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Global Spore Sampling Project:  
a global, standardized dataset  
of airborne fungal DNa
Otso Ovaskainen et al.#

Novel methods for sampling and characterizing biodiversity hold great promise for re-
evaluating patterns of life across the planet. the sampling of airborne spores with a cyclone 
sampler, and the sequencing of their DNA, have been suggested as an efficient and well-
calibrated tool for surveying fungal diversity across various environments. Here we present 
data originating from the Global Spore Sampling Project, comprising 2,768 samples collected 
during two years at 47 outdoor locations across the world. Each sample represents fungal 
DNA extracted from 24 m3 of air. We applied a conservative bioinformatics pipeline that 
filtered out sequences that did not show strong evidence of representing a fungal species. 
The pipeline yielded 27,954 species-level operational taxonomic units (OTUs). Each OTU 
is accompanied by a probabilistic taxonomic classification, validated through comparison 
with expert evaluations. to examine the potential of the data for ecological analyses, we 
partitioned the variation in species distributions into spatial and seasonal components, 
showing a strong effect of the annual mean temperature on community composition.

Background & Summary
Fungi are one of the most diverse and ecologically important yet unexplored kingdoms of life1. From a practical 
perspective, fungi are infamously hard to sample2 and characterize3. Recent advancements in DNA-based survey 
methods have revolutionized studies on fungal diversity, especially its large-scale patterns4–8. Given that fungi 
occur in nearly every possible environment and substrate, current sampling campaigns and estimates of fungal 
diversity tend to rely explicitly on substrate-specific sampling9. Sampling of soil has been popular given the rel-
ative ease with which the mycobiome of any handful of soil can be characterized through metabarcoding10. Yet, 
whether biogeographic patterns from those substrates broadly reflect patterns in fungal taxa9 or biodiversity in 
general11 is unclear. Additionally, there are significant biases in the geographic areas represented in global stud-
ies12,13, although there have been recent efforts to expand the coverage of understudied regions10.

A recent methodological breakthrough for surveying fungi uses a cyclone sampler to capture fungal spores 
from the air, followed by DNA sequencing and sequence-based species identification14. Air sampling has 
revealed high diversity and stronger ecological signals in community composition of fungi than soil sampling15. 
Air sampling captures any fragments of fungi floating in the air, including the wind-dispersed spores of fungi 
and fragments of hyphae as well as fungal structures attached to other organisms. Consequently, air sampling 
detects fungal dispersal at high temporal resolution. In addition to fungal surveys, the sampling of airborne 
DNA has proved effective in acquiring comprehensive inventories of regional diversity of many other taxa16.

Here we present a global-scale database assembled by the Global Spore Sampling Project (GSSP) that was 
initiated in 2018–201917. The GSSP involves 47 sampling locations distributed across all continents except 
Antarctica, with each location collecting two 24-hr samples per week, in most cases over a period of one year or 
more (Fig. 1A,B). Sampling is conducted with a cyclone sampler, which orients itself in the direction of the wind. 
It collects particles >1 μm in size from the air directly into a sampling tube with a single reverse-flow cyclone. 
For DNA sequencing, we targeted part of the nuclear ribosomal internal transcribed spacer (ITS) region, which 
is the universal molecular barcode for fungi18.

To generate semi-quantitative estimates of DNA content (in units of ng of fungal DNA per m3 of air), we 
applied a spiking approach17 (Fig. 1C). To convert the sequence data into species data, we began by denoising 
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the sequence yield into amplicon sequence variants (ASV19). We then applied probabilistic taxonomic place-
ment using Protax-fungi20,21 to assign ASVs to taxa at ranks from phylum to species. Finally, we used a new 
constrained clustering approach (see Methods) guided by the taxonomic annotations from Protax-fungi to group 
ASVs into species-level operational taxonomic units (OTUs22). This clustering allowed us to assign OTUs to 
previously known and unknown taxa (Fig. 1D). Using a threshold of >90% probability of correct assignment, 
this resulted in 27,954 species-level OTUs, of which 1,392 could be reliably assigned to known species. The GSSP 
data are highly complementary to the Global Soil Mycobiome consortium (GSMc) data10, as among the 10 top 
ranking orders in the GSSP data, only 5 were found in the 10 top ranking orders of the GSMc data (Table 1).

Methods
Data acquisition. The Global Spore Sampling Project (GSSP) consists of a globally distributed network of 
47 sampling sites collecting two 24-hr air samples per week over one to two years (Fig. 1). Each sampling site was 
equipped with a cyclone sampler (Burkard Cyclone Sampler for Field Operation, Burkard Manufacturing Co Ltd; 
http://burkard.co.uk/product/cyclone-sampler-for-field-operation). The sampling sites represent varying climatic 
zones and altitudes. Most sampling sites were located in natural environments, with a few in urban settings. Due 
to logistical reasons, we could not start the global sampling fully synchronously. In some locations, sampling had 
to stop earlier than expected due to external reasons (e.g., storms breaking the equipment or restrictions caused 
by COVID-19 lockdown). See Fig. 1 for realized sampling periods per site.

In October and November 2017, prior to the start of global sampling, a field test was performed in a grassy 
area at the University of Helsinki Viikki campus (60.2278 N, 25.01653E) to evaluate the quantity of fungal DNA 
collected over different time frames and in field blanks handled with and without the use of gloves on the part of 
the human handler. In total we collected seven 24-hour samples, three one-hour samples, and three 10-minute 
samples, in addition to four field blanks handled with gloves and five field blanks handled without gloves. For 
field blanks, Eppendorf vials were installed in the cyclone sampler in the field, but the sampler was not activated. 
The vials were then removed after one minute and sealed. Based on the results of these field tests (see Technical 
Validation), we decided to use a 24-hr sampling period, and to instruct the participating teams to handle the 
samples with gloves.

The functioning of the cyclone sampler and sample preparation procedure is described in detail in 
Ovaskainen et al.17. The cyclone samplers were placed at ground level to ensure free airflow through the sampler. 
The sampler collected particles >1 µm in size from the air directly into a sterile Eppendorf vial. The sampler’s 
average throughput of air was 16.5 L per minute for a total of 23,800 L (23.8 m3) during each 24-hour sampling 
period. After sampling, the vial was removed from the cyclone sampler, the lid was closed, and the vials were 
labelled with the site code and week number. We also recorded the time and duration of the sampling, along 
with notes on the presence of rainwater or larger objects (e.g., arthropods) in the sampling vial. To avoid con-
tamination, gloves were used while handling the samples and the device. Participants were instructed to clean 
the cyclone part of the device monthly with water and soap and to rinse it with ethanol, or to sterilize it with 
dry-heat, chlorine, or UV when such equipment was available.

