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Lyophyllum consists of rare edible and medicinal mushrooms. Considering this
group’s economic and ecological significance, understanding its biodiversity
could be strategically important. Our analysis involved an extensive
examination of publicly available ITS sequences from NCBI-GenBank and
fungal amplicon sequencing data obtained from NCBI-SRA. At a 98% sequence
similarity level, we deliminated 88 Lyophyllum OTUs, 49 of which were not
categorized as 'known species’. The diversity of Lyophyllum is predominantly
concentrated in the Northern Hemisphere and tends to display endemic
distribution, and Europe is particularly notable for its high diversity of
Lyophyllum. Given the escalating volume of data produced by amplicon
sequencing, employing the amplicon dataset can facilitate an accurate survey
of species diversity in Lyophyllum taxonomy. By using data from amplicon
datasets, the fieldwork time and research funding for taxonomists can be
saved, thereby significantly advancing the progress of the entire field of
biodiversity research.
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1 Introduction

While fungi play diverse roles in ecosystems and are vital for biodiversity, ecological
balance, and environmental health, researchers are just beginning to unravel the processes
that shape the diversity and distribution of their global species (Dihncke et al., 2011;
Tedersoo et al., 2014). Over the past decade, the discovery of several new genera is expected
to complete the system of the Lyophyllaceae, including Australocybe T.J. Baroni, N. Fechner
& van de Peppel, Calocybella Vizzini, Consiglio & Setti, Clitolyophyllum E. Sesli, Vizzini &
Contu, Myochromella V. Hofst., Clemeng¢on, Moncalvo & Redhead, Nigrocarnea P. Sparre
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& Leassoe, Phaeotephrocybe T.J. Baroni, T.W. Kuyper & van de
Peppel, Praearthromyces T.J. Baroni, T.W. Kuyper & van de Peppel,
Sagaranella V. Hofst., Clémengon, Moncalvo & Redhead, etc
(Cooper, 2014; Hofstetter et al., 2014; Vizzini et al., 2015; Li et al.,
2017; Xu et al., 2019; Ye et al., 2019; van de Peppel et al., 2022). The
synapomorphy of Lyophyllum is the presence of siderophilous
granulation in the basidia (Kithner, 1938; Joshi et al., 2021).
Lyophyllum has a global distribution, encompassing more than 40
species (Kirk et al., 2008; He et al., 2019). It includes several rare
edible fungi, such as L. decastes (Fr.) Singer, L. fumosum (Pers.) P.D.
Orton, and L. shimeji (Kawam.) Hongo, etc. Lyophyllum species
play crucial roles in various ecological functions. Traditionally,
Lyophyllum has been regarded as saprophytic, playing important
roles in ecosystems by promoting organic matter decomposition
and nutrient cycling (Kobayashi et al., 2023). Furthermore,
subsequent research has revealed that Lyophyllum shimeji exhibits
ectomycorrhizal characteristics, which can enhance plant nutrient
acquisition efficiency through a symbiotic relationship (Singer,
1986; Ohta, 1994; Kusuda et al., 2004; Tedersoo et al., 2010).
Lyophyllum shimeji thrives predominantly in Pinus, Quercus, and
alpine forests (Ohta, 1994), forming mycorrhizal symbiotic
associations with plant roots (Cooper, 2014). This association
enables L. shimeji to supply plants with water, inorganic salts, and
nutrient absorption, thereby playing a vital role in the dynamics and
evolution of forest ecosystems (Larsson and Sundberg, 2011).

Lyophyllum is known for its abundance of biologically active
substances. Notably, three primary polysaccharides found in L.
decastes have exhibited significant antitumor activities against
Sarcoma 180 (Ukawa et al., 2000) and have also demonstrated
lower blood sugar effects (Miura et al., 2002). In 2022, Ding et al.
completed the structure identification and biological activities of the
new polysaccharide of L. decastes (Ding et al., 2022). Several studies
have identified various active components that can be isolated from
Lyophyllum species (Zhang et al., 2010), making them a promising
and valuable source for new natural medicines (Barros et al., 2008).
Species within the L. decastes complex also exhibit numerous
biological activities (Tel et al., 2015), including radiation
protection, anti-fungal, and antioxidant effects. These effects are
believed to be attributed to bioactive components in their fruiting
bodies, such as ribonucleases and -D-glucans. Wang et al. revealed
that the polysaccharides of L.decastes could alter gut microbiota,
contribute to the antiobesity effects, and provide insights into the
potential therapeutic mechanism in modulating energy metabolism
to enhance energy expenditure (Wang et al., 2022).

