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Summary

• Soil fungi play a major role in ecological and biogeochemical processes in for-

ests. Little is known, however, about the structure and richness of different fungal

communities and the distribution of functional ecological groups (pathogens, sap-

robes and symbionts).

• Here, we assessed the fungal diversity in six different forest soils using tag-

encoded 454 pyrosequencing of the nuclear ribosomal internal transcribed spacer-

1 (ITS-1). No less than 166 350 ITS reads were obtained from all samples. In each

forest soil sample (4 g), approximately 30 000 reads were recovered, correspond-

ing to around 1000 molecular operational taxonomic units.

• Most operational taxonomic units (81%) belonged to the Dikarya subkingdom

(Ascomycota and Basidiomycota). Richness, abundance and taxonomic analyses

identified the Agaricomycetes as the dominant fungal class. The ITS-1 sequences

(73%) analysed corresponded to only 26 taxa. The most abundant operational

taxonomic units showed the highest sequence similarity to Ceratobasidium sp.,

Cryptococcus podzolicus, Lactarius sp. and Scleroderma sp.

• This study validates the effectiveness of high-throughput 454 sequencing tech-

nology for the survey of soil fungal diversity. The large proportion of unidentified

sequences, however, calls for curated sequence databases. The use of pyrose-

quencing on soil samples will accelerate the study of the spatiotemporal dynamics

of fungal communities in forest ecosystems.

Introduction

Fungi represent an essential functional component of terres-
trial ecosystems as decomposers, mutualists and pathogens,
and are one of the most diverse groups of the Eukarya (Mu-
eller et al., 2007). Studying the ecological factors that
underlie the dynamics of fungal communities remains a
challenge because of this high taxonomic and ecological
diversity. PCR-based molecular methods and sequencing of
ribosomal DNA have been used successfully to identify sub-
sets of this species’ richness (Vandenkoornhuyse et al.,
2002), and have provided insights into the ecological pro-
cesses that affect the structure and diversity of fungal com-
munities (Gomes et al., 2003; Schadt et al., 2003; Artz
et al., 2007). These advances are particularly noteworthy in
below-ground studies of ectomycorrhizal (EM) fungi as a

result of the combination of morphological and molecular
identifications of EM root tips (Horton & Bruns, 2001;
Martin & Slater, 2007). Spatial and temporal variations of
fungal communities in forest soils are affected by numerous
biotic and abiotic factors, including seasons, soil characteris-
tics, stand age and host tree species (Nordén & Paltto,
2001; Peter et al., 2001; Dickie et al., 2002; Buée et al.,
2005; Genney et al., 2005; Koide et al., 2007; Tedersoo
et al., 2008).

The internal transcribed spacer (ITS) region is now
widely used as a validated DNA barcode marker for the iden-
tification of many fungal species (Seifert, 2008). With
improvements in sequencing techniques and dedicated
DNA databases (Kõljalg et al., 2005), recent studies
have demonstrated the potential of large-scale Sanger
sequencing of ITS for quantifying and characterizing
soil fungal diversity (O’Brien et al., 2005). To our know-
ledge, the species’ richness of communities of soil fungi*These authors contributed equally to this work.
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has not yet been assessed using high-throughput pyro-
sequencing.

In this article, we present the use of high-throughput tag-
encoded FLX amplicon pyrosequencing (Acosta-Martinez
et al., 2008) to assess the fungal diversity in six soil samples
from a French temperate forest site. We show that the
abundance and diversity of fungi in the six soil samples were
much higher than hypothesized previously. A few fungal
taxa account for most of the species’ abundance, whereas
the majority of species are only rarely retrieved. There is rea-
son to believe that the spatial diversity and difference in
fungal richness among the six soil samples could be
explained partly by forest management, that is, plantation
tree species. The use of pyrosequencing on soil samples will
accelerate the study of the spatiotemporal dynamics of fun-
gal communities in forest ecosystems.