The samples were stored at −20 °C until shipped to the University of Helsinki, Finland. Shipping was done at 
room temperature. We do not expect much bias across samples due to this approach, as the shipping time was 
relatively short and most shipments were received with a similar delay. In Helsinki, the samples were separated 
from visible arthropods. To avoid losing fungal spores attached to arthropod bodies, the surface of any arthro-
pod present in the sample was rinsed by adding sterile water into the sample tube and vortexing. After washing, 
the arthropods were removed with sterile tweezers. Samples containing any rainwater were dried in a vacuum 
drier (24 h). Prior to drying, each sample was covered with a porous Parafilm to avoid cross-contamination 
between samples. After drying, all samples were sent to the University of Guelph, Canada, for DNA extraction 
and sequencing.

DNa extraction, sequencing, and quantifying DNa amount. A detailed description of DNA extrac-
tion, primers, and sequencing is given in Ovaskainen et al.17. In brief, the target genetic marker, i.e., the ITS2 
region of the rRNA operon, was amplified using the polymerase chain reaction (PCR) for 20 cycles with fusion 
primers ITS_S2F23, ITS3, and ITS424 tailed with Illumina adapters, and sequenced on Illumina MiSeq with 
2 × 300 bp paired end reads. ITS_S2F was included as a second forward primer to specifically amplify plant DNA, 
in order to include pollen as well as fungal spores in the analysis. However, only a small fraction of reads resulted 
from the ITS_S2F-ITS4 amplicon, and so these were removed in the early stages of the analysis and not further 
considered. To quantify the amount of fungal DNA, we applied a spike-in approach17, using nine positive control 
plasmids prepared from synthetic sequences. These sequences were designed to be generally consistent with fun-
gal ITS sequences, but different from all known natural sequences25. The positive synthetic control (0.01 ng/μl) 
containing nine plasmids was spiked into the PCR master mix at a ratio of 1:100 for the first 336 samples. For the 
remaining 2,432 samples, we used a 1:1000 ratio, since the 1:100 ratio produced an unnecessarily high proportion 
of the sequences representing the spikes. This could have compromised the sequencing depth of the targeted 
fungal sequences. We converted the ratio of the non-spike vs. spike-sequences into semi-quantitative estimates of 
DNA amount in units of ng of DNA per m3 of air as described previously17. The resulting estimates of DNA abun-
dance correlated well with a qPCR-based estimate of DNA amount. Each MiSeq run included 84 study samples, 
one negative control sample introduced in the DNA extraction step, and two negative controls introduced in the 
PCR step. The only exceptions were two runs (CCDB-35004 and CCDB-35005) which included three extraction 
negative controls and no PCR negative controls. The same master mix as used for the study samples, including 
synthetic positive controls, was also used for the negative controls.

For the field test samples, DNA was extracted following the same protocol, except that 300 µL of ILB extrac-
tion buffer was used instead of 270 µL, and the final DNA extract was eluted into 35 µL of Tris buffer instead of 
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Fig. 1 Study design and data generation pipeline of the Global Spore Sampling Project (GSSP). (A) The sampling 
design includes 47 sites with a global distribution, with the greatest coverage in Europe (22 sites) and the poorest 
coverage in the Southern hemisphere (6 sites). The airborne fungal samples were collected by a cyclone sampler, 
with each sample consisting of fungal spores filtered from 24 m3 of air during the 24-hr sampling period. (B) The 
study design included weekly samples for a sampling period over one to two years, with some variation among the 
sites caused mainly by logistical constraints. The sites are ordered according to their mean annual temperature. 
(C) We employed a metabarcoding approach to sequence the fungal ITS2 marker and quantified the amount of 
fungal DNA (in units of ng of DNA per m3 of air) using a spiking approach17. (D) We employed a bioinformatics 
pipeline that utilized denoising to obtain amplicon sequence variants (ASVs). We then combined probabilistic 
taxonomic placement with a constrained clustering approach to form species-level OTUs, and to place these 
OTUs in a taxonomic tree to the most resolved taxonomic level possible given the limitations of sequence 
reference databases. This tree consists of three types of branches: taxa that could be reliably assigned to previously 
known (black) and novel (red) taxa, and branches that may belong to either known or novel taxa (grey).

https://doi.org/10.1038/s41597-024-03410-0
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45 µL. Two extraction blanks were also included. A fungal DNA standard was extracted from Fleischmann’s 
Baker’s commercial yeast. Then, approximately one-half package of the commercial yeast was added to 50 mL 
warm water and proofed with sugar until the formation of active foam. Yeast DNA was extracted using an 
abbreviated version of the protocol described above, which omitted the initial ILB extraction buffer and homog-
enization in the TissueLyzer. Instead, six aliquots of 300 µL of yeast suspension were directly transferred to 
900 µL each of 5 M GuSCN binding buffer, incubated at 56 °C for 1 hour in an orbital shaker, and then at 65 °C 
for 1 hour. The six eluates were pooled and quantified using a Qubit fluorometer with the DS DNA high sensi-
tivity kit. The extract, which had a DNA concentration of 2.77 ng/µL, was then diluted to form standards of 1 ng/
µL, 0.1 ng/µL, 0.01 ng/µL, 0.001 ng/µL, and 0.0001 ng/µL. The test samples were quantified by real-time PCR 
(RT-PCR) on a LightCycler96 (Roche) as described in Ovaskainen et al.17, with two replicates of each of the 
standards for calibration.

