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Polymorphism of the nuclear ribosomal DNA intergenic spacer (IGS) of the ectomycorrhizal basidiomycete
Hebeloma cylindrosporum was studied to evaluate whether this sequence could be used in field studies to
estimate the diversity of strains forming mycorrhizas on individual Pinus pinaster root systems. This sequence
was amplified by PCR from 125 haploid homokaryotic strains collected in 14 P. pinaster stands along the
Atlantic coast of France by using conserved oligonucleotide primers. Restriction enzyme digestion of the
amplified 3.4-kbp-long IGS allowed us to characterize 24 alleles whose frequencies differed. Nine of these
alleles were found only once, whereas about 60% of the strains contained four of the alleles. Local populations
could be almost as diverse as the entire population along a 150-km stretch of coastline that was examined; for
example, 13 alleles were found in a single forest stand. The IGS from one strain was partially sequenced, and
the sequence data were used to design oligonucleotides which allowed separate PCR amplification of three
different segments of the IGS. Most polymorphisms observed among the full-length IGS regions resulted from
polymorphisms in an internal ca. 1,500-bp-long sequence characterized by length variations that may have
resulted from variable numbers of a T2AG3 motif. This internal polymorphic sequence could not be amplified
from the genomes of nine other Hebeloma species. Analysis of this internal sequence amplified from the haploid
progenies of 10 fruiting bodies collected in a 70-m2 area resulted in identification of six allelic forms and seven
distinct diplotypes out of the 21 possible different combinations. Moreover, optimization of the PCR conditions
resulted in amplification of this sequence from more than 80% of the DNA samples extracted from individual
H. cylindrosporum infected P. pinaster mycorrhizal root tips, thus demonstrating the usefulness of this sequence
for studying the below-ground diversity of mycorrhizas formed by genets belonging to the same fungal species.

In most terrestrial ecosystems, the root system of a single
plant may host a variety of symbionts. Thus, different fungal
ectomycorrhizal (ECM) species may contribute, according to
their relative abundance on the root system and to their phys-
iological properties, to improving the growth and fitness of a
common host tree. These multipartner symbioses are not sta-
ble but evolve during the life of the host plant, as illustrated by
results based on samples of basidiocarps of different ECM
species found in the vicinity of individual trees (23). It was
recently found that results of ECM community studies based
on basidiocarp records (above-ground view) may be misleading
and do not necessarily reflect the frequency and abundance of
individual ECM species on root systems (below-ground view)
(13, 24).

At the intraspecific level, genetically distinct mycelia of the
same ECM species can also coexist on the root system of a
single tree. This was demonstrated after coinoculation of Pinus
banksiana seedlings with different strains of Laccaria bicolor
(9) and was deduced from the results of field studies which

showed that up to nine different genets of the agaric Hebeloma
cylindrosporum can be found in a 1-m2 patch of ground under
a Pinus pinaster tree (14). Population studies of the latter ECM
species were conducted after basidiocarp samples were ob-
tained in the same forest stands in successive fruiting seasons,
and the results revealed that there were high levels of genetic
diversity within local populations. At two of the three sites
sampled, there were never more than two basidiocarps that
had the same genotype (i.e., emerged from the same below-
ground mycelium). Moreover, none of the genets identified
during the first year of the study was found 3 years later. Such
observations made at the intraspecific level pose questions
similar to the questions already addressed at the community
level concerning the below-ground distribution of individual
genets.

To answer such questions, a powerful method is needed to
discriminate between different below-ground individuals. One
of the most accurate methods for identifying the fungal sym-
biont present in a single, field-collected, mycorrhizal root tip is
PCR-restriction fragment length polymorphism (RFLP) anal-
ysis of polymorphic DNA sequences. In ECM community stud-
ies, one of the most-studied DNA sequences is the PCR-am-
plified nuclear ribosomal internal transcribed spacer (ITS)
sequence. ITS sequences can easily be amplified from minute
amounts of DNA with PCR primers (34) and are conserved at
the species level; however, there are enough differences be-
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tween related fungal taxa so that RFLPs generated with several
endonucleases are a fairly good way to distinguish between
different fungal species (10, 12, 18, 22, 32). An alternative to
the ITS is a portion of the large mitochondrial ribosomal DNA
(rDNA) gene which can also be amplified easily; this region
has been sequenced in more than 100 ECM taxa (4).

