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Introduction

Summary

o Arbuscular mycorrhizal (AM) fungi are crucial mutualistic symbionts of the majority of plant
species, with essential roles in plant nutrient uptake and stress mitigation. The importance of
AM fungi in ecosystems contrasts with our limited understanding of the patterns of AM fun-
gal biogeography and the environmental factors that drive those patterns.

e This article presents a release of a newly developed global AM fungal dataset (GlobalAM-
Fungi database, https://globalamfungi.com) that aims to reduce this knowledge gap. It con-
tains almost 50 million observations of Glomeromycotinian AM fungal amplicon DNA
sequences across almost 8500 samples with geographical locations and additional metadata
obtained from 100 original studies.

¢ The GlobalAMFungi database is built on sequencing data originating from AM fungal taxon
barcoding regions in: i) the small subunit rRNA (SSU) gene; ii) the internal transcribed spacer 2
(ITS2) region; and iii) the large subunit rRNA (LSU) gene.

¢ The GlobalAMFungi database is an open source and open access initiative that compiles the
most comprehensive atlas of AM fungal distribution. It is designed as a permanent effort that
will be continuously updated by its creators and through the collaboration of the scientific
community. This study also documented applicability of the dataset to better understand ecol-
ogy of AM fungal taxa.

processes, such as soil aggregation and nutrient retention (Chagnon
et al., 2013; Qiu et al., 2022).

Arbuscular mycorrhizal (AM) fungi, belonging to the phylum
Mucoromycota (Spatafora er al., 2016), represent crucial plant
mutualistic symbionts interacting with >70% of plant species,
including many agricultural crops (Brundrett & Tedersoo, 2018).
This makes them essential for the establishment and productivity
of plants in nutrient-limited soils and for mitigation of plant
stress (e.g. Smith & Read, 2008; Kakouridis ez 2/, 2022). There
are currently 332 described and many more unknown species of
AM fungi (Wijayawardene et al., 2020), which differ in their
beneficial effects on host plants (Kiers ez al, 2011; Koch
et al, 2017) and contribution to a range of other ecosystem

© 2023 The Authors
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Therefore, it is of considerable importance to determine how
environmental factors affect the diversity and distribution of AM
fungi. The advent of high-throughput sequencing-powered meta-
barcoding has enabled researchers to explore the global distribu-
tion of fungi, using fungal-specific primers, targeting the internal
transcribed spacer (ITS) region of rRNA, which is recognized as a
common region for barcoding of fungal taxa (Schoch
et al., 2012). Although there have been several attempts to inves-
tigate global fungal diversity and distribution (Tedersoo
et al., 2014, 2022; Maestre et al., 2015; Vétrovsky et al., 2019),
none of these initiatives provided a thorough description of AM
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fungal communities, because of several reasons. First, PCR pri-
mers designed for amplification of the ITS region of Dikarya
(Ascomycota and Basidiomycota) are suboptimal (often include
several mismatches) for amplification of AM fungi (Kohout
et al., 2014; Lekberg ez al., 2018). Second, shallow sequencing of
fungal communities has been used, resulting in low coverage
of AM fungal taxa potentially due to their smaller DNA share in
soil DNA pool. Third, there is no single and commonly used bar-
code region for delineating AM fungal taxa that is short enough
for sequencing using second-generation high-throughput sequen-
cing methods.

To overcome these limitations, specific primer systems have
been developed for targeted analysis of AM fungal communities.
These often include nested-PCR approach, with AM fungal-
specific primers applied in at least one of the steps and target
three different barcoding regions in genes coding for rRNA
(Kohout et al., 2014; Van Geel et al., 2014; Kolatikova et al.,
2021), part of the small subunit rRNA (SSU) gene, the internal
transcribed spacer (ITS) region, and part of the large subunit
rRNA (LSU) gene. These barcoding regions have been employed
in metabarcoding studies focussed on AM fungal communities
for more than a decade and each with its advantages and disad-
vantages (Opik et al., 2010; Nilsson et al., 2019a).

The majority of studies aiming to describe AM fungal commu-
nity composition have so far relied on sequencing the SSU rRNA
region (Opik et al., 2014), although the other two barcoding
regions have also been repeatedly utilized (see Delavaux ez al.,
2022). Due to the obligatory symbiotic lifestyle, only a subset of
AM fungal species is available in pure culture collections (e.g.
INVAM (Stirmer et al, 2021); BEG, https://www.i-beg.cu/).
Therefore, formally described AM fungal species represent just a
small fraction of the AM fungal molecular diversity characterized
using environmental DNA sequences (Ohsowski ez al, 2014;
Opik et al., 2014). Moreover, AM fungal phylogroups that are
identified only on the basis of their DNA are categorized differ-
ently by studies using different AM fungal barcoding regions,
which limits the direct comparability of such data.

Despite the ecological importance of AM fungi, the global dis-
tribution of AM fungal taxa has not yet been adequately
described (e.g. Davison et al., 2015; Stiirmer et al., 2018). This is
mostly due to large sampling biases towards heavily studied
regions in Europe (e.g. Davison ez al., 2012; Kohout ¢t al., 2015;
Clavel er al.,, 2021), North America (e.g. Lekberg ez al., 2013;
House & Bever, 2020; Rodriguez-Ramos ez al., 2021) and China
(e.g. Xiang ez al., 2014; Jiang ez al., 2018; Fan ez al., 2020), while
many tropical regions or large parts of Asia remain understudied.
Besides that, only a handful of studies has investigated the com-
position of AM fungal communities using metabarcoding at a
global scale (Opik er al.,, 2013; Davison et al., 2015, 2021; Vasar
et al., 2021), all of which used a sparse sampling regime.