Lyophyllum is highly economically valued in Japan, with price
ranking second only to Tricholoma matsutake (S. Ito & S. Imai)
Singer (Larsson and Sundberg, 2011). However, recent factors such
as habitat loss, pine wilt disease, and shifts in forest management
have led to a decline in wild populations of L. shimeji in Japan (Li
et al, 2019). Consequently, there has been a growing emphasis on
the artificial cultivation of Lyophyllum species to meet commercial
demand (Takaki et al., 2014). Furthermore, evidence indicates that
Lyophyllum has gained commercial traction internationally
(Estrada-Martinez et al.,, 2009; Abarenkov et al., 2010). Among
them, Lyophyllum decastes Sing., also known as “Fried chicken
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mushroom” in Europe and “Laifumo” in China, has a rich and
delicate texture, a fragrant aroma, and a delicious taste. It is
abundant in trace elements and offers numerous medicinal
benefits (Xu et al., 2023). In recent years, there has been a gradual
increase in reports regarding cultivation techniques (Pokhrel and
Ohga, 2007a; Pokhrel and Ohga, 2007b; Xu et al., 2023).
Nevertheless, a notable dearth of studies focusing on species
diversity and taxonomy remains. This could be attributed to the
limited macroscopic morphological differences among Lyophyllum
species, making them challenging to distinguish from one another.
Additionally, the sampling challenges of Lyophyllum may pose
difficulties for researchers in locating and documenting
their presence.

Traditionally, species within the Lyophyllum have been
delineated based on morphological characteristics and, more
recently, through mating compatibility studies (Clemencon and
Smith, 1983; Maeta et al., 2008; Vizzini and Contu, 2010). However,
due to the challenges associated with identifying species solely based
on macroscopic traits, there has been an increasing emphasis on
understanding species boundaries within Lyophylloid clades
through phylogenetic analyses. Studies on the Lyophylloid clade
(Hofstetter et al., 2014; Wei et al., 2023), like many assessments of
fungal diversity, heavily relied on data from the nuclear ribosomal
operon, including the internal transcribed spacer region (ITS), the
small subunits of mitochondrial ribosomes (mtSSU), and the
nuclear ribosomal large subunit gene (nLSU) (Hofstetter et al,
2002). However, recent investigations have demonstrated that the
internal transcribed spacer (ITS) and specific regions of the RNA
polymerase II second largest subunit gene (RPB2) yield the most
reliable combination for resolving the systematics of Lyophyllaceae
(Bellanger et al., 2015). Although the mycological research
community has increasingly employed the RPB2 marker in
studies on Lyophylloid fungi, this locus has not yet been utilized
in environmental amplicon sequencing studies. While the
mycological research community continues to gather molecular
data from multiple molecular markers on a global scale, current
efforts have predominantly focused on characterizing fungal species
richness using the ITS region, as agreed upon by the fungal research
community (Schoch et al., 2012; Herr et al., 2015; Hibbett
et al,, 2016).

Considering the economic value and ecological significance of
Lyophyllum, it is imperative to understand its global diversity and
distribution comprehensively. We utilized a widely recognized
environmental barcode marker, the internal transcribed spacer
region (ITS), which has proven to be a valuable tool in fungal
research (Tedersoo et al, 2014). Our analysis encompassed an
extensive examination of publicly available ITS sequences sourced
from NCBI-GenBank and fungal amplicon sequencing data
acquired from NCBI-SRA. Through these efforts, we aimed to
enhance our knowledge of the species richness and global
distribution of Lyophyllum. Consequently, this study was
undertaken with the following objectives: 1) Explore the potential
species diversity of Lyophyllum on the global scale; 2) Provide a
theoretical basis for taxonomy research; 3) Investigate the patterns
and regularity of global distribution within Lyophyllum.
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2 Materials and methods

2.1 Creation of the Lyophyllum dataset
based on the GenBank and
UNITE database

We created the dataset containing all publicly available
Lyophyllum ITS sequences, queried NCBI-GenBank for
“Lyophyllum” with “ITS”, and downloaded all nucleotide
sequences. Then, the correct classification name is verified by
homology 98% similarity comparison in NCBI-BLAST (https://
blast.ncbi.nlm.nih.gov) (Tedersoo et al., 2014). We removed
sequences deposited in NCBI under an incorrect genus-level
designation (Schoch et al., 2020). Finally, all sequences with the
identifier “Lyophyllum” in the UNITE database are also included in
the dataset (Abarenkov et al., 2010).