When a single ECM species is examined, it is advisable to
design species-specific primers in order to amplify the se-
quence only from mycorrhizas formed by the ECM species
being studied. For such a survey of intraspecific diversity, a
single DNA sequence could eventually be studied if it is highly
polymorphic with many different allelic forms. Such a sequence
must also reveal polymorphisms in potentially related strains
collected in very small areas (i.e., strains colonizing the same
root system). The sequence targeted in this study was the
nuclear rDNA intergenic spacer (IGS) sequence of H. cylin-
drosporum. This sequence, which spans from the 39 end of the
26S rRNA gene to the 59 end of the 18S rRNA gene, may
contain the 5S rRNA gene. Previous studies of H. cylindrospo-
rum have shown that the entire IGS sequence can be amplified
easily by using DNA extracted from pure mycelial cultures
(15). IGS amplified from dikaryotic strains produce different
RFLP patterns, which in some strains result from heterozygoty
at the rDNA locus (14). Intraspecific polymorphisms in this
sequence are not limited to H. cylindrosporum and have been
shown to occur in the IGS of other homobasidiomycete species
(1, 17, 21, 29).

The aim of this study was to evaluate the amount and dis-
tribution of polymorphism in the IGS in populations of H.
cylindrosporum occurring along the Atlantic coast of France,
where this fungal species is one of the dominant ECM species
associated with P. pinaster growing on the backs of the coastal
sand dunes. We also identified within the IGS a highly poly-
morphic region which can be directly amplified from DNA
extracted from mycorrhizas by using species-specific PCR
primers.

MATERIALS AND METHODS

Fungal strains. In the fall of 1995, 68 H. cylindrosporum sporulating basidio-
carps were collected in 12 P. pinaster forest stands along the Atlantic coast of Les
Landes (south western France) and two stands on the coast of Brittany in western
France (Fig. 1). At each site except Le Porge, the minimal distance between two
basidiocarp samples was 5 m in order to prevent sampling of basidiocarps
emerging from the same below-ground mycelium (14). At Le Porge, basidiocarp
samples were collected in two different areas. One area was along a footpath
through the sand dunes leading to the seashore; in this area the sampling
procedure was the same as the sampling procedure used at the other sites, and
the fungal strains collected were designated the LPDu strains. The second Le
Porge area was the 70-m2 area studied by Gryta et al. (14), and the fungal strains
collected were designated the LP strains. Basidiospore germination was obtained
for all of the basidiocarps sampled (8). For each basidiocarp except the basidio-
carps collected in Brittany and at Le Porge, a single haploid progeny was ana-
lyzed. For each of the basidiocarps collected in Brittany and at Le Porge,
between two and four haploid progenies were analyzed. This analysis resulted in
a total of 125 different homokaryotic strains. In addition, laboratory homokary-
otic strain h1 (8) was used to clone and sequence the IGS. Furthermore, two
dikaryotic mycelia, GCA6 and GCC2, which were collected in 1993 at the Grand
Crohot site (14) and harbored different IGS types, were used for in vitro syn-
thesis of mycorrhizas.

The specificity of the PCR primers was tested by using one strain of each of the
following nine Hebeloma species: one species belonging to subgenus Myxocybe
(Hebeloma radicosum) and eight species belonging to subgenus Hebeloma, in-
cluding members of section Porphyrospora (Hebeloma sarcophyllum), section
Hebeloma (Hebeloma mesophaeum), and section Denudata (the section to which
H. cylindrosporum belongs) (Hebeloma spoliatum, Hebeloma vaccinum, Hebeloma
hiemale, Hebeloma cavipes, Hebeloma bulbiferum, and Hebeloma crustuliniforme).
Strains of these species are kept in the culture collection of our laboratory. In
addition, strains of Thelephora terrestris, Pisolithus tinctorius, Suillus bovinus, and
Lycoperdon sp., four basidiomycete ECM species frequently encountered in P.
pinaster stands, were also used to test primer specificity.