Bioinformatic processing. Demultiplexed paired-end reads were first trimmed using Cutadapt version 4.226.  
Because of low-quality base-calls at the 5′ end of R2 reads, we removed the first 16 bases from all R2 reads. We 
then trimmed the 3′ end of both reads with a quality threshold of 2 (i.e., remove only N’s), and the 5′ end of R2 
with a quality threshold of 10. Reads were then trimmed to the ITS3-ITS4 amplicon, with a minimum 10 bp 
overlap and error tolerance of 0.2. Primers at the 3′ ends of both reads were optional but read pairs where the 5′ 
primer was not detected (including reads originating from the ITS_S2F-ITS4 amplicon) were removed. Pairs were 
discarded after trimming if either read was less than 100 bases or contained ambiguous bases. Reads were then 
further processed using DADA2 version 1.18.027. First, all pairs where either read matched to the PhiX genome 
were removed, along with reads where R1 contained more than 3 expected errors or R2 contained more than 5 
expected errors. Reads were denoised using separate error profiles fit for each MiSeq run with default param-
eters, and denoised read pairs were merged to form ASVs with a minimum overlap of 10 bp and a maximum 
mismatch of 1 bp. An initial de novo chimera check was performed on the merged ASV table using the DADA2 
“consensus” method27. A second reference-based chimera check was then performed using the “uchime_ref ” 
option in VSEARCH version 2.22.128 with reference Sanger sequences from the UNITE v9database29, as used by 
the PlutoF Species Hypothesis matching pipeline30. The synthetic spike sequences were also included as refer-
ences. Non-chimeric ASVs that were identical except for end gaps were combined, with the most abundant ASV 
sequence taken as representative. ASVs with a sequence similarity greater than 0.9 to SynMock spike sequences 
were identified using the “-usearch_global” command in VSEARCH 2.22.128 and labelled as spike sequences. 
Non-spike sequences were aligned using Infernal 1.1.431 to the covariance model for the combined 5.8 S and 28 S 
rRNA genes from the FunGene pipeline32 which was truncated to include only the region between the ITS3 and 
ITS4 primer sites. Sequences that did not match the full length of the model, or which scored less than 50, were 
discarded. This resulted in a 65,912 ASVs × 2,768 samples matrix, with entries representing read abundance.

A taxonomic affiliation was assigned to each non-spike ASV sequence using Protax-fungi21. This proce-
dure gives assignments at each taxonomic rank from phylum to species, along with a calibrated probability 
that the assignment at each rank is correct. We used the 90% probability threshold for taxonomic assignments. 
Additionally, because Protax-fungi does not include non-fungi in its reference database, we matched ASVs 
to the same UNITE Sanger sequences mentioned above using the “usearch_global” command of VSEARCH 
2.22.128, with a sequence similarity threshold of 0.8. Sequences whose best match was annotated as belonging 
to a kingdom other than Fungi, or which had no match at the given threshold, were annotated as potential 
non-fungi but retained for the next clustering step.

Dataset GSSP GSMc

Phylum Order % rank % rank

Ascomycota Capnodiales 22.0 1 0.8 19

Ascomycota Pleosporales 17.8 2 3.4 9

Basidiomycota Polyporales 10.0 3 0.5 29

Basidiomycota Agaricales 5.9 4 15.8 1

Basidiomycota Tremellales 5.5 5 1.6 16

Ascomycota Helotiales 4.2 6 6.3 3

Basidiomycota Hymenochaetales 3.2 7 0.3 42

Ascomycota Dothideales 2.4 8 0.2 50

Ascomycota Eurotiales 2.0 9 4.3 7

Ascomycota Chaetothyriales 1.8 10 2.8 10

Mortierellomycota Mortierellales 0.06 75 6.3 2

Basidiomycota Russulales 1.0 15 6.0 4

Basidiomycota Thelephorales 0.08 63 5.8 5

Ascomycota Hypocreales 1.0 14 5.0 6

Ascomycota Pezizales 0.09 60 3.4 8

Table 1. The most common orders found in the GSSP data and in the Global Soil Mycobiome consortium 
(GSMc) data10. The table shows the relative abundance (%) of each order, computed as the mean across samples 
of the fraction of reads which were assigned to it, as well as the ranking of the order in terms of its abundance. 
Only orders that rank in the top ten in either of the two datasets are included.

https://doi.org/10.1038/s41597-024-03410-0
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Due to frequent intraspecific sequence variants for the ITS region, ITS-based ASVs are not suitable proxies 
for fungal species33. Consequently, we developed a taxonomically-guided clustering approach using the taxo-
nomic annotations from Protax-fungi to group ASVs into approximately species-level OTUs. Our approach 
also groups sequences, including those without existing taxonomic annotations, into clusters approximating 
each taxonomic rank. First, we calculated optimal single-linkage clustering thresholds for each combination of a 
known taxon at a rank higher than species (henceforth, the “supertaxon”) and a taxonomic rank lower than that 
taxon (“subrank”) using multi-class F-measure optimization as described for the tool Dnabarcoder34. However, 
instead of using BLAST to calculate pairwise distances, as in Dnabarcoder, we based our clusters on a sparse 
pairwise sequence distance matrix generated by the -calc_distmx command in USEARCH 11.0.66735, with an 
initial kmer dissimilarity threshold of 0.4, maximum global alignment dissimilarity of 0.6, and a gap penalty of 1. 
For each supertaxon-subrank combination where there were at least five subtaxa represented by a total of at least 
ten reference sequences, we chose the clustering threshold that generated clusters most closely corresponding to 
the reference identifications. This match was assessed by the multi-class F-measure. Thus, we generated optimal 
thresholds for clustering all fungi into ranks from phylum to species; for clustering each phylum into ranks from 
class to species, and so on.

The ASVs were then clustered in three stages for each taxonomic rank from phylum to species, with the 
species-level clusters forming the final OTUs. In the first step, cluster cores were formed by the ASVs which 
had been assigned to taxa at that rank by Protax-fungi. These cluster cores were used as a reference for a 
closed-reference clustering stage, in which unassigned ASVs were matched to the closest cluster core using the 
optimized sequence similarity threshold for that rank and the nearest enclosing supertaxon. To this aim, we 
applied the “-usearch_global command” in VSEARCH version 2.22.128. We used the same alignment penalties 
for closed-reference clustering as for the threshold optimization clustering above to ensure that distance calcula-
tions were comparable. Iterations were performed until no new matches were found, generating approximately 
single-linkage clusters without merging cluster cores. Finally, in the third step, remaining unclustered ASVs at 
each rank were clustered using de novo single-linkage clustering using distances calculated by USEARCH as 
above, and again using the optimized sequence similarity threshold for the rank and nearest supertaxon. These 
de novo clusters, which we refer to as “pseudotaxa”, were assigned placeholder taxonomic names of the form 
“pseudo{rank}_{number}” (e.g., “pseudogenus_0216” for a cluster at genus rank). At each taxonomic rank after 
phylum, the three clustering stages were performed within the clusters generated at higher taxonomic ranks. 
Thus, two ASVs that were assigned to, for instance, different phyla by Protax-fungi, could not be clustered 
together into the same pseudoclass, even when their sequence similarity was greater than the class-level thresh-
old determined for one or both phyla.