2.2 Extract Lyophyllum sequences from
public amplicon datasets

All public fungal amplicon sequencing data datasets of the ITS
region were downloaded from the Sequence Read Archive (SRA)
database (https://www.ncbi.nlm.nih.gov/sra, accessed on 22
March 2023). Keywords of “fungi”, “fungal”, “fungus”, and
“ITS” were used to search for the ITS amplicon data. Amplicon
data generated by various sequencing platforms, such as 454
pyrosequencing, Illumina, ABI SOLiD, BGISEQ, Ion Torrent,
and PacBio SMRT, were all included in our analysis. This
provided us with 269 412 samples, and they were downloaded
using Amazon Simple Storage Service (Amazon S3) by each
sample’s Run accessions number (https://www.ncbi.nlm.nih.gov/
sra/docs/sra-aws-download/). Pair end reads were merged using
vsearch v2.8.1 (https://github.com/torognes/vsearch) (Rognes
et al,, 2016). The resulting sequences were quality-checked using
fastp software with default parameters to filter out low-quality
reads (Chen et al., 2018). Chimera detection was performed using
vsearch v2.8.1 and with denovo mode.

Using the most closely related Gerhardtia as the outgroup, the
sequence similarity between Gerhardtia and Lyophyllum was
identified. Moreover, in order to obtain all Lyophyllum sequences
as completely as possible, we used an even lower threshold of 70%
similarity and 40% coverage as the local BLAST parameters
(Johnson et al., 2008; Davis et al., 2015; Stover and Cavalcanti,
2017). At the same time, this method may also have potential
problems, including noise and mismatch or a large amount of
complex data that will impact the accuracy of downstream analysis,
etc (Gold et al, 2023). The BLAST-2.2.29 software package
provided by the National Center for Biotechnology Information
(NCBI) of the United States was installed on the workstations in our
institution to construct a local database (Cock et al., 2015). Both the
ITS1 and ITS2 regions were blasted and extracted, respectively. The
geographic location of each sequence was also extracted from
studies containing Lyophyllum sequences. The extracted
sequences were then aligned and trimmed to a proper length.
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Then the resulting sequences were clustered into OTUs with 98%
similarity using USEARCH 11 (Edgar, 2010; Tedersoo et al., 2014).

2.3 Phylogenetic analyses

The sequences of ITS1 and ITS2 were assembled and aligned
with MAFFT using the -L-INS-i option (Katoh and Standley, 2013).
Before performing phylogenetic analyses, start and end ambiguous
sites were removed, and gaps were manually adjusted to optimize
the alignment by BioEdit v7.1.3 (Hall, 1999). The data set was
subjected to a maximum likelihood (ML) search using IQ-TREE
(Bolyen et al, 2019), with a parametric bootstrap using 1000
replicates under the SYM+G4 model. The species of Gerhardtia,
sister to Lyophyllum, were used to root this phylogenetic tree and to
exclude the sequences that did not belong to Lyophyllum. We define
a well-supported branch as having 70% or higher bootstrap support.
The location associated with each species was mapped onto each
phylogenetic tree using the ‘ggtree’ package (Yu et al., 2017) and the
‘UpSetR’ package (Conway et al, 2017) within the R 4.2.3
environment (R Core Team, 2021).

3 Result

ITS1 region showed low discriminatory power for identifying
Lyophyllum, and the ITS2 region with higher variability was used
(Borman and Johnson, 2021). At a 98% sequence similarity level, 88
Lyophyllum OTUs were recovered, and the known species
discovered so far are all in Clade A,of which Clade a (Lyophyllum
decastes complex s.l.) contained 30 Lyophyllum OTUs, of which the
species of L. fumosum, L. shimeji, L. decastes, L. subdecastes,
Tephrocybe impexa, L. paelochroum, L. caerulescens, L. semitale
can be annotated. Clade b contained 17 Lyophyllum OTUs, of which
the sequence of T. cf. anthracophila can be annotated; Clade c
contained 36 Lyophyllum OTUs, of which the species of L. cf.
helvella, L. caerulescens, L. cf. pallidum, L. infumatum, L.
rhombisporum, L. macrosporum, L. transforme, L. aemiliae, L. cf.
aemiliae, L. pulvis-horrei, L. semitale, L. subalphinarum, L.
maleolens can be annotated; Clade B contained 5 Lyophyllum
OTUs, there are no species of the genus that can be annotated
(Figure 1). By constructing a local BLAST using the sequences from
published articles (Johnson et al., 2008), 49 Lyophyllum OTUs were
discovered. Among them, there are 12 Lyophyllum OTUs in Clade
a, accounting for 40% of the total species in Clade a. In Clade b,
there are 16 Lyophyllum OTUs, representing 94.12% of the total
number of species in Clade b. Clade ¢ contains 14 Lyophyllum
OTUs, making up 38.89% of the total number of species in Clade c.
Finally, Clade B consists of 5 Lyophyllum OTUs, representing 100%
of the total number of species in Clade B.