Media and culture conditions. Basidiospores were germinated and mycelia
were grown on solid YMG medium (25) supplemented with 30 mg of chloram-

phenicol per liter at 22°C in the dark. For DNA extraction, the YMG plates were
covered with a cellophane membrane to allow recovery of the mycelium. Single
germinating spores were isolated with a binocular microscope, and the resulting
mycelia were checked with the microscope for the absence of the clamp connec-
tions which characterize homokaryons of H. cylindrosporum.

Mycorrhizas were produced in vitro in 14-cm petri dishes that were half-filled
with autoclaved soil collected at the Grand Crohot and Le Porge sites (14). A
suspension of hyphal fragments from dikaryotic GCA6 or GCC2 mycelia, ob-
tained by maceration in water, was added to the soil. One-month-old sterile
seedlings of P. pinaster were placed flat in the petri dishes, and their roots were
covered with soil. The plates were incubated in a culture room at 22°C with a
cycle consisting of 16 h of light (energy fluence rate, 1.2 W m22) and 8 h of
darkness. Three months after inoculation the root systems were washed, and the
short dichotomous mycorrhizas were collected and stored at 220°C.

PCR and RFLP analyses. DNA was extracted from freeze-dried mycelia by the
method of Van Kan et al. (33) and then resuspended in water. DNA was
extracted from individual mycorrhizas as described by Henrion et al. (16), except
that 1% (wt/vol) insoluble polyvinylpolypyrrolidone was added to remove humic
acids (19). The DNA extracted from one mycorrhiza was resuspended in 10 ml of
water. The sequences of the different PCR primers used in this study are shown
in Table 1, and the positions of these sequences on the IGS restriction map are
shown in Fig. 2. PCR were carried out in 50-ml reaction mixtures containing 80
ng of genomic DNA, each primer at a concentration of 100 nM, each de-
oxynucleoside triphosphate at a concentration of 200 mM, 1.5 mM MgCl2, 1 U of
Taq DNA polymerase, and the appropriate buffer supplied by the manufacturer

FIG. 1. Locations of the different sites along the Atlantic coast of France
where basidiocarps of H. cylindrosporum were obtained. (A) South Brittany (two
sites). (B) Coast of Les Landes (12 sites). For each site the number of IGS
alleles/number of basidiocarps collected is given; this ratio could be greater than
1 when several homokaryons of one basidiocarp were analyzed (the two sites in
Brittany).
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(GIBCO-BRL). When DNA extracted from mycorrhizas were used, 4 ml of a
DNA solution was added, the concentration of each primer was increased to 400
nM, and 0.5% (wt/vol) bovine serum albumin (BSA) was added (35). For primers
126 and 127, primers 126 and IGS2A, and primers 127 and 5SA, the amplifica-
tion conditions were as follows: initial denaturation at 95°C for 3 min and then
37 cycles consisting of 95°C for 2 min, 50°C for 1 min, and 72°C for 3 min. The
reaction was completed by a 10-min extension step at 72°C. For primers IGS2AI
and 5SA9, the annealing temperature was increased to 55°C. Control reaction
mixtures without DNA were always run in parallel to ensure that there was no
contaminating DNA in the solutions.

Appropriate amounts of the amplified sequences were digested with HaeIII
and NdeII, and the restriction fragments were separated by electrophoresis on
2.5% agarose gels (1.66% multipurpose agarose and 0.83% standard agarose;
Appligene Oncor) in 0.53 TBE buffer (0.04 M Tris HCl, 0.04 M boric acid, 1 mM
Na2EDTA; pH 8.0). The gels were stained with ethidium bromide and photo-
graphed.

Cloning and sequencing. The two internal BclI-BclI fragments of IGS2 am-
plified from H. cylindrosporum h1 (Fig. 2) were cloned into the BamHI site of
plasmid pBluescript SK (Stratagene) and propagated in Escherichia coli DH5a
(26). The shortest fragment (600 bp) was sequenced from both extremities by
using primers T3 and T7 (Fig. 2, sequence b). A 594-bp sequence was obtained
from the 59 end of the longest BclI-BclI fragment (Fig. 2, sequence a). Sequences
were generated by the chain termination method (27) by using an Applied
Biosystems automatic sequencer (Génome Express Co., Grenoble, France). The
sequences obtained were used to design oligonucleotide primers for PCR by
avoiding repeated sequences and internal secondary structures and choosing an
annealing temperature greater than 50°C.

