
HAL Id: hal-04188449
https://hal.inrae.fr/hal-04188449

Submitted on 25 Aug 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Spatial distribution of the below-ground mycelia of an
ectomycorrhizal fungus inferred from speci¢c

quanti¢cation of its DNA in soil samples
Alice Guidot, Jean-Claude Debaud, Roland Marmeisse

To cite this version:
Alice Guidot, Jean-Claude Debaud, Roland Marmeisse. Spatial distribution of the below-ground
mycelia of an ectomycorrhizal fungus inferred from speci¢c quanti¢cation of its DNA in soil samples.
FEMS Microbiology Ecology, 2002. �hal-04188449�

https://hal.inrae.fr/hal-04188449
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Spatial distribution of the below-ground mycelia of an
ectomycorrhizal fungus inferred from speci¢c quanti¢cation of its

DNA in soil samples

Alice Guidot, Jean-Claude Debaud, Roland Marmeisse �

Laboratoire d’Ecologie Microbienne (UMR CNRS 5557), Universite¤ Claude Bernard Lyon 1, Ba“timent A. Lwo¡, 43 Boulevard du 11 Novembre 1918,
F-69622 Villeurbanne Cedex, France

Received 18 April 2002; received in revised form 30 July 2002; accepted 23 August 2002

First published online 5 October 2002

Abstract

In natural forest ecosystems several ectomycorrhizal fungal species cohabit on host plant root systems. To evaluate the ecological and
functional impact of each species, it is necessary to appreciate the distribution and abundance of its mycelia in the soil. We developed a
competitive PCR (cPCR) method for the basidiomycete Hebeloma cylindrosporum that allows quantification of its DNA in complex DNA
mixtures extracted directly from soil samples. The target sequence chosen for the cPCR analysis was a 533-bp fragment of the nuclear
ribosomal intergenic spacer, amplified using two species-specific primers. The detection threshold of the cPCR protocol developed was
0.03 pg of genomic DNA. This method was applied to soil samples collected from beneath and at various distances from a group of fruit
bodies in a Pinus pinaster forest stand. The results revealed that H. cylindrosporum below-ground biomass was concentrated directly
underneath the fruit bodies or very close to them, while no DNA of this species could be detected in soil samples collected at more than 50
cm away. In the vicinity of fruit bodies, H. cylindrosporum soil DNA concentration varied considerably (between 10 and 0.07 ng g soil31)
and decreased sharply with increased distance from the fruit bodies. This work demonstrates the potential of competitive quantitative
PCR for the study of the distribution, abundance and persistence of the mycelia of an ectomycorrhizal fungal species in soil.
7 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Although many fungal species can be grown in vitro,
most of them cannot be isolated from complex environ-
ments such as soil due to the slow growth rate of their
mycelia and the absence of truly selective media. This
particularly applies to those species that do not form asex-
ual spores including numerous saprophytic basidiomy-
cetes, the ectomycorrhizal fungal symbionts and several
soil-borne pathogens (e.g. Rhizoctonia sp.). These species
are therefore untraceable over the mycelial stage of their
life cycle. Their presence in the environment can only be

detected through the fruit bodies that some of these spe-
cies occasionally form, or through the symptoms they pro-
duce on compatible host plants (pathogenic species), or
through the mycorrhizas they form on root systems.
If we refer to the symbiotic ectomycorrhizal (ECM) spe-

cies, recent studies, based on the sampling of root tips and
the subsequent identi¢cation of the fungal partner at the
species level by combining morpho- and molecular typing
methods, have greatly contributed to our understanding of
the spatial composition and temporal dynamic of ECM
fungal communities [1^9]. None of these studies, however,
has so far taken into account the extramatrical mycelia,
which explore the soil scavenging nutrients, a fraction of
which is transferred to the host plant. Identi¢cation of
mycelia at the species level and quanti¢cation of their
biomass in soils are necessary in order to evaluate the
ecological and functional impact of a given species in its
natural environment. Speci¢cally, species within a commu-
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nity have been ranked according to their abundance on
root systems [2,3,5,7^9], and the same ranking would not
necessarily be obtained if the total biomass of each species
in the soil (mycorrhizas+extramatrical mycelium) was used
as the classi¢cation criterion. It is indeed known that
ECM species di¡er in the amount of extramatrical myce-
lium they produce. This ranges from species producing
‘smooth’ mycorrhizas from which no or few hyphae ema-
nate, to species di¡erentiating hyphal cords or rhizo-
morphs that explore the soil several centimeters away
from the root system [10]. It can also be asked if the
clumped distribution of mycorrhizas or fruit bodies of
many of the species re£ects a clumped distribution of their
mycelia. Connected to this latter question is the survival
potential in a truly saprophytic stage of mycelia of sym-
biotic ECM species. In the absence of speci¢c detection
tools for the mycelia in the soil, some of these questions
have so far been tentatively addressed using either single
species microcosms in the laboratory [11], or by consider-
ing the whole ECM community without any distinction
between species [12].
Species-speci¢c detection and biomass quanti¢cation of

