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Abstract

Primary biogenic aerosol (PBA) particles account for large proportions of air
particulate matter, and they can influence the hydrological cycle and climate as
nuclei for water droplets and ice crystals in clouds, fog, and precipitation.
Moreover, they can cause or enhance human, animal, and plant diseases. The
actual abundance and properties of PBA particles and components in the
atmosphere are, however, still poorly understood and quantified.

In this study, the identity, diversity, and frequency of occurrence of
PBA particles were investigated by DNA analysis. Methods for the extraction,
amplification, and analysis of DNA from aerosol filter samples were developed
and optimized for different types of organisms, including fungi, bacteria, and
plants. The investigations were focused on fungal DNA, and over 2500
sequences were obtained from air samples collected at different locations and
climatic zones around the world (tropical, mid-latitude, sub-polar; continental,
marine).

Nearly all fungal DNA sequences could be attributed to the phyla of
Ascomycota and Basidiomycota. With regard to species richness, the ratio of
Basidiomycota to Ascomycota was much higher in continental air samples
(~60:40) than in marine air samples (~30:70). Pronounced differences in the
relative abundance and seasonal cycles of various groups of fungi were
detected in coarse and fine particulate matter from continental air, with more
plant pathogens in the coarse and more human pathogens and allergens in the
respirable fine particle fraction (<3 um). The results of this study provide new
information and insights into the sources of PBA particles and the interactions

of the biosphere with the atmosphere, climate, and public health.
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Zusammenfassung

Primire biogene Aerosolpartikel (PBA) haben groen Anteil an der
Zusammensetzung und an den Auswirkungen atmosphirischer Aerosole. Sie
konnen den Wasserkreislauf und das Klima als Kondensationskerne fiir
Wassertropfen und Eiskristalle in  Wolken, Nebel und Niederschlag
beeinflussen, und sie konnen Krankheiten an Mensch, Tier und Pflanze
auslosen oder verstdarken. Die genauen Eigenschaften von PBA sind bislang
jedoch kaum bekannt.

In dieser Arbeit wurde die Identitét, Diversitdt und die Haufigkeit des
Vorkommens von PBA mittels DNA-Analysen untersucht. Methoden fiir die
Extraktion, Amplifizierung und Analyse von DNA aus Luftfilterproben wurden
entwickelt und fiir verschiedene Organismen wie Pilze, Bakterien und Pflanzen
optimiert. Die Untersuchungen dieser Arbeit konzentrierten sich auf den
Nachweis von Pilz-DNA in Luftproben, und mehr als 2500 DNA-Sequenzen
konnten aus Proben von verschiedensten Standorten und Klimazonen rund um
die Welt gewonnen werden (Tropen, Mittlere Breiten, Polargebiete;
kontinental, marin).

Fast alle DNA-Sequenzen konnten den Abteilungen der Ascomycota
und Basidiomycota zugeordnet werden. Beziiglich der Artenvielfalt war das
Verhéltnis von Basidio- zu Ascomycota in kontinentalen Luftproben (~60:40)
deutlich hoher als in marinen Proben (~30:70). Deutliche Unterschiede zeigten
sich auch in der relativen Haiufigkeit und in den saisonalen Zyklen
verschiedener Pilzgruppen in Grob- und Feinstaubproben aus kontinentaler
Luft. Dabei war der Anteil an phytopathogenen Spezies in der
Grobstaubfraktion hoher, wahrend humanpathogene und allergene Spezies eher
in der lungengéngigen Feinstaubfraktion gefunden wurden. Die Ergebnisse
dieser Arbeit liefern neue Information und Einsicht in die Quellen von PBA
und in die Wechselwirkung von Biosphdre, Atmosphédre, Klima und

Gesundheit.
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1 Introduction

1.1 Atmospheric aerosols and airborne fungi

The effects of aerosols on the atmosphere, climate, and health are among the
central topics in current environmental research. Aerosol particles scatter and
absorb solar and terrestrial radiation, provide condensation nuclei for cloud
droplets, and effect atmospheric chemistry. Moreover, they play an important
role in the spreading of organisms and reproductive materials, and they can
cause or enhance human, animal, and plant diseases (Pdschl, 2005; Després et
al., 2007).

An aerosol is generally defined as a suspension of a liquid or solid
particle in a gas, with particle diameters in the range of ~0.001 pm (nucleation
mode particles) up to ~100 um (e.g., large dust particles or plant fragments;
Seinfeld and Pandis, 1998). Atmospheric aerosol particles originate from a
wide variety of natural and anthropogenic sources, including primary particle
emission such as biomass burning, combustion processes, volcanic eruptions,
and wind-driven or traffic-related suspension of road, soil, and mineral dust,
sea salt and biological materials as well as secondary particle formation by gas-
to-particle-conversion in the atmosphere (Pdschl, 2005).

Primary biogenic aerosol (PBA) particles are emitted directly from the
biosphere to the atmosphere and represent a significant fraction of the aerosol
particles in the atmosphere (up to ~50% of the mass concentration; Jaenicke,
2005; Elbert et al., 2007). Air particulate matter of biological origin includes
viable cells like pollen, bacteria, and fungal spores, dead microorganisms and
other non viable materials like plant, animal and fungal fragments, allergenic
compounds, mycotoxins, and endotoxins (Matthias-Maser and Jaenicke, 1993;
Griffiths and DeCosemo, 1994; Artaxo and Hansson, 1995; Newson et al.,
2000; Mitakakis et al., 2001; Gorny et al., 2002; Douwes et al., 2003; Boreson
et al., 2004; Jaenicke, 2005; Po&schl, 2005; Després et al, 2007;
Georgakopoulus et al., 2008). The actual abundance and origin of PBA

particles and components are, however, still poorly understood and quantified.
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Especially, the knowledge about dead or fragmented biological particles and
non cultivable microorganisms (bacteria, fungi) in the atmosphere is greatly
limited. This is largely due to a lack of efficient measurement methods. In most
earlier studies microscopy, protein staining, or cultivation of viable airborne
bacteria and fungi have been applied. These methods, however, do not allow a
comprehensive characterization of the origin of biological materials
independent of particle size, integrity, and viability. In contrast, the application
of molecular genetic tools for the analysis of DNA offers a very
straightforward way to identify the origin of biological matter from both living
and dead, cultivable and non cultivable, complete and fragmented organisms
(Després et al., 2007; Frohlich-Nowoisky et al., 2009).

The importance of fungi for aerobiology is based on the production of
enormous numbers of spores and other fragments (e.g., broken conidia or
hyphae) which constitute a major fraction of PBA. In example Womiloju et al.
(2003) reported that material of fungi contribute 4-11% of the mass of fine
particulate matter (PM2.5, aerodynamic diameter <2.5 pm) and Bauer et al.
(2008b) found that fungal spores account for up to 21% of PM10 (<10 pm)
mass. On average, the number and mass concentrations of fungal spores in
continental boundary layer air are on the order of ~10°-10* m™ and ~1 pug m>,
respectively, the global emission rate is estimated to be on the order of
~50 Tg yr ' (Elbert et al., 2007). The actual concentration of fungal spores in
air is highly variable and depends on many factors including temperature,
humidity, wind, and interactions with other trace substances, clouds, and
precipitation. As outlined by Elbert et al. (2007) certain types of fungal spores
are preferably emitted under humid conditions (in particular actively wet
discharged asco- and basidiospores) whereas others are preferably emitted
under dry conditions (dry discharged spores). The number, dispersion potential,
and survival of fungal spores vary between species (Moletta et al., 2007) and
may be influenced by climate change (Klironomos et al., 1997). Studies which
analyzed the influence of elevated CO, concentrations on soil found an

increase of fungal biomass and changes in fungal species composition (Klamer
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et al., 2002). Thus, climate change could also have a strong impact on the
concentration and composition of airborne spores, which in turn may influence
the effects of fungi on human health, the biosphere, and climate and result in
positive or negative feedback mechanisms (Jones and Harrison, 2004; Pdschl,

2005; Elbert at al., 2007).

1.2 Environmental and health effects of airborne fungi

Besides bacteria, fungi have been also found in cloud water, fog, and
precipitation (Bauer et al., 2002). They can act as cloud condensation and ice
nuclei at relatively warm temperatures and influence the formation of
precipitation, the hydrological cycle, and climate (Kieft and Ahmadjian, 1989;
Pouleur et al.,, 1992). Moreover, fungi might influence the chemical
composition of cloud and rain water by metabolic transformation of organic
trace substances such as dicarboxylic acids (Ariya et al., 2002; Deguillaume et
al., 2008).
Fungi are found in almost every environment (Bridge and Spooner,
2001; Gottlich et al., 2002; Shearer et al., 2004; Damare et al., 2006; Elbert et
al., 2007). In soil fungi constitute more of the biomass than bacteria (Thorn,
1999). They are a diverse group of organism and exist in a variety of forms like
mushrooms, single cell yeasts, and molds. The number of different fungal
species existing on earth is assumed to be in the range of 1-1.5 million. Some
70000 to 100000 have been described to date (Hawksworth and Rossman,
1997). Most of the fungal species found in the biosphere and atmosphere
belong to the phyla Ascomycota (AMC, sac fungi) and Basidiomycota (BMC,
club fungi) like described in Elbert et al. (2007) and references therein. The
subkingdom of Dikarya which includes the AMC and BMC accounts for 98%
of the known species in the biological kingdom of Eumycota (fungi; James et
al., 2006).
As already outlined above, air is the natural medium for the dispersal of
fungal spores, and these play a crucial role in the spread of diseases (Brown

and Hovmeller, 2002). Many fungi like smuts, rusts, and mildews are




4 INTRODUCTION

important plant pathogens. Fungi are also known to be associated with allergic
reactions and health effects in human, animals, and insects (Bernton and Thom,
1937; Gravesen, 1979; Evans et al., 1988; Burge, 1989; Burge, 1990; Madelin,
1994; Fukatsu et al., 1997; Torricelli et al., 1997; Kurup et al., 2000; Newson
et al., 2000; Berbee, 2001; Mitakakis et al., 2001; Almaraz et al., 2002;
Helbling et al., 2002; Douwes et al., 2003; Adhikari et al., 2004; Casadevall,
2005; Aime et al., 2006; Segal and Walsh, 2006; Santos and Goossens, 2007;
Eichmann and Hiickelhoven, 2008). Fungi produce toxic metabolites like
mycotoxins or allergenic substances which play a role in inflammatory
responses, resulting in respiratory symptoms and cancer (Davis et al., 1988;
Eduard and Heederik, 1998; Douwes et al., 2003; Nielsen, 2003; Lee et al.,
2006a; Niessen and Steve, 2008). Roughly 25-30% of allergic asthma cases are
fungal induced (Kurup et al., 2002).

Fungal genera associated with immunological reactions are e.g.,
Alternaria spp., Cladosporium spp., and Aspergillus spp. (Bernton and Thom,
1937; Madelin, 1994; Mitakakis et al., 2001; Chew et al., 2003; Douwes et al.,
2003; McDevitt et al., 2004). The mold Cladosporium can also interact with
airborne pollen increasing allergic problems (Oliveira et al., 2005). Spores of
these fungi are found worldwide in the atmosphere as well as in indoor air
(Burge, 2002; Adhikari et al., 2004; Kellogg et al., 2004; Levetin, 2004; Ho et
al., 2005; Lee et al., 2006b; Wu et al., 2007; O'Gorman and Fuller, 2008).

Besides viable spores, also dead fungal cells and cell debris can be
allergenic and provoke health effects (Lehrer et al., 1986; Weissman et al.,
1987; Davis et al., 1988; Griffiths and DeCosemo, 1994; Gorny et al., 2002;
Douwes et al., 2003; Green et al., 2006). Fungal fragments like cell walls or
cytoplasmatic material are easily suspended and inhaled as fine air particulate
matter (Glikson et al., 1995; Cho et al., 2005; Green et al., 2006).

Beyond pathogenicity and allergenicity, fungi fulfill important functions
in the biosphere and in human activities. Many species exist in symbiosis with
plants (e.g., ecto- and endomycorrhizae; Read, 1997; Finley et al., 2004) and

play important roles in nutrient cycling — for example in the decomposition of
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plant polymers such as lignin or cellulose (Thorn and Wellington, 1997). Fungi
are also widely used as biocontrol agents in agriculture (Van Driesche et al.,
1996; Thorn and Wellington, 1997; Mims and Richardson, 2005; Mielnichuk
and Lopez, 2007; Samils et al., 2008) and for fermentation and other processes

in food and biotechnological industries (Porter and Fox, 1993).

1.3 Detection and identification of airborne fungi

Earlier studies have mostly used cultivation techniques, microscopy, and
chemical tracers to identify and quantify airborne fungi (Bauer et al., 2002;
Shelton et al., 2002; Chew et al., 2003; Medrela-Kuder, 2003; Elbert et al.,
2007). However, only ~17% of known fungal species can be grown in culture
(Bridge and Spooner, 2001), and non cultivable cells, dead cells, or cell debris
are not detected by cultivation at all, but may still exert health effects as
outlined above. Microscopic analyses, on the other hand, are not reliable for
the detection of small nondescript spores and hyphae or fragments of fungal
tissues (Pitt et al, 1997). Some fungi may remain morphologically
undistinguishable or can only be identified to a class or family level. Chemical
tracers like the sugar alcohols mannitol and arabitol can be used to assess the
abundance of fungal spores in air particulate matter (Elbert et al., 2007; Bauer
et al., 2008a), but they do not provide information about diversity. Thus,
traditional cultivation, microscopy, and chemical tracer techniques are not
sufficient and need to be complemented by molecular genetic techniques to
fully characterize the diversity and potential effects of airborne fungi (Bridge
and Spooner, 2001; Anderson and Cairney, 2004).

Only recently, first applications of the polymerase chain reaction (PCR)
have been reported for the amplification and analysis of deoxyribonucleic acid
(DNA) from PBA particles. These studies had been focused on the sequence
analysis of DNA from specific groups of organisms, mostly from bacteria or
fungi collected at one or two sampling locations (Radosevich et al., 2002;
Boreson et al., 2004; Hughes et al., 2004; Maron et al., 2005; Kuske et al.,
2006; Brodie et al., 2007; Fierer et al., 2008). Després et al., (2007) combined




6 INTRODUCTION

sequence analyses of different groups of organisms (bacteria, fungi, plants,
animals) with terminal-restriction fragment length polymorphism (T-RFLP)
investigations and DNA quantification in urban, rural, and high-alpine aerosol
samples.

A taxonomic identification of organisms is possible with use of e.g.,
rRNA (ribosomal ribonucleic acid) genes for amplification and sequencing.
This gene cluster is a multicopy region and provides a good target region for
analyzing up to the species level. The rRNA genes have been strongly
conserved during evolution, due to the central role of ribosomes in protein
synthesis. The rRNA genes are separated by two internal transcribed spacer
(ITS) regions which are highly variable in length and sequence composition.
For fungi the ITS regions provide greater taxonomic resolution than sequences
generated from coding regions (White, 1990; Grades and Bruns, 1993; Green
et al., 2004; Reddy et al., 2005).
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1.4 Research objectives

To characterize the importance of airborne fungi and other PBA within climate
and health issues, it is necessary to have a better understanding of their
character, their abundance in various regions, annual cycles, fine and coarse
particle fractions, and their diversity. Thus, the main objectives of this thesis

were the following:

1. Develop and prove the applicability of DNA-based methods for the analysis
of PBA particles in air filter samples (Appendix C1: Després et al., 2007).

2. Investigate the identity and diversity of PBA in urban, rural, and high-alpine
air (Appendix C1: Després et al., 2007).

3. Characterize the seasonal variability of airborne fungi - phyla, classes,
families, genera, and species - in continental boundary layer air (Appendix C2:

Frohlich-Nowoisky et al., 2009).

4. Compare the diversity and relative abundance of airborne fungi in coarse

and fine particle samples (Appendix C2: Frohlich-Nowoisky et al., 2009).

5. Compare the diversity and relative abundance of airborne fungi in aerosol
samples from different locations and climatic zones around the world

(Appendix C3: Frohlich-Nowoisky et al., to be submitted, 2009).
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2 Results and Conclusions

1. Methods for the characterization of PBA particles by DNA analysis have
been developed and established for different types of organisms (bacteria,
fungi, plants, animals; Appendix C1: Després et al., 2007; Appendix C2:
Frohlich-Nowoisky et al., 2009).

2. Investigations of blank and background samples showed that the sampling,
sample handling, and analytical procedures have to be carefully controlled to
avoid artifacts in molecular genetic analyses of atmospheric aerosol samples
(Appendix C1: Després et al., 2007; Appendix C2: Frohlich-Nowoisky et al.,
2009; Appendix C3: Frohlich-Nowoisky et al., to be submitted, 2009).

3. Careful selection and combination of multiple PCR primer pairs and other
materials for the extraction and amplification of DNA have been identified as
key elements for achieving high coverage of species richness (Appendix C2:

Frohlich-Nowoisky et al., 2009).

4. The species richness of fungi in continental air was found to be higher than
indicated by earlier studies. Coarse and fine particle samples exhibited similar
levels of species richness throughout the year but pronounced differences in the
relative abundance of various groups of fungi and their seasonal cycles, with
more plant pathogens in the coarse and more human pathogens and allergens in
the respirable fine particle fraction (Appendix C2: Frohlich-Nowoisky et al.,
2009).

5. Almost all of the 2500 fungal DNA sequences obtained from air samples
collected at different locations and climatic zones around the world could be
attributed to the phyla of Ascomycota and Basidiomycota. With regard to

species richness, the ratio of Basidiomycota to Ascomycota was much higher in




RESULTS AND CONCLUSIONS 9

continental air samples (~60:40) than in marine air samples (~30:70; Appendix

C3: Frohlich-Nowoisky et al., to be submitted, 2009).

Information about the diversity and abundance of airborne fungi and other
PBA is relevant for many areas of fundamental and applied research such as
biogeosciences, global climate and ecology, human medicine, veterinary
science, industrial and environmental health and hygiene, agriculture and
bioengineering. Two of the many interesting and potentially important
perspectives for future investigations of airborne fungi are the spread of
genetically modified organisms and climate-related changes in the diversity

and abundance of fungi on regional and global scales.
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Appendix A: List of Abbreviations

AMC Ascomycota

BMC Basidiomycota

DNA Deoxyribonucleic Acid

ITS Internal Transcribed Spacer
PBA Primary Biogenic Aerosol
PCR Polymerase Chain Reaction
PM Particulate Matter

rRNA Ribosomal Ribonucleic Acid

T-RFLP Terminal-Restriction Fragment Length Polymorphism
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Abstract. This study explores the applicability of DNA sequences could be attributed to green plants (2) and moss
analyses for the characterization of primary biogenic aerosobpores (2), while animal DNA was found only for one uni-
(PBA) particles in the atmosphere. Samples of fine partic-cellular eukaryote (protist).
ulate matter (PMs) and total suspended particulates (TSP)  Over 80% of the 53 bacterial sequences could be matched
have been collected on different types of filter materials atto one of the 19 T-RF peaks found in the PMsamples,
urban, rural, and high-alpine locations along an altitude tranfut only 40% of the T-RF peaks did correspond to one of
sect in the south of Germany (Munich, Hohenpeissenbergthe detected bacterial sequences. The results demonstrate
Mt. Zugspitze). that the T-RFLP analysis covered more of the bacterial di-
From filter segments loaded with about one milligram of versity than the sequence analysis. Shannon-Weaver indices
air particulate matter, DNA could be extracted and DNA se-calculated from both sequence and T-RFLP data indicate that
guences could be determined for bacteria, fungi, plants anthe bacterial diversity in the rural samples was higher than
animals. Sequence analyses were used to determine the ideif- the urban and alpine samples. Two of the bacterial se-
tity of biological organisms, and terminal restriction frag- quencesGammaproteobacter)aand five of the T-RF peaks
ment length polymorphism analyses (T-RFLP) were appliedwere found at all sampling locations.
to estimate diversities and relative abundances of bacteria.
Investigations of blank and background samples showed that
filter materials have to be decontaminated prior to use, and
that the sampling and handling procedures have to be care-

fully controlled to avoid artifacts in the analyses. , ) | biaui i th b h
Mass fractions of DNA in PMs were found to be around Biogenic aerosols are ubiquitous in the Earth’s atmosphere,

0.05% in urban, rural, and high-alpine aerosols. The aver_where they influence atmospheric chemistry and physics, the

age concentration of DNA determined for urban air was Onbiospher_e, climate, and pL_Jb"C _health. They play an impor-
the order of~7 ngni3, indicating that human adults may tant role in the spread of biological organisms and reproduc-

inhale about one microgram of DNA per day (correspondingtive materia]s, and they can cause or.enhance human, a!wimal,
to ~108 haploid bacterial genomes 6r10° haploid human and plant diseases. Moreover, they influence the Earth’s en-
genomes, respectively). ergy budget by scattering and absorbing radiation, and they

Most of the bacterial sequences found in Pvere from can initiate the formation of cloud droplets and precipitation

: ; ; loud condensation and ice nuclei (Dingle, 1966; Schnell
Proteobacteria(42) and some fromctinobacteria(10) and as clou ) _
Firmicutes(1). The fungal sequences were characteristic forand \{ah, 1972; Cox and Wathes, 199.5’ Andreae and Crutzen,
Ascomycota3) and Basidiomycota(1), which are known 1997; Pruppacher and Klett, 1997; Hamilton and Lenton,

- ; ; 998; Andreae et al., 2002; Mikhailov et al., 2004; Taylor
to actively discharge spores into the atmosphere. The pIanirmd Jonsson, 2004; Jaenicke, 2005; Kanakidou et al., 2005;

Correspondence tov. R. Despés Lohmann and Feichter, 2005;68chl, 2005; Dusek et al.,
(despres@mpch-mainz.mpg.de) 2006; Fuzzi et al., 2006; Hakola et al., 2006; Kloster et al.,
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2006; McFiggans et al., 2006; Sun and Ariya, 200@H\&r (Vilgalys and Hester, 1990; Weisburg et al., 1991; Gardes
etal., 2007; Hock et al., 2007). and Bruns, 1993; Whiting et al., 1997; Little and Barrington,
Primary biogenic aerosol (PBA) particles and components2003; Fierer et al., 2005). For bacteria and archaea, T-RFLP
are emitted directly from the biosphere to the atmosphereanalysis provides information about the diversity and relative
PBA patrticles range in size from millimeters down to tens of abundance, which is complementary to the information ob-
nanometers, and may thus be much smaller than originallyained by the analysis and blasting of DNA sequences (Liu et
thought (Jaenicke, 2005). Particles of biological origin, like al., 1997; Lukow et al., 2000).
pollen, bacteria, spores, viruses, plant and animal fragments First applications of molecular genetic techniques for the
(e.g., dandruffs, skin fragments), are all within this size rangeanalysis of PBA have been reported only recently. These
(Simoneit and Mazurek, 1982; Matthias-Maser and Jaenickestudies had been focused on the sequence analysis of DNA
1994; Artaxo, 1995; Bauer et al., 2005; Ahern et al., 2007;from specific groups of organisms, mostly from bacteria or
Elster et al., 2007; Zhang et al., 2007). The actual abundancfungi collected at one or two sampling locations (Radose-
and origin of biogenic aerosol particles and components areyich et al., 2002; Boreson et al., 2004; Hughes et al., 2004;
however, still poorly understood and quantified. Maron et al., 2005; Kuske et al., 2006; Brodie et al., 2007).
Compared to conventional methods of PBA analysis (mi-In the present study we combine sequence analyses of dif-
croscopy, protein staining, cultivation of microorganisms, ferent groups of organisms (bacteria, archaea, fungi, plants,
etc.), DNA analyses can provide much more information. animals) with T-RFLP investigations and DNA quantification
They enable the identification and characterization of cul-in urban, rural, and high-alpine aerosol samples. Moreover,
tured and uncultured microorganisms (90 to 99% of fungiwe investigate potential contamination problems, which have
and bacteria presently cannot be cultured in the laboratorynot been addressed in earlier publications. This pilot study
Amann et al., 1995), of viable and dead cells, and of planthas been limited to a set of exemplary samples, and the mea-
and animal fragments. surement results should not be over-interpreted with regard
The polymerase chain reaction (PCR) enables very effito the spatial and temporal variability of PBA. Nevertheless,
cient amplification of characteristic regions of deoxyribonu- they shall serve for orientation and planning of more com-
cleic acid (DNA), which can be analyzed, e.g., by sequencingorehensive future investigations of PBA by DNA analysis.
and terminal restriction fragment length polymorphism anal-
ysis (T-RFLP), and identified by comparison with genetic
databanks. Even minute amounts of DNA — as little as one2  Material and methods
molecule — are sulfficient to identify biological organisms and
materials. The high sensitivity of this technique, however,2.1  Filter samples
also bears the risk of amplifying trace amounts of DNA with
which the investigated aerosol sample or the sampling maSamples were collected on three different filter types (glass
terial (filters, impaction foils, etc.) may have been contami- fiber, cellulose nitrate, and polypropylene) from urban, rural
nated in the course of material production, aerosol samplingand high-alpine air at five different locations in Southern Ger-
sample transport, storage, and analysis. Furthermore, longnany, as detailed below and summarized in Table 1. Fine air
term storage of samples can lead to chemical modificatiorparticulate matter (Plk; aerodynamic diametet2.5um)
and degradation of DNA. Contamination and degradation efwas collected on glass fiber filters (15cm diameter, MN
fects can lead to substantial analytical artifacts and loss 0B5/90 binder-free, Macherey-Nagel,uf2n, Germany) us-
information. ing a stand-alone high-volume filter sampler (HVFS, Dig-
Depending on the genomic region that is sequenced, oritel DHA-80, Riemer, Hausen, Germany; sample air flow
ganisms can be identified to the domain, class, order, fam500 L min~t; sampling time 4 to 5 days). For decontami-
ily, genus or even species level. Regions commonly usedation (removal of organic compounds), the glass fiber filters
for taxonomic identification are the ribosomal RNA genes. were baked in a muffle furnace at 3@ for 12 h prior to
These are the 16S ribosomal genes in the domaioBaea  use. The mass of particulate matter collected on each filter
andBacteria and the 18S ribosomal genes inthe dont&in ~ was determined by weighing the filter before and after sam-
karya(animals and plants). For eukaryotic fungi usually the pling (Schauer et al., 2004) and the samples were stored at
internal transcribed spacer (ITS) region, which is localized—20°C. Urban PM s samples were collected by the IWC
between the 18S, 5S and 28S regions, is used for the taxdnstitute of Hydrochemistry, Technical University of Mu-
onomic identification. All these gene sequences are usefulnich, Munich-Grosshadern) on the campus of the University
because they exhibit both conserved regions for the bindindHospital Grosshadern in the southwestern outskirts of Mu-
of universal primer pairs and variable regions that are characnich at 550 m above sea level (a.s.l.). The HVFS was po-
teristic for different groups or individual species of biologi- sitioned on a lawn in the front yard of the Institute build-
cal organisms. For plants, the ribulose-1,5-bisphosphate caing, about ten meters away from a minor on-campus road
boxylase/oxygenase large subunit gene (rbcL) in the chloroand several hundred meters away from the nearest parking
plast genome provides additional taxonomic informationlots and city roads. Rural PM samples were collected at
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Table 1. Investigated filter samples of fine particulate matter gM The sample ID specifies the sampling location: U=urban, Munich;
R=rural, Hohenpeissenberg; HA=high-alpine, Zugspitze. The sampled air volume is normalized to standard temperature and pressure (STP
0°C, 1013 hPa). The mass collected on the filter, the corresponding concentration in the sampled air volume, and mass fractions are giver
for particulate matter (PM) and DNA. In addition information on the total number of sequences, number of different measured sequences,
the total number of detected T-RF peaks as well as the number and position of T-RF peaks corresponding to identified sequences per filter is
given.

Sample ID  Sampling period AirVolume PMmass PMconc. DNAmass DNAconc. DNA/PM Total Numbemafmber of Total Number Number of T-RFs

sequences different of T-RFs corresp. to
(m3) (mg) (ng / mB) (ug) (ng/md)  (ng/mg) (incl.plantsetc.) sequences sequences

U-A1 18.02.05 — 22.02.05 2617.8 61.6 235 21.6 9.0 0.35 3 3 7 2 (158, 493)
U-A2 26.02.05-02.03.05 2651.8 62.2 234 20.8 8.0 0.33 6 5 6 3 (152, 493, 494)
U-A3 22.03.05-26.03.05 2582.4 64.8 25.1 24.8 9.8 0.39 9 6 6 2 (493, 494)
U-A4 17.05.05 - 21.05.05 2589.0 259 10.0 6.4 2.8 0.25 9 9 6 2 (493, 494)
U-A5 17.05.05 n.d. n.d. n.d. 1.6 n.d. n.d. 6 6 4 2 (158, 489)
R-A10 02.06.04 n.d. n.d. n.d. 4.8 n.d. n.d. 2 2 7 1 (58)
R-Al11 02.06.04 - 07.06.04 3167.8 23.0 7.1 8.8 3.1 0.4 3 3 3 1(493)
R-A12 17.06.04 — 22.06.04 3146.2 15.9 51 8.8 3.1 0.55 5 3 5 2 (71, 489)
R-A13 16.08.04 — 21.08.04 3028.8 15.1 5.0 4.8 1.7 0.32 2 2 6 1(493)
R-A14 31.08.04 — 05.09.04 3126.4 30.1 9.6 12.0 4.2 0.4 4 3 7 1(494)
HA-A6 13.09.03 - 17.09.03 2269.1 4.4 1.9 7.2 35 1.65 3 3 4 0
HA-A7 17.09.03 - 21.09.03 2243.3 13.0 5.8 6.4 35 0.5 3 3 4 1(493)
HA-A8 21.09.03 — 25.09.03 2272.0 14.7 6.5 7.2 3.7 0.49 6 6 4 2 (493, 494)
HA-A9 21.09.03 n.d. n.d. n.d. 2.4 n.d. n.d. 1 1 4 1(493)

the Meteorological Observatory Hohenpeissenberg (MOHp)2.2 DNA extraction and quantification

which is located on top of a small mountain (990 ma.s.l.,

200-300 m higher than the surrounding terrain) about half-PM; s filter sample pieces (0261 cm, ~0.2g filter loaded
way between Munich and Mt. Zugspitze. The HVFS was with 0.5-8 mg PMs) were lysed and extracted with a com-
positioned on an open platform on top of the meteoro-mercial soil DNA extraction kit (LysingMatrixE, Fast DNA
logical observatory. High-alpine PM samples were col- Spin Kit, Biomedicals) according to the supplier’s instruc-
lected at the Environmental Research Station Schneeferrtions with the following modifications: 10-min centrifuga-
erhaus, Zugspitze (UFS). The sampling site (2650 ma.s.l.}Jion step after the lysis, additional 90D buffer, and re-
was located on the southern slope close to the summit opeated beating and centrifugation. Both generated super-
Mt. Zugspitze (2962ma.s.l.) at the northern edge of thenatants were combined for the further extraction process. Fi-
Alps. The HVFS was located on the south-western platformnally, the DNA was dissolved in 1Q0 elution buffer, and the

on top of the research station. DNA concentration was measured by UV spectrophotometry

Samples of total suspended particles (TSP) on polypropyat 260 nm.
lene filters (4444 cn?) were provided by the Institute of The other filter samples were extracted with the same
Radiation Protection, GSF-National Research Center for Enkit and procedures, except for extracting twice with 400
vironment and Health, Neuherberg. The samples were colsodium phosphate buffer.
lected with a high-volume air sampler (ASS — 500 Central
Laboratory for Radiological Protection, Warsaw, Poland, PT12.3 DNA amplification
UIf Fischer, Erlangen) situated on the east side of the GSF
Campus in Munich, next to one of the biggest dry lawns in PCRs were performed for T-RFLP and sequence analyses
southern Bavaria (sample air flow 700th sampling time ~ (1-5ul sample extract used as template DNA). The reaction
10d). TSP samples on cellulose nitrate membrane filtersnixtures always contained ca. 18mg! template DNA,
(15cm diameter, Schleicher and Sth were provided by ~ 1xPCR buffer, 1.5mMMgGl, 0.2mM deoxynucleoside
the Forschungszentrum Karlsruhe GmbH, Instiiit Me-  triphosphate (dNTPs) (MP Biomedicals), 0.38 of each
teorologie und Klimaforschung, IMK-IFU. They were col- primer (MWG-Biotech, Ebersberg, Germany), ;d)BSA
lected with a filter sampler (Digitel DHA-80) at the summit and 5 U of Tag DNA polymerase (Invitrogen, Netherlands).
of Mt. Zugspitze (2962 ma.s.l.; air sample volume 1181L; PCRs for sequence analyses of bacteria, archaea, fungi,
sampling time 24 h). After sampling the filters were com- plants and animals were performed with the primer pairs
pressed into compact tablets and used for radionuclide medisted in Table 2 under the following experimental conditions:
surements’Be and?1%Pb activity on Mt. Zugspitze TSP fil-  50ul reaction volume (thermal cycler model 2400, PE Ap-
ter, while y-spectrometry on Munich TSP filter). The TSP plied Biosystems or PTC 200/225, MJ Research); thermal
filter substrates had not been decontaminated prior to usegrofile: initial denaturing at 94C for 3 min; 35 cycles with
and the samples were stored at room temperature becausenaturing at 94C for 30 s, annealing at primer pair spe-
they had originally not been foreseen for molecular geneticcific temperature for 30 s, and elongation at€2or 30 s; fi-
analysis. nal extension step at 7€ for 5 min. The specific annealing
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Table 2. Polymerase chain reaction (PCR) primer information. Sequences of the forward and reverse primers are listed with target locations,
product lengths, annealing temperatures, and literature references.