Nucleotide sequence accession numbers. The nucleotide sequences of se-
quences a and b have been deposited in the EMBL database under accession no.
AJ006148 and AJ006147, respectively.

RESULTS

Characterization and distribution of the different alleles.
PCR amplification of the IGS from 124 of the 125 homokary-
ons with primers 126 and 127 yielded a single DNA fragment
that was about 3.4 kb long; the only exception was one strain
for which two DNA fragments which differed from each other
by less than 150 bp were amplified. Prolonged electrophoretic
migration was necessary in order to reveal slight size polymor-
phisms; the maximum difference between the smallest and
largest amplified fragments was 300 bp. RFLPs were generated
by using the four-cutter endonucleases HaeIII and NdeII,
which have been shown to reveal polymorphisms in this se-
quence amplified from dikaryotic mycelia of H. cylindrosporum
(15). HaeIII generated 12 different restriction profiles (profiles
H1 to H12), and NdeII generated nine different restriction
profiles (profiles N1 to N9) (Fig. 3A). Some of the IGS which
produced the same restriction pattern could be distinguished
from each other by slight differences in size which specifically
affected the largest restriction fragment (Fig. 3A, lanes N1).
These size differences could be distinguished only when DNA
samples were separated in contiguous lanes on the same aga-
rose gel. One HaeIII (or NdeII) profile could be associated
with one or several NdeII (or HaeIII) profiles, so 24 different
combinations (24 IGS alleles) were identified (Fig. 4). Allele
frequencies were calculated for the whole Les Landes coastline
except the Le Porge sites (both LP and LPDu strains), which
were analyzed separately in order to take into account the
different sampling strategies used for the homokaryotic strains
(Fig. 1). Some alleles occurred very frequently. Four (N2H1,

N1H5, N1H2, and N1H4) accounted for 60% of the homokary-
ons collected along the Les Landes coastline excluding the Le
Porge site, and two of these alleles were also well represented
at the Le Porge site (Fig. 4). In contrast, nine alleles were each
observed in the homokaryotic progenies of only one basidio-
carp. When the different sites were examined, at each of them
the number of alleles identified was either higher than, equal
to, or less than by only one the number of basidiocarps sam-
pled (Fig. 1). When we examined the Le Porge site, which was
sampled more extensively than the other sites, we found that
10 of the 14 alleles occurred at at least one other site, either
along the Les Landes coast or in Brittany. In 60% of the 26
basidiocarps, for which several homokaryotic progenies were
analyzed, two alleles were identified, suggesting that these ba-
sidiocarps were heterozygous at this locus; this was, for exam-
ple, the case for 7 of the 10 basidiocarps collected in the small,
70-m2 LP strain area.

FIG. 2. Restriction map of the IGS sequence of H. cylindrosporum h1, show-
ing the positions of the different PCR primers (arrowheads) and the designations
of the segments studied. The dashed lines indicate the positions of the two
regions sequenced; Abbreviations: A, ApaI; B, BclI; H, HincII; S, SacI.

FIG. 3. NdeII digests of the PCR-amplified IGS segments. (A) Full-length
IGS. (B) IGS1. (C) IGS2.1. (D) IGS2.2. Two examples of profile N1 are shown
to illustrate the small size variations which affected the largest restriction frag-
ment in the full-length IGS digests. For the different IGS segments the total
numbers of NdeII, HaeIII, and NdeII-HaeIII restriction patterns are shown; for
IGS2.1 (C) undigested sequences were considered to be identical.

