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Summary 

In situ hybridization with rRNA-targeted oligonucleotide probes has become a widely applied tool for 
direct analysis of microbial population structures of complex natural and engineered systems. In such 
studies probe EUB338 (AMANN et ai., 1990) is routinely used to quantify members of the domain Bacte
ria with a sufficiently high cellular ribosome content. Recent reevaluations of probe EUB338 coverage 
based on all publicly available 16S rRNA sequences, however, indicated that important bacterial phyla, 
most notably the Planctomycetales and Verrucomicrobia, are missed by this probe. We therefore de
signed and evaluated two supplementary versions (EUB338-II and EUB338-III) of probe EUB338 for in 
situ detection of most of those phyla not detected with probe EUB338. In situ dissociation curves with 
target and non-target organisms were recorded under increasing stringency to optimize hybridization 
conditions. For that purpose a digital image software routine was developed. In situ hybridization of a 
complex biofilm community with the three EUB338 probes demonstrated the presence of significant 
numbers of probe EUB338-II and EUB338-III target organisms. The application of EUB338, EUB338-II 
and EUB338-III should allow a more accurate quantification of members of the domain Bacteria in fu
ture molecular ecological studies. 

Key words: Bacteria-specific probes - EUB338 - fluorescent in situ hybridization - digital image analysis 

Introduction 

A central aspect in microbial ecology is the identifica
tion and quantification of those microorganisms that 
occur in the examined habitats. This task is far from triv
ial because lack of distinctive morphological traits of 
most prokaryotes hampers their direct microscopic iden
tification (WOESE, 1987). Cultivation approaches do, due 
to limited knowledge of nutritional and other growth re
quirements for the majority of microorganisms, only 
offer a limited and biased inventory of the naturally ex
isting microbial diversity (for example WAGNER et aI., 
1993). The advent of rRNA-targeted oligonucleotide 
probe-based quantitative dot blot and fluorescent in situ 
hybridization (FISH) techniques allows for cultivation
independent insights into community structure and dy
namics in microbial ecology (WAGNER et aI., 1994; 
AMANN et aI., 1995). Species-, genus-, group- and do
main-specific probes were designed and successfully ap
plied to study microbial consortia present in various nat-
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ural and engineered systems (e.g. MANZ et aI., 1992; 
RASKIN et aI., 1994; WAGNER et aI., 1994; GLOCKNER et 
aI., 1996; HARMSEN et aI., 1996; MOBARRY et aI., 1996; 
ZARDA et aI., 1997; FELSKE et aI., 1998; JURETSCHKO et 
aI., 1998; LLOBET-BROSSA et aI., 1998; M0LLER et aI., 
1998; MOTER et aI., 1998; NEEF et aI., 1998; MEIER et 
aI., 1999). In such studies probe EUB338 (AMANN et aI., 
1990), which binds to the highly conserved region 338-
355 (E. coli numbering) of the 16S rRNA molecule, has 
been generally used to quantify the domain Bacteria. 

Recent studies indicated that at least one group of 
bacteria that is increasingly realized to be environmental
ly important, the Planctomycetales, are not detected by 
EUB338 (ZARDA et aI., 1997; NEEF et aI., 1998). Probe 
EUB338 was designed in 1990 (AMANN et aI., 1990). 
Since then extensive comparative 16S rRNA sequence 
analysis has enormously improved our perspective on 
prokaryotic diversity. Several new phyla and divisons 



within the bacterial domain were recognized as being 
widely distributed in the environment (for a review see 
HUGENHOLTZ et al., 1998a). Future studies in microbial 
ecology should not ignore, but rather track those poorly, 
if at all characterized bacteria. Therefore, we reevaluated 
the coverage of all currently available 16S rRNA se
quences of bacterial origin by probe EUB338 and devel
oped (and evaluated) two modified versions of probe 
EUB338 which allow, if used in addition to EUB338, for 
a more complete detection of Bacteria. 

Materials and Methods 

Reference organisms, culture conditions, cell fixation, and 
biofilm sampling: All reference strains were obtained from the 
DSMZ (Deutsche Sammlung von Mikroorganismen und Zel
lkulturen GmbH, Braunschweig, Germany). Bacillus stearother
mophilus (DSM 22) was grown overnight in modified HD 
Medium (1 % (w/v) tryptone, 0.25% (w/v) yeast extract, 0.1 % 
(w/v) glucose, 0.7% (w/v) NaCl, pH 7.4) at 55°C under agita
tion. Verrucomicrobium spinosum (DSM 4136) and Plancto
myces limnophilus (DSM 3776) were cultured as described pre
viously (HIRSCH and MOLLER, 1985; SCHLESNER, 1987). Cul
tures were prepared for in situ hybridization by washing them 
once in phosphate buffered saline (PBS; 130 mM NaCl, 10 mM 
sodium phosphate buffer pH 7.2) and fixing them for three 
hours in paraformaldehyde (Sigma, Deisenhofen, Germany) as 
described by AMANN (1995) with the exception that the final 
para formaldehyde concentration was 2 % (w/v). Bacillus stearo
thermophilus was not fixed in paraformaldehyde but instead 
the cells were transferred to a 1: 1 mixture of PBS and 
96% ethanol (v/v) immediately after the washing step (ROLLER 
et aI., 1994). Following the fixation, para formaldehyde-fixed 
cells of the other species were washed once again in PBS and 
were then resuspended in the PBS:ethanol mixture, too. 
Paraformaldehyde-fixed cells of the Parachlamydia-like en
dosymbiont of Acanthamoeba spec. UWE25 (FRITSCHE et aI., 
submitted) were kindly provided by MATTHIAS HORN, Techni
sche Universitat Miinchen. All fixed cultures were stored at 
-20°C. Expanded clay beads covered by nitrifying biofilm were 
sampled from a pilot-scale reactor treating municipal sewage 
(500 population equivalents, Biofor2, Ingolstadt, Germany). 
For fixation they were incubated for five hours in 3% (w/v) 
paraformaldehyde (final concentration) immediately after sam
pling. Subsequently, the biofilm was detached by manually 
swirling the beads within the fixative. Loosened biofilm was 
collected by centrifugation, resuspended in a 1:1 mixture of PBS 
and 96% (v/v) ethanol and stored at -20°C. 

Oligonucleotide probes: The software package ARB (STRUNK 
and LUDWIG, http://www.biol.chemie.tu-muenchen.de/pub/ 
ARB/) was used to evaluate the coverage of probe EUB338 
(AMANN et aI., 1990) on all 16S rRNA sequences in the TUM 
16S rRNA ARB database (December 1998 database release, in
cluding approx. 10.500 bacterial and 500 archaeal 16S rRNA 
sequences) using the probe match tool. The specificity of the 
newly designed probes EUB338-II and EUB338-III was checked 
with the same program and database. For in situ hybridization, 
the probes were labeled at the 5'-end with the dye PLUOS (5(6)
carboxyfluorescein-N-hydroxysuccinimide ester) or with one of 
the sulfoindocyanine dyes Cy3 and Cy5. When used as competi
tors in the probe dissociation experiments, the probes were ap
plied as unlabeled oligonucleotides. Labeled and unlabeled 
probes were obtained from MWG (Ebers berg, Germany) or In
teractiva (Ulm, Germany). Probe sequences and conditions re-
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quired for specific hybridization are specified in the Results sec
tion. 