A previous attempt to collect and validate published data on
the composition of complete fungal communities was solely
focussed on metabarcoding studies using general fungal primers,
targeting the ITS region of rRNA (Vétrovsky et al, 2020).
Although the resulting freely available GlobalFungi database,
which in its current version includes >57 000 samples from
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> 500 fungal metabarcoding studies, has proven to be a valuable
tool for determining the biogeography of various fungal taxa
(Réblova er al., 2021; Sugiyama & Sato, 2021; Mozzachiodi
et al., 2022; Moulikova ez al., 2023), for identifying non-native
symbiotic fungi associating with alien plants (Vlk ez 2/, 2020a,b)
or for estimating global fungal species richness (Baldrian ez 4/,
2022b), it does not sufficiently represent the distribution and
community composition of AM fungal taxa due to the limita-
tions of general fungal primer systems. As a consequence, only
¢.0.29% of the sequences contained in the GlobalFungi are
assigned to the Glomeromycotina (https://globalfungi.com,
Release 4).

To overcome current limitations of the understanding of AM
fungal community composition at the global scale, we have now
compiled a comprehensive collection of published data on the
composition of Glomeromycotinian AM fungal communities
described by at least one of the three most commonly used mole-
cular markers (SSU, ITS and/or LSU) derived from soil or plant
root samples collected in terrestrial environments. This enabled
us to construct the most complete public dataset currently avail-
able containing information about the diversity of AM fungal
communities and the distribution of AM fungal species or mole-
cular taxa: the novel GlobalAMFungi database (https://
globalamfungi.com). To document the potential applicability of
the GlobalAMFungi database, we used the collated dataset to
address preferences of AM fungal families to different biomes
and substrate types (roots vs soil). As is the case for its sister Glo-
balFungi database, this database is designed as a permanent effort
that will be continuously updated by its creators in collaboration
with members of the scientific community, and it will represent a
permanent source of FAIR (Findable, Accessible, Interoperable,
Reusable) data on the distribution of AM fungi.

Materials and Methods

Studies selection

We explored studies aiming to characterize the composition of
AM fungal communities using metabarcoding of the most com-
monly used barcoding regions. While the ITS region of rRNA is
widely considered to be a suitable molecular marker for describ-
ing general fungal communities, other regions have typically been
used in AM fungal metabarcoding studies. The most widely used
markers have been: the variable regions V4 and V5 of the small
subunit (SSU or 18S) of the rRNA gene; the internal transcribed
spacer (ITS); and the variable regions D1 and D2 of the large
subunit (LSU or 28S) of the rRNA gene (C)pik & Davison,
2016). To make our database comprehensive, we decided to
include all metabarcoding studies using AM fungal-specific pri-
mers targeting one of the three above-mentioned barcoding
regions, published up to 2021.

A publication search was performed in May 2021 using the
following search criteria: ‘arbuscular AND 454; arbuscular AND
Hlumina; arbuscular AND pyroseq*; arbuscular AND PacBio;
arbuscular AND Ion Torrent; glomero* AND 454; glomero*
AND Illumina; glomero* AND pyroseq®; glomero* AND
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PacBio; glomero* AND lon Torrent; arbuscular AND commu-
nity AND sequencing’ on Scopus, Web of Science, and Google
Scholar. The search was limited to publications where the main
text was written in English. This search returned ¢. 500 publica-
tions. Studies, and consequently samples, were only included in
the final dataset where the following criteria were met: (1) the
environmental DNA was subject to high-throughput amplicon
sequencing using AM fungal-specific primers targeting SSU, ITS,
or LSU barcoding regions; (2) samples originated from soil or
plant roots and were not subject to experimental treatments that
artificially modified environmental conditions at the sampled
sites (e.g. experimental manipulation of temperature, precipita-
tion, or nutrient availability in field experiments, glasshouse con-
trolled conditions, and AM fungal inoculation experiments); (3)
the precise geographic location of each sample was available; (4)
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 (5) the sequences were unambigu-
ously assigned to samples. In total, 100 publications contained
samples and sequences that matched our criteria.

High-throughput sequencing data processing

Raw reads from 100 studies, covering 8464 individual samples,
were filtered and trimmed using SEED software v.2.1 (Vétrovsky
et al., 2018). Sequences with a mean PHRED quality score of <20
were discarded. The SEED tool was also employed to search for
the sequence motives, allowing to set required number of mis-
matches. Each sequence was then labelled by the combination of
the sample ID and sequence ID. Sequences were divided accord-
ing to the focal barcoding region into three datasets (SSU, ITS,
and LSU) and then processed independently, that is assigned to
molecular and/or morphological taxa specific to one of the three
regions studied. In case of SSU and ITS regions, the sequences
were assigned to virtual taxa (VT) and species hypothesis (SH),
respectively. These two similar concepts represent grouping of
arbuscular mycorrhizal fungal (in case of VT) and fungal taxa in
general (in case of SH) that are defined based on genetic similar-
ity rather than physical characteristics (Koljalg e al., 2013; Opik
et al., 2014). Neither the VT nor the SH concept is intended to

AMV4.5F
—_—
NS31
—_—
WANDA
—_—
AML1 nu-SSU-0595-5"
—_— —_—
AMADF  AMV4.5NF
— —

SSUmCf ITS1
— —

-

replace the Linnaean classification system. On the contrary, there
is no molecular-based sorting of AM fungal taxa for the LSU
sequences. Therefore, the obtained LSU AM fungal sequences
were classified according to the closest match among AM fungal
OTUs in the curated and most comprehensive reference database
of AM fungal LSU sequences (Delavaux ez al., 2021, 2022).

