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Fungi are key players in vital ecosystem services, spanning carbon cycling, decomposition, symbiotic
associations with cultivated and wild plants and pathogenicity. The high importance of fungi in
. ecosystem processes contrasts with the incompleteness of our understanding of the patterns of
. fungal biogeography and the environmental factors that drive those patterns. To reduce this gap of
. knowledge, we collected and validated data published on the composition of soil fungal communities in
. terrestrial environments including soil and plant-associated habitats and made them publicly accessible
. through a user interface at https://globalfungi.com. The GlobalFungi database contains over 600 million
. observations of fungal sequences across > 17 000 samples with geographical locations and additional
. metadata contained in 178 original studies with millions of unique nucleotide sequences (sequence
. variants) of the fungal internal transcribed spacers (ITS) 1 and 2 representing fungal species and genera.
. The study represents the most comprehensive atlas of global fungal distribution, and it is framed in
such a way that third-party data addition is possible.

Background & Summary
Fungi play fundamental roles in the ecosystem processes across all terrestrial biomes. As plant symbionts, path-
ogens or major decomposers of organic matter they substantially influence plant primary production, carbon
mineralization and sequestration, and act as crucial regulators of the soil carbon balance'%. The activities of fungal
communities contribute to the production of clean water, food, and air and the suppression of disease-causing
soil organisms. Soil fungal biodiversity is thus increasingly recognized to provide services critical to food safety
and human health®.
It is of high importance to determine how environmental factors affect the diversity and distribution of fun-
gal communities. So far, only a few studies have focused on fungal distribution and diversity on global scale**.
. Importantly, these single survey studies focused either on a limited number of biomes*?, fairly narrow groups
: within the fungal kingdom®, or were restricted only to fungi inhabiting soil. Although individual studies have
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Fig. 1 Map oflocations of samples contained in the GlobalFungi database. Each point represents one or several
samples where fungal community composition was reported using high-throughput-sequencing methods targeting
the ITS1 or ITS2 marker of fungi. The background map image where the samples are represented is the intellectual
property of Esri and used herein under license. Copyright © 2019 Esri and its licensors. All rights reserved.

the advantage of standardized methodology across their whole dataset, their limitation is in the limited sampling
efforts in space and time that do not allow general conclusions on distribution of fungal taxa. On the other hand,
since the advent of high-throughput-sequencing methods, large amounts of sequencing data on fungi from ter-
restrial environments accumulated along with metadata across numerous studies and allow interesting analyses
when combined’. As an example of this approach, the meta-analysis of 36 papers made it possible to map global
diversity of soil fungi collected in >3000 samples and indicated that climate is an important factor for the global
distribution of soil fungi®. This approach clearly demonstrated the utility of a meta-study approach to address
fungal biogeography, ecology and diversity. In addition, the compilation of these data demonstrated the fact that
symbiotic mycorrhizal fungi that aid cultivated and wild plants to access nutrients, are more likely to be affected
by rapid changes of climate than other guilds of fungi, including plant pathogens® and helped to identify which
fungi tend to follow alien plants invading new environments’.

Here, we have undertaken a comprehensive collection and validation of data published on the composition of
fungal communities in terrestrial environments including soil and plant-associated habitats. This approach ena-
bled us to construct the GlobalFungi database containing, on March 16, 2020, over 110 million unique sequence
variants'® (i.e., unique nucleotide sequences) of the fungal nuclear ribosomal internal transcribed spacers (ITS)
1 and 2, covering > 17 000 samples contained in 178 original studies (Fig. 1). The ITS region has been used as
molecular marker because it is a universal barcode for fungi''.The dataset of sequence variant frequencies across
samples, accompanied by metadata retrieved from published papers and in global climate databases is made pub-
licly available at https://globalfungi.com. To achieve the goal to make published data findable, accessible, inter-
operable and reusable, the user interface at the above address allows the users to search for individual sequences,
fungal species hypotheses'?, species or genera, to get a visual representation of their distribution in the environ-
ment and to access and download sequence data and metadata. In addition, the user interface also allows authors
to submit data from studies not yet covered and in this way to help to build the resource for the community of
researchers in systematics, biogeography, and ecology of fungi.
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Methods

