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New rRNA-targeting oligonucleotide probes permitted the fluorescence in situ hybridization (FISH) identification
of freshwater fungi in an Austrian second-order alpine stream. Based on computer-assisted comparative sequence
analysis, nine taxon-specific probes were designed and evaluated by whole-fungus hybridizations. Oligonucleotide
probe MY1574, specific for a wide range of Eumycota, and the genus (Tetracladium)-specific probe TCLAD1395, as
well as the species-specific probes ALacumi1698 (Alatospora acuminata), TRIang322 (Tricladium angulatum), and
Alongi340 (Anguillospora longissima), are targeted against 18S rRNA, whereas probes TmarchB10, TmarchC1_1,
TmarchC1_2, and AlongiB16 are targeted against the 28S rRNA of Tetracladium marchalianum and Anguillospora
longissima, respectively. After 2 weeks and 3 months of exposure of polyethylene slides in the stream, attached
germinating conidia and growing hyphae of freshwater fungi were accessible for FISH. Growing hyphae and
germinating conidia on leaves and in membrane cages were also visualized by the new FISH probes.

Freshwater fungi are known to be intensively involved in the
degradation and conversion of biopolymers in streams (5).
Organisms from the heterogeneous phylogenetic group of
freshwater fungi perform the initial breakdown of allochtho-
nous leaf material in lotic and lentic systems (20). The enzy-
matic breakdown and the fungal biomass itself condition the
leaves as a food source for invertebrate shredders, which fur-
ther fragment the litter into fine organic particles (2). Tradi-
tionally, aquatic fungal communities are characterized by con-
centrating conidia from stream and river water or conidia
developed from substrates on incubated filters (4, 41). These
methods cover sporulating fungi but disregard nonreproducing
mycelia. For the assessment of the phylogenetic diversity and
the biomass of freshwater fungi, a range of chemical, serolog-
ical, and molecular techniques is available. Chemical stains
often show limited fungal specificity (11, 32, 37). The measure-
ment of the fungal membrane component ergosterol (33) is
used to estimate the biomass but gives no information about
the species composition. PCR-based methods, including re-
striction fragment length polymorphism analysis (16), random
amplified polymorphic DNA analysis (13, 35), and denaturing
gradient gel electrophoresis (e.g., see reference 34), are tools
for determining genetic variation in fungal populations. Immu-
nostaining, employing monoclonal antibodies and enzyme-
linked immunosorbent assays, provides a means of identifying
aquatic hyphomycete species in situ (9). However, the spatial
distribution of growing mycelia on or within colonized sub-
strata is still poorly understood.

Combining both specific in situ detection and information

about the physiological status of the targeted cells, fluorescence in
situ hybridization (FISH) is an established method in bacterial
ecology (1, 30). The fluorescence signal intensities of the rRNA-
targeting FISH probes are correlated with the ribosome content
of the target cell, which indicates the viability of the target organ-
ism before fixation (14). A first attempt to use the FISH method
for fungi was the detection of Aureobasidium pullulans on leaves
(27). More recently, Baker et al. (3) showed Eurotiomycetes to be
more abundant than Dothideomycetes in an extremely acidic mine
drainage system by using 18S rRNA-targeting FISH probes. Bas-
chien et al. (6) and McArthur et al. (31) applied FISH to fresh-
water fungi in pure cultures and on leaves. The often discussed
limitations of FISH, such as inherent autofluorescence conferred
by fungal structures and substrates and the limited permeability of
the fungal cell wall, were shown previously to be moderated by
several methodological adaptations in the performance of the
molecular tool (6).

The objective of this study was to detect actively growing
freshwater fungi with new taxon-specific rRNA-targeting FISH
probes. Aquatic hyphomycetes were isolated from various sub-
strate samples obtained from the Austrian alpine stream
Oberer Seebach. Pure cultures of aquatic hyphomycetes were
obtained from the Czech Collection of Microorganisms
(CCM). FISH with newly developed fungal probes was applied
to leaves and polyethylene (PE) slides after exposure in the
stream. Furthermore, the accessibility of germinating fungal
conidia for FISH under natural conditions in the stream was
evaluated. For this purpose, conidia were exposed in mem-
brane-coated cages in the stream and germinating conidia were
subsequently visualized by FISH with specific probes.

MATERIALS AND METHODS

Study site. Sampling and exposure experiments were carried out in the alpine
second-order limestone gravel stream Oberer Seebach at the Biological Station
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Lunz, Lunz, Austria, within the study area RITRODAT (10). The riparian
vegetation is dominated by Fraxinus excelsior, Acer pseudoplatanus, Salix caprea,
Fagus sylvatica, and Picea abies.

Sampling, isolation, and exposure. Sampling and exposure experiments were
conducted during two 3-week campaigns in autumn 2000 (26 September to 15
October) and summer 2001 (2 to 23 August). Fungal isolations from foam were
performed directly in the field by streaking a loopful of foam onto object slides
coated with 2% malt extract agar (MA) and incubating the slides at 15°C for 12
to 24 h. Single germinating conidia were transferred onto fresh MA. Leaves and
twigs collected in the Oberer Seebach were transferred into sterile screw-cap jars
or plastic bags and returned to the laboratory under cooling conditions. The
leaves or twigs were washed under tap water, rinsed with distilled water, and
incubated in petri dishes with distilled water or submerged and aerated in sterile
50-ml centrifuge tubes (Labcon, San Rafael, CA). The incubated samples were
observed daily. Developing conidia were picked using a very fine glass needle and
transferred onto MA.

High-density-PE slides were exposed short-term for 2 weeks (28 September to
11 October) and long-term for a 3-month period (28 September to 20 December)
in autumn 2000, for a period during the winter of 2000 to 2001 (11 October 2000
to 15 February 2001), and for 2 weeks in summer 2001 (2 to 16 August). PE slides
were placed at the RITRODAT sampling sites 1R1, with a slow current, and
17G2.2, with a faster current. Following the harvesting of four replicates, the PE
slides were fixed immediately for examination by FISH.