SSU dataset Altogether, we collected sequencing data and meta-
data from 75 studies that used the SSU marker for AM fungal
community metabarcoding and fulfilled our selection criteria.
Although all authors of the identified papers used the V4 and V5
variable regions of SSU to identify AM fungal taxa, the studies
differed considerably in the applied primer combinations and
sequencing techniques, which resulted in insufficient overlap of
forward and reverse reads of generated sequences among all stu-
dies. To overcome this limitation, we decided to build the SSU
dataset of the GlobalAMFungi database on the V4 variable
region of SSU (Fig. 1). All sequences were subject to a search of
the sequence motif corresponding to the AMV4.5NF primer
(Sato et al., 2005) with two allowed mismatches. The two mis-
matches were allowed to avoid potential loss of some AM fungal
taxa, because of their slight genetic variability in this region. All
sequences were then trimmed to 190 bases downstream of the
searched motif (region common to all selected individual data-
sets). Importantly, the V4 region is characterized by the highest
sequence dissimilarity among AM fungal sequences (Vasar
et al., 2017) and therefore represents a suitable barcoding region
for short reads obtained from the most widely used high-
throughput sequencing methods. The resulting SSU sequences
were classified according to the closest match among representa-
tive sequences of MaarjAM VT (Opik ez al, 2010) using Brastn
(Altschul er al., 1997). We used the most recent release of type
sequences of VT from the MaarjAM database from 5 June 2019,
with a slight correction of some Latin names of the AM fungal
species according to the species list in http://www.amf-
phylogeny.com/ in order to follow up to date taxonomy and
nomenclature. A sequence was classified to one of the AM fungal
VT only when the following criteria were met: sequence coverage
>98% and sequence similarity >97%. All other sequences with
coverage > 95% and similarity >90% to any VT were considered

— ssu [ |

AMDGR AM1
e— ~—
nu-SSU-0948-3' AM1B
AML2
~—

5.8Snew LROR  205f
g —- —
ITS3m LR1 LSU-D2f
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Fig. 1 Ribosome-encoding gene operon with the three target barcoding regions highlighted in blue. The barcoding region in the small subunit rRNA gene
(SSU) covers the V4 variable region; the barcoding region in the internal transcribed spacer (ITS) region covers the ITS2 spacer; and the barcoding region in
the large subunit rRNA gene (LSU) covers the D2 variable region. All PCR primers used for the amplification of one of the three barcoding regions from the
100 surveyed studies are shown in their position along the rRNA operon. For more information, see Supporting Information Table S1, which contains all

information about primers used in the original publications.
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as AM fungi, and they are accessible through a BLAST search in
the GlobalAMFungi database. The number of unique sequences
(termed ‘sequence variants’) accessible in the SSU part of the

GlobalAMFungi database is 14 337 166.

ITS dataset Altogether, we collated sequencing data and meta-
data from eight ITS-based AM fungal community metabarcod-
ing studies that fulfilled our selection criteria. Among these eight
studies, two sequenced amplicons covering the full ITS region
(including ITS1, 5.8S, and ITS2) of rRNA, while in the remain-
ing six studies only the ITS2 region was sequenced. All eight stu-
dies applied AM fungal-specific primers for metabarcoding the
AM fungal communities (Supporting Information Table S1;
Fig. 1). Considering that only two identified studies (with rela-
tively low numbers of samples) used both ITS1 and ITS2, we
built the ITS part of the GlobalAMFungi database on the ITS2
region only. ITS regions were extracted using the PERL script
ITSx v.1.0.11 (Bengtsson-Palme ez al, 2013). Extracted ITS2
sequences were classified according to the closest match among
representative sequences of SH (Koljalg ez al, 2013) from the
dynamic version of the UNITE database (BLASTDBv.5, general
release 9.0 from 16 October 2022) using BLASTN. A sequence was
assigned to an AM fungal SH when the following thresholds were
met: sequence coverage > 98% and similarity >97%. All other
sequences with a best hit to an AM fungal SH were considered as
potential AM fungi and are accessible through a BLAST search in
the GlobalAMFungi database. All sequences that were not
assigned to an AM fungal SH or sequences with a closest BLast
hit to non-AM fungal SH were discarded. The number of
sequence variants accessible in the ITS part of the GlobalAM-
Fungi database is 2563 095.

LSU dataset Altogether, we collated sequencing data and meta-
data from 17 studies that fulfilled our selection criteria and used
the LSU marker for AM fungal community metabarcoding.
Among these 17 studies, six sequenced both the D1 and D2
regions of the LSU, while in the remaining 11 studies, only the
D2 region was subject to amplicon sequencing (Table SI).
Besides this, the AM fungal-specific primers used for amplifica-
tion of even the same barcoding region of LSU varied markedly
among the selected studies (Fig. 1). To overcome the problem of
comparing sequences with highly variable lengths, we built the
LSU part of the GlobalAMFungi database based on the D2
region only. Specifically, we defined the barcoding region for the
LSU part of the GlobalAMFungi database as a DNA sequence
between the binding sites of the FLR3 and FLR4 primers, with
an approximate length of 360 bases. Two mismatches in each of
the searched primer sequences were allowed. All flanking regions
were trimmed from the sequences. Extracted sequences covering
the variable D2 region of the LSU were classified according to
their closest match among AM fungal OTUs in the curated
and most comprehensive reference database of AM fungal
LSU sequences (Delavaux er al, 2021, 2022) using BLastN. A
sequence was assigned to an AM fungal OTU only when:
sequence coverage > 98% and sequence similarity > 97% (Kriiger
et al., 2015). All classified sequences as well as all other sequences
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with a best hit to an AM fungal LSU sequence were retained and
are accessible through a Brast search in the GlobalAMFungi
database. The number of sequence variants in the LSU part of
the GlobalAMFungi database is 1203 288.

