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Abstract: In this study we present a new approach to
characterize fungal diversity with DNA sequencing of
mycelium grown from trapped airborne spores.
Fungal spores were extracted systematically from air
in three boreal forest sites (clear-cut, young and old-
growth forests) using an air sampling device. Internal
transcribed spacer (ITS) sequences from the nuclear
ribosomal DNA (nrDNA) were generated, and the
sequences most likely taxon affinities were established
through DNA homology searches. Phylogenetic anal-
yses were used to classify similar sequences into
operational taxonomic units (OTUs). The analyses
indicated that a total of 84 different OTUs had been
sampled, 24 basidiomycetes and 60 ascomycetes.
OTUs belonging to the ascomycete orders Helotiales
and Pleosporales were most frequent (31 and 18
respectively). A total of 54, 29 and 33 OTUs were
sampled, respectively, in the old-growth, young and
clear-cut forest sites. Although heavy generalization
should be avoided due to few replicates, the results
could indicate that old-growth boreal forests have
significantly higher airborne fungal species richness
than recently managed forests. The study shows that
the spore-trapping approach has a great potential for
targeting and studying anonymous fungi.
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INTRODUCTION

Fungi are ubiquitous in the environment and fulfil
a range of ecologically important functions as

symbionts, parasites and saprotrophs. Despite this
our understanding of fungal community diversity
remains poor. A main reason for this is simply that
most fungi are difficult to observe because they occur
hidden within their substrate, thus constituting an
anonymous biodiversity component. This hidden
fungal diversity is probably substantially underesti-
mated. Approximately 100 000 fungal species have
been described (Kirk et al 2001), but this number
represents apparently only a fraction of the de facto
diversity.

Today the use of molecular markers is revolution-
izing the field of microbial ecology, and has made it
possible to detect the previously unknown fungal
diversity (Pennisi 2004, Horton and Bruns 2001). A
wide array of DNA based techniques is used for
environmental sampling of unknown organisms,
including DNA sequencing (often coupled to clon-
ing), T-RFLP, ARISA, DGGE and SSCP. Unknown
fungal diversity can be targeted by DNA sequencing
and DNA homology searches against public access
sequence databases (e.g. GenBank/EMBL) to get
a clue which taxon anonymous fungal material
belongs to. The internal transcribed spacer (ITS)
region of nrDNA is the most used target sequence in
molecular detection of fungi and is also the most
employed marker to infer lower-levels taxonomy in
fungi (Bruns 2001). However, the level of intraspecif-
ic ITS divergence varies extensively within species and
it can be difficult to assign an anonymous fungal ITS
sequence to a certain taxon based on ITS sequence
similarity. The term operational taxonomic unit
(OTU) might be convenient to use on organisms
having a higher or lower level of uncertain taxon
affinity.

Recent studies using molecular detection have
demonstrated that endophytic and mycorrhizal fungi
constitute a huge but largely unknown diversity
component in ecosystems. For example, high fungal
species richness (49 SSU rRNA phylotypes) was
uncovered in a single plant root system (Vanden-
koornhuyse et al 2002) and a high diversity of
Helotiales taxa occurred as root symbionts below-
ground (Vrålstad et al 2002). A large and unknown
endophytic fungal community was detected in west-
ern white pine trees (Ganley et al 2004). The
widespread dark septate fungi of Phialocephala in
a recent study were shown to occupy a range of
different habitats, including dead wood and living
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plants materials including roots (Menkis et al 2004).
However, technically, it can be highly problematic to
target anonymous fungal material belowground or
within plant substrates (Ranjard et al 2003). In
addition to the fungi of interest, a mixture of other
types of organisms exist both belowground and within
plant materials.

Because the great majority of fungi are dispersed by
airborne meio- or mitospores, we have used an
alternative and new approach to capture and charac-
terize the cryptic fungal diversity by trapping airborne
fungal spores and perform ITS nrDNA characteriza-
tion of outgrowing mycelium from the trapped
spores. Thus, our method is restricted to fungi able
to grow in vitro. Until now there has been very few
field studies dealing with fungal spore diversity in
natural environments (but see Vasiliauskas et al
2005), but some studies have been carried out in
indoor environments (e.g. Herbarth et al 2003) or
have been directed toward specific plant pathogenic
fungi (Schweigkofler et al 2004). A taxon-specific
method, where basidiospores are captured with
a monokaryotic bait mycelium, has been used
successfully to study spore spread in basidiomycetes
(Adams et al 1984, James and Vilgalys 2001, Edman
et al 2004).