Materials and Methods

Study site and sampling

The experimental site of Breuil-Chenue forest is situ-
ated in the Morvan Mountains, Burgundy, France
(latitude 47�18¢10¢¢, longitude 4�4¢44¢¢). The elevation
is 640 m, the annual rainfall is 1280 mm and the
mean annual temperature is 9�C. The parent rock is
granite and the soil is an alocrisol, with a pH ranging
between 4 and 4.5 (Ranger et al., 2004). The native
forest is an old coppice composed of beech (Fagus
sylvatica L., 90% of the stems), Durmast oak (Quercus
sessiliflora Smith), sporadic weeping birch (Betula
verrucosa Ehrh) and hazel trees (Corylus avellana L.). In
1976, a part of the native forest was clear-cut and this
area was planted with the following six species: beech
(Fagus sylvatica L.), Durmast oak (Quercus sessiliflora
Smith), Norway spruce (Picea abies Karst), Douglas fir
(Pseudotsuga menziesii Franco), Corsican pine (Pinus
nigra Arn. ssp. laricio Poiret var. Corsicana) and Nord-
mann fir (Abies nordmanniana Spach.). Six plots
(1000 m2 each), corresponding to these six plantations,
were selected for the study. These plots were relatively
contiguous, because the six plantations were distributed
on a total area of c. 14 000 m2. The site is surrounded
mainly by native forest and Douglas fir plantations. In
March 2008, eight soil cores (1 · 1 · 5 cm depth)
were sampled independently along two 30 m transects
in each of these six plots. After removal of the forest
litter, the 48 soil cores were sampled in the organic
horizon (depth, 0–5 cm) and transported to the labo-
ratory in an ice chest (8�C). Soil cores from each plot
were independently homogenized, and minor woody
debris and roots (>2 mm) were eliminated. Finally,
500 mg of the remaining soil was subsampled for
DNA extraction from each soil core.

DNA extraction, PCR and pyrosequencing

Genomic DNA was extracted from the 48 subsamples of
soil using the ‘FastDNA SPIN for Soil Kit’ (MP Bio-
medicals, Illkirch, France), according to the manufacturer’s
instructions. Amplicon libraries were performed using a
combination of tagged primers designed for the variable
ITS-1 region, as recommended for the tag-encoded 454
GS-FLX amplicon pyrosequencing method (Acosta-
Martinez et al., 2008). The 48 genomic DNA samples were
diluted to 1 : 5 and 1 : 100. These 96 diluted genomic
DNA samples were amplified separately using the fungal
primer pair ITS1F (5¢-AxxxCTTGGTCATTTAGAGGA-
AGTAA-3¢) and ITS2 (5¢-BGCTGCGTTCTTCATC-
GATGC-3¢) to generate PCR ITS rRNA fragments of c.
400 bp, where A and B represent the two pyrosequencing
primers (GCCTCCCTCGCGCCATCAG and GCCTTG
CCAGCCCGCTCAG) and xxx was designed for the
sample identification barcoding key. The PCR conditions
used were 94�C for 4 min, 30 cycles of 30 s at 94�C (dena-
turation), 50�C for 1 min (annealing) and 72�C for 90 s
(extension), followed by 10 min at 72�C. The 96 PCR
products were purified using the Multiscreen-PCR plate
system (Millipore Corporation, Billerica, MA, USA), and
then pooled to obtain six amplicon libraries corresponding
to the six different forest soils. The amplicon length and
concentration were estimated, and an equimolar mix of all
six amplicon libraries was used for pyrosequencing. Pyro-
sequencing of the six amplicon libraries (from the ITS1F
primer) on the Genome Sequencer FLX 454 System (454
Life Sciences ⁄ Roche Applied Biosystems, Nutley, NJ, USA)
at Cogenics (Meylan, France) resulted in 180 200 reads
that satisfied the sequence quality criteria employed (cf.
Droege & Hill, 2008). Tags were extracted from the
FLX-generated composite FASTA file into individual
sample-specific files based on the tag sequence by the
proprietary software COGENICS v.1.14 (Cogenics Genome
Express FLX platform, Grenoble, France).

