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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 soil 31 ) 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.

Introduction

Although many fungal species can be grown in vitro, most of them cannot be isolated from complex environments 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 asexual spores including numerous saprophytic basidiomycetes, 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 species occasionally form, or through the symptoms they produce on compatible host plants (pathogenic species), or through the mycorrhizas they form on root systems.

If we refer to the symbiotic ectomycorrhizal (ECM) species, 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-0168-6496 / 02 / $22.00 ß 2002 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 1 6 8 -6 4 9 6 ( 0 2 ) 0 0 3 8 2 -3 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 mycelium they produce. This ranges from species producing 'smooth' mycorrhizas from which no or few hyphae emanate, to species di¡erentiating hyphal cords or rhizomorphs that explore the soil several centimeters away from the root system [START_REF] Agerer | Exploration types of ectomycorrhizae. A proposal to classify ectomycorrhizal mycelial systems according to their patterns of di¡erentiation and putative ecological importance[END_REF]. 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 symbiotic 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 [START_REF] Brule | Survival in the soil of the ectomycorrhizal fungus Laccaria bicolor and the e¡ects of a mycorrhiza helper Pseudomonas £uorescens[END_REF], or by considering the whole ECM community without any distinction between species [START_REF] Wallander | Estimation of the biomass and seasonal growth of external mycelium of ectomycorrhizal fungi in the ¢eld[END_REF].

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 samples. These methods have been widely applied in bacterial studies (e.g. [13^16]), but rarely for soil-borne fungal species. The use of soil DNA in mycology has essentially been restricted to the qualitative analysis of communities [172 2], 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 [START_REF] Zimmermann | Technical aspects of quantitative competitive PCR[END_REF]. 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 simultaneously 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 [START_REF] Baek | Detection and enumeration of a genetically modi¢ed fungus in soil environments by quantitative competitive polymerase chain reaction[END_REF] and the growth of the nematophagous fungus Verticillium chlamydosporium [START_REF] Mauchline | Quanti¢cation in soil and the rhizosphere of the nematophagous fungus Verticillium chlamydosporium by competitive PCR and comparison with selective plating[END_REF] 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 occupied by its mycelia, and to estimate below-ground biomass distribution within these territories. In our previous studies we have de¢ned the spatial structures and temporal dynamics of populations of this species based on the analysis 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 [START_REF] Guidot | Correspondence between genetic diversity and spatial distribution of above-and below-ground populations of the ectomycorrhizal fungus Hebeloma cylindrosporum[END_REF]. In this study, we speci¢cally address whether the pattern of soil mycelium abundance matches the pattern observed for mycorrhizas. 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.

Materials and methods

Soil characteristics and sample collection

Soil samples were collected in November 2000 in a 60year-old Pinus pinaster forest stand located 50 km west of Bordeaux in south-west France (TVF site in [START_REF] Guidot | Correspondence between genetic diversity and spatial distribution of above-and below-ground populations of the ectomycorrhizal fungus Hebeloma cylindrosporum[END_REF]). 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 management, 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 m 2 ) was selected and a regular, gridbased 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 homogenized core three 0.5 g sub-samples were taken and stored at 370 ‡C until DNA extraction.

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 min 31 , mikro-dismembrator U, Braun Biotech). Elimination of contaminants and DNA puri¢cation are based on the selective adsorption of DNA onto a silica-based binding matrix. DNA was eluted using 50 Wl H 2 O 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 Na 2 EDTA, pH 8.0). Images of the ethidium bromidestained gels were captured and digitized using a video camera and the gel Doc 1000 system (Bio-Rad). The concentration 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.

Competitor and primer speci¢city

The target sequence chosen for the quanti¢cation of H. cylindrosporum DNA was a 533-bp fragment located within 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 included within the cloned IGS2-b fragment ( [START_REF] Guidot | The nuclear ribosomal DNA intergenic spacer as a target sequence to study intraspeci¢c diversity of the ectomycorrhizal basidiomycete Hebeloma cylindrosporum directly on Pinus root systems[END_REF], sequence accession No. AJ006147) and was ampli¢ed using primers IGS2A (5P-TTAACTAGCCCAACCCCACTTT-3P) [START_REF] Guidot | The nuclear ribosomal DNA intergenic spacer as a target sequence to study intraspeci¢c diversity of the ectomycorrhizal basidiomycete Hebeloma cylindrosporum directly on Pinus root systems[END_REF] 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 [START_REF] Jargeat | Transcription of a nitrate reductase gene isolated from the symbiotic basidiomycete fungus Hebeloma cylindrosporum does not require induction by nitrate[END_REF]. Plasmids were propagated in Escherichia coli DH5K and plasmid DNA puri¢ed using commercial columns (Qiagen). The primer pair IGS2A+IGS2B ampli¢es both target and competitor which can easily be distinguished 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 [START_REF] Guidot | The nuclear ribosomal DNA intergenic spacer as a target sequence to study intraspeci¢c diversity of the ectomycorrhizal basidiomycete Hebeloma cylindrosporum directly on Pinus root systems[END_REF] 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. cylindrosporum haploid strains representative of the 24 IGS RFLP alleles identi¢ed in this species [START_REF] Guidot | The nuclear ribosomal DNA intergenic spacer as a target sequence to study intraspeci¢c diversity of the ectomycorrhizal basidiomycete Hebeloma cylindrosporum directly on Pinus root systems[END_REF], (ii) 10 di¡erent Hebeloma species representative of at least ¢ve of the eight clades de¢ned in this genus by Aanen et al. [START_REF] Aanen | Phylogenetic relationships in the genus Hebeloma based on ITS1 and 2 sequences, with special emphasis on the Hebeloma crustuliniforme complex[END_REF] 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 collection of the laboratory. Mycelia were grown as previously described [START_REF] Gryta | Fine-scale structure of populations of the ectomycorrhizal fungus Hebeloma cylindrosporum in coastal sand dune forest ecosystems[END_REF] and DNA was extracted from lyophilized mycelia or fruit bodies according to van Kan et al. [START_REF] Van Kan | Cloning and characterization of the cDNA of avirulence avr 9 of the fungal pathogen Cladosporium fulvum, the causal agent of tomato leaf mold[END_REF]. 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.