Because the current version of Protax-fungi is trained only to identify fungi and not all eukaryotes, the 
non-fungal sequences were generally unidentified at the phylum level and were grouped into a large number of 
pseudophyla. We used the kingdom-level results from matching to the UNITE Sanger references (see above) to 
classify ASVs as “known fungi”, “known non-fungi”, or “unknown kingdom”, and removed pseudotaxa contain-
ing more known non-fungal ASVs than known fungal ASVs. At the phylum level, pseudotaxa containing only 
ASVs of unknown kingdoms were also removed.

The final result of this process was a 27,954 species-level OTUs × 2,768 samples read abundance matrix, 
along with taxonomic annotations at each rank from phylum to species, including pseudotaxon placeholders. 
The bioinformatics pipeline was implemented using the Targets package version 1.336 in R version 4.2.2.

Data records
The database has been deposited to Zenodo37 and the sequence data are available at ENA European Nucleotide 
Archive38. The database is organized in five datasets in a csv format (columns separated by commas): (1) meta-
data providing the location, date, and time for each sample, along with sequencing depth and other essential 
information (Table 2); (2) species-level OTU tables per sample describing the number of sequences assigned 
to each species (Table 3); (3) taxonomic classification of each species-level OTU (Table 4); (4) closest match-
ing sequences and their taxonomy for ASVs in putatively fungal pseudophyla, which are included in (2) and 
(3) (Table 5); and (5) closest matching sequences and their taxonomy for ASVs in putatively non-fungal pseu-
dophyla, which are not included in the other datasets (Table 6). The first four datasets can be linked to each other 
using the unique sample codes and the unique identifiers for species-level OTUs.

technical Validation
Field tests and negative controls. The median DNA amount measured by RT-PCR in the seven 24-hour 
test samples was 14 fg of DNA. The median DNA content measured in 1-hour samples was 8 fg, and the median 
for 10-minute samples, as well as for field blanks handled without gloves, were less than 3 fg. The median DNA 
quantity measured in the field blanks handled with gloves and the extraction blanks were approximately 0.7 fg, 
and the DNA quantity in the PCR blank was approximately 0.1 fg (Fig. 2A). As these values were standardized 
using genomic DNA extracted from yeast, they cannot be directly translated to other fungi due to varying genome 
size and ITS copy number. Nonetheless, we note that 24-hour field samples had almost 5 times more ITS copies 
than blank samples handled without gloves, and twenty times more than blank samples handled with gloves. In 
the actual study, all samples were handled with gloves.

Of the 99 negative controls, 89% of samples (i.e., 88 samples) did not yield any reads of fungal origin at the 
end of the bioinformatic analysis. For all sequencing runs, at least one negative control sample contained 0 
fungal reads, indicating that the reagents were uncontaminated. The 9 negative control samples that did pro-
duce fungal reads yielded fewer fungal reads than the study samples (Fig. 2B), and, in most cases, these reads 
belonged to only one or two OTUs. OTUs found in negative control samples were all relatively common in the 
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study. They were no more common in the sequencing runs which contained the negative controls than in other 
sequencing runs. This suggests that the most likely source of these reads was infrequent cross-contamination 
from study samples to negative controls. Among the negative controls, sample CCDB-35071NEGPCR2 yielded 
the highest read count: 2,668 fungal reads. All 18 OTUs detected in this sample were also found in sample 
COR_41A with abundances 7–60 times as high as in the negative control. Samples CCDB-35071NEGPCR2 
and COR_41A were processed in the same sequencing run, indicating that the sample COR_41A was likely the 
source of cross-contamination.

Sufficiency of sequencing depth. The mean sequencing depth among the samples was 86,845, and the 
median sequencing depth was 79,396. We recommend conducting analyses with samples yielding at least 10,000 
sequencing reads, which corresponds to discarding 50 samples and thus 1.8% of the samples (Fig. 3A). If rarefying 
all samples to 10,000 sequence reads, a minor loss of species-level OTU richness is observed for the most diverse 
samples (Fig. 3B). Nonetheless, even the most diverse samples were likely sequenced to an adequate depth, as 
illustrated by the well-saturating rarefaction curves (Fig. 3C).

Field name Description

sample.id Unique identifier of the sample

seqrun The run in which the sample was sequenced

site The site of sampling

date The year, month, and day of sampling

yday The Julian day of sampling, ranging from 1 to 365

duration The duration during which the sample was acquired, in hr

water With levels “yes” if the sample contained water and “no.or.NA” if there was no water or the information was missing

insect With levels “yes” if the sample contained insect(s) and “no.or.NA” if there were no insect(s) or the information was missing

unst.tweezers With levels “yes” if the sample was processed with tweezers sterilized accidentally just by water and “no” if the tweezers 
were adequately sterilized

spike_dilution The dilution level of the spike, either 0.01 or 0.001

numnonspikes The number of sequences assigned to non-spikes

numspikes The number of sequences assigned to spikes

dna_amount The inferred total amount of fungal DNA in the sample (log10 transformed)

lat Latitude of the site (decimal degrees)

lon Longitude of the site (decimal degrees)

temp.mean Mean annual temperature of the site (°C)

Table 2. The fields of the metadata table (metadata.csv). The rows of the metadata correspond to the samples.

Field name Description

sample.id Unique identifier of the sample

Remaining fields Unique OTU identifiers

Table 3. The fields of the samples x species-level OTU tables (otu.table.csv). The rows of the OTU tables 
correspond to the samples.