To evaluate the new approach, we have sampled
fungal spores in neighboring boreal forests of
contrasting human disturbance (i.e. an old forest
that has not been affected by logging in the past
century, a young forest that was planted approximate-
ly 30 y ago and a recently clear-cut forest). We have
chosen to study the fungal diversity in forest
ecosystems because fragmentation and loss of natural
forest habitats pose a major biodiversity threat (Noble
and Dirzo 1997). It is well documented that some
fungal groups suffer due to habitat loss in boreal
forests (e.g. Sippola and Renvall 1999, Penttilä et al
2004), but it is not yet known to what extent the
largely unexplored fungal diversity is affected by
human land-use, such as forestry. The main aim with
our study is twofold; first to present a novel approach
to target the cryptic fungal diversity of airborne
spores, and second to document anonymous fungal
diversity in boreal forests of contrasting human
disturbance. Because habitat qualities associated with
old forests are known to be important determinants
of the species richness of easily detectable life-forms,
such as vascular plants, mosses, lichens and macro-
scopic fruit bodies of wood-decaying fungi (Ohlson et
al 1997), we hypothesize that the fungal diversity
explored by spore capturing should be highest in the
old forest and lowest in the most disturbed clear-cut
forest.

MATERIALS AND METHODS

Spore sampling and culturing.—The Microbiological Air
Sampler device MicroBio MB2 (Parrett Technical De-
velopment, London) was used to sample spores in three
different forest sites. This device drags an adjustable
amount of air into the instrument and aerial particles
are deposited on a 9 cm agar plate placed within the
instrument. Different types of media, including water
agar, Dichloran-Glycerin (DG18) agar, malt-extract agar
and potato-dextrose agar initially were tested to find the
most favorable growth conditions for the captured
spores. The DG18 agar was chosen due to the reduced
mycelial growth rate observed and the possibility for
separation of germination spores was in this way
increased. Fifty liters of air were sampled in five
replicates in three different forest sites: old-growth,
young and clear cut forest in the municipality of Siljan,
Telemark county, Norway. The three sites are situated in
an ordinary Scandinavian boreal forest landscape,
including forest stands of mixed ages (all with traces
of recent or past logging activity). The five replicated
measurements where taken in the center and in each
corner of a 900 m2 square within each forest type to
prevent strong influence from a single spore source. All
measurements were taken at 2 m heights above ground,
and the device was held in a horizontal position (each
measurement taking approximately 30 s). All spores
were captured in succession with a single instrument
during a 2 h period (11.00–13.00), 2 Sep 2004, and the
wind and weather conditions were stable during this
period (dry and reaching approximately 20 C midday).
All germinating spores where separated under a dissect-
ing microscope during a 12 d period and transferred to
2% malt extract agar Petri plates. The cultures were
grown in 19 C in the dark ca. 3 wk before they were
compared and grouped into morphotypes based on
mycelial morphology, growth rate and color. Only
cultures being distinctively similar were pooled into
the same morphotypes. Representative cultures from
each morphotype subsequently were selected for DNA
sequence analysis. Typically basidiomycete isolates (with
white and cotton-like mycelium), by experience difficult
to distinguish by sight, all were sequenced.

Molecular methods.—DNA extraction was performed with
a 2% CTAB miniprep method (Murray and Thompson
1980) with minor modifications: DNA was resuspended
in 100 mL dsH2O at the final step of extraction, and
DNA templates were diluted 50-fold before PCR
amplification. PCR amplification was accomplished with
primers ITS4 and ITS5 (White et al 1990) for the
nuclear ITS1-5.8S-ITS2 rDNA region. PCR was per-
formed in 30 mL reactions containing 17.5 mL 50 3

