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Abstract A real-time quantitative TaqMan-PCR was
established for the absolute quantification of extramatrical
hyphal biomass of the ectomycorrhizal fungus Piloderma
croceum in pure cultures as well as in rhizotron samples
with non-sterile peat substrate. After cloning and se-
quencing of internal transcribed spacer (ITS) sequences
ITS1/ITS2 and the 5.8S rRNA gene from several fungi,
including Tomentellopsis submollis, Paxillus involutus,
and Cortinarius obtusus, species-specific primers and a
dual-labelled fluorogenic probe were designed for Pilo-
derma croceum. The dynamic range of the TaqMan assay
spans seven orders of magnitude, producing an online-
detectable fluorescence signal during the cycling run that
is directly related to the starting number of ITS copies
present. To test the confidence of the PCR-based quan-
tification results, the hyphal length of Piloderma croceum
was counted under the microscope to determine the
recovery from two defined but different amounts of agar-

cultivated mycelia. Inspection of the registered Ct values
(defined as that cycle number at which a statistically
significant increase in the reporter fluorescence can first
be detected) in a 10-fold dilution series of template DNA
represents a suitable and stringent quality control standard
for exclusion of false PCR-based quantification results.
The fast real-time PCR approach enables high throughput
of samples, making this method well suited for quanti-
tative analysis of ectomycorrhizal fungi in communities
of natural and artificial ecosystems, so long as applicable
DNA extraction protocols exist for different types of soil.
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Introduction

Ectomycorrhizal root-colonising fungi commonly form a
more or less compact hyphal mantle around the root tips
of their host plants (Agerer 1987–1998; Smith and Read
1997). In most species of ectomycorrhizal fungi, contact
with the substrate as well as nutrient uptake is performed
by the emanating extramatrical mycelium, which consists
of single hyphae or strands of bundled hyphae, the so-
called rhizomorphs (Allen 1991; Read 1992). Depending
on the amount and distribution as well as the organisation
of the extramatrical mycelia, several exploration types
can be distinguished that strongly differ in structure,
extension, and biomass (Raidl 1997; Agerer 2001).

To estimate mycelial biomass of ectomycorrhizal
fungi, lengths or weights of hyphae or mycelia can be
measured directly (Fogel and Hunt 1978; B��th and
S�derstr�m 1979; Kunzweiler and Kottke 1986; Ineichen
et al. 1995). Moreover, numerous chemical and physio-
logical methods are available to quantify fungal mycelia
(summarised by Weaver et al. 1999). However, in the
investigation of the dynamics of ectomycorrhizal fungal
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communities, species-specific quantification of mycelia
represents a technological bottleneck, especially when
large numbers of rhizosphere samples have to be analy-
sed. The available methods fail when no distinct
morphological characters or chemical constituents exist
to sort different ectomycorrhizal species or when such
structures are not produced at times and places chosen to
analyse a particular fungus.

By focusing on the enzymatic amplification of the
internal transcribed spacer (ITS) regions ITS1 and ITS2
of the ribosomal gene cluster, polymerase chain reaction
(PCR) has significantly improved the DNA-based detec-
tion and identification of ectomycorrhizal symbioses
(reviewed by Buscot et al. 2000; Horton and Bruns
2001). Based on two oligonucleotide primers, PCR
enables the in vitro synthesis of a diagnostic DNA marker
fragment specific for the micro-organism studied. Fur-
thermore, the PCR product obtained can be quantified by
image analysis subsequent to its electrophoretic detection
(e.g. Schubert et al. 1999). Real-time PCR has been
developed to replace end-point measurements for accurate
and reliable product quantification and avoid post-PCR
sample handling (Heid et al. 1996).

