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Abstract
Basidiomycota is one of the major phyla in the fungal tree of life. The outline of Basidiomycota provides essential taxonomic 
information for researchers and workers in mycology. In this study, we present a time-framed phylogenomic tree with 487 
species of Basidiomycota from 127 families, 47 orders, 14 classes and four subphyla; we update the outline of Basidiomy-
cota based on the phylogenomic relationships and the taxonomic studies since 2019; and we provide notes for each order 
and discuss the history, defining characteristics, evolution, justification of orders, problems, significance, and plates. Our 
phylogenomic analysis suggests that the subphyla diverged in a time range of 443–490 Myr (million years), classes in a 
time range of 312–412 Myr, and orders in a time range of 102–361 Myr. Families diverged in a time range of 50–289 Myr, 
76–224 Myr, and 62–156 Myr in Agaricomycotina, Pucciniomycotina, and Ustilaginomycotina, respectively. Based on the 
phylogenomic relationships and divergence times, we propose a new suborder Mycenineae in Agaricales to accommodate 
Mycenaceae. In the current outline of Basidiomycota, there are four subphyla, 20 classes, 77 orders, 297 families, and 
2134 genera accepted. When building a robust taxonomy of Basidiomycota in the genomic era, the generation of molecular 
phylogenetic data has become relatively easier. Finding phenotypical characters, especially those that can be applied for 
identification and classification, however, has become increasingly challenging.

Keywords Classification · Fungi · Molecular clock · Systematics · Taxonomy

Introduction

Fungi are crucial components of life on Earth with essen-
tial ecological and economic impacts. Their interactions 
with other organisms contribute significantly to the proper 
functioning of terrestrial ecosystems and previous research 
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indicates that they have promoted the evolution of many 
terrestrial clades (Berbee et al. 2017; Loron et al. 2019; Gan 
et al. 2021). They are involved in symbiotic associations 
with photosynthetic bacteria or algae to produce lichen; have 
mycorrhizal relationships with plant roots; and can act as 
pathogens or decomposers that help recycle organic mate-
rials in ecosystems (Peay et al. 2016; Yuan et al. 2023). 
They are of direct benefit to humanity and are estimated 
to contribute 54.57 trillion USD to the global economy as 
contributors to food, medicine production and other prod-
ucts (Willis 2018; Pérez-Moreno et al. 2021; Mapook et al. 
2022; Niego et al. 2023). The number of species of Fungi is 
estimated to be in the range of 2.2 to 13.2 million, with the 
latest estimate of 2 to 3 million species, indicating they make 
up a major portion of Earth’s biodiversity (Hawksworth and 
Lücking 2017; Willis 2018; Wu et al. 2019a; Antonelli et al. 
2020; Niskanen et al. 2023).

The phylum Basidiomycota R.T. Moore is one of the 
major branches in the fungal tree of life, with global esti-
mates of 1.4–4.2 million species in the phylum and latest 
estimates of 0.7 to 1 million species, which represents about 
28–40% of all fungal diversity (Tedersoo et al. 2021; Baldrian 
et al. 2022; He et al. 2022; Niskanen et al. 2023). The typi-
cal members of this group are mushrooms, bracket fungi, 
smuts, rusts, and yeasts, which are grouped into the subphyla 
Agaricomycotina Doweld, Ustilaginomycotina Doweld and 
Pucciniomycotina R. Bauer et al. The phylum also contains 
a small subphylum Wallemiomycotina Doweld composed of 
xerophilic microfungi (Kirk et al. 2008; He et al. 2019a).

Systematics seeks to classify organisms by their phylo-
genetic relationships, using robust criteria such that these 
classifications can stand the test of time. (Cai et al. 2011). 
Fungal classification was traditionally based on compara-
tive morphology, anatomy, biochemistry, physiology, and 
ecology. The systematics of fungi has been revolutionized 
by advances in molecular biology, phylogenetics, and bio-
informatics. Nowadays, DNA sequence-based classifica-
tion and identification has become the standard approach 
in fungal taxonomy (Hibbett et al. 2007; Xu 2020; Lücking 
et al. 2021). Fungal systematics has undergone a transfor-
mation due to the phylogenetic era, with a massive number 
of single-gene and/or multiple-gene analyses having been 
conducted in the past two decades. Next-generation and 
single-molecule real-time (SMRT) sequencing has ushered 
fungal systematics further into the phylogenomic era (James 
et al. 2020). Numerous trees have been generated based on a 
large number of samples, and sequence markers with the aim 
of employing diverse sets of species to resolve phylogenetic 
relationships among different ranks. Phylogenomics aims 
to recover the most accurate species tree from a multitude 
of gene trees and is considered to be the most powerful tool 
to unify and stabilize fungal taxonomy (Nagy and Szöllősi 
2017; Xu 2020).

In a previous study conducted in 2017, we provided a 
phylogenomic perspective of Basidiomycota from available 
genomes (Zhao et al. 2017). In 2019, we performed multi-
gene phylogenetic analyses for each subphylum in Basidi-
omycota and provided an outline (He et al. 2019a); we also 
estimated divergence times to suggest a criterion for rank 
standardization (Zhao et al. 2016a, 2017). Since then, new 
genomes of Basidiomycota have been published, amount-
ing up to 199 and 559 deposited in the MycoCosm of Joint 
Genome Institute (JGI) fungal portal and in the National 
Center for Biotechnology Information (NCBI), respectively 
(data from 2017 to August 2022).

This current work aims to update the outline of Basidi-
omycota based on the progress made since our previous out-
line (He et al. 2019a). We used the data available to date to 
build a time-framed phylogenomic tree of Basidiomycota. 
Genome data were selected to represent as many families as 
possible resulting in a relatively comprehensive coverage 
of this phylum. We also summarize, evaluate, and integrate 
advances made since our previous study (He et al. 2019a) 
such as recent multigene phylogenetic analyses which led 
to novel taxonomic propositions. Furthermore, we pro-
vide notes for each order with comprehensive information, 
including introductory information, taxonomic history, evo-
lution, and plates (due to the similar morphology of yeasts, 
only representative orders are presented).

Materials and methods

Samples selection and data obtention 
for phylogenomic analyses

All publicly available genomic data used in this study were 
obtained from the MycoCosm of Joint Genome Institute 
(JGI) fungal portal and the National Center for Biotech-
nology Information (NCBI) GenBank database (by March 
2022). In sample selection, the following samples were given 
priority when: (1) type materials of taxa, and (2) genomes of 
better quality. Whenever possible, a minimum of two species 
per family were selected to examine the monophyly of fami-
lies. Detailed information on selected specimens is presented 
in Supplementary Table 1.

Genome completeness assessment 
and phylogenetic analyses

Genome completeness with single-copy orthologues was 
calculated using BUSCO v5.2.0 (Simão et al. 2015) using 
default parameters based on the presence/absence of pre-
defined orthologs in the basidiomycota_odb10 database. 
We conducted a tBLASTn search for each BUSCO gene 
using its consensus orthologous protein sequence against 
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each genome assembly. Gene structures in the putative 
genomic regions were predicted using AUGUSTUS v3.2.2 
(Stanke and Waack 2003). Subsequently, the predicted 
gene sequences were aligned to the BUSCO gene’s hid-
den Markov model profile. BUSCO genes in each genome 
assembly were categorized as “Full-Length” (if one com-
plete gene was present), “Duplicated” (if two or more com-
plete genes were found for one BUSCO gene), “Fragmented” 
(if the predicted gene was shorter than 95% of the aligned 
sequence lengths from the reference species), or “Missing” 
(if no predicted gene was detected in the genome).

To construct the phylogenomic data matrix, we started 
with 1764 single-copy, full-length BUSCO genes from rep-
resentatives of the phylum Basidiomycota, and one Ascomy-
cota outgroup. Each gene was aligned with MAFFT v7.490 
with default options (Katoh and Standley 2013). Ambigu-
ously aligned regions were removed using trimAl version 
1.4 with the gappyout option (Capella-Gutiérrez et al. 2009). 
The AA alignments of these 1764 BUSCO genes, each with 
more than 90% taxon occupancy, were then concatenated 
into the full data matrix. Phylogenetic analyses were con-
ducted using IQ-TREE (Katoh and Standley 2013) version 
2.0.3, with the best-fit amino acid substitution model auto-
matically selected. Divergence time estimates were obtained 
through penalized likelihood analyses using a truncated 
Newton optimization algorithm implemented in the program 
r8s version 1.81 (Sanderson 2003).

Phylogenomics relationships (higher 
level above family) and genera number 
of Basidiomycota

A total of 488 samples was included in the phylogenomic 
analyses, consisting of 487 samples from Basidiomycota 
and one Ascomycota outgroup, namely Xylaria arbuscula. 
The dataset contained a set of 1764 single-copy ortholog 
genes. There are 487 species of Basidiomycota from 127 
families, 47 orders, 14 classes and four subphyla included 
in our analyses. Divergence times shown in Figs. 1, 2 were 
estimated based on the ML tree topology. Divergence times 
(crown ages) and genera number of each rank (family, order, 
class, and subphylum) are presented in Table 1.

Phylogenomic relationships among the four subphyla 
(Agaricomycotina, Wallemiomycotina, Ustilaginomycotina, 
and Pucciniomycotina) agreed well with previous studies of 
Zhao et al. (2017) and Li et al. (2021c).

Phylogenetic relationships between classes of Agarico-
mycotina are the same as in previous studies (Hibbett 2006; 
Zhao et al. 2017; Varga et al. 2019). Nineteen orders in 
Agaricomycetes included in the analyses, while the posi-
tion of Lepidostromatales, Stereopsidales, and Tremello-
dendropsidales were not resolved due to a lack of genomic 

data. Two subclasses in Agaricomycetes were resolved: (1) 
Agaricomycetidae composed of Agaricales, Amylocorti-
ciales, Atheliales, and Boletales. (2) Phallomycetidae com-
posed of Gomphales, Geastrales, Phallales, Hysterangiales, 
and Trechisporales. This agrees well with previous studies 
(Hibbett 2006; James et al. 2020). The clade sister to Aga-
ricomycetidae is composed of six orders viz. Polyporales, 
Thelephorales, Russulales, Gloeophyllales, Jaapiales, and 
Corticiales. Hymenochaetales is sister to the clade com-
posed of the Agaricomycetidae and the six-order clade. The 
remaining three orders, Auriculariales, Sebacinales and Can-
tharellales, were at the base of Agaricomycetes and did not 
cluster with any other order. All five orders of Tremellomy-
cetes viz. Tremellales, Trichosporonales, Holtermanniales, 
Filobasidiales, and Cystofilobasidiales, were included in the 
analyses. The phylogenetic relationships among these orders 
agreed well with previous studies (Liu et al. 2015b; He et al. 
2019a). Wallemiomycotina is grouped as a sister taxon to 
Agaricomycotina.

Almost all recognized classes and orders of Ustilagino-
mycotina were sampled in the analyses, except for Cin-
tractiellales and Uleiellales which lacked genomic data. 
Phylogenetic relationships among classes agreed well with 
previous studies (Begerow et al. 2006; Wang et al. 2014b, 
2015d; Li et al. 2021c) with the recognition of four classes: 
Exobasidiomycetes, Malasseziomycetes, Moniliellomy-
cetes, and Ustilaginomycetes. The phylogenomic relation-
ships among orders of Ustilaginomycetes are the same as 
in a previous study (Begerow et al. 2006). Exobasidiomy-
cetes was found to be polyphyletic. Two main clades were 
found in Exobasidiomycetes. One clade was composed of 
Ceraceosorales, Entylomatales, Exobasidiales, Golubeviales, 
and Microstromatales; and the other one was composed of 
Georgefischeriales, Moniliellomycetes, and Tilletiales.

Of the ten classes of Pucciniomycotina five were included 
in the analyses (Agaricostilbomycetes, Cystobasidiomycetes, 
Microbotryomycetes, Mixiomycetes, and Pucciniomycetes), 
but Atractiellomycetes, Classiculomycetes, Cryptomycoco-
lacomycetes, Spiculogloeomycetes, and Tritirachiomycetes 
were not included because of lack of available genomic 
data. Phylogenomic relationships between classes con-
firmed the results of previous studies (Wang et al. 2015b; 
Li et al. 2021c). Four orders were included in Microbotryo-
mycetes (Leucosporidiales, Microbotryales, Sporidiobola-
les, and Heterogastridiales), and their taxonomic positions 
showed the same relationships as previous studies (Wang 
et al. 2015b; Li et al. 2021c). Two clades were recognized 
within Cystobasidiomycetes: Cystobasidiales and another 
composing Erythrobasidiales and Symmetosporaceae. It 
should be noted, however, that classes Cystobasidiomycetes 
and Microbotryomycetes lacked genome sequences of many 
taxa, including representatives of orders Heitmaniales, Krie-
geriales, and Rosettozymales.
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Fig. 1  Backbone-constrained 
Maximum Likelihood phylog-
enomic tree of orders in Basidi-
omycota. Bootstrap values 
lower than 100 and divergence 
times are noted around the 
nodes
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Fig. 2  Time calibrated Maxi-
mum Likelihood phylogenomic 
tree of Basidiomycota based 
on 1764 single-copy ortholog 
genes of 487 species from 127 
families, 47 orders, 14 classes, 
and four subphyla. The tree is 
rooted with the ascomycetes 
species Xylaria arbuscula. 
Bootstrap values and divergence 
times are noted around the 
nodes. Nodes with bootstrap 
values lower than 100 are 
marked with star symbols
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Hymenogastraceae Psilocybe azurescens GCA 019721835.1

Hygrophoraceae Hygrophorus russula GCA 003314125.1

Clitocybaceae Lepista sordida GCA 010725545.2

Agaricales sp. GCA 002718315.1

Paxillaceae Paxillus ammoniavirescens Pou09.2

Agaricaceae Leucocoprinus gongylophorus Ac12

Lyophyllaceae Sphagnurus paluster GCA 018282025.1

Hygrophoropsidaceae Hygrophoropsis aurantiaca ATCC

Hymenogastraceae Psilocybe cyanescens GCA 002938375.1

Lyophyllaceae Tephrocybe rancida GCA 018858115.1

Lyophyllaceae Calocybe carnea GCA 018221805.1

Amanitaceae Amanita subjunquillea GCA 020011035.1

Psathyrellaceae Coprinopsis sp. GCA 020736565.1

Inocybaceae Inocybe terrigena GCA_003347685.1

Psathyrellaceae Coprinopsis marcescibilis GCA 004369085.1

Lyophyllaceae Termitomyces eurrhizus GCA 003316525.1

Lyophyllaceae Lyophyllum shimeji GCA 001950515.1

Boletaceae Sutorius magnificus GCA 003316145.1

Paxillaceae Melanogaster broomeanus GCA 014904935.1

Galeropsidaceae  Panaeolus cyanescens GCA 002938355.1

Crassisporiaceae Crassisporium funariophilum GCA 014925845.1

Hymenogastraceae Gymnopilus dilepis GCA 002938385.1

Boletinellaceae Phlebopus sp. GCA 021018615.1

Suillaceae Suillus plorans GCA 016647745.1

Boletaceae Boletus edulis GCA 015179015.1

Pleurotaceae Pleurotus floridanus GCA 019395345.1

Pleurotaceae Pleurotus djamor GCA 002583695.1

Coniophoraceae Coniophora olivacea MUCL  20566 v1.0

Suillaceae Suillus subaureus GCA 016647635.1

Tubariaceae Tubaria furfuracea GCA 900069095.1

Hydnangiaceae Laccaria amethystina LaAM-08-1 v2.0

Strophariaceae Deconica cf. subviscida GCA 013368295.1

Omphalotaceae Lentinula edodes GCA 015476405.1

Mycenaceae Mycena citricolor GCA 003987915.1

Agaricaceae Agaricus bisporus var. burnettii GCA 000300555.1

Pleurotaceae Pleurotus tuber-regium GCA 014058305.1

Coniophoraceae Coniophora puteana GCA 000271625.1

Sclerodermataceae Scleroderma citrinum Foug A v1.0

Entolomataceae Entoloma clypeatum GCA 900068945.1

Clitocybaceae Lepista nuda GCA 015584075.1

Psathyrellaceae Tulosesus angulatus GCA 013368325.1

Clitocybaceae Clitocybe nebularis GCA 900068955.1

Mycenaceae Mycena chlorophos GCA 014461115.1

Lyophyllaceae Asterophora lycoperdoides GCA 018850815.1

Pterulaceae Pterula multifida GCA 900068985.1

Agaricaceae Podaxis carcinomalis GCA 018524395.1

Physalacriaceae Strobilurus stephanocystis GCA 019915075.1

Cyphellaceae Gloeostereum incarnatum GCA 010588315.1

Suillaceae Suillus luteus GCA 000827255.1

Marasmiaceae Marasmius oreades GCA 018924745.1

Agaricaceae Coprinus comatus GCA 003316025.1

Physalacriaceae Flammulina filiformis GCA 015342475.1

Psathyrellaceae Coprinellus micaceus GCA 004369175.1

Lyophyllaceae Calocybe gangraenosa GCA 018221785.1

Amanitaceae Amanita bisporigera GCA 001983365.1

Paxillaceae Paxillus adelphus Ve08.2h10

Hygrophoraceae Hygrocybe conica GCA 900068975.1

Agaricaceae Podaxis rugospora GCA 018524415.1

Omphalinaceae Infundibulicybe gibba GCA 015501065.1

Cyphellaceae Chondrostereum purpureum GCA 004354395.1

Tubariaceae Cyclocybe aegerita GCA 902728275.1

Hymenogastraceae Flammula alnicola GCA 015499995.1

Amanitaceae Saproamanita thiersii Skay4041

Amanitaceae Amanita rubescens GCA 015039365.1

Hygrophoraceae Hygrophorus pudorinus GCA 003314045.1
Sarcomyxaceae Sarcomyxa edulis GCA 009761415.1

Physalacriaceae Armillaria fuscipes GCA 001679825.1

Strophariaceae Agrocybe pediades GCA 013053245.1

Strophariaceae Hypholoma lateritium GCA 000827495.1

Galeropsidaceae  Panaeolus papilionaceus GCA 015501605.1

Porotheleaceae Megacollybia marginata GCA 003313965.1

Lyophyllaceae Tricholomella constricta GCA 013368375.1

Marasmiaceae Moniliophthora roreri MCA 2997

Mycenaceae Mycena kentingensis GCA 014461125.1

Lyophyllaceae Hypsizygus marmoreus GCA 013433165.1

Amylocorticiaceae Plicaturopsis crispa GCA 000827205.1

Lyophyllaceae Hypsizygus ulmarius GCA 018851835.1

Baeospora myosura GCA 001179705.1

Lyophyllaceae Blastosporella zonata GCA 018856295.1

Rhizopogonaceae Rhizopogon vesiculosus LVVM00000000

Tubariaceae Cyclocybe cylindracea GCA 013376435.1

Dendrothele bispora GCA 004369135.1

Porotheleaceae Megacollybia platyphylla GCA 900068915.1

Mycenaceae Mycena venus GCA 014462655.1

Agaricaceae Macrolepiota dolichaula GCA 003315915.1

Boletaceae Retiboletus ornatipes GCA 003316065.1

Schizophyllaceae Fistulina hepatica GCA 000934395.1

Pterulaceae Pterulicium gracile GCA 004369125.1

Marasmiaceae Moniliophthora perniciosa FA553

Serpulaceae Serpula himantioides MUCL38935 v1.0

Omphalotaceae Collybiopsis luxurians GCA 000827265.1

Hymenogastraceae Psilocybe galindoi GCA 019721455.1

Crepidotaceae Crepidotus variabilis GCA 015657495.1

incertae sedis Hydnomerulius pinastri GCA 000827185.1

Physalacriaceae Strobilurus orientalis GCA 019915145.1

Amanitaceae Amanita jacksonii GCA 000497225.1

Lyophyllaceae Praearthromyces griseus GCA 018220975.1
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Phaeotremellaceae  Phaeotremella skinneri GCA 001599695.1

Cystofilobasidiaceae Cystofilobasidium bisporidii GCA 014825535.1

Punctulariaceae Punctularia strigosozonata GCA 000264995.1

Hymenochaetaceae Phellinidium pouzarii GCA 004802695.1

Chionosphaeraceae Cystobasidiopsis lactophila GCA 001599975.1

Cryptococcaceae Cryptococcus neoformans GCA 000149245.3

Trichosporonaceae Vanrija humicola GCA 008065275.1

Lentinus polychrous GCA 000787475.1

Bulleribasidiaceae Vishniacozyma victoriae GCA 017654735.1

Auriscalpiaceae Auriscalpium microsporum GCA 019914985.1

Peniophoraceae Vararia minispora EC 137

Auriscalpiaceae Artomyces pyxidatus HHB10654

Serendipitaceae Serendipita vermifera GCA 003073295.1

Russulaceae Lactarius hengduanensis 84

Polyporaceae Lentinus arcularius v1.0

Serendipitaceae Serendipita vermifera 305830 v1.0

Fomitopsidaceae Daedalea quercina GCA 001632345.1

Piskurozymaceae Solicoccozyma terricola GCA 001600875.1

Polyporaceae Lentinus tigrinus GCA 003813185.1

Ustilaginaceae Ustilago hordei GCA 900519145.1

Russulaceae Russula emetica GCA 015178925.1

Tilletiaceae Tilletia caries DAOM 238032

Auriculariaceae Exidia glandulosa v1.0

Tilletiariaceae Tilletiaria anomala GCA 000711695.1

Mrakiaceae sp. GCA 020087025.1

Laetiporaceae Laetiporus sulphureus GCA 001632365.1

Cejpomycetaceae Rhizoctonia solani GCA 016906535.1

Ceraceosoraceae Ceraceosorus bombacis ATCC

Russulaceae Lactarius quietus S23C

Wallemiaceae Wallemia sebi GCA 000263375.1

Ustilaginaceae Mycosarcoma maydis GCA 000328475.2

Polyporaceae Ganoderma multipileum GCA 000338015.1

Trichosporonaceae Vanrija pseudolonga GCA 020906515.1

Polyporaceae Funalia trogii GCA 020543525.1

Auriscalpiaceae Auriscalpium vulgare GCA 019915015.1

Cryptococcaceae Cryptococcus sp. GCA 006352305.1

Trichosporonaceae Cutaneotrichosporon dermatis GCA 020011015.1

Sphaerophragmiaceae Austropuccinia psidii GCA 902702905.1

Coleosporiaceae Cronartium harknessii GCA 000500795.1

Auriculariales sp. MPI PUGE AT 0066

Fomitopsidaceae Neoantrodia serialis Sig1Antser10

Postiaceae Amylocystis lapponica SKaAmylap13

Polyporaceae Trametes ljubarskyi CIRM BRFM 1659 v1.0

Meruliaceae Phlebia tremellosa GCA 011032875.1

Polyporaceae Ganoderma tsugae GCA 003057275.1

Hymenochaetaceae Sanghuangporus sanghuang GCA 009806525.1

Bondarzewiaceae Bondarzewia mesenterica GCA 004802705.1

Hydnaceae Cantharellus anzutake GCA 015039405.1

Echinodontiaceae Amylostereum chailletii DWAch2

Bulleraceae Bullera alba GCA 001600095.1

Serendipitaceae Serendipita indica DSM

Cryptococcaceae Cryptococcus wingfieldii  GCA 001720155.1

Gloeophyllaceae Gloeophyllum trabeum GCA 000344685.1

Rhynchogastremaceae Papiliotrema flavescens GCA 000442785.1

Phaeotremellaceae  Phaeotremella fagi GCA 001599715.1

Cryptococcaceae Cryptococcus amylolentus GCA 001720205.1

Pucciniaceae Puccinia striiformis PST-130

Filobasidiaceae Filobasidium floriforme GCA 021052385.1

Coleosporiaceae Cronartium quercuum G11 v1.0

Hymenochaetaceae Pyrrhoderma noxium GCA 002287475.2

Sporidiobolaceae Sporobolomyces shibatanus GCA 010758995.1

Rickenellaceae Rickenella fibula HBK330 10

Polyporaceae Ganoderma sp. 10597

Peniophoraceae Peniophora sp. GCA 001632445.1

Ustilaginaceae Kalmanozyma brasiliensis GCA 000497045.1

Polyporaceae Trametes menziesii CIRM BRFM 1781 v1.0

Naemateliaceae Naematelia encephala GCA 002105065.1

Hydnaceae Cantharellus cibarius GCA 003521295.1

Sistotremataceae Sistotremastrum suecicum GCA 001632355.1

Polyporaceae Cerioporus squamosus  CCBS

Tulasnellaceae Tulasnella sp. GCA 019632275.1

Trichosporonaceae Cutaneotrichosporon cutaneum GCA 001600715.1

Tilletiaceae Tilletia controversa DAOM 236426

Polyporaceae Earliella scabrosa CIRM BRFM 1817 v1.0

Polyporaceae Trametes sp. GCA 001304625.1

Glomosporiaceae Thecaphora thlaspeos GCA 900291925.1

Polyporaceae Trametes hirsuta GCA 001302255.2

Krasilnikovozyma curviuscula GCA 014825775.1

Polyporaceae Trametes sp. CIRM BRFM 1775 v1.0

Irpicaceae Trametopsis cervina CIRM BRFM 1824 v1.0

Hydnaceae Hydnum rufescens UP504

Polyporaceae Trametes betulinus GCA_022264855.1

Phanerochaetaceae Phanerochaete carnosa GCA 000300595.1

Steccherinaceae Flaviporus citrinellus GCA 004802725.1

Rickenellaceae Rickenella mellea GCA 004355085.1

Botryobasidiaceae Botryobasidium vagum GCA 000697705.1

Cystofilobasidiaceae Cystofilobasidium macerans GCA 014825765.1

Rigidoporaceae Rigidoporus microporus ED310

Melampsoraceae Melampsora laricis-populina GCA 000204055.1

Cryptococcaceae Cryptococcus cf. gattii GCA 009650685.1

Tetragoniomycetaceae Takashimella tepidaria GCA 003116915.1

Phaffia australis GCA 014825575.1

Tilletiopsis pallescens GCA 001599655.1

Trimorphomycetaceae Saitozyma sp. GCA 001600855.1

Leucosporidiaceae Leucosporidium yakuticum GCA 019775505.1

Irpicaceae Irpex rosettiformis CBS384.51

Cystobasidiaceae sp. GCA 003351005.1

Mrakiaceae Mrakia blollopis GCA 000950635.1

Gloeophyllaceae Neolentinus lepideus GCA 001632425.1

Cryptococcaceae Cryptococcus depauperatus GCA 001720245.1

Trichosporonaceae Pascua guehoae GCA 001600415.1

Fomitopsidaceae Fomitopsis betulina CIRM BRFM 1772 v1.1

Bankeraceae Sarcodon sp. GCA 003313065.1

Steccherinaceae Steccherinum ochraceum GCA 004332605.1

Microbotryaceae Microbotryum violaceum GCA 001244265.2

Cejpomycetaceae Rhizoctonia theobromae GCA 009078325.1

Ustilaginaceae Anthracocystis panici-leucophaei GCA 014826065.1

Brachybasidiaceae Meira miltonrushii GCA 003144205.1

Trichosporonaceae Trichosporon asahii var. asahii GCA 000293215.1

Trichosporonaceae Apiotrichum porosum GCA 003942205.1

Phanerochaetaceae Phlebiopsis gigantea v1.0

Gomphaceae Ramaria rubella UT-36052-T v1.0

Fomitopsidaceae Fomitopsis schrenkii GCA 000344655.2

Auriculariaceae Auricularia heimuer GCA 002287115.1

Brachybasidiaceae Meira nashicola GCA_001600355.1

Ustilaginaceae Sporisorium scitamineum GCA 001010845.1

Quambalariaceae Quambalaria eucalypti GCA 004016185.1

Coleosporiaceae Cronartium ribicola GCA 000500245.1

Golubeviaceae Golubevia sp. GCA 012976225.1

Trichosporonaceae Apiotrichum mycotoxinovorans GCA 013177335.1

Moniliellaceae Moniliella sp. GCA 003971905.1

Hymenochaetaceae Porodaedalea pini GCA 002794775.1

Hysterangiaceae Hysterangium stoloniferum GCA 015178975.1

Holtermanniaceae Holtermanniella nyarrowii GCA 001600035.1

Entylomataceae Tilletiopsis washingtonensis GCA 003144115.1

Leucosporidiaceae Leucosporidium creatinivorum GCA 002105055.1

Pseudomicrostroma glucosiphilum GCA 003144135.1

Polyporaceae Trametes coccinea GCA 002092935.1

Russulaceae Lactifluus pinguis GCA 003313945.1

Malasseziomycetes sp. GCA 018606675.1

Cuniculitremaceae Kockovaella imperatae GCA 002102565.1

Polyporaceae Tinctoporellus epimiltinus GCA 900155495.1

Polyporaceae Lignosus rhinocerus GCA 000743315.1

Ustilaginaceae Sporisorium graminicola GCA 005498985.1

Hydnaceae Cantharellus appalachiensis GCA 003314335.1

Pucciniaceae Puccinia graminis GCA 000149925.1

Gloeophyllaceae Heliocybe sulcata GCA 004369045.1

Polyporaceae Ganoderma boninense GCA 020976605.1

Piskurozymaceae  sp. GCA 017654785.1

Polyporaceae Trametes lactinea CIRM BRFM 1664 v1.0

Trichosporonaceae Prillingera fragicola GCA 002335605.1

Corticiaceae Laetisaria culmigena GCA 002233555.1

Tilletiaceae Salmacisia buchloeana GCA 001990185.1

Thelephoraceae Thelephora terrestris GCA 015956445.1

Gomphaceae Ramaria sp. GCA 003314545.1

Bulleribasidiaceae Dioszegia crocea GCA 001600615.1

Dacrymycetaceae Calocera viscosa GCA 001630345.1

Cryptococcaceae Kwoniella mangrovensis GCA 000507465.3

Cystobasidiaceae Cystobasidium slooffiae GCA 019775285.1

Erythrobasidiaceae Erythrobasidium yunnanense GCA 001600175.1

Echinodontiaceae Amylostereum areolatum GCA 012932865.1

Polyporaceae Trametes pubescens FBCC735

Ustilaginaceae Pseudozyma hubeiensis GCA 000403515.1

Filobasidiaceae Naganishia liquefaciens GCA 013423385.1

Polyporaceae Trametes sanguineus CIRM BRFM 1264 v1.0

Phanerochaetaceae Phanerochaete chrysosporium GCA 000167175.1

Gomphaceae Turbinellus floccosus GCA 003316585.1

Violaceomycetaceae Violaceomyces palustris SA 807 v1.0

Piskurozymaceae Solicoccozyma terricola JCM 24523 v1.0

Serendipitaceae Serendipita indica GCA 910890315.1

Pseudozyma flocculosa GCA 000417875.1

Cystobasidiaceae Cystobasidium pallidum GCA 001599955.1

Adustoporiaceae Rhodonia placenta GCA 002117355.1

Zaghouaniaceae Hemileia vastatrix GCA 004125335.1

Polyporaceae Fomes fomentarius CIRM BRFM 1821 v1.0

Grifolaceae Grifola frondosa GCA 001683735.1

Polyporaceae Trametes sanguineus GCA 008973685.1

Polyporaceae Lentinus brumalis GCA 001792895.1

Irpicaceae Cytidiella melzeri FP 102339 v1.0

Hericiaceae Dentipellis sp. GCA 002286715.1

Hymenochaetaceae Fomitiporia mediterranea GCA 000271605.1

Cejpomycetaceae Rhizoctonia solani MPI SDFR AT 0096

Symmetrosporaceae Symmetrospora coprosmae GCA 008802785.1

Tulasnellaceae Tulasnella calospora AL134D

Meruliaceae Phlebia brevispora HHB 7030

Sphaerobolaceae Sphaerobolus stellatus v1.0

Microbotryaceae Microbotryum violaceum GCA 900015485.1

Bondarzewiaceae Heterobasidion parviporum GCA 002994785.1

Gomphaceae Gomphus sp. GCA 003314385.1

Hericiaceae Hericium erinaceus GCA 016906435.1

Bulleribasidiaceae Dioszegia aurantiaca GCA 001600655.1

Jaminaea rosea GCA 003144245.1

Polyporaceae Epithele typhae CBS 203.58 v1.0

Hymenochaetaceae Coniferiporia sulphurascens GCA 002794785.1

Laurobasidiaceae Laurobasidium hachijoense GCA 003144295.1

Ceriporiopsis subvermispora GCA 000320605.2

Russulaceae Multifurca ochricompacta BPL690

Tremellaceae Tremella mesenterica GCA 000271645.1

Polyporaceae Trametes puniceus CIRM BRFM 1868 v1.0

Polyporaceae Trametes villosa GCA 002964805.1

Meruliaceae Hermanssonia centrifuga GCA 001913855.2

Stereaceae Gloeopeniophorella convolvens OM19405

Xylariaceae Xylaria arbuscula FL1030

Phanerochaetaceae Phanerochaete sordida GCA 019973155.1

Phanerochaetaceae Bjerkandera adusta v1.0

Piskurozymaceae Solicoccozyma phenolica GCA 001600015.1

Sporidiobolaceae Sporobolomyces roseus GCA 016617785.1

Polyporaceae Daedaleopsis nitida CIRM BRFM 1802 v1.0

Polyporaceae Grammothele lineata GCA 002150815.3

Hymenochaetaceae Phellinus lamaoensis GCA 002794735.1

Filobasidiaceae Filobasidium wieringae GCA 001600055.1

Fibroporiaceae Fibroporia radiculosa GCA 000313525.1

Hericiaceae Dentipellis fragilis GCA 004679275.1

Polyporaceae Trametes cingulata CIRM BRFM 1805 v1.0

Polyporaceae Ganoderma lingzhi GCA 019426095.1

Polyporaceae Trametes versicolor GCA 000271585.1

Rhynchogastremaceae Papiliotrema laurentii GCA 012922615.1

Tremellales sp. GCA 904859935.1

Phaeolaceae Wolfiporia cocos GCA 000344635.1

Polyporaceae Ganoderma sinense GCA 002760635.1

Sparassidaceae Sparassis crispa GCA 003851025.1

Cejpomycetaceae Ceratobasidium sp. GCA 016906575.1

Fomitopsidaceae Fomitopsis palustris GCA 001937815.1

Jaapiaceae Jaapia argillacea GCA 000697665.1

Russulaceae Russula ochroleuca GCA 015178965.1

Holtermanniaceae Holtermannia corniformis GCA 001599935.1

Cryptococcaceae Cryptococcus gattii GCA 000185945.1

Hymenochaetaceae Phellopilus nigrolimitatus GCA 021029095.1

TetragoniomycetaceaeTakashimella koratensis GCA 003116875.1

Ustilaginaceae Moesziomyces aphidis GCA 000517465.1

Dacrymycetaceae Calocera cornea GCA 001632435.1

Cystofilobasidiaceae Cystofilobasidium capitatum GCA 014825545.1

Polyporaceae Ganoderma leucocontextum GCA 020736865.1

Tremellaceae Tremella fuciformis GCA 000987905.1

Sistotremataceae Sertulicium niveocremeum GCA 001630475.1

Malasseziaceae Malassezia sp.  GCA 903798105.1
Malasseziaceae Malassezia furfur GCA 009938135.1

Auriculariaceae Auricularia cornea GCA 008368385.1

Polyporaceae Dichomitus squalens GCA 000275845.1

Polyporaceae Trametes polyzona GCA 001939255.1

Cryptococcaceae Kwoniella bestiolae GCA 000512585.2

Hymenochaetaceae Sanghuangporus baumii GCA 001481415.2

Bondarzewiaceae Heterobasidion irregulare GCA 000320585.2

Stereaceae Stereum hirsutum GCA 000264905.1

Wallemiaceae Wallemia ichthyophaga GCA 000400465.1

Trichosporonaceae Trichosporon faecale GCA 001752585.1

Schizoporaceae Schizopora paradoxa GCA 001020605.1

Bankeraceae Sarcodon imbricatus GCA 003313825.1

Ustilaginaceae Moesziomyces sp. GCA 003004715.1

Erythrobasidiaceae Erythrobasidium hasegawianum GCA 001972285.1

Taiwanofungaceae Taiwanofungus camphoratus GCA 000766995.1

Thelephoraceae Thelephora ganbajun P2

Polyporaceae Trametes maxima CIRM BRFM 1813 v1.0

Panaceae Panus rudis PR 1116

Polyporaceae Trametes gibbosa CIRM BRFM 1770 v1.0

Bondarzewiaceae Heterobasidion annosum GCA 000633895.1

Clathraceae Clathrus columnatus GCA 020884735.1

Russulaceae Lactifluus cf. subvellereus

Irpicaceae Irpex lacteus GCA 001986395.2

Hymenochaetaceae Hymenochaete sp. GCA 019400425.1

Sporidiobolaceae Rhodotorula graminis GCA 001329695.1

Gomphaceae Gautieria morchelliformis GMNE.BST

Auriscalpiaceae Auriscalpium orientale GCA 019915035.1

Albatrellaceae Albatrellopsis ellisii GCA 003314395.1

Polyporaceae Ganoderma sp. GCA 008694245.1

Sparassidaceae Sparassis latifolia GCA 009812315.1

Ustilaginaceae Moesziomyces antarcticus GCA 000747765.1

Camptobasidiaceae Glaciozyma antarctica GCA 002917775.1

Anthracoideaceae Testicularia cyperi GCA 003144125.1

Fomitopsidaceae Rhodofomes roseus CIRM BRFM 1785 v1.0

Ceraceosoraceae Ceraceosorus guamensis GCA 003144195.1

Malasseziaceae Malassezia globosa GCA 000181695.1

Dacrymycetaceae Dacryopinax primogenitus GCA 000292625.1

Phanerochaetaceae Phanerochaete chrysosporium GCA 001910725.1

Melampsoraceae Melampsora lini CH5

Pucciniaceae Uromyces viciae-fabae GCA 000785685.1

Trimorphomycetaceae Saitozyma podzolica GCA 003942215.1

Mixiaceae Mixia osmundae GCA 000708205.1

Filobasidiaceae Naganishia vishniacii GCA 015708705.1

Hericiaceae Hericium coralloides GCA 003675405.1

Polyporaceae Trametes meyenii CIRM BRFM 1810 v1.0

Hydnaceae Sistotrema sp. PMI 390

Mrakiaceae Mrakia frigida GCA 001600395.1

Leucosporidiaceae Leucosporidium scottii GCA 003054985.1

Trichosporonaceae Cutaneotrichosporon oleaginosum GCA 001027345.1

Obba rivulosa GCA 001687445.1

Cryptococcaceae Kwoniella pini GCA 000512605.2
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Table 1  Divergence times (steam ages) and genera number of ranks in Basidiomycota (family, order, class, and subphylum)

Higher Order/suborder Family Genus number Divergence time 
(Myr)

Basidiomycota 2134 –
Agaricomycotina 1680 443
Agaricomycetes 1592 346

Agaricales 560 185
Agaricineae 194 152

Agaricaceae 51 144
Bolbitiaceae 15 –
Cortinariaceae 11 78
Crassisporiaceae 2 78
Crepidotaceae 7 75
Galeropsidaceae 3 106
Hydnangiaceae 4 125
Hymenogastraceae 13 88
Inocybaceae 7 75
Lycoperdaceae 16 –
Mythicomycetaceae 2 –
Nidulariaceae 7 124
Psathyrellaceae 20 125
Squamanitaceae 6 124
Strophariaceae 11 88
Tubariaceae 7 89
incertae sedis 12 –

Clavariineae 11 182
Clavariaceae 11 –

Hygrophorineae 31 178
Hygrophoraceae 30 –
incertae sedis 1 –

Marasmiineae 119 162
Cyphellaceae 22 –
Cystostereaceae 7 –
Marasmiaceae 13 117
Omphalotaceae 16 107
Physalacriaceae 32 144
Porotheleaceae 19 122
incertae sedis 10 –

Mycenineae 11 156
Mycenaceae 11 –

Phyllotopsidineae 18 159
Phyllotopsidaceae 4 –
Pterulaceae 9 –
Radulomycetaceae 4 –
incertae sedis 1

Pleurotineae 13 159
Pleurotaceae 6 –
Stephanosporaceae 5 –
Typhulaceae 2 –

Pluteineae 11 152
Amanitaceae 6 142
Limnoperdaceae 1 –
Pluteaceae 4 142
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Table 1   (Continued)

Higher Order/suborder Family Genus number Divergence time 
(Myr)

Sarcomyxineae 1 173
Sarcomyxaceae 1 –

Schizophyllineae 19 156
Cyphellopsidaceae 14 –
Schizophyllaceae 5 156

Tricholomatineae 90 156
Asproinocybaceae 2 –
Biannulariaceae 3 –
Callistosporiaceae 6 123
Clitocybaceae 8 96
Entolomataceae 9 100
Fayodiaceae 5 –
Lyophyllaceae 28 100
Macrocystidiaceae 1 122
Omphalinaceae 2 –
Pseudoclitocybaceae 5 –
Tricholomataceae 10 96
incertae sedis 11 –

incertae sedis 42 –
Broomeiaceae 1 –
Hemigasteraceae 2 –
incertae sedis 39 –

Amylocorticiales 14 185
Amylocorticiaceae 14 –

Atheliales 19 171
Atheliaceae 11 100
Byssocorticiaceae 3 –
Lobuliciaceae 1 –
Pilodermataceae 2 100
Tylosporaceae 2 –