Freshly fallen leaves of Acer pseudoplatanus, Acer campestre, Fagus sylvatica,
and Salix caprea were collected from the Oberer Seebach in autumn 2000. All
leaves were autoclaved and incubated in petri dishes. The leaves were examined
for fungal growth after 2 and 7 days by using a dissecting microscope to exclude
contamination prior to exposure. The exposure of 0.48 and 0.23 g of sterile leaf
material was performed in sterile polyamide mesh bags (0.25-mm pore size) at
the RITRODAT sampling sites 2C1.1 (slow current) and 16F3.3 (fast current).
The leaf packs were harvested after 2 weeks and either fixed immediately or
incubated in moist chambers for fungal isolations.

Culture conditions. All fungal strains were grown on MA and oatmeal agar
and in malt extract broth (17) at 16 to 18°C without agitation under a cycle of
12 h of daylight exposure or incubated at 20°C on a shaker. Aquabacterium
commune was grown on modified R2A medium (26).

Germination experiments. To induce sporulation, pieces of pure fungal colo-
nies were cut out and submerged in a tube with aerated distilled water or tap
water. Conidia were harvested with a sterile Pasteur pipette 2 to 5 days after air
bubbles had formed foam at the tube wall. The conidia were used immediately
as inocula for subsequent germination experiments. Samples of 10 to 1,000
conidia ml�1 were put into cages between two cellulose acetate membranes
(5-�m pore dimension; Millipore GmbH, Eschborn, Germany). The cage mem-
branes were clamped between two hose connections which were screwed to-
gether and bound to a stiff metal wire for fixation at the sampling site. The cages
were exposed in 5 cm of water at slow- and fast-current sites for 2 days (29
September to 1 October 2000) and 5 days (1 to 6 October 2000). After being
harvested, germinating conidia on the cage membranes were counted directly.

Sequencing of aquatic hyphomycete strains. Pure cultures were harvested
after 8 weeks. Genomic DNA was isolated by using the FastDNA SPIN kit for
soil in conjunction with the FastPrep FP120 instrument (Qbiogene, Heidelberg,
Germany). 18S rRNA genes were amplified with the primer pair NS1/NS8 (44).
The first two-thirds of the 28S rRNA gene (rDNA) were amplified with the
primer pair 5.8SR/LR5 (42). PCR mixtures contained PCR buffer (10 mM
Tris-HCl, 50 mM KCl, pH 8), 200 �M (each) deoxynucleotides, 1.5 mM mag-
nesium chloride, 20 pM (each) primers, 50 to 200 ng of genomic DNA, and 2.5
U of Taq polymerase (Boehringer, Mannheim, Germany). The PCR was per-
formed in a personal cycler (Primus 25 HE; MWG-Biotech, Ebersberg, Ger-
many) with an initial denaturation step for 2 min at 95°C, followed by 35 cycles
of denaturation for 30 s at 94°C, primer annealing for 1 min 30 s at 55°C (56°C
for primers 5.8SR/LR5), and extension for 1 min 45 s at 72°C; final extension was
for 10 min at 72°C. The PCR products were purified with the QIAquick purifi-
cation kit (Qiagen, Hilden, Germany). Automatic sequencing was done with the
BigDye Terminator ready reaction kit (PerkinElmer Applied Biosystems, Weit-
erstadt, Germany). Primers used for the sequencing of the 18S rDNA and 28S
rDNA were NS1 and NS8 (44); nu-SSU-402-5�, nu-SSU-819-5�, nu-SSU-852-3�,
and nu-SSU-305-3� (18); and LR1, LROR, LR21, LR2R, LR3, and LR5 (42).

Sequences were generated with an ABI 373 sequencer (PerkinElmer Applied
Biosystems, Foster City, CA) and analyzed with the sequence analysis software
version 3.3 at Services in Microbiology (Berlin, Germany) by Martin Meixner.
The resulting sequences were assembled, corrected, and exported as consensus
text with Auto Assembler version 2.1 (PerkinElmer).

Modification of ARB software settings. For sequence alignment, probe design,
and probe checking, the ARB software package (28) (free to download at
http://www.arb-home.de/) was used. As the original sequence database contains
mainly bacterial 16S and 23S rRNA gene sequences and, to a much lesser extent,
fungal gene sequence data, the database was extended with fungal rDNA se-
quences obtained from GenBank (http://www.ncbi.nlm.nih.gov/). The alignment
settings were adapted to the work with fungi as follows. The ARB Fast Aligner
tool incorporates secondary-structure information on the rRNA molecule by
evaluating base pairing at secondary-structure positions. In ARB, secondary-
structure information is controlled by the sequence-administrated information
(SAI; SAI: HELIX and SAI: HELIX_NR) laid down for the reference organism
within the ARB EDITOR (version 4). In order to adapt the alignment features
of ARB to the work with fungal sequences, the bacterial reference organism
Escherichia coli was exchanged for baker’s yeast Saccharomyces cerevisiae. The
18S rDNA sequence of Saccharomyces cerevisiae (GenBank accession number
JO1353) was copied to SAI and saved as that of a new reference organism. Helix
information was manually adjusted by following the secondary-structure model
for the nuclear small-subunit (SSU) rRNA of Saccharomyces cerevisiae (http:
//www.psb.ugent.be/rRNA/) (45). The same procedure was performed for align-
ments of 28S rDNA sequences by employing the data from and the secondary-
structure model of the large-subunit (LSU) rRNA of Saccharomyces cerevisiae
(accession number JO1355) (8).

