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Abstract

Macrofungi, although not a formal taxonomic group, comprise ecologically and economically important fungi characterized by
conspicuous fruiting bodies. Despite major advances in fungal systematics, a dedicated and integrated classification framework
for macrofungi has remained unavailable. Here, we present a hierarchical outline of macrofungal genera and establish MTSEM
(Macrofungal Taxonomic System and Economic Mushrooms, https://nmdc.cn/macrofungi/), a continuously updated database
integrating taxonomic, genomic, biodiversity resource, and economic trait information. The current outline recognizes 1,982
macrofungal genera distributed across two phyla, five subphyla, 15 classes, 49 orders, and 247 families. MTSEM is a
macrofungi-centered resource built upon a comprehensive Dikarya-wide taxonomic backbone and currently integrates data for
9,943 fungal genera, 142,349 species, 20,633 genomes, together with extensive specimen, strain, publication, and patent
records. Phylogenomic analyses of 829 fungal genomes supported the proposed classification and revealed that macrofungi
are concentrated primarily within Agaricomycetes and Pezizomycetes. Comparative genomic analyses further showed that
macrofungi possess larger genomes, higher gene content, fewer horizontally transferred genes, expanded biosynthetic gene
cluster repertoires, and greater enrichment of regulatory and developmental functions than microfungi. These results suggest
distinct evolutionary strategies associated with multicellular development and ecological specialization in macrofungi. MTSEM
provides a comprehensive and continuously updated resource for macrofungal taxonomy, systematics, biodiversity research,
and resource utilization.
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pathogens and poisonous species (Wu et al. 2019; Niego et
Main al. 2023a,b; Wu & Yang 2026). Advances in molecular
phylogenetics have substantially refined fungal classification

Macrofungi are fungi that produce fruiting bodies large
enough to be observed with the unaided eye and collected by
hand (Chang & Miles 1992). Although not a formal taxonomic
group, macrofungi constitute a pragmatic concept encom-
passing most Basidiomycota, including mushrooms, puff-
balls, and stinkhorns, together with a smaller subset of
Ascomycota, such as cup fungi, morels, and truffles (Kirk et
al. 2008; He et al. 2019, 2024). Macrofungi are of major
ecological and economic importance. They include most
edible and medicinal fungi, key ectomycorrhizal symbionts,
primary wood decomposers, and several important forest

(Hibbett et al. 2025), leading to continual refinement of
comprehensive classification frameworks such as the Outline
of Fungi and fungus-like taxa (Wijayawardene et al. 2020,
2022; Hyde et al. 2024). However, despite these efforts, a
dedicated and integrated classification framework focusing
specifically on macrofungi remains lacking. Given their
ecological significance, morphological distinctiveness, and
broad interest, establishing a dedicated taxonomic outline for
macrofungi is both necessary and timely. To address this gap,
we compiled a hierarchical classification of macrofungal
genera and developed MTSEM (Macrofungal Taxonomic


https://orcid.org/0000-0002-5020-1551
https://orcid.org/0009-0005-6087-605X
https://orcid.org/0000-0003-1175-4070
https://orcid.org/0009-0008-2548-2014
https://orcid.org/0000-0002-2191-0762
https://orcid.org/0000-0002-5255-1846
https://orcid.org/0000-0001-8129-9339

Fungal Diversity (2026) 136: 136018

System and Economic Mushrooms), a continuously updated
platform integrating taxonomic, genomic, and biodiversity
resource data. Although genomic correlates have been
identified for several fungal lifestyle transitions (Floudas et al.
2012; Miyauchi et al. 2020), attempts to identify similar
patterns underlying fruiting body complexity, one of the most
extensively studied characteristics of mushrooms, have
remained largely inconclusive (Nagy et al. 2026). We further
integrated phylogenomic reconstruction with comparative
genomic analyses based on more than 800 fungal genomes
from Ascomycota and Basidiomycota.

Macrofungi are distributed across both Ascomycota and
Basidiomycota, with most macro-ascomycetes belonging to
Pezizomycotina and nearly all macro-basidiomycetes to

Table 1 Richness of macrofungi in Ascomycota and Basidiomycota.

Macrofungi Database and Comparative Genomics

Agaricomycotina, although a few pathogenic taxa also occur
in other subphyla. As of the current update, we recognize
1,982 macrofungal genera across two phyla, five subphyla, 15
classes, 49 orders, and 247 families (Table 1; Supplementary
Table S1). Notably, 289 genera (14.6%) remain classified as
incertae sedis at one or more taxonomic ranks, highlighting
unresolved higher-level placements within macrofungal
taxonomy. Cortinarius remains the most species-rich genus,
followed by Entoloma, Russula, Mycena, and Inocybe.
Cortinariaceae is the largest family, whereas Agaricales is by
far the most species-rich order, followed by Polyporales and
Russulales (Supplementary Table S2). Although additional
taxonomic revisions are expected, the relative ranking of
these major lineages is unlikely to change substantially.