Sequence editing and analysis of the reads by
operational taxonomic unit (OTU) clustering

The filtered sequences were trimmed using the trimseq
script from the EMBOSS package (Rice et al., 2000).
Sequences shorter than 100 bp after quality trimming were
not considered. The average length of the 166 350 edited
reads was 252 bp. The resultant individual sample FASTA
files were assembled in tentative consensus sequences using
BLASTclust v.2.2.1.6 (Altschul et al., 1997), with the require-
ment that at least 97% similarity be obtained over at least
90% of the sequence length (-S 97 -L 0.9). In order to
identify OTUs, a random sequence was compared with the
nonredundant GenBank database and a custom-curated
database (C-DB, described below). The OTUs defined at
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97% sequence similarity (O’Brien et al., 2005) were used to
perform rarefaction analysis and to calculate the richness
(Shannon) and diversity (Chao1) indices. The rarefaction
analysis was performed using ANALYTIC RAREFACTION v.1.4
(Hunt Mountain Software, Department of Geology, Uni-
versity of Georgia, Athens, GA, USA). Calculation of the
richness (Shannon) and diversity (Chao1) indices was per-
formed using the ESTIMATES software package (version
8.00, R. K. Colwell; http://viceroy.eeb.uconn.edu/ Estimate
SPages ⁄ Est-SUsersGuide ⁄ EstimateSUsersGuide.htm).

Phylogenetic assignment of the ITS-1 reads with
MEGAN

In a second analysis, the individual sample FASTA files were
evaluated using NCBI-BLASTn (Altschul et al., 1997) against
the nonredundant GenBank database (Benson et al., 2008)
and C-DB derived from the GenBank and UNITE (Kõljalg
et al., 2005; http://unite.ut.ee/index.php) databases. To
construct C-DB, all fully identified fungal ITS sequences in
GenBank and UNITE, as of November 2007, were
screened for appropriate length (300–1500 bp), IUPAD
DNA ambiguity content (less than five symbols) and taxo-
nomic reliability, as established by Nilsson et al. (2006). A
maximum of five sequences per species was selected at ran-
dom, resulting in a total of 23 390 sequences representing
9678 Latin binomials. A post-processing Perl script gener-
ated best-hit files comprising the top 10 best BLAST hits with
an E-value < 10e)3 for tentative species’ identification.

According to their best matches, the rDNA ITS
sequences were phylogenetically assigned using MEGAN v.
3.0.2 (MEtaGenome ANalyzer, Center for Bioinformatics,
Tübingen, Germany) (Huson et al., 2007), which provides
unique names and IDs for over 350 000 taxa from the
NCBI taxonomic database. The output files obtained from
the nonredundant GenBank and C-DB databases were then
processed. All parameters of MEGAN, including the lowest
common ancestor (LCA) assignment, were kept at default
values, except for the ‘min support’ option (regulating the
minimum number of sequence reads that must be assigned
to a taxon), which was set to either unity or five depending
on the analysis (cf. Wu & Eisen, 2008).

Results

Analysis of the reads by OTU clustering

A total of 166 350 ITS-1 sequences passed the quality con-
trol, and the number of reads per sample (i.e. pools of eight
soil cores per plantation) ranged from 25 700 to 35 600. A
maximum of 1000 OTUs (including 594 singletons) was
identified in the soil samples collected in the oak plantation
of the experimental site, whereas only 590 OTUs (including
333 singletons) were identified in the same volume of soil

collected in the beech plantation. From 4 g of forest soil
and a mean of 30 000 reads, the number of OTUs obtained
was c. 830 (± 73). The number of OTUs increased with the
number of reads, and a plot of OTUs vs the number of
ITS-1 sequences resulted in rarefaction curves that did not
approach a plateau (Fig. 1), in spite of the large number of
reads. At 97% similarity, the nonparametric Chao1 estima-
tor (Chao et al., 2005) predicted that the maximum num-
ber of OTUs probably ranges from 1350 to 3400 (data not
shown) depending on soil sample, with a mean estimated
OTU richness close to 2240 (± 360).