Data selection. We explored papers fitting with a main criterion, i.e., high-throughput sequencing for the
analysis of fungal communities thanks to the ITS region, and that were published up to the beginning of 2019;
in total, we explored 843 papers. The following selection criteria were used for the inclusion of samples (and,
consequently, studies) into the dataset: (1) samples came from terrestrial biomes of soil, dead or live plant mate-
rial (e.g., soil, litter, rhizosphere soil, topsoil, lichen, deadwood, root, and shoot) and were not subject to exper-
imental treatment that artificially modifies the fungal community composition (e.g., temperature or nitrogen
increase experiment, greenhouse controlled experiment were excluded); (2) the precise geographic location of
each sample was recorded and released using GPS coordinates; (3) the whole fungal community was subject to
amplicon sequencing (studies using group-specific primers were excluded); (4) the internal transcribed spacer
regions (ITS1, ITS2, or both) were subject to amplification; (5) sequencing data (either in fasta with phred scores
reported or fastq format) were publicly available or provided by the authors of the study upon request, and the
sequences were unambiguously assigned to samples; (6) the samples could be assigned to biomes according to the
Environment Ontology (http://www.ontobee.org/ontology/ENVO)?. In total, 178 publications contained samples
that matched our criteria.

Processing of sequencing data. For the processing of data, see Fig. 2 and Code Availability section. Raw
datasets from 178 studies, covering 17 242 individual samples were quality filtered by removing all sequences with
the mean quality phred scores below 20. Each sequence was labelled using the combination of a sample ID and
sequence ID, and the full ITS1 or ITS2 fungal region was extracted using Perl script ITSx v1.0.11'%, ITS extraction
resulted in a total of 416 291 533 full ITS1 and 231 278 756 full ITS2 sequences. The extracted ITS sequences were
classified according to the representative sequence of the closest UNITE species hypothesis (SH) using BLASTn",
using the SH created considering a 98.5% similarity threshold (BLASTDBv5, general release 8.1 from 2.2.2019'%).
A sequence was classified to the best best hit SH only when the following thresholds were met: e-value < 10e™,
sequence similarity > =98.5%. All representative sequences annotated as nonfungal were discarded. All repre-
sentative sequences classified to any fungal SH and all unclassified sequences were used to build database library
of unique nucleotide sequences (sequence variants). The number of sequence variants accessible through the
database is 113 423 871.

Sample metadata. Sample metadata were collected from the published papers and/or public repositories
where they were submitted by the authors. In some cases, metadata were obtained from the authors of individual
studies upon request. The samples were assigned to continents, countries, and specific locations when available,
and all sites were categorized into biomes following the classification of Environment Ontology to a maximum
achievable depth for each sample. The complete list of metadata included in the database is presented in Table 1.

In addition to the metadata provided by the authors of each study, we also extracted bioclimatic variables from
the global CHELSA'" and WorldClim 2'¢ databases for each sample based on its GPS location. Since the results
based on CHELSA and WorldClim 2 were comparable, we decided to include those from CHELSA, because pre-
cipitation patterns are better captured in the CHELSA dataset, in particular for mountain sites'®.

For each sequence variant that was classified to SH, fungal species name and genus name was retrieved from
the UNITE database!?, when available.

Data Records
The raw sequencing reads used to create the database are available at different locations (see Table 2).

