001), thereby

complementing FISH.
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3 Linking FISH to Function and Activity

A major challenge for contemporary microbial ecology is the development of methods

that allow the activity and function of microbial cells in natural samples to be

determined with single cell resolution. FISH with rRNA-targeted oligonucleotide

probes has found numerous applications for the identification and localization of

individual microbial cells in their natural environment (Amann et al., 2001; Moter &

Gobel, 2000). However, to gain information on the physiology of the detected cells,

the microbial community composition analysis by rRNA probing has to be combined

with in situ measurements of function.

FISH and microsensor measurements can be combined to study the

distribution and activities of specific microbial populations with similar spatial

resolution (Amann & KOhl, 1998). The first such study focused on the distribution and

activity of sulfate-reducing bacteria in biofilms (Ramsing et al., 1993). FISH in

combination with microelectrode measurements has also extensively been used to

study the structure and function of nitrifying biofilms (Gieseke et al., 2002; Gieseke et

al., 2001; Schramm et al., 2000; Schramm et al., 1999; Schramm et al., 1998;

Schramm et al., 1996).

Another trend is the combination of FISH and microautoradiography (Lee et

al., 1999; Ouverney & Fuhrman, 1999). The simultaneous application of these

techniques allows general physiological activity to be determined, as does the

alternative approach of combining FISH with CTC (5-cyano-2,3-tolyl-tetrazolium

chloride) (Nielsen et al., 2003a). Furthermore, microautoradiography in combination

with FISH is increasingly being used to monitor substrate uptake patterns of probe­

stained bacteria on a single-cell level (Daims et al., 2001 a; Ito et al., 2002; Wagner &

Loy, 2002). In addition, the combination of FISH and microautoradiography has the

potential to identify defined physiological groups of microorganisms in a complex

microbial community. Recently, Nielsen and co-workers quantified the abundance

and phylogenetic affiliation of iron-reducing bacteria in activated sludge by FISH­

microautoradiography (Nielsen et al., 2003b). The use of specific inhibitors excluded

consumption of radio-labeled acetate by other physiological groups such as sulfate

reducers and methanogenic prokaryotes.

Improvements in the FISH technique have led to the in situ visualization of

gene expression by probing of mRNA (Hahn et al., 1993; Honerlage et al., 1995).

Due to the low copy number of mRNA as compared to rRNA, digoxygenin (DIG)-
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labeled polyribonucleotide probe have been used. Detection has been realized by the

use of HRP-Iabeled anti-DIG antibodies and the fluorogenic TSA system (Wagner et

a/., 1998).

Recently, Pernthaler and colleagues reported a method for the microscopic

identification of actively DNA-synthesizing cells in bacterioplankton samples. After

incubation with the halogenated thymidine analogue bromodeoxyuridine (BrdU), the

identification of environmental bacteria by FISH with HRP-Iabeled oligonucleotide

probes was possible. However, data has been published describing the insufficient

up take of BrdU by wild-type bacteria and its toxicity for different bacterial groups

(Coote & Binnie, 1986; Urbach et a/., 1999). Therefore, the general applicability of

the method for different environmental samples needs to be demonstrated.
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4 Outline of the Present Study

The in situ accessibility of the 16S and 23S rRNA of E. coli for fluorescently labeled

oligonucleotide probes has extensively been studied. However, in contemporary

FISH applications the carbocyanine dye Cy3 has almost completely replaced

fluorescein dye derivates as a fluorescent label for oligonucleotide probes. Hence, a

systematic study on the accessibility of the 16S rRNA of E. coli for Cy3-labeled

oligonucleotides that updates the old data set was needed. Furthermore, the

question of the transferability of the E. coli accessibility data to other organisms has

so far not been sufficiently addressed. Therefore, the present study undertook the

flow cytometric quantification of fluorescent signals conferred by oligonucleotides

targeting the 16S rRNA of the bacterium Pirel/ula sp. strain 1 and the archaeon

Metallosphaera sedula as well as the 18S rRNA of the yeast Saccharomyces

cerevisiae. The organisms were chosen to cover all three domains of life. The

Planctomycete Pirellula sp. was included in the study as another bacterium because

of its distant relationship to E. coli. By integration of the in situ accessibility data into

the commonly used software package ARB, these data became publicly available for

probe design.

Although FISH has extensively been used in ecological studies of bacteria

(Amann et al., 2001), only a limited number of publications describe its successful

application for the in situ identification of fungi (Kempf et al., 2000; Kosse et al., 1997;

Li et al., 1997; Lischewski et al., 1996; Lischewski et al., 1997; Oliveira et al., 2001;

Rigby et al., 2002; Spear et al., 1999; Stender et al., 2001). To promote a more

frequent use of FISH for the identification of yeast, the accessibility of the 01/02

domains, located at the 5' end of the 26S rRNA of Saccharomyces cerevisiae, was

evaluated for Cy3-labeled oligonucleotide probes. These regions show a high degree

of inter-species sequence variations among yeasts, which make them excellent

target sites for the design of species-specific probes (Fell et al., 2000; Kurtzman &

Robnett, 1998).

During the past three years, numerous studies of the higher order structure of

the ribosome have advanced our understanding of its spatial conformation (Ban et

al., 2000; Harms et al., 2001; Schluenzen et al., 2000; Tung et al., 2002; Wimberly et

al., 2000). These studies comprise the identification of rRNA-rRNA interactions

based on covariation analyses (Gutell et al., 2002) and physical imaging of the

ribosome to precisely determine protein-rRNA interactions (Ban et al., 2000;
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Wimberly et al., 2000). Data from the in situ accessibility studies have not hitherto

been systematically evaluated with respect to the currently available models of the

3D-structure of the ribosome. Therefore it was another goal of this thesis to compare

the E. coli 16S rRNA in situ accessibility for Cy3-labeled oligonucleotides to a three­

dimensional structure model of the 30S ribosomal subunit. This comparison is

complicated by the fact that in situ accessibility studies were performed on

paraformaldehyde fixed cells, whereas structure analysis is based on native

crystallized ribosomal subunits. For this reason further studies were performed to

clarify the effect of different fixation methods and hybridization protocols on the 16S

rRNA in situ accessibility of E. coli for a selected probe set.

Beside probe target site accessibility, photo-induced electron transfer between

a fluorescent dye used for probe labeling and nucleobases of the probe or the target

sequence might affect signal intensity of FISH (Marras et al., 2002; Nazarenko et al.,

2002b; Torimura et al., 2001). It has been shown for in vitro hybridization

experiments of artificial probe-target duplexes that guanine nucleotides in close

proximity to the fluorophore act as quenchers of probe-conferred fluorescence. At the

start of this thesis, the relevance of nucleotide specific quenching for FISH had not

been experimentally evaluated. We statistically analyzed the fluorescent signals of

113 carboxyfluorescein-Iabeled probes upon in situ hybridization to explore the

influence of nucleobase quenching on FISH. Furthermore, fifteen fluorescein labeled

probes were intentionally designed to investigate quenching upon duplex formation

with purified RNA, isolated 30S ribosomal subunits or whole fixed E. coli cells.
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B Results and Discussion

1 In Situ Accessibility of Small-Subunit rRNA to Cy3-Labeled

Oligonucleotide Probes

The major objective of this study was to compare the in situ accessibility of small­

subunit rRNA from three different prokaryotes and a eucaryote for Cy3-labeled

oligonucleotide probes. The probes were grouped according to their relative

fluorescence hybridization signals into six arbitrary brightness classes (relative

intensity units are given in parentheses): class I (>0.81), class II (0.8 to 0.61), class III

(0.6 to 0.41, class IV (0.4 to 0.21), class V (0.2 to 0.06), and class VI (0.05 to 0).

Table 1 lists the distribution of probes over the different brightness classes for the

four investigated strains.

TABLE 1. Distribution of probes over the different brightness classes for the four investigated strains.

No. of Probes in Brightness Classes: Total No.

Strain II III IV V VI of Probes

Escherichia coli 17 48 45 35 20 11 176

Pirellula sp. strain 1 0 37 26 12 10 3 88

Metallosphaera sedula 34 18 14 21 52 22 161

Saccharomyces cerevisiae 25 20 21 14 22 10 112

For E. coli 37% of all probes belong to brightness class I and II. Almost 18%

showed weak or no signals (classes V and VI). The signal-to-noise ratios even for the

less-bright probes of class IV were still >20 for exponential-phase E. coli cells. The

normalized probe-conferred fluorescence data obtained for Pire/lula sp. showed that

none of the probes could be assigned to brightness class I. Nevertheless, the in situ

accessibility of the 165 rRNA of Pire/lula sp. strain 1 for oligonucleotide probes

seems to be high, since only 15% of all probes were grouped into class V and VI. For

M. sedula about one-half (46%) of all probes showed low signal intensities at or just

barely above background fluorescence (class V and VI). However, brightness

classes I and II comprised 32% of all probes and the signal-to-noise ratio of the less­

bright probes of class IV was about 21 for exponential-phase M. sedula cells. In

comparison to the three prokaryotes, 40% of all probes targeting the 185 rRNA of S.

cerevisiae could be assigned to brightness class I and II. Dim or no fluorescence was

measured for almost 30% of all 185 rRNA probes. The signal-to-noise ratios even for
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the less bright probes of class IV were still 22 for exponential-phase S. cerevisiae

cells.

The highest correlation between two data sets was achieved for the 77

probes targeting homologous positions in E. coli and Pirellula sp.. The statistical P

test (P < 0.01) revealed a highly significant? value of 0.47 (Figure 3a). When

members of the domain Bacteria were compared to the archaeon M. sedula the

correlation coefficient was lower indicating that in situ accessibility of the small­

subunit rRNA may be more similar for phylogenetically more closely related

organisms. Between E. coli and M. sedula the correlation coefficient was 0.22 (Figure

3 B). The significance of this value was supported by the P test (P < 0.01) because

these organisms shared an extensive set of 131 homologous probes. No significant

correlation was found between Pirellula sp. and M. sedula. This may be because

there are only 60 probes targeting homologous sites on the 16S rRNA of these

organisms (Figure 3 C).

a) r2 =0.47
P = 0.00
n =77

b) fl = 0.22
p =0.01
n =131

c) fl = 0.16
P = 0.23
n = 60
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FIG. 3. Correlation of relative fluorescence intensities on fUlly homologous target sites (n). (a) E. coli versus
Pirellula sp. strain 1. (b) E. coli versus M. sedula. (c) Pirellula sp. strain 1 versus M. sedula. Linear correlation
coefficients (i) and P test values were calculated for each pairwise comparison.

The data on the 60 fully homologous target sites in all three prokaryotes were

used to calculate a consensus in situ accessibility map for prokaryotes. For each

organism, the probes were assigned rank sum values from 60 for the brightest probe

down to 1 for the least bright. Rank sum values were calculated for each of the 60

target sites. According to their rank sum values the target sites were arbitrarily

grouped into six brightness classes: class I, rank sum values of >150; class II, rank
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sum values of 120 to 149; class III, rank sum values of 90 to 119; class IV, rank sum

values of 60 to 89; class V, rank sum values of 30 to 59; and class VI, rank sum

values of <30. Figure 4 shows the distribution of the different brightness classes over

the 168 rRNA secondary structure model (Cannone et al., 2002). Regions with high

accessibility in all three prokaryotes are (i) position 285 to 338 (helices 13 and 14),

(ii) position 871 to 925, except helix 30 target positions, and (iii) positions 1248 to

1283 (uppermost part of helix 46).
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FIG. 4. Consensus accessibility map for prokaryotes. The color coding on a 168 rRNA secondary structure model
of E. coli is based on rank sums for homologous target sites. Grey areas could not be covered with fully
homologous probes. The different colors indicate different levels of brightness (classes I though VI). Numbers in
small type indicate nucleotide positions. Numbers in larger type reflect helix numbering according to Brosius et al.
(Brosius et at., 1981).
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For the 188 rRNA of S. cerevisiae. an independent probe set was created,

because the long inserts in the eukaryotic sequence made it very difficult to design a

large set of probes homologous to the prokaryotic data set. Therefore, the relative

fluorescence values of the S. cerevisiae accessibility data set were compared to the

prokaryotic consensus rank sum values over the whole 168 rRNA sequence (Figure

5). In accordance with the prokaryotic consensus data, in situ accessibility of S.

cerevisiae 188 rRNA was low for position 587 to 651.
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FIG. 5. Comparison of the relative fluorescence of S. cerevisiae 18S rRNA (solid blue lines) with the rank sum
values of the prokaryotic 16S rRNA consensus model (dotted red lines). Inverted check marks on the sequence
axis indicate two large inserts of 72 and 166 nucleotides in the 18S rRNA sequence of S. cerevisiae for which not
all probes are shown. The length and exact positions of probes with respect to E. coli numerbing (Brosius et a/.,
1981) are indicated on the x axes.

In addition to the 188 rRNA, we studied the in situ accessibility for Cy3-labeled

oligonucleotide probes covering the full length of the 01102 domains of the 268

rRNA of S. cerevisiae. Figure 6 summarizes the distribution of probe-conferred

fluorescence values over the 01/02 secondary structure model of S. cerevsiae.

Fluorescence intensities were expressed as percentage of the fluorescence signal of

the brightest probe detected (0-223). Probes were grouped into brightness classes

according to their relative fluorescence intensity (see above).
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FIG. 6. Distribution of relative fluorescence hybridization intensities of oligonucleotide probes targeting the D1102
domains on the 268 rRNA of Saccharomyces cerevisiae. The D1102 domains (shown in detail) are enclosed by
the NL1 and NL4 primer binding sites. The different colors indicate different levels of brightness (classes I through
VI).

About 44% of all probes belong to brightness class I and II. For almost 28%

only weak or no fluorescence could be measured. However, despite their short length

of only 600 nucleotides the 01/02 domains include potentially good target sites for

yeast probe design. A comparative analysis with homologous target sites on the 23S

rRNA of E. coli revealed some striking similarities (Figure 7). The in situ accessibility

followed the same general trends in both microorganisms.

In general the in situ accessibility of ribosomal RNA for Cy3-labeled

oligonucleotide probes is higher for more conserved regions, whereas the most

variable areas often show only medium to low accessibility. A similar trend has been

observed in previous accessibility studies (Fuchs et al., 2001; Fuchs et al., 1998).

However, regions of high sequence variability are the most interesting for the
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selection of specific probes. Probe design to these regions should therefore be done

with great care. In some cases shifting a selected target site by only a few
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FIG. 7. Comparison of the accessibilities of homologous regions in Saccharomyces cerevisiae 26S rRNA and
Escherichia coli 23S rRNA to Cy3-labeled oligonucleotide probes.

nucleotides can result in a distinct increase in probe-conferred fluorescence signal.

The use of helper oligonucleotides should also be considered if targeting these

regions is unavoidable. The accessibility data presented should help make probe

design more reliable. However, the low correlation between the data sets of the four

studied microorganisms makes clear that it is still necessary to test every newly

developed probe on reference organisms before it is used with natural samples for

the quantification and in situ identification of individual microbial cells.

In 1998 the E. coli 16S rRNA in situ accessibility was examined with carboxy­

fluorescein-labeled probes (Fuchs et al., 1998). The present study was performed

with Cy3-labeled probes. Due to their superior fluorescence, carbo-cyanine dyes,

(e.g. Cy3 and Cy5) have almost completely replaced fluorescein and rhodamine dyes

in FISH applications. Therefore, and for comparative purposes, we also reexamined

E. coli. When the Cy3- and fluorescein-labeled probe data sets are normalized in the

same way, the data are generally consistent (Figure 8). 37% of the probes are in the

same brightness class, while one-third of the Cy3-labeled probes are one or two

brightness classes higher. The linear structure of the carbo-cyanine dye derivative

Cy3 is, relative to the structure of the triphenylmethane derivative carboxy-
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fluorescein, believed to reduce steric hindrance and thereby facilitate probe binding

to the target (Fuchs et al., 2000). Other reasons for the superior performance of Cy3
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FIG. 8. Comparison of relative fluorescence intensities of carboxy-fluorescein- (left side) and Cy3-labeled (right
side) oligonucleotide probes targeting the same regions on the 16S rRNA of Escherichia coli.

are its pH independence and its relative immunity to nucleobase-specific

fluorescence quenching (Marras et al., 2002; Torimura et al., 2001).

The recent methodological improvements of the CARD-FISH protocol will in

the future significantly increase the application of horseradish peroxidase (HRP)­

labeled oligonucleotide probes and tyramide signal amplification (TSA) for the in situ

detection and identification of environmental bacteria (Pernthaler et al., 2002). So far

the in situ accessibility of small ribosomal subunit rRNA has only been described for

fluorescently labeled oligonucleotide probes. The commonly used fluorescent dyes,

e. g. fluorescein (MW 389 Dalton) or Cy3 (MW 766 Dalton), are relatively small

molecules compared to HRP (MW 40 kDalton). Our hypothesis was that the steric

hindrance of oligonucleotides labeled with HRP should be drastically increased,

resulting in a reduced probe binding efficiency. However, the enzymatic activity of the

HRP amplifies the tyramide-mediated fluorescence signal. Therefore only a few
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hybridized oligonucleotides should be needed for a strong fluorescence signal. The

question was therefore whether differences in probe-conferred fluorescence would

also occur for HRP-Iabeled probes.

FIG. 9. Photomicrographs of FISH-stained E. coli cells using HRP-Iabeled oligonucleotide probes that target
differently accessible regions on the 16S rRNA. Left, DAPI staining in blue (A, C, E,) and right, probe staining in
red (B, D, F). Exposure times were kept constant for all images. (B) probe Ec0632, brightness class VI. (D) probe
Ec0681, brightness class 1. (F) probe Ec01320, brightness class VI. Scale bar 10 >Jm.

Three oligonucleotide probes from the E. coli probe data set were ordered with

an HRP label. Probe Eco681, as the brightest probe of the Cy3-data set, belongs to

brightness class I. The two probes Eco632 and Eco1320 were among the least bright

probes of the E. coli probe set. They belong to brightness class VI. All probes were

hybridized under standardized conditions to paraformaldehyde-fixed E. coli cells

following the protocol of Pernthaler and co-workers (Pernthaler et al., 2002). The

samples were qualitatively analyzed using an epifluorescence microscope and
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computer-supported image acquisition software. In Figure 9 the epifluorescence

micrographs of the hybridized E. coli cells are shown. The fluorescence signals

obtained for the class VI probes Ec0632 and Ec01320 (Figure 9 B and F) are

significantly lower than the signals recorded for class I probe Ec0681 (Figure 9 D).

Obviously, regional differences in probe binding efficiency also affect signal

intensities upon hybridization with HRP-Iabeled probes and tyramide signals

amplification. The easiest way to overcome these limitations would probably be to

increase tyramide concentration and incubation times for the HRP catalyzed signal

amplification. The good match between HRP- and Cy3-probe hybridization data

already suggests that FISH does not occur on native, highly condensed ribosomes

but rather on looser, more denatured structures.
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2 Effects of the 3D-Structure of the Small Ribosomal Subunit on

Fluorescence In Situ Hybridization

In the second major part of this thesis, the in situ accessibility of E. coli 168 rRNA for

Cy3-labeled oligonucleotides was compared to the three-dimensional structure model

of the 308 ribosomal subunit. Therefore, 176 probe target sequences that have

previously been studied for their in situ accessibility to oligonucleotide probes were

visualized within a three-dimensional model of the small ribosomal subunit. Figure 10

shows the probe target sequences on a spatial model of the 308 ribosomal subunit.

The six brightness classes seem to be quite evenly distributed over the three­

dimensional structure model of the small ribosomal subunit. No evidence was found

for a clustering of highly accessible sites on the surface or the predominance of less

accessible sites within the small subunit or at the small/large subunit interface.

Although the highest level of conservation is realized in the tertiary structure of

ribosomal RNA (Tung et al., 2002), the low correlation between the in situ

accessibility data sets already suggested that in situ accessibility does not

exclusively depend on probe target site location within or on the surface of the

ribosome.

C

FIG.10. Target sequences of fluorescently labeled oligonucleotide probes are shown within a 3D structure model
of the 305 ribosomal subunit of E. coli. Ribosomal proteins are shown in blue. (A) Red, (8) orange, (e) yellow, (D)
green, (E) light blue, and (F) magenta indicate target sequences belongir)9 to probe brightness class I (highest
fluorescence signal) to VI (lowest fluorescence signal).
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In general the 3D model of the small ribosomal subunit is not suited to explain

the differences in probe-conferred hybridization signals measured in the in situ

accessibility studies. Neither rRNA regions that show extensive interactions with

ribosomal proteins (Figure 11), nor tertiary RNA-RNA interactions could be linked to

target sites of low probe accessibility. These results may be explained by the fact that

the flow cytometric quantification of probe-conferred fluorescence signals in the

accessibility studies was done on paraformaldehyde (PFA) fixed cells. Upon PFA

treatment, ribosomes undergo massive conformational changes, including protein

denaturation. In addition, formaldehyde is able to form Schiff bases with primary

amino groups of nucleobases (adenine, guanine, and cytosine), thereby influencing

RNA-RNA interactions.

0 514
515 • class I: >1.0-6.81

0 516
0 517 • class II: 0.8-0.61
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0 519 class III: 0.6-'1.41
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class IV: 0.4-0.21

• class V: 0.2-0.06

• class VI: 0.05-ll

~''':',A

FIG.11. Predicted secondary structures of E. coli 16S rRNA (Cannone et a/.. 2002). A. Regions of the 16S rRNA
of E. coli contacted by ribosomal proteins S2 to S20 are highlighted. Proteins S1 and S21 are not included. Actual
contacts as observed in the crystal structure of the 30S ribosomal subunit of Thermus thermophilus are shown
with colored circles around the RNA residues in question. No distinction was made between backbone-only, base­
only, and contacts to both backbone and base. B. Distribution of relative fluorescence hybridization intensities of
176 oligonucleotide probes targeting the 16S rRNA of E. coli. The different colors indicate different brightness
classes (class I: red, though VI: black).

To determine the influence of different fixation protocols, storage of fixed cells,

and SDS in the hybridization buffer on target site accessibility, we quantified the

probe-conferred fluorescence intensity for a limited set of Cy3-labeled probes after
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hybridization to differently treated E. coli cells (Figure 12). No clear difference in

probe-mediated fluorescence was found between ethanol- and PFA-fixation of E. coli

cells. Although ethanol fixation mainly works by dehydration, whereas PFA is able to

interact covalently with primary amino groups, both methods seemed to lead to

similar denatured states of the ribosome. The effect of SDS in the hybridization buffer

was pronounced. Without SDS hybridization was very low. SDS can affect cell wall

permeability, ribosomal protein conformation, and/or ribosome folding. Specific RNA­

protein interactions based on shape and charge complementarity will most likely be

interrupted in the presence of SDS. This is consistent with our observation that in situ

accessibility of the 16S rRNA does not match the rRNA-protein interaction data

(Figure 11).
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FIG.12. Comparison of fluorescence intensities of Cy3-labeled oligonucleotides probes hybridized with and
without SOS in the hybridization buffer to differently fixed E. coli cells. Fluorescence intensity is expressed as
percentage of standard beads. Gray bars: Ethanol fixation, storage in ethanol/1 xPBS mixture, standard
hybridization with 0.01% SOS; black bars: PFA fixation, storage in ethanol/1xPBS mixture, standard hybridization
with 0.01% SOS; white bars: PFA fixation, storage in ethanol/1xPBS mixture, hybridization without SOS;
horizontally striped bars: PFA fixation, storage in 1x PBS, standard hybridization with 0.01% SOS.

Apart from the changes induced by our FISH protocol, oligonucleotide

hybridization itself likely causes massive conformational changes within the

ribosome. A 18mer oligonucleotide has a length of 55 A (Figure 13). The duplex of an

oligonucleotide of that size with its rRNA target comprises more than 1.5 helix turns.

The 30S ribosomal subunit has a width of roughly 70 A. Hybridization of a 18mer
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oligonucleotide must result in enormous distortions of the ribosome structure. The

strong conformational effect of oligonucleotide hybridization has also been described

FIG.13. Detailed view of the transition zone between the 5' end of helix 23 and 24 (helix numbering according to
Brosius et al. (Brosius et al., 1981)) within the 30S ribosomal subunit of E. coli. A. Overview of the whole 30S
subunit with the region shown on large scale highlighted in red. Proteins are shown as blue tubes. B. Marked as
ball and stick model is the target region of probe Eco 668 (position 668 to 685). Proteins are shown as blue tubes.
C. The same as B but without ribosomal proteins.

by Fuchs and coworkers (Fuchs et aI., 2000). They were able to open up

inaccessible target sites by the use of unlabeled helper oligonucleotides. This

indicates that a significant proportion of site-specific hindrance may originate RNA­

RNA secondary structure interactions.
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3 Nucleobase-Specific Quenching of Fluorescence In Situ Hybridization

The next addressed question was whether fluorescence in situ hybridization with

rRNA-targeted oligonucleotide probes is affected by nucleobase-specific

fluorescence quenching. Because f1uorophores that emit in the green and yellow

wavelength are more affected by nucleotide quenching than dyes that fluoresce in

the blue and red spectral range, we focused on oligonucleotide probes labeled with

carboxyfluorescein. Before carbo-cyanine dyes like Cy3 became available,

fluorescein and rhodamine dyes were the most commonly used labels for FISH. They

are still widely used in multicolor applications. For carbo-cyaninde dye derivatives no

quenching by nucleobases has been reported so far (Figure 14).
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FIG.14. Fluorescence quenching of Cy3 (A) and carboxyfluorescein (6) conjugated to the 3' end of an
oligonucleotide by the 3' proximal nucleobase. The oligonucleotide sequence was 5'-GGAAACAGCTATGACCATX-3'.
The X indicates each of the four nucleobases. The concentration of each oligonucleotide was normalized by
OD,6o in buffer (10 mM Tris HCI pH 8.3, 50 mM KCI, 5 mM MgCI2). Fluorescence measurements for a 200 nM
solution of each oligonucleotide were made using a PTI (Photon Technologies International) scanning
fluorometer. Fluorescence intensity at the emission maximum for each dye was recorded and normalized relative
to the value obtained when adenine was the proximal base. (A) No significant quenching of Cy3 emission by any
of the adjacent nucleotide residues. (6) An adjacent guanine residue significantly quenched fluorescein emission.
Figures taken from htlp:l/www.idtdna.com. (Integrated DNA Technologies, Coralville, USA).

Recent studies on the electronic interaction of fluorescent dyes with guanine

nucleotides have shown that the quantum yield and the fluorescence lifetime of

certain dyes is changed due to electron transfer from the nucleobase to the dye

(Knemeyer et a/., 2000; Nazarenko et a/., 2002; Seidel et a/., 1996; Torimura et a/.,

2001). This process is referred to as photoinduced electron transfer. In the presence
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of guanine the excitation of the dye molecule takes place as usual, but the fast dark

reaction of the electron transfer from guanine to the dye competes with the

fluorescence reaction. Hence the number of photons emitted (quantum yield) and the

fluorescence lifetime are dramatically decreased in the presence of guanine in

comparison to the free dye fluorescence properties. When these measurements are

performed in solution, the resulting fluorescence intensity and the averaged

fluorescence lifetime depend on the concentrations of guanine and f1uorophor (Figure

14).

In this study, we therefore investigated two forms of nucleotide quenching: (i)

sequence-specific variations in probe fluorescence in solution monitored through the

ratio of oligonucleotide and dye absorption maxima at 260 and 496 nm; (ii) the

'hybridization effect', quenching of probe-conferred fluorescence upon hybridization

to its complementary sequence. A statistical analysis of 113 5' carboxyfluorescein­

labeled oligonucleotides for sequence-specific variations in probe fluorescence,

monitored through probe and dye absorption maxima, is in preparation.

Fluorophores that are conjugated to the end of single-stranded

oligonucleotides can also be quenched upon hybridization to their complementary

sequence. We observed that the fluorescence of probe Eco654

(5'-CCCCCCTCTACGAGACTC-3'), labeled with carboxyfluorescein at the 5' end,

was quenched up to 30% upon hybridization to purified RNA or small ribosomal

subunits (Figure 15 B and C).
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FIG.15. Melting curves of the fluorescein-labeled oligonucleotide Ec0654 hybridized to different targets. (A) 100
nM probe without target. (6) Probe hybridized to isolated RNA. (C) Probe hybridized to prepared 30S ribosomal
subunits. (D) Probe hybridized to whole fixed E. coli cells (in situ hybridization).
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We also recorded melting curves of probe Eco654 upon hybridization to whole fixed

E. coli cells. Surprisingly, the probe revealed no decrease in fluorescence during

FISH (Figure 15 D).

A statistical analysis of 113 carboxyfluorescein-Iabeled probes upon in situ

hybridization to whole fixed E. coli cells suggested that the probe-conferred

fluorescence is directly dependent on the nucleotide sequence close the probe's 5'

end (Figure 16). The current state of the statistical tests shows that probe

fluorescence is enhanced rather than quenched upon FISH, but influences on the

probe fluorescence resulting from regional differences in probe binding efficiency

cannot be excluded. Furthermore, the applied statistical analysis does not consider

the possibility of combined effects of adjacent nucleotides. At the moment we believe

that nucleotide specific quenching does not significantly affect probe-conferred

fluorescence after in situ hybridization, but further experiments are needed to prove

this hypothesis.

labeled oligonucleotide probe

3' 654321t

I I I I I I I I I I I 1000000
5'------ I I I I I I I I I I I I I I I I I I I I I I I I I I I I I ------3'

16S rRNA target

FIG.16. Schematic representation of a labeled oligonucleotide probe bound to its complementary sequences on
the 16S rRNA. The black star indicates a fluorescent dye conjugated to the 5' end of the probe by short carbon
linker. The six bases adjacent to the 5' end of the probe are highlighted by white boxes and numbered starting
with position one for the 5' proximal nucleotide.

The absence of nucleotide specific quenching upon FISH may be due to the

paraformadehyde (PFA) fixation of the E. coli cells prior to hybridization. PFA is able

to form Schiff bases with primary amino groups of nucleotides. As a result, the

electron donating properties of PFA-modified nucleobases may be decreased,

leading to unhindered fluorescence development. We have shown that treatment of

isolated RNA with formaldehyde resulted in a decreased quenching efficiency upon

duplex formation with probe Eco654 (Figure 17). High concentrations of proteins also

seemed to partially reduce nucleotide quenching. Hybridization of probe Eco654 to
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isolated RNA in the presence of 50 IJg bovine serum albumine (BSA) decreased

quenching up to 37% (Figure 17).

Since photoinduced electron transfer is distance dependent, we extended the

5' end of probe Eco654 by four non-hybridizing adenine nucleotides to reduce

quenching of the probe upon hybridization. As shown in figure 17, duplex formation

of probe Ec0654_4A (5'-AAAACCCCCCTCTACGAGACTC-3') with purified RNA in

vitro reduced quenching by 44%.
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FIG.17. Melting curves of the fluorescein-labeled oligonucleotides. (Black) 100 nM probe Eco 654 without target.
(Red) Probe Ec0654 hybridized to purified RNA. ( ) Probe Eco654 upon duplex formation with
formaldehyde fixed RNA. ( ) Hybridization of probe Eco654 to isolated RNA in the presence of 50 ~g bovine
serum albumine (BSA). (Blue) Probe Ec0654_4A, supplemented with 4 additional adenine nucleotides at the 5'
end, upon duplex formation with purified RNA.

The phenomenon of fluorescence quenching upon hybridization can also be

applied to melting point determinations. The formation of nucleic acid hybrids is a

reversible process and an understanding of the parameter that affect their stability

enables one to derive the optimal conditions for discriminating between perfect and

imperfect hybrids. The melting temperature (Tm) is defined as the temperature when

half the duplex molecules have dissociated into their constituent single strands. It is

affected by the monocovalent cation concentration (M, in moles per liter), the base

composition expressed as mole fraction of guanine and cytosine residues, the length

in nucleotides of the shortest chain in the duplex (L), and the concentration of helix­

destabilizing agents such as formamide (Lathe, 1985). Wahl and coworkers (1987)
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published an equation that has been derived from analyzing the influences of these

factors on the stability of DNA oligonucleotide probes (14-20 nucleotides) hybridized

to RNA targets (Wahl et al., 1987):

Tm =79.8°C + 18.5 log M + 58.4 (mole fraction GC) - 820lL - 0.5 (% formamide)

From this expression it follows that the Tm of DNA-RNA hybrids is decreased

by 0.5 °C with each percent increase in formamide concentration. Carboxy­

fluorescein-labeled oligonucleotides that are quenched upon hybridization to their

complementary sequence can be used to study the interdependence of Tm and

formamide concentration. We recorded melting curves of probe Ec0653 (5'­

CCCCCTCTACGAGACTCA-3') upon duplex formation with its complement in

purified RNA at different formamide concentrations. With increasing formamide

concentration the melting temperature of the probe-RNA duplex decreased indicated

by the shift of the fluorescence minima towards lower temperatures (Figure 18).
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FIG.18. Melling curves of probe Ec0653 (5'-CCCCCTCTACGAGACTCA-3') at different formamide concentrations
upon hybridization to its complementary sequence within purified RNA. The probe-conferred fluorescence is
quenched upon duplex formation. On the y-axis the first derivative of the probe fluorescence is shown.
Fluorescence minima indicate the melting temperature [TmJ of the DNA-RNA duplex. : hybridization
with 0% formamide. Orange: 10%. Dark blue: 20%. Magenta: 25%. : 30%. : 35%. Red: 40%.
Dark green: 45%. Brown: 50%. Black: 60%.
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For probe Eco653 we calculated that a one percent increase in formamide

concentration results in a decrease of the melting temperature of the probe target

duplex of 0.42 °C (Figure 19). This value should be tested on other probes before it is

considered to substitute for -0.5°C.
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FIG.19. Relation of melting temperature (Tm) and formamide concentration for the hybrid formation of the DNA
oligonucleotide probe Ec0653 (5'-CCCCCTCTACGAGACTCA-3') with its complementary sequence in total
purified RNA. The linear regression revealed a negative slope of -0.4248 indicating a decrease of the melting
temperature by approx. 0.42 'C with each percent increase in formamide concentration. R2 = Linear correlation
coefficient.