In situ hybridization, DAPI-staining, and microscopy: Fixed 
reference cells were spotted onto microscopic slides (Paul 
Marienfeld GmbH, Bad Mergentheim, Germany). For immobi
lization of biofilm samples gelatin-coated slides were used 
(AMANN, 1995). Slides were dried at 46°C for 10 min and dehy
drated in 50, 80 and 96% (v/v) ethanol. Whole cell and in situ 
hybridization experiments were performed as described previ
ously (MANZ et aI., 1992). Final probe concentrations in the hy
bridization buffer were 3 ng . Ill-I for probes labeled with Cy3 or 
Cy5, and 5 ng'IlI-1 for probes labeled with PLUOS. Competitor 
oligonucleotide probes were used in equimolar amounts. Opti
mization of hybridization conditions for the newly developed 
probes EUB338-II and EUB338-III was performed as described 
by MANZ et al. (1992) using different concentrations of form
amide and sodium chloride in the hybridization and wash 
buffers, respectively. Probe dissociation curves were obtained by 
digital image analysis of signal intensities of reference strains 
after in situ hybridization at different stringencies (see below). 
Following in situ hybridization, biofilm samples were stained at 
room temperature for five minutes with a 0.1 % (w/v) solution of 
the DNA-binding dye 4,6-diamidino-2-phenylindole (DAPI) 
(Sigma, Deisenhofen, Germany) in order to visualize all cells 
present in the sample regardless of their EUB338 target site se
quences. Excess DAPI was removed with distilled water and the 
slides were air-dried. Prior to microscopic observation, slides 
were embedded in Citifluor (Citifluor, Canterbury, U.K.). Images 
were recorded using a LSM 510 confocal laser scanning micro
scope (Zeiss, Oberkochen, Germany) equipped with one UV 
laser (351 and 364 nm), one Argon laser (450 to 514 nm) and 
two Helium-Neon lasers (543 and 633 nm, respectively). For 
image reconstruction and printing the software package deliv
ered with the microscope (Zeiss LSM 5 version 2.01) was used 
together with a Kodak 8650 PS printer. 

Quantification of single cell fluorescence: Following in situ 
hybridization of suitable reference cells, for each probe and hy
bridization condition series of images of fluorescent cells were 
recorded by confocal laser scanning microscopy applying identi
cal scanning parameters. Parameter settings were such that the 
brightest cell signals observed did not cause saturation (pixel 
grey values < 255) while low signal intensities (after applying 
highly stringent hybridization conditions) were still detectable. 
Subsequently, the intensity of single cell fluorescence was deter
mined using the Zeiss Kontron KS400 image processing soft
ware (version 3.0) together with a newly developed macro 
(S.I.M., Signal Intensity Measurement). In brief, the first step 
performed by this macro is the mapping of all color information 
in an image to grey values of corresponding intensities. The re
sulting grey scaled image is the so-called "density image". 
Thereupon another grey scaled version of the original image is 
calculated, but this time with enhanced pixel intensities. This so
called "mask image" allows the user to spot even the darkest ob
jects on the screen. The user then manually selects the smallest 
and largest cells in the "mask image" in order to define thresh
old values for the size range (in this case, the pixel area) of single 
cells. After the program has automatically selected all objects in 
the image with pixel areas between these thresholds, remaining 
artifacts can be manually marked for exclusion from further 
processing. At this point, special care must be taken to eliminate 
clustered cells, because they appear brighter than corresponding 
single cells. Thereafter the program measures the mean bright
ness of the selected cells in the "density image". This yields one 
mean intensity value for each cell. These values were imported 
automatically into suitable spreadsheet software (e.g. Excel, Mi
crosoft, Redmond, Wa) for further processing and graphical vi
sualization. The developed macro is available upon request. 
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Results 

Coverage of currently available bacterial16S rRNA 
sequences by probe EUB338 

The TUM ARB sequence database, currently contain
ing more than 10.500 bacterial 16S rRNA sequences, 
was screened to identify those bacteria displaying mis
matches within the 18 nucleotide stretch (E. coli posi
tions 338-355) representing the probe EUB338 target 
site. Despite the presence of probe EUB338 target site in 
97% of the bacterial16S rRNA sequences, this search re
vealed that only 6 of its 18 nucleotides (E. coli positions 
338, 343, 346, 352, 354, 355) are completely conserved 
throughout the domain Bacteria. None of these repre-

sents a signature for the domain Bacteria, since identical 
nucleotides are found at the respective positions in the 
domains Archaea and/or Eucarya. 

In addition to probe EUB338, other rRNA targeted 
oligonucleotide probes for detection of the domain Bacte
ria have been published (for a list of domain specific 
probes, refer to AMANN et ai., 1995). Screening of the 
TUM ARB database for those sequences which are fully 
complementary to each of these probes revealed most en
compassing coverage of the domain Bacteria by probe 
EUB338. Therefore we decided to restrict our further 
analyses to probe EUB338 which offered the best starting
point for the design of a more comprehensive probe set. 

Different types of sequence variations within the 
probe EUB338 target site could be detected for sequences 

Table 1. 16S rRNA sequences with variations at the target site of probe EUB338 that are different from sequence variation types 
I-III. For environmentally-derived cloned sequences accession numbers are given. 

Phylogenetic division/organisms or clones 

Aquificales 
1) Aquifex pyrophilus, Calderobacterium hydrogenophilum, Hydrogenobacter 

thermophilus, H. acidophilus, Thermocrinis ruber, clones NAK14 (AB005738), 
OPB13 (AF027098), OPSI (AFOI8186), OPS4 (AFOI8189), OPS5 (AFOI8190), 
OPS6 (AF018191), OPS7 (AF018192), OPSI0 (AFOI8194), OPS14 (AF018196), 
strEM_17 (U05661) 

2) clone GANI4 (AB005736) 

Candidate division OPt1 
clone LGd14 (AF047573) 

Green non-sulfur bacteria 
1) Herpetosiphon geysericola, H. aurantiacus 
2) clones SJA-35 (AJ009460), WCHBI-50 (AF050571) 

High GC Gram positive 
Prauseria hordei, Nocardiopsis alba, Thermomonospora alba, 
clones 56AT148 (Z73374), 56AT1203 (Z73373) 

AcidobacteriumlHolophaga 
clones "unidentified bacterium 29" (AB004577), 

"unidentified bacterium 30" (AB004578) 

Chlamydiales 
Chlamydia psittaci 

Low GC Gram positives 
1) Mycoplasma iowae, M. muris, M. penetrans, M. volis, Eubacterium timidum, 