Fixation. Following harvesting, cultures and conidia were fixed with freshly
prepared 3.7% paraformaldehyde solution in phosphate-buffered saline (PBS)
for 1 to 4 h at 4°C in the dark. The paraformaldehyde-fixed thalli were washed
twice with PBS and stored at �20°C in a storage buffer consisting of a 1:1
(vol/vol) mixture of PBS and 96% ethanol. Immediately after recovery, PE slides,
leaves, and cage membranes were submerged in 3.7% paraformaldehyde solu-
tion and incubated for 1 h at 4°C. The biofilms were washed twice with PBS, air
dried, and stored at room temperature.

Probe design and evaluation. All sequences were aligned with various other
sequences by using Fast Aligner version 1.03 of the ARB software package,
involving the secondary structures of helices, loops, and bulges. All alignments
were examined and manually optimized according to primary- and secondary-
structure similarities.

Potential signatures for fungal in situ probes at different phylogenetic levels
were evaluated using the Probe_Design tool and Probe_Match tool of the ARB
software package. The specificity check was supplemented by the analysis of
additional ribosomal gene sequences through searches in GenBank. To comple-
ment the computer-aided probe design, the specificity of the newly developed
probes was verified under in situ conditions by the reproducible and discrimina-
tive staining of target and nontarget species. The probe EUB338 (Bacteria probe)
(1) served as a negative control for nonspecific binding. The universal probe
EUK516 (Eucarya probe) (1) was used as a positive control in fungal hybridiza-
tions. In tests for the nonspecific binding of the probe MY1574 with nontarget
organisms, the probes EUK516, EUB338, and ARCH915 (Archaea probe) (40)
were used as positive controls. For the construction of specific oligonucleotide
probes for Tetracladium species, Alatospora acuminata, Anguillospora longissima,
and Tricladium angulatum, the database was scanned to evaluate probe se-
quences; other fungi should be distinguished by at least one mismatch in the
target region. Additionally, the target region of the probe should be located in a
region of the 18S or the 28S rRNA molecule suitable for in situ hybridizations.
In situ discrimination testing was performed with fungi displaying one or two
mismatches within the target region, if available. The probe EUK516 was used as
a positive control.

The target sites of newly designed probes were checked for accessibility using
the prediction maps based on the 18S and the 28S rRNA of Saccharomyces
cerevisiae (7, 25).

All hybridization probes were labeled at the 5� terminus with a fluorescent
marker, either the indocarbocyanine dye Cy3 or Oregon Green 488. All probes
were synthesized and labeled by Metabion (Planegg, Germany) and stored in
sterile distilled water at �20°C.

Determination of hybridization stringencies. Hybridizations were performed
at the recommended stringencies, 20 to 40% formamide for probes EUB338 and
EUK516 and 20% formamide for probe ARCH915.

Hybridization stringencies for the newly designed division-, genus-, and spe-
cies-specific probes were adjusted by the stepwise addition of formamide in
hybridizations against selected reference strains displaying one, two, or more
mismatches within the target region. All fungal probes were labeled with Cy3 for
the determination of hybridization stringencies.

Probe MY1524 was evaluated against Verticillium lecanii (CBS 126.27), Syncepha-
lastrum racemosum (CBS 557.81), Aquabacterium commune (DSMZ11901), and
Methanosarcina barkeri (DSMZ800). Probes specific for the genus Tetracladium and
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for the species Tetracladium marchalianum were tested against Epicoccum nigrum,
Tricladium angulatum strain CCM F-10200, and Tetracladium setigerum (CCM
F-20987), Tetracladium furcatum (CCM F-11883), Tetracladium apiense (CCM
F-23199), and Tetracladium maxilliforme (CCM F-14286). Probes for Tricladium
angulatum were checked against Tricladium splendens (CCM F-12386 and CCM
F-19087). Probes for Alatospora acuminata strains were tested against Alternaria
alternata (CBS 154.31) and Geomyces pannorum and against the other Alatospora
acuminata strains corresponding to the probe set. Anguillospora longissima probes
were tested against Leptosphaeria bicolor (ATCC 42642) and Pleospora herbarum
(CBS 191.86). For the evaluation of nonspecific staining and autofluorescent cells,
control hybridizations with Cy3-labeled probe EUB338 were performed.

Hybridization procedure. Fixed fungal cultures, conidia, PE slides, cage mem-
branes, and leaf samples were washed twice with autoclaved distilled water and
air dried. In order to decrease inherent autofluorescence signals, leaves were
subjected to treatment with 100 mM Tris-HCl buffer (pH 8) with 50 mM sodium
borohydride (NaBH4) for 30 min.

The samples were subsequently covered with permeabilization buffer (1�
PBS, 1% sodium dodecyl sulfate [SDS], pH 5.5) and chitinase solution (Sigma-
Aldrich) at a final concentration of 1 mg of chitinase per ml of buffer. The
samples were incubated at 30°C for 10 min, rinsed gently with distilled water, and
air dried. Following permeabilization, the samples were subjected to treatment
with increasing concentrations of ethanol (50, 80, and 96%, for 3 min each).

Working solutions of probes had a concentration of 50 ng of DNA per �l. The
hybridization buffer, containing 0.9 M NaCl, 20 mM Tris-HCl (pH 7.2), 0.03%
SDS, and 20, 35, 40, or 50% formamide, and the fluorescent probe were gently
mixed in a ratio of 10:1 (vol/vol) to get a final oligonucleotide concentration of
5 ng per �l. Small amounts of cultures or conidia were immobilized on a slide
and covered with 10 �l of probe-containing hybridization buffer. The PE slides
were partitioned into two sections with strong adhesive tape, enabling hybrid-
izations with different probes on one slide. Fifty microliters of hybridization
solution was placed onto each section. Leaves and cage membranes were
mounted onto glass slides with 20 �l of hybridization solution and overlaid with
50 �l of hybridization solution. For hybridization, slides were placed in sampling
tubes and incubated at 46°C in the dark for 1.5 to 16 h.