Auriculariales 57 277
Auriculariaceae 15 122
Hyaloriaceae 3 –
incertae sedis 39 –

Boletales 166 171
Boletaceae 112 62
Boletinellaceae 2 78
Calostomataceae 1 –
Coniophoraceae 6 124
Diplocystidiaceae 4 51
Gasterellaceae 1 –
Gomphidiaceae 4 –
Gyroporaceae 1 –
Hygrophoropsidaceae 2 115
Paxillaceae 11 –
Protogastraceae 1 –
Rhizopogonaceae 3 50
Sclerodermataceae 5 51
Serpulaceae 3 136
Suillaceae 3 50
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Table 1   (Continued)

Higher Order/suborder Family Genus number Divergence time 
(Myr)

Tapinellaceae 3 –
incertae sedis 4 –

Cantharellales 27 309
Botryobasidiaceae 2 243
Cejpomycetaceae 3 289
Hydnaceae 18 243
Tulasnellaceae 3 270
incertae sedis 1 –

Corticiales 29 183
Corticiaceae 13 153
Dendrominiaceae 1 –
Punctulariaceae 4 153
Vuilleminiaceae 3 –
incertae sedis 8 –

Geastrales 8 102
Geastraceae 4 –
Schenellaceae 1 –
Sphaerobolaceae 1 –
Sclerogastraceae 2 –

Gloeophyllales 14 135
Gloeophyllaceae 10 –
incertae sedis 4 –

Gomphales 20 126
Clavariadelphaceae 2 –
Gomphaceae 13 –
Lentariaceae 4 –
incertae sedis 1 –

Hymenochaetales 84 232
Chaetoporellaceae 2 –
Hymenochaetaceae 45 148
Hyphodontiaceae 1 –
Odonticiaceae 2 –
Peniophorellaceae 1 –
Repetobasidiaceae 1 –
Resiniciaceae 1 –
Rickenellaceae 1 184
Rigidoporaceae 3 –
Schizocorticiaceae 1 –
Schizoporaceae 3 148
Sideraceae 1 –
Skvortzoviaceae 1 –
Tubulicrinaceae 1 –
incertae sedis 20 –

Hysterangiales 17 113
Gallaceaceae 3 –
Hysterangiaceae 3 –
Mesophelliaceae 8 –
Phallogastraceae 1 –
incertae sedis 2 –

Jaapiales 1 135
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Table 1   (Continued)

Higher Order/suborder Family Genus number Divergence time 
(Myr)

Jaapiaceae 1 –
Lepidostromatales 3 –

Lepidostromataceae 3 –
Phallales 38 102

Clathraceae 9 –
Claustulaceae 5 –
Gastrosporiaceae 1 –
Lysuraceae 1 –
Phallaceae 11 –
Protophallaceae 1 –
Trappeaceae 4 –
incertae sedis 6 –

Polyporales 346 179
Adustoporiaceae 5 75
Auriporiaceae 1 –
Cerrenaceae 5 –
Climacocystaceae 2 –
Dacryobolaceae 1 –
Fibroporiaceae 2 75
Fomitopsidaceae 28 77
Fragiliporiaceae 1 –
Gelatoporiaceae 4 –
Gloeoporellaceae 1 –
Grifolaceae 2 113
Hyphodermataceae 1 –
Incrustoporiaceae 4 –
Irpicaceae 15 99
Ischnodermataceae 1 –
Laetiporaceae 5 77
Laricifomitaceae 3 –
Meripilaceae 1 –
Meruliaceae 30 108
Panaceae 2 –
Phaeolaceae 3 82
Phanerochaetaceae 24 99
Piptoporellaceae 1 –
Podoscyphaceae 3 –
Polyporaceae 111 113
Postiaceae 15 –
Pycnoporellaceae 2 –
Sarcoporiaceae 1 –
Sparassidaceae 1 90
Steccherinaceae 24 113
Taiwanofungaceae 1 97
incertae sedis 46 –

Russulales 97 190
Albatrellaceae 8 123
Auriscalpiaceae 6 112
Bondarzewiaceae 9 117
Echinodontiaceae 4 105
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Table 1   (Continued)

Higher Order/suborder Family Genus number Divergence time 
(Myr)

Hericiaceae 6 123
Peniophoraceae 17 105
Russulaceae 7 68
Stereaceae 22 68
Terrestriporiaceae 1 –
Xenasmataceae 2 –
incertae sedis 15 –

Sebacinales 9 293
Sebacinaceae 8 –
Serendipitaceae 1 –

Sistotremastrales 2 –
Sistotremastraceae 2 –

Stereopsidales 3 –
Stereopsidaceae 1 –
incertae sedis 2 –

Thelephorales 17 179
Bankeraceae 5 110
Thelephoraceae 10 110
incertae sedis 2 –

Trechisporales 13 –

Hydnodontaceae 11 –
incertae sedis 2 –

Tremellodendropsidales 1 –
Tremellodendropsidaceae 1 –

Xenasmatellales 1 –
Xenasmatellaceae 1 –

incertae sedis incertae sedis 46 –
Bartheletiomycetes 1 –

Bartheletiales 1 –
Bartheletiaceae 1 –

Dacrymycetes 14 346
Dacrymycetales 14 –

Cerinomycetaceae 1 –
Dacryonaemataceae 1 –
Dacrymycetaceae 11 –
Unilacrymaceae 1 –

Tremellomycetes 73 414
Chionasterales 1 –

Chionasteraceae 1 –
Cystofilobasidiales 8 361

Cystofilobasidiaceae 1 156
Mrakiaceae 7 184

Filobasidiales 8 284
Filobasidiaceae 6 210
Piskurozymaceae 2 210

Holtermanniales 2 234
Holtermanniaceae 2 –

Tremellales 38 179
Bulleraceae 4 113
Bulleribasidiaceae 6 –
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Table 1   (Continued)

Higher Order/suborder Family Genus number Divergence time 
(Myr)

Carcinomycetaceae 1 –
Cryptococcaceae 3 169
Cuniculitremaceae 3 130
Naemateliaceae 2 –
Phragmoxenidiaceae 1 –
Rhynchogastremaceae 2 113
Sirobasidiaceae 2 –
Tremellaceae 3 141
Trimorphomycetaceae 4 128
incertae sedis 7 –

Trichosporonales 12 179
Tetragoniomycetaceae 4 153
Trichosporonaceae 8 153

incertae sedis 4 –
Phaeotremellaceae 2 –
incertae sedis 2 –

Pucciniomycotina 302 490
Agaricostilbomycetes 17 312

Agaricostilbales 17 –
Agaricostilbaceae 3 –
Chionosphaeraceae 6 –
Jianyuniaceae 3 –
Kondoaceae 2 –
Ruineniaceae 1 –
Crittendeniaceae 1 –
incertae sedis 1 –

Atractiellomycetes 11 –
Atractiellales 11 –

Atractogloeaceae 1 –
Hoehnelomycetaceae 2 –
Mycogelidiaceae 1 –
Phleogenaceae 7 –

Classiculomycetes 2 –
Classiculales 2 –

Classiculaceae 2 –
Cryptomycocolacomycetes 2 –

Cryptomycocolacales 2 –
Cryptomycocolacaceae 2 –

Cystobasidiomycetes 16 352
Buckleyzymales 1 –

Buckleyzymaceae 1 –
Cystobasidiales 5 160

Cystobasidiaceae 3 –
incertae sedis 2 –

Erythrobasidiales 5 135
Erythrobasidiaceae 2 –
incertae sedis 3 –

Naohideales 1 –
Naohideaceae 1 –

Sakaguchiales 1 –



139Fungal Diversity (2024) 126:127–406 

Table 1   (Continued)

Higher Order/suborder Family Genus number Divergence time 
(Myr)

Sakaguchiaceae 1 –
incertae sedis 3 –

Microsporomycetaceae 1 –
Symmetrosporaceae 1 –
incertae sedis 1 –

Microbotryomycetes 46 392
Heitmaniales 1 –

Heitmaniaceae 1 –
Heterogastridiales 3 –

Heterogastridiaceae 3 –
Kriegeriales 9 187

Camptobasidiaceae 4 –
Kriegeriaceae 5 –

Leucosporidiales 1 142
Leucosporidiaceae 1 –

Microbotryales 9 142
Microbotryaceae 5 –
Ustilentylomataceae 4 –

Rosettozymales 1 –
Rosettozymaceae 1 –

Sporidiobolales 3 169
Sporidiobolaceae 3 –

incertae sedis 19 –
Chrysozymaceae 4 –
Colacogloeaceae 1 –
incertae sedis 14 –

Mixiomycetes 1 312
Mixiales 1 –

Mixiaceae 1 –
Pucciniomycetes 199 419

Helicobasidiales 1 –
Helicobasidiaceae 1 –

Pachnocybales 1 –
Pachnocybaceae 1 –

Platygloeales 10 –
Eocronartiaceae 5 –
Platygloeaceae 5 –

Pucciniales 181 –
Araucariomycetaceae 1 –
Coleosporiaceae 10 –
Crossopsoraceae 6 –
Endoraeciaceae 1 –
Gymnosporangiaceae 3 –
Melampsoraceae 2 89
Milesinaceae 4 –
Ochropsoraceae 3 –
Phakopsoraceae 12 –
Neophysopellaceae 1 –
Nyssopsoraceae 1 –
Phragmidiaceae 9 –
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Table 1   (Continued)

Higher Order/suborder Family Genus number Divergence time 
(Myr)

Pileolariaceae 1 –
Pucciniaceae 33 76
Pucciniastraceae 5 –
Raveneliaceae 32 –
Rogerpetersoniaceae 1 –
Skierkaceae 1 –
Sphaerophragmiaceae 5 114
Tranzscheliaceae 2 –
Uncolaceae 2 –
Uromycladiaceae 1 –
Zaghouaniaceae 9 224
incertae sedis 36 –

Septobasidiales 6 –
Septobasidiaceae 6 –

Spiculogloeomycetes 3 –
Spiculogloeales 3 –

Spiculogloeaceae 3 –
Tritirachiomycetes 2 –

Tritirachiales 2 –
Tritirachiaceae 2 –

incertae sedis incertae sedis incertae sedis 3 –
Ustilaginomycotina 138 471
Exobasidiomycetes 61 –

Ceraceosorales 1 136
Ceraceosoraceae 1 –

Doassansiales 13 –
Doassansiaceae 11 –
Melaniellaceae 1 –
Rhamphosporaceae 1 –

Entylomatales 2 136
Entylomataceae 2 –

Exobasidiales 20 229
Brachybasidiaceae 8 156
Cryptobasidiaceae 5 –
Exobasidiaceae 4 –
Graphiolaceae 2 –
Laurobasidiaceae 1 156

Franziozymales 1 –
Franziozymaceae 1 –

Georgefischeriales 7 204
Eballistraceae 1 –
Georgefischeriaceae 2 –
Gjaerumiaceae 1 –
Tilletiariaceae 3 –

Golubeviales 1 281
Golubeviaceae 1 62

Microstromatales 8 257
Microstromataceae 1 –
Quambalariaceae 1 94
Volvocisporiaceae 1 –
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Table 1   (Continued)

Higher Order/suborder Family Genus number Divergence time 
(Myr)

incertae sedis 5 –
Robbauerales 1 –

Robbaueraceae 1 –
Tilletiales 7 276

Tilletiaceae 6 –
Erratomycetaceae 1 –

Malasseziomycetes 1 288
Malasseziales 1 –

Malasseziaceae 1 –
Moniliellomycetes 1 204

Moniliellales 1 –
Moniellaceae 1 –

Peribolosporomycetes 1 –
Peribolosporales 1 –

Peribolosporaceae 1 –
Ustilaginomycetes 72 288

Quasiramulariales 1 –
Quasiramulariaceae 1 –

Uleiellales 1 –
Uleiellaceae 1 –

Urocystidales 13 140
Doassansiopsidaceae 1 –
Fereydouniaceae 1 –
Floromycetaceae 2 –
Glomosporiaceae 1 46
Mycosyringaceae 1 –
Urocystidaceae 7 –

Ustilaginales 53 140
Anthracoideaceae 19 80
Clintamraceae 1 –
Geminaginaceae 1 –
Melanotaeniaceae 3 –
Pericladiaceae 1 –
Ustilaginaceae 26 80
Websdaneaceae 2 –

Violaceomycetales 1 188
Violaceomycetaceae 1 –

incertae sedis Cintractiellales 1 –
Cintractiellaceae 1 –

incertae sedis incertae sedis 2 –
Wallemiomycotina 4 443
Wallemiomycetes 4 –

Geminibasidiales 2 –
Geminibasidiaceae 2 –

Wallemiales 1 –
Wallemiaceae 1 –

incertae sedis incertae sedis 1 –
Basidiomycota incertae sedis incertae sedis incertae sedis 10 –
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Outline of orders in Basidiomycota

Phylum Basidiomycota R.T. Moore 1980
Subphylum Agaricomycotina Doweld 2001
Class Agaricomycetes Doweld 2001

Agaricales Underw. 1899
Amylocorticiales K.H. Larss., Manfr. Binder & Hib-
bett 2010
Atheliales Jülich 1982
Auriculariales Bromhead 1840
Boletales E.-J. Gilbert 1931
Cantharellales Gäum. 1926
Corticiales K.H. Larss. 2007
Geastrales K. Hosaka & Castellano 2007
Gloeophyllales Thorn 2007
Gomphales Jülich 1982
Hymenochaetales Oberw. 1977
Hysterangiales K. Hosaka & Castellano 2007
Jaapiales Manfr. Binder, K.H. Larss. & Hibbett 2010
Lepidostromatales B.P. Hodk. & Lücking 2013
Phallales E. Fisch. 1898
Polyporales Gäum. 1926
Russulales Kreisel ex P.M. Kirk, P.F. Cannon & J.C. 
David 2001
Sebacinales M. Weiss, Selosse, Rexer, A. Urb. & 
Oberw. 2004
Sistotremastrales L.W. Zhou & S.L. Liu 2022
Stereopsidales Sjökvist, E. Larss., B.E. Pfeil & K.H. 
Larss. 2013
Thelephorales Corner ex Oberw. 1976
Trechisporales K.H. Larss. 2007
Tremellodendropsidales Vizzini 2014
Xenasmatellales L.W. Zhou & S.L. Liu 2023

Class Bartheletiomycetes Thines 2017

Bartheletiales Thines 2017

Class Dacrymycetes Doweld 2001

Dacrymycetales Henn. 1897

Class Tremellomycetes Doweld 2001

Chionasterales N.A.T. Irwin, C.S. Twynstra, V. Mathur 
& P.J. Keeling 2021
Cystofilobasidiales Fell et al. 1999
Filobasidiales Jülich 1982
Holtermanniales Libkind, Wuczk., Turchetti & Boek-
hout 2011
Tremellales Fr. 1821
Trichosporonales Boekhout & Fell 2000

Subphylum Pucciniomycotina R. Bauer, Begerow, J.P. 
Samp., M. Weiss & Oberw. 2006

Class Agaricostilbomycetes R. Bauer, Begerow, J.P. Samp., 
M. Weiss & Oberw. 2006

Agaricostilbales Oberw. & R. Bauer 1989

Class Atractiellomycetes R. Bauer, Begerow, J.P. Samp., 
M. Weiss & Oberw. 2006

Atractiellales Oberw. & Bandoni 1982

Class Classiculomycetes R. Bauer, Begerow, J.P. Samp., M. 
Weiss & Oberw. 2006

Classiculales R. Bauer, Begerow, Oberw. & 
Marvanová 2003

Class Cryptomycocolacomycetes R. Bauer, Begerow, J.P. 
Samp., M. Weiss & Oberw. 2006

Cryptomycocolacales Oberw. & R. Bauer 1990

Class Cystobasidiomycetes R. Bauer, Begerow, J.P. Samp., 
M. Weiss & Oberw. 2006

Buckleyzymales R.L. Zhao & K.D. Hyde 2017
Cystobasidiales R. Bauer, Begerow, J.P. Samp., M. 
Weiss & Oberw. 2006
Erythrobasidiales R. Bauer, Begerow, J.P. Samp., M. 
Weiss & Oberw. 2006
Naohideales R. Bauer, Begerow, J.P. Samp., M. Weiss 
& Oberw. 2006
Sakaguchiales R.L. Zhao & K.D. Hyde 2017

Class Microbotryomycetes R. Bauer, Begerow, J.P. Samp., 
M. Weiss & Oberw. 2006

Heitmaniales Q.M. Wang & F.Y. Bai 2020
Heterogastridiales Oberw. & R. Bauer 1990
Kriegeriales Toome & Aime 2013
Leucosporidiales J.P. Samp., M. Weiss & R. Bauer 
2003
Microbotryales R. Bauer & Oberw. 1997
Rosettozymales Q.M. Wang & F.Y. Bai 2020
Sporidiobolales Doweld 2001

Class Mixiomycetes R. Bauer, Begerow, J.P. Samp., M. 
Weiss & Oberw. 2006

Mixiales R. Bauer, Begerow, J.P. Samp., M. Weiss & 
Oberw. 2006

Class Pucciniomycetes R. Bauer, Begerow, J.P. Samp., M. 
Weiss & Oberw. 2006

Helicobasidiales R. Bauer, Begerow, J.P. Samp., M. 
Weiss & Oberw. 2006
Pachnocybales R. Bauer, Begerow, J.P. Samp., M. 
Weiss & Oberw. 2006
Platygloeales R.T. Moore 1990
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Pucciniales Caruel 1881
Septobasidiales Couch ex Donk 1964

Class Spiculogloeomycetes Q.M. Wang, F.Y. Bai, M. Groe-
new. & Boekhout 2015

Spiculogloeales R. Bauer, Begerow, J.P. Samp., M. 
Weiss & Oberw. 2006

Class Tritirachiomycetes Aime & Schell 2011

Tritirachiales Aime & Schell 2011

Subphylum Ustilaginomycotina Doweld 2001
Class Exobasidiomycetes Begerow, M. Stoll & R. Bauer 2007

Ceraceosorales Begerow, M. Stoll & R. Bauer 2007
Doassansiales R. Bauer & Oberw. 1997
Entylomatales R. Bauer & Oberw. 1997
Exobasidiales Henn. 1898
Franziozymales Q.M. Wang, Begerow & M. Groenew. 
2022
Georgefischeriales R. Bauer, Begerow & Oberw. 1997
Golubeviales Q.M. Wang, F.Y. Bai, Begerow & Boek-
hout 2023
Microstromatales R. Bauer & Oberw. 1997
Robbauerales Boekhout, Begerow, Q.M. Wang & F.Y. 
Bai 2015
Tilletiales Haeckel 1894

Class Malasseziomycetes Denchev & T. Denchev 2014

Malasseziales R.T. Moore 1980

Class Moniliellomycetes Q.M. Wang, F.Y. Bai & Boekhout 
2014

Moniliellales Q.M. Wang, F.Y. Bai & Boekhout 2014

Class Peribolosporomycetes Witfeld, M. A. Guerreiro, 
H.D.T. Nguyen, Begerow 2023

Peribolosporales Witfeld, M. A. Guerreiro, H.D.T. 
Nguyen, Begerow 2023

Class Ustilaginomycetes R. Bauer, Oberw. & Vánky 1997

Quasiramulariales R. Kirschner, M. Kolařík & M. Pie-
penbr. 2021
Uleiellales Garnica, K. Riess, M. Schön, H. Butin, M. 
Lutz, Oberw. & R. Bauer 2016
Urocystidales R. Bauer & Oberw. 1997
Ustilaginales G. Winter 1880
Violaceomycetales Albu et al. 2015

Ustilaginomycotina order  incertae sedis

Cintractiellales McTaggart & R.G. Shivas 2020

Subphylum Wallemiomycotina Doweld 2014

Class Wallemiomycetes Zalar, de Hoog & Schroers 2005

Geminibasidiales H.D.T. Nguyen, N.L. Nick. & Seifert 
2013
Wallemiales Zalar, de Hoog & Schroers 2005

Notes of orders in Basidiomycota

Agaricales Underw. 1899

Contributed by: Tuula Niskanen, Alfredo Vizzini, Scott 
A. Redhead, Pablo Alvarado, Vladimír Antonín, Tolgor 
Bau, Alonso Cortés-Pérez, Irina Druzhinina, Yu-Guang 
Fan, Mahesh C. A. Galappaththi, Laura Guzmán-Dávalos, 
Samantha C. Karunarathna, Kare Liimatainen, Armin 
Mešić, Nelson Menolli Jr., Jean-Marc Moncalvo, László G. 
Nagy, Virginia Ramírez-Cruz, Alexandre G. S. Silva-Filho, 
Zdenko Tkalčec, Torda Varga, Felipe Wartchow, Bin Cao, 
Mao-Qiang He, Rui-Lin Zhao.

Introduction

Agaricales is the most conspicuous and largest group of 
macrofungi characterized by highly diverse basidiome types 
and nutritional modes. It is cosmopolitan in distribution and 
contains mostly gill-forming species, but also those with cla-
varioid, poroid, corticoid, cyphelloid, gasteroid, secotioid or 
reduced basidiomes. Members of the order occur in a wide 
range of terrestrial habitats (forests, grasslands, and wetlands) 
and one freshwater aquatic species is known, Psathyrella 
aquatica J.L. Frank, Coffan & D. South (Frank et al. 2010). 
Nutritional modes of Agaricales species are mostly sapro-
trophic, ectomycorrhizal, or parasitic, while endophytic and 
lichenized lifestyles are less represented (Põlme et al. 2020). 
More than 25,350 species have been ascribed to Agaricales 
(Roskov et al. 2023), which contains 553 genera, encompass-
ing six extinct genera (Hibbet et al. 2003; Heads et al. 2017), 
harbored in 46 families. The accuracy of the infraorder clas-
sification of Agaricales was finally proposed with suborders: 
Agaricineae, Clavariineae, Hygrophorineae, Marasmiineae, 
Mycenineae, Pleurotineae, Pluteineae, Phyllotopsidineae, Sar-
comyxineae, Schizophyllineae, and Tricholomatineae (Dent-
inger et al. 2016; Olariaga et al. 2020; Wang et al. 2023c).

History

From the beginning, within Linnaean taxonomic systems 
(Linnaeus 1753), Agaricales was almost all classified in a 
single genus Agaricus L. with few exceptions, one being 
Lycoperdon pedunculatum L. (now Tulostoma brumale Pers., 
Agaricales). However, many of Linnaeus’s Agaricus belong 
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in other orders, e.g., Agaricus chantarellus L. now Cantharel-
lus cibarius Fr. in Cantharellales, A. integer L. now Russula 
integra (L.) Fr. in Russulales, and A. quercinus L. now Dae-
dalea quercina (L.) Pers. in Polyporales. Additionally, among 
‘Algae’ was Byssus botryoides L. now Lichenomphalia 
umbellifera (L.) Redhead, Lutzoni, Moncalvo & Vilgalys 
in Agaricales, with an alternative simultaneously published 
name Agaricus umbellifera L. (1753), which is a basionym 
for Lichenomphalia umbellifera. Agaricus was one of only 10 
genera in ‘Fungi’ that itself was distinguished from ‘Algae’, 
‘Musci’, and ‘Filices’ in ‘class’ Cryptogamia. Others were: 
Boletus L., Clathrus P. Micheli ex L., Clavaria Vaill. ex L., 
Elvella L., Hydnum L., Lycoperdon Tourn. ex L., Mucor P. 
Micheli ex L., Peziza L., and Phallus Junius ex L.

Following the introduction of Linnaean classification 
system with genera and species binomials, there was a fren-
zied, chaotic half century of naming fungi and plants without 
rules or regulation or formal attributes, largely by persons 
having royal or wealthy patrons or being clergy and sup-
ported by churches, or as a hobby or by physicians interested 
in medicinal or poisonous properties. Christiaan Hendrik 
Persoon (1761–1836) was exceptional, being a physician 
without wealth and dedicated to studying fungi. In his Ten-
tamen dispositionis methodicae fungorum (Persoon 1797), 
roughly translated as ‘An attempt at the methodical arrange-
ment of fungi’, he formulated a taxonomic classification of 
classes, orders, genera, and families.

In 1797, it was evident from his illustrations of slime mold 
fructifications and rust spores that Persoon was using either 
a powerful hand lens or a microscope, hence breakthroughs 
in systematics via new technology. Nearly all modern Aga-
ricales had hymenia he could see and were classified in the 
order Hymenothecium (Gymnothecium), while several pow-
dery-spored gastromycetes lacking hymenia but currently in 
Agaricales, were then in order Dermatocarpon (Angiothe-
cium). Another (Cyathus) with macroscopic disseminules, 
was in the order Sarcothecium (Gymnothecium). Persoon’s 
advances in science were so avant garde, that his next major 
publication, Synopsis methodica fungorum (Persoon 1801) 
was selected as a starting point book by later generations of 
mycologists, but restricted to names in “Uredinales”, “Usti-
laginales”, and “Gasteromycetes”, the latter being vague.

Elias Magnus Fries (1794–1878) was the next major influ-
encer in the classification of fungi and especially those in 
Agaricales. Fries (1815–1818, 1821–1832) recognized many 
genera and subgeneric ‘families’. Then, Fries (1874) elevated 
some of them and recognized 12 genera of lamellar fungi and 
suggested a classification system based on macromorpho-
logical characters, such as the morphology of basidiome and 
color of spore print (Matheny et al. 2006; Zhao et al. 2008). 
Subsequently, Fayod (1889) incorporated micromorphologi-
cal characters in agaricoid fungi study, proposing 108 genera 
(Fayod 1889). Underwood (1899) proposed Agaricales with 

seven families in his work, including “Moulds, mildews and 
mushrooms”. Clements (1909) followed Underwood’s pro-
posal in “The genera of Fungi”, considering Agaricales but 
with six families. Currently, Agaricales in the sense of Under-
wood and Clements, who also called them “Hymenomycetes”, 
could correspond to the modern Agaricomycotina and their 
family Agaricaceae to the current order Agaricales. Singer 
(1951, 1962, 1975, 1986), in his very important work “The 
Agaricales in modern taxonomy”, divided Agaricales in three 
suborders: Agaricineae Fr., Boletineae Rea, and Russulineae 
Singer. These groups are currently recognized as orders on 
their own, leaving the first one as Agaricales s.s. (Hibbett et al. 
2014). Horak (1968) in “Synopsis generum Agaricalium” pro-
vided full descriptions and illustrations of approximately 330 
genera of agaricoid and boletoid fungi. Another relevant work 
is that of Kühner (1980, 1984), who emphasized on cytological 
characteristics, in addition of other morphological characters, 
and proposed five orders: Agaricales s.s., Boletales, Pluteales, 
Russulales, and Tricholomatales, to accommodate fungi with 
lamellar hymenophore. Moreover, Kühner (1984) recognized 
six families within Agaricales: Agaricaceae, Bolbitiaceae, 
Coprinaceae, Cortinariaceae, Crepidotaceae, and Strophari-
aceae. Modern concept of Agaricales arrived with Moncalvo 
et al. (2002), who presented the first phylogeny of Agaricales 
and resolved 117 clades. However, Hibbett et al. (1997) had 
already recovered the euagarics clade before this work. Then, 
Matheny et al. (2006) presented the first multilocus phylogeny 
where they found six clades: agaricoid, tricholomatoid, maras-
mioid, hygrophoroid, pluteoid, and plicaturopsidoid. The most 
recent compilation of names of Agaricales in a phylogenetic 
context was made by Kalichman et al. (2020). These authors 
identified and analyzed 1383 generic names of this group, in 
addition, they provided a schematic phylogenetic tree of fami-
lies that contain agarics and others belonging to Agaricales.

Characters that define the taxa in the order

There is no morphological synapomorphy that unites Agari-
cales. The order evolved several basidiome types from resupi-
nate (corticioid) to conchate, cyphelloid, stereoid, clavarioid, 
pileostipitate (with open or enclosed hymenophore), and gaster-
oid/sequestrate (epigeous or hypogeous). Dominating the forms 
are pileostipitate forms, characterized by a lamellate hymeno-
phore. However, hymenophores can also be smooth, wrinkled, 
odontoid or poroid. Presence of protective veils (universal and 
partial) is quite common in pileostipitate forms. Sequestrate 
forms showing locules and a columella (vestigial structure 
of the stipe) that can be present, reduced or absent. Hyphal 
system is mainly monomitic, with or without clamp-connec-
tions, rarely dimitic or sarcodimitic. Basidia are holobasidi-
ate, usually sterigmate, ballistosporic (when the hymenophore 
is very early exposed to air) or statismosporic (in gasteroid/
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sequestrate epigeous to hypogeous forms). Dolipore septa are 
usually provided with perforate parenthesomes. Basidiospores 
features are extremely diverse with regards to the broad range 
of shapes, wall thickness, colour in mass (white, pink, brown, 
purple-brown, black); they can be smooth or ornamented in 
many ways, dextrinoid/amyloid or not. Cystidia, setae and other 
sterile structures may be present in hymenium, on pileus and/
or stipe surface, on basal mycelium or absent.

Taxa delimitation mainly relies on molecular phylogenetic 
results, but their integration with macro- and micromor-
phological and ecological/trophic traits is very useful and 
strongly recommended. Microscopically, there are particularly 

important taxonomic characters including the size, shape and 
wall features (thickness, ornamentation, and chemical reac-
tions) of basidiospores; the arrangement of covering layers of 
basidiomes (pileipellis, stipitipellis), veils, and hymenophoral 
trama; the presence/absence of clamp-connections; and the 
presence, character and distribution of specialized sterile ele-
ments (cystidia, setae). All these features have played a central 
role in defining the 553 genera and 46 families in Agaricales.

Plates

Fig. 3  Selected basidiome 
types of suborders in Agari-
cales. a, b Agaricus bisporus 
(ZRL20181488, Gansu prov-
ince, China) and Apioperdon 
pyriforme from Agaricineae 
(QL20170019, Gansu prov-
ince, China); c Hygrophorus 
russula from Hygrophorineae 
(ZRL20201408, Sichuan prov-
ince, China); d Marasmiellus 
candidus from Marasmiineae 
(ZRL20151342, Zhejiang 
province of China); e Pleurotus 
abieticola from Pleurotineae 
(ZRL20201486, Sichuan 
province, China); f Amanita 
chepangiana from Pluteineae 
(ZRL20190425, Sichuan prov-
ince, China); g Clavulinopsis 
laeticolor from Clavariineae 
(ZRL2015793, Sichuan prov-
ince, China); h Schizophyllum 
commune from Schizophyl-
lineae (GX2017001, Guangxi 
province, China); i Tricholoma 
matsutake from Tricholo-
matineae (ZRL20191536, 
Sichuan province, China)
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Genera included
Suborder Agaricineae Fr. 1825
Family Agaricaceae Chevall. 1826
= Family Coprinaceae Overeem & Weese 1924
= Family Podaxaceae Corda 1842
= Family Tulostomataceae E. Fisch. 1900

Agaricus L. 1753
= Araneosa Long 1941
= Gyrophragmium Mont. 1843
= Hypophyllum Paulet 1793
= Longula Zeller 1945
= Psalliota (Fr.) P. Kumm. 1871
= Pratella (Pers.) Gray 1821
Asperosporus Karlsen-Ayala, Gazis & M.E. Sm. 2021
Barcheria T. Lebel 2004
Battarrea Pers. 1801
= Dendromyces Libosch. 1810
 = Sphaericeps Welw. & Curr. 1868
Battarreoides T. Herrera 1953
 = Battarraeastrum R. Heim & T. Herrera 1960
Chamaemyces Battarra ex Earle 1909
= Drosella Maire 1935
 = Lepiotella (E.-J. Gilbert) Konrad 1934
Chlamydopus Speg. 1898
Chlorolepiota Sathe & S.D. Deshp. 1979
Chlorophyllum Massee 1898
Clarkeinda Kuntze 1891
= Chitonia (Fr.) P. Karst. 1879
= Chitoniella Henn. 1898
 = Chitonis Clem. 1909
 = Secotium Kunze 1840
Clavogaster Henn. 1896
Coniolepiota Vellinga 2011
Coprinus Pers. 1797
 = Coprinusella (Peck) Zerov 1979
= Onchopus P. Karst. 1879
Crucispora E. Horak 1971
Cystolepiota Singer 1952
= Pulverolepiota Bon 1993
Dictyocephalos L.M. Underwood ex V.S. White 1901
 = Battarreopsis Henn. 1902
 = Whetstonia Lloyd 1906
Echinoderma (Locq. ex Bon) Bon 1991
Endolepiotula Singer 1963
Eriocybe Vellinga 2011
Gasterellopsis Routien 1940
Heinemannomyces Watling 1999
Hiatulopsis Singer & Grinling 1967
Holocotylon Lloyd 1906
Hymenagaricus Heinem. 1981
Janauaria Singer 1986
Lepiota (Pers.) Gray 1821
= Amogaster Castellano 1995

= Cribrospora Pacioni & P. Fantini 2000
= Cryptolepiota Kropp & Trappe 2012
= Fusispora Fayod 1889
= Lepiota P. Browne 1756
 = Lepiotula (Maire) Locq. ex E. Horak 1968
= Morobia E. Horak 1979
Leucoagaricus Locq. ex Singer 1948
= Coccobotrys Boud. & Pat. 1900
 = Schulzeria Bres. & Schulzer 1886
= Sericeomyces Heinem. 1978
Leucocoprinus Pat. 1888
= Mastocephalus Battarra ex Earle 1909
Macrolepiota Singer 1948
 = Lepiotella Rick 1938
= Volvolepiota Singer 1959
Melanophyllum Velen. 1921
 = Chlorosperma Murrill 1922
 = Chlorospora Massee 1898
 = Glaucospora Rea 1922
Metrodia Raithelh. 1971
Micropsalliota Höhn. 1914
 = Allopsalliota Nauta & Bas 1999
Montagnea Fr. 1836
Mycenastrum Desv. 1842
= Endonevrum Czern. 1845
Neosecotium Singer & A.H. Sm. 1960
Phellorinia Berk. 1843
 = Areolaria Kalchbr. 1884
 = Cyphellomyces Speg. 1906
 = Xylopodium Mont. 1845
Phyllogaster Pegler 1969
Podaxis Desv. 1809
 = Catachyon (Ehrenb. ex Fr.) Fr. 1832
 = Cauloglossum Grev. ex Fr. 1829
 = Chainoderma Massee 1890
 = Schweinitzia Grev. 1823
Pseudoauricularia Kobayasi 1982
Pseudolepiota Z.W. Ge 2017
Queletia Fr. 1872
Rugosospora Heinem. 1973
Schinzinia Fayod 1889
Schizostoma Ehrenb. ex Lév. 1846
Singerina Sathe & S.D. Deshp. 1981
Smithiogaster J.E. Wright 1975
Smithiomyces Singer 1944
Termiticola E. Horak 1979
Tulostoma Pers. 1794
 = Tulasnodea Fr. 1849
Xanthagaricus (Heinem.) Little Flower, Hosag. & 
T.K. Abraham 1997
Xerocoprinus Maire 1907
Family Bolbitiaceae Singer 1948
Agrogaster D.A. Reid 1986
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Bolbitius Fr. 1838
 = Pluteolus (Fr.) Gillet 1876
Conocybe Fayod 1889
 = Gastrocybe Watling 1968
= Pseudoconocybe Hongo 1967
 = Raddetes P. Karst. 1887
Cyttarophyllopsis R. Heim 1968
Descolea Singer 1952
 = Descomyces Bougher & Castellano 1993
 = Hymenangium Klotzsch 1839
 = Pseudodescolea Raithelh. 1980
 = Setchelliogaster Pouzar 1958
 = Timgrovea G. Cunn. 1993
Galerella Earle 1909
Galeropsis Velen. 1930
 = Cyttarophyllum (R. Heim) Singer 1936
 = Psammomyces Lebedeva 1932
Gymnoglossum Massee 1891
Pholiotina Fayod 1889
Ptychella Roze & Boud. 1879
Rhodoarrhenia Singer 1964
Tubariella E. Horak & Hauskn. 2002
Tubariopsis R. Heim 1931
Tympanella E. Horak 1971
Wielandomyces Raithelh. 1988

Family Cortinariaceae Singer 1951
Aureonarius Niskanen & Liimat. 2022
 Austrocortinarius Niskanen & Liimat. 2022
Calonarius Niskanen & Liimat. 2022
Cortinarius (Pers.) Gray 1821
= Cuphocybe R. Heim 1951
 =  Cystocybe Velen. 1921
 = Dermocybe (Fr.) Wünsche 1877
 = Gomphos Kuntze 1891
 = Hydrocybe (Fr. ex Rabenh.) Wünsche 1877
 = Hydrocybium Earle 1909
 = Hydrotelamonia Rob. Henry 1957
= Hygromyxacium Locq. 1979
= Inoloma (Fr.) Wünsche 1877
 = Leucopus P. Kumm. 1871
 = Myxacium (Fr.) P. Kumm. 1871
= Myxopholis Locq. 1979
= Protoglossum Massee 1891
 = Quadrispora Bougher & Castellano 1993
 = Rozites P. Karst. 1879
 = Sericeocybe Rob. Henry 1993
 = Sphaerotrachys Fayod 1889
 = Telamonia (Fr.) Wünsche 1877
Cystinarius Niskanen & Liimat. 2022
Hygronarius Niskanen & Liimat. 2022
Mystinarius Niskanen & Liimat. 2022
Phlegmacium (Fr.) Wünsche 1877
 = Bulbopodium Earle 1909

 = Cyanicium Locq. 1979
 = Meliderma Velen. 1920
Pyrrhoglossum Singer 1944
Thaxterogaster Singer 1951
 = Hygramaricium Locq. 1979
= Gigasperma E. Horak 1971
= Rapacea E. Horak 1999
Volvanarius Niskanen & Liimat. 2022

Family Crassisporiaceae Vizzini, Consiglio & M. Marchetti 
2019

Crassisporium Matheny, P.-A. Moreau & Vizzini 
2014
Romagnesiella Contu, Matheny, P.-A. Moreau, 
Vizzini & A. de Haan 2014

Family Crepidotaceae (S. Imai) Singer 1951
Crepidotus (Fr.) Staude 1857
 = Calathinus Quél. 1886
 = Cyphellathelia Jülich 1972
 = Dochmiopus Pat. 1887
 = Octojuga Fayod 1889
 = Phaeoglabrotricha W.B. Cooke 1961
 = Phaeomyces E. Horak 2005
 = Phialocybe P. Karst. 1879
 = Pleurotellus Fayod 1889
 = Tremellastrum Clem. 1909
 = Tremellopsis Pat. 1903
Episphaeria Donk 1962
Nanstelocephala Oberw. & R.H. Petersen 1990
Neopaxillus Singer 1948
Pellidiscus Donk 1959
Pleuroflammula Singer 1946
Simocybe P. Karst. 1879
 = Ramicola Velen. 1929

Family Galeropsidaceae Singer 1962
Panaeolopsis Singer 1969
Panaeolina Maire 1933
Panaeolus (Fr.) Quél. 1872
 = Anellaria P. Karst. 1879
 = Campanularius Roussel 1806
 = Chalymmota P. Karst. 1879
 = Copelandia Bres. 1912
 = Coprinarius (Fr.) P. Kumm. 1871

Family Hydnangiaceae Gäum. & C.W. Dodge 1928
Hydnangium Wallr. 1839
Laccaria Berk. & Broome 1883
 = Russuliopsis J. Schröt. 1889
Maccagnia Mattir. 1922
 Podohydnangium G.W. Beaton, Pegler & T.W.K. 
Young 1984

Family Hymenogastraceae Vittad. 1831
 = Family Chromocyphellaceae Knudsen 2010

Anamika K.A. Thomas, Peintner, M.M. Moser & 
Manim. 2002
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Chromocyphella De Toni & Levi 1888
 = Cymbella Pat. 1886
 = Phaeocarpus Pat. 1887
 = Phaeocyphella Pat. 1900
Flammula (Fr.) P. Kumm. 1871
Galerina Earle 1909
 = Galera (Fr.) P. Kumm. 1871
 = Galerula P. Karst. 1879
 = Pseudogalera Velen. 1947
 = Phaeogalera Kühner 1973
 = Pholidotopsis Earle 1909
 = Velomycena Pilát 1953
Gymnopilus P. Karst. 1879
 = Pseudogymnopilus Raithelh. 1974
Hebeloma (Fr.) P. Kumm. 1871
 = Hebelomatis Earle 1909
 = Hebelomina Maire 1935
 = Myxocybe Fayod 1889
 = Picromyces Battarra ex Earle 1909
Hymenogaster Vittad. 1831
 = Dendrogaster Bucholtz 1901
 = Fechtneria Velen. 1939
 = Hysterogaster C.W. Dodge 1928
 = Radiogaster Lloyd 1924
 = Rhizopogoniella Soehner 1953
 = Roumeguerites P. Karst. 1879
 = Sarcoloma Locq. 1979
Naucoria (Fr.) P. Kumm. 1871
 = Alnicola Kühner 1926
Phaeocollybia R. Heim 1931
 = Quercella Velen. 1921
Phaeosolenia Speg. 1902
Psathyloma Soop, J.A. Cooper & Dima 2016
Psilocybe (Fr.) P. Kumm. 1871
 = Delitescor Earle 1909
 = Naematoloma P. Karst. 1879
 = Stropholoma (Singer) Balletto 1989
 = Weraroa Singer 1958
Synnematomyces Kobayasi 1981