TABLE 1. PCR primers used in this study

Primer Sequence Reference

126 59-ACCACCTAGGACGGTCATCA-39 14
127 59-GTAGAGTAGCCTTGTTGTTACGATC-39 14
5SA 59-CAGAGTCCTATGGCCGTGGAT-39 18
5SA9 59-ATCCACGGCCATAGGACTCTG-39 34
IGS2A 59-TTAACTAGCCCAACCCCACTTT-39 This study
IGS2AI 59-AAAGTGGGGTTGGGCTAGTTAAG-39 This study
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IGS sequence analysis and design and specificity of PCR
primers. A restriction map was constructed for the IGS am-
plified from laboratory strain h1 (Fig. 2). PCR performed with
different combinations of primer 5SA or 5SA9 with primers 126
and 127, which anneal to conserved regions of the 5S, 18S, and
26S ribosomal genes (Table 1 and Fig. 2), allowed us to localize
the 5S gene on the restriction map. This gene is closer to the
26S gene (850-bp IGS1) than to the 18S gene (2.6-kbp IGS2)
(Fig. 2), and all three genes are transcribed in the same ori-
entation (data not shown). The two internal BclI-BclI frag-
ments of IGS2 were cloned and partially sequenced (Fig. 2,
sequences a and b). None of the partial sequences obtained for
a single strand of DNA exhibited a significant level of homol-
ogy to any database DNA sequence. The 594-bp sequence a
was characterized by the occurrence of perfect or truncated
T2AG3 or G3T2A repeats either in tandem or separated by
short unique sequences (Fig. 5). These repeats were not found
in the other IGS2 segment sequenced (Fig. 2, sequence b). The
59 end of IGS2.2 was chosen for two almost complementary
PCR primers, IGS2A and IGS2AI (Table 1), which, when used
with primers 5SA9 and 126, respectively, allowed amplification
of two nonoverlapping segments of IGS2 (Fig. 2).

Using the IGS2AI-5SA9 primer combination did not result
in amplification from the genomic DNA of the nine other

Hebeloma species tested, whereas using conserved primers 126
and 5SA9 resulted in amplification of the IGS2 sequence of all
these species (data not shown). Using primers IGS2AI and
5SA9 also did not result in amplification of the genomic DNA
extracted from the four other ECM species frequently found in
the dune ecosystem.

Distribution of polymorphisms within the IGS. The IGS was
divided into three segments which were amplified separately;
segment IGS1 was amplified with primers 5SA and 127, seg-
ment IGS2.1 was amplified with primers 5SA9 and IGS2AI,
and segment IGS2.2 was amplified with primers IGS2A and
126 (Fig. 2). These three sequences were amplified from 20
different homokaryotic strains, each representing one of the
different IGS restriction profiles generated with HaeIII and
NdeII. For the outermost IGS1 and IGS2.2 segments, all PCR
yielded a single DNA fragment when a primer annealing tem-
perature of 50°C was used. No length polymorphism was ob-
served when we examined the different IGS1 and IGS2.2 se-
quences, which were 850 and 1,230 bp long, respectively. For
the IGS2.1 sequence, increasing the primer annealing temper-
ature to 55°C was necessary in order to amplify a single DNA
fragment for most strains; two fragments were always obtained
for one strain. The latter strain was the only strain for which
amplification of the entire IGS sequence also yielded two frag-
ments, thus suggesting that its rDNA gene cluster may contain
two IGS sequences that differ in length. In contrast to seg-
ments IGS1 and IGS2.2, significant length variations were ob-
served for segment IGS2.1 fragments from different strains.
These size variations were similar in magnitude to the size
variations observed for the entire IGS sequence, thus demon-
strating that the size variations observed for the different IGS
resulted exclusively from size variations in IGS2.1.

All PCR products were digested separately with HaeIII and
NdeII (Fig. 3). IGS1 and IGS2.2 were poorly polymorphic.
IGS1 was monomorphic with HaeIII, and only two restriction
patterns were generated with NdeII, compared to the 12 and 9
IGS RFLP patterns generated with HaeIII and NdeII, respec-
tively (Fig. 3). For IGS2.2, two and three RFLP patterns were
obtained with HaeIII and NdeII, respectively (Fig. 3). IGS2.1
was the most polymorphic sequence; 12 and 6 RFLP patterns
were obtained with HaeIII and NdeII, respectively. As shown
in Fig. 3 for NdeII, which either did not cut or cut only once in
IGS2.1, restriction polymorphisms in IGS2.1 not only reflected
a variable number of restriction sites but also reflected the
length polymorphisms which were accentuated after restriction
enzyme digestion. In order to calculate the number of restric-
tion patterns, all nondigested IGS2.1 sequences were consid-
ered identical even if they differed in size. Despite this approx-
imation, when the IGS2.1 HaeIII and NdeII restriction
patterns were combined, 15 different IGS2.1 patterns were
obtained, compared to the 16 IGS alleles which were originally
identified.