Organism  Forward primer Reverse Primer Gene Produdinnealing Reference
length temperature
Bacteria  9/27f: 5gagtttgatc(ac)tggctcad 3 1492r: Bacg g(ct)taccttgttacgactt3 16S (nuclear) 1564bp 5T (Weisburg et al., 1991)
Archaea  109f: 5ac(gt)gctcagtaacacgt3 934r: B gtg ctc ccc cge caattcct 3 16S (nuclear) 825bp BEZ (GroRkopf, 1998)
Fungi 5.8s: 5cgctge gttctt catcg’3 ITSf. 5'tccgtaggtgaacctgegd 3 ITS (nuclear) ~300bp 58C (Vilgalys and Hester, 1990;

Gardes and Bruns, 1993;
Fierer et al., 2005)
Plants F1F: 5atg tca cca caa aca gaa act aaa gca'adiB379R: Stca caa gca gca get agt tca gga cter®el (chloroplast) 1392bp 5T (Little and Barrington, 2003)

Animals  18Saif: 5’ cctgagaaacggctaccacatc3  18Sbhir: 5 gagtctcgttcgttatcg gd 3 18S (nuclear) 1140bp 5B (Whiting et al., 1997)

temperatures for the different primer pairs were determineccalculated by the GeneScan Analysis software, version 2.1
in temperature gradient experiments (Table 2). (PE Applied Biosystems, Darmstadt).

PCRs for T-RFLP were carried out using a Carboxyﬂuores- For each of the 14 filter Samples the sum of all measured
cein (fam)-labeled oligonucleotide primer and an unlabelledPreak heights of the T-RF fragments (50-928 bp) was calcu-
primer (MWG, Ebersberg). For bacteria we used 9 / 27flated. Every peak was normalized by division through the
(fam) 5-GAG TTT GAT C(AC)T GGC TCA G-3and 907  peak-height sum of its sample and multiplication with the
/ 926r 8-CCG TCA ATT C(AC)T TTR AGT TT-3, which smallest peak-height sum of all samples. Normalized peak
amplify 16S rRNA genes (Weisburg et al., 1991). For ar- heights and normalized peak-height sums were then used to
chaea we used 109f 5'-AC(GT) GCT CAG TAA CAC GT-3 calculate relative abundances of the T-RF peaks for the dif-
and 934r (fam) 5-GTG CTC CCC CGC CAA TTC CT-3 ferent samples and locationsi@emann et al., 2000).
(GroRRkopf et al., 1998).

The thermal profile of the T-RFLP-PCR for bacteria was
as follows: 94C for 3min; 35 cycles each with 45 at'%, Amplification products for sequencing were cloned iE®
305 at 57C, and 80's at 7Z; 5 min at 72C. PCR products piitication pro q g were cloned i

. cherichia coliusing the TOPO TA Clonind #Kit (Invit-
were separated by electrophoresis (80V to 120V) on a 1t . 2 .
rogen, Netherlands) following the supplier’s instructions.

1.5% agarose gel and visualized by ethidium bromide stain- : :
ing. The amplification of archaea for the T-RFLP analysis The cells ofE.coli were transformed by heat-shock for 30s

: ) at 42C and cultivated on LB plates containing ampicillin
was performed with the same thermal profile, except that theand X-Gal at 37C for aporoximately 16 h. Colonies con-
annealing step at 52 lasted 45s, elongation at @2 90 s - y .

and denaturing again 30's at"@t taining inserts were identified by blue-white selection and
lysed in 2Qul water for 10 min at 95C. The inserts of 24
colonies were amplified using 3 lysate in a 4@l reaction
2.4 T-RFLP analysis (PCR master mix: 2.5mM MgG) 1xPCR Buffer, 250 nM
of each primer, 250M of each dNTP, 1.25U Taq (Invitro-
PCR products for T-RFLP were purified using the GenE-gen, Netherlands)). The only primer pair used in these PCRs
lute PCR clean up kit (Sigma-Aldrich Chemie GmbH, was M13F-40 and M13R, and the temperature programme
Taufkirchen). Approximately 100 ng of the amplicons were was as follows: 94C for 5 min; 40 cycles at S for 30s,
digested (3h, 3TC, total volume 1@l) with 5U of the  55°C for 1 min, and 72C for 1 min; final extension step
restriction endonuclease Mspl (bacteria) or Tagl (archaeapt 72C for 15 min. DNA sequences were determined with
(Fermentas). Aliguots (1.28) of the digested amplicons ABI Prism 377, 3100, and 3730 sequencers (Applied Biosys-
were mixed with 0.8al of formamide and 0.4l of aninter-  tems, Darmstadt) using BigDye-terminator v3.1 chemistry at
nal lane standard (GeneScan-1000 ROX; PE Applied Biosysthe DNA Core Facility of the Max Planck Institute for Plant
tems, Darmstadt), denatured at°@4for 2min and then Breeding Research.
chilled on ice. Electrophoresis was performed on a poly- The measured sequences were aligned using the program
acrylamide gel (automated DNA sequencer model 373; PEBioEdit (BioEdit 7.05; http://www.mbio.ncsu.edu/BioEdit/
Applied Biosystems, Darmstadt) for 6 h at the following set- bioedit.htm). For comparison with known sequences, data-
tings: 2500V, 40 mA, and 27 W (24 cmgellength). After bank queries using the Basic Local Alignment Search Tool
electrophoresis, the lengths (peak positions) of the termina(BLAST) were performed via the website of the National
restriction fragments (T-RFs) and the intensities (peak areasCenter for Biotechnology Information (NCBhttp://www.
of their fluorescence emission signals were automaticallynchi.nlm.nih.gov). For each of the measured sequences, the

2.5 Cloning and sequencing
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first hit in the list of databank search results was taken a2.8 Statistical analysis
the “best-match sequence”. The degree of accordance (iden- _ _
tity) and accession number of the best-match sequences wefe@r each of the PMs sampling locations the sequence

recorded and are presented below. and T-RFLP data were used to calculate the Shannon-
Weaver diversity index/) and the evenness)(as follows:
2.6 Inhibition tests H=(C/N) (N *logN—Y n;logn;), whereC is 2.3,N the

total number of obtained sequences (peaks) at the sampling
To test inhibitory effects of components (extracted in asso-jocation, and:; the number of sequences (peaks) belonging
ciation with the DNA) within the filter extract on the DNA tg a certain group of bacteria (e_g;ammaproteobacter)a
amplification process, an artificial vector pET44a was used.=H /S, wheres is the number of bacterial groups (peaks)
as a DNA template (20 ng) to amplify a 2004 bp long prod- at the sampling location.
uct with the forward primer T7'5TAA TAC GAC TCATCA
CTA TAG GG -3 and the reverse primer pET44rel* FAC
GGC GTT TCACTT CTG A-3(Nowoisky, 2005). The PCR 3 Results and discussion
(50ul) was performed as described above. The PCR program i
was: 94C for 3min, 35 cycles of 94 for 30sec, 55C for -1 DNA Detection
30sec and 7L for 1.5min. The final elongation step was
72°C for 7 min.

The degree of inhibition a DNA extract causes was esti-p commercial soil DNA extraction kit was used to extract
mated by addingAl of this extract to a PCR master mix con-  pnia from 28 filter samples of air particulate matter from ur-
taining the pET44a vector. After PCR and gel electrophore-p,n - ryral and high-alpine locations as detailed in Table 1.
sis, inhibition effects were detected by optical inspection of y\A was found in all extracts (2-38ngl~L in 100pl),

the gel and comparison to a positive vector control. Bandsyhich demonstrates that the extraction method is applicable
that were less bright than the vector control were assumegy; gitferent aerosol filter types such as glass fiber, cellulose
to indicate partial inhibition. Missing bands were assumedyjirate, and polypropylene filters (as well as a quartz fiber
to indicate complete inhibition. This inhibition test was per- fjer test sample).
formed for one urban Pk DNA extract. The brightness The results show that DNA is present not only in
of the band was reduced about 50% compared to the vectqt 5 se particles but also in fine particulate matter §EM
control. _ _aerodynamic diametex2.5um), and that small sample
Additonal tests were performed with a polypropylene fil- 5jiq,,0ts with small amounts of air particulate matter (0.5—
ter TSP sample (TSP-U-5) and with a cellulose nitrate TSPg g ppy, <) are sufficient to extract measurable amounts of
sample (TSP-HA-12). For each sample, a 2-3mm piece 0OhNa. Moreover, they show that DNA can be extracted not
the filter was added to the PCR mastermix, then the vect%my from fresh samples, but also from samples that have
was added and the PCR and detection were performed as dfgen taken for other purposes and stored for extended periods
scribed above. The cellulose nitrate filter caused completgy time (in the present case three years-86°C or one year
inhibition of th(_a PCR reaction, and. Fhe polypropylene filter at room temperature). DNA could be recovered even from
reduced the brightness of the amplified vector band by aboufe compact tablets into which the cellulose nitrate filters and
60% compared to the vector control. polypropylene filters had been compressed and which had al-
ready been used for radionuclide measurements.
Nevertheless, DNA starts to degrade as soon as an organ-

With the ARB programme (Ludwig et al., 2004) a phylo- ism dies. It breaks into smaller pieces and is chemically mod-
genetic analysis was performed for all bacterial sequencelied (Paabo, 1989; Lindahl, 1993; &6s et al., 1996; Smith
determined in this study. In this approach a parsimony treet @l 2001). Under cool, dark, and dry conditions DNA can

was calculated using sequences provided by ARB. These sd2€ Preserved for several thousand yeagali@ et al., 2004),
quences were calculated into a tree. Complete sequenceQUt the DNA amount decreases and DNA information is lost.

about 300, which were closely related, were extracted andl’hus, air filter samples for molecular genetic analysis should
used to calculate a Neighbor-Joining tree. Into this Neighbor-P€ kept dry and frozen to slow down degradation processes.
Joining tree the sequences from this study were included From the DNA concentration in the sample extracts we
without changing the topology of the tree. All sequences thatt@lculated the equivalent mass of DNA per filter sample, the

added no information to the tree were excluded again withoufn@Ss fraction of DNA in the sampled air particulate matter,
changing the topology of the tree. and the concentration of DNA in the sampled air volume.

Across sampling locations, the DNA concentrations in air
varied in the range of 0.8-9.8ngth Among the PMs
glass fiber filters, the urban samples exhibited the highest
DNA concentrations, with an average value of 7 ngfmiThe

3.1.1 Atmospheric aerosol samples

2.7 Phylogenetic analysis
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because the filters had not been decontaminated prior to use

% (Sect. 3.1.2).

2 o The above results are subject to uncertainties related to
EE) contamination, extraction efficiency, degradation, and pho-
f1s tometric quantification of DNA. They certainly need to be
$10 corroborated by future investigations of larger sample num-

s o bers and complementary test experiments and measurement

0 techniques. Nevertheless, we think that the observed trends,

0 10 20 30 40 50 60 70
PM mass (mg)

correlations, and orders of magnitude reported above provide
a reasonable first estimate and basis for further comprehen-
Fig. 1. DNA vs. PM mass in urban fine particulate matter (P4)l sive and systematic investigations of the abundance of DNA
Correlation between the mass of DNA and the total mass of parin air particulate matter. To our knowledge, no comparable
ticulate matter (PM) in samples collected in the city of Munich, measurement data on the abundance of DNA in air have been
Feb—May 2005; correlation coefficient 0.98. published yet.

3.1.2 Blank and background samples

DNA mass fraction in urban Py was nearly constant at
~0.03%, which is confirmed and illustrated by the plot and In parallel to the filter samples of air particulate matter,
linear trend (#=0.98) of DNA vs. PM in Fig. 1. The ob- four different types of blank and background samples have
servation of a high and near-constant relative abundance dfeen investigated to check for possible sources of contam-
DNA from biological particles in urban P4 is consistent  ination: (1) six freshly pre-baked glass fiber filters (“glass
with the high mass fraction of proteins (up t6%) in the  fiber laboratory blank”); (2) a polypropylene filter freshly
large set of samples, from which the filters investigated intaken from the sealed original packing of the commercial
this study were taken (Franze, 2004; Franze et al., 2005supplier (“polypropylene supplier blank”); (3) a polypropy-
Poschl, 2005; Fehrenbach, 2006). The DNA/protein ratiolene filter pressed to a tablet but not exposed to air sam-
of ~1/100 is also consistent with the typical proportions of pling (“polypropylene tablet blank™); (4) one pre-baked glass
DNA and proteins in living organisms (e.g., 1/15 in prokary- fiber filter treated exactly like air samples but exposed to
otes in Voet and Voet, 1995). the sampling flow for only 0.5 min~0.25 n? of air; “glass

To put the abundance of DNA in fine, and thus respirable,fiber sampling background”) at each of the Rdsampling
air particulate matter into perspective with bacterial and hu-locations (Munich, Hohenpeissenberg, Mt. Zugspitze). No
man genomes, we have performed the following back-of-the-blanks were available for the cellulose nitrate filter samples.
envelope calculations: Under the assumption of an average DNA was not detected on any of the glass fiber labora-
DNA concentration of-7 ng n13, average DNA amounts of  tory blanks, indicating that contamination could be excluded
~4fg per haploid bacterial genomEg.€oli) or ~3 pg DNA during the filter handling and extraction process in the lab-
per haploid human genome, and adult human breathing ratesratory. In contrast, up todg of DNA was detected on the
between 5 and 120 L mirt (sleep vs. sports), an adult per- polypropylene supplier and tablet blanks. The polypropylene
son living in a city can be expected to inhale every day aboufilter blank DNA could be amplified and cloned using uni-
0.05-1.2¢g DNA, corresponding to 78-10° haploid bacte-  versal bacterial primer, indicating bacterial contaminations.
rial genomes E.coli) or 10*~10° haploid human genomes, The sequencing reaction, however, failed and thus the exact
respectively. The rural and high-alpine BMglass fiber fil-  identity of the DNA could not bet determined. Nevertheless,
ter samples exhibited lower PM and DNA concentrations,these findings indicate that decontamination of sampling sub-
but similar or higher mass fractions of DNA (0.03-0.16%), strates by baking at high temperature or alternative methods
which are again consistent with high mass fractions of pro-such as autoclaving is a necessary prerequisite for reliable
teins observed in these and related samples (Franze, 200éolecular genetic analyses of atmospheric aerosol samples.
Franze et al., 2005; Fehrenbach, 2006). These findings corBNA was also found on each of the glass fiber sampling
firm that DNA is not rapidly degraded in frozen glass fiber background filters: urban 1,69, rural 4.8.g, high-alpine
filter samples of air particulate matter. 2.419. The urban and high-alpine background filters were

The absolute and relative concentrations of DNA deter-lower by factors of 3—4 than the lowest values determined
mined for the urban and high-alpine TSP samples collectedor real PM samples. The rural background filter, however,
on cellulose nitrate and polypropylene filters were gener-was as high as the lowest PM sample, although the sampled
ally lower than those determined for the RPMlglass fiber  volume was smaller by a factor 6#1000. These findings
filters. This may be due to stronger inhibition effects (seeindicate that the handling of filters at the beginning and end
Sect. 2.6) or faster degradation of DNA in the samples storedf the sampling period can be a major source of contamina-
at room temperature. On the other hand, the TSP samples at®n and lead to high background DNA concentration levels.
likely to have been affected by elevated blank levels of DNA, The composition and molecular signature of the biological
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Table 3. DNA sequences found in fine particulate matter gy1 For each of the different measured sequences (bacteria S1-S34, fungi S35—
S38, plants S39-S42, animals S43) information on the best-match sequences from the NCBI databank search (identity score and accessic
number) is given together with the organism and taxon determined by phylogenetic analysis. Additionally, the PCR primer pair used for their
amplification (B=Bacteria, A=Animal, F=Fungi; Table 2) is given and how often and on which filter samples the different sequences were
detected. For bacteria, the lengths (number of base pairs, bp) of tentatively assigned terminal-restriction fragments (T-RF) is presented. Note
that the identified sequences may have originated from viable as well as from dead cells in the investigated aerosol samples, because DN/
can persist in cells after they lose their viability.

Sequence PCR Best match Best match Organism  Taxon T-RF Number of ~ Sample

ID Primer identity (%) accession number length (bp)  occurences ID

S1 B 99 DQ163939 Bacteria y-Proteobacteria 493 10 U-Al, 2xU-A2, 4xU-A3, U-A-4, HA-A7, HA-A8
S2 B 99 AY168595 Bacteria Actinobacteria 158 2 U-A1, U-A5
S3 B 99 DQ163939 Bacteria y-Proteobacteria 493 3 U-Al, R-A13, HA-A9
S4 B 99 AMO055711 Bacteria y-Proteobacteria 494 4 U-A2, U-A3, R-A14, HA-A8
S5 B 99 u87763 Bacteria «-Proteobacteria 152 1 U-A2

S6 B 100 AY642051 Bacteria Actinobacteria 1 U-A3

S7 B 99 DQ163939 Bacteria y-Proteobacteria 493 1 U-A4

S8 B 99 AMO055711 Bacteria y-Proteobacteria 494 1 U-A4

S9 B 99 AY053481 Bacteria Actinobacteria 1 U-A4

S10 B 99 DQ279310 Bacteria y-Proteobacteria 1 U-A4

S11 B 99 DQO057384 Bacteria pB-Proteobacteria 489 1 U-A5

S12 B 99 AF509579 Bacteria B-Proteobacteria 489 1 U-A5

S13 B 99 AF509579 Bacteria p-Proteobacteria 489 4 U-A5, 3xR-A12
S14 B 99 AF509579 Bacteria B-Proteobacteria 489 1 U-A5

S15 B 99 DQO057384 Bacteria pB-Proteobacteria 489 1 U-A5

S16 B 99 AY642054 Bacteria Actinobacteria 58 1 R-A10

S17 B 99 DQ336995 Bacteria y-Proteobacteria 1 R-A10

S18 B 99 AB042289 Bacteria Actinobacteria 1 R-All

S19 B 99 AE017283 Bacteria Actinobacteria 1 R-A11

S20 B 99 DQ163939 Bacteria y-Proteobacteria 493 1 R-All

S21 B 99 AF509579 Bacteria p-Proteobacteria 489 1 R-A12

S22 B 99 AY959147 Bacteria Firmicutes 71 1 R-A12

S23 B 99 DQ163939 Bacteria y-Proteobacteria 493 1 R-A13

S24 B 100 AY168586 Bacteria Actinobacteria 2 2xR-Al4
S25 B 99 AMO055711 Bacteria y-Proteobacteria 494 1 R-Al4

S26 B 99 D14506 Bacteria «-Proteobacteria 1 HA-A6

S27 B 99 AF385528 Bacteria B-Proteobacteria 1 HA-A6

S28 B 99 AF385528 Bacteria B-Proteobacteria 1 HA-A6

S29 B 99 AF509579 Bacteria p-Proteobacteria 1 HA-A7

S30 B 99 AF385528 Bacteria p-Proteobacteria 1 HA-A7

S31 B 99 AMO055711 Bacteria y-Proteobacteria 494 1 HA-A8

S32 B 99 AMO055711 Bacteria y-Proteobacteria 494 1 HA-A8

S33 B 100 AY642054 Bacteria Actinobacteria 1 HA-A8

S34 B 99 DQ163939 Bacteria y-Proteobacteria 493 1 HA-A8

S35 A 99 AF530542 Fungi Basidiomycota 1 U-A2

S36 A 99 AB108787 Fungi Ascomycota 1 U-A3

S37 A 99 X69842 Fungi Ascomycota 1 U-A3

S38 F 100 AY463365 Fungi Ascomycota 1 U-A4

S39 A 99 AF206895 Plant Cucurbita 1 U-A3

S40 F 94 D38246 Plant Pinaceae 1 U-Ad

S41 F 95 AY156588 Plant Bryophyta 1 U-A4

S42 B 98 AY156592 Plant Bryophyta 1 U-A4

S43 A 93 L31841 Animal  Alveolata 1 U-A2

material and DNA collected during this process may just be3.2 Molecular genetic analyses
more concentrated but similar to that in the sampled air flow.

On the other hand, it might also be characteristic for the sam- i ] ]
pling equipment rather than for the sampled air flow and in-With the DNA extract from each of the filters listed in Ta-

vestigated environment. In any case, analytical artifacts rePle 1, five PCRs were performed to amplify DNA from bac-
lated to contamination of sampling materials prior to use ort€ria, archaea, fungi, land plants, and animals for sequence
during sample collection and handling can strongly influence@nalysis. PCR products were obtained for all categories ex-
the molecular genetic analysis of atmospheric aerosols. lif€Ptarchaea. All PCR products were cloned, and from about
earlier studies, this aspect had not been addressed at all. O4P0 clones, 24 were randomly selected, lysed, and amplified
results clearly demonstrate the necessity and effectiveness §€Parately again. Depending on the success rate of the sec-

material decontamination and parallel blank extractions. ~ ©nd step of amplification, up to seven products of the 24
PCRs were sequenced. The obtained sequences were blasted

in the databank of the National Center for Biotechnology
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Fig. 2. Distribution of bacterial T-RF peaks among BMffilter samples and locations. The x-axis represents the different sampling locations

and measured T-RF peak positions (number of base pairs, bp). The y-axis specifies the fraction of filter samples on which the T-RF peaks
were found at each location. For example, the 125bp fragment was found in 3 of 5 filters (0.6) from Munich, in 1 of 5 filters from
Hohenpeissenberg and in none of Mt. Zugspitze.

Information (NCBI) to find the closest match and determine closest matches were unclear (categorized as “environmen-
the taxonomy of the organisms from which the DNA on the tal samples” in the databank). For taxonomic identification
filter samples had most likely originated. of these 24 sequences we performed a phylogenetic analy-
Systematic sequence analyses and complementary Bis by calculating a neighbor-joining tree that consisted of
RFLP investigations were performed only for the Psam-  all 53 sequences from this study and 74 sequences from the
ples, because the filters had been decontaminated prior tARB databank (Ludwig et al., 2004).
use. All sequences obtained for these samples are summa- The phylogenetic analysis yielded &amma, 13 Beta-,
rized in Table 3 and discussed in Sects. 3.2.1-3.2.3. Asnd 2 Alphaproteobacteriasequences, 1@ctinobacteria,
discussed above, the TSP samples were most likely influand 1Firmicute. Unlike Maron et al. (Maron et al., 2005),
enced by filter contaminations. Nevertheless, some charaowe found noDeltaproteobacterian the investigated aerosol
teristic results obtained for the TSP samples will be outlinedsamples. Proteobacteriaare one of the largest groups in

in Sect. 3.2.3. the domairBacteria They include many pathogens as well
as nitrogen oxidizing bacteria living in soils and on plants.

3.2.1 Prokaryotes in P4 Gammaproteobacteriare known to be particularly flexible
and adaptable to different environmemngtinobacteriaand

Sequences and phylogeny Firmicutesare mostly Gram positive bacteria, many of which

form spores for aerial transport. MoAttinobacteriaare
As summarized in Table 3, 53 bacterial, but no archaealfound in soil, where they are involved in the decomposition
clone sequences could be retrieved from the investigateéf organic materials. Th&irmicutesinclude common soil
PM, 5 samples. For 29 sequences the taxonomic identity wagacteria like the endospore-forming bacilli such Becil-
determined by a databank search on NCBI. lus subtilis,which is frequently detected in soil, water and
Three sequences exhibited 100% identity wAtttinobac-  air, but also prominent pathogens liBacillus anthracisor
teria, the other sequences exhibited 99% identity with differ- Bacillus thuringiensiswhich is used as an agricultural in-
ent Gamma-and Betaproteobacteria Several of the clone secticide. Only recently Brodie et al., 2007, have shown
sequences showed best match with the same databank séat endemic pathogens do occur naturally in our environ-
guence, possibly since the clone sequences were from bacteient. ForGammaproteobacterjasonly 13 of the 27 clone
ria whose sequence had not yet been determined and entergdquences were different from each other, and for the 13
into database or because they have been partially degraded different clone sequences the databank search yielded only
the air or upon sampling and analysis (e.g., chemical modifi-4 different best-match sequences (DQ163939, AM055711,
cation of individual base pairs). DQ279310, DQ336995). FoBetaproteobacteria, 10 of
Twenty four sequences could not be resolved by com-the 13 sequences were different from each other and the
parison with NCBI sequences, since the taxonomy of thedatabank search yielded 3 different best-match sequences
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Fig. 3. Distribution of bacterial DNA sequences among Pd/filter samples and locations. Number and identity of measured sequences
per filter sample. Different sequences (S1-S34) are illustrated in different colors. Sequences that occurred uniquely on one filter sample are
highlighted with a red star.

(DQO057384, AF385528, AF509579). Falphaproteobacte- 158, 58, or 71 bp were matching individual sequences of
ria, on the other hand, both of the clone sequences were difAlphaproteobacteriaActinobacteria TR-F 158 and 58), or
ferent and yielded different best-match sequences (U8776Firmicutes respectively. In total, 37 of the 44 bacterial se-
D14506). Also forActinobacteria most of the determined quences could be matched with one of the seven TR-F peaks
sequences were different from each other (8 out of 10) andpecified above. For the other twelve T-RF peaks no tentative
yielded different best-match sequences (7). taxonomic assignment could be achieved, indicating that the
T-RFLP analyses resolved fewer taxa than clone sequence
analysis, but covered more of the bacterial diversity in the
Diversity investigated samples.
As illustrated in Figs. 2 and 3, five T-RF peaks (152, 158,

For characterization of the bacterial diversity, T-RFLP anal-489, 493, and 494 bp) and two of the clone sequences (S3,
yses were performed with the DNA extracts from all MM S4) were found at all sampling locations. Two T-RF peaks
samples (Table 1). Figure 2 summarizes the number, length177 and 214 bp) and 11 clone sequences (S2, S5-S13, S15)
and relative abundance of the 19 different T-RFs detectedvere found exclusively in the urban samples from Munich,
at the different sampling locations. The urban fsam-  six T-RF peaks (71, 130, 140, 422, 431, and 474 bp) and ten
ples from Munich filters exhibited in total 11 T-RF peaks clone sequences (S16-S25) exclusively in the rural samples
(125-494 bp). One of the T-RF peaks (400 bp) was foundfrom Hohenpeissenberg. In the high-alpine samples from
in all five samples, and four were found only in one sampleMt. Zugspitze we found only T-RF peaks that were also de-
(Fig. 2). The rural samples from Hohenpeissenberg exhibtected in samples from the urban or rural locations. Nine of
ited the highest bacterial diversity with 16 T-RF peaks (58—-the measured sequences (S26-S34), however, were detected
494 bp) in total; none of them in all five samples and sevenonly in the high-alpine samples.
only in one sample (Fig. 2). The high-alpine samples from Shannon-Weaver diversity indiced ] were calculated for
Mt. Zugspitze exhibited the lowest diversity with eight peaks each sampling location from both the number of T-RF peaks
in total; none of them in all four samples and three only in observed and the number of clone sequences determined (Ta-
one sample (Fig. 2). ble 4). Both data sets indicate the highest bacterial diver-

To compare and connect the results of T-RFLP and clonesity for the rural samples from Hohenpeissenberg. Fhe
sequence analyses, the number of base pairs until the firstalues based on the sequence data indicate similar diversi-
restriction site foMsp | “C-CGG” was determined for each ties for the urban and high-alpine samples, whereasithe
of the clone sequences found in the Pdsamples to obtain  values based on the T-RFLP data indicate higher diversity
in-silico the size of the T-RF expected from this clone. Whenfor the urban samples than for the high-alpine samples. The
the calculated number coincided with the length of one of theresults are consistent with earlier observations that the con-
observed T-RF peaks, the sequences and T-RF peaks wetentration of PBA particles in high-alpine regions is lower
tentatively assigned to each other (Table 1). than in levels directly above the sea level (Jaenicke et al.,

As detailed in Table 3, all of the T-RFs with alength of 489 2000). Note, however, that we have calculated the Shannon-
were matching multipl&etaproteobacteriand those witha  Weaver indices just as preliminary indicators for the diversi-
length of 493 or 494 bp were matching multiilmmapro-  ties observed with the different techniques applied in this ex-
teobacteriasequences. The T-RFs with a length of 152, ploratory study. The calculated values should not be regarded
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Table 4. Diversity indices for bacteria detected in BNl samples from different locations. Shannon-Weaver diversity indiggsahd
evennesse of the data calculated from bacterial sequence and T-RFLP data. For the T-RFLP data also the range of the specieS, richness (
referring to number of T-RF peaks) for every location is given. All samples for one location were combined.