microorganisms present in complex environments (e.g.
soil, sediments or activated sludge) without prior isolation
have been achieved through PCR-based methods that
identify DNA extracted directly from environmental sam-
ples. These methods have been widely applied in bacterial
studies (e.g. [13^16]), but rarely for soil-borne fungal spe-
cies. The use of soil DNA in mycology has essentially been
restricted to the qualitative analysis of communities [17^
22], or to the detection without quanti¢cation of speci¢c
pathogens or saprophytic species by PCR using species-
speci¢c primers [23^25]. This latter method can be made
quantitative by including a known amount of a competitor
sequence in the PCR mix [26]. A competitor sequence is a
plasmid-cloned DNA fragment that is homologous to the
genomic sequence to be quanti¢ed except in that it di¡ers
from the genomic sequence by, for example, an insertion
or a deletion so that both PCR-ampli¢ed sequences can
easily be distinguished in gel electrophoresis and quanti-
¢ed separately. As both sequences are ampli¢ed simulta-
neously with the same primer pair, the ¢nal ampli¢cation
ratio of the two sequences is proportional to the initial
(known) amount of competitor sequence and unknown
(to be quanti¢ed) amount of target sequence added to
the PCR mix. For the purposes of detecting a sequence
in an environmental sample, competitive PCR (cPCR)
presents an advantage over traditional ‘single target
PCR’ in that ‘false negatives’ (absence of ampli¢cation
product resulting from such as the presence of inhibitory
molecules) can be immediately identi¢ed as the added
competitor will not be ampli¢ed either. So far, cPCR
has not been used to track mycelia of ECM species in
forest soils. It has, however, been successfully used to
quantify the growth of a genetically modi¢ed strain of
the mycoparasitic fungus Trichoderma virens [27] and the

growth of the nematophagous fungus Verticillium chlamy-
dosporium [28] inoculated in a soil.
In this study, we developed a cPCR method for the

detection and quanti¢cation of DNA of the ECM agaric
fungus Hebeloma cylindrosporum growing naturally in soil,
in order to delimit the boundaries of the territories occu-
pied by its mycelia, and to estimate below-ground biomass
distribution within these territories. In our previous stud-
ies we have de¢ned the spatial structures and temporal
dynamics of populations of this species based on the anal-
ysis of both fruit bodies and mycorrhizas [29^31]. We have
shown that mycorrhizas of this species are not found more
than 10^20 cm away from fruit bodies [31]. In this study,
we speci¢cally address whether the pattern of soil myce-
lium abundance matches the pattern observed for mycor-
rhizas. We discuss our results in terms of sampling design
and consider the limitations of cPCR when used for the
quanti¢cation of the biomass of ¢lamentous fungi in soil.

2. Materials and methods

2.1. Soil characteristics and sample collection

Soil samples were collected in November 2000 in a 60-
year-old Pinus pinaster forest stand located 50 km west of
Bordeaux in south-west France (TVF site in [31]). This site
is characterized by a sandy soil (98^99% non-calcareous
sand, 0.5^3% organic matter, pH (in water) about 5.7)
with no obvious horizons as a result of local forest man-
agement, which prevents litter and humus accumulation.
To quantify soil mycelial distribution around fruit

bodies of H. cylindrosporum, a group of 24 fruit bodies
(approximately 0.2 m2) was selected and a regular, grid-
based sampling design was used for the collection of soil
cores either directly underneath the patch of fruit bodies
or outside of it (Fig. 2A). Fruit bodies were mapped and
distances between the center of each soil core and the fruit
bodies were measured. As most of the ¢ne roots were
distributed in the ¢rst 10 cm of soil, we collected
10U10U10 cm soil cores. Cores of soil were grossly sieved
to remove pieces of long root and large organic debris,
thoroughly homogenized by hand and for each homoge-
nized core three 0.5 g sub-samples were taken and stored
at 370‡C until DNA extraction.