Family Inocybaceae Jülich 1982
Auritella Matheny & Bougher 2006
Inocybe (Fr.) Fr. 1863
 = Agmocybe Earle 1909
 = Astrosporina J. Schröt. 1889
 = Clypeus (Britzelm.) Fayod 1889
 = Inocibium Earle 1909
 = Inocybella Zerova 1974
Inosperma (Kühner) Matheny & Esteve-Rav. 2019
Mallocybe (Kuyper) Matheny, Vizzini & Esteve-Rav. 
2019
Nothocybe Matheny & K.P.D. Latha 2019
Pseudosperma Matheny & Esteve-Rav. 2019
Tubariomyces Esteve-Rav. & Matheny 2010

Family Lycoperdaceae Chevall. 1826
Abstoma G. Cunn. 1926
Acutocapillitium P. Ponce de León 1976
Apioperdon (Kreisel & D. Krüger) Vizzini 2017
 = Lycoperdon subgenus Apioperdon (Kreisel & D. 
Krüger) Jeppson & E. Larss. 2008
Arachnion Schwein. 1822
 = Scoleciocarpus Berk. 1843
Bovista Pers. 1794
 = Globaria Quél. 1873
 = Piesmycus Raf. 1808
 = Pseudolycoperdon Velen. 1947
 = Sackea Rostk. 1844
Bryoperdon Vizzini 2017
Calvatiopsis Hollós 1929
Calbovista Morse ex M.T. Seidl 1995
 = Calbovista Morse 1935
Calvatia Fr. 1849
 = Bovistaria (Fr.) P. Karst. 1889
 = Eriosphaera Reichardt 1866
 = Hypoblema Lloyd 1902
 = Langermannia Rostk. 1839
 = Lanopila Fr. 1847
 = Lasiosphaera Reichardt 1870
Disciseda Czern. 1845
 = Bovistina Long & Stouffer 1941
 = Catastoma Morgan 1892
Gastropila Homrich & J.E. Wright 1973
 = Pila Speg. 1923
Glyptoderma R. Heim & Perr.—Bertr. 1971
Japonogaster Kobayasi 1989
Lycoperdon Pers. 1794
 = Bovistella Morgan 1892
 = Calvatiella C.H. Chow 1936
 = Capillaria Velen. 1947
 = Cerophora Raf. 1814
 = Handkea Kreisel 1989
 = Priapus Raf. 1808
 = Sufa Adans. 1763
 = Utraria Quél. 1873
 = Vascellum F. Šmarda 1958
Lycoperdopsis Henn. 1900
Morganella Zeller 1948

Family Mythicomycetaceae Vizzini, Consiglio & M. Mar-
chetti 2019

Mythicomyces Redhead & A.H. Sm. 1986
Stagnicola Redhead & A.H. Sm. 1986
Family Nidulariaceae Dumort. 1822
Crucibulum Tul. & C. Tul. 1844
Cyathella Brot. 1804
Cyathus Haller 1768
 = Cyathia P. Browne 1756
 = Cyathodes P. Micheli ex Kuntze 1891
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 = Peziza L. 1753
Mycocalia J.T. Palmer 1961
Nidula V.S. White 1902
Nidularia Fr. 1817
 = Granularia Roth 1791
Retiperidiolia Kraisit., Choeyklin, Boonprat. & M.E. 
Sm. 2022

Family Psathyrellaceae Vilgalys, Moncalvo & Redhead 2001
 = Zerovaemycetaceae Gorovij 1977
Britzelmayria D. Wächt. & A. Melzer 2020
Candolleomyces D. Wächt. & A. Melzer 2020
Coprinellus P. Karst. 1879
 = Annularius Roussel 1806
 = Ephemerocybe Fayod 1889
 = Ozonium Link 1809
 = Pseudocoprinus Kühner 1928
Coprinopsis P. Karst. 1881
 = Hormographiella Guarro & Gené 1992
 = Lentispora Fayod 1889
 = Pselliophora P. Karst. 1879
 = Rhacophyllus Berk. & Broome 1871
 = Zerovaemyces Gorovij 1977
Cystoagaricus Singer 1947
Gasteroagaricoides D.A. Reid 1986
Hausknechtia D. Wächt. & A. Melzer 2020
Heteropsathyrella T. Bau & J.Q. Yan 2021
Homophron (Britzelm.) Örstadius & E. Larss. 2015
Jugisporipsathyra J.Q. Yan, Y.G. Fan & S.N. Wang 
2022
Kauffmania Örstadius & E. Larss. 2015
Lacrymaria Pat. 1887
 = Cortiniopsis J. Schröt. 1889
 = Glyptospora Fayod 1889
Macrometrula Donk & Singer 1948
Narcissea D. Wächt. & A. Melzer 2020
Olotia D. Wächt. & A. Melzer 2020
Parasola Redhead, Vilgalys & Hopple 2001
Psathyrella (Fr.) Quél. 1872
 = Astylospora Fayod 1889
 = Drosophila Quél. 1886
 = Gymnochilus Clem. 1896
 = Hypholomopsis Earle 1909
 = Pannucia P. Karst. 1879
 = Pluteopsis Fayod 1889
 = Psalliotina Velen. 1939
 = Psathyra (Fr.) P. Kumm. 1871
 = Psilocybe Fayod 1889
Punjabia D. Wächt. & A. Melzer 2020
Tulosesus D. Wächt. & A. Melzer 2020
Typhrasa Örstadius & E. Larss. 2015

Family Squamanitaceae Jülich1982
Cystoderma Fayod 1889
Dissoderma (A.H. Sm. & Singer) Singer 1973

Floccularia Pouzar 1957
Leucopholiota (Romagn.) O.K. Mill., T.J. Volk & 
Bessette 1996
 = Amylolepiota Harmaja 2002
Phaeolepiota Maire ex Konrad & Maubl. 1928
Squamanita Imbach 1946
 = Coolia Huijsman 1943

Family Strophariaceae Singer & A.H. Sm. 1946
Agrocybe Fayod 1889
 = Bulla Battarra ex Earle 1909
 = Bulla Battarra 1755
 = Cyclopus (Quél.) Barbier 1907
 = Togaria W.G. Sm. 1908
Brauniella Rick ex Singer 1955
 = Braunia Rick 1934
Deconica (W.G. Sm.) P. Karst. 1879
Hypholoma (Fr.) P. Kumm. 1871
 = Bogbodia Redhead 2013
Kuehneromyces Singer & A.H. Sm. 1948
Leratiomyces Bresinsky & Manfr. Binder ex Bridge, 
Spooner, Beever & D.C. Park 2008
 = Cytophyllopsis R. Heim 1958
Melanotus Pat. 1900
Pholiota (Fr.) P. Kumm. 1871
 = Derminus (Fr.) Staude 1857
 = Dryophila Quél. 1886
 = Flammopsis Fayod 1889
 = Gymnocybe P. Karst. 1879
 = Hemipholiota (Singer) Romagn. 1980
 = Hemipholiota (Singer) Bon 1986
 = Hypodendrum Paulet ex Earle 1909
 = Nemecomyces Pilát 1933
 = Nivatogastrium Singer & A.H. Sm. 1959
 = Phaeonematoloma (Singer) Bon 1994
 = Ryssospora Fayod 1889
 = Visculus Earle 1909
Protostropharia Redhead, Moncalvo & Vilgalys 2013
Pyrrhulomyces E.J. Tian & Matheny 2020
Stropharia (Fr.) Quél. 1872

Family Tubariaceae Vizzini 2008
Cyclocybe Velen. 1939
Flammulaster Earle 1909
Hemistropharia Jacobsson & E. Larss. 2007
Pachylepyrium Singer 1958
Phaeomarasmius Scherff. 1897
 = Epicorticium Velen. 1926
 = Flocculina P.D. Orton 1960
 = Marasmiopsis Henn. 1898
Pleuromyces Dima, P.-A. Moreau & V. Papp 2018
Tubaria (W.G. Sm.) Gillet 1876
Genera incertae sedis
Cercopemyces T.J. Baroni, Kropp & V.S. Evenson 
2014
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Cereicium Locq. 1979
Cystodermella Harmaja 2002
Fissolimbus E. Horak 1979
Meottomyces Vizzini 2008
Phaeopholiota Locq. & Sarwal 1983
Ripartitella Singer 1947
Squamaphlegma Locq. 1979
Stephanopus M.M. Moser & E. Horak 1975
Verrucospora E. Horak 1967
Volvigerum (E. Horak & M.M. Moser) R. Heim 1966
Weinzettlia Velen. 1921
Suborder Clavariineae Olariaga, Huhtinen, Læssøe, 
J.H. Petersen & K. Hansen 2020
Family Clavariaceae Chevall. 1826

Camarophyllopsis Herink 1958
 = Hygrotrama Singer 1959
Ceratellopsis Konrad & Maubl. 1937
Clavaria Vaill. ex L. 1753
 = Holocoryne (Fr.) Bonord. 1851
 = Stichoclavaria Ulbr. 1928
Clavicorona Doty 1947
Clavulinopsis Overeem 1923
 = Donkella Doty 1950
 = Ramaria Holmsk. 1790
Hirticlavula J.H. Petersen & Læssøe 2014
Hodophilus R. Heim 1958
Hyphodontiella Å. Strid 1975
Lamelloclavaria Birkebak & Adamčík 2016
Mucronella Fr. 1874
 = Myxomycidium Massee 1901
Ramariopsis (Donk) Corner 1950
Suborder Hygrophorineae Aime, Dentinger & Gaya 
2015

Family Hygrophoraceae Lotsy 1907
Acantholichen P.M. Jørg. 1998
Aeruginospora Höhn. 1908
Ampulloclitocybe Redhead, Lutzoni, Moncalvo & 
Vilgalys 2002
 = Clavicybe Harmaja 2002
Aphroditeola Redhead & Manfr. Binder 2013
Arrhenia Fr. 1849
 = Boehmia Raddi 1806
 = Corniola Gray 1821
 = Dictyolus Quél. 1886
 = Geotus Pilát & Svrček 1953
 = Leptotus P. Karst. 1879
 = Omphalia (Fr.) Gray 1821
Cantharellula Singer 1936
Cantharocybe H.E. Bigelow & A.H. Sm. 1973
Chromosera Redhead, Ammirati & Norvell 1995
Chrysomphalina Clémençon 1982
 = Chrysobostrychodes G. Kost 1985
Cora Fr. 1825

 = Wainiocora Tomas. 1950
Corella Vain. 1890
Cuphophyllus (Donk) Bon 1985
 = Dermolomopsis Vizzini 2012
Cyphellostereum D.A. Reid 1965
Dictyonema C. Agardh ex Kunth 1822
 = Coraemyces Cif. & Tomas. 1954
 = Dichonema Blume & T. Nees 1826
 = Dictyonematomyces Cif. & Tomas. 1954
 = Gyrolophium Kunze ex Krombh. 1831
 = Laudatea Johow 1884
 = Rhipidonema Mattir. 1881
 = Rhipidonematomyces Cif. & Tomas. 1954
 = Rhizonema Thwaites 1849
Eonema Redhead, Lücking & Lawrey 2009
Gliophorus Herink 1958
Gloioxanthomyces Lodge, Vizzini, Ercole & Boertm. 
2013
Haasiella Kotl. & Pouzar 1966
Humidicutis (Singer) Singer 1959
Hygroaster Singer 1955
Hygrocybe (Fr.) P. Kumm. 1871
 = Bertrandia R. Heim 1936
 = Bertrandia R. Heim 1966
 = Godfrinia Maire 1902
 = Hydrophorus Battarra ex Earle 1909
 = Pseudohygrocybe (Bon) Kovalenko 1988
Hygrophorus Fr. 1836
 = Camarophyllus (Fr.) P. Kumm. 1871
 = Limacium (Fr. ex Rabenh.) P. Kumm. 1871
Lichenomphalia Redhead, Lutzoni, Moncalvo & Vil-
galys 2002
 = Botrydiopsis Trevis. 1845
 = Coriscium Vain. 1890
 = Phalomia Nieuwl. 1916
 = Phytoconis Bory 1797
Melanomphalia M.P. Christ. 1936
 = Horakomyces Raithelh. 1983
Neohygrocybe Herink 1958
Porpolomopsis Bresinsky 2008
Pseudoarmillariella Singer 1956
Semiomphalina Redhead 1984
Sinohygrocybe C.Q. Wang, Ming Zhang & T.H. Li 
2018
Spodocybe Z. M. He & Zhu L. Yang 2021
Genera incertae sedis
Xeromphalina Kühner & Maire 1934
 = Phlebomarasmius R. Heim 1967
 = Valentinia Velen. 1939
Suborder Marasmiineae Aime, Dentinger & Gaya 
2015

Family Cyphellaceae Burnett 1835
Asterocyphella W.B. Cooke 1961
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Atheniella Redhead, Moncalvo, Vilgalys, Desjardin 
& B.A. Perry 2012
Campanophyllum Cifuentes & R.H. Petersen 2003
Catilla Pat. 1915
Cheimonophyllum Singer 1955
Chondrostereum Pouzar 1959
Cunninghammyces Stalpers 1985
Cyphella Fr. 1822
 = Dendrocyphella Petch 1922
 = Phaeocoryne Clem. 1902
Gloeocorticium Hjortstam & Ryvarden 1986
Gloeostereum S. Ito & S. Imai 1933
Granulobasidium Jülich 1979
Hyphoradulum Pouzar 1987
Incrustocalyptella Agerer 1983
Mycopan Redhead, Moncalvo & Vilgalys 2013
Phaeoporotheleum (W.B. Cooke) W.B. Cooke 1961
Phloeomana Redhead 2013
Pleurella E. Horak 1971
Scytinotus P. Karst. 1879
Seticyphella Agerer 1983
Setigeroclavula R.H. Petersen 1988
Sphaerobasidioscypha Agerer 1983
Thujacorticium Ginns 1988

Family Cystostereaceae Jülich 1982
Cericium Hjortstam 1995
Crustomyces Jülich 1978
Cystidiodontia Hjortstam 1983
Cystostereum Pouzar 1959
Parvobasidium Jülich 1975
Parvodontia Hjortstam & Ryvarden 2004
Rigidotubus J. Song, Y.C. Dai & B.K. Cui 2018

Family Marasmiaceae Roze ex Kühner 1980
Amyloflagellula Singer 1966
Aphyllotus Singer 1973
Brunneocorticium Sheng H. Wu 2007
Campanella Henn. 1895
Cellypha Donk 1959
Chaetocalathus Singer 1943
Crinipellis Pat. 1889
Hymenogloea Pat. 1900
Marasmius Fr. 1836
 = Androsaceus (Pers.) Pat. 1887
 = Chamaeceras Rebent. ex Kuntze 1898
 = Chaenocarpus Rebent. 1804
 = Coenocarpus Fr. 1825
 = Cryptothamnium Wallr. 1842
 = Discocyphella Henn. 1900
 = Heliomyces Lév. 1844
 = Hymenoconidium Zukal 1888
 = Hymenomarasmius Overeem 1927
 = Polymarasmius Murrill 1915
 = Protomarasmius Overeem 1927

 = Scorteus Earle 1909
 = Tephrophana Earle 1909
Moniliophthora H.C. Evans, Stalpers, Samson & 
Benny 1978
Neocampanella Nakasone, Hibbett & Goranova 2009
Paramarasmius Antonín & Kolařík 2023
Tetrapyrgos E. Horak 1987
 = Pterospora Métrod 1949

Family Omphalotaceae Bresinsky 1985
Anthracophyllum Ces. 1879
Caripia Kuntze 1898
Collybiopsis (J. Schröt.) Earle 1909
 = Marasmiellus Murrill 1915
Connopus R.H. Petersen 2010
Gymnopanella Sand.-Leiva, J.V. McDonald & Thorn 
2016
Gymnopus (Pers.) Gray 1821
 = Setulipes Antonín 1987
Hymenoporus Tkalčec, Mešić & Chun Y. Deng 2015
Lentinula Earle 1909
Mycetinis Earle 1909
Neonothopanus R.H. Petersen & Krisai 1999
Omphalotus Fayod 1889
 = Lampteromyces Singer 1947
 = Monodelphus Earle 1909
Paragymnopus J.S. Oliveira 2019
Paramycetinis R.H. Petersen 2020
Pseudomarasmius R.H. Petersen & K.W. Hughes 
2020
Pusillomyces J.S. Oliveira 2019
Rhodocollybia Singer 1939

Family Physalacriaceae Corner 1970
Anastrophella E. Horak & Desjardin 1994
Armillaria (Fr.) Staude 1857
 = Acurtis Fr. 1849
 = Armillariella (P. Karst.) P. Karst. 1881
 = Aphotistus Humb. 1793
 = Polymyces Battarra ex Earle 1909
 = Rhizomorpha Roth 1791
Cibaomyces Zhu L. Yang, Y.J. Hao & J. Qin 2014
Cribbea A.H. Sm. & D.A. Reid 1962
Cryptomarasmius T.S. Jenkinson & Desjardin 2014
Cylindrobasidium Jülich 1974
Cyptotrama Singer 1960
 = Xerulina Singer 1962
Dactylosporina (Clémençon) Dörfelt 1985
Deigloria Agerer 1980
Desarmillaria (Herink) R. A. Koch & Aime 2017
Epicnaphus Singer 1960
Flammulina P. Karst. 1891
 = Collybidium Earle 1909
 = Myxocollybia Singer 1936
Gloiocephala Massee 1892
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Guyanagaster T.W. Henkel, M.E. Sm. & Aime 2010
Hymenopellis R.H. Petersen 2010
Laccariopsis Vizzini 2013
Manuripia Singer 1960
Mucidula Pat. 1887
Mycaureola Maire & Chemin 1922
Mycotribulus Nag Raj & W.B. Kendr. 1970
Naiadolina Redhead, Labbé & Ginns 2013
Oudemansiella Speg. 1881
 = Coprinopsis Beeli 1929
 = Oudemansia Speg. 1880
 = Phaeolimacium Henn. 1899
Paraxerula R.H. Petersen 2010
Physalacria Peck 1882
 = Baumanniella Henn. 1897
 = Eoagaricus L. Krieg. 1923
 = Hormomitaria Corner 1950
Ponticulomyces R.H. Petersen 2010
Protoxerula R.H. Petersen 2010
Pseudohiatula (Singer) Singer 1938
Pseudotyphula Corner 1953
Rhizomarasmius R.H. Petersen 2000
Rhodotus Maire 1926
Strobilurus Singer 1962
Xerula Maire 1933

Family Porotheleaceae Murrill 1916
Acanthocorticium Baltazar, Gorjón & Rajchenb. 2015
Calyptella Quél. 1886
Chrysomycena Vizzini, Picillo, Perrone & Dovana 
2019
Clavomphalia E. Horak 1987
Clitocybula (Singer) Singer ex Métrod 1952
Delicatula Fayod 1889
 = Retocybe Velen. 1947
Gerronema Singer 1951
Henningsomyces Kuntze 1898
 = Solenia Pers. 1794
Hydropodia Vizzini & Consiglio 2022
Hydropus Kühner ex Singer 1948
Leucoinocybe Singer ex Antonín, Borovička, Holec 
& Kolařík 2019
Lignomphalia Antonín, Borovička, Holec & Kolařík 
2019
Megacollybia Kotl. & Pouzar 1972
Porotheleum Fr. 1818
 = Stromatoscypha Donk 1951
Pseudohydropus Vizzini & Consiglio 2022
Pulverulina Matheny & K.W. Hughes 2020
Rectipilus Agerer 1973
Trogia Fr. 1836
Vanromburghia Holterm. 1898
Genera incertae sedis
Baeospora Singer 1938

Callistodermatium Singer 1981
Hispidocalyptella E. Horak & Desjardin 1994
Lactocollybia Singer 1939
 = Bertrandiella R. Heim 1959
 = Bertrandiella R. Heim 1966
Lecanocybe Desjardin & E. Horak 1999
Mycenella (J.E. Lange) Singer 1938
Neoclitocybe Singer 1962
Pegleromyces Singer 1981
Phaeomycena R. Heim ex Singer & Digilio 1952
Physocystidium Singer 1962
Suborder Mycenineae R.L. Zhao, Vizzini & M.Q. He

Family Mycenaceae Overeem 1926
Cruentomycena R.H. Petersen, Kovalenko & O.V. 
Morozova 2008
Cynema Maas Geest. & E. Horak 1995
Favolaschia (Pat.) Pat. 1892
 = Hologloea Pat. 1900
 = Mycomedusa R. Heim 1945
 = Mycomedusa R. Heim 1966
 = Poroauricula McGinty 1917
 = Porolaschia Pat. 1897
 = Porolaschia Pat. 1898
Flabellimycena Redhead 1984
Heimiomyces Singer 1942
 = Perona Pers. 1825
Hemimycena Singer 1938
Mycena (Pers.) Roussel 1806
 = Bactroboletus Clem. 1909
 = Basidopus Earle 1909
 = Collopus Earle 1909
 = Corrugaria Métrod 1949
 = Decapitatus Redhead & Seifert 2000
 = Dictyoploca Mont. ex Pat. 1890
 = Eomycenella G.F. Atk. 1902
 = Filoboletus Henn. 1900
 = Galactopus Earle 1909
 = Hiatula (Fr.) Mont. 1854
 = Insiticia Earle 1909
 = Leiopoda Velen. 1947
 = Leptomyces Mont. 1856
 = Linopodium Earle 1909
 = Mycenoporella Overeem 1926
 = Mycenopsis Velen. 1947
 = Phlebomycena R. Heim 1945
 = Phlebomycena R. Heim 1966
 = Poromycena Overeem 1926
 = Prunulus Gray 1821
 = Pseudomycena Cejp 1929
 = Stereopodium Earle 1909
 = Zephirea Velen. 1947
Panellus P. Karst. 1879
 = Dictyopanus Pat. 1900
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 = Urospora Fayod 1889
 = Urosporellina E. Horak 1968
Resinomycena Redhead & Singer 1981
Roridomyces Rexer 1994
 = Roridella E. Horak 2005
Tectella Earle 1909
Suborder Phyllotopsidineae Zhu L. Yang & G. S. 
Wang 2023

Family Phyllotopsidaceae Locquin ex Olariaga, Huhtinen, 
Læssøe, J.H. Petersen & K. Hansen 2020

Conoloma Zhu L. Yang & G. S. Wang 2023
Phyllotopsis E.-J. Gilbert & Donk ex Singer 1936
 = Tilotus Kalchbr. 1881
 = Tomentifolium Murrill 1903
Pleurocybella Singer 1947
Tricholomopsis Singer 1939

Family Pterulaceae Corner 1970
Allantula Corner 1952
Chaetotyphula Corner 1950
Coronicium J. Erikss. & Ryvarden 1975
Lepidomyces Jülich 1979
Merulicium J. Erikss. & Ryvarden 1976
Myrmecopterula Leal-Dutra, Dentinger & G.W. Griff. 
2020
Phaeopterula (Henn.) Sacc. & D. Sacc. 1905
Pterula Fr. 1825
Pterulicium Corner 1950
 = Deflexula Corner 1950

Family Radulomycetaceae Leal-Dutra, Dentinger & G.W. 
Griff. 2020

Aphanobasidium Jülich 1979
Globuliciopsis Hjortstam & Ryvarden 2004
Radulomyces M.P. Christ. 1960
 = Adustomyces Jülich 1979
 = Cerocorticium Henn. 1900
 = Chrysoderma Boidin & Gilles 1991
 = Flavophlebia (Parmasto) K.H. Larss. & Hjortstam 
1977
Radulotubus Y.C. Dai, S.H. He & C.L. Zhao 2016
Genus family incertae sedis
Macrotyphula R.H. Petersen 1972
Suborder Pleurotineae Aime, Dentinger & Gaya 
2015

Family Pleurotaceae Kühner 1980
Agaricochaete Eichelb. 1906
Hohenbuehelia Schulzer 1866
 = Acanthocystis (Fayod) Kühner 1926
 = Nematoctonus Drechsler 1941
Lignomyces R.H. Petersen & Zmitr. 2015
Pleurotus (Fr.) P. Kumm. 1871
 = Antromycopsis Pat. & Trab. 1897
 = Crepidopus Nees ex Gray 1821
 = Lentodiopsis Bubák 1895

 = Nothopanus Singer 1944
 = Pterophyllus Lév. 1844
 = Scleroma Fr. 1838
 = Velolentinus Overeem 1927
Radulomycetopsis Dhingra, Priyanka & J. Kaur 2012
Resupinatus Nees ex Gray 1821
 = Asterotus Singer 1943
 = Phyllotremella Lloyd 1920
 = Phyllotus P. Karst. 1879
 = Pleurotopsis (Henn.) Earle 1909
 = Rhodocyphella W.B. Cooke 1961
 = Scytinotopsis Singer 1943
 = Stigmatolemma Kalchbr. 1882
 = Stromatocyphella W.B. Cooke 1961
 = Urceolus Velen. 1939

Family Stephanosporaceae Oberw. & E. Horak 1979
Athelidium Oberw. 1965
Cristinia Parmasto 1968
 = Dacryobasidium Jülich 1982
Lindtneria Pilát 1938
 = Cyanobasidium Jülich 1979
 = Sulphurina Pilát 1953
Mayamontana Castellano, Trappe & Lodge 2007
Stephanospora Pat. 1914

Family Typhulaceae Jülich 1982
Lutypha Khurana, K.S. Thind & Berthier 1977
Typhula (Pers.) Fr. 1818
 = Astoma Gray 1821
 = Bromicolla E.V. Eichw. 1843
 = Cnazonaria Corda 1829
 = Coccopleum Ehrenb. 1818
 = Dacryopsella Höhn. 1915
 = Gliocoryne Maire 1909
 = Phacorhiza Pers. 1822
 = Pistillaria Fr. 1821
 = Pistillina Quél. 1881
 = Scleromitra Corda 1829
 = Sclerotiomyces Woron. 1926
 = Sphaerula Pat. 1883
 = Tygervalleyomyces Crous 2017
 = Xylochoeras Fr. 1849
Suborder Pluteineae Aime, Dentinger & Gaya 2015

Family Amanitaceae E.-J. Gilbert 1940
Amanita Pers. 1797
 = Agaricus Raf. 1830
 = Amanitaria E.-J. Gilbert 1940
 = Amanitina E.-J. Gilbert 1940
 = Amanitella Earle 1909
 = Amanitopsis Roze 1876
 = Amarrendia Bougher & T. Lebel 2002
 = Amidella E.-J. Gilbert 1940
 = Amplariella E.-J. Gilbert 1940
 = Ariella E.-J. Gilbert 1940
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 = Boletium Clem. 1909
 = Leucomyces Battarra ex Earle 1909
 = Pseudofarinaceus Battarra ex Kuntze 1891
 = Torrendia Bres. 1902
 = Vaginaria Forq. 1886
 = Vaginarius Roussel 1806
 = Vaginata Nees ex Gray 1821
 = Venenarius Earle 1909
 = Volvella E.-J. Gilbert & Beeli 1940
 = Volvoamanita (Beck) E. Horak 1968
 = Volvoboletus Henn. 1898
Catatrama Franco-Mol. 1991
Limacella Earle 1909
 = Amanitella Maire 1913
Limacellopsis Zhu L. Yang, Q. Cai & Y.Y. Cui 2018
Saproamanita Redhead, Vizzini, Drehmel & Contu 
2016
 = Lepidella E.-J. Gilbert 1925
 = Aspidella E.-J. Gilbert 1940
Zhuliangomyces Redhead 2019
 = Myxoderma Fayod ex Kühner 1926

Family Limnoperdaceae G.A. Escobar 1976
Limnoperdon G.A. Escobar 1976

Family Pluteaceae Kotl. & Pouzar 1972
Melanoleuca Pat. 1897
 = Kinia Consiglio, Contu, Setti & Vizzini 2008
 = Psammospora Fayod 1893
Pluteus Fr. 1836
 = Annularia (Schulzer) Gillet 1876
 = Chamaeota (W.G. Sm.) Earle 1909
 = Hyporrhodius (Fr.) Staude 1857
 = Rhodosporus J. Schröt. 1889
Volvariella Speg. 1898
 = Volva Adans. 1763
 = Volvaria (Fr.) P. Kumm. 1871
 = Volvariopsis Murrill 1911
 = Volvarius Roussel 1806
Volvopluteus Vizzini, Contu & Justo 2011
 = Pseudofarinaceus Earle 1909
 Suborder Sarcomyxineae Zhu L. Yang & G. S. Wang 
2023

Family Sarcomyxaceae Olariaga, Huhtinen, Læssøe, J.H. 
Petersen & K. Hansen 2020

Sarcomyxa P. Karst. 1891
 Suborder Schizophyllineae Aime, Dentinger & Gaya 
2015

Family Cyphellopsidaceae Jülich 1982
 = Niaceae Jülich 1982
Akenomyces G. Arnaud 1954
Calathella D.A. Reid 1962
Dendrothele Höhn. & Litsch. 1907
 = Aleurocorticium P.A. Lemke 1964
Digitatispora Doguet 1962

Eoscyphella Silva-Filho, Stevani & Menolli 2023
Flagelloscypha Donk 1951
Halocyphina Kohlm. & E. Kohlm. 1965
Lachnella Fr. 1836
Merismodes Earle 1909
 = Cyphellopsis Donk 1931
 = Maireina W.B. Cooke 1961
 = Phaeocyphellopsis W.B. Cooke 1961
 = Pseudodasyscypha Velen. 1939
Nia R.T. Moore & Meyers 1961
Peyronelina P.J. Fisher, J. Webster & D.F. Kane 1976
Phaeodepas D.A. Reid 1961
Pseudolasiobolus Agerer 1983
Woldmaria W.B. Cooke 1961
Family Schizophyllaceae Quél. 1888
Auriculariopsis Maire 1902
Fistulina Bull. 1791
 = Agarico-carnis Paulet 1793
 = Buglossus Wahlenb. 1820
 = Confistulina Stalpers 1983
 = Hypodrys Pers. 1825
Porodisculus Murrill 1907
 = Enslinia Fr. 1836
 = Porodiscus Murrill 1903
Pseudofistulina O. Fidalgo & M. Fidalgo 1963
Schizophyllum Fr. 1815
 = Apus Gray 1821
 = Hyponevris Earle 1909
 = Petrona Adans. 1763
 = Phaeoschizophyllum W.B. Cooke 1962
 = Rhipidium Wallr. 1833
 = Scaphophoeum Ehrenb. ex Wallr. 1833
 = Scaphophorum Ehrenb. 1820
 = Schizonia Pers. 1828
 Suborder Tricholomatineae Aime, Dentinger & Gaya 
2015

Family Asproinocybaceae T. Bau & G.F. Mou 2021
Asproinocybe R. Heim 1970
Tricholosporum Guzmán 1975

Family Biannulariaceae Jülich 1982
 = Catathelasmataceae Wasser 1985
Bonomyces Vizzini 2014
Catathelasma Lovejoy 1910
 = Biannularia Beck 1922
Cleistocybe Ammirati, A.D. Parker & Matheny 2007

Family Callistosporiaceae Vizzini, Consiglio, M. Marchetti 
& P. Alvarado 2020

Anupama K.N.A. Raj, K.P.D. Latha & Manim. 2019
Callistosporium Singer 1944
 = Pleurocollybia Singer 1947
 Guyanagarika Sánchez-García, T.W. Henkel & Aime 
2016
Macrocybe Pegler & Lodge 1998
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Pseudolaccaria Vizzini, Contu & Z.W. Ge 2015
 Xerophorus (Bon) Vizzini, Consiglio & M. Marchetti 
2020

Family Clitocybaceae Vizzini, Consiglio & M. Marchetti 2020
Clitocybe (Fr.) Staude 1857
 = Pseudolyophyllum Raithelh. 1977
 = Rubeolarius Raithelh. 1981
 = Singerella Harmaja 1974
 = Trigonipes Velen. 1939
Collybia (Fr.) Staude 1857
 = Microcollybia Métrod 1952
 = Microcollybia Lennox 1979
Dendrocollybia R.H. Petersen & Redhead 2001
 = Sclerostilbum Povah 1932
 = Tilachlidiopsis Keissl. 1924
Lepista (Fr.) W.G. Sm. 1870
 = Rhodopaxillus Maire 1913
Lepistella T.J. Baroni & Ovrebo 2007
Leucocalocybe X.D. Yu & Y.J. Yao 2011
Paralepistopsis Vizzini 2012
Singerocybe Harmaja 1988

Family Entolomataceae Kotl. & Pouzar 1972
Clitocella Kluting, T.J. Baroni & Bergemann 2014
Clitopilopsis Maire 1937
Clitopiloides (Romagn.) Largent 1994
Clitopilus (Fr. ex Rabenh.) P. Kumm. 1871
 = Hexajuga Fayod 1889
 = Orcella Battarra ex Clem. 1896
Entocybe T.J. Baroni, V. Hofst. & Largent 2011
Entoloma (Fr.) P. Kumm. 1871
 = Alboleptonia Largent & R.G. Benedict 1970
 = Arenicola Velen. 1947
 = Calliderma (Romagn.) Largent 1994
 = Claudopus Gillet 1876
 = Eccilia (Fr.) P. Kumm. 1871
 = Fibropilus (Noordel.) Largent 1994
 = Inocephalus (Noordel.) P.D. Orton 1991
 = Inopilus (Romagn.) Pegler 1983
 = Lanolea Nieuwl. 1916
 = Latzinaea Kuntze 1891
 = Leptonia (Fr.) P. Kumm. 1871
 = Leptoniella Earle 1909
 = Nigropogon Coker & Couch 1928
 = Nolanea (Fr.) P. Kumm. 1871
 = Omphaliopsis (Noordel.) P.D. Orton 1991
 = Paraeccilia Largent 1994
  = Paraleptonia (Romagn. ex Noordel.) P.D. Orton 1991
 = Pouzarella Mazzer 1976
 = Pouzaromyces Pilát 1953
 = Rhodocybella T.J. Baroni & R.H. Petersen 1987
 = Rhodogaster E. Horak 1964
 = Rhodophyllus Quél. 1886
 = Richoniella Costantin & L.M. Dufour 1900

 = Trichopilus (Romagn.) P.D. Orton 1991
Lulesia Singer 1970
Rhodocybe Maire 1926
Rhodophana Kühner 1971

Family Fayodiaceae Jülich 1982
Caulorhiza Lennox 1979
Conchomyces Overeem 1927
Fayodia Kühner 1930
Gamundia Raithelh. 1979
 = Stachyomphalina H.E. Bigelow 1979
Myxomphalia Hora 1960

Family Lyophyllaceae Jülich 1982
Arthromyces T.J. Baroni & Lodge 2007
Asterophora Ditmar 1809
 = Asterophora Corda 1840
 = Asterophora Fr. 1849
 = Asterosperma Pers. 1818
 = Asterotrichum Bonord. 1851
 = Nyctalis Fr. 1825
 = Ugola Adans. 1763
 Atractosporocybe P. Alvarado, G. Moreno & Vizzini 2015
 Australocybe T.J. Baroni, N. Fechner & van de Pep-
pel 2022
Blastosporella T.J. Baroni & Franco-Mol. 2007
Calocybe Kühner ex Donk 1962
 = Calocybe Kühner 1938
 = Rugosomyces Raithelh. 1979
Calocybella Vizzini, Consiglio & Setti 2015
Clitolyophyllum Sesli, Vizzini & Contu 2016
Gerhardtia Bon 1994
Hypsizygus Singer 1947
 Leucocybe Vizzini, P. Alvarado, G. Moreno & Con-
siglio 2015
Lyophyllopsis Sathe & J.T. Daniel 1981
Lyophyllum P. Karst. 1881
 = Caesposus Nüesch 1937
 Myochromella V. Hofst., Clémençon, Moncalvo & 
Redhead 2015
Nigrocarnea Sparre P. & Læssøe 2022
Ossicaulis Redhead & Ginns 1985
 Phaeotephrocybe T.J. Baroni, T.W. Kuyper & van de 
Peppel 2022
 Praearthromyces T.J. Baroni, T.W. Kuyper & van de 
Peppel 2022
 Rhizocybe Vizzini, G. Moreno, P. Alvarado & Con-
siglio 2015
 Sagaranella V. Hofst., Clémençon, Moncalvo & Red-
head 2014
Sphagnurus Redhead & V. Hofst. 2014
 = Bryophyllum Vizzini 2014
Tephrocybe Donk 1962
Tephrocybella Picillo, Vizzini & Contu 2015
Tephroderma Contu & Musumeci 2014
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Termitomyces R. Heim 1942
 = Podabrella Singer 1945
 = Rajapa Singer 1945
 = Sinotermitomyces M. Zang 1981
Termitosphaera Cif. 1935
Tricholomella Zerova ex Kalamees 1992
 = Echinosporella Contu 1992
 Tricholyophyllum Qing Cai, G. Kost & Zhu L. Yang 
2020

Family Macrocystidiaceae Kühner 1979
Macrocystidia Joss. 1934
 = Galeromycena Velen. 1947

Family Omphalinaceae Vizzini, Consiglio & M. Marchetti 2020
Infundibulicybe Harmaja 2003
Omphalina Quél. 1886
 = Phaeotellus Kühner & Lamoure 1972

Family Pseudoclitocybaceae Vizzini, Consiglio, P.-A. 
Moreau & P. Alvarado 2018

 Clitopaxillus G. Moreno, Vizzini, Consiglio & P. 
Alvarado 2018
Harmajaea Dima, P. Alvarado & Kekki 2018
Musumecia Vizzini & Contu 2011
Pogonoloma (Singer) Sánchez-García 2014
Pseudoclitocybe (Singer) Singer 1956

Family Tricholomataceae R. Heim ex Pouzar 1983
 Albomagister Sánchez-García, Birkebak & Matheny 
2014
Corneriella Sánchez-García 2014
Dennisiomyces Singer 1955
Dermoloma J.E. Lange ex Herink 1958
 = Dermoloma J.E. Lange ex Singer 1951
 = Dermoloma J.E. Lange ex Singer 1955
Leucopaxillus Boursier 1925
Porpoloma Singer 1952
Pseudobaeospora Singer 1942
Pseudoporpoloma Vizzini & Consiglio 2016
 Pseudotricholoma (Singer) Sánchez-García & 
Matheny 2014
Tricholoma (Fr.) Staude 1857
 = Cortinellus Roze 1876
 = Glutinaster Earle 1909
 = Gyrophila Quél. 1886
 = Mastoleucomyces Battarra ex Kuntze 1891
 = Megatricholoma G. Kost. 1984
 = Monomyces Battarra ex Earle 1909
 = Phlebophora Lév. 1841
 = Sphaerocephalus Battarra ex Earle 1909
Genera incertae sedis
Aspropaxillus Kühner & Maire 1934
Giacomia Vizzini & Contu 2012
Leucocortinarius (J.E. Lange) Singer 1945
Notholepista Vizzini & Contu 2012
Omphaliaster Lamoure 1971

Paralepista Raithelh. 1981
Pseudoclitopilus Vizzini & Contu 2012
Pseudoomphalina (Singer) Singer 1956
 = Neohygrophorus Singer 1962
Rimbachia Pat. 1891
 = Mniopetalum Donk & Singer 1962
 = Pleuromycenula Singer 1973
Ripartites P. Karst. 1879
Trichocybe Vizzini 2010
Agaricales families incertae sedis

Family Broomeiaceae Zeller 1948
Broomeia Berk. 1844

Family Hemigasteraceae Gäum. & C.W. Dodge 1928
Hemigaster Juel 1895
Flammulogaster Locq. & Sarwal 1987
Agaricales genera incertae sedis
Acinophora Raf. 1808
Actiniceps Berk. & Broome 1876
 = Dimorphocystis Corner 1950
 = Wiesnerina Höhn. 1907
Albocoprinus Voto 2020
Aleurocystis Lloyd ex G. Cunn. 1956
 = Matula Massee 1888
Amparoina Singer 1958
Arthrosporella Singer 1970
 = Nothoclavulina Singer 1970
Austroclitocybe Raithelh. 1972
Austroomphaliaster Garrido 1988
Cephaloscypha Agerer 1975
Cheilophlebium Opiz & Gintl 1856
Cymatella Pat. 1899
Cymatellopsis Parmasto 1985
Cyphellocalathus Agerer 1981
Fibulochlamys A.I. Romero & Cabral 1989
Glabrocyphella W.B. Cooke 1961
Gramincola Velen. 1947
Hertzogia R. Wiest 2022
Hygrophorocybe Vizzini & Contu 2014
Laterradea Raspail 1824
Locellina Gillet 1876
Lycogalopsis E. Fisch. 1886
 = Enteromyxa Ces. 1879
Masseerina Lloyd 1920
Mesophelliopsis Bat. & A.F. Vital 1957
Metraria (Cooke) Cooke & Massee 1891
Metulocyphella Agerer 1983
Mycoalvimia Singer 1981
Mycodendron Massee 1891
Mycospongia Velen. 1939
Nochascypha Agerer 1983
Palaeocephala Singer 1962
Peglerochaete Sarwal & Locq. 1983
Phlebonema R. Heim 1929
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Polygaster Fr. 1823
Pseudohygrophorus Velen. 1939
 Retiperidiolia Kraisit., Choeyklin, Boonprat. & M.E. 
Sm. 2022
Skepperiella Pilát 1927
Stanglomyces Raithelh. 1986
Stemastrum Raf. 1808
Stylobates Fr. 1837

Evolution

Evolution of Agaricales is a field of intense research, due 
to the multifaceted importance of the order. Agaricales 
includes species with the most stereotypical and best-known 
mushroom morphologies such as the pileate-stipitate but-
ton mushroom and shiitake. Research attention focuses on 
various aspects of the order. For example, many studies 
examined the morphology of species, including transitions 
in complexity level, basidiomes morphologies, and macro- 
and microscopic trait evolution (Varga et al. 2019, 2022; 
Sánchez-García et al. 2020). It has been shown that mor-
phological novelties such as pileus formation or the protec-
tion of the developing primordia by veil tissue (Varga et al. 
2022), could have a higher impact on the speciation rate of 
lineages (Sánchez-García et al. 2020). This is in contrast to 
early studies (Sánchez‐García and Matheny 2017; Wilson 
et al. 2017), which focused on nutritional modes. Agaricales 
lineages could also have a major contribution to the radiation 
of Agaricomycetes in the Jurassic period, coinciding with the 
emergence of complex basidiome types (Varga et al. 2019). 
Researchers addressed questions about genomic repertoires, 
with special attention on the evolution of substrate utilization, 
wood-decay properties (Ruiz-Dueñas et al. 2020), ectomyc-
orrhizal genomics (Miyauchi et al. 2020), and chemical biol-
ogy, to name a few. It was demonstrated that the peroxidase 
diversity was increased in this order by adapting to new sub-
strates such as grass or forest litter (Ruiz-Dueñas et al. 2020). 
A significant body of research also concerns resolving phy-
logenetic and phylogenomic relationships within the order 
(Matheny et al. 2006; Dentinger et al. 2016). This aspect 
has probably experienced the most progress in the last two 
decades due to the broad accessibility of diverse sequencing 
technologies. Global ‘megaphylogenies’ have the promise 
to provide a bird’s eye view on phylogenetic relationships 
within the order (Varga et al. 2019; Sánchez‐García et al. 
2020). Simultaneously, genomic data can be expected to 
continue proliferating and contributing to resolving phylo-
genetic relationships even at smaller phylogenetic scales, as 
in the Cortinariaceae (Liimatainen et al. 2022). Agaricales 
includes the most widely produced crop mushroom species 
and thus one of the most widely researched fields is the evo-
lution, development, and cultivation of edible mushroom-
forming fungi, on which increasing taxonomic, genomic and 

transcriptomic attention has focused lately (Thakur 2020; Fu 
et al. 2022; Lin et al. 2022).