39



Results and Discussion

4 Toward More Rational Probe Design

The ability to precisely quantify microbial communities in complex environmental

samples is directly correlated to the effort, which is spent on continuous development

of methods for more rational probe design. The work presented in this study can be

summarized in some informal statements regarding probe development:

(1) Although the small-subunit rRNA is a highly conserved molecule, the data

presented in this study show that the 3D-structure of the native small ribosomal

subunit is not relevant to probe hybridization. This is not surprising, since FISH is

performed in a strongly denaturing environment. Influences of protein-RNA

interactions on the target site accessibility can therefore generally be neglected. The

differences in probe-conferred fluorescence correlate most strongly with intra-helix

rRNA-rRNA interactions. Because the in situ accessibility maps presented in this

study are more similar for phylogenetically more closely related organisms,

extrapolation of the accessibility data to other organisms should be based on the

data available for the closest relative.

Future updates of the probe design software package ARB (http://wV>.w.arb­

home.de) (Ludwig et al., 2003) will include information on the accessibility of

ribosomal RNA to oligonucleotide probes (Figure 20). The integration of the in situ

accessibility data into this commonly used probe design software tool will help to

make in silica probe selection more reliable with regards to a successful use of the

designed probes for FISH studies.

(2) Probes should not target long, smooth helical regions. These regions are

consistently among the least accessible sites in all organisms investigated in this

study. Perfect helices that are not interrupted by internal loops or bulges are

stabilized by strong secondary rRNA-rRNA interactions. Therefore probe binding to

these sites is limited. However, stem regions of long helices show the highest

sequence variability and are therefore of particular interest for the design of specific

probes. If targeting these regions is unavoidable, the use of helper probes should be

considered (Fuchs et al., 2000).

(3) Nucleotide-specific quenching of fluorescent dyes has been described to

account for reduced probe-conferred fluorescence intensities of artificial probe-target

duplexes upon hybridization in solution. At the current state of the study, nucleotide