The database contains two data types: sequence variants (individual nucleotide sequences) and samples. For
each sequence variant, the following information is stored: sequence variant code, identification of samples where
sequence variant occurs and the number of observations, the SH of best hit (when available), fungal species name
(when available), fungal genus name (when available). For each sample, metadata information is stored (Table 1).
Sequence data and metadata are accessible at Figshare'” (GlobalFungi_ITS_variants.zip, GlobalFungi_metadata.
xlsx). All database content is accessible using a public graphical user interface at https://globalfungi.com.

Technical Validation

The technical validation included the screening of the data sources, sequencing data and data reliability. Regarding
the data source screening, the data sources (published papers) were screened to fulfil the criteria outlined in the
Methods section. The dataset was thoroughly checked for duplicates, and for all records that appeared in mul-
tiple publications, only the first original publication of the dataset was considered as a data source. Considering
sequence quality, we have only utilized those primer pairs that are generally accepted to target general fungi (see
Online-Only Table 1)”8. Sequences were quality filtered by removing all sequences with the mean quality phred
scores below 20 and sequences that did not represent complete ITS1 or ITS2 after extraction or those that were
identified as chimeric by the ITS extraction software!® were removed. All representative sequences where the
BLASTn search against the UNITE database'? resulted in a nonfungal organism, were discarded.

For data reliability, the geographic location represented by the GPS coordinates was validated first. For each
sample set, the geographic location of the sample described in the text of the study was confronted with the loca-
tion on the map. For those samples where disagreement was recorded (e.g., terrestrial samples positioned in the
ocean or located in another region than described in the text), the authors of each study were asked for correction.
Studies or samples that could not be reconciled in this way were excluded from the database. The quality of sam-
ple metadata was checked and if they were outside the acceptable range (such as content of elements or organic
matter > 100%), these invalid metadata were removed.
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[ STUDIES SEQUENCING DATA AND METADATA PROCESSING WORKFLOW ]
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Fig. 2 Processing of raw sequencing data for the GlobalFungi database. Workflow of processing of sequencing
data included in the GlobalFungi database.

| INTERNAL TABLES

Usage Notes

The user interface at https://globalfungi.com enables the users to access the database in several ways (Fig. 3). In
the taxon search, it is possible to search for genera or species of fungi or for the 98.5% SH species hypotheses of
UNITE, contained in the general release 8.1 from 2.2.2019. The search results open the options to download the
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Metadata identifier Unit Description of content Source

Sample ID unique identifier generated

Longitude degrees | Geographical longitude original paper

Latitude degrees | Geographical latitude original paper

Conti One of the following: Africa/Antarctica/Asia/Australia/Europe/North America/ .

ontinent : original paper

South America

Sample type One of the following: soil/rhizosphere soil/litter/litter + humus/deadwood/ original paper

pletyp lichen/shoot/root inatpap

One of the following: forest biome/woodland biome/shrubland biome/grassland

Biome biome/desert biome/tundra biome/mangrove biome/anthropogenic terrestrial | original paper
biome/marine biome/freshwater biome/polar desert biome

Sampling year Year of sample collection original paper

Primers Primers used original paper

pH pH original paper

ITS total Number of full ITS sequences extracted generated

MAT (°C) °C Mean annual temperature from CHELSA database CHELSA

MAP (mm) mm Mean annual precipitation from CHELSA database CHELSA

Table 1. List of metadata contained in the GlobalFungi database. The table lists identifiers, units and sources of
metadata contained in the database with the description of their content. The data source “original paper” may
also represent additional metadata provided by the authors of the paper.