Spiroplasma group IX (M24474) 
2) Eperythrozoon suis, Haemobartonella felis, H. muris 
3) Haemaphysalis /ongcornis 
4) clones RF8 (AFOOI741), RF9 (AFOOI742), RF39 (AFOOI770) 

Spirochetes 
1) Critispira pectinis 
2) Treponema maltophi/um 

Proteobacteria 
1) Orientia tsutsugamushi 
2) clones Alpha9 (L35460), Alpha12 (L35465) 

EUB338 target site sequence variation 
original EUB338 target site: 
ACUCCUACGGGAGGCAGC 

--C--------G------

--AA-------G------

--AU------AU------

-----------G------
--G--------u------

------G-----------

-------U----------

---U------A----U--

---U------A-------

-U----------A-----
----U----A--------
-------------A----

--CA------UG------
---U--------------

-----------G------
---u------A-------



affiliated with the phyla Aquificales, Spirochetes, green 
non-sulfur bacteria, Gram-positive bacteria with low and 
high G+C content of the DNA, Planctomycetales, 
Chlamydiales, Verrucomicrobia, AcidobacteriumlHolo
phaga, CytophagalFlavobacteriumlBacteroides (CFB), 
Proteobacteria, and the candidate phylum OP11 (Figure 
1, Table 1). Among these phyla probe EUB388 coverage 
is still almost complete for the Proteobacteria (mismatch
es are found only for 3 sequences affiliated to the alpha
subclass), the CytophagalFlavobacteriumlBacteroides 
phylum (a single partial sequence of a molecular isolate 
from activated sludge does not possess the target site), 
the AcidobacteriumlHolophaga phylum (only two 
molecular isolates differ within the probe EUB338 target 
site), and the Spirochetes (Treponema maltophilum and 
Critispira pectinis have mismatches to EUB338). We can
not exclude that these gaps in otherwise well covered, 
groups originate from sequencing errors. Higher num
bers of representatives lacking full complementarity to 
EUB338 were found among the Gram-positive bacteria 
with low and high G+C content of the DNA and green 
non-sulfur bacteria phyla as well as the candidate phy
lum OP11. Furthermore, none of the sequences affiliated 
to the phyla Planctomycetales, Aquificales, Chlamydia
les, and Verrucomicrobia possess a target region fully 
complementary to probe EUB338. 

In the following paragraph we present a detailed de
scription of sequence variations of the probe EUB338 
target site for the phyla Planctomycetales, Chlamydiales, 
and Verrucomicrobia. Within the Planctomycetales, two 
types of sequence variation at the E. coli positions 338-
355 were observed. Sequence variation type I, represent
ed by the genus Isosphaera, is characterized by an A ~ U 
transversion at E. coli position 353. This sequence varia
tion is not restricted to the Planctomycetales but is also 
found for all but one member of the Chlamydiales, some 
representatives of the Gram-positive bacteria with low 
G+C content of the DNA, three molecular isolates of the 
Verrucomicrobia phylum, and one molecular isolate of 
candidate phylum OPll (Fig. 1A). Sequence variation 
type II, characterized by an A ~ U transversion at E. coli 
position 353, an A ~ U transversion at E. coli position 
349, and a U ~ A transversion at E. coli position 340, is 
with exception of the genus Isosphaera, present in all 
other Planctomycetales and in two environmentally de
rived 16S rDNA clones affiliated to candidate phylum 
OP11, but is absent from other bacteria in the database. 
Concerning the Chlamydiales, as mentioned above, all 
members except for Chlamydia psittaci, do possess se
quence variation type 1. Within the phylum Verrucomi
crobia a third type of sequence variation of E. coli posi
tions 338-355 was identified. Sequence variation type III 
differs from the probe EUB338 target site due to a U ~ 
A transversion at E. coli position 340, and an A ~ U 
transversion at E. coli position 349. This sequence varia
tion type is found in all but three 16S rRNA sequences 
belonging to the Verrucomicrobia and is also present in 
some members of the green non-sulfur bacteria, and in 
the only partially sequenced molecular isolates SMKN41 
and clone SBR1082 tentatively clustering together with 
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the Gram-positive bacteria with high G+C content of the 
DNA and the CFB, respectively. Figure 1A summarizes 
the distribution of the EUB338 target sequence and of 
the three above described types of variations among the 
phyla of the domain Bacteria. 

Experimental evaluation of the detection of Bacteria 
by probe EUB338 

EUB338 coverage was experimentally analyzed by 
separate whole cell hybridization of Bacillus stearother
mophilus, Para chlamydia-like Acanthamoeba symbiont 
UWE25 , Planctomyces limnophilus, and Verrucomicro
bium spinosum representing bacteria which possess the 
full match EUB338 target site, and the above described 
type I, II, and III sequence variations of the target site, re
spectively. Probe dissociation curves were recorded for 
increasingly stringent hybridization and washing condi
tions adjusted by increasing formamide concentrations in 
the hybridization buffer and accordingly decreasing 
NaCl concentrations in the wash buffer (Figure 2A-D). 
As expected, hybridization of B. stearothermophilus 
(representative with unaltered EUB338 target site) with 
probe EUB338 resulted in intense fluorescent labeling of 
the cells over a broad range of formamide concentrations 
from 0 to 70% (v/v, Fig. 2A). Further increase of strin
gency resulted in significant loss of signal intensity of the 
cells, however even the maximum applied stringency 
(80% formamide in the hybridization buffer and no 
NaCl in the wash buffer) was not sufficient to cause dis
sociation of 50% of the probe (equivalent to the Td of 
the probe). Hybridization of the Parachlamydia-like 
Acanthamoeba symbiont UWE25, which has the type I 
sequence variation at the E. coli positions 338-355, with 
probe EUB338 at increasingly stringent conditions 
showed that the single T-U mismatch caused 50% probe 
dissociation already at 60.5% formamide but did not 
hamper probe binding at lower stringency (Fig. 2B). 
Lower signal intensities of the Parachlamydia-like sym
biont compared to B. stearothermophilus within the 
stringency range from 0% formamide to 50% form" 
amide were most likely caused by a lower cellular ribo
some content of the symbiont cells. In contrast to bacte
ria with sequence variation of type I, reference celIs with 
sequence variations of type II and III ,(P. limnophilus and 
V. spinosum, respectively) displaying three and two mis
matches to probe EUB338, respedively, did not show de
tectable hybridization of probe EUB338 under the differ
ent conditions applied (Fig, 2C, D). These results demon
strate that a quantification of Bacteria in environmental 
samples solely by probe EUB338 would miss most mem
bers of the phyla Planctomycetales and· Verrucomicrobi'q, 
as well as several ,green nOll7suifur bacteria and members 
of the candidate phylum OP11. 