quenching seems not to affect probe-conferred fluorescence upon FISH. Further

40



Results and Discussion

~ SAl·M~(66 -CON ?7?????1'l??????1'?????? 7??1??7???1?????;,,???n???1? ????1????? n?????1????1??????77??7??'1??1 !
~~~~ (1 ·CCt: ~eu.\CCUQCil.CCCN"'NM:XJ('..ACGOJ"AC<iUC.cI'II.uVCGUQOC;:(;A,c:o..MCA.OOJWIJ~G.\lJACCCTJNOOi\OOCCACGO..."'CUA/ItAC

::::;/2 ~~~~ ::~:::cc::::~:=:=::====:::~::::::::~c 1

[

~.-Gt::Irn~ -CON GCX".c.ccccaJGCAC~GACGCUCI,CC';tlCCc..uA(;c~CCAAAC.AGCJoJJUIIJ:JJJ~C~ClJ('-GU;.G)co.cC.o;Q.lMACG}
Clllllr.:~ -CON GClX.ccCCCUGGACGc\AGACtlCACGCUCACCUceGAMc:;cQJ~CA(".c..wuAG.UlACCcrJGGfJ-'GUCCACCCCCiUA..U.CGA

[[
P'-tlr",kf.-JI« --CON CCCCCCCCCUCCACCMC.Jo. CACVv""UCA.CVUCCCAMOC~c;r.AAAQ,CQ.lJUlt.CJlJJ"'CCOJ;::-GJ"'CUco.cccrQ.lAAA.C
-E.rcCoti '4M ............_ ..._ '- • ,.. _. ....I. .......... ...... loO_ ..~ ... r. ~

[
~!tlp~"tefill ·CON CCCl\CllM:C:OGCACCGOJN;UCAcecuC':'(,.(:UCCC-AA.;.fX~.TGCOC..ACCAAACAGGAlJ'uA(:JillA:::r:OJCCI.I:.ax;CAC'OC('CU J

( EP1Ir.1flrrA~ peON C'("CACUA.CCUCGACC.."'CGtJACtlGACCCUG.\ro.h.-.cC~J;;OJt~CCAltJtCAGCAUUM:.A.UAC(:(,'JGGU~o:ttACG<.'CCUAAJ..C
-ti.fVuAI ME ....,;.. 1".' ...dJ ;"(f ..ti .. C<iVC'i."c.. ,, ...~ ~_ -e_... .1-0. ... c

FIG.20. Screenshots taken from the probe design software package ARB. The red box in the alignment editor
window shows the integration of the accessibility data as sequence associated information (SAl). In the SAl's
probes are shown as colored letters. The colors were chosen according to the fluorescence brightness classes
defined in the accessibility studies. (E and e) brightness class I, highest fluorescence signals. (F and f) class II; (

) class III; ( ) class IV; (P and p) class V; and (X and x) class VI, lowest fluorescence signals. Capital
letters indicate the 5' and 3' rRNA-target positions of the probes. Selected probe target sites, highlighted in light
blue, can easily be check for their in situ accessibility by comparing it to the available 'accessibility-SAl' of the
closest relative.

statistical analysis and wet-lab experiments are in preparation to clarify the

interdependence of probe sequence and fluorescence of the conjugated dye

molecule in more detail.
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and ,l!t:fa/!lI.'pbacra Sft/Ula (Cn'tllJrchOl:o/a, /trchnca) and Ihe 18S rRNt\ acc:c:olsihilit)· uf Sm·c!wromy('('.,· ci.'rtl·i.dtli:.

(E'uC'(lT)'a). For a Inial of5J7 C)':\·lahelcd prol)(:s, the si:;nal inlrllsities of h~'bridilt'd cells Wl'l~ quanlilied untl('r
sti.mdardil{'(ll~ondiliunshl flnw C)'It)m('l~', Tht n·I:ltiy\, prllht-ronferred flUhl'csCenl'C' inh'nsitits are 5hO\\11 un
('ulflr-(:o(h~d .srnall·suhunit ,.RN,,\ .'!i\'l~mHlar)·.slnH:tUrt~ tnudl'ls. For !';n,/I"lll ~O;IJ., most Qr tltl, l)rol"H.~s bt~IOII~ t(}

d.,s~ 11 and In (72% ul" thl' whole <law Sl't). wh('rra~ mn~( of the pl'oh('s l:,rgding Silt's on iH. ,w.,tlula ""('rt'

~I'uupcd_ intl) da.'!i'!i Y and VI (46«k of the who·Jc data Sd). Fol' E. (:oli r 45% of all probes 1.11' the. data Sct helong
(1"1 duss III and IV. t\ c()n.s('I1.su~mudd for tltl' llc\:ts:o,ihilil)' o1'tl1(' :o.maH-suhuuh rRNA to f,ligunu.d('nl.id~prnhc~

is pnlpo5ed ,,"Ilkh uses: 6() hmlloloJ,: tarJ.:eI ~ilcs of the three I,rokal')'otk l6S rRNA Illolt'cult's. In t..l l,merhl. (11)('11
't'e~iHI1S wtrc localized around hrliccs )J ;lBd 14 in('ludill~ targel pnsitiuns 285 In ::B~. whereas ht:'Hx 22 (posi·
linns 585 til 656, ""d th'> 3' h"lf or helix 47 (I",siti""s Ll2H to U45) \rue g('IJ(>I"II~' i"accessihl". Fi"ally, the
165 rRN:-\ fonsrnsus model was (·omparcd 10 dnla on aht, in situ nccl's:sibilit,Y of Ih(' J8S rRNA nr S. rerl'I·;S;tlf.

flU()Jc:-tCI1CC' in. itu hyhridization (FISH) i!'> an integral part

t'lf lh\~ rRNA ~\ppro;lchW micJobbl ecology ..Ind cvnlutilll'J (J.}).

Since lilt: lin"'l ;lpplil~alioll ~IS phylogCIl~~lic stain..; in 1939 (8).
fh.lore:)~~Il~c,-labckd, I'RNA-targ~lcd ()Iigonucl~otid~ prol:'1cs
have eVI:"tI"ed 10 I)(;Ci:"tOlC a Widely used tool for the dire(·t.
cllltl\'Hlion~il1t.l(':pcndcnl idcntitic;lliot1 of indiv)du:\1 microbial
(·db in ("orupic.'x Cn\·irfllll1l('ntal sarnpk:-,..

FISH i~ ()ftcn hampl.'rcd l;~ low s.ignal intcnsitic.... The prot'k;­
c:nnfcrreu nuorcscenc.~" i5-. in ;Iduilt,)n h) ce;::11 w~,J1 permeahility
~llld the: cellul;)r rib()~oJl1(, ('l)ntCJ11. d~Jx:ndcnl 011 1h\.~ in ~illl

accessibility of lhe prohe tar!!ct ~itc. Thc access l,f t,.lligl'llllch.'·
olkk' probes lO t1wir large-t SilC JlHIY be hindered hy fhe thr~c­

d.ill1cnsional slnlcture of Ihe ribosome which incllldc~ rRNA·
rRNA inll.:n:l(.:tion~ a~ \vell as inter,ielion" ()f the rRNf\~ wilh
rihosomal prolcin~ 0, 6).

Ul1Iil now. there have lx~t~1l only tw«) syslematic Sllldic~ on
the :i{.'('cssibility of rRN.'~\ targ~1 sites. 111 1998. Fuch~ tl a1­
l~u;lntifICU the fluur ~encc signal5 conferred by 171 c:,rbQxy·
fiu(1r('~ccin"luhckd olignnnclcoliclcs: (argc(ed to the IhS rRNA
of E.w:ltt'n"chia coli (II). Three yean; later, il StlH.ly wa~ rub­
li~ht:d OJl the in ~itu i1{;L'C.ssibility l"lf the 2JS ..RNA of £'\(--11·
eric/uti el,li ((If CyJ-bhdcd oligonllcl(,:o'id ..~ prol.x-s (Ib). -nlC:

quc.stiOI1 t).fthe trilnsferabilily ofthc E. coli accc~jJ.'1iliIY<bt;l to
orh~r or~anism$ rcm:lincd opeu. Hen.', we ~H.:Idres.s this <lues-

'" C~rr",·\pl..)l1llin~ ~lll!hllr. Maillllg addrL's.": Ma~ PI:-Inck 11l",ilUh:.· 1~H"

~·brlllc .Mkrobiolot!\'. (",d~iu~5n";I~'iC I, I)-2K.'l.,:;ilJ 13r,,'m"II, Germall\'.
PhOlll:; 49 421 2l!2~r9J4. r-:tx: 49421 2'-'2..... 5 ..~O. E·mail: hfuchs~t.ml)j
·blcltlC-Il.tk.
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lion by !lnw c:yfotllctric qU<lIll itic:.ation (lr ntu)rC~Clll ~ignilb

c()nrcrr..~d by oligt.mudcoljdc~ targeting lhe 16S rRNA~ of
lh..~ h~,cLcrium PirdJufa sp. str-lin J ~-md (he an.:h:leQIl ,1"letallo·
VJ!uwra sei/ulu as well as the If;S eRN A of the yeasl Sacdl<1"
tOlll)'Ct.'S Ct~'l'l.'visi(lf;.

'lllC ('lrgani~j))~ were chn~n 10 cover ,III thrC'(~ dOfl1,',ins of
lif~. Pirdlu/a sp. belongs 10 th~ baCI(~rj,,) phylum P!mtCMmy'"

(('In and waS induucd in the ~ItlJy IlC{~"IIl:'(· of the distalll

rcl.Hlon"'hip In E. culi, FurthermQrc. the 1(,$ rRNA ~Icct:""ibil­

ity t)f f:. coli. whith W::iS initially studi(;d with carboxy-Huon:s­
ccin-Iabclct.l oliJ.p.:lIludcotidcs. W;lS reexamined with Cy3-la­
bele(1 olif!ol1l.1c1cOlidcs ro exclude any <lye etfcCIS.

(I._1ATElUAI....") ANO 'IETllt.)f)S

i\lif'l·ht),...~l'flbu'"lutllllxalinu. Tll~ ftlllt,win~ IYI)(; stram.. \tel\' $f'l\'!-ll; C n.Ji
~!nlin ":'·12 D$M 3.t!)$.~'" (f)~Yl)I'o.(·ht' SmnmlulIJ! )'1'11 Mi};;r'.!olf~Ht1i~u.i:'n IlI\(J

l.dl~;JJtUh·_ll. hr.tU:lM1IWt'lj:. <'K.:rtll~my). :\I. $"i.¥!ult1 D~M .B4~'. Pill:li"/l.< :lol
~tr.tin 1. all.:l s. t·r:<'1·'~";iI~ PYCC' ';~"51 (I',-,rIIlSu~-...c Yc.l~l ClIlllln.' Ct"'l:lk-c-ci(lll.
Clp;ml.<I. PNIU~I). hi a \diShl tlIodili~t1l~n 1)( Uk.' rr"h~"f)\ Ikscrlbcd h}' Hol-.cr
...1;11. (12). •\1. '~'(l/11(J \\'J:t gr.)wn withnUl ~'l\'''I1I~Uf p;trli~,'Ic, in 11K:. ntcdi:i,I'j,-,//fd"
!iJ'. !itrJiJl I \,., ..... g:1O\\"11 ;l~ d(,'-,,'ri!~'ll flt\:vjni)ily {It\}. S. ur<:l'~1M" ".:.... }:n"'\11

..~f\'lbic:ij~· Il;ldl:r ~)fIlir.uj\ll.;" 'h~"'in~ if\ YM "mIn llLiJ;f Iwr.'\nlj f1I<ll: l'xtr:iCl.
o.:r;; :--·~i:'>1 c\lri'ld. O.• (" p.."ptOll\!, M\l l~y. g,hk.·(o$Cl ,lllS"C C:cll.. w~r\' 1l><"'\'~I~1

in \h~ C~p{)I11.':nliill gf"'~'lh ph:~. (l~o":HY(}h.·~. {)p~k::.11 (kn...ity -'II t,OI,l {1m (lr -·0::
y,,'w'L i1flli..'';11 thl'Il<;H)! al t,(~1 (!Ill (Ir -25). W;ts!l\.'d nilC\, with I,....: plli)Sl)huh::~

but"n;d,:<JllinL' (130 /JIM ~.•;.Iillrn dl!;:u-i<lc, IlIm\1 S(...li~1ll1 ph"!'ij1h<lk hllfl"<:r IpH
i.-2p, ~\lld Ih...·ll wilh .~'7~' p,lI>I1MOwl(lchydc '11'! dcwrih<.'t1 hdor~ (I).

St'ltu·l11:ing.. Ahnf~t hl1l·kl1¥HI 16S rRNA ~\"W ,~Ctlllt:nt:(;'i tAO M. Jl'(fll!(} :llId
I"i«/I;,!c/ >p. \\.:rl.' :llllplif!..-t1 dir.:,:I1}· lrom (t'i.'\hl" han'c<;!lo?,l n:ll<; hy l'C'f( :l~

\1~~:ibCd pf~liiiuSly (2~j, A.Her II \lIh;<.("il\.li,.·,lI pUdli"':Hk!O With :i OlAqUjd,
peR p'lrifk:J-lil'll J,:.il lO;il~C-U. fJii ...",~I(klrf. Gcrnnll}") l",,:h ....InUlJ~ HI 'h\~ per<
'l"".hlCl ",·cr,:. ~quco~'Cd wl:h.,o API)lj~d Hj('S~'$i~m"3100 DNl\ St:qu;':l~r'"hid,

174$
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U'l.'d 111(- Applk"d fiiL""):';I\~m, DNA Bi~O~'c T£flllill.llhf. \\:f'itll: .';,11, C}'<.1¢: Se­
{j"'·'King f\.';I,I.'~ 1\.'lh'litou ~it {APfllic~1 [li<''''~~'CII1-'''' W.1I11n~I():~~ Uniu:d Kin}:donH
"'llprlM.~iJ with AIllpii7uq DNA 1>Ot}ll\cms~.. iOOltkrfol....'Hllbor:I!\· tlt"l all Pfob\"S
wo;~ Hldil:c" IMitc(~ It'} f",Uy «)rnplem~nJa:y l[il')!.l!l. ~I...~ Til (\h~:ain lh,~ ISS
rRNA g~ne s.cqu(.'n~... of S. ('mM.,filE'. DNA w~., l?XltaCl\:1! r!\'lt\1 yeAQ ~II~ kil v

I"wing Ihc m~(hod \k.~ribe;Jhy S:m;p.'lto et ~I. OS), 1)(.'1{ :lmplitk:miQrl ;tnd fh...
priu\>"'t' lISOi...d'l,crt rr(".",iou"'Yl1c~...ritx'::d 1!."C~i l'j ut. (4) AII\.'1 pUrifying Ille PeR
rn'Oi!I)cl~ with thi;' (iFX rCR DNA lmd !,-ocl h:md purih(::ll:lo:lll ~it (AJ!)('·J,I~llll

Plmmmcia Bi,";.'Ch. Pi~ua\\"l)'. NJ.}. hmh :-':f:lnd.. of lh~ t,"i rRNA ~<:,!C. w;;:re
Sl'qu<.lnl,..~d wilh ;U) ;\trcXf~r('$SU llUh'u'n:IWd !oi.'qu¢tH.'VJ (t\m~Nnlll'l Pb;,rifl~ ..'i;l)
(rJ). 'nt.., '(C~Ul'll(\.·" Wi..' d~wiI1 ..'d \\"(.'rt i..l~nlk:ll to 1htl:'>c.' .:\In;~l~ly ~n~f> ;)ud

rc!6'ICf~'cl with lhc (O!klWir.; ilt.:l.'\~s.~l>n l}llmbe!),: E. n,ti, Xl:«l715: rinl11,llf '~r,

~lr<tif1 I. XSjlj.'~: M, 1I.I'1u!a.X90·1SI, and ,\~ tt.r't.1·i.,h,J:.'. Jll,Uj3,
The lJpcmn di""trsil~' ol"E. nA; h:uo: h/,.'Ct] lllw~tlgllh:d hy FudtllCf .11. (II). Th~~'

(:nul~f 1'I()1. lind 1111)' \.'~i.,(:l 1m Ihe rh,nr(',WC,IID:, ill{\.'Il ... ilij,:.l' ill fhe- ('()m!"t:,ri",m
1~1\\'t:..-n Illx:n)n·~r)r<.'t.ifk probe::"> ,IUd probl."S In)m Ihl.! sJ:mdilrd ~I. For I~"'dililll

~p. ~t1:IIH land M. ,,~:u([J~ Olll)' Ot~ rRNA gcll;'~ 11PCrofl h;lf. h(~~'l1 (IcSt.Tjl',;}d. S
c~,~'\.'l"iJ'(J<: I\.'\""'lll~ Hloro 111M ,1-+<' rRNA lral\~'ripli(lll tlllilS. W(: h,'l\\' ntll ..'III;cli.":lf
fl)r .,;cqll<,;ru:~~ IU"k.'rc'1;,~m:iIYtOI' 111i..~ ml\1)cJ()\I:( curic.~ III S. ('(I'I:I·6'i,h·lx.''l...atl~ l!k;
C, 0,/1 ti<'IIJI ....U~gCt'>ICd n() ri'"h~\ii.{H illt"lh..:nN on Ih.: fh.lVI'~lo(.'(lll('.(;l'Ii~1il1 II\1cn",itk"'iO.

t)r(jl!l.~ (k~lgll. All l,.~llgol)tli:'kond~prol}(';\ wc~ ~k~p.tK'd '10 l~ fully \'('ltllpk·
mcnt:lry to Ihe r\!~p(.'l't'ivc :snwlhubuult f~. 'A !'Cqill.'n('~", 'the Oh~Om:.h:'kl.)lid<:

I"rot~s tOf' Ih.... 1('& ·,RNA of L. ('d{j ~\·I.'f~ adapr..:-d from .a ~lhl.l) hy Fn<:.h~ \:1 ;\1.

{J I). For E, <''fiJI. At :1t"':ilu!;). :md 1';1"('l'lIlJu !'>P•• t'ill"l: v,<,\~ 1:1"<::11 til:II, !lnxl(.'./> wcr....
lk'sjSJ't.'d 10 1l<.J'MJog t:ir~t shes. fb.';"\u·se- ~,r jJl~rts., d<.:letIQrt.\.. nud dilkrcncc'i in
'h.... 0(" ,'out.:ot" l)!"lhc 1(\$ rRN ~qlll:::Ih.·('''5lE. f:oli. 5-4.1.",: Pm.4illfo ~p .. S.lN;'.;
IlJl(l M ~1J1{l, h2..()I'4"). i1 "",s noi (!'..Y)~ill)c In JbKllllQf<: Ib.:1T1l)() ;,lig<HllJd,;,,<)ti(l;;

pn.I'I(."> Ihal f<l(~"'l full)" h()fllnl\~'i,,'us l:ll'gd ..iti..'~ ill 11k~ Ihrt"'~ ill\"l"Sri~'lIi:d pn)~

l;:tn'IH~"\,

r':or M. M.'.lIi!.1 . .It ~f or .IOJ pmly o\'erl,fpping oligonul'wmld;,,< p.robcs ..... "s
dc ..i~nc ..1_ J:.tl vf\l.hic:h \\'"(;1"(: hOl'rn'k.l~la~ tf) 11Kb<..: \)( L coiL f\)r Pirt'"!Jultl~.

strain 1••1 ~n,;llo.! set 01 x.,... Pf'Otx.':'> \\~l:'>(k...~gth •.>d. n o(\\hich \\"~'rc hornolog.::.lU' to
Ih~ ('I[ C, «1!iA Thl' P[\)(X: !oCb \)( M. x·t!m;t "00 Pitr.lJuh, !lop.. ,.Jl:tfc (00 lilrg~t

f,,"'''itmll- The 1$$ rRNA ,,( _\. c,.,t';~J(h' wa" \'tl\\.·red Willi a ,-,-,"I (It Ii 2 mO:-I!y
"t.lj:I,~111 fJ'tllk...., This s..:t \\':t~ nPl htJmol~O()tl." h) t~l}."C1 ,>1"'.. in ;ll')) "1 11K
rll\'~;I!')'UIK.· M.rllins. 'Fuf I}r,,~ncr ('l.."lil);Ifi'.Ibilil}',.1i. '·('!'I'"1·ju(fi 111'\.lI.'lC ~i~U:llkr.1'" :If<..':
l-':iSCd iln E ("Db i11JJ1lIx'rill~ cn, AI! h.,-.Iix ,ium1~rs ",'Ut; dire",'1ly wken (1"\)01 Ib<.'
C ~'of; ....."C\'m!=iry·-'\lrtlCuu·c Jllo.-...kl ;tn:ontinF-lo lhe ARO :;oft~"5'rc 1Jai..·k1t~ (hllp:
f?\l,""''''-.arll·It<Jm....dl.:j.

l7:at'h SIll~C r~f.ix' 'iC1 cm-;}I" th(' full Ic~th I" the I(IS 1)1' I ~ rRNA (If the

re'Ix'''O.''-c l"lt'i-!"nism. 'lbe ~{;UH.b.-«J prob..' 1<:lIgth \\"':> IS nl..:)t><I1It!l'S. II the- 1111>
lUi."I!e<t1 n;<:.IIIIl~ pninlliCC\lr..iiIlS I<J the 4" ::. flmll\ll'l (,I' ~\ISb--'" i..'l :11. (lj;:), 7'.1 =.
14. {('; ... C) .... 1· (A"TJI.....su.'(,:'J:k;.1 (Krc nr WllS h..J,.1\\ 4S+(", til\! l,rolXl lcl1f:th
\\m· ,"':lrj~d :.crordin~ty. f>Totx~ lisl~ :m' ,w;lilahk: IU hup:IA\","·.lllpi·hn:mcn,a..,
;-~l,'l(:h(~:n!'l,

.Pmb.· 1:1lwlinG lmd (IU3litf ....ulUwl. 1}l'llhc< were !'l)'nlhl.>(.i1.L~.I. nl!:)(I()I;(I~k.. j;H

Ih~~' end with Cy'; 15.5Jo·disulli·)·LI '·(1'·~'ilf~)j)l,)Dlynylr.·L~,."·3·.t\:tranw:hyli;)~

~J(JI(,";:trl)()l.~pniJl •.\,i-h~'tln.I\)"sw.:dnif1ll{ksti,:rj in Iht.' h ...1 Mer l)l ,nHd·ph'I!li<.' 0,)':1.

Ih...sf~ 'Ind hi~h-I'~:.rtotJlHlIll.."· liquid ..·tn<lfnalltj.:r.'phy rllriUcd hyTlu:nfti)Hyh:.litt
Inh,'"l"it<:li\'.l1 Di\'i"iun GmhH {!.JIm. Gt·nl);-'Hl)<~. Stnet: dilll.::rcn':t':;" in the t4uiJlity ."\1
1;lhdll1~ dlr\·(.:tly fnf1u\'l\"'ctl ffW :Ulloa()t M prnl~·"""lllkm.>d llul)(l:sn.'l\t:t" «l,tl,l
11<)1 stwum), ~ililJn(IIS uf c.nil prol:k~ \\'';''ri·. llfHtly~d ill It ....rk'C11'\Iphl)lOf!lI)kr
(DU5~O; l\!.~;i.:m[lIUl, M\iJlI.:h~IJ. G~~rm"tIly) as: (k:~(;ril~~ll by 'Fuc:h'l: ~'t :11. ( 11).

AbM'lptilllt !'N.'"aboi M 5oS!1 lllU (Cy3) alul 260 nm ~1,lli~{)lllltk~IIl(I~) 'wcr~' r::~.

j,,-.:,r.;red•.'-\I'<.\1ntiiIS h} :11;;' L~lfnh'''I·lk>er l:m'~ lht.' r.lliu of ill~rrtiorl ;11 :'50 OlJl

tA:-.(l,l ,,~r:m~ 2(~.ll'lm (A1wl oi tl m(llloj;;lll":.l~d 'lliw.)oij~k.'fltiw :'>houh1 m:uch Ih<:
r;lIil,~ of the l:'xlim'llC)ll (''O...:(lkk:'m, (e) of C,;\ ,md l,)Ilg.llrlUd~,,(Jlnk Vllhtc~ cd <'I
i1hli\,.,;He M irn\lll1rklC li\lX:lin~. ('If ~ 'pr(\I>(', wtl\,;n,'lI~ V:d\l(,'~ of >1 J)()in~ If' the

pr('~:ll.'~or.l1l1Ji6oH.il, p'''lii..'Hlialiy lllll)l)und (;)"3 dye. !.\)Il~idclil1il i(l~n'1tf"dl·S iu
11h~ Ci;lim:.iliul1 \J( Iht' .:-xlioCli\)!1 Ull.'tidc01~ of l'ljf!.l.)mll'h;(it.id~ we :tL:l\"''Pt~d

\'ul\l~:'l mnUng rmm 0.7 <lnd 1-'';, ~",~ulllin~ thaI th~~~ nligt)Olh,:l~'oli(lt" wcJ'c
jl'K)\'K~:ttll..'lcd •

.FISH. J\Pflrnx.im~Hcl)' W~ ilXC(! t"ell:o; were hybridi.::,,>d In IOU)11 ()( ttuttcr ,~ml·

milling t!.IJ.M 'SOI.Jiilfll <::hlori<k. f'.I'~ ,~'1ltiUlU dIX!ct.)"1 sull.. "•. :1} mM Tri..-fKJ
lpH 7.2), ;mL! 1.5 JIF it! rluofc-.:..'cnl rn.1x- iJ.j~ i al46'-'C fOI :; h (ll).,~u~'q;'IC!llfl~<

..\.:Il~ \\'\:11.:: fll.::lkh.::d h)' ('I.:nfriiuW!tion (,"if; min ;11 4.000 ';.( .1: :II)..J l\.<"\bf'Clld~'\f in
IfJ(j.d or h\'hriJilillioll hujfl>r cont:1tnilll) fl\l 1'11.1111;:. ~'\(h::T \\,.,..111:1); (d: ~; mill:H

':b·~C'. s:.Hllple:'> W~,,; mix...'<1 with f.((J 1'1 o( J" rht.-~rh"t\'·bllfi~r~d~hfit' (pH 8.4;.
imnx....liilli:'1y pL-I..'l.'>:1 \)f) k'-e, .I1nU Mc;lyud wilhin J h,

}'Jit--· ("~·tf1m~1~·. 'nlt' 1111(}feS!.\::1l{.'\' inh.'ll~li\:, <..'ll b\11ridiud (',-,II, Wi,.>I'C qUlin"·

h,>tl fly" FA( 'I:U Ph(l.lh»\·q·l!.nK:l~'r lUD l.m'$;,.iell(,,;:~.Minlflt:lin Vi\.>\\'. ('"Iif).
l1Kl 51J-!1ln l,,·lllrs...iilt\ bl~C (J(;m ;\f'fOU lUll b'l;l ~·a .. tl.'io.;illl~ ~ li.dll 5[1Ur~< ;J1u!

'ulled 111 no 01HI1UI pow.;:r 0: 75{J ~lW. F\lfwal'd·~tllgh.' IIFlu :-<;,ih:f iFSC) W<I\

dCh.:Cie1,1 \\:ilh t. :"l,o,1 ~: :;t"l nlll 030 Uh.:,~'kilCi~) l"lIh;"I'::)~ tilt"'f, FltIOfC'o.'Wi\'C

'W.l$. dCk"l:I\'CJ \\ilh :1 bRI :: ('J!J 110l b,Jlid'p't~ filh.'"f (fLL Hu~o Anders:. G\'!'ICII·
K:h;;l1 fur d{jnn~ Schiducil mhH. Nahtmf,g. GCUlUU1}'). All me:l~Uh:!OlCIH" 'I\'Cf~

c:dioratcd In I':li:'lyt:tu(lmtllk, lJ5~~m.odhlln":lcf f'Ol)"$.fyr~.ne lx;;s.d;o. (p()I)~i..'IWt.~

\V;Hnn~lnn, I'a.) t>tl!h III du:d; Ih\.'. stlhiliry nl" loc· nl'li~;(1 ;lh~lllm:lll il~ ~hi.' fl<IW
l..·rIOlne;~r and :..1SI:u'llh,nli....Ao' ~hi' flll")f\'st.~I1t\: i(lh·n,.jtk~ vI' th... Pr'<.JtX'·$.

Ulll.a ac:tllli.dtluJI ;ami JIl"tM:!:ssinl;. TI~: f!iHilmdns FSC, St<t..': ...c;\lkr. t1;ld FLI
'.'.-ere rl"conli.:d.15. pl.lll'e 'h:I~lu ,,:>ignal~ ft\)tlf (i..'c,dc~ in 'O!-'.ilrhhOlk- """ilk \:~lchJ,

and tM e-:t\"h n\C<\St..r..-m.:ul. 111.1.100 e"~nl~ \\'l.'rc sr..)l'~d in li~l lll,;xlc. ft!e\:... Sllh:"<.~A

qU\."llt al1'll.~....is W;J..~ J~")uc with Cl'1IQu~~1 Sl)n~·:.tN {on Lifc·'.c:kn(."(.'~}. Prnhe~

wnk'l'n:d rh.IIH\:Sl.'\~rl\,.~~ W,IS tkl~rmiri(d IV I",,' lhc tnC\Jl;IU M lh~ FLI \'~llu~ ... of

~in..o;:k c-vlh lylu,i;. in a ~,tle thill W:l!'> tk:fiu(~d in '.,11'\ FSC\\".,'!"!o ....·FLl lkH rl<"ll.

.l'n~"c,l.'llJlt ...Hl·J tlll<)r..~~«I1l:\! il1tr..·ll.,;jlil:S \\\~l' 1"..;t.'(If(kil trom lrir1ic;u..: S:IO)I'll~

l~dl r..:pli'~lk rCI)r~lIl:- iu(kp.:.."ulJ.m! ("ell h)'hri,Ii7t.!i()Il. (111)' Iriplk.H':!l with It

C\)I.;'t!idcol of \·;kriJ.uilll\ ()f lt~~ t.han Hr;;< wen: ';1\X.'\.·plC.I, oltl;}Jwiw the 'lU;HllitJ·
C~ltiilll was wl'C!afcd. No ~HllHbrd (k\"ja!j~ms ~lre SiVl:ll, :-;illL:e tlh' C("i.'Ilk'iCIII llf

\'alialroll ill lili l·I'ISO::~ wer..' <.IWi.
TI1l' OII('h~~'Cllt"\: l)l' ;:dls ","'as n.ITI\.'<h:d I.'y !'lttIHl'<It,tiol) uf b:I~'J.:gmUl\d 11l1()(\~.

<:Cfl\'C· (if !l(;til!lw \'Ot)!m!ii 11lh.l ~wlldl'lr\1iZl:d to lhe thij}rtv.:clKx! of rdi.:-Nrlr...:
Ix.,.,d". The p({)I~~Otll"crrc\ll1illlfc",:c.n~'l1WfI!'> fill;illy c~pn.'li-..~.t ,1\ lh~ p.::n.~!H'lg~·

of Lhc. lHl':~1l1 of lhe whuk d:H;j ~['Of ..:.-"h oqw,nism (tllC;Hl u flOr;(), ThcN;I~.

t.'jjL·.:ts <.:au~d h\' l1incr....nozc .. in ..HlrolluorcS(:vul'l.' ;ll'ld fl!)(Jt'(JUw tAll)w:n 1\1 th~

fovr Illin"()()fg;~!;j~lsC\11111IlWl1 in 1lliX .. IUtly 1.;ln be l.'-xdutk;tl.

RESl1I:rS

A<.ccssibility of E. ""Ii 16S rRNA for CJ3.ll1bded oligonu·
cI(~f}1id(~ probes. All prohes were arhitr;uily grouped i.l(~c()rding

Tn lheir rel;tlivc (luoresl.,\:,llcc hybridizalion signnls iOh) six
classes of brightness (relativc intcnsity units ;lrc giwn in pa­
renlheses): ch",s I (>0.8/). cI,." 11 (0.8 to 0.(1), c1,c'5 111 to.6
10 llAl). c111SS IV (0.4 10 O.~I). cia" V (0.210 0.1)6). <lnd class
VI (0.05 10 0). Figure I shows the distribution of the diO'el'''lll
brightness classes over lhe: 16S rRN.~\ J;ccondary-sl.ruc(urc
model (5).

Of a lotal of 17h probes. only 17. i.e., Eco:CO 11.15). Eeo91
(0.82). Ecol09 (0.82). EeolS5 (O.W). 1000252 (L02), Eeo2%
(O.S~), '::":0378 (1.09). Ec0395 (1.06), Em440 «(1.')4). E,:0645
(0.8ll, Eco665 (1.14). Eeo6(k" (0.82). & ....'681 (1.30), Ec,.6l)O
(1.27). Eco907 (1.0l). 10",,93<1 (0.88), and Ecoll76 (0.$4)
(bri:;;hlI1C!;~ \~tlllCS are in parcnlhc~~s). are in Ihe brightc.... t
class. ciass I. and 48 bdong I() dass II Cfahle I). Mosl Pl"~."'s

or cbs~ I ;jrc dlrcclcJ ag.:t'inst five regions wht:re accc..\s,ihility
fi.)( oligonucleotide probes in Ev coli seems to he v~ry high: (i)
",,,itions 91 10 In (the laM few nucleotides of Ihe 3' 1",11 of
hdix Ii Hno Ihe 5' half o!' helice., 7, 8. and 9); (ii) positions 285
to 315 (helix 13): (iii) position> :"15 '0 439 (the 3' half of heiix
4 and ihe complete 1",lix 17): (iv) posilions 645 to 728 (Ihe 5'
half of helix 23. the c,.mpletc. helix 24, ano the S' half of helix
2';). "xccpt for the IlJ,<,be 10,,,)1);0. £co1>57, and &0693 target
positions; (v) positions 907 to '159 (the 5' h..l,,<,s of helices 31­
32. and 33), execI" for the pl'obc Ec0917 ~111" Ec0926 targel
posit.ions. Fiv(~ sJ11Hller rl.,"gions with vcry goexl acccs-c;ibility arc
spread ,>vcr Ihe whofe loS rRNA About half of all probes arc
in classes III (45 prob",) amI IV (35 pl'Ob"s). The sign1ll-to­
noi!\c ratios (.~\'cn lor the less-brig.ht probes: ofclass lV were siill
>20 I'm exponcmial·pIlllsC E. "o/i cells.

Alx)ut 17~~r of •.111 probes showed weak or nO signals. (Classes
V and VI: 0 to 0.2). Apparently_ t""dlybJo<'ked site.s (eb!>s VI)
inc-Illdc rh" loop regirm!": :Hld lhe :V h;,lr of helix 47. rhl..'>,. .l'
h,df M helix 22 and thc 1",,1' "<giQlls of helic..., IS and 45. and
Ihe ta.rget ,ites M p,."bc, Ecol113, EeoJ201, &01437. ,1110
teol4"4. Tal'gel J'cgiOI~' which arc app~rell!ly only partially
accc~'"Sihle 10 oll~onllclcfHidc.s (c1~lSS \1) include th 5' h.l1l.'es
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class I: >1.()...().81

cia•• II: 0.8...0.61

elals IV: 0.4.0.21

class V: O.2-G.06

elliS. VI: 0.05-0

FlO. I. Di:-.lrihuIK\n tlf lcl~ti\'l' tluoll:..c~no.· nybridil:llinn 'nlcl1,ilic~ \,If 171 o!l£(InUd~\llillc prolX'.. largl,.·lillg Ihc I()~ IRNA uf E. wli.llh.'
t.liffcrcnl (:c,lt"" im..lJQlh.: ~Iil)'crt:nl hrip.htnc,,-~ (da.l\.'cs I thn\ugh VI). 'uml""l\:rs in 'lnlillltyp'-' indic:11C IlUclC'llidc pnSili(lno;. NUl11ht:p" ltl I.tr~c.r l~rc

Idlc~l hcli~ l1umtX':ling "l'('(\rdin~ III 1311'l'\iuo; ci ,II. (3).

of hdkc .~f)••1.0. ;md 40: almo'1 the complclc helices 11. :'7.
tlnu 4 J: the .V half (If helix 50; lind Ihe I,trgel ~jtC{;j of pruh\.·~

Eco84. Eco110. ECt)1(,"2. Ecn83fl, Ecol14i. Ec\.'II, 4. and
EwIJ-,K

62

Acces,ihllil)' ur Pire/lllia .p. slrain I 16S rRNA fur CyJ.
lalx·IL"f1 ulll:lJnudl'otidl' prohl'S. NUII11;t1izl'd prLlhc-confcl reu
Ouorc ....cc.:ncc dal.a ..A}tainccl for Pircl/ula "I"'...In: '\ul11marizccl in
Fig. 2. c'llce again colnr ended into a 16S rRNA sccondalY~
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ACCESSIHILITY 01- SMALL-SUBUI\IT dUo'A TO PROBES .liS I

TABLE I. Di<.;lrihutldfl n! rm\l..·~ {W(,'f Ih:: di!r~f":IH hri~h1jli.~~'

di.h:-C:':' for lhe I~)ur il1\-~ ... tigalt.'d :-{r~in~

11 111 IV I' VI

E {'-Iii i 7 4S 45 ~5 20 11
j'in'NaJa 'I'- ,..trnin I (I 37 2(\ 12 111
M. ,w.dlda 3; is 14 21 52 12
S rcrl"'t"iS"itll' 25 20 21 14 22 III

~ll'nc1Ule modd (5). 01':1 lotal of SR prohc~~ 4_'/r :Ile ill cb~,
11 (37 probes). None of th(' plc)hes could 1)(' Ilssitlned to class r.
N~'\'erthde~s:. tlll' in situ acct"~!)ibiJity of tile 1.6S rRNA of PiA
1'1'IIllia sp. slr.\ill J for 1'ligonuckotidc' probes ~i,;'cm:-; to be high.
TIH~' bJightc~l probes COVl~r wrgcl sile"", including th,~ c,ullpleLc
heii"e' L 2, 3,4, 7,13,14, 15,31t ano 41 ,",well as largq,arl'
of hd icc') 2.6. 46. and 49: lh~ .)' h3Iv~~ f\t hc.J ices 6. ,I~. 16. J~.
anti 3.": alld the 5' h~dV(;s. of hdi<.·us 9! 2:;. 25. 31. 39.40. (lnd
4',

Oet''''ll!. 3S of SB prell", arc i" dasses nI (26 plobes) allli IV
(12 pf()b("~). 'nw :\i£I1'jl~l.o-nnj~t:, r;llJ() of lh~ ks~·bright probes
of do's,; lV. ror(';~pnJ1cnti:ill-'Pha!;.(.:Pirt/!ula :'[1. sll';lin I cells.. wa~
:.bnut 6. Ahou! ]5r,}... of ,III pl'ones .",hnwl~d weak (n no signab
(c1~I~...e'!o V and VJ). Totally hlockeJ sitc:-. indlH.k lhe 3' half or
helix 22. the loop rt-gion of helix 28. ;md helix ··C. ;.\pparc-ntJ~\

llllly p;irt 1<IIJ~' accessible SiLtS for ulil!ol1udt:o! ick probes an~

lu('at~d at lilt:' lot.)p region of helix O. (he upper 5' half and
nearly lhe C()ll1pIcIC 3' half of helix 18, Ih~ loop r~ginn or helix
22, helix 34, Ihe 5' ill.1<1 J' bas'l] pm "r hd ix 4(" Ihe 5' half of
helix 4i. :md prohe Pirf33S t;lrgd ~ilcs.

,,-\cCt'ssihility of 1H. .~f..dllJ(I '6S rUNA fur CyJ-I;)hch:d nli:!.o­
l1uc.·)t'f)(idl' I'l"ohc~. Fig.:; Sl)ll111l.uil..c~ Iht: dhtril_.lulion or prol"C~

(,(\J1fcncd nuur,,~s('cnec. \~lluc\ on.'1 th~ IflS rRN;\ sCl..'t)no:.lI")'.
~I rtJcltlr,,: model or t\!..\'cdu/{/ (5). Of a lotal of J61 probc5i. 34
arc in llh.:" hrightesl da:-.s. da~.;s I, ~lnd IN '-'",long to dass II, _M(~t
pro!),,;s of t1ll~-:'(" I\\'l) dasst;~ all,: din..:Ckd again~... t iive Imgcl

reg.ions: (i) pOSiliol1' 2.~-i to :n~~ (hl'lil.x's 12. D. and 14). CXCt::pl

h:tr the M~t2-+4 and tv1et:11o trl.q:;tl ~iICS; (ii) positions (J45 to
hB211he distal pari of Ihe 3' half of hdh 22 alld Ihe complele
51 half of hdix 23). except rol' the Mel657 t<lfgct ~ilt·.$; (iii)
Ix,silinns 704 to 772 (lhe ~' half of helix :~, helix 25, and lhe .1'
half of hclicc:-.23 <Inti 21)~ c:.xcepl forlhc )\'11:171.1 nndJ\;1e172()
larg<.::t ~i{cs: (iv) Ih.')siliolls &5-0 ItI 906 {hcli<:~~ 29 ~tIl(l 30 and Ihe
J' lwlf {If h~lix 20), (');-';(;P[ for the Mcm5~. 'MctHi I.. <Ind
l\,1etS~5 target site~; (\.') IX)~it"ion~ 11~"( tll 1282 (the )C)OP fcgj,,)n

l.ll~ heli, 46). cx:c~P( foJ' the probe M':11274 I~'fgt.·t ~ilcs, T\\"cnIY~

lfuec smalkr a(\;('s:-ihlc spnls afC spread m"'Cr the Whole H.S
,RNA A"oul one-fifth or ,tllpr""'" i, in eb,s III (141"\'1)(")
and IV (~I probc~). Prltlx"s ()f tillS' JV hnd .1 :sigm_"~(l-nois('

rat io of illXlut 21.
A\xWI <I"e-half (.j()t:q (If "II pr<>l>cs sho\\"J low sig",d ill­

1t:llsilleS down 11.-' l,.11\1y b;,tckgr(,und Iltll")rCS('cnc~ (d;;HI~ V and
VI), ;\pparcnlly, loWJly blodcd ,ilc, (cia,> VI) include the 5'
halve:) of helices 43 and 45 and the complclc. helix .J...l. cXCI,.~pl

lor tht.' 'Men l·a) t:trgd sitt:s, Eigl\lccn sm~llIcr S(XHo;, of It)lally
blocked sitc~ :lle di~lI thUlcod o\'l.':r the Whilk J(,S rRNA ~C('.

IJIl(brY·~lrllctur\: Jnndd. T~1rgd J'1."g.ii)I1S which ;He apparently
only partially a("ces..~iblc to oli~onlldcl1lidcs{class V) indude
th~ 5' h,llvcs of hdices- 5, 12" 3t), and 40: till: comph:te hdkt~

fi. In. 17. 1:3. 41. o.md SO; ;uh.lrht J' h:lhh'$ of hdjcc~ 33, .35, J 7.
:'0, 'Ull.l 45. Thil1y-I()ur olher oligonucleotide-!', l'ck)nging to
cbss V are ("cated all "vcr 'he 16S I RNA_

Aee<ssibilily of S, !Xrt!I';.';llC ISS dlNA for CyJ-lalwl('d ..Ii­
gmwclemi<J(· probes. In <llHllogy 1"0 the three prt'lk'aryolc-S" the
di~triblllkm of the ~ix brightness das~(:.s on:!' the S Cftr,'I'j"iue

1SS rl:tN/\ secondmy-sLnll:t'lIfc l1lodel is shown 111 Fi1:> .:+ (5 I, O!
a total of I 12 prob-cs. 25 nrc ill class I and 20bcl,lng 10 c1as!'- 11.
i\-1osl u( thc:,-c prob~s C(N~r sh major IKlf SPOl~ of good in ~illl

accessibility: (i) poshiorb 270 10 408 ((he 5' h,,1r 01 hdix 12 and
helices l~, 14, 15, ;ll1d 16), except (clr probe Sac322 t~lrl:!el

I}t.)siliotls: (ii) PO~ili(ln.' 439 to 55~ (helices IR allJ )9): (iii)
IXlSili"", 759 1:0 ~32 (helix 2(, and tht 3' h,,1f of heli,.. 27), (i,')
p'(l~it.ions S5S t(l 927 th(,.·liccs 29 i.U1d 30, the- S' half of hdi~ 1,
ami Ille li"a few nucleotide' of the J' 1",11 of Itell\ :11)_ except
for probe Sad>').1 taq;et ,i'e" IV) position< IOJ7lo 11 J8 (tl'" 5'
hal(ofhelkl.·~ 37 lind 30: lwli(,;I.':-; :19, 40. 41. anti 42, and lhe Y
half o( heli.'\ ~:;,~ t,;xcepl [,)( prnl)C' - '(lcI084 l;lf!!/""l :-:i{l~:-;: und (vi)
IX",ili"", II if l<> 120S (lite 5' h"lf 01 helice' 45 and 39),

NI~~lrly onc~lhiJ'd of ~tlJ prot'lt:s :\rc in cb:-... III (::~J rrot-x:~) alld
IV (14 prol....~..), ~nll; ~ign;d~tu~n()i5e ralios ~vcn for the Ie.,~­

bright probt:s (,If c1;t.!).s IV wen: \li1l22 for txrH)l1cntial-phas(.' S.
('(!n.~'i~liitu) (~dh. NelJ'ly J01( or ;ill prnl'h.':o< ~h()w(;d only di,fl IiI

11"... fill()n:sccn('~, Ohviously. only parliillly ;lcc~'s~ibl(~ l.ar~..~1 f('~

gioll~ (c1a~~ V) include hcli...:~~ l7 and ~2. IIR~ 5' half o!" helict~"

44 and 45, th~ dilotal pal t t)f hdix 49_ cXCCpl for Ihe pml~

Sac)·.J4Qt:,rget PO~ili()n~. ;lnd th(: t:ll~(,l ~if(;SOrpn.lbcsSllcI3R.

Sac I?\O, SachS!. '. S:H'()Sl h, SacS32. Sa<' J256, Sd(.·1 ~S..!. Sue 150'2.
lind SrlcJ52-l-, Cnmpktely hhx:kl;,'d region:; (di.l~.'i Vj) cndo:')t'

nWSI ()r the 3' half ':If helix 4..J. and the larl~ei siles of prohe.:)
S'H:h44, Sac65lb, S;1('9..L\ Saf 126\). Sac) ~ 16, SlU'1352.. ,\(1(, 14~1),

ilnd Sac 1506.

{lISCl'sSroN

-nl"" aim of this sludy was to c.<Jmp~1n: 1.111." in sil\J aeees.sibilily
of tht sm~llI~suhllnil rRNA (If three diiI"trC:1l1 prok,uyoks ~Ind

a (,.uc:lI)'o!C for CyJ-lnbcled olig.ol1iH..:!t:f1l ide Pl"~)t)Cs. Care \\ :I~

taken lhat the probe-ll1tdi<lh:<1 fluon:Si.::e-nce \Vas UOI atkch~d by
p~,rarnclers like yualHy 01 pl'oh~ synrhesi:'J l.."'r dis~()Clalioll tcm~

jJeJ atme. Etkct~ caused by dillcrcnces in rilx'~orn~ contenl 1..)1'

autonuort:~('ncc Wert rninilHizc-o by the standanliz:ltiol1 PH'A
,coure:-. applied, 'nl~ b~SI ...~ol'r¢Ji.tiion hclwccll rW(1 daDI ~cb

\\",.1:-: achieved 1",>1' til,· 77 prohes f;u-gctinH homolog POSit i.:ms in
Eo coN :md flitedloJ" sp_ Th(~ ~lpplicJ P le:-:! (P < OJII) H:;\-'c~\k~d

a highly signillctll'lt ,.":. v,tluc of O...t7 tFig. Sa)_ The (·(HT(.'blion

\:oclTkicnt d"Cf('aSW when the I1K'mb<"IS of lhe d()m~lin l1ac/c­
rill wen..' o>mp;ued to th~ archaeon 1\-{, St'c!ultl. B~"tw~~n E. colt
and ;\1, s('tlu/a lh~ <.:orrclal ion <.;c.x"ffkicnl W'l:-. 0,2:. The f' h..' ... t

SllpPOl"t-l:> the signilkan(."C of thi, \-uhl\.· (P <.: 0.01) 1)('c;1tl~Corlll{'
exlen,jv\: sd of 131 homolog pr()hc~ sll'ln~d by Ihes(; two or~

g.<mhllJ~ (Fig, :'l~)" Tht" ('I)rrcl"tiotl berWt;~n Pin:lhdo sp. and )\1.
xedula \V,IS not signifkant (P > O.OJ), This might be ~hl(' 10 th(;
limited numh~r l,)f only 60 rrobc~ targeting hl...lllh)log ~i{(~ ..

within these I)rg;lnisms (F"ig. 5c). Tht: torr~hHion analy~is

('k~lrly ...how~ Ih"l rhl"- in silll accessibility maps ar('" moh'o ~il1l­

ilal fOJ pllylogcl1t'tiefllly more-related org:l:Oi~Hl~. Extrap()la­
linll~ of our data to Ilther orf'_~lf)i~m~ should I:he:refnn.:: be- bil ....t;·d
on th~ dMa avaiIJblc for the l;)Osest rclntivc.

"n1('. cOIl~c-nsus in s.iru ~Jcccssjbilily map (Fig. (I) of the !.Iire(·
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10

FlG. 2. Distribution of rdathe i1uur<.·~--eo<."Ch\'bridiziltiun intcl1'!'ili~s lIf
1.111(.' Jid'ercnl cuklr" inJiciHc diffcr~nt hrighlne~~s (d:l'~~ I through VI).
lype rcO ...-c( helix numbering a(x:ording [0 Bnlsiu.., Cl al. (3).

64

olj~'tlnUck()tklc prulxs rargcting lh~ lOS rRNA of find/lila ~p. strain
umber:, in smalllypc indtellC nuclCOlidl" I')(),ilion,. I u,"I~~ illlarg-.:r
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• class I: >1.0.Q.81

• clas5U: O.8.Q.61

0 class til: O.6.Q.41

class IV: O.~.21

• class V: O.2.Q.06

• class VI: 0.05-0

175.1

FlG. J. Distt'ihutinn I,f rdati\ ~ lluorl,."l'cn\.·,,: hyhridizallllll 1Iltcn"illcs 01 If,1 llligtlnlldl'Olidc prpl:l\.· ... largct1l1g Ihe IhS rR! A 01 .\1. ~...tlll/d. The
Jitr~n:l1ll.:ol11r.. indil.:atc llitf':l 'Ill hrighlllcS~'" (..:Ia~~ J lhrllu:;.h \ll). F'lll11l)(.'r' in ,malllypc illdk:~l!l' lIudi.:l,'lidl.' po~ilj(ln ... Numht.'rs in 1;lf}!.l.'r IYPl,,'
r..:fkcl helix numhcring f1C~llrdiug In Brll,ius cl al. (.~).
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BEHRENS ET AL • PPI_ [:Jl.,\IKON. ~II<.ROlllnL

• cia.. I: >1.~.81

• class II: 0.11-0.61

tQ class "I: 0.6-0.41
11

,~

..r
-' cla.alV: 0.4~.21

• class V: 0.2~.06

• class VI: 0.05-0

l

r1< i. 4. Di,tributil'll 01 rt..'I.lti\!o! flUtlrc..ccncc h,hrilhl.llinn intC"l1'..llh':~ of II ~ ,'!il-~,(II1ll4:k,'tit.ll; pnllxH, l:argl..'t1n~ till; H.~ rR:":.\ or S. n-/n I'/Ih', Th...
tJitfcrCnll.:ol\lr, IOthl:<lte IJlikrl'l1l hnghll\l"-";' (d .•"",.'" I llUtHlfh VI) ;\!umh..:J' III ,m.lll l)11o.: 1Ot.lICJh..'nu<:h.·lllld,' pll'-lliHI1'. ·umlwr'i. Irll;lr~l'r (}p.:
fL,nl.'(:t hell''\: I1tlm~"'nn~ .ll·omlll1J; [tt Brll""Il" l'l al. (31.
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ACCESSIBIUTY OF S~MLL·$lJllUNIT rRNA TO I'ROBES 1755

r' =0.47

r'=O.t6
p =0.23
n=60

posilions 871 to 925, ,,,eepl helix 30 largel posilions, and (iii)
positions 1248 to 1283 (mosl of Ih,' IIppcr pall of helix 46).
Sc\'en "m.tHer regil)ns of goOO accc~sibility ilrc- IOC~llcti on hc~

.Ii,.." 2. 3. 7. 9, 20. 23. 26, 27. "nd ,L
Rccenllya homology model of Ihc 30S ribosonHlI sllbunit 01

E. coli bee,nne availahle (20). It is b~lloOed On (he high-rcsollllinl1
thrc('-dim~Jlsion~11 stnlctllre model ()f the sfnaJi riho$omal ub­
IInit of Th"f1I/lIslhcrmoflililus (17. 2.1). We ph," 10 comp"re ollr
in s.iw accc~sibililYfh1a to Ihrce-dinu.-I1~innalstrucllJre nHxlcl~

(;f the .305 ribosomal suhunit ·h must, howe\'er! he cOI1-sidc.rcd
thal this ('omp~'l'js.on mighl nor lx, stroightfonvard tx,,:causc the
rjbosomc.s of wholc. pnrl.lfol"mahJchyJc.lixed cdI:) Jnay be in ,I
denatured conforJ1)ationnl :>ttlge lhnl dOt'S not mimic the. 1l00tjVi.'
rib(lrome Sl rllClure.

Duc 10 long in~erl~, il "':IS "ely diOicult 10 design ~, larscr SCI
of pmbe~ for the ISS rIU'A. of S. ccrc\'i,iac lhat is a Iwmolog
10 the prok:ttyole ,h,la Sd,. An im.!cpcndenl probe. sci wus
cfcmcd. TI1crefol'l'. We c..ompan.:-d the prOk~lI)Olic cou"cn.sus
mnk slim Villucs with the rdtltivc f1W.)t~f;;('cncc v;lIucs or each
probe. of I he S. cerel'isit/(.· data $tel tWcr the wlwlc J65" rRNA
sequence (Fig. 7). ;\1. "'ast for ~elctled rogions, in Silll "cces­
$ihilities were simili1f, .:.g.• "o~itjons 587 10 651 W~r(~ low both
in lhe prokaryotic consensuS" ;)nd in S. cen_~t·ifi(l(.·.

\)ill'el'l'ntcS in lh. E. ('oli in silu "ceessihililJ for e.:U'box)'­
l1uorescein- and C,y3·lnbt.'ltd ()li~()nuc1c()1.id(~s. E. ('oli 16$
rRNA accessibilit)' had been ex:ull;ned in 1998 with earboxy­
lluorcS<'~ein-lahclcelpro/x.", (II). This sluely was I'crfonneel \\ ith
Cy~-h.1bc1ed oligonucleotides,. which have. due ICl their M.lPCI inr
Iluorescenee. almosl flilly rcpl:leed 1l11<)fesccin- and rhoda­
mine-labeled probes. For companui"" purposes, we also 1','­

eX:lmined E. coli. TIle d~i1[1 :l1"C ge.ne-rall.r VCiY con.sis.tCI11.
~ltholl~h the prolx:-confcrrcd nll()re~cc-nce ~ig:nals of I h("
f.Iuorc,ecill-labeled probe dat" ;,el has been normalized ditrer­
ently (Il). "lllis Ls mo" evident for blocked siles (classes V and
VI). When Ihe Illl,,,,es,,,in-labelell probe "alll .oJ" Flichs el "I­
~lrc Iloonalizcu the: snmc WilY we analyz.ed our dar:! in this
study. 37%.. of lhe probes ar~ ill the .~wmc hrigllll1CSS cht$s.
Onc~third of the Cy3-I;)bel~d prolx'i is 1i~lcd in one Of two
brightness dasse~ higher. The carl)ll-cyanine: dye deriv:ltive
Cy~ h:iS, in comparison 10 Ihe IriphenylmcrlHH1C dcriv.Hive
c:1I1X»;y-Uuofcscein. n rnol'C"-lincar structure that ('ould reduce
Slcric hindrance ;lnd th"rehy faeilit:ne probe bindil.lg lO Ill('
lart:cl (<»)•.Anolher reason for Ihe superi<>r performance of Cy3
b:. lIS pH independence. lntcrc.stingly, fh,c of rhe Cy.1·lahelcd
probes were grouped il1lO brightlless d;-tS$~~ three Of toor cat­
egor.ies higher I,han Ihe same olignl1udcoiidcs cOIrIJing u f1lH'.~

"""ein lahel. Three of Ihese pmbc~ la.rgcl. Ihe 5' half of helix
23 (Eco645, cCt>665, and ECQ6(8). '!lie decre:.I* i,) 1I1C flllo­
resce-in nlll1rC~CCncc fllr th~se larget region.Ii rnighl be cllu~~d

by b",e.specilk quenChing (7. 13, 24). l{)rinll;r;l ct al. de­
scribed tht: 5cqucnC'C--specitlc qllcnching of flu()rcs~cin wjth
special allc.lllioJ1 10 guanine "b},SC-S (19). For the ,·hrel: Ill~ll­

tinned probes I.argcling the: 5' h~llfof helix ·23. 5'-GO (p()sili(ln~

645 ilnd (46) and 5'-GAG" (positi,'n, 6(,4 1.0 (70) can be fOllnd
on the probe targel sequ~ucc jn spi"ltial proximity (0 the dye~

labeled 5' cnd of Ihe hybridized \llih'(l)1uc!eOlide.
Although nuorcSt.:cJlce.quen~hing has l1<)t yet been t1c~

scrihed for the cyuninc dye~ Cy.1 and Cy5. we Hrgll~ thai I)(~i~

lion:ll efieCIS (In probc-con(crred tluorescenee may also he
accounliiblc for single Ca~c5 where cffecls ()Ccur th;ll can1l01 be

p =0.00
n=77

. ~t "';r~(,-.•----c;--.-.------
; ~.

1''''1~.

j,» L:-
1 I

r.
.~L ..~ ..~~.

'00

c) ,"'~._---------_ ..

a)

P =0.01
r' =0.22

b)

,"

FIG, :;, Corrd:Hiol1 ~)f fe/ari",(.- (rd.) llUOf\:.'$("~I'kx.: jlll~~Il"hics l)11

tull)' h01110Io!:!pu~ tm.!;Cl sii(~~ (rJ). (\1) E. t'()/i VI,.'r:-:us Pirdlll{(J ~r. strain
1. (h) E. u)!i,,~rs\.l:-:\1. ,\'(;'J.{ah" to,;) J-'irdlttlfj ~p, ~tr;)jll 1 \'(.·rsu~ j\/. ;((~{lu!fi.

Un~,,; cnrrcl:llion nleHkk'nlS (r2) lIn,l P ll!~l \'ahl0i' (lJ) Wt.'rt' c;lk'~l~
b{l~d for l~'Il::h pai,wi~ (:wnp;tri.snn.

pI'O).."llfyotc!'l ,,:on.sideJ;oi only the d':lIa on [he 60 fuJI)' homologous
!}tTgcl silcs. To cilch organisql. rank vulucs were given begin·
ning with 60 (or ihe hriglu:esl prl)bc down to I for lhc less
brighl pmbe. R:lllk SUIll "alues for each of lho ()() t:1l}\el siles
w~re c~dcuJaICd rind arbit.rarily grouped into six CI:HiSCS of
brightness as fllllow!j: <:lass It rank sum valuc~or> 150; class rJ.
nlllk 'UIlI \'alues of 120 io .149; class Ill. lal1k sum vailies of <i0
In 119; c1<1SS IV. nlnk sum \'alucs of 60 to 89: dn~'S V. rank SUIll
valut:s of 3U 10 59; and cll:lss Vl, I'~mk slim v:llues nr <30. Only
1WO of lhe targcl sile~ (posillons ;285 10 :10~ nnd :121 to 338) :lr~

in c1a~s 1. Regions Wilh high 'lcccssibilily in all Ihrec pro·
karyoles arc (i) positions 285 10338 (heliccs 13 and 14). (ii)

67



Accessibility of SSU rRNA to Probes

1756 UFHRE 'S ET AL APPL ENVIRON. MllROOIOI.

~7

'j

-'"--, '
,~.

...t.

~r 35

34

...
33

42 '. 'j 404''j,
~3 "j

~1 ~ ,L ,,~

'..-
39

45

29

36
37 ,.

",-r

a
27 •

~30

25

26

"I

19

~i 3-:-' • o. 32

I~~
'":

1
,

17

~
,j,

.I. ,.
16 .,. , 50

rru 24

49

15­I

~r'
12

11 ""....

10

--

-'- J,

• class I: >150

• class II: 120-149

--' class III: 90·119

class IV: 60·89

• class V: 30-59

• elass VI: < 30

,.'
FlO. h OllbCnSll'l a\.,(·l..~ihilll) Illap (01 pl(lk:Jl"~t)I'-=s. The \..",II~H rodin~ un a 165 rRi\A ~collJ;II)-'lru..·tulc mttdclllf E. (.(Jj I~ h;I'tCJ ,'n r;tnk ~UI1'"

for hl)mnl.\gllu, 1~lrgc.( sitl.:!o. lir..·y ;lr~tl" l'lIl1lJ 1101 tx· ,,(w\.'r..:,l "illl fully humnlngolu:- rmllx'''' rh~ ,litrer..:nl l'olor~ IIHlio."I'~ dift,,;rcnt hrighllh.:~...~:­
(d,.",,,,", IthullI£.h VI). Numher:. in "mall t)Tx' IIldte:llC IlUdC\ltidc I)(",ilioo..... Numht: ..... In lar~..'r 1~1X~ I'cth:Cl hdis Ilulnhcring 'K"Ctlldil1~ 111 UJ'l'.iu.. ~1l\1.lJl

~xplain\."t1 hy hindered ur unimpeded prllbe a('L'\::"'" to il"i target
position. (nT ,-,...:amrle. th~ 3' h~l( of hdix ~2 or till' 5' huli (\f

hcli...: -It) in ,\I. ~t!(llll(/. whcn.~ overlapping prnl'lC"i vary in their
1l1ll.Ht:">C'...·Ik:~ inlcnsilic"l fn)1l1 da.)~ I h) d.I's VI. In Ih~~ rc-

£oi.'Il'. lh~ probc-n)nft.:rrcd fiunrcs..::clll:C mOlY al~o hl: intlucnc(:d
by pnsilion cO·eel\ ~udl :l') o;cqll~nct:·~rcl'il1cllllcnching of thl'
nuon:~encc signal by e1eclron cn~rg) tlan...f~r. ;IS plc:\'jou..ly
dc.eriix:d (7. i 'i, ~~),
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FIG, 7. Comp.'risnn n(the n.:l..1tin: (reI.) thllln...~t:ncco[ .\. uJ~'I-j.~i(lc ISS rRNA rrc~h<.:~ ~~,..nlnJ 1111(:.... ) \\ilh thl~ r;lOk ~um V:lltll'!- nf lin: (If(l''':d}'(lIi..·

1";$ rRNA l.:lm.....·f~lIS nwdd (dnHCtllin~).Ho\)ks on th\,' ~4U(>IIl~\.· :IXb. indkal(' IWO l;tff:.(~ in~rt:, nr 71 iUlJ tt~1 nul..·h:<Jtidl.... on thlo:: ISS rRNA
~\IIWI'\:l' of.li n:l't~jsi(Jc for \\-hich 1101 ~lll rn)tl(~ tlrc "hmvn. -Iltl..' kn£lhs and l~).a(:l j'lO:-iIILUh 01 proJ~ ... with rc~rx'('l It> E. c~>li numl~ring 0) ~lrL'

jndlc,IICl,1 on lhe.r ax~~:,=.

Although thc, small-suhunit rRNA i~;1 highly conserved Illol­
cClIk, our u;;lla shnw 1h'JI Ihcn~ arc dilT\.'£\,:.ncc.s in highcr-ord"~1

l\lfllClllrcs thai innuence [argd sile acce~sibilily10 olig')llucie w

otid~ plohcs. l3y referring 10 our :i('ccs~ibilily l11ap$, prohi;
design should hecome mol''' reliable. \V~ intend t(l iu(:;oqx)r:ltt
the in siw a"..cc·ssibi.lily datil into 'future lIpd~\tcs of the ('OJlJ­

mOll1y lIsed prolx· design sof(w<tre p.u.,'k"g\.: ARB (hll.p:/;'\'Ww
.;irh~hmno.dc). Ncvenhck~~$~ it is ~tifl l1c:ccs~ary Ii.) le~l l~\'CI)"

newl)' designed. probe' on Tde-n:l1c(' org.lni~nl:" b(~,10rc il is u~l'd

with environment,il Sarnl)!ts for iht~ qUHrtlific£llinrt and in siw
idenlification of individual mkrohial (.'C]I~, 1n addilion j'll in ~jtll

a(;c(.'~slbi1ilyC'lfccts on 'F-TSH results., we fuund de.n ill<licatiOlls
forpo~:itklBHI cff('CLS on dy(' t1l1l)n.'~cenc(.' thaI should b<.~ further
invcstigcllcd in the future,
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ABSTRACT

Fluorescence in situ hybridization (FISH) has proven most useful for the

identification of microorganisms. However, species-specific oligonucleotide probes

often fail to give satisfactory results. Among the causes leading to low hybridization

signals is the reduced accessibility of the targeted rRNA site to the oligonucleotide,

mainly for structural reasons. In this study we used flow cytometry to determine

whole cell fluorescence intensities with a set of 32 Cy3-labeled oligonucleotide

probes covering the full length of the 01/02 domains in the 26S rRNA of

Saccharomyces cerevisiae PYCC 4455T
. The brightest signal was obtained with a

probe complementary to positions 223 to 240. Almost half of the probes conferred a

fluorescent intensity above 60% of the maximum, whereas only one probe could

hardly detect the cells. The accessibility map based on the results obtained can be

extrapolated to other yeasts, as shown experimentally with 27 additional species (14

ascomycetes and 13 basidiomycetes). This work contributes to a more rational

design of species-specific probes for yeast identification and monitoring.

INTRODUCTION

In the last decade, fluorescence in situ hybridisation (FISH) became the

method of choice for the direct detection and identification of microorganisms in their

natural environments (1, 3, 15). Even though FISH has been extensively used in

ecological studies of bacteria (3) and other organisms (17), the work with fungi has

been restricted to the detection of Aureobasidium pullulans on the phylloplane (12,

19) and either clinically relevant or food spoilage yeasts (9, 10, 13, 14). Recently, a

method using fluorescently labelled peptide nucleic acid probes was applied with

success to the detection of Dekkera bruxellensis in wine (20), to the differentiation

73



Yeast 26S rRNA Accessibility to Fluorescent Probes

between Candida albicans and C. dublinensis (16) and direct detection of C. albicans

in blood culture bottles (18).

Preliminary studies with yeasts have shown that FISH assays are rapid and

simple to carry out, do not require special cell permeation treatments and result in a

high signal to noise ratio even when the cellular ribosome content is low, e.g. in late

stationary phase cells (Inacio et al., unpublished data). However, a significant fraction

of the probes designed yield low or no hybridization signals under optimal

experimental conditions as assessed with a universal probe (10). One possible

limitation of the method is associated with the target molecule, the rRNA. The

targeted region of the ribosomes, which remain in the intact cell, might be structurally

hindered or involved in molecular interactions, rendering it inaccessible to probe

hybridization (3). Despite the development of procedures to improve the accessibility

of those regions using unlabelled helper oligonucleotides (6), a very useful clue when

trying to design a good probe is to look for target sites located in rRNA regions

already known to be accessible (7, 8).

The 01102 domains at the 5' end of 26S rRNA show a high degree of inter­

species sequence variation for yeasts and are, therefore, frequently used for

identification as well as in phylogenetic studies (5, 11). Due to the nucleotide

sequence variability and to the large number of sequences available in public

databases, this region provides an excellent basis to design species-specific FISH

probes targeting the rRNA of yeasts (16, 20).

The aim of the present study was to evaluate the accessibility of the 01/02

domains in the 26S rRNA to fluorescently labeled probes using Saccharomyces

cerevisiae as a model.
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MATERIAL AND METHODS

Cultivation. Saccharomyces cerevisiae PYCC 4455T (PYCC - Portuguese

Yeast Culture Collection, Caparica, Portugal) was grown aerobically under

continuous shaking in YM broth (Malt Extract 0.3% w/v, Yeast Extract 0.2%, Peptone

0.5% and Glucose 1%) at 25°C. Cells were harvested in the exponential growth

phase (optical density of 2.5 at 600 nm) by centrifugation for 5 min at 4,500 x g. Cells

were washed once with 1x phosphate-buffered saline (PBS - 130 mM sodium

chloride, 10 mM sodium phosphate buffer, pH 7.2) and fixed for 4 h with 4% (v/v)

paraformaldehyde at 4° C (2).

Probe design. Oligonucleotide probes were designed in order to cover the full

length of the 26S rRNA D1/02 domains of Saccharomyces cerevisiae (Fig. 1,

sequence retrieved from Genbank with accession number U44806). The sequences,

and position, of the 32 probes in the D1/02 domains, are listed in Table 1. The

standard probe length of 18 nucleotides was varied if the estimated dissociation

temperature (Td ), according to the formula of Suggs et al. (21) [Td =4 x (G + C) + 2 x

(A + T)], exceeded 60°C or was below 48°C.

Probe labeling and quality control. Probes were synthesized monolabelled

at the 5' end with Cy3 by Interactiva GmbH (Ulm, Germany). Aliquots of each probe

were analyzed in a spectrophotometer (UV-1202, Shimadzu, Duisburg, Germany).

The peak ratios of the absorption of DNA at 260 nm and the dye at 545 nm were

determined in order to check the labeling quality of the oligonucleotides (7).

Fluorescence In Situ Hybridization (FISH). Approximately 106 cells were

hybridized in 80 pi of hybridization buffer (0.9 M sodium chloride, 0.01 % w/v sodium

dodecyl sulfate, 20 mM Tris-HCI, pH 7.2) with 1.5 ng ~lr1 of Cy3 labeled probe at

46°C for 2h. After incubation, cells were pelleted by centrifugation and the

supernatant was discarded. Cells were resuspended in 100 ~t1 of prewarmed
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hybridization buffer without probe. After washing for 30 min at 46°C, the suspension

was mixed with 200 ~I of 1 x PBS, placed on ice, and analyzed within 3 h.

TABLE 1. Sequences, relative fluorescence intensities and brightness class of a set of Cy3-labeled
oligonucleotide probes targeting the Saccharomyces cerevisiae 26S rRNA 01/02 domains.

Probe
name
0-1
0-21
0-40
0-59
0-78
0-97
0-115
0-133
0-151
0-169
0-187
0-205
0-223
0-241
0-260
0-279
0-298
0-317
0-336
0-355
0-374
0-384
0-402
0-411
0-429
0-447
0-465
0-483
0-501
0-519
0-537
0-555

S. cerevisiae D1/D2
position (5' ~ 3')

1-20
21-39
40-58
59-77
78-96
97-114
115-132
133-150
151-168
169-186
187-204
205-222
223-240
241-259
260-278
279-297
298-316
317-335
336-354
355-373
374-392
384-401
402-419
411-428
429-446
447-464
465-482
483-500
501-518
519-536
537-554
555-572

Probe sequence
(5' ~ 3')

AAGGCAATCCCGGTTGGTTT
CGCTTCACTCGCCGTTACT
TTCAAATTTGAGCTTTTGC
GGCACCGAAGGTACCAGAT
CTCTCCAAATTACAACTCG
AACGGCCCCAAAGTTGCC
CAAGGAACATAGACAAGG
CTCTATGACGTCCTGTTC
CCACACGGGATTCTCACC
AAAGAACCGCACTCCTCG
TCTTCGAAGGCACTTTAC
ATTCCCAAACAACTCGAC
CCACCCACTTAGAGCTGC
TAGCTTTAGATGGAATTTA
TCGGTCTCTCGCCAATATT
TCACTGTACTTGTTCGCTA
AGTTCTTTTCATCTTTCCA
TTTTTCACTCTCTTTTCAA
TTTCAACAATTTCACGTAC
CTGATCAAATGCCCTTCCC
AGGGCACAAAACACCATGT
AAGGAGCAGAGGGCACAA
CGAGATTCCCCTACCCAC
AGTGAAATGCGAGATTCC
CAAAACTGATGCTGGCCC
ATGGATTTATCCTGCCAC
GAGGCAAGCTACATTCCT
CAGGCTATAATACTTACC
CAGCTGGCAGTATTCCCA
CGTCGCAGTCCTCAGTCC
GCCAGCATCCTTGACTTA
GCGGCATATAACCATTAT

Relative probe
fluorescence (%)a

67
71
32
15
96
39
4

81
44
66
17
84
100
18
66
79
84
74
55
69
48
30
61
13
24
7
16
6
7

83
48
55

Brightness
class

II
II
IV
V
I

IV
VI
I

III
II
V
I
I
V
II
II
I
II
III
II
III
IV
II
V
IV
V
V
V
V
I

III
III

a Fluorescence intensities expressed as a percentage of the value obtained for the brightest
probe detected, 0-223.

Flow Cytometry. Fluorescence of hybridized cells was quantified by a

FACStar Plus flow cytometer (BO Biosciences, Mountain View, Calif.). The argon ion

laser was tuned to an output power of 750 mW at 514 nm. Forward-angle light

scatter (FSC) was detected with a 530 ± 30 nm (BO Biosciences) band pass filter.

Fluorescence (FL1) was detected with a 620 ± 60 nm band pass filter (Gesellschaft

fOr dOnne Schichten mbH; Hugo Anders, Nabburg. Germany). Cy3-probes were
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measured with deionised water as sheath fluid, and polychromatic, 0.5 ~lm

polystyrene beads (Ref. 18660, Polysciences, Warrington, Pa.) were used to check

the stability of the optical alignment of the flow cytometer and to standardize the

fluorescence intensities of hybridized cells (7, 8).

Data acquisition and processing. The parameters FSC and FL1 were

recorded, and for each measurement 10,000 events were stored in list mode files.

The CellQuest software (BO Biosciences) was used for subsequent analysis. Probe­

conferred fluorescence was determined as the mean of the fluorescence values of

single cells recorded in a gate that was defined in a FSC versus FL1 dot plot. For

every group of 10 measurements, the fluorescence of the reference beads was

determined. The standardized cell probe-conferred fluorescence was obtained

dividing the probe values by the fluorescence values of the reference beads. All

values were finally expressed relatively to the value for the brightest probe detected

(Table 1). FISH experiments were performed three times for each probe, in three

different days, each experiment with independent triplicates. Only triplicate values

with a standard deviation below 10% were accepted. The final value for each probe

is the mean of at least two independent experiments, with a standard deviation below

15%. This procedure was adopted to account for the daily variations due to the

equipment (e.g. oven temperature and flow cytometer laser power) and user­

dependent errors.

Estimation of nucleotide substitution rates for the 01102 domains. The

nucleotide SUbstitution rate, defined as the number of nucleotide substitutions per site

and per unit time in the DNA sequence, provides a relative measure of the

conservation/variability of the positions analyzed. An alignment of 145 01/02

sequences, reported for yeasts and fungi of different phylogenetic groups (Table 2),