Sample metadata

Similar to the GlobalFungi database (Vétrovsky ez al., 2020), we
collected a comprehensive set of sample metadata from the pub-
lished papers, public repositories, or through direct contact with
the authors of individual studies. Samples were assigned to conti-
nents, and all sites were categorized into biomes following the
classification of the Environment Ontology (http://www.
ontobee.org/ontology/ENVO). In addition to the metadata pro-
vided by the authors of each study, we also extracted bioclimatic
variables, mean annual temperature (MAT), and mean annual
precipitation (MAP) from the global CHELSA database (Karger
et al., 2017) for each sample based on its geographic coordinates.
Similarly, soil chemistry characteristics were extracted from the
SoilGrids database (Hengl ez al., 2017). Because pH was found
to be the most relevant soil variable in determining the distribu-
tion of AM fungal taxa (Davison et al, 2021) — and since the
majority of studies focussed on soil AM fungal communities in
the top soil layers — we extracted pH values for the first 5 cm of
the soil horizon from the SoilGrids database (250 m resolution
level). We also provide information about host plant species (if
available in the original publication or on request from the
authors) for samples originating from plant roots. The complete
list of metadata included in the GlobalAMFungi database is pre-
sented in Table S2. Geographic distribution of the samples is
presented in Fig. SI.

Database design

GlobalAMFungi was written in R using package sHINY deployed
by SHINYPROXY (v.2.1.0). Data are stored in the open source rela-
tional database MariaDB (v.10.8.3). The graphical user interface
is accessible through all common browsers and best viewed using
Firefox, Chrome, or Edge.

Statistical analysis

To document one of the potential applicability of the GlobalAM-
Fungi database, we addressed the preferences of AM fungal families
to different biomes and substrate types (roots vs soil). To test the
null hypothesis of no differences in relative abundances of AM fun-
gal families between substrate types (categorical variables with two
levels: root and soil) and biomes (categorical variable with five
levels: cropland, forest, grassland, shrubland, and woodland), we
used linear models. The raw sequence counts of each AM fungal
family were centred log ratio (CLR) transformed using the func-
ton transform of the R package MICROBIOME (Laht & Shetty,
2018) to account for the compositionality of the data and used as
response variables in linear models. In both models (to test the pre-
ferences of AM fungal families to different biomes and substrate

types), we used the dataset based on the amplification of the SSU
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Table 1 Data structure in the GlobalAMFungi database.

i

Sequences® Glomeromycotan taxonomy
Studies Samples All Glomeromycotina Molecular taxa® Species Genera Families
SSuU 75 6912 74 087 884 41879402 338VT 30 13 9
ITS2 8 883 9677 697 6435 286 1033 SH 61 45 15
LSU 17 669 5251848 15619747 58 taxa 38 23 9

*The numbers listed in the ‘Glomeromycotina’ represent sequences, which were assigned to existing AMF VT (in case of SSU), AMF SH (in case of ITS), and
AMF taxa (in case of LSU). The numbers listed as ‘All’ represent all high-quality sequences regardless of their taxonomical assignment.

PMolecular taxa were defined differently among the three selected barcoding regions. Concept of virtual taxa (VT), based on Opik et al. (2010), was used
for sorting of SSU sequences into arbuscular mycorrhizal fungal taxonomical units. Concept of species hypothesis (SH), based on Koljalg et al. (2013), was
used for sorting of ITS2 sequences into arbuscular mycorrhizal fungal taxonomical units. For sorting of LSU sequences into arbuscular mycorrhizal fungal
taxonomical units, we used representative sequences from the LSU database of arbuscular mycorrhizal taxa published by Delavaux et al. (2021, 2022).

target gene. Homoscedasticity and normal distribution of residuals
were verified with visual inspection of residual plots. In all linear
models, significant differences among groups were assessed using
Tuckey’s HSD post hoc test.

To assess whether different target genes (ITS2, LSU, and SSU)
tended to over or underrepresent different AM fungal families,
we first transformed the raw sequence counts to relative abun-
dances and then computed mean and 95% confidence intervals
through bootstrap resampling with replacement (with 1000 itera-
tions), using the functions boot and boot.ci of the R package
BOOT (Canty & Ripley, 2022). Relative sequence counts assigned
to each AM fungal family when using different target genes were
biased by the fact that the reference databases (MaarjAM for SSU
sequences, UNITE for ITS2 sequences, and reference datasets
published by Delavaux et al, 2021, 2022 for LSU sequences)
themselves differed on the representation of different families
(i.e. the number of AM fungal taxa belonging to each family dif-
fered between different target genes). To account for this bias, we
computed the relative number of AM fungal taxa within each
family for each target gene and then subtracted that value to
above-computed bootstrap mean and confidence intervals. If
the difference resulted in negative values with confidence
intervals not overlapping zero, the family was considered under-
represented by the target gene in the GlobalAMFungi database,
as compared to the reference database (e.g. MaarjAM and
UNITE); in contrast, if the difference resulted in positive confi-
dence intervals, the family was considered over-represented by
the target gene; lastly, if confidence intervals included zero, the
representation of the family was considered not different from
the null expectation.