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 Wl 31 . 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 MgCl 2 , 0.5% (w/v) bovine serum albumin, the bu¡er supplied by the manufacturer (Gib- 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 solutions. The ampli¢cation products (25 Wl) were separated by electrophoresis in 2.5% agarose gels (1.66% Multipurpose 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 manufacturer'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).

Construction of the standard curves

Standard curves were constructed by amplifying di¡erent known amounts of target genomic DNA with a constant amount of competitor. A standard curve was obtained 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 contained very di¡erent amounts of target DNA, three di¡erent 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. cylindrosporum 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. [START_REF] Van Kan | Cloning and characterization of the cDNA of avirulence avr 9 of the fungal pathogen Cladosporium fulvum, the causal agent of tomato leaf mold[END_REF], 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.

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) [START_REF] Sequerra | Taxonomic position and intraspeci¢c variability of the nodule forming Penicillium nodositatum inferred from RFLP analysis of the ribosomal intergenic spacer and random am-pli¢ed polymorphic DNA[END_REF], (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.

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 þ S.E.

Results

Ampli¢ed sequences and primer speci¢city

In preliminary experiments, di¡erent primer pairs amplifying 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 (samples a1 to d4, Fig. 2). Reliable ampli¢cation of single copy genes was problematic. Reliable but low yield ampli¢cation of a 248-bp fragment of the nir1 gene could be obtained 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: Location 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 total DNA extracted from each soil sample : mean values þ 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 carried 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 þ 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). multi-copy IGS2 fragment using primers IGS2A and IGS2B. Because the IGS sequence was known to be highly variable in H. cylindrosporum [START_REF] Guidot | The nuclear ribosomal DNA intergenic spacer as a target sequence to study intraspeci¢c diversity of the ectomycorrhizal basidiomycete Hebeloma cylindrosporum directly on Pinus root systems[END_REF], 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 extracted from 31 basidiomycete species, including 10 di¡erent 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).

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¢cation ratio of target over competitor DNA remained constant between 25 and 40 cycles ; a higher ratio (i.e. preferential 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 repeats. 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 competitor 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 signal 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. [START_REF] Lee | Estimation of the abundance of an uncultured soil bacterial strain by a competitive quantitative PCR method[END_REF]), are usually interpreted 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 competitor 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 concentrations (from 0.03 to 250 pg Wl 31 , Fig. 1). The detection threshold of target DNA corresponded to about 0.03 pg of genomic DNA using 0.1 pg of competitor DNA. Reliable quanti¢cation could not be achieved when 0.01 pg of competitor DNA was used.

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 soil 31 (minimum: 0.24 Wg g 31 , maximum: 2.35 Wg g 31 , 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 m 2 sampling grid, 16 samples a1 to d4, Fig. 2A) and those collected farther away from the fruit bodies (outer 25 m 2 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 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 detected (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 (between 0.07 and 10 ng g soil 31 ), 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 concentration 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 level of P 6 0.001) (Fig. 4).