diluted template DNA and 12.5 mL reaction mix (final
concentrations: 4 3 250 mM dNTPs, 0.625 mM of each
primer, 2 mM MgCl2 and 1 unit DyNAzymeTM II DNA
polymerase [Finnzymes Oy, Espoo, Finland]) on a Bio-
metra PCR machine. The amplification program was
initiated by a 4 min denaturation step at 94 C, followed
by 37 cycles of 30 s at 94 C, 35 s at 54 C, and 40 s at
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72 C. The program was terminated with a 10 min
elongation step at 72 C before storage at 4 C. Automat-
ed sequencing was performed on a MegaBACETM 500
DNA Analysis System (Amersham Biosciences, Ohio)
with the DYEnamicTM ET Dye Terminator Cycle
Sequencing Kit (Amersham Biosciences, Buckingham-
shire, England) according to the manufacturer’s
recommendations. PCR products and cycle sequenc-
ing products were purified respectively with the
ExoSAP-IT and AutoSeq96TM Dye Terminator
Clean-up kits according to the manufacturer’s re-
commendations (Amersham Biosciences, Ohio). For
unknown reasons, 24 of the isolates; 13 from the old-
growth, three from the young and four from the clear-
cut site, did not yield reliable sequences, possibly due
to contamination of the cultures of yeast fungi; these
isolates/sequences were discharged from further
analyses. The 261 ITS sequences included in this
study are deposited in the EMBL/GenBank sequence
databases under accession numbers AM084419-
AM084549 and AM084748- AM084977 (cf. supplemen-
tary material 1).

Statistical analyses.—Sequence chromatograms were in-
spected visually with the program BioEdit Sequence
Alignment Editor version 5.0.9 (Hall 1999). All gener-
ated ITS sequences were submitted to Blast searches (at
www.ncbi.nlm.nih.gov). The current NCBI taxonomy
was used for classification of the OTUs into orders. In
six selected taxonomic groups (see below) sequence
alignments were established using a combination of
Clustal W (www.ebi.ac.uk/clustalw) and manual align-
ment. Selected ITS GenBank sequences, having best
matches with the obtained sequences, where included
in the alignments. Phylogenetic analyses of the six ITS
datasets were performed with PAUP* version 4.0b10
(Swofford 2003), with all transformations coded as
unordered, all characters treated as equally weighted
and gaps treated as missing values. The heuristic search
option, with the tree bisection-reconnection (TBR)
branch swapping algorithm and the random addition
sequence option with 100 replicates to find multiple
islands, was employed for all searches for most
parsimonious tree(s). All other settings were default.
Bootstrap support for branching topologies was exam-
ined with the same parameter settings, except that
simple addition of sequences was used, and with 1000
search replicates. For two of the datasets (‘‘Mollisia’’
and ‘‘Phaeosphaeria’’), Neighbor joining bootstrap
analyses (1000 replicates) with default settings were
employed due to limited data power. EstimateS (Colwell
1997) was used to calculate saturation curves of richness
of OTUs in the three different forest sites. One
thousand randomized runs were performed on each
dataset. A binary OTU/replicate data matrix was
constructed for a principal co-ordinate (PCO) analysis,
where the OTUs abundance was converted to presence/
absence data in the 15 replicates. The PCO analysis was
performed in NTSYS-pc (Rholf 1997), using Jaccard’s
coefficient for similarity.

RESULTS

A total of 721 single-spore cultures were established
from the 5 3 3 replicated measurements in the three
forest sites and grouped into 248 mycelial morpho-
types. One morphotype representing Cladosporium
spp. was highly frequent (n 5 309), especially in the
clear-cut forest site (n 5 198). The 261 obtained ITS
sequences, representing the various morphotypes,
were submitted to DNA homology searches (Blast)
against ITS GenBank accessions to establish the most
likely taxon affinities of the sequences (cf. supple-
mentary material 1). The sequence similarity distri-
bution of our sequences against GenBank sequences
is shown (FIG. 1). Forty-six percent of the sequences
(119) obtained 99 or 100% sequence similarity with
accessioned GenBank sequences (all more or less full-
length matches); taxon names are shown (TABLE I).
Provisional names were assigned to each sequence
according to the best Blast matches. In this way most
of the sequences could be assigned to an ‘‘operation-
al taxonomic unit’’, hereafter referred to as an OTU.
All the isolates included in the ‘‘Cladosporium’’
morphotype were pooled into one OTU because
different isolates of this morphotype obtained best hit
with various Cladosporium spp. accessioned in Gen-
Bank. In other cases where we obtained multiple
closely related sequences, phylogenetic analyses were
used to group sequences with high similarity into
different OTUs. Six different ITS alignments in-
cluding sequences matching GenBank accessions of
Mollisia spp., Phaeospaeria spp., Lachnum spp.,
Peniophora spp., Penicillum spp. and Phialocephala
spp. were generated, and the resulting phylogenies
are shown (FIG. 2).