Europe is the most species-rich geographical region, boasting 48
species. North America and Asia exhibit similar numbers of species,
with 29 and 26, respectively. Conversely, the southern hemisphere
demonstrates significantly lower species diversity, with six species.
Substantial discrepancies in unique species were found across
different regions (Supplementary Figure S3). Europe harbors 29
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FIGURE 1

Phylogenetic trees illustrate the relationship of each species. Maximum likelihood phylogeny constructed from the ITS2 region using one exemplar
sequence per species. One species of Gerhardtia, sister to all other Lyophyllum species, was used to root this phylogeny. Well-supported branches
(greater than 70% bootstrap support) are thickened. The name of the annotation has a homology of over 98%, so there may be one or more names
corresponding to OTUs. Different colors represent different groups, where Clade a represents Lyophyllum sect. Difforma, Clade b represents
Lyophyllum sect. Tephrophana, Clade c represents Lyophyllum sect. Lyophyllum, Clade B represents previously undiscovered subgenus

taxonomic groups.

L. of. pallidhum & L.
Lyophyllum3 & L. subalpinarum & L. semitale.

jophyllum 80 & undescribed
4 ophyllum 78 & undescribed

Lyophyllum 81 & undescribed
Lyophyllum 31 & undescribed

distinctive species, whereas Asia and North America possess 11 and
13, respectively. Oceania, in contrast, has only two exclusive species,
Lyophyllum_66 and Lyophyllum_69. Within the northern
hemisphere, there is a frequent exchange of Lyophyllum species.
Among them, Asia, North America, and Europe share seven species;
North America and Europe share five species; Asia and Oceania
share one species; North America and Oceania share one species,
namely Lyophyllum_27, which was not annotated by any known
species. Europe and Oceania share one species, Lyophyllum_5,
which was annotated by L. caerulescens, L. paelochroum, and L.
semitale. Moreover, two species, namely Lyophyllum_1, and
Lyophyllum_3, distributed across all four continents,
Lyophyllum_1 was annotated L. shimeji and L. fumosum,
Lyophyllum_3 was annotated L. subaloinarum and L. semitale

(Supplementary Table S1).
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Compared to other biogeographic regions, the prevalence of
species sharing is higher among European biogeographic regions.
The most notable species sharing was between Southern Europe
and Western Europe. No significant differences were observed in
the species sharing among other biogeographic regions within
Europe (Figure 2A). In Asia, seven species exist between South
Asia and East Asia; Southeast Asia, South Asia, and East Asia share
two species, Lyophyllum_2 and Lyophyllum_77, which were not
annotated by any known species (Figure 2B). North America,
Canada, and the United States shared relatively more species,
with eight shared species (Figure 2C). Only one species
(Lyophyllum_27, which was not annotated by any known species)
was shared in Oceania between Australia, New Zealand, and Papua
New Guinea (Figure 2D). Four species were specifically distributed
in Southern, Western, Northern, and Eastern Europe. In Asia, 14
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o
BEEasiem Europe

I Northern Europe
I Westem Europe

Species richness in each biogeographic region. Bar illustrated the total species richness within each biogeographic region and the combined
richness across multiple regions. (A) Different regions of Europe; (B) Different regions of Asia; (C) Different countries of North America; (D) Different
countries of Oceania. The species diversity represented by each vertical bar corresponds to the number of species exclusively found in the
biogeographic regions matching the colored circles below. The species diversity depicted by the horizontal insets corresponds to the overall species

number within each biogeographic region.

regionally specific species were mainly distributed in East Asia.
Eleven regionally specific species in North America are primarily
distributed in the United States. Papua New Guinea is the primary
location in the southern hemisphere, with four regionally
specific species.