Design of probes EUB338-II and EUB338-III 

Two variations of probe EUB338 that are fully com:: 
plementary to the sequence variations of type II and III, 
EUB338-II and EUB338-III, were designed (Table 2) to 
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Probe target site sequence 

EUB338 5' ACO'CCO'ACGGGAGGCAGC 3' 

Sequence 5' ---------------0'-- 3' 
variation type I 

Sequence 5' --A--------U---U-- 3' 

"Ilriution type II 
IE 8338-11' 

Sequence 5' --A-- ------U------ 3' 
variation type TIl 
(F.UB338·III) 

High GC Gram \Xl. ilives 

• Archa~a 

B c 
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Fig. 2. Probe dissociation curves of probes EUB338, EUB338-II, and EUB338-III determined with suitable reference organisms 
under increasingly stringent hybridization and washing conditions. For each data point the mean fluorescence intensity of at least 
100 cells was determined. Error bars indicate the standard deviation. The formamide percentage in the hybridization buffer required 
to cause 50% probe dissociation is given where appropriate. Organisms are (A) Bacillus stearothermophilus (full match to EUB338), 
(B) the Parachlamydia-Iike endosymbiont of Acanthamoeba spec. strain UWE25 (type I sequence variation), (C) Planctomyces 
limnophilus (type II sequence variation), and (D) Verrucomicrobium spinosum (type III sequence variation). Autofluorescence values 
for all reference cells under all hybridization conditions were determined to be below 10 relative units (RU). 

Fig. 1. (A). Schematic representation of the phyla within the domain Bacteria showing the distribution of the original EUB338 tar
get site sequence (colored green) as well as the sequence variation types I (blue), II (brown), and III (red). Phyla containing more than 
one sequence variation type are depicted in the resulting additive mixed color (for example the phylum Verrucomicrobia is labeled 
purple due to the presence of sequence variation type I and III, the low G+C Gram positives are colored turquoise due to the pres
ence of the original EUB338 target site and sequence variation type I, and the candidate phylum OPII is depicted white with brown 
border due to the presence of the original EUB338 target site and its three variations). The phylum Aquificales is given in grey with 
black border to illustrate that all recognized members of this lineage of descent possess additional sequence variations. Please note 
that the branching order of the bacterial phyla shown in this dendrogram is phylogenetically not representative. 
" Additional sequence variations were observed for certain species and/or 16S rRNA sequences retrieved from environmental sam
ples. Refer to Table 1 for details. 
t Sequence variation type III was observed for the environmental clones strSMKN41 (X78664, High GC gram positives) and 
SBRI082 (X84513, Cytophagales), but since only short partial sequences are available their phylogenetic affiliation could not un
ambiguously be resolved. * The publicly available sequences representing candidate division WSI are incomplete and do not contain E. coli positions 338-
355. 
(B). Whole cell hybridization of an artificial mixture of Bacillus stearothermophilus, Planctomyces limnophilus, and Verrucomicro
bium spinosum under stringent hybridization conditions with probes EUB338-FLUOS (green), EUB338-II-Cy5 (blue), and EUB338-
III-Cy3 (red). 
(C): In situ hybridization of a nitrifying biofilm from a wastewater treatment plant at Ingolstadt with probes EUB338-FLUOS 
(green), EUB338-II-CyS (blue), and EUB338-III-Cy3 (red). Some cells overlap spatially with neighbouring cells and appear therefore 
in mixed colors (yellow or white). 
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Table 2. Sequences and target sites of 16S rRNA directed 
oligonucleotide probes. 

Probe Sequence (5'-3') Target siteb 

(16S rRNA 
positions) 

EUB338' GCTGCCTCCCGTAGGAGT 338-355 
EUB338-II GCAGCCACCCGTAGGTGT 338-355 
EUB338-III GCTGCCACCCGTAGGTGT 338-355 

'AMANN et al. (1990) 
bE. coli numbering (BROSIUS et aI., 1981) 

allow for more encompassing coverage of the bacterial 
domain by in situ hybridization. Evaluation of probe 
specificities and optimal hybridization conditions were 
performed using the reference organisms B. stearother
mophilus, P. limnophilus, and V. spino sum as representa
tives with 165 rRNA full-match target sites for probes 
EUB338, EUB338-II, and EUB338-III, respectively. 

As expected, probe EUB338-II showed strong binding 
to the target cells of P. limnophilus (Fig. 2C). At 72% 
formamide in the hybridization buffer and without 
NaCl in the wash buffer probe dissociation was 50%. It 
should be noted, however, that the mean cellular signal 
intensity of the P. limnophilus cells after application of 
probe EUB338-II was, due to the lower cellular ribo
some content, lower compared to the respective values 
of B. stearothermophilus with probe EUB338. Probe 
EUB338-II binding to B. stearothermophilus, which has 
3 mismatches within the probe target site, was only ob
served at a low hybridization stringency and could be 
completely prevented by applying moderately stringent 
conditions (20% formamide in the hybridization buffer 
and 0.225 M NaCI in the wash buffer; Fig. 2A). In con
trast, V. spinosum cells having only a single T-U mis
match within the probe EUB338-II target site showed 
binding of probe EUB338-II unless highly stringent hy
bridization conditions (more than 70% formamide in 
the hybridization buffer and no NaCI in the wash 
buffer) were used. Addition of equimolar amounts of 
unlabeled EUB338-III as competitors, however, sup
pressed binding of probe EUB338-II to V. spinosum at 
formamide concentrations higher than 47% in the hy
bridization buffer (Fig. 2D). A typical sigmoid dissocia
tion curve was obtained after hybridization of sequence 
type III representative V. spinosum with probe EUB338-
III. Half-maximal probe binding was measured at 67% 
formamide in the hybridization buffer and without 
NaCI in the wash buffer (Fig. 2D). Observed mean sig
nal intensities for V. spinosum with probe EUB338-III 
were significantly lower compared to the values mea
sured for P. limnophilus with probe EUB338-Il and B. 
stearothermophilus with probe EUB338. Probe 
EUB338-III hybridized to B. stearothermophilus (two 
mismatches in the probe target site) under low and 
medium stringency conditions. After addition of an 
equimolar amount of probe EUB338, hybrid formation 
between probe EUB338-I1I and B. stearothermophilus 

165 rRNA was only observed under conditions of very 
low stringency (Fig. 2A). Hybridization results obtained 
with probe EUB338-III and the P. limnophilus reference 
cells reflected the presence of the single marginal T-U 
mismatch in the probe target site of this species. At low 
and medium stringency (from 0 to 50% formamide in 
the hybridization buffer) probe conferred fluorescence 
per cell was not significantly reduced compared to hy
bridization with the full-match probe EUB338-II. At 
higher stringency the one-mismatch probe EUB338-III 
showed less binding than probe EUB338-II. The discrim
ination got more pronounced when equimolar amounts 
of unlabeled probe EUB338-II were added as competi
tors to the hybridization buffers (Fig. 2C). 