Justification of order and problems

Delimitation of Agaricales has been rather stable for the past 
20 years since the beginning of the molecular era (Moncalvo 
et al. 2002; Hibbett 2006; Li et al. 2021c) and it also receives 
full support in our phylogenomic analyses. However, the 
internal classification of the group is still in progress. Dent-
inger et al. (2016) divided the order in seven suborders based 
on genomics level data: Agaricineae, Hygrophorineae, Mar-
asmiineae, Pleurotineae, Pluteineae, Schizophyllineae and 
Tricholomatineae. Later Olariaga et al. (2020) separated a 
new suborder Clavariineae from Hygrophorineae based on 
a six-gene phylogeny, a division also supported by our phy-
logenomic tree. The other suborders recognized in Dentinger 
et al. (2016) are recovered with good support in our analy-
ses but the delimitation of Marasmiineae requires further 
consideration. The placement of Mycenaceae as the basal 
taxon of Marasmiineae was poorly supported (59% boot-
strap) in Dentinger et al. (2016) and their Tree Certainty 
Dataset recovered Schizophyllaceae forming a clade with 
Mycena (63% bootstrap). Based on our phylogenomic analy-
ses Mycenaceae is indeed placed as sister to Schizophyl-
lineae. Thus, Mycenaceae may need its own suborder and is 
here treated as incertae sedis. A recent study updated Aga-
ricales system with two new suborders, Phyllotopsidaceae 
and Sarcomyxineae (Wang et al. 2023a, b, c). There are now 
10 suborders accepted in Agaricales.

Family level classification of Agaricales is still far from 
stabilized in many parts. Several new families have been 
described during the past 10 years, i.e., Pseudoclitocybaceae 
(Alvarado et al. 2018a), Mythicomycetaceae (Vizzini et al. 
2019), Phyllotopsidaceae (Olariaga et al. 2020), and Asproino-
cybaceae (Mou and Bau 2021), whilst old family names have 
been reintroduced or amended, i.e. Biannulariaceae (Vizzini 
et al. 2020a), Galeropsidaceae (Kalichman et al. 2020), and 
Squamanitaceae (Liu et al. 2021) to accommodate taxa that 
have previously been included in different families. The tra-
ditionally used loci (LSU, rpb1, rpb2, tef1) are only some-
times enough for resolving the family-level relationships and 
genomic level data would be needed for more solid conclu-
sions. For example, delimitation of Hymenogastraceae and 
Strophariaceae (Agaricineae) has remained problematic and 
results from our -omics data analyses challenge the previous 
delimitations proposed (see more detailed discussion below). 
At the moment, over 80% genera of Agaricales are lacking 
genomic level data. Thus, many more changes in the inter-
nal classification of Agaricales are expected to be seen in the 
near future. Discussion on problems and the latest changes 
in selected families is presented below under each suborder.



158 Fungal Diversity (2024) 126:127–406

Agaricineae

Hymenogastraceae
Matheny et al. (2006) used the name Hymenogastraceae 

for a clade that included: Alnicola, Anamika, Flammula, 
Galerina, Hebeloma, Phaeocollybia, and Psilocybe. This 
family was recovered in later phylogenies (e.g., Tian and 
Matheny 2021). In Moreno et al. (2017) two additional 
genera, Chromocyphella and Psathyloma, were recovered 
in Hymenogastraceae. In the phylogeny obtained by Varga 
et al. (2019), Hymenogastraceae was not recovered. To 
provide a family to place most of the genera of Agaricales, 
Kalichman et al. (2020) proposed to apply Hymenogas-
traceae sensu lato to the group of 28 genera, which included 
Strophariaceae. Nested within Hymenogastraceae sensu lato, 
Kalichman et al. (2020) considered Hymenogastraceae sensu 
stricto, with only Alnicola, Hebeloma, Hymenogaster, and 
Psathyloma, partially based on one of the subclades recov-
ered by Moreno et al. (2017) in Hymenogastraceae. In this 
study, Hymenogastraceae was not recovered as a mono-
phyletic group. The type of the family and two important 
members, Alnicola and Psathyloma, were not sampled. The 
clade that includes Agrocybe pediades (Fr.) Fayod, Galerina, 
Gymnopilus, and Psilocybe, labeled as Hymenogastraceae, 
needs a new family name, as was already suggested by Kali-
chman et al. (2020).

Inocybaceae
It is estimated that Inocybaceae comprises approximately 

1250 species (Wijayawardene et al. 2020), making this fam-
ily one of the most species-rich groups in Basidiomycota. 
The higher-level classification of this family has been vague: 
three genera were formally described (Inocybe, Auritella, 
Tubariomyces) but, for example, Inocybe was paraphyl-
etic, and many subgenera or section-level groups existed 
with informal names (Matheny et al. 2009). Matheny et al. 
(2020a, b) resolved many discrepancies regarding the higher 
level of classification of Inocybaceae and formally recog-
nized seven genera (viz. Inocybe sensu stricto, Auritella, 
Inosperma, Mallocybe, Nothocybe, Pseudosperma, and 
Tubariomyces) based on a 6-loci phylogeny of 63 species.

Psathyrellaceae
Wächter and Melzer (2020) proposed a subdivision of 

Psathyrellaceae based on a taxon-rich phylogenetic analy-
sis and an iterative multigene guide tree. Seventeen mono-
phyletic genera, among which seven new, viz. Candolleo-
myces, Britzelmayria, Hausknechtia, Narcissea, Olotia, 
Punjabia, and Tulosesus, were recognized. Bau and Yan 
(2021) described a new monotypic genus Heteropsathyrella 
which is sister to a clade consisting of genera Cystoagari-
cus, Kauffmania and Typhrasa, according to the ITS, LSU, 
tef-1α, and β-tub sequences analysis. Wang et al. (2022) 
described another monotypic genus Jugisporipsathyra based 

on morphology (e.g. ridge-ornamented basidiospores with 
suprahilar plage) and phylogenetic analysis (ITS, LSU, and 
β-tub sequences).

Squamanitaceae
Liu et  al. (2021) emended Squamanitaceae and pre-

sented a detailed taxonomic treatment of it to accommodate 
five genera, viz. Cystoderma, Floccularia, Leucopholiota, 
Phaeolepiota, and Squamanita. Saar et al. (2022) resurrected 
Dissoderma for those species, previously included in Squa-
manita, with small, collybioid or mycenoid basidiomes, not 
volvate, without cystidia, and with purplish grey tinges on 
the pileus and often upper part of the stipe.

Strophariaceae
Strophariaceae sensu stricto, as was conceived by 

Matheny et al. (2006), has been modified over time. For-
merly it was composed of the following genera: Agrocybe, 
Deconica, Hypholoma, Kuehneromyces, Pholiota, and 
Stropharia. Then, in Tian and Matheny (2021), two gen-
era, Bogbodia and Pyrrhulomyces, were added. Later, in 
Varga et al. (2019), Deconica and Kueheneromyces were 
placed outside the Strophariaceae sensu stricto. The clade 
named Strophariaceae sensu stricto by Varga et al. (2019) 
was consistent across multiple trees and highly supported 
and included: Bogbodia, Clavogaster, Leratiomyces, Phae-
onematoloma, Pholiota, Protostropharia, Hypholoma, and 
Stropharia. Kalichman et al. (2020) followed Varga et al. 
(2019) but with the addition of Pyrrhulomyces in Stropha-
riaceae. In the phylogenomic tree of this work, not all the 
genera previously considered in the family were sampled, 
thus the clade that could correspond to Strophariaceae sensu 
stricto, in this case highly supported, was formed only by: 
Hypholoma, Pholiota, and Stropharia. If we follow Matheny 
et al. (2006) and the results obtained here, Deconica could 
also be part of this family; however, support for this node 
of Strophariaceae, including Deconica, is moderately low 
(79%) in our phylogenomic tree (Fig. 2). Basal to this clade 
were Flammula and Hebeloma, but with the inclusion of 
wider taxonomic sampling, these relationships could change. 
Finally, Agrocybe that was considered in Strophariaceae is 
polyphyletic (Matheny et al. 2006; Vizzini et al. 2014), with 
at least four lineages. In our phylogenomic tree (Fig. 2), one 
of these lineages, Agrocybe pediades, is the sister group to 
Psilocybe. Another sampled lineage is labeled Cyclocybe 
[e.g., C. aegerita (V. Brig.) Vizzini (= Agrocybe aegerita (V. 
Brig.) Singer)], which resulted as a sister group of Crepido-
tus and Tubaria.

Placement of Gymnopilus has always been problematic; 
sensu Singer (1986) it was a Cortinariaceae based on the 
ornamentation of the basidiospores, but for Kühner (1980) 
it was Strophariaceae due to the styrilpyrones found in 
these mainly lignicolous mushrooms. Matheny et al. (2006) 
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found it in its own clade, Gymnopileae, basal of a clade that 
included Crepidotaceae, Hymenogastraceae, Inocybaceae, 
Panaeoleae, Strophariaceae sensu stricto, and Tubarieae. 
Then, based again in Varga et al. (2019), Kalichman et al. 
(2020) considered Gymnopilus as part of Hymenogastraceae 
sensu lato, result also found here, or in need of a new fam-
ily as already mentioned, along with Psilocybe and others.

In future works it is necessary to include all the members 
of Hymenogastraceae sensu lato, since in the phylogenomic 
tree presented here only 10 genera of the 28 tentatively con-
sidered in the family were sampled. Therefore, it is still dif-
ficult to make precise decisions about the correct placement 
of the genera involved, whether they belong to two or more 
families.

Clavariineae
Olariaga et  al. (2020) established the new suborder 

Clavariineae Olariaga, Huhtinen, Læssøe, J.H. Petersen 
& K. Hansen for the family Clavariaceae Chevall. which 
in their analysis includes the clavarioid genera Ceratel-
lopsis, Clavaria, Clavulinopsis, Hirticlavula, Mucronella, 
Ramariopsis, the corticioid genus Hyphodontiella and 
the agaricoid genera Camarophyllopsis, Hodophilus, and 
Lamelloclavaria.

Hygrophorineae

Cuphophylloideae
Phylogenetically, Ampulloclitocybe, Cantharocybe and 

Cuphophyllus were considered as basal in Hygrophoraceae, 
where they constituted the so-called cuphophylloid grade 
(Lodge et al. 2014). However, exact phylogenetic position 
of these three genera have remained unresolved until He and 
Yang (2021) that based on multigenic phylogenetic inference 
datasets, established a new subfamily Cuphophylloideae, 
which includes Ampulloclitocybe, Cantharocybe, Cupho-
phyllus, and Spodocybe.

Marasmiineae
In Marasmiaceae, a new genus Paramarasmius Antonín 

& Kolařík (Antonín et al. 2022), forming a monophyletic 
lineage within this family, was described with the type spe-
cies P. palmivorus (Sharples) Antonín & Kolařík, a causal 
agent for bunch rot disease on oil palm.

In Omphalotaceae, Petersen and Hughes (2021) accepted 
Collybiopsis [as Collybiopsis Earle, not Collybiopsis (J. 
Schröt.) Earle] as a correct generic name for Marasmiellus 
Murrill. This concept, however, probably needs a multi-gene 
analysis, if this large group really represents a monophyl-
etic lineage. Petersen and Hughes (2020) described two new 
genera—Paramycetinis as a lineage related to Mycetinis, 
and Pseudomarasmius accommodating species previously 

placed in Marasmius (clade D by Oliveira et al. 2019) and 
related to some Rhodocollybia species.

Consiglio et al. (2021), on the basis of morphological 
and phylogenetic analysis, emended Porotheleaceae to also 
encompass agaricoid taxa with descriptions of two new gen-
era, Hydropodia and Pseudohydropus. Vizzini et al. (2022) 
proposed an updated taxonomic arrangement of Cyphel-
laceae and Porotheleaceae, based on phylogenetic results 
of analysis of a large dataset. Vizzini et al. (2020b) also 
included their newly described genus Chrysomycena in this 
family.

Physalacriaceae
Among Physalacriaceae we found a question whether 

Oudemansiella s.l. must be split or not. Singer (1951) 
already suggested that the hairy pileus can be used to 
separate Xerula from Oudemasiella. Later, Singer (1964) 
proposed to consider both under the same genus Oudeman-
siella, followed by his last system (Singer 1986). Alterna-
tively, Dörfelt (1979, 1980a, 1980b, 1981a, b, 1983a, b, c, 
1984, 1985) considered all radicate species with and without 
hairs under Xerula, or in Dacytilosporina in case of species 
with digitate basidiospores. This interpretation was partially 
followed by Petersen and Nagasawa (2005) and Petersen 
(2008a, b, c), but considering the digitate spored members 
of Dactylosporina under Xerula. Alternatively, Yang et al. 
(2009) proposed a more conservative arrangement for the 
group including Dactylosporina, Mucidula and the radi-
cate members without hairs under Oudemansiella. Petersen 
and Hughes (2010) proposed a huge systematic rearrange-
ment who erected the genera Oudemansiella s.str., Dacty-
losporina, Hymenopellis, Mucidula, Paraxerula, Ponticu-
lomyces, and Protoxerula. This generic classification was 
suppressed by Hao et al. (2014) after more robust analyses, 
who considered Oudemansiella (including Dactylosporina, 
Hymenopellis, Mucidula, Ponticulomyces, and Protoxerula), 
Paraxerula, Xerula (for hairy species), and the glutinous 
fungus bearing digitate basidiospores as the new genus 
Cibaomyces.

Mycenineae R.L. Zhao, Vizzini & M.Q. He, subord. nov.
Fungal Names: FN 571792
Type genus: Mycena (Pers.) Roussel 1806
Etymology: From the type genus Mycena.
Diagnosis: Mycenineae differs from other suborders of 

Agaricales by its small to medium-sized basidiome, lamel-
late and poroid hymenophore.

Description: Spore print white. Basidiomes small-, 
medium-sized, mycenoid, pleurotoid, or clitocyboid. Hyme-
nophore lamellate or poroid. Pileus conic, campanulate, 
plane, or conchate; surface dry or viscid; smooth, rarely 
fibrillose or pruinose; margin often striate. Stipe equal, 
central, or lateral; hollow; surface dry or viscid, smooth, 
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fibrillose, or pruinose; base smooth or with mycelium. 
Basidiospores hyaline, smooth, thin-walled, amyloid or 
inamyloid. Cheilocystidia present or absent, shape various, 
globose, ellipsoid, pyriform, fusiform, cylindrical; hyaline or 
pigmented; pleurocystidia present or absent. Hyphal system 
usually monomitic, rarely sarcodimitic. Pileipellis ranging 
from a cutis to a trichoderm to a hymeniderm, often with 
diverticulate hyphae. Clamp connections present or absent. 
Some species are bioluminescent. Saprotrophic (terricolous, 
foliicolous, lignicolous), sometimes symbiotic with orchids.

Family included: Mycenaceae Overeem 1926

Notes: In the previous study, Mycenaceae represented by a 
single species, Mycena luteopallens (Peck) Peck, was shown 
to be sister to the rest of Marasmiineae with a bootstrap 
value of 59, and it is accepted as a member of Marasmi-
ineae (Dentinger et al. 2016). In the phylogenomic tree of 
Wang et al. (2023a, b, c), Mycenaceae representing by three 
species is sister to the clade comprising Marasmiineae and 
Schizophyllineae. It is a distinct clade which cannot been 
classified in any suborders thus remained as Mycenaceae 
clade in Agaricales (Wang et al. 2023a, b, c). In this study, 
with a broader sampling in taxa and genes, [(27 genes from 
one species in Dentinger et al. (2016); 555 genes from three 
species in Wang et al. (2023a, b, c); 1286 genes from eight 
species in this study)], the Mycenaceae clade is found to 
be sister to Schizophyllineae with a full bootstrap value. 
Additionally, molecular dating analysis indicates its diver-
gence time (156 Myr) is relatively equal to other suborders 
in Agaricales (152–182 Myr). Based on the phylogenomic 
relationships and divergence time, we propose the suborder 
Mycenineae to accommodate Mycenaceae in Agaricales.

Mycenaceae
Atheniella was treated as a member of Mycenaceae 

(He et al. 2019a), however, previous phylogenies on Aga-
ricales using LSU (Moncalvo et al. 2002) and multigenes 
(Matheny et al. 2006) found species of Mycena sect. Ado-
nidae (= Atheniella) in a separated clade from Mycena and 
Mycenaceae. On the other hand, in Cooper's (2016b) phy-
logeny, Atheniella resulted as a member of Porotheleaceae 
and with a sister relationship to Hydropus scabripes (Mur-
rill) Singer, although the support was relatively low. Later, 
Matheny et al. (2020b) performed a phylogeny using ITS 
and LSU, where Atheniella also resulted in a well-supported 
clade within Porotheleaceae. Kalichman et al. (2020) consid-
ered the genus in Cyphellaceae s. l. A recent phylogeny also 
based on ITS and LSU by Vizzini et al. (2022) partially sup-
ported the proposal to accommodate Atheniella within the 
Cyphellaceae, as the sister clade to Mycopan. We accepted 
the criterion of considering Atheniella as part of the Cyphel-
laceae in the current outline.

Mycopan was treated in Mycenaceae in previous out-
line (He et al. 2019a). In Moncalvo et al. (2002), Hydropus 
scabripes [= Mycopan scabripes (Murrill) Redhead, Mon-
calvo & Vilgalys] was recovered in the baeosporoid clade, 
independently of the type species of Hydropus. In the phy-
logeny of Agaricales carried out by Matheny et al. (2006), 
Hydropus aff. scabripes was recovered as a member of the 
hydropoid clade and as a sister group to the Mycena sect. 
Adonidae (= Atheniella). Cooper (2016b), Eberhardt et al. 
(2018), Kalichman et al. (2020) and Vizzini et al. (2022) 
considered Mycopan as a member of Cyphellaceae s. l. 
In current outline, we accepted Mycopan as a member of 
Cyphellaceae s. l.

Hydropus was erected by Singer (1948) and has tradi-
tionally been treated as part of the Mycenaceae, a position 
also followed by He et al. (2019a, b). Results of the phy-
logenetic analysis made by Moncalvo et al. (2002) sug-
gested that Hydropus is polyphyletic and an independent 
lineage of the Mycenaceae; therefore, the hydropoid clade 
was proposed for H. fuliginarius (Batsch) Singer, the type 
species of the genus, and other related genera (Moncalvo 
et al. 2002; Matheny et al. 2006), and considered as Porothe-
leaceae (Cooper 2016b). Eberhardt et al. (2018), Kalichman 
et al. (2020), Consiglio et al. (2021) and Vizzini et al. (2022) 
also considered Hydropus as member of Porotheleaceae. In 
the current outline, we accepted Hydropus as a member of 
Porotheleaceae.

Pluteineae
Limits and composition of Pluteaceae are currently not 

well-defined. Early phylogenetic work (Justo et al. 2011a, 
b) split Volvariella in two genera: Volvopluteus (closely 
related to Pluteus), and Volvariella s. s., apparently not in 
Pluteaceae, and of uncertain phylogenetic position in Agari-
cales. These phylogenies, based on ribosomal loci, suggested 
a close relationship of Pluteaceae with Limnoperdon, Mac-
rocystidia, and Melanoleuca, and Amanitaceae.

Phylogenomic data presented here (Fig. 2) do support a 
close relationship of Pluteaceae and Amanitaceae but offer 
limited insight into the composition of Pluteaceae itself. 
Macrocystidia is shown to belong in Tricholomatineae, and 
currently it is the only member of Macrocystidiaceae. In our 
analyses, Volvariella, represented by a single species, V. vol-
vacea (Bull.) Singer, appears as sister to Pluteus, represented 
by P. cervinus (Schaeff.) P. Kumm. These results would sug-
gest a return to a “classical” concept of the Pluteaceae, with 
these two genera as its only members. However, we lack full-
genome data for two critical genera, viz. Volvopluteus and 
Melanoleuca, to understand relationships within Pluteaceae. 
Aditionally, the aquatic genus Limnoperdon appeared close 
to Pluteaceae in analyses of ribosomal loci, and it is cur-
rently classified in its own family (Limnoperdaceae) in 
Pluteineae. To further clarify the relationships of genera in 
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Pluteineae, full-genome data is needed for Limnoperdon, 
Melanoleuca, and, Volvopluteus and ideally for additional 
species of Pluteus and Volvariella.

Amanitaceae
Currently the phylogenetic analyses and resulting taxonomic 

organization regarding the obligately ectomycorrhizal (ECM) 
Amanita and presumably saprotrophic Saproamanita species is 
unsettled. Bas (1969) suspected that members of Amanita sub-
sect. Vittadiniae Bas were not ECM with regard to their habitat 
(meadows, prairies, lawns, pampa). Later, Wolfe et al. (2011) 
studied stable isotopes of A. thiersii Bas and found less depleted 
13C in basidiomes of this species than commonly observed for 
ECM fungi. Subsequent studies by Wolfe et al (2012) proposed 
an evolutive overview on this and, considering Amanita an inte-
grative genus with sequences of taxa of Amanita subsect. Vit-
tadiniae basally, concluded that loss of saprotrophic mode was 
irreversible and all other amanitas evolved from this basal group 
acquired ECM biotrophic mode. On the other hand, Vizzini 
et al. (2012a, b, c) interpreted this basal clade as the independ-
ent genus Aspidella, later renamed to Saproamanita for nomen-
clatural purposes (Redhead et al. 2015). The proposal to treat a 
weaklier supported basal clade of Amanita as independent genus 
was immediately contested by Tulloss et al. (2016) who argued 
in favour of placing greater importance on the morphological 
feature, the schizohymenial ontogeny of all members of the three 
supported clades, using it as synapomorphy of the integrated 
genus Amanita. This taxonomical and nomenclatural contro-
versy was particularly solved when Cui et al. (2018) performed 
a robust multigene phylogeny also including Catatrama, Lima-
cella, Limacellopsis, and Myxoderma Kühner (now = Zhulian-
gomyces), and confirmed a monophyletic Amanitaceae contain-
ing an integral Amanita with three subgenera subg. Amanita, 
subg. Amanitina, and subg. Lepidella, the last one containing 
the basal clade of saprotrophic taxa traditionally included in 
Vittadiniae.

Li et al. (2020a), on the other hand, analyzed the mito-
chondrial genome of six Amanita (sensu stricto) and two 
putative Saproamanita, suggesting that they did not form a 
distinct clade whereas the rest of Amanita did form a mono-
phyletic clade. Interpreted differently in the classification 
by Tulloss et al. (2016) and of Cui et al. (2018), it would 
mean that Amanita subg. Lepidella is not monophyletic. 
Unfortunately, Li et al. (2020a) did not include the other 
Amanitaceae genera used by Cui et al. (2018) nor additional 
Saproamanita, including the type. Their results suggest that 
either Amanita should include Saproamanita (= Lepidella), 
or that Saproamanita should be split, contradicting Tulloss 
et al. (2016) and Cui et al. (2018). This possibility was raised 
by Redhead et al. (2015) and Tulloss et al. (2016). This solu-
tion was observed in the Lyophyllaceae to maintain Termi-
tomyces (van de Peppel et al. 2022). Additional research is 
required.

Schizophyllineae

Cyphellopsidaceae
Cyphellopsidaceae, described by Jülich (1982) with 

Cyphellopsis anomala (Pers.) Donk as type species has the 
same nomenclatural priority that Niaceae, also described 
by Jülich in the same work (Jülich 1982). However, Cyphel-
lopsidaceae has been firstly selected and legitimate over 
Niaceae by Knudsen and Vesterholt (2018). Jülich (1982) 
recognized within Cyphellopsidaceae the genera Calathella, 
Cyphellopsis, Merismodes, and Woldmaria. Additionally, in 
Niaceae, Jülich (1982) recognized the genus Nia, typified 
by the marine species Nia vibrissa R.T. Moore & Meyers. 
Later, based on molecular data, N. vibrissa was included 
in the euagaric clade, specifically in Nia clade and related 
to Calathella mangrovei E.B.G. Jones & Agerer and Halo-
cyphina villosa Kohlm. & E. Kohlm (Binder et al. 2001; 
Hibbett and Binder 2002), confirming a putative synonym 
of Cyphellopsidaceae and Niaceae. Within the Nia clade 
was later confirmed the phylogenetic positioning of other 
cyphelloid genera such as Cyphellopsis, Flagelloscypha, 
Lachnella, Maireina, Merismodes, and Woldmaria, as well 
as the corticioid genus Dendrothele (Bodensteiner et al. 
2004; Læssøe et al. 2016; Silva-Filho et al. 2023). Recently, 
Silva-Filho et al. (2023) emended the morphological concept 
of Merismodes and, based on the phylogenetic positioning 
of the epitype of the type species of Maireina [= Maireina 
monacha (Speg.) W.B. Cooke], considered Maireina is a 
synonym of Merismodes, which also has the genera Cyphel-
lopsis, Phaeocyphellopsis, and Pseudodasyscypha as syno-
nyms. The placement of the genera Peyronelina and Pseu-
dolasiobolus also has been highlighted in Cyphellopsidaceae 
by Silva-Filho et al. (2023). Digitatispora, and Phaeodepas 
must be further investigated based on molecular data, as 
well as of Akenomyces and Dendrothele based on their type 
species.

Tricholomatineae

Asproinocybaceae
Asproinocybaceae was established by Mou and Bau 

(2021) for accommodating the genera Asproinocybe and 
Tricholosporum. The family is sister to Callistosporiaceae 
and includes species with a tricholomatoid habit, purplish, 
violaceous, or lilac-vinaceous distinctive coloured basidi-
omes; colourless, inamyloid, thin-walled, cyanophilous 
or not, subglobose to subellipsoid, tuberculate to stellate 
(Asproinocybe), or cruciform to stauriform (Tricholo-
sporum) spores; hymenial cystidia present or absent, col-
ourless or golden brown, or sometimes with pinkish violet 
content or grey-violet pigment; clamp connections present 
or absent; laticifers present (Angelini et al. 2014).
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Biannulariaceae and Callistosporiaceae
Vizzini et al. (2020a) proposed a new classification of 

the taxa formerly ascribed to Biannulariaceae (≡ Catathe-
lasmataceae), viz. Catathelasma (type), Anupama, Callisto-
sporium, Guyanagarika, Macrocybe, Pleurocollybia, and 
Pseudolaccaria (Sánchez-García et al. 2016). Phylogenetic 
inference of Tricholomatineae based on the analysis of a 
combined multigene dataset supported the monophyletic 
origin of the aforementioned genera with the exception of 
Catathelasma, which is related with Bonomyces and Cleis-
tocybe (Vizzini et al. 2020a). Biannulariaceae was there-
fore emended to include the clade formed by Bonomyces, 
Catathelasma, and Cleistocybe. Callistosporiaceae was pro-
posed to name the clade containing Callistosporium (= Pleu-
rocollybia) and related genera (Vizzini et al. 2020a). Species 
of Callistosporium with distant lamellae, long hygrophoroid 
basidia and large amygdaliform basidiospores were accom-
modated in Xerophorus (Vizzini et al. 2020a).

Clitocybaceae
Matheny et al. (2006), Binder et al. (2010), Vizzini et al. 

(2011), Vizzini and Ercole (2012), Raj et al. (2019), and 
Olariaga et al. (2020) recovered evidence for a monophyletic 
clade consisting of Clitocybe, Collybia s. s., and Lepista 
(Tribe Clitocybeae Fayod). Alvarado et al. (2015, 2018a, b), 
Sánchez-García et al. (2016), Sesli et al. (2016), Sánchez-
García and Matheny (2017) and He et al. (2023a) found also 
that the genus Singerocybe is nested inside it. The informal 
name “Clitocybaceae” was used for this clade in some works 
(Cooper 2016a; Kalichman et al. 2020; Kibby 2021), but it 
was only recently validly published by Vizzini et al. (2020c).

Lyophyllaceae
Termitomycetoid clade was circumscribed within Lyo-

phyllaceae by van de Peppel et al. (2022). All species within 
this clade produce a rooting stipe (pseudorhiza). In addition 
to Termitomyces, also Blastosporella and Arthromyces in the 
clade contain insect-associated species. van de Peppel et al. 
(2022) described four new genera belonging to the termito-
mycetoid clade, viz. Australocybe (from Australia), Phaeote-
phrocybe (from Belize), Nigrocarnea (from Laos) and Prae-
arthromyces (from Asia: Malaysia, Singapore, and Thailand).

Omphalinaceae
Omphalinaceae was established by Vizzini et al. (2020c) 

based on the molecular results of several works (e.g., Mon-
calvo et al. 2000, 2002; Vizzini et al. 2011, 2012a,b; Vizzini 
and Ercole 2012; Lodge et al. 2014; Sánchez-García et al. 
2016; Sánchez-García and Matheny 2017). It encompasses 
Omphalina and Infundibulicybe characterized by a usually 
depressed at centre pileus, dry, usually with ochre, reddish 
brown, rusty, orangish brown tinges; decurrent lamellae; 
colourless, smooth, inamyloid, acyanophilous, cyanophobic 

thin-walled spores; hymenophoral trama of interwoven 
hyphae; pileipellis arranged as a cutis to a trichoderm; pig-
ments intracellular and wall-encrusting; clamp-connections 
present; habitat on soil, litter, or associated with bryophytes 
(Vizzini et al. 2020c).

Incertae sedis, Hertzogia

Wiest (2022) proposed Hertzogia to accommodate Clitocybe 
martiorum J. Favre, which occupied an uncertain position 
within Tricholomatineae. Since his phylogenetic analysis was 
based only on an ITS sequence from a single collection, the 
results of the work are considered here as doubtful and need 
future confirmation with more materials and data.

Significance

Some species of Agaricales contain harmful toxins, while 
many are edible (Retnowati et al. 2020; Li et al. 2021b). 
This includes the popular edible button mushroom (Agaricus 
bisporus), ink caps (Coprinus and other genera), lethal death 
cap (Amanita phalloides), and the world’s largest Armillaria 
spp. (Schmitt and Tatum 2008; Money 2016). Most fatal 
mushroom poisonings are caused by several Agaricales 
species, mainly in Amanita (Garcia et al. 2015; Chen et al. 
2016). Almost all hallucinogenic, which produce psilocybin, 
belong to Agaricales (Boyce et al. 2019). Most members of 
this order play an important role in the environment and are 
of great economic value (Kusuma et al. 2021).

Vast majority of Agaricales species are terrestrial, found 
in almost any habitat, from woods and grasslands to deserts 
and dunes (Kusuma et al. 2021), and they vary a lot from one 
species to another (Sfetcu 2006). In addition, some grow in 
limited, specific, or extensive geographical areas. Agaricoid 
species were long thought to be terrestrial only until the dis-
covery of Psathyrella aquatica, an only gilled agaric known 
to grow underwater (Frank et al. 2010). The wide variety of 
habitats and substrates colonizes indicates that Agaricales 
exhibits diverse lifestyles, including saprotrophic, symbiotic, 
and parasitic (Põlme et al. 2020) which play important roles 
in maintaining environmental balance (Yang et al. 2017).

Agaricales plays important roles, especially in organic mat-
ter decomposition, nutrient cycling, soil structure, and reten-
tion, food sources for wild animals, pathogens in plants, and 
mycorrhizae (Kusuma et al. 2021). Saprotrophic species of 
Agaricales feed on decaying leaf litter, plant debris, and decay-
ing wood, and include coprophilous, humicolous, and lignicol-
ous species. Lignicolous Agaricales are mainly associated with 
white rot (Worrall et al. 1997; Zhang et al. 2023b). Brown rot is 
a rare feeding strategy in Agaricales, associated with the small 
genera such as Fistulina, Hypsizygus, and Ossicaulis (Redhead 
and Ginns 1985; Zhou et al. 2022a). According to Kalichman 
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et al. (2020), Agaricales exhibit a wide variety of life strate-
gies, ranging from unusual wood decomposition in the gilled 
Cylindrobasidium and Fistulina, nematode trapping by the 
gilled Hohenbuehelia, and economically destructive parasit-
ism in cocoa plants by gilled Moniliophthora (Kalichman et al. 
2020). Most studies of wood decay have focused on Polyporales 
and Gloeophyllales with less attention given to members of 
the order Agaricales (Floudas et al. 2015; Zhang et al. 2022b). 
Enzymes secreted by Agaricales fungi responsible for wood 
rot are highly relevant to carbon and nutrient cycling in nature 
(Ruiz-Dueñas et al. 2020; Sánchez-Ruiz et al. 2021). Agaricales 
also includes species that function as ectomycorrhizae associ-
ated with the roots of conifers and dicotyledons (Raj et al. 2021) 
and absorb sugars from the roots of living trees and shrubs. A 
few species form mutualistic symbiosis with ants and termites, 
and some are important plant pathogens (Money 2016).

More than half of the world's production of edible mush-
rooms comes from four genera in Agaricales, viz., Agaricus, 
Flammulina, Lentinula, and Pleurotus (Royse 2014). Lenti-
nula is the most important genus of major edible mushrooms 
grown in the world today; accounting for approximately 22% 
of the global supply based on the production of Lentinula 
edodes (Royse et al. 2017). Pleurotus follows with five or six 
taxa, accounting for around 19% of world production (Royse 
et al. 2017). Two other genera, Agaricus and Flammulina, 
represent 15% and 11% of the total production, respectively 
(Royse et al. 2017). The genus Agaricus has two main culti-
vated species viz. A. bisporus (temperate button mushroom) 
and A. bitorquis (tropical or heat-tolerant white button mush-
room), which are the most popular cultivated mushroom 
in the world and the first mushrooms to be commercially 
exploited on an industrial scale (Gupta et al. 2018). Apart 
from these main commercial species, it is recorded 2189 
edible fungi species worldwide with records for almost 100 
countries, being within Agaricales the genera Amanita, Cor-
tinarius, and Agaricus the most representative in terms of the 
number of known edible species (Li et al. 2021b).

Mushrooms have been consumed by humans for thousands 
of years for their sensory properties, flavours, medicinal sub-
stances, and other beneficial uses. They are widely marketed 
as nutritional supplements and are considered beneficial to 
human health (Barbisan et al. 2003; Bellini et al. 2003; Li 
et al. 2023c). Agaricales includes many macro delicacies that 
are rich in carbohydrates, proteins, and vitamins B and D, 
which are beneficial to human health (Naeem et al. 2020; 
Kumar et al. 2021). The carbohydrates in mushrooms include 
polysaccharides such as glucans, mono and disaccharides, 
sugar alcohols, glycogen, and chitin (Kurtzman 1997). On a 
dry weight basis, Pleurotus species contains 46.6 to 81.8% 
carbohydrates, compared to an average of 60% in A. bispo-
rus (Rahi and Malik 2016). Considering protein content, 
González et al. (2020) showed that A. bisporus, A. subrufe-
scens, and P. ostreatus have a higher protein-to-energy ratio 

than beef jerky. Agaricus bisporus shows a protein/energy 
ratio comparable to lentils, P. djamor, P. eryngii, and P. 
ostreatus show protein/energy ratios similar to black beans, 
while Flammulina filiformis (Wang et al. 2018) and L. edodes 
have the lowest protein to energy ratio comparable to that of 
whole milk. Mushrooms are said to be a good source of sev-
eral vitamins (Rahi and Malik 2016). The thiamine content 
(mg per 100 g dry weight of mushroom) is about 0.35 mg in 
Volvariella volvacea, 1.14 mg in A. bisporus, 1.16–4.80 mg 
in Pleurotus spp., and 7.8 mg in L. edodes (Rahi and Malik 
2016). High riboflavin content is reported in A. bisporus (5.0 
mg), L. edodes (4.9 mg), and V. volvacea (1.63 –2.98 mg) 
(Rahi and Malik 2016). Lentinula edodes mushrooms are 
reported to have the highest amount of vitamin C (9.4 mg/100 
g dry sample) followed by P. sajor-caju, A. bisporus, and 
V. volvacea with 7.4 mg, 1.8 mg, and 1.4 mg, respectively 
(Chang and Miles 1989). Fiber is considered an important 
part of a balanced diet (Rahi and Malik 2016). The consump-
tion of fiber-rich foods has garnered considerable interest due 
to their ability to lower triglycerides and blood cholesterol 
via the gut microbiomes (Asad et al. 2020). Agaricales mush-
rooms have sufficient fiber content to be considered a source 
of prebiotics in dietary supplements (Oyetayo and Oyetayo 
2007; Van Doan et al. 2016; Roy and Fahim 2019; Asad et al. 
2020). In addition, a variety of food products (biscuits, chips, 
ketchup, soup, mushroom tikki, vegetable mixture diets, noo-
dles and pasta) have been developed from fungi in Agaricales 
as forms of ready-to-eat and ready-to-cook (Kumar et al. 
2021) due to their nutritional values.

In addition to their obvious importance in the global agri-
cultural and food industry, taxa in Agaricales are also consid-
ered important objects for medicinal purposes. Mushrooms 
in Agaricales have pharmacological effects that can improve 
the quality of life of humans and are used to treat diseases 
such as cancer (Jong et al. 1991; Mizuno and Zhuang 1995; 
Dai et al. 2009). Polysaccharides, glycoproteins, steroids, 
and riboglycans in Agaricus mushrooms have been shown to 
regulate antitumor, antimutagenic, bactericidal, and antibi-
otic activities and the immune system. The various effects on 
the enhancement of immunomodulation, reduction of tumor 
growth through cytostatic effects, and inhibition of tumor 
angiogenesis are due to different mechanisms of action of 
fungi in Agaricales (Novaes et al. 2007). Also, fibers in Aga-
ricales mushrooms are important for the regulation of body 
function and the reduction of tumor development (Novaes 
et al. 2007). Agaricales mushrooms contain different chemi-
cal substances/bioactive compounds such as estrogel, lec-
tine, β-glucans, terpenes, arginine, and protein-glucans that 
are responsible for different healing activities and significant 
numbers of cases reported that these substances can have 
positive effects on patient’s quality of life (Table 2).

Agaricales mushrooms and their by-products are 
widely used in many fields and have many uses other than 
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nutritional and pharmaceutical values. Edible members of 
Agaricales have been shown to play an important role in 
the production of films/coatings, biosorbents, nanoparti-
cles. Edible films/coatings are promising applications in the 
agricultural, food, and pharmaceutical industries. Fungi and 
their residues have many applications in the food industry, 
but much less research has been done on edible films/coat-
ings (Antunes et al. 2020). Several studies have shown that 
polysaccharides, chitosan, fibers, and flours extracted from 
members of Agaricales can be used to produce edible films/
coatings (Du et al. 2016; Bilbao-Sainz et al. 2018; Poverenov 
et al. 2018; Olufunmilola et al. 2019; Zhang et al. 2020).

Studies have been conducted to produce biosorbents from 
edible fungi for the removal of metal ions and dyes from 
aqueous solutions. Members of Agaricales, such as Agari-
cus, Flammulina, Lentinula and Pleurotus, are capable of 
bleaching dyes, biodegrading pollutants, and binding heavy 
metals (Akar et al. 2009; Si et al. 2013; Qu et al. 2015; Zhao 
et al. 2016a, b; Sekan et al. 2019; Eliescu et al. 2020; Yang 
et al. 2020; Lee and Tang 2020; Menaga et al. 2021).