To identify the most frequent fungal taxa present in the
organic soils from the Breuil-Chenue forest site, OTUs
were clustered with all the 166 350 reads. The 26 most
abundant OTUs represented 73% of the total reads
(Table 1). The most frequent OTU was assigned to an
‘uncultured fungus’ in GenBank, but Menkis et al. (2006)
suggested that it corresponds to the root plant pathogen
Ceratobasidium sp. The six most abundant OTUs were dis-
tributed in three phyla and six distinct orders: Cantharell-
ales, Mortierellales, Helotiales, Tremellales, Agaricales and
Boletales (Table 1).

Analysis of reads with MEGAN

The set of individual DNA reads was also compared against
the nonredundant GenBank database of known ITS
sequences using BLASTn. MEGAN was used to compute the
taxonomic content of the dataset, employing NCBI taxon-
omy to order and cluster the results (Huson et al., 2007).
Most of the sequences (71.5%) lack an explicit taxonomic
annotation (Fig. 2a). To obtain a better assessment of the
taxonomic diversity of the known species, sequences were
queried against C-DB, containing only ITS sequences from
known fungal species (see Materials and Methods section).
After this curation, only 11% of the OTUs remained in the
‘unclassified fungi’ category, 81% in the Dikarya subking-
dom and 8% in the Mortierellaceae family (Fig. 2b). With
43.7% of the remaining ITS sequences, the Basidiomycota
represented the predominant fungal phylum in the pooled
results from soils of the Breuil-Chenue plantations.

Comparative analysis of the six plantation soil samples
revealed a distinct distribution of fungal phyla (Fig. 3). For
instance, Basidiomycota accounted for 65% of OTUs in
the soil cores collected in the oak plot, whereas this phylum
accounted for only 28% of OTUs in the soil cores sampled
in the spruce plot. Alternatively, soil samples from the
spruce plot were characterized by a relatively high percent-
age (c. 17%) of species from the order Mortierellales, para-
sitic or saprobic fungi belonging to the Mucoromycotina
(Hibbett et al., 2007), with the number of ITS reads two-
to five-fold higher than the five other forest soil samples
(only 3% of Mortierellales in the soil cores from the oak
plantation).
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Fig. 1 Rarefaction curves depicting the
effect of internal transcribed spacer (ITS)
sequence number on the number of opera-
tional taxonomic units (OTUs) identified from
the six soil samples. Between 25 680 and
35 600 sequences, depending on soil core,
were generated, corresponding to 580–1000
OTUs (at 3% sequence dissimilarity). Forest
soil (x, number of sequences; y, number of
observed OTUs): oak forest soil (32330;
1001); Douglas fir forest soil (23624; 704);
Norway spruce forest soil (32555; 983);
Corsican pine forest soil (26908; 833);
Nordmann fir forest soil (27054; 833); beech
forest soil (23878; 581).

Table 1 List of the 26 most abundant fungal
operational taxonomic units (OTUs) found in
the forest soil of the Breuil-Chenue siteClosest NCBI database match

Closest accession
number (NCBI)

Identities,
length (%)

No. 454
reads

Uncultured fungus (Ceratobasidium sp.)1 DQ093748.1 189 ⁄ 190 (99) 20067
Uncultured Cryptococcus FM866335.1 222 ⁄ 222 (100) 19452
Lactarius spp.2