Diversity (H) Evennessd) Species Richnes$Y
H (seq) H (T-RFLP) e(seq) e(T-RFLP) S(T-RFLP)
Urban (Munich) 1.07 2.35 1.78 2.17 4-7
Rural (Hohenpeissenberg) 1.25 2.6 2.08 2.13 4-7
High-Alpine (Zugspitze) 1.09 1.98 1.82 2.19 4

as robust parameters for further statistical analysis and interin a very recent study, where bacteria in the air of two cities
pretation. As pointed out by Blackwood et al. (2007), di- in Texas have been investigated over several weeks with chip
versity indices calculated from T-RFLP data can be biasedmeasurement technologies rather than full sequence analy-
and we are planning to use and compare also other indices ises, howeveRroteobacteriawere found to be less frequent
follow-up studies with larger data sets. thanActinomycetesBacteroidesandCyanobacterigBrodie
Overall, the T-RFLP analysis indicates lower species rich-et al., 2007). The variability of atmospheric aerosol sources
ness for our PM5 samples than for soil samples, for which and composition as well as the different measurement tech-
the method had originally been developed and applied (Dunhiques may have contributed to the different findings. Further
bar et al., 2000; ldemann et al., 2000; Lukow et al., 2000; studies are needed to determine the extent to which each of

Klamer and Hedlund, 2004; Noll et al., 2004). While in these factors influence the results. Patinobacterizand for

the air samples 4-7 T-RF peaks were observed per filter, irihe individual sub-groups dProteobacteriaat the different

soil typically 20-30 TR-F peaks are found per sample. Note,sampling locations of this study, however, the results based

however, that the apparent lower diversity may be partly dueon T-RFLP and sequence data were substantially different.

to chemical modification and degradation of DNA or in- Although sequences frorActinobacteriawere found rela-
hibitory effects of atmospheric aerosol components on thdively often (8—32%), the T-RFLP data indicate an abundance
amplification and cloning procedures. Control experimentsof only 1-3%. The latter observation is consistent with re-
with an urban PM 5 sample extract have confirmed the pres- cent genetic analyses of bacteria at a rural location in France

ence of inhibitors (reduced amplification efficiency, see also(12% in Maron et al., 2005).

2.6). We think that the abundance estimates derived from the T-
RFLP data are more realistic than those from the sequence
data, because the latter may be biased by the cloning pro-

Abundances cedure (v. Wintzingerode et al., 1997) and are statistically
not well founded due to the limited number of measured se-

The best ways of estimating relative abundances of bacteriguences.

are still under discussion (Hong et al., 2006 and references For samples of unknown diversity it has been suggested

therein). For the Pis samples investigated in this study, the to use about 300 sequences or more for reliable estimation

relative abundances of bacterial groups have been estimatest relative abundances (Kemp and Aller, 2004), whereas
by two approaches. One approach is based on the T-RFLBnly 13—-24 sequences were available for the different sets of
data, i.e., on normalized intensities of T-RF peaks assigned tPM, 5 samples investigated in this study. On the other hand,
different bacterial groups. The other approach is based on thghe T-RFLP analysis of 16S genes as applied in this study has
sequence analysis data, i.e., on the numbers of sequences @gen reported to provide good estimates for the abundance of

signed to different bacterial groups. As detailed in Figure 4,bacteria in soil samples (Lueders and Friedrich, 2003).
both approaches indicate thRtoteobacteriavere the most

abundant fraction of bacteria at all sampling locations (87-3.2.2 Eukaryotes in Pk

95% of T-RF peak intensities; 62-92% of sequence num-

bers), and that their abundance was dominateBédtg and Fungal sequences

Gammaproteobacteria These findings are consistent with

the results of bacterial sequence analyses in air particulateour fungal sequences were detected in three of the five ur-
matter at urban and rural locations in USA and France, reban PM 5 samples (Table 3): three sequences fhgnomy-
spectively (Radosevich et al., 2002; Maron et al., 2005) andcota (Cladosporium,100% identity with AY463365;Sac-
with most previous studies using culture-based methods (dcharomycetes99% identity with X69842; unspecifieds-
Giorgio et al., 1996; Shaffer et al., 1997; Griffin et al., 2001). comycota 99% identity with AB108787) and one sequence

Biogeosciences, 4, 1127341 2007 www.biogeosciences.net/4/1127/2007/



V. R. Despés et al.: Molecular analysis of biogenic aerosol particles 1137

Seq_U (%) Seq_R (%) Seq_HA (%)
1 4 5
22
32
e 37

T-RFLP_U (%) T-RFLP_R (%) T-RFLP_HA (%)

7 7 3
7
3
> 8
3 38
45 14 40
35

[l Alphaproteobacteria  [JJl] Betaproteobacteria

- Gammaproteobacteria

[ ]Actinobacteria [ ] Firmicutes [] unidentified

Fig. 4. Relative abundance of bacterial groups in fine particulate mattep gpMPercentage of different bacterial groups found in,2M

samples from urban (U=urban/ Munich), rural (R=rural/ Hohenpeissenberg), and high-alpine air (HA=alpine/ Zugspitze) by sequence analy-
ses (Seq) and T-RFLP investigations. The dark colors (blue, purple, green) represent the proteobacteria, while actinobacteria, firmicutes anc
unidentified sequences / T-RFLPs are illustrated in light colors.

from BasidiomycotgunculturedBasidiomycete99% iden-  Plant sequences
tity with AF530542). Ascomycotaand Basidiomycotaare
known to actively discharge spores into the atmosphere, anffour plant sequences were detected in two of the five urban
their spores have been detected in a wide range of locationBMz s samples, which had been collected in spring (Table 3):
and concentrations (Garrison et al., 2003; Boreson et al.pne sequence from a flowering plaAngiosperm99% iden-
2004; Griffin, 2004, Griffin and Kellogg, 2004; Elbert et al., tity with AF206895), two from mosseB(yophytes 95%
2006). In recent studies based on amplification of the 18Sdentity with AY156588 and 98% with AY156592), and one
gene and cultivation of fungiAscomycotaand Basidiomy-  from the pine family Pinaceae 94% identity with D38246).
cotawere found to be the most abundant group accountinglhe detected sequences had been amplified with the “animal”
for proportions of 40-100% of fungi detected in air particu- primer pair 18Saf/ 18Sbir, which is specific for a region of
late matter, (Wu et al., 2003; Boreson et al., 2004). the 18S gene in the eukaryotic nuclear genome. In contrast,
Spores are known to resist environmental stress and suithe land plant primer pair F1F / F1379R, which amplifies a
vive atmospheric transport (Griffin, 2004; Griffin and Kel- region of the chloroplast genome, did not give any positive
logg, 2004), whereas DNA in fungal tissue fragments may bePCR results, although its functionality had been tested posi-
rapidly degraded by atmospheric photooxidants. No fungatively.
DNA was detected in the investigated rural and high-alpine The fact that plant sequences were found only in sam-
PMz 5 samples. Since fungal spores are known to be ubigples collected during the pollen season in spring time, sug-
uitous components of atmospheric aerosols, we think thagests that the DNA was likely recovered from pollen (an-
either the applied soil DNA extraction kit was not very effi- giosperm,Pinaceag or spores Bryophyte} rather than tis-
cient at extracting DNA from fungal spores (Brown and Hov- sue fragments. Pollen and spores are known and designed
moller, 2002; Boreson et al., 2004; Griffin, 2004; Griffin and to resist environmental stress and survive atmospheric trans-
Kellogg, 2004) or the amplification was inhibited. Therefore, port, whereas DNA in plant tissue fragments may be rapidly
ongoing work is aimed at the optimization of DNA extraction degraded by atmospheric photooxidants. The low identity
and amplification for fungi as well as for other eukaryotes. values of theBryophyteand Pinaceaesequences may indi-
cate that the sequences of the detected organisms have not

www.biogeosciences.net/4/1127/2007/ Biogeosciences, 4, 11272007



1138 V. R. Despgs et al.: Molecular analysis of biogenic aerosol particles

yet been identified and entered into the NCBI database o4 Conclusions
that they have been partially degraded (e.g., chemical modi-
fication of individual base pairs). In this study we have demonstrated that DNA from bacteria,

All plant sequences identified in this study belong to the fungi, plants, and animals can be efficiently extracted from
Viridiplantae, which were also found as the only plant cat- different types of atmospheric aerosol filter samples using a
egory in a recent study by Boreson et al. (2004). They re-Soil DNA extraction kit. The investigated samples were up
ported that plants accounted for 11% of the eukaryotic sefo three years old and included fine and coarse air particu-
quences found in a natural desert area and for 31% in urbalite matter (PMs and TSP) as well as glass fiber, cellulose
air. In a couple of other recent studies, plants were only indi-nitrate, and polypropylene filter materials. Investigations of
rectly identified by the co-amplification of chloroplasts with blank and background samples have shown that filter sub-
bacterial primer pairs but no plant sequences were analyzegitrates have to be decontaminated prior to use. On the other
(Radosevich et al., 2002; Maron et al., 2005). In these Studhand, inhibitory effects of filter materials and of chemical
ies the proportions of chloroplast clones were in the range ofomponents of the sampled particulate matter can reduce the
3-32% (Radosevich et al., 2002; Maron et al., 2005). In ourefficiency of DNA amplification. In any case, the sampling,
study, the plant sequences account for 44% of the eukaryotisample handling, and analytical procedures have to be care-
sequences detected in urban f)\samples. fully controlled to avoid artifacts in molecular genetic analy-

ses of atmospheric aerosol samples.
We have combined sequencing and T-RFLP analyses and

Animal sequences found the results to be highly complementary. The T-RFLP

. . technique was found to resolve less, but cover more of the
Animal DNA was found only in an urban PA sample, and 5 cterial diversity than the sequence analysis. Both the se-

the best-match databank sequence was from a préfig¢{  4,ence data and the T-RFLP data indicate that the bacterial
0,
olata apicomplexa93% identity with L31841). These spore iersity in the rural samples was higher than in the urban

forming unicellular eukaryotes are known as common para-q high-alpine samplesProteobacteriawere found to be

sites of insects and vertebrates. Animal DNA is usually Notiho most abundant group of bacteria in all samples. The
protected and degrades rapidly after the death of the organyeasured sequences of fungi, plants, and animals were most

ism. The detected protist DNA was most likely from a spore, likely from spores and pollen, which are known and designed

which is resistant like bacterial and fungal spores. to resist environmental stress and survive atmospheric trans-
Eukaryotic sequences of animals, plants or fungi Werenort

found only in the urban Plg samples from Munich al-
though the DNA/PM ratio in these samples was smaller thamAcknowledgementsie thank T. Fehrenbach, A. Hoffer, H.-
in the rural and high-alpine samples (Table 3). Potential reaE. Scheel and J. Tschiersch (National Research Center) for
sons are: (1) The absolute amount of DNA in the urban samproviding filter samples and blanks; A.&se, G. Ochs and
ples was higher. (2) The urban samples were only six monthd- Hankeln for providing test DNA; H.-J. Voss and V. Schmidt for
old when analyzed, whereas the rural and high-alpines Sar.Ag;‘lboratory space; H. Paulsen and M. Lohr for support and helpful
’ . discussions; C. Morris, B. Moffett, and an anonymous referee for
ples were 2-3y old. (3) The sampling season may have

| d I iall ith d to plant constructive comments and suggestions. The German Research
played a role especially with régard 1o piant SEqUENCes ag, ,yation (DE1161/2-1), the LEC Geocycles Cluster in Mainz

discussed in Sect. 3.2.2. Plant sequences. (4) The relativg,qeq by the state Rheinland-Pfalz (Contribution No. 25), and

abundance of inhibitors reducing the extraction or amplifica-the Max Planck Society (MPG) are gratefully acknowledged for
tion efficiency might have been lower in the urban samplesfunding.

(see also 2.6).
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Abstract

Fungal spores account for large proportions of air particulate matter, and
they influence the hydrological cycle and climate as nuclei for water
droplets and ice crystals in clouds, fog, and precipitation. Moreover, some
fungi are major pathogens and allergens. The diversity of airborne fungi
is, however, hardly known. By DNA analysis we found pronounced
differences in the relative abundance and seasonal cycles of various groups
of fungi in coarse and fine particulate matter, with more plant pathogens
in the coarse and more human pathogens and allergens in the respirable
fine particle fraction (<3 pm). Moreover, the ratio of Basidiomycota to
Ascomycota was found to be much higher than previously assumed, which

might also apply to the biosphere.

Recent studies have shown that fungal spores and other biogenic aerosol
particles account for a significant proportion of air particulate matter in pristine
rainforest air as well as in rural and urban environments (1-5). Fungi have also
been found in clouds, fog, and precipitation, where they act as nuclei for water
droplets and ice crystals and can influence precipitation patterns and the
Earth’s energy budget [e.g., (6-13)]. On average, the number and mass
concentrations of fungal spores in continental boundary layer air are on the
order of 10°-10* m> and ~1 pg m™, respectively, and the estimated global
emissions of ~50 Tg yr ' are among the largest sources of organic aerosol (1).
Some fungi are major pathogens or allergens for humans, animals, and
plants, and air is the primary medium for their dispersal (14-16), but the
diversity of fungi in air particulate matter is hardly known. The traditional
cultivation, microscopy, and chemical tracer techniques applied in earlier
studies were insufficient for a broad coverage of different fungal species, and
recently reported first applications of molecular genetic techniques were very

limited in scope and methodology as discussed below.



In this study, we have investigated and characterized the diversity and
frequency of occurrence of fungi in air particulate matter by DNA extraction

and sequence analysis of the internal transcribed spacer region (ITS).

Results and Discussion

Over a period of one year coarse and fine particle air filter samples
were collected on glass fiber filters with a high-volume sampler and a nominal
cut-off diameter of ~3 um and average sampling times of ~7 days in central
Europe. Fungal DNA was found in all air samples. As shown in Table 1, the
number of different species (species richness, S) detected in the fine particle
fraction was not much lower than in the coarse fraction. The Shannon index
(H’), Shannon evenness (£), and Simpson’s index (D) values calculated from
the frequency of occurrence of the different species, i.e., from the number of
samples in which each species had been detected, were nearly the same for
coarse and fine particles (Table 1). These diversity parameter values are similar
to the values commonly obtained for fungi in soil and on plants as well as for
bacteria in soil (17-19).

The most frequent species (Cladosporium sp.) was detected in all air
samples except one. On the other hand, 70% of the detected species were found
only in one sample [supplementary information (SI) Table S3]. The high
proportion of species that were found only once and the limited number of
investigated samples and DNA amplification products imply that the actual
diversity of fungi in the sampled air masses was higher than detected. As
shown in Table 1, estimates of the actual species richness ($*) based on the
Chao-1 estimator approach (17, 20) are by a factor of ~3 higher than the
measured species richness values (S), suggesting that the total number of
fungal species in the investigated air samples was >1000.

As illustrated in Fig. la, nearly all detected fungal species were
Basidiomycota (BMC, club fungi, 64%) or Ascomycota (AMC, sac fungi,
34%), many of which actively eject their spores with aqueous jets or droplets

(1). Only ~2% of the measured sequences were from Fungi Incertae Sedis



(FIS, formerly called Zygomycota) or other fungi that could not be attributed to
a phylum. This is consistent with the predominance of Asco- and
Basidiomycota in the biosphere, where the subkingdom of Dikarya (AMC plus
BMC) accounts for 98% of the known species in the biological kingdom of
Eumycota (fungi) (21). The AMC species found in the air samples were
distributed over four major classes (Dothideomycetes, Eurotiomycetes,
Leotiomycetes, Sordariomycetes; Fig. 1b) and about one third could not be
attributed to any class. In contrast, most of the detected BMC species belonged
to a single class, the Agaricomycetes (Fig. 1¢). More information about the
taxonomic classes and families of the detected fungi is available online (S7
Methods) (22).

Fig. 2 shows seasonal variations in the normalized species richness (S,:
number of detected species divided by number of investigated samples), and in
the ratio of S, between coarse and fine particles (S,,./S, /). With regard to all
fungal species, both S, and S, /S, s were nearly constant throughout the year
(relative deviations <30%). AMC and BMC, however, exhibited pronouncedly
different values and seasonal cycles of S, and S, /S, . For AMC, S, was highest
in spring and lowest in summer and S, /S, s was lowest in fall, whereas for
BMC both S, and S,, /S, r were highest in fall and lowest in winter. Throughout
all seasons, S, remained higher for BMC than for AMC (Fig. 2a) and S, /S, s
remained >1 for BMC but <1 for AMC (Fig. 2b). In other words, most BMC
occurred in the coarse particle fraction during summer/fall, whereas most AMC
were found in the fine particle fraction during winter/spring. This seems to
reflect a predominance of BMC among the mushrooms that form fruiting
bodies in summer and fall, and a high proportion of AMC among the molds,
endophytes, and epiphytes spreading in winter and spring (23, 24).

Several allergens and pathogens were frequently found in both fine and
coarse particle samples (e.g., Cladosporium sp., Alternaria spp., Penicillium
spp., Aspergillus spp.). Some plant pathogens, however, were found only or
mostly in coarse particle samples (e.g., Blumeria graminis, Puccinia spp.),

whereas some human pathogens were detected only in the fine particle samples



(e.g., Candida tropicalis, Wallemia spp.). Overall, the species richness and
cumulative frequency of occurrence of plant pathogens was found to be higher
in the coarse particle fraction, whereas those of human pathogens and allergens
were similar or higher in the fine particle fraction. More information about the
differences between coarse and fine particle samples and about fungal spore
size is available online (S Methods and Table S3).

Fig. 3 illustrates that the relative frequency of occurrence (RFO) of
individual species, i.e., the proportion of samples in which these species were
detected, is independent of the seasonal variability of AMC and BMC species
richness. For example, the prominent allergenic AMC species Cladosporium
sp. and Alternaria spp. occurred most frequently in summer and fall, whereas
the mold Penicillium spp. and the plant pathogen Blumeria graminis (mildew)
were mostly found in winter and spring. With regard to BMC, the seasonal
cycle of S, was not matched by the RFO of any frequently detected species.
The fall maximum of BMC species richness is primarily due to species that
were found only once and can be attributed to mushroom fruiting and enhanced
activity of plant decomposers during that season (23).

Earlier studies of airborne fungi have mostly not evaluated the diversity
of AMC vs. BMC, or they have reported a predominance of AMC [e.g., (25,
26)]. Most of these studies were based on cultivation techniques and have
detected much fewer species (typically <<100). Lugauskas et al. (27) reported
a high number of different fungal species (~430), but for this they had analyzed
over 900 aerosol samples collected at multiple locations over several years,
corresponding to a normalized species richness of only ~0.5 as opposed to ~10
from our DNA-based investigations. Over 80% of all known fungi are not
cultivable on synthetic media, and fast growing fungi can mask slower growing
fungi (28). BMC are often out-competed by the more rapidly growing mold
fungi (29), and some AMC like Cladosporium can actively inhibit the growth
of others by production of inhibitory substances (30). Thus, cultivation-based
studies of airborne fungi are likely biased against the detection of BMC
(especially by the high abundance of Cladosporium).



To our knowledge, only three studies have reported DNA analyses of
fungi in atmospheric aerosol samples up to now. Boreson et al. (31) found 18
species in urban air (40 % AMC, 6% BMC) and 31 species in desert air (65%
AMC, 17% BMC), Despres et al. (32) found only 3 AMC and 1 BMC species
in several dozens of filter samples of urban, rural, and high-alpine air, and
Fierer et al. (33) measured over 1500 fungal DNA sequences from 5 urban air
samples and attributed 97% to AMC but did not specify the species richness.
We have tested and applied multiple polymerase chain reaction (PCR) primer
pairs; these and other experimental details were identified as key elements for
efficient amplification of DNA from AMC, BMC and other fungi (S
Methods). Consequently, we have been able to detect a wide range of species
that are well-known from cultivation-based studies (e.g., Cladosporium spp.,
Penicillium spp., Alternaria spp., Candida spp.) as well as non cultivable
species (e.g., Blumeria graminis, Puccinia spp.) and previously unknown
species as indicated by 136 operational taxonomic units (OTUs) with low
NCBI similarity scores (<97%). Some of these might also stem from degraded
DNA (32), but at least the 21 OTUs that were found in multiple samples are
much more likely to represent unknown species (SI Discussion). The other
DNA-based studies of airborne fungi have neither found the expected high
abundance of Cladosporium nor a high species richness of BMC, which we
suppose to be due to limitations of the applied methods.

Ongoing investigations of aerosol samples from several locations around
the world suggest that the species richness of fungi in the atmosphere is
generally higher for BMC than for AMC. In contrast, the number and
proportion of all fungal species known from the biosphere are higher for AMC
(~60000, ~60-70%) than for BMC (25000-30000, ~30-40%) (21, 34).
Recently, however, Hunt et al. (35) compared culture- and DNA-based
analyses of fungi in grassland soil samples and found that 54% of the fungal
sequences were from BMC whereas no BMC species could be isolated by plate
culturing. Thus, the high proportion of BMC in air as observed in our study
(64%) may be explained by one or both of the following hypotheses:



(1) BMC may be enriched in the atmosphere relative to the biosphere,
because their proportion at the atmosphere-biosphere interface (i.e., on
vegetation and soil surfaces) or their efficiency in dispersing spores may be
enhanced relative to AMC (dry release vs. active wet discharge with aqueous
jets or droplets) (1).

(2) The ratio of BMC to AMC in the biosphere may have been
underestimated in earlier studies for the reasons outlined above (bias of
culture-based techniques, primer selection in DNA-based techniques). In this
case, our atmospheric measurement results might reflect the biospheric
proportions.

Clearly, our results will need to be complemented by further
investigations to confirm or discard the above hypotheses. In any case,
however, our data show that the diversity of airborne fungi - and in particular
the species richness of BMC - is much higher than indicated by earlier studies.

As many fungal species in the biosphere are still unknown, the detection
and characterization of fungi in atmospheric aerosol samples by DNA analysis
can help to elucidate the regional and global spread and diversity of fungi.
Moreover, DNA analyses also enables efficient and unambiguous identification
of other primary biogenic aerosol particles and components (bacteria, animal,
and plant fragments, etc. )(32).

Information about the diversity and abundance of airborne fungi and
other bioaerosol particles is relevant for many areas of research such as
biogeosciences, climate and ecology, human and veterinary medicine,
industrial and environmental hygiene, agriculture, bioengineering and security.
Two of the key perspectives for future investigations of air particulate matter
by DNA analysis are the spread of genetically modified organisms (36) and
climate-related changes in the diversity and abundance of fungi and other

organisms on local, regional, and global scales (37).



Materials and Methods

We investigated the diversity of fungi in atmospheric aerosol samples by DNA
extraction and sequence analysis of the internal transcribed spacer region
(ITS). The air filter samples were collected with a dichotomous high-volume
sampler over a period of one year in central Europe (Mainz, Germany; March
2006 — April 2007): 42 pairs of fine and coarse particle samples with a nominal
cut-off diameter of ~3 pum and average sampling times of ~7 days. A
comprehensive description of the investigated samples and applied methods is

given in SI Methods.
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Table 1. Diversity parameters for all fungi, Basidiomycota (BMC),
Ascomycota (AMC), and Fungi Incertae Sedis (FIS) found in the
investigated air samples (total, coarse and fine PM). Species richness
(S measured, S* estimated), Shannon index (H’), Shannon Evenness

(E), and Simpson’s index (D).

Fungi BMC AMC FIS

total coarse fine total coarse fine total coarse fine total coarse fine

S 368 227 203 238 160 124 124 62 78 4 3 1
S* 1136 713 647 658 448 377 500 327 267 9 5 -

H’ 52 48 47 49 45 42 41 33 37 13 1 -

E 0.88 088 0.88 0.88 089 087 084 080 085 096 094

D 0.01 0.015 0.018 0.015 0.017 0.027 0.033 0.066 0.054 0.1 0.167
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Supplementary Methods and Discussion

Aerosol sampling. Aerosol samples were collected on glass fiber filters (Pall
Corporation, Type A/A, 102 mm diameter) over one year in Mainz, Germany
(130 m a.s.l., March 2006 - April 2007). The sampling station was positioned
on a mast at the top of the Max Planck Institute for Chemistry (MPIC, about 5
m above the flat roof of the 3-story building) on the campus of the University
of Mainz (49°59°31.36’’N 8°14°15.22”’E). The air masses sampled at MPIC
represent a mix of urban and rural continental boundary layer air in central
Europe. A high-volume dichotomous sampler [self-built based on Solomon et
al., (1)] was used to separate and collect coarse and fine aerosol particles on a
pair of glass fiber filters. The sampler was operated with a rotary vane pump
(Becker VT 4.25) at a total flow rate of ~300 L min™, corresponding to a
nominal cut-off diameter of ~3 pum. Coarse particles with aerodynamic
diameters larger than the cut-off were collected through a virtual impactor
operated in line with the inlet (~30 L min"), and fine particles with
aerodynamic diameters smaller than the cut-off were collected from the main
gas flow perpendicular to the inlet (~270 L min ™).

The sampling period was generally ~7 days, corresponding to a sampled
air volume of ~3000 m’. A few samples were collected over shorter periods (1-
5 days, ~400-2000 m®). A listing of all investigated pairs of air filter samples
(42 coarse and 42 fine particle samples) is given in Table S1. Prior to use, all
glass fiber filters were decontaminated by baking at 500°C over night (2).
Loaded filters were packed in aluminum foil (also prebaked at 500°C), and
stored in a freezer at -80°C until DNA extraction. To detect possible
contaminations from the sampler and sample handling, blank samples were
taken at regular intervals (~4 weeks). The filters were mounted in the sampler
like for regular sampling, but the pump was turned on either not at all

(“mounting blanks”) or for only 5 s (“start-up blank™).



DNA extraction and amplification. Filter sample aliquots (s - “4) were
extracted with a commercial soil extraction kit (LysingMatrixE, Fast DNA
Spin Kit for Soil, MP Biomedicals) according to the supplier’s instructions
with the following modifications: 15-min-centrifugation step after the lysis,
partly additional 900 pl buffer and repeated beating and centrifugation. Both
generated supernatants were combined for the further extraction process.
Finally, the DNA was dissolved in 100 pl elution buffer. Decontaminated
filters were included during the extractions as extraction blanks.

With the DNA extract from each of the filters listed in Table S1, several
PCRs were performed to amplify DNA from fungi for sequence analysis. The
50 pl reaction mixture always contained the template DNA (0.5-2 pl sample
extract), IXPCR buffer, 0.2 mM each dNTP (Roth), 0.33 uM of each primer
(Sigma-Aldrich), and 2.5 units of JumpStart™ REDTaq DNA polymerase
(Sigma-Aldrich). A negative control was included in all PCR runs.

PCR reactions were performed with the primer pairs listed in Table S2
and Fig. SI1, respectively. The thermal profile (DNA Engine, Bio-Rad
Laboratories) was as follows: initial denaturing at 94°C for 3 min; 35 cycles
with denaturing at 94°C for 30 s, annealing at primer pair specific temperature
for 30 s (Table S2), elongation at 72°C for 90 s, and a final extension step at
72°C for 5 min.

Fungal DNA was detected in all of the 84 investigated air filter samples,
and 200 PCR products were obtained with different primer pairs as specified in
Tables S1 and S2. No DNA was detected in the mounting, start-up, extraction,
and PCR blanks, indicating that no contaminations occurred during sample
handling and analysis in the laboratory.

PCR products were obtained with all primer combinations except for the
Zygomycota-specific primer pair D (Table S1 and S2, Fig. S1). The primer
pairs A and F amplified Basidiomycota (BMC) as well as Ascomycota (AMC)
and the primer pairs that were designed to be specific for BMC (B) and AMC
(C) indeed amplified only BMC and AMC, respectively. The sequences
obtained with the primer pair E which should be specific for Chytridiomycota



matched with members of the Pucciniomycetes (within the BMC) and Fungi
incertae sedis (formerly Zygomycota).

Fungal DNA was also co-amplified with primer pairs (G-I) that were
supposed to be specific for animal, insect, and archaea 18S or 16SrDNA (Table
S1 and S2, Fig. S1). Table S1 gives information on obtained sequences
resulting from co-amplification reactions in coarse particle filter extracts. The
primer pairs G and H amplified BMC whereas the primer pair I amplified
AMC. This primer behavior calls for reevaluation of the primer performance
and requires attention before the primer pair is further used in samples that
harbor material from different groups of organism. The obtained fungal 18S
sequences confirm knowledge from other studies that the ITS region is a better
target region and 18S rDNA analysis often is not able to discriminate between

species in environmental samples (3).

Cloning and restriction fragment length polymorphism. Amplification
products for sequencing were cloned using the TOPO TA Cloning® Kit
(Invitrogen) following the supplier’s instructions. Colonies containing inserts
were identified by blue-white selection and lysed in 20 pl water for 10 min at
95°C. The inserts of 12-24 colonies were amplified (“colony PCRs”) using 3 pl
lysate in a 40 pl reaction. The PCR reaction mixture always contained: 1xPCR
Buffer, 2.5 mM MgCl,, 0.25 mM each dNTP (Roth), 0.25 uM of each primer
(Sigma-Aldrich), 1.25 units Tag DNA Polymerase (Invitrogen). PCR reactions
were performed with the primer pair M13F-40 and M13R, and the thermal
profile was as follows: initial denaturing at 94°C for 5 min; 40 cycles with
94°C for 30 s, annealing at 55°C for 1 min, elongation at 72°C for 1 min, and a
final extension step at 72°C for 15 min.

The colony PCR was followed by a restriction fragment length
polymorphism (RFLP) analysis to select as many as possible different clones
for sequencing. 2 pl of the PCR-products were digested without further
purification with 5 units of the enzymes Taql, Hinfl, or Alul (Fermentas).

Restriction fragments were separated by gel electrophoresis in a 3% agarose



gel stained with ethidium bromide and the images were documented with the
Gel Doc XR system and analyzed with Quantity One software (Bio-Rad
Laboratories). On the basis of the resulting restriction fragment patterns,
representative colony PCR products with different numbers and sizes of

fragments were selected for sequencing.

DNA sequence analysis, taxonomic attribution, and statistical parameters.
DNA sequences were determined with ABI Prism 377, 3100, and 3730
sequencers (Applied Biosystems) using BigDye-terminator v3.1 chemistry at
the DNA Core Facility of the Max Planck Institute for Plant Breeding
Research, Cologne. For comparison with known sequences, databank queries
using the Basic Local Alignment Search Tool (BLAST) were performed via
the website of the National Center for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov/). Each sequence was identified to the lowest
taxonomic rank common to the top BLAST hits (up to ~100 data base
sequences with highest similarity and total scores). For 17 of the 1513
sequences determined in this study, the ITS1 and ITS2 regions matched in
different genera. These 17 sequences were assumed to be chimeric results of
PCR recombination and were excluded from further analysis.

For each aerosol filter sample, sequences that produced the same BLAST
results were pairwise aligned using the program BioEdit (BioEdit 7.05;
http://www.mbio.ncsu.edu/BioEdit/bioedit.html). The similarity between them
was calculated using the PAM250 Matrix. Sequences with similarity scores
>97% were clustered into an operational taxonomic unit (OTU). The different
OTUs can be regarded as different fungal species, because the sequence
variability due to intraspecific ITS divergence is usually <3% (4). PCR errors
can also introduce some sequence variability (5). The ~100 PCR cycles
typically applied in our study (amplification, colony, and sequencing PCRs)
are, however, unlikely to cause substitutions of more than 1% of the base pairs
in the measured sequences, because the total error rates of Tag polymerase are

typically in the range of 10°-10™* errors per base pair (6, 7) When sequences



obtained by co-amplification with non-fungal primer pairs (18S; G, H, I; Table
S2) yielded the same best match results as ITS sequences from the same
sample, they were attributed to the same OTU, because they are likely to have
the same origin (see Fig. S1).