Mushroom-based nanoparticles synthesized from com-
ponents such as enzymes and metabolites secreted by fungal 
cells grade is higher than bacteria-based metal nanoparticles, 
which can reduce the toxicity of substances (Owaid et al. 2017; 
Owaid and Ibraheem 2017; Bhardwaj et al. 2020). Bhat et al. 
(2013), Madhanraj et al. (2017), Chaturvedi et al. (2020), and 
Sriramulu et al. (2020) reported that Agaricales fungi have a 
probability of synthesizing mushroom-derived nanoparticles 
and can use them for different pharmaceuticals applications.

Edible mushrooms are relatively inexpensive and con-
tain various chemical constituents such as carbon, oxygen, 
phosphorus, and nitrogen, and are often described as car-
boxyl and amine groups. The presence of carbohydrates, 
amino acids, polysaccharides, citric acid, flavonoids, lipids, 

vitamins and proteins make them ideal candidates for the 
development of carbon dots (Boobalan et al. 2020; Wen et al. 
2023). Carbon dots have also been shown to be effective in 
biomedical applications and energy storage systems, includ-
ing water purification, pathogen identification, environmen-
tal research, and the detection of heavy metals and additives 
in food. Agaricales mushrooms such as Pleurotus spp. and 
F. filiformis act as carbon sources for preparing carbon dots 
(Pacquiao et al. 2018; Boobalan et al. 2020).

Cosmetics, made from natural ingredients, are increasingly 
in demand due to their organic, healthy, and eco-friendly prop-
erties (Antignac et al. 2011). Several studies have focused on 
skin care formulations made from fungi of Agaricales, such 
as creams, moisturizers, and gels. They have been reported to 
treat health issues such as fine lines, wrinkles, and uneven skin 
tone and texture due to their antioxidant and anti-inflamma-
tory properties (Hyde et al. 2010; Hapsari et al. 2012; Gupta 
et al. 2015; Taofiq et al. 2016, 2018).

However, these mushrooms in Agaricales are still an 
untapped resource with many industrial uses. Therefore, 
further studies and responsible management are needed to 
explore and identify the potential of these mushrooms and 
use them in the most practical way.

Agaricostilbales Oberw. & R. Bauer 1989

Contributed by: Nathan Schoutteten, Teun Boekhout, 
Andrey Yurkov

Introduction

Agaricostilbales comprises dimorphic basidiomycetes and 
species currently only known from a yeast stage. Most species 
are thought to be saprotrophic, although there are indications 

Table 2  Bioactive ingredients of selected edible and medicinal Agaricales mushrooms and their medicinal properties

Species Secondary metabolites Bioactivities References

Agaricus bisporus Flavonoids, terpenoids, alkaloids and 
saponins, ergosterol, ergothioneine, 
glucans and chitin

Anti-diabetic, anti-cancer and may 
improve metabolic syndrome, 
immune function and gastrointesti-
nal health

Ekowati et al. (2018), Blumfield et al. 
(2020)

Agaricus subrufescens Ergosterols, lignins, and polysac-
charides

Reduces physical and mental stress, 
strengthens the immune system and 
helps manage diabetes, high choles-
terol, and digestive problems

Firenzuoli et al. (2008)

Flammulina filiformis Polysaccharides Anti-oxidation, immune regulation, 
anti-inflammation, liver protection, 
anti-tumor, and anti-hyperlipidemia

Wang and Zhang (2021), Wang et al. 
(2018), Dai et al. (2021)

Lentinula edodes Lentinan, eritadenina Anti-carcinogenic, antioxidant, and 
hypocholesterolemic action

Rivera et al. (2017)

Pleurotus spp. Lectins, glucan, glycopeptides, β-d-
Glucan (pleuran), polysaccharides, 
and lovastatin

Antioxidants, immunomodulating, 
antitumor, antibiotic, antiviral, anti-
inflammatory, and anticholesterol 
agents

Cohen et al. (2002), Castro-Alves et al. 
(2017), Galappaththi et al. (2021)
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that mycoparasitism and lichen parasitism occur in some line-
ages. Agaricostilbum was introduced to accommodate dimor-
phic basidiomycetes that form small, synnematoid, stilboid 
basidiomes that grow in clusters on plants, especially palm 
leaves (Bandoni and Boekhout 2011a). Agaricostilbum spe-
cies were initially classified in the former ‘Deuteromycetes’, 
and several species were described multiple times by different 
authors, which resulted in a long list of circulating species 
names of which the synonymy often remains to be assessed. 
Basidiomycetous nature of Agaricostilbum species were only 
recognized by Oberwinkler and Bandoni (1982). Basidia 
formed directly on hyphae, are transversely three-septate, and 
give rise to statismosporic basidiospores. These basidiospores 
germinate with an ontogenetic yeast stage. Hyphal septa are 
referred to as ‘simple’ in that they form diaphragma with a 
single central pore, which is not surrounded by microbod-
ies. Comparative morphological and molecular phylogenetic 
analyses demonstrated that these fungi form a distinct phylo-
genetic lineage that is now recognized at the ordinal level as 
Agaricostilbales (Oberwinkler and Bauer 1989; Weiss et al. 
2004a, b) and at class level as Agaricostilbomycetes (Bauer 
et al. 2006).

History

Agaricostilbales was proposed by Oberwinkler and Bauer 
(1989) to accommodate basidiomycetes that form small 
stilboid-capitate basidiomes that mainly grow on plant sur-
faces, and which are characterized by transversally septate 
basidia producing successively statismospores. The stilboid 
basidiome morphology is shared with some species of the 
basidiomycete genera Atractiella, Phleogena (Atractiella-
les), and Pachnocybe (Pachnocybales). In a seminal work, 
Oberwinkler and Bauer (1989) compared these genera at 
micromorphological and ultrastructural level, and combined 
with early comparisons of 5.8S rDNA sequence data, the 
authors arranged a higher systematic placement of these dif-
ferent genera. Early phylogenetic sequence analysis of 5.8S 
rDNA revealed an isolated position of Agaricostilbum pul-
cherrimum, and which the authors translated into an isolated 
taxonomic position proposing Agaricostilbales (Oberwin-
kler and Bauer 1989). Early molecular phylogenetic studies 
using the D1/D2 domains of the LSU rDNA revealed that 
Agaricostilbum clade also comprised many species that are 
only known as yeasts and belong to genera such as Sterig-
matomyces, Bensingtonia, Kondoa, Sporobolomyces, Kurtz-
manomyces and Chionosphaera (Fell et al. 2000). Based 
on combined SSU and LSU phylogenetic reconstructions, 
Bauer et al. (2006) proposed the class Agaricostilbomycetes 
for a clade that comprised Agaricostilbum, Bensingtonia, 
Chionosphaera, Kondoa, Kurtzmanomyces, Mycogloea, 

Sterigmatomyces, and Stilbum. A multigene-based phylog-
eny supported the above conclusions and several new genera 
were introduced to reduce the polyphyletic nature of previ-
ous large genera such as Bensingtonia and Sporobolomyces 
(Wang et al. 2015a, b; Li et al. 2020b). More recently, Crit-
tendenia (Millanes et al. 2016) and Crittendeniaceae (Died-
erich et al. 2022a) were proposed to accommodate a diverse 
group of stilboid, holobasidiate fungi growing in various 
lichen hosts. In early phylogenetic reconstructions, mem-
bers of Agaricostilbales and Spiculogloeales often clustered 
together, and both orders were both viewed as members of 
Agaricostilbomycetes (Weiss et al. 2004a, b; Bauer et al. 
2006). Based on multigene phylogenetic reconstructions, 
Wang et al. (2015a, b) recognised the clade of Spiculo-
gloeales as a separate lineage and raised it to class level, 
Spiculogloeomycetes.

Characters that define the taxa in the order

Initially the order was recognized by the presence of synne-
matoid to stilboid basidiomes, composed of hyaline hyphae, 
without cystidia. Basidial morphology in this class is diverse. 
Most taxa have transversely one- or three-septate basidia, and 
form repeatedly statismosporic basidiospores that are hyaline 
and germinate with yeast cells. Kondoa and Mycogloea species 
on the other hand are characterized by basidia that produce bal-
listorspores (= active spore discharge), whereas Chionosphaera 
and Crittendenia species are holobasidiate, that means, basidia 
consisting of one cell. A peculiar type of basidium occurs in 
Mycogloea, in which the three-septate basidia detach from the 
hyphae on which they were formed, prior to producing basidi-
ospores (Bandoni 1998; Kirschner et al. 2002). Teliospores 
are not present. Fucose is present in cell walls. Ultrastructural 
features of the order are the lack of microbodies surrounding 
septal pores, lack of colacosomes, spindle pole bodies (SPB) 
present inside the nucleus during metaphase, and separation of 
the SPBs inside the nucleus (Bauer et al. 2006). For two spe-
cies, i.e., Kondoa myxariophila and Stilbum vulgare, tremelloid 
haustoria have been observed in culture conditions, which may 
hint towards a mycoparasitic strategy (Seifert et al. 1992; Li 
et al. 2020b). Lichen-inhabiting species of Crittendenia form 
tiny stipitate-capitate basidiomes that emerge from lichen thalli. 
Crittendenia species have holobasidia with 3–8 sterigmata on 
which basidospores are formed that are not actively discharged. 
Two types of hyphae occur: primary hyphae with clamp con-
nections and secondary hyphae that are thinner and lack clamp 
connections (Diederich et al. 2022a, b).

Plates
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Genera included

Family Agaricostilbaceae Oberw. & R. Bauer 1989

Agaricostilbum J.E. Wright 1970

 = Amerobotryum Subram. & Natarajan 1976
Pseudobensingtonia F.Y. Bai, Q.M. Wang, M. Groe-
newald & Boekhout 2015
Sterigmatomyces Fell 1966

Family Chionosphaeraceae Oberw. & Bandoni 1982

Ballistosporomyces Nakase, G. Okada & Sugiy. 1989
Boekhoutia Q.M. Wang & F.Y. Bai 2020
Chionosphaera D.E. Cox 1976
 = Fibulostilbum Seifert & Oberw. 1992
Cystobasidiopsis R. Bauer, B. Metzler, Begerow & 
Oberw. 2009
Kurtzmanomyces Y. Yamada, Itoh, H. Kawas., I. 
Banno & Nakase 1989
Stilbum Tode 1790

Family Jianyuniaceae Q.M. Wang & F.Y. Bai 2020

Jianyunia Q.M. Wang, F.Y. Bai, M. Groenew. & Boek-
hout 2015
Pseudosterigmatospora Q.M. Wang & F.Y. Bai 2020
Sterigmatospora Q.M. Wang & F.Y. Bai 2020

Family Kondoaceae R. Bauer, Begerow, J.P. Samp., M. 
Weiss & Oberw. 2006

Bensingtonia Ingold 1986
Kondoa Y. Yamada, Nakagawa & I. Banno 1989

Family Ruineniaceae Q.M. Wang, F.Y. Bai, M. Groenew. 
& Boekhout 2015

Ruinenia Q.M. Wang, F.Y. Bai, M. Groenew. & Boek-
hout 2015

Family Crittendeniaceae Millanes, Diederich & Wedin 2022

Crittendenia Diederich, Millanes, M. Westb., Etayo, 
J.C. Zamora & Wedin 2021
Agaricostilbales genera incertae sedis
Mycogloea L.S. Olive 1950 pro parte

Evolution

Agaricostilbales contains filamentous, dimorphic, and uni-
cellular yeast species. The evolutionary mechanisms among 
fungi of the order remain unclear, and it is expected that only 
the tip of the iceberg is known in terms of diversity, biology 
and ecology of these fungi. The notion that the ecology of 
most species is poorly known, also hampers insight into the 
evolutionary patterns of ecological strategies. In general, sev-
eral members of Agaricostilbales are found on long branches 
in phylogenetic reconstructions (Weiss et al. 2004a, b; Bauer 
et al. 2006; Wang et al. 2015a). The mean time of origin of the 
order is estimated at 268 million years ago (Zhao et al. 2017).

Justification of order and problems

Multiple molecular phylogenetic analyses supported the 
circumscription of the order (Fell et al. 2000; Bauer et al. 
2006; Wang et al. 2015a, b). It remains to be seen whether 
the species that are only known by their yeast morph can 
form stilboid basidiomes. Especially for the genera con-
taining filamentous and dimorphic species, e.g., Agaricos-
tilbum, Mycogloea and Stilbum, many names are in circula-
tion, and type material or living cultures are often lacking. 
This impedes the establishment of a stable nomenclature 
of these genera, especially when molecular data for type 
species of these genera is unavailable (e.g., for Mycogloea).

Significance

Ecological and economical roles

Many species of Agaricostilbales were found and isolated 
from plant surfaces, especially leaves, and possibly they 
play an important role in the phyllosphere. Some species 
were isolated from terrestrial soils and marine environ-
ments (Diederich et al. 2022b). As far as known, none of the 
species have been used in agricultural or biotechnological 
applications. Members of Crittendeniaceae are remarkably 
diverse on lichen thalli (Diederich et al. 2022b). However, 
no interaction structures are known, and the specific type of 
interaction with their lichen hosts remains to be investigated.

Amylocorticiales K.H. Larss., Manfr. Binder & Hibbett 2010

Contributed by: Sergio P. Gorjón

Fig. 4  Culture of Mycogloea sp. on PDA. Also see figures in Ober-
winkler and Bandoni (1982), Oberwinkler and Bauer (1989), and 
Bauer et al. (2006)
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Introduction

Amylocorticiales is a small order comprising about 10 
genera and 50 species, among which resupinate forms pre-
dominate (He et al. 2019a). It has been regarded as the sister 
clade to Agaricales by most authors (Binder et al. 2010; He 
et al. 2019a), even though some controversy still exist when 
delimiting relationships among Agaricales, Boletales, Athe-
liales, Amylocorticiales, and Lepidostromatales in Agari-
comycetidae (Nagy et al. 2016; Chen et al. 2020; Liu et al. 
2017a; Zhao et al. 2017; Varga et al. 2019). In the order 
Amylocorticiales, the resupinate species predominate, sug-
gesting that the great radiation of forms in the Agaricales 
could be derived from resupinate to pileate and stipitate 
forms (Virágh et al. 2021).

History

The order was circumscribed by Binder et al. (2010) in a 
study that tried to reflect the relationships between the dif-
ferent groups of Agaricomycetidae, mainly Agaricales and 
Boletales with the corticioid lineages containing mainly 
resupinate forms. Previously, species in the Amylocorti-
ciales had been referred to as the Amylocorticiaceae (Lars-
son 2007) or Atheliaceae pro parte (Matheny et al. 2006). 
Several studies previously suggested that the Amylocorti-
ciales should have considered in the Agaricomycetidae, but 
its precise placement was not been correctly set. As stated 
by Binder et al. (2010), analyses with nuc-lsu rRNA have 
placed the Amylocorticiales as the sister group of Agari-
cales or as the sister group of a clade containing Agaricales, 
Boletales and Atheliales (Binder et al. 2005; Hibbett and 
Binder 2002; Larsson et al. 2004; Larsson 2007). Analyses 
of a large dataset focused on Agaricales with nuc-lsu, nuc-
ssu and 5.8S rRNA genes, and genes that encode two subu-
nits of RNA polymerase II (rpb1, rpb2) suggested that the 
Amylocorticiales is the sister group of Agaricales, possibly 
along with a clade containing certain clavarioid (Clavaria, 
Clavulinopsis) and pileate-stipitate agaricoid forms (Cama-
rophyllopsis) (Matheny et al. 2006).

Characters that define the taxa in the order

Amylocorticiales contains mostly resupinate forms with 
effused, effused-reflexed to almost pileate (Irpicodon, Pli-
caturopsis), or rarely multitiered pileate-stipitate (Podos-
erpula) basidiomes. The hymenial configuration varies 
from smooth to merulioid (Podosperula, Plicaturopsis, 
and some species in Ceraceomyces), irpicoid (Irpicodon) or 
poroid (Anomoloma and Anomoporia). The hyphal system 

is monomitic with clamped generative hyphae. Cystidial 
elements are rarely present. Basidia are generally terminal 
to more rarely lateral (Amyloxenasma), invariably produc-
ing four smooth, thin- or thick-walled, ellipsoid, cylindri-
cal or allantoid, in mostly amyloid basidiospores. An amy-
loid reaction of the basidiospore wall is present in most 
Amylocorticiales species but lacking in Ceraceomyces, 
Podoserpula, and Serpulomyces, and recently a dextrinoid 
basidiospore reaction was detected in Podoserpula aliweni 
Garnica et al. (2021).  Amyloidity of spores is not unique to 
Amylocorticiales and is a widespread phenomenon in both 
Russulales and Agaricales (Binder et al. 2010; Matheny 
et al. 2006; Bernicchia and Gorjón 2010).

Species live saprotrophically on decaying wood or as 
plant parasites. The species in Amylocorticiales are nor-
mally associated with a brown rot or more rarely with a 
white rot (Anomoloma, Plicaturopsis, Zhou et al. 2022b) and 
one species is thought to be ectomycorrhizal (Podoserpula 
miranda) (Buyck et al. 2012).

Plates

Fig. 5  Diversity of basidiome configuration in Amylocorticiales. a 
Podoserpula pusio (SPG 6153, New Zealand); b Plicaturopsis crispa 
(SPG 7017, Spain); c Amylocorticium cebennense (SPG 422, Spain); 
d Ceraceomyces eludens (SPG 1062, Spain); e Ceraceomyces sul-
phurinus (SPG 745, Spain); f Ceraceomyces tessulatus (SPG 762, 
Spain); g Amyloathelia amylacea (SPG 785, Spain)
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Genera included
Family Amylocorticiaceae Jülich 1982

Agroathelia Redhead & Mullineux 2023
Amyloathelia Hjortstam & Ryvarden 1979
Amyloceraceomyces S.H. He 2020
Amylocorticiellum Spirin & Zmitr. 2002
Amylocorticium Pouzar 1959
Amyloxenasma (Oberw.) Hjortstam & Ryvarden 2005
Anomoloma Niemelä & K.H. Larss. 2007
Anomoporia Pouzar 1966
Ceraceomyces Jülich 1972
Irpicodon Pouzar 1966
Plicatura Peck 1872
Plicaturopsis D.A. Reid 1964
Podoserpula D.A. Reid 1963
Serpulomyces (Zmitr.) Zmitr. 2002

Evolution

The relationship between Atheliales and Amylocorticiales, 
another order in Agaricomycetidae dominated by corticioid 
species, is still unclear. Based on phylogenomic studies (Li 
et al. 2021c; Nagy et al. 2016), Atheliales is closely related 
with Amylocorticiales. However, large-scale multigene phy-
logenies inferred from nuclear ribosomal SSU and LSU, 
5.8S, rpb1, rpb2, and tef1 (Chen et al. 2020; Zhao et al. 
2017) showed that Amylocorticiales is most closely related 
to Agaricales, while Atheliales is closely related to Lepi-
dostromatales, for which no genomes are currently available 
(Sulistyo et al. 2021). However, the order is well defined by 
gene and genomic analyses, although more genomes should 
be included to define the relationships of the different groups 
within Amylocorticiales.

Justification of order and problems

The position of Athelia rolfsii is controversial; it already 
appears distant from other Athelia representatives and in the 
present phylogenomic analyses it comes close to Amylocor-
ticiales. Athelia rolfsii constitutes the sexual state of Scle-
rotium rolfsii, a facultative plant pathogen, that causes leaf 
and stem blights in a large number of plants (Bernicchia and 
Gorjón 2010).

At the moment, due to the few genomes available, the 
relationships between the different groups of species belong-
ing to Amylocorticiales are based on the analysis of few 
genes (Binder et al. 2010). It would be desirable to incorpo-
rate more genomes into the phylogenies or perform phylog-
enomic analyses.

Significance

Ecological and economical roles

Amylocorticiales is a small group of fungi, with mostly 
wood-decaying species. It is necessary to clarify the sup-
posed ectomycorrhizal way of life for some species of 
Podoserpula. Regarding its ecological role, although it 
is important, it is relative given its abundance and diver-
sity without pathogenic crop species or other plants or 
animals parasites. As a curiosity, some species of Podos-
erpula, the pagoda mushroom, are used as handicrafts 
and in merchandising as art dolls, given the spectacu-
lar nature of their basidiomes, sometimes known as the 
‘Barbie pagoda fungi’. Some species, e.g. Anomoporia 
spp., were considered as rare and threatened species, and 
treated as indicator of old growth forests (Kotiranta and 
Niemelä 1996).

Atheliales Jülich 1982

Contributed by: Danny Haelewaters, Bobby Sulistyo

Introduction

Atheliales Jülich (1981) is an order in Agaricomycetidae 
composed of species producing resupinate and pellicular 
basidiomes with smooth hymenium. At present, it consists of 
over 120 described species in 17 genera, distributed among 
five families. Members of this order exhibit remarkably 
diverse ecological strategies ranging from saprotrophic to 
ectomycorrhizal to lichenicolous to symbiotic with termites. 
Some members may also be symbiotic with algae, orchid 
mycorrhizal, or fungicolous. The order includes a number 
of notable economically important species that damage 
fruits and vegetables in cold storage, while others produce 
enzymes for industrial, bioremediation, and therapeutic 
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purposes. Nevertheless, molecular data are lacking for most 
species and the order still harbors several unresolved taxo-
nomic issues.

History

The foundation of Atheliales can be traced back to Corti-
cium sect. Pellicularia Bourdot and Galzin (1911), which 
consisted of resupinate fungi with pellicular or arachnoid 
basidiome and smooth hymenium, adhering loosely to 
the substrate. Members of this section clustered around 
C. arachnoideum Berk. and C. centrifugum (Lév.) Bres. 
Donk (1949) then re-examined Persoon’s collection of 
Athelia, chose A. epiphylla as the generic type, placed 
Corticium centrifugum as its synonym, and emended 
Athelia using most species of Corticium sect. Pellicu-
laria (Donk 1957). Meanwhile, closely related species 
of sect. Pellicularia would form other core genera of 
Atheliales: Byssocorticium (Singer 1944) and Tylospora 
(Donk 1957, 1960). In an effort to subdivide Cortici-
aceae s.l. into natural groups, Eriksson (1958) described 
15 subfamilies. One of them was Athelioideae consist-
ing of Athelia, Byssocorticium, and Tylospora. Parmasto 
(1968) then expanded Athelioideae to also accommodate 
fungi with pellicular effused-reflexed basidiomes and 
almost merulioid-poroid hymenium, and assigned spe-
cies to tribes: Athelieae, Amylocorticieae, and Byssomer-
ulieae. Athelieae Parm. is similar to Athelioideae sensu 
Eriksson (1958) with two extra genera: Athelidium and 
Atheloderma. Parmasto (1968) also subdivided Athelia 
into subgenera and sections, one of them being Athelia 
sect. Byssina. Jülich (1969) noted the complete absence 
of clamp connections and texture of the subiculum among 
members of sect. Byssina, and moved its members into 
a new genus, Piloderma. Jülich (1972) later emended 
the tribe Athelieae in his important monograph, adding 
Piloderma as well as several new genera including Fibu-
lomyces, and Leptosporomyces. In his classification of 
basidiomycetes, Jülich (1981) introduced the order Athe-
liales consisting of four families: Atheliaceae, Byssocor-
ticiaceae, Pilodermataceae, and Tylosporaceae. With 
the advent of molecular phylogenetics, Atheliales was 
accepted as a natural group (Binder et al. 2005; Boidin 

et al. 1998; Larsson et al. 2004), but only Atheliaceae 
was widely accepted as a family therein (Hibbett et al. 
2007; Larsson 2007). In a molecular phylogenetic study 
focusing on the order, Sulistyo et al. (2021) restored and 
emended the families from Jülich (1981) and added a new, 
monotypic family: Lobuliciaceae.

Characters that define the taxa in the order

Atheliales members produce soft, pellicular, and corti-
cioid basidiomes with smooth hymenium. This combi-
nation of characteristics gave rise to the term athelioid, 
referring to the fragile texture and thin, easily detachable 
basidiomes. Nevertheless, several unrelated taxa may be 
athelioid, as exemplified by genera that were previously 
part of Atheliales but are now placed in other orders based 
on molecular phylogeny—e.g., Lyothelia and Pteridomy-
ces. At least one member of Atheliales, Stereopsis vitel-
lina, is non-corticioid, producing stipitate stereoid basidi-
omes with soft and brittle texture upon drying (Sjökvist 
et al. 2012; Sulistyo et al. 2021). Basidiomes are gener-
ally light colored but can be bluish in Byssocorticium or 
olivaceous brown in Piloderma. All Atheliales members 
have monomitic hyphal system, sometimes producing 
hyphal strands. Clamps may be absent or present on the 
septa, while cystidia are always absent except in Amphin-
ema. Basidia may be clavate to pedunculate with 2 to 4 
sterigmata, and spores are never amyloid or dextrinoid 
but can be cyanophilous in Pilodermataceae and Tylo-
sporaceae. Spore shape varies from subglobose to elliptic 
in Atheliaceae, Byssocorticiaceae, and Pilodermataceae, 
to triangular in Tylospora or seven-lobed in Lobulicium. 
Production of sclerotia is found in Athelia, notably in A. 
arachnoidea (Eriksson and Ryvarden 1973) and A. ter-
mitophila (Maekawa et al. 2020). Sclerotia are globose 
to subglobose, pale brown to orange brown or brown in 
maturity, with a diameter of 0.1–0.2 mm in A. arach-
noidea (Yurchenko and Olubkov 2003) and 0.24–0.41 mm 
in A. termitophila (Maekawa et al. 2020).

Plates
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Genera included

Family Atheliaceae Jülich 1982
Athelia Pers. 1822
 = Fibularhizoctonia G.C. Adams & Kropp 1996
Athelicium K.H. Larss. & Hjortstam 1986
Athelocystis Hjortstam & Ryvarden 2010
Butlerelfia Weresub & Illman 1980
Elaphocephala Pouzar 1983
Hypochnella J. Schröt. 1888
Fibulomyces Jülich 1972
Hypochniciellum Hjortstam & Ryvarden 1980
Melzericium Hauerslev 1975
Mycostigma Jülich 1976
Taeniospora Marvanová 1977

Family Byssocorticiaceae Jülich 1982
Athelopsis Oberw. ex Parmasto 1968
Byssocorticium Bondartsev & Singer 1944
 = Byssocorticium Bondartsev & Singer 1941

 = Caerulicium Jülich 1982
Leptosporomyces Jülich 1972

Family Lobuliciaceae Sulistyo, K.H. Larss. & M. Ryberg 
2020

Lobulicium K.H. Larss. & Hjortstam 1982
Family Pilodermataceae Jülich 1982

Piloderma Jülich 1969
Tretomyces K.H. Larss., Kotir. & Saaren. 2011

Family Tylosporaceae Jülich 1982
Amphinema P. Karst. 1892
 = Diplonema P. Karst. 1889
Tylospora Donk 1960
 = Tylosperma Donk 1957

Fig. 6  Typical characteristics 
of Atheliales. a basidiome of 
Athelia epiphylla; b basidiome 
of Amphinema byssoides; c, d 
basidiome of Byssocorticium 
atrovirens; e basidiome of 
Athelia sp. sensu Haelewaters 
et al. (2018); f candelabra-like 
basidia clusters in Athelia sp. 
sensu. Scale Bars: a–d = 2 mm, 
f = 20 μm
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Evolution

Estimates of the origin of Atheliales range from the Early to 
the Late Cretaceous (this study; Varga et al. 2019; Sánchez-
García et al. 2020). The ancestor to Atheliales was inferred 
to be saprotrophic white rot (Nagy et al. 2017), and the ecto-
mycorrhizal strategy evolved independently in the Byssocor-
ticium, Amphinema–Tylospora, and Piloderma–Tretomyces 
clades (Sánchez-García et al. 2020). Reynolds et al. (2018) 
found evidence suggesting horizontal gene transfer of psil-
ocybin-related genes in Athelia, possibly due to overlapping 
ecological niches between some Athelia and psilocybin-pro-
ducing species. Evolutionary studies focusing on Atheliales 
are lacking, but there is an increasing interest due to its enig-
matic diversity of ecological strategies. Character evolution 
in Atheliales would also be an interesting subject to study, 
not only to improve its systematics, but also because of its 
eclectic mixture in several clades. For instance, the close 
relationships between Tylospora and Amphinema: the former 
has three-lobed spores while the latter has smooth spores 
and cystidia, unlike other Atheliales.

Justification of order and problems

Atheliales is firmly placed in Agaricomycetidae and most 
closely related with Lepidostromatales and Boletales 
(Sánchez-García et al. 2020; Varga et al. 2019). However, 
due to the uncertain placement of Lepidostromatales in this 
clade, the relationships are unresolved based on current 
data. Subsequently, the placements of several genera within 
Atheliales are still not supported by molecular data, includ-
ing Athelocystis, Butlerelfia, Elaphocephala, Hypochniciel-
lum, Melzericium, and Mycostigma. All of these genera are 
monotypic except Melzericium (3 spp.), while Hypochniciel-
lum used to contain six members until most were transferred 
to Amylocorticiellum, leaving only the type species (Gorjón 
et al. 2011). In Sulistyo et al. (2021), Athelia, Athelopsis and 
Leptosporomyces were found to be non-monophyletic and 
the monophyly of Amphinema and Piloderma was unsup-
ported. Meanwhile, only the type species of Fibulomyces 
and Tylospora have been included in molecular phylogenetic 
studies and their generic limits have yet to be tested.

A more in-depth study of these genera is necessary, espe-
cially for Athelia as well as its type species, A. epiphylla. 
Jülich (1972) introduced several Athelia species based on 
differences in spore shape and size. Eriksson and Ryvarden 
(1973) noted that these characteristics are considerably 
variable, even within the same basidioma, and provided a 
wider definition of A. epiphylla, which was later reinforced 
by Larsson and Ryvarden (2021). In a molecular phyloge-
netic study focusing on Athelia, Goyette et al. (2023) showed 
that this complex has a cosmopolitan distribution and is 

composed of A. epiphylla, A. bombacina, A. neuhoffi, and 
A. sp. sensu Haelewaters et al. (2018). Other complexes also 
exist within Athelia (Goyette et al. 2023), and disentangling 
relationships within the genus may require a more compre-
hensive sampling strategy with specimens from different 
geographical regions occurring on different substrates, as 
well as looking into underexplored characteristics such as 
fatty acid composition (Melhuish and Hacskaylo 1980).

Significance

Ecological and economical roles

Atheliales members show remarkably diverse ecological 
strategies. Most members are white rot saprotrophs (Athelia, 
Athelopsis, Butlerelfia; Tedersoo et al. 2014a) or ectomycor-
rhizal symbionts (Amphinema, Byssocorticium, Piloderma, 
Tretomyces, and Tylospora; Tedersoo et al. 2010; Aučina et al. 
2019), while some are lichenicolous (A. abscondita, A. alni-
cola, A. epiphylla, and A. salicum, (Goyette et al. 2023; Jülich 
1972). Ectomycorrhizal species of Atheliales form a major 
part of many ectomycorrhizal communities (Peter et al. 2008; 
Rosenthal et al. 2017; Southam et al. 2022) and are potentially 
diverse in the tropics (Tedersoo and Smith 2013), especially in 
Oceania and South East Asia (Corrales et al. 2022). Metabar-
coding studies suggest that some Atheliales are fungicolous 
(Maurice et al. 2021) or endophytic (Daghino et al. 2022).

At least one species has been described to be symbiotic 
with termites from the genus Reticulitermes (A. termitophila, 
Fibulorhizoctonia sp.; Maekawa et al. 2020). Termite symbi-
otic species produce sclerotia that mimic termite eggs mor-
phologically and chemically, which are stored and tended 
by termite workers (Matsuura et al. 2000). The sclerotia are 
provided with a protective environment with few competitors, 
while the termites might gain protection from antibacterial and 
antifungal substances secreted by the fungi (Matsuura et al. 
2009a; Mitaka et al. 2019). Sequences obtained from the roots 
of achlorophyllous orchids (Lecanorchis spp. and Erythrorchis 
altissima) also suggest some Atheliales members are associ-
ated with mycoheterothrophy (Okayama et al. 2012; Ogura-
Tsujita et al. 2018). In addition to this, some species of Athe-
lia (A. andina, A. phycophila, and A. poeltii) and Athelopsis 
were reported to form symbiotic relationships with epiphytic 
algae (Jülich 1978, 1972; Oberwinkler 1970), which might 
be close to the alcobiosis concept of Vondrák et al. (2023), 
a trophic stage on the verge of lichenization. However, these 
algal-symbiotic species of Atheliales have never been collected 
since their description and no molecular data are available, 
hence the nature of their symbiosis as well as their allegiance 
to Atheliales is to be determined.

Several species of Atheliales are economically important 
as they cause spoilage of vegetables and fruits in cold stor-
age. Athelia arachnoidea damages carrots (Adams and Kropp 
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1996) and optimally grows between 18 and 21 °C. Likewise, 
A. psychrophila also causes spoilage of carrots (de Vries et al. 
2008) but also apples and pears (Wenneker et al. 2017) with 
optimal mycelium growth between 9 and 12 °C. Another 
cold-tolerant species is A. termitophila, which is shown to 
outcompete other wood decay fungi that normally exist within 
termite nest, especially during winter when the termites are 
less active (Komagata et al. 2022). Cold-tolerant fungi such as 
A. psychrophila and A. termitophila may be a potential source 
of cold-active enzymes with industrial applications.

Chemical diversity

The genome of A. psychrophile, commonly referred to as 
Fibulorhizoctonia sp. CBS 109695, suggests that it may be 
capable of producing enzymes with industrial, bioremediation, 
and therapeutic applications. On the fungal peroxidase data-
base fPoxDB (http:// perox idase. riceb last. snu. ac. kr/; accessed 
12 May 2023; Choi et al. 2014), A. psychrophila possesses 63 
peroxidase genes covering 14 classes, with a distinct expansion 
of the heme-thiolate peroxidase (HTP) genes (35 copies). As a 
white rot saprotrophic species, A. psychrophila also possesses 
diverse genes for ligninolytic activities, with a relatively high 
proportion of genes being unique to the species (Nagy et al. 
2017). Psilocybin-related genes are present in high copy num-
ber in A. psychrophila (Reynolds et al. 2018) and an unidenti-
fied termite-associated Athelia species (Konkel et al. 2021), 
suggesting their broader distribution in Atheliales.

Atractiellales Oberw. & Bandoni 1982

Contributed by: Nathan Schoutteten, Teun Boekhout, 
Andrey Yurkov

Introduction

Despite several detailed morphological studies on the biodiver-
sity of basidiomycetous fungi that form minute, synnematous 
to stilboid basidiomes, our understanding of their phylogenetic 
relationships and, hence, their proper taxonomic placement 
strongly improved when molecular phylogenetic studies were 
introduced (Oberwinkler and Bandoni 1982; Oberwinkler and 
Bauer 1989; Bauer et al. 2006). Only these latter studies made it 
unequivocally possible to assess the extent of their diversity and 
evolutionary relationships. Atractiellales is the only described 
order in Atractiellomycetes and is one of the lineages in Puc-
ciniomycotina that seem to have lost the ontogenetic yeast stage 
(Oberwinkler 2017). The order comprises not only stilboid 
species, but also species producing pycnidioid, corticioid and 
coralloid basidiomes with various textures exist. Several species 
are known to have distinct sexual and/or asexual morphs, with 
the asexual morph often producing sporodochia. These asexual 

morphs were formerly classified in separate genera (e.g., Leu-
cogloea, Infundibura) which were later synonymised (Kirschner 
2004). Most species are believed to be saprotrophic, although 
endophytic and mycorrhizal representatives are also known.

History

Atractiellales was introduced by Oberwinkler and Bandoni 
(1982) to include ‘heterobasidiomycetes’ with transversely 
septate or one-celled (holobasidia) basidia that form sessile 
basidiospores, and mostly germinate by budding, but also 
by the formation of hyphae. Hyphae contain so-called ‘sim-
ple’ septa with a diaphragm-like septum with a central pore 
towards which the septum gradually tapers. In a later work, 
Oberwinkler and Bauer (1989) recognized Agaricostilbales 
next to Atractiellales based on some observations, including 
ultrastructural features, but this order was mainly based on 
features of the 5.8S rRNA nucleotide sequences. Atractiel-
lales possess curious organelles called symplechosomes, have 
the SPB (spindle pole body) during metaphase in the nuclear 
envelope, and have so-called SPB-endoplasmic reticulum caps 
(Weiss et al. 2004a, b; Bauer et al. 2006). Such ultrastruc-
tural features are, however, impossible to utilize for practical 
taxonomy. Using combined SSU and LSU rDNA sequence 
analysis, two new genera that formed pycnidia-shaped basidi-
omes, Basidiopycnis and Proceropycnis, were added to the 
order and this increased the morphological diversity known 
for the order (Oberwinkler et al. 2006). More recently, Aime 
et al. (2018d) introduced the monotypic genus Atractidochium 
for a species abundantly isolated as endophytes from Pinus 
needles and which produces sporodochia-like structures in 
culture. In a treatment of Atractiellomycetes with corticioid 
basidiomes, Spirin et al. (2018b) delineated the three genera 
Bourdotigloea, Helicogloea and Saccosoma based on rDNA 
phylogenetic reconstructions and detailed morphological 
comparisons.

Characters that define the taxa in the order

Atractiellales is mainly defined by its phylogenetic posi-
tion in rDNA-based and multiple gene-based gene trees. 
Basidiome morphology in this order is highly variable, 
and ranges from corticioid to stilboid to pycnidioid (Ober-
winkler et al. 2006; Schoutteten et al. 2018; Spirin et al. 
2018b; Malysheva et al. 2020). One species is known to 
produce corraloid structures which bear pycnidioid basidi-
omes at terminal branches (Zhuang and He 2007). Basidia 
are in general transversely three-septate, and in Bourdoti-
gloea, Helicogloea, and Saccosoma basidia bear a lateral 
appendage called the ‘probasidial sac’ in which karyogamy 
takes place (Baker 1936). Basidiospores are either sessile 

http://peroxidase.riceblast.snu.ac.kr/
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Fig. 7  Selected morphological characteristics of Atractiellales. a 
Helicogloea sebacea (NS 19-417, Netherlands); b moniliform cys-
tidia of Bourdotigloea sp. (ND 19-195, Netherlands). More figures 
see in Oberwinkler et al. (2006), Zhuang and He (2007), Spirin et al. 
(2018a, b), and Schoutteten et al. (2018)

and not actively discharged (= gastroid or statismosporic) 
or produced on sterigmata and actively discharged (= bal-
listosporic), and they germinate by forming hyphae or 
microconidia. No ontogenetic yeast stages are reported 
from this group. At the ultrastructural level, the members 
of this order have symplechosomes, which can be described 
as stacked plate-like cisternae, which are interconnected 
by hexagonally arranged filaments. Symplechosomes are 
seemingly connected to mitochondria, but their function 
remains unknown to date (Oberwinkler and Bauer 1989; 
Weiss et al. 2004a, b; Bauer et al. 2006). After the discov-
ery of symplechosomes by Bauer and Oberwinkler (1991), 
these structures were also reported by McLaughlin (1990), 
who indicated them as microscala. Septal pores of Atractiel-
lales are either surrounded by microbodies or atractosomes, 
a character that was preliminary used by Bauer et al. (2006) 
to separate the different families in this order. However, only 
few species are investigated by TEM (transmission elec-
tron microscopy) for their septal pore complexes. The SPB 
occurs in the nuclear membrane during metaphase, and an 
SPB-endoplasmic reticulum cap exist (Bauer et al. 2006).

Plates

Genera included
Family Atractogloeaceae Oberw. & R. Bauer 1989

Atractogloea Oberw. & Bandoni 1982
Family Hoehnelomycetaceae Jülich 1982

Basidiopycnis Oberw., R. Kirschner, R. Bauer, Bege-
row & Arenal 2006
 = Basidiopycnides J. Reid, Eyjólfsd. & Georg Hausner 
2008
Proceropycnis M. Villarreal, Arenal, V. Rubio, Bege-
row, R. Bauer, R. Kirschner & Oberw. 2006

Family Mycogelidiaceae W.Y. Zhuang 2007
Mycogelidium W.Y. Zhuang 2007

Family Phleogenaceae Weese 1920
Atractidochium Oono, Urbina & Aime 2018
Atractiella Sacc. 1886
 = Hoehnelomyces Weese 1920
 = Pilacrella J. Schröt. 1887
Bourdotigloea Aime 2018
Helicogloea Pat. 1892
 = Exobasidiellum Donk 1931
 = Infundibura Nag Raj & W.B. Kendr. 1981
 = Leucogloea R. Kirschner 2004
 = Neogloea Aime 2018
 = Saccoblastia Möller 1895
Hobsonia Berk. ex Massee 1891
Phleogena Link 1833
 = Botryochaete Corda 1854
 = Ecchyna Fr. ex Boud. 1885
 = Martindalia Sacc. & Ellis 1885
Saccosoma Spirin 2018

Evolution

Not much is known about the evolutionary history of 
Atractiellales, but the group is recovered as monophyletic 
in various multilocus phylogenetic reconstructions (Weiss 
et al. 2004a, b; Aime et al. 2006; Bauer et al. 2006; Wang 
et al. 2015a). The molecular phylogeny suggests a consid-
erable distance from basidiomycetes that have a similar 
macromorphology, such as Agaricostilbales (Agaricostil-
bomycetes) and Pachnocybales (Pucciniomycetes) with 
stilboid basidiomes and Heterogastridiales (Microbotryo-
mycetes) with pycnidioid basidiomes. In contrast to these 
other groups, Atractiellales does not have an ontogenetic 
yeast stage, and species isolated in culture grow filamen-
tously. The phylogenetic relationship of this order with 
respect to other groups in Pucciniomycotina remains to be 
resolved, and genome-wide DNA sequence data may help 
to resolve the relationships of this group. Interestingly, 
the origin and function of the symplechosomes remain 
enigmatic and this structure most likely represents a syna-
pomorphy for this clade, although its presence has only 
been assessed in a limited number of species. The order is 
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estimated to have originated about 330 million years ago 
(Zhao et al. 2017).