Field name Description

OTU Unique OTU identifier

nsample The number of samples in which the taxon was found

nread The total number of reads assigned to the taxon

kingdom Inferred kingdom (always Fungi)

phylum Inferred phylum

class Inferred class

order Inferred order

family Inferred family

genus Inferred genus

species Inferred species

sequence The sequence of the taxon

Table 4. The fields of the taxonomy tables (taxonomy.csv). Levels of taxonomy that could not be reliably 
assigned to known taxa are indicated by names that include “pseudo”, numbered to allow identifying species that 
belong to the same unknown genus/family/order/class/phylum. The rows of the taxonomy tables correspond to 
the species-level OTUs.

https://doi.org/10.1038/s41597-024-03410-0
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Validation of automated taxonomic classifications by manual expert evaluation. Molecular 
taxonomic identification of fungi from environmental samples is challenging for several reasons21. First, the 
diversity of fungi is enormous, and most species are still unknown to science. Second, reference sequences are 
available only for a subset of the scientifically described species. Third, the systematics of fungi remains partially 
or even largely unresolved and undergoes continuous revisions. Fourth, the reference sequences in standard 
databases contain errors, and a substantial proportion of the reference sequences are mislabelled. Fifth, unlike the 
COI region used for molecular identification of animals, the ITS region does not allow for alignment at deep phy-
logenetic scales (much above the genus level), making sequence comparison more challenging. PROTAX-fungi 
explicitly accounts for all these sources of uncertainty while performing probabilistic taxonomic classification, 
and its validity has been tested by cross-validation experiments21.

Given the taxonomic breadth of the data and the unexplored nature of airborne fungal diversity, we evalu-
ated the validity of the PROTAX classifications by comparing them to taxonomic classifications carried out by 
independent experts. To do so, we first clustered the sequences with 97% similarity threshold and selected the 
most common sequence in each cluster as its representative. We then selected a total of 500 clusters (and their 
corresponding representatives) as follows: (i) 200 sequences that PROTAX could not reliably (with at least 90% 
probability) classify to any known phylum, in which case they are unlikely to belong to the fungal kingdom; (ii) 
50 sequences that PROTAX reliably classified to a known phylum but an unknown class; (iii) 50 sequences that 
were reliably classified to a known class but an unknown order; (iv) 50 sequences reliably classified to a known 
order but an unknown family; (v) 50 sequences reliably classified to a known family but an unknown genus; 
(vi) 50 sequences reliably classified to a known genus but an unknown species; and (vii) 50 sequences reliably 
classified to a known species. Within each category, we selected clusters that achieved the highest prevalence 

Field name Description

ASV Unique ASV identifier

OTU Unique identifier for the OTU which the ASV belongs to

pseudophylum Unique identifier for the phylum-level cluster the ASV belongs to

pseudospecies Unique identifier for the species-level cluster the ASV belongs to

sh_id Unique identifier for the Unite species hypothesis (SH) of the best match to the ASV

dist Sequence dissimilarity between the ASV and the best match. 0.0 = all bases identical, 1.0 = all bases different.

kingdom Kingdom of the best matching sequence, as given in Unite

phylum Phylum of the best matching sequence, as given in Unite

class Class of the best matching sequence, as given in Unite

order Order of the best matching sequence, as given in Unite

family Family of the best matching sequence, as given in Unite

genus Genus of the best matching sequence, as given in Unite

species Species of the best matching sequence, as given in Unite

Table 5. The fields of the fungal pseudophylum table (pseudophyla_fungi.csv). All amplicon sequence variants 
(ASVs) that could not be assigned to a fungal phylum, but which belong to a pseudophylum classified as 
Fungi, are included. These sequences are also represented as OTUs in the main OTU table and taxonomy. For 
each ASV, the closest matching species hypothesis (SH) in Unite is given, along with the classification of that 
sequence in Unite.

Field name Description

ASV Unique ASV identifier

pseudophylum Unique identifier for the phylum-level cluster the ASV belongs to

pseudospecies Unique identifier for the species-level cluster the ASV belongs to

sh_id Unique identifier for the Unite species hypothesis (SH) of the best match to the ASV

dist Sequence dissimilarity between the ASV and the best match. 0.0 = all bases identical, 1.0 = all bases different.

kingdom Kingdom of the best matching sequence, as given in Unite

phylum Phylum of the best matching sequence, as given in Unite

class Class of the best matching sequence, as given in Unite

order Order of the best matching sequence, as given in Unite

family Family of the best matching sequence, as given in Unite

genus Genus of the best matching sequence, as given in Unite

species Species of the best matching sequence, as given in Unite

Table 6. The fields of the nonfungal pseudophylum table (pseudophyla_nonfungi.csv). All amplicon sequence 
variants (ASVs) that could not be assigned to a fungal phylum, but which belong to a pseudophylum classified 
as non-Fungi, are included. These sequences are excluded from the main OTU table and taxonomy and so do 
not have OTU identifiers. For each ASV, the closest matching species hypothesis (SH) in Unite is given, along 
with the classification of that sequence in Unite.
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(i.e., that occurred in the highest proportions of the samples) in the GSSP data. Two authors with fungal taxo-
nomic expertise (Otto Miettinen and Anton Savchenko) then manually performed the taxonomic classification 
of these 500 sequences, up to the taxonomic resolution that they considered possible to reliably achieve. The 
expert assessment was based on the first 100 BLAST hits between the query sequence and reference sequences 
in publicly available gene databases, thus incorporating a larger body of information than just a few top hits. In 
their assessment, the experts accounted for the quality issues in the reference sequences, such as divergent tail 
regions in poorly trimmed Sanger sequences, or chimeric sequences. Furthermore, naming of the sequences 
varies wildly, and experts used their judgement on which sequences to trust as the reference, and to what degree. 
There might be equally good hits under several names, in which case the experts judged which one was most 
likely correct. The best hit might refer to a name that is a collective, not allowing species-level identification with 
certainty. An important criterion in judging the reliability of reference sequences was related to the perceived 
trustworthiness of the sequence authors based on their taxonomic expertise (i.e., their standing in the field). 
As there is no published, up-to-date taxonomy for all fungal taxa, in many cases the experts had access to more 
up-to-date information (e.g., unpublished sources) about the classification, and then used this information when 
deciding on the correct naming at all taxonomic ranks.

The taxonomic experts knew the criteria used to select the sequences, whereas the order in which the 
sequences were provided was randomized, so that the experts did not have a priori information about the 

Fig. 3 Results illustrating the sufficiency of sequencing depth, i.e., the total number of sequencing reads 
(including fungal and spike reads) obtained for each sample. Panel A shows the distribution of sequencing 
depth among the samples, with the dashed vertical line corresponding to the value of 10,000 sequence reads, 
which we recommend using as a threshold for including a sample for analyses. Panel B shows the decrease in 
the number of species-level OTUs if rarefying all samples to 10,000 sequence reads. Panel C shows rarefaction 
curves for all samples that included at least 10,000 sequence reads.