Following hybridization, the slides were washed with prewarmed washing
buffer (20 mM Tris-HCl, 0.01% SDS, and 250, 88, 62.4, or 31.4 mM NaCl,
corresponding to 20, 35, 40, and 50% formamide stringencies) for 20 min at 46°C,
rinsed with double-distilled water, air dried, and mounted with the antifading
reagent Citifluor AF 2 (Citifluor Ltd., London, United Kingdom).

Calcofluor white staining. Fixed PE slides, leaves, and cellulose cage mem-
branes were stained with an 0.5 mM solution of calcofluor white M2R {4,4�-
bis[4-anilino-6-bis(2-ethyl)amino-s-triazin-2-ylamino]-2,2�-disulfonic acid; Mo-
lecular Probes Europe, Leiden, The Netherlands}. The targets of calcofluor
white M2R are chitin, cellulose, and carboxylated polysaccharides. Following
incubation in the dark for 5 min, the PE slides, leaves, and cellulose cage
membranes were observed by confocal laser scanning microscopy (CLSM).

Microscopy and documentation. CLSM was performed using a TCS 4D mi-
croscope and a TCS SP/MP microscope (Leica, Heidelberg, Germany). The TCS
4D microscope was attached to an inverted microscope and equipped with an
argon-krypton and UV laser. Fungi were observed through 20� 0.6 NA (numer-
ical aperture), 40� 0.75 NA, 63� 1.2 NA, and 100� 1.4 NA lenses. The micro-
scope was used in the single- or multichannel mode to record the reflection
signal, stained and hybridized fungi, environmental samples, and the autofluo-
rescence of fungi and phototrophic organisms. For the presentation of micro-
graphs, the standard software ScanWare version 5.1A (Leica) was used. The
images were printed with Photoshop version 5.5 (Adobe, San Jose, CA).

The TCS SP/MP instrument (Leica) was set up with three visible lasers, Ar (458,
476, 488, and 514 nm), Kr (568 nm), and He/Ne (633 nm) (Omnichrome, Chino,
CA). The SP (spectral photometer) feature allowed the adjustment of sliders on the
detector side. Images were obtained with 40� 0.8 NA, 63� 0.9 NA, and 63� 1.2 NA
water-immersible lenses (Leica). Numerical apertures of 40 by 0.8, 63 by 0.9, and 63
by 1.2. Image processing and three-dimensional reconstructions were done using the
standard software package TCS NT version 1.6.587 (Leica, Heidelberg, Germany)
delivered with the instrument and IMARIS version 3.06 (Bitplane, Zurich, Switzer-
land).

To evaluate the inherent autofluorescence signals emitted from the different
fungal species, hybridization fluorescence intensities and autofluorescence inten-
sities were measured simultaneously by performing a scan over the visible light
spectrum (300- to 600-nm wavelength) using CLSM. Fungal samples not sub-
jected to the FISH assay but treated with hybridization buffer and/or with per-
meabilization buffer and sodium borohydride were used as negative controls.

Nucleotide sequence accession numbers. The sequences of the different re-
gions of the rRNA genes of 39 aquatic hyphomycete strains were deposited in

GenBank under accession numbers AY204573 to AY204578, AY204583 to
AY204586, AY204597 to AY204605, AY204607, AY204612 to AY204619,
AY204626 to AY204630, and AY204632. GenBank accession numbers are in-
dicated in Table 1.

RESULTS

Development of rRNA-targeting oligonucleotide probes.
During this study, nine fungus-specific probes were developed.
Computer-aided sequence analysis revealed at least one cen-
trally located mismatch in all accessible 18S and 28S rRNA
sequences of nontarget organisms for all probes except
TRIang322. The last sequence data analysis was performed 11
August 2008. For Tetracladium species, Alatospora acuminata,
Anguillospora longissima, and Tricladium angulatum, FISH
probes targeting either the 18S or the 28S rRNA could be
designed and evaluated on a genus- or species-specific level.
FISH analysis of pure cultures revealed no significant differ-
ences among themselves in probe-conferred fluorescence sig-
nal intensities. Sequences of new oligonucleotide probes, tar-
get regions, probe binding sites, and formamide concentrations
within the hybridization buffer are summarized in Table 2.

Design and evaluation of specific oligonucleotide probes. (i)
Fungal probe MY1574. A comparative sequence analysis of
MY1574 using GenBank and ARB databases resulted in
matches with fungal 18S rDNA sequences from all divisions of
the Eumycota. No matching sequences other than fungal
rRNA sequences were observed. Under in situ conditions,
probe MY1574 showed no nonspecific binding to the nontarget
organisms Aquabacterium commune, Methanosarcina barkeri,
Scenedesmus quadricauda, Verticillium lecanii, and Syncepha-
lastrum racemosum. Verticillium lecanii and Syncephalastrum
racemosum each displayed one centrally located mismatch
within the probe target region. By adjusting the in situ hybrid-
ization stringency by the addition of 20% formamide to the
hybridization buffer, Verticillium lecanii and Syncephalastrum
racemosum could be unequivocally separated from the target
fungi tested. Fig. 1A and E to J and L shows successful in situ
hybridizations of target fungi using MY1574.

(ii) Probe specific for the genus Tetracladium. Probe TCLAD
1395 showed at least one mismatch relative to all accessible non-
Tetracladium 18S rRNA sequences. In situ hybridizations done
with pure and mixed cultures of Tetracladium strains using probe
TCLAD1395 showed clear FISH signals. Epicoccum nigrum as a
nontarget organism displayed two mismatches within the target
region of TCLAD1395. It could be clearly distinguished by ad-
justing the hybridization stringency to 35%.