Justification of order and problems

Molecular phylogenetic rDNA-based studies clearly demar-
cated the order. Unfortunately, molecular sequence data for 
most species is restricted to nuclear rDNA loci, and the com-
monly used nuclear coding genes are not available for most 
species. Living cultures are available only for a few repre-
sentatives. Given the minute basidiomes and the endophytic 
lifestyle of some species it can be expected that more taxa 
remain to be discovered.

Significance

Ecological and economical roles

Most species are believed to be saprotrophic, although 
endophytic (Bonito et al. 2017; Aime et al. 2018d) and 
mycorrhizal (Kottke et al. 2010) representatives are also 
known. The endophytic Atractiella rhizophila has been 
shown to enhance growth of Quercus rubra seedlings 
(Bonito et al. 2017).

Chemical diversity

As far as is known, these fungi have not been studied for 
their biochemical characteristics.

Auriculariales Bromhead 1840

Contributed by: Fang Wu

Introduction

Auriculariales is an order mainly composed of wood-
inhabiting fungi with highly diverse basidiomes and 
complicated micro-structures (Weiss and Oberwinkler 
2001; Wei and Dai 2008; Zhou and Dai 2013; Spirin 
et al. 2019a; Liu et al. 2022b). The genus Auricularia 
belonging to Auriculariaceae is the type genus of this 
order. It is characterized by gelatinous basidiomes, and 
transversely septate, clavate basidia (Wu et al. 2014a, 
2015a, 2015b, 2021). However, some other gelatinous 
genera, e.g. Exidia, Myxarium, and Stypella, together 
with some poroid, lamellate and corticiod genera, e.g. 

Elmerina, Eichleriella, Heterochaete, have longitudi-
nally or obliquely septate, ellipsoid, ovoid or subglo-
bose basidia (Spirin et al. 2018a, 2019b; Ye et al. 2020). 
These characteristics lead to some families or genera of 
this order being classified into the Tremellales (Bandoni 
1984; Lowy 1971). Based on molecular analysis, these 
are found to be members in Auriculariales (Weiss and 
Oberwinkler 2001). Some new genera were described 
with molecular data, e.g. Grammatus, Adustochaete, 
Proterochaete (Yuan et al. 2018; Alvarenga et al. 2019). 
However, the generic placement of some species cannot 
be determined and the generic delimitation in Auriculari-
ales should be further clarified because some genera, e.g. 
Exidia, Exidiopsis, are polyphyletic (Liu et al. 2022b). 
Currently, the order includes two families and 57 genera, 
but the taxonomic status of genera and species within 
this order may undergo significant changes with further 
research.

History

Auriculariales was established by Bromhead (1840) to 
accommodate species with transversely septate basidia, 
known as auricularioid basidia. When ultra-structure of 
the septal pore and the spindle pole body were used in 
basidiomycetes systematics, Auriculariales was redefined 
to accommodate all heterobasidiomycetes with continu-
ous parenthesomes, transversely or longitudinally septate 
basidia and hyphal haploid stages (Bandoni 1984). Ban-
doni (1984) recognized five families in the order, including 
Auriculariaceae, Aporpiaceae, Exidiaceae, Hyaloriaceae, 
Sebacinaceae. Wells (1994) merged Aporpiaceae into 
Hyaloriaceae, added Patouillardinaceae for species with 
obliquely septate basidia, and introduced Tremelloden-
dropsidaceae for species of Tremellodendropsis with occa-
sionally partially septate basidia. Weiss and Oberwinkler 
(2001) constructed phylogenetic relationships in Auricu-
lariales and related groups based on nrLSU sequences, and 
resulted in a polyphyletic Auriculariales. The Sebacinaceae 
was confirmed as a monophyletic group, which appeared 
distant from other taxa ascribed to the Auriculariales (Weiss 
and Oberwinkler 2001). A group of closely related spe-
cies containing members of the genera Auricularia, Exi-
dia, Exidiopsis, Eichleriella, and Heterochaete, a group that 
included the members of the genus Myxarium and Hyaloria 
pilacre Möller, and a group consisting of species of the 
genera Heterochaetella, Protodontia, Protomerulius, and 
Tremellodendropsis, were significantly supported (Weiss 
and Oberwinkler 2001).
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Weiss et  al. (2004a, b) established Sebacinales to 
accommodate the closely related species of Sebacinaceae, 
and the order was widely accepted and supported by multi-
genes phylogenetic analysis (Riess et al. 2013; Zhao et al. 
2017; Malysheva et al. 2019). Wells et al. (2004) recon-
sidered Auriculariaceae and Hyaloriaceae, and consid-
ered Exidiaceae as a synonym of Auriculariaceae. Exidia 
species were classified into Auriculariaceae (Kirk et al. 
2008; Zhou and Dai 2013; Yuan et al. 2018; Spirin et al. 
2019a). Aporium species of Aporpiaceae, were closely 
related to Auricularia, Exidia species of Auriculariaceae, 
and formed one clade in the phylogenies (Zhou and Dai 
2013; Sotome et al. 2014; Yuan et al. 2018), so Aporium 
species were also classified into Auriculariaceae and the 
position of Aporpiaceae was abandoned (Kirk et al. 2008; 
Zhao et al. 2017). Hyaloriaceae was rarely mentioned and 
even abandoned (Kirk et al. 2008). However, the phyloge-
netic clade that included Myxarium species and Hyaloria 
pilacre was distant from other core taxa of Auriculariaceae 
(Weiss and Oberwinkler 2001; Yuan et al. 2018; Spirin 
et al. 2018a). Therefore, the family was accepted by some 
researchers (Wells et al. 2004; Tohtirjap et al. 2023). The 
family Patouillardinaceae was established by Jülich (1981) 
to accommodate the only genus Patouillardina, but the 
family was considered as a synonym of Exidiaceae and 
not accepted in Auriculariales in later studies (Kirk et al. 
2008; Zhao et al. 2017). The family Tremellodendropsi-
daceae was established by Jülich (1981) to accommodate 
the species within Tremellales with richly branched basid-
iomes, and basidia which are only at the apex partially 
(incompletely) septate. Vizzini (2014) established Tremel-
lodendropsidales to accommodate the family, which was 
confirmed by Berbee et al. (2016) based on phylogenetic 

analysis. Currently, two families, Auriculariaceae and 
Hyaloriaceae, are accepted in the order.

The number of genera is rapidly increasing in Auriculariales. 
Kirk et al. (2008) reported 32 genera in the order, and nearly 
20 new genera were established in the first ten years (Maly-
sheva and Spirin 2017; Yuan et al. 2018; Malysheva et al. 2018; 
Alvarenga et al. 2019; Alvarenga and Gibertoni 2021; Liu et al. 
2022b). Fifty-seven genera are accepted in the order here.

Characters that define the taxa in the order

Auriculariales includes species with resupinate, effused-
reflexed, hydnoid, cerebriform, coraloid and pileate basidi-
omes; thin or thick-walled basidia globose to cylindrical, 
cystidia present or absent, and thin-walled basidiospores 
that germinate by tubes or producing conidia (Bodman 1952; 
Lowy 1971).

Auriculariales is a higly diverse order with gelatinous, 
poroid, lamellate, corticoid and hydnoid basidiomes; trans-
versely or longitudinally septate, cylindrical to clavate or 
subglobose to ovoid basidia; cystidia and hyphidia present 
or absent; and ovoid, subglobose, oblong-ellipsoid, cylin-
drical, or allantoid, thin-walled basidiospores (Malysheva 
et al. 2018; Yuan et al. 2018; Alvarenga et al. 2019; Wu 
et al. 2021). Most known species of Auriculariales are 
saprotrophs on wood causing white rot (Wu et al. 2022a; 
Tohtirjap et al. 2023).

Plates

Fig. 8  Basidiomes of genera 
Auricularia and Exidia. a 
Auricularia heimuer (Dai13782, 
Jilin province of China); b 
Exidia glandulosa (FYMF0049, 
Zhejiang province of China). 
Also see Figs. 2–5 in Malysheva 
et al. (2018), Figs. 1–2 in Spirin 
et al. (2019b), and Figs. 3–4 in 
Wu et al. (2021)
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Genera included

Family Auriculariaceae Fr. 1838
 = Exidiaceae R.T. Moore 1978

Alloexidiopsis L.W. Zhou & S.L. Liu 2022
Amphistereum Spirin & Malysheva 2017
Aporpium Bondartsev & Singer 1944
Auricularia Bull. 1780
 = Auriculariella (Sacc.) Clem. 1909
 = Conchites Paulet 1793
 = Oncomyces Klotzsch 1843
 = Patila Adans. 1763
 = Seismosarca Cooke 1889
Eichleriella Bres. 1903
Elmerina Bres. 1912
Exidia Fr. 1822
 = Spicularia Chevall. 1826
 = Ulocolla Bref. 1888
Exidiopsis (Bref.) Möller 1895
Fibulosebacea K. Wells & Raitv. 1987
Heterochaete Pat. 1892
Heteroradulum Lloyd ex Spirin & Malysheva 2017
Protodaedalea Imazeki 1955
Pseudostypella McNabb 1969
Sclerotrema Spirin & Malysheva 2017
Tremellochaete Raitv. 1964

Family Hyaloriaceae Lindau 1897
Helicomyxa R. Kirschner & Chee J. Chen 2004
Hyaloria Möller 1895
Myxarium Wallr. 1833

Auriculariales genera incertae sedis
Adustochaete Alvarenga & K.H. Larss. 2019
Atractobasidium G.W. Martin 1935
Basidiodendron Rick 1938
Bourdotia (Bres.) Bres. & Torrend 1913
Ceratosebacina P. Roberts 1993
Collyria Fr. 1849
Crystallodon Alvarenga 2021
Dendrogloeon Spirin & Miettinen 2015
Ductifera Lloyd 1917
 = Gloeotromera Ervin 1956
Endoperplexa P. Roberts 1993
Gelacantha V. Malysheva & Spirin 2019
Grammatus H.S. Yuan & C. Decock 2018
Guepinia Fr. 1825

 = Phlogiotis Quél. 1886
Hauerslevia P. Roberts 1998
Heterorepetobasidium Chee J. Chen & Oberw. 2002
Heteroscypha Oberw. & Agerer 1979
Hyalodon V. Malysheva & Spirin 2018
Hydrophana V. Malysheva & Spirin 2019
Metabourdotia L.S. Olive 1957
Metulochaete R.L.M. Alavarenga 2019
Microsebacina P. Roberts 1993
Mycostilla Spirin & V. Malysheva 2018
Myxariellum Spirin & V. Malysheva 2019
Ofella Spirin & V. Malysheva 2019
Ovipoculum Zhu L. Yang & R. Kirschner 2010
Porpopycnis R. Kirschner 2012
Proterochaete Spirin & V. Malysheva 2019
Protoacia Spirin & V. Malysheva 2019
Protodontia Höhn. 1907
Protograndinia Rick 1933
Protohydnum Möller 1895
Protomerulius Möller 1895
Protoradulum Rick 1933
Pseudohydnum P. Karst. 1868
 = Hydnogloea Curr., Berk. & Broome 1871
Psilochaete V. Spirin & V. Malysheva 2019
Renatobasidium Hauerslev 1993
Stypella Möller 1895
 = Gloeosebacina Neuhoff 1924
 = Heterochaetella (Bourdot) Bourdot & Galzin 1928
Stypellopsis Spirin & V. Malysheva 2018
Tremellacantha Jülich 1980

Justification of order and problems

During the last seven years, several genera and species 
have been described and proposed in Auriculariales. The 
classification of this order has been amended through the 
revisions of types and newly collected material of species 
earlier unavailable for morphological and phylogenetic 
analysis, thus, old genera were restored, and new genera, 
combinations, and species were proposed (Malysheva and 
Spirin 2017; Malysheva et al. 2018; Alvarenga et al. 2019; 
Spirin et al. 2019a). However, the classification at the fam-
ily level within this order is still unclear and requires bet-
ter delimitation.
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Significance

Ecological and economical roles

Some species in the Auriculariales are important edible 
and medicinal mushrooms, e.g., Auricularia heimuer F. 
Wu, B.K. Cui & Y.C. Dai and A. cornea Ehrenb. are widely 
cultivated in China. The former species is the second most 
important edible mushroom in China, and both species 
have properties of antitumor, antioxidant, and immunity 
enhancement (Li et al. 2013a; Wu et al. 2021). Recntly, 
some new cultivars have been domesticated (Yao et al. 
2022; Zhang et al. 2022c; Li et al. 2023d). In addition, 
Exidia yadongensis F. Wu, Qi Zhao, Zhu L. Yang & Y.C. 
Dai is also an edible and medicinal mushroom with high 
economic value (4000 RMB/kg) in Tibet, Southwestern 
China, but it is not artificially cultivated (Wu et al. 2020b). 
Many edible species in Auriculariales are worth studying 
in the future.

Bartheletiales Thines 2017

Contributed by: Xiang-Yu Zeng

Introduction

Phylogeny of Bartheletia paradoxa, which was discovered 
on ginkgo leaf litter, remained unknown for a long time. 
Recently, its phylogeny was studied using genomic data by 
Mishra et al. (2018), revealing that Bartheletia paradoxa 
represents a new order, Bartheletiales. It is the most basal 

member of Agaricomycotina, forming a distinct lineage sis-
ter to all other taxa.

History

Bartheletia was monotypic described by Scheuer et  al. 
(2008) and accommodates a new type of septal architec-
ture for Basidiomycota. It is characterized by thick-walled 
teliospores, stipitate, longitudinally septate, statismosporic 
phragmobasidia and plasmodesma-like septal perforations. 
Its taxonomic position remained unclear until a recent 
molecular phylogenetic study revealed that it forms an order 
on its own in Agaricomycotina, Basidiomycota (Mishra et al. 
(2018).

Characters that define the taxa in the order

Bartheletiales is mainly characterized by plasmodesma-like 
septal perforations and the combination of sympodial and 
percurrent proliferation (Scheuer et al. 2008). It forms a phy-
logenetically distinct lineage sister to all other lineages of 
Agaricomycotina. Since the order is only known from one 
monotypic genus, it remains to be seen whether the peculiar 
morphology holds for the whole order.

Plates



178 Fungal Diversity (2024) 126:127–406

Genera includedFamily Bartheletiaceae R. Bauer, 
Scheuer, M. Lutz & Grube 2008

Bartheletia G. Arnaud ex Scheuer, R. Bauer, M. Lutz, 
Stabenth., Melnik & Grube 2008
 = Bartheletia G. Arnaud 1954

Evolution

Bartheletiales occupies the most basal member of Agari-
comycotina, but with low support. Its septal morphology is 
unique among Basidiomycota.

Justification of order and problems

Molecular phylogeny and phylogenomic analysis clearly 
showed that Bartheletia paradoxa occupies an isolated basal 
position within Agaricomycotina. However, its lifecycle 
remains unclear. Further research with additional specimens 
is needed to understand the full morphological, biological, 
ecological, and phylogenetic range of the representatives of 
the yet monotypic order.

Fig. 9  Bartheletia paradoxa. a 
tentative life cycle: 1, conidia; 
2, secondary conidia; 3, myce-
lium; 4, conidioma with conidi-
ophores; 5, sorus with resting 
spores; 6, septate basidium 
and basidiospores. b conidia; 
c conidiophores; d conidium 
from living material; e basidia; 
f basidiospores; g young teli-
ospores; h mature teliospore; i 
mature teliospores, two of them 
with basidia. Scale bars = 20 
μm. Redraw from Scheuer et al. 
(2008) and Koukol and Lotz-
Winter (2016) by Mao-Qiang 
He
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Significance

Ecological and economical roles

Bartheletia paradoxa only sexually reproduces on leaves 
of Ginkgo biloba, and might be persisting as asymptomatic 
infection in some tissues of ginkgo trees (Scheuer et al. 
2008). Further studies of additional species in this order are 
needed to clarify its lifecycle and ecological roles.

Chemical diversity

Unknown.

Other relevant data and future 
recommendations

It is interesting to study the origin and evolution of Barthele-
tia paradoxa to understand the early divergence of Basidi-
omycota, as it is the most basal clade in Agaricomycotina 
and possesses unique septal structures.

Boletales E.-J. Gilbert 1931

Contributed by: Naveed Davoodian, Takamichi Orihara

Introduction

Boletales currently comprises 16 families, 162 genera, and 
over 1300 species. Boletales is best known for its stipitate-
pileate, fleshy, poroid taxa (i.e. boletes), however the order 
also contains taxa displaying different fruitbody morpholo-
gies, including gilled mushrooms, false truffles, crust-
like species, and other forms. The majority of species are 
ectomycorrhizal with members are various plant families 
including but not limited to Pinaceae, Fagaceae, Myrtaceae, 
Phyllanthaceae, Fabaceae and Dipterocarpaceae (Agerer 
1999; Raidl et al. 2006; Brearley 2012; Orihara and Smith 
2017; Davoodian et al. 2019). Boletales also harbors species 
which engage in ecological lifestyles besides mycorrhizal 
relationships including saprotrophs (e.g., Coniophora spp.), 
mycoparasites (e.g., Pseudoboletus parasiticus), and oth-
ers (e.g., Boletinellus merulioides). Many taxa in this order 
are of major ecological, cultural, and economic importance 
as ectomycorrhizal fungi and edible mushrooms (Bougher 
1995; Sitta and Floriani 2008).

History

Boletales was established by Gilbert (1931). Binder and Hib-
bett (2006) made significant impacts on understanding of the 
order and the status and relationships of its suborders. Bole-
taceae was erected by Chevallier (1826) to accommodate 
Boletus as circumscribed at that time (incorporating bolete 
taxa from the essential works of Bulliard, Fries, and oth-
ers) along with a number of other taxa since excluded from 
Boletales. Over the years, many workers have made major 
contributions to elucidating and describing the diversity of 
Boletaceae from Europe (e.g., Quélet, Šutara), Africa (e.g., 
Heinemann, Watling), Asia (e.g., Chiu, Corner, Hongo, 
Nagasawa), Australasia (e.g., Cleland, McNabb, Halling), 
Central and South America (e.g., Singer, Magnago, Henkel), 
and North America (e.g., Murrill, Thiers, Snell, Both). Nuhn 
et al. (2013) and Wu et al. (2014b) are critically important 
modern studies which provided a phylogenetic framework 
for Boletaceae taxonomy. Paxillaceae was validly described 
by Lotsy (1907) and is known to be sister to Boletaceae.

Sclerodermataceae was described by Corda (1842) 
though the name of the family was spelled incorrectly; it 
was spelled correctly by Fischer (1899). The family was later 
emended by Guzmán (1971). Sclerodermataceae along with 
Boletinellaceae, Calostomataceae, Diplocystidiaceae, and 
Gyroporaceae together constituted the Sclerodermatineae, 
a suborder of Boletales notable for its morphological and 
ecological diversity (Binder 1999; Binder and Bresinsky 
2002; Louzan et al. 2007; Wilson et al. 2012). However, 
the present article provides evidence that Boletinellaceae is 
outside of Sclerodermatineae (Fig. 2). Since the turn of the 
century, a substantial amount of research has been done on 
these groups (Nagasawa 2001; Moyersoen et al. 2003; Phosri 
et al. 2007; Wilson et al. 2007; Gurgel et al. 2008; Fangfuk 
et al. 2010; Davoodian and Halling 2013; Magnago et al. 
2018; Mei et al. 2021; Raghoonundon et al. 2021; Kasuya 
et al. 2022).

Suillaceae was described by Besl and Bresinsky (1997) 
and contains the genus Suillus Gray and other taxa. Rhizopo-
gonaceae Gäum. & C.W. Dodge and Gomphidiaceae Maire 
ex Jülich accommodate two gasteroid genera and a group of 
mostly lamellate taxa, respectively. These three families are 
closely related as members of the suborder Suillineae Besl & 
Bresinsky. Some major works on the taxonomy of members 
of Suillineae include Zeller (1939), Miller (1964), Smith and 
Thiers (1964), Smith and Zeller (1966), Kretzer et al. (1996), 
Miller (2003), Mujic et al. (2014), Nguyen et al. (2016), and 
Wu et al. (2020c).
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Hygrophoropsidaceae was established by Kühner 
(1980), and currently accommodates Hygrophoropsis and 
Leucogyrophana. The present study places the family as 
sister to the clade unifying the Boletales families men-
tioned in the above (Fig. 2). Together with Coniophoraceae, 
Serpulaceae, and Tapinellaceae, different studies over the 
years (including the present one) have more or less sup-
ported these families as forming an evolutionary grade 
along the base of Boletales, with Hygrophoropsidaceae in 
the position mentioned earlier in this paragraph, though 
studies drawing more definite conclusions about this situ-
ation are needed (Jarosch 2001; Binder and Hibbett 2006; 
Skrede et al. 2011). Fruitbody morphologies displayed by 
Coniophoraceae, Hygrophoropsidaceae, Serpulaceae, and 
Tapinellaceae include agaricoid, gasteroid, secotioid, crust-
like, and polypore-like forms.

Characters that define the taxa in the order

Boletales is delineated by phylogeny, as there is no clear, 
useful set of homologous morphological features to define 
the order beyond relatively general ones applicable to many 
other Agaricomycetidae. Ecologically, most taxa are ecto-
mycorrhizal, a number of species are wood decayers or other 
types of saprobes, some are mycoparasitic, and a small num-
ber of species engage in unusual tri-kingdom symbioses (i.e. 
members of the Boletinellaceae such as Boletinellus mer-
ulioides, Phlebopus roseus, and others; e.g., see Mei et al. 
2021).

Boletaceae consists mostly of epigeous, stipitate-pileate 
taxa with pores (i.e. the hymenophore being tubular in these 
cases), though some taxa are lamellate. Boletaceae also 
contains numerous gasteroid lineages that are hypogeous, 
erumpent, or epigeous. Generally, gasteroid taxa in Boleta-
ceae have truffle-like and secotioid basidiomes and do not 
forcibly discharge their basidiospores. In the non-gasteroid 
taxa, the pileipellis is usually a trichodermium (tangled or 
palisadal, sometimes gelatinized) though this can vary and 
intergrade e.g., it can be hymeniform, an epithelium, cuticu-
lar, or combinations/gradations of the different pileipellis 
types. Paxillaceae contains gilled mushrooms, truffle-like 
taxa (e.g., Melanogaster Corda, Alpova C.W. Dodge), more 
or less boletoid taxa e.g. Gyrodon lividus (Bull.) Sacc. and 
Paragyrodon sphaerosporus (Peck) Singer, and Meiorga-
num R. Heim, a wood-inhabiting genus with reduced stalk 
and more or less boletinoid hymenophore. Hydnomeru-
lius pinastri (Fr.) Jarosch & Besl, which should be clas-
sified outside of Paxillaceae, is a resupinate fungus with 

wrinkled to toothed hymenophore. Boletinellaceae con-
tains mushroom taxa with boletinoid to essentially poroid 
hymenophores.

Sclerodermatineae exhibit a diverse array of morpholo-
gies, including gasteroid forms and boletoid mushrooms. 
The suborder contains the familiar puffball genus Sclero-
derma. It also contains gasteroid taxa with more unusual 
morphologies e.g. gasteroid fungi with extended stalks 
covered in an outer layer that is often gelatinous (Calos-
toma spp.) or compound, stroma-bearing species (Diplo-
cystis wrightii Berk. & M.A. Curtis). Gasteroid Scleroder-
matineae often have ornamented spores. The bolete genus 
Gyroporus is easily distinguishable by the combination of 
a yellow spore print, clamp connections, and circumfer-
ential to variously arranged (i.e. not longitudinal) stipe 
hyphae.

Suillineae contains boletoid mushrooms, gilled mush-
rooms, and truffle-like taxa. With very few exceptions they 
are ectomycorrhizal with Pinaceae. The genus Suillus (Suil-
laceae) often exhibits one or more of the following: slimy to 
tacky caps, glandular dots (clusters of cystidia) on the stipe, 
and partial veils or remnant evidence of them. Gomphidius 
(Gomphidiaceae) can also have slimy to tacky caps; this is 
also observed in Chroogomphus (Gomphidiaceae) but to a 
lesser degree. The genus Rhizopogon Fr. contains truffle-like 
species that form ectomycorrhizae almost exclusively with 
Pinaceae.

Tapinellaceae comprises taxa with gilled mushroom 
(with well-developed to reduced stipes), resupinate/effused-
reflexed, and polypore-like morphologies. Hygrophoro-
psidaceae contains Hygrophoropsis (J. Schröt.) Maire ex 
Martin-Sans and Leucogyrophana Pouzar, an agaricoid 
genus and a corticioid genus, respectively. Coniophoraceae 
contains taxa displaying a few different overall morpholo-
gies, however the family is dominated by crust-like species. 
Serpulaceae contains gilled mushrooms (Austropaxillus 
spp.), gasteroid taxa (Gymnopaxillus), and resupinate spe-
cies (Serpula spp.). Tapinellaceae, Hygrophoropsidaceae, 
Coniophoraceae, and Serpulaceae are notable when consid-
ered together because they all contain some taxa that are 
resupinate/corticioid (i.e. crust-like); these taxa are morpho-
logically diverse within the limits of their reduced, crust-
like forms (e.g. hymenophores can range from smooth to 
merulioid).

Plates
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Fig. 10  Morphological exam-
ples of Boletales. a Boletus 
reticuloceps (Boletaceae) from 
Sichuan province of China 
showing boletoid hymenophore 
i.e. pores/tubes (scale bar: 2 
cm); b Scleroderma sp. from 
Sichuan province of China 
showing epigeous puffball 
basidiomes (scale bar: 1 cm); 
c Tapinella atrotomentosa 
(Tapinellaceae) from southeast-
ern USA, gilled hymenophore 
clearly visible (credit: Naveed 
Davoodian, scale bar: 1 cm); d 
Austropaxillus sp. (Serpulaceae) 
from New Zealand, a gilled 
ectomycorrhizal mushroom 
presumably evolved from sapro-
trophic resupinate mushrooms 
(credit: Takamichi Orihara; 
scale bar: 2 cm); e Calostoma 
fuscum (Sclerodermatineae) 
from New Zealand, gasteroid 
basidiomes with gelatinous 
stalks (credit: Takamichi 
Orihara; scale bar: 1 cm); f 
Turmalinea persicina (Boleta-
ceae) from Japan, a sequestrate, 
truffle-like species belonging to 
subfamily Leccinoideae (credit: 
Takamichi Orihara; scale bar: 1 
cm); g Rossbeevera sp. basidi-
omes from Australia, outer 
basidiomes in cross section 
exposing gleba, basidiome on 
far right showing mature brown 
spores in gleba (credit: Michael 
A. Castellano, scale bar: approx. 
1 cm); h Melanogaster utricula-
tus (Paxilliaceae) from Japan, a 
sequestrate, truffle-like species 
phylogenetically related to 
pileate-stipitate fungi Paxillus 
spp. (credit: Takamichi Orihara; 
scale bar: 1 cm)

Genera included
    Family Boletaceae Chevall. 1826

Abtylopilus Yan C. Li & Zhu L. Yang 2021
Acyanoboletus G. Wu & Zhu L. Yang 2023
Afroboletus Pegler & T.W.K. Young 1981
Afrocastellanoa M.E. Sm. & Orihara 2017
Alessioporus Gelardi, Vizzini & Simonini 2014
 Amoenoboletus G. Wu, E. Horak & Zhu L. Yang 
2021

 Amylotrama Bloomfield, Davoodian, Trappe & T. 
Lebel 2022
Anthracoporus Yan C. Li & Zhu L. Yang 2021
Aureoboletus Pouzar 1957
 = Sinoboletus M. Zang 1992
Australopilus Halling & N.A. Fechner 2012
Austroboletus (Corner) Wolfe 1980
Baorangia G. Wu & Zhu L. Yang 2015
Binderoboletus T.W. Henkel & M.E. Sm. 2016



182 Fungal Diversity (2024) 126:127–406

Boletellus Murrill 1909
 = Boletogaster Lohwag 1926
 = Strobilofungus McGinty 1915
Boletochaete Singer 1944
Boletus L. 1753
 = Ceriomyces Murrill 1909
 = Dictyopus Quél. 1886
 = Notholepiota E. Horak 1971
 = Oedipus Bataille 1908
 = Tubiporus P. Karst. 1881
 = Xerocomopsis Reichert 1940
Borofutus Hosen & Zhu L. Yang 2012
Bothia Halling, T.J. Baroni & Manfr. Binder 2007
 Brasilioporus A.C. Magnago, Alves-Silva & T.W 
Henkel 2022
Buchwaldoboletus Pilát 1969
Butyriboletus Arora & J.L. Frank 2014
Cacaoporus Raspé & Vadthanarat 2019
Caloboletus Vizzini 2014
Carolinigaster M.E. Sm. & S. Cruz 2018
Castellanea T.W. Henkel & M.E. Sm. 2015
Chalciporus Bataille 1908
 = Rubinoboletus Pilát & Dermek 1969
Chamonixia Rolland 1899
Chiua Y.C. Li & Zhu L. Yang 2016
Costatisporus T.W. Henkel & M.E. Sm. 2015
 Crocinoboletus N.K. Zeng, Zhu L. Yang & G. Wu 
2014
Cupreoboletus Simonini, Gelardi & Vizzini 2015
Cyanoboletus Gelardi, Vizzini & Simonini 2014
 Durianella Desjardin, A.W. Wilson & Manfr. 
Binder 2008
Erythrophylloporus Ming Zhang & T.H. Li 2018
Exsudoporus Vizzini, Simonini & Gelardi 2014
Fistulinella Henn. 1901
 = Gastrotylopilus T.H. Li & Watling 1999
 = Ixechinus R. Heim 1968
Gastroboletus Lohwag 1926
Gastroleccinum Thiers 1989
Guyanaporus T.W. Henkel & M.E. Sm. 2016
Gymnogaster J.W. Cribb 1956
Harrya Halling, Nuhn & Osmundson 2012
Heimioporus E. Horak 2004
Heliogaster Orihara & K. Iwase 2010
 Hemiaustroboletus Ayala-Vásquez, García-Jiménez 
& Garibay-Orijel 2022
Hemilanmaoa Yang Wang, Bo Zhang & Y. Li 2023
Hemileccinum Šutara 2008
 = Corneroboletus N.K. Zeng & Zhu L. Yang 2012
Hongoboletus G. Wu & Zhu L. Yang 2023
Hortiboletus Simonini, Vizzini & Gelardi 2015
Hourangia Xue T. Zhu & Zhu L. Yang 2015
Hymenoboletus Y.C. Li & Zhu L. Yang 2016

Imleria Vizzini 2014
 Imperator G. Koller, Assyov, Bellanger, Bertéa, 
Loizides, G. Marques, P.-A. Moreau, J.A. Muñoz, 
Oppicelli, Puddu & F. Richard 2015
 Indoporus A. Parihar, K. Das, Hembrom & Vizzini 
2 018
Ionosporus O. Khmelnitsky 2019
Jimtrappea T.W. Henkel, M.E. Sm. & Aime 2015
Kaziboletus Hosen & Zhu L. Yang 2021
 Kombocles Castellano, T.W. Henkel & Dentinger 
2016
Lanmaoa G. Wu & Zhu L. Yang 2015
Leccinellum Bresinsky & Manfr. Binder 2003
Leccinum Gray 1821
 = Krombholziella Maire 1937
 = Trachypus Bataille 1908
 Longistriata Sulzbacher, Orihara, Grebenc, M.P. 
Martín & Baseia 2020
Mackintoshia Pacioni & Sharp 2000
Mucilopilus Wolfe 1979
 Mycoamaranthus Castellano, Trappe & Malajczuk 
1992
Neoboletus Gelardi, Simonini & Vizzini 2014
 Neotropicomus A.C. Magnago, Alves-Silva & T.W 
Henkel 2022
Nevesoporus A.C. Magnago & T.W. Henkel 2022
 Nigroboletus Gelardi, Vizzini, E. Horak, T.H. Li & 
Ming Zhang 2015
Octaviania Vittad. 1831
 = Maccagnea Zeller & C.W. Dodge 1928
Parvixerocomus G. Wu & Zhu L. Yang 2015
Paxilloboletus Furneaux, De Kesel & F.K. Khan 2022
Paxillogaster E. Horak 1966
Phylloboletellus Singer 1952
Phyllobolites Singer 1942
 Phylloporopsis Angelini, A. Farid, Gelardi, M.E. 
Sm., Costanzo & Vizzini 2018
Phylloporus Quél. 1888
Porphyrellus E.-J. Gilbert 1931
Pseudoaustroboletus Y.C. Li & Zhu L. Yang 2014
Pseudoboletus Šutara 1991
Pulchroboletus Gelardi, Vizzini & Simonini 2014
Pulveroboletus Murrill 1909
Retiboletus Manfr. Binder & Bresinsky 2002
 Rheubarbariboletus Vizzini, Simonini & Gelardi 2015
Rhodactina Pegler & T.W.K. Young 1989
Rossbeevera T. Lebel, Orihara & N. Maek. 2012
Royoungia Castellano, Trappe & Malajczuk 1992
Rubinosporus Vadthanarat, Raspé & Lumyong 2022
Rubroboletus Kuan Zhao & Zhu L. Yang 2014
Rugiboletus G. Wu & Zhu L. Yang 2015
Setogyroporus Heinem. & Rammeloo 1982
Singerocomus T.W. Henkel & M.E. Sm. 2016
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Singeromyces M.M. Moser 1966
 Solioccasus Trappe, Osmundson, Manfr. Binder, 
Castellano & Halling 2013
 Spongiforma Desjardin, Manfr. Binder, Roekring & 
Flegel 2009
 Spongispora G. Wu, S.M.L. Lee, E. Horak & Zhu 
L. Yang 2018
Strobilomyces Berk. 1851
 = Eriocorys Quél. 1886
Suillellus Murrill 1909
Sutorius Halling, Nuhn & N.A. Fechner 2012
Tengioboletus G. Wu & Zhu L. Yang 2016
Tropicoboletus Angelini, Gelardi & Vizzini 2023
Tubosaeta E. Horak 1967
Turmalinea Orihara & N. Maek. 2015
Tylocinum Y.C. Li & Zhu L. Yang 2016
Tylopilus P. Karst. 1881
 = Leucogyroporus Snell 1942
 = Phaeoporus Bataille 1908
 = Rhodobolites Beck 1923
 = Rhodoporus Quél. ex Bataille 1908
Veloboletus Fechner & Halling 2020
Veloporphyrellus L.D. Gómez & Singer 1984
Villoboletus L. Fan & N. Mao 2023
Wakefieldia Corner & Hawker 1953
Xanthoconium Singer 1944
Xerocomellus Šutara 2008
Xerocomus Quél. 1887
 = Versipellis Quél. 1886
Zangia Y.C. Li & Zhu L. Yang 2011

Family Boletinellaceae P.M. Kirk, P.F. Cannon & J.C. 
David 2001

Boletinellus Murrill 1909
Phlebopus (R. Heim) Singer 1936
 = Phaeogyroporus Singer 1944

Family Calostomataceae E. Fisch. 1900
Calostoma Desv. 1809
 = Gyropodium E. Hitchc. 1825
 = Husseia Berk. 1847
 = Mitremyces Nees 1816
Family Coniophoraceae Ulbr. 1928
Chrysoconia McCabe & G.A. Escobar 1979
Coniophora DC. 1815
 = Coniophorella P. Karst. 1889
Coniophoropsis Hjortstam & Ryvarden 1986
Gyrodontium Pat. 1900
 = Boninohydnum S. Ito & S. Imai 1940
Penttilamyces Zmitr., Kalinovskaya & Myasnikov 

2019
Sedecula Zeller 1941

Family Diplocystidiaceae Kreisel 1974
Astraeus Morgan 1889
 = Diploderma Link 1816

Diplocystis Berk. & M.A. Curtis 1868
Endogonopsis R. Heim 1966
Tremellogaster E. Fisch. 1924

Family Gasterellaceae Zeller 1948
Gasterella Zeller & L.B. Walker 1935

Family Gomphidiaceae Maire ex Jülich 1982
Chroogomphus (Singer) O.K. Mill. 1964
 = Brauniellula A.H. Sm. & Singer 1959
Cystogomphus Singer 1942
Gomphidius Fr. 1836
 = Leucogomphidius Kotl. & Pouzar 1972
Gomphogaster O.K. Mill. 1973

Family Gyroporaceae (Singer) Manfr. Binder & Bresinsky 
2002

Gyroporus Quél. 1886
 = Coelopus Bataille 1908
 = Leucobolites Beck 1923
 = Leucoconius Beck 1923

Family Hygrophoropsidaceae Kühner 1980
 Hygrophoropsis (J. Schröt.) Maire ex Martin-Sans 
1929
Leucogyrophana Pouzar 1958

Family Paxillaceae Lotsy 1907
Alpova C.W. Dodge 1931
Austrogaster Singer 1962
Gyrodon Opat. 1836
 = Anastomaria Raf. 1820
 = Campbellia Cooke & Massee 1890
 = Gilbertina R. Heim 1966
 = Pseudogyrodon Heinem. & Rammeloo 1983
 = Rodwaya Syd. & P. Syd. 1901
 = Uloporus Quél. 1886
Hoehnelogaster Lohwag 1926
Hydnomerulius Jarosch & Besl 2001
Meiorganum R. Heim 1966
Melanogaster Corda 1831
 = Argylium Wallr. 1833
 = Bulliardia Jungh. 1830
 = Hyperrhiza Bosc ex Spreng. 1827
Neoalpova Vizzini 2014
Paragyrodon (Singer) Singer 1942
Paralpova Cabero & P. Alvarado 2020
Paxillus Fr. 1836
 = Paxillopsis E.-J. Gilbert 1931
 = Rhymovis Pers. ex Rabenh. 1844
 = Ruthea Opat. 1836

Family Protogastraceae Zeller 1934
Protogaster Thaxt. 1934

Family Rhizopogonaceae Gäum. & C.W. Dodge 1928
Fevansia Trappe & Castellano 2000
Rhizopogon Fr. 1817
 = Anthracophlous Mattir. ex Lloyd 1913
 = Hysteromyces Vittad. 1844
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 = Splanchnomyces Corda 1831
  = Trappeindia Castellano, S.L. Mill., L. Singh bis 
&  T.N. Lakh. 2012
Rhopalogaster J.R. Johnst. 1902

Family Sclerodermataceae Corda 1842
Chlorogaster Læssøe & Jalink 2004
Favillea Fr. 1849
Horakiella Castellano & Trappe 1992
Pisolithus Alb. & Schwein. 1805
 = Durosaccum Lloyd 1924
 = Endacinus Raf. 1814
 = Lycoperdodes Haller ex Kuntze 1891
 = Pisocarpium Link 1808
 = Pisolithus Alb. & Schwein. 1805
 = Polypera Pers. 1818
 = Polysaccum F. Desp. & DC. 1807
Scleroderma Pers. 1801
 = Actigea Raf. 1814
 = Actinodermium Nees 1816
 = Caloderma Petri 1900
 = Goupilia Mérat 1834
 = Mycastrum Raf. 1813
 = Neosaccardia Mattir. 1921
 = Nepotatus Lloyd 1925
 = Phlyctospora Corda 1841
 = Pirogaster Henn. 1901
 = Pompholyx Corda 1834
 = Sclerangium Lév. 1848
 = Stella Massee 1889
 = Sterrebekia Link 1816
 = Veligaster Guzmán 1970

Family Serpulaceae Jarosch & Bresinsky 2001
Austropaxillus Bresinsky & Jarosch 1999
Gymnopaxillus E. Horak 1966
Serpula (Pers.) Gray 1821
 = Gyrophana Pat. 1897
 = Plicaturella Murrill 1910
 = Xylomyzon Pers. 1825
 = Xylophagus Link 1809

Family Suillaceae Besl & Bresinsky 1997
Psiloboletinus Singer 1945
Suillus Gray 1821
 = Boletinus Kalchbr. 1867
 = Boletopsis Henn. 1898
 = Cricunopus P. Karst. 1881
 = Euryporus Quél. 1886
 = Fuscoboletinus Pomerl. & A.H. Sm. 1962
 = Gastrosuillus Thiers 1989
 = Ixocomus Quél. 1888
 = Mariaella Šutara 1987
 = Peplopus (Quél.) Quél. ex Moug. & Ferry 1887
 = Pinuzza Gray 1821
 = Rostkovites P. Karst. 1881

 = Solenia Hill ex Kuntze 1898
 = Viscipellis (Fr.) Quél. 1886
Truncocolumella Zeller 1939
 = Dodgea Malençon 1939

Family Tapinellaceae C. Hahn 1999
Bondarcevomyces Parmasto 1999
Pseudomerulius Jülich 1979
Tapinella E.-J. Gilbert 1931
  = Sarcopaxillus Zmitr., Malysheva & E.F. Maly-
sheva 2004
 = Tapinia (Fr.) P. Karst. 1879
Boletales genera incertae sedis
Corditubera Henn. 1897
Corneromyces Ginns 1976
Marthanella States & Fogel 1999
Phaeoradulum Pat. 1900

Evolution

Bolete morphology (stipitate-pileate mushrooms with essen-
tially poroid hymenophores) occurs in the crown group of 
Boletales: Boletineae (including Paxillaceae), Boletinellaceae, 
Sclerodermatineae, and Suillineae. Other morphologies also 
occur in most of these groups (e.g. gilled and gasteroid forms); 
gasteroid lineages have been derived multiple times (Binder 
and Bresinsky 2002; Wilson et al. 2012; Smith et al. 2015; Ori-
hara and Smith 2017; Orihara et al. 2021; Lebel et al. 2022).