Table S3 gives an overview of the 368 detected OTUs with
corresponding characteristic NCBI sequence accession numbers, taxonomic
class and species names, and frequencies of occurrence, i.e., numbers of air
samples and coarse or fine particle filters, respectively, in which they were
detected. Note that some OTUs exhibited high similarity (98-100%) with
multiple NCBI sequences attributed to different orders, families, genera or
species, which may be due to data base entries with incorrect/inconsistent
taxonomic information or high interspecific ITS similarity (e.g., BMC2:
Bjerkandera/Thanatephorus; BMC3: Trametes/Tricholoma/Phellinus sp.).
About one third of the OTUs exhibited less than 97% similarity with NCBI
sequences (<90% for 37 OTUs, 90-96% for 99 OTUs) and may represent
species that are unknown or at least not listed in the NCBI data base.
Alternatively, the measured DNA may have been partially degraded in the air
or upon sampling and analysis (8-11). This is, however, not very likely for
fungal spores that are known and designed to resist environmental stress and
survive atmospheric transport (2). Moreover, 21 OTUs with low best match
similarity scores were found in more than one sample, which appears unlikely
for damaged DNA. Thus, we assume that most if not all OTUs represent
different fungal species, and that about 30% of these have not yet been
characterized by DNA analysis and listing in the NCBI data base.

The detection and apparent frequency of occurrence of different species
can also be affected by technical factors like extraction efficiency of DNA,
varying tDNA copy number in the species, primer matching and performance,
amplification efficiency of the target region, and cloning success. As discussed
in the main manuscript, the high proportion of fungal species that were
detected only once indicates, that a higher number of samples and clones

would have to be investigated for a complete coverage of species diversity.



Thus, the detected and reported numbers and frequencies of occurrence of
species, families, and classes should be regarded as a lower limit for the actual
diversity and frequency of occurrence of airborne fungi.

To characterize and compare the diversity of fungal species (OTUs) in
the investigated air masses, we have calculated the parameters defined in Table
S4 for the whole data set and for different subsets (phyla, seasons, etc.). The
results are summarized in Tables S5-S7, key findings are presented in the main

manuscript, and additional information is given in the following sections.

Taxonomic classes and families. According to the best match sequences and
taxonomy used in the NCBI database, the 368 OTUs or fungal species detected
in this study have been attributed to 3 phyla, 15 classes, and 61 families. The
species richness and proportions of the different phyla and classes are
described and discussed in the main manuscript. Additional information about

the taxonomic classes and families is given below.

Basidiomycotic classes and families. Out of the 15 accepted classes of BMC
(12), 8 classes were found in the investigated aerosol samples (Tables S3 and
S5). 208 of the 238 detected BMC species can be attributed to the most species
rich class of BMC, the Agaricomycetes. The proportion of Agaricomycetes
among the different species of BMC found in the atmospheric samples (~87%)
was even higher than in the biosphere, where Agaricomycetes (about 16000-
20000 species) account for ~50% of the known BMC species (13).They act as
decomposer (decompose lignin and cellulose), pathogens, parasites, and
symbionts of both plants (trees, shrubs, grasses) and animals (e.g., insects) (14-
16). Some species of Agaricomycetes are edible whereas others produce
secondary metabolites that make them hallucinogenic or toxic (13). A diverse
array of fruiting bodies like gilled mushrooms, chanterelles, stinkhorns, false
truffles, puftballs, corticoid fungi and coral fungi are produced from members
of this class (17). Agaricomycetes were found in all coarse particles samples

(134 species) and in all fine particles samples (112 species), i.e., the RFO of



this class was 100% throughout all seasons (Table SS5). 38 species of the
Agaricomycetes occurred in both coarse and fine particle samples.

Compared to the Agaricomycetes, all other classes of BMC exhibited
much less species richness and lower RFO values (Table S5). Two classes
were found only in coarse or only in fine particle samples. Pucciniomycetes
were detected only in the coarse particle samples (RFO 14%). In contrast to the
Agaricomycetes, the proportion of Pucciniomycetes among the different
species of BMC found in the atmospheric samples (~5 %) was substantially
lower than in the biosphere, where Pucciniomycetes account for ~30% of the
known BMC species (18). They are parasites of animals and fungi as well as
obligate pathogens of ferns, conifers, flowering plants, cereal grains, legumes,
and trees such as apple, where they can cause extensive reduction in yield and
even host death (18-20). Most Pucciniomycetes (~7000 species or ~90%)
belong to a single order, the Pucciniales or plant parasitic rust fungi (18),
which was indeed the only type of Pucciniomycetes found in the investigated
air samples. Wallemiomycetes could be detected only in fine particle samples
(RFO 7 %). This class includes only three species of xerophilic molds from the
genus Wallemia, two of which we found (W. sebi, W. muriae). They are
mutualists of plants, green algae, bryophytes and cyanobacteria, and they can
act as decomposers and pathogens of plants, animals, and other fungi (21-23).

Out of the 38 detected BMC families, 33 belonged to the class of
Agaricomycetes. As shown in Table S6, the most species rich BMC family was
Corticiaceae with 33 different species (mostly wood decaying fungi). Species
from this and 19 other families occurred in coarse as well as in fine particle
samples (Hymenochaetaceae, Lachnocladiaceae, Tricholomataceae, etc.). 16
families were found only in coarse particle samples (Bolbitiaceae,
Pleurotaceae, Suillaceae, etc.), and two families were found only in fine
particle samples (Lycoperdaceae, Meruliaceae). With regard to families, the
taxonomic attribution according to the NCBI database applied in this study is
often not in agreement with the Mycobank taxonomy. For example, only two

of the 33 species attributed to the Corticiaceae according to NCBI would be



attributed to this family according to Mycobank. In view of the taxonomic

uncertainties, we have not calculated RFO values for the families.

Ascomycotic classes and families. Out of the 15 accepted classes of AMC
(12), 7 classes were found in the investigated aerosol samples (Tables S3 and
S5). The most species rich class of AMC were the Sordariomycetes (27 of 124
detected AMC species), which include plant pathogens and endophytes, animal
pathogens, and mycoparasites (24). Sordariomycetes were found in 19 fine
particle samples (21 species) and in 7 coarse particle samples (8 species),
corresponding to RFO values of 45% and 17%, respectively (Table S5). The
AMC class with the highest RFO (98%) were the Dothideomycetes (22
species). This class contains several allergenic fungi and plant pathogens,
endophytes or epiphytes of living plants, and also saprobes degrading cellulose
and other complex carbohydrates in dead or partially digested plant matter, in
leaf litter, or dung (25).

Two more AMC classes with high species richness and frequency of
occurrence were the Leotiomycetes (16 species, RFO 78%), which are the
largest non-lichen-forming group of fungi (26), and the Eurotiomycetes (18
species, RFO 74%), which include well-known molds like Penicillum spp.. No
taxonomic class attribution was available for 35 (partly mitosporic) AMC.

Out of the 23 detected AMC families, 13 were found in both coarse and
fine particle samples (e.g., Davidiellaceae, Sclerotiniaceae, Trichocomaceae),
six were found only in fine particle samples (e.g., Orbiliaceae,
Saccharomycetaceae) and four were found only in coarse particle samples
(e.g., Erysiphaceae, Table S6). The most species rich AMC family were the
Trichocomaceae (16 species), which include the molds Aspergillus and

Penicillium.



Coarse vs. fine particle samples and fungal spore size. Fungal DNA was
found in both the coarse and the fine aerosol particle samples that had been
collected with a nominal cut-off diameter of ~3 um as detailed above. Particle
size is one of the main parameters that govern the effects of aerosols on climate
and human health. Fine particles have longer residence times in the atmosphere
(multiple days to weeks) and upon inhalation they can reach the alveolar region
of human lungs, whereas coarse particles are rapidly removed from the
atmosphere (sedimentation, scavenging, and precipitation) and are deposited in
the upper airways when inhaled. Thus, the scientific investigation and public
discussion of climate and health effects are mostly focused on fine aerosol
particles (27). Overall, the species richness and relative frequency of
occurrence of fungal species in coarse and fine particle samples were of similar
magnitude. 165 fungi were found only in coarse particle samples, and 141 were
found only in fine particle samples; 62 species were detected in both types of
samples (Tables S3 and S7).

As discussed by Després et al. (2), fungal DNA detected in aerosol filter
samples is most likely to originate from spores which are known to resist
environmental stress and survive atmospheric transport (28, 29), whereas DNA
in fungal tissue fragments may be rapidly degraded by atmospheric
photooxidants. Therefore, the following discussion will be focused on
interpreting the observed differences and similarities between coarse and fine
particles samples with regard to the size of fungal spores. Nevertheless, it
should be kept in mind that not only fungal spores but also hyphae and tissue
fragments can be present in coarse and fine air particulate matter (30-32).
Moreover, the disruption of fungal spores due to environmental stress may lead
to the formation and sampling of smaller fragments, and the association of
spores with each other or with other particulate matter may lead to the
formation and sampling of larger particles. For example, it is likely that spores,
unicellular fungi (like endophytic fungi) and plant pathogens (rust fungi,

powdery mildew) are associated with plant fragments (33-35).



10

Fungal spores are usually in the size range of 1-50 um (36) and have
been found in coarse as well as in fine aerosol particle samples (37-40). The
aerodynamic behavior of a particle depends on its size, density, shape, and
structure, and the aerodynamic diameter is defined as the diameter of an
equivalent spherical particle with a density of 10° kg m™ that has the same
aerodynamic behavior as the investigated particle. The shape of fungal spores,
however, is often non-spherical and their density can be lower than the
reference density. Therefore, the aerodynamic diameter of fungal spores is
often smaller than the size of their geometric envelope. Exemplary properties
and aerodynamic diameters of spores from different fungal species are given in
Table S8.

The aerodynamic diameter of spores, however, does not only depend on
the fungal species from which they are emitted but also on their biological age
and on ambient conditions. For example, the diameter of Penicillium spores
typically increases with age (2.3-2.6 um) (41), freshly released spores are
usually larger than spores that have been airborne for a longer time (42), and
the size of spores can increase with the ambient relative humidity (43, 44). The
effects outlined above can lead to the deposition of DNA from fungi with spore
diameters >3 pm in the investigated fine particle samples as well as to the
deposition of DNA from fungi with spore diameters <3 pum in the coarse
particle samples.

Besides the uncertainties and variability related to the type and size of
aerosol particles carrying fungal DNA, the distinction between coarse and fine
particles is also affected by imperfections of the aerosol sampling techniques.
The nominal cut-off diameter of the applied high-volume sampler cannot be
regarded as a sharp limit; it is just the midpoint of the collection efficiency
curve of the virtual impactor which extends over several micrometers (1).
Thus, particles that are a couple of micrometers smaller or larger than the
nominal cut-off diameter can be deposited on both the coarse and the fine
particle filters. Moreover, the operating principles of the applied high-volume

sampler imply that ~10% of the fine particulate matter in the sampled air mass
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are deposited on the coarse particle sample. As a consequence, fungi which
occur with high frequency in the fine particle fraction are likely to be detected
also in the coarse particle samples and the following points should be taken as
a guideline for the interpretation of the measurement results reported above:

(1) Zero or very low RFO values in the fine particle fraction indicate that
the detected fungal species had been present in the sampled air masses as
particles (spores) with aerodynamic diameters larger than ~3 pm. Examples
from Table S7 are Blumeria graminis and ltersonilia perplexans. Moreover,
members of the order Pucciniales (rust fungi) are known to have large spores
(up to >20 pm) and were found only in coarse particle samples (20).

(2) High RFO values in the fine and in the coarse particle fraction or
high/medium RFO values in the fine and lower RFO values in the coarse
particle fraction indicate that the detected fungal species had been present in
the sampled air masses as particles (spores) with aerodynamic diameters of ~3
um or less. Examples from Table S7 are Cladosporium sp., Penicillium spp.
and Heterobasidion annosum.

(3) Medium RFO values of similar magnitude in the fine and in the
coarse particle fraction indicate that the detected fungal species had been
present in the sampled air masses as particles (spores) with aerodynamic
diameters around ~3 pm (or as larger and smaller particles with similar
abundance). Examples from Table S7 are Eurotium sp. and Stereum spp.

The species richness and the relative proportion of BMC detected in this
study was higher in coarse than in fine particle samples, whereas the species
richness and the relative proportion of AMC was higher in fine than on coarse
particle samples. This is consistent with the following basic features of BMC
and AMC (12, 17, 45, 46): Smut spores and other BMC spores are known to
have large (aerodynamic) diameters (Table S8), and BMC produce most
mushrooms with large fruiting bodies that may fragment and release large
tissue fragments. In contrast, AMC are mostly single-celled (yeasts) or

filamentous (hyphal), and some of the most prominent AMC species like
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Cladosporium sp. and Penicillium spp. have spores with small aerodynamic

diameters (Table S8).
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Table S1. Overview of air samples (aerosol filter pairs). Sample ID (running number); sampling period and time; sampled air
volume; number of DNA sequences obtained with different primer pairs (A-I, Supplementary Table S2) and all together from the coarse
and fine particle filter samples, respectively (coarse/fine); number of different species (OTU) of all fungi and of Ascomycota (AMC),
Basidiomycota (BMC), and Fungi Incertae Sedis or others (FIS) detected in the whole air sample and in the coarse or fine particle filters,

respectively (total/coarse/fine).

Sample  Sampling Period Sampling Sampled  Sequences Species
ID time air
(days) volume
(m°)
A B (o] E F G H | All Fungi AMC BMC FIS
MZ 1 24.03.06 -31.03.06 7.02 3019 10/11 -12 -12 8/- 3/- 21/35 29/11/20 7/315 22/8/15
MZ 2 31.03.06- 07.04.06 6.95 3057 12/11 -/11 -9 2/- 14/31 23/8/18 9/417 14/4/11
MZ 4 07.04.06- 12.04.06 4.97 2202 12/11 -/10 -4 12/25 18/8/12 13/6/8 5/2/4
MZ 9 20.04.06- 27.04.06 7.00 3026 37/12 -/11 11/- 48/23 41/34/9 16/14/2 25/20/7
MZ 10 27.04.06- 02.05.06 4.92 2077 11/11 -1 -1 11/33 22/10/15 11/5/7 11/5/8
MZ 11 02.05.06-03.05.06 1.01 444 18/12 -/12 4/- 1/- 23/24 24/16/11 12/6/7 12/10/4
MZ 15 04.05.06-09.05.06 4.91 2064 6/6 417 10/13 12/7/6 6/3/3 6/4/3
MZ 18 12.05.06-15.05.06 3.02 1321 6/11 7/6 13/17 16/11/8 8/6/4 8/5/4
MZ 25 22.05.06-23.05.06 0.97 425 10/- 7/9 12/11 3/- 32/20 23/17/10 10/7/6 13/10/4
MZ 26 23.05.06-30.05.06 6.98 3100 10/- 12/8 4/12 2/- 28/20 31/15/17 12/4/9 18/10/8 1/1/-
MZ 31 01.06.06-06.06.06 4.95 2199 8/9 3/6 1115 17/10/11 7/3/5 10/7/6
MZ 35 14.06.06-21.06.06 6.97 2999 31/- 7/8 -4 38/12 15/12/6 5/5/1 10/7/5
MZ 36 21.06.06-22.06.06 0.97 422 11/- 12/7 -3 3/- 1/- 27/10 25/20/8 4/4/1 21/16/7
MZ 40 27.06.06-04.07.06 6.96 3045 8/- 12/8 3/4 1/- 24/12 18/13/7 5/4/2 13/9/5

MZ 41 04.07.06-11.07.06 6.96 3019 6/- 8/8 5/5 4/- 23/13 20/13/9 6/5/2 14/8/7



MZ 45
MZ 47
MZ 50
MZ 51
Mz 52
MZ 54
MZ 59
MZ 60
MZ 62
MZ 63
MZ 66
Mz 67
MZ 69
MZ 71
MZ 74
Mz 75
Mz 77
MZ 81
MZ 82
Mz 84
MZ 88
MZ 90
MZ 93
MZ 95
Mz 97
MZ 101
MZ 103

19.07.06-21.07.06
26.07.06-02.08.06
02.08.06-09.08.06
09.08.06-16.08.06
16.08.06-23.08.06
30.08.06-06.09.06
11.09.06-18.09.06
18.09.06-25.09.06
02.10.06-09.10.06
09.10.06-16.10.06
16.10.06-23.10.06
23.10.06-30.10.06
02.11.06-09.11.06
16.11.06-23.11.06
23.11.06-30.11.06
30.11.06-07.12.06
14.12.06-21.12.06
28.12.06-04.01.07
04.01.07-11.01.07
18.01.07-25.01.07
01.02.07-08.02.07
15.02.07-22.02.07
22.02.07-01.03.07
08.03.07-15.03.07
22.03.07-29.03.07
05.04.07-12.04.07
19.04.07-26.04.07

1.98
6.97
6.94
7.01
6.95
7.00
6.86
7.02
6.99
6.98
6.96
6.97
7.00
6.98
6.95
6.95
6.98
7.03
6.99
7.01
6.99
7.02
6.93
7.00
6.97
7.01
7.05

872

3025
3025
3060
3081
3091
2977
3033
3026
3079
2995
3028
3034
3063
2808
2992
3011
3005
3056
3121
3056
2998
3023
3025
3025
3061
3078

8/-
7/-
12/-
8/27
16/-
13/7

12/-
1112
9/10
6/-
12/11
11/11

12/10
-12
17/10

6/9
12/12
12/6
8/8
8/-

12/12
9/9
12/9
10/-
11/5
12/8

10/11

9/-
12/-
6/9
8/10
8/10
8/11
3/4
6/6
8/4
7/8
7/5

-7
5/4

8/4

2/-

6/7
6/6
712
6/6
6/5
6/5
9/5
414
7/5

3/-
4)-

4-

2/-

10/16
20/15
26/10
24/13
18/31
16/13
29/22
13/12
31/13
2712
20/22
23/12
12/11
11/11
18/15
16/22
1112
31/10
12/16
14/16
15112
14/17
9/9
12/11
17/9
1113
14/10

17/8/11
19/10/12
24/18/10
26/15/12
22/11/12
22/12/12
27/18/11
14/10/6
26/18/9
24/20/5
19/12/12
25/15/11
16/8/9
12/6/8
25/14/13
22/10/113
14/7/8
16/10/6
23/10/14
23/10/15
16/12/7
22/10/113
12/7/8
16/10/8
21/16/8
14/9/9
12/8/8

5/4/3
5/412
7/514
8/4/5
71315
9/5/5
8/5/4
3/212
5/2/4
4/3/2
7/316
7/513
6/5/2
6/3/4
7/513
4/1/4
5/2/3
2/012
9/4/5
14/6/9
8/6/2
15/6/10
8/4/5
11/6/5
11/9/4
8/4/6
5/3/4

12/4/8
14/6/10
17/13/6
18/11/7
15/8/7
13/7/7
19/13/7
11/8/4
20/15/5
16/13/3
12/9/6
18/10/8
10/3/7
6/3/4
17/9/9
18/9/9
9/5/5
14/10/4
14/6/9
9/4/6
8/6/5
71413
4/3/3
5/4/3
10/7/4
6/5/3
7/5/4

11/-
4/4)-

1/-11
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Table S2. PCR primer combinations (A-l). Forward and reverse primer

names, amplified region/gene, approx. length of the PCR product (number of

base pairs, bp), annealing temperature, and references.

Primer pair  Forward Reverse Amplified region  Product (bp) Temperature (°C) References
A ITS5 ITS4 ITS1-5.8S-ITS2 500 - 700 54 (47)

B ITS5 ITS4B ITS1-5.8S-ITS2 ~900 58 (47, 48)

C ITS5 ITS4A ITS1-5.8S-ITS2 ~600 55 (47, 48)

D ITS5 ITS4Z ITS1-5.8S-ITS2 ~700 45 (47, 48)

E ITS5 ITS4C ITS1-5.85-ITS2 ~1000 53 (47, 48)

F ITS1 5.88 ITS1-5.8S ~300 55 (47, 49)

G 18Sai 18Sbi 18S 1140 55 (50)

H 18S-H17F 18S-H35R  18S 900 58 (51)

| 109f 934r 16S 800 52 (52)
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Table S3. Operational taxonomic units (OTUs) attributed to
Ascomycota (A) and Basidiomycota (B). Operational ID (AMC/BMC and
running number); frequency of occurrence (number of air samples and
coarseffine particle filters in which the species was detected); most
characteristic NCBI accession numbers sorted by similarity score; taxonomic
class and species name according to NCBI data base (if determined). Species
names are listed if available from NCBI sequences with similarity scores >

97%.

(A)
oTu Frequency of occurrence  NCBI accession numbers and Class, species
similarity scores
total coarse fine
AMC1 41 35 37 EU167591 (99-100%), AF455517 (99-  Dothideomycetes, Cladosporium sp.
100%), AF393712 (99-100%),
AF393707 (99-100%)
AMC2 24 20 8 EF207415 (98-100%), AF455526 (98- Leotiomycetes, Botryotinia fuckeliana :
100%), EU563125 (99%), EF153017
(98%)
AMC3 18 18 0 EU552134 (100%), AJ279463 (100%)  Dothideomycetes, Epicoccum sp.
AMC4 13 7 7 AF455536 (100%), AF455528 (100%)  Eurotiomycetes, Eurotium sp.
AMC5 12 11 1 EF432293 (99%), AY154712 (99%) Dothideomycetes, Alternaria sp.
AMC6 12 0 12 FJ008997 (99%) Eurotiomycetes, Penicillium expansum
AMC7 11 9 3 AF520642 (99%) mitosporic AMC, Ascochyta sp.
AMC8 11 3 10 DQ426522 (100%), AY373898 Eurotiomycetes, Penicillium sp.
(100%), AM158223 (100%)
AMC9 10 10 0 AB273542 (99%), AB273566 (99%) Leotiomycetes, Blumeria graminis
AMC10 9 8 2 AY 154692 (99%), EF432282 (99%), Dothideomycetes, Alternaria sp.
AY 154695 (98%)
AMC11 6 5 4 EU998929 (95%), EF601602 (95%)
AMC12 6 5 1 EU167608 (99%), AM160630 (99%) Dothideomycetes, Aureobasidium sp.
AMC13 6 2 4 AY805550 (100%), Leotiomycetes, Cistella acuum
AMC14 5 1 4 AM901991 (99%), AF501262 (99%),
AF435827 (98%), AF501259 (98%),
EU167591 (97%)
AMC15 5 0 5 EF652038 (99%), EF652039 (98%) Eurotiomycetes, Aspergillus sp.
AMC16 4 1 3 AY373862 (95%), AF540513 (95%)
AMC17 4 0 4 AY373851 (100%), Eurotiomycetes, Aspergillus fumigatus
AMC18 4 0 4 EU288196 (99%) Saccharomycetes, Candida tropicalis
AMC19 3 3 0 DQ006952 (95%), AF455427 (94%) Sordariomycetes
AMC20 3 1 2 AY853228 (99%), Leotiomycetes, Naevala minutissima
AMC21 3 0 3 DQ195780 (100%), Dothideomycetes, Leptospora rubella
AMC22 3 0 3 EF434058 (99%), AJ560686 (99%) Sordariomycetes, Beauveria bassiana
AMC23 2 2 0 DQ530453 (96%), U04207 (94%)
AMC24 2 2 0 AM901702 (99%), DQ778909 (99%),
AJ488260 (99%), AF459728 (99%),
EF652065 (99%)
AMC25 2 2 0 AJ293875 (100%), AJ888477 (99%),
AMC26 1 2 AY 183369 (96%) Sordariomycetes
AMC27 1 1 AM084454 (99%), AF439488 (99%) Dothideomycetes, Phaeosphaeria

juncophila



AMC28
AMC29

AMC30
AMC31
AMC32

AMC33

AMC34

AMC35

AMC36

AMC37

AMC38
AMC39
AMC40
AMC41

AMC42
AMC43
AMC44

AMC45

AMC46
AMC47
AMC48

AMC49

AMC50

AMC51
AMC52
AMC53
AMC54

AMC55

AMC56
AMC57

AMC58

AMC59
AMCG60
AMC61
AMC62
AMC63
AMCo64
AMCG65
AMC66
AMCG67
AMC68
AMC69

A A A

A A A

A A A A A A A A A A

A a4 A A a a a a aa

o o o o

o o o o o

O O O O O © O o o o o

DQO006952 (98%)

EU019285 (99%), AB109183 (99%),
AY607019 (99%), AY152593 (99%)

AF439504 (96%), AF383951 (91%)
EUB87059 (92%), AY754945 (91%)
EF026143 (99%)

AM749928 (99%)

EU292653 (93%), U57089 (93%),
DQ182427 (93%)

AY634167 (98%), AF486133 (97%),
DQ249994 (96%)

DQ679486 (91%), DQ182451 (91%),
AY864822 (90%)

(
EU826481 (99%), EF024754 (99%),
EU167600 (99%)

DQ683973 (95%)
DQ683973 (94%)
DQI79719 (92%), AF013225 (91%)

EF159443 (97%), EU552134 (92%),
AJ279463 (92%)

AY969725 (92%), AF050278 (83%)
EF521252 (99%), EU035412 (85%)

EU754979 (97%), EU883432 (96%),
EU883430 (96%)

EU687056 (93%), EU326188 (89%),
EF577238 (89%)

AJ244263 (92%), AY969659 (91%)
EU529999 (95%), EF207415 (89%)

EU167569 (98%), AY357266 (98%),
AF279583 (98%)

AB085929 (98%),

EU019284 (97%), AJ301970 (97%),
AY154692 (96%), EF432286 (96%)

FJ000399 (98%)
AY387657 (94%), EU848215 (88%)
AY961406 (91%), EU885415 (91%)

EF420004 (96%), AM262366 (95%),
DQ092527 (93%)

DQ273287 (89%), EU167596 (86%),
EU707892 (85%)

AF383957 (100%)
AM902015 (100%), DQ384571 (99%)

AY739861 (99%)

AF203450 (99%), EF452450 (99%)
EF432300 (100%), AY196988 (100%)
AY681194 (99%), AY681193 (99%)
EU918705 (99%), AY681180 (99%)
DQ323535 (99%)

AF000567 (97%),

US7673 (93%), ABO67714 (92%)
AY484909 (96%)

AF489434 (98%),

EU035422 (99%)

EF191234 (86%), EF191241 (85%)
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Sordariomycetes, Diatrype sp.

Dothideomycetes, Ramularia sp. ’

Dothideomycetes
Sordariomycetes

Sordariomycetes, Hypoxylon
rubiginosum

Sordariomycetes, Hypoxylon
howeanum

Leotiomycetes

mitosporic AMC, Tetracladium sp.

mitosporic AMC, Thermomyces
lanuginosus

mitosporic AMC, Tumularia aquatica
Dothideomycetes
Dothideomycetes

Dothideomycetes
Dothideomycetes

Dothideomycetes, Massarina corticola

Dothideomycetes, Leptosphaerulina
chartarum

Dothideomycetes, Pyrenophora tritici-
repentis

Dothideomycetes, Stemphylium sp.
Dothideomycetes, Phaeosphaeria sp.
Sordariomycetes, Neurospora sp.
Sordariomycetes, Sordaria sp.
Sordariomycetes, Gnomonia leptostyla
Sordariomycetes, Diaporthe sp.
Sordariomycetes

Eurotiomycetes

Eurotiomycetes, Penicillium sp.
Eurotiomycetes, Exophiala sp.
Leotiomycetes
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AMC70
AMC71
AMC72
AMC73
AMC74
AMC75
AMC76
AMC77

AMC78
AMC79
AMC80

AMCS81
AMC82
AMC83

AMCB84
AMC85

AMC86
AMC87
AMCB88
AMC89

AMC90
AMCO1

AMC92

AMC93
AMC94
AMC95
AMC96
AMC97
AMC98
AMC99
AMC100
AMC101
AMC102
AMC103
AMC104

AMC105
AMC106

AMC107
AMC108
AMC109
AMC110
AMC111
AMC112

AMC113
AMC114
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Z73791 (99%), Z73771 (98%)
AB193380 (99%)

EF029230 (96%), AJ430397 (96%)
AY541277 (93%), AJ457152 (89%)
AM262380 (95%), AYO75113 (93%)
DQOY3661 (99%), AM292050 (99%)
EF029228 (93%), EU639650 (92%)
EU041789 (99%)

AY961406 (92%), EU040234 (91%),
EU040233 (91%)

AY345346 (90%), AJ244276 (89%),
DQ402525 (89%)

EU8B52369 (92%), AJ244276 (90%),
DQ402525 (89%)

AY354273 (99%), DQ273341 (97%)
EU543253 (96%), AY773457 (95%)

EU707899 (96%), EU167569 (96%),
AJ301970 (96%)

AJ496632 (97%)
EU040243 (98%), AM176696 (97 %)

AJB08969 (99%)
AM262352 (96%), AJ244276 (90%)
EF060804 (91%)

EUB86961 (89%), EU164404 (86%),
EU552101 (85%)

EF212848 (96%), EU167609 (95%)

AJ557830 (99%), EU557361 (99%),
AY138846 (99%)

EU686848 (90%), EU552098 (88%),
EF423534 (90%)

AY908999 (98%),
AB017661 (95%), AY805591 (94%)

AY908993 (99%)

EU326205 (93%),

EF212848 (99%)

EF447416 (98%), EF447401 (98%)

DQ402530 (94%), AB208110 (93%)
DQ459870 (99%), DQ459868 (98%)
AB027382 (99%),

AF455478 (100%)

AY373910 (100%)

EF634441 (99%)

DQ681321 (99%), DQ681325 (99%)

AF033491 (98%), AF033490 (98%),
EF669708 (98%)

EU833220 (95%), AF125937 (96%)
AF033453 (98%), AF033452 (98%)
AB263742 (97%), AB086631 (97%)
EF029810 (92%), AB175237 (86%)
AF033387 (99%), AF033386 (99%)
AJ131688 (97%)

AY781221 (99%),
EU040232 (91%), EF093148 (91%)

Leotiomycetes, Monilinia padi

Leotiomycetes, Sawadaea bicornis

Lecanoromycetes

mitosporic AMC, Radulidium
subulatum

Dothideomycetes, Phaeosphaeria
pontiformis

Dothideomycetes, Toxicocladosporium
irritans

Dothideomycetes, Leptosphaeria sp.
Dothideomycetes
Sordariomycetes
Sordariomycetes

Sordariomycetes
Sordariomycetes, Nectria sp. :

Sordariomycetes

Sordariomycetes, Rosellinia corticium
Sordariomycetes

Sordariomycetes, Dicyma pulvinata
Sordariomycetes

Sordariomycetes, Gnomonia rostellata
Sordariomycetes, Valsa sp.
Sordariomycetes

Sordariomycetes, Fusarium sp.
Sordariomycetes, Beauveria bassiana
Sordariomycetes, Arthrinium sp.
Eurotiomycetes, Penicillium digitatum

Eurotiomycetes, Penicillium
brevicompactum

Eurotiomycetes, Penicillium sp.
Eurotiomycetes, Penicillium sp.

Eurotiomycetes

Eurotiomycetes, Penicillium sp.
Eurotiomycetes, Paecilomyces sp.
Eurotiomycetes

Eurotiomycetes, Geosmithia

Eurotiomycetes, Chrysosporium
lobatum

Orbiliomycetes, Dactylaria sp.
Leotiomycetes



AMC115
AMC116
AMC117
AMC118
AMC119
AMC120
AMC121
AMC122
AMC123
AMC124
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EU292504 (95%), DQ093752 (95%)
AY590782 (99%)

EF207423 (97%), EF153017 (97%)
AY787711 (99%)

AJ430221 (98%)

AJ430398 (98%)

AY266169 (100%), AY266145 (100%)
AF410838 (99%)

AY923248 (95%), AM850055 (94%)
AM279255 (99%)
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Leotiomycetes

Leotiomycetes, Chalara microchona
Leotiomycetes, Monilinia sp.
Leotiomycetes, Lachnum sp.
Leotiomycetes, Lachnum virgineum
Leotiomycetes, Pezizella amenti
Leotiomycetes, Oculimacula sp.
Lecanoromycetes, Parmelia sulcata
Saccharomycetes

Saccharomycetes, Candida deformans

Some of the characteristic NCBI accession numbers correspond to different genera.