For each of the 10 basidiocarps collected at the LP site,
whose IGS alleles were identified previously, the IGS2.1 se-
quence was amplified either from one homokaryotic progeny
(when the progenies were homozygous) or from two progenies
(when the progenies were heterozygous) so that all of the IGS
alleles occurring in this population were represented. Diges-
tion of the PCR products resulted in identification of six
IGS2.1 types, and the six basidiocarps appeared to be heterozy-
gous. An analysis of this selected region revealed that there
were seven different basidiocarps, compared to the nine ba-
sidiocarps which were discriminated by the analysis of the
full-length IGS.

Amplification from mycorrhizas. Mycorrhizas were synthe-
sized in vitro in two different sandy soils characteristic of the

FIG. 4. Frequencies of the different IGS alleles in the H. cylindrosporum
homokaryons collected along the coast of Les Landes excluding the Le Porge site
and frequencies at the Le Porge site. At the Le Porge site, in order to take into
account the variable number of homokaryotic progenies analyzed for each ba-
sidiocarp, the frequency of allele x (fx) was: fx 5 (Sfxi)/17, where fxi is the
frequency of allele x in the progenies of the ith basidiocarp. Seventeen was the
number of basidiocarps collected at this site. Arrows indicate alleles found only
in the progenies of one basidiocarp. Dots indicate alleles identified in Brittany
populations.

FIG. 5. Nucleotide sequence of segment a of IGS2.1 from H. cylindrosporum
h1 (Fig. 2). The T2AG3 motifs are underlined. The ApaI site shown in Fig. 2 is
enclosed in a box.
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dune ecosystem. The Grand Crohot soil was almost devoid of
organic matter, in contrast to the Le Porge soil, which con-
tained up to 4% organic matter (14). The PCR mixture used to
amplify IGS2.1 from DNA extracted from mycelia did not
allow reproducible amplification of this sequence when DNA
extracted from mycorrhizas were used. To improve both the
reproducibility and the PCR yield, we studied the influence of
different factors; among these factors were the concentrations
of different components of the PCR mixture (primers, Mg21,
template DNA) and the presence of different molecules (di-
methyl sulfoxide, Tween, BSA, gelatin). The best results were
obtained by simultaneously using a high oligonucleotide con-
centration and adding BSA, which allowed amplification from
78% of the DNA samples tested irrespective of the fungal
strain used for inoculation or of the origin of the soil (108 and
150 mycorrhizas obtained from Grand Crohot and Le Porge
soils, respectively, were analyzed). The BSA-containing reac-
tion mixture did not allow reproducible amplification of the
entire IGS sequence with primers 126 and 127 and DNA ex-
tracted from mycorrhizas. Digestion of IGS2.1 amplified from
mycorrhizas with either HaeIII or NdeII resulted in restriction
profiles identical to the restriction profiles of IGS2.1 amplified
from the DNA of the original strain grown in pure culture;
thus, the strains forming the mycorrhizas could be identified
unambiguously (data not shown).