Findings presented here show Boletinellaceae is outside the 
suborder Sclerodermatineae, which was previously thought to 
be within. The results presented here suggest Boletinellaceae 
can be included in the suborder Boletineae, in a basal posi-
tion. Also, Hydnomerulius pinastri is shown to be outside 
Paxillaceae, instead inferred to be sister to the clade unifying 
Paxillaceae and Boletaceae. The earliest diverged clades in the 
order, starting from the earliest, are inferred to be Serpulaceae, 
Coniophoraceae, and Hygrophoropsidaceae (Fig. 2). Further 
study of Tapinellaceae is needed to pinpoint its phylogenetic 
position and subsequent evolutionary implications.

Ecologically, the early diverging families in Boletales 
tend to be saprotrophic while more recently diverging fami-
lies such as Boleataceae and Paxilliaceae tend to include 
a significantly higher proportion of ectomycorrhizal taxa. 
Recent multi-gene phylogenetic studies support that ecto-
mycorrhizal symbiosis have independently evolved at least 
five times within the order (Sato and Toju 2019).

Justification of order and problems

Boletales and many of its constituent families have been con-
sistently highly supported by numerous studies over the years, 
including the present one (Fig. 2). However, many problems 
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remain to be addressed, including resolving the relationships 
between many taxa at and above the species level.

Two monotypic families described by Zeller in the previ-
ous century, Gasterellaceae and Protogastraceae, are in need 
of rediscovery and molecular study. The genera incertae 
sedis Corditubera Henn., Corneromyces Ginns, Marthanella 
States & Fogel, and Phaeoradulum Pat. need further study 
to confirm or disconfirm placement in Boletales.

Significance

Ecological and economical roles

Boletales is found worldwide in forest ecosystems and serve 
key roles in the cycling of nutrients. Most species are ecto-
mycorrhizal, though some are saprotrophic or mycoparasitic. 
Boletales include both edible and toxic species, and some taxa 
are of importance to agriculture and forestry (Bougher 1995; 
Castro and Freire 1995; Cao et al. 2015). Many Boletales are 
important wild food sources for invertebrates and mammals, 
and the animals in turn contribute to spore dispersal (Fogel 
and Trappe 1978; Elliott 1922; Kitabayashi et al. 2022). Some 
Boletales are prized culinary mushrooms e.g., porcini (Sitta 
and Floriani 2008). An estimated 20–100 tons of porcini are 
sold globally each year (Rivas-Ferreiro et al. 2023). Recently 
one bolet, Phlebopus portentosus (Berk. & Broome) Boedijn, 
is successfully cultivated in China (Luo et al. 2022).

Chemical diversity

The chemistry of Boletales has been relatively well-studied 
(e.g., Kämmerer et al. 1985; Besl et al. 1986; Gill and Steg-
lich 1987; Besl and Bresinsky 1997; Aulinger et al. 2001). 
Various atromentin derivatives, such as variegatic acid and 
gyroporin, cause the bluing oxidation reactions that are well-
known in many stipitate-pileate Boletales. Chemical investi-
gations of Boletales for medical and other biotechnological 
applications is a fairly active area of research (e.g., Morel 
et al. 2018; Kumla et al. 2021; Ringel et al. 2022).

Other relevant data and future 
recommendations

In the light of current phylogenetic knowledge, careful stud-
ies of existing collections in herbaria are needed both to 
resolve taxonomic issues and to aid in annotating historic 
collections. Given that the Boletales contains many conspic-
uous macrofungi often sought by amateur mycologists and 
mushroom hunters, results from Boletales research should 
be disseminated in ways that are readily accessible to the 
public. Increased synergy between professional mycologists 

and citizen scientists will continue to propel the study of 
boletes and relatives forward.

Buckleyzymales R.L. Zhao & K.D. Hyde 2017

Contributed by: Teun Boekhout, Andrey Yurkov

Introduction

Taxonomy of basidiomycetous yeasts for a long time 
accepted large, polyphyletic, but phenotypically rather well 
circumscribed genera. A multigene-based phylogenetic 
study marked the beginning of an extensive reclassification 
of many of such genera (Wang et al. 2015a, b). As a result, 
the genus Buckleyzyma was introduced for what has been 
referred to as aurantia-clade before and comprised species 
of Rhodotorula and Sporobolomyces (Wang et al. 2015b).

History

In a major revision of the classification of basidiomyctous 
yeasts based on multigene phylogenies, many new genera 
were introduced for species of Rhodotorula and Sporobolo-
myces from clades outside Sporidiobolales, amongst them 
Buckleyzyma. Due to its phylogenetic distance from other 
lineages, a family Buckleyzymaceaea was also introduced 
but considered incertae sedis in Cystobasidiomycetes (Wang 
et al. 2015b). More recently, a new order Buckleyzymales 
was introduced for this lineage (Zhao et al. 2017).

Characters that define the taxa in the order

Five species reclassified in Buckleyzyma have reddish-brown-
ish colonies and were previously classified in the traditional 
red yeast genera, either Sporobolomyces or Rhodotorula. A 
sexual state has not been reported for any of these species. 
Reproduction is by polar budding, and pseudohyphae and 
true hyphae may be present. Ballistoconidia may occur in 
some species. Major CoQ system Q10 (Wang et al. 2015b).

Plates

See Fig. 3 in Wang et al. (2015b).

Genera included
Family Buckleyzymaceae Q.M. Wang, F.Y. Bai, M. Groe-
new. & Boekhout 2015

Buckleyzyma Q.M. Wang, F.Y. Bai, M. Groenew. & 
Boekhout 2015
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Evolution

Buckleyzymales belongs to Cystobasidiomycetes with a sister 
relationship to Symmetrospora, Hasegawazyma, Erythroba-
sidium, and Bannoa (Wang et al. 2015a, b). They are estimated 
to have emerged 136 million years ago (Zhao et al. 2017).

Justification of order and problems

To date, most species of the order have been identified based 
on the combination of ribosomal ITS and LSU nucleotide 
sequences. Based on some molecular phylogenetic stud-
ies the order seems well circumscribed. Future studies will 
include more species to this taxon, which might reveal their 
sexual characteristics.

Significance

Ecological and economical roles

Unknown.

Chemical diversity

Unknown.

Cantharellales Gäum. 1926.
 = Botryobasidiales Jülich 1982
 = Ceratobasidiales Jülich auct. plur.
 = Sistotrematales Jülich 1982
 = Tulasnellales Rea

Contributed by: Ibai Olariaga, Rodrigo Márquez, Sergio P. 
Gorjón, Isabel Salcedo

Introduction

Cantharellales currently comprises about 725 recognized spe-
cies, but its diversity is considered to be significantly higher, 
with a worldwide distribution. The order contains economi-
cally important fungi (Watling 1997), such as some genera of 
Hydnaceae that produce edible basidiomes (e.g., Cantharel-
lus, Craterellus, Hydnum), mycorrhizal symbionts of orchids 
known as “Rhizoctonia like fungi” (including some species of 
Tulasnella, Ceratobasidium and Rhizoctonia), and important 
plant pathogens that cause economic losses (Veldre et al. 2013, 
Ceratobasidium spp., and especially, species of Rhizoctonia 
solani complex). Cantharellales comprises a morphologically 
and ecologically heterogeneous assemblage of fungi recovered 
consistently as monophyletic in phylogenetic studies (Bruns 

et al. 1998; Hibbett et al. 1997; Pine et al. 1999). The diversity 
is extremely high in terms of basidiomes configuration, includ-
ing cantharelloid, hydnoid, corticioid, polyporoid, clavarioid, 
cyphelloid forms. Additionally, nearly all known trophic strate-
gies exist in the order: ectomycorrhizal, orchid-mycorrhizal, liv-
erwort mycobionts (Preußing et al. 2010), saprotroph, parasitic, 
lichenicolous (Diederich et al. 2022b), endophytic (Dearnaley 
et al. 2016), lichenized (Masumoto and Degawa 2020).

Family delimitation and relationships among families are 
still debated within Cantharellales. Usually four families 
are recognized: Hydnaceae (within which Cantharellaceae, 
Clavulinaceae and Sistotremataceae are sometimes segre-
gated), Botryobasidiaceae, Cejpomycetaceae (syn. Cerato-
basidiaceae s. auct.) and Tulasnellaceae (Olariaga 2021). The 
unstable family and generic classifications, particularly in the 
polyphyletic Sistotrema and Rhizoctonia-Ceratobasidium are 
mostly due to an accelerated evolution rate of nuclear ribo-
somal genes (18S, 28S, ITS) that produce phylogenetic arti-
facts in phylogenetic analyses across Cantharellales (Mon-
calvo et al. 2006; Olariaga 2021). Preliminary data based on 
analyses of a 526 single-copy ortholog gene sequence matrix 
suggested that Botryobasidiaceae is sister to Hydnaceae both 
sharing stichobasidia i.e. basidia with longitudinal spindles 
in the second division of the diploid nucleus that often have 
more than 4-sterigmata, with Tulasnellaceae and Cejpomy-
cetaceae progressively sister to it (Márquez et al., unpub-
lished). On the contrary, the latter two families produce 
corticioid basidiomes, chiastic basidia and repetitive basidi-
ospores. The basidia in Tulasnellaceae, sometimes called epi-
basidia (e.g. Neuhoff 1924, see also Donk 1956), are unique 
due to their swollen septate sterigmata. Hence, there is no 
known synapomorphy for the whole Cantharellales.

History

Aiming at constructing a natural classification based on the 
evolutionary relationships, Gäumann (1926) coined the order 
Cantharellales to accommodate three genera with stichic 
basidia, despite producing different basidiomes cantharelloid 
or clavarioid, namely Cantharellus, Clavulina, and Craterellus. 
Donk (1933) classified this taxon at the suborder level as Can-
tharelloideae and incorporated within it Hydnum repandum 
and H. rufescens, which also have stichic basidia. In subse-
quent years, the mode of nuclear division was not given much 
importance and, even, Donk (1964) segregated again Can-
tharellaceae and Clavulinaceae, despite both sharing stichic 
basidia. Hesler and Smith (1963) proposed that Cantharellus 
was related to Hygrophorus, a genus with chiastic basidia, and 
both Corner (1966a, 1970) and Petersen (1971) considered 
Cantharellus as related to the clavarioid Clavariadelphus. The 
latter genus is now accommodated in Gomphales. Later, Jülich 
(1981) broadened the circumscription of Cantharellales again, 
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strongly influenced by the contemporary evolutionary hypoth-
eses. He attributed 15 families to Cantharellales, the most 
remarkable of which are: Cantharellaceae, Clavariadelphaceae, 
Clavariaceae, Clavulinaceae, Craterellaceae, Hydnaceae, Pter-
ulaceae, Sparassidaceae, and Typhulaceae. He furthermore 
treated the poroid family Scutigeraceae in Cantharellales, due 
to the fact that inflated hyphae are also present in Cantharel-
lus and Hydnum. Jülich (1981) believed that cantharelloid and 
clavarioid fungi were basal Homobasidiomycetes from which 
many other groups had evolved.

With the advent of the molecular era, the first broad phy-
logenies using nuclear ribosomal genes and different taxon 
samplings, found that Cantharellus, Clavulina, Hydnum, 
Multiclavula, Sistotrema, Thanatephorus (= Rhizoctonia) 
and Tulasnella formed a monophyletic group (e.g., Hibbett 
et al. 1997; Pine et al. 1999; Hibbett and Binder 2002) and 
the circumscription of Cantharellales was progressively nar-
rowed down and many taxa excluded from Cantharellales 
(Olariaga 2021).

Characters that define the taxa in the order

Cantharellales is a highly heterogeneous monophyletic 
assemblage of fungi that lacks shared characters across the 
order. The Hydnaceae are sometimes referred to as the core 
cantharelloid clade (Moncalvo et al. 2006). It is the only fam-
ily with representatives that produce complex fleshy basidi-
omes (e.g. cantharelloid, hydnoid, polyporoid, clavarioid) 
that are usually slow growing and long-lived due to resist-
ance against invertebrate predation (Pilz et al. 2003), and 
include genera such as Cantharellus, Clavulina, Craterellus, 
Hydnum, alongside the Sistotrema confluens and S. muscicola 
species aggregates. All those genera are predominantly ecto-
mycorrhizal. Sistotrema s.l., the polyphyly of which remains 
unaddressed, is characterized by corticioid basidiomes and 
urniform basidia (Bernicchia and Gorjón 2010). Two genera 
that form clavarioid basidiomes are lichenized, namely Mul-
ticlavula and Bryoclavula. Some Sistotrema s.l. species form 
asexual bulbils that are often lichenicolous and cause bleach-
ing on or even kill lichen thalli (Diederich et al. 2022b). 
Basidia in Hydnaceae are stichic in all species tested for it, 
have often more than 4 sterigmata except for in Clavulina 
and show tendency to be urniform or suburniform. Botryoba-
sidiaceae, producing thin corticioid basidiomes, share with 
Hydnaceae stichobasidia with more than 4 sterigmata, with 
few exceptions. Species within Botryobasidiaceae are char-
acterized by having broad subicular hyphae and cylindrical 
to subcylindrical seldom constricted in the middle basidia 
(Bernicchia and Gorjón 2010). Some species produce asexual 
morphs assigned to Haplotrichum.

Tulasnellaceae and Cejpomycetaceae are featured by 
resupinate basidiomes and the combination of chiastic 

(Rogers 1932; Langer 2001), aseptate basidia that produce 
spores germinating by repetition. The unique epibasidia of 
Tulasnellaceae are sometimes evolutionarily interpreted as 
phragmobasidia (Martin 1957). Sexual morphs in Tulasnel-
laceae are usually thin, sometimes slightly gelatinous and are 
found on very decayed wood. Asexual morphs, assigned to 
the genus Epulorhiza before the end of dual nomenclature, 
form monilioid hyphae and have been isolated from orchids 
roots of many species (Roberts 1999). Saprotrophs, orchid 
and liverwort symbionts (Preußing et al. 2010) and ectomy-
corrhizal (Tedersoo et al. 2010) trophic modes have been 
described for Tulasnellaceae.

Cejpomycetaceae differ from Tulasnellaceae in having 
holobasidia and septal pore morphology (perforate parenthe-
somes in Cejpomycetaceae, imperforate in Tulasnellaceae). 
Cejpomycetaceae stands out for comprising important plant 
pathogens of the genera Rhizoctonia and Ceratobasidium 
sensu auct. The type of Ceratobasidium belongs to Sebaci-
nales and most species of Ceratobasidium were transferred 
to Rhizoctonia (Oberwinkler et al. 2013b). Pathogenic asex-
ual morphs have been isolated from a vast array of plants 
(Andersen and Stalpers 1994). To undertake species delimi-
tation, plant pathologists use a method founded on the num-
ber of nuclei per cell and a biological species recognition 
approach, i.e., the “anastomosis group concept” (Matsumoto 
et al. 1932), based on the ability of isolates of the same 
species to fuse with each other in co-culture. The match 
between anastomosis groups (AG) and molecular data is not 
perfect, i.e. strains assigned to the same AG do not form 
monophyletic groups (Sharon et al. 2008). Teleomorphs of 
pathogenic Cejpomycetaceae are found on decayed wood 
and plant debris (Roberts 1999; Bernicchia and Gorjón 
2010). Interestingly, the trophic diversity of the Cejpomyc-
etaceae is extremely high with saprotrophic, orchid and liv-
erwort symbiont, ectomycorrhizal and parasitic members 
(also lichenicolous, Diederich et al. 2022b).

Evolution

Published phylogenies with Cantharellales either are based 
on nuclear ribosomal genes (e.g., Moncalvo et al. 2006; Cao 
et al. 2021a) and are unreliable due to phylogenetic artifacts 
or include few representatives (Nagy et al. 2017; Li et al. 
2021c). A fully resolved phylogeny with an appropriate taxon 
sampling is therefore missing. In this scenario, reconstructing 
with certainty the evolution and shifts in trophic modes and 
basidioma configuration of Cantharellales remains impos-
sible. The most feasible possibility appears that the common 
ancestor of the Cantharellales produced resupinate corticioid 
basidiomes and had saprotrophic abilities.
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Justification of order and problems

Although Cantharellales, as circumscribed here, is monophy-
letic (Nagy et al. 2017; Li et al. 2021c), the lack of a well-
supported phylogeny with a comprehensive taxon sampling 
is reflected at different levels. At higher levels, relationships 
among families usually included in Cantharellales remain 
uncertain, and thus, Tulasnellaceae is even sometimes con-
sidered as an order on its own, Tulasnellales (Begerow et al. 
2018). Generic delimitation problems affect the Hydnaceae, 
especially Sistotrema s.l., and the Cejpomycetaceae. As for 
Sistotrema, reported to be polyphyletic (Moncalvo et al. 2006; 
Cao et al. 2021a), no attempt has been made to segregate it 
into smaller monophyletic genera due to phylogenetic conflicts 
derived from the use of nuclear ribosomal markers. The exist-
ence of several generic names based on asexual bulbils and the 
poor support of basal nodes or phylogenies based on ribosomal 
markers make the taxonomic scenario more intricate. Barcode-
sequencing to connect sexual and asexual morphs and phylog-
enomic approaches using multiple single-copy protein coding 
genes is necessary to address a possible dual nomenclature 
and to apply correct names based on an integrated, fully sup-
ported phylogeny. At species level, many species complexes 

need attention. The Rhizoctonia solani complex is probably 
the group with issues that need to be addressed more urgently. 
Based on intercompatibility tests and their ability to fuse, at 
least 29 groups have been recognized, some of which have 
been divided into subgroups (Sharon et al. 2008), but most of 
which lack a binomial name. Andersen and Stalpers (1994) 
revised 117 epithets available in Rhizoctonia and kept 41 of 
these in Rhizoctonia s. str. based on morphological charac-
ters. Regrettably, morphological characters have been stated 
to be of limited value in delineating species limits (Roberts 
1999; Vilgalys and Cubeta 1994). In this framework, the R. 
solani complex needs a multidisciplinary revision to integrate 
all available knowledge, to obtain a better insight on species 
boundaries and to propose an adequate binomial nomenclature. 
The actual diversity of Cantharellales is very likely to be con-
siderably higher than known today. Olariaga (2021) estimated 
that the order might comprise of ca. 1500 species.

Plate

Fig. 11  Diversity of basidiomes configuration in Cantharellales. a 
Cantharellus friesii (ARAN-Fungi 16862, Spain); b Craterellus tubae-
formis (ARAN-Fungi 19448, Spain); c Clavulina coralloides (ARAN-
Fungi 19457, Spain); d Sistotrema brinkmannii (ARAN-Fungi 17914, 

Spain); e Multiclavula corynoides (ARAN-Fungi 15688); f Burgoa 
anomala (ARAN-Fungi); g Botryobasidium asperulum (ARAN-Fungi 
17833); h Rhizoctonia cf. Fusispora (ARAN-Fungi 17836, Spain); i 
Tulasnella eichleriana [SPG5135 (SALA), Spain]



189Fungal Diversity (2024) 126:127–406 

Genera included
Family Botryobasidiaceae Jülich 1982

B  otryobasidium Donk 1931
 = Acladium Link 1809
 = Allescheriella Henn. 1897
 = Alysidium Kunze 1817
 = Botryohypochnus Donk 1931
 = Cyanohypha Jülich 1982
 = Haplotrichum Link 1824
 = Neoacladium P.N. Singh & S.K. Singh
 = Parahaplotrichum W.A. Baker & Partr. 2001
 = Phaeoblastophora Partr. & Morgan-Jones 2002
 = Physospora Fr. 1836
 = Sporocephalium Chevall. 1826
Suillosporium Pouzar 1958

Family Cejpomycetaceae Jülich 1981
 = Ceratobasidiaceae G.W. Martin sensu auct. 1948

Ceratoporia Ryvarden & de Meijer 2002
Ceratorhiza R.T. Moore 1987
Rhizoctonia DC. 1805
 = Aquathanatephorus C.C. Tu & Kimbr. 1978
 = Cejpomyces Svrček & Pouzar 1970
 = Koleroga Donk
 = Thanatephorus Donk 1958
 = Uthatobasidium Donk 1956
 = Ypsilonidium Donk 1972
Scotomyces Ju ̈lich 1978

Family Hydnaceae Chevall. 1826
 = Cantharellaceae J. Schröt. 1888
 = Clavulinaceae Donk 1970
 = Sistotremataceae Jülich 1982
Adamflakia Diederich & Lawrey 2016
 = Bulbilla Diederich, Flakus & Etayo 2014
Bergerella Diederich & Lawrey 2020
Bryoclavula H. Masumoto & Y. Degawa 2020
Burgella Diederich & Lawrey 2007
Burgellopsis Diederich & Lawrey 2014
Burgoa Goid. 1937
Cantharellus Adans. 1821
 = Afrocantharellus (Eyssart. & Buyck) Tibuhwa 2012
 = Goossensia Heinem. 1958
Clavulina J. Schrot. 1888
Craterellus Pers. 1825
 = Pseudocraterellus Corner 1958
 = Pterygellus Corner 1966
Hydnum L. 1753
Membranomyces Jülich 1975
Minimedusa Weresub & P.M. LeClair 1971
Multiclavula R.H. Petersen 1967
Neoburgoa Diederich, E. Zimm. & Lawrey 2016
Parmeliicida Diederich, F. Berger, Etayo & Lawrey 2022
Rogersiomyces J.L. Crane & Schokn. 1978
 = Hyphobasidiofera K. Matsush. & Matsush. 1996

Sistotrema Fr. 1821
 = Hydnotrema Link 1833
 = Ingoldiella D.E. Shaw 1972
 = Urnobasidium Parmasto 1969
Sistotremella Hjortstam 1984

Family Tulasnellaceae Juel 1897
Pseudotulasnella Lowy 1964
Tulasnella J. Schröt. 1888
 = Gloeotulasnella Höhn. & Litsch. 1908
Stilbotulasnella Oberw. & Bandoni 1982

Cantharellales incertae sedis
Ceratobasidium D.P. Rogers 1935

Significance

Cantharellales comprises a number of economically impor-
tant species because of their edibility, constituting important 
ectomycorrhizal partners or being plant pathogens that cause 
damage in crops. Edible species of Cantharellales belong to 
the genera Cantharellus, Clavulina, Craterellus and Hyd-
num. Of those, Cantharellus and Craterellus, popularly 
called chantherelles are of special significance as the com-
mercially most important group of mushrooms harvested 
from wild populations (Danell 1999). Watling (1997) esti-
mated global chanterelle commerce at ca. 200,000 metric 
tons, worth approximately 1.25–1.4 billion dollars annu-
ally. Basidiomes of Hydnum and Clavulina are not more 
locally marketed and picked up by mushroom hunters in 
areas in which there has been tradition to consume certain 
species. An Ectomycorrhizal nutrition mode has evolved in 
several genera of the Hydnaceae that produce mostly fleshy 
and complex basidiomes (cantharelloid, hynoid, poroid, cla-
varioid), namely Cantharellus, Clavulina, Craterellus, Hyd-
num and Sistotrema (especially the S. confluens complex 
and poroid species around S. muscicola). Most ectomycor-
rhizal Cantharellales occur in well-preserved mature forests 
and show broad host ranges (Olariaga 2021). Well-known 
cases of continental endemicity have been described (Buyck 
2016). Species of Clavulina have been reported to quanti-
tatively be very important in ectomycorrhizal communities, 
especially in temperate regions where Clavulina species are 
being detected in environmental sequencing and ectomycor-
rhizal community studies (Uehling et al. 2012; Argüelles-
Moyao et al. 2017). The economically most significant group 
of Cantharellales is the one constituted by many species of 
Rhizoctonia, which are important plant pathogens on more 
than 500 species of plants (Farr and Rossman 2005). As 
indicator of its importance and ongoing research, 808 arti-
cles that contained the word “Rhizoctonia” have been pub-
lished in the last 5 years (2017–2022). Another significant 
group are some species of Tulasnella that are symbionts in 
orchid roots, including important species in the industry of 
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ornamental plants (De 2020) or with implications in food 
industry (Otero et al. 2017).

Ceraceosorales Begerow, M. Stoll & R. Bauer 2007

Contributed by: Teeratas Kijpornyongpan

Introduction

Ceraceosorales is a monotypic order, consisting of only one 
described genus named Ceraceosorus. Currently the order 
and the genus contain three described species: Ceraceosorus 
bombacis, Ceraceosorus guamensis, and Ceraceosorus afri-
canus (Cunningham et al. 1976; Kijpornyongpan and Aime 
2016; Piątek et al. 2016). Members of Ceraceosorales do not 
produce teliospores but do produce basidia and basidiospores 
from sori on infected host leaves (Begerow et al. 2006; Piątek 
et al. 2016). Ultrastructure studies reveal that species of Cer-
aceosorales have a “simple” septum with septal pore caps, 
produce local interaction zones and intracellular hyphae (or 
haustoria) inside host cells (Begerow et al. 2006). Anamorphs 
of Ceraceosorales are yeast-like, producing blastoconidia at 
hyphal branches (Kijpornyongpan and Aime 2016). Morpho-
logically, two-sterigmate basidia and the presence of intracel-
lular hyphae are key characters of Ceraceosorales that are dis-
tinct from other orders of Exobasidiomycetes (Begerow et al. 
2014). Teleomorphs of Ceraceosorales are known as phy-
topathogens on Bombax (Malvaceae), while anamorphs are 
known as phylloplane fungi. A recent study revealed extreme 
intragenomic variation of the internal transcribed spacer (ITS) 
of ribosomal DNA region in Ceraceosorus (Kijpornyongpan 
and Aime 2016), which will be of interest for future studies on 
concerted evolution of ribosomal DNA sequences.

History

The first known species of Ceraceosorales was described as 
Dicellomyces bombacis B.K. Bakshi (Bakshi et al. 1972). It 
was found as a pathogen causing a leaf spot disease on Bom-
bax ceiba (Malvaceae) in Dehra Dun, India. A subsequent 
study by Cunningham et al. (1976) found that D. bombacis 
differs from other species in Dicellomyces by having indeter-
minate growth of hymenium and lacking basidiome tissues. 
Therefore, the new genus name Ceraceosorus B.K. Bakshi 
was erected to accommodate the new combination Cerace-
osorus bombacis B.K. Bakshi. The species was classified 
in Brachybasidiaceae (Exobasidiales, Basidiomycota) based 
on persistent probasidia, elongated two-sterigmate basidia, 
and ballistosporic basidiospores with hilar appendices (Cun-
ningham et al. 1976).

Ceraceosorales was erected by Begerow et  al. (2006) 
based on distinct phylogenetic placements of C. bombacis 
from other orders of Exobasidiomycetes: Entylomatales, 
Exobasidiales, Doassansiales, and Microstromatales. Despite 
having local interaction zones, Ceraceosorales differs from 
other Exobasidiomycetes orders by the presence of intracel-
lular hyphae (haustoria) inside a host cell (Bauer et al. 1997; 
Begerow et al. 2006). Validation of the family name Ceraceo-
soraceae was subsequently done based on the description of 
Ceraceosorales (Denchev and Moore 2009). Until now, the 
descriptions of Ceraceosorales and Ceraceosoraceae are based 
on the single species C. bombacis (Begerow et al. 2014).

After the first discovery in 1976, two additional species of 
Ceraceosorus were described in 2016. The second described 
species, Ceraceosorus guamensis, was found as an anamorphic 
phylloplane fungus from a healthy dicot leaf, collected from 
the island of Guam (Kijpornyongpan and Aime 2016). This 
is also the first study that conducted physiological studies on 
the anamorphs of C. bombacis and C. guamensis. The other 
species, Ceraceosorus africanus, was found as a pathogen on 
Bombax costatum leaves from Western Africa: Benin, Ghana 
and Togo (Piątek et al. 2016). Another isolate of Ceraceosorus 
species, found as a phylloplane fungus from Louisiana, the 
United States, was found in recent studies (Albu 2012; Albu 
et al. 2015). Their phylogenetic analyses showed this isolate 
appeared to be an undescribed species (Albu et al. 2015).

Characters that define the taxa in the order

Teleomorph: Fructification developed on the lower surface 
of leaves. Sori erupted from host epidermis without any 
enclosed tissues. Infection apparatus having local interaction 
zone with intracellular hyphae (haustoria) present inside host 
cells. Hymenium indeterminate growth, dense with basidia 
and basidioles at varied developmental stages. Probasidia 
persistent and elongate. Metabasidia with two sterigmata. 
Basidiospores reniform or curved clavate, spore surface 
smooth, hilar appendices present.

Anamorph: Hyphae branched, simple septate with sep-
tal pore caps but no clamp connection. Conidia fusiform or 
curved clavate, one to few-celled, surface smooth. Culture 
morphology cerebriform and velvety on potato dextrose agar 
(PDA), slow growth rate (equal or less than 2.5 mm after 
incubation at room temperature for 7 days), cultures on PDA 
become buff and waxy when aged, yeast-like colony mor-
phology observed when cultured on corn meal agar (CMA).

Plates
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Fig. 12  Morphological characters of Ceraceosorales. a sorus on the 
lower surface of an infected leaf. The left panel depicts the overall 
structure of sorus fructification, while the right panel illustrates a 
closer look on a hymenial layer (top) and a contact zone with host 
tissues (bottom); b probasidium and two-sterigmate metabasidium; 

c basidiospores; d anamorphic hyphae with blastoconidia; e yeast-
like micromorphology; f colony growing on potato dextrose agar; 
g colony growing on corn meal agar; h colony growing on nitrogen 
assimilation agar. Scale bars: a–c = 10 μm; d = 20 μm; e = 10 μm; f – 
h = 2.5 mm

Genera included
Family Ceraceosoraceae Denchev & R.T. Moore 2009

Ceraceosorus B.K. Bakshi 1976

Evolution

Originally, Ceraceosorus was classified in Brachybasidi-
aceae based on morphological similarities of basidia (Cun-
ningham et al. 1976). Ultrastuctures of septal pores and 
local interaction zones are also similar to those described 
in Exobasidiales (Cunningham et al. 1976; Begerow et al. 
2002a, 2006). However, Ceraceosorales is unique from 
Exobasidiales and other orders of Exobasidiomycetes by 

having haustoria, which are specialized structures for bio-
trophic pathogens (Begerow et al. 2006). Multi-locus gene 
phylogeny does not support a close relationship between 
Ceraceosorales and Exobasidiales, and the placement of 
Ceraceosorales is ambiguous (Begerow et al. 2006; Wang 
et al. 2015d). A recent phylogenomic study revealed Cera-
ceosorales as a sister order to Entylomatales, the order of 
smut fungi on herbaceous eudicots (Kijpornyongpan et al. 
2018). Unlike smut fungi, the three orders of Exobasidi-
omycetes—Ceraceosorales, Exobasidiales, and Microstro-
matales—do not produce teliospores. Interestingly, patho-
gens in these orders have woody plants as hosts, and that 
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may have a evolutionary connection to their parallel loss 
of teliospores (Begerow et al. 2014; Kijpornyongpan et al. 
2018).

Justification of order and problems

The distinction of Ceraceosorales from other orders of 
Exobasidiomycetes is primarily demonstrated by phyloge-
netic studies (Begerow et al. 2006; Kijpornyongpan et al. 
2018). Two-sterigmate metabasidia and the presence of 
intracellular hyphae are supporting morphological data for 
the establishment of the order (Begerow et al. 2014). One 
limitation for taxonomic study of Ceraceosorales is that cur-
rently there are only three described species in the order. 
Teleomorphs have been investigated from two of those, and 
C. bombacis is the only species with morphological data 
from anamorph and teleomorph (Cunningham et al. 1976; 
Kijpornyongpan and Aime 2016; Piątek et al. 2016). Cera-
ceosorales is likely rare to be detected and isolated through 
culture-dependent methods due to their very slow growth 
rate. In addition, their unique DNA sequences on the internal 
transcribed spacer (ITS) in the ribosomal DNA (rDNA) gene 
make them difficult to be captured by ITS primers commonly 
used in metagenomic studies (Kijpornyongpan and Aime 
2016).

Significance

Ecological roles

Teleomorphs of Ceraceosorales are known as plant patho-
gens on leaves of Bombax: C. bombacis is a pathogen on B. 
ceiba, and C. africanus is a pathogen on B. costatum (Cun-
ningham et al. 1976; Piątek et al. 2016). Anamorphs are 
thus far found as phylloplane fungi on healthy dicot leaves 
(Albu 2012; Kijpornyongpan and Aime 2016). Due to the 
scarcity of studies, a connection between the anamorph and 
teleomorph in a pathogenic life cycle is yet to be elucidated.

Other relevant data and future 
recommendations

Cloning-sequencing data of C. bombacis and C. guamensis 
revealed extreme intragenomic variation in the ITS region 
of the rDNA gene in Ceraceosorales (Kijpornyongpan and 
Aime 2016). The ITS variants do not overlap across different 

species. Therefore, Ceraceosorus will be a promising model 
to study on the concerted evolution of multicopy rDNA 
genes. Genomes have been sequenced for C. bombacis 
(Sharma et al. 2015) and C. guamensis (Kijpornyongpan 
et al. 2018). These reference genomic data will be useful 
for future studies in systematics, biotrophic pathology, and 
rDNA evolution of the genus.

Chionasterales N.A.T. Irwin, C.S. Twynstra, V. Mathur & 
P.J. Keeling 2021

Contributed by: Teun Boekhout

Introduction

The phylogeny of Chionaster nivalis, an enigmatic fungus 
that is part of snow communities, remained unknown for a 
long time. Recently, its phylogeny was studied using the ITS 
and the D1–D2 regions of the large subunit ribosomal DNA 
(LSU rDNA) (Irwin et al. 2021). This analysis revealed that 
it represents a new order, Chionasterales N.A.T. Irwin, C.S. 
Twynstra, V. Mathur & P.J. Keeling, positioned in Tremel-
lomycetes, Agaricomycotina.

History

Chionaster was a monotypic genus described in 1903 (Wille 
1903) and accommodates a unicellular fungus characterized 
by the presence of a central part with condensed cytoplasm 
with 3–5 radiating arms. Its taxonomic position remained 
unclear until recently when a molecular phylogenetic study 
revealed that it is part of Tremellomycetes, Agaricomyco-
tina, Basidiomycota where it formed an order on its own 
(Irwin et al. 2021).

Characters that define the taxa in the order

Chionasterales is mainly characterized by its molecular phy-
logenetic position showing a sister relationship to Cystofi-
lobasidiales. As the order is only known from one monotypic 
genus, it remains to be seen if the peculiar morphology (see 
above) will hold for the order.

Plates
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Fig. 13  The morphology of Chionaster nivalis. Scale bars = 30 μm. 
Redraw from Irwin et al. (2021) by Mao-Qiang He

Genera included
Family Chionasteraceae N.A.T. Irwin, C.S. Twynstra, V. 
Mathur & P.J. Keeling 2021

Chionaster Wille 1903

Evolution

Chionasterales occupies a basal position in Tremellomy-
cetes with a sister relationship to Cystofilobasidiales. The 
cellular morphology of Chionaster nivalis is unique among 
Basidiomycota.

Justification of order and problems

Molecular phylogenetic data clearly showed that Chionaster 
nivalis occupies an isolated position within Tremellomycetes 
warranting recognition as an order. Further research is required 
to fully understand the morphological, biological, ecological, 
and phylogenetic range of this still monotypic order.

Significance

Ecological and economical roles

Chionaster nivalis is part of the so-called microbial snow 
communities and seems to have a global distribution where 
such communities occur. Hence it might be a psychrophilic 
species. Studies to further address this and other physiological 
characteristics of the species will need cultures of the species.

Chemical diversity

Unknown.

Other relevant data and future 
recommendations

As suggested by Irwin et al. (2021), C. nivalis might be 
an interesting species to study microbial adaptations to low 
temperatures.

Cintractiellales McTaggart & R.G. Shivas 2020

Contributed by: Teodor T. Denchev, Cvetomir M. Denchev, 
Dominik Begerow, Martin Kemler

Introduction

Cintractiellales consists of a single family, Cintractiellaceae, 
that was erected to accommodate the species of Cintrac-
tiella (Vánky 2003; McTaggart et al. 2020). Cintractiella 
is an unusual genus among the smut fungi. It produces 
sori in adventitious shoots clustered in groups on leaves, 
or in adventitious spikelets in the inflorescence, forming 
witches’ brooms on sedges from Cyperaceae subfamily 
Mapanioideae, from the tropics and subtropics.

Cintractiellales is characterized by having intercellular 
hyphae forming coiled, lobed or branched haustoria into the 
host cells (Vánky 2003, 2013).

Characters that define the taxa in the order

Cintractiella includes four species. Type species, C. lamii 
Boedijn on Hypolytrum (from Indonesia and Thailand), as 
well as C. kosraensis Aime et al. on Mapania (from the 
Caroline Islands), and C. scirpodendri Prychid & J.J. Bruhl 
on Scirpodendron (from Queensland), possess sori in adven-
titious shoots clustered in groups on leaves. Sori develop 
around the upper part of each adventitious shoots, hidden 
by the narrow bracts of the adventitious shoots, but at the 
shoot apex, they are visible as a naked, curved column, ca. 
5–6 mm long (in C. lamii up to 20 mm long), with a semi-
agglutinated to granular spore mass on the column surface 
(Boedijn 1937; Aime et al. 2018c; McTaggart et al. 2020). 
Spores at maturity are single and minutely reticulate. Spore 
germination results in three-celled phragmobasidia with 
lateral and terminal basidiospores (McTaggart et al. 2020).

Cintractiella diplasiae (Henn.) M. Piepenbr. on Diplasia 
(from the Neotropics) develops sori in adventitious spike-
lets around the bases of peduncles, forming witches’ brooms 
(Piepenbring 2001; Vánky 2013). The spores are single and 
verrucose.
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Fig. 14  Cintractiellales. a, 
b Cintractiella diplasiae on 
Diplasia karataefolia (isotype, 
Ule, Mycoth. Brasil. 2); a 
spores in LM; b spores in SEM. 
Scale bars: a = 10 μm; b = 5 μm

Plates

Genera includedFamily Cintractiellaceae Vánky 2003

Cintractiella Boedijn 1937

Evolution

Molecular study and phylogenetic analyses of Cintrac-
tiella scirpodendri demonstrated that Cintractiella did not 
share a most recent common ancestor with other orders of 
smut fungi and a new order, Cintractiellales, was intro-
duced (McTaggart et al. 2020). It was suggested that the 
Cintractiellales may have shared a most recent common 
ancestor with the Malasseziomycetes (McTaggart et al. 
2020).

Economic importance

None is known; no crop plants are affected.

Classiculales R. Bauer, Begerow, Oberw. & Marvanová 
2003

Contributed by: Nathan Schoutteten, Teun Boekhout

Introduction

This small order currently only comprises three known 
species of aquatic hyphomycetous Basidiomycota and was 
initially proposed by Bauer et al. (2003) to accommodate 

Jaculispora submersa H.J. Huds. & Ingold and Classicula 
fluitans R. Bauer, Begerow, Oberw. & Marvanová. All 
known species have navicular conidia with attached setose 
branches, which is most likely an adaptation to an aquatic 
lifestyle. All species are characterized by clamped hyphae 
and basally clamped tremelloid haustoria, which indicate 
a possible mycoparasitic strategy. Molecular phylogenetic 
reconstructions indicated this clade is a member of Puc-
ciniomycotina, and has an isolated position compared to 
other groups in this subphylum (Bauer et al. 2006). The 
peculiar ecology, morphology and phylogenetic position 
have led to the interpretation that this clade represents an 
order (Classiculales) and class (Classiculomycetes) on its 
own.

History

Jaculispora submersa was described by Hudson and 
Ingold (1960) from a water stream in Jamaica. This 
species is only known from the asexual conidial stage, 
but its basidiomycetous nature was recognised because 
of the presence of clamped hyphae. Naiadella fluitans 
was described to accommodate another asexual aquatic 
hyphomycete isolated from water streams in Canada and 
the Czech Republic, forming hyphae with clamp connec-
tions, binuclear navicular conidia, and tremelloid hausto-
rial branches (Marvanová and Bandoni 1987). Only years 
later, Bauer et al. (2003) discovered the sexual stage of N. 
fluitans after submerging the culture in water. The sex-
ual stage of this species is characterized by cylindrical, 
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transversely three-septate basidia occurring singly or in 
clusters, with the sterigmata subapically swollen. Basidi-
ospores are narrowly fusiform. Hyphae with clamp con-
nections, but retraction septa without clamp connections. 
Tremelloid haustorial cells present and dikaryotic (Bauer 
et al. 2003). Conidia navicular with 2–3 setose branches. 
The genus Classicula was introduced to accommodate 
the sexual stage (Bauer et al. 2003). Aime et al. (2018b) 
proposed to protect the name Classicula over Naiadella. 
A third asexual aquatic hyphomycetous species in this 
group was described more recently by Qiao et al. (2018) 
from a water stream in China.