Fig. 2 Results from field tests and negative controls. Panel A shows DNA concentration in the field test samples 
based on either 24-hr sampling, 1-hr sampling, or 10-min sampling, as PCR blanks, extraction blanks, and 
field blanks handled with and without gloves. Panel B shows the distributions of the number of fungal reads 
per sample based on either field samples (green bars), field blanks (blue bars), or lab blanks (red bars). Note the 
logarithmic scale in the x-axis.
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PROTAX classifications. We compared the classifications achieved by PROTAX versus the experts by com-
puting the numbers of consistent and inconsistent classifications for each taxonomic level. The consistent and 
inconsistent classifications were counted separately for each of the following four confidence levels of PROTAX 
identifications: reliable identifications (i.e., those with at least 90% probability of correct classification), plausi-
ble identifications (those with at least 50% but less than 90% probability of correct classification), best hits (the 
classification with highest probability, where the highest probability is at least 1% but less than 50%), and no hits 
(those for which PROTAX did not yield any classification with at least 1% probability).

PROTAX-fungi classifications and expert classifications were highly consistent (Fig. 4). Most importantly, 
out of those 861 cases where PROTAX yielded a reliable classification at a given rank, the classification differed 
from that of the experts in only three cases (0.35% of the cases). Out of the 247 cases for which PROTAX yielded 
a plausible classification, the classification differed from that of the experts in 9% of the cases. Out of the 154 
cases where PROTAX yielded merely a best hit, the classification differed from that of the experts in 21% of 
the cases. Out of those 189 cases that the experts classified as belonging to groups other than fungi (48 cases of 
Viridiplantae and 14 cases of Metazoa) or found impossible to reliably classify as fungi, PROTAX never pro-
duced a reliable phylum-level classification.

Figure 4 shows only cases where the experts classified the sequences to at least the same taxonomic level as 
did PROTAX. However, there were also 29 cases for which the experts considered it possible to reliably classify 
the sequence up to the genus level, but PROTAX provided a reliable classification to the species level. Out of 
these 29 cases, the experts gave an uncertain species-level classification for 15 cases. In each of these cases, the 
classification offered by the experts was consistent with the classification provided by PROTAX. In addition, 
there was one case in which the experts provided only a class-level classification and one case where the experts 
gave an order-level classification, but PROTAX considered it possible to reliably provide also more resolved 
classifications.

Based on these results, we conclude that the taxonomic classifications provided by PROTAX are highly con-
sistent with those carried out manually by experts, but that PROTAX is generally more conservative regarding 
the reliability of the classifications. The difference in the uncertainty assessment is at least partially due to the fact 
that PROTAX explicitly accounts for the possibility that the sequence represents an unknown taxon – and such 
taxa are likely to be common in the global aerial data. As the manual classifications involved only a negligible 
fraction of all the sequences, the classifications published in the database were conducted by PROTAX.

Validation of automated taxonomic classifications by comparison with the Global Biodiversity 
information Facility (GBiF) database. To further validate the reliability of the automated taxonomic 
classifications, we compared the spatial distributions observed in this study to species occurrence records present 
in the Global Biodiversity Information Facility (GBIF) database. The motivation behind this comparison was to 
assess how likely the taxonomic classifications based on DNA barcoding match with classifications conducted 
by earlier research – as based mostly on morphological characters. To evaluate this consistency, we compared 
the spatial distributions of species recorded in this study to those recorded in the GBIF database. Cases where a 

Fig. 4 Comparison between PROTAX and expert classifications. The bars correspond to sequences that experts 
classified to at least the level of phylum, class, order, family, genus, or species. Blue colours correspond to cases 
where PROTAX yielded a classification consistent with the expert classification, and red colours to cases where 
PROTAX yielded an inconsistent classification. The brightness of the colour indicates the level of reliability in 
the PROTAX identification (reliable or plausible, see legend). We note that the number of families is smaller 
than that of the genera, because we have excluded cases where the experts did not provide a classification at 
the family level. Such apparent inconsistencies will appear for the many fungal orders where there are no well-
established family-level classifications. In these cases, the genera are placed directly under the orders.
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difference in the distributions recorded suggested an error in the taxonomic classification were then examined in 
greater detail. To download occurrence records from GBIF, we used the function occ_download of the R-package 
rgbif v3.7.7 with R-version 4.3.1 for the 1,319 species that were reliably identified in our data, and for which 
occurrence data was available in GBIF (GBIF.org. 27 August 2023, GBIF Occurrence Download DOI 10.15468/
dl.t8yn8x, with 6,189,602 occurrences).

Quantifying the consistency between our GSSP data and GBIF data is not straightforward, because the GBIF 
data is presence-only in nature without a well-controlled observation effort. To avoid biasing the results due to 
uncontrolled variation in sampling effort among species and across space in the GBIF data, we applied a 
null-model approach. Here, we constructed a null distribution that described the consistency between the spatial 
distribution of each focal species in the GBIF database and of all non-focal species in the GSSP data. For GSSP 
data, we used the prevalence of a species pi (i.e., fraction of samples in which the species was present) as the 
measure of species abundance for each site i. For the GBIF data, we computed a GBIF-index gi describing how 
frequently the species was observed in the proximity of the site i for each of our sampling sites. To do so, we 
defined gi as the weighted sum over all GBIF occurrences where we weighted each occurrence by −( )exp d

1000
, 

where d is the distance (in kilometers) between the focal site i and the location of the GBIF occurrence. As a 
measure of consistency between the spatial distributions in the two datasets, we then computed the correlation 
between pi and gi over the sites. For each focal species, the observed value is the consistency between the focal 
species in the GBIF data and the focal species in our data, whereas the null distribution encapsulates the consist-
encies between the focal species in the GBIF data and all non-focal species in the GSSP data. As an empirical 
p-value, we computed the proportion of the null distribution instances where the value exceeded the observed 
one. This comparison was carried out for 1,251 out of the 1,319 species, since for 68 species the number of data-
points was too low, resulting in a NA value for the correlation.