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was obtained with Megalign (DNAStar, Madison, USA) and checked visually.

Nucleotide

TABLE 2. GenBank accession numbers of the D1102 sequences of a variety of yeast species, and
related fungi, used to estimate nucleotide substitution rates.

Species Accession Species Accession Species Accession

Ascomycota (65) Pichia inositovora U45848 Urediniomycetes
Archiascomycetes Pichia japonica U73579 Aurantiosporium subnitens AFOO9846

Schizosacchllfomyces pombe U40085 Pichia menbranifaciens U75725 Bensingtonia phyllada AF189894
Taphrina deformans U94948 Pichia onychis U75421 Eocronartium muscico/a L202BO

Pichia opuntiae U76203 Eryfhrobasidium hasegawianum AF189899

Euascomycetes Pichia quercuum U75416 Helicogfoea variabifis l20282

Aureobasidium pullulans AF050239 Pichia toletana U75720 Kondoa acrca AF189901
Saccharomyces cerevisiae U44806 Kurtzmanomyccs tardus AFl7741Q

Hemiascomycetes Saccharomycopsis capsularis U4Q082 Leucosporidium felli/ AF189907

Arxula /erreslris U40103 Saturnispora dispora U94937 Leucosporidium scottii AF070419

Blastobotrys nivea U40110 S/ephanoascus smithiae U76531 Melampsora lini L20283

Candida bambi U45706 Torulaspora delbrueckii U72156 Occultilur CK/emus AF189909
Candida cariosi/ignicoJa U70188 Wilfiopsis mucosa U75961 Pachnocybe lerruginea L20284
Candida caseinolytica U70250 Williopsis salicomiae U75966 Rhodosporidium kratochvilovae AF071436

Candida castellii U69876 Yarrowia lipolytica U400BO Rhodotorula aurantiaca AF189921

Candida fennica U45715 Zygoascus he/ienicus U40125 Rhodotorula bogoriensis AF189923

Candida go/acta U45820 Zygosaccharomyces mellis U72164 Rhodotorula ferulica AF189927

Candida humilis U69878 Zygozyma smithiae UB4242 Rhodotorula fujisanensis AF189928

Candida insectorum U45791 Rhodotorula gfufinis AF070430

Candida nemodendra U70246 Basidiomycota (80) Rhodotorula hordea AF189933

Candida norvogica U62299 Hymenomycetes Rhodotorul<l minuta AF189945

Candida quercitrusa U45831 Agaricus arvensis U11910 Rhodolorula vanil/ica AF189970

Candida quercuum U70184 Apiotrichum porosum AF189833 Sporidiobolus ruinoniae AF070438

Candida rugosa U45727 Auricularia auricula-judae L2027B Sporidiobo/us salmonic%r AF070439

Candida sake U45728 Boletus rubinellus L20279 Sporobolomyccs coprosmae AF1B99BO
Candida santjacobensis U45Bl1 Bullera crocea AF075508 Sporobolomyces coprosmicola AF189981

Candida shehatae U45761 Bulfera oryzae AF075511 SporoboJomyces dracophylli AF189982
Candida tOrTesii U45731 Bulleromyces albus AF075500 Sporobolomyces falea/us AF075490

Candida trop/ca/is U45749 Calacera cornea AF291302 Sporobolomyccs gracilis AF189985

Candida vini U70247 Cryptococcus albidus AF075474 Sporobolomyces roseus AF070441

Clavispora lusitaniae U44817 Cryptococcus curvatus AF189834 Sporobolomyces ruber AF189992

Clavispora opuntiae U4481B Cryptococcus diffluens AF075502 Sporobolomyccs sasicoJa AFl77412

Debaryomyces castellii U45841 Cryptococcus gastricus AF137600 Sporobolomyces singularis AF189996

Ocbaryomyces udellii U45844 Cryptococcus heveancnsis AF075467 Sporobolomyccs tsugae AF189998

Dekkera anoma/a U84244 Cryptococcus IlUmicola AF189836 S/erigmatomyces e/viae AF177415

Oipodascus albidus U40081 Cryptococcus laurenlii AF075469

Dipodascus ingens U40127 Cryptococcus magnus AF181851 Ustilaginomycetes
Eremo/hecium coryli U43390 Cryptococcus skinneri AF189835 Doassinga callifrichis AFOO7525
Galactomyces geotrichum U40118 Cryptococcus terreus AF075479 Entorrhiza aschersonia AFOO9851

Issafchenkia orientafis U76347 Cystofilobasidium capnafum AF075465 Entyloma calendulae AJ235296

Issatchenkia terrico/a U76345 Fellomyces bomecnsis AF189877 EKobasidium rlI0d0dendri AFOO9856
Kluyveromyces Iodderae U68551 Fellomyces luzhouensis AF075506 MaJassezia furfur AJ249955
Kfuyveromyces thermotolerans U69581 Filobasidiella neoformans AF075526 MeJanotaenium endogenum AJ235294

Lipomyces starlfey; U45824 Fi/obasidium capsufigenum AF075501 Pseudozyma lusiformata AJ235304

Metschnikowia reukaufii U44825 Ganoderma australe X78780 Rhodotorula bacarum AF190002

Myxozyma mllcilagina U94945 Mrakia frigicJa AF075463 Rhod%ru/a plJylloplana AF190004

MyKozyma udenii U76353 Tremel/a aurantia AF1B9842 Thocaphora amamnthi AFOO9873

Nadsonia commutata U73598 Tremel/a tropica AF042251 Tilletia can'es AJ235308

Pichia alJgophorae U75521 Trichosporum aqualile AF075520 Tilletiana anomala AJ235284

Pichia anoma/a U74592 Trichosporum montevideense AF105397 Tilletiopsis nava AJ235285
Pichia cactophila U75731 Trichosporum mucoides AF075515 Ustacystis waldsteiniae AFOO9880

Pichia euphorbiae U73580 Udeniomyces pyricola AF075507 Ustilago maydis AJ235275

Pichia larinosa U45739

substitution rate for each position in the alignment was estimated using the software

package TREECON (23) and the substitution rate calibration method reported by

Van de Peer et al. (24).

Comparison of 265 rRNA accessibility in different yeasts. To evaluate

whether the accessibility data obtained for the region analyzed in the S. cerevisiae
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26S rRNA could be extrapolated to other yeast species, a subset of the probes

tested in this study were used in FISH experiments with several yeast species that

presented a full complementary target site for those probes. Probes and yeast

species selected are shown in Fig. 2. EUK 516 (5'- ACCAGACTTGCCCTCC) (2) and

NonEUB (5'- ACTCCTACGGGAGGCAGC) (25) probes were used as positive and negative

controls, respectively. All the yeast strains were grown, harvested and

paraformaldehyde-fixed, as already described. The FISH experiments were carried

out as indicated, and 10 fll of the final hybridization mixture was spotted onto

microscopic slides, air dried in the dark and mounted with Vectashield solution

(Vector, Burlingame, Calif.). The slides were examined with an Olympus BX50

microscope, fitted for epifluorescence microscopy with a U-ULH 100 W mercury high

pressure bulb and a U-MA1007 filter set for the fluorochrome Cy3 (Olympus). The

fluorescence intensity of the hybridization signal was checked visually.

Microphotographs were obtained using a digital camera (Olympus C3030-Z00M)

and edited using standard software (Adobe Photoshop 6.0, Adobe).

RESULTS AND DISCUSSION

The results obtained for the in situ accessibility of S. cerevisiae 26S rRNA to

Cy3-labeled oligonucleotide probes covering the full length of the 01/02 domains are

shown in Fig. 1 and Table 1. Fluorescence intensities for each probe were quantified

using flow cytometry, expressed as a percentage of the fluorescence signal of the

brightest probe detected (0-223), and grouped into different accessibility classes (7).

The fluorescence intensity obtained for probe 0-223 was of the same order of

magnitude of the signal shown by the universal eukaryote probe EUK 516, which is

targeted to the 18S rRNA. About 44% of the probes tested belong to the higher

accessibility classes (I and II) and 28% were poorly binding (brightness classes V
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and VI). To evaluate whether the probes belonging to the most inaccessible classes

(IV, V and VI) would show better fluorescent signals using different hybridization

conditions, a subset of these probes was chosen and hybridization reactions were

performed at different temperatures. The use of different stringency hybridization

conditions did not significantly improve the fluorescence intensities (data not shown),

in accordance with previous studies (7).

0'<;<'

• Class I: 81 -100%
• Class II: 61 - 80%o Class III: 41 - 60%
• Class IV: 21 - 40%
• Class V: 6 - 20%
• Class VI: 0 - 5%

FIG. 1. Fluorescence intensities of all oligonucleotide probes, standardized to that of the brightest probe (0-223),
indicated in a model of the Saccharomyces cerevisiae 26S rRNA secondary structure in which the 01/02
domains (delimited by the NL1 and NL4 primer target sites) was zoomed out. The color-coding indicates
differences in the level of Cy3 probe-conferred fluore.scence. Secondary structure adapted from the European
Ribosomal RNA Database (http://rrnuia.ac.be).
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The overall results indicate that, despite its short length of approximately 600

nucleotides, the 01/02 domains include potentially good targets for yeast probe

design. However, care should be taken when selecting target sites complementary to

the most variable areas of the 01/02 domains (Fig. 3), where it is easier to find

species-specific sequences. The data obtained show that the most conserved

stretches of the studied region are more accessible (Fig. 3, e.g. positions 200 to

350), and the most variable areas often show medium to low accessibility (e.g. the

region between nucleotides 415 and 510). A similar trend has been observed in a

previous accessibility study conducted for Escherichia coli 168 rRNA (7).
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FIG. 2. Comparison of the in situ hybridization signals for Saccharomyces cerevisiae and other yeast species.
The probes selected fall into different accessibility classes in the S. cerevisiae 26S rRNA 01/02 domains and
have an identical target site in that region for all the yeasts indicated.
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As for other probes belonging to the weaker accessibility classes (IV, V and

VI), whose low probe-conferred fluorescence signals may be due to the rRNA

secondary structure and/or protein/rRNA interactions, the weaker signal of the probe

0-59 can additionally be ascribed to a significant degree of self-complementarity in

its sequence, an aspect to be taken into consideration when designing species-

specific probes. Another possible explanation for the less intense fluorescence

signals observed with some FISH probes is the inherent quenching of the

deoxyguanosine nucleotides present mainly in the 3' dangling end of the rRNA

targets (4, 22).

100 200 300 400

s. cerevisiae D1102 domains position
500

FIG. 3. Comparison of the relative in situ accessibility (black line) of the Saccharomyces cerevisiae 26S rRNA
D11D2 domains and the average nucleotide substitution rate (gray) in yeasts.

We observed no significant correlation between the probe-conferred

fluorescence intensities and the guanine composition of the next five nucleotides in

the 3' dangling end of the respective rRNA target (data not shown). This observation

agrees with Torimura and colleagues (22), who observed the quenching

phenomenon for fluorescein isothiocyanate-Iabeled oligonucleotides but not for the

Cy3-labeled ones. Interestingly, a comparative analysis of the in situ accessibility of

the first 350 nucleotides in E. coli 23S rRNA to Cy3-labeled oligonucleotide probes

(8) and the data obtained in this work for Saccharomyces cerevisiae shows some
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striking similarities (Fig. 4). Although the probes used have different target

sequences in both microorganisms, the accessibilities follow the same general trend.
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FIG. 4. Comparison of the accessibilities of homologous regions in Saccharomyces cerevisiae 26S rRNA and
Escherichia coli 23S rRNA to Cy3-labeled probes.

On the other hand, the probes belonging to the higher accessibility classes (I

and II) in S. cerevisiae have also yielded strong hybridization signals with species

belonging to different phylogenetic groups including the distantly related

basidiomycetous yeasts (Fig. 2). It suggests that the 01/02 accessibility map

presented here for S. cerevisiae provides useful guidance for the design of species-

specific probes for other yeasts, maybe even for other fungi or eukaryotic

microorganisms. However, the design of probes for more distantly related organisms

would probably require a different model.
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With this study we hope to contribute to a more rational design of fluorescently

labeled probes for yeast identification that will stimulate the use of FISH based

methods in a wide range of applications, including studies on the ecology of yeasts.
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ABSTRACT

Systematic studies on the hybridization of fluorescently labeled, rRNA­

targeted oligonucleotides have shown strong variations in in situ accessibility.

Reliable predictions of target site accessibility would contribute to more rational

design of probes for the identification of individual microbial cells in their natural

environments. During the past three years, numerous studies of the higher order

structure of the ribosome have advanced our understanding of its spatial

conformation. These studies range from the identification of rRNA-rRNA interactions

based on covariation analyses to physical imaging of the ribosome for the

identification of protein-rRNA interactions. Here, we re-evaluate our Escherichia coli

16S rRNA in situ accessibility data with regard to a tertiary structure model of the

small subunit of the ribosome. We localized target sequences of 176 oligonucleotides

on a 3.0 A resolution three-dimensional model of the 30S ribosomal subunit. Little

correlation was found between probe hybridization efficiency and proximity of the

probe target-region to the surface of the 30S ribosomal subunit model. We attribute

this to the fact that fluorescence in situ hybridization is performed on fixed cells

containing denatured ribosomes, whereas 3D-models of the ribosome are based on

its native conformation. The effects of different fixation and hybridization protocols on

the fluorescence signals conferred by a set of ten representative probes were tested.

The presence or absence of the strongly denaturing detergent sodium dodecyl

sulfate had a much more pronounced effect than a change of fixative from

paraformaldehyde to ethanol.

INTRODUCTION

Fluorescence in situ hybridization (FISH) with rRNA targeted oligonucleotide

probes has become a commonly used technique for the direct identification of
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individual cells in applied and environmental microbiology (2, 10). Low probe­

conferred fluorescence is a common problem in FISH. In addition to cellular ribosome

content and cell wall permeability the FISH signal depends on the accessibility of the

rRNA target site to the fluorescently labeled oligonucleotide. Due to the densely­

packed, three-dimensional structure of the ribosome, probe access to target sites

may be hindered by rRNA-rRNA interactions as well as by interactions of the rRNAs

with ribosomal proteins (3, 25).

One of the first experimental attempts to consider target site-specific effects in

the design of rRNA-targeted oligonucleotide probes for FISH applications was

published by Frischer et al. (1996) (11). Four additional systematic studies

addressing the in situ accessibility of rRNA to fluorescently labeled oligonucleotide

probes have since been published. In 1998, Fuchs et al. quantified the fluorescence

signals conferred by 171 carboxyfluorescein-Iabeled oligonucleotides targeting the

16S rRNA of Escherichia coli (14). Three years later, a study was published on the in

situ accessibility of the 23S rRNA of E. coli for Cy3-labeled oligonucleotide probes

(13). Recently, Inacio et al. (2003) studied the in situ accessibility of the 01/02

domains of the 26S rRNA of Saccharomyces cerevisiae to Cy3-labeled

oligonucleotide probes (17). Also in 2003, Behrens and coworkers reexamined the

16S rRNA accessibility of E. coli with Cy3-labeled oligonucleotides and compared it

to results obtained for the bacterium Pirellula sp. strain 1, the archaeon

Metallosphaera sedula, and the 18S rRNA of the yeast Saccharomyces cerevisiae

(4 ).

During the past three years, major breakthroughs in the determination of

atomic-resolution ribosome structures have been made. The structure of the 50S

subunit from Haloarcula marismortui has been solved to 2.4 A (Angstrom) resolution

(3), and Harms et al. (2001) presented the 3.1 A resolution structure of the large
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ribosomal subunit from Oeinococcus radiodurans (16). Two high-resolution structures

have appeared for the 30S subunit from Thermus thermophilus, one from the Yonath

group at 3.3 A resolution (22) and the other from the Ramakrishnan group at 3.0 A

(25). Recently, Tung and coworkers (2002) modeled the all-atom structure of the E.

coli 30S ribosomal subunit using the T. thermophilus structure as a template (23). In

this study, we use a computer-generated, atomic homology model of the E. coli 30S

ribosomal subunit produced by Mueller and Brimacombe (unpublished) based on the

3.0 Astructure of T. thermophilus (25).

Data from the in situ accessibility studies have hitherto not been systematically

evaluated with respect to the currently available models of the 3D-structure of the

ribosome. Here, we compare the E. coli 16S rRNA in situ accessibility for Cy3­

labeled oligonucleotides with a three-dimensional structure model of the 30S

ribosomal subunit. This comparison is complicated by the fact that the in situ

accessibility studies were performed on paraformaldehyde fixed cells, whereas

structure analysis is done on native ribosomal subunits. Therefore, studies were

performed on the influence of different fixation methods and hybridization procedures

on the 16S rRNA in situ accessibility of E. coli for ten representative Cy3-labeled

oligonucleotide probes.

MATERIALS AND METHODS

Microorganisms and fixation. E. coli, strain K12, DSM 300831

(DSM=Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig,

Germany) was grown as recommended by the strain collection. Cells were harvested

in the exponential growth phase (ODeoonm - 0.5), washed once with 1xPBS

(phosphate-buffered saline: 130 mM sodium chloride, 10 mM sodium phosphate

buffer, pH 7.2). Different fixation methods were applied. Paraformaldehyde (PFA)
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fixation was done as described before (1). In addition one batch of PFA-treated cells

was stored at 4°C in 1xPBS, not as in the standard protocol at -20°C in a 1:1 mixture

of 1xPBS and absolute ethanol. For ethanol fixation, one volume of cells

resuspended in 1xPBS was mixed with 1 volume of cold absolute ethanol. The cells

were first incubated at 4°C for 16 h and then stored at -20°C.

Probe design, labeling, and quality control. The oligonucleotide probes

were those reported in Behrens et al. (2003) (4). All are fully complementary to 16S

rRNA sequences of E. coli. The standard length was 18 nucleotides. Each probe was

synthesized, monolabeled at the 5' end with Cy3 (5,5 '-disulfo-1, l'-(-y-carbopentynyl)­

3,3,3' ,3'-tetramethylindolocarbocyanin-N-hydroxysuccinimid-ester) in the last step of

solid phase synthesis, and HPLC purified by ThermoHybaid Interactiva Division

GmbH (Ulm, Germany). Since differences in the quality of labeling directly influenced

the amount of probe-conferred fluorescence (data not shown), aliquots of each probe

were analyzed in a spectrophotometer (Beckmann DU530, Munchen, Germany) and

estimated as described by Fuchs et al. (1998) (14). A list containing all E. coli probes

used in this study has been published as a PDF file at www.mQi:

bremen.de/-sbehrens. The comparison of different fixation methods was done for

the following probes: Ec0262, Ec0298, Ec0585, Eco621, Ec0645, Ec0800, Eco889,

Eco1428, Ec01464, and Ec01509.

Fluorescence in situ hybridization. Approximately 1x108 fixed cells were

hybridized in 1001-11 buffer containing 0.9 M sodium chloride, 0.01% sodium dodecyl

sulfate (SDS), 20 mM Tris-HCI (pH 8.4), and 1.5 ng 1-11-1 of fluorescent probe at 46°C

for 3 h (24). Alternatively, hybridizations were performed without SDS in the

hybridization buffer. After 3 h incubation, cells were pelleted by centrifugation for 3

min at 4,000 x g and resuspended in 100 1-11 hybridization buffer containing no probe.

Washing of the cells was performed for 30 min at 46°C. For flow cytometric analysis,
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samples were mixed with 200 IJI of 1xPBS (pH 8.4), immediately placed on ice, and

analyzed within three hours.

Flow cytometry. The fluorescence intensities of hybridized cells were

quantified by a MoFlow flow cytometer (Cytomation Inc., Fort Collins, CO, USA). The

514 nm emission line of an argon ion laser was used as light source and tuned to an

output power of 500 mW. Forward angle light scatter (FSC) was detected with a 530

± 20 nm (Cytomation, Inc.) band pass filter. Fluorescence was detected with a 570 ±

20 nm band pass filter (Cytomation, Inc.). All measurements were calibrated to

polychromatic, 0.5 IJm polystyrene beads (Polysciences, Warrington, Pa.) to check

the stability of the optical alignment of the flow cytometer and to standardize the

fluorescence intensities of the probes.

Data acquisition and processing. The parameters FSC, SSC and FL1 were

recorded as pulse height signals (four decades in logarithmic scale each), and for

each measurement 10,000 events were stored in list mode files. Subsequent

analysis was done with the Summit software (Cytomation, Inc.). Probe-conferred

fluorescence was determined as median of the FL1-values of single cells lying in a

gate that was defined in an FSC versus FL1 dot plot. Probe-conferred fluorescence

intensities were recorded of triplicate samples. Each replicate represents

independent cell hybridization. Only triplicates with a coefficient of variation (CV) of

less than 10% were accepted, otherwise the quantification was repeated. No

standard deviations are given, since the coefficient of variation in all cases was

<10%.

Fluorescence of cells was corrected by subtraction of background

fluorescence of negative controls and standardized to the fluorescence of reference

beads.
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Ribosomal RNA models. The model for the 3D structure of the E. coli 16S

rRNA was an atomic homology model (Mueller & Brimacombe, unpublished) based

on the 3.0 A structure of the T. thermophilus 16S rRNA (25) and constructed in a

similar manner to the E. coli model described by Tung et al. (2002) (23). All of the

figures in this article showing three-dimensional models of the ribosome were

generated using the program ERNA-3D (Editor for RNA in 3-D) (18-20). The 16S

rRNA target sites of the probes are shown color-coded according to the six arbitrary

brightness classes defined by Fuchs et al. (1998) and Behrens et al. (2003) (4, 14).

Because non-target regions are shown in black, light blue instead of blue was chosen

for class V probes and magenta replaced black for probes grouped into class VI

(Figure 1).

RESULTS AND DISCUSSION

We visualized all 176 target sequences of the probes investigated by Behrens

et al. (2003) within a three-dimensional model of the small ribosomal subunit (4).

After normalization of the measured fluorescence values, Behrens et al. (2003)

grouped the probes according to their relative fluorescence hybridization signals into

six arbitrary classes of brightness (relative fluorescence intensity): class I (> 0.81),

class II (0.8 to 0.61), class III (0.6 to 0.41), class IV (0.4 to 0.21), class V (0.2 to

0.06), and class VI (0.05 to 0) (4, 14). Figure 1 shows the probe target sequences on

a spatial model of the 30S ribosomal subunit. Probes grouped into class I apparently

have relatively unhindered access to their target sequence, whereas probes grouped

into class VI demonstrate examples for inaccessible binding sites. The six groups all

seem to be quite evenly distributed over the three-dimensional structure model of the

small ribosomal subunit (4). Neither a clustering of highly accessible sites on the

surface, nor predominance of less accessible sites within the small subunit or at the
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small/large subunit interface, is evident (Figure 1). Based on the assumption that the

highest conservation is found at the tertiary structure level of rRNA (23), the low

correlation of the data sets examined by Behrens et al. (2003) already suggested that

in situ accessibility does not exclusively depend on probe target site location

inside/outside of the ribosome, i.e. on the surface or within more densely-organized

structures of the ribosome.

FIG. 1. Target sequences of f1uorescently labeled oligonucleotide probes are shown within a 3D structure model
of the 30S ribosomal subunit of E. coli. Ribosomal proteins are shown in blue. (A) Red, (8) orange, (C) yellow, (D)
green, (E) light blue, and (F) magenta indicate target sequences belonging to probe brightness class I (highest
fluorescence signal) to VI (lowest fluorescence signal) defined in the study of Behrens et al. (2003) (4).
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Further detail is shown for one relatively accessible and one inaccessible

region. The target region of the class I probe Eco907 (Figure 2A; position 907 to 925)

comprises the 5' end of helix 30, helix 2, and the 3' end of helix 31 (helix numbering

according to Brosius et al. (1981) (7)). According to the 3D model, this region is fairly

deep within the small subunit and covered by the ribosomal proteins S5 and S12. In

contrast, the target site of probe Eco621 (Figure 2B; position 621 to 638) is nearly

free from any hindrance by ribosomal proteins and located directly on the outside of

the small ribosomal subunit. Nevertheless, hybridization of probe Eco621 (class VI)

is strongly hindered. This blocking does not occur only in E. coli; rather, helix 22

seems to be fairly inaccessible throughout all three domains of life (4).

FIG. 2. Three-dimensional structure model of the 30S ribosomal subunit of E. coli. A. The target region of class I
probe Ec0907 (position 907 to 925) is shown in red. The marked re9ion comprises the 5' end of helix 30, helix 2,
and the 3' end of helix 31 (helix numbering according to Brosius et al. (1981) (7)). B. Highlighted in red is the
target region of class VI probe Ec0621 (position 621 to 638) indicating the loop region of helix 22. Proteins are
shown in blue.

For better illustration of the in situ accessibility data of Behrens et al. (2003) in

the context of the complex interactions observed in the 3D-structure model, we

visualized the RNA interactions with ribosomal proteins on a secondary structure

diagram (Figure 3). The protein interaction data used were originally obtained by
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studying the crystal structure of the 30S ribosomal subunit of T. thermophilus (6).

Based on a sequence alignment, the T. thermophilus data was transferred to a 16S

rRNA secondary structure model for E. coli (Figure 3A) (23). The contacts between

the ribosomal proteins and RNA are quite equally distributed throughout the 5',

central, and 3' major domains. The 3' minor domain, comprising helix 49 and 50, has

very few interactions with proteins (6). The only RNA helices in Figure 3A that have

no protein interactions are helix 11, 15, and 38 (numbering according to Brosius et al.

1981 (7)). Nevertheless, probe binding is hindered on the 3' half of helix 11, as well

as on the 5' half of helix 38 (brightness class V, Figure 3B). On the other hand,

regions with many RNA-protein interactions, such as helix 17 or the 5' end of helix

23, were highly accessible. There is little correlation between the in situ accessibility

of probe target regions (Figure 3B) and the extent of interaction of these sites with

ribosomal proteins (Figure 3A).

Thus, the 3D model can not explain the differences in probe-conferred

hybridization signals. This counterintuitive result may be explained by the fact that

the flow cytometric quantification of probe-conferred fluorescence signals by Behrens

et al. (2003) was done on paraformaldehyde (PFA) fixed cells (4). Upon treatment

with PFA, ribosomes most probably undergo massive conformational changes,

including protein denaturation. Formaldehyde is also able to form Schiff bases with

the primary amino groups of adenine, guanine, and cytosine, thereby influencing

RNA-RNA interactions. Interestingly, the native ribosomal subunits have been

described as relatively inaccessible to oligonucleotide hybridization. Bogdanov et al.

(1988) tried to identify rRNA regions located on the surface of ribosomal subunits by

binding DNA oligonucleotides to the rRNA (5). Binding sites were identified by RNase

H hydrolysis. Although the accessibility of the large enzyme RNase H to the bound

DNA oligonucleotides might be hindered by the 3D-structure of the 30S subunit in
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some cases, Bogdanov et al. (1988) could only identify two regions (positions 8 to

15, and 773 to 782) where oligonucleotides have unhindered access to rRNA in the

native 30S ribosomal subunit (5). These regions were also accessible in our study

(class II and III probes) (4). The low accessibility of native 30S subunits for

oligonucleotide hybridization described by Bogdanov et al. (1988) is contradictory to

the relatively high number of class I and II target sites (covering 37% of the whole

16S rRNA sequence) found by Behrens et al. (2003) (4, 5). We therefore conclude

that fixation and hybridization must significantly increase probe accessibility to 16S

rRNA target sites.

FIG. 4. Detailed view of the transition zone between the 5' end of helix 23 and 24 (helix numbering according to
Brosius et al. (1981) (7)) within the 30S ribosomal subunit of E. coli. A. Overview of the whole 30S subunit with
the region shown on large scale highlighted in red. Proteins are shown as blue tubes. B. Marked as ball and stick
model is the target region of probe Eco 668 (position 668 to 685). Figure with ribosomal proteins shown as blue
tubes C. The same as B but without ribosomal proteins.

Apart from the changes induced by our FISH protocol, oligonucleotide hybridization

itself likely causes massive conformational changes within the ribosome. A 18mer

oligonucleotide has a length of 55 A (Figure 4). The double helix formed by an

oligonucleotide of that size bound to its rRNA target has a length of more than 1.5

helix turns (Figure 4C). Taking into account that the 30S subunit has a width of

roughly 70 A, it is clear that hybridization of a 18mer oligonucleotide must result in
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enormous distortions of the native ribosome structure. The strong conformational

effect of oligonucleotide hybridization was suggested by a study of Fuchs et al.

(2000) in which unlabeled helper oligonucleotides were successfully used to increase

probe conferred fluorescence signals (12). Inaccessible target sites are likely opened

up by conformational changes introduced by hybridization of helper probes (12). This

also suggests that a significant proportion of site-specific hindrance may originate in

RNA-RNA interactions.

Gutell and coworkers (2002) compared their comparative structure model with

the high-resolution crystal structure of the 30S subunit of T. thermosphilus in terms of

base-base and base-backbone interactions of the 16S rRNA molecule (15). They

transformed all tertiary rRNA interactions of both models onto a secondary structure

diagram of the 16S rRNA of T. thermosphilus (data not shown), and found that most

of the intramolecular interactions are located in loop regions. Loop regions have

higher sequence conservation than helix regions (23) and play an important role in

stabilizing the tertiary fold of rRNA. These regions of complex tertiary RNA

interactions cannot be linked to target sites of low probe accessibility in a denatured

ribosome, confirming that differences in probe-conferred hybridization signals cannot

be predicted from 3D models of the native 30S ribosomal subunit. Site-specific

hindrance of probe binding on the level of RNA interactions seems to originate more

in intra-helix base pairing than in helix-spanning tertiary rRNA interactions. Long,

smooth, helical regions often show limited accessibility compared with short, irregular

helices that are interrupted by unpaired nucleotide bulges (Figure 3B).

We performed a limited study to test the influence of different fixation

protocols, storage of fixed cells, and SDS in the hybridization buffer on probe

accessibility. We quantified the probe-conferred fluorescence intensity for ten Cy3­

labeled oligonucleotides after hybridization to differently treated E. coli cells (Figure
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5). With one exception (Ec0645), where the fluorescence intensity is less than 50%

for ethanol fixed cells compared to PFA treated cells, there is no clear difference in

probe-mediated fluorescence between ethanol- and PFA-fixed of E. coli cells. Nor is

there a significant difference between cells kept in a mixture of ethanol and 1xPBS

and cells stored in 1xPBS buffer. Although ethanol fixation mainly works by

dehydration, whereas PFA is able to interact covalently with primary amino groups,

both methods seemed to lead to similar denatured states of the ribosome. It is hard

to determine what the effect of SDS in the hybridization buffer is.
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FIG. 5. Comparison of fluorescence intensities of Cy3-labeled oligonucleotides probes hybridized with and without
SOS in the hybridization buffer to differently fixed E. coli cells. Fluorescence intensity is expressed as percentage
of standard beads. Dark gray bars: Ethanol fixation, storage in ethanol/1 xPBS mixture, standard hybridization with
0.01 % SOS; black bars: PFA fixation, storage in ethanol/1xPBS mix1ure, standard hybridization with 0.01 % 80S;
white bars: PFA fixation, storage in ethanol/1xPBS mixture, hybridization without SOS; light gray bars: PFA
fixation, storage in 1x PBS, standard hybridization with 0.01% SOS.

Cell wall permeability, protein removal, andlor ribosome folding might all be affected.

To optimize FISH for the in situ identification of Archaea Burggraf et al. (1994) varied

the SDS concentration in hybridization and washing solutions from 0.01 to 1% to

achieve better probe penetration through the more rigid archaeal cell walls (8).

Rajagopal and coworkers (2002) studied growth of E. coli in the presence of 10%

SDS (21). They found elevated expression of the ATP-dependent proteases clpP and
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clpB that enable the cell to get rid of denatured and aggregated proteins in the

cytoplasm. Apparently, SDS in the growth medium caused protein misfolding in the

cytoplasm. Ribosomal proteins, compared to other RNA-binding proteins, make

fewer base-specific interactions and tend instead to interact through salt-bridges

between positively charged residues on the protein and phosphate oxygen atoms on

the RNA (6). Specific interactions based on shape and charge complementarity will

most likely be interrupted in the presence of SDS. This is consistent with our

observation that in situ accessibility of the 16S rRNA (4) does not match the rRNA­

protein interaction data (6) (Figure 3).

Our conclusions from this and former studies for rational probe design are: (i)

The 3D structure of the native small ribosomal subunit is not relevant to probe

accessibility, since FISH is performed in a strongly denaturing environment, although

the degree of denaturation can be modulated; (ii) the influence of protein-rRNA

interactions on target site accessibility can, for the same reasons, generally be

neglected; (iii) intra-helix, secondary base interactions are more important than

tertiary rRNA-rRNA contacts; (iv) if possible, probes should not be targeted to long,

smooth helical regions. However, these regions are among the most variable in the

16S rRNA and therefore of particular interest for the design of specific probes; (v) if

targeting these regions is unavoidable, consider the use of helper probes (12).
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ABSTRACT

Oligonucleotide probes labeled with fluorescent dyes are used in a variety of

in situ applications to detect specific DNA or RNA molecules. It has been described

that fluorescence of some dyes is quenched upon probe hybridization in a sequence

specific way. Here, we examine the relevance of nucleotide specific quenching for

fluorescence in situ hybridization (FISH) to whole fixed cells since previous reports

focused on hybridization reactions of fluorescently labeled oligonucleotides to their

complementary sequences in solution. A statistical analysis of 113

carboxyfluorescein labeled oligonucleotide probes revealed that probe-conferred

fluorescence upon FISH is not quenched but elevated by the presence of cytosine

nucleobases at position 2, 3, and 5 close to the probe's 5' end. Guanine nucleotides

at position six from the probe's 5' end significantly reduced probe fluorescence

intensity upon hybridization. Probes quenched upon hybridization to purified RNA or

30S ribosomal subunits in solution were not quenched upon FISH. We were able to

link the significant reduction in nucleotide-mediated quenching upon FISH to the

fixation of cells with formaldehyde. The high protein concentration within cells may

prevent quenching of probe fluorescence in situ.

INTRODUCTION

Fluorescently labeled, rRNA-targeted oligonucleotide probes are widely used

in applied and environmental microbiology for the direct identification of individual

cells (2, 9). It has been reported that the fluorescence of some commonly used

f1uorophores conjugated to oligodeoxyribonucleotides is quenched by interactions

between dye and nucleobase (7, 10-12, 14-16, 19, 37). Dye-nucleotide interactions

have been confirmed for acridine (14), stilbene (20-22), pyrene (23, 32, 39), oxazine

(17, 29), rhodamines (30, 35, 38), coumarins (31), fluoresceins (8, 19, 25, 26, 34,
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37), BODIPY derivatives (18,34), ruthenium complexes (24), and methylene blue (3).

Generally dyes that emit in the green and yellow wavelengths are more affected by

nucleotide quenching than fluorophores that fluoresce in the blue and red

wavelengths. Most of the dyes were quenched by guanine (3, 8, 26, 34, 38, 39).

Guanine is the most oxidizable nucleobase and exhibits good electron donating

properties (31, 33). The phenomenon of fluorescence quenching is believed to

involve a photoinduced electron transfer mechanism between the dye and a

nucleotide residue (11, 12, 14,20,22, 31,34, 37). Therefore fluorescence quenching

is dependent on the distance between a dye and a guanine.

Fluorophores that are conjugated to the end of single-stranded

oligonucleotides can also be quenched upon hybridization to the complementary

sequence. It has been reported that hybridization of oligonucleotides labeled with

fluorescein at the 5' end to the complementary sequences resulted in a decrease in

fluorescence intensity (8, 18, 19, 25, 26, 34). The quenching was attributed to the

presence of a guanine in the complementary strand in close proximity to the dye.

Torimura et al. reported an 86% quenching ratio for the 5'-f1uorescein-labeled

oligonucleotide 5'-CCCCCCCCCCTTTTTT upon hybridization to its complement (34).

Analogous quenching effects were also described for oligonucleotides labeled with

fluorescein at the 3' end (25, 26, 37).

The relevance of nucleotide quenching for fluorescence in situ hybridization

(FISH) to whole fixed cells is unknown. Experimental data have hitherto not been

systematically evaluated for the effect of nucleotide quenching on FISH with rRNA­

targeted oligonucleotide probes. In this study, we therefore studied two forms of

nucleotide quenching: (i) sequence-specific variations in probe fluorescence in

solution monitored through the ratio of oligonucleotide and dye absorption maxima at

260 and 496 nm; (ii) the 'hybridization-effect', quenching of probe-conferred
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fluorescence upon hybridization to its complementary sequence. We statistically

analyzed 113 oligonucleotides monolabeled at their S' end with carboxy-fluorescein

for effects of their nucleotide sequence on the fluorescence in solution and upon

hybridization to whole fixed Escherichia coli cells. Probe sequences and measured

fluorescence intensities were adapted from a study of Fuchs et al. (1998) (13). Since

nucleotide quenching is distance dependent we mainly focused on the S' nucleotide

adjacent to the label. A set of fifteen newly designed, carboxy-fluorescein labeled

probes was used to study fluorescence quenching upon hybridization to purified RNA

and isolated 30S ribosomal subunits in vitro. Probes significantly quenched upon

hybridization in solution were subsequently used for in situ hybridization with whole

fixed E. coli cells.

MATERIALS AND METHODS

Microorganisms and fixation. Escherichia coli, strain K12, DSM 30083T

(DSM=Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig,

Germany) was grown as recommended by the strain collection. Cells were harvested

in the exponential growth phase (OD60onm ~ O.S), washed once with 1xPBS

(phosphate-buffered saline: 130 mM sodium chloride, 10 mM sodium phosphate

buffer, pH 7.2) and fixed with 4% paraformaldehyde as described before (1). Isolated

RNA was fixed with 4% formaldehyde for 16 h at 4°C. The fixed RNA was purified by

phenol/choroform extraction and ethanol precipitation as described as described in

the section 'Isolation of total RNA'.

Probe design, labeling, and quality control. The oligonucleotide probes

were those reported in Fuchs et al. (1998) (13). A list containing all probes

additionally designed in this study is shown in Table 1. All probes were fully

complementary to 16S rRNA sequences of E. coli. Each probe was synthesized,
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Table 1. Oligonucleotide probes used in this study.

Probe

Eco647
Eco648
Eco649
Eco650
Eco651
Eco652
Eco653
Ec0654
Eco655
Eco656
Ec0657
Eco658
Ec0659
Ec0660
Ec0661
Ec0654_4A
Eco654 3

Sequence 5' -> 3'

CTACGAGACTCAAGCTTG
TCTACGAGACTCAAGCTT
CTCTACGAGACTCAAGCT
CCTCTACGAGACTCAAGC
CCCTCTACGAGACTCAAG
CCCCTCTACGAGACTCAA
CCCCCTCTACGAGACTCA
CCCCCCTCTACGAGACTC
ACCCCCCTCTACGAGACT
TACCCCCCTCTACGAGAC
CTACCCCCCTCTACGAGA
TCTACCCCCCTCTACGAG
TTCTACCCCCCTCTACGA
ATTCTACCCCCCTCTACG
AATTCTACCCCCCTCTAC
AAAACCCCCCTCTACGAGACTC
CCCCCCTCTACGAGACTC

Label

5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
5': 6-FAM
3': 6-FAM

monolabeled at the 5' end with 6-FAM (6-carboxyfluorescein) in the last step of solid

phase synthesis, and HPLC purified by ThermoHybaid Interactiva Division GmbH

(Ulm, Germany). Aliquots of each probe were analyzed in a spectrophotometer

(Beckmann DU530, Munchen, Germany) as described by Behrens et al. (2003) (5).

Preparation of total RNA. Isolation of prokaryotic RNA was performed

according to Oelmuller et al. (1990) (27). 25 ml cell suspension were harvested by 5

min centrifugation at 5000 rpm at 4°C in a bench top centrifuge. Cells were washed

once in 1 ml ice-cold AE buffer (20 mM sodium acetate, pH 5.5, 1 mM disodium

acetate). Cell pellets were frozen in liquid nitrogen and stored at -80°C until further

usage. Then pellets were resuspended in 0.5 ml ice-cold AE buffer and immediately

transferred to an 2 ml polystyrene tube containing a hot solution of 0.9 ml phenol-

chloroform isoamylalcohol (25:24:1 vol) and 10 IJI 25% (w/v) SDS. The tubes were

shaken at 60°C for 5 min. Afterwards the solution was immediately chilled on ice to 0

- 4°C. The separation of organic and aqueous phases was done by centrifugation at

4°C for 5 min at 13000 rpm in a Biofuge fresco centrifuge (Heraeus Instruments). The
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aqueous phase was supplemented with 2 M sodium acetate, pH 5.2, to a final

concentration of 0.25 M and repeatedly extracted (1-2 times) with phenol-chloroform­

isoamylalcohol (25:24:1 vol), until no interphase was visible any more. Nucleic acids

were precipitated after adding 2.5 vol 96% ethanol by incubation for at least 2 h at ­

20°C. After precipitation nucleic acids were pelleted by centrifugation for 30 min at

13000 rpm at 4°C in a Biofuge fresco centrifuge (Heraeus Instruments). The pellet

was washed once with 75% ethanol, centrifuged again for 15 min and dried 20 min at

room temperature. Residual DNA was removed using the DNA-free™ DNase

Treatment g. Hp.r;.nva! Reagents (Ambion, Inc.), following the manufacturers

instructions. An additional phenol-chloroform-isoamylalcohol extraction was done

followed by precipitation of the RNA in 96% ethanol. Finally, the RNA was

resuspended in 60 IJI dHzO and concentration was determined spectrophotometrically

by measuring the absorption at 260 and 280 nm of an 100fold dilution in dHzO.

Aliquots of the RNA were stored at -80°C.

Preparation of small ribosomal subunits. Preparation of 30S ribosomal

subunits was done as described by Rheinberger et al. (1988) (28).

Fluorescence in situ hybridization. Approximately 1x1 08 fixed cells were

hybridized in 100 IJI buffer containing 0.9 M sodium chloride, 0.1 % sodium dodecyl

sulfate, 20 mM Tris-HCI (pH 8.4), and 2 IJM of fluorescent probe at 46°C for 3 h (36).

Subsequently, cells were pelleted by centrifugation for 3 min at 4,000 x g and

resuspended in 100 IJI hybridization buffer containing no probe. Washing of the cells

was performed for 30 min at 46°C. Subsequently cells were again pelleted by

centrifugation for 3 min at 4,000 x g. The pellet was resuspended in 50 IJI of the

above buffer and measured immediately.

Melting curves of oligonucleotides. The fluorescence intensity was

measured for 100 nM fluorescent oligonucleotides in 20 mM Tris-HCI pH 8.4, 0.9 M
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sodium chloride, 0.1 % sodium dodecyl sulfate, and the concentration of total RNA or

30S ribosomal subunits used for duplex formation was 0.5 IJM. Melting curves of

fluorescent oligonucleotides and duplexes were measured on ASI PRISM 7700 in 50

IJI of the above buffer using the following protocol: 25°C for 2 min, 95°C for 2 min,

then decreasing the temperature to 25°C within 9 min, incubation at 25°C for 2 min,

then increasing the temperature to 95°C in 9 min. (26). Melting curves on whole fixed

cells were measured, after in situ hybridization with the following program: 25°C for 2

min, then increasing the temperature to 95°C within 20 min, 95°C for 2 min. For

accurate comparison of the fluorescpnr» -:' ~"'~I .... -strarjed oliyonu,,:eotides vers':')

corresponding duplexes at room temperature, melting curves were normalized at 93­

95°C. At this temperature the fluorescence of the single-stranded oligonucleotide

probes became equal to the fluorescence of the corresponding duplex, because

duplexes are completely melted. No matter whether total RNA, 30S ribosomal

subunits, or whole fixed E. coli celis were used as hybridization targets the

normalization procedure excludes variations in fluorescence readings between

different wells and plates therefore permitting the comparison of fluorescence values

between different experimental setups at 25°C.

RESULTS

A statistical analysis of sequence-specific variations in probe fluorescence in

solution, monitored through the ratio of oligonucleotide and dye absorption maxima at

260 and 496 nm, is in preparation. Preliminary results have shown no direct

correlation between the nucleotide sequence of the probe's 5' end and the quotient of

the dye absorption maxima at 260 and 496 nm.

In 1998 Fuchs and coworkers quantified the fluorescence signals conferred by

171 carboxyfluorescein-Iabeled oligonucleotides targeting the 16S rRNA of E. coli
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(13). The fluorescence signals of 10,000 cells hybridized with a single probe were

recorded by a flow cytometer and signal intensities were interpreted as probe target

site accessibility. We statistically reevaluated a subset of 113 of these probes

(domains II and III) for sequence-specific effects on the probe-conferred

fluorescence. Since nucleotide-based quenching depends on the distance between

nucleobase and fluorophore the statistical analysis focused on the six nucleotides in

close proximity to the labeled 5' end of the oligonucleotide (Figure 1, white

rectangles). The influence of the probe target sequence (Figure 1, black rectangles)

as well as of bases downstream of (3' to) the probe target sequence (Figure 1, gray

rectangles) was also investigated.

labeled oligonucleotide probe

5· ~lul~I~~~~~~~

168 rRNA target