Whole cell hybridization experiments were performed 
with artificial mixtures of B. stearothermophilus, P. 
limnophilus and V. spinosum cells and probes EUB338, 
EUB338-II, and EUB338-III labeled with different fluo
rescent dyes in order to confirm the results of the previ
ously described formamide concentration series. As ex
pected, specific hybridization of the reference cells with 
the respective probes could be achieved by applying 
stringent hybridization conditions (60% formamide in 
the hybridization buffer and 0.008 M NaCI in the wash 
buffer; Fig. 1B). 

Application of the bacterial probe set for fluorescent 
in situ hybridization of a biofilm sample 

A biofilm sample originating from a continuos nitrify
ing reactor of a pilot wastewater treatment plant (Ingol
stadt, Germany) was analyzed by simultaneous hy
bridization with probes EUB338, EUB338-II, and 
EUB338-III labeled with different fluorescent dyes under 
stringent conditions (60% formamide in the hybridiza
tion buffer and 0.008 M NaCI in the wash buffer). Dou
ble or triple hybridization of cells was not observed 
under these conditions. All organisms stained by probe 
EUB338-II were spherical or ovoid cocci and occurred 
more frequently as cell clusters or chains than as single 
cells. The probe-conferred fluorescence was distributed 
in a ring-shaped manner as previously observed for cells 
detected in situ with planctomycetes-specific probes 
(NEEF et aI., 1998). The bacteria stained by probe 
EUB338-III were more diverse with respect to their mor
phology. Cocci occurring in groups or as single cells were 
frequently observed (Fig. 1C). In addition, spindle
shaped cell pairs attached to each other at one pole and, 
to lower frequency, short rods and thin filaments were 
detected. Interestingly, almost all DAPI-stained cells in 
the sample were detectable by fluorescent in situ hy
bridization with the combination of the three probes 
EUB338, EUB338-II, and EUB338-III. 

Discussion 

Probe EUB338 is commonly used in rRNA-hybridiza
tion based molecular ecological studies in order to quan
tify the members of the domain Bacteria within complex 



samples. In the in situ format, probe EUB338 hybridiza
tion is often applied simultaneously with DNA-binding 
fluorescent dyes (e.g. DAPI) to determine the bacterial 
fraction of total cell counts which can be visualized by in 
situ hybridization (for references see Table 3). Further
more, probe EUB338 is frequently applied together with 
other probes (labeled with different fluorescent dyes) with 
more narrow specificities to determine the relative abun
dance of probe-defined populations. The encompassing 
database check of probe EUB338 specificity performed in 
this study revealed that several members of the bacterial 
domain do not possess a fully complementary target site 
of probe EUB338. Interestingly, all members of the bacte
rial phyla Aquificales, Verrucomicrobia, Chlamydiales 
and Planctomycetales show differences to the EUB338 
target. Among the observed variations of the probe 
EUB338 target sites three sequence variation types were 
abundant. Sequence variation type I (present in 1.5% of 
the 16S rRNA database entries), which can be found 
within the phyla Chlamydiales, the Gram-positive bacte
ria with a low DNA G+C content, the candidate phylum 
OP11, and the genus Isosphaera is characterized by a sin
gle mismatch to probe EUB338. Whole cell hybridization 
experiments demonstrated that over a wide range of hy
bridization conditions (0-60% formamide in the hy
bridization buffer and 0.9-0.008 M NaCI in the wash 
buffer) hybrid destabilization due to this mismatch is too 
weak to hamper probe EUB338 binding. Thus, bacteria 
whose 16S rRNA molecules possess this sequence varia
tion will still be targeted by probe EUB338 under the 
given hybridization conditions. However, additional hy
bridization experiments demonstrated that all bacteria 
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characterized by sequence variation types II and III 
(found in 0.8% and 0.7% of the 16S rRNA database en
tries, respectively) cannot be detected in situ by using 
probe EUB338. Sequence variation types II and III are 
present within the candidate phylum OPll, the green 
non-sulfur bacteria, the Verrucomicrobia, and the Planc
tomycetales. Recent molecular analysis demonstrated a 
previously not recognized importance of these bacterial 
phyla for many ecosystems. rRNA sequences of the can
didate phylum OP11, for which no cultured members are 
available, were successfully amplified from a Yellowstone 
hot spring (HUGENHOLTZ et al., 1998b), Carolina Bay sed
iment (WISE et al., 1997), and Amazonian soil (BORNE
MAN and TRIPLETT, 1997). Recent unpublished data dis
cussed by HUGENHOLTZ et al. (1998a) indicate OPll oc
currence in hydrocarbon-contaminated soils and deep
subsurface water, too. Application of the full cycle rRNA 
approach revealed high diversity and significant abun
dance of Herpetosiphon-like bacteria (members of the 
green non-sulfur bacteria) in an industrial activated 
sludge (JURETSCHKO et al., in preparation). Of particular 
note are the Planctomycetales and the Verrucomicrobia 
which have been shown to be more widespread in nature 
than initially expected. All described species of the Planc
tomycetales are freshwater or marine bacteria (e.g. 
HIRSCH and MULLER (1985), SCHLESNER (1986)), but 
meanwhile members of this phylum have been detected in 
activated sludge (BOND et al., 1995; SNAIDR et al., 1997; 
NEEF et al., 1998, JURETSCHKO et ai, in preparation) and 
even in terrestrial habitats (LIESACK and STACKEBRANDT, 
1992; ZARDA et al., 1997). The Verrucomicrobia seem to 
be similarly widespread in nature as they occur not only 

Table 3. Studies where probe EUB338 was used to quantify bacteria in environmental samples and where the amount of cells or 
rRNA detected by EUB338 was compared to the total cell number or the total amount of extracted rRNA, respectively. 

Publication 

ALFREIDER et al., 1996 
FRY et al., 1997 

GLOCKNER et al., 1996 
HICKS et al., 1992 
KALMBACH et al., 1997 
KAMPFER et al., 1996 
LLOBET-BROSSA et al., 1998 
MANZ et al., 1994 
MANZ et al., 1993 
NEEF et al., 1996 
PERNTHALER et aI., 1998 
RAMSING et al., 1996 
RAMSING et aI., 1996 
SNAIDR et al., 1997 
STOFFELS et al., 1998 
WAGNER et al., 1994 
WAGNER et al., 1993 
WALLNER et al., 1995 
WEISS et al., 1996 

Samples or habitat examined 

winter cover and pelagic layers of high mountain lake 
anaerobic, alkaline aquifers 

planctonic cells from oligo- and mesotrophic lakes 
bacterioplancton from artificial ponds 
drinking water biofilms 
activated sludge 
marine sediments 
activated sludge 
drinking water biofilms and free-water-phase 
biofilms from denitrifying sand filters 
limnic picoplancton and filaments 
water column of Mariager Fjord, Denmark 
water column of Golfo Duce, Costa Rica 
activated sludge 
wastewater, biofilm 
activated sludge 
activated sludge 
activated sludge 
limnetic, organic aggregates 