Results

The SSU dataset

Altogether, we collated 6912 samples with data from the focal
SSU barcoding region among the 75 selected studies. In total,
41879402 sequences were assigned to 338 AM fungal VT
(Table 1). The number of sequences assigned to VT, ranged from
1 to 363 607 per sample, with an average value of 6277. A total
of 289 VT were recorded in >30 samples, while 27 VT were
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found in fewer than 10 samples. Sequences that were assigned to
VT from the family Glomeraceae represented 85% of the whole
SSU dataset of the GlobalAMFungi database (Fig. 2), followed
by Claroideoglomeraceae (6.1%), Acaulosporaceae (2.2%), Para-
glomeraceae (2.1%), Diversisporaceae (2%), and Gigasporaceae
(1.8%). While Glomeraceae and Claroideoglomeraceae were
over-represented than expected by chance in the SSU dataset
compared with their representation in the reference database, all
other identified AM fungal families were underrepresented
(Fig. S2). The Glomeraceae were the most diverse AM fungal
family with 238 VT in total.

The majority of samples in the SSU dataset of the GlobalAM-
Fungi database originated from North America and Europe,
while South America was the least represented continent (Fig. 3).
Among countries, the largest share of samples was derived from
Canada (15%), the USA (14%), and China (13%). In total, the

SSU dataset contained samples from 100 countries, but almost
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Fig. 2 Relative sequence numbers of fungal taxa belonging to the most
common arbuscular mycorrhizal fungal families among the three datasets
of the GlobalAMFungi database.
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Fig. 3 Distribution of the samples among geographical regions (top row), sample sources (middle row), and biomes (bottom row) within the three datasets

of the GlobalAMFungi database. Numbers represent sample counts.

half of the countries were represented by one or two samples
only. The samples included in this dataset covered a wide range
of environmental conditions: pH (2.5-9.0), mean annual tem-
perature (—15°C to +29°C), and mean annual precipitation
(20-9700 mm). Biomes were predominantly represented by for-
est and grassland in the SSU dataset, followed by cropland,
woodland, and shrubland (Fig. 3). The less sampled biomes
included tundra and desert. Sample origin was almost equally
split between soil and plant roots (Fig. 3).

The distribution of VT across continents indicated a high pre-
valence of ubiquitous AM fungal taxa. While 147 VT were
recorded from all continents, only 31 VT were identified in sam-
ples originating from a single continent (Fig. 4). The highest VT
richness (316 VT) was recorded from Eurasia, which likely
reflects the biased sampling effort, because more than half of the
samples in the SSU part of the GlobalAMFungi database origi-
nated from this region. Interestingly, the second most VT-rich
geographical region was Africa with 280 recorded VT, although
< 8% of the samples in our database originated from there.

The relative abundance of VT belonging to different AM fun-
gal families differed among the biomes represented in our data-
base (Fig. 5). While Glomeraceae, Claroideoglomeraceae, and
Paraglomeraceae showed a higher preference for biomes domi-
nated by herbaceous and graminoid vegetation (cropland and
grassland), compared with forest, shrubland, or woodland, distri-
bution of Ambisporaceae and Pacisporaceae followed the exact
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Fig.4 Venn diagram visualizing the number of arbuscular mycorrhizal
fungal virtual taxa in the small subunit rRNA dataset of the

GlobalAMFungi database that are unique to or shared between different
geographical regions.

opposite pattern (Fig. S3). Among the other AM fungi families,
the Archaeosporaceae were the least represented in croplands,
while Acaulosporaceae reached the highest relative abundances in
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forests. In all biomes, Glomeraceae accounted for >75% of AM
fungal sequences.

The relative abundance of VT belonging to different AM fun-
gal families also differed between soil and plant roots (Fig. 6).
While Glomeraceae, Ambisporaceae, and Pacisporaceae showed
higher relative share in root compared with soil samples, distribu-
tion of Claroideoglomeraceae, Paraglomeraceae, Diversispora-
ceae, and Archaeosporaceae followed the exact opposite pattern
(Fig. S4). In case of the most abundant AM fungal family, the
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Fig. 6 Relative sequence numbers of fungal virtual taxa belonging to the
most common arbuscular mycorrhizal fungal families in the two sample
sources (roots and soil). Data are shown for the small subunit rRNA
dataset within the GlobalAMFungi database.
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Glomeraceae accounted for >85% of sequences from root sam-
ples, while <70% of sequences were assigned to Glomeraceae in
soil samples.

The ITS dataset

We collated 883 samples with data from the ITS2 among the
eight selected studies. In total, 6435 286 sequences were assigned
to 1033 AM fungal species hypotheses (SH; Table 1). The num-
ber of sequences assigned to SH, ranged from 1 to 90 388 per
sample, with an average value of 7247. A total of 371 SH were
recorded in >20 samples, while 501 SH were found in fewer
than 10 samples. Among the phylogenetic lineages (Fig. 2),
sequences that were assigned to SH from the family Glomeraceae
represented 67% of the whole ITS2 dataset of the GlobalAM-
Fungi database, followed by Diversisporaceae (12%), Archaeos-
poraceae (8.4%), Acaulosporaceae (4.2%), Paraglomeraceae
(2.9%), and Gigasporaceae (2.2%). While Glomeraceae and
Paraglomeraceae were over-represented than expected by chance
in the ITS2 dataset compared with their representation in the
reference database, Acaulosporaceae, Diversisporaceae, and Giga-
sporaceae were underrepresented (Fig. S2). The Glomeraceae
were the most diverse AM fungal family, with 635 SH in total.

All samples included in the ITS dataset of the GlobalAMFungi
database originated from Europe. Among countries, the largest
share of samples was gained from Czechia (68%), France (9%),
and the United Kingdom (7%). In total, the ITS dataset con-
tained samples from 13 countries. The majority of samples were
collected in the grassland biome, and approximately two thirds of
the samples originated from plant roots (Fig. 3).