FIG. 1. The distribution of sequence similarities ob-
tained during DNA homology searches against GenBank
accessions of the 261 ITS nrDNA sequences generated in
this study. Dark shading indicates basidiomycete sequences.
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Concerning the taxonomical distribution, OTUs
belonging to Helotiales, Pleosporales, Aphyllophor-
ales and Agaricales were most frequent (TABLE II).
Counting just the number of spores, Mycosphaerel-
lales was most frequent due to the high frequency of
Cladosporium spp. in the clear-cut site and in the
young forest site. A stepwise decline in number of
Cladosporium spp. spores was observed from the clear-
cut forest site (198 spores) to the young (90) and the

old-growth forest site (21). Next to Mycosphaerellales,
Helotiales was most frequent concerning number of
spores and included most OTUs. Judging from the
similarity to GenBank sequences Mollisia, Phialoce-
phala and Lachnum were the most abundant genera
within Helotiales, being especially frequent in the old-
growth forest site. OTUs belonging to Aphyllophor-
ales were sampled far more frequently in the old-
growth forest (nine times) compared to the young

TABLE I. Taxon names of accessioned ITS GenBank sequences having 99 and 100% identity with sequences obtained in this
study. The numbers in the three last columns reflect the number of obtained sequences of each OTU. (C 5 clear-cut forest
site, Y 5 young forest site, O 5 old-growth forest site)

Taxon in GenBank Order Access. no C Y O

Heterobasidion annosum Agaricales AF455496 8
Marasmius androsaceus Agaricales AF519893 1
Nolanea conferenda Agaricales AF538624 1
Bjerkandera adusta Aphyllophorales AY319191 1
Fomitopsis pinicola Aphyllophorales Y10236 2
Hyphoderma setigerum Aphyllophorales AJ534250 1
Phanerochate sordida Aphyllophorales AF505516 3
Peniophora incarnata Aphyllophorales AY618243 1
Cladophialophora minourae Chaetothyriales AF393716 1 1
Penicillium kojigenum Eurotiales AF033489 3
Penicillium swiecickii Eurotiales AJ608946 2 1
Thysanophora penicillioides Eurotiales AF454086 3 6
Penicillium spinulosum Eurotiales AY373933 1
Penicillium thomii Eurotiales AY373934 3
Cadophora sp. Helotiales AY781242 1
Fungus from glacial ice Helotiales AF177733 1
Cistella acuum Helotiales AY805550 2 1 1
Lachnum virgineum Helotiales AJ430221 1 2
Mollisia cinerea Helotiales AY259135 1 7
Mollisia fusca Helotiales AY259137 2
Mollisia melaleuca Helotiales AY259136 1 3 2
Foliar endophyte Helotiales AY561210 1
Phialocephala scopiformis Helotiales AF486126 1
Phialocephala sp. Helotiales AY606298 1
Phialocephala sp. Helotiales AY606299 1
Sclerotinia sclerotiorum Helotiales AF455456 3 1
Phellinus ferrugineofuscus Hymenochaetales AY354222 4
Ascomycete sp. Mycosphaerellales AY805600 1
Cladosporium cladosporioides Mycosphaerellales AY251070 4 3 1
Cladosporium herbarum Mycosphaerellales AY251078 2
Cladosporium magnusianum Mycosphaerellales AF393712 1 1
Cladosporium oxysporum Mycosphaerellales AY391832 2
Cladosporium sp. Mycosphaerellales AY465432 2 2 2
Cladosporium uredinicola Mycosphaerellales AY251071 1
Leaf litter ascomycete Mycosphaerellales AF502819 2
Ramularia collo-cygni Mycosphaerellales AF173310 1
Alternaria alternata Pleosporales AY445812 1
Drechslera biseptata Pleosporales AY004788 2
Epicoccum nigrum Pleosporales AY305364 1
Phaeosphaeria herpotrichoides Pleosporales AF439483 1
Phaeosphaeria vagans Pleosporales AF439508 2
Phlebiopsis gigantea Stereales AF087488 1 1
Microdochium sp. Xylariales AJ246155 1 4
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FIG. 2. Phylogenies of six different groups of closely related sequences generated with maximum parsimony analyses. The
four phylogenies include sequences of high similarity to GenBank accessions of: A. Mollisia spp., B. Lachnum spp., C.
Peniophora spp., D. Penicillium spp., E. Phaeosphaeria spp. and F. Phialocephala spp. Bootstrap support values are shown below
nodes. GenBank accession numbers are shown behind sequences retrieved from GenBank. Brackets reflect which sequences
were grouped into the same molecular operational taxonomic unit (OTU).
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(three) and clear-cut (one) forest sites and all OTUs
in Agaricales were sampled only in the old growth
forest, except one (cf. TABLE II). OTUs belonging to
Pleosporales were sampled more frequently in the
clear-cut forest site (14 times), compared to the
young (nine) and old-growth (four) forest sites.