(quietus, tabidus and Lactarius spp.)
EF493299.1 212 ⁄ 214 (99) 11302

Scleroderma sp. (citrinum) EU784414.1 274 ⁄ 285 (96) 8733
Uncultured Dermateaceae FJ554441.1 258 ⁄ 268 (96) 5617
Uncultured Mortierellaceae FJ475737.1 259 ⁄ 268 (96) 5253
Uncultured fungus sp. 2 EF521220.1 217 ⁄ 282 (76) 5099
Uncultured soil fungus sp. 1 EU806458.1 189 ⁄ 203 (93) 4562
Inocybe sp. (uncultured ectomycorrhiza) FN393147.1 228 ⁄ 235 (97) 4476
Russula sp. (parazurea) DQ422007.1 251 ⁄ 271 (92) 4390
Uncultured soil fungus sp. 2 DQ421207.1 219 ⁄ 227 (96) 4271
Uncultured cryptococcus FJ554344.1 257 ⁄ 260 (98) 4041
Uncultured fungus (Cyllamyces sp.) AM260910.1 82 ⁄ 85 (96) 3759
Uncultured soil fungus sp. 3 FJ553866.1 259 ⁄ 262 (98) 3403
Uncultured Sebacinales DQ421200.1 245 ⁄ 297 (82) 2936
Uncultured basidiomycete FJ475793.1 275 ⁄ 285 (96) 2703
Uncultured soil fungus sp. 4 (Mortierellaceae) FJ554362.1 122 ⁄ 126 (96) 2087
Uncultured dothideomycete
(Cenococcum sp.)

DQ273316.1 246 ⁄ 258 (95) 1443

Uncultured Helotiales FJ552732.1 272 ⁄ 281 (96) 1370
Tylospora asterophora AF052557.1 269 ⁄ 276 (97) 1220
Uncultured basidiomycete

(Cortinarius sp.)
AM902090.1 231 ⁄ 248 (93) 1184

Amanita sp. (spissa) AJ889924.1 237 ⁄ 242 (97) 1049
Pseudotomentella sp. (tristis) AJ889968.1 232 ⁄ 237 (97) 1048
Uncultured Helotiales FJ475783.1 239 ⁄ 264 (90) 1016
Uncultured soil fungus sp. 5
(Mortierellaceae)

EU807054.1 249 ⁄ 253 (98) 989

Boletus sp. (pruinatus) AJ889931.1 239 ⁄ 244 (97) 974

The 166 350 reads were assembled into tentative consensus sequences with the requirement
that at least 97% similarity be obtained over at least 90% of the sequence length (-S 97 -L
0.9). To identify OTUs, a random sequence was compared with the nonredundant GenBank
database.
1This OTU was assigned to ‘Uncultured fungus’ in GenBank. It corresponds to
Ceratobasidium sp. (Menkis et al., 2006).
2The 11 302 reads of this OTU (Lactarius spp.) correspond to a complex of 6952 reads of
L. quietus, 3489 reads of L. tabidus and 757 reads of other Lactarius species (as
L. theiogalus and L. rufus) with ITS-1 sequences showing >97% homology.

4 Research

New
Phytologist

� The Authors (2009)

Journal compilation � New Phytologist (2009)

New Phytologist (2009)

www.newphytologist.org



At the family and genus levels, the fungal communities
showed similar taxonomic distribution across all soil
samples (Tables S1 and S2). Among saprotrophic, parasitic

and mycorrhizal fungi, the genera Ceratobasidium, Crypto-
coccus, Lactarius, Mortierella, Russula, Scleroderma, Neofa-
braea, Inocybe and Cenococcum were the most prominent
genera found in this study (Table 1). Moreover, numerous
Agaromycotina families were common to all soil samples,
with a strong representation of the EM species from the
Boletales, Agaricales, Thelephorales, Russulales, Cantharell-
ales and Sebacinales (according to Rinaldi et al., 2008).
Other EM genera, such as Lactarius and Tylospora, were
mainly identified in the oak and spruce plots, respectively.
EM fungi represented more than 50% of the 30 most abun-
dant genera (Table S1).

At the species’ level, the fungal community composition
also revealed similar taxa between different soils (Table S2).
The two yeast species, Cryptococcus podzolicus and C. terri-
cola, occurring on the surface of roots and in the
rhizosphere (Golubtsova et al., 2006), were the most abun-
dant Dikarya found in all organic forest soils of the
Breuil-Chenue site. The plant pathogen fungus Ceratobasid-
ium sp. was also dominant in all soil samples. EM species,
such as Cenococcum geophilum and Cortinarius sp. (saturni-
nus from C-DB), were also ubiquitous. Other species, such
as Scleroderma sp. (citrinum or bovista), were very abundant
in most plantations (between 1000 and 2000 reads), except
under oak (c. 100 reads). By contrast, the oak-specific EM
symbiont Lactarius quietus was restricted to the soil
collected under the oak plantation. Russula puellaris was
only identified in the Douglas fir forest soil samples and
Corsican pine plantation soil samples, whereas Russula vesca
was found in the soils from Corsican pine and Nordmann
fir plots.