To study possible competition in response to nutrient
amendment and elevated CO2 between four selected
symbiotic fungi associated with roots of Norway spruce in
nature (Matyssek et al. 2002; for detailed information
see http://www.forst.tu-muenchen.de/EXT/SFB607/sfb
607.htm), we applied TaqMan PCR technology (Heid et
al. 1996; Schild 1996). This report concerns the cloning of
ITS sequences from the fungi Piloderma croceum Erikss.
& Hjortst., synonymous to Piloderma fallax (Libert)
Stalpers, Tomentellopsis submollis (Svrcek) Hjortstam,
Paxillus involutus (Batsch) Fr., and Cortinarius obtusus
(Fr.) Fr. Following the design of species-specific primers,
real-time PCR technology was applied to quantify
rhizotron-grown mycelium of Piloderma croceum. The
findings were validated by measuring the total hyphal
length by direct microscopy, an established and reliable
tool for hyphal biomass quantification.

Materials and methods

Fungal isolates and culture conditions

Fruitbodies of Cortinarius obtusus (SR 929) and Paxillus involutus
(SR 788), as well as ectomycorrhiza of Piloderma croceum (SR
430) and Tomentellopsis submollis (SR 806), were collected in
Bavarian forests and identified according to Agerer (1987–1998)
and Agerer and Rambold (1998). Cultures of Piloderma croceum
were maintained for 6 weeks at room temperature on square Petri
dishes (12�12�1 cm; Merck, Germany) with modified 0.5x Melin-
Norkrans (MMN) agar medium (Marx 1969), supplemented with
1% (w/v) tetracycline. Each Petri dish was inoculated with nine
small agar plugs and a sterile nylon grid (mesh 80 �m; Draht
Center, Stuttgart, Germany) was placed on the agar surface to allow
the harvesting of large amounts of young surface mycelium
contaminated with only limited amounts of medium.

Ectomycorrhizal inoculation procedures

Surface-sterilised seeds of Picea abies (L.) Karst. were grown in a
10:1 peat perlite:agriperl perlite substrate (D�mmstoff GmbH,
Darmstadt, Germany) for 2 months. Seedlings were then inserted
into specially designed rhizotrons (Raidl 1997) filled with previ-
ously sterilised peat (K�lle, Munich, Germany) and inoculated by
incorporating MMN-agar plugs containing Piloderma croceum into
the root zone. Mycorrhiza formed within 3–5 weeks under the
conditions given by Peterson and Chakravarty (1991) and Raidl
(1997). After successful mycorrhiza formation, rhizotrons were
cultivated for a further 5 months according to Brand and Agerer
(1988) and Raidl (1997). For the measurement of the rhizotron-
grown hyphal length of Piloderma croceum by direct microscopy,
four separate control rhizotrons containing non-inoculated spruce
seedlings were processed in the same way as the four mycorrhizal
rhizotrons to differentiate between hyphae of Piloderma croceum
and hyphae of saprotrophic fungi.

DNA isolation methods

For PCR amplification of ITS regions, genomic DNA was obtained
from Cortinarius obtusus, Tomentellopsis submollis, Piloderma
croceum, and Paxillus involutus according to the techniques
described by Agerer et al. (1996). A DNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) was applied to extract genomic DNA
from agar-cultivated Piloderma croceum mycelium. To carry out
PCR product sequencing and calibration of TaqMan PCR, DNA of
recombinant pT7 Blue T plasmid derivatives was extracted from
liquid Escherichia coli cultures using the Qiagen Plasmid Mini Kit
and Qiagen-tip 20 columns. DNA samples were eluted from the
spin columns with 400 �l pre-warmed (65�C) AE buffer (0.04 M
Tris-acetate; 0.001 M EDTA).

Genomic DNA of rhizotron-grown Piloderma croceum was
prepared from the rhizosphere employing the protocol reported by
Bahnweg et al. (1998). An aliquot of 100 mg fresh weight,
consisting of extramatrical mycelium and colonised peat substrate,
was extracted per sample. In pursuit of a high DNA yield,
preparation step no. 5 was slightly modified by the presence of 2 �l
SeeDNA co-precipitant (Amersham Pharmacia Biotech, Freiburg,
Germany) and the pellet was dissolved in 100 �l TE buffer (10 mM
Tris-HCl pH 8.0; 1 mM EDTA).