In total we found a higher number of OTUs in the
old-growth forest (56), compared to the young (28)
and clear-cut (33) forest sites (cf. supplementary
material 2). The average number of OTUs per
replicate was significantly higher in the old-growth
forest, compared to the young and the clear-cut forest
sites (ANOVA, P , 0.05) (FIG. 3A). As shown with
saturation curves, a larger fraction of the total
diversity of OTU was captured in the clear-cut site,
compared to the young and especially the old-growth

forest site (FIG. 3B). Furthermore, a principal co-
ordinate (PCO) analysis (FIG. 4) showed that the
variation in composition of OTUs among replicates
was far greater in the old-growth forest, compared to
the young and clear-cut forests. A forest age gradient
corresponded perfectly with the first PCO axis and
thus accounted for most of the variation in compo-
sition of OTUs (FIG. 4). Thirty-five OTUs were
sampled in the old-growth forest only, while 15 and
nine were sampled in the clear-cut and young forests
only (FIG. 5). Seven OTUs occurred in all three forest
sites, while four occurred in both the young and clear-
cut sites, six in both the clear-cut and old-growth sites
and eight in both the young and old-growth sites.
Thus, the young and old-growth forest sites had most
OTUs in common.

TABLE II. Taxonomic distribution of molecular operational taxonomic units (OTUs) within orders. The total number of
cultured spores captured in each order at each site is shown in brackets. B 5 basidiomycete, A 5 ascomycete

Order Clear cut Young Old growth

Agaricales (B) 1 (1) 0 7 (16)
Aphyllophorales (B) 1 (1) 3 (6) 9 (21)
Cantharellales (B) 0 0 1 (1)
Hymenochaetales (B) 1 (12) 0 1 (12)
Stereales (B) 2 (25) 1 (1) 1 (2)
Eurotiales (A) 0 2 (4) 3 (39)
Helotiales (A) 12 (41) 11 (23) 24 (135)
Hypocreales (A) 0 0 2 (4)
Xylariales (A) 0 1 (1) 1 (10)
Pleosporales (A) 14 (31) 9 (13) 4 (8)
Coniochaetales (A) 0 1 (2) 0
Mycosphaerellales (A) 2 (199) 1 (90) 3 (23)
Sum 33 29 56

FIG. 3. A. Box plots of the spore number (gray boxes) and operational taxonomic units (OTU) in the five replicated
measurements in three different forest types. There was a significant difference in both mean spore number and OTUs among
sites (ANOVA, P , 0.05). B. Saturation curves showing the average number of taxonomic units (OTU) against number of
spores sampled in the three different forest sites. Gray lines indicate standard deviations of 1000 replicated runs.
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DISCUSSION

Recent studies have focused on the belowground
diversity of fungi (Vandenkoornhuyse et al 2002,
Vrålstad et al 2002) and the diversity of fungi within
living or dead plant materials (Ganley et al 2004,
Menkis et al 2004), but to our knowledge this is the
first attempt to characterize the diversity of fungi in
natural ecosystems by targeting airborne fungal
spores. The majority of fungal spores fall close to
the fruit bodies (Ingold 1965) and it is thus reason-
able to conclude that the captured spores largely
reflect a site-specific and local species diversity of
fungi. With the exception of Glomales, Chytridiomy-
cota and many gasteromycetes, most fungi disperse by
airborne spores (Alexopoulos et al 1996) and the
approach presented here, hypothetically, is able to
reveal a large proportion of the diversity of fungi in
natural ecosystems. Some fungi also are spread by
insects or are rain splash dispersed; they will not be
targeted by our approach. Furthermore, the approach
restricts to fungi that are able to grow in vitro on
nutrient media. Thus, measuring the diversity of
established mycelia is only an indirect way of
measuring the diversity of airborne spores. However,
a direct molecular characterization of trapped spores
also could be conducted using for example a combi-
nation of nested-PCR and cloning (Williams et al