The LSU dataset

We collated 669 samples with data from the focal LSU barcoding
region among the 17 selected studies. In total, 1519747
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sequences were assigned to 58 AM fungal taxa (Table 1). The
number of sequences assigned to an AM fungal taxon ranged
from one to 473980 per sample, with an average value of
26202. A total of 24 AM fungal taxa were recorded in >20 sam-
ples, while 21 taxa were found in fewer than 10 samples. Among
the phylogenetic lineages (Fig. 2), sequences that were assigned
to representative sequences of AM fungal taxa from the family
Glomeraceae represented 94% of the whole LSU dataset of the
GlobalAMFungi database, followed by Claroideoglomeraceae
(4.1%). Other AM fungal families were represented by <0.5% of
the LSU sequences assigned to AM fungal taxa. While Glomera-
ceae and Claroideoglomeraceae were over-represented than
expected by chance in the LSU dataset compared with their
representation in the reference database, Acaulosporaceae,
Archacosporaceae, Diversisporaceae, Gigasporaceae, and Paraglo-
meraceae were underrepresented (Fig. S2). The Glomeraceae
were the most diverse AM fungal family with 32 taxa in total.

The majority of samples in the LSU dataset of the GlobalAM-
Fungi database originated from North America and Europe, fol-
lowed by South America and a few samples from Asia (Fig. 3).
Among countries, the largest share of samples was gained from
the USA (38%) and Germany (23%). In total, the LSU dataset
contained samples from 11 countries. Biomes were predomi-
nantly represented by cropland in the LSU dataset, followed by
grassland and forest. Sample origin was almost equally split
between plant roots and soil (Fig. 3).

Accessing and analysing the dataset through the
user interface

The user interface at https://globalamfungi.com enables users to
access and analyse the dataset in many ways.

To begin with, the user can apply a “Taxon search’, which offers
two different settings: searching for an AM fungal molecular taxon
or AM fungal species. The ‘Molecular taxon’ option limits the
search to a particular barcoding region, because different AM fun-
gal barcoding regions use different systems to define and assign
AM fungal molecular taxa. While SSU sequences are classified into
VT (Opik et al, 2010), the SH concept was used for ITS2
sequence clusters (Koljalg ez 2/, 2013) and AM fungal sequences
originating from the LSU marker were sorted to molecular taxa
that are named according to the GenBank accession numbers of
the representative sequences (Delavaux er 2/, 2021, 2022). By con-
trast, the ‘Species’ option enables users to search for any AM fungal
species represented in the Global AMFungi database across all three
barcoding regions. As a result of the “Taxon search’, users get a
detailed breakdown of the information about the samples where
the taxon was found and about interacting host plant taxa, in case
this information is available. The distribution of the taxon (we
show that of the AM fungal taxon VIX00215 as an example in
Fig. S5a) can be visualized on a map, which also provides approxi-
mate information about the relative abundance of the taxon within
the AM fungal community. Samples where this taxon was detected
can also be sorted based on selected climatic (Fig. S5b) and soil
(Fig. S5¢) characteristics and compared with the whole GlobalAM-

Fungi dataset to identify the potential ecological preferences of the
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searched AM fungal taxon. The GlobalAMFungi database also
allows postsearch filtering of the data, which, among other things,
allows users to ignore samples where the taxon was found as a sin-
gle sequence (local singleton) or to select a preferred barcoding
region(s). The taxon search also enables users to download a Fasta
file with all sequence variants assigned to the searched AM fungal
molecular taxon. Each sequence variant includes information on
sequence ID; sample IDs where the sequence was detected; and the
abundance of the sequence in samples in its header.

Second, the user can apply a ‘Search by plant’, which offers
searching for an interacting plant species. This search is limited
to SSU dataset only. User can search for 296 plant species. As a
result of the ‘Search by plant’, user gets a detailed breakdown of
the information about the samples similar to the “Taxon search’
described above with possibility to download a Fasta file with all
sequences variants assigned to AM fungal VT.

Third, our sequence search tools enable users to submit their
own sequences and run: a BLAST search for the best hit for up to
100 sequences; or a BLAST search for a single sequence with the
option of displaying results for one, 10, 50, 100, or 500 best hits.
The resulting pages provide the best hit sequences and the possi-
bility of displaying characteristics of the samples where sequence
variants occur, in a similar manner to the results of the “Taxon
search’. Grouped BLAST results provide standard BLrasT results
with a possibility to filter them according to similarity threshold
(Fig. S6). Samples harbouring the closest BLAST hits can be subse-
quently displayed together with environmental and geographical
characteristics similar to the results of a “T'axon search’.

Lastly, besides searching for individual studies, the user can
also select a group of samples directly on the world map using
various drawing tools to retrieve the corresponding sample meta-
data or lists of the AM fungal molecular taxa or species recorded
in the selected samples (Fig. S7). In addition to the tools designed
for searching within the GlobalAMFungi database, users can also
submit their own published data, using the ‘Submit your study’
option. This takes users to instructions and the web interface for
submission.

Discussion

Identifying the environmental drivers of species distribution and
predicting distribution  shifts represents an important step
towards understanding the dynamics of biodiversity under future
environmental conditions. Most comprehensive assessments of
these topics offer global scale studies (e.g. Kreft & Jetz, 2007;
Oliveira et al., 2016; Delgado-Baquerizo ez al., 2018; Tedersoo
et al., 2022) or databases that compile existing information from
various sources (e.g. Jetz et al.,, 2012; van Kleunen ez al., 2019;
heeps://www.gbif.org). Here, we present the newly developed
GlobalAMFungi database, which collates and provides informa-
tion about the distribution of a group of key plant symbionts —
AM fungi — that are of profound importance for ecosystem func-
tioning, responding substantially to global change (Baldrian
et al., 2022a). The database builds on 100 independent published
studies on the composition of AM fungal communities derived
using high-throughput sequencing of soil and plant root material
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from terrestrial environments, and it is made publicly accessible
through a user interface at https://globalamfungi.com.