Category Ascomycota Basidiomycota Total
Species* 9,543 42,356 51,899
Genera 368 1,614 1,982
Families 63 184 247
Orders 17 32 49
Classes 8 7 15

*Species counts should be interpreted with caution because some macrofungal genera contain non-macrofungal species (e.g. yeasts or

endophytes), which are retained in the database and included in the total counts to preserve taxonomic completeness.

MTSEM is a macrofungi-centered database that
integrates taxonomic, genomic, and economic trait data
across Dikarya. It currently contains information for 9,943
fungal genera, 142,349 species, 20,633 genomes, 101,489
specimens, and 213,138 strains, including 1,982 macrofungal
genera and 51,899 macrofungal species (Fig. 1;
Supplementary Fig. S1). The inclusion of non-macrofungal
taxa establishes a comprehensive taxonomic backbone that
facilitates nomenclatural consistency and comparative
analyses involving macrofungi. Despite this extensive
coverage, genomic representation remains limited, with more
than 96% of all species and 97% of macrofungal species
lacking sequenced genomes, and several fungal classes
remaining entirely unrepresented. MTSEM provides an
integrated platform for accessing taxonomic hierarchies,
genome data, specimen and strain records, publications,
patents, culture collections, and herbaria, while regular
synchronization with external resources ensures nomencla-
tural consistency and continuous updates. Detailed
descriptions of the data sources, integration strategy, and
curation procedures are provided in the Supplementary
Methods, and instructions for using the MTSEM database are
provided in the Supplementary User Guide. Existing fungal
resources serve complementary purposes (Chaiwan et al.
2021). Fungal Names, Index Fungorum, and MycoBank
primarily provide nomenclatural and taxonomic information
(Robert et al. 2013; Wang et al. 2023); UNITE serves as the
principal reference database for ITS-based molecular
identification and species hypotheses (Nilsson et al. 2019);
GBIF aggregates global biodiversity occurrence records and
specimen information; and MycoCosm provides fungal
genome assemblies, annotations, and comparative genomic
resources (Grigoriev et al. 2014). Rather than replacing these
specialized resources, MTSEM integrates hierarchical taxon-
omy, species-level information, genome data, specimen and

strain records, economic trait annotations (edible, medicinal,
and poisonous), publications, patents, and scientometric
analyses within a unified macrofungi-centered framework.
This enables seamless exploration of diverse data types
through a consistent taxonomic backbone while maintaining
links to authoritative external resources. Collectively, MTSEM
provides an integrated platform for macrofungal taxonomy,
systematics, biodiversity research, and resource utilization,
while also highlighting substantial gaps in current genomic
sampling that warrant future investigation. Future releases of
MTSEM are intended to incorporate standardized functional
genomics resources, including unified genome annotation,
ortholog inference, and comparative functional analyses,
thereby extending the platform toward a comprehensive
functional genomics resource.

Beyond establishing a taxonomic framework and
database resource, we explored the evolutionary
characteristics of macrofungi through phylogenomic and
comparative genomic analyses. Phylogenomic analyses of
829 fungal genomes produced a well-resolved tree that was
largely consistent with previous genome-scale studies and
supported the classification proposed here (Choi & Kim 2017,
Li et al. 2021; Supplementary Fig. S2; Supplementary Table
S3). Macrofungi occurred across multiple clades but were
concentrated in Agaricomycetes and, to a lesser extent,
Pezizomycetes. Comparative genomic analyses revealed
consistent differences between macrofungi and microfungi
(Supplementary Fig. S3). Compared with microfungi,
macrofungi possess larger genomes with higher gene
content, similar GC content, fewer horizontally transferred
genes, and a greater diversity of biosynthetic gene clusters.
These patterns were stable across both phyla, indicating
broad evolutionary trends associated with increased
morphological and ecological complexity. KEGG BRITE
profiling based on eggNOG-derived KEGG Orthology
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Fig. 1 Overview of the Macrofungal Taxonomic System and Economic Mushrooms (MTSEM) homepage (https://nmdc.cn/macrofungi/). a. The

upper section displays summary statistics and provides direct access to an integrated collection of taxonomy, genomes, specimens, strains,

herbaria, culture collections, and economic trait data through the Browse and Search modules or by selecting the summary statistics. b. The

lower section presents the collaboration network of the 100 most-published authors across the 15 most-studied macrofungal genera, together

with external resource links.

annotations further revealed clear functional differentiation
between the two groups (Supplementary Fig. S4). After
excluding human disease and organismal system categories,
macrofungi were significantly enriched in functions related to
cellular processes, environmental information processing,
and genetic information processing, particularly signal
transduction, cellular organization, transport and catabolism,
chromosome-associated functions, and cell growth and
death. In contrast, microfungi showed relatively higher
representation of core metabolic functions, including
nucleotide, amino acid, and energy metabolism, together
with cofactor and vitamin metabolism. Together with
genome expansion and expanded biosynthetic gene cluster
repertoires, these functional differences suggest distinct
evolutionary strategies between the two groups, with
macrofungi emphasizing regulatory complexity associated
with multicellular development and microfungi retaining
relatively greater representation of core metabolic functions.
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