DNA samples were spectrophotometrically quantified (A260)
with DNA, the quality of which was further proven by agarose gel
electrophoresis.

Cloning and sequencing of ITS regions

Using a total reaction volume of 25 �l and approximately 40 ng
template DNA, fungal ITS amplification was performed with the
universal primer pair ITS1/ITS4 (White et al. 1990) under the
conditions described by Agerer et al. (1996). PCR products were
separated by horizontal gel electrophoresis, recovered from the
agarose using the QIAquick Gel Extraction Kit (Qiagen), and
purified by membrane filtration (Nanosep 100 microconcentrator,
Pall Filtron Corporation, Northborough, Mass., USA). Purified
PCR products were cloned into plasmid pT7 Blue T vector
(Novagen, Madison, Wis., USA) and sequenced on both strands
employing the Cy5-AutoRead Sequencing Kit, the Cy5-dATP
labelling mix and the Alfexpress instrument (Amersham Pharmacia
Biotech). To compute maximum matching of pair-wise calculated
sequence identities and perform a multiple alignment among the
four fungal sequences cloned, nucleotide sequences were subjected
to the DNASIS program (version 2.5, Hitachi Software Engineering
Europe S.A., Olivet Cedex, France) and were analysed using the
Needleman-Wunsch (1970) and Higgins-Sharp (1988) algorithms,
respectively.
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Microscopic determination of the total hyphal length
of Piloderma croceum

Based on the agar film technique (Frankland et al. 1978; B��th and
S�derstr�m 1979), agar-cultivated mycelium was ground in liquid
nitrogen, dissolved in 400 �l distilled water and mixed with a
definite volume of pre-warmed (50�C) 1.5% (w/v) agar solution
(Merck, Darmstadt, Germany). Per sample, six aliquots of the
obtained agar film solution were transferred into a pre-warmed
(50�C) hemocytometer (Neubauer improved, Merck, Germany).
Length of hyphal elements was evaluated with a light microscope
(Axioskop 50, Zeiss, Germany) by counting 10 squares per slide.
To count rhizotron-grown hyphae, extramatrical mycelium was
collected from inoculated seedling roots and mixed with the
colonised peat substrate from the rhizotron. Harvested material was
ground in liquid nitrogen, dissolved in distilled water and
centrifuged (1 min at 1500 g). The pellet was resuspended in
equal volumes of 90% (w/v) lactic acid (Merck, Germany) and
distilled water and three aliquots were transferred into the
hemocytometer for microscopic examination (see above). The
substrate moisture content was determined by oven drying (2 days,
80�C) a sub-sample so that the moist sample could be diluted on a
dry weight basis. The hyphal biomass of saprotropic fungi was
estimated by assessing four non-mycorrhizal control rhizotrons
using exactly the same microscopic procedure as described above.

Piloderma croceum-specific TaqMan PCR

Based on the sequence data of the ITS1 region of Piloderma
croceum, a forward primer P1 (5’GAACCTATTGTAAGGGCC-
CGTAA3’), reverse primer P2 (5’CAACGCTTTTT-AAGGCGAG-
GACA3’) and phosphorylated probe F (5’CCTTTACGTCTTAT-
CACCAACCCATCp3’) were designed, yielding PCR-products
103 bp in length. Probe F was labelled at the 5’ end with the
fluorescent reporter dye FAM, whereas the 3’ end was modified
with the quencher dye TAMRA. These chemical modifications as
well as the phosphorylation of the fluorogenic probe (indicated by p
at the 3’ end) and oligonucleotide syntheses were provided by
Perkin Elmer Applied Biosystems (Weiterstadt, Germany). The
universal amplicon design guidelines reported by Schild (1996) in
combination with the secondary structure calculation tool, operat-
ing in the DNASIS program mentioned above, were used for the
selection of primer sequences and fluorogenic probe, avoiding
sequences that produce internal secondary structures and focusing
on gene probes meeting optimal requirements for TaqMan PCR
technology. PCR was performed in 50-�l reactions (MicroAmp
optical 96-well plates, PE Biosystems), containing 10 �l of varying
concentrations of template DNA, 180 nmol forward primer P1,
240 nmol reverse primer P2, 120 nmol fluorogenic probe F, 25 �l
Universal Master Mix (PE Biosystems), and 12 �l Fluka water
(Sigma-Aldrich, Taufkirchen, Germany). The thermocycler condi-
tions were: 2 min at 50�C, followed by 10 min at 95�C and 35
cycles of 95�C (15 s) and 60�C (1 min). The automated ABI Prism
7700 sequence detector recorded fluorescent light emission by
generating overlapping spectra in the wavelength range from 500 to
660 nm. Data were analysed with the ABI Prism sequence detection
software version 1.6 (PE Biosystems). Controls were performed for
each amplification run by using 10 �l Fluka water instead of 10 �l
template DNA. The absence of fluorescence light emission
indicated that the chemical stock solutions were not contaminated
with DNA. For the plasmid standards and Piloderma croceum
samples tested, a 10-fold dilution series of DNA was made with
Fluka water. Each DNA sample was thermal cycled in duplicate,
confirming identical Ct values for both replicates.