Discussion

This pilot study used 454 pyrosequencing to evaluate the
fungal diversity in six distinct and spatially distant soil sam-
ples from a temperate forest. By sequencing a total of
166 350 PCR-amplified ITS-1 sequences, we identified

(a)

(b)

Fig. 2 Proportional distribution of different phyla and fungal groups
in the sequenced internal transcribed spacer (ITS) clone libraries. The
half-plate pyrosequencing produced 180 213 fungal sequences
(166 350 after trimming procedures). Results obtained after BLASTn of
sequences performed against GenBank and UNITE (a) or filtered
database (b) (16 987 sequences, representing 9 678 fungal species),
containing well-identified sequences and excluding all ‘uncultured
fungi’ sequences and ‘environmental sample’ sequences (see Materi-
als and Methods section for more details). Taxonomic clustering was
performed in MEGAN (Metagenome Analysis) with the following low-
est common ancestor (LCA) parameter values: 1, 35, 10 and 0 for
Min support, Min score, Top percent and Win score, respectively.

Fig. 3 Relative abundance of fungal phyla
for each soil library. ITS-1 sequences were
classified according to their BLASTn similarity
by MEGAN (Metagenome Analysis). After
using BLASTn against the curated database,
taxonomic clustering was performed in MEGAN

with the lowest common ancestor (LCA)
parameter values set to 5, 35, 10 and 0 for
Min support, Min score, Top percent and
Win score, respectively.
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600–1000 OTUs in each of the forest soil samples. The
nonparametric Chao1 estimator (Chao et al., 2005) pre-
dicted that the mean number of OTUs in 4 g of forest soil
was c. 2240 (± 360). Interestingly, 73% of the DNA reads
corresponded to 26 taxa only, and a detailed analysis
showed that the three most abundant OTUs were sup-
ported by 25–55% of reads whatever soil was considered.
Using a cloning ⁄ Sanger sequencing approach, Fierer et al.
(2007) have estimated a similar number of OTUs in rain-
forest soil samples (1 g), ranging between 1000 and 2000
OTUs in each community, depending on the parametric
model used. Although we found 600–1000 OTUs in each
of the forest soil samples, we highlighted between 249 and
408 taxonomic groups from these soil samples, supported
by a minimum of two reads. Therefore, the number of sin-
gletons, which were close to only 1.8% of the total number
of reads, corresponded to approximately 60% of the
observed OTUs. This large proportion of OTUs, supported
by unique reads, suggests that these sequences result from
the sequencing of the numerous individuals isolated in the
samples. This low abundance of numerous fungal taxa
should be correlated with the inconspicuous nature of fungi
and their dispersal ability. Hyphae and spores present in lit-
ter, leaves, pollen or needles, or the microscopic propagules,
probably favour the spread of fungal species in diverse eco-
systems. These species constitute a microbial reservoir (Fin-
lay, 2002), which may play important functions in forest
ecosystems facing environmental stresses.

At the present time, the ITS regions have been validated
as the best DNA barcode marker for fungal species’ identifi-
cation (Seifert, 2008). In the present pyrosequencing exper-
iment, and as reported in other studies (Liu et al., 2008;
Nilsson et al., 2009), an average length of 252 bp for the
ITS-1 sequences is long and sufficiently polymorphic to
allow the identification of the majority of fungal OTUs at
the species’ or genus levels. A large part of the sequenced
ITS regions belonged to unclassified fungi from incom-
pletely annotated environmental samples. Lack of taxo-
nomic annotation and errors in taxonomic assignments of
ITS sequences deposited in the international DNA data-
bases (Vilgalys, 2003) are major limitations to the survey of
fungal species, and have hampered such efforts (Nilsson
et al., 2006; Bidartondo et al., 2008; Horton et al., 2009).
For these reasons, the use of a curated ITS database (Nilsson
et al., 2005, 2006) should provide more pertinent taxo-
nomic information. Using a curated database, we found
that the majority of fungal sequences recovered belonged to
the Dikarya (Ascomycota and Basidiomycota), which
account for 81% of the OTUs. Basidiomycota was the most
abundant phylum (43.7% of OTUs), whereas Ascomycota
accounted for a much smaller percentage of the community
(17.3%). These results are very similar to those of a large-
scale survey of temperate forest soils carried out using San-
ger sequencing (O’Brien et al., 2005). By contrast, Schadt