Discussion

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 formation, the extramatrical mycelium of ECM fungi has never been quanti¢ed together with the corresponding mycorrhizas 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 [START_REF] Borneman | PCR primers that amplify fungal rRNA genes from environmental samples[END_REF][START_REF] Lowell | Comparative single-strand conformation polymorphism (SSCP) and microscopy-based analysis of nitrogen cultivation interactive e¡ects on the fungal community of a semiarid steppe soil[END_REF][START_REF] Martin-Laurent | DNA extraction from soils: old bias for new microbial diversity analysis methods[END_REF]. This method enabled the reproducible 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 extraction kit is known to perform well with more complex soils such as cultivated ones [START_REF] Lowell | Comparative single-strand conformation polymorphism (SSCP) and microscopy-based analysis of nitrogen cultivation interactive e¡ects on the fungal community of a semiarid steppe soil[END_REF][START_REF] Martin-Laurent | DNA extraction from soils: old bias for new microbial diversity analysis methods[END_REF]. 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 copies 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. cylindrosporum, for the basidiomycete Coprinus cinereus it has been estimated to be in the range 60^90 [START_REF] Cassidy | Unusual organization and lack of recombination in the ribosomal RNA genes of Coprinus cinereus[END_REF], and to be about 120 in the basidiomycete Schizophyllum commune [START_REF] Dons | Sequence organization of the nuclear DNA of Schizophyllum commune[END_REF]. Similarly, insertion sequences (IS elements) have been used for cPCR quanti¢cation of bacterial cells [START_REF] Desjardin | Comparison of the ABI 7700 System (Taq-Man) and competitive PCR for quanti¢cation of IS6110 DNA in sputum during treatment of tuberculosis[END_REF]. In contrast to the IGS sequence, numerous fungal ITS15 .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 variations 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 threshold of about 0.03 pg Wl 31 of genomic DNA added to the PCR mixture. This corresponds to about 3 pg of H. cylindrosporum DNA present in 1 g of soil (a 45-Wl DNA solution 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 System). 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 accuracy [START_REF] Desjardin | Comparison of the ABI 7700 System (Taq-Man) and competitive PCR for quanti¢cation of IS6110 DNA in sputum during treatment of tuberculosis[END_REF].

In similar studies carried out on bacteria, the DNA quantities measured are usually converted into cell numbers and the results expressed in terms of the number of cells per gram of soil [START_REF] Lleo | Competitive polymerase chain reaction for quanti¢cation of nonculturable Enterococcus faecalis cells in lake water[END_REF][START_REF] Phillips | Quantitative analysis of ammonia oxidising bacteria using competitive PCR[END_REF]. If such a conversion factor can easily be obtained and appears meaningful in the case of unicellular microorganisms, this is not the case for ¢lamentous 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- sporum, cell length and volume vary considerably within a thallus. In most studies, fungal biomass in complex environments is usually evaluated by measuring the total hyphal length, or by assaying speci¢c molecules such as chitin or ergosterol (e.g. [START_REF] Manter | Quanti¢cation of Phaeocryptopus gaeumannii colonization in Douglas-¢r needles by ergosterol analysis[END_REF]). For the purposes of comparing the spatial variations of a single species biomass, expressing 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.

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 [START_REF] Guidot | Correspondence between genetic diversity and spatial distribution of above-and below-ground populations of the ectomycorrhizal fungus Hebeloma cylindrosporum[END_REF]. However, compared to the analysis of individual mycorrhiza, the cPCR method presents the following advantages. Firstly, despite the initial methodological developments, once running, cPCR allows the rapid analysis of many di¡erent soil samples, compared to the analysis of mycorrhizas which necessitates the laborious sampling of mycorrhizal short roots under the microscope and their separate analysis. Secondly, for the purpose of quantifying the relative abundance 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 account 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 [START_REF] Guidot | Correspondence between genetic diversity and spatial distribution of above-and below-ground populations of the ectomycorrhizal fungus Hebeloma cylindrosporum[END_REF]. In the case of H. cylindrosporum, which produces undi¡erentiated (not aggregated) hyphae emanating 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 mycelia 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 proliferating only when they encounter nutrient-rich patches. Spatial 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 [START_REF] Horton | The molecular revolution in the ectomycorrhizal ecology : peeking into the black-box[END_REF]). 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 abundance a challenge (see also [START_REF] Horton | The molecular revolution in the ectomycorrhizal ecology : peeking into the black-box[END_REF]). 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 optimized by either collecting soil cores far bigger than the 1-dm 3 ones used in the current study, or by pooling several small soil cores collected in a cell whose size could be of about 1 m 2 in the case of H. cylindrosporum.

Conclusions

This study represents the ¢rst report of quanti¢cation of the extramatrical mycelial DNA of an ECM fungus naturally 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 distribution, abundance and persistence of di¡erent fungal mycelia in soil. The analysis of soil mycelia of the mycorrhizal 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 adequately depict the biological and ecological activity of each species in a community.

Fig. 1 .

 1 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.

Fig. 3 .

 3 Fig. 3. Speci¢city of the PCR primers IGS2A/IGS2B towards H. cylindrosporum DNA. A: The primer pair IGS2A/IGS2B failed to amplify any sequence 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., Rhizopogon roseolus; S.b., Suillus bovinus; A.c., Amanita citrina; A.g., Amanita gemmata; A.m., Amanita muscaria ; C.l., Cantharellus lutescens ; C.a., Cortinarius 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 mesophaeum ; H.cr., Hebeloma crustuliniforme ; H.sa., Hebeloma sarcophyllum; H.hi., Hebeloma hiemale; H.va., Hebeloma vaccinum ; H.ra., Hebeloma radicosum; H.bu., Hebeloma bulbiferum ; H.ca., Hebeloma cavipes; H.c., Hebeloma cylindrosporum; 3DNA, control reaction without added DNA.

Fig. 4 .

 4 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.
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