Overall, the species distributions revealed by our study were consistent with their known distributions in 
the GBIF database – in the sense that their distributions in the GSSP data coincide more with the distribu-
tions in GBIF than with random distributions (Fig. 5). This comparison also highlights the large number of 
species for which the match is no better than random (as revealed by p-values in the range from 0.05 to 0.95 
in Fig. 5C). This lack of statistically significant matches was expected, as the GBIF data on most fungal species 
derive from opportunistic observations rather than from systematic surveys. The comparison further high-
lighted 14 species (Cystobasidium minuta, Sphaerobolus ingoldii, Gaeumannomyces graminis, Phialemonium 
dimorphosporum, Xenasmatella ardosiaca, Zygoascus hellenicus, Meyerozyma guilliermondii, Candida inter-
media, Trametes polyzona, Lodderomyces elongisporus, Hansfordia pulvinata, Physisporinus vitreus, Scopuloides 
rimosa and Phlebia subserialis) for which the match was worse than expected by random (p-value > 0.95). While 
the proportion of such mismatches are less than expected by chance (since a uniform distribution of p-values 
would lead to 63 such cases), this list identifies candidates for misclassification and were thus examined manu-
ally in more detail.

For two of the mismatches, the inconsistency was most likely explained by erroneous records in GBIF: OTUs 
classified here as Phlebia subserialis and Sphaerobolus ingoldii. The name P. subserialis is known to have been 
applied to multiple biological species of corticioid wood decay fungus that are morphologically similar but 
not very closely related39,40, likely creating erroneous records in GBIF (Fig. 5B). The wood-decaying fungus 
Sphaerobolus ingoldii was described in the 21st century based on DNA evidence, and it is morphologically similar 
to S. stellatus41. We thus assume that the old GBIF observations of S. stellatus in South Africa and Australia might 
be S. ingoldii instead.

For three of the mismatches, we considered the name assigned in GSSP incorrect: OTUs classified here 
as Phialemonium dimorphosporum, Physisporinus vitreus, and Scopuloides rimosa. For these cases, there were 
either exactly matching reference sequences representing multiple species, or there was divergence among 
the PROTAX assignments of the ASVs that were included in the OTU. Thus, in these cases, the classification 
selected by our algorithm was somewhat ambiguous, even when at least one of the ASVs belonging to the OTU 
cluster achieved at least 90% probability of correct classification.

For two of the mismatches (Xenasmatella ardosiaca and Trametes polyzona), our manual inspection revealed 
that we had accidentally imported an incorrect species from GBIF (or only partial data for the focal species), 
whereas the correct data from GBIF actually showed a good match with the GSSP records. Hence, only 12 
(not 14) species in the end showed a mismatch between the two databases. However, to keep our technical 
validation transparent and to point out the range of errors that may take place in automated comparisons, we 
decided to report on these two apparent mismatches here. For the remaining seven mismatches (Cystobasidium 
minuta, Gaeumannomyces graminis, Zygoascus hellenicus, Meyerozyma guilliermondii, Candida intermedia, 
Lodderomyces elongisporus, and Hansfordia pulvinatae), our manual inspection suggested that there was indeed 
a mismatch between the GSSP and GBIF distributions, but it was difficult to judge whether the problem was in 
the GSSP classifications, in the GBIF records, or in both of these, highlighting another common issue in auto-
mated comparisons.

From the comparison between GSSP and GBIF, we conclude that both molecular and morphological clas-
sifications of fungi are challenging. Both databases are indeed likely to have some level of error, especially at 
the species level. Yet, even at the species level, a high proportion of the cases supported the validity of both the 
GSSP and GBIF data by showing that they match better than expected at random. Only for 1% of the cases (12 
out of 1,251) did we find a mismatch that was significant at the p < 0.05 level; the comparison thus supports the 
technical validity of the GSSP data.

Affinity of sequences which could not be assigned to fungal phyla. As described above, ASV 
sequences that could not be assigned to a fungal phylum either by Protax with probability >90% or by clustering 
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Fig. 5 Comparison between GSSP and GBIF data. The upper panels show a visual comparison between GSSP 
data and GBIF data exemplified for a species with a match better than expected at random (panel A: Blumeria 
graminis, correlation = 0.50, p-value 0.04), and for a species with a match worse than expected at random (panel B:  
Phlebia subserialis, correlation = −0.39, p-value > 0.99). For GBIF data, all occurrence records are shown in 
green circles. For GSSP data, all sampling locations are indicated as a blue circle, including locations where 
the species was not observed. In locations where the species was observed, the size of the red circle shows the 
proportion of samples in which the species was observed. The lower panels (C) show a statistical comparison 
for all 1,251 species included in the analysis. The p-value shows the statistical significance of the comparison, 
with small p-values corresponding to cases where the GBIF data for the focal species was more consistent with 
the GSSP data for the focal species than with the GSSP data for a randomly selected non-focal species. The effect 
size shows the correlation between the GBIF data and GSSP data for each focal species. In both panels, the red 
line highlights the null expectation based on no consistency between the GBIF and GSSP dataset, indicating 
that for the majority of the species, the GBIF and GSSP datasets match much better in their spatial distributions 
than expected by random. The frequency bins into which the species exemplified in panels A and B fall are 
highlighted with letters A and B in panel C.
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with other ASVs which were so assigned by Protax were de novo clustered into “pseudophyla”. These pseudophyla 
are expected to contain real fungal sequences which lack close matches in the Protax reference database, as well as 
real non-fungal sequences and sequencing artifacts. Because we are unable to draw confident conclusions about 
the taxonomic affinity of these pseudophyla on the basis of the Protax results, we have included data tables pro-
viding, for each ASV in each pseudophylum, information on the closest matching species hypothesis (SH) in the 
Unite Sanger reference database29, the sequence dissimilarity of that closest match as calculated by VSEARCH, 
and the taxonomy given in Unite (the “best-hit taxonomy”). Although we do not consider the best-hit taxonomy 
to be reliable without extensive manual validation, we also summarize the best-hit taxonomy at the phylum level 
for likely fungal pseudophyla (Table 7) and at the kingdom level for likely non-fungal pseudophyla (Table 8). In 
almost all cases, multiple pseudophyla share the same best-hit taxonomy; however, the best-hit taxonomy within 
each pseudophylum is quite consistent, as indicated by low numbers of “minority” ASVs, especially within the 
fungi. This suggests that pseudophyla (and presumably other pseudotaxa, at least at higher taxonomic ranks) 
are most likely underclustered, in the sense that two sequences which are in the same pseudophylum can be 