2001). In this way, spores from obligate biotrophic
fungi not able to grow in culture also could be
obtained and a larger fraction of the entire diversity
described. However, one advantage of the employed
methodology is that by establishing single-spore
cultures we avoid mixed DNA samples and the usage
of cloning techniques to obtain sequences. Multiple
spores also could be characterized simultaneously
using techniques such as T-RFLP (Bruce 1997).

This study represents a first examination of the
spore-trapping approach, and it includes some
methodological limitations that decrease the gener-
ality of our results. First, spore-sampling replicates
(five) were obtained only within the forest stands and
there was no replication of forest stand type. This is
a weakness (cf. Hurlbert 1984), but our idea in this
first study was to assess the beta diversity among spore
sample replicates taken within the same forest stand.
For example, the amount of fruiting bodies in the
nearby vicinity probably strongly affects the presence
of spores in the air. According to the PCO plot, there
was a high similarity within the forest stands,
especially concerning the clear-cut and young forests.
The variation in spore composition was far higher in
the old-growth forest stand (cf. FIG. 4). Another
limitation is that only one culture medium (DG18
agar) was employed. No single culture medium will be
suitable for all fungi of interest and this will introduce
bias into the results. In future studies different types
of media should be employed together. Furthermore
spore sampling was done during a 2 h window and it
certainly is some natural variation in spore composi-

FIG. 4. Plot from a principal co-ordinate (PCO) analysis
that shows the distribution of the 15 spore-sample replicates
along the two first axes based on similarity in composition
of molecular taxonomic units (OTUs). As indicated by
stippled lines, far more variation in composition of OTUs
occurred in the replicates from the old growth forest,
compared to the replicates from the young and clear-cut
forest. The first and second axes accounted for 17.4 and
14.6% of the total variation, respectively. Interestingly, the
first axis corresponds to a forest age gradient.

FIG. 5. The number of unique and shared operational
taxonomic units (OTU) in and among the different
forest types.
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tion during such a period. Diurnal (Ingold 1965) and
seasonal (e.g. Vasiliauskas et al 2005) variations in the
aerial spore composition also are important to
consider during spore-sampling experiments. Anoth-
er methodological weakness is that cultures with
similar appearance were pooled and only representa-
tive isolates from each morphotype were sequenced.
This could be circumvented by DNA sequencing all
cultures in future studies or employ PCR-RFLP in
conjunction with sequencing to classify the cultures
into OTUs. In spite of the mentioned methodological
weaknesses we think that some preliminary knowl-
edge can be obtained from this first experiment.

As much as 46% (119) of the obtained ITS
sequences had 99 or 100% sequence similarity
(obtained by Blast searches) to accessioned GenBank
sequences (cf. FIG. 1). Although the intraspecific ITS
variation varies a lot, our impression is that a sequence
similarity of 99% or higher normally falls within the
intraspecific range of ITS variation. This means that
a quiet high proportion of the spore diversity in
boreal forests, employing the current approach, can
be determined at the species level.

Most of the recorded OTUs belonged to the
ascomycete orders Helotiales and Pleosporales, fol-
lowed by the basidiomycete orders Aphyllophorales
and Agaricales. Helotiales includes an ecologically
diverse group of plant pathogens, wood, debris and
soil saprobes, plant endophytes, and mycorrhizal
fungi (Alexopoulos et al 1996). Mollisia was the most
abundant genus within Helotiales and was especially
frequent in the old-growth forest site (cf. FIG. 2A).
Mollisia includes species growing on plant debris and
decaying wood, but some are obviously also biotrophs
(Vrålstad et al 2002). The species delimitation is
poorly understood, and in our phylogeny of Mollisia-
like sequences (FIG. 1a), GenBank sequences of
Mollisia fusca, M. cinerea and M. melaleuca clustered
closely together. The Helotiales genus Phialocephala
also was captured frequently in the old-growth forest
site. Phialocephala spp., often referred to as ‘‘dark-
septate endophytes’’ are widespread, have little host
or habitat specificities and are conidial or sterile
inhabitants of many terrestrial plants ( Jumpponen
and Trappe 1998). Phialocephala spp. has apparently
a great ability to colonize and persist in living and
dead trees under strikingly different ecological con-
ditions (Menkis et al 2004). Four OTUs, apparently
belonging to the genus Lachnum, were captured in
the old-growth forest, except one, that also was
captured in the clear-cut forest site (FIG. 2B).
Lachnum spp. grows saprophytically on wood and
other plant materials but also has been isolated from
living roots (Vrålstad et al 2002). Three of the
obtained Lachnum sequences had a high similarity