Database Accession Identifiers (in superscripts, respectively: dataset reference, study reference(s))

SRP001058'*2° SRP001175%"%%, SRP006078>*!, SRP012868%%°, SRP013695%"%, SRP013944*,
SRP015735°"%2, SRP016090**, SRP026207°>¢, SRP0284047*8, SRP033719°%%%, SRP035356*142,
SRP040314%**, SRP040786">°, SRP041347%7*8, SRP043106**°, SRP043706°!->3, SRP043982°4%,
SRP044665°, SRP045166°*%, SRP045587°°!, SRP045746°*%, SRP045933°465, SRP046049°%7,
SRP0480365-7°, SRP0488567!72, SRP0495447>74, SRP0510337>7%, SRP0522227"75, SRP0527167%%,
SRP0559578152, SRP057433%5, SRP057541%%%¢, SRP058508%”58, SRP058555%*°, SRP058851°"2,
SRP059280%*°¢, SRP060838°>°°, SRP061179°7%%, SRP061305°1%°, SRP061904!°1192, SRP06264710%104,
SRP06371110>19, SRP0641581071%8, SRP065817'%11%, SRP066030!1:112, SRP066284!1>!14, SRP06633111>116,
SRP067301''7118, SRP067367'1*!2°, SRP068514'%122, SRP068608'*>1%4, SRP068620'2>12°, SRP068654'27!28

National Center for
Biotechnology Information
Sequence Read Archive

SRP069065'2%130, SRP069742131:132, SRP070568'%*134, SRP073070!3>13¢, SRP073265'37138, SRP074055!3*14
SRP074496'11:12, SRP075989'4>1%4, SRP0794034>116, SRP079521'47148, SRP080210'4*!%°, SRP080428°1-152
SRP080680'°>15%, SRP08247215>1%, SRP082976!°71%8, SRP0833941°%1¢0, SRP083434!6*161, SRP083901 162163

>
>
>
>
>
>

SRP087715'%4165, SRP090261'%57, SRPO90335!6%16%, SRPO90490!7"7!, SRPO90E51 7173, SRPO91741!74175
SRP091855!76177, SRP091867'7%17%, SRPO92609'50:1%!, SRP092777'$153, SRP93592!54155, SRP093928!5147,
SRP094708!%5-10, SRP97883°12, SRP101553'>14, SRP101605'%51%5, SRP1023781%719%, SRP10241792%,
SRP102775%122, SRP106137292%%, SRP106774%052%6, SRP107174272%5, SRP1077432°219, SRP1091642!1212,
SRP109773%32!4, SRP110522%'521%, SRP110810772!%, SRP1133482'22°, SRP11469722222, SRP114821223224,
SRP115350%2226, SRP11546472722%, SRP115599°22%, SRP117302%-32 SRP118875232*, SRP118960%52%,
SRP119174%¥72%, SRP125864%24%, SRP132277241242, SRP13259124324, SRP1325982245, SRP136886240247,
SRP139483%45249, SRP1427230251, SRP14881322253, SRP15052725255, SRP151262202, SRP1539342525,
SRP160913%%26!, SRP161632%026%, SRP19576426426%

ERP0017132602¢7, ERP00325126526%, ERP003790%%%”!, ERP005177%72273, ERP005905%7427%,
ERP009341%7%77, ERP010027%7%27, ERP010084%251, ERP010743%%253, ERP(011924%%28°,
ERP012017%%25 ERP013208%%2%, ERP013987%°"2°!, ERP014227%>2%3, ERP017480%*2%°,

European Nucleotide Archive

Sequence Read Archive ERP017851202%7, ERP017915%%2°°, ERP019580%"30!, ERP019924%02303 ERP020657%+30%
ERP02251130637 ERP02274230%3%° ERP023275%1%3!11 ERP023718%!231%, ERP023855%!4315,
ERP10613131%37, ERP107634%1831°, ERP107636°1°°20, ERP110188°%1%22, ERP11200732%324
DRA000926°2>326, DRA000937°27:328, DRA001737°2%%3°, DRA 002424332, DRA0024693>3%,

DNA Data Bank of Japan DRA003024%353%, DRA003730%¥7338, DRA004913%°3%, DRA006519°41:32, DRP00278343344,

DRP003138%%5346, DRP005365%748

10.5061/dryad.2£c323%3%, 10.5061/dryad.n82g9**?2, 10.5061/dryad.2343k*****, 10.5061/dryad.
gp302%553%¢,10.5061/dryad.cq2rb®7*%, 10.5061/dryad.8fn8j*****, 10.5061/dryad.216tp>!6>