(iii) Probes specific for Tetracladium marchalianum. By using
the available 18S rRNA sequence data, it was not possible to
construct a probe on the intended species level for Tetracla-
dium marchalianum. Among the Tetracladium species, the sim-
ilarities of the 18S rRNA sequences are too high. Species-
specific probes for Tetracladium marchalianum needed to be
designed by targeting the 28S rRNA subunit. Three different
probes, termed TmarchB10, TmarchC1_1, and TmarchC1_2,
showed no nonspecific matches with bacterial and fungal se-
quences. In situ testing of the three probes against Tetracla-
dium setigerum, Tetracladium furcatum, Tetracladium apiense,
and Tetracladium maxilliforme revealed no nonspecific binding
when the hybridization stringency was adjusted to 20% for

VOL. 74, 2008 NEW FUNGAL FISH PROBES 6429



probes TmarchC1_1 and TmarchC1_2 and to 40% for probe
TmarchB10. FISH of Tetracladium marchalianum with any of
the 28S rRNA-targeting probes TmarchB10, TmarchC1_1, or
TmarchC1_2 resulted in clear hybridization signals in pure and
mixed cultures and environmental samples (Fig. 1B).

(iv) Probe specific for Alatospora acuminata. The 18S rRNA-
targeting probe ALacumi1698 showed at least two mismatches
relative to rRNA sequences from nontarget bacterial, fungal,
or algal species. Sequences from four fungi of the order
Lecanorales (GenBank accession numbers U86695, U86696,
U86697, and AF241543) and from two fungi of the order

Pertusariales (GenBank accession numbers AF274110 and
AF274114) displayed two mismatches at positions 14 and 17
relative to the target region of probe ALacumi1698. Since
none of the reference organisms were available for in situ
testing, the hybridization stringency was adjusted to 40%.
Alatospora acuminata strains CCM F-2380, CCM F-13089,
CCM F-37194, CCM F-12186, CCM F-18799, and L8 in pure
cultures and environmental samples showed clear FISH signals
when hybridized with probe ALacumi1698 (Fig. 1C).

(v) Probe specific for Tricladium angulatum. Probe TRIang322
targets the 18S rRNA and fits to all four Tricladium angulatum

TABLE 1. Names and provenances of aquatic hyphomycetes sequenced in this study and corresponding GenBank accession numbers

Species Strain no. Origina
GenBank accession no. for:

SSU LSU

Alatospora acuminata sensu stricto CCM F-02383 UK AY204583
CCM F-13089 CZ AY204584s

Alatospora acuminata sensu lato CCM F-12186 SK
CCM F-37194 CA AY204585
L8 AT AY204586

Anguillospora crassa CCM F-07082 SK AY204578
CCM F-13483 SK AY204576
CCM F-15583 SK AY204577
CCM F-05584 SK AY204574
CCM F-15283 CZ AY204575

Anguillospora furtiva L16 AT AY204601

Anguillospora longissima CCM F-00980 DE AY204598 AY204597
CCM F-11891 CZ AY204599
CCM F-10691 CZ
L22 AT AY204600
CCM F-11791 CZ

Heliscus lugdunensis CCM F-245 SK AY204603
Elbe 98 DE AY204604
L5 AT AY204602

Lemonniera aquatica CCM F-04480 CZ AY204605

Lemonniera terrestris CCM F-125 CZ AY204607
CCM F-11486 SK AY204607

Tetracladium marchalianum CCM F-19399 CZ AY204613
CCM F-26199 CZ AY204614 AY204612
CCM F-26299 CZ AY204615
CCM F-26399 CZ AY204616
Elbe 50 DE AY204618
Elbe 90 DE AY204617
L27 AT AY204619

Tricladium angulatum CCM F-139 CZ AY204627
CCM F- 01380 DE AY204573
CCM F-14186 CZ AY204628
CCM F-10200 CZ AY204626

Tricladium splendens CCM F-12386 CZ AY204630
CCM F-19087 CA AY204632
CCM F-11989 CZ AY204629
CCM F-16599 CZ AY204631

Varicosporium elodeae CCM F-04276 SK AY425613
CCM F-11783 CZ AY425614

a UK, United Kingdom; CZ, Czech Republic; SK, Slovakia; CA, Canada; AT, Austria; DE, Germany.
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strains tested without mismatches. BLAST searches with the
probe TRIang322 also yielded matches with the sequences of
the lichens Lecanora achariana (GenBank accession number
DQ973004) and Rhizoplaca peltata (GenBank accession num-
ber AY530887). FISH signals exclusively from Tricladium an-
gulatum strains were obtained at a hybridization stringency
level of 35% during in situ hybridizations testing Tricladium
angulatum strains, Tricladium splendens strains, and Tetracla-
dium marchalianum strains (data not shown).

(vi) Probes specific for Anguillospora longissima. The 18S
rRNA-targeting probe Alongi340 showed at least three mis-
matches at the 3� terminus relative to the target regions of organ-
isms other than Anguillospora longissima strains. With a 40%
formamide concentration in the hybridization buffer, Anguillo-
spora longissima could be clearly distinguished from Leptosphaeria
bicolor. By performing FISH with the probe Alongi340, all strains
of Anguillospora longissima could be unambiguously detected.
The new 28S rRNA-targeting probe AlongiB16 showed at least
two mismatches in its target region with all other sequences avail-
able in the databases. In situ testing of probe AlongiB16 against
Anguillospora longissima strains CCM F-00980, CCM F-11891,
CCM F-10691, CCM F-11791, and L22 and the nontarget organ-
isms Leptosphaeria bicolor and Clavariopsis aquatica showed ex-
clusive staining of the target organism when the stringency was
adjusted to 35% (Fig. 1D).

FISH of freshwater fungi within environmental samples. In
order to check the applicability of the FISH method to the in
situ detection of freshwater fungi in environmental samples,
the exposed surfaces of PE slides and leaves were examined.