Eleven out of the 88 annotated species did not have geographic
locations (Figure 3), and most of these Lyophyllum species were found
to be distributed in the Northern temperate regions. The most
abundant species were Lyophyllum_10, Lyophyllum_2, Lyophyllum_1,
and Lyophyllum_11, each comprising over 50 geographic records, with
95, 94, 61, and 54 records, respectively. Furthermore, Lyophyllum
species were also observed in tropical regions, such as South China
and India in Asia, Costa Rica in North America, and Papua New
Guinea in Oceania. Among these tropical regions, Papua New Guinea
exhibited the highest number of species, with six identified species.
Remarkably, our database even discovered Lyophyllum species in the
Arctic region. These species include Lyophyllum_26 from Norway,
Lyophyllum_27 from the United States, and Lyophyllum_43 from
Finland. Lyophyllum_4 and Lyophyllum_26 fall within clade 1 in the
phylogenetic analyses, representing the Lyophyllum decastes complex.
Moreover, Lyophyllum_27, as a widely distributed species, spans all
climatic zones outside of Antarctica. Such occurrences are relatively
rare and have not been reported within the known taxonomic studies
of the Lyophyllum (Figure 3). At the base of the phylogenetic tree,
Lyophyllum_33, Lyophyllum_56, Lyophyllum_67, Lyophyllum_78,
Lyophyllum_80, and Lyophyllum_90 were only found in
Europe (Figure 4).
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4 Discussion

Previously, morphological, isoenzyme testing, and phylogenetic
analyses were primarily employed to assess diversity and global
abundance in Lyophyllum (van de Peppel et al., 2022; Wei et al,
2023). In this study, we utilized the ITS marker region of amplicon
sequencing studies to explore global potential species richness and
distribution (Supplementary Figure S2). The ITS region is widely
applied in fungal molecular ecology and is the most widely used in
public databases (Baldrian et al., 2022). Moreover, there is a
growing recognition of the importance of using ITS for
identifying and building comprehensive databases for barcoding
macrofungal collections (Li and Wang, 2019). Therefore, the
advantage of this approach lies in its ability to capitalize on an
increasing number of publicly available datasets, particularly those
utilizing the ITS region, derived from fungal ribosomal DNA
barcoding and metabolic code encoding. Despite potential errors
in fungal community assessments, ITS amplicon sequencing
remains widely utilized in current research (Yang et al., 2018).
Consequently, future studies should strive to promote the use of
diverse targets in sequencing-based fungal ecology research. The
increasing number of investigations will resolve fungal diversity
through high-throughput amplicon sequencing (Taylor et al., 2016;
De Filippis et al., 2017; Johnston et al., 2017). Thus, accurate and
reliable community sampling is essential for deriving meaningful
insights and exploring ecological and biological studies (Koch and
Herr, 2021).
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Using ITS as a marker for Lyophyllum phylogenetic studies has
limitations due to its relative conservatism, which renders it unable
to distinguish similar species (Bellanger et al., 2015). Our findings
confirm this point, especially when distinguishing L. infumatum, L.
macrosporum, L. semitale, and L. aemiliae, etc. (Figure 1). However,
an alternative explanation for this observation may not be poor
marker resolution but rather the misutilization of names deposited
in GenBank (Bidartondo, 2008). Although our results indicate that
ITS can provide similar delineation results to morphologically
based classifications in Lyophyllum, ITS is overestimated in many
other species delimitations (Bachy et al., 2013). Species delineation

is best achieved using large datasets with multiple gene markers
featuring diverse characteristics—a strategy that has shown success
in Lyophyllum. Previous studies emphasized the necessity for
additional fungal ecological markers and sequence analyses
developed from fungal genomics and transcriptome research
(Perez-lzquierdo et al, 2017; Kauserud, 2023). We must admit
the limitations of determined potential species by ITS marker
regions, as well as limitations of single-gene phylogenetic analyses
in previous studies and questions about the reliability of GenBank
data submission information. Thus, we propose that further
taxonomic efforts are best achieved through an integrative
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Stacking bar chart of potential species in the Lyophyllum and distribution linked to each sequence. The color of the corresponding columnar
corresponds to the biogeographic region. The size of the columnar is scaled by the number of sequences that were grouped into a particular

potential species from a particular region.
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approach that combines morphology, mitochondrial genomics, and
systematic genomic data (Zhang et al., 2020; Li et al,, 2021).