Results

Probe selection for the amplification
of Piloderma croceum by TaqMan PCR technology

The ITS1/ITS4-amplified regions ITS1 and ITS2 and the
5.8S rRNA gene were cloned and sequenced from the
following fungal isolates (EMBL accession numbers
given in parentheses): Cortinarius obtusus (AJ438981),
Piloderma croceum (AJ438982), Tomentellopsis submol-
lis (AJ438983), and Paxillus involutus (AJ438984). Pair-
wise calculated sequence identities ranged from 50 to
64%, indicating distant relationships between all four
species. To meet requirements for optimal PCR technol-
ogy, a forward primer P1, reverse primer P2 and dual-
labelled fluorogenic probe F were designed. By targeting
species-differentiating DNA motifs of the ITS region
(underlined sequences in Fig. 1), a PCR product exclu-
sively from DNA extracts of Piloderma croceum was
expected. Inspection of public electronic databases with
P1, P2 and F by the Blast similarity search program
(http://www.NCBI.nlm.nih.gov/) detected no significant
matches in any other organism except the closely related
species Piloderma byssinum (Karst.) J�l. (Larsen et al.
1997).

Fig. 1 Multiple nucleotide sequence alignment for the ITS1 region
of Paxillus involutus (line 1) in comparison with Cortinarius
obtusus (line 2), Tomentellopsis submollis (line 3), and Piloderma
croceum (line 4) as performed by the algorithm-based analysis
given in Materials and methods. Sequences are numbered (1–281)
from the start of the ITS1 region and bases identical to that of line 1
are indicated by *. Gaps (-) were introduced by the DNASIS
software in order to adjust alignment. The underlined bold areas
indicate the target sequences for the oligonucleotide primer pair P1/
P2, whereas the underlined area represents the target sequence for
fluorogenic probe F- capable of amplifying Piloderma croceum-
DNA by TaqMan PCR technology
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Calibration of TaqMan PCR for the absolute
quantification of Piloderma croceum

A recombinant 3.5-kb pT7 Blue T plasmid containing
630 bp ITS1, 5.8SrDNA, and ITS2 sequences from

Piloderma croceum was used to calibrate real-time PCR.
Starting with an initial concentration of 176 �g DNA/ml,
which represents 1�1012 ITS copies/�l, serial dilutions of
the template DNA made with distilled water over 10
orders of magnitude were employed for TaqMan PCR
with primers P1, P2 and the fluorogenic probe F. The ABI
Prism instrument recorded the fluorescence light emission
for all plasmid DNA concentrations tested (Fig. 2a) that
accumulated with the number of cycles and depended on
the initial number of target copies. By determining the
point in time at which the reporter fluorescence exceeds
the threshold, Ct values were calculated and plotted
against the log of the initial copy number of template
DNA (Fig. 2b). The data indicate that starting amounts of
the recombinant plasmid ranging from at least 108 ITS
copies/�l to 102 ITS copies/�l permit PCR product
amplification within the linear dynamic range of the
fluorescence detection assay. The generated plasmid
DNA standard curve (r = 0.998), therefore, allows
quantification of Piloderma croceum DNA in unknown
samples over a wide range of at least seven orders of
magnitude. No significant fluorescent light emission was
detected when recombinant pT7 Blue T plasmids con-
taining ITS1, 5.8SrDNA and ITS2 sequences from
Tomentellopsis submollis and Cortinarius obtusus were
tested with oligonucleotides P1, P2 and F. Downstream of
PCR cycle no. 30, however, fluorescence signals were
detected when very high copy numbers of a recombinant
pT7 Blue T plasmid (equivalent to 108 ITS copies/�l)
containing cloned ITS1, 5.8SrDNA and ITS2 sequences
from Paxillus involutus, were used (data not shown).