~~~------3·

FIG. 1. Schematic representation of a labeled oligonucleotide probe binding to its complementary sequences on
the 16S rRNA. The black star indicates a fluorescent dye conjugated to the 5' end of the probe via a short carbon
linker. The six bases adjacent to the 5' end of the probe are highlighted by white boxes. The complementary
bases on the target site are indicated by black rectangles. The six bases downstream of (3' to) the probe target
site are shown as gray quadrangles. The probe is named after its 3' position on the 16S rRNA.

We applied an analysis of variance to determine the effect of each of the six

nucleotide-positions adjacent to the oligonucleotide 5' end on the probe-conferred

fluorescence upon hybridization to whole fixed E. coli cells (Table 2). Our statistical

test revealed that the nucleotide composition in close proximity to the labeled 5' end

clearly affects probe-conferred fluorescence. But the described effects are not

homogeneous. Effects could only significantly been proven for position 2, 3, 5 and 6

(counted from the 5' end of the probe) indicated by P values < 0.05. The nucleobases

directly at the 5' end (position 1) or on position 4 seem to have no significant
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influence on the probe fluorescence upon hybridization (P > 0.05). On position 2, 3

and 5 cytosine has a significantly positive effect on the probe-conferred fluorescence.

A negative influence on the probe fluorescence could only significantly be assigned

to the presence of a guanine nucleotide at the sixth position from the labeled 5' end.

Table 2. Results of the statistical analysis of variance (ANOVA) on the effect of the
nucleotide composition at the 5' end of carboxyfluorescein labeled oligonucleotides on the
probe-conferred fluorescence upon FISH. All values are expressed in relation to Thymine.
The 'intercept value' is the estimated fluorescence intensity when positions 1 to 6 are
occupied by Thymine nucleotides. The 'Estimate values' describe the change in
fluorescence intensity when other bases than Thymine occur at the corresponding
position. Whether the effects of two bases are different from one another, can be read
from their 'Confidence Limits'. If the 'Conficence Limits' overlap the difference between the
bases is not significant. Do the 'Confidence Limits' comprise zero, the effects of the base~

at these position are not significantly different from zero.

Parameter Nt Estimate Error T Value Pr> ItI 95% Confidence Limits

Intercept 10.99 3.68 2.98 0.0031 3.74 18.24

NtPos1 A -3.53 2.24 -1.58 0.1154 -7.93 0.87
C -0.78 2.06 -0.38 0.7040 -4.84 3.27
G 3.82 2.33 1.64 0.1023 0.77 8.41
T 0.00

NtPos2 A 0.95 2.25 0.42 0.6727 -3.47 5.37
C 7.07 2.03 3.48 0.0006 3.08 11.07
G 3.20 2.07 1.54 0.1234 0.88 7.28
T 000

NtPos3 A -1.14 2.44 -0.47 0.6413 -5.94 3.66
C 7.90 2.12 3.72 0.0002 3.72 12.08
G 0.23 2.15 0.11 0.9141 -4.00 4.46
T 0.00

NtPos4 A 1.53 2.53 0.60 0.5459 -3.45 6.51
C 2.34 2.00 1.17 0.2428 -1.60 6.28
G 0.61 2.21 0.27 0.7845 -3.75 4.96
T 0.00

NtPos5 A 0.66 2.07 0.32 0.7488 -3.41 4.74
C 5.62 2.00 2.81 0.0053 1.68 9.56
G -2.40 2.05 -1.17 0.2441 -6.45 1.65
T 0.00

NtPos6 A -0.01 2.21 -0.00 0.9976 -4.05 4.04
C -0.41 1.96 -0.21 0.8328 -4.26 3.44
G -7.06 2.21 -3.20 0.0015 -11.40 -2.72
T 0.00

To experimentally determine the degree of nucleotide quenching for FISH we

designed fifteen oligonucleotide probes complementary to helix 23 of the E. coli 168

rRNA (helix numbering according to Brosius et al. 1981 (6)). The probes Eco647 to

Eco661 (Table 1) cover the target positions 647 to 678 comprising a region where six

guanine nucleotides cluster between positions 666 and 671. Oligonucleotide binding

to this region should result in quenching of the probe conferred-fluorescence if the
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guanine nucleotides on the target strand will be brought in close proximity to the

labeled 5' end of the probe during hybridization.

The oligonucleotides were hybridized to an excess of purified RNA, isolated

small ribosomal subunits, or whole fixed E. coli cells. Melting curves were measured

on an ASI PRISM 7700 and the normalized fluorescence at 25°C was calculated for

single-stranded oligonucleotides and duplexes. Figure 2 shows the relative

fluorescence signals measured for the single-stranded oligonucleotides and for

duplexes formed upon hybridization to the different targets. We observed a decrease

in fluorescence intensity for probes with increasing number of cytosine nucleotides at

the labeled 5' end upon hybridization to purified RNA or 30S ribosomal subunits. For

probe Eco654, with six cytosine nucleotides at the 5' end (Table 1), the reduction in

fluorescence was 27% as compared to the fluorescence of the single stranded probe.

For nearly all probes hybridized to whole fixed E. coli cells, no reduction in

fluorescence upon duplex formation was measured. Actually, Eco654 and Eco661

showed a slight increase in fluorescence intensity upon hybridization to whole fixed

cells compared to signals obtained for the single stranded oligonucleotides.
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FIG. 2. Relative fluorescence intensities at 25"C of oligonucleotide probes labeled with carboxy-fluorescein. Light
gray bars: 100 nM probe in hybridization buffer. White bars: probes hybridized to purified RNA. Black bars: probes
hybridized to isolated 30S ribosomal subunits. Dark gray bars: probes hybridized to whole fixed E. coli cells (in
situ hybridization).

119



Nucleobase-Specific Quenching of FISH

Melting curves of Eco654, Eco654_4A, and Eco654_3. Probe Eco654 was

hybridized to purified RNA, isolated 30S ribosomal subunits, and whole fixed cells.

Melting curves of the three duplexes are presented in Figure 3. The decline in

fluorescence with increasing temperature reflects the general effect of temperature-

based fluorescence quenching (Figure 3 A). A decrease in fluorescence intensity

upon hybridization has been observed, when purified RNA or small ribosomal

subunits are used for duplex formation (Figure 3 B and C). For in situ hybridization

with whole fixed E. coli cells a slight increase in fluorescence was recorded (Figure 3

D).
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FIG. 3. Melting curves of the fluorescein-labeled oligonucleotide Ec0654 hybridized to different targets. (A) 100
nM probe without target. (B) Probe hybridized to isolated RNA. (C) Probe hybridized to prepared 30S ribosomal
subunits. (0) Probe hybridized to whole fixed E. coli cells (FISH).

Figure 4 shows melting curves of duplexes formed upon hybridization of probe

Eco654, Eco654_4A, and Eco654_3 to isolated RNA. The reduction in fluorescence

upon hybridization is expressed as percentage of the fluorescence intensity

measured for the single-stranded oligonucleotide at 25°C (Figure 4A). The decrease

in fluorescence for the 3'-labeled probe Eco654_3 was 50% (Figure 4 D). The

fluorescence of the 5'-labeled oligonucleotide Eco654 was reduced by 27% as

previously mentioned. Probe Eco654_4A carries a four-adenine nucleotide extension

at the 5' end, separating dye and cytosine-rich 5' end of the original probe (Eco654)
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by approximately 30 A. The decrease in fluorescence at 25°C for probe Eco654_4A

was only 7% upon hybridization (Figure 4 C).
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FIG. 4. Melting curves of carboxy-fluorescein-labeled oligonucleotides. (A) Single-stranded probe Ec0654 labeled
at the 5' end. (B) Probe Ec0654 labeled at the 5' end upon hybridization to an excess of purified RNA. (C) Probe
Ec0654_4A labeled at the 5' end upon hybridization to an excess of isolated RNA. The probe was designed with
four additional adenine nucleotides extending the regular sequence at the 5' end. (D) Probe Ec0654_3 labeled at
the 3' end upon hybridization to purified RNA.

We observed that probes that are strongly quenched upon hybridization in

solution are not quenched during FISH, e.g. Eco654. To investigate the effects of

whole fixed cells that might compensate for the observed fluorescence quenching in

vitro, we recorded melting curves of probe Eco654 in the presence of a high protein

concentration and upon hybridization to formaldehyde fixed, isolated RNA. In the

presence of 50 IJg bovine serum albumine (BSA) the quenching of probe Ec0654

upon hybridization to purified RNA was decreased (Figure 5 C).
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FIG. 5. Melting curves of the fiuorescein-Iabeled oligonucleotide Eco654 hybridized to purified RNA in the
presence and absence of an excess of bovine serum albunine (BSA). (A) 100 nM probe without target. (B) Probe
hybridized to isolated RNA. (C) Probe hybridized to isolated RNA in the presence of 50 IJg BSA.
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The reduction in fluorescence compared to the single stranded probe at 25°C (Figure

5 A) was only 17%, whereas in the absence of BSA a fluorescence quenching of

27% (Figure 5 B) was observed.

Also formaldehyde fixation of purified RNA affected the probe conferred-

fluorescence upon hybridization (Figure 6 C). In comparison to none hybridized

probes the fluorescence intensity of probe Eco654 at 25°C was decreased by 23%

upon hybridization to formaldehyde treated RNA. Together, the presence of high

amounts of proteins and the formaldehyde fixation could prevent at least 50% of the

nucleotide mediated quenching of probe Eco654 upon hybridization to purified RNA

in solution.
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FIG. 6. Melling curves of the fluorescein-labeled oligonucleotide Ec0654 hybridized to formaldehyde treated RNA.
(A) 100 nM probe without target. (8) Probe hybridized to isolated RNA. (C) Probe hybridized to formaldehyde
fixed RNA.

DISCUSSION

We statistically analyzed a set of 113 fluorescein-labeled oligonucleotide probes for

indications of sequence-dependent effects on the probe-conferred fluorescence upon

hybridization to whole fixed E. coli cells (13). We focused our attention on the

sequence composition of the probe's 5' end in close proximity to the conjugated dye.

The statistical test revealed that the probe-conferred fluorescence is directly

dependent on the nucleobases present at position 2, 3 and 5 of the probe. But only

the increase in probe fluorescence intensity by the effect of cytosine nucleotides at
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these positions was significant. An elevated probe fluorescence mediated by the

occurrence of cytosines at position 2, 3 and 5 might be due to the presence of

guanines on the complementary strand. Nazarenko et al. (2002) have shown that

probe-conferred fluorescence intensity can increase or decrease upon hybridization

of the labeled strand to its complement depending on the sequence and position of

the fluorophore (26). They describe that the increase in fluorescence upon

hybridization depends on the presence of at least one guanine within the distance of

4 nucleotides close to the dye. For adenine at position 3 and guanine at position 5 a

negative effect on the probe-conferred fluorescence was estimated. But the statistical

analysis revealed with a high probability that these effects occurred just by chance.

However, probe fluorescence is significantly quenched, if guanine is present six

nucleotides from the probe's 5' end. To confirm the significance of the results

obtained for the six nucleotides adjacent to the probes's 5' end the statistical analysis

should be extended to probe positions 7 to 12 and 13 to 18.

The statistical analysis has shown that an effect of the probe sequence on the

fluorescence of the conjugated dye exists. Nevertheless, the mathematical analysis

of variance should be extended on the nucleotide composition of the probe target site

and on the six positions immediately downstream of the probe target site (Figure 1)

to obtain more information on the relevance of nucleotide-specific quenching for

FISH. However, our experiments did not reveal evidence for quenching caused by

the presence of guanine nucleotides immediately 3' to the probe target site. A series

of six guanine nucleotides downstream of the probe Eco648 target site seemed to

have no effect on the probe-conferred fluorescence. On the other hand, influences on

the probe fluorescence resulting from differences in probe target site accessibility

cannot be excluded for the used probe data set. Furthermore, the applied statistical
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analysis does not consider the possibility of combined nucleobase effects of adjacent

nucleotides on the probe fluorescence upon hybridization.