Total cell or rRNA 
detection method 

DAPI 
quantitative dot blot 
with universal probe 
DAP! 
DAPI 
DAPI 
DAPI 
DAPI 
DAPI 
DAPI 
DAP! 
DAP! 
ethidium bromide staining 
ethidium bromide staining 
DAPI 
DAP! 
DAP! 
DAPI 
Hoechst 33342 staining 
DAPI 

percentage of cells 
or rRNA detected 
byEUB338 

70-85% 
64-92% 

29-64% 
35-67% 
80-90% 
70-82% 
30-73% 
74-89% 
40-70% 
40-80% 
26-100% 
50% 
10-20% 
81% 
68-90% 
78-83% 
70-90% 
70-80% 
55-100% 
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in aquatic environments (STALEY et ai., 1976; SCHLESNER, 
1987; HIORNS et ai., 1997; ZWART et ai., 1998) but also in 
sediments (WISE et ai., 1997) and soils (LIESACK and 
STACKEBRANDT, 1992; JANSSEN et ai., 1997; FELSKE et ai., 
1998). Moreover, FELSKE and AKKERMANS (1998) report
ed that a member of this phylum might be among the 
most active metabolizers in a terrestrial habitat. 

Past research performed in various ecosystems has 
consistently demonstrated that a significant fraction of 
total cells was missed by in situ or dot blot hybridization 
with probe EUB338 (Table 3). By FISH this fraction 
could rarely be assigned to the domains Archaea or Eu
carya by probes for those domains and therefore it was 
speculated that bacterial cells with a low ribosome con
tent or impermeable cell peripheries are responsible for 
this (AMANN et ai., 1995). It was indeed shown that spe
cific cell fixation and permeabilization protocols (MANZ 
et ai., 1994; ERHART et ai., 1997; SCHUPPLER et ai., 1998) 
may significantly increase the fraction of detected cells. 
Keeping in mind the potential environmental significance 
of bacteria with sequence variation types II and III it ap
pears to be likely that these bacteria also contribute to 
the observed differences between EUB338 and total cell 
counts. Consequently, we designed the supplementary 
probes EUB338-II and EUB338-III which are fully com
plementary to the sequence variation types II and III. Op
timal hybridization conditions were determined for both 
probes by whole cell hybridization of suitable reference 
strains. When used simultaneously under str ingent condi
tions (60% formamide in the hybridization buffer and 
0.008 M NaCi in the wash buffer) all three EUB338 
probes specifically bound to their respective target sites. 
In a biofilm sample from a sewage treatment plant, near
ly all DAPI-stained cells were detected by in situ hy
bridization when the three EUB338 probes were applied 
in combination. In the future, it should be tested whether 
a 1:1:1 mixture of Cy3-labeled probes EUB338, 
EUB338-II and EUB338-III also detects significantly 
higher fractions of DAPI-stained cells in other environ
ments. If the three probes are applied with different fluo
rescent dyes, additional information about abundance 
and distribution of the little-known bacterial phyla 
Planctomycetales, Verrucomicrobia, green-non sulfur 
bacteria, and OPII in nature can be obtained . It should, 
however, be stressed, that other sequence variations of 
probe EUB338 target site than those analyzed in this 
study do exist in a considerable number of bacteria 
(Table 1). Keeping in mind our limited knowledge of the 
extend of microbial diversity it is possible or even likely 
(i) that sequence variation types II and III are also present 
in novel yet not known bacterial phyla, and (ii) that yet 
not known bacteria with additional variations do exist in 
nature. Consequently, the coverage of the bacterial 
probes, like for all other rRNA-targeted probes, has to 
be continuously reevaluated and probe modifications or 
new probes have to be designed if necessary. 

Acknowledgments 
The excellent technical assistance of SIBYLLE SCHADHAUSER is 

acknowledged. This study was supported by Sonderforschungs-

bereich 411 from the Deutsche Forschungsgemeinschaft (Re
search Center for Fundamental Studies of Aerobic Biological 
Wastewater Treatment). 

References 

ALFREIDER, A., PERNTHALER, J., AMANN, R., SATTLER, B., GLOCK
NER, EO., WILLE, A. and PSENNER, R.: Community Analysis 
of the Bacterial Assemblages in the Winter Cover and Pelagic 
Layers of a High Mountain Lake by In Situ Hybridization. 
Appl. Environ. Microbiol. 62, 2138-2144 (1996). 

AMANN, R. I.: In situ identification of micro-organisms by 
whole cell hybridization with rRNA-targeted nucleic acid 
probes, pp . 1-15. In : Molecular Microbial Ecology Manual 
(A. D. C. AKKEMAN, J. D. VAN ELSAS, F. J. DE BRUIGIN, eds.) 
Dortrecht, Kluwer Academic Publishers 1995. 

AMANN, R. I., BINDER, B. J., OLSON, R. J., CHISHOLM, S. W., DE
VEREUX, R. and STAHL, D. A.: Combination of 16S rRNA
Targeted Oligonucleotide Probes with Flow Cytometry for 
Analyzing Mixed Microbial Populations. Appl. Environ. Mi
crobiol. 56, 1919-1925 (1990). 

AMANN, R. I., LUDWIG, W. and SCHLEIFER, K.-H.: Phylogenetic 
Identification and In Situ Detection of Individual Microbial 
Cells without Cultivation. Microbiol. Rev. 59, 143-169 
(1995) . 

BOND, P. L., HUGENHOLTZ, P., KELLER, J. and BLACKALL, L. L.: 
Bacterial community structures of phosphate-removing and 
non-phosphate-removing activated sludges from sequencing 
batch reactors. Appl. Environ. Microbiol. 61, 1910-1916 
(1995 ). 

BORNEMAN, J. and TRIPLETT, E. W.: Molecular microbial diver
sity in soils from eastern Amazonia: evidence for unusual mi
croorganisms and microbial population shifts associated 
with deforestation. Appl. Environ. Microbiol. 63, 2647-53 
(1997) . 

BROSIUS, J., DULL, T. L., SLEETER, D. D. and NOLLER, H. E: Gene 
organization and primary structure of a ribosomal operon 
from Escherichia coli. J. Mol. BioI. 148, 107-127 (1981). 

ERHART, R., BRADFORD, D., SEVIOUR, R. J., AMANN, R. and 
BLACKALL, L. L.: Development and use of fluorescent in situ 
hybridization probes for the detection and identification of 
"Microthrix parvicella" in activated sludge. System. Appl. 
Microbiol. 20, 310-318 (1997). 

FELSKE, A. and AKKERMANS, A. D.: Prominent occurrence of ri
bosomes from an uncultered bacterium of the Verrucomicro
biales cluster in grassland soils. Lett. Appl. Microbiol. 26, 
219-223 (1998). 