Recent decades have seen a concerted effort to create databases
compiling and sharing information about where and when spe-
cies have been recorded. One of the largest databases is the Glo-
bal Biodiversity Information Facility (https://www.gbif.org),
which also includes molecular-based data on fungal species distri-
bution from the UNITE database (Nilsson et al, 2019b).
Although the UNITE database has revolutionized the field of
fungal molecular taxonomy, due to the development and imple-
mentation of the SH concept (Koljalg ez 2/, 2013), it is predomi-
nantly built on Sanger-derived nuclear ribosomal ITS sequences
mirrored from the International Nucleotide Sequence Databases
Collaboration (INSDC), which largely excludes information
about fungal species distribution coming from high-throughput
sequencing (HTS) methods (but see Tedersoo ez al., 2021; Nils-
son et al, 2023). The same limitations are also valid for the
SILVA database (Quast ez al, 2012). While SILVA is a great
resource for SSU and LSU rRNA genetic variability over Bac-
teria, Archaea and Eukaryote domains, it cannot be used as a
comprehensive source of information about the distribution of
any species/taxa. To overcome this limitation, we recently devel-
oped the GlobalFungi database, which builds on collected and
validated data published on the composition of fungal commu-
nities, using various HTS methods (Vétrovsky er al, 2020).
However, all these databases largely fail in providing comprehen-
sive information about the distribution of AM fungal taxa. One
reason for this is that AM fungi are underrepresented in metabar-
coding studies focussing on general fungal communities (a parti-
cular problem for the GlobalFungi database); a second reason is
the existence of multiple barcoding regions for delineating AM
fungal taxa (a problem for all databases).

In contrast to studies targeting fungi in general, studies focuss-
ing on AM fungal communities most frequently sequence part of
the SSU region of rRNA, though to some extent the ITS and the
variable part of the LSU region of rRNA are also utilized. This
encouraged Opik ez al. (2010) to create the MaarjAM database,
which gathers molecular-based data on AM fungal species distri-
bution, coming from all three commonly used barcoding regions,
for delimitation of AM fungal taxa. Similar to UNITE, the
MaarjAM database advanced the field of molecular taxonomy of
AM fungi. This was due to the development and implementation
of the Virtual Taxon concept for SSU AM data (Opik
et al., 2014), which provides a valuable resource for AM fungal
community analyses. However, the MaarjAM database does not
fully utilize information about AM fungal species distribution
coming from HTS methods. Our newly developed GlobalAM-
Fungi database builds on the molecular taxonomy approaches
developed by the teams behind the UNITE and MaarjAM data-
bases, together with a reference dataset of LSU sequences of AM
fungal species (Delavaux ez al., 2021, 2022) to classify data from
100 studies that used AM fungal-specific primers together with
HTS methods to metabarcode AM fungal communities. Similar
to the above-listed databases, GlobalAMFungi so far includes
only the Glomeromycotinian AM fungal taxa, while the putative
AM fungi from the Mucoromycotina subphylum (Orchard et 4/,
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2017; Albornoz et al., 2022) might be included in future updates
of the database when the real nature of the symbiosis is described
in more detail (e.g. Hoysted ¢t al., 2023). Compared with the
above-listed databases, GlobalAMFungi provides orders of mag-
nitude more data on the distribution of AM fungal taxa together
with detailed metadata about samples, obtained from original
publications or global databases.

The GlobalAMFungi database includes 8486 samples with
accurate geographical coordinates from 108 countries. As
with other databases that compile fungal occurrence records
(Nilsson ez al, 2019b; Véwrovsky er al, 2020; Tedersoo
et al., 2021), data in the GlobalAMFungi database are biased
towards the traditionally studied regions of Europe and North
America. In order to gain a more comprehensive picture about
AM fungal diversity and the distribution of AM fungal species on
a global scale, the GlobalAMFungi database can be used to iden-
tify underrepresented geographical regions that require attention
in future sampling campaigns (Averill ¢# al., 2022). Among the
most underrepresented regions are tropical areas in South Amer-
ica, Africa, and Southeast Asia. Particularly, striking and concern-
ing is the poor coverage of large areas of temperate grassland in
the Middle East and Asia in the GlobalAMFungi database. These
ecosystems have given rise to a number of crop plants that under-
pin the nutrition of a large proportion of the human population
and that depend on symbiosis with AM fungi (Wu ez al., 2023).
Due to agricultural conversion, the area covered by pristine tem-
perate grassland has decreased to <1% of the original distribu-
tion (Scholtz & Twidwell, 2022). Together with these grasslands,
we also risk losing information about the AM fungi that coe-
volved with the ancestors of our crop plants.

To document the potential applicability of the collated dataset
to gain new insights into AM fungal ecology, we showed putative
preferences of various AM fungal families to the two most com-
monly sampled substrate types, root and soil. The preference of
Glomeraceae, Ambisporaceae, and Pacisporaceae to root over the
soil environment corresponds with previously described higher
root colonization rate of some species from the Glomeraceae
rather than other AM fungal families (Hart & Reader, 2002). On
the contrary, Claroideoglomeraceae, Paraglomeraceae, Diversis-
poraceae, and Archaeosporaceac showed higher relative abun-
dance in soil than plant roots, which indicates their potentially
higher investment into extraradical mycelia and spores than
intraradical mycelia. Investment into the different structures may
determine the relationship of AM fungal species to their environ-
ment. While AM fungi investing relatively more into extraradical
than intraradical mycelia should be favoured on nutrient-poor
sites due to potentially higher ability to benefit their host plants,
AM fungi with high intraradical abundance have been proposed
to provide the host plant with better protection against root
pathogens (Chagnon ez al., 2013).