2.2. Soil DNA extraction and quanti¢cation

DNA was extracted from the 0.5 g soil samples using
the commercial Fast DNA SPIN Kit for Soil (Bio101)
whose principle is outlined below. Cells were mechanically
broken for 1 min at room temperature in the presence of
supplied bu¡er and glass beads in a bead-beater (1800
strokes min31, mikro-dismembrator U, Braun Biotech).
Elimination of contaminants and DNA puri¢cation are
based on the selective adsorption of DNA onto a silica-
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based binding matrix. DNA was eluted using 50 Wl H2O
and a ¢nal 45 Wl solution was routinely obtained and
stored at 320‡C. DNA concentration and integrity were
estimated by running 2 Wl of each extract in parallel with
known amounts of calf thymus DNA in 0.8% agarose gels
in 0.5UTBE (0.04 M Tris^HCl, 0.04 M boric acid, 1 mM
Na2EDTA, pH 8.0). Images of the ethidium bromide-
stained gels were captured and digitized using a video
camera and the gel Doc 1000 system (Bio-Rad). The con-
centration of high molecular mass DNA in the samples
was estimated using the Molecular Analyst Software
(Bio-Rad) by comparison to a standard curve constructed
using the known amounts of calf thymus DNA run in
parallel.

2.3. Competitor and primer speci¢city

The target sequence chosen for the quanti¢cation of H.
cylindrosporum DNA was a 533-bp fragment located with-
in the nuclear rDNA untranscribed intergenic spacer 2
(IGS2), which spans between the 3P-end of the 5S and
the 5P-end of the 18S rDNA genes. This fragment is in-
cluded within the cloned IGS2-b fragment ([32], sequence
accession No. AJ006147) and was ampli¢ed using primers
IGS2A (5P-TTAACTAGCCCAACCCCACTTT-3P) [32]
and IGS2B (5P-CCTTTCAGACTTTCCCTCCATA-3P).
To create a competitor, we inserted into the unique SacI

site of the cloned IGS2-b sequence a 225-bp SacI-SacI
fragment originating from the H. cylindrosporum nar1
gene [33]. Plasmids were propagated in Escherichia coli
DH5K and plasmid DNA puri¢ed using commercial col-
umns (Qiagen). The primer pair IGS2A+IGS2B ampli¢es

both target and competitor which can easily be distin-
guished from each other in agarose gels owing to the
225-bp size di¡erence between them (Fig. 1).
Because IGS2 has only been partially sequenced from

one H. cylindrosporum strain [32] and from very few other
fungal species, the speci¢city of the IGS2A+IGS2B primer
pair towards H. cylindrosporum DNA was tested by PCR
using genomic DNA extracted from (i) 24 H. cylindrospo-
rum haploid strains representative of the 24 IGS RFLP
alleles identi¢ed in this species [32], (ii) 10 di¡erent Hebe-
loma species representative of at least ¢ve of the eight
clades de¢ned in this genus by Aanen et al. [34] and
(iii) 21 other saprophytic or ECM basidiomycete species
whose fruit bodies were collected within the study site.
Strains of Hebeloma are maintained in the culture collec-
tion of the laboratory. Mycelia were grown as previously
described [29] and DNA was extracted from lyophilized
mycelia or fruit bodies according to van Kan et al. [35].
PCR conditions were as described below for the quanti¢-
cation of H. cylindrosporum in soil DNA extracts, except
that 20 ng of genomic DNA were used.

2.4. Competitive PCR and quanti¢cation

To minimize pipetting inaccuracies, PCR mixes were
prepared using 6 Wl of a 1/6 dilution of soil DNA extract
and 6 Wl of a 1/6 dilution of plasmid-cloned competitor
solution at 10, 1 or 0.1 pg Wl31. In addition to the target
and competitor DNAs, the 25-Wl PCR mixes contained
400 nM of each primer (IGS2A and IGS2B), 200 nM of
each dNTP, 1.5 mM MgCl2, 0.5% (w/v) bovine serum
albumin, the bu¡er supplied by the manufacturer (Gib-

Fig. 1. Standard curves for the quanti¢cation of H. cylindrosporum DNA by cPCR constructed using 10, 1 or 0.1 pg of plasmid-cloned competitor and
di¡erent amounts of puri¢ed H. cylindrosporum (H.c.) genomic DNA (from 0.03 to 250 pg). Top panel: Illustration of SYBR Gold-stained agarose gels
of the di¡erent ampli¢cation products obtained after 35 PCR cycles. Each cPCR reaction was repeated three times and each point of the curves shown
below corresponds to the log of the mean value of the ratios ampli¢ed target/ampli¢ed competitor obtained from the separate quanti¢cation by image
analysis of the ampli¢cation products.