FELSKE, A., WOLTERINK, A., VAN Lis, R. and AKKERMANS, A. D. 
L. : Phylogeny of the Main Bacterial 16S rRNA Sequences in 
Drentse A Grassland Soils (The Netherlands). Appl. Environ. 
Microbiol. 64, 871-879 (1998) . 

FRITSCHE, T. R., HORN, M., WAGNER, M., HERWIG, R., 
SCHLEIFER, K.-H. and GAUTOM, R. K.: Phylogenetic Diversity 
Among Clamydia-like Endosymbionts Recovered from Clini
cal and Environmental Isolates of Acanthamoeba spp. Sub
mitted for publication. 

FRY, N. K., FREDRICKSON, J. K., FISHBAIN, S., WAGNER, M. and 
STAHL, D. A.: Population Structure of Microbial Communi
ties Associated with Two Deep, Anaerobic, Alkaline 
Aquifers. Appl. Environ. Microbiol. 63, 1498-1504 (1997). 

GLOCKNER, EO., AMANN, R., ALFREIDER, A., PERNTHALER, J., 
PSENNER, R. , TREBESIUS, K.-H. and SCHLEIFER, K.-H.: An in 
situ hybridization protocol for detection and identification of 
planctonic bacteria. System. Appl. Microbiol. 19, 403-406 
(1996). 



HARMSEN, H. J., KENGEN, H. M., AKKERMANS, A. D., STAMS, A. 
J. and DE VOS, W. M.: Detection and Localization of Syn
trophic Propionate-Oxidizing Bacteria in Granulos Sludge by 
In Situ Hybridization Using 16S rRNA-Based Oligonu
cleotide Probes. Appl. Environ. Microbiol. 62, 1656-1663 
(1996). 

HICKS, R. E., AMANN, R. 1. and STAHL, D. A.: Dual Staining of 
Natural Bacterioplankton with 4' ,6-Diamidino-2-Phenylin
dole and Fluorescent Oligonucleotide Probes Targeting King
dom-Level 16S rRNA Sequences. Appl. Environ. Microbiol. 
58,2158-2163 (1992). 

HIORNS, W. D., METHE, B. A., NIERZWICKI-BAUER, S. A. and 
ZEHR, J. P.: Bacterial Diversity in Adirondack Mountain 
Lakes as Revealed by 16S rRNA Gene Sequences. Appl. Env
iron. Microbiol. 63, 2957-2960 (1997). 

HIRSCH, P. and MOLLER, M.: Planctomyces limnophilus sp. nov., 
a Stalked and Budding Bacterium from Freshwater. System. 
Appl. Microbiol. 6,276-280 (1985). 

HUGENHOLTZ, P., GOEBEL, B. M. and PACE, N. R.: Impact of 
Culture-Independent Studies on the Emerging Phylogenetic 
View of Bacterial Diversity. j. Bacteriol. 180, 4765-4774 
(1998a). 

HUGENHOLTZ, P., PITULLE, c., HERSHBERGER, K. L. and PACE, N. 
R.: Novel Division Level Bacteria Diversity in a Yellowstone 
Hot Spring. j. Bacteriol. 180,366-376 (1998b). 

JANSSEN, P. H., SCHUHMANN, A., MORSCHEL, E. and RAINEY, F. 
A.: Novel Anaerobic Ultra microbacteria Belonging to the 
Verrucomicrobiales Lineage of Bacterial Descent Isolated by 
Dilution Culture from Anoxic Rice Paddy Soil. Appl. Envi
ron. Microbiol. 63, 1382-1388 (1997). 

jURETSCHKO, S., BROHL, A., SCHLEIFER, K.-H. and WAGNER, M.: 
in preparation 

jURETSCHKO, S., TIMMERMANN, G., SCHMID, M., SCHLEIFER, K.
H., POMMERENING-ROSER, A., Koops, H.-P. and WAGNER, 
M.: Combined Molecular and Conventional Analyses of Ni
trifying Bacterium Diversity in Activated Sludge: Nitrosococ
cus mobilis and Nitrospira-Like Bacteria as Dominant Popu
lations. Appl. Environ. Microbiol. 64, 3042-3051 (1998). 

KALMBACH, S., MANZ, W. and SZEWZYK, U.: Isolation of new 
bacterial species from drinking water biofilms and proof of 
their in situ dominance with highly specific 16S rRNA 
probes. Appl. Environ. Microbiol. 63,4164-4170 (1997). 

KAMPFER, P., ERHART, R., BEIMFOHR, c., BOHRINGER, j., WAGN
ER, M. and AMANN, R.: Characterization of Bacterial Com
munities from Activated Sludge: Culture-Dependent Numeri
cal Identification Versus In Situ Identification Using Group
and Genus-Specific rRNA-Targeted Oligonucleotide Probes. 
Microb. Ecol. 32, 101-121 (1996). 

LIESACK, W. and STACKEBRANDT, E.: Occurrence of Novel 
Groups of the Domain Bacteria as Revealed by Analysis of 
Genetic Material Isolated from an Australian Terrestrial En
vironment. J. Bacteriol. 174, 5072-5078 (1992). 

LLOBET-BROSSA, E., ROSSELLO-MoRA, R. and AMANN, R.: Mi
crobial Community Composition of Wadden Sea Sediments 
as Revealed by Fluorescence In Situ Hybridization. Appl. En
viron. Microbiol. 64,2691-2696 (1998). 

MANZ, W., AMANN, R., LUDWIG, W., WAGNER, M. and 
SCHLEIFER, K.-H.: Phylogenetic Oligodeoxynucleotide Probes 
for the.Major Subclasses of Proteobacteria: Problems and So
lutions. System. Appl. Microbiol. 15,593-600 (1992). 

MANZ, W., SZEWZYK, U., ERICSSON, P., AMANN, R., SCHLEIFER, 
K.-H. and STENSTROM, T.-A.: In Situ Identification of Bacte
ria in Drinking Water and Adjoining Biofilms by Hybridiza
tion With 16S and 23S rRNA-Directed Fluorescent Oligo
nucleotide Probes. Appl. Environ. Microbiol. 59,2293-2298 
(1993). 

MANZ, W., WAGNER, M., AMANN, R. and SCHLEIFER, K.-H.: In 

The Domain-specific Probe EUB338 443 

Situ Characterization of the Microbial Consortia Active in 
Two Wastewater Treatment Plants. Wat. Res. 28, 1715-1723 
(1994). 

MEIER, H., AMANN, R., LUDWIG, W., SCHLEIFER, K.-H.: Oligonu
cleotide probes for in situ detection of a major group of 
Gram-positive bacteria with low DNA G+C content. Syst. 
Appl. Microbiol. 22, 186-196 (1999). 

MOBARRY, B. K., WAGNER, M., URBAIN, V., RITTMANN, B. E. and 
STAHL, D. A.: Phylogenetic Probes for Analyzing Abundance 
and Spatial Organization of Nitrifying Bacteria. Appl. Envi
ron. Microbiol. 62,2156-2162 (1996). 