We intentionally designed fifteen carboxyfluorescein-Iabeled oligonucleotides

targeting a region on the 16S rRNA of E. coli where six guanine nucleotides cluster

between positions 666 and 671 (Table 1). Upon hybridization to purified RNA and

isolated 30S ribosomal subunits we observed a decrease in probe-conferred

fluorescence with increasing numbers of cytosines at the probe's 5' end (Figure 2).

Probe Eco654, with six cytosine nucleotides at the six positions directly adjacent to

the label carrying 5' end, was quenched up to 27% compared to the single stranded

oligonucleotide at 25°C (Figure 3). Isolated 30S ribosomal subunits reacted like

purified RNA and quenched probe fluorescence upon hybridization indicating that

ribosomal proteins do not affect nucleotide quenching in solution. This is not

astonishing since the presence of SOS in the hybridization buffer will probably

disintegrate protein-protein and protein-RNA interactions based on shape or charge

complementarity. This is contradictory to our findings that hybridization of probe

Ec0654 to purified RNA in the presence of 50 IJg of bovine serum albumine resulted

in a decreased quenching of 20% (Figure 5 C). Thus, high amounts of denatured

proteins seem to partially prevent nucleotide quenching upon hybridization.

Probes quenched upon hybridization in solution were not quenched in FISH

with whole fixed E. coli cells (Figure 2). For probe Ec0654 that revealed the highest

quenching ratio upon hybridization in solution, no decrease in probe fluorescence

upon in situ hybridization was observed (Figure 3). On the contrary, a slight increase

in probe-conferred fluorescence at 25°C compared to the single stranded

oligonucleotide has been measured. This fact is supported by our statistical analysis

of the nucleobase composition of probes in close proximity to the conjugated dye on

their in situ conferred fluorescence. For the occurrence of cytosines at position 2, 3
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and 5 from the probe's 5' end, an increase in probe fluorescence upon hybridization

to whole fixed E. coli cells has been confirmed.

FISH is performed on paraformaldehyde (PFA) fixed cells. PFA is able to form

Schiff bases (imines) with the primary amino groups of adenine, guanine, and

cytosine. Reactions of paraformaldehyde with secondary amino groups resulting in

the formation of enamines should also be possible. The excellent electron donating

properties of nucleobases, responsible for the quenching of fluorescent dyes, will

most likely be altered upon reaction with PFA. We have shown that the treatment of

purified RNA with formaldehyde resulted in a decrease in quenching upon

hybridization of probe Eco654 to its complement (Figure 6 C).

The influences of nucleotides brought in close proximity to the dye by tertiary

folding of the rRNA target molecule might affect probe fluorescence as well. Torimura

et al. (2001) confirmed that the microenvironmental location of a modified dye in the

DNA helix is important to understand quenching phenomena based on photoinduced

electron transfer in a DNA probe (34). The environment formed by the tertiary folding

of the rRNA in situ might influence dye fluorescence in addition to the primary

nucleotide sequence of the probe or its target site. Behrens and coworkers (2003)

have shown that the native three-dimensional structure of the small ribosomal

subunit is not a suitable model for predicting accessibility of probe target sites

because fixation and hybridization conditions result in a denatured stage of the

ribosome (4). Therefore, a 3D model of the 30S ribosomal subunit does not help to

explain potential higher-order structure effects on dye signal intensity in situ.

The extent of fluorescence quenching upon hybridization is greatly dependent

on the position of the fluorophore within the oligonucleotide sequence (26). The

fluorescence intensity of probe Eco654_3, labeled with fluorescein at the 3' end, was

only 50% of that of the single-stranded probe and therefore a quarter higher than the
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fluorescence quenching measured for the same sequence carrying the label at the 5'

end (probe Ec0654; Figure 3 B and D). The differences in the measured quenching

ratio for probe Ec0654 and Ec0654_3 might depend on the different linker groups

used for 5' and 3' labeling. Whereas the 5' end was labeled with phosphor amidite

derivatives of the fluorophore, 3' labeling was done with succinimidyl ester

derivatives of the dye. Independently from the labeling site both probes were not

quenched upon FISH.

Zahavy and coworkers (1999) reported that photoinduced electron transfer

takes place over distances up to 40 A (39). In fact, we were able to show that most of

the fluorescence quenching of probe Ec0654 could be prevented by simply adding

four adenine nucleotides to the 5' end (Ec0654_4A; Figure 4 C), although the length

of the non-hybridizing four adenine nucleotide-linker corresponds to approximately

only 12 A. A preliminary study of Nazarenko et al. (2002) on the fluorescence

polarization of fluorescein upon duplex formation gives reasons for the assumption

that the mobility of the fluorophore in the quenched state is decreased (26). Using a

longer linker to connect dye and end-standing nucleotide would result in an elevated

freedom of movement (motion) of the dye molecule yielding higher fluorescence

intensities.

The statistical analysis and experiments presented in this study have shown

that the nucleotide composition in close proximity to the dye affects fluorescence

intensity of carboxyfluorescein labeled oligonucleotide probes upon hybridization.

However, nucleotide-based quenching of probe-conferred fluorescence could only be

confirmed for hybridization reactions in solution with isolated nucleic acids. We were

able to show, that formaldehyde fixation and high concentrations of intracellular

proteins might compensate nucleotide quenching upon FISH. At the current state of

the study that needs to be extended we can not generally exclude nucleotide
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quenching for FISH, but we are gaining more and more evidence that the nucleotide

sequence effects on the probe fluorescence upon FISH can be neglected.

ACKNOWLEDGMENTS

We thank Richard Brimacombe (MPI of Molecular Genetics) for the kind

supply of isolated small ribosomal subunits. This work was supported by grants from

the DFG (Am73/3-1), the Fonds der chemischen Industrie, and the Max Planck

Society.

REFERENCES

1. Amann, R. I., L. Krumholz, and D. A. Stahl. 1990. Fluorescent­

oligonucleotide probing of whole cells for determinative, phylogenetic, and

environmental studies in microbiology. J. Bacteriol. 172(2):762-770.

2. Amann, R. I., W. Ludwig, and K. H. Schleifer. 1995. Phylogenetic

identification and in situ detection of individual microbial cells without

cultivation. Microbiol. Rev. 59(1 ):143-169.

3. Atherton, S. J., and A. Harriman. 1993. Photochemistry of Intercalated

Methylene Blue: Photoinduced Hydrogen Atom Abstraction from Guanine and

Adenine. J. Am. Chem. Soc. 115:1816-1822.

4. Behrens, S., B. M. Fuchs, F. Mueller, and R. Amann. 2003. Is the in Situ

Accessibility of the 16S rRNA of Escherichia coli for Cy3-labeled

Oligonucleotide Probes Predicted by a 3D-Structure Model of the 30S

Ribosomal Subunit? Appl. Environ. Microbiol. 69(8): 4935-4941.

5. Behrens, S., C. ROhland, J. Inacio, H. Huber, A. Fonseca, I. Spencer­

Martins, B. M. Fuchs, and R. Amann. 2003. In Situ Accessibility of Small

Subunit Ribosomal RNA of Members of the Domains Bacteria, Archaea and

127



Nucleobase-Specific Quenching of FISH

Eucarya to Cy3-Labeled Oligonucleotide Probes. Appl. Environ. Microbiol.

69(3): 1748-1758.

6. Brosius, J., T. J. Dull, D. D. Sleeter, and H. F. Noller. 1981. Gene

organization and primary structure of a ribosomal RNA operon from

Escherichia coli. J. Mol. BioI. 148:107-127.

7. Cooper, J. P., and P. J. Hagerman. 1990. Analysis of Fluorescence Energy

Transfer in Duplex and Branched DNA Molecules. Biochem. 29:9261-9268.

8. Crockett, A. 0., and C. T. Wittwer. 2001. Fluorescein-Labeled

Oligonucleotides for Real-Time PCR: Using the Inherent Quenching of

Deoxyguanosine Nucleotides. Anal. Biochem. 290:89-97.

9. Delong, E. F., G. S. Wickham, and N. R. Pace. 1989. Phylogenetic stains:

ribosomal RNA-based probes for the identification of single microbial cells.

Science. 243:1360-1363.

10. Draganescu, A., S. C. Hodawadekar, K. R. Gee, and C. Brenner. 2000.

Fhit-nucleotide Specificity Probed with Novel Fluorescent and Fluorogenic

Substrates. J. BioI. Chem. 275(7):4555-4560.

11. Edman, L., O. Mets, and R. Rigler. 1996. Conformational transitions

monitored for single molecules in solution. Proc. Natl. Acad. Sci. USA.

93:6710-6715.

12. Eggeling, C., J. R. Fries, L. Brand, R. Gunther, and C. A. M. Seidel. 1998.

Monitoring conformational dynamics of a single molecule by selective

fluorescence spectroscopy. Proc. Natl. Acad. Sci. USA. 95:1556-1561.

13. Fuchs, B. M., G. Wallner, W. Beisker, I. Schwippl, W. ludwig, and R.

Amann. 1998. Flow cytometric analysis of the in situ accessibility of

Escherichia coli 16S rRNA for fluorescently labeled oligonucleotide probes.

Appl. Environ. Microbiol. 64(12):4973-4982.

128



Nucleobase-Specific Quenching of FISH

14. Fukui, K., K. Tanaka, M. Fujitsuka, A. Watanabe, and O. Ito. 1999. Distance

dependence of electron transfer in acridine-intercalated DNA. J. Photochem.

Photobiol. B: BioI. 50:18-27.

15. Horn, T., C.-A. Chang, and M. S. Urdea. 1997. Chemical synthesis and

characterisation of branched oligodeoxyribonucleotides (bONA) for use as

signal amplifiers in nucleic acid quantification assays. Nucleic Acids Res.

25(23):4842-4849.

16. Jia, Y., A. Sytnik, L. Li, S. Vladimirov, B. S. Cooperman, and R. M.

Hochstrasser. 1997. Nonexponentil kinetics of a single tRNAPhe molecule

under physiological conditions. Proc. Natl. Acad. Sci. USA. 94:7932-7936.

17. Knemeyer, J.-P., N. Marme, and M. Sauer. 2000. Probes for Detection of

Specific DNA Seuqences at the Single-Molecule Level. Anal. Chem. 72:3717­

3724.

18. Kurata, S., T. Kanagawa, K. Yamada, M. Torimura, T. Yokomaku, Y.

Kamagata, and R. Kurane. 2001. Fluorescent quenching-based quantitative

detection of specific DNA/RNA using a BODIPY® FL-Iabeled probe or primer.

Nucleic Acids Res. 29(6):e34.

19. Lee, S. P., D. Porter, J. G. Chirikjian, J. R. Knutson, and M. K. Han. 1994.

A Fluorometric Assay for DNA Cleavage Reactions Characterized with BamHI

Restriction Endonuclease. Anal. Biochem. 220:377-383.

20. Lewis, F. D., R. L. Letsinger, and M. R. Wasielewski. 2001. Dynamics of

Photoinduced Charge Transfer and Hole Transport in Synthetic DNA Hairpins.

Ace. Chem. Res. 34:159-170.

21. Lewis, F. D., X. Liu, J. Liu, S. E. Miller, R. T. Hayes, and M. R.

Wasielewski. 2000. Direct measurement of hole transport dynamics in DNA.

Nature. 406:51-53.

129



Nucleobase-Specific Quenching of FISH

22. Lewis, F. D., T. Wu, X. Liu, R. L. Letsinger, S. R. Greenfield, S. E. Miller,

and M. R. Wasielewski. 2000. Dynamics of Photoinduced Charge Separation

and Charge Recombination in Synthetic DNA Hairpins with

Stilbenedicarboxamide Linkers. J. Am. Chem. Soc. 122:2889-2902.

23. Manoharan, M., K. L. Tivel, M. Zhao, K. Nafisi, and T. L. Netzel. 1995.

Base-Sequence Dependence of Emission Lifetimes for DNA Oligomers and

Duplexes Covalently Labeled with Pyrene: Relative Electron-Transfer

Quenching Efficiencies of A, G, C, and T Nucleosides towards Pyrene. J.

Phys. Chem. 99:17461-17472.

24. Moucheron, C., A. Kirsch-De Mesmaeker, and J. M. Kelly. 1997.

Photoreactions of ruthenium(lI) and osmium(ll) complexes with

deoxyribonucleic acid (DNA). J. Photochem. Photobiol. B: BioI. 40:91-106.

25. Nazarenko, I., B. Lowe, M. Darfler, P. Ikonomi, D. Schuster, and A.

Rashtchian. 2002. Multiplex quantitative PCR using self-quenched Primers

labeled with a single f1uorophore. Nucleic Acids Res. 30(9):e37.

26. Nazarenko, I., R. Pires, B. Lowe, M. Obaidy, and A. Rashtchian. 2002.

Effect of primary and secondary structure of oligodeoxyribonucleotides on the

fluorescent properties of conjugated dyes. Nucleic Acids Res. 30(9):2089­

2095.

27. OelmOller, U., N. KrOger, A. SteinbOchel, and G. Cornelius. 1990. Isolation

of prokaryotic RNA and detection of specific mRNA with biotinylated probes. J.

Microbial. Methods. 11 :73-84.

28. Rheinberger, H. J., U. GeigenmOller, M. Wedde, and K. H. Nierhaus. 1988.

Parameters for the preparation of E. coli ribosomes and ribsomal subunits

active in tRNA binding, p. 658-670, Methods in Enzymology, vol. 164.

130



Nucleobase-Specific Quenching of FISH

29. Sauer, M., K. H. Drexhage, U. Lieberwirth, R. Muller, S. Nord, and C.

Zander. 1998. Dynamics of the electron transfer reaction between an oxazine

dye and DNA oligonuleotides monitored on the single-molecule level. Chem.

Phys. Let. 284: 153-163.

30. Sauer, M., K.-T. Han, R. Muller, S. Nord, A. Schulz, S. Seeger, J. Wolfrum,

J. Arden-Jacob, G. Deltau, N. J. Marx, C. Zander, and K. H. Drexhage.

1995. New Fluorescent Dyes in the Red Region for Biodiagnostics. J.

Fluorescence. 5(3):247-261.

31. Seidel, C. A. M., A. Schulz, and M. H. M. Sauer. 1996. Nucleobase-Specific

Quenching of Fluorescent Dyes. 1. Nucleobase One-Electron Redox

Potentials and Their Correlation with Static and Dynamic Quenching

Efficiencies. J. Phys. Chem. 100:5541-5553.

32. Shafirovich, V. Y., S. H. Courtney, N. Ya, and N. E. Geacintov. 1995.

Proton-Coupled Photoinduced Electron Transfer, Deuterium Isotope Effects,

and Fluorescence Quenching in Noncovalent Benzo[a]pyrenetetraol­

Nucleoside Complexes in Aqueous Solutions. J. Am. Chem. Soc. 117:4920­

4929.

33. Steenken, S., and S. V. Jovanovic. 1997. How Easily Oxidizable Is DNA?

One-Electron Reduction Potentials of Adenosine and Guanosine Radicals in

Aqueous Solutions. J. Am. Chem. Soc. 119:617-618.

34. Torimura, M., S. Kurata, K. Yamada, T. Yokomaku, Y. Kamagata, T.

Kanagawa, and R. Kurane. 2001. Fluorescence-Quenching Phenomenon by

Photoinduced Electron Transfer between a Fluorescent Dye and a Nucleotide

Base. Anal. Sciences. 17(155-160).

131



Nucleobase-Specific Quenching of FISH

35. Vamosi, G., C. Gohlke, and R. M. Clegg. 1996. Fluorescence Characteristics

of 5-Carboxytetramethylrhodamine Linked Covalently to the 5' End of

Oligonucleotides: Multiple Conformers of Single-Stranded and Double­

Stranded Dye-DNA Complexes. Biophys. J. 71 :972-994.

36. Wallner, G., R. Amann, and W. Beisker. 1993. Optimizing fluorescent in situ­

hybridization with rRNA-targeted oligonucleotide probes for flow cytometric

identification of microorganisms. Cytometry. 14(2):136-143.

37. Walter, N. G., and J. M. Burke. 1997. Real-time monitoring of hairpin

ribozyme kinetics through base-specific quenching of fluorescein-labeled

substrates. RNA. 3:392-404.

38. Widengren, J., J. Dapprich, and R. Rigler. 1997. Fast interactions between

Rh6G and dGTP in water studied by fluorescence correlation spectroscopy.

Chem. Phys. 216:417-426.

39. Zahavy, E., and M. A. Fox. 1999. Photophysical Quenching Mediated by

Guanine Groups in Pyrenyl-N-alkylbutanoamide End-labeled Oligonucleotides.

J. Phys. Chem. 103:9321-9327.

132



Identification of microorganisms by FISH

5

The Identification of Microorganisms by

Fluorescence In Situ Hybridization

Rudolf Amann, Bernhard M. Fuchs, and Sebastian Behrens

Current Opinion in Biotechnology. 12: 231-236 (2001)

133



Identification of microorganisms by FISH

23'1

The identification of microorganisms by fluorescence in situ
hybridisation
Rudolf Amann"', Bernhard M Fuchs'; and Sebastian Behrenst

Fluo,e""""c,, in situ hybridisotion (FISH) Wltl] rRNA-targeted
olIgonucleotide probes fi:Jc1litlltes the rapId ~lTld specific

identification of indrvidual microbifll cells in their nalUrnl
envJronments. Over the post yCM thore have been n number or
nwthodologic<ll d~VeJOprn(.?ntsIn thiS me;'! and now

apphcations of FISH in microbial ecology an<! biotechnology
have b<:s1n teported.
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Abbreviations
DGGf lk'n.:Jturin<.t 9,ac!lr'f'll gcllJie-;:;UOpI1Off!si~

FISH nliore"~er't.c in Situ hyllfld!~illion

peR pol)'n'lt.~il~e ch::un I'I~Onlnn

PNA pi'!plH,1i': HuC'Je!<.: i:lcid
rRNA ribO~OOH'l,)i HNA
SR B slilphSte-n..."dlK,:lng Ixll...'H.."fliJ

Introduction
j\ llh.:dll)l,! fOf rhe r:.lpid :.lod ~p("c:ilie id<:~nrilic~l(ion of indi\:i(hl~ll

micmhbl cdb \\ itllil\ tht.~il' n,lt:lIr:d en\'irllnnlellb h;l~ hl:(.·n
lon~ :1\\':11£1.:<1, ;\ losl mi«ronl~e:lOi~fHs ha\'t: n;rs lilllircd 1I10f­
pho!o:.:il':ll dCf'.liL jHc\'cnting tllc:..· \'i .. t1al idemiiicuion possibh..~

Wifh hi,d 1<;,'.1 :lIlilll:,h {inti pbll('). Tradition;l) (,lIlti\,~lti.,n

H'Jt.·.rhod:<- :lr<:.· time-('(ln5111nin.~ ;mt.! frt.1.IIIL:ndr (mly work for ;1

minf1riry of rlli': bjl('tl'rial.':>I)t.~\"i~'''IHc''\l~n( in a ~:lmpk, In n.."t:l:l1t

y(,:.'~'r~, Hltikculal' hi'Jlogical medh.(h h:t\'c ("·~\.tcnd(,'t.i f)lIf \'iew
(0 E!)l>M': miCfI)(IO!,::llli:-rll" that h:l\ c pro\ t:d irnpo::-... ihle [0

t.:ulwrc. '1 <:d)J)iqucs I):l!'ll~d 4Jfl the polYlIlcrast.: dl:lin rC;Jc[ion

(peR) now f:ll'ilimIC [he r.lpid ~Ind scn~iri"l: dt:{t..'nil)fl of
h:K'rcri:1 independent l:l "'hcr!ld fIr nor rhey t'an hc cull'urcd;
h(JW("':\'l~r, dl<:M: ((.':('hlli(/Il\;" prll\-itl(; olllylill'1lh~_t1 i'lJl.lnn,Hion

1111 the Ilumlx.'r and ~pmid distribution IIf rnicfn(ll!!:'lI'Ii~rlls,

There wa~ rhcrcfoH.' ~i necd fur j miero:'(:opy tcchnique :oimiM
br to [har of rhl; i:ulll.HIS (;nIl1H..r~linin;;;; 11lcrJlOd. 'fht le..[
n~edl~u W he ;:1':" scnsiri\'c, II\; the \\'c1I""!..'St~lhli",hcdimmllnof1l1­
ort.··..tx·ncc [<:t.'hniqllcs III, but: insrc;:ld uf wr~(..rill~ ;llHigen,;;:

\\'oltld he b:.lsCU on lllldck :'ltids, The t,:omp:lrtlrjn.· ;m:lly.~i,..: 1)1'
homoJu'~'J1J" II I ltlc:...'ic acid ,o.;cql1cnccs, nln,,( nOlahly of ribosom:ll
RNA hHNi\) molecules :1111..1 the genes cnc,)(ling. (hem. has
twa [he P:""'l .5 yc:.W''1 pfflfotllldl~' ~h':lng.cd our "leW l,f rnicro­
hi:.d syo;.r<'·Ill:ltj<.~ r2.J, I ,:lr,e;C tbmb..lM':-" f)f Sl.·qllCIK(.~ infrmll;Hion
c.xist. nnd rRN....\ .:'::C'IJ":'- fj-~I,t..:.llJl;.<llt') ~Ir~ ttJlby n,utincly rerric\'cc:..I
wirhnur prior l:lIlri\-'.lr.ifJIL Sine!: r:ht~lr timt ~lpplk:lr.j(}n :1:,\

·phyl')~t,;nc(ic ~l:lill~' in 19t~l) I,,], l1tum::scc-nrly bl~elk(.L
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r!{l'A-f.U,:!:C'lcd oIi.t!.ol1l1l:IL"f)tidc proln.."S Jl:l\'C' hc.."l'(llllC {I I,.'(il)).

mon fOol for rhe direct. clIlti";lritHHnth.:pcndcIH. idcnrific:ltiun

of indi\-idlllllilacrcrial cdb. l"'lll")resccnct.~iJl.!';:!t hybridi"';lrinl)
{FISH) with rR~':\·t:lf~c:{cdi)li,t.':onudc(Jt:idc probt.'"S lu~ b~t'.n

t.kvc.lopc:d f()f (ht" ill,rit" idcnriflc:lrioll tIl' individll:ll rnicmhi.. l
cdl.. :.H1J i~ no\\ ~l \\ cll-cM~lblish(.-'·d rt.~~hniqu\:'.

:\ dt.:'l~llkd ;H:l'I)llnr of the dcn:lopmcnl nt' FiSH H)(.'rl\l)d..

in mi\'~robi~ll t.~,,;olog'Y h~lS h(.·cJl pliblisht.~J jHc,'iunsly Hj,
'rhi:- re"-Il"v will ffll:US on nl<::dl()dnlo,!!.ic~ll itllpn.wcrnem~

and uppliclfiun:'\ of FISH in microhiCIl ccul~}gy :11)(1 hiorech·
n(lllJ~Y o\'er tll(,.· p.l~( ~ car, t ~rnbr~J infHflH.lrioll un Hlt.:dic;11
'lpplk:lri(.n~ j:; ;n'~libhk' in :1 (('CcJH r~\'iC'w by ~Iotcr r" tT!
IS-I· ~ lore infonll\Hiul1 on ill sitJ/ l1udck ;l(jd ;:lInpJiJil;,Hion
;:lnd Ilvw t..'~ wl'nctrh: ~lfl:lly~is {;:Ill Ilt.· (ollnd (.~t... t"\\ here Ihl,

Methodological aspects of FISH
rHN;\, ;lre tht.~ rrpin rar~~1 mokcllk~ I"ur FISH for ~l.."\ (,"1':11
rc.h~HlS: {hey C;1O be {lJlInd in ~ll1livin~ or.~;lnisms: {h~} :11'(:

rdari\'dy st~lblc :ind OlXlIf in high copy nlll1lht.~rs (ll~llally

s(.'\'cr.. d rhnll"t:ll'HJ pl....I' ('(.:11): and rht.~y int.:lllth.· hodl '-;lri:lbh.:­
;Hid highly (,,'ons<;.'r\'t.~d SCQllCI1\"T dom;,in.. 14.71, SigllfHllre

~t::LJLl<::lll;C~ unillllC ro a ('ho~cn ;;rtJup of llli\"'fl){lr.t?:;miMn~,

f:m.c,in,::, from \vhok )lhyl,1 ro tndi"'idll<ll spt.~dc~. l'UIl rhcre·

for~ h\,,: jjentitit.:d hy \,:'Ollljltlf;lriyc ~"M"t1eIlCC :.Hl:lly.... i:..
H:ll:rcri:.l ~.lfllj <.lrch:.u.:a (,'('{Haitl 3S, 1()S. ~lI1d ~3S rHI'A,.. wirh
Icn,f!.rh~ of ~,pprm.illl;Hdy 110, I SOO ~Hld 3011() Illl{:k~otidt.'~,

rcspl.:a':lircl\'. In rhe h151 m~l.ioIilY or :'lppli\.'~Hi('Il:-' rlSH
pr<)b~s G.lr~c{. 165 r1{'~\. The puhlic:.." d.arah'lSC:-" now
irll.:ludl.: 1(IS rRNA 't.'1_lucnn·~ for mo:,\( (:lll111n.:<.! ll1it.:l'Ohi~ll

__ pt.:dc... :l~ weI! ;IS IHlm,,·!'.)II::. :'C(jUt'fH.:(;;') dirt::'cdy rC[liI;H'd

fr(JI111hc l.:n\·ir(H'lmcnr jW".q"l. Prohe!' (1ft.: {h.::...i,~ncd u:;ing
St..~(lllcn ....~ inf(lrnwritlll l'nifll [hcs{~ d~H'lh;lSCS ~md prog,r:w\

I'""b.",c, .tlcll", ARB 11W.II<'.

A (~pical FISH prollx'ul indlldcs four Mq,",: rlH; liX:HiOl)

:l11<l pt"nm:ubili!,;~ltivn (If rhe ~nmplc; h~ l)ridis:llil)ll: \\,,;),lling.
Sfcp~ [I_I removt.' unbollnd prohe; ;111<1 rhe ddc('£ion of
I:_lbt:llc.:d cdl~ by mj(,~ft,lst()py f)r flo" t:ywmt.:(ry. I'kr;lill~d

dC~(,'fipfinn~ or rh i-; prnccdllrc. which l:Ml ht.~ COlnpkLt.:d
u'ithin a fcw hourS', :Ir~ ;lnlilahk eben-he.re !I 2), rlSl1 is

flllly t.:vmp:Hihlt: with Jirc(:t cflunr lllt.:rhtHI., II J..I4J,

The oligolllldc(l{'i<le prob~... 1I~t"d in r ISH ;He ~cner~llIy

b(~r.wt,;t:'n 15 ~HH.1 ,,0 llU('!cofidcs long ~Ind <;()y~)lqllly linkcd
nt rht.'~' -(,~1ll1 r.o:1 single Illloresecnr dyc:...' lllol<.~(~lIlc, CnmnlOfl

l1uorophl)r~ ilH..'llldc t111or~sc~in. tcrral1lcdlyJrhodamin\:".
'ri:)'~ls rcr.1 ;lfId, int:fc:lsin,l!.ly, c:..',uhncyaninc dyc~ like Cy:; 1)1'

Cy5 II"~]. Tile (':lrI)QCY~lI)illCt.Iyt.'~ h~l\-C ~re:ltly ill(.~I'C~I...cd rht.~

~cn~ith·ity of I,,'ISH 1131, but further impro\'ClllClltS;)fe 'S{ill
nccdt.::t.l. 'r!\C rnitmt)rg:trli~m~living ill O!igMWphie environ·
rn<:nt~, "ueh ~ll" rhe 0l"<.·u OCC:lI'l. ~lf(' ('ypi(':lll~' sm~dl wirh low
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(.'",~II~d:11' rRNA i.::OntcrH. Tln.~ prnl~Jllnd inJ1u{.'fH:e of ,"'clluhu
;grO\nh mrc ,mel I1l1tritional ~t:\[US on cdl t.kt(."'(·tioJl hy FISH
h.1:-i been d(;~(;ribnJ 14J.:\ n':('entMlldy on rhis topi(; fp(,:u~ed

on N./;fJdfip.';l'lltlflJJf/~II(I.i!JfJ!flJtri.( 11{)}.

PolynllckOIidc prubes ei>Hsisring ()f llC:lrly rllll~letlgrh 165
.mdior 2.iS rRNA .!::cn(;~:" :lI1d c.lch I<lhdlcd \Virh sl:\cfal 011­
OUX'hflHllC rnok"Culcs were ~hown to delect :drnHst :111 cdJ...
present in rn.lnnt: h~lclcri(Jpl~mkl.vn. Ht,wc\cr. p((Jl)c~ of
this ~izc t.~(Jnwin m,Hry ('1m"cf\'<.:d rcgj(lno!'. .wd iH'(,;~ onl~ i.lhh:
ft) di~l,;rimin~ilc; hccwct:n di""r;tntly rdmed J!.flJlllh• .such ~l~

the IWC"t"crij, cr<n:tr('h:le'H~) and ~llrY:H(:lwcor'l II i··l
Shofn:I' P{)lyIHlclc()ddc prohe" th~lt rargt:-f .\ defillcd \.-'nri­
:Ihh~ rcgivn of :'lpprn~irn:Hdy 250 Jlui,;kor.idcs of rhe 2.i.s
[HNA h~p,'c hl:cn s-ho\\'n to ~lth}w diffcrcmLltintl Mllong
.gcnr.:r:l It H.l. Otigon udcoddc prob<.~s (';"111 bt~ klhdlcd ar

bot.h tht: S'- dl1d 3'-c.nd. and/or :-.c\·(.~r;{1 pff)b~~s :lpplk~d

... irnul(UnC{.ill!<.I~., thcrch~' t'~lr~(:ling c.l(..'h rHNA mn!t.:4;ulo:;.'
wirh .s<:n:r;d nllOTOph()rc~ I-i <).20].

'rhcn: h:.t\'C :ll"u heen ~lrrc;mpt~ (0 improve FISH dctel.'1.ltJn
by boosdn~ cellubr riu()s:ornc ti)nr~lH hefore f!..\.;ninn.
s..'\Inplc~ :Irc prcin("ub;)(ed in :1 ('(It;kt:.til ,)1' SlIbMr;HC and

~m(ihJor.Jc:s. "Ilicll should ill t1H:nr~ n:::'lItllr III cdl ~l\.·tl\·arion

:md rRNA synthe.~i.. 'widwllf ",:e11 r1ivbiol"l. In drinh.inf,!;
w~lt~r 121], (wcr SO%- of .\J! b:lttcri:.l deccl.'u:d t::ntlld he
:1f1ili:Hcd ro the f~-sul,)t;"lsS or prorc(,hacrerb. Ifnpro\'cd
'Jluoresccncl~'si.l!.n~lls: wefe-also rcpof("d fot an olf~orropllic

('(wlillg w:lr.(:r :;y~rcm :It·rl..'r pn~rrc~lt,menr: wirh gll.1","l)St: and
ehlm;lmpht,nit:ol (l2.1. ~rh<: prnhlt.~m \rirh (hi~ ~lrrHmH.;h i~

f!lt.: incvifjhlc sclcl.':fiyjry of ~UhS[rale.., 'Ind ~lnt ihiotic\.

I\:~ptid~ 111,,:I(~it...' ~I.;itl (PN.\) mok~('lllf.~;:;; arl: {In(:h<.lrg(~d I IN.\
3n:llog.lIe.; rh;l( hind to nucleic ;Kids milch more ~(ron~l~

[h:.ll\ oli~'ull\ldct)ridC's heL;'lu!'c then.'" j') no ck(.'rrn~(';.lril;rC'p(ll~

shm hct\\'<..'"C1\ rhe PNA prtlhc and rht.:: ncg.arivciy l:ha~..!:cd

slls;lr-plm"'pluft." h~lt'kbnm: of rhe rar;4e..;f O1Hkcule [l.l.2-l].
1:IUfJrC'$t.:cntly bbdkd PNA l1lol<:«:lllc~ 1.;1)1.11<1 S:tlh"riflltc- l~)t

tlli~onllde(Jtidcs. Fit5r appiic:ltielnj.,. u'irh marine pic('Jll:lnk~

ton 12SJ and [~IP v..ntcr s:nnpks 126J. !JO\\'c\'er. shlJw(.~d unly
$1l1~111 impJll\ cmcnrs. At thi> tim~, hi~h pric~ .. ,111\.1 ~pc\:irjd­

ry prohlcmf\ -arc slowin~ the ;lpplic;uion or PNA... to I~'ISH_

I....<.m edhll:lr rHNA (;olHxnt "uli..l J sU"ong \':lri~lfi(H~ In rh~'

Jl:(;(.':!\sillility (,f IllS rRN;\ probe l:ll'gCf sire!' h:lS ~ds(.> iH.~L:ll

described [271. llnhlbt:llcd pli.l!(ll1udc0ridcs. sCH:;lllet!
hdpcr~, rh~lt bind :.luj.lccnr ru (he pfohl~ t<1rgi~r ... icc Weft"

shown to i ltCrC.l'C t~T~(~t :ll:cc"s...illility in '",\"rhrl';rlJI'r,lfJli IZH·J.
It \\';IS $lI~~c'Hcd thar rhe hdper:-. open hjgh~'r-i>rdcr ~[flle~

nlfC" if) fhe rJ~NA,which urhcfwi ..e hinde..~f pruhe hindin#,.:-\
,~lohJlly ahund;u1l gmHp or ~lHilJl [lCflli()h~lcrc:.'.fi~t<:(lulu unl;.­

he. rdi~lbh defc...~{(.~U when hc1pt'f$ wcre ;tddcd to rhe
Ilybridi~lri(J11butfer l.2(r). AI.:(."C~.'tibiliry Mutlit..'"S were rc-ttndy
c~rcnded tn thc 2:\S rHNA molc<:nlc of r mli [30"J.