OTUs to differentiate potential species boundaries is a
challenging problem in fungal ecology, taxonomy, and phylogeny
(Mysara et al, 2017). The potential species were similar to the
reference sequences for the ITS region in the UNITE database and
were generated by clustering homologous sequences with a
similarity of 98.0% (Eisfeldt et al, 2020). Similar to the UNITE
database and other databases of ribosomal operons, the potential
species are very close to the real species, but the assignment is
arbitrary (Koch and Herr, 2021). Here, we manually match species
names for potential species or OTUs. Although we assign them in
Figure 1, these should only be considered accurate when
incorporating multiple factors, such as multilocus or genome
sequence data, as well as morphology and mating studies (Hibbett
et al., 2016).

Mbareche et al. employed two eukaryotic genomic ribosomal
DNA regions, ITS1 and ITS2, to describe fungal diversity in aerosol
samples using amplicon datasets (Mbareche et al, 2020). They
indicated that the barcodes evaluated were not flawless in
distinguishing all species, but both barcodes provided a more
comprehensive understanding of fungal aerosol populations. In
contrast, we aim to ensure the rationality of potential species
diversity predictions and the adequacy of using ITS as a marker to
characterize the diversity of Lyophyllum. The high-throughput
sequencing of PCR amplicons derived from environmental DNA
has become an indispensable aspect of fungal ecology, aiding in the
comprehensive characterization of fungal communities (Itskovich
et al,, 2013; Tedersoo et al., 2014; Mikryukov et al., 2023). In most
cases, the ITS region serves as a DNA barcode marker with a
longstanding history in fungal systematics (Schoch et al., 2012).
Despite advancements in sequencing technology and bioinformatics
methods, the utilization of single-gene locus DNA markers still
presents inherent limitations frequently overlooked, as a single
molecular marker has certain constraints in species delineation
within the field of taxonomy (Liu et al., 2021; Zhao et al,, 2023).
Therefore, when employing ITS amplicons, consideration must be
given to the fundamental characteristics of the ITS region, as well as
the errors and biases introduced during amplification (Koch and
Herr, 2021). Another possible scenario that could lead to changes is
the grouping of ASV's within OTUs. However, Zhang et al. have found
that ASV grouping has a relatively minor impact on studies at higher
taxonomic levels (phylum) and can also enhance the explanatory
power of environmental factors on microbial communities (Zhong
et al., 2022). Ongoing research involves the extensive survey of ITS
sequences in public databases, leading to the design of new ITS
primers. These primers, compared to existing ones, exhibit improved
coverage across different fungal taxa, enabling selective investigation
of fungal communities in mycorrhizal, soil, and other environmental
samples (Mourgela et al, 2023). This contributes to laying the
groundwork for ecological studies on fungal diversity and
community structure in the era of large-scale DNA sequencing.

Research on species within the Lyophyllum has predominantly
focused on morphology, biological characteristics, and phylogenetic
analyses (Ohta, 1994; Bellanger et al, 2015; Wei et al., 2023).
However, no global-scale study has been undertaken to
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comprehensively explore the diversity of Lyophyllum. In this
study, we adopted an integrated approach utilizing the global
amplicon sequencing database to delve into the worldwide
diversity and distribution of Lyophyllum species. This
encompasses the data obtained through amplicon sequencing,
which will facilitate species identification and contribute to
creating a more comprehensive database (Koljalg et al., 2019). An
advantage of this approach lies in the capacity to harness an
expanding array of publicly available datasets. However,
compared to other genera within the Agaricales, Lyophyllum
exhibits a relatively limited number of species (Clericuzio et al,
2013; Wu et al, 2019). Furthermore, current community
sequencing efforts may not fully represent all the basidiocarps of
Lyophyllum species, implying that with increased sampling efforts,
additional species are likely yet to be uncovered (Figure 5)
(Hawksworth and Liicking, 2017).