FEMSEC 1432 7-11-02

A. Guidot et al. / FEMS Microbiology Ecology 42 (2002) 477^486 479



FEMSEC 1432 7-11-02

A. Guidot et al. / FEMS Microbiology Ecology 42 (2002) 477^486480



co-BRL) and 1 U of Taq DNA polymerase. Ampli¢cation
conditions were as follows: initial denaturation at 95‡C
for 3 min and then 35 cycles of 95‡C for 2 min, 55‡C
for 1 min, and 72‡C for 3 min. Reactions were completed
with a 7-min extension step at 72‡C. Control reaction
mixtures without DNA were always run in parallel to
ensure that there was no contaminating DNA in the solu-
tions. The ampli¢cation products (25 Wl) were separated
by electrophoresis in 2.5% agarose gels (1.66% Multipur-
pose agarose and 0.83% Standard agarose (Q.BIOgene)) in
0.5UTBE bu¡er for 4 h at 120 V. The gels were stained
for 1 h with SYBR Gold1 according to the manufactur-
er’s instructions (Molecular Probes) and destained in
water for 3 h. The relative amounts of ampli¢ed products
(target and competitor DNA) were quanti¢ed by image
analysis as described above for the soil DNA extracts.
To determine the quantity of target DNA initially present
in the PCR mix before ampli¢cation, the log value of the
ratio ampli¢ed target/ampli¢ed competitor was reported
on the standard curve corresponding to the quantity of
competitor added to the PCR mix (Fig. 1).

2.5. Construction of the standard curves

Standard curves were constructed by amplifying di¡er-
ent known amounts of target genomic DNA with a con-
stant amount of competitor. A standard curve was ob-
tained by plotting the log values of the ampli¢cation
ratios of target DNA/competitor against the log values
of the target DNA (pg genomic DNA) added to the
PCR mix before ampli¢cation (Fig. 1). As preliminary
experiments showed that the di¡erent soil samples con-
tained very di¡erent amounts of target DNA, three di¡er-
ent standard curves were constructed, each with one of the
following amounts of plasmid-cloned competitor: 10, 1
and 0.1 pg. When combined, these three curves allowed
the quanti¢cation of between 0.03 and 250 pg genomic
DNA added to the cPCR reaction (Fig. 1). The H. cylin-
drosporum DNA used to construct the standard curves
was extracted from freeze-dried mycelium of the haploid
strain h1 by the method of Van Kan et al. [35], further
puri¢ed using the Fast DNA SPIN Kit for Soil and quan-
ti¢ed by optical density at 260 nm. Similar standard curves
were obtained using, as target, H. cylindrosporum-puri¢ed
genomic DNA mixed into a Q-ray-sterilized soil sample
prior to puri¢cation by the Fast DNA SPIN Kit for
Soil, thus showing that any co-extracted contaminating

chemicals had no signi¢cant e¡ect on the accuracy of
the cPCR.

2.6. Other ampli¢ed sequences

As controls, additional DNA sequences were ampli¢ed
from either fruit body or soil DNA. These sequences and
the corresponding primers used for their ampli¢cation
were (i) the fungal ribosomal ITS with primers 2234C
(5P-GTTTCCGTAGGTGAACCTGC-3P) and 3126T (5P-
ATATGCTTAAGTTCAGCGGGT-3P) [36], (ii) a 248-bp
fragment of the H. cylindrosporum nitrite reductase gene
(nir1, sequence accession No. AJ238664) with primers
NIR1U (5P-GGGGTACCGGGCGGGAGGTCATCT-
TC-3P) and NIR1L (5P-CGGAATTCCACACGGTTATA-
GGCGAAG-3P) and (iii) a 945-bp fragment of the nir1
gene with primers NIR1U and NIR2L (5P-GCTCTA-
GAGTTGGTGAGAACCTGAACGC-3P). PCR protocols
were identical to the one used for quanti¢cation by cPCR
except that 37 cycles were performed on 1 Wl of soil DNA
solution or 20 ng of fruit body DNA.