(B)
OoTU Frequency of occurrence  NCBI accsession numbers and Class, species
similarity scores
total coarse fine
BMC1 30 12 26 AF455496 (99-100%), X70027 (99%),  Agaricomycetes, Heterobasidion
DQ384592 (99%) annosum
BMC2 29 22 21 AJ006672 (99%), AF455463 (99%), Agaricomycetes, Bjerkandera sp.
AF455461 (99%), DQO60096 (99%),
EF155506 (99%), AY633927 (99%),
AF455421 (99%), AF455454 (99%),
AJ279471 (99%), AJ279465 (99%)
BMC3 25 16 19 AY309018 (99%), AF139961 (99%), Agaricomycetes, Trametes sp. ’
AB158314 (99%), AF139961 (99%),
AY089738 (99%), AF455529 (99%),
DQ311085 (99%)
BMC4 22 14 9 AY787677 (98-99%), AY208796 Agaricomycetes, Peniophora sp.
(98%), AF210821 (97%-98%)
BMC5 19 14 9 AY854063 (99%), AM269810 (99%), Agaricomycetes, Stereum sp.
DQ000294 (99%)
BMC6 17 16 AB072233 (99%) Tremellomycetes, Itersonilia perplexans
BMC7 13 13 DQ398959 (97%, 99%) Agaricomycetes, Vuilleminia comedens
BMC8 12 6 AY271810 (98%), AY854087 (98%), Agaricomycetes, Phlebia sp.
AF455458 (97%)
BMC9 8 7 3 AY015438 (100%), AB030351 Microbotryomycetes, Sporobolomyces
(100%), AY070003 (100%) roseus
BMC10 8 AY840572 (100%), AF516556 (99%) Agaricomycetes, Trametes sp.
BMC11 7 DQ200924 (99%) Agaricomycetes, Botryobasidium
subcoronatum
BMC12 6 3 3 DQ093653 (99%), DQ093737 (99%), Agaricomycetes, Sistotrema sp. ’
AB301610 (99%), AF345820 (99%),
DQ899094 (99%), AB286935 (99%)
BMC13 6 3 3 AMO084814 (99%), EU918698 (94%), Agaricomycetes
DQ118417 (94%)
BMC14 5 4 1 AM160645 (99%), Cystobasidiomycetes, Sporobolomyces
coprosmae
BMC15 5 2 3 EU047805 (99%) Agaricomycetes, Phanerochaete
sordida
BMC16 5 1 4 EU118668 (98%) Agaricomycetes, Steccherinum
fimbriatum
BMC17 4 4 0 AF026586 (99%), AF334912 (98%) Agaricomycetes, Peniophora sp.
BMC18 4 4 0 EU118651 (95%), AF210821 (95%) Agaricomycetes
BMC19 4 3 2 DQ347490 (99%), AY558617 (97%) Agaricomycetes, Fuscoporia ferrea
BMC20 4 3 1 AF347080 (88%), AY641458 (84%), Agaricomycetes
AF347092 (83%)
BMC21 4 3 AJ437602 (99%) Agaricomycetes, Serpula himantioides
BMC22 4 1 AB072232 (99%) Tremellomycetes, Udeniomyces

pannonicus
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BMC23
BMC24
BMC25

BMC26
BMC27

BMC28
BMC29
BMC30
BMC31
BMC32

BMC33

BMC34
BMC35
BMC36

BMC37
BMC38

BMC39
BMC40
BMC41

BMC42
BMC43

BMC44
BMC45

BMC46
BMC47

BMC48
BMC49

BMC50
BMC51
BMC52

BMC53
BMC54
BMC55
BMC56

BMC57
BMC58

BMC59
BMC60

BMC61

BMC62
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DQ340338 (99%)
DQ384584 (98%)

AY633927 (88%), AY089741 (88%),
AF455461(87%), EU118655 (84%)

DQ868345 (99%), DQ868346 (98%)

AY271810 (85%), AY219390 (83%),
EU118665 (83%)

DQO97370 (98%), AY354227 (98%)
AMO76640 (99%), AM712271 (98%)
AM269811 (100%), AF533962 (99%)
EU326210 (90%), AF516524 (89%)
AY781266 (100%)

AY558616 (97%)

ABO032638 (99%), AY242817 (98%)
AB084621 (98%), AY787676 (98%)

DQ822818 (97%), AF335450 (85%),
EU669216 (84%

)
AM902093 (99%), EU877759 (98%),
EU436684 (98%)

AJ006684 (99%)

EU118659 (97%), AY805620 (97%)
AY302514 (100%), AY302534 (99%)

AY969566 (86%), AY641458 (84%),
DQ411529 (83%)

AY854075 (99%), DQ112557(99%)
DQ873601 (99%)

AM901851 (91%), DQ340326 (89%)

DQ367906 (94%), AY634136 (80%),
AF335450 (80%), AY669602 (80%)

AF518588 (99%), AF334899.1 (98%)

AB074655 (99%), DQ851582 (99%),
DQ459375 (99%), AF026622 (99%)

DQ444863 (99%), AY787215 (99%)

AY?293129 (99%), DQ520099 (99%),
AY293130 (99%)

DQ520099 (99%),

EU158830 (98%), AY336782 (98%),
AY336765 (98%)

AM901975 (99%), AY781273 (98%),
AM269816 (98%)

DQ365617 (99%), AJ408372 (99%)
AF444418 (99%), AF444417 (99%)
AF468041 (99%), AF468040 (99%)

DQ093750 (94%), DQ873618 (93%),
DQ384575 (93%), AB084616 (91%)

AM902071 (99%), AY781263 (98%),
AF210821 (97%)

AF444402 (99%)

U85790 (97%), U85794 (97%)

AJBI0441 (83%), EU113196 (82%),
AM901850 (81%),

AF310096 (99%), AF310095 (99%)

AY219361 (99%)

Agaricomycetes, Hyphodontia alutacea
Agaricomycetes, Phlebia tremellosa

Agaricomycetes

Agaricomycetes, Baeospora sp.

Agaricomycetes

Agaricomycetes, Strobilurus sp. ’
Agaricomycetes, Psathyrella sp.
Agaricomycetes, Stereum sp.
Agaricomycetes

Agaricomycetes, Phanerochaete
sordida

Agaricomycetes, Fuscoporia
ferruginosa

Tremellomycetes, Dioszegia sp.
Agaricomycetes, Phlebia uda
Agaricomycetes

Agaricomycetes, Coprinellus sp.

Agaricomycetes, Ceriporiopsis
gilvescens

Agaricomycetes, Phlebiella sp.
Wallemiomycetes, Wallemia muriae

Agaricomycetes

Agaricomycetes, Morganella pyriformis

Agaricomycetes, Hyphodontia
abieticola

Agaricomycetes

Agaricomycetes

Agaricomycetes, Resinicium sp.
Agaricomycetes

Agaricomycetes, Nematoloma sp. ’

Agaricomycetes, Exidia sp.

Agaricomycetes, Auricularia auricula-
Jjudae

Agaricomycetes, Antrodia sp. :
Agaricomycetes, Trichaptum sp.

Agaricomycetes, Ramaria stricta
Tremellomycetes
Pucciniomycetes, Puccinia sp.
Agaricomycetes

Agaricomycetes, Peniophora sp.

Tremellomycetes, Udeniomyces
pyricola

Agaricomycetes, Fibulorhizoctonia sp.
Agaricomycetes

Agaricomycetes, Gloeocystidiellum
porosum

Agaricomycetes, Ceriporiopsis
pannocincta



BMC63
BMC64
BMC65
BMC66
BMC67
BMC68
BMC69
BMC70
BMC71
BMC72
BMC73
BMC74

BMC75
BMC76

BMC77

BMC78

BMC79

BMC80

BMC81
BMC82

BMC83

BMC84

BMC85

BMC86
BMC87

BMC88

BMC89

BMC90

BMC91

BMC92

BMC93

BMC94

BMC95
BMC96

BMC97
BMC98

BMC99

BMC100

BMC101
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DQ411529 (99%)
AF145571 (99%)
EF068136 (88%), EU826014 (86%)
AM922292 (82%), AM410637 (82%)
DQ157700 (99%)
AF455461 (91%), AY271810 (91%)
AF518763 (99%), AF533963 (99%)
EF174452 (99%), AY265847 (99%)
AF087487 (99%)
EU326210 (92%), EU661877 (91%)
AF347089 (98%)
EU118665 (99%)

AF026586 (97%), DQ915464 (97%)

AM922290 (87%), AY841862 (85%),
AF444322 (85%), EU218894 (84%),

AMO084814 (99%), EU918698 (94%),
DQ118417 (93%)

AY633927 (90%), EU118654 (89%),
EU118653 (89%)

AM901974 (91%), DQ398959 (91%),
AF139961 (84%)

DQ367906 (90%), AY174809 (79%),
DQ112621 (84%)

EU003034 (84%), DQ411529 (83%)

AY969526 (94%), AY641458 (84%),
AF347080 (84%)

AY969397 (96%), U66450 (94%),
EU669216 (86%)

AY288099 87%), AF440673 (86%),
AJB06042 (85%)

DQ278949 (95%), EU622841 (87%),
DQ672336 (86%)

DQ915469 (90%), DQ8Y9095 (84%)

DQ273371 (91%), DQ309138 (91%),
AY805624 (88%)

DQ490645 (89%), DQ026258 (89%),
UB6435 (82%), AM999704 (81%)

AM999723 (100%), AF394919 (90%),

AJ534710 (88%)

DQ851579 (98%), DQ115781 (98%),
DQ115779 (98%)

AY219355 (91%), EU118655 (87%),
EU118648 (85%),

AY219392 (83%), EU118656 (83%),
EU118662 (82%)

AM902085 (99%), EU118655 (91%),
DQ912694 (91%), EU118648 (88%)

AB210074 (88%), EF577058 (87%),
AY633927 (87%), AY463486 (86%)

AY805625 (92%), EF687930 (91%)

DQ241782 (94%), U66438 (93%),
EU118621 (88%)

(
AY382822 (99%), DQ234537 (99%)
(

EU301643 (86%), EU118655 (86%),
EU918713 (86%)

D85631 (95%), EF025042 (95%),
EF024029 (95%), DQ873594 (95%)

DQ444856 (98%), AY916753 (98%),
AY916719 (98%)

AY219404 (99%), AB084592 (99%),
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Agaricomycetes, Trechispora alnicola
Agaricomycetes, Schizopora paradoxa
Agaricomycetes

Microbotryomycetes
Ustilaginomycetes, Ustilago maydis
Agaricomycetes

Agaricomycetes, Polyporus sp. :
Agaricomycetes, Sarcomyxa sp.
Agaricomycetes, Phlebiopsis gigantea
Agaricomycetes

Agaricomycetes, Trechispora farinacea

Agaricomycetes, Scopuloides
hydnoides

Agaricomycetes, Peniophora sp. ’

Agaricomycetes
Agaricomycetes
Agaricomycetes
Agaricomycetes

Agaricomycetes

Agaricomycetes
Agaricomycetes
Agaricomycetes
Agaricomycetes

Agaricomycetes
Agaricomycetes

Agaricomycetes
Agaricomycetes
Agaricomycetes
Agaricomycetes
Agaricomycetes
Agaricomycetes
Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes, Tomentella sp. :

Agaricomycetes
Agaricomycetes
Agaricomycetes

Agaricomycetes
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BMC102
BMC103

BMC104

BMC105
BMC106

BMC107

BMC108
BMC109

BMC110

BMC111
BMC112
BMC113
BMC114
BMC115
BMC116
BMC117
BMC118
BMC119
BMC120
BMC121
BMC122

BMC123
BMC124
BMC125

BMC126
BMC127
BMC128
BMC129
BMC130

BMC131
BMC132
BMC133

BMC134
BMC135

BMC136
BMC137
BMC138

BMC139

BMC140
BMC141
BMC142
BMC143
BMC144
BMC145
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EUB70846 (99%), AF334913 (99%)
AB267393 (92%), EU669216 87%)

DQ873655 (91%), AY228345 (83%),
AM901941 82%), EU118621 (82%),

DQ117964 (86%), U66430 (85%),
EUB69363 (85%)

AY558594 (90%), AY251309 (89%)

DQ309229 (88%), DQ481971 (88%),
EU846251 (87%)

AB084488 (100%), AF289069
(100%)

AY771606 (99%), DQ437681 (98%)

EU669216 (96%), AM902078 (95%),
EU486440 (95%),

DQ093734 (100%), AM113456
(97%), AF335444 (95%)

AF377194 (99%)

AF345811 (97%)

DQ403253 (99%)

AY228340 (90%), EF530937 (88%)
AY540327 (99%), AY540332 (99%)
EF218784 (97%), DQ474576 (96%)
DQ384592 (96%), X70027 (96%)
AF533962 (95%), AM269811 (94%)
AY805604 (99%), AY781246 (98%)
EU118638 (98%)

EU084665 (100%), DQ647827 (99%)

EF218744 (99%), AJ889934 (99%),
DQ066404 (99%)

AJ272404 (99%)
AJ437601 (99%)
AJ420946 (100%)

AJB89982 (99%), AYS74382 (99%)
AJ9B6746 (98%), DQY79014 (95%)
AF291279 (99%)

AY805609 (99%), AY509555 (98%)

AM901944 (100%), AF516524 (96%),
EU661877 (96%)

AF126896 (99%), AF126884 (99%)
EF088657 (100%), EU840622 (99%)

AY336772 (99%), AF255198 (99%),
AF255199 (99%)

EU294161 (99%)
EU118630 (99%)

AY513227 (97%)
EU118651 (97%), AF210821 (94%)
AF506470 (99%)

AF518571 (96%), AF026607 (96%),
DQ457625 (95%)

EF060012 (99%), EF060011 (99%)
AF347080 (93%), AF347081 (91%)
AB210074 (99%)
EU872426 (94%), AY219365 (87%)
DQ340340 (96%)
DQ340310 (99%)

Agaricomycetes
Agaricomycetes

Agaricomycetes

Agaricomycetes
Agaricomycetes

Agaricomycetes, Panellus stypticus

Agaricomycetes, Collybia sp. :

Agaricomycetes
Agaricomycetes

Agaricomycetes, Tricholoma sp.
Agaricomycetes, Lacrymaria velutina
Agaricomycetes, Panaeolus sp.
Agaricomycetes

Agaricomycetes, Pleurotus sp.
Agaricomycetes, Lactarius sp.
Agaricomycetes

Agaricomycetes

Agaricomycetes, Amylostereum sp.
Agaricomycetes, Junghuhnia nitida
Agaricomycetes, Paxillus sp.

Agaricomycetes, Xerocomus sp.

Agaricomycetes, Suillus bovinus
Agaricomycetes, Serpula lacrymans

Agaricomycetes, Gloeophyllum
sepiarium

Agaricomycetes, Tomentella sp.
Agaricomycetes, Geastrum sp. :
Agaricomycetes, Exidia truncata
Agaricomycetes, Exidia sp.
Agaricomycetes

Agaricomycetes, Antrodiella sp.
Agaricomycetes, Laetiporus sp.

Agaricomycetes, Coriolopsis sp. :

Agaricomycetes, Piptoporus betulinus

Agaricomycetes, Hyphodermella
corrugata

Agaricomycetes, Lentinellus cochleatus
Agaricomycetes, Peniophora sp.

Agaricomycetes, Scytinostroma
portentosum

Agaricomycetes

Agaricomycetes, Ganoderma sp.
Agaricomycetes

Agaricomycetes, Phlebia acanthocystis
Agaricomycetes

Agaricomycetes

Agaricomycetes, Hyphodontia nespori



BMC146
BMC147

BMC148
BMC149
BMC150

BMC151
BMC152

BMC153

BMC154
BMC155
BMC156

BMC157
BMC158
BMC159

BMC160
BMC161
BMC162
BMC163
BMC164
BMC165

BMC166
BMC167
BMC168

BMC169
BMC170
BMC171
BMC172

BMC173
BMC174

BMC175
BMC176

BMC177

BMC178

BMC179
BMC180
BMC181

BMC182

BMC183
BMC184
BMC185

BMC186

BMC187
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DQ340311 (99%)
DQ340341 (99%)

EU118631 (99%)
EU118653 (97%), AY219351 (97%)
EU622846 99%)

DQ677498 (98%)
AJ534294 (99%)

EU118609 (99%)

EU811510 (99%), EF024029 (99%)
AY558599 (95%), AY624992 (95%)
AY558616 (98%)

AB105437 (99%), AY821994 (99%)
DQ317359 (99%), AB105438 (99%)

DQ460724 (93%), AY956552 (93%,
AY956563 (93%)

EU014070 (89%), EU014062 (89%)
DQ417401 (93%), AY956560 (93%)
AB192988 (99%)

EF635898 (99%)

U57351 (90%), DQ250744 (88%)
EU014070 (97%),

AF180189 (99%),
DQ087231 (99%)
AF 125178 (99%)

AY854976 (99%), DQ025481 (99%)
U00973 (99%), DQ831012 (99%)
DQ875355 (96%)

AJBBBIT6 (88%), AMIO1979 (88%),
DQ317357 (88%)

AY328913 (99%)

EU118659 (83%), EU118658 (83%),
AY605709 (81%)

AY254876 (94%), AF347080 (92%)

(

(
AY641458 (91%), DQ411529 (86%),
EU003034 (85%)

(

(

(

AY969535 (87%), DQ411529 (85%),
AY641458 (84%)

AY641458 (84%), DQ411529 (84%),
AM902006 (82%)

DQOB0097 (91%), AF455461 (91%)
AF455461 (91%), DQOB00I6 (90%)

EU003034 (93%), DQ411529 (85%),
AY969566 (84%)

DQ309120 (99%), AM084802 (95%),
DQ397337 (93%)

EF381671 (99%), DQ102418 (82%)
AY254874 (88%), AF394919 (86%)

EU113196 (82%), AY461837 (82%),
AMO76643 (82%), AF462637 (80%)

43380 (84%), AY433812 (83%),
EU118648 (82%)

AY219393 (92%), AFO87487 (91%),
EU118657 (90%)

8
8
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Agaricomycetes, Hyphodontia hastata

Agaricomycetes, Hyphodontia
subaluctata

Agaricomycetes, Hyphodontia alutaria
Agaricomycetes, Phanerochaete sp.

Agaricomycetes, Limonomyces
roseipellis

Agaricomycetes, Hyphoderma mutatum

Agaricomycetes, Hyphoderma
setigerum

Agaricomycetes, Candelabrochaete
septocystidia

Agaricomycetes
Agaricomycetes

Agaricomycetes, Fuscoporia
ferruginosa

Tremellomycetes
Tremellomycetes, Cryptococcus sp.
Pucciniomycetes

Pucciniomycetes
Pucciniomycetes
Pucciniomycetes, Puccinia tanaceti
Pucciniomycetes, Puccinia rupestris
Pucciniomycetes

Pucciniomycetes, Uromyces trifolii-
repentis

Pucciniomycetes, Uromyces pisi
Pucciniomycetes, Thekopsora areolata

Pucciniomycetes, Melampsoridium
hiratsukanum

Exobasidiomycetes, Tilletiopsis sp.
Ustilaginomycetes

Ustilaginomycetes

Wallemiomycetes, Wallemia sebi
Agaricomycetes

Agaricomycetes
Agaricomycetes

Agaricomycetes
Agaricomycetes

Agaricomycetes
Agaricomycetes

Agaricomycetes
Agaricomycetes

Agaricomycetes
Agaricomycetes

Agaricomycetes
Agaricomycetes

Agaricomycetes
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BMC188

BMC189

BMC190
BMC191

BMC192
BMC193
BMC194
BMC195
BMC196
BMC197
BMC198
BMC199
BMC200
BMC201

BMC202
BMC203
BMC204
BMC205
BMC206

BMC207
BMC208
BMC209
BMC210
BMC211
BMC212
BMC213
BMC214
BMC215
BMC216
BMC217
BMC218

BMC219
BMC220
BMC221
BMC222
BMC223
BMC224
BMC225

BMC226

BMC227
BMC228
BMC229
BMC230

BMC231

BMC232

A A A A A A A A A A aa oa A A A A A A A A a4 A A A aa oa

A A A A A A a

A A A

o ©O o o o O O O ©O O © O o o o

O O O O O O O o o o o o

©O O O O o o o

o

o ©o o o

A A A A A A A A A A A A a A A A A _ A A A A A A A A A

A A A A A A a

A A A

AY513231 (89%), AY534580 (86%),
AF454422 (84%)

AF310090 (95%), AY513224 (83%),
AF336150 (81%)

EU819413 (90%), DQ149727 (90%),
DQ097876 (88%)

DQ672292 (90%), AY456375 (88%),
DQY79014 (84%),

EU292660 (87%), EU118617 (85%)
AJO06683 (84%), AB210075 (84%)
DQ493754 (98%), US5798 (97%)
DQ276871 (97%)

DQ276871 (88%), U85798 (87%)
AM922223 (88%), EF493272 (92%)
AM712272 (96%), EU292654 (93%)
DQ534576 (100%), EU661888 (99%)
AY461832 (97%), EUB22272 (97%)

EU819413 (88%), DQ149728 (88%),
EU669216 (87%)

AY176379 (99%)
EUB69311 (89%), AY228340 (88%)
AY781254 (95%), AF533962 (89%)
EU301643 (99%), EU273517 (99%)
EU118669 (97%)

DQ112556 (99%)

AJB17490 (94%), ABOB7724 (92%)
EF218819 (99%), TTU83486 (98%)
AY382822 (98%)

AY382822 (96%)

EUB61877 (99%), AF516525 (99%)
EF011121 (98%)

AJO06673 (99%), DQOB0097 (99%)
AF454430 (98%)

AF347104 (100%), AM269816 (98%)
AJO06679 (99%)

AF516528 (99%), EUS61877 (99%),
AY494980 (98%)

AF347080 (97%), AF347081 (97%)
AF347080 (87%), AY254876 (85%)
DQ411529 (94%)

AF347093 (100%)

DQ365649 (91%), EU624408 (88%)
AJ408375 (98%), AJ408374 (97%)

AB210074 (95%), EU118656 (93%),
EU118665 (90%)

DQ873609 (98%)

DQ873618 (99%)
DQ873614 (99%)
AFA475150 (79%), AFAT5147 (78%)
AB361645 (100%)

DQ911612 (97%)

AF429426 (99%)

Agaricomycetes

Agaricomycetes

Agaricomycetes
Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes, Fibulorhizoctonia sp.
Agaricomycetes, Fibulorhizoctonia sp.
Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes, Plicaturopsis sp. :
Agaricomycetes, Coprinellus sp.
Agaricomycetes

Agaricomycetes, Lepiota lilacea
Agaricomycetes
Agaricomycetes
Agaricomycetes, Irpex lacteus

Agaricomycetes, Steccherinum
ochraceum

Agaricomycetes, Vascellum sp.
Agaricomycetes

Agaricomycetes, Thelephora sp.
Agaricomycetes, Tomentella sp.
Agaricomycetes

Agaricomycetes

Agaricomycetes, Oxyporus populinus
Agaricomycetes, Bjerkandera sp.
Agaricomycetes, Auriscalpium vulgare
Agaricomycetes, Trichaptum sp.
Agaricomycetes, Skeletocutis nivea

Agaricomycetes, Polyporus sp. :

Agaricomycetes, Trechispora sp.
Agaricomycetes

Agaricomycetes

Agaricomycetes, Porpomyces mucidus
Agaricomycetes

Agaricomycetes, Ramaria decurrens

Agaricomycetes

Agaricomycetes, Hyphodontia barba-
Jovis

Agaricomycetes, Hyphodontia flocossa
Agaricomycetes, Hyphodontia crustosa
Agaricomycetes

Agaricomycetes, Phanerochaete
chrysosporium

Agaricomycetes, Haplotrichum
conspersum

Agaricomycetes, Hypochnicium
geogenium



BMC233
BMC234
BMC235
BMC236

BMC237
BMC238

= A A

1

o O o o

a A A A

1

DQ647507 (100%), DQ873599 (99%)
AM747290 (100%), DQ822795 (99%)
DQ200924 (96%)
DQ267124 (97%)

AY081045 (93%), AY854976 (93%)
AF505782 (99%), DQ480098 (99%)
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Agaricomycetes, Hyphoderma puberum
Agaricomycetes
Agaricomycetes

Agaricomycetes, Botryobasidium
botryosum

Exobasidiomycetes
Agaricomycetes, Gymnopus sp.

Some of the characteristic NCBI accession numbers correspond to different genera.

Table S4. Statistical parameters.

Symbol  Quantity/Definition
N
n.(n, —1
D Simpson’s index’, D = ZM
o N(N-1)
E Shannon evenness, £ = H'/In S
N

H’ Shannon index, H'= ZR lnR
n Number of investigated samples
n; Frequency of occurrence of an individual species i (number of samples in which species i was

detected)

N
N Cumulative frequency of occurrence of investigated species, N = an_
i=l

P; Relative proportion of an individual species i, P;=n;/ N
RFO Relative frequency of occurrence of a species or group of species
S Species richness measured (number of detected species)
S* Species richness estimated with the Chao-1 approach, ¥ $*= S + a%/ (2 b),

a = number of species detected only once (singletons),

b = number of species detected twice (doubletons)
S, Species richness normalized by the number of investigated samples, S, =S/n

(53),%(53,54)
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Table S5. Taxonomic classes of Ascomycota (A) and
Basidiomycota (B). Relative frequency occurrence (RFO; proportion of
total/coarse/fine particle samples in which the class was detected) for different
seasons and overall; number of different families and species
(total/coarse/fine; n.a. = not available; n.d. = not determined). The number of
air samples (filter pairs of fine and coarse particles) collected in spring (Mar-

May), summer (Jun-Aug), fall (Sep-Nov) and winter (Dec-Feb) were 14, 10,

10, and 8, respectively.

(A)
RFO (%)
AMC class Families Species
Spring Summer Fall Winter Overall
Dothideomycetes ~ 100/100/93  100/100/100  100/100/100  88/63/75  98/93/93  6/6/5 22/14/12
Eurotiomycetes 79/36/79 50/10/40 70/20/60 100/38/75  74/26/64 2/2/1 18/5/15
Lecanoromycetes  14/7/7 0/0/0 0/0/0 0/0/0 5/2/2 1/n.d./1 2111
Leotiomycetes 78/71/57 70/50/20 90/90/20 75/75/50  78/71/38 4/4/3 16/8/11
Orbiliomycetes 7/0/7 0/0/0 0/0/0 0/0/0 2/0/2 1/0/1 1/0/1
Saccharomycetes  14/0/14 0/0/0 10/0/10 25/0/25 12/0/12 1/0/1 3/0/3
Sordariomycetes ~ 71/36/43 30/10/30 50/0/50 63/13/63  55/17/45 8/5/7 27/8/21
Unknown 86/71/57 80/50/50 80/40/50 75/63/38  81/57/50 n.a./n.d  35/24/14
(B)
RFO (%)
BMC class Families  Species
Spring Summer Fall Winter Overall
Agaricomycetes 100/100/100 100/100/100 100/100/100 100/100/100 100/100/100 33/31/20 208/134/112
Cystobasidiomycetes 7/7/0 30/20/10 10/10/0 0/0/0 12/10/2 n.a. 111
Exobasidiomycetes  0/0/0 0/0/0 0/0/0 25/13/13 5/2/2 111 2/11
Microbotryomycetes  14/14/0 50/50/20 0/0/0 25/0/125 21/17/10 n.d. 2/2/2
Pucciniomycetes 14/14/0 10/10/0 30/30/0 0/0/0 14/14/0 2/2/0 11/11/0
Tremellomycetes 71/64/7 40/30/20 20/10/10 88/88/0 55/48/10 n.a. 71714
Ustilaginomycetes 7/7/0 30/20/10 0/0/0 0/0/0 10/7/2 2/2/1 3/31
Wallemiomycetes 0/0/0 0/0/0 20/0/20 13/0/13 71017 n.a. 2/0/2
Unknown 0/0/0 10/10/0 10/0/10 0/0/0 5/2/2 n.d. 211
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Table S6. Taxonomic families of Ascomycota (A) and

Basidiomycota (B). Number of species (OTUs) detected in the air samples

and coarse or fine particle filters, respectively (total/coarse/fine). Note that with

regard to the definition of families the NCBI taxonomy as applied here may

deviate from that of other data bases (e.g., Mycobank).

(A) (B)
AMC Family Species BMC Family Species
Apiosporaceae 1/0/1 Agaricaceae 3/2/2
Chaetomiaceae 1/0/1 Atheliaceae 5/1/5
Cordycipitaceae 2/0/2 Auriculariaceae 1/1/0
Davidiellaceae 111 Auriscalpiaceae 2111
Dermateaceae 2/1/2 Bolbitiaceae 1/1/0
Diatrypaceae 2/2/1 Boletaceae 1/1/0
Dothioraceae 2/2/1 Bondarzewiaceae 21211
Erysiphaceae 2/2/0 Botryobasidiaceae 3/1/3
Gnomoniaceae 2111 Corticiaceae 33/22/19
Herpotrichiellaceae 1/1/0 Entolomataceae 2111
Hyaloscyphaceae 4/1/4 Entylomataceae 2/11
Leptosphaeriaceae 2111 Exidiaceae 2/2/0
Massarinaceae 1/1/0 Ganodermataceae 1/1/0
Orbiliaceae 1/0/1 Geastraceae 1/1/0
Parmeliaceae 1/0/1 Gloeocystidiellaceae 111
Phaeosphaeriaceae 4/2/3 Gloeophyllaceae 1/1/0
Pleosporaceae 5/5/2 Gomphaceae 3/1/2
Saccharomycetaceae  1/0/1 Hymenochaetaceae 5/5/3
Sclerotiniaceae. 3/2/2 Lachnocladiaceae 8/8/3
Sordariaceae 2/2/0 Lycoperdaceae 3/0/3
Trichocomaceae 16/4/14 Meruliaceae 1/0/1
Valsaceae 2111 Phanerochaetaceae 1/1/0
Xylariaceae 6/1/6 Paxillaceae 1/1/0
Pleurotaceae 1/1/0
Polyporaceae 4/1/3
Pucciniaceae 7/7/0
Pucciniastraceae 2/2/0
Russulaceae 1/1/0
Serpulaceae 2/2/1
Steccherinaceae 4/2/3
Stereaceae 5/4/3
Strophariaceae 1/1/0
Suillaceae 1/1/0
Thelephoraceae 4/1/3
Trechisporaceae 7/2/6
Tricholomataceae 10/7/4
Urocystaceae 1/1/0
Ustilaginaceae 2/2/1
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Table S7. Relative frequency occurrence (RFO) of selected species
from Ascomycota (AMC) and Basidiomycota (BMC; proportion of
total/coarse/fine particle samples in which the species were

detected) for different seasons and overall.