Quantification of agar-cultivated Piloderma croceum
by TaqMan PCR compared with microscopic
determination of fungal biomass

We calculated the input number of DNA molecules as a
biomass indicator by amplifying Piloderma croceum
samples that were isolated from sterile agar-cultivated
mycelia (Table 1). After serially diluting DNA extracts,
real-time PCR was conducted with oligonucleotides P1,
P2 and F. The Ct values obtained allowed quantification
of template DNA when applied to the plasmid DNA

Fig. 2 a Real-time amplification plot of recombinant plasmid
DNA standards containing genomic sequences from Piloderma
croceum. Different numbers of starting copies (marked by symbol
n with individual concentrations not shown here) were analysed
and the fluorescence light emission (DRn) is plotted versus the
number of PCR cycles performed. b Calibration curve for the
absolute quantification of Piloderma croceum DNA. The threshold
number of PCR cycles (Ct value), ranging from 0 to 35 cycles, was
plotted against the log of the starting number of target copies
present per �l extract of plasmid DNA. For gene probes and PCR
conditions see Materials and methods. Both plots were produced by
the ABI Prism sequence detection software

Table 1 Quantification of biomass from agar-cultivated Piloderma
croceum mycelium by direct microscopy of hyphae (mean of six
replicates, plus standard deviations are shown as €) and TaqMan-

based amplification of DNA extracts (mean of two replicates). The
ratio is the data from 30 mg of mycelium (fresh weight) divided by
the data from 10 mg of mycelium

Petri dish Mycelium (mg) Hyphal length (m) Initial ITS copies Hyphal length / ITS copies (m)

1 10 123.49€25.91 5.01�108 2.47�10-7

30 393.05€75.62 1.64�109 2.39�10-7

ratio 3.18 3.28

2 10 112.65€17.63 4.08�108 2.76�10-7

30 322.54€19.01 1.05�109 3.07�10-7

ratio 2.86 2.59

3 10 149.78€7.44 9.64�108 1.55�10-7

30 485.44€79.38 4.92�109 9.87�10-8

ratio 3.24 5.10
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standard curve depicted in Fig. 2b. To validate the results
obtained by the TaqMan PCR technology, we performed
a comparison with data produced by direct microscopy.
As can be seen in Table 1, 0.01 g and 0.03 g mycelium
grown on three different Petri dishes was tested. In
general, conventional microscopy indicated a ratio of 3
for all three Petri dishes, comparing the fungal biomass
quantification from 0.03 g mycelium with the data from
0.01 g mycelium. On average, quantification by fluores-
cent TaqMan PCR technology also tended towards a ratio
of 3 when the data from 0.03 g and 0.01 g mycelium were
compared. There was, however, a higher deviation
associated with real-time PCR among the three agar
cultures examined, that indicated an exceptionally high
biomass determined for Petri dish no. 3 as against a low
biomass for Petri dish no. 2, in agreement with the
microscopic assay.