Applications
The tirst ,lppli('lIliOH:-' or FISH Were In Ic~~ di\'cr!<ot.~ ;\:~­

terns: ff)r l~'Xomplc~ the idendfic;lfinJi of h~K~tC.li:d symhiollts

Identification of microorganisms by FISH

ill 3;//1 Of the idt·lHilli..'~ld(ln of J'nagncrol~lC{i(' h;K{eri~1 lh:n

could be phY,'ji('::tIl~· n:nwvcd from rhe cnvirOnnh"J1[ before
hyhridis;lrion. 0\ cf [he P:l~t ('ouple or ~"C:H~, rnort.: :1l1t!
Ill(H(.~ appllc;trjofls rf.) ('ompk'" s:nnplc~. SHch :h ~K(j\"mt~d·

slud.~t;:: or ~oil. han:· heen puhlislu:d. This trend cQIHinllt."s.

Marine environments
SC"CI;I! sUHli~~ h:tvc inn.'::-ti,t.!.;]ted the Illicrobi:li cUl1mHjnit~
Sffilctnrc of marine "cJim~lH~. B~tscd on :l FISH pHJWCHI
initiilJJy ~lflpli('d ro :-.,tmplcs frp!11 i,ucrrid<ll mud n~lrfl in rht"
:"mrh $,,,, I.H1. ,he ,"lph:lle-reu,,,:ing b"",cria ($RHI in "
nlMinr.: ~'\fC(j(' sedimen( <frolU Spill'her;e.cn l Norway) were
~ill"\lllr;lne"lhly ~flldicd hy FISH :In(l rRNA slor-bl(lf
hyhridi.'l:,u.ion Iising gJ"fllIP~.'ipf.:\;ifi(' :tnd gcnl'~~:-.pt.'(:ifjc IflS
IRNAArmgc.[cd oli~(lnlli..~lemidc pl'(lb~s f-)Z'']. Hoell llH.:l'h­

ods ll"cd 1'111' the:: qWlntifk:ltiol1 of l:);lct<:r1,Jl populmiolb
:-;.howcd ctJmpar~lbk: rcsulr.s .

FiSH \\.:IS :11"'0 Sl1cl.:L"Ssfully lI:\cd (or the Ylsualis:ltiol1 of .1

hypothedclll1licrobi:l1 consortium rh;l( (';lmlyse elH; anaer­
obic oxid:.trion of methane in rt'l:Jrillc .scdiments 133·"1..
H<:cC'J){ d~I(.l had sng:gesfe..~d ~H1 invol\~cmcln of. Ich:lca ~H1<l

SHn in thi~ pwecss (:;4":;51. Indeed, miclos<-'(JpiC' c\"idcnte
W:I.., ubuiTlcd fur a MrllUUled t;On!loOrrillrn in whic..:h ,l(;Ol"e nr
:lrdwca i.. ~·lInn"nt..kd hy a 1ay(.~r of SRI\.

,.\ddirlol):11 f,[lldi(~ .. klV~ illvc..,d,c;are..:d It1;}{lnl..': 1.'I:)C£Cri("l­

pbnkwn, :\ srron,~ dis<.~r("p:lnCr hCl\\'(;'C-rl cdl {·Ol.mrs llsin,~

din:t(. n1i(;ro.M~opy, whieli USII~ll1y yit..'lds l'O!JfHs nf ~imllnd

IW' (..'<.~lIs rnl ..... ', :11H.1 rh~ numher or <..'olony forming: units
uercetcd (,n ~IJ:;.u phuc, h~,s I(HIJ:', bct-'n descriht"(l. In a Sflldy
on ;'\hn.h SC~I h~lctt:rifJpbnk[(ln 13{)·1, the ~pc~ies i:whuctl
on dt.~fille..~d llli.AOflnphk l1H.:dllllH \\'eft~ C()ml)"lr~d rn rht."
scqllt..'ncl..·) it.k·mifit.'t1 in ~l IhS rD:\:\ clone lihr:.lfy. FISH
...uh~J:q\1cndy sh(l\\'~d [hat Itl<A1 of rbe clIlwfCU sU:lins
Were nm ;Ihund~lIH in {he ?'\ofrh St:::I. whereas dOll'lin:\nl

grotlp'" did nor J~rn\\" nn {h~ Cllltllrc medium lll\cd. Similar
rlnJil\~" Wt;.f..-:; (lbr.lincJ by:1 new c(llnbin:uiofll>(tlvw CY(j)­

metric :Hl:lly~i~. flow ,~uf{in,.:, :lnd ,.,ubscqul:nr rlw)eClll:tr

i1n::'IIY$i~ of SQftcd cells hy FISI J lind lk"n~lfllrjn,l! gwdklll
.!!.eJ dc(;(l'()phofe....i~ (I)(;GE) 1:)7-1, E\,(:n dllrin~ ;I short
j·ncuh:leion, rhe cl)mmlltliry .;cnll.':{llle of marine h;lCrcri(l~

plankwn shjfH~d frorn rhe n:lwral high ~lhllnlhln('(~~ of
nl(;.'mbl;(~ of the (,)'It'jJ!/tIf;tl-Fldt>fJ!JfIf1aill/}f dustd ton':H"l..h

ntpidly ..1;fl)wing a. ;tnt..:! yprnwoh~\(;['('rb.

St;\'l"r~11 .stwJic'i linn; HSt:d FISH rog.l~rhcr with mil,;r<l­

~llIror~tdi.)grtlphYf this comhined .'ppro~l\:~h allow" ill .filf)

identification :111(1 provides iHflJIl11;uioo on >11!>Stmrc
lIrili~;lrim) in cumrh.~x mic(Obi~d (;(}lUmuniric"i f3R t 391 ..
E\'idt..'nce Wa:-- prcscnt\::d th:lr Ir\.~c:-li\·ing. pklllktonic marine
afch~le;l Me..' il1\'olvcd in rhe- hcrc:rorrophil: npr~lkc of db­
~(Jl\cd Ml1ino :Idd$. from nerobic ~e-;I"'.Hcf f20J, A sirrtil~H

study \\'tl~ c~lrricd our on the consumption of 10\\' ;,tnd hip;h
nwlt.'1..:UhH weight dis~(Jl\'cd (H}!.Anic l1l:lUeJ by m~trine b;'l<"te~

nopl.anknm. The study felund {hat {he: role or <Ic(obil·
hcrcrorrophic ha{:rL'ri;,1 In clH~"mn f.;yding. would he 1"llI'C

nccllmrcly de~cribcd by IIsin~ rhrcc gnHlps inste.ld ot rlit
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slll;!.lr; h;H:ct,;ri;11 cUnJparuncntnHlcnrl~' thed in hiogt':lx:hcm~

ie-.\I !1lo(kb 140-1. ~,licH):1l1tlin\(lii)~mphy and FISH \\ere ~1"'V

l,;nmbinl.:d to jn\'c:,,>ri.c::ll~ [he t:<HhOI) rncr~lbolisn) of III')('ul­

tltred frc~hw~lll... ( h:Jcr<."ri:1 of lh<.· .!.(c III h .-\dJlrlfJwlilill/ H'-l

limnology
In dh~ ficlt! uf limnology. thl: dH.."modinc til' tht.~ Illcfomi<.:cit;
L:\K(, C."\d:\~no h:'l~ heen t'hi)l'(llI~hly 8cudicd 14~-J.4]. FISr-I
W:l~ ll~t::d (0 smdy b:K:h:ri:.iI \li\,t;':(5i(~~ ('(II'lHHllnir:y l;()Il1po~i[ion.

and s~a"(lIt:11 poplilulioll dyrcunit.:.... 142.-GI und for :11) ill Sf'"
.m:lly;.is of SRU rehired to I.Jt~\lf!!rR(JpHllhi(I:..:rl/'f~...'rJl(-S H··lj.

Thefe. h~I\>ci.llso bel:1l ~C"t:f:.I1 srudie.'l of 1'''''.:( :\~-srt:It\.'lo. Thl:

Inicroh~:l! cornlJlllniry of IXlCr(.-ri~)1 ~\~rc.~~l(c" (rjY(.-r snow)
frum the river ElI.')(~ was (:h;lr~IL:{Crist:J using ~l combination

of rr~H:Ii( ion~ll clItri\ :lrilHl tccl!niqm.'s ~lnd FISH 1'--1.1-1, 1n [he
l~nir(.-J St;lte.:., FIst I ,,"<IS IhCd rn l110nirnr rhe b:lCrCfi:1 anu
pwrO'/'IXI o(:cllrrin,f;. "long r~hc O~cL-cht:c nn:( H()I, A ...wdy
pf 3,tt!.!n.:~~l[(:" in (ill'; ri\'cr ,re~cr. N,)rth Gefl11:J.ny, com­

hint.'J mdiotral:<:f mcthods ,,'ill! :nil:ro;,cn:.(lf (echniques w
lllc:tsurc h;l(.'ICIbl prodl.lc(j(JI) and r(."~pir~lri(jn I-H), The
~1'0\',:rh l.,ffjcit:ncy of the mit.:whiill {'hIl)Olllnirit:.'I :H·tilt:llt.,d t.n

rhe ~1~gre,!.~:H('~S t.;l)llid therefmc directly he dct"t'fmincJ.

Till.' (.'tllllllHlnirics \Ycre I'''rtht-T Ch:lLICrcriscd by FISH.
Ch;1I1;.{\'~~ in h;H,:h:ri:il prodllt:(jpn and rt.:spif;Jriur) Were (:or·

rebtc-d (0 (.:om;U(fent t;h:lHgC ... in dlC' 'pct.·je" CHI11I'1I,... ition.

Wastewater treatment
In rh(.- past. F'lSFI It:l~ pby(.~d ;1 rn:~j()r wIt' iII (he idcntifit.::.l·
tion of :lblllld~lflt mi(:rool~~'al\ism:, in \\':tst("W~l['cr rrcmlllcm

planrs (c.~ j4HIl. Hecl:.IH (\.~"cilreh Il~,~ fncll ..cd un ,;'ls.''1ig,uin:.r

ke) pr()c<.:s~<.·!'< fl) gfn11p' of l1li(,.'n.or~ln;"lllsiek'nritic::d ;11 silll

by FISH, J11 {hi!> n:"p(.~('r. meml>cr~ tJ!" rhe 132 ,t!.roup of pHl­

te"b:K{\,:ria ha\ (: been liukcd ru enhanced hi()Ij)J.{ic~II

pho!'<ph.lk rCHltl",ll HC)-J. SltHibriy. rht.: \,.:orrcl_ltlllll of rhe.'

nilrifYIIt;! :h;(i,~iry ot;l f1uidi"'<,·d·hc:d (c:Wlor ,H1d \.'h:)ll~c:' in
rhe L',)mp.o~ir.i()ll or rhe b:lth:rbl community \\'~rc du~t.:ly

r()J1~I\\'cd t1"in.~;l S(.'( or FISFI pm he.') 1';;01, NllrnctnllS otllCf

c~,umplL:=' o( rite Il"C of F ISlt in w:lS:hj\r:Her !rC;ltlHcnr h,I\'C

1'X.~(;11 reptltr<.:d. l:lIrin~I:H'lCC, ~tn lntlll... rri:,1 hion:mt:di:lt.illn

~ysrcru uc...i~ned for (he (Clllu\'.,1 of phenolic com.polllhis

W:IS ::oh.)\\,'11 hy FlSH (0 he dornm:l(cd hy memb~fS of l1n:
(\';ljph,~~/d-FI,x:f;/l(/(t(.'li!l11l duster .and y prOt.cObi.IGH:ria. Of
thcs<.: two grnups-, ()nl~~ rhe Jt!((\.:r \\"'IS pnsiti\'(.'ly "'o!Tcbred
wirh phCllOI d~~rmkllio.ll IS I), In J (t-jcklill.l~ tjhcr biotilm, :1

fhWd ~f(JIlP of pbnc(omycct:llc,,,; e:lp:llJlc- t)f Ill\,' :111;lCrllbh,:

o,~id:ltioll of ~lmmlll1illrn W,:.l:- dcte~:tctl by !'<(.'rt:'t:llin#, wilh ;I

set "f FISH prohe> [52'). QlIM"iwt;vc FISH 1I',l; used to

(:'\.~lnline rhe I'd:\( iOJ)ship hc:rween fO:HlI inJ.!, ;Ind rlH: (.'(tHCen­
tr~ltion of mycnlit'~lH.'id.con[~linln.c; :.u.:rinul1'lyn.:r.<.::-> in

completely rni~cd i.leri\'~IlC'd-~ludgt.· pbnts 15J], N~",I)

~k.5it;Ih:·d probe",,> h:n'c he,~n used fhr rhe :,pt:eifk id('ntifko:l~

[ion ()flil:H)ll.~nCtHISb~l(:tcri<lofEikdl"l<)(.J{n [ypcU2lN rS-4u l,

~Ih:ro:.cn~flr, ... ;llInw l.:hcmh.:'11 ;Inu physiL'~11 gradicnt,:; [(I he

olOniwfed (m (he lllkro~t,;flpic: ~l=(dl.;:. The benefit.s tlr l:Urn·

bining FISH ~ln\'1 rnicros~n$nr, for :"1;;:,i~lljllg ;1ctiviric:'< to
defined h:h;rcrial populiuillns h;IV(· been \Hldined bcfore
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rs.:q. In :1 njrrifyin;! billrC:H..:wJ' rhi" approach <,Ilowed L'cll~

spc~:j(i(' :lcriri(It.'s to be ~lssig;n(.·d h.' XillJ)'\·f}.}f1irrl spp. iHlc.l

lHll.'l.I!cllrc:d .Y,-'rw"pi/f;·likc h;Wfl:ri;l in rhe: dcn~c biorc:lcror
:lK::;(q~;l{t..:S for the fir.. r timt:: 15/)1.

FlSl1 W:I:. re-cencly applied rll the ~rudy of minobinl
l:Vllll1lllnitl,,·:-; III v<lfiuus lH..'id mil)\.~ t.;nVlfvllmeJ\ts in 1:01'1(<;>;'(

or rhe: prc'Y;1illng- gc()('hcmic~ll :lnd lI'1inc~r;llo~ic:s1 conditions

1571, The tC<.:hniqlll: I~u.~ilit'lkd (he jN sil:1 idc.;llrifi('~ltil>n uf
neW spcr:ic.'!t of :It,:idnphili{' nrth~lC:.t [h~r is :m impon:mt

('ontrihuwr W ~'I('id mill~ dr:lin:lgeI.5Bj,

Symbioses
SYlllbiotic micro(lfp':lllism~ ,He l)frt.~n Yt.'r)' dini..:uh to {lbr.lin
in pure (:UhUft.:, FISH rhcrd;m: t'ttTltinucs ((> be an
impormnr. wol t;,r til,: idcmifit'ariol1 of 1')1:11)[· flf :lnirn:lI­
m......,lci:lrcc.! llliCn;i)t~£Ini"'ln,,: rhe tcchnifluc also ren::.l1s rhe
l'lC~ui(ln 1)( these l11i\~r~l(}fg:1I1bl'n:. in rhe h('l~(. FISH wa~

:lpplit.,d fO rllt.' ..It.·tcnilln of incwccllul:tr bUl::t('ri~~ in tJlt:

hud!'> oi ~(:ptdl pillt.' [5'-JI.Likc:wi:-oc, rll,,' m<..'lhot! provided
I.:ddcncc fm the rrcsco('C of o~lfogcn·~tixing h:.lcteri:l in
.slll..!<1r(·~m\'· r(lOj, ,IlHI W~~S' th(;d to .l'Irud~ (':~lrly fuM (,:l}Ij)ni.sa~

litm (,f :'>1l,::':':1f heet "t.'edlin~s in in0cubrcu ~lnd natl"c soil
161]. FISH \\:IS t\lso lI5>ed W :-tudy the .,p:uial ~rwllg-cnlC'm

uf h:H;[eri~1 in spnngt: ti:-oslIc., 1621. Studies on g.:IIl~flJrrninJ.!

h~ICr.cri:1 in rnarill(.~ ;,lIg;H;~ 16~q, cn<!osymhioJ)rs III'

.1t::lIlciurnoch;,\c 16~·.I, ~mt.l the micrnhi:d 1!lIr nlJr:ll)rw()tJd~

caring tt::fmitl:.s II.J.51 t:om.priM: jlhl;.t rcw more e:-;:lmpks of

the Bhll1Y ~Ipplical'iull.s of F1SH in this field.

New probes
\bny puhli,,::,tiolh haH: 1..1t:: ..(.'l'ihcd rh<.' ~h: ... ig.n! (<.:sting ~Hld

~lpplk;l(iull (If lIew prohc,:.. r(,r {'he dcrc(,.,ti')ll (If ,I wide

r:illf.!<.: of micrOlJr,c,lnbm,,;: Gr:lIn-pl>~itiv.; SRH or (,he­
J)n((((o/(~Jlld({(ill'" ,l4rvup 1661: tilt.' ~l("idl'philic A1ir/iphili/IJ1f
:wd Fbi"llI/dl/lIS (h71; !-otlb,!.~IPtlp:-- of I hc ()/lJP/ulj~·tI·

FJ~ri'o!lI/il"'/IIJII c1U:'H~r IfJt)J; ll)crh:llh~~()xidj.',in,l:, b,i('tt::ri,l
1()91~ (nsip:cnic lXIi.:tl~r1~1 :I\:socimcd wirh a dinorbgdbrc
POI: Jlhl {ht.: b:lct<.:ril :ll'HI an,:Il:u::a d\\ c1lill~ ill hypers:dinc
plllld~ l,f ~obr ~:illt,;(l'b 171,72-}. l)l'Obt::~ ~lrt only .h ~ot)d ;b
t1H': d:lr:.,h:l'\\.: lllied (t.JI (heir dc~i.~n: rhl."'l' -fo(<.-, rll\,'re i~ ~l

\,;()n:'{~lnr ll(,:.'(.·d fllr prnh~ rc~c\ ~llu:Hion. For cx:nnplt:, pHJh,,'
EUH3.'\R romillcly u:;\'~d to (llJ~tntify Il'll'"n1ber~ of the
dOH1<Iin h~h:rl.~rl;J, was rl~c~IH.ly sllppkmenrcd by rwo

pr(jbc~. Etll\.),U~·11 ~ltld El1IBJH.-III" whit)) t:lrger ,~r{;ups

of b:lclcri:l missed by EUIB.'B [7.;],

Conclusions
F ISII lI~illg rRNA-r:lr,gt:t<.:d pwbc::s is rhe lllc(hod of dwice
tOT <III swdil::s in ,\ hidl (~\;jcr l:<.111 JlllHlhcl':'< und ccllubr hK:;lN

tion~ ne:l.:'d to hI;,' determlncd, Th~ mc(ll(jd,)lo~n is hcin,~

eonril'lllously imprn\'cd, S<) f,lr, ho\\'(~\'er, rnkms~~()pk 'llh~Jy­

~i ... hy FISH h:l,'i not h\.~(::n ~llIWn\:lrcd slIffi(,jelldy Co :lllow

hi.~h ~:Irnrlc rhroll,!!.hplll, whidl would ht.: th.:sir:"lhk' in many
t.."(:(.tlogic'il ilwe!'ti.l,{:l(ion~ 17-11, r\l:<..'ur;lrc qllanriti\"~(it)ll srill

rCltUll11.\ :1 dl:1l1ellg,in~ tWik :I1H:.I l:~IC;h nC\\ study need"
ciHeflil control:;. FlInhl~r method deY<.:loplllc.nt is rh(,'w(or<.­

needed wirh rt,;"$l'cC( r(, FISH snbitjYiry and ,llI[om;lti(Ill,
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Appendix

A List of Oligonucleotide Probes

Sequences and relative fluorescence intensities of probes targeting the

16S rRNA of Escherichia coli

E.coli

Probe position" Probe sequence Relative probe Brightness

No. name 5' 3' (5'->3') fluorescence" c1assc

Eco1 1 19 TGATCAAACTCTTCAATTT 0.68 II

2 Eco13 13 31 CAATCTGAGCCATGATCAA 0.58 III

3 Eco20 20 37 AGCGTTCAATCTGAGCCA 1.15 I

4 Eco32 32 47 GCCTGCCGCCAGCGTT 0.54 III

5 Eco38 38 54 GTGTTAGGCCTGCCGCC 0.55 III

6 Eco48 48 65 TCGACTTGCATGTGTTAG 0.54 III

7 Eco55 55 72 TTACCGTTCGACTTGCAT 0.74 II

8 Eco66 66 83 GCTGCTTCCTGTTACCGT 0.77 II

9 Eco73 73 90 GCAGCAAGCTGCTTCCTG 0.27 IV

10 Eco84 84 101 TCGTCAGCAAAGCAGCAA 0.18 V

11 Eco91 91 108 CCGCCACTCGTCAGCAAA 0.82

12 Eco102 102 118 ACTCACCCGTCCGCCAC 0.75

13 Eco109 109 126 CAGACATTACTCACCCGT 0.82

14 Eco119 119 136 GGCAGTTTCCCAGACATT 0.78

15 Eco127 127 144 CTCCATCAGGCAGTTTCC 0.73

16 Eco137 137 154 AGTTATCCCCCTCCATCA 0.71

17 Eco145 145 162 TTTCCAGTAGTTATCCCC 0.79

18 Eco155 155 172 TTAGCTACCGTTTCCAGT 0.99

19 Eco163 163 180 ATGCGGTATTAGCTACCG 0.32 IV

20 Eco173 173 190 TTGCGACGTTATGCGGTA 0.39 IV

21 Eco181 181 198 CTTTGGTCTTGCGACGTT 0.77 II

22 Eco191 191 209 AAGGTCCCCCTCTTTGGTC 0.75 II

23 Eco199 199 215 GGCCCTAAGGTCCCCCT 0.67 II

24 Eco210 210 226 CGATGGCAAGAGGCCCT 0.17 V

25 Eco216 216 233 GCACATCCGATGGCAAGA 0.29 IV

26 Eco227 227 243 TCCCATCTGGGCACATC 0.32 IV

27 Eco234 234 251 CTAGCTAATCCCATCTGG 0.63 II

28 Eco244 244 261 ACCCCACCTACTAGCTAA 0.56 III

29 Eco252 252 268 AGCCGTTACCCCACCTA 1.02 I

30 Eco262 262 279 TCGCCTAGGTGAGCCGTT 0.16 V

31 Eco269 269 285 GGATCGTCGCCTAGGTG 0.32 IV

32 Eco280 280 297 CAGACCAGCTAGGGATCG 0.48 III

33 Eco285 285 302 CCTCTCAGACCAGCTAGG 0.70 II
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34 Eco298 298 315 TGTGGCTGGTCATCCTCT 0.82

35 Eco303 303 320 TCCAGTGTGGCTGGTCAT 0.52 III

36 Eco316 316 333 ACCGTGTCTCAGTTCCAG 0.54 III

37 Eco321 321 338 TCTGGACCGTGTCTCAGT 0.78 II

38 Eco334 334 350 CTCCCGTAGGAGTCTGG 0.48 III

39 Eco343 343 359 CACTGCTGCCTCCCGTA 0.73 II

40 Eco351 351 369 CAATATTCCCCACTGCTGC 0.66 II

41 Eco360 360 377 CCATTGTGCAATATTCCC 0.69 II

42 Eco370 370 386 GGCTTGCGCCCATTGTG 0.54 III

43 Eco378 378 394 CTGCATCAGGCTTGCGC 1.09 I

44 Eco387 387 403 GCGGCATGGCTGCATCA 0.40 IV

45 Eco395 395 412 TTCATACACGCGGCATGG 1.06 I

46 Eco404 404 421 AAGGCCTTCTTCATACAC 0.64 II

47 Ec0413 413 429 TACAACCCGAAGGCCTTC 0.69 II

48 Eco422 422 439 AAAGTACTTTACAACCCG 0.66 II

49 Eco431 431 448 TCCCCGCTGAAAGTACTT 0.33 IV

50 Eco440 440 456 TCCCTTCCTCCCCGCTG 0.94

51 Eco449 449 467 ATTAACTTTACTCCCTTCC 0.47 III

52 Eco455 455 473 AAAGGTATTAACTTTACTC 0.01 VI

53 Eco468 468 486 AACGTCAATGAGCAAAGGT 0.03 VI

54 Eco474 474 491 CGGGTAACGTCAATGAGC 0.25 IV

55 Eco487 487 504 GGTGCTTCTTCTGCGGGT 0.72 II

56 Eco492 492 509 TAGCCGGTGCTTCTTCTG 0.63 II

57 Eco505 505 522 GCTGGCACGGAGTTAGCC 0.40 IV

58 Eco510 510 527 CGGCTGCTGGCACGGAGT 0.41 III

59 Eco523 523 540 CTCCGTATTACCGCGGCT 0.76 II

60 Eco528 528 545 GCACCCTCCGTATTACCG 0.49 III

61 Eco541 541 558 CCGATTAACGCTTGCACC 0.66 II

62 Eco548 548 566 CAGTAATTCCGATTAACGC 0.45 III

63 Eco559 559 576 GCTTTACGCCCAGTAATT 0.49 III

64 Eco567 567 584 CTGCGTGCGCTTTACGCC 0.73 II

65 Eco577 577 594 AACAAACCGCCTGCGTGC 0.78 II

66 Eco585 585 602 TCTGACTTAACAAACCGC 0.14 V

67 Eco595 595 613 GGGATTTCACATCTGACTT 0.10 V

68 Eco603 603 620 GAGCCCGGGGATTTCACA 0.19 V

69 Eco614 614 631 GTTCCCAGGTTGAGCCCG 0.34 IV

70 Eco621 621 638 AGATGCAGTTCCCAGGTT 0.04 VI

71 Eco627 627 644 AGTATCAGATGCAGTTCC 0.18 V

72 Eco632 632 649 TTGCCAGTATCAGATGCA 0.04 VI

73 Eco639 639 656 CTCAAGCTTGCCAGTATC 0.09 V

74 Eco645 645 662 ACGAGACTCAAGCTTGCC 0.81 I
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75 Eco650 650 667 CCTCTACGAGACTCAAGC 0.36 IV

76 Eco657 657 674 CTACCCCCCTCTACGAGA 0.47 III

77 Eco665 665 682 CTGGAATTCTACCCCCCT 1.14

78 Eco668 668 685 CACCTGGAATTCTACCCC 0.82

79 Eco675 675 692 ACCGCTACACCTGGAATT 0.62 II

80 Eco681 681 698 CATTTCACCGCTACACCT 1.30 I

81 Eco686 686 703 CTACGCATTTCACCGCTA 0.67 II

82 Eco690 690 707 ATCTCTACGCATTTCACC 1.27 I

83 Eco693 693 710 CAGATCTCTACGCATTTC 0.44 III

84 Eco704 704 721 CGGTATTCCTCCAGATCT 0.75 II

85 Eco711 711 728 TCGCCACCGGTATTCCTC 0.65 II

86 Eco722 722 737 GGGCCGCCTTCGCCTC 0.64 II

87 Eco729 729 744 GTCCAGGGGGCCGCCT 0.25 IV

88 Eco738 738 755 CGTCAGTCTTCGTCCAGG 0.67 II

89 Eco745 745 762 ACCTGAGCGTCAGTCTTC 0.33 IV

90 Eco756 756 773 CACGCTTTCGCACCTGAG 0.53 III

91 Eco763 763 780 TGCTCCCCACGCTTTCGC 0.79 II

92 Eco774 774 791 CTAATCCTGTTTGCTCCC 0.57 III

93 Eco781 781 799 CAGGGTATCTAATCCTGTT 0.25 IV

94 Eco792 792 809 CGTGGACTACCAGGGTAT 0.35 IV

95 Eco800 800 817 GTTTACGGCGTGGACTAC 0.37 IV

96 Eco810 810 827 AGTCGACATCGTTTACGG 0.50 III

97 Eco818 818 835 AACCTCCAAGTCGTCATC 0.62 II

98 Eco828 828 845 TCAAGGGCACAACCTCCA 0.56 III

99 Eco836 836 852 CCACGCCTCAAGGGCAC 0.15 V

100 Eco846 846 862 GCTCCGGAAGCCACGCC 0.39 IV

101 Eco853 853 870 ACGCGTTAGCTCCGGAAG 0.21 IV

102 Eco863 863 880 GGTCGACTTAACGCGTTA 0.39 IV

103 Eco871 871 888 CCCCAGGCGGTCGACTTA 0.73 II

104 Eco881 881 897 GGCCGTACTCCCCAGGC 0.77 II

105 Eco889 889 906 TAACCTTGCGGCCGTACT 0.62 II

106 Eco898 898 916 ATTTGAGTTTTAACCTTGC 0.52 III

107 Eco907 907 925 CGTCAATTCATTTGAGTTT 1.01

108 Eco917 917 933 CGGGCCCCCGTCAATTC 0.60 III

109 Eco926 926 941 CGCTTGTGCGGGCCCC 0.53 III

110 Eco934 934 951 CATGCTCCACCGCTTGTG 0.88 I

111 Eco942 942 959 TTAAACCACATGCTCCAC 0.72 II

112 Eco952 952 969 TTGCATCGAATTAAACCA 0.25 IV

113 Eco960 960 977 TCTTCGCGTTGCATCGAA 0.46 III

114 Eco970 970 987 CAGGTAAGGTTCTTCGCG 0.47 III

115 Eco978 978 995 GTCAAGACCAGGTAAGGT 0.22 IV
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116 Eco988 988 1005 TTCCGTGGATGTCAAGAC 0.26 IV

117 Eco996 996 1013 CTGAAAACTTCCGTGGAT 0.20 V

118 Eco1006 1006 1023 ATTCTCATCTCTGAAAAC 0.06 V

119 Eco1014 1014 1031 GAAGGCACATTCTCATCT 0.16 V

120 Eco1024 1024 1041 CACGGTTCCCGAAGGCAC 0.60 III

121 Eco1032 1032 1049 ACCTGTCTCACGGTTCCC 0.57 III

122 Eco1042 1042 1059 GCCATGCAGCACCTGTCT 0.60 III

123 Eco1050 1050 1067 TGACGACAGCCATGCAGC 0.35 IV

124 Eco1060 1060 1077 CAACACGAGCTGACGACA 0.15 V

125 Eco1068 1068 1085 ACATTTCACAACACGAGC 0.20 V

126 Eco1078 1078 1095 ACTTAACCCAACATTTCA 0.18 V

127 Eco1086 1086 1103 GTTGCGGGACTTAACCCA 0.27 IV

128 Eco1097 1097 1112 GTTGCGCTCGTTGCGGG 0.27 IV

129 Eco1104 1104 1121 AGGATAAGGGTTGCGCTC 0.38 IV

130 Eco1113 1113 1130 TGGCAACAAAGGATAAGG 0.03 VI

131 Eco1122 1122 1139 CCGGACCGCTGGCAACAA 0.27 IV

132 Eco1131 1131 1146 TTCCCGGCCGGACCGC 0.48 III

133 Eco1140 1140 1157 TCTCCTTTGAGTTCCCGG 0.77 II

134 Eco1147 1147 1165 ACTGGCAGTCTCCTTTGAG 0.19 V

135 Eco1158 1158 1175 CCAGTTTATCACTGGCAG 0.03 VI

136 Eco1166 1166 1183 ACCTTCCTCCAGTTTATC 0.32 IV

137 Eco1176 1176 1193 CGTCATCCCCACCTTCCT 0.84 I

138 Eco1184 1184 1201 TGACTTGACGTCATCCCC 0.12 V

139 Eco1194 1194 1211 AGGGCCATGATGACTTGA 0.25 IV

140 Eco1202 1202 1219 TGGTCGTAAGGGCCATGA 0.05 VI

141 Eco1212 1212 1229 TGTGTAGCCCTGGTCGTA 0.63 II

142 Eco1220 1220 1237 GTAGCACGTGTGTAGCCC 0.62 II

143 Eco1230 1230 1247 ATGCGCCATTGTAGCACG 0.36 IV

144 Eco1238 1238 1255 CTCTTTGTATGCGCCATT 0.68 II

145 Eco1248 1248 1265 GAGGTCGCTTCTCTTTGT 0.61 II

146 Eco1256 1256 1273 GCTCTCGCGAGGTCGCTT 0.58 III

147 Eco1266 1266 1283 AGGTCCGCTTGCTCTCGC 0.52 III

148 Eco1274 1274 1291 ACTTTATGAGGTCCGCTT 0.26 IV

149 Eco1284 1284 1301 ACTACGACGCACTTTATG 0.33 IV

150 Eco1292 1292 1309 CAATCCGGACTACGACGC 0.42 III

151 Eco1302 1302 1319 TTGCAGACTCCAATCCGG 0.56 III

152 Eco1310 1310 1327 GAGTCGAGTTGCAGACTC 0.02 VI

153 Eco1320 1320 1337 CGACTTCATGGAGTCGAG 0.01 VI

154 Eco1328 1328 1345 AGCGATTCCGACTTCATG 0.65 II

155 Eco1338 1338 1355 CACGATTACTAGCGATTC 0.16 V

156 Eco1346 1346 1363 TTCTGATCCACGATTACT 0.51 III
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157 Eco1356 1356 1373 CACCGTGGCATTCTGATC 0.43 III