Majority phylum # pphy # psp ASVs Mean distance

Basidiomycota 22 131 191 (135/0/2/53) 0.101/–/0.019

unspecified Fungi 60 101 178 (0/21/155/2) –/0.021/0.044

Chytridiomycota 56 115 146 (131/0/9/0) 0.052/–/0.038

Ascomycota 35 71 102 (81/3/13/0) 0.051/0.079/0.059

Rozellomycota 24 57 62 (50/0/4/1) 0.027/–/0.006

Blastocladiomycota 9 33 34 (32/0/0/0) 0.096/–/–

Olpidiomycota 4 13 32 (27/0/0/0) 0.023/–/–

Aphelidiomycota 6 13 20 (20/0/0/0) 0.062/–/–

Mucoromycota 5 5 9 (9/0/0/0) 0.007/–/–

Monoblepharomycota 3 3 3 (3/0/0/0) 0.051/–/–

Zoopagomycota 2 2 2 (2/0/0/0) 0.087/–/–

Table 7. Summary of closest Unite matches for pseudophyla included in kingdom Fungi. Each row summarizes 
pseudophyla according to the most common best-hit phylum (“Majority phylum”) among their constituent 
ASVs. ASV counts are given as “total (majority/minority/unspecified/no match)”, where “total” is the number 
of ASVs included in all such pseudophyla, “majority” is the number of ASVS whose best-hit phylum is the 
majority phylum, “minority” is the number of ASVs whose best-hit phylum is a different named phylum, 
“unspecified” is the number of ASVs whose best-hit sequence is not identified at the phylum level (i.e. “Fungi_
phy_unspecified”), and “no match” is the number of ASVs which had no match at a 20% global dissimilarity 
threshold. Mean distance is similarly given as “majority/minority/unspecified”. No mean distance can be 
calculated for ASVS in the “no match” category. Abbreviations: pphy = pseudophyla, psp = pseudospecies.

Majority kingdom # pphy # psp ASVs Mean distance

Viridiplantae 105 934 3572 (3016/174/331/51) 0.023/0.063/0.027

no match 738 738 1577 (0/0/0/1577) –/–/–

Alveolata 29 105 1553 (1050/4/396/103) 0.051/0.017/0.060

unspecified Eukaryote 222 272 958 (0/124/629/205) –/0.072/0.085

Rhizaria 48 83 360 (139/56/163/2) 0.036/0.075/0.052

Metazoa 49 75 312 (246/0/50/16) 0.089/–/0.098

Stramenopila 24 35 142 (99/1/34/8) 0.066/0.006/0.065

Amoebozoa 3 5 21 (4/0/17/0) 0.022/–/0.047

Cryptista 4 7 15 (4/4/4/3) 0.023/0.029/0.041

Heterolobosa 1 2 7 (6/1/0/0) 0.024/0.003/–

Planomonada 1 1 2 (2/0/0/0) 0.090/–/–

Apusozoa 1 1 2 (2/0/0/0) 0.010/–/–

Glaucocystoplantae 2 2 2 (2/0/0/0) 0.007/–/–

Table 8. Summary of closest Unite matches for pseudophyla not included in kingdom Fungi. Each row 
summarizes pseudophyla according to the most common best-hit kingdom (“Majority kingdom”) among their 
constituent ASVs. ASV counts are given as “total (majority/minority/unspecified/no match)”, where “total” 
is the number of ASVs included in all such pseudophyla, “majority” is the number of ASVS whose best-hit 
kingdom is the majority kingdom, “minority” is the number of ASVs whose best-hit kingdom is a different 
named kingdom, “unspecified” is the number of ASVs whose best-hit sequence is not identified at the phylum 
level (i.e. “Eukaryota_kgd_unspecified”), and “no match” is the number of ASVs which had no match at a 
20% global dissimilarity threshold. Mean distance is similarly given as “majority/minority/unspecified”. No 
mean distance can be calculated for ASVS in the “no match” category. Abbreviations: pphy = pseudophyla, 
psp = pseudospecies.
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confidently assumed to belong to the same phylum, while sequences in different pseudophyla cannot be so confi-
dently assumed to belong to different phyla. Although many pseudophyla include multiple ASVs that cluster into 
multiple pseudospecies, we note that the 738 pseudophyla with no match of less than 20% sequence dissimilarity 
(Table 8) each contains exactly one pseudospecies, although in some cases these pseudospecies do consist of 
multiple ASVs. We suggest that the sequences included in these pseudophyla, which like the rest of the non-Fungi 
pseudophyla are not included in the main data tables, are particularly likely to be sequencing artifacts, although 
some highly divergent unknown taxa may also be included.

Main sources of variation in the data. To evaluate the types of ecological signals present in the data, we 
quantified the main sources of variation. We fitted a generalized linear model to a data set including each 485 
species-level OTU that occurred at least 50 times in the data. We truncated the data to presence-absence and 
applied probit regression with the R-package Hmsc42. As fixed effects, we included log(sequencing depth), the 
mean temperature of the site and its square, and the interaction between latitude and seasonality. We modelled 
“seasonality” with the periodic functions π( )sin 2 d

365
 and π( )cos 2 d

365 , where d is the Julian day of the year.  
As latitude is positive for the Northern and negative for the Southern Hemisphere, we note that the interaction 
between seasonality and latitude appropriately assumes opposite patterns of seasonality in the two hemispheres. 
To capture spatial variation not captured by the annual mean air temperature of the site, we included the site as a 
random effect. We assumed the default prior distributions of Hmsc43 and fitted the models using the Markov 
Chain Monte Carlo (MCMC) procedure42. We included four MCMC chains with 37,500 iterations in each, out of 
which we discarded 12,500 as transient and thinned the remaining iterations by 100, obtaining 250 posterior 
samples per chain and hence 1,000 posterior samples in total. We followed Tikhonov et al.42 to evaluate the mod-
els’ explanatory power with Tjur’s R2 and AUC and partitioned the explained variation to its components 
explained by temperature, seasonality, sequencing depth, and the random effect of the site.

The models achieved a satisfactory model fit, with mean (over the species) AUC = 0.91 and mean Tjur’s 
R2 = 0.18. The annual mean air temperature of the site explained the largest portion of the variation (53%, aver-
aged over the species), followed by the random effect of the site (29%), seasonality (12%), and sequencing depth 
(5%). These results suggest that the data contain a strong ecological signal, as species distributions are strongly 
structured by space – in particular by the annual mean air temperature of the site.

code availability
The data, the bioinformatics pipeline, and the R-pipeline that performs the technical validation are available in 
Zenodo37.
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