KAYV00000000.1%¢33¢%, KAYU00000000.1%¢*3°, KAY'T00000000.1¢*3%¢, SAMN0293407837365,
SAMNO02934079368:369

Dryad Digital Repository

GenBank

Australian Antarctic Data

370,371
Center database 10.4225/15/526f42ada05b1

Supplemental Data Hartmann et al. (2012)Supplementary Dat2372 Rime et al. (2016)Fungi-SeasiD,373

Table 2. List of identifiers and source database of the raw sequencing datasets used.

corresponding SH or the corresponding sequence variants. It is also possible to view a breakdown of samples by
type, biome, mean annual temperature, mean annual precipitation, pH, and continents. The results also contain
an interactive map of the taxon distribution with relative abundances of sequences of the taxon across samples
and a list of samples with metadata. Several modes of filtering of results are available as well.

In the sequence search, it is possible to search for multiple nucleotide sequences by choosing if the result will
be the exact match or a BLAST result. The BLAST option gives the possibility to retrieve the sequence variant best
hit in the database, or, when only one sequence is submitted, it is possible to display multiple ranked high score
hits among the sequence variants.
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GlobalFungi Database

# Home

Database version ve. lease version 1.0; Taxonomy based on UNITE version 8.1(2.2.2019); Last update 27.3.2020; First release.
Actual number of samples in database 20009; Studies 207.
Number of ITS sequence variants 119566862; Number of ITS1 sequences 416291533; Number of ITS2 sequences 231278756.
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It is also possible to open individual studies and access their content. Finally, in the Geosearch, users can select
a group of samples on the map, with a range of tools, and retrieve data for these samples (such as the FASTA file
with all occurring sequence variants).

Importantly, the database is intended to grow, both by the continuing activity of the authors and by using
the help of the scientific community. For that, the “Submit your study” section of the web interface enabling the
submission of studies not yet represented is available to users. The submission tool guides the submitting person
through the steps where details about the publication, samples, sample metadata and sequences are sequentially
submitted. The submitted data will be used to update the database twice a year after processing and validation
by the authors. Thus, users submitting their data, besides a precious contribution to mycological progress, will
benefit from making their data accessible to the international scientific community in an easily accessible form
and increasing the visibility of their results. Users can also maximize their visibility by approving to add their
name and affiliation to the online list of collaborators and/or to the GlobalFungi Group Author’ list that will be
mentioned in future publications describing the database content, its development, or metastudies using the
whole database.

Among the possible uses of the GlobalFungi Database, fungal ecologists will be able to link fungal diversity
data with the panel of collected metadata, which should allow them to determine the environmental factors driv-
ing the fungal diversity. This kind of study can be done at different geographic levels, from country scale up to the
entire world, and for all the fungal communities or by focusing on some ecosystem compartments. This should
lead to a better understanding of the biogeography of the fungal diversity. Vétrovsky et al.® brought interesting
findings by doing this for soil fungal communities at the scale of the globe. The evolutionary biologists could
study, for example, the effect of global change on the fungal diversity by comparing the natural versus anthropo-
genic biomes. In addition to focus on the fungal diversity, some studies could trigger specific fungi. Thus, mycolo-
gists could determine the biogeography of one specific fungal species. They could also determine the composition
of the fungal communities associated with the focused species and detect some potential recurrent fungal associ-
ations. The GlobalFungi Database could also speed up the progress in fungal taxonomy by highlighting the exist-
ence of a high number of fungal sequences not currently assigned to species along with environmental metadata
promoting thus the interest in their description.

Code availability
The workflow included several custom made python scripts (labelled by star in the Fig. 2) which are accessible
here: https://github.com/VetrovskyTomas/GlobalFungi.
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