DISCUSSION

IGS allelic diversity. Our study of H. cylindrosporum isolates
collected under Pinus trees along the west coast of France
revealed a high level of diversity in the IGS of the nuclear
rDNA genes of this species; a minimum of 24 alleles were
identified in 125 haploid strains. IGS alleles were defined on
the basis of their NdeII and HaeIII restriction patterns. The
number of alleles identified increased with the number of ba-
sidiocarps analyzed but did not increase proportionately. The
ratio between these two values was 1 6 x for each of the sample
sites where less than six basidiocarps were collected; it de-
creased to 0.76 at the Le Porge site, where 17 basidiocarps
were analyzed, and to 0.35 for the complete survey (24 alleles
for 68 basidiocarps). This tendency indicates that most of the
IGS alleles present in the geographic area examined have been
identified. Moreover, the frequency of each individual allele
suggests that probably only rare alleles (frequency, less than
0.05) remain to be identified. This tendency also indicates that
although the most abundant alleles have been identified, not
all of the alleles present have been characterized even in the
most extensively sampled sites and that local sites can be al-
most as diverse as the whole geographic area, as exemplified by
the Le Porge site. Furthermore, up to 60% of the genets are
heterozygous at the rDNA locus, which confirms the data of
Gryta et al. (14), who found a high degree of genetic diversity
within local populations of H. cylindrosporum which reflected a
high level of outbreeding in this heterothallic species. Allele
distribution seems to be homogeneous along the coastline ex-
amined, as no significant difference or gradient in allele occur-
rence could be identified from south to north. Two of the most
frequent alleles detected along the coastline are also the two
most frequent alleles in the local population at the Le Porge
site. Altogether, these observations suggest that there is a low
degree of spatial subdivision over the area sampled, a situation
which can be compared to the absence of a clear subdivision of
the population of the agaric root pathogen Armillaria gallica in
eastern North America (28). For the latter species, Saville et
al. suggested that in the area considered, all available forest
sites were occupied and there were frequent genetic exchanges

between sites, which prevented local differentiation. Genetic
differentiation between populations of H. cylindrosporum may
occur on a different scale within the geographic range of this
species, which is a characteristic organism of European sand
dune forest ecosystems. This hypothesis could be tested by
using strains collected along the coast of the Italian peninsula
and the coast of Sardinia (7) in the Mediterranean basin, an
area which is both distant and isolated from the Atlantic coast
dune ecosystem which we studied.

Molecular organization of the IGS. The structure of the
fungal IGS is not known for many species. In the homobasid-
iomycete group, IGS1 sequences have been determined for
closely related Northern Hemisphere Armillaria species (2, 31)
and for L. bicolor (29). Total IGS1 and IGS2 sequences are
available only for the pathogen Filobasidiella neoformans (11),
and partial IGS1 and IGS2 sequences are also available for the
agaric Tricholoma matsutake (20). Restriction maps and the
location of the 5S gene have been determined for some other
organisms, such as Coprinus sp. (5, 36), Laccaria sp. (1, 29),
Pleurotus cornucopiae (21), and Schizophyllum commune (30).
The overall structure of the IGS of H. cylindrosporum is similar
in a number of ways to the structures of the other homobasi-
diomycete IGS that have been studied. One common feature is
the presence of the 5S gene, which is transcribed in the same
orientation as the other rRNA genes; the only reported excep-
tion is the 5S gene of Coprinus comatus, which is transcribed in
the opposite direction (6). Another common feature is the fact
that the IGS1 sequence is shorter than the IGS2 sequence; the
only exception to this occurs in the IGS of P. cornucopiae (21).
The polymorphisms in the IGS of H. cylindrosporum were
found to be greater in the half of IGS2 next to the 39 end of the
5S gene than in the other half. Polymorphisms in this region
resulted from both size variations and restriction enzyme site
polymorphisms, whereas polymorphisms in other regions re-
sulted exclusively from restriction enzyme site polymorphisms.
Partial sequencing of this region revealed the presence of sev-
eral perfect or imperfect TA2C3 repeats which were not found
in the sequenced portion of the less polymorphic IGS2.2 se-
quence. The presence of short reiterated motifs in rDNA IGS
sequences is well documented in higher plants (3) but has not
been reported previously in fungi. An examination of more
than 10 ascomycete and basidiomycete IGS sequences found in
GenBank failed to reveal similar motifs in IGS2. However, it is
too early to conclude that H. cylindrosporum is an exception,
since only one other partial IGS2 sequence from an agaric
species (T. matsutake) has been published and three or four
copies of a similar T2AG3 motif have been shown to be present
in IGS1 of the ECM basidiomycete L. bicolor (29). Length
differences between IGS2 sequences may result from variable
numbers of T2AG3 repeats similar to what is observed for
microsatellite loci in other organisms.