2.7. Statistics

PCR reactions for the construction of standard curves
were repeated three times. For each soil extract, cPCR
ampli¢cations were performed three times. Results are
presented as mean values S S.E.

3. Results

3.1. Ampli¢ed sequences and primer speci¢city

In preliminary experiments, di¡erent primer pairs am-
plifying DNA sequences of various lengths and present in
one or multiple copies per genome, were tested on 16 soil
DNA extracts containing H. cylindrosporum DNA (sam-
ples a1 to d4, Fig. 2). Reliable ampli¢cation of single copy
genes was problematic. Reliable but low yield ampli¢ca-
tion of a 248-bp fragment of the nir1 gene could be ob-
tained with primers NIR1U/NIR1L while, under our PCR
conditions, a 945-bp fragment of this gene could not be
ampli¢ed from any of the 16 samples tested using primers
NIR1U/NIR2L (data not shown).
In contrast to the single copy sequences, strong and

reproducible ampli¢cations were obtained for the 533-bp

6

Fig. 2. Quanti¢cation of H. cylindrosporum genomic DNA by cPCR in soil samples collected from beneath and around a group of fruit bodies. A: Lo-
cation of the 41 10U10U10 cm soil samples (represented as crosses drawn to scale) and of the 24 fruit bodies (represented by dots). B: Amounts of to-
tal DNA extracted from each soil sample: mean values S S.E. (three di¡erent 0.5-g sub-samples were extracted for each soil sample). C: Detection and
quanti¢cation of H. cylindrosporum (H.c.) genomic DNA in the di¡erent samples. The SYBR Gold-stained gel illustrates one of the cPCR reactions car-
ried out on the di¡erent soil extracts with di¡erent amounts of competitor DNA; lane ‘3DNA’ contains a control PCR without added DNA. The
quantities of H. cylindrosporum DNA initially present in the soil samples were determined from the ratio ampli¢ed target/ampli¢ed competitor according
to the amounts of competitor DNA added to the cPCR mix. Mean values S S.E. are given in the graph below (three di¡erent 0.5-g sub-samples were
extracted for each soil sample and three cPCRs were performed for each soil extract).
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multi-copy IGS2 fragment using primers IGS2A and
IGS2B. Because the IGS sequence was known to be highly
variable in H. cylindrosporum [32], we veri¢ed that primers
IGS2A/IGS2B ampli¢ed a single 533-bp DNA fragment
from the 24 known H. cylindrosporum IGS-RFLP alleles
of unknown sequences (data not shown). Primer speci¢city
towards H. cylindrosporum was tested using DNA ex-
tracted from 31 basidiomycete species, including 10 di¡er-
ent Hebeloma species. In no case was an ampli¢cation
product obtained, while all control ampli¢cations of the
ITS sequences using primers 2234C/3126T were positive
(Fig. 3).

3.2. Optimization of the cPCR conditions

Two parameters that can a¡ect quanti¢cation by cPCR
were evaluated: the number of PCR cycles and the total
amount of DNA present in the PCR mix. The ampli¢ca-
tion ratio of target over competitor DNA remained con-
stant between 25 and 40 cycles ; a higher ratio (i.e. prefer-
ential ampli¢cation of the smaller, target DNA fragment)
was obtained with 45 cycles. Although the mean value of
the ratio remained constant for 40 cycles, this number of
cycles resulted in variable ampli¢cation yields between re-
peats. Therefore, 35 cycles was chosen for quanti¢cation
as this gave the highest and most consistent ampli¢cation
yields. To estimate the in£uence of the amount of foreign
DNA on cPCR we added between 0.1 and 10 ng of calf
thymus DNA to a PCR reaction containing 1 pg of com-
petitor DNA and 1 Wl of a soil DNA extract containing an
unknown amount of H. cylindrosporum DNA. An ampli-
¢cation ratio of 0.73 was obtained whatever the amount of
foreign DNA added. This result indicated that cPCR
could be conducted on a ¢xed volume of soil DNA extract
instead of on a ¢xed amount of DNA which would have
necessitated making dilutions leading to a decrease in sig-
nal intensity.
Using the PCR conditions described above, bands addi-