Biofilms on PE slides. After 2 weeks of exposure in autumn
2000 and August 2001, many conidia of freshwater fungi were
attached to the PE slides. They were accessible for FISH as soon
as they formed appressoria or were germinating (Fig. 1E to G).
Appressoria were formed by tetraradiate and by sigmoid conidia.
In contrast to the samples exposed for 2 weeks, the PE slides
exposed for 3 months in September, October, and November
2000 could not be shown to have conidia. Here, among thick
layers of bacteria, hyphae were detected by FISH with the probe
MY1574 (Fig. 1H). On the PE slides exposed during the winter
(October 2000 to February 2001), no conidia were observed nor
could hyphae be detected by FISH. No difference in the accessi-
bility of fungal structures for FISH was observed between the PE
slides exposed at sampling sites with slow and fast currents.

As in pure-culture experiments, probe-conferred signal in-
tensities varied in different parts of the mycelia on the PE
slides. Fungal structures that were suspected to have high-level
growth activities, for example, appressoria, showed very bright
FISH signals. In contrast, hyphae often showed both cells with
FISH signals and cells without FISH signals.

Fungus-directed FISH on leaves. Prior to FISH application,
the leaves had to be subjected to treatment with sodium boro-
hydride in order to lower the leaves’ inherent autofluores-
cence. On all types of leaves, growing hyphae and germinating
conidia could be detected by FISH. Most FISH signals were
obtained by using the Eumycota probe MY1574 and, to a lesser
extent, by using specific probes. Analyzing the leaves with
probe MY1574 showed FISH signals for Clavariopsis aquatica
(Fig. 1A) and an unidentified fungus producing filiform phia-
loconidia (Fig. 1I). Remarkably, the fungi detected by FISH
signals of probe MY1574 often showed Acremonium- and Phi-
alophora-like phialidic structures (Fig. 1J). About one-third of
hyphae detected by calcofluor white staining were not accessi-
ble for FISH using the fungal probes available in this study. As
for the PE slides, no difference in the accessibility of fungal struc-
tures for FISH between leaves exposed at the RITRODAT sam-
pling sites 2C1.1 (slow current) and 16F3.3 (fast current) was
observed.

Accessibility of germinating conidia for FISH within the
Oberer Seebach. The water temperature of the Oberer See-
bach was stable at 11°C over the entire time of the germination
experiments. The accessibility of the exposed conidia for FISH
was tested by using the probes MY1574 and TmarchB10. All
conidia in the stage of germination were accessible for FISH
(Fig. 1K and L). After 2 days of exposure, 80% of the total
number of exposed conidia were still visible on the cage mem-
branes. In contrast, the longer exposure time resulted in in-
creased losses of conidia (Table 3). It could not be determined
clearly if the missing parts were washed out or somehow de-
cayed. The germination of Varicosporium elodeae conidia was
observed at slow-current exposure sites only.

DISCUSSION

For the reliable characterization of microorganisms
within their microenvironments by FISH, it is critical to
know the degrees of specificity of the oligonucleotide probes

TABLE 2. Fungal oligonucleotide probes and their target organisms, sequences, and target positions

Probe
Hybridization

stringencya

(% formamide)
Target organism(s) Probe sequence (5� to 3�) rRNA subunit, helix,b

and binding positionc

MY1574 20 Eumycota TCCTCGTTGAAGAGC 18S; 47; 1474–1489
TCLAD1395 35 Members of the genus Tetracladium CGCACTTCCATTTGCTTG 18S; 44; 1395–1413
TmarchB10 40 Tetracladium marchalianum GCTTAAGGTCAGGGGTAT 28S; B10; 182–200
TmarchC1_1 20 Tetracladium marchalianum TCACCGGATGATCAACTG 28S; C1_1; 605–623
TmarchC1_2 20 Tetracladium marchalianum GCCCATTCCCAGGCCTTT 28S; C1_2; 679–697
ALacumi1698 40 Alatospora acuminata CCGCGCTAGGTGGTCGTT 18S; 49; 1698–1716
TRIang322 35 Tricladium angulatum GCCCACTACGCTACAATC 18S; 12; 322–340
Alongi340 40 Anguillospora longissima CCCGTTGAAACCATAGGT 18S; 12; 340–358
AlongiB16 35 Anguillospora longissima GCGCTGTTCCAAGGGTCT 28S; B16; 345–363

a Expressed as the percentage of formamide in the hybridization buffer.
b According to references 8 and 45.
c Nucleotide position according to Saccharomyces cerevisiae numbering.
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FIG. 1. FISH with new specific oligonucleotide probes. (A) CLSM photomicrograph of a conidium and conidiophore of Clavariopsis aquatica
growing out of a Fagus sylvatica leaf collected from the Oberer Seebach, shown after hybridization with Cy3-labeled probe MY1574. (B) CLSM
photomicrograph showing FISH of Tetracladium marchalianum with specific 28S rRNA-targeting Cy3-labeled probe TmarchC1_1. (C) CLSM
photomicrograph of Alatospora acuminata hybridized with 18S rRNA-targeting Cy3-labeled probe ALacumi1698. (D) Epifluorescence photomi-
crograph of Anguillospora longissima after FISH with 18S rRNA-targeting Cy3-labeled probe Alongi340. (E) Conidium of Tetracladium mar-
chalianum attached to a PE slide exposed for 2 weeks within the Oberer Seebach (Lunz; autumn 2000) and then hybridized with Cy3-labeled probe
MY1574 and simultaneously stained with calcofluor white; Ap, appressorium. (F) Germinating conidium of Anguillospora cf. crassa (similar to that
of A. crassa or to the broad conidium of A. longissima) attached to a PE slide (after a 2-week exposure in autumn 2000), shown after FISH with
Cy3-labeled probe MY1574 and simultaneous staining with calcofluor white. (G) Conidium of Anguillospora cf. filiformis attached to a PE slide
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employed. Of approximately 100,000 currently described
fungi and an estimated 1.5 million fungal species worldwide
(22), only 18,424 species are presently listed in the GenBank
databases (GenBank Taxonomy Browser statistics, August
2008). Of the 143,016 fungal rRNA sequences presently
listed in GenBank, many represent internal transcribed
spacer (ITS) data. In the present study, it was sometimes
impossible to find sequences in GenBank displaying only
one mismatch in the target region. This finding does not
mean that the specificities of our probes are reliably re-
stricted to certain species, because one does not know
whether organisms which coincidentally have the same tar-
get sequences are present in a particular environmental
sample. For that reason, theoretical and practical testing of
probes over short time intervals should be performed (30).
No 18S rRNA-targeting Tetracladium marchalianum-spe-
cific probe could be designed because the sequences of other
Tetracladium species were too similar. This issue leads to the
general question of the suitability of fungal rRNA genes for
the design of specific FISH probes. The 18S rDNA is known
to be useful for examining ancient evolutionary events (12,
23, 24). This approach allows the construction of group-
specific oligonucleotides, such as the widely used fungal
primers of White et al. (44). Consequently, the design of the
probe MY1574, specific for a wide range of Eumycota, was
easily achieved. It is noteworthy that probe MY1574 was
designed on the basis of a much larger database than the