Furthermore, the massive number of amplicon sequencing
samples means a vast number of geographic locations
sampled. Our method is not limited to the study of Lyophyllum,
and other fungal potential diversity; in general, research on the
diversity of bacteria, fungi, and plant pathogens can also benefit
from this approach (Koch and Herr, 2021; Li P. et al., 2023;
Mourgela et al,, 2023). Given the increasing amount of data
generated by amplicon sequencing, although resources can be
saved based on existing sequence databases, it should be noted
that amplicon sequencing itself is costly and has clear
disadvantages compared to field research, such as difficulty in
accurately identifying species, and the greater difficulty of
distinguishing closely related species (Lam et al., 2020).
Therefore, to overcome the limitations of amplicon data in
species identification and ecological surveys, future research
could combine amplicon data with field investigation as much
as possible. Field investigation can provide valuable sample,
ecological, and climate information, while high-throughput
sequencing technology of amplicon data can help better
understand the distribution of potential species. This can fully
leverage the advantages of both methods, improve the accuracy
and reliability of species identification and ecological surveys, and
provide a more effective scientific basis for biodiversity
conservation and ecological environment monitoring (Vierheilig
et al., 2015; Banchi et al., 2022).

The data derived from the analysis of the ITS2 region showed
the presence of 88 species within the Lyophyllum, of which 49 were
unannotated to the ‘known species’. These findings complemented
the results obtained from previous taxonomic and phylogenetic
studies. In previous studies, researchers found more than 40 species
of Lyophyllum globally. However, due to significant morphological
differences, there are cases of synonymous names, misidentification,
etc. (e.g. L. decastes was once thought to be multiple species). In the
NCBI database, there are 44 species with uploaded sequence
information, including some species that have been separated
from Lyophyllum, such as L. connatum (Leucocybe connata), L.
favrei (Calocybe favrei), L. leucophaeatum (C. gangraenosa)
(Ma et al, 2022). Considering our rigorous filtering scheme for
short sequences as well as the exclusion of species containing fewer
than three sequences, it is likely that our results still underestimate
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FIGURE 5

Field photographs of selected species of Lyophyllum decastes complex, showing the indistinguishable morphological characteristics.

the species richness of Lyophyllum. Thus, our findings suggested a
high potential for species diversity within the Lyophyllum,
indicating the existence of numerous undiscovered species.
Moreover, as the increase in environmental amplicon sequencing
studies, particularly in under-sampled regions, it is conceivable that
we will uncover even more incredible species richness. Future
environmental amplicon sequencing data, which has expanded
geographical sampling, will enable us to unveil the true extent of
species richness within the Lyophyllum, surpassing what is reported
in this study.

In taxonomy, phylogenetic analyses, and ecological research,
collecting a substantial number of sequences and differentiating
species boundaries present significant challenges (Baldrian et al,
2022). The species generated in this study were achieved through
clustering homologous sequences with a 98% similarity threshold
(Tedersoo et al,, 2021a). The ITS region, serving as a marker for the
fungi, may exhibit deviations due to its conservative nature as a
widely used marker, leading to challenges in differentiating certain
species (Moncalvo et al., 1993). Our result confirmed this
observation, particularly regarding the distinction between species
such as L. fumosum and L. shimeji in section Difformia (Clade a), as
well as L. infumosum, L. macrosporum, and L. rhombiosporum in
the section Lyophyllum (Clade c) (Figure 1). Neither the ITS2 nor
the full-length ITS marker region enhanced these species’
resolution. However, it is important to note that confusion may
also stem from the incorrect names being uploaded to the public
database (Meiklejohn et al., 2019). Accurate species delimitations
should only be considered when multiple factors, such as multigene
markers, genomic sequence data, and morphological studies, are
considered (Borman and Johnson, 2021). However, our primary
objective was to acquire insights into diversity and distribution
patterns rather than specifically address taxonomic inquiries
within Lyophyllum.

Frontiers in Ecology and Evolution

The 49 ‘unannotated’ species may be new species that have not
been reported, or may be reported the species of through
macroscopic or microscopic morphological methods (eg. L.
fuscbrunneum, L. impudicum, etc) (Dihncke et al., 2011; Sesli
et al., 2015). Insufficient reference sequences can lead to
numerous unidentifiable species within a clade, as evidenced by
the annotation of only one known species: Lyophyllum_98, among
the 17 species in Clade b (Figure 1). Another exciting finding is
Clade B, an undiscovered branch (Hofstetter et al., 2014); this clade
may be a currently undiscovered new group with distinct
morphological characteristics. As a L.decastes complex, Clade a
has 12 species most similar to Lyophyllum decastes, namely
Lyophyllum (11, 13, 21, 22, 23, 28, 46, 47, 52, 60, 88). This result
is broadly consistent with and surpasses those based on the
phylogenetic analyses and morphology studies, which found 5
and 8 species, respectively (Moncalvo et al., 1993; Ma et al., 2022,
2023), also proving the reliability of our results.