tional to those from the competitor and target DNAs were
resolved following electrophoresis (Fig. 1). Such bands,
commonly observed in cPCR (e.g. [13]), are usually inter-
preted as being produced by heteroduplex DNA resulting
from hybridizations between the homologous target and
competitor sequences. The presence of such bands did not
a¡ect quanti¢cation because (i) both target and competi-
tor were equally a¡ected and (ii) we were able to separate
them by electrophoresis from both target and competitor
ampli¢cation products (Fig. 1). As a result, the di¡erent
and overlapping standard curves used for quanti¢cation
were linear over a wide range of target DNA concentra-
tions (from 0.03 to 250 pg Wl31, Fig. 1). The detection
threshold of target DNA corresponded to about 0.03 pg
of genomic DNA using 0.1 pg of competitor DNA. Reli-
able quanti¢cation could not be achieved when 0.01 pg of
competitor DNA was used.

3.3. DNA extraction from soil samples and quanti¢cation of
H. cylindrosporum DNA

The use of the Fast DNA SPIN Kit for soil (Bio101)
enabled puri¢cation of high molecular mass, undegraded
DNA from the 0.5-g samples collected in the ¢eld. The 41
soil cores analyzed (Fig. 2A) contained variable amounts
of extractable DNA with a mean value of 1.12 Wg g soil31

(minimum: 0.24 Wg g31, maximum: 2.35 Wg g31, S.E. = 88)
(Fig. 2B). Similar mean values and range of variation in
the amount of extractable DNA were obtained for soil
cores collected from beneath or near the patch of fruit
bodies (inner 1 m2 sampling grid, 16 samples a1 to d4,
Fig. 2A) and those collected farther away from the fruit
bodies (outer 25 m2 grid, 25 samples AI to EV, Fig. 2A).

H. cylindrosporum DNA was detected in the 18 soil
samples collected less than 50 cm away from the fruit
bodies (i.e. the 16 samples of the inner sampling grid
plus samples CII and DII taken at the edges of this
grid), but not in any of the 23 samples collected farther

Fig. 3. Speci¢city of the PCR primers IGS2A/IGS2B towards H. cylindrosporum DNA. A: The primer pair IGS2A/IGS2B failed to amplify any se-
quence from the genomic DNA extracted from 31 basidiomycete species. The small, prominent bands present in some tracks are primer artefacts.
B: Control positive ampli¢cations of the ITS sequence using primers 2234C and 3126T. T.t., Thelephora terrestris ; L.p., Lycoperdon perlatum ; R.r., Rhi-
zopogon roseolus ; S.b., Suillus bovinus ; A.c., Amanita citrina ; A.g., Amanita gemmata ; A.m., Amanita muscaria ; C.l., Cantharellus lutescens ; C.a., Corti-
narius albaviolaceus ; C.c., Cortinarius cinnamomeolutescens ; D.s., Dermocybe semisanguineus ; E.c., Entoloma cetratum ; H.a., Hygrophoropsis aurantiaca ;
I.g., Inocybe gausapata ; I.g.l., Inocybe geophylla var. lilacina ; L.l., Laccaria laccata ; L.d., Lactarius deliciosus ; L.h., Lactarius hepaticus, O.f., Omphalina
¢bula ; T.a., Tricholoma auratum ; T.p., Tricholoma pessundatum ; H.ci., Hebeloma cistophilum ; H.sp., Hebeloma spoliatum ; H.me., Hebeloma meso-
phaeum ; H.cr., Hebeloma crustuliniforme ; H.sa., Hebeloma sarcophyllum ; H.hi., Hebeloma hiemale ; H.va., Hebeloma vaccinum ; H.ra., Hebeloma radico-
sum ; H.bu., Hebeloma bulbiferum ; H.ca., Hebeloma cavipes ; H.c., Hebeloma cylindrosporum ; 3DNA, control reaction without added DNA.
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away (Fig. 2C). In these 23 samples, ampli¢cation of the
target sequence could not be achieved even in the absence
of added competitor. The successful ampli¢cation of the
competitor molecule (initial amount 0.1 pg) when added to
these DNA samples demonstrated that ampli¢cation was
not being prevented by any inhibitory compounds present
in the samples (Fig. 2C).
In the 18 soil samples in which target DNA was de-