RFO (%)
Species

Spring Summer Fall Winter Overall
AMC
Alternaria spp. 21/21/0 70/60/20 50/50/0 38/25/13 43/38/7
Blumeria graminis. 43/43/0 10/10/0 0/0/0 38/38/0 24/24/0
Cladosporium sp. 100/93/79  100/100/100  100/90/100  88/38/75 98/83/88
Penicillium spp. 71121171 30/0/30 50/10/40 75/0/75 55/10/55
Eurotium sp. 36/21/21 0/0/0 20/10/10 75/38/38 311717
BMC
Heterobasidion 79/36/64 70/10/70 70/40/50 63/25/63 71/28/62
ltersonilia 57/57/0 10/10/0 10/10/10 75/75/0 40/38/2

perplexans

Stereum spp. 43/21/21 50/50/20 40/30/30 63/38/25 48/33/24




33

Table S8. Exemplary geometric and aerodynamic diameters and

shapes of fungal spores.

Species Geometric diameter (um), shape Aerodynamic diameter References
(um)

Aspergillus spp. 2-3.5, near-spherical 2.5-3.7 (43, 55)

Cladosporium 3-8 x 2-5, ovoid, lemon-shaped, oblong, 1.8-2.3 (30, 43, 56, 57)

spp. near-spherical

Penicillium spp. 3-6, near-spherical 3.0-3.7 (30, 55)

Basidiospores 5-15, elliptic, oblong 6.8 (58, 59)

Itersonilia 10-12 x 10-13 (60)

perplexans

Smut spores 9.7 (55)

Rust spores >20 (20, 61)

(Puccinia spp.)

18Sai_ 18S H17F ITS51TS1 1TS4 ITS4C

——p —p >
18S rRNA @’ 5.8S rRNA @ 28S rRNA
185 Ha5R 18SDI 5.85 ITS4A IS4z

Figure S1. Binding sites of the applied primers on the fungal rRNA
gene: schematic illustration of the ITS regions and the 18S, 5.8S, and

28S rRNA region (not completely shown and not to scale).






C3) Global atmospheric diversity of fungi: Asco- and

Basidiomycota in continental and marine air

Janine Fréhlich-Nowoisky*T, Viviane R. Després*I, and Ulrich Péschl”

*Biogeochemistry Department, Max Planck Institute for Chemistry, Joh.-

Joachim-Becher-Weg 27, 55128 Mainz, Germany

"Institute of Geosciences, Johannes Gutenberg University, Joh.-Joachim-

Becher-Weg 21, 55128 Mainz, Germany

Hnstitute of General Botany, Johannes Gutenberg University, Johannes-von-

Miiller-Weg 6, 55128 Mainz, Germany

to be submitted, 2009

Authors Contribution

JJEN. conducted the experiments. All authors contributed collectively to

designing the experiments, interpreting the data and writing the paper.






Abstract

Fungal spores are ubiquitous in the Earth’s atmosphere, but their diversity is
hardly known. In this study, we performed DNA analyses of air filter samples
collected at different locations and climatic zones around the world (tropical,
mid-latitude, sub-polar; continental, marine), and we obtained over 2500 fungal
DNA sequences. Nearly all sequences could be attributed to the phyla of
Ascomycota and Basidiomycota. With regard to species richness, the ratio of
Basidiomycota to Ascomycota was much higher in continental air samples
(~60:40) than in marine air samples (~30:70), which can be explained by
smaller spore sizes and larger atmospheric residence times of Ascomycota. The
basidiomycotic species belonged mostly to the class Agaricomycetes
(mushroom forming fungi), while the ascomycotic species were mainly
distributed over four classes (Dothideomycetes, Eurotiomycetes, Leotio-
mycetes, Sordariomycetes). Allergenic molds and plant pathogens were found
everywhere. Some of the detected fungi are also known as ice nuclei and may

thus be important for the hydrological cycle and climate.

1 Introduction

Recent studies have shown that fungal spores and other biogenic aerosol
particles account for a significant fraction of atmospheric aerosols in pristine
rainforest air as well as in rural and urban environments (Womiloju et al.,
2003; Elbert et al., 2007; Bauer et al., 2008; Held et al., 2008; Hock et al.,
2008). On average, the number and mass concentrations of fungal spores in
continental boundary layer air are on the order of 10>-10* m™ and ~1 pg m>,
respectively, the estimated global emissions of ~50 Tg yr ' are among the

largest sources of organic aerosol (Elbert et al., 2007).

Fungi (e.g., Fusarium spp.) have also been found in clouds, fog, and
precipitation, where they act as nuclei for water droplets and ice crystals and

can influence precipitation patterns and the Earth’s energy budget (e.g.,



Pouleur et al., 1992; Andreae and Crutzen, 1997; Bauer et al., 2002; Jaenicke,
2005; Poschl, 2005; Mohler et al., 2007; Andreae and Rosenfeld, 2008;
Christner et al., 2008; Rosenfeld et al., 2008). Some fungi are major pathogens
or allergens (e.g., Aspergilllus spp., Cladosporium spp.) for humans, animals,
and plants, and air is the primary medium for their dispersal (Kurup et al.,
2000; Brown, 2002; Adhikari et al., 2004). Still, the diversity of fungi in air
particulate matter is hardly known. The detection and characterization of fungi
in atmospheric aerosol samples by DNA analysis can help to elucidate the

regional and global spread, and diversity of fungi.

Earlier studies, investigating samples of continental boundary layer air from
central Europe indicated a high diversity of fungi, including a range of plant
pathogens and allergenic fungi. The diversity of Basidiomycota (BMC) was
much higher than previously assumed (Frohlich-Nowoisky et al., 2009). The
question remained if the species richness of fungi in the atmosphere is
generally higher for BMC than for Ascomycota (AMC) or if there are
differences in regions with e.g., different climate or habitats. In soil, AMC are
thought to be more abundant than BMC both in biomass and in the number of
different species. The known soil fungi comprise 15000 AMC (~60%) and
10000 BMC (~40%) as described in Thorn, 1999. From aquatic habitats about
3000 fungal species, comprising also mostly AMC have been reported (Shearer
et al., 2007).

In this study, we have investigated and compared the diversity of fungi in air
particulate matter in continental and marine environments, ranging from the
tropics to high latitudes, by DNA extraction and sequence analysis of the

internal transcribed spacer region (ITS).



2 Material and Methods

2.1 Aerosol sampling

Samples were collected at several locations around the world, as detailed below

and summarized in Table 1.

2.1.1 Austria

PM10 samples on quartz fiber filters (Tissuequartz 2500QAT-UP, 150mm
diameter, Pall, USA) were provided by the Institute for Chemical Technologies
and Analytics, Vienna University of Technology, Vienna, Austria. The samples
were taken using a high-volume filter sampler (sample air flow ~500 L min™;
sampling time 24 h) in parallel at two sampling sites in Vienna in July 2005
(Table S1). The suburban site (48°14°09°°N, 16°18°10°’E) is situated in a park-
like residential area in the northwest of the city next to a park bordered by
woodland. The urban site (48°11°05°°N, 16°24°28’E) is situated in a mixed
residential/industrial area on a grassy strip with trees and bushes between a

sidewalk and a street. A major urban freeway passes within around 200 m. The

sampling height was 4 m above ground (Bauer at al., 2008).

2.1.2 China

Samples of total suspended particles (TSP) were collected with a high-volume
filter sampler (Anderson Instruments, Smyrna, GA; 1.5 m above the ground,
sample air flow 1000 L min™'; sampling time 2-26 h) during the Program of
Regional Integrated Experiments of Pearl River Delta Region (PRIDE-PRD)
Campaign in July 2006 in Backgarden (23.5°N, 113°E, South China) (Table
S2). It was a small village in a rural farming environment ~60 km northwest of
the mega city Guangzhou on the outskirts of the densely populated center of
the PRD. The sampling site was situated on the edge of the highly populated
PRD region, though the area itself was mostly a farming area. Due to the
prevailing monsoon circulation, at this time of year, the air masses came

mainly from the south/southeast, making this site a rural receptor site for the



regional pollution resulting from the outflow of the city cluster around
Guangzhou (Garland et al., 2008; Rose et al. 2008). Prior to use, all quartz
fiber filters were decontaminated by baking at 500°C for at least 12 h.

2.1.3 Germany

Air filter samples were collected with a dichotomous high-volume sampler
over a period of one year in central Europe (Mainz, Germany; March 2006 —
April 2007): 42 pairs of fine and coarse particle samples with a nominal cut-off
diameter of ~3 um and average sampling times of ~7 days. A comprehensive

description of the investigated samples is given in Frohlich-Nowoisky et al.,

(2009).

2.1.4 Puerto Rico

Air samples on quartz fiber filters (<1.7 um) and nucleopore filters (>1.7 um)
were collected by the Institute for Tropical Ecosystem Studies (ITES),
University of Puerto Rico, USA at three different locations in Puerto Rico
(Table S3). The Sampling stations were the Lighthouse in Fajardo (marine
site), University of Puerto Rico-Rio Piedras (urban site) and the Caribbean
National Forest (forest site). The sample air flow was 50 L min” and the
sampling time 48-72 h. Prior to use, all quartz fiber filters were decontaminated

by baking at 450°C for 24 h.

2.1.5 Ship sampling

TSP samples of tropical, mid-latitude, and sub-polar marine boundary layer air
were collected during the 24™ China Antarctic Research Expedition (October
2007 to April 2008) on glass fiber filters (23 cm x 18 cm) using a high-volume
filter sampler (sample air flow 1005 L min™'; sampling time 24-72 h) (Table
S4). The sampler was positioned on the platform of the Icebreaker Xuoelong
(30 m a.s.l.). The cruise covered regions somewhere from China, Australia,
Antarctic, and Argentina, including East China Sea, South China Sea, South

Pacific Ocean, East Indian Ocean, and Southern Ocean. Prior to use, all glass



fiber filters were decontaminated by baking at 500°C over night. To avoid ship
emission contamination, a wind controller for the sampler was designed which
stopped automatically when the velocity of the wind from the front of the ship

was lower than 5 m s”. The samples were stored at -20°C.

2.1.6 Taiwan

PM2.5 and TSP samples on quartz fiber filters (20 cm x 25 cm) were provided
by the Research Center for Environmental Changes, Taiwan. The samples were
collected using a high-volume filter sampler (Ecotech HVS-3000, sample air
flow 1130 L min"'; sampling time 12-24 h) at several locations in Taiwan
including suburban and remote sites (mountains, 750 m a.s.l.; Table S5). Prior
to use, all quartz fiber filters were decontaminated by baking at 500°C for at
least 8 h.

2.1.7 United Kingdom

Samples on glass fiber filters were provided by the School of Earth,
Atmospheric, and Environmental Sciences, University of Manchester, United
Kingdom (UK). The samples were collected as parts of the Tropospheric
ORganic CHemistry (TORCH) field campaigns during summer 2003 and
spring 2004 (Table S6).

The TORCHI1 sampling site was located at Writtle Agricultural College, near
Chelmsford, Essex, UK, (51.74° N, 0.42° E), ~50 km northeast of London. The
site was a ~1.5 ha grass field situated to the south east of the main college
buildings, and was not influenced by any significant local vehicular, domestic
or industrial sources. The air masses were dominated by prevailing winds from
the Atlantic, with air mainly arriving at the measurement site from a westerly
or south-westerly direction (Ireland, Southern UK) thus giving the opportunity
to sample air recently out flowing from the London area (Johnson et al., 2006,

Cubison et al., 2006).

TORCH2 took place at the Weybourne Atmospheric Observatory (WAO,
52°57°02°°N, 1°07°19”’E), which is located on the North Norfolk coastline



near Weybourne, UK. Norfolk is a sparsely populated rural region without
large population centres or industrial areas. Like described in Gysel et al.,
(2007) the air masses encountered at this station represent aged polluted
outflow from London, the West Midlands or the European continent, or
relatively clean air masses transported across the North Sea region by northerly

wind.

2.2 DNA extraction and amplification

Filter sample aliquots (30-150 mg) were extracted with a commercial soil
extraction kit (LysingMatrixE, Fast DNA Spin Kit for Soil, MP Biomedicals)
according to the supplier’s instructions with the following modifications: 15-
min-centrifugation step after the lysis, partly additional 900 pl buffer and
repeated beating and centrifugation. Both generated supernatants were
combined for the further extraction process. Finally, the DNA was dissolved in
100 pl elution buffer. Decontaminated Filter or LysingMatrixE reaction tubes

without a filter were included during the extractions as extraction blanks.

With the DNA extract from each of the filters listed in Tables S1-S6, several
PCRs were performed to amplify DNA from fungi for sequence analysis. The
50 pl reaction mixture always contained the template DNA (0.5-5 pl sample
extract), IXPCR buffer, 0.2 mM each dNTP (Roth), 0.33 uM of each primer
(Sigma-Aldrich), and 2.5 units of JumpStartTM REDTaq DNA polymerase

(Sigma-Aldrich). A negative control was included in all PCR runs.

PCR reactions of were performed with the primer pairs listed in Table 2, except
for the samples collected in Mainz, Germany where more primer pairs were
used (see Frohlich-Nowoisky et al., 2009). For the first PCR primer pairs A
and B and for the second PCR the nested primer pairs C, D, and E were used.
The thermal profile (DNA Engine, Bio-Rad Laboratories) was as follows:
initial denaturing at 94°C for 3 min; 35 cycles with denaturing at 94°C for 30 s,
annealing at primer pair specific temperature for 30 s (Table 2), elongation at

72°C for 90 s, and a final extension step at 72°C for 5 min.



Fungal DNA was detected in 4% of the extraction or PCR blanks, indicating
that contaminations occurred rarely during analysis in the laboratory. No DNA
could be detected in the provided baking filter blanks. The obtained PCR
products from blank samples were cloned and sequenced, whereas PCR
products of filter extracts obtained in these PCRs were completely excluded

from the cloning reactions (see 2.5).

2.3 Cloning and restriction fragment length polymorphism

Amplification products for sequencing were cloned using the TOPO TA
Cloning® Kit (Invitrogen) following the supplier’s instructions. Colonies
containing inserts were identified by blue-white selection and lysed in 20 pl
water for 10 min at 95°C. The inserts of 12-24 colonies were amplified
(“colony PCRs”) using 3 pul lysate in a 40 pl reaction. The PCR reaction
mixture always contained: 1xPCR Buffer, 0.25 mM each dNTP (Roth), 0.25
uM of each primer (Sigma-Aldrich), 1.25 units 7ag DNA Polymerase (NEB).
PCR reactions were performed with the primer pair M13F-40 and M13R, and
the thermal profile was as follows: initial denaturing at 94°C for 5 min; 40
cycles with 94°C for 30 s, annealing at 55°C for 1 min, elongation at 72°C for

1 min, and a final extension step at 72°C for 15 min.

The colony PCR was followed by a restriction fragment length polymorphism
(RFLP) analysis to select as many as possible different clones for sequencing.
2 ul of the PCR-products were digested without further purification with 5
units of the enzyme Taql (Fermentas). Restriction fragments were separated by
gel electrophoresis in a 3% agarose gel stained with ethidium bromide and the
images were documented with the Gel Doc XR system and analyzed with
Quantity One software (Bio-Rad Laboratories). On the basis of the resulting
restriction fragment patterns, representative colony PCR products with

different numbers and sizes of fragments were selected for sequencing.



2.4 DNA sequence analysis, taxonomic attribution, and statistical

parameters

DNA sequences were determined with ABI Prism 377, 3100, and 3730
sequencers (Applied Biosystems) using BigDye-terminator v3.1 chemistry at
the DNA Core Facility of the Max Planck Institute for Plant Breeding
Research, Cologne. For comparison with known sequences, databank queries
using the Basic Local Alignment Search Tool (BLAST) were performed via
the website of the National Center for Biotechnology Information (NCBI,
http://www.ncbi.nlm.nih.gov/). Each of the 2780 obtained sequences was
identified to the lowest taxonomic rank common to the top BLAST hits (up to
~100 data base sequences with highest similarity and total scores). Sequences,
for which the ITS1 and ITS2 regions matched in different genera were assumed
to be chimeric results of PCR recombination and were excluded from further
analysis. Sequences, which were obtained from field, extraction or PCR blanks
and identical sequences obtained from the air filter samples and filter blank

samples were also excluded from further analysis.

For each aerosol filter sample, sequences that produced the same BLAST
results were pairwise aligned using the program BioEdit (BioEdit 7.05;
http://www.mbio.ncsu.edu/BioEdit/ bioedit.html). The similarity between them
was calculated using the PAM250 Matrix. Sequences with similarity scores

>97% were clustered into an operational taxonomic unit (OTU).

To characterize and compare the diversity of fungal species (OTUs) in the

investigated air masses, we have calculated the parameters defined in Table 3.

2.5 Blank and Background samples

Whereas no DNA could be detected in the provided baking filter blanks, fungal
DNA was detected in 4% of the extraction or PCR blanks, indicating that
contaminations occurred rarely during analysis in the laboratory. The obtained
PCR products from blank samples were cloned and sequenced, whereas PCR

products of filter extracts obtained in these PCRs were excluded completely



from the cloning reactions. However, the obtained sequences of blank samples
and identical sequences obtained from the air filter samples were excluded

from further analysis.

PCR is a powerful technique and the high sensitivity of this technique bears the
risk of amplifying trace amounts of DNA with which the analysis material
(e.g., reagents) may have been contaminated in the course of material
production and analysis. Several studies described bacterial and fungal DNA
contaminations in 7ag Polymerase and commercially available reagents like
lysis enzymes (Meier et al., 1993, Hughes et al., 1994, Loffler et al., 1999,
Rimeck at al., 1999). In our study the contaminations in the PCR blanks could
not be detected anymore after performing the experiments with new reagents
(new lot number). The detection of DNA in extraction blanks could partly
attributed to contaminations originating from the PCR. Six species e.g.,
Brettanomyces bruxellenis and Candida tropicalis were only detected in
extraction blanks. Maybe they are laboratory contaminations of the extracts or
contaminations occurred during extraction or PCR preparation in the laboratory
(material used, extraction procedure). In total 11 different OTUs (mostly yeast
species, e.g., Candida sake, Candida deformans, Candida tropicalis,
Cryptococcus longus) were identified as possible contaminations.

As described in Frohlich-Nowoisky et al., (2009), no DNA was detected in the
mounting, start-up, extraction, and PCR blanks of the samples from Mainz,
Germany, indicating that no contaminations occurred during sample handling
and analysis in the laboratory. Like described above during the analysis of all
other sample sets DNA was rarely detected in PCR and extraction blanks. Four
of the OTUs identified as possible contaminations had also been detected in the

samples from Mainz. To avoid any bias in the comparison with other sample
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sets, we excluded the possible contaminations also from the statistical analysis

of the Mainz samples.

2.6 Impact of different sampling methods and conditions

As described in Table 1, the samples from different locations were collected
with different types of samplers, cut-off diameters, and filter substrates. Also
the sampled air volumes and the sampling years and seasons were different.
These differences may have influenced the results from individual
measurement locations as discussed below, but they are not likely to have
influenced the main conclusions of this study such as the different ratios of

AMC to BMC in continental and marine air masses.

Depending on sampler type and cut-off diameter, large spores or fungal tissue
fragments are likely to be discriminated in certain types of samples (e.g.,
PM2.5 samples from Taiwan). The sampling height influences the impact of
the surrounding area and vegetation. Larger particles as well as particles from
fungi growing near the sampler may be preferentially collected by samplers at
ground level, whereas sampling on elevated platforms, masts or towers are
likely to be less influenced by local sources. Rare species are less likely to be

found in case of short sampling times and low air volumes.

The detection and apparent frequency of occurrence of different species can
also be affected by the efficiency of DNA extraction from different kinds of
filter material. Further investigations will be required to quantify such effects.
Nevertheless, this study confirms that a wide range of filter materials can be

used for DNA analysis of air samples (Després et al. 2007).

Different climates might influence degradation processes of DNA. DNA starts
to degrade as soon as an organism dies in the air or upon sampling. Spores are
known to resist environmental stress and survive atmospheric transport
(Griffin, 2004; Griffin and Kellogg, 2004), whereas DNA in fungal tissue
fragments may be rapidly degraded by atmospheric photooxidants. The DNA

breaks into smaller pieces and is chemically modified (Pddbo, 1989; Lindahl,
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1993; Hoss et al., 1996; Smith et al., 2001).These degradation effects can lead
to a decreasing DNA amount, substantial analytical artifacts, and loss of
information (Despres et al., 2007). Tropical climate may result in more
information loss than sub-polar climate. It is known, that under cool conditions
DNA can be preserved for longer times (Padbo et al., 2004). Furthermore, the
investigated samples were up to five years old. Different storage times and

conditions can also lead to chemical modification and degradation of DNA.

Air filter samples may also contain inhibitory substances like humic like acids,
soot, or salt particles affecting the amplification efficiency of DNA (Moreira,
1998; Graber and Rudich, 2006, Després et al., 2007). Among other things they
influence e.g., the pH or the salt concentration of the PCR reaction mixture.
These changes can result in a less, absent, or unspecific amplification product.
For example, salt particles may be more present in marine environments than
in continental environments which may be more influenced by soot particles
(Yin et al., 2005). Beside these environmental conditions, air pollution might
also have an affect on the live time of the particles and DNA during the
transport like discussed above. Certain types of spores may be more resistant

against air pollution and e.g., salt particle influence.

In any case, different sampling and storage procedures should be kept in mind
with regard to the comparison of the different sets of filter samples.
Nevertheless, we think that the presented measurement methods and results
provide a basis for further comprehensive and systematic investigations of the

global atmospheric diversity of fungi.
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3 Results and Discussion

3.1 Species richness

Fungal DNA was found in all sampling locations. Air masses from marine
(tropical, mid-latitude, sub-polar) and continental mid-latitude locations were
studied. Table 1 summarizes the number of obtained sequences and OTU of
each location. Detailed lists of species detected in the samples are given in

Tables S7-S12 and in Frohlich-Nowoisky et al., (2009).

Continental mid-latitude air samples collected in central Europe (Mainz,
Germany) over a period of one year exhibited the greatest species richness.
With 42 pairs of fine and coarse particle samples and average sampling times
of ~7 days, this sample set represents the largest data set with 364 detected
species. All other sample sets had a much lower number of air filter samples
and the species richness was also much lower (up to maximal 124 species in
tropical marine samples of Puerto Rico). In other words, the more filters per
sample site are studied the more likely it is to observe a higher species

richness.

Overall, the investigated sample sets indicate high fungal species richness. A
high proportion of species (~70-90%) were found only once per sampling
location and the limited number of investigated samples and DNA
amplification products imply that the actual diversity of fungi in the sampled
air masses was higher than detected. As described in Table 1 the samples were
collected under different sampling conditions. This - like discussed under 2.6
might have an impact on the relative amount of total species richness. To get a
better comparison of species richness of airborne fungi in different locations
and climatic zones our results will need to be complemented by further

investigations of samples collected in the same way.

The Shannon index (H’), Shannon evenness (E), and Simpson’s index (D)
values were calculated from the frequency of occurrence of the different

species, i.e., from the number of samples in which each species had been
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detected, were similar in all regions. These diversity parameter values are
similar to the values commonly obtained for fungi in soil and on plants as well
as for bacteria in soil (Maria et al., 2002, Hill et al., 2003; Richard et al., 2004,
Satish et al., 2007). As also shown in Table 1, estimates of the actual species
richness (S*) based on the Chao-1 estimator approach (Chao, 1984; Hill et al.,
2003) are by factors of ~3-9 higher than the measured species richness values
(S), suggesting that the total number of fungal species in the investigated air
samples was >1000 in continental mid-latitude samples (Mainz, Germany),
~1000 in tropical marine samples (Puerto Rico), and up to ~250 in all other
sample sets. A detailed comparison of these values was not performed because
of the different sampling methods. Interestingly, the median values of S, S*,
H', E and D (Table 1d) are similar for the tropical and mid-latitude samples but
the focus in this study was on the species richness and relative abundance of

phyla and classes.

3.2 Phyla and classes

As illustrated in Fig. 1, nearly all detected fungal species were Ascomycota
(AMC, sac fungi) or Basidiomycota (BMC, club fungi), many of which
actively eject their spores with aqueous jets or droplets in the atmosphere

(Elbert et al., 2007).

Besides sampling on continental and coastal locations, and on a ship the
samples were taken in different climatic zones (Fig. 1). All samples collected
in tropical and sub-polar regions also represent marine environments (coastal
and ship) and except for Puerto Rico we found a higher species richness of
AMC. Maybe this exception can be explained by the influence of the tropical
rainforest in Puerto Rico and with sampling of ~'5 of the filters directly in the
rainforest. Samples were also collected at a coastal site of Puerto Rico. The
forest site samples show that 70% of the detected species were BMC whereas

the coastal samples exhibited only ~40% BMC (Fig. S1).
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Two types of mid-latitude samples where analyzed: samples from continental
(Austria, Germany) and coastal (United Kingdom, UK) locations in Europe as
well as marine samples collected on a ship. The continental samples exhibited
more species of BMC (~64%) than of AMC (~34%) whereas samples from the
UK exhibited more AMC species (~54%). These samples were from two
sampling locations in the UK which are geographically near the coast and
actually, both represent marine environments. Separating them, the TORCH2
samples, collected in Weybourne directly at the coast, were more species rich
for AMC (~70%) and the TORCH1 samples were more diverse for BMC (Fig.
S1). In contrast to Weybourne, where the air masses sampled during TORCH2
originated mostly from the North Sea (Gysel et al.,, 2007), the air masses
encountered at the sampling station in Writtle during TORCHI1 were

transported over the Atlantic, Ireland, and Southern UK (Cubison et al., 2006).

The other type of mid-latitude samples was taken on a ship in coastal regions
of South America (Argentinia) and in the Indian Ocean. The samples show a

predominance of AMC species (~70%).

In total, the ratio of AMC to BMC was higher in marine ship (~70:30) and
coastal (~60:40) samples whereas in continental samples the ratio of BMC to

AMC was found to be much higher (~65:35; Fig. 2).

The high proportion of BMC species in continental and tropical forest site
samples as observed in our study, and the predominance of AMC species in
marine and coastal environments may be explained by the following basic

features of BMC and AMC.

The number and proportion of all fungal species known from the biosphere are
higher for AMC (~60000, ~60-70%) than for BMC (25000-30000, ~30-40%;
De Meus and Renaud, 2002; James et al., 2006). The vast majority of these
fungi are terrestrial; a few (~3000 species) are aquatic (Shearer et al., 2007).
Thus, land contact of air masses before sampling is the main source of fungal
particulate matter whereas the oceans appear to be a small source of fungal

particles. A rough estimate of potential emissions of fungal spores/cells of
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~10 t yr ' is six orders of magnitude smaller than the land surface emission
estimate of ~50 Tg yr ' (Elbert et al., 2007). Thus, the air mass origin is an
important factor and has to be regarded in comparable analysis of different
locations, because air masses which were transported without land contact to
the sampling stations might have a different species richness and composition

than air masses which were transported over land.

In marine environments AMC particulate matter might be sampled more than
BMC matter because the greatest numbers of aquatic taxa comprise the AMC
(e.g., aquatic lichen). They play an important role in nutrient cycling in water
ecosystems. In one study, 75% of the fungal biomass on underwater substrates
was made up of AMC (Nikolcheva and Bérlocher, 2004; Wang et al., 2005;
Shearer et al., 2007). Besides the occurrence of AMC in marine environments,
the particle sizes might also influence the ratio of AMC and BMC. Many BMC
spores are known to have larger aerodynamic diameters (~5-10 um) than AMC
spores (~2-5 um; Frohlich-Nowoisky et al., 2009 and references therein). BMC
are the mushroom forming fungi which produce a diverse array of fruiting
bodies that may fragment and release great portions of tissue particles. In
contrast, AMC are mostly single-celled (yeasts) or filamentous (hyphal), and
some of the most prominent AMC species found in the samples like
Cladosporium sp. and Penicillium spp. have spores with small aerodynamic
diameters. Smaller AMC spores could have longer residence times in the
atmosphere (multiple days to weeks) and may be transported over greater
distances than larger BMC spores. BMC spores und tissue fragments may be
more rapidly removed from the atmosphere because of their size. Pathogen
species and decomposer may also be associated with fragments of e.g., plants

which might also be hindering long distance transports.

These features might also explain why samples which were collected on the
ship had more BMC species when they were collected near the coast whereas
the samples taken in greater distances of land masses had only a few BMC

species. The air masses had no directly land contact before sampling and the
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results may simply reflect long distance transports of mainly small AMC
particulate matter. The results of the filter samples collected at two stations in
the UK also confirm this. The land contact of air masses measured at the inland
station (TORCH1) might have been a source of BMC matter whereas the air
masses at the coastal station originating from the North Sea without land
contact for a few days present mainly long distance transport of AMC

particulate matter.

Like already discussed under 2.6, the vegetation around the sampling locations
(forests, flat land, water etc.), e.g., in combination with sampling height could
have influence on the species proportion of AMC compared to BMC. More
diverse regions and regions with larger numbers of plants (larger leave surface)
provide e.g., more host material etc. for certain fungal species. The rainforest
in Puerto Rico might be an important source of growth material and host
plants, animals, or insects for basidiomycotic fungi that are known to
decompose organic material or growing on rotten wood, live in symbiotic
relationships or as parasites and pathogens (Read, 1997; Aanen et al. 2002). In
general tropical forests are known to be an intense source of primary biogenic
aerosol particles (Artaxo and Hanson, 1995). Puerto Rico also exhibited the
greatest fraction (7%) of species that could not be attributed to any phylum
(Fig. 1). Tropical forests are likely a source of many undescribed fungi
(Hawksworth and Rossmann, 1997; Hawksworth, 2004). Thus, they may
possibly represent fungi that are undescribed or not represented in the NCBI

database.

3.2.1 Ascomycotic classes

The AMC species found in the air samples were distributed over nine major
classes (Dothideomycetes, Eurotiomycetes, Lecanoromycetes, Leotiomycetes;
Orbiliomycetes, Pezzizomycetes, Saccharomycetes, Sordariomycetes, and

Taphrinomycetes; Figs. 3 and 4).
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The Dothideomycetes, Eurotiomycetes, and Sordariomycetes were present
everywhere. In every sampling location between two and four main classes
(>10%) were present. The class Sordariomycetes includes plant pathogens and
endophytes, animal pathogens, and mycoparasites (Zhang and Sung, 2008).
Furthermore, this class includes ice nuclei active fungi like Microdochium
nivale and Fusarium spp. (Pouleur et al, 1992, Snider et al., 2000), which were
detected in this study. Ice nucleation is a significant atmospheric process,
which leads to the formation of clouds. In marine tropical samples (Puerto
Rico, Taiwan) and in continental mid-latitude samples (Germany, Austria) the

Sordariomycetes represent the most diverse class.

The class Eurotiomycetes, which includes well-known molds like Penicillium
spp. and Aspergillus spp. account for ~50% of the AMC in the sub-polar
marine samples. Also in tropical marine samples a great portion (~30%) of
members of this class was detected whereas the other sample sets had maximal

14% members of this class.

The Dothideomycetes were the most diverse class in mid-latitude marine
samples and in tropical marine samples from China. Species of this class
account for ~40-60% of the AMC species in these samples. This class contains
several allergenic molds and plant pathogens, endophytes or epiphytes of living
plants and also saprobes degrading cellulose and other complex carbohydrates
in dead or partially digested plant matter, in leaf litter, or dung (Schoch et al.,
2006).