Quantifying rhizotron-grown mycelium
of Piloderma croceum

After calibrating and validating TaqMan PCR, this
technology was utilised to quantify rhizotron-grown
biomass of Piloderma croceum. Following the successful
production of ectomycorrhizal seedlings, samples were
collected from each rhizotron and processed to isolate
high-molecular-weight genomic DNA. Since the DNeasy
Plant Mini Kit (Qiagen) failed to recover inhibitor-free
DNA suitable for PCR, the preparation method reported
by Bahnweg et al. (1998) was employed to prevent the
possible co-precipitation of PCR-inhibiting compounds
from the rhizotron samples tested. DNA samples were
serially diluted and the number of Piloderma croceum-
specific DNA target copies was estimated by real-time
PCR using the calibration curve depicted in Fig. 2b.
Comparable amounts of extracted template DNA, repre-
senting the same order of magnitude, were found for all
four rhizotrons investigated (Table 2). Furthermore,
rhizotron-grown hyphal length of Piloderma croceum
was estimated by direct microscopy. Peat samples
obtained from the non-mycorrhizal rhizotrons served as
controls to avoid the rhizotron-grown saprotrophic bio-
mass. In this way, we found that rhizotron-grown
saprotrophic fungi represented an average of 0.989 m
total hyphal length per g of oven-dried soil substrate. This
background value was subtracted when counting the
hyphal length of rhizotron-grown hyphae of Piloderma
croceum by microscopy. Notably, dividing the observed
total hyphal length of Piloderma croceum by the calcu-

lated starting copy number of extracted template DNA
resulted in a nearly identical ratio for rhizotrons 1 and 2
and for rhizotrons 3 and 4 (Table 2).

Discussion

Real-time PCR, frequently utilised in clinical diagnosis of
human pathogens (e.g. Manzin et al. 1995; Mensink et al.
1998; Desjardin et al. 1998) but less frequently in plant
and mycological research (B�hm et al. 1999), was
employed here to quantify the mycelial biomass of the
ectomycorrhizal fungus Piloderma croceum on the basis
of pure agar cultures and non-sterile rhizotron chambers.
Following the design of genome-specific PCR probes, this
technology has great potential for performing high-
throughput biomass quantification of ectomycorrhizal
fungal communities from natural as well as artificial
ecosystems, or of species living in intimate contact and
usually difficult to analyse (as reported for several species
of Chroogomphus and Gomphidius growing within man-
tle and rhizomorphs of Rhizopogon or Suillus species;
Agerer 1990, 1991). Therefore, differing morphological
characters or physiological features are no longer required
to distinguish between species. ITS sequences are
promising targets for the design of species-specific gene
probes because they are easy to clone (White et al. 1990)
and they show sequence variability between species. This
makes for extra sensitivity of the PCR assay and
robustness due to the repetitive genome organisation
and reduced within-species diversity.

Conventional microscopic determination of the hyphal
length of Piloderma croceum was utilised here as a
reliable tool to validate the PCR-based results of biomass
quantification. Analysing the results from two given
amounts of agar-cultivated mycelia, the microscopic
observation technique gave the most reliable results with
all three Petri dishes examined. In contrast, fluorescent
PCR technology provided unreliable data from two of the
three Petri dishes tested, with conspicuous relative
differences, especially for dish no. 3 resulting in a 1.5-
to 3-fold lower ratio of hyphal length to number of ITS
copies.

As fungal cultures start ageing at the centre, resulting
in hyphae of different vitality, a lower DNA content in the
more senescent part of the mycelium could be a reason for
the differences found. However, the cultures used were
exactly the same age and had been grown under identical
conditions resulting in a regular distribution of old and
young hyphae in all the samples. On the other hand, a

Table 2 Quantification of bio-
mass from rhizotron-grown Pi-
loderma croceum mycelium by
direct microscopy of hyphae
(mean of three replicates) and
TaqMan-based amplification of
DNA extracts (mean of two
replicates)

Rhizotron Hyphal length
(m per g dry soil)

Initial ITS copies
(per g dry soil)

Hyphal length / ITS copies
(m)