fungal probe FUN1429 (6). While the phylogenetic target
range of probe FUN1429 seems to be restricted to members
of the subphylum Pezizomycotina (29), probe MY1574 also
matches members of the Saccharomycotina and Taphrino-
mycotina and the Basidiomycetes and Zygomycetes. The bind-
ing sites of FUN1429 and MY1574 are located in regions
known to be conserved in most fungi, but not in all eu-
karyotes (45). Thus, probe MY1574 may be specific for a
large number of members of the kingdom Fungi. The genus-
specific probe TCLAD1395 and the species-specific probes
ALacumi1698 and Alongi340 bind to regions with high de-
grees of variability. The probe specific for Alatospora acumi-
nata has a binding site in a hypervariable region at helix 49.
The slightly less variable probe signatures found in the SSU
sequences of Tricladium angulatum and Anguillospora lon-
gissima were sufficient to construct a species-specific probe
only in the case of Anguillospora longissma. According to
data from GenBank searches, the probe TRIang322 also
matches two lichens. Nevertheless, the probe TRIang322
may be used in aquatic environments, as both lichens are
terrestrial and furthermore should easily be distinguished
from Tricladium angulatum by morphology. By using current
knowledge of fungal 18S sequences, the highly variable re-
gions of the SSU rRNA appear to be sufficient to design
species-specific probes, with limitations. Most likely, the
highly variable helical regions E23_1, E23_2, E23_5, 10, 29,
and 43 provide signature sites for specific probe design. The

exposed for 2 weeks within the Oberer Seebach (Lunz; autumn 2000) and then hybridized with Cy3-labeled probe MY1574 and simultaneously
stained with calcofluor white, along with bacteria hybridized with Oregon green-labeled probe EUB338. (H) Biofilm obtained on a PE slide
exposed for 3 months (September to November 2000) within the Oberer Seebach and analyzed with Oregon green-labeled probe EUB338 (green)
and Cy3-labeled probe MY1574 (red). Also visible are autofluorescing diatoms. (I) CLSM photomicrograph of an unidentified fungus producing
filiform phialoconidia on a leaf of Fagus sylvatica exposed for 2 weeks in the Oberer Seebach (autumn 2000), shown after hybridization with
Cy3-labeled probe MY1574. (J) CLSM photomicrograph of fungal hyphae and phialids on a Fagus sylvatica leaf exposed for 2 weeks in the Oberer
Seebach (autumn 2000), shown after hybridization with Cy3-labeled probe MY1574 and simultaneous staining with calcofluor white. (K)
Germinating conidium of Tetracladium marchalianum after 2 days of exposure, probed with TmarchB10. (L) Germinating conidium of Varico-
sporium elodeae after 2 days of exposure, probed with MY1574.

TABLE 3. Species, numbers of conidia exposed, exposition times and sites, and germination rates as percentages of total numbers originally
exposed within the Oberer Seebach in autumn 2000

Species
No. of conidia

or spores
exposed (ml�1)

Exposition site
(current speed)

Exposition
time (days)

Germination
rate (%)

Varicosporium elodeae 320 2C1.1 (slow) 2 9–10
320 15F3.3 (fast) 2 0

Tetracladium marchalianum 1,000 2C1.1 (slow) 2 5
1,000 15F3.3 (fast) 2 0

Anguillospora crassa 10 2C1.1 (slow) 2 10
10 15F3.3 (fast) 2 20

Varicosporium elodeae 400 2C1.1 (slow) 5 16–20
400 15F3.3 (fast) 5 0

Tetracladium marchalianum 1,000 2C1.1 (slow) 5 8–10
1,000 15F3.3 (fast) 5 0

Anguillospora crassa 10 2C1.1 (slow) 5 10
10 15F3.3 (fast) 5 Cage was gone
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fungal 18S rRNA is more likely than the bacterial 16S rRNA
to be a useful marker molecule for the design of probes with
specificity on higher phylogenetic levels, such as orders and
classes. This utility should become evident as more fungal
SSU sequences become available.

The 28S rRNA gene provides more variations in rates of evo-
lution than the 18S rDNA (15, 24), but fungal 28S rRNA se-
quences are currently less available in public databases. The spe-
cies-specific probes for Anguillospora longissima and Tetracladium
marchalianum both bind to different helical loci within the vari-
able V2 region (15) of the LSU rRNA. Remarkably, a hybridiza-
tion stringency of only 20% was sufficient to discriminate success-
fully among the closely related nontarget fungi Tetracladium
setigerum, Tetracladium furcatum, Tetracladium apiense, and Tet-
racladium maxilliforme by using the Tetracladium marchalianum-
specific LSU-targeting probes TmarchC1_1 and TmarchC1_2.
The LSU-targeting probe AlongiB16, specific for Anguillospora
longissima, could be tested only against fungi that are presumed to
be present in the same habitat. The suitability of the LSU rRNA
for the construction of species-specific probes is difficult to esti-
mate. However, the LSU rRNA molecule provides at least
enough variable sequence stretches for the design of in situ
probes specific to the genus level. This conclusion will probably be
corroborated as soon as more LSU rDNA sequence data become
available.