et al. (2003) found a large proportion of Ascomycota in
125 cloned fungal sequences from tundra soils. The Glom-
eromycota and Chytridiomycota were probably underesti-
mated in our ITS-1 libraries as we have amplified ITS from
soil DNA using primers designed for Dikarya (ITS-
1F ⁄ ITS-2). In addition, these fungal taxa and several gen-
era, including Glomeromycota, were underestimated in our
survey, as poorly annotated ITS sequences from GenBank
were excluded from C-DB (Vilgalys, 2003; Nilsson et al.,
2008; Ryberg et al., 2009).

Lindahl et al. (2007) reported that saprotrophic fungi
were confined to the surface of the boreal forest floor. This
functional ecological group of fungi seems to be under-
represented in our topsoil samples. Ryberg et al. (2009)
reported that numerous saprotrophic species are also poorly
represented in the sequence databases compared with myco-
rrhizal sequences, and this imbalance may explain the
apparent bias. Moreover, the season of sampling can influ-
ence the pattern of fungal richness and the under-represen-
tation of some species in our current samples (Taylor,
2002; Koide et al., 2007). However, several saprotrophic
species were found in all six soil samples. For instance, the
two ubiquitous anamorphic Basidiomycota yeast species
(Fonseca et al., 2000), Cryptococcus podzolicus and C. terri-
cola, showed a large number of reads in the six forest soils,
and three Mortierella species were also very abundant in the
six soil samples (Table S2). Interestingly, the three func-
tional ecological fungal groups (parasitic, saprotrophic and
mutualistic) were represented by the three most abundant
OTUs, belonging to Ceratobasidium, Cryptococcus and Lac-
tarius genera, respectively.

Owing to the large proportion of unclassified fungi found
in the present and other soil surveys, a collection of curated
sequences for fungal identification is urgently needed.
Nevertheless, several of these unclassified fungal sequences
seem to correspond to a well-supported clade of Ascomycota,
equivalent to a subphylum, and referred to as soil clone
group I (Porter et al., 2008).

Amongst the taxonomically assigned species, EM species
from the Boletales, Agaricales, Thelephorales, Russulales,
Cantharellales and Sebacinales were predominant in the six
soil samples from different plantations (Tables S1 and S2),
supporting recent results on EM community structure
(Tedersoo et al., 2008). These authors reported a host pref-
erence of EM fungi in wet sclerophyll forest, but revealed
that the lineages of Cortinarius, Tomentella–Thelephora,
Russula–Lactarius, Clavulina, Descolea and Laccaria pre-
vailed in the total community studied. The wide distribu-
tion of these fungi is likely to favour their dissemination
(Baker, 1966; Lockwood et al., 2005), as are their resistance
to environmental stresses and their capacity for invasiveness
(Desprez-Loustau et al., 2007).

The diversity and OTU richness between the six different
forest soils suggest a strong spatial heterogeneity. Numerous
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factors could explain this diversity, including the influence
of the host tree or the impact of the soil organic matter.
Moreover, a difference in organic matter composition
and functioning has been reported in previous topsoil
analyses from three plantations of this site (Moukoumi
et al., 2006). The taxonomic information obtained in the
present high-throughput survey shows an unexpectedly high
richness of fungal species in forest soils. Additional 454
pyrosequencing-based surveys of fungal diversity will shed
light on the factors that have the largest impact on the
fungal communities.
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