to L. virgineum GenBank sequence AJ430221. How-
ever, judged from the placement of Lachnum
GenBank sequences in the phylogenetic tree
(FIG. 2B), species delimitations in the genus are
questionable. The Helotiales species Cistella acuum
and Sclerotinia sclerotiorum, producing ascocarps on
dead plant materials, were captured several times, the
former at all sites and the latter only in the young and
clear-cut sites. Sclerotinia sclerotiorum is a widespread
plant pathogen with a conidial stadium attacking
a broad range of host plants. OTUs belonging to the
ascomycete order Pleosporales, which includes plant
pathogens, saprobes and lichen-forming fungi, were
captured most frequently at the clear-cut site.

Most of the basidiomycetes were captured in the
old growth forest site (cf. TABLE I, supplementary
material 2). Several Peniophora species, being wood
decomposers of various tree species, were solely
detected in the old-growth forest site (cf. FIG. 2C).
The root-rot pathogen Heterobasidon annosum and
the wood-decomposer Phellinus ferrogineofuscus (both
with 100/99% match in GenBank) likewise were
captured frequently at this site.

Traditional inventories of visible macroscopic fruit
bodies have demonstrated a negative correlation
between forestry impact and fungal diversity in boreal
forests (Sippola and Renvall 1999, Penttilä et al 2004).
Our preliminary results support this relationship and
suggest that the aerial spore sampling approach
might have a great potential as a complementary
method in monitoring fungal diversity and spread.
We found a higher number of OTUs in the old-
growth forest site (56), compared to the young (28)
and clear cut (32) forest sites, and there was
a significant difference in the mean number of
OTU per spore sample replicate among the sites (cf.
FIG. 3A). It is noteworthy that as much as 41.7% of the
OTUs (35) were unique to the old-growth forest site,
indicating that a high proportion of the fungal
diversity in boreal forest could be associated with
the old-growth forest habitat (cf. FIG. 5). However, we
want to emphasize that our results are based on three
forest sites only, with five replicates in each. Thus, due
to the laborious methodology and the fact that we
also wanted to investigate the level of beta diversity in
each site by replicated measurements, we had no
replicates of each forest type. This means that
generalizations should be avoided and results dealing
with the differences among forest types should be
considered as preliminary. In one of the few other
studies measuring fungal spore spread in natural
forest environments, it was shown that the spore
deposition (and indirectly the abundance of fruit
bodies) for three selected fungal species was higher in
landscapes characterized by a large proportion of old
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spruce forests than in landscapes with a lower pro-
portion of old forests (Edman et al 2004). This
indicates that the spore deposition, and the frequen-
cies of fruit bodies, strongly depends on the land-
scape composition at both regional and local scales
and corresponds well with our preliminary results.

This study represents a first examination of this new
approach, and we believe that the spore-trapping
approach has a great potential in future studies to
analyze the largely unexplored and highly anonymous
species richness of fungi. The presented approach
makes it possible to study the organisms further in
vitro and to establish a link between genotype and
cultural phenotypic traits. The spore capturing
approach thus provides a good starting point to study
life-history characteristics of anonymous fungal
groups difficult to target in other ways (e.g. species
of Lachnum, Mollisia and Phialocephala). Population
genetic analyses may be carried out on the captured
populations to explore their population structure.
The presented method opens for several new ques-
tions to be studied, including change of diversity
along a time-axis and various ecological gradients.
Finally, the approach also could encourage attempts
to relate the aerial spore diversity with corresponding
mycelia and sporocarps to approach a better un-
derstanding of dispersal dynamics in different groups
of fungi.
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