M0LLER, S., STERNBERG, c., ANDERSEN, j. B., CHRISTENSEN, B. 
B., RAMOS, j. L., GIVSKOV, M. and MOLIN, S.: In Situ Gene 
Expression in Mixed-Culture Biofilms: Evidence of 

Metabolic Interactions between Community Members. Appl. 
Environ. Microbiol. 64, 721-732 (1998). 

MOTER, A., HOENIG, c., CHOI, B.-K., RIEP, B. and GOBEL, U. B.: 
Molecular Epidemiology of Oral Treponemes Associated 
with Periodontal Disease. journal of Clinical Microbiology 
36,1399-1403 (1998). 

NEEF, A., AMANN, R., SCHLESNER, H. and SCHLEIFER, K.-H.: 
Monitoring a Widespread Bacterial Group: In situ Detection 
of Planctomycetes with 16S rRNA-targeted Probes. Microbi
ology 144, 3257-3266 (1998). 

NEEF, A., ZAGLAUER, A., MEIER, H., AMANN, R., LEMMER, H. 
and SCHLEIFER, K.-H.: Population Analysis in a Denitrifying 
Sand Filter: Conventional and In Situ Identification of Para
coccus spp. in Methanol-Fed Biofilms. Appl. Environ. Micro
bioI. 62,4329-4339 (1996). 

PERNTHALER, j., GLOCKNER, F. 0., UNTERHOLZNER, S., ALFREI
DER, A., PSENNER, R. and AMANN, R.: Seasonal Community 
and Population Dynamics of Pelagic Bacteria and Archaea in 
a High Mountain Lake. Appl. Environ. Microbiol. 64, 
4299-4306 (1998). 

RAMSING, N. B., FOSSING, H., FERDELMAN, T. G., ANDERSEN, F. 
and THAMDRUP, B.: Distribution of bacterial populations in a 
stratified fjord (Mariager Fjord, Denmark) quantified by in 
situ hybridization and related to chemical gradients in the 
water column. Appl. Environ. Microbiol. 62, 1391-1404 
(1996). 

RASKIN, L., STROMLEY, J. M., RITTMAN, B. E. and STAHL, D. A.: 
Group-specific 16S rRNA Hybridization Probes to Describe 
Natural Communities of Methanogens. Appl. Environ. Mi
crobiol. 60, 1232-1240 (1994). 

ROLLER, c., WAGNER, M., AMANN, R., LUDWIG, W. and 
SCHLEIFER, K.-H.: In situ probing of gram-positive bacteria 
with high DNA G + C content using 23S rRNA-targeted 
oligonucleotides. Microbiology 140, 2849-2858 (1994). 

SCHLESNER, H.: Pirella marina sp. nov., a Budding, Peptidogly
can-less Bacterium from Brackish Water. System. Appl. Mi
crobiol. 8, 177-180 (1986). 

SCHLESNER, H.: Verrucomicrobium spinosum gen. nov., sp. nov.: 
a Fimbriated Prosthecate Bacterium. System. Appl. Microbi-
01. 10,54-56 (1987). 

SCHUPPLER, M., WAGNER, M., SCHON, G. and GOBEL, U. B.: In 
situ identification of nocardioform actinomycetes in activat
ed sludge using fluorescent rRNA-targeted oligonucleotide 
probes. Microbiology 144,249-259 (1998). 

SNAIDR, J., AMANN, R., HUBER, 1., LUDWIG, W. and SCHLEIFER, 
K.-H.: Phylogenetic Analysis and In Situ Identification of 
Bacteria in Activated Sludge. Appl. Environ. Microbiol. 63, 
2884-2896 (1997). 

STALEY, j. T., DE BONT, J. A. M. and DE JONGE, K.: Prosthecobac
ter fusiformis nov. gen. et sp., the fusiform caulobacter. An
tonie van Leeuwenhoek 42,333-342 (1976). 

STOFFELS, M., AMANN, R., LUDWIG, W., HEKMAT, D. and 
SCHLEIFER, K.-H.: Bacterial Community Dynamics during 



444 H. DAIMS et al. 

Start-Up of a Trickle-Bed Bioreactor Degrading Aromatic 
Compounds. Appl. Environ. Microbiol. 64, 930-939 
(1998). 

WAGNER, M., AMANN, R., LEMMER, H. and SCHLEIFER, K.-H.: 
Probing Activated Sludge with Oligonucleotides Specific for 
Proteobacteria: Inadequacy of Culture-Dependent Methods 
for Describing Microbial Community Structure. Appl. Envi
ron. Microbiol. 59, 1520-1525 (1993). 

WAGNER, M., ERHART, R., MANZ, W., AMANN, R., LEMMER, H., 
WEDL, D. and SCHLEIFER, K.-H.: Development of an rRNA
Targeted Oligonucleotide Probe Specific for the Genus 
Acinetobacter and Its Application for In Situ Monitoring in 
Activated Sludge. Appl. Environ. Microbiol. 60, 792-800 
(1994). 

WALLNER, G., ERHART, R. and AMANN, R.: Flow Cytometric 
Analysis of Activated Sludge with rRNA-Targeted Probes. 
Appl. Environ. Microbiol. 61, 1859-1866 (1995). 

WEISS, P., SCHWEITZER, B., AMANN, R. and SIMON, M.: Identifi
cation in situ and dynamics of bacteria on limnetic organic 
aggregates (lake snow). Appl. Environ. Microbiol. 62, 
1998-2005 (1996). 

WISE, M. G., McARTHUR, J. V. and SHIMKETS, L. J.: Bacterial Di
versity of a Carolina Bay as Determined by 16S rRNA Gene 

Analysis: Confirmation of Novel Taxa. Appl. Environ. Mi
crobiol. 63, 1505-1514 (1997). 

WOESE, C. R.: Bacterial Evolution. Microbiol. Rev. 51,221-271 
(1987). 

ZARDA, B., HAHN, D., CHATZINOTAS, A., SCHONHUBER, W., 
NEEF, A., AMANN, R. I. and ZEYER, J.: Analysis of bacterial 
community structure in bulk soil by in situ hybridization. 
Arch. Microbiol. 168, 185-192 (1997). 

ZWART, G., HUISMANS, R., VAN AGTERVELD, M . P., VAN DE PEER, 
Y., DE RIJK, P., EENHOORN, H., MUYZER, G., VAN HANNEN, E. 
]., GONS, H. J. and LAANBROEK, H. J.: Divergent members of 
the bacterial division Verrucomicrobiales in a temperate 
freshwater lake. FEMS Microbiol. Ecol. 25,159-169 (1998). 

Corresponding author: 
DR. MICHAEL WAGNER, Lehrstuhl fiir Mikrobiologie, Technische 
Universitiit Miinchen, Am Hochanger 4, D-85350 Freising, Ger
many 
Tel.: +49 8161 71 5444; Fax: +49 8161 71 5475 
e-mail: wagner@mikro.biologie.tu-muenchen.de 