Additionally, in continental and coastal mid-latitude samples the Leotiomycetes
represent one of the main classes. Plant pathogens, endophytes, symbionts,
fungal parasites and saprobes belong to this class (Wang and Zeng, 2007).
They are only with a few species present in tropical marine samples from

China and Taiwan.

In total, in continental and coastal samples the proportions of the classes are
similar, with predominance of Sordariomycetes and Dothideomycetes, whereas

marine samples are dominated by members of the Eurotiomycetes.
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3.2.2 Basidiomycotic classes

The BMC species found in the air samples were distributed over eight classes
(Agaricomycetes, Agaricostilbomycetes, Cystobasidiomycetes,
Exobasidiomycetes, Microbotryomycetes, Pucciniomycetes, Tremellomycetes,

and Ustilaginomycetes; Figs. 5 and 6).

In contrast to the distribution of the AMC classes, the distribution of BMC
classes is similar everywhere. One single class, the Agaricomycetes, represent
always the biggest fraction. The Agaricomycetes (about 16000-20000 species)
account for ~50% of the known BMC species (Hibbet, 2006, Hibbet, 2007,
Matheny et al., 2007). The proportion of Agaricomycetes among the different
species of BMC found in the atmospheric samples was everywhere higher than
50%, indicating that species of this class may be enriched in the atmosphere
relative to the biosphere. Their proportion at the atmosphere-biosphere
interface (i.e., on vegetation and soil surfaces) or their efficiency in dispersing

spores may be enhanced relative to the other classes of BMC.

Compared to the Agaricomycetes, all other classes of BMC exhibited much less
species richness. Except for the Agaricostilbomycetes, which were only found
in tropical samples from China, the other classes were detected only in the

continental and coastal mid-latitude samples.

In other words, in continental and coastal samples several classes were present,
whereas in marine samples the species belonged to one class, the

Agaricomycetes.

4 Conclusions

From air filter samples collected at different locations and climatic zones
around the world (tropical, mid-latitude, sub-polar; continental, marine) we
obtained over ~2500 fungal DNA sequences. Nearly all of them could be
attributed to AMC and BMC. The ratio of BMC to AMC was much higher in

continental air samples (~60:40) than in marine air samples (~30:70) which can
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be explained by smaller spore sizes and longer atmospheric residence times of
AMC. Marine samples also exhibited lower numbers of classes within AMC
and BMC than continental and coastal samples. The BMC belonged mostly to
the class Agaricomycetes (mushroom forming fungi), while the AMC were
mainly distributed over four classes (Dothideomycetes, Eurotiomycetes, Leotio-
mycetes, Sordariomycetes). Allergenic molds and plant pathogens were found
everywhere. Some of the detected fungi are also known as ice nuclei and may
thus be important for the hydrological cycle and climate. To our knowledge,
this is the first study characterizing the global atmospheric diversity of fungi.
The presented analytical techniques and measurement results should provide a
basis for further comprehensive and systematic investigations. Information
about the diversity and abundance of airborne fungi is relevant for many areas

of research, including biogeosciences, climate, and ecology.
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Table 1. Overview and diversity parameters of aerosol filter samples. Sampling site; air masses; filter type; size range; sampling
period and time; air flow; sampled air volume; number of filter and blank (blk) samples; obtained DNA sequences; sum of obtained OTU
of all samples; OTU per sample; species richness (S measured, S* estimated), Shannon index (H’), Shannon Evenness (F), and
Simpson’s index (D) for all fungi (a), Ascomycota (AMC) (b), Basidiomycota (BMC) (c), and the average and median values

(average/median) for (sub-)tropical, mid-latitude and (sub-)polar samples (d).

a)
(Sub-)Tropical, 0°-25° Mid-Latitude, 25°-55° (S‘;l;;)_l;giar’ g:’r'l’:l
Guangzhou Taiwan Puerto Rico Ship Mainz Vienna UK Ship Ship Ship
Sampling sites coastal coastal coastal marine continental continental coastal marine marine marine
Air masses sea/land sea/land sea/land sea land land sea/land sea sea sea
. glass fiber quartz fiber quartz fiber, glass fiber glass fiber quartz fiber glass fiber glass fiber glass fiber glass fiber
Filter type
nucleopore

Size range TSP PM2.5, TSP coarse + fine TSP coarse + fine PM10 - TSP TSP TSP
Period 7/2006 1003//22%%%' Summer 2007 ; 1 4/220(;)072; 3/2006-5/2007 07/2005 070"5)/82%823 ’ 1-3/2008 132/288; i ! i ggg; i
Time (h) 2-26 12-24 48-72 24 24-170 24 21-35 24 24-72 12-54
Flow (L min ) 1000 1130 50 1005 300 520 - 1005 1005 1005
Air volume (m®) ~150 - 1600 ~550 - 3000 ~60 - 270 ~1500 400-2000 ~730 - 750 - ~1450 ~770-3300 ~770-3300
Number of air filter 14 17 16 5 96 4 13 2 10 17
samples
Number of blk 3 3 5 0 12 0 4 1 1 2
samples
Number of obtained 272 149 199 81 1316 90 156 32 85 198
sequences
OTU all samples 142 77 150 34 908 73 87 22 37 90
OTU/sample 6 3 8 6 4 15 4 9 3 4

S 90 56 124 31 364 60 57 18 33 75

S* 255 268 988 162 1120 239 183 163 259 1264

H’ 4.2 3.8 4.7 34 52 4 39 2.9 34 42

E 0.93 0.96 0.98 0.99 0.89 0.98 0.96 0.99 0.99 0.97

D 0.017 0.015 0.004 0.005 0.009 0.02 0.015 0.006 0.008 0.009




b)

Ascomycota
S 62 40 43 21 120 21 26 12 28 54
S* 139 185 442 75 480 64 97 73 185 654
H’ 3.8 3.5 3.7 3.0 4.1 2.9 32 2.5 33 3.8
E 0.90 0.95 0.97 0.99 0.85 0.97 0.93 0.99 0.98 0.96
D 0.028 0.022 0.025 0.011 0.031 0.024 0.021 0.013 0.010 0.015
©)
Basidiomycota
S 28 16 72 10 238 37 31 6 5 21
S* 184 88 433 - 658 173 86 - - -
H’ 33 2.6 4.1 23 4.9 3.6 3.1 1.8 1.6 3
E 0.98 0.94 0.96 1 0.88 0.99 0.94 1.0 1.0 1
D 0.010 0.047 0.010 0 0.015 0.005 0.035 0 0 0
d)
Average/Median (Sub-)Tropical, 0°-25° Mid-Latitude, 25°-55° (Sub-)Polar, 55°-70° Global marine
OTU all samples 101/110 273/80 37 31/34
OTU/sample 6/6 8/7 3 6/6
S 75/73 125/59 33 27/31
S* 418/262 426/211 259 195/163
H’ 4.0/4.0 4.0/4.0 34 3.2/3.4
E 0.97/0.97 0.96/0.97 0.99 0.99/0.99
D 0.010/0.010 0.013/0.012 0.008 0.006/0.006
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Table 2. PCR primer combinations. Forward and reverse primer names,

annealing temperature, and references. The amplified region was the 5.8S

rRNA gene and both internal transcribed spacer regions (ITS1, ITS2).

Primer Forward Reverse Temperature References

pair

First PCR

A ITS5 ITS4A 55 White et al., 1990; Nicolcheva and Barlocher, 2004
B ITS5 ITS4B 58 White et al., 1990; Nicolcheva and Bérlocher, 2004
Second PCR

C ITS5 1TS4 54 White et al., 1990

D ITS1 ITS4B 58 Fierer et al., 2005; Nicolcheva and Béarlocher, 2004
E ITS1 ITS4A 55 Fierer et al., 2005; Nicolcheva and Barlocher, 2004

Table 3. Statistical parameters.

Symbol Quantity/Definition

. . S n(n, —1)
Simpson’s index’, p=3$ (% =D
D ; N(N -1)
E Shannon evenness, £ = H'/In S
S
H’ Shannon index, H'= Z PInP
n; Frequency of occurrence of an individual species i (number of

samples in which species i was detected)

Cumulative frequency of occurrence of investigated species,

S
N N = Zni
i=1
P; Relative proportion of an individual species i, P; = n;/ N
S Species richness measured (number of detected species)
S* Species richness estimated with the Chao-1 approach, * $* = S + 4’/
(2 D),

a = number of species detected only once (singletons),
b = number of species detected twice (doubletons)

T (Hill et al., 2003), *(Hill et al., 2003; Chao, 1984)
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Fig. 1. Species richness of airborne fungi: relative proportions of
different phyla in (sub-)tropical, mid-latitude, and (sub-)polar samples.

coastal marine

28%
41%
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W Ascomycota B Basidiomycota O Others

2%

57%
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Fig. 2. Species richness of airborne fungi: relative proportions of
different phyla in continental (Austria, Germany), coastal (China,
Taiwan, Puerto Rico, UK), and in marine (ship) samples.
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Puerto Rico Germany O Sordariomycetes
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Fig. 3. Species richness of airborne fungi: relative proportions of
different classes of Ascomycota in (sub-)tropical, mid-latitude, and in
(sub-)polar samples.

coastal marine

13%

Average

O Sordariomycetes W Eurotiomycetes B Saccharomycetes B Orbiliomycetes B Taphrinomycetes

O Dothideomycetes B Leotiomycetes O Lecanoromycetes O Pezizomycetes O Others

Fig. 4. Species richness of airborne fungi: relative proportions of
different classes of Ascomycota in continental (Austria, Germany),
coastal (China, Taiwan, Puerto Rico, UK), and in marine (ship)
samples.
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(sub-)tropical mid-latitude (sub-)polar
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Fig. 5. Species richness of airborne fungi: relative proportions of
different classes of Basidiomycota in (sub-)tropical, mid-latitude, and in
(sub-)polar samples.
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Fig. 6. Species richness of airborne fungi: relative proportions of
different classes of Basidiomycota in continental (Austria, Germany),
coastal (China, Taiwan, Puerto Rico, United Kingdom), and in marine
(ship) samples.
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Table S1. Austria. Overview of air samples. Sample ID (running
number); sampling period; sampled air volume; number of DNA sequences;
number of different species (OTU) of all fungi and of Ascomycota (AMC), and

Basidiomycota (BMC), detected in the air sample.

Salr'Bple Sampling Period \?(?ITrEI:((jr:Si; Sequences Species

Fungi AMC BMC
Vienna 1 07.07.2005 730 14 12 9 2
Vienna 2 07.07.2005 752 33 24 4 19
Vienna 3 19.07.2005 739 21 18 6 11

Vienna 4 19.07.2005 747 22 19 9 9




Table S2. China. Overview of air samples. Sample ID (running number);
sampling period; sampled air volume; number of DNA sequences; number of
different species (OTU) of all fungi and of Ascomycota (AMC), and

Basidiomycota (BMC), detected in the air sample.

Sample Sampling Period Sampled air Sequences Species
ID volume (m®)

Fungi AMC BMC

China1 4.7.2006 334 40 27 13 14
China2 7.7.2006 800 13 6 6 0
China3 9.7.2006 - 10.7.2006 1158 8 6 4 2
China4 10.7.2006 - 11.7.2006 n.a. 15 7 7 0
Chinab 11.7.2006 - 12.7.2006 1158 12 3 2 1
China6 12.7.2006 - 13.7.2006 1435 25 20 14 6
China7 13.7.2006 - 14.7.2006 1431 23 13 8 5
China8 14.7.2006 - 15.7.2006 1431 18 6 6 0
China9 15.7.2006 - 16.7.2006 1598 15 6 6 0
China10  16.7.2006 - 17.7.2006 1506 8 5 5 0
China11 17.7.2006 - 18.7.2006 1197 34 9 6 3
China12 25.7.2006 146 18 12 12 0
China13  28.7.2006 - 29.7.2006 1424 22 12 11 1

China14  29.7.2006 - 30.7.2006 1363 16 10 10 0




Table S3. Puerto Rico. Overview of air samples. Sample ID (running
number; Puerto1-4 = forest, Puerto 5-7 = urban, Puerto 8-11 = marine, nuc =
nucleopore, FQ = quartz fiber filter); sampling period; sampled air volume;
number of DNA sequences; number of different species (OTU) of all fungi and

of Ascomycota (AMC), and Basidiomycota (BMC), detected in the air sample.

Sample ID Sampling Period ?;Tnalsc(in?gg Sequences Species
Fungi AMC BMC
Puerto1nuc Summer 2007 129 21 17 5 11
Puerto2FQ Summer 2007 129 32 22 1 20
Puerto3nuc Summer 2007 129 37 30 5 25
Puerto4nuc Summer 2007 129 24 21 10 8
PuertoSnuc Summer 2007 269 4 3 2 1
Puerto6FQ Summer 2007 269 2 1 1 0
Puerto7nuc Summer 2007 269 20 15 8 7
Puerto8FQ Summer 2007 269 13 2 0 2
Puerto9nuc Summer 2007 269 10 10 6 4
Puerto10nuc Summer 2007 269 21 17 3 11

Puerto11nuc Summer 2007 269 15 12 6 5




Table S4. Ship. Overview of air samples. Sample ID (running number; t
= tropical, m = mid-latitude, s = (sub-)polar); sampling period; sampled air
volume (n.a. = not available); number of DNA sequences; number of different
species (OTU) of all fungi and of Ascomycota (AMC), and Basidiomycota
(BMC), detected in the air sample.

Sample ID Sampling Period \?;Tnals((jr:;; Sequences Species
Fungi AMC BMC
Ship1t 20.11.2007 — 21.11.2007 1489 16 10 5 5
Ship2t 23.11.2007 — 24.11.2007 1430 23 9 9 0
Ship3s 05.12.2007 — 06.12.2007 1346 37 18 15 3
Ship4s 08.12.2007 — 11.12.2007 1495 3 1 1 0
Ship5s 24.12.2007 — 25.12.2007 771 1 1 0 1
Ship 6s 25.12.2007 — 25.12.2007 - 11 3 2 1
Ship7s 30.12.2007 — 31.12.2007 1506 0 0 0 0
Ship8s 08.01.2008 — 11.01.2008 2762 19 8 8 0
Ship9s 14.01.2008 — 17.01.2008 2498 0 0 0 0
Ship10m 30.01.2008 — 31.01.2008 1457 26 17 11 6
Ship11s 05.02.2008 — 08.02.2008 2349 9 4 4 0
Ship12s 15.02.2008 — 16.02.2008 1471 2 1 1 0
Ship13s 05.03.2008 — 10.03.2008 3343 3 1 1 0
Ship14m 19.03.2008 — 20.03.2008 1453 6 2 2 0
Ship15t 31.03.2008 — 01.04.2008 1509 13 3 3 0
Ship16t 04.04.2008 — 05.04.2008 1508 29 12 8 5

Ship17t 07.04.2008 — 08.04.2008 1512 0 0 0 0




Table S5. Taiwan. Overview of air samples. Sample ID (running
number); sampling period; sampled air volume (n.a. = not available); number
of DNA sequences; number of different species (OTU) of all fungi and of

Ascomycota (AMC), and Basidiomycota (BMC), detected in the air sample.

Sample ID Sampling Period Sampled air Sequences Species
volume (m®)

Fungi AMC BMC

Taiwan1 27.03.2008 - 27.03.2008 575 0 0 0 0
Taiwan2 20.04.2007 - 21.04.2007 753 7 4 1 3
Taiwan3 23.05.2007 - 24.05.2007 748 1" 5 2 3
Taiwan4 26.02.2008 - 26.02.2008 552 15 7 7 0
Taiwan5 28.03.2007 - 29.03.2007 n.a 20 10 10 0
Taiwan6 11.12.2007 - 12.12.2007 741 6 3 2 1
Taiwan7 29.11.2007 - 29.11.2007 752 0 0 0 0
Taiwan8 11.06.2008 - 11.06.2008 655 24 11 8 3
Taiwan9 06.10.2006 - 08.10.2006 3109 18 6 6 0
Taiwan10 26.03.2008 - 27.03.2008 766 0 0 0 0
Taiwan11 20.06.2007 - 20.06.2007 9 6 3 2 1
Taiwan12 24.08.2007 - 25.08.2007 673 24 18 10 8

Taiwan13 26.09.2007 - 27.09.2007 703 11 8 3 5




Table S6. United Kingdom. Overview of air samples. Sample ID
(running number, UK1-9 TORCH2, UK10-12 TORCH1); sampling period;
sampled air volume (n.a. = not available); number of DNA sequences; number
of different species (OTU) of all fungi and of Ascomycota (AMC), and

Basidiomycota (BMC), detected in the air sample.

Salrgple Sampling Period 5’;[?5':?::1; Sequences Species
Fungi AMC BMC

UK1 06.05.2004 - 13.05.2004 n.a. 32 15 5 10
UK2 06.05.2004 - 13.05.2004 n.a. 10 7 5 2
UK3 06.05.2004 - 13.05.2004 n.a. 17 12 8 4
UK4 15.05.2004 - 21.05.2004 n.a. 10 10 9 1
UK5 15.05.2004 - 21.05.2004 n.a. 15 5 3 2
UK6 06.05.2004 - 13.05.2004 n.a. 29 11 9 2
UK7 06.05.2004 - 13.05.2004 n.a. 2 1 1 0
UK8 06.05.2004 - 13.05.2004 n.a. 5 3 3 0
UK9 23.05.2004 - 25.05.2004 n.a. 0 0 0 0
UK10 30.02.2003 — 01.08.2003 n.a. 10 9 3 6
UK11 30.02.2003 — 01.08.2003 n.a. 10 8 0 8

UK12 30.02.2003 - 01.08.2003 n.a. 16 6 0 6




Table S7. Austria. Operational taxonomic units (OTUs) attributed to
Ascomycota (A), Basidiomycota (B), and Fungi (C). Operational 1D
(AMC/BMC and running number); frequency of occurrence (number of air
samples in which the species was detected); most characteristic NCBI
accession numbers sorted by similarity score; taxonomic class and species

name according to NCBI data base (if determined). Species names are listed

if available from NCBI sequences with similarity scores > 97%.

(A)
Frequency of NCBI accession numbers and .
ot occurrence similarity scores Class, species
AMC1 3 EU167608 (99%), AJ876481 (99%) Dothideomycetes
AMC2 3 AY616705 (97-98%) Sordariomycetes, Hypoxylon macrocarpum
0,
AMC3 2 3%8};?)557 (100%), DQ339570 Eurotiomycetes, Penicillium sp.
EU552134 (99%), EF432273 (99%), .
AMC4 2 EU552164 (99%) Dothideomycetes
AMC5 2 AY251074 (99%), EF432298 (99%) Dothideomycetes, Cladosporium sp.
AMC6 1 AY 154692 (99%), AY154695 (99%) Dothideomycetes, Alternaria sp.
AMC7 1 EF452492 (99%) Dothideomycetes, Pyrenophora tritici-repentis
AMC8 1 AB193391 (99%), EU247884 (99%) Leotiomycetes, Sawadaea sp.
AMC9 1 AM901810 (99%), AM262391 (97%) Sordariomycetes
AM901808 (89%), EU852366 (89%), .
AMC10 1 AY239218 (89%) Taphrinomycetes
AMC11 1 AF138814 (89%), EU041790 (80%)
EU918705 (99%), AY681180 (99%), )
AMC12 1 AY681197 (98%) Sordariomycetes
AMC13 1 EF187912 (99%), AM902031 (99%) Sordariomycetes, Microdochium nivale
EF207415 (99-100%), AJ279480 .
AMC14 1 (99-100%), EF153017 (98%) Leotiomycetes
AMC15 1 EU273521 (99%), EU167566 (99%)
AMC16 1 EU272488 (99%) Sordariomycetes, Nigrospora oryzae
AMC17 1 EF634441 (100%) Eurotiomycetes, Penicillium brevicompactum
AMC18 1 AF298539 (99%), AF298541 (99%) Leotiomycetes, Microsphaera sp.
AMC19 1 AF455536 (99%), AF455528 (99%) Eurotiomycetes, Eurotium sp.
AMC20 1 EU594572 (93%), DQ100416 (92%)



AMC21 1

AMB850055 (94%)

Saccharomycetes

(B)

Frequency of

NCBI accession numbers and

oty occurrence similarity scores Class, species

BMCH1 2 AY840572 (100%), AF516556 (99%)  Agaricomycetes, Trametes sp.

BMC2 P gl;i/f)5463 (99-100%), AJO06672 Agaricomycotes

BMC3 2 AY781266 (99%), AM901886 (99%) Agaricomycetes, Phanerochaete sordida olrim
BMC4 2 EU872426 (98%) Agaricomycetes, Phanerochaete chrysosporium
BMC5 1 AY081229 (100%) Agaricomycetes, Chlorophyllum brunneum
BMC6 1 88(3)2?;21 gggzﬁ:; EU645602 (95%),

BMC7 1 EU871492 (85%), EU108787 (85%)

BMC8 1 AB071802 (93%), AB071613 (93%) Agaricomycetes

BMC9 1 AF455496 (100%), X70025 (99%) Agaricomycetes, Heterobasidion annosum
BMC10 1 AM901952 (99%), EU118665 (98%) Agaricomycetes, Scopuloides hydnoides
BMC11 1 AB072233 (99%), AM901971 (99%) Tremellomycetes, Itersonilia perplexans
BMC12 1 EU046047 (99%) Tremellomycetes

BMC13 1 EU047805 (99%), AY219382 (99%) Agaricomycetes, Phanerochaete sordida
BMC14 1 AY558613 (92%), DQ340338 (90%) Agaricomycetes

BMC15 1 EU546104 (95%), AB084618 (94%) Agaricomycetes

BMC16 1 AF126891 (99%) Agaricomycetes

BMC17 1 U52886 (98%), DQ398959 (95%) Agaricomycetes, Vuilleminia sp.

BMC18 1 AF324171 (90%), AF324161 (86%) Agaricomycetes

BMC19 1 DQ273355 (94%) Agaricomycetes

BMC20 1 FJ010207 (91-92%), U85799 (91%) Agaricomycetes

BMC21 1 EU301643 (99%), EU273517 (99%) Agaricomycetes, Irpex lacteus

BMC22 1 FJ553297 (93%), DQ093649 (93%) Agaricomycetes

BMC23 1 AF444435 (97%) Tremellomycetes, Udeniomyces puniceus
BMC24 1 DQ278949 (95%), EU622841 (86%) Agaricomycetes

BMC25 1 AB210076 (88%), AF455458 (88%) Agaricomycetes

BMC26 1 EU118638 (99%) Agaricomycetes, Junghuhnia nitida



AJ419931 (89%), EUBA5602 (87%),

BMC27 1 DQ061931 (87%)
BMC28 1 FJ010207 (98%) Agaricomycetes, Flavodon flavus
BMC29 1 U85799 (93%), FJ478126 (92%) Agaricomycetes
BMC30 1 AY969535 (88%), DQ411529 (86%) Agaricomycetes
BMC31 1 AF310096 (99%) Agaricomycetes, Gloeocystidiellum porosum
BMC32 1 EF060520 (94%) Agaricomycetes
BMC33 1 AY558613 (86%), AY558617 (85%) Agaricomycetes
0, 0,

BMC34 1 E‘gg%gzggf)/") FJ481018 (85%), Agaricomycetes
BMC35 1 EU673086 (91%), AM269811 (90%) Agaricomycetes
BMC36 1 FJ481048 (99%) Agaricomycetes, Trametes gibbosa
BMC37 1 ABO049614 (99%), AF314987 (99%) Tremellomycetes, Dioszegia hungarica
(€)
oTU Frequency of  NCBI accession numbers and similarity

occurrence scores
F1 3 EU823316 (97-98%)
F2 1 EU035443 (86%), EF585657 (85%)
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Table S8. China. Operational taxonomic units (OTUs) attributed to
Ascomycota (A) and Basidiomycota (B). Operational ID (AMC/BMC and
running number); frequency of occurrence (number of air samples in which the
species was detected); most characteristic NCBI accession numbers sorted by
similarity score; taxonomic class and species name according to NCBI data
base (if determined). Species names are listed if available from NCBI

sequences with similarity scores > 97%.

(A)
oTU Frequency of N_CBI accession numbers and Class, species
occurrence similarity scores
0, 0,
AMC1 12 AY251074 (99%), AJB76482 (99%), Dothideomycetes, Cladosporium sp.

AJ300331 (99%)

FJ478134 (97100%), EU714386 (97-
AMC2 10 99%), EF687956 (97-100%), Sordariomycetes, Nigrospora sp.
EU918714 (97-99%),

AMO076665 (98-99%), DQ680839

AMC3 8 (98-99%), EU167608 (98-99%),

AMC4 4 g';(z/z; 327 (97-98%), AF212308 Dothideomycetes, Cochliobolus sp.
EU301633 (100%), DQ123663 . o

AMC5 3 (100%), DQ267827 (99%) Eurotiomycetes, Penicillium sp.

AMC6 3 EU497958 (99%), EU076930 (98%) Eurotiomycetes, Penicillium sp.

AMC7 3 EU167575 (99%), EU167600 (97%)

AMCS8 2 g%%/f)o 272 (98-100%), AB220246 Sordariomycetes, Arthrinium phaeospermum
EU707889 (90%), DQ885901 (89%), .

AMC9 2 EU707898 (89%) Dothideomycetes

AMC10 2 AY561209 (85%), AY999135 (82%) Sordariomycetes

AMC11 2 DQ885894 (99%), AF439470 (99%)
AB255248 (98-99%), EU781663

AMC12 2 (98%), AB255238 (97%), EU918714 Sordariomycetes, Xylaria sp.
(95%)

AMC13 2 FJ040177 (100%), EU828350 (99%) Dothideomycetes, Cochliobolus sp.

AMC14 2 EU514294 (98%) Dothideomycetes, Stenella musicola

AMC15 2 AF071352 (97%) Dothideomycetes, Cochliobolus kusanoi

0, 0,
AMC16 2 DQ092521 (95%), DQ092505 (94%), Dothideomycetes

EU680536 (93%)

AMCA17 2 DQ184477 (99%), DQ885903 (99%)  Dothideomycetes



AMC18

AMC19

AMC20

AMC21

AMC22

AMC23

AMC24

AMC25

AMC26

AMC27

AMC28

AMC29

AMC30

AMC31

AMC32

AMC33

AMC34

AMC35

AMC36

AMC37

AMC38

AMC39

AMC40

AMC41

AMC42

AMC43

AMC44

AMC45

EF577236 (99-100%), AY625063
(99-100%)

EU272517 (99%)
EU326200 (99%)

NW001849579 (99%), EU301638
(99%), AY373848 (99%)

AY339348 (99%), AY339330 (99%)
EU781672 (99%), AF502780 (99%)
AY428782 (100%), U17212 (99%)
EUB80530 (100%), DQYI3652 (99%)
FJ478093 (98%)

EU041784 (94%), EU552148 (94%),
AF0B4779 (94%)

AB040308 (99%), AF011319 (99%),
AB040330 (99%)

DQY23535 (88%), EU019297 (86%),
EU552103 (85%)

AY244417 (99%), EU019290 (98%)
AY373915 (99%), AY373934 (99%)
FJ037756 (99%)

AY907347 (98%), AB286211 (97%),
FJ478124 (97%)

EF060651 (96%), EF619689 (95%),
AF422976 (94%)

EF159355 (90%), AM901717 (89%)
EU009993 (97%)

FJ037772 (99%), EU167576 (94%)
AM176696 (97%), FJ372403 (97%)
EF669715 (99%), AF163084 (99%)
AY509761 (99%), FJ425204 (99%)

DQ223749 (99-100%), AB449093
(98-99%), EU365344 (98-99%)

EU052786 (90%), AJ005480 (81%)

DQ420802 (91%), EF060504 (90%),
AJ301967 (88%)

AY840527 (99%), EU167596 (98%)

EU668993 (99%), EU339371 (99%)

11

Dothideomycetes, Cladosporium sp.

Sordariomycetes, Annulohypoxylon stygium

Sordariomycetes, Arthrinium phaeospermum

Eurotiomycetes, Aspergillus sp.

Sordariomycetes

Sordariomycetes, Gaeumannomyces graminis

Dothideomycetes, Curvularia sp.

Sordariomycetes

Leotiomycetes, Podosphaera sp.

Dothideomycetes

Dothideomycetes
Eurotiomycetes, Penicillium sp.

Dothideomycetes, Cochliobolus sp.

Sordariomycetes, Phomopsis sp.

Dothideomycetes

Sordariomycetes

Dothideomycetes

Sordariomycetes

Sordariomycetes

Dothideomycetes

Dothideomycetes
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AMC46 1 EF467438 (93%), EU295634 (93%)

AM176695 (100%), DQY93647

AMC47 1 Leotiomycetes, Articulospora sp.

(99%)
AMC48 1 EF060527 (97%), FJ040177 (97%) Dothideomycetes
AMC49 1 EU179868 (98%) Sordariomycetes, Xylaria nigripes
EU490102 (93%), EU707898 (90%), .
AMC50 1 FJ372398 (90%) Dothideomycetes
AMC51 1 EU833205 (100%), EU440776 (99%)  Eurotiomycetes, Aspergillus sp.
EU490102 (90%), FJ415477 (89%), .
AMC52 1 EU019278 (89%) Dothideomycetes
AMC53 1 DQ480350 (100%) Dothideomycetes, Curvularia sp.
AMC54 1 EF026143 (99%) Sordariomycetes, Hypoxylon rubiginosum
AMC55 1 EU687122 (84%), EU750691 (78%)
AMC56 1 DQ123648 (99%) Eurotiomycetes, Penicillium cecidicola
AMC57 1 AF071336 (98%), AF163077 (98%) Dothideomycetes, Curvularia sp.
AMC58 1 FJ037732 (99%), Eurotiomycetes, Paecilomyces sp.
AMC59 1 EU232716 (89%), EU552134 (89%) Dothideomycetes
AMC60 1 EU552134 (98%), EF432273 (98%) Dothideomycetes
AY394668 (91%), FJ008691 (85%), .
AMC61 1 DQY23535 (84%) Dothideomycetes
AMC62 1 AMB850055 (94%) Saccharomycetes
(B)
oTU Frequency of NCBI accession numbers and Class, species
occurrence similarity scores
BMCH1 3 EU872426 (98%) Agaricomycetes, Phanerochaete chrysosporium
BMC2 2 FJ010207 (98-99%) Agaricomycetes, Flavodon flavus
BMC3 2 (%38: )2697 (100%), AY219341 Agaricomycetes, Phanerochaete sp.
BMC4 1 AB361645 (98-99%) Agaricomycetes, Phanerochaete chrysosporium
BMC5 1 FJ481018 (93%), AB361645 (91%) Agaricomycetes
BMC6 1 AB369909 (100%), Agaricomycetes, Schizophyllum commune
BMC7 1 AY969789 (87%), DQ672292 (85%)
BMC8 1 AB084615 (99%), AB084616 (98%) Agaricomycetes, Phlebia brevispora

AY456375 (88%), DQ672292

BMCO 1 (84%), DQO79014 (83%)

Agaricomycetes



BMC10

BMC11

BMC12

BMC13

BMC14

BMC15

BMC16

BMC17

BMC18

BMC19

BMC20

BMC21

BMC22

BMC23

BMC24

BMC25

BMC26

BMC27

BMC28

EU118656 (88%), AM902085
(87%), AY271810 (86%)

AY969789 (96%), DQI79014 (84%)
AF475150 (99%)
AB099900 (98%)

EU661879 (98-99%), FJ372671
(98-99%)

FJ462746 (91%), AY730555 (91%),
EU918701 (89%)

AB097563 (99%), AY461825 (99%)

EU047803 (88%), EU872426 (88%)

AB210074 (90%), EU118656 (88%),

AY605710 (87%)

UB5799 (89%), AY216474 (88%),
FJ481018 (87%)

UB5799 (94%), UB5623 (91%),
FJ478126 (90%)

EF060520 (94%), AF283726 (89%)

EU872426 (92%), FJ481018 (91%),
U85799 (91%)

AF261656 (83%), FJ475570 (78%)
EU273512 (97%)

AM269816 (99%), AY781273 (99%)
AY969526 (87%), AY641458 (82%)
AF475147 (95%), AB210078 (94%)

AF444556 (99%)

Agaricomycetes

Agaricomycetes

Agaricomycetes, Phanerochaete sordida

Agaricomycetes, Scleroderma sp.