In all but one of the homokaryotic mycelia of H. cylindro-
sporum studied, amplification of the IGS yielded a single DNA
product, and for each DNA product the sum of the sizes of the
restriction fragments obtained with either NdeII or HaeIII was
identical to the size of the uncut fragment. This suggests that in
a haploid nucleus, all of the repeat units of the rDNA cluster
have the same IGS sequence. Amplification of two fragments
of different sizes was observed with only one strain, which
suggests that in this rare case there are two different IGS in the
rDNA cluster. Until recently, it was thought that meiotic re-
combination was inhibited within fungal rDNA clusters and
that sequence heterogeneities in repeat units did not exist or
existed very transiently (5). However, sequence heterogene-
ities resulting from meiotic crossovers have been found in a
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few homokaryotic progenies of a heterozygous dikaryon of the
agaric L. bicolor (29).

Application to field studies. The hypervariable IGS2.1 se-
quence was amplified for all of the IGS alleles by combining a
universal primer (5SA9) and a specific primer (IGS2AI), which
indicated that the sequence identified by the specific primer
was present in all of the IGS alleles. As this primer set failed
to amplify any DNA fragment from the genomes of nine other
Hebeloma species, we concluded that the IGS2AI oligonucle-
otide sequence is probably specific to H. cylindrosporum. Fur-
thermore, optimization of the PCR conditions with DNA ex-
tracted from mycorrhizas obtained from soil resulted in
reproducible amplification of IGS2.1. These two characteris-
tics, species specificity of the primer and capacity to amplify
IGS2.1 from limited amounts of fungal material, should lead to
identification of mycorrhizas formed by this species in the field.

For application to studies on the correlation between above-
ground diversity (based on basidiocarp sampling) and below-
ground diversity (based on mycorrhiza sampling), this se-
quence must fulfill a second prerequisite; it must be highly
polymorphic among genets collected in very limited areas (a
few square meters and even a few square decimeters). This
characteristic was tested by analyzing homokaryotic strains de-
rived from 10 basidiocarps collected at the 70-m2 LP site.
Diversity was analyzed at two levels. First, we analyzed the
allelic diversity, which corresponded to the six different IGS2.1
sequences detected in this sample of strains; and second, we
analyzed the genotypic diversity, which for heterothallic basid-
iomycete species such as H. cylindrosporum may be different
from the allelic diversity, as the mycelia which form the my-
corrhizas and differentiate fruiting bodies in the field are
dikaryotic. In this study, six basidiocarps appeared to be het-
erozygous at the rDNA locus, and seven different diplotypes
were distinguished. At such a limited sampling site, the ba-
sidiocarps that have identical IGS2.1 types either emerge from
the same below-ground mycelium or emerge from distinct my-
celia which happen to have identical rDNA alleles. With six
different alleles, the maximum number of diplotype combina-
tions is 21, but each of these combinations should not occur at
the same frequency, as allele frequencies are not identical. As
not all allele combinations have been detected at the basidio-
carp level, it may be possible to detect additional genotypes on
the host plant root systems at the LP site.

Conclusions. The rDNA IGS sequence of H. cylindrosporum
appears to be a very good candidate sequence for evaluating
the diversity in local populations of this species. This sequence
is highly variable even within local populations, and many
allelic forms of this molecule can be identified by using only
two restriction enzymes. The variability within this sequence is
not evenly distributed and is concentrated in an internal por-
tion which can be amplified efficiently from DNA extracted
from mycorrhizas by using a species-specific oligonucleotide.
Previously published data for different fungal species indicate
that intraspecific variability within the IGS is commonplace, so
an approach similar to the one which we used with H. cylin-
drosporum could be used with other species. Moreover, the
strategy of concentrating on a single DNA sequence to study
intraspecific diversity seems to be particularly appropriate for
heterothallic basidiomycete species whose genotypic diversity
is likely to be higher than the allelic diversity.

Such a method should allow characterization of the different
genotypes that form mycorrhizas on host plant root systems
and the genotypes which occasionally or regularly form fruiting
bodies. The data from such studies should increase our knowl-
edge of the structure and dynamics of below-ground and
above-ground populations of ECM species.
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