1 4.27 1.82�107 2.35�10-7

2 5.84 2.33�107 2.51�10-7

3 4.30 4.67�107 9.21�10-8

4 3.60 3.73�107 9.65�10-8
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non-exponential increment of PCR products may have
occurred in dishes 2 and 3. As expected in theory (Schild
1996), Ct values should increase exactly in steps of 3.321
(the decadic logarithm of 10) in the ideal case of a non-
inhibited amplification, when a 10-fold dilution series of
the template DNA is compared by TaqMan PCR. Taking
into account the dilution experiment performed with
template DNA of Petri dish no. 1, the detected Ct values
fit perfectly with the Ct values predicted (see above). This
experiment, therefore gives a ratio of 3 when the PCR-
based quantification results from 0.03 g and 0.01 g of
mycelium extracted are compared. For Petri dishes 2 and
3, the 10-fold dilution series of template DNA showed Ct
values ranging between 3.31 and 3.53 (data not shown).
In general, this indicates an imprecise exponential
increment of PCR products. Assuming similar DNA
recovery rates from small and large amounts of cultivated
mycelia, as certainly occurred in the case of Petri dish
no.1, PCR-inhibiting substances (e.g. carbohydrates and
secondary metabolites; Tan et al. 1998) could be respon-
sible for the non-exponential amplification of template
DNA. These substances, co-purified with template DNA,
were possibly introduced prior to DNA isolation by
harvesting mycelia with small amounts of agar contam-
ination or were produced by the cultivated fungi them-
selves. Careful inspection of the computer-registered Ct
values within a 10-fold dilution series of template DNA
thus represents a suitable and stringent quality control
standard to recognize artefacts produced by fluorescent
PCR technology in association with poor quality of
extracts.

The extraction of inhibitor-free template DNA also
played a key role in the employment of the TaqMan assay
to quantify rhizotron-grown mycelium of Piloderma
croceum. After replacing Qiagen’s standard preparation
protocol by the laborious method developed by Bahnweg
et al. (1998), we successfully isolated high-molecular-
weight genomic DNA from rhizosphere samples of
colonised spruce seedlings and peat substrate. We subse-
quently amplified the 103-bp diagnostic marker fragment
by fluorescent PCR technology. We did not include an
external control for similar recovery rates of Piloderma
croceum DNA from all samples extracted and this appears
unnecessary in the light of the comparable biomass yields
reported here for four different mycorrhizal rhizotrons.
Moreover, no abnormal Ct values were obtained among a
10-fold dilution series of template DNA (data not shown).
In contrast to the ectomycorrhiza revealed in a large
number of seedlings 5 months after inoculation, the
biomass measured for the rhizotron-grown fungus using
direct microscopy was small relative to the maximum
possible growing amount extrapolated by Read (1992) for
Paxillus involutus. On average, a total hyphal length of
4.5 m per g oven-dried soil was measured in our rhizotron
experiments in the case of Piloderma croceum, whereas a
maximum of 200 m hyphal length per g oven-dry soil was
extrapolated for Paxillus involutus (Read 1992). This
reflects vastly different types of ectomycorrhiza with
regard to structure, extension, and biomass (according to

Agerer 2001). The results obtained from the TaqMan-
based quantification of rhizotron-grown mycelia lie
within the range of the results obtained from the sterile
cultures, i.e. approximately 0.9–3 x 107 m of hyphal
length per ITS copy.

Based on the procedure of Bahnweg and co-workers
stated above, we failed to obtain DNA of Piloderma
croceum from a native sandy forest soil (horizon Ah-Bv;
mean pH 4.35) previously colonised by this species.
However, additional protocols exist for recovering DNA
from recalcitrant soil sources (e.g. Cullen and Hirsch
1998; Sanseverino et al. 2002) but these are not expected
to be a universal tool for analysing all environmental
settings due to the very wide diversity in texture and soil
chemical content and their effects on DNA extraction and
subsequent PCR assays (reviewed by Nazar et al. 1997;
Kowalchuk 1999). The distribution and possible applica-
tion of real-time PCR technology within the field of
ectomycorrhizal research, as recently established for
detection and quantification of soil bacteria in pure
cultures as well as environmental samples (Bach et al.
2002), will strongly depend on the availability of fungal-
DNA extraction protocols for different types of soil.
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