tected (represented by 18U3= 54 di¡erent DNA extracts),
quanti¢cation could be performed using 1 or even 10 pg of
competitor (Fig. 2C). For some of the samples (e.g. sample
a1 or d4), a more accurate quanti¢cation was nevertheless
achieved using 0.1 pg of competitor. The amount of H.
cylindrosporum DNA detected varied considerably (be-
tween 0.07 and 10 ng g soil31), with the two highest values
corresponding to the two soil cores collected immediately
underneath the fruit bodies (samples b3 and c3, Fig. 2A).
There was a negative correlation between the concentra-
tion of H. cylindrosporum DNA in soil and the distance
between the center of the soil sample and the nearest fruit
body (Spearman rank coe⁄cient b=30.7, signi¢cance lev-
el of P6 0.001) (Fig. 4).

4. Discussion

4.1. cPCR enables the speci¢c detection and quanti¢cation
of the mycelium of an ECM fungus in a forest soil

Despite its role in plant nutrition and fruit body forma-
tion, the extramatrical mycelium of ECM fungi has never
been quanti¢ed together with the corresponding mycorrhi-
zas and fruit bodies. In this study, DNA was extracted
from soil samples using a commercial extraction kit pre-

viously used and evaluated for the study of soil bacterial
and fungal DNA [17,18,37]. This method enabled the re-
producible isolation of H. cylindrosporum DNA from a
forest soil. Although the soil we used in this study was
sandy and contained a low level of organic matter (two
factors that could explain its low DNA content), this ex-
traction kit is known to perform well with more complex
soils such as cultivated ones [18,37]. It might, however, be
necessary to modify and improve the DNA extraction
conditions for the more conventional forest soils that are
characterized by a high content of organic matter [38^41].
When attempting to quantify low amounts of a speci¢c

DNA molecule of prokaryotic or eukaryotic origin in bulk
soil DNA extracts, cPCR appeared much more sensitive
when applied to a DNA sequence present in multiple cop-
ies per genome. This was the reason why a fragment of the
nuclear rDNA repeat unit was selected in this study.
Although the number of rDNA repeated units per haploid
genome has not been quanti¢ed in the case of H. cylin-
drosporum, for the basidiomycete Coprinus cinereus it has
been estimated to be in the range 60^90 [42], and to be
about 120 in the basidiomycete Schizophyllum commune
[43]. Similarly, insertion sequences (IS elements) have
been used for cPCR quanti¢cation of bacterial cells [44].
In contrast to the IGS sequence, numerous fungal ITS1^
5.8S^ITS2 sequences (which span between the 3P-end of
the 18S and the 5P-end of the 26S rDNA genes) are now
available in the databases. In the future, these sequences
could be targetted to design primers for cPCR which could
¢rst be tested in silico for speci¢city. As intraspeci¢c var-
iations in the ITS sequences have, however, been reported,
the speci¢city of these primers would still need to be tested
experimentally on di¡erent isolates of the species studied.
The cPCR protocol we developed had a detection thresh-
old of about 0.03 pg Wl31 of genomic DNA added to the
PCR mixture. This corresponds to about 3 pg of H. cylin-
drosporum DNA present in 1 g of soil (a 45-Wl DNA so-
lution was obtained from 0.5 g of soil). It may be possible
to lower this threshold using, for example, high yield Taq
DNA polymerases or more sensitive detection methods
such as ‘real time quanti¢cation of PCR products’ (using,
for example, the ABI Prism 7700 Sequence Detection Sys-
tem). However, in a study on Mycobacterium tuberculosis,
comparison of the ABI 7700 system and cPCR for quan-
ti¢cation of its DNA showed that the two PCR systems
were comparable with respect to reproducibility and accu-
racy [44].
In similar studies carried out on bacteria, the DNA

quantities measured are usually converted into cell num-
bers and the results expressed in terms of the number of
cells per gram of soil [14,15]. If such a conversion factor
can easily be obtained and appears meaningful in the case
of unicellular microorganisms, this is not the case for ¢l-
amentous organisms. Not only do many fungal species
have variable numbers of nuclei per cell, but even for
the strictly dikaryotic cells of ¢eld isolates of H. cylindro-

Fig. 4. Negative correlation between the amount of H. cylindrosporum
(H.c.) DNA detected in the soil and the distance of the soil core to the
nearest fruit body.