Through studying the distribution of potential species of
Lyophyllum in different temperature zones, it is found that the
unique species in the northern temperate zone are the most
abundant, with 62 species, while there are 2 unique species in the
tropical region, 1 unique species in the southern temperate zone,
and no unique species in the northern frigid zone. However, there
are 3 species shared between the northern temperate zone and the
northern frigid zone, and the number of species shared between the
northern temperate zone and the tropical zone is relatively
abundant, with 8 species (Supplementary Figure S4), this study
demonstrates that the species richness of the Lyophyllum is mainly
concentrated in the Northern Hemisphere, particularly in Europe,
while the tropical and cold regions display lower species richness.
This phenomenon could be attributed to extensive soil sampling
efforts in these regions (Figure 2), or it may be a characteristic
feature of the global distribution pattern of this genus. Africa and
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South America have rarely been found to have a distribution of
species belonging to the Lyophyllum. This could be due to the
barrier posed by the Sahara Desert and the Central American land
bridge, hindering the dispersal of Lyophyllum species or fewer soil
sampling efforts in these regions. Overall, although variant
encoding based on ribosomal genes is still a good first approach
to document the eukaryotic clades, there are still some other
unknown factors involved, so future studies need to address the
problem of primers, and provide an unbiased understanding of
species diversity in these regions (Useros et al., 2024). At the base of
the phylogenetic tree, Lyophyllum_33, Lyophyllum_56,
Lyophyllum_67, Lyophyllum_78, Lyophyllum_80, and
Lyophyllum_90 are exclusively found in Europe (Figure 4),
indicating that the part of species within this genus may be
geographically restricted to Europe. Considering that Europe
exhibits the highest diversity of the Lyophyllum in this study, it is
reasonable to speculate that the Eurasian continent might have
served as the ancestral range for this group (Varga et al, 2019).
These findings align with that Eurasia serves as a center of species
diversity. There is an unusually high species richness in Spain (W-
3.36, N 36.95); this observation confirmed the research conducted
by Dédhncke et al. on this region (Didhncke et al., 2011). China is vast
and resource-rich, with extensive land and diverse climate
conditions (Liu et al., 2023). The geographical environment and
climate diversity provide favorable conditions for the survival and
reproduction of fungi. Among the large fungal resources,
Lyophyllum is an important fungal group, but it is difficult to
obtain due to its strict growth conditions and the similarity of its
pileus color to fallen leaves, which provides them with good
camouflage, and this group includes many important edible and
medicinal fungi, and the species diversity of Lyophyllum in China is
not yet fully understood. Therefore, exploring and protecting
China’s Lyophyllum resources is significant for maintaining
ecological balance and biodiversity (Li S. et al., 2023). In our
research, we found that there may be more than 15 potential
species of Lyophyllum in China, and more than half of them may
be found in Qinghai. It is reasonable to believe that the Qinghai-
Tibet Plateau and the southwestern region may be hotspots for the
diversity of Lyophyllum species. Through in-depth research on the
potential species diversity of Lyophyllum, we can further understand
this important group’s ecological functions, species distribution,
and evolutionary history.

The development of next-generation sequencing can enable high-
throughput diversity analysis of species groups with potential value or
unexplored environments, mainly through targeted sequencing of
ITS gene amplicons. Relatively low cost, high efficiency, and
simplified methods have led to a growing body of research
covering a variety of settings around the world (Ptaszynska et al,
2021; Tedersoo et al., 2021b). However, integrating a large amount of
information and reusing it as a unified resource for new issues is a
powerful, energy-saving, and cost-effective method. Over the years,
the available datasets have continued to grow, and novel databases
and tools have been introduced, making querying global sequencing
repositories easier (Delavaux et al., 2020; Giusti et al., 2021; Delavaux
et al,, 2022). In this study, we demonstrate that a dataset with more
than 10 TB amplicon sequencing data allows us to easily explore the
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global potential species diversity of Lyophyllum. Therefore, future
work should concentrate on targeted field investigations to unearth
additional members within this group, uncover their diverse and
valuable applications, and thoroughly investigate the ecological
factors contributing to their high diversity. Furthermore, increased
automation of these methods will enhance our understanding of
important biological communities, although these methods’ isolation
and classification limitations pose challenges.
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