Agaricomycetes

Agaricomycetes

Agaricomycetes, Coprinopsis cinerea

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes, Clitopilus prunulus

Agaricomycetes, Trichaptum sp.

Agaricomycetes

Agaricostilbomycetes

13
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Table S9. Puerto Rico. Operational taxonomic units (OTUs)
attributed to Ascomycota (A), Basidiomycota (B), and Fungi (C).
Operational ID (AMC/BMC/F and running number); frequency of occurrence
(number of air samples in which the species was detected); most
characteristic NCBI accession numbers sorted by similarity score; taxonomic
class and species name according to NCBI data base (if determined). Species

names are listed if available from NCBI sequences with similarity scores >

97%.

(A)

AMC1 3 E;Zizfe:jsgooggf){gg\f%m 074 Dothideomycetes, Cladosporium sp.
AMC2 2 EF488380 (98%), EU436688 (97%) Sordariomycetes, Eutypella sp.
AMC3 2 ng?o 1)0496 (98%), AB353909 (97- Eurotiomycetes, Penicillium sp.
AMC4 1 EU687075 (91%), AY754945 (87%) Sordariomycetes

AMC5 1 DQ480357 (95%), EF026123 (88%) Sordariomycetes

AMCB6 1 EU750695 (99%), EU595566 (99%) Sordariomycetes, Fusarium sp
AMC7 1 EU436688 (89%), EF488380 (88%) Sordariomycetes

AMC8 1 AY667576 (85%), DQ784689 (84%) Dothideomycetes

AMC9 1 EF152423 (91%), EU595566 (91%) Sordariomycetes

AMC10 1 égggggii ((ggzz)) DQ223749 (99%), Sordariomycetes

AMC11 1 AF368810 (99%)

AMC12 1 EU002920 (99%), AF001025 (98%) Sordariomycetes

AMC13 1 AY373849 (100%), EF669614 (99%)  Eurotiomycetes

AMC14 1 EU490102 (93%), FJ372400 (90%) Dothideomycetes

AMC15 1 FJ196609 (95%), DQ235697 (92%)

AMC16 1 DQ421181 (99%), FJ439584 (99%) Dothideomycetes

AMC17 1 EU837206 (90%), DQ979687 (89%)

AMC18 1 AJ271577 (100%) Sordariomycetes, Thielavia microspora
AMC19 1 FJ037769 (98%), EU547495 (94%),

DQ680839 (93%)



AMC20

AMC21

AMC22

AMC23

AMC24

AMC25

AMC26

AMC27

AMC28

AMC29

AMC30

AMC31

AMC32

AMC33

AMC34

AMC35

AMC36

AMC37

AMC38

AMC39

AMC40

AMC41

AMC42

AMC43

AY373925 (99%)

FJ025204 (99%), DQ889176 (99%)

EU686817 (99%), EU678667 (99%),
EU272517 (99%)

AY554211 (98%)
AY999121 (82%), AY587912 (82%)
EU002909 (99%)

AF178555 (89%), AB278178 (87%)

AMA410609 (98%), DQ682585 (98%)
AF033426 (97%)

DQ421060 (82%), EU139146 (81%)
EU041792 (99%), EF627452 (99%)
EU552114 (86%), EU837209 (85%)
EUB87030 (97%), DQ227290 (95%)
AF201756 (99%)

EF394859 (98%), AF297226 (97%)

FJ172283 (99%), AF373064 (98%)

EU436681 (96%)

AY373930 (99%)

AY862570 (85%), EF157664 (84%)

EF434060 (90%), FJA75656 (84%)

EU489996 (92%), FJ415477 (92%)

EU826887 (91%), AJ558114 (91%),
EU557361 (91%)

EF197817 (99%), EF060638 (99%),
DQ680839 (98%)

DQ421072 (88%), FJ554031 (87%)

Eurotiomycetes, Penicillium olsonii

Sordariomycetes

Sordariomycetes

Sordariomycetes

Sordariomycetes

Sordariomycetes

Eurotiomycetes, Penicillium paxilli

Dothideomycetes

Pezizomycetes

Sordariomycetes

Sordariomycetes, Nodulisporium sp.
Dothideomycetes

Sordariomycetes, Eutypella sp.

Sordariomycetes

Eurotiomycetes, Penicillium sclerotiorum

Sordariomycetes

Sordariomycetes
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(B)
Frequency of NCBI accession numbers and .
oty occurrence similarity scores Class, species
AM901952 (92%), EU118665 (91%), .
BMC1 7 AY219349 (91%) Agaricomycetes
BMC2 4 AY216475 (99%) Agaricomycetes, Marasmius cladophyllus
BMC3 3 Qg/g)s 710 (98-99%), AB210077 Agaricomycetes
BMC4 3 AF506490 (98-99%) Agaricomycetes, Wrightoporia tropicalis
BMC5 3 AY443531 (97-98%) mitosporic Agaricomycotina, Rhizoctonia sp
AY884175 (87%), EU030180 (87%), .
BMC6 3 AMO88622 (87%) Agaricomycetes
EU118668 (82%), AF533965 (81%), .
BMC7 2 AF126893 (79%) Agaricomycetes
BMC8 2 AY219367 (93%), AB210074 (90%) Agaricomycetes
BMC9 2 AF200240 (98%), AY558649 (98%) Agaricomycetes
BMC10 2 AY641458 (90%), DQ411529 (85%) Agaricomycetes
BMC11 2 AB158315 (93%), AY089738 (93%) Agaricomycetes
BMC12 1 EU735845 (99%) Agaricomycetes, Ganoderma sp.
AY254874 (85%), AJ606041 (85%), .
BMC13 1 AF440673 (79%) Agaricomycetes
AY969532 (86%), EU003034 (84%), .
BMC14 1 DQ411529 (83%), Agaricomycetes
AY216475 (92%), EF060532 (90%), .
BMC15 1 AY884175 (89%) Agaricomycetes
BMC16 1 EU118668 (83%), AF126893 (81%) Agaricomycetes
AY641458 (89%), EU003034 (89%), .
BMC17 1 DQ411529 (83%) Agaricomycetes
BMC18 1 EU003034 (85%), DQ411529 (83%)  Agaricomycetes
EU292528 (89%), AM113458 (87%), .
BMC19 1 DQ309116 (83%) Agaricomycetes
BMC20 1 AM902035 (92%), DQ200924 (91%)  Agaricomycetes
AY509555 (95%), AY969449 (94%), .
BMC21 1 AF291275 (94%) Agaricomycetes
AY969535 (87%), EU003034 (85%), .
BMC22 1 DQ411529 (85%) Agaricomycetes
AY571042 (90%), DQ097355 (90%), .
BMC23 1 EU668272 (88%) Agaricomycetes
BMC24 1 EU085019 (96%), AY787680 (88%) Agaricomycetes



BMC25

BMC26

BMC27

BMC28

BMC29

BMC30

BMC31

BMC32

BMC33

BMC34

BMC35

BMC36

BMC37

BMC38

BMC39

BMC40

BMC41

BMC42

BMC43

BMC44

BMC45

BMC46

BMC47

BMC48

BMC49

BMC50

BMC51

BMC52

BMC53

EU326212 (94%), AJ279465 (94%),
EU918694 (93%)

DQ411529 (85%), AY969535 (85%)
AY641458 (83%), DQ411529 (83%)
AB084616 (99%), AB084614 (98%)

AM269811 (91%), EU273556 (90%),
AY618666 (90%)

AY781265 (94%), EU118665 (93%)

DQ241775 (88%), EU818696 (85%),
AF210828 (84%)

AB298703 (94%), FJ010207 (91%),
U85799 (90%)

DQ826548 (100%), DQ826549
(99%)

AY509554 (86%)
FJ236850 (84%), AJBOB043 (84%)

ABO71802 (93%)

AB210074 (97%

AF291284 (99%)

AY558620 (99%)

DQ873633(81%), DQ873651 (80%)
AY787680 (84%), AB361645 (79%)
AJO06671 (85%), AB361645 (83%)
AB361645 (79%), EU326212 (79%)
AY787680 (83%), EU326212 (79%)

DQ411529 (87%), AY641458 (81%),
AY969566 (80%)

AB210074 (90%), EU118665 (89%),
AJ006683 (88%)

EU003034 (88-89%), DQ411529
(88-89%), AY641458 (87-88%)

DQ340333 (99%)
AF347088 (99%)

EU118662 (95%), EF 174448 (94%)
AY968077 (96%), EU009979 (95%)
AY089740 (91%), AY219393 (87%)

DQ873641 (90%)

Agaricomycetes

Agaricomycetes
Agaricomycetes

Agaricomycetes, Phlebia brevispora

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes, Resinicium saccharicola

Agaricomycetes
Agaricomycetes

Agaricomycetes

Agaricomycetes, Phlebia acanthocystis

Agaricomycetes, Heterochaete shearii
Agaricomycetes, Fuscoporia gilva
Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes, Hyphodontia palmae
Agaricomycetes, Trechispora sp.
Agaricomycetes

Agaricomycetes

Agaricomycetes

Agaricomycetes
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BMC54 1 AY633927 (95%), AF141624 (86%) Agaricomycetes
BMC55 1 AY089738 (94%), AB158314 (94%) Agaricomycetes
BMC56 1 AY216474 (90%), EF174448 (90%) Agaricomycetes
BMC57 1 AF508346 (84%), AM901912 (79%) Agaricomycetes
BMC58 1 DQ249274 (90%), AY969526 (85%)  Agaricomycetes
BMC59 1 AY558647 (86%), AM269803 (83%) Agaricomycetes
BMC60 1 DQ873618 (87%), DQ873601 (87%)  Agaricomycetes
BMC61 1 AY558635 (85%), AY558613 (85%) Agaricomycetes
BMC62 1 FJ475775 (87%), FJ475704 (87%) Agaricomycetes
BMC63 1 EF174448 (89%), EU118662 (88%) Agaricomycetes
BMC64 1 FJ475775 (88%), FJ475704 (88%) Agaricomycetes
BMC65 1 FJ475775 (84%), FJ475704 (84%) Agaricomycetes
BMC66 1 FJA475775 (87%), FJ475704 (87%) Agaricomycetes
BMC67 1 AY969526 (96%)

BMC68 1 AY263444 (96%), DQ450042 (94%) Agaricomycetes
BMC69 1 EU790491 (84%), FJ478098 (84%) Agaricomycetes
BMC70 1 AY254874 (91%), FM866336 (91%) Agaricomycetes
BMCT71 1 DQ340323 (96%) Agaricomycetes
BMC72 1 AB210074 (87%), AJO06683 (85%) Agaricomycetes
()

OTU Egiﬂl:g:?éd NCBI accession numbers and similarity scores

F1 1 EU490118 (90%), EU490099 (89%), AY641458 (88%)
F2 1 EU490118 (89%), AY641458 (85%)

F3 1 EU490099 (90%), EU490118 (90%)

F4 1 EU490118 (84%), EU490099 (82%)

F5 1 AY035664 (88%), AF455468 (88%)

F6 1 EU490099 (90%), EU490118 (88%)

F7 1 EU490118 (84%), EU003034 (84%)

F8 1 EU003034 (90%), EU490180 (84%), EU490118 (84%)
F9 1 AF064595 (91%), AY593868 (87%)
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Table S10. Ship. Operational taxonomic units (OTUs) attributed to
Ascomycota (A) and Basidiomycota (B). Operational ID (AMC/BMC and
running number); frequency of occurrence (number of air samples in which the
species was detected); most characteristic NCBI accession numbers sorted by
similarity score; taxonomic class and species name according to NCBI data
base (if determined). Species names are listed if available from NCBI

sequences with similarity scores > 97%.

(A)
oTU Frequency of N_CBI accession numbers and Class, species
occurrence similarity scores
EU833212 (99-100%), DQ339568
AMC1 7 (99%), DQ339549 (99%), Eurotiomycetes, Penicillium sp.
DQ339561 (99%)
AMB883156 (99%), AF455505 (99%), . .
AMC2 4 AY373869 (99%) Eurotiomycetes, Aspergillus sp.
EF060638 (99%), EF197817 (99%),
AMC3 3 DQ680839 (99%)
AY251074 (100%), AJ876482 . .
AMC4 3 (100%), EF432298 (98%) Dothideomycetes, Cladosporium sp.
AF455536 (100%), AF455528 . ;
AMC5 2 (100%), AF459728 (99%) Eurotiomycetes, Eurotium sp.
EU439264 (97-100%), DQ480361
AMC6 2 (97-100%), EU918714 (96-99%), Sordariomycetes
EU002898 (97%)
EU035417 (84%), EU035415 (84%),
AMC7 1 EU019265 (83%)
AMC8 1 EU497960 (94%), EU497942 (94%) Eurotiomycetes
AMC9 1 AF540513 (97%) Lecanoromycetes, Dirinaria confluens
AMC10 1 EF417482 (100%) Sordariomycetes, Trichoderma atroviride
0,
AMC11 1 5%32/3)942 (100%), EF198663 Eurotiomycetes, Penicillium sp.
EU085019 (97-99%%), FJ213547 .
AMC12 1 (85-86%) Eurotiomycetes
AMC13 1 EF652084 (95%), EF652082 (95%) Eurotiomycetes
AMC14 1 EU678658 (96%), EU552100 (95%) Sordariomycetes
AMC15 1 AY373862 (96%) Eurotiomycetes
AMC16 1 EU552105 (96%), DQ885897 (96%)  Dothideomycetes
AMC17 1 EU918714 (99%) Sordariomycetes, Nigrospora oryzae
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AMC18
AMC19
AMC20
AMC21
AMC22

AMC23
AMC24

AMC25
AMC26

AMC27
AMC28
AMC29

AMC30

AMC31

AMC32

AMC33

AMC34

AMC35

AMC36
AMC37

AMC38
AMC39

AMC40
AMC41

AMC42

AMC43
AMC44

AMC45

AF368810 (94%), DQ681344 (93%)
AJ271575 (97%), AJ271576 (96%)

EU167576 (86%), EU547495 (86%)
EU707879 (99%)

EF619689 (95%), AY208791 (94%)
AY251071 (99%), AY251070 (99%)

FJ176470 (99%), AY681194 (99%),
AY681193 (99%)

AY971709 (98%), DQ270247 (95%)
DQ420990 (95%), AJ246158 (94%)
AF201754 (98%)

AY373941 (100%), EU037053
(100%)

AY213678 (100%), EF198531 (99%)

AB080725 (99-100%), EU262660
(99%)

EU009985 (94%), AB041994(93%),
EF026122 (93%)

AY373886 (93%), AY373885 (93%),
EF652082 (93%)

DQ336713 (93%), AJ246158 (92%),
DQ420990 (91%)

AM901741 (86%), AF050278 (84%),
FJ150695 (82%)

AB449093 (99%), DQ223748 (99%)
AY373904 (99%), EU497951 (99%)

FJ360521 (95%), AY681194 (95%),
EU918705 (94%)

EU041797 (94%), DQ421272 (87%)
EU707887 (98%)
DQ468027 (98-100%)

AF461673 (89%), FJ360521 (88%),
EU918705 (88%)

FJ176474 (95%), EU833212 (95%)
AY373930 (99%), EF634374 (99%)

EU552113 (85%), AY843195 (84%),
AM901723 (83%)

AJ390411 (99%)

Sordariomycetes, Thielavia sp.
Dothideomycetes

Dothideomycetes, Teratosphaeria parva
Dothideomycetes

Dothideomycetes, Cladosporium sp.

Sordariomycetes

Sordariomycetes

Sordariomycetes, Nodulisporium sp.

Eurotiomycetes, Paecilomyces sp.

Eurotiomycetes, Penicillium sp.

Eurotiomycetes, Penicillium sp.

Sordariomycetes

Eurotiomycetes

Sordariomycetes

Sordariomycetes

Eurotiomycetes, Penicillium sp.

Sordariomycetes

Dothideomycetes
Dothideomycetes

Dothideomycetes

Sordariomycetes

Eurotiomycetes, Penicillium sp.

Eurotiomycetes, Penicillium sp.

Sordariomycetes, Biscogniauxia atropunctata
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AMC46 1 AB105954 (99%), Sordariomycetes, Ustilaginoidea virens
AMC47 1 EU040243 (95%), EU167574 (91%) Dothideomycetes
AMC48 1 DQ631933 (84%), AF153729 (83%) Sordariomycetes
AMC49 1 FJ025341 (97%), EU683044 (94%) Dothideomycetes
AMC50 1 AY373930 (94%), EU833220 (93%) Eurotiomycetes, Penicillium sp.
AMC51 1 AF033401 (99%), U72594 (98%)
0,
AMC52 1 ng/z)s 915 (100%), DQ681325 Eurotiomycetes, Penicillium sp.
AMC53 1 EU833211 (99%) Eurotiomycetes, Penicillium brevicompactum
EU552134 (99%), EF432273 (99%), )
AMC54 1 EU552164 (99%) Dothideomycetes
(B)
oTU Frequency of N_C_BI accession numbers and Class, species
occurrence similarity scores
ABO084617 (91%), AB210074 )
BMC1 1 (89%), AJOOG683 (88%) Agaricomycetes
BMC2 1 AJ555514 (93%), AF516569 (89%)  Agaricomycetes
BMC3 1 U85795 (94-95%) Agaricomycetes
EF672293 (95%, 97%), EU918698 )
BMC4 1 (92-93%) Agaricomycetes
BMC5 1 EU818699 (96%), EF529621 (95%)  Agaricomycetes
BMC6 1 AM0901849 (99%), AF210825 Agaricomycetes
(97%)
0,
BMC7 1 AB%10075 (92%), EU118665 Agaricomycetes
(90%)
BMC8 1 EF060520 (94-95%) Agaricomycetes
BMC9 1 EU118662 (95%), EF174448 (95%)  Agaricomycetes
AB210074 (88%), AJO06683 )
BMC10 1 (85%), EU118665 (85%) Agaricomycetes
AM946630 (94%), DQ989497 )
BMC11 1 (94%), AJ419204 (94%) Agaricomycetes
AM901849 (98%), DQ350127 )
BMC12 1 (97%), DQ411533 (97%) Agaricomycetes
BMC13 1 U85799 (94%), U65623 (92%) Agaricomycetes
AY219341 (97%), EU118662 )
BMC14 1 (95%), EF174448 (94%), Agaricomycetes
0,
BMC15 1 DQ900975 (87%), DQY00958 Agaricomycetes

(87%), AF347092 (84%)
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BMC16 1 EU661879 (98%), FJ372671 (98%)  Agaricomycetes

BMC17 1 AY484692 (99%) Agaricomycetes, Agaricus bisporus
BMC18 1 FJ010208 (99%) Agaricomycetes, Cerrena sp.

BMC19 1 EU918699 (97%) Agaricomycetes, Coprinopsis strossmayeri
BMC20 1 FJ010207 (98-99%) Agaricomycetes, Flavodon flavus

BMC21 1 AY627794 (97%), AY969566 (97 %)

Table S11. Taiwan. Operational taxonomic units (OTUs) attributed
to Ascomycota (A) and Basidiomycota (B). Operational ID (AMC/BMC
and running number); frequency of occurrence (number of air samples in
which the species was detected); most characteristic NCBI accession
numbers sorted by similarity score; taxonomic class and species name
according to NCBI data base (if determined). Species names are listed if

available from NCBI sequences with similarity scores > 97%.

(A)

AMC1 7 AY251074 (99%), EF432298 (98%) Dothideomycetes, Cladosporium sp.
AMC2 4 55,2?7125 (99%), EU918714 (97- Sordariomycetes, Nigrospora oryzae
AMC3 2 AF153741 (99%), AF153742 (99%) Sordariomycetes

AMC4 2 Elgggg}? 82223 AJ279480 (99%), Leotiomycetes

AMC5 2 GZ%?,Z’;‘“ (100%), AY372679 Dothideomycetes, Stemphylium sp.
AMC6 2 EU436763 (99%) Dothideomycetes, Devriesia strelitziae
AMC7 1 AB073533 (99%) Sordariomycetes, Xylaria sp.

AMC8 1 FJ172283 (99%), DQ480354 (99%) Sordariomycetes, Eutypella sp.
AMC9 1 G%%E/Z):s 80 (100%). AB189444 Sordariomycetes

AMC10 1 g%%/f)o 3;35(595368‘71@:’35‘5360367 Sordariomycetes

AMC11 1 AB284189 (98-99%), EU363038 (98- Sordariomycetes

99%), AF280628 (98-99%)



AMC12

AMC13

AMC14

AMC15

AMC16

AMC17

AMC18

AMC19

AMC20

AMC21

AMC22

AMC23

AMC24

AMC25

AMC26

AMC27

AMC28

AMC29

AMC30

AMC31

AMC32

AMC33

AMC34

AMC35

AMC36

AMC37

AMC38

AMC39

AMC40

EF417483 (100%), EU401558 (99%),
X93933 (99%), X93964 (99%)

DQ318204 (99%), AF275488 (99%)
AY999133 (98%), AY999135 (98%)
DQ322087 (98%), FJ205454 (98%)

EUB90794 (96%), AB297798 (94%),
AF502793 (91%)

FJ176470 (88%), AY681195 (88%)
AY254161 (88%)
DQ420990 (91%), AJ246158 (90%)
DQ491504 (99%)
AF505516 (98%)

EU833210 (99%), AY373868 (99%),
AF455499 (99%)

EU085019 (99%%), FJ213547 (87%)

EU707900 (85%), EU019278 (84%),
EU343297 (84%)

EU552134 (100%), AJ279463
(100%), EU552164 (100%)

EF619925 (99%), EU700365 (99%)
AJ300331 (90%), FJ213502 (90%)
EU935608 (96%), FJ378087 (96%)
EU041803 (99%)

DQ863675 (89%), DQI7A708 (88%),

FJ025285 (98-99%), AF502787
(98%)

EU167575 (99%), AY131203 (99%)
DQ388849 (92%), AB255289 (91%)
DQ885895 (92%), AJ582956 (92%)
AJB77178 (100%), AF502803 (98%)

EU167608 (98%), AF455533 (98%),
DQ680839 (98%)

AB085929 (99%), EF550970 (99%)
DQ420962 (90%), EU049289 (97%)
EU750691(90%), EU040239 (89%)

AY238606 (91%)

Sordariomycetes

Sordariomycetes
Sordariomycetes

Sordariomycetes

Sordariomycetes

Sordariomycetes
Sordariomycetes
Sordariomycetes
Pezizomycetes, Ascobolus crenulatus

Leotiomycetes, Lachnum hyalopus

Eurotiomycetes, Aspergillus sp.

Eurotiomycetes

Dothideomycetes

Dothideomycetes

Dothideomycetes
Dothideomycetes
Dothideomycetes
Dothideomycetes

Dothideomycetes

23
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(B)
oTU Frequency of N_CI_BI accession numbers and Class, species
occurrence similarity scores
AM901952 (92%), EU118665 (91- .
BMCH1 4 929%), AY219349 (91-92%) Agaricomycetes
FJ235147 (88%), DQ873599 (81%), .
BMC2 3 EU826082 (80%) Agaricomycetes
BMC3 3 AYB27794 (97%), AY969566 (97 %)
BMC4 2 AB210077 (99%) Agaricomycetes, Phlebia sp.
BMC5 1 EF687930 (97%), AY805625 (93%) Agaricomycetes
FJ010208 (99%), AY433810 (99%), .
BMC6 1 EF060457 (99%) Agaricomycetes
AB361644 (91%), AY216474 (90%), .
BMC7 1 U85799 (90%) Agaricomycetes
BMC8 1 FJ010207 (98%) Agaricomycetes, Flavodon flavus
BMC9 1 AB210074 (99%) Agaricomycetes, Phlebia acanthocystis
BMC10 1 DQ404386 (98%), AY558596 (97%) Agaricomycetes, Hydnochaete sp.
BMC11 1 DQ411529 (87%), AY641458 (85%) Agaricomycetes
AM901952 (92%), EU118665 (92%), .
BMC12 1 AY219349 (91%) Agaricomycetes
BMC13 1 AB084617 (99%) Agaricomycetes, Phlebia chrysocreas
AF347080 (92%), EU003034 (92%), .
BMC14 1 AY969566 (90%) Agaricomycetes
BMC15 1 AY089740 (93%), AY271810 (92%) Agaricomycetes
BMC16 1 AY219343 (99%), AB210078 (98%) Agaricomycetes
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Table S12. United Kingdom. Operational taxonomic units (OTUs)
attributed to Ascomycota (A) and Basidiomycota (B). Operational ID
(AMC/BMC and running number); frequency of occurrence (number of air
samples in which the species was detected); most characteristic NCBI
accession numbers sorted by similarity score; taxonomic class and species
name according to NCBI data base (if determined). Species names are listed

if available from NCBI sequences with similarity scores > 97%.

(A)
oTU Frequency of N_CI_BI accession numbers and Class, species
occurrence similarity scores
AY251074 (99%), AJ876482 (99%), ) .
AMC1 5 AJ300331 (99%) Dothideomycetes, Cladosporium sp.
AMC2 4 EF207415 (99%), AJ279480 (99%) Leotiomycetes
AMC3 3 AY 154692 (98-99%), AY278834 (98%) Dothideomycetes, Alternaria sp.
FM875938 (99-100%), AF520641 (99%),
AMC4 3 EU167564 (97%) AMC
AMC5 2 AB273527 (99%) Leotiomycetes, Blumeria graminis
AM901991 (99%), AF435827 (97-98%),
AMCE 2 AJ300336 (97-98%) AMC
EF197817 (99%), DQ680839 (99%),
AMC7 2 DQ680839 (99%), AMC
AMC8 2 AF459728 (100%), U18357 (99%) Eurotiomycetes, Eurotium sp.
AMC9 1 AY373862 (97%) Eurotiomycetes, Aspergillus penicillioides
AMC10 1 U77358 (98%), U77361 (97%) Dothideomycetes, Phaeosphaeria sp.
AMC11 1 FJ553913 (98%) AMC
AMC12 1 AF049088 (95%), DQ435529 (94%) AMC
DQ420814 (99%), AF383953 (97%), . .
AMC13 1 AB433276 (97%) Dothideomycetes, Lophiostoma sp.
AMC14 1 AF 138814 (89%), EU490056 (86%) AMC
AMC15 1 AY590793 (99%) AMC
AMC16 1 DQ683973 (93%), DQ420990 (89%) AMC
AMC17 1 FJ553513 (86%), DQ351724 (85%) AMC
AMC18 1 EU490073 (89%), EU489976 (86%) AMC
AMC19 1 EU041799 (99%) Dothideomycetes, Ramichloridium indicum

AMC20 1 EF187912 (99%) Sordariomycetes, Microdochium nivale
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AMC21 1 EU490089 (98%), 281442 (98%) Leotiomycetes, Poculum henningsianum
AMC22 1 DQ683973 (94%), AM084451 (93%) AMC

AMC23 1 DQ683973 (95%), AM084451 (94%) AMC

AMC24 1 AJ244263 (92%), AJ507323 (88%) AMC

AMC25 1 DQ404349 (95%), AB434662 (94%) AMC

AMC26 1 EU490000 (92%), AY916492 (89%) AMC

AMC27 1 AM262373 (94%), AY265336 (83%) AMC

AMC28 1 EU998929 (95%), EF601602 (95%) AMC

AMC29 1 EU041813 (85%), EU750692 (81%) AMC

AMC30 1 EU035433 (95%), EU035448 (94%) Dothideomycetes
AMC31 1 EF207415 (92%), AJ279480 (92%) Leotiomycetes
(B)

Frequency of

NCBI accession numbers and

oty occurrence similarity scores Class, species

BMC1 5 FJ481021 (96%) Agaricomycetes, Vuilleminia comedens
BMC2 5 AB072233 (99%) Tremellomycetes, Itersonilia perplexans
BMC3 3 AY309018 (99%), AF455480 (98%) Agaricomycetes

BMC4 3 AM160645 (100%), AF444546 (99%) Cystobasidiomycetes, Sporobolomyces sp.
BMC5 2 AY015438 (100%) Microbotryomycetes, Sporobolomyces roseus
BMC6 2 AY740066 (99%), AY740169 (99%) Ustilaginomycetes, Ustilago sp.

BMC7 2 EU622849 (98%) Agaricomycetes, Limonomyces culmigenus
BMC8 1 DQ398959 (99%), FJ481021 (98%) Agaricomycetes, Vuilleminia comedens
BMC9 1 FJ228210 (99%) Agaricomycetes, Phanerochaete sordida
BMC10 1 AB361644 (99-100%) e eoapiors: Phanerochacte

BMC11 1 AY781266 (99%) giqn_angicomycetes, Phanerochaete sordida
BMC12 1 AB072232 (99%) Tremellomycetes, Udeniomyces pannonicus
BMC13 1 DQ200924 (99%) éggg f:)’;’é’gf;fs Botryobasidium

BMC14 1 AY787677 (100%), DQ411533 (99%) Agaricomycetes, Peniophora sp.

BMC15 1 DQ182503 (99%) Agaricomycetes, Panaeolus sphinctrinus
BMC16 1 DQ403253 (97%) Agaricomycetes, Panaeolus sp.



BMC17

BMC18

BMC19

BMC20

BMC21

BMC22

BMC23

BMC24

BMC25

BMC26

AF444322 (85%), AY038835 (85%)
AF444448 (99%), AY052490 (99%)
DQ157700 (99%)
AY618243 (98%), AF210821 (96%)
EF174437 (99%)
AY854063 (99%), DQ000294 (99%)
EU622846 (98%)
AY254874 (89%), AF394919 (86%)
DQ672316 (89%), EU622849 (85%)

DQ873599 (99%)

Tremellomycetes

Tremellomycetes, Cryptococcus sp.
Ustilaginomycetes, Ustilago maydis
Agaricomycetes, Peniophora sp.
Agaricomycetes, Phlebiopsis gigantea
Agaricomycetes, Stereum sp.
Agaricomycetes, Limonomyces roseipellis
Agaricomycetes

Agaricomycetes

Agaricomycetes, Hyphoderma puberum
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Fig. S1. Species richness of airborne fungi: relative proportions of
different phyla at different sampling sites in Puerto Rico, Austria, and
United Kingdom (UK; Inland = TORCH1, Coast = TORCH2).
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Fig. S2. Species richness of airborne fungi: relative proportions of
different classes of Ascomycota at different sampling sites in Puerto
Rico, Austria, and United Kingdom (UK; Inland = TORCH1, Coast =
TORCH2).
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Fig. S3. Species richness of airborne fungi: relative proportions of
different classes of Basidiomycota at different sampling sites in Puerto
Rico, Austria, and United Kingdom (UK; Inland = TORCH1, Coast =
TORCH2).
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