FEMSEC 1432 7-11-02

A. Guidot et al. / FEMS Microbiology Ecology 42 (2002) 477^486 483



sporum, cell length and volume vary considerably within a
thallus. In most studies, fungal biomass in complex envi-
ronments is usually evaluated by measuring the total hy-
phal length, or by assaying speci¢c molecules such as chi-
tin or ergosterol (e.g. [45]). For the purposes of comparing
the spatial variations of a single species biomass, express-
ing the results in terms of the amount of DNA per gram
of soil may be su⁄cient. This was the main purpose of the
work undertaken with H. cylindrosporum. However, if the
purpose of the study is to compare the relative amounts of
mycelia of several species occurring together in soil, the
establishment of conversion factors between DNA and
biomass would appear necessary.

4.2. The use of cPCR for the study of H. cylindrosporum
mycelia abundance

When cPCR was used to estimate the abundance of H.
cylindrosporum DNA underneath and around a patch of
its fruit bodies, it revealed that the below-ground biomass
of this species was concentrated directly underneath the
fruit bodies or very close to them, while no DNA could
be detected in soil samples collected more than 50 cm
away. These results are in agreement with those obtained
from the analysis of mycorrhizas [31]. However, compared
to the analysis of individual mycorrhiza, the cPCR method
presents the following advantages. Firstly, despite the ini-
tial methodological developments, once running, cPCR
allows the rapid analysis of many di¡erent soil samples,
compared to the analysis of mycorrhizas which necessi-
tates the laborious sampling of mycorrhizal short roots
under the microscope and their separate analysis. Sec-
ondly, for the purpose of quantifying the relative abun-
dance of a mycorrhizal species in a soil sample, the use of
cPCR is more straightforward compared to the estimation
of the relative abundance of mycorrhizas formed by a
single species. Thirdly, cPCR quanti¢cation takes into ac-
count the extraradical mycelium. In addition, the detection
of soil mycelia by cPCR seems to be more sensitive than
the detection of mycorrhizas. Indeed, in the present study
we detected the mycelia of H. cylindrosporum at more than
40 cm away from the fruit bodies whereas, in a previous
study, mycorrhizas could not be found at more than 10^20
cm distance [31]. In the case of H. cylindrosporum, which
produces undi¡erentiated (not aggregated) hyphae ema-
nating from the mycorrhizas, it is not possible at this stage
to conclude whether the mycelium detected 50 cm away
from the fruit bodies is connected to mycorrhizas located
at less than 20 cm from the fruit bodies or, alternatively, if
a low density of H. cylindrosporum mycorrhizas exists at a
distance of 50 cm from the fruit bodies.
The results obtained on the spatial distribution of my-

celia of H. cylindrosporum in soil further indicate that
some ECM species have a discontinuous and aggregated
distribution in forest stands. This patchy distribution of
mycelia in forest stands could be a response to the hetero-

geneous nature of the environment, the mycelia proliferat-
ing only when they encounter nutrient-rich patches. Spa-
tial heterogeneity had also been estimated from the
analyses of mycorrhiza distribution which showed that
most species typically occurred in less than 10% of the
soil cores sampled in most forest stands (reviewed in
[46]). The occurrence of the fungal mycelia at such a ¢ne
scale of below-ground patchiness makes a sampling design
that gets a true picture of ECM species richness and abun-
dance a challenge (see also [46]). According to our results
on H. cylindrosporum, which show that the biomass of a
species can vary by a factor of 10^100 between two soil
samples collected at less than 50 cm from each other, the
sampling design of ECM fungal mycelia could be opti-
mized by either collecting soil cores far bigger than the
1-dm3 ones used in the current study, or by pooling sev-
eral small soil cores collected in a cell whose size could be
of about 1 m2 in the case of H. cylindrosporum.

4.3. Conclusions

This study represents the ¢rst report of quanti¢cation of
the extramatrical mycelial DNA of an ECM fungus natu-
rally growing in soil. The experimental scheme described
should be applicable to any ECM species in return for an
initial development (construction of the competitor and of
standard curves) providing useful information on the dis-
tribution, abundance and persistence of di¡erent fungal
mycelia in soil. The analysis of soil mycelia of the mycor-
rhizal fungi in parallel with the analysis of mycorrhizal
root tips could enable better monitoring and ranking of
species according to their total biomass. Compared to the
number of mycorrhizas, mycelial biomass will more ad-
equately depict the biological and ecological activity of
each species in a community.
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