Arbuscular mycorrhizal fungal families also showed different
preferences to the studied biomes. The most striking difference
was observed between biomes dominated by woody plants on
one side and those dominated by herbaceous vegetation and gra-
minoids on the other. Although this observation corresponds to
previous evidence identifying large difference in AM fungal
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communities between grassland and forest biomes (e.g. Davison
et al., 2015), it goes beyond that. Our results indicate that AM
fungal families, which favour grassland biome, show also higher
relative abundances in croplands compared with woody plant-
dominated biomes. This might indicate that plant growth form
or lifestyle (perennial vs annual) plays more fundamental role in
structuring of AM fungal communities (Davison ez al., 2020)
than land use intensity. However, the observed patterns should
be interpreted with caution, as high variability in biome and sub-
strate type preference may occur on species level.

The GlobalAMFungi database gathers data originating from
diverse sources. Due to the absence of a common barcoding region
for identification of AM fungal taxa, the GlobalAMFungi database
contains sequencing data corresponding to all three (SSU, ITS2,
and LSU) commonly used barcoding regions (Opik et al, 2010).
This limits the full potential of the GlobalAMFungi database to
only those AM fungal species with known reference sequences for
each of the three barcoding regions. Surprisingly, sequences of all
three barcoding molecular markers are currently available for only
a handful of morphologically defined AM fungal species. Thanks
to the independent development of AM fungal molecular taxon-
omy ‘nomenclatures’, specific to the SSU (Opik et al, 2010), ITS
(Koljalg et al., 2013), and LSU (Delavaux et al., 2022) barcoding
regions, AM fungal sequences within the GlobalAMFungi database
can be sorted into parallel molecular taxonomies. To integrate
information about the ecology of AM fungal molecular taxa with
information about the taxonomy and phylogeny of AM fungal spe-
cies, we need a far greater effort in sequencing existing and available
AM fungal species.

Outlook

The recent development of long-read sequencing technologies
has made it possible to generate high-quality sequences spanning
all three commonly used metabarcoding regions of AM fungi
(Kolarikova et al., 2021). By sequencing several variable regions
together with fairly conserved rRNA genes, these long reads will
offer the advantage of robust phylogenetic assignment of short
reads obtained from metabarcoding approaches using a single
barcoding region. These long amplicon reads also raise the possi-
bility of combining the three currently almost independent data-
sets within the GlobalAMFungi — based on SSU, ITS, and LSU
markers — into a single aggregated database.

The presented version of the GlobalAMFungi database repre-
sents a public resource for the scientific community — and a
resource we hope will substandally grow over time. We encou-
rage all researchers to upload their own published metabarcoding
data on AM fungal communities through the interface on the
hteps://globalamfungi.com Website, following the instructions in
the section ‘Submit your study’. Besides this, our team will con-
tinue to add suitable datasets from published studies. Gathered
datasets will be processed, and once per year, a new version of the
updated GlobalAMFungi dataset will be released. This routine
corresponds to our strategy for maintaining and updating the
GlobalFungi database, which grew from >17 000 samples and
> 600 mil. sequences in the first release (Vétrovsky ez al., 2020)
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to > 57 000 samples and > 3500 mil. sequences in the last release
(hteps://globalfungi.com).

Although the GlobalAMFungi database does not seck to pro-
vide resolved taxonomic information for AM fungal sequences,
but rather builds on existing molecular taxonomy approaches,
the data gathered within the GlobalAMFungi database are freely
available to the mycological community and can be easily utilized
by AM fungal taxonomists to delimit novel molecular taxa and
expand current knowledge about the number of AM fungi. Meta-
data associated with the sequences can also be examined to assess
the ecological niches of existing and novel AM fungal taxa. Iden-
tification of distinct ecological niches of closely related novel AM
fungal lineages can then provide valuable evidence for AM fungal
species delineation. The GlobalAMFungi database is maintained
by the same team that created and maintains the GlobalFungi
database, which has already been extensively used in various
fields, including fungal taxonomy, ecology, and biogeography.
Our main goals are to make data about AM fungal species distri-
bution accessible to a range of potential users, to design a user-
friendly interface, and to equip the GlobalAMFungi Website
with features that allow users to obtain relevant information
about the distribution and ecology of AM fungal taxa.
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Fig. S1 Geographic distribution of the samples within the Globa-
IAMFungi database.

Fig. S2 Arbuscular mycorrhizal fungal families over-represented
(bars above and not overlapping with the dashed line) or
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underrepresented (bars below and not overlapping with the
dashed line) in the three datasets (SSU, ITS2, and LSU) within
the GlobalAMFungi database.

Fig. $3 Differences of relative abundances of different AM fungal
families between biomes, based on the SSU dataset.

Fig. $4 Differences of relative abundances of different AM fungal
families between substrate types, based on the SSU dataset.

Fig. 85 Results of the “Taxon search’ tool in the GlobalAMFungi
database for the example taxon VTX00215.

Fig. S6 Screenshot of the ‘Sequence search’ result in the Globa-
IAMFungi database.

Fig. S7 Results of the ‘Geosearch’ function.

Table S1 List of all primers, their sequences, and references from
the collated papers.

Table S2 List of metadata contained in the GlobalAMFungi
database.
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