158 Eco1364 1364 1382 GAACGTATTCACCGTGGCA 0.56 III

159 Eco1374 1374 1391 AAGGCCCGGGAACGTATT 0.58 III

160 Eco1383 1383 1400 GGTGTGTACAAGGCCCGG 0.58 III

161 Eco1392 1392 1409 GTGACGGGCGGTGTGTAC 0.48 III

162 Eco1401 1401 1418 TCCCATGGTGTGACGGGC 0.64 II

163 Eco1410 1410 1427 GCAACCCACTCCCATGGT 0.52 III

164 Eco1419 1419 1436 ACTTCTTTTGCAACCCAC 0.46 III

165 Eco1428 1428 1445 AAGCTACCTACTTCTTTT 0.66 II

166 Eco1437 1437 1454 CCGAAGGTTAAGCTACCT 0.04 VI

167 Eco1446 1446 1463 AGCGCCCTCCCGAAGGTT 0.59 III

168 Eco1455 1455 1472 AAAGTGGTAAGCGCCCTC 0.69 II

169 Eco1464 1464 1481 ATGAATCACAAAGTGGTA 0.03 VI

170 Eco1473 1473 1490 ACCCCAGTCATGAATCAC 0.66 II

171 Eco1482 1482 1499 TACGACTTCACCCCAGTC 0.56 III

172 Eco1491 1491 1508 TTACCTTGTTACGACTTC 0.39 IV

173 Eco1500 1500 1517 CCCCTACGGTTACCTTGT 051 III

174 Eco1509 1509 1525 CGCAGGTTCCCCTACGG 0.13 V

175 Eco1518 1518 1535 GTGATCCAACCGCAGGTT 0.17 V

176 Eco1526 1526 1542 TAAGGAGGTGATCCAAC 0.29 IV
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Sequences and relative fluorescence intensities of probes targeting the

16S rRNA of Pirellula sp. strain 1

E.coli

Probe position' Probe sequence Relative probe Brightness

No. name 5' 3' (5'->3') fluorescenceb classc

177 Pir1 1 19 GGATCAAACCCTTCAATTT 0.69 II

178 Pir20 20 37 AACGTTCATTCTGAGCCA 0.71 II

179 Pir38 38 54 GCCTAATCCATGCCGCC 0.62 II

180 Pir55 55 73 TTCTCGTGCGACTTGCAT 0.63 II

181 Pir72 72 89 TAGCAAGCTACTCTGCTT 0.09 V

182 Pir91 91 109 TTCGCCACTGTCCGCTTT 0.65 II

183 Pir109 109 126 CACACGTTACTCTCCCTT 0.69 II

184 Pir127 127 145 GTCTCGAGGGCACGTAAC 0.57 III

185 Pir146 146 162 TTTCCCGACGCTATCCCG 0.72 II

186 Pir163 163 180 ATCCGGTATTACTGCCAG 0.58 III

187 Pir181 181 198 CATTTGATCCGTAGATATT 0.52 III

188 Pir198 198 225 TCGAGCGGAATCTCACC 0.35 IV

189 Pir216 216 233 TCCAATCCTCGAGCGGAA 0.26 IV

190 Pir234 234 251 CAAGCTAATAGTATGCGG 0.52 III

191 Pir252 252 268 AGCCATTACCTCACCAA 0.36 IV

192 Pir269 269 285 CCATCGCAGCCTTGGTG 0.62 II

193 Pir285 285 302 GCTCTCACACCCGGTAAC 0.68 II

194 Pir303 303 319 CCAGTGAGCCGGGCCAT 0.67 II

195 Pir321 321 338 TCTGGGCAGTGTCTCAGT 0.73 II

196 Pir340 340 355 CTGCAGCCACCCGTAGGT 0.68 II

197 Pir351 351 369 CGAAGATTCTCGACTGC 0.37 IV

198 Pir370 370 386 GACTTTCGTCCATTGCC 0.59 III

199 Pir387 387 403 GCGGCATCGCTCGGTCA 0.67 II

200 Pir404 404 421 AGGGCCTTCATCCCGCAC 0.47 III

201 Pir422 422 439 ACAGCGGTTTACAACCCG 0.50 III

202 Pir439 439 455 GCATTTCCTAACAACTGA 0.60 III

203 Pir453 453 472 TGGATAACCACCATGCA 0.13 V

204 Pir474 474 491 GAAGATCGGTCAAACATG 0.12 V

205 Pir492 492 509 TAGCCCGTCCTTCCTCT 0.70 II

206 Pir510 510 527 CGGCTGCTGGCACGTACT 0.57 III

207 Pir528 528 545 GGACGGTACGTGTTACCG 0.49 III

208 Pir548 548 567 CAGTGATACCGAATAACGT 0.75 II

209 Pir567 567 584 CTACGAACGCTTTAAGCC 0.64 II

210 Pir585 585 602 TCTCACCTTCTAGGCCGC 0.48 III

211 Pir603 603 620 GAGCCGTGGGCTTTCACA 0.09 V
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212 Pir621 621 638 AAACGCAATTCCACGGTT 0.08 V

213 Pir639 639 656 CTCAAGCCTAGTGGTTTG 0.04 VI

214 Pir657 657 674 CCCATCACCCCTGTCTTC 0.67 II

215 Pir675 675 692 ACCGCTCCACCATAAGTT 0.60 III

216 Pir693 693 711 TATGATATCAACGCATTTC 0.40 IV

217 Pir711 711 728 TCGCCACCGGTGTTCCCT 0.66 II

218 Pir729 729 744 ACCCAGTGATGCGCTT 0.51 III

219 Pir745 745 762 TCCTCAGCGTCAGAAAAG 0.54 III

220 Pir763 763 780 CGCTACCCTAGCTTTCGT 0.57 III

221 Pir781 781 798 GGGGTATCTAATCCCGTT 0.64 II

222 Pir800 800 817 GTTTACGGCTAGGACTAC 0.62 II

223 Pir818 818 835 CTCAGCCTAGTGCTCATC 0.24 IV

224 Pir836 836 851 GAGAGAATGTGGAAGTTC 0.05 VI

225 Pir853 853 870 ATGGTTTCCCTGCGGCCG 0.55 III

226 Pir871 871 888 CCCCAGGCGGAGCACTTA 0.69 II

227 Pir888 888 904 GCCTTGCGACCATACTC 0.66 II

228 Pir907 907 952 CGTCAATTCCTTTGAGTTT 0.69 II

229 Pir926 926 941 CGCTTGTGTGAGCCCC 0.61 II

230 Pir942 942 959 TTAAGCCACATCCTCCAC 0.58 III

231 Pir961 961 977 TCTTCGCGTAGCCTCGA 0.16 V

232 Pir978 978 995 GTCAAGTCTAGGATAAGGT 0.52 III

233 Pir996 996 1013 CATAGGGATTCTCAAGCAT 0.58 III

234 Pir1014 1014 1031 GAAGGGCACTCTCTACTTT 0.51 III

235 Pir1032 1032 1048 CCTGTGCAAGAGCTCCCC 0.76 II

236 Pir1050 1050 1067 TGACGACAGCCATGCAGC 0.65 II

237 Pir1068 1068 1085 ACATCTCACGACACGAGC 0.68 II

238 Pir1086 1086 1103 GTTAAGGGACTTAACCCG 0.04 VI

239 Pir1104 1104 1121 AAGATAAGGGTTTCGCTC 0.39 IV

240 Pir1122 1122 1139 CATTACCCGCTGGCAACTA 0.76 II

241 Pir1140 1140 1157 TCTCTTTAGAGTCCCCGG 0.48 III

242 Pir1156 1156 1173 GGTTTGACACCGGCAGTC 0.44 III

243 Pir1176 1176 1193 CGTCATCCCCACCTTCCT 0.69 II

244 Pir1194 1194 1211 AAGGCCATGAGGACTTGA 0.26 IV

245 Pir1212 1212 1229 TGTGCAGCCCTAGACATA 0.67 II

246 Pir1230 1230 1247 CCGTGCCATTGTAGGACG 0.17 V

247 Pir1248 1248 1265 GGTATTGCGTCCGTTTGT 0.62 II

248 Pir1266 1266 1283 GGATTTGCTCCACCTCGC 0.63 II

249 Pir1284 1284 1301 ACTGAGGCACGGTTTCTA 0.12 V

250 Pir1302 1302 1319 TTGCAGCCTGCAATCCGA 0.07 V

251 Pir1320 1320 1337 CGGCTTCATGCAGGCGAG 0.29 IV

252 Pir1338 1338 1355 TACGATTACTAGCGATTC 0.14 V
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253 Pir1356 1356 1373 CACCGTAGTATGCTGACC 0.64 II

254 Pir1371 1371 1391 AAGGCTCAGGAACACATT 0.30 IV

255 Pir1392 1392 1409 TTGACGGGCGGTGTGTAC 0.63 II

256 Pir1410 1410 1427 CCTCCCAACTTTCGTGGC 0.79 II

257 Pir1428 1428 1445 AGCTTGGTGACTTCGGGC 0.59 III

258 Pir1446 1446 1461 CTGCCTCCCTTGCGGGTT 0.79 II

259 Pir1464 1464 1481 GTCGAGCTGACCTTCGGC 0.51 III

260 Pir1482 1482 1499 TACGACTTAGTCCCAATT 0.62 II

261 Pir1500 1500 1517 CCCCTACGGCTACCTTGT 0.53 III

262 Pir1518 1518 1535 GTGATCCAGCCGCAGGTT 0.54 III

263 Pir1525 1525 1542 AAAGGAGGTGATCCAGCC 0.24 IV

264 Pir1527 1527 1544 AGAAAGGAGGTGATCCAG 0.32 IV
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Sequences and relative fluorescence intensities of probes targeting the

16S rRNA of Metallosphaera sedula

E.coli

Probe position" Probe sequence Relative probe Brightness

No. name 5' 3' (5'->3') fluorescenceb classc

265 Met1 1 18 GATCAACCGGAATTAGGG 0.00 VI

266 Met13 13 30 CGGGTCCGGCAGGATCAA 0.24 IV

267 Me120 20 37 AGCGATCGGGTCCGGCA 0.17 V

268 Met32 32 47 CCCTACCCCTATAGCGAT 0.63 II

269 Met38 38 53 GCTTAGCCCTACCCCTAT 0.12 V

270 Met55 55 80 AGAGCGTACGACTCCCAT 0.13 V

271 Met84 84 109 TCCGCCACGCCCTCTTC 0.19 V

272 Met109 109 126 CACGTGTTACTCAGCCGT 0.19 V

273 Met119 119 135 GCAGGTTAGCCACGTGTT 0.58 III

274 Met127 127 143 TCCCAAGGGCAGGTTAGC 0.07 V

275 Met137 137 154 GGTTATCCAGATCCCAAG 0.44 III

276 Met145 145 162 TTTCCCGGGGTTATCCAG 0.19 V

277 Met155 155 172 TTAGCCCCAGTTTCCCGG 0.90 I

278 Met163 163 180 GCTCCGGATTAGCCCCAG 0.14 V

279 Met173 173 183 CCCTTGCCCGCTCCGGA 0.90 I

280 Met181 181 190 TTCCAGATTCCCTTGCCC 0.10 V

281 Met183a 183 193 ATCATTCCAGATTCCCTT 0.36 IV

282 Met183b 183 193 CAAGAGATCATTCCAGATT 0.23 IV

283 Met191 191 198 CTTTTAGGCAAGAGATCA 0.03 VI

284 Met193a 193 193 GAGGCTTTTAGGCAAGAG 0.16 V

285 Met193b 193 207 AGCCGAGAGGCTTTTAGG 0.08 V

286 Met199 199 210 CGGGATCAGCCGAGAGG 0.07 V

287 Met203 203 215 CTCGACGGGATCAGCCGA 0.62 II

288 Met210 210 226 CTTGGGCGCCTCTCGAC 0.10 V

289 Met216 216 233 CCCCATCCTTGGGCGCCT 0.34 IV

290 Met227 227 243 TGGGCCGCAGCCCCATC 0.05 VI

291 Met234 234 250 AGCCTGATGGGCCGCAG 0.76 II

292 Me1244 244 260 CTCCCCCAACAGCCTGA 0.32 IV

293 Met262 262 279 TCGGTTTGGGGGACCTTT 0.79 II

294 Met269 269 285 CCGTTATCGGTTTGGGG 0.76 II

295 Met280 280 297 CACGGCCCCTACCCGTTA 1.03

296 Met285 285 301 CTCCCACGGCCCCTACC 1.64

297 Met298 298 313 TGGGGGCTCCCGCTCC 0.97

298 Met303 303 319 CCCAACTGGGGGCTCCC 1.79

299 Met316 316 333 CCCTTGTCTCAGTGCCCA 0.30 IV
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300 Met321 321 338 CTGGGCCCTTGTCTCAGT 1.09 I

301 Met334 334 349 CCCCGTAGGGCCTGGG 0.04 VI

302 Met343 343 359 GCCTGGTGCGCCCCGTA 0.74 II

303 Met351 351 366 GTTCCGCGCCTGGTGC 0.40 IV

304 Met370 370 386 CGGTTTCCCGCATTGGG 0.13 . V

305 Met387 387 403 TAGGGGTAACGCCCTCA 0.13 V

306 Met395 395 420 CGAGGGCACTAGGGGTAA 0.07 V

307 Met421 421 445 TGGAGAAAAGCCCTCTTG 0.06 V

308 Met446 446 495 TCCTCCACCTTTCTGGAG 0.20 V

309 Met492 492 509 TGCCCCCCGCTTATTCCT 0.40 IV

310 Met505 505 522 GCTGACACCAGTCTTGCC 0.62 II

311 Met510 510 526 GGCGGCTGACACCAGTCT 0.13 V

312 Met523 523 540 GCTGGTATTACCGCGGCG 0.60 III

313 Met528 528 545 GCGGGGCTGGTATTACCG 0.09 V

314 Met541 541 557 TCCCGATCACTCGCGGG 0.78 II

315 Met548 548 565 AATAAACGTCCCGATCAC 0.14 V

316 Met559 559 576 GCTTTAAGCCCAATAAAC 0.32 IV

317 Met567 567 584 CTACGGGCGCTTTAAGCC 0.18 V

318 Met585 585 602 GGTGACTTTACAGGCCGG 0.01 VI

319 Met603 603 620 GAGCCCGGGTCTTTAAAC 0.02 VI

320 Met615 615 632 GTTCCCCGAGTTGAGCCC 0.72 II

321 Met621 621 638 ACCGCCGTTCCCCGAGTT 0.03 VI

322 Met627 627 644 AGTATCACCGCCGTTCCC 0.82 I

323 Met632 632 649 CTGTAAGTATCACCGCCG 0.59 III

324 Met639 639 656 CCCTAGCCTGTAAGTATC 0.02 VI

325 Met645 645 661 CCGCCCCCTAGCCTGTA 0.81

326 Met650 650 666 CTCTCCCGCCCCCTAGC 1.60

327 Met654 654 669 GACCTCTCCCGCCCCC 1.58 I

328 Met657 657 673 CTCCGACCTCTCCCGCC 0.44 III

329 Met661 661 678 AGTACCTCCGACCTCTCC 1.13 I

330 Met665 665 682 CGGGAGTACCTCCGACCT 0.68 II

331 Met668 668 685 CTCCGGGAGTACCTCCGA 0.44 III

332 Met675 675 691 CCCCTACTCCGGGAGTA 0.17 V

333 Met681 681 698 GATTTCGCCCCTACTCCG 2.26 I

334 Met686 686 703 CTGAGGATTTCGCCCCTA 1.43 I

335 Met690 690 707 GGATCTGAGGATTTCGCC 0.38 IV

336 Met693 693 709 CGGGATCTGAGGATTTC 0.02 VI

337 Met704 704 721 TGGTGGTCCTCCCGGGAT 1.62 I

338 Met711 711 727 CGCCACTGGTGGTCCTC 0.09 V

339 Met722 722 738 CCGGACGCTTTCGCCAC 1.16 I

340 Met729 729 745 GTTCTAGCCGGACGCTT 0.19 V
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341 Met738 738 754 GTCGGGCGCGTTCTAGC 1.17 I

342 Met745 745 760 CTCACCGTCGGGCGCG 3.26 I

343 Met750 750 766 TCGCCCCTCACCGTCGG 1.18 I

344 Met756 756 772 CGGCTTTCGCCCCTCAC 1.15 I

345 Met763 763 779 GCTACCCCGGCTTTCGC 0.20 V

346 Met768 768 785 CTATTTGCTACCCCGGCT 0.68 II

347 Met774 774 791 CTAATCCTATTTGCTACC 0.46 III

348 Met781 781 799 TAGGGTATCTAATCCTATT 0.55 III

349 Met792 792 809 CCGGGACTACTAGGGTAT 0.10 V

350 Met800 800 817 GTTTACAGCCGGGACTAC 0.21 IV

351 Met810 810 827 AGCCTGCATCGTTTACAG 0.53 III

352 Met818 818 835 CGACACCTAGCCTGCATC 0.18 V

353 Met823 823 840 CTACGCGACACCTAGCCT 1.03 I

354 Met828 828 845 AAAGCCTACGCGACACCT 0.13 V

355 Met836 836 849 GCAGGCACAAAGCCTACG 0.42 III

356 Met841 841 854 ACCGCGCAGGCACAAAGC 0.45 III

357 Met846 846 857 GGCACCGCGCAGGCAC 0.01 VI

358 Met850 850 867 GTTTTCCTGCGGCACCGC 0.83

359 Met853 853 870 CCAGTTTTCCTGCGGCAC 0.23 IV

360 Met858 858 575 GCTTACCAGTTTTCCTGC 1.75

361 Met863 863 880 GGCGGGCTTACCAGTTTT 0.91

362 Met867 867 883 GGCGGCGGGCTTACCAG 1.18 I

363 Met871 871 887 CCCAGGCGGCGGGCTTA 0.23 IV

364 Met876 876 892 TACTCCCCAGGCGGCGG 3.12 I

365 Met881 881 897 GGCCGTACTCCCCAGGC 1.00 I

366 Met885 885 901 GGCCGTACTCCCCAGGC 0.14 V

367 Met889 889 906 CAGCCTTGCGGCCGTACT 1.21 I

368 Met898 898 915 TTTAAGTTTCAGCCTTGC 0.56 III

369 Met902 902 919 TTTAAGTTTCAGCCTTGC 0.16 V

370 Met907 907 925 CGCCAATTCCTTTAAGTTT 0.14 V

371 Met917 917 933 GTGCTCCCCCGCCAATTC 0.80 II

372 Met926 926 941 CCCTTGTGGTGCTCCCC 0.22 IV

373 Met934 934 950 AGGTTCCACCCCTTGTGG 0.78 II

374 Met942 942 958 TGAGCCGCAGGTTCCAC 0.08 V

375 Met952 952 969 TTGACTCCAATTGAGCCG 0.84 I

376 Met960 960 976 CCAGGCGTTGACTCCAA 0.07 V

377 Met970 970 987 CCGGTGAGATTCCAGGCG 0.63 II

378 Met978 978 1043 GTCTCCCCCGGTGAGAT 0.13 V

379 Met1043a 1043 1043 CTGGCCGTCATCCTGCG 0.23 IV

380 Met1043b 1043 1043 CTGGCAAGGTCGTTAGC 0.14 V

381 Met1043c 1043 1051 ACCTCCTCTCCGCGAGT 0.11 V
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382 Met1043d 1043 1060 GGCCATGCACCTCCTCT 0.08 V

383 Met1060 1060 1076 CAACACGAGCTGGCGAC 0.12 V

384 Met1078 1078 1095 GACTTAACCGGACATTTC 0.06 V

385 Met1097 1097 1113 GTCTCGCTCGTTGCCGG 0.75 II

386 Met1114 1114 1131 TTACCAACTAGAAGTGGG 0.03 VI

387 Met1122 1122 1136 GAGAGACGGTTACCAACT 0.03 VI

388 Met1137 1137 1151 TAGTGTGGACCGTCTCCG 0.03 VI

389 Met1140 1140 1157 CCTTCTAGTGTGGACCGT 0.23 IV

390 Met1147 1147 1165 CACCGGCAGTCCTTCTAGT 0.04 VI

391 Met1166 1166 1183 CTCCTTCCTCCGGTTTAA 0.13 V

392 Met1184 1184 1200 TGACCTGCCGTGGCCCC 0.03 VI

393 Met1202 1202 1218 GGAAGTTTCGGGGCATG 0.10 V

394 Met1220 1220 1236 GTAACCCGCGTGCGGCC 0.10 V

395 Met1238 1238 1255 CCCGCTGTCCCTGCCAT 0.14 V

396 Met1248 1248 1264 GGGTCGGATCCCGCTGT 2.01 I

397 Met1256 1256 1272 CCCTCTCGGGGTCGGAT 1.63 I

398 Met1266 1266 1282 GATTGCCTTCCCCTCTC 0.86 I

399 Met1274 1274 1291 GGTTTGTGGGATTGCCTT 0.39 IV

400 Met1284 1284 1301 ACTGAGGCAGGGTTTGTG 0.09 V

401 Met1292 1292 1309 CGATCCCAACTGAGGCAG 0.61 II

402 Met1296 1296 1313 CCCTCGATCCCAACTGAG 0.79 II

403 Met1302 1302 1319 TTTCAGCCCTCGATCCCA 0.28 IV

404 Met1306 1306 1323 CGAGTTTCAGCCCTCGAT 0.54 III

405 Met1314 1314 1331 CACGAGGGCGAGTTTCAG 0.61 II

406 Met1320 1320 1336 TCGTTCACGAGGGCGAG 0.03 VI

407 Met1328 1328 1345 AGGGATTCCTCGTTCACG 0.36 IV

408 Met1338 1338 1355 CGCGGTTACTAGGGATTC 0.03 VI

409 Met1346 1345 1363 TGTTGACCCGCGGTTACT 0.14 V

410 Met1356 1356 1373 TCACCGCGGGTTGTTGAC 0.04 VI

411 Met1364 1364 1381 GACGTATTCACCGCGGGT 0.41 III

412 Met1374 1374 1391 AAGGAGCAGGGACGTATT 0.10 V

413 Met1383 1383 1400 GGTGTGTGCAAGGAGCAG 0.21 IV

414 Met1392 1392 1408 CGACGGGCGGTGTGTGC 0.14 V

415 Met1401 1401 1416 GGGTGGAGCGACGGGC 1.62 I

416 Met1410 1410 1426 CCCTCCACTCGGGTGGA 0.03 VI

417 Met1419 1419 1436 CCTCACTTCCCCTCCAC 2.03 I

418 Met1428 1428 1447 GGCAAGAGGCCTCACTT 0.05 VI

419 Met1444 1444 1463 CTCCCACCCCGAGGGG 0.07 V

420 Met1464 1464 1480 CGGAGGAGAAGCTCGAC 0.01 VI

421 Met1482 1482 1498 ACGACTTCTCCCCCCTC 0.28 IV

422 Met1500 1500 1516 CCCTACGGCTACCTTGT 0.17 V
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423 Met1518 1518 1534 TGATCCAGCCGCAGGTT 0.06 V

424 Met1526 1526 1542 ATGTGAGGTGATCCAGC 0.06 V

425 Met1535 1535 1551 GGAGCACAAATGTGAGG 0.02 VI
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Sequences and relative fluorescence intensities of probes targeting the

18S rRNA of Saccharomyces cerevisiae

E.coli

Probe position" Probe sequence Relative probe Brightness

No. name 5' 3' (5'->3') fluorescenceb classc

426 Sac6 6 23 GGCAGGATCAACCAGATA 0.75 II

427 Sac23 23 41 ACAAGCATATGACTACTG 0.73 II

428 Sac41 41 56 ATGGCTTAATCTTTGAGA 0.31 IV

429 Sac56 56 73 CTTATACTTAGACATGCA 0.31 IV

430 Sac73 73 103 GTTTCACTGTATAAATTGC 0.31 IV

431 Sac103 103 121 TTTAATGAGCCATTCGCAG 0.69 II

432 Sac121 121 138 CAAATAAACGATAACTGAT 0.32 IV

433 Sac138 138 146 ATGTAGTAAAGGAACTATC 0.12 V

434 Sac146 146 162 AATTACCACAGTTATACCA 0.61 III

435 Sac162 162 180 AGCATGTATTAGCTCTAGA 0.84 I

436 Sac180 180 191 CAAAGGGTCGAGATTTTAA 0.18 V

437 Sac191 191 193 TAATAAATACATCTCTTCC 0.55 III

438 Sac193a 193 193 AAGACATTGATTTTTTATCT 0.48 III

439 Sac193b 193 193 TGAATCATCAAAGAGTCCGA 0.61 III

440 Sac193c 193 202 GCGATTCGAAAAGTTATTAT 0.39 IV

441 Sac202 202 217 CGCCAGCACAAGGCCATG 0.54 III

442 Sac217 217 236 GAAATTTGAATGAACCATC OAO IV

443 Sac236 236 252 TCGAAAGTTGATAGGGCAG 0.77 II

444 Sac252 252 270 TAGGCCACTATCCTACCAT 0.54 III

445 Sac270 270 287 TACCCGTTGAAACCATGGT 0.80 II

446 Sac287 287 305 CGAACCCTTATTCCCCGTT 0.89

447 Sac305 305 322 GGCTCCCTCTCCGGAATC 1.03 I

448 Sac322 322 339 GTGGTAGCCGTTTCTCAG 0.55 III

449 Sac339 339 356 TGCTGCCTTCCTTGGATG 1.02 I

450 Sac356 356 373 TGGGTAATTTGCGCGCCT 0.90 I

451 Sac373 373 391 CCTCCCTGAATTAGGATT 1.11 I

452 Sac391 391 408 CGTTATTTATTGTCACTAC 0.91 I

453 Sac408 408 425 CCGAATGGGCCCTGTATC 0.09 V

454 Sac425 425 439 CATTCCAATTACAAGACC 0.09 V

455 Sac439 439 486 GGTATTTACATTGTACTC 0.76 II

456 Sac486 486 502 CAATTGTTCCTCGTTAAG 0.83 I

457 Sac502 502 518 GCACCAGACTTGCCCTCC 0.94 I

458 Sac518 518 535 AATTACCGCGGCTGCTGG 1.07 I

459 Sac535 535 552 TACGCTATTGGAGCTGGA 0.94 I

460 Sac552 552 570 ACTGCAACAACTTTAATAT 0.51 III
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461 Sac570 570 587 TCAACTACGAGCTTTTTAA 0.54 III

462 Sac587 587 600 CCAACCGGGCCCAAAGTT 0.18 V

463 Sac600 600 628 CGAAAAAATCGGACCGGC 0.09 V

464 Sac628 628 644 GTTGGAAATCCAGTACAC 0.13 V

465 Sac644 644 651 CCAGAAGGAAAGGCCCCG 0.05 VI

466 Sac651a 651 651 CAAGGACTCAAGGTTAGC 0.07 V

467 Sac651b 651 651 TGGTTCGCCAAGAGCCAC 0.05 VI

468 Sac651c 651 651 TTTTCAAAGTAAAAGTCCT 0.08 V

469 Sac651d 651 651 GCTTTGAACACTCTAATTT 0.82 I

470 Sac651e 651 651 TATTCGAGCAATACGCCTG 0.99 I

471 Sac651f 651 651 CTATTATTCCATGCTAATAT 0.57 III

472 Sac651g 651 651 TAGAACCAAACGTCCTATTC 0.45 III

473 Sac651 h 651 651 GTCCTAGAAACCAACAAAAT 0.11 V

474 Sac651i 651 659 CCTATTAATCATTACGATGG 0.48 III

475 Sac659 659 672 GATGCCCCCGACCGTCC 0.99

476 Sac672 672 689 TCTGACAATTGAATACTG 0.47 III

477 Sac689 689 706 AATCCAAGAATTTCACCT 0.33 IV

478 Sac706 706 724 AGTAGTTAGTCTTCAATAA 0.28 IV

479 Sac724 724 740 CTTGGCAAATGCTTTCGCA 0.64 II

480 Sac740 740 759 TTGATTAATGAAAACGTCC 0.22 IV

481 Sac759 759 778 ATCCCCTAACTTTCGTTCT 0.95 I

482 Sac778 778 796 GGTATCTGATCATCTTCGA 1.03 I

483 Sac796 796 814 TATGGTTAAGACTACGACG 0.80 II

484 Sac814 814 832 TCCCTAGTCGGCATAGTTT 1.23 I

485 Sac832 832 845 TAAAAAAACACCACCCGAT 0.15 V

486 Sac845 845 858 AGGTGCCGAGTGGGTCATT 0.48 III

487 Sac858 858 876 AGACTTTGATTTCTCGTAA 0.84 I

488 Sac876 876 891 ACTCCCCCCAGAACCCAAA 1.02 I

489 Sac891 891 909 TTTCAGCCTTGCGACCATA 0.40 IV

490 Sac909 909 927 TCCGTCAATTCCTTTAAGT 1.04 I

491 Sac927 927 943 ACTCCTGGTGGTGCCCTT 0.70 II

492 Sac943 943 961 ATTAAGCCGCAGGCTCCA 0.05 VI

493 Sac959 959 977 TCCCCGTGTTGAGTCAAA 0.55 III

494 Sac977 977 993 TCTGGACCTGGTGAGTTT 0.80 II

495 Sac993 993 1025 TGTCAATCCTTATTGTGT 0.73 II

496 Sac1025 1025 1037 AGAAAGAGCTCTCAATCT 0.43 III

497 Sac1037 1037 1050 CACCACCCACAAAATCAA 0.89 I

498 Sac1050 1050 1067 TAAGAACGGCCATGCACC 0.68 II

499 Sac1067 1067 1084 CAAATCACTCCACCAACT 0.79 II

500 Sac1084 1084 1101 TATCGCAATTAAGCAGAC 0.28 IV

501 Sac1092 1092 1109 TCGTTCGTTATCGCAATT 0.77 II
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502 Sac1101 1101 1118 GTTAAGGTCTCGTTCGTT 0.90 I

503 Sac1118 1118 1133 GCACCACTATTTAGTAGG 0.15 V

504 Sac1124 1124 1138 CAAATGCTAGCACCACTA 0.08 V

505 Sac1133 1133 1142 ATAACCAGCAAATGCTAG 0.03 VI

506 Sac1138 1138 1151 TAAGAAGTGGATAACCAG 0.01 VI

507 Sac1142 1142 1158 GTCCCTCTAAGAAGTGGA 0.35 IV

508 Sac1153 1153 1170 TTGAAACCGATAGTCCCT 0.21 V

509 Sac1158 1158 1175 TCGGCTTGAAACCGATAG 0.07 V

510 Sac1171 1171 1188 CCTCAAACTTCCATCGGC 0.85 I

511 Sac1175 1175 1192 ATTGCCTCAAACTTCCAT 0.79 II

512 Sac1192 1192 1208 GGCATCACAGACCTGTTA 0.82 I

513 Sac1208 1208 1224 GGCCCAGAACGTCTAAGG 0.55 III

514 Sac1224 1224 1240 AGTGTAGCGCGCGTGCG 0.67 II

515 Sac1240 1240 1256 ACTCGCTGGCTCCGTCA 0.41 IV

516 Sac1256 1256 1269 TCTCGGCCAAGGTTAGA 0.07 V

517 Sac1269 1269 1284 CAAGATTACCAAGACCT 0.04 VI

518 Sac1284 1284 1300 GCACGACGGAGTTTCAC 0.08 V

519 Sac1300 1300 1316 CAATGCTCTATCCCCAG 0.75 II

520 Sac1316 1316 1334 GTTGAAGAGCAATAATTAC 0.06 VI

521 Sac1334 1334 1352 GCTTACTAGGAATTCCTCG 0.79 II

522 Sac1343 1343 1360 TGACTTGCGCTTACTAGG 0.53 III

523 Sac1352 1352 1370 CGCAAGCTGATGACTTGCG 0.03 VI

524 Sac1361 1361 1378 GTAATCAACGCAAGCTGA 0.22 IV

525 Sac1370 1370 1388 GGGCAGGGACGTAATCAAC 0.64 II

526 Sac1388 1388 1406 ACGGGCGGTGTGTACAAAG 0.67 II

527 Sac1406 1406 1423 ATTCAATCGGTACTAGCGA 0.47 III

528 Sac1423 1423 1443 CTGAGGCCTCACTAAGCCA 0.12 V

529 Sac1443 1443 1449 CCCTTCTCTAAGCAGATCC 0.09 V

530 Sac1449 1449 1453 CTCTGAGATGGAGTTGCCC 0.06 VI

531 Sac1453 1453 1470 GTTTGTCCAAATTCTCCGC 0.16 V

532 Sac1470 1470 1488 GTTCCTCTAAATGACCAAG 0.48 III

533 Sac1488 1488 1506 ACCTTGTTACGACTTTTAG 0.85 I

534 Sac1502 1502 1519 TTCACCTACGGAAACCTT 0.12 V

535 Sac1506 1506 1524 GCAGGTTCACCTACGGAAA 0.03 VI

536 Sac1520 1520 1537 TAATGATCCTTCCGCAGG 0.49 III

537 Sac1524 1524 1537 TAATGATCCTTCCG 0.18 V
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a Escherichia coli positions according to the numbering of Brosius, J., T. J. Dull, D.

D. Sleeter, and H. F. Noller. 1981. In Gene organiszation and primary structure of

a ribosomal RNA operon from Escherichia coli. J. Mol. BioI. 148: 107-127.

b Fluorescence intensities expressed as percentage of the mean of each probe data

set. The calculated mean was set to 50%.

C Probes were grouped according to their relative fluorescence into six classes of

brightness:

Brightness class Relative fluorescence

I >1.0 - 0.81

II 0.8 - 0.61

III 0.6 - 0.41

IV 0.4 - 0.21

V 0.2 - 0.06

VI 0.05 - 0
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