On the basis of nucleotide variability, the ITS regions seem
to be the most appropriate target for the design of species-
specific FISH probes. Because ITS-derived RNA is not located
in the cytoplasm, FISH cannot be applied.

FISH with the new probes gave evidence of actively grow-
ing fungi on substrates exposed in the Oberer Seebach
stream. Active mycelia could be detected by FISH on all
leaves sampled from the Oberer Seebach, as well on the PE
slides exposed in the Oberer Seebach during the summer
and autumn. By using the newly developed set of probes
specific for different aquatic hyphomycetes, only Alatospora
acuminata was detected, by the probe ALacumi1698, on PE
slides. However, by using probe MY1574, aquatic hyphomy-
cetes other than Alatospora acuminata (including Clavario-
psis aquatica, Tetracladium marchalianum, and an undeter-
mined species having scolecoform conidia) could be
successfully detected. Remarkably, many Acremonium-,
Chalara-, and Phialophora-like fungi were detected on col-
lected and exposed leaves. Strong hybridization signals of
conidiogenous cells indicated that they were capable of
sporulation under water. Terrestrial, epiphytic, and endo-
phytic fungi, already present on the leaf before abscission,
are understood to be of limited importance in leaf decom-
position in streams and are generally replaced by aquatic
hyphomycetes as the decomposition process develops (19,
39). The observation of active epiphytic fungi by FISH may
be due to the short period of exposure of the leaves (2
weeks), and aquatic hyphomycetes might not yet have been
representing the major component of the leaf fungal com-
munity. This assumption is also supported by the observa-
tion of many nongerminated conidia attached to the leaves
and by the previous observations of Sridhar and Bärlocher
(39), who also observed low levels of aquatic hyphomycete
diversity and biomass on maple leaves in a small Canadian
stream after 2 weeks. On the other hand, the detection of

many terrestrial fungi on the leaves may indicate that the
contribution of these fungi to leaf litter decomposition in
streams may be underestimated. In traditional sporulation
analyses, the small conidia (e.g., 1 to 5 �m) of terrestrial
fungi are easily overlooked due to the pore sizes of filters
used with this method. By the sporulation method, the
conidial production on aerated leaves under laboratory con-
ditions can be assessed. The FISH method allows the de-
tection of freshly attached and germinating conidia in situ.
This approach allows the characterization of the upcoming
active fungal population.

On PE slides exposed for 2 weeks, the majority of aquatic
hyphomycetes detected by FISH were in the process of
attachment, showing appressorium formation and germ
tubes. Developed mycelia could be detected only on PE
slides exposed for longer periods in the autumn. These PE
slides also showed a dense layer of bacteria and algae which
may have provided more nutrients for fungal growth than
naked PE slides which were exposed for only a short time.
The lack of freshly attached conidia after 3 months of ex-
posure in autumn (September to November) indicates that
no conidial inoculum was available in the last days of No-
vember (winter). This result is in conjunction with the gen-
eral assumption that the conidial inoculation of substrates in
streams in moderate climates occurs mainly during leaf fall
events in late summer and autumn. On slides exposed dur-
ing the winter (November to February), no fungi were de-
tected, indicating that no fungal activity occurs at very low
water temperatures (1 to 4°C) (43).

About one-third of fungal mycelia on leaves and PE slides
observed by calcofluor white staining could not be hybrid-
ized using the fungal probes. In part, these structures might
have been nongrowing mycelia not accessible by FISH.
However, the probe MY1574 with broad phylogenetic spec-
ificity also has a limited phylogenetic range. Another expla-
nation may be the low rRNA content of mycelia exhibiting
low-level growth activities, which would make the detection
by FISH difficult. Furthermore, the lack of sufficient perme-
abilization may prevent the penetration of fungal cell walls
by FISH probes. First attempts to use a more sensitive FISH
protocol, such as catalyzed reported deposition-FISH (36),
did not result in satisfying probe-conferred fluorescence sig-
nals from freshwater fungi on leaves (unpublished data).
These limitations indicate that one must be cautious with
diversity and biomass estimations when using FISH as the
only method.

Germinating conidia of aquatic hyphomycetes could be
successfully hybridized on the membranes exposed within
the cages in the Oberer Seebach RITRODAT area. Hybrid-
izations yielded strong fluorescence signals for highly active
germ tubes and young hyphae. The sample size was small;
consequently, one has to be careful in drawing conclusions
from the germination rates. However, the germination rates
of Tetracladium marchalianum, Varicosporium elodeae, and
Anguillospora crassa of 5 to 20% after 2 days can be re-
garded as rather low. In the Oberer Seebach, the limiting
factor for the efficient germination of the exposed species
may be the small amount of nitrate and, especially, phos-
phate present in the stream water. Conidium production
and fungal growth are stimulated by inorganic N and P (21,
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38). The two cage membranes may have been exposed to less
water circulation than the submerged leaves, and thus, the
availability of oxygen and nutrients may have been too low
for more efficient germination.

In conclusion, FISH is a reliable tool for the detection of
growing stages and the spatial distribution of aquatic hypho-
mycetes in lotic systems. By the application of FISH, we could
show the high-level growth activity of freshly attached and
germinating conidia indicated by strong probe-conferred fluo-
rescence signals on leaves, PE slides, and cellulose acetate
membranes. Furthermore, the application of the new FISH
probes provided evidence for the first time of the in situ pres-
ence of metabolically active terrestrial fungi on submerged
leaves. One main issue of increasing the validity of FISH is the
thorough control of the specificity of existing probes and the
continuous design of new specific probes in synchronization
with growing sequence databases. Also, FISH should not be
used as the sole tool to characterize the freshwater fungal
community, as estimates of the total living fungal biomass,
conidia production, and in situ enzymatic activities give addi-
tional important information.
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