Characters that define the taxa in the order

Morphological description is indicated above. At the 
ultrastructural level, the hyphal septa have ‘simple’ septa 
that are associated with microbodies, and the spindle  
pole bodies (SPBs) occur inside the nucleus during met-
aphase (Bauer et al. 2003, 2006). Above all, the order 
is characterized by its isolated molecular phylogenetic 
position.

Plates

Genera includedFamily Classiculaceae R. Bauer, Bege-
row, Oberw. & Marvanová 2003

Classicula R. Bauer, Begerow, Oberw. & Marvanová 
2003
 = Naiadella Marvanová & Bandoni 1987
Jaculispora H.J. Huds. & Ingold 1960

Evolution

Various molecular phylogenetic studies revealed differ-
ent phylogenetic positions of the order. Bauer et al. (2006) 
found a sister group relation of Classiculomycetes to Puc-
ciniomycetes, whereas other multi locus-based tree infer-
ences placed the order sister to Microbotryomycetes (Wang 
et al. 2015a; Qiao et al. 2018), and a third multigene-based 
tree positioned it sister to Atractiellales (Bauer et al. 2003). 
The genome sequence of Classicula sinensis is available at 
MycoCosm (JGI), and their consensustree shows a sister 
relationship with Pucciniomycetes, like the findings of Bauer 
et al. (2006). Thus, the phylogenetic position of this group 
remains enigmatic and needs improved phylogenetic studies 
for which the use of whole genome-based orthologues and 
extended taxon sampling is recommended.

Justification of order and problems

Given the small size of the order it can be expected that new 
members will be identified in the future, which will undoubt-
edly enlarge our understanding of the limits of the order 
and its biological significance. To date, only genomic rDNA 
sequences are publicly available for Classicula fluitans and 
Jaculispora submersa.

Significance

Ecological and economical roles

Species occur in aquatic habitats (Hudson and Ingold 1960; 
Marvanová and Bandoni 1987; Bauer et  al. 2003). The 

Fig. 15  Classicula sp. on Malt-Yeast-Peptone agar (MYP), also see 
Figs. 1–7 in Bauer et al. (2003) and Fig. 2 in Qiao et al. (2018)
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presence of tremelloid haustorial cells indicates a possible 
mycoparasitic strategy for these species.

Chemical diversity

Unknown.

Corticiales K.H. Larss. 2007
 = Vuilleminiales Boidin, Mugnier & Canales 1998

Contributed by: Masoomeh Ghobad-Nejhad, Sergio P. 
Gorjón

Introduction

Corticiales K.H. Larss. was originally introduced by Hib-
bett et al. (2007) for the “corticioid clade” comprising a 
few taxa exclusively with a corticioid-type of basidiome 
(Binder et al. 2005; Larsson et al. 2004). Boidin et al. 
(1998) introduced Vuilleminiales with the family Vuillem-
iniaceae as its type. Justification towards synonymization 
of Vuilleminiales under Corticiales was already provided 
by Hibbett et al. (2007). Currently, Corticiales contains 
four families and about 29 genera. The order is one of the 
major lineages of Agaricomycetes with a corticioid type 
of basidiomes.

History

Hibbett et al. (2007) retained a single family Corticiaceae 
for Corticiales. Ghobad-Nejhad et al. (2010) recognized 
three distinct clades within Corticiales, each representing 
a family: (1) the clade containing the type species of Cor-
ticium and other species with diverse nutritional modes 

(the Corticium clade, family Corticiaceae). Recently, a 
thorough phylogeny revision for Corticiaceae s.s. has 
been provided (Ghobad-Nejhad et al. 2021); (2) the clade 
comprising Vuilleminia, Cytidia and Australovuilleminia 
(the Vuilleminia clade, family Vuilleminiaceae) with sap-
rotrophic taxa growing on attached wood of angiosperms, 
with dendrohyphidia, mostly with gelatinous basidiomes, 
and almost all with allantoid basidiospores; and (3) the 
clade containing Punctularia, Punctulariopsis, and Den-
drocorticium (the Punctularia clade, family Punctulari-
aceae) growing on fallen angiosperm wood and bearing 
ellipsoid spores. The fourth family Dendrominiaceae was 
recognized in Corticiales by Ariyawansa et al. (2015) with 
a single genus Dendrominia. There are also a number of 
genera traditionally speculated to be related to the Corti-
ciales in the literature based on morphology only; as far 
as still no DNA is available from the type species of these 
genera, they still remain as incertae sedis. The family 
Corticiaceae is the largest family in the Corticiales and 
currently contains 12 genera (Ghobad-Nejhad et al. 2021).

Characters that define the taxa in the order

Corticiales taxa generally have simple, resupinate, smooth 
basidiomes, and a monomitic hyphal system with or 
without clamps, dendrohyphidia, and medium-sized to 
relatively large ellipsoid basidiospores. Many species 
develop probasidia and produce large basidia, usually with 
thick walls. Corticiales species are predominantly wood 
saprotrophs.

Plates
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Fig. 16  Macromorphological diversity in Corticiaceae. a Mycober-
nardia incrustans; b Corticium meridioroseum; c asexual form of 
Corticium roseum; d Corticium silviae; e bulbils of Erythricium 
aurantiacum; f Erythricium hypnophilum; g Erythricium laetum; h 

Laetisaria buckii; i Laetisaria lichenicola; j Marchandiomyces cor-
allinus; k Marchandiomyces aurantioroseus; l Marchandiomyces 
sp. From Ghobad-Nejhad et al. (2021).  Copyright © 2021 Ghobad-
Nejhad et al.

Genera included
Family Corticiaceae Herter 1910

Basidiodesertica Maharachch., Wanas. & Al-Sadi 
2021
Capillosclerotium Prameela & Deeba 2013
Corticium Pers. 1794
 = Lyomyces P. Karst. 1882
 = Mycinema C. Agardh 1824
Disporotrichum Stalpers 1984
Erythricium J. Erikss. & Hjortstam 1970
 = Marchandiobasidium Diederich & Schultheis 2003

 = Necator Massee 1898
Galzinia Bourdot 1922
Giulia Tassi 1904
Laetisaria Burds. 1979
 = Limonomyces Stalpers & Loer. 1982
Lawreymyces Lücking & Moncada 2017
Marchandiomyces Diederich & D. Hawksw. 1990
 = Marchandiopsis Ghobad-Nejhad & Hallenb. 2010
Mycobernardia Ghobad-Nejhad 2021
Tretopileus B.O. Dodge 1946
Waitea Warcup & P.H.B. Talbot 1962
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 = Chrysorhiza T.F. Andersen & Stalpers 1996
Family Dendrominiaceae Ghobad-Nejhad 2015

Dendrominia Ghobad-Nejhad & Duhem 2013
Family Punctulariaceae Donk 1964

Dendrocorticiopsis Sheng H. Wu, C.L. Wei & S.H. 
He 2022
Dendrocorticium M.J. Larsen & Gilb. 1974
Punctularia Pat. 1895
 = Phaeophlebia W.B. Cooke 1956
Punctulariopsis Ghobad-Nejhad 2010

Family Vuilleminiaceae Höhn. 1904
Australovuilleminia Ghobad-Nejhad & Hallenb. 2010
Cytidia Quél. 1888
 = Lomatina (Fr.) P. Karst. 1892
Vuilleminia Maire 1902

Corticiales genera incertae sedis
Ambivina Katz 1974
Amylobasidium Ginns 1988
Corticirama Pilát 1957
Hemmesomyces Gilb. & Nakasone 2003
Leptocorticium Hjortstam & Ryvarden 2002
Melzerodontia Hjortstam & Ryvarden 1980
Papyrodiscus D.A. Reid 1979
Ripexicium Hjortstam 1995

Evolution

The remarkable family Corticiaceae is an iconic family of 
Basidiomycota with a long, controversial history. Cortici-
aceae has been largely used as a basket to hold diverse fungi 
that produce crust-like basidiomes. The bulk of these fungi 
have, however, found a home in other families and genera 
throughout the basidiomycete tree of life, leaving Cortici-
aceae as a poorly defined family with obscure boundaries. 
Because of its importance as a key family in understating the 
relationships of corticioid fungi and basidiomycetes at large, 
Ghobad-Nejhad et al. (2021) applied multigene phylogenetic 
analyses based on extensive original specimens to dig into 
the circumscription of genera in this family. As a result, a 
well-supported phylogenetic backbone for Corticiaceae was 
provided, and several ecologically and economically relevant 
plant pathogenic species were taxonomically disentangled. 
There are also asexually reproducing genera in Corticiaceae, 
namely the monotypic genera Basidiodesertica, Giulia, and 
Disporotrichum for which no sexual morph is yet known. 
The diverse nutritional lifestyles in Corticiaceae, including 
saprotrophic, plant pathogenic, lichenicolous, and endoli-
chenic modes has been noteworthy. Ghobad-Nejhad et al. 
(2021) examined the evolution of nutritional habit and 
discovered that saprotrophy is the original lifestyle in this 
family.

Justification of order and problems

Corticiales and its four families are well-established and 
recovered in molecular phylogenetic studies. However, 
morphological delimitation of some genera and species 
especially Laetisaria/Marchandiomyces is still difficult 
(Ghobad-Nejhad et al. 2021). Several genera are known only 
by their asexual forms, leaving little evidence for morpho-
logical identification. A number of generic types await DNA 
data and so are still queued as incertae sedis. Full genome 
sequences are only available for two species (Laetisaria cul-
migena, Punctularia strigosozonata), while more candidates 
should be sequenced to enable phylogenomic studies in this 
order.

Significance

Ecological and economical roles

Corticiales taxa are widespread and inhabit woody plants, 
grasses, mosses, and lichen thalli. Most of the species are 
saprotrophic on hardwood plants. Economic aspects of 
Corticiales mostly relate to the phytopathogenic species in 
Erythricium, Laetisaria, and Waitea which cause diseases 
such as pink disease, brown ring patch, red thread sheath 
spot, and pink patch disease (Jayawardena et al. 2019). 
Erythricium salmonicolor is a devastating pathogen causing 
pink disease in several economically important trees such 
as citrus, cacao, coffee, Eucalyptus, and rubber. Laetisaria 
fuciformis and L. roseipellis are pathogens of turfgrasses. 
Waitea circinata infects cereals, legumes, and turfgrasses.

Chemical diversity

Corticiales taxa may be noted for producing lignin modi-
fying enzymes. Morgenstern et al. (2008) detected partial 
sequences of manganese peroxidases in the Corticiales, 
reporting the first-class II fungal peroxidases from Cytidia 
salicina. Punctularia has been subject to numerous studies 
on its metabolites and bioactivity (e.g. Acero et al. 2022; 
Knijn et al. 2019).

Other relevant data and future 
recommendations

Future research is needed to: obtain whole nuclear and mito-
chondrial genome sequences from additional Corticiales 
species for better understanding of their ecology, evolution, 
and chemistry; run phylogenomics across the order; examine 
the metabolite profile and biological activity of the species.
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Cryptomycocolacales Oberw. & R. Bauer 1990

Contributed by: Nathan Schoutteten, Teun Boekhout

Introduction

Cryptomycocolacales contains only one family with two 
monotypic genera and remains enigmatic due to its strongly 
deviating morphology and ecology compared to other known 
groups of Basidiomycota. Both representatives are presumed 
to be colacosome-interacting mycoparasites of ascomycet-
ous hosts, similar to some mycoparasites in Microbotryo-
mycetes. Based on interpretations of morphological, ultra-
structural, and phylogenetic reconstructions, it is expected 
that Cryptomycocolacales diverged early in the evolution of 
Basidiomycota. Some molecular phylogenetic studies sug-
gested that it occupies a basal position in Pucciniomycotina 
and Basidiomycota, although its position remains unresolved 
to date (Aime et al. 2006; Bauer et al. 2006; Weiss et al. 
2004a, b).

History

Cryptomycocolax was proposed by Oberwinkler and Bauer 
(1990a, b) to accommodate C. abnormis, a peculiar spe-
cies that was found as a gelatinous layer overgrowing a 
pyrenomycetous host fungus on Circium stems. This spe-
cies is only known from the type locality, on the vulcanic 
Mount Irazú, Costa Rica, and has so far only been col-
lected once. The second genus, Colacosiphon, was found 
in a few mixed cultures derived from bark beetles obtained 
from decaying Pinus logs in Germany (Kirschner et al. 
2001). LSU-based phylogenetic reconstructions showed 
that these two genera cluster together, and potentially take 
a basal position in Pucciniomycotina and Basidiomycota 
(Bauer et al. 2006). These two genera comprise the order 
Cryptomycocolales in Cryptomycocolamycetes (Bauer 
et al. 2006).

Characters that define the taxa in the order

Cryptomycocolales accommodates filamentous, colaco-
some-interacting mycoparasitic species. Yeast-like budding 
of basidiospores was reported only for Cryptomycocolax 
abnormis, but no living cultures are available (Oberwin-
kler and Bauer 1990a). The reproductive structures of 
both species are highly specialised and are distinct from 
those known from other members of Basidiomycota. The 

sporogenesis of Cryptomycocolax abnormis was well-
studied and is characterized by a short-lived transversally 
one-septate basidial stage. During basidium development, 
the upper cell is abscised, after which the basal cell elon-
gates, and apically gives rise to a variable number of sessile 
spores in a successive way. Sporogenesis in Colacosiphon 
filiformis is more enigmatic and it is not clear whether the 
observed sporogenous structures involve mitotic or meiotic 
processes. The sporogenous cells are aseptate, elongate up 
to 870 µm long, and give rise to a variable number of ses-
sile spores. Teliospores are absent. Dikaryotic chlamydo-
spores or chlamydospore-like structures are described from 
both species. Septal pores of both species are ‘simple’ and 
have Woronin body-like structures. SPB (spindle pole 
body), as far as known, have large lateral discs that are 
connected by small middle pieces during interphase and 
prophase, and during metaphase they occur in the nuclear 
envelope (Bauer et  al. 2006; Oberwinkler and Bauer 
1990a). Both species use specialized structures, so-called 
colacosomes, to interact with their host fungus. Cryptomy-
cocolax abnormis is reported to contain two distinct types 
of colacosomes, whereas Colacosiphon filiformis only con-
tains one type.

Plates

See Figs. 1, 2, 3, 4, 5, 6, 7 in Oberwinkler and Bauer (1990a, 
b) and in Kirschner et al. (2001).

Genera included
Family Cryptomycocolacaceae Oberw. & R. Bauer 1990

Colacosiphon R. Kirschner, R. Bauer & Oberw. 2001
Cryptomycocolax Oberw. & R. Bauer 1990

Evolution

Both the Woronin body-like structures surrounding septal 
pores in Colacosiphon and Cryptomycocolax and the SPB 
structure of Cryptomycocolax display similarities with 
ascomycetous ultrastructure rather than the ultrastructure 
typical of Basidiomycota. This suggests that both genera 
may hold interesting phylogenetic positions, which has 
been investigated by Weiss et al. (2004a, b) and Bauer et al. 
(2006). Their phylogenetic reconstructions incorporating 
LSU rDNA sequence data strongly supported the cluster-
ing of both genera, but no supported relationship with any 
other known groups of Basidiomycota was obtained. Based 
on the limited available data, Cryptomycocolacales can be 
considered as an early diverging lineage in Basidiomycota, 
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and Weiss et al. (2004a, b) even suggested this species 
could be the most ancient basidiomycete lineage known 
to date. However, this group is in serious need of more 
detailed investigation, and genome sequences of the two 
known species could help clarify their position regarding 
other lineages. The presence of colacosomes is shared with 
some species of Microbotryales, a distantly related order 
in Pucciniomycotina (Bauer 2004; Weiss et al. 2004a, b; 
Aime et al. 2006; Bauer et al. 2006). The possible homol-
ogy of these structures was discussed by Bauer (2004) and 
Bauer et al. (2006). Isolation of these structures and stud-
ies of their biochemical content are needed to support this 
presumption or not.

Justification of order and problems

Cryptomycocolacales seems justified based on ultras-
tructural markers and various molecular phylogenetic 
studies based on LSU sequences. One of the major prob-
lems regarding this order is the unavailability of living 
cultures and the limited available DNA sequence data. 
Only the sequence of the D1/D2 region of the nuclear 
ribosomal DNA is known for both species, which proves 
to be insufficient to reconstruct their phylogenetic posi-
tion and probably whole genome sequencing is necessary 
to resolve this.

Significance

Ecological and economical roles

Both species occur as colacosome-interacting mycopara-
sites in association with ascomycetous hosts. It is likely 
that Colacosiphon filiformis uses bark beetles as the dis-
persal agent.

Chemical diversity

Not known.

Cystobasidiales R. Bauer, Begerow, J.P. Samp., M. Weiss 
& Oberw. 2006

Contributed by: Nathan Schoutteten, Teun Boekhout, 
Andrey Yurkov

Introduction

Systematics of basidiomycetous yeasts and filamen-
tous Basidiomycota (mainly so-called heterobasidiomy-
cetes) has long been hampered by separate treatment of 
both groups of fungi and different established taxonomic 
approaches. Early molecular phylogenetic studies of basidi-
omycetous yeasts and heterobasidiomycetes showed a tre-
mendous phylogenetic heterogeneity in both groups that 
has been conformed in later studies. The study of both 
groups in phylogenetic studies has resulted in integrated 
taxonomic treatments, which have been a major step for-
ward (Weiss et al. 2004a, b; Bauer et al. 2006; Wang et al. 
2015a, b). These studies have revealed the Cystobasidiales 
comprising both asexually reproducing basidiomycetous 
yeasts and sexually reproducing heterobasidiomycetous 
fungi. The vast majority of Cystobasidiales is only known 
from a yeast stage, and the sexual stage is currently known 
from a few species only.

History

Cystobasidium fimetarium, a dimorphic fungus with trans-
versely septate basidia, a thick-walled probasidium and 
tremelloid haustorial cells in its sexual stage was placed in 
the family Cystobasidiaceae by Gäumann (1926). Accord-
ing to Kirk et al. (2008) this family contained two genera 
with nine species. Later, many molecular phylogenetic stud-
ies identified a strongly supported clade within Pucciniomy-
cotina including C. fimetarium and several basidiomycetous 
yeasts that were previously found to be part of the Eryth-
robasidium clade (Fell et al. 2000; Aime et al. 2006; Bauer 
et al. 2006; Yurkov et al. 2015; Zhao et al. 2017). A total 
of eleven yeast species were accommodated in the genus 
Cystobasidium by Yurkov et al. (2015) and later, Wang et al. 
(2015b) listed 17 species in the genus, of which a sexual fil-
amentous stage is only known from C. fimetarium. Various 
heterobasidiomycetes with transversally septate basidia and 
a thick-walled probasidium were assigned to the genus Cys-
tobasidium based on morphological similarities such as the 
thick-walled probasidium, but no cultures or molecular data 
are available and it is likely these species belong to other 
groups in Pucciniomycotina (Martin 1939; Olive 1952). The 
genus Occultifur was proposed by Oberwinkler (1990) for 
Occultifur internus, an intrahymenial mycoparasite of a 
dacrymycetous host fungus. O. internus is characterized 
by transversally three-septate basidia, thick-walled ellipsoid 
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Fig.17  Occultifur internus (NS 20-130B) growing intrahymenially 
in its host Dacrymyces sp. Note the haustorial cells with a widened 
base, slender middle part, and a globular apex. Also see figures of 
Sampaio et al. (1999a) and Fig. 8 of Oberwinkler (2017)

conidia, clamped hyphae, and the presence of tremelloid 
haustorial cells. Later, Sampaio et al. (1999a) described 
O. externus, which was isolated as a yeast from leaf litter 
and of which the sexual stage was observed only in culture. 
This species was assigned to the genus Occultifur based 
on ultrastructural similarities of the septal pore complex, 
which is both in O. internus and O. externus characterized 
by the cystosome.

Characters that define the taxa in the order

Small gelatinous basidiomes present, pale violaceous to 
pinkish. Sexual state occurs only in connection with the 
coprophilous ascomycetous host. Hyphae septate with or 
without clamp connections, probasidia inflate, thick-walled, 
basidia elongate, transversely septate, with allantoid basidi-
ospores that are actively discharged, and may germinate 
by secondary spores or yeast cells. Ballistoconidia are not 
known. Haustoria present. Cell walls do not contain fucose. 
Separation of spindle pole bodies (SPBs) occurs in the 
cytoplasm, and during metaphase, they are present inside 
the nucleus. Hyphal septa are so-called ‘simple’ and are 
occluded by cystosomes. Nanometer fusionpores occur at the 
host-parasite contact zone of haustorial apices (Bauer et al. 
2006). Mycosporines may be present. Yeast colonies are 
whitish to pinkish. Budding is usually polar, and filaments 
or true hyphae may occur (Oberwinkler 2017). Yurkov and 
collaborators transferred the Rhodotorula minuta clade with 
nine species to Cystobasidium and emended the genus (Sam-
paio and Oberwinkler 2011a; Yurkov et al. 2015).

Plates

Genera included
Family Cystobasidiaceae Gäum. 1926

Cystobasidium (Lagerh.) Neuhoff 1924
Halobasidium Z. Guo, Y.R. Wang, Q.C. Hou, W.C. Li, 
H.J. Zhao, Z.H. Sun & Z.D. Zhang 2019
Occultifur Oberw. 1990

Cystobasidiales genera incertae sedis
Begerowomyces Q.M. Wang & F.Y. Bai 2020
Robertozyma Q.M. Wang & F.Y. Bai 2020

Evolution

Cystobasidiales formed a coherent monophyletic clade in a 
multigene phylogenetic analysis, with two genera, Cystoba-
sidium and Kondoa. As both dimorphic species and species 
only known from yeast stages do occur in this group, it may 
be expected that other sexual stages will be discovered in the 
future. The filamentous stage of C. fimetarium seems closely 
related to the yeasts C. minutum and C. slooffiae (Yurkov 
et al. 2015; Wang et al. 2015a, b). It is likely that the cysto-
some that occludes the septal pores in hyphae of multiple 
species is a synapomorphy of the class Cystobasidiomycetes, 
and hyphal stages of more species should be investigated for 
the presence of this structure.

Justification of order and problems

Cystobasidiales seems phylogenetically well circumscribed 
by phylogenetic reconstructions, but the extent of the phe-
notypic diversity is not fully understood. Several species in 
the genera Cystobasidum and Occultifur are known from 
filamentous stages only, and no living cultures or nucleotide 
sequence data are available for them. It is likely that various 
of these species belong to other orders of Basidiomycota, 
which may challenge circumscriptions of these groups.

Significance

Ecological and economical roles

Cystobasidium fimetarium is a mycoparasite occurring on 
dung, probably with ascomycetous coprophilous fungi as 
host. Whether the same lifestyle applies to all yeast morphs 
remains unknown (Oberwinkler 2017; Yurkov et al. 2015). 
Yeast morphs are known from diverse habitats such as phyl-
loplane, soil, water, and deep-sea sediments. Some species 
are psychrophilic. C. minutum is occasionally reported as an 
opportunistic pathogen (Yurkov et al. 2015).
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Chemical diversity

Mycosporines may be present, main carotenoid pigments 
are torulene and torularhodin. Nitrate is not assimilated, 
starch-like compounds are not produced, and D-glucuro-
nate is utilized. Fermentative abilities are absent. (Yurkov 
et al. 2015).

Other relevant data and future 
recommendations

To date, most species of the order have been identified based 
on the combination of ribosomal ITS and LSU nucleotide 
sequences. Among these two markers, ITS is usually more 
variable than LSU. Additionally, partial sequences of the 
gene encoding translation elongation factor 1 alpha (TEF1) 
were employed in phylogenetic analyses.

Cystofilobasidiales Fell, Roeijmans & Boekhout 1999

Contributed by: Teun Boekhout, Andrey Yurkov

Introduction

For a long time, phylogenetic relationships among basidi-
omycetous yeasts were inferred from biochemical, morpho-
logical, and physiological data. However, the introduction 
of molecular phylogenetic studies could identify the rela-
tionships between yeasts, including basidiomycetous yeasts, 
more accurately. Cystofilobasidiales was recognized by D1/
D2 LSU rDNA sequence analysis that corroborated earlier 
Small SubUnit (SSU) rDNA sequence analysis (Fell et al. 
1999).

History

Assessing phylogenetic relationships between basidiomycet-
ous yeasts has been notoriously difficult. Early SSU rDNA 
sequence analysis of Basidiomycota (Swann and Taylor 
1993) revealed many clades that were later interpreted as 
genera, families, and orders. One of these clades, comprising 
species of the genera Cystofilobasidium, Itersonilia, Kra-
silnikovozyma, Phaffia, Mrakia, Tausonia, and Udeniomyces 
formed order Cystofilobasidiales (Fell et al. 1999; Liu et al. 
2015a, b). Note that some of the species were previously 
classified in genera such as Cryptococcus and Trichosporon, 
genera that are now limited to Tremellales and Trichosporo-
nales, respectively.

Characters that define the taxa in the order

Cystofilobasidiales is mainly characterized by its coherent 
phylogenetic clustering based on various molecular phyloge-
netic analyses. The order comprises species without basidi-
omes, and usually, with a yeast phase, with cell walls that 
contain xylose and that utilize d-glucuronate, nitrate and 
nitrite, and often myo-inositol. The Q-enzyme system is Q8 
or Q10. Hyphal septa are dolipores, but without a parenthe-
some (or SPC). Teliospores are usually present in sexual 
species, that are heterothallic or self-sporulating. Basidia, if 
present, are holobasidiate (Fell et al. 1999).

Plates

See relevant pictures for genera in The Yeasts, a Taxonomic 
Study, 5th edition (Kurtzman et al. 2011).

Genera included
Family Cystofilobasidiaceae K. Wells & Bandoni 2001

Cystofilobasidium Oberw. & Bandoni 1983
Family Mrakiaceae Xin Zhan Liu, F.Y. Bai, M. Groenew. 
& Boekhout 2015

Itersonilia Derx 1948
Krasilnikovozyma Xin Zhan Liu, F.Y. Bai, M. Groe-
new. & Boekhout 2015
Mrakia Y. Yamada & Komag. 1987
 = Mrakiella Margesin & Fell 2008
Phaffia M.W. Mill., Yoney. & Soneda 1976
 = Rhodomyces Wettst. 1885
 = Xanthophyllomyces Golubev 1995
Tausonia Babeva 1998
Udeniomyces Nakase & Takem. 1992
Vustinia Kachalkin, Turchetti & Yurkov 2019

Evolution

Cystofilobasidiales forms the basal lineage in Tremello-
mycetes and, hence, it is the most basal lineage known of 
Agaricomycotina. This might imply that several phenotypic 
features, such as the presence of teliospores and fermen-
tative capabilities of some species, are interesting starting 
points for comparative studies on evolutionary trends among 
Agaricomyctina. The mean time of origin of the order is esti-
mated at 350 million years ago (Zhao et al. 2017). Among 
synapomorphies, remarkable physiological adaptations to 
cold habitats, psychrophily and psychrotolerance are shared 
between several genera of the order.
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Justification of order and problems

Based on various molecular phylogenetic studies the circum-
scription of Cystofilobasidiales is well accepted (Swann and 
Taylor 1993; Fell et al. 1999; Liu et al. 2015a, b).

Significance

Ecological and economical roles

Many species of Cystofilobasidiales are psychrophilic and 
psychrotolerant, making them a source of low temperature 
enzymes. Species of the genus Phaffia are known to pro-
duce astaxanthin, a carotenoid pigment widely used as a 
colorant in aquaculture, especially of salmons (Schroeder 
and Johnson 1995; Fell and Johnson 2011; Luna-Flores 
et al. 2022; Nair et al. 2013). The pigment may also act as 
an antioxidant (Schroeder and Johnson 1995). Some spe-
cies of Cystofilobasidium produce red carotenoid pigments 
(including high proportion of beta-carotene) and coenzyme 
Q10 that are potentially interesting from a biotechnological 
or health perspective (Herz et al. 2007; Yurkov et al. 2008; 
Moliné et al. 2009). Species of Mrakia are psychrophilic and 
fermentative; therefore, they can contaminate orange juice 
during transportation or storage at industrial-scale low tem-
peratures. More recently, species of Mrakia got attention in 
the brewing of low alcohol beers (de Francesco et al. 2018; 
Linnakoski et al. 2023). Tausonia pullulans can produce 
β-galactosidase useful for the hydrolysis of lactose (Xu et al. 
2012). The dimorphic fungus Itersonilia perplexans causes 
flower blight in anemone, dahlia, chrysanthemum, and globe 
artichoke, and is responsible for substantial post-harvest 
losses in cut flower production (Begerow et al. 2017).

Chemical diversity

Within the order variation exists in the number of isopreno-
logues of the co-enzyme Q system, quantities and diversity 
of carotenoid pigments, and fermentative capabilities.

Other relevant data and future 
recommendations

To date, most species of the order have been identified based 
on the combination of ribosomal ITS and LSU nucleotide 
sequences. However, this approach is not suitable for iden-
tification and delimitation of many species in genera Mrakia 
and Phaffia, which show high degree of similarity in the two 
markers (David-Palma et al. 2020; Yurkov et al. 2020). In 
the absence of other molecular markers, the delimitation of 

closely-related species and genera in the order requires solid 
support from a polyphasic approach (Figs. 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17).

Dacrymycetales Henn. 1897
 = Calocerales Rea 1922
 = Metatremellales Lowy 1968
 = Unilacrymales Shirouzu, Tokum. & Oberw. 2013

Contributed by: Anton Savchenko

Introduction

Dacrymycetales is an order of basidial fungi inhabiting dead 
wood and developing predominantly yellow-tinted gelatinous 
basidiomes. The scope of the order is equal to the scope of 
its parental class Dacrymycetes, which represents a robustly 
supported clade and a sister to the Agaricomycetes. The order 
is comprised of four families: Dacrymycetaceae and Cerino-
mycetaceae include most taxa, while Unilacrymaceae and 
Dacryonaemataceae jointly contribute only five species. The 
families are well distinguished in phylogenetic trees, though 
morphologically they require combinations of multiple charac-
ters for unambiguous identification (Zamora and Ekman 2020; 
Savchenko et al. 2021). Altogether, 20 genera have been more 
or less directly linked to Dacrymycetales, of which 13 were 
used in modern literature (Savchenko 2023). The majority of 
the genera belong to Dacrymycetaceae, while the remaining 
three families are monotypic. It is estimated that there are ca. 
120 species of Dacrymycetales (Shirouzu et al. 2020), but the 
actual number is likely to be much higher. All dacrymycete 
genera are polyphyletic and likely host vast semi-cryptic diver-
sity. Indications for this can be found in the recent acceler-
ated rate of species description and in the fact that at least 475 
names at sub-generic ranks are associated with the order, most 
with never sequenced types (Savchenko 2023).

On a morphological level, Dacrymycetales is clearly 
identified by the bisterigmate Y-shaped basidia (Fig. 18h 
lower), with the only exception of Unilacryma unispora 
with unisterigmate basidia (Fig. 18h upper) (Wells 1994). 
This unique feature and a singular position of U. unispora 
in phylogeny prompted Shirouzu et al. (2013) to raise the 
family Unilacrymaceae and order Unilacrymales (the latter 
is not accepted in this treatment). Recently, a bisterigmate 
relative of U. unispora was found, and definition of Uni-
lacrymaceae became more complex (Zamora and Ekman 
2020). In the same work a small family Dacryonaemata-
ceae was raised for three species of genus Dacryonaema, 
one of which, Da. rufum, develops distinctive synnematous 
basidiomes. Another family, Cerinomycetaceae, consists of 
the genus Cerinomyces that was historically defined by cor-
ticioid basidiomes. It was shown that this character evolved 
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in the class at least three times independently, and the genus 
in traditional definition appeared to be polyphyletic. Cerino-
myces was freshly redefined to cover the clade and scope of 
Cerinomycetaceae, and as a result species with gelatinous 
basidiomes were introduced to the genus alongside corti-
cioid members (Savchenko et al. 2021). Currently Cerinomy-
ces includes 33 formal and informal species. The last family, 
Dacrymycetaceae, is highly diverse and hosts the majority of 
dacrymycetes. In this family the largest numbers of species 
are accumulated in polyphyletic genera Dacrymyces (the 
family type), Calocera, Ditiola, and Dacryopinax.

History

Dacrymycetes were studied from the beginning of systematic 
mycology and were certainly known long before that. The 
earliest-described genera still associated with the group are 
Dacrymyces (Nees von Esenbeck 1817), Ditiola (Fries 1822; 
the name was first proposed by Browne 1756), and Calocera 
(Fries 1825). Initially dacrymycetes were treated together 
with other jelly fungi, often as a part of Tremellales. By 
the end of the nineteenth century, basidial typology became 
an essential part of the fungal taxonomy, and since then, 
dacrymycetes were usually singled out as a separate taxon 
in the rank of family or order. The family Dacrymycetaceae 
was proposed for gelatinous taxa by Brefeld (1888). Schröter 
(1889) is often cited as the name author, but Brefeld’s work 
has precedence by a few months (Stafleu and Cowan 1976, 
1985). The order Dacrymycetales was described a few years 
later, with a circumscription covering both gelatinous and 
corticioid taxa (Engler and Prantl 1900). In the twentieth 
century Dacrymycetales was expanded with several genera 
and one family, Cerinomycetaceae (Jülich 1981). During that 
time significant contributions to the taxonomy of the group 
were made by J. Rick, G.W. Martin, Y. Kobayashi, T.W. 
Brasfield, M.A. Donk, L.L. Kennedy, R.F.R. McNabb, B. 
Lowy, D.A. Reid, F. Oberwinkler, and others. The high-
est impact had a series of monographs by McNabb: it still 
remains to be the most comprehensive reference for many 
genera (McNabb 1964, 1965a, b, c, d, e, 1966, 1973).

Already the first phylogenetic tree that included Dacrymy-
cetales clearly indicated monophyly of the order (Swann and 
Taylor 1993). Unity of Dacrymycetaceae and Cerinomyceta-
ceae was first shown by Larsson et al. (2004) and Kirschner 
and Yang (2005); and lastly the position of Unilacrymaceae 
was established by Shirouzu et al. (2013). The latest advance-
ments include description of a small family Dacryonaema-
taceae (Zamora and Ekman 2020), revision of Cerinomy-
cetaceae (Savchenko et  al. 2021), and establishment of 
Dendrodacrys, a new genus in Dacrymycetaceae (Zamora 
et al. 2022; Savchenko et al. 2022). Aside that, several new 
species and combinations were recently raised in Calocera 

and Dacrymyces (Phookamsak et al. 2019; Fan et al. 2021; 
Lian et al. 2022; Mendes-Alvarenga and Gibertoni 2022).

Characters that define the taxa in the order

Members of Dacrymycetales occur on dead wood and 
develop either of two principal types of basidiomes: gelati-
nous (Fig. 18a, c, d) or corticioid (Fig. 18b). The former type 
dominates in the order, and such basidiomes are known in 
a large variety of shapes (pustulate, pulvinate, resupinate, 
capitate, cerebriform, cupulate, spathulate, cylindrical-den-
droid, Fig. 18e) and colors (depending on the presence and 
abundance of carotenoids and other pigments, from almost 
transparent to yellow, orange, brown, and black). Corticioid 
basidiomes are rarer and vary from almost arid and light-
colored (Cerinomyces, Fig. 18b) to waxy gelatinous and yel-
low or orange (two clades in Dacrymycetaceae).

On the microscopical level the structure of basidiomes is 
relatively simple and almost universally includes two areas: 
internal and hymenial. Internal area, depending on the com-
plexity and size of basidiome, can be either undifferentiated 
(Dacrymyces, Cerinomyces) or divided into zones. Most nota-
bly, cylindrical stems of Calocera, Dacryopinax, Guepiniop-
sis and several other taxa display densely packed thin cortex, 
wide sub-surficial zone of loosely interwoven hyphae, and 
tight internal core of concentrated parallel wide hyphae of 
presumably mechanical function. Conversely, some of the 
thinnest corticioid species can lack internal area almost com-
pletely. Regardless of overall basidiome complexity, sterile 
and marginal areas of many species are covered with a pali-
sade layer of terminal hyphae, often with thickened walls. 
Hymenium is usually amphigenous and mainly composed of 
the almost cylindrical Y-shaped basidia with stout subcylin-
drical sterigmata (Fig. 18h) and, in certain species, includes 
diagnostic hyphidia (Fig. 18i). Basidiospores are important 
for identification and vary in shapes (from ovoid and ellip-
soid to cylindrical, from slightly to strongly curved), septa-
tion (the most frequent septa numbers are 0, 1, 3, 7, > 7), and 
wall thickness (Fig. 18g). Basidiospores germinate by hyphae 
or microconidia, but never by repetition (Wells and Bandoni 
2001). Hyphal septa can be either with or without clamp 
connection (Fig. 18f); in the species of Unilacryma a mix of 
these two types can be observed. On the ultrastructural level, 
Dacrymycetales share the composition of the septal pore 
apparatus with some groups of Agaricomycetes (mostly with 
“heterobasidial” fungi). Specifically, they are characterized by 
dolipores surrounded by parenthesomes without perforations 
(McLaughlin and Spatafora 2014).

Plates
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Fig. 18  Example members of Dacrymycetales and morphological 
characters commonly used in identification, modified after Savchenko 
(2023). a Dacrymyces sp. (TUF135036, Estonia); b Cerinomyces 
borealis (GB-0071203, Sweden); c Calocera cornea (TUF135043, 
Estonia); d Guepiniopsis buccina [CWU(MYC)7014, Ukraine]; e 
basidiome types, above: synnematous, pustulate, pustulate and cen-
trally depressed, pulvinate, capitate with simple stem, cerebriform, 
capitate with distinguished stem, cupulate, spathulate, cylindrical-

dendroid; below: resupinate or corticioid; f hyphal septa: simple, 
clamped, with medallion-shaped clamp, with unfinished clamp; g 
basidiospores: ovoid (muriform septation), ellipsoid (only trans-
verse septation), cylindrical (from aseptate to > 7 transverse septa, 
slightly or strongly bent, thin- or thick-walled); h basidia: uni- and 
bisterigmate; i hyphidia: simple, simple with thickened base, weakly 
branched, strongly branched. Scale bars = 1 mm

Genera included
Family Cerinomycetaceae Jülich 1981

Cerinomyces G.W. Martin 1949
Family Dacryonaemataceae J.C. Zamora & S. Ekman 
2020

Dacryonaema Nannf. 1947
Family Dacrymycetaceae Bref. 1888

 = Caloceraceae Pat. 1900

Calocera (Fr.) Fr. 1828
 = Calopposis Lloyd 1925
 = Corynoides Gray 1821
Dacrymyces Nees 1816
 = Hydromycus Raf. 1808
 = Septocolla Bonord. 1851
Dacryomycetopsis Rick 1958
Dacryomitra Tul. & C. Tul. 1872
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Dacryopinax G.W. Martin 1948
Dacryoscyphus R. Kirschner & Zhu L. Yang 2005
Dendrodacrys J.C. Zamora, A. Savchenko, Á. Gonz.-
Cruz, Prieto-García, Olariaga & Ekman 2022
Ditiola Fr. 1822
 = Dacryopsis Massee 1891
Femsjonia Fr. 1849
 = Arrhytidia Berk. & M.A. Curtis 1849
 = Cerinosterus R.T. Moore 1987
Guepiniopsis Pat. 1883
Heterotextus Lloyd 1922

Family Unilacrymaceae Shirouzu, Tokum. & Oberw. 
2013

Unilacryma Shirouzu, Tokum. & Oberw. 2013

Evolution

In the current work, the stem age of this group is esti-
mated to be 346 million years, which generally agrees with 
previous studies (Floudas et al. 2012; Zhao et al. 2017; 
Varga et al. 2019; Zamora and Ekman 2020). According 
to Zamora and Ekman (2020), the ancestor of Dacrymyc-
etales had bisterigmate basidia, hyphae with simple clamp 
connections at most septa, lack of carotenoids, conspicu-
ous cytoplasmic lipid contents, and uninucleate young 
basidiospores. During evolution, complete loss of clamp 
connections occurred only in a few groups in Dacrymyc-
etaceae, and reversions were uncommon. Another impor-
tant trait, the presence of carotenoids, was acquired only 
once by the common ancestor of Dacrymycetales and then 
lost several times, in groups such as Unilacrymaceae, 
Dacryonaemataceae, and Cerinomycetaceae. The latter 
family is also marked with a unique change from one to 
two nuclei in young basidiospores.

Justification of order and problems

Circumscription of Dacrymycetales that covers all four 
families is deemed to be the most practical. An alternative 
approach—accepting Unilacrymales as a standalone order—
raises a question of how to address the family Dacryonae-
mataceae. Two options were suggested: it can be assigned 
to a separate order, which action may even justify further 
division of Dacrymycetales into at least two orders (one for 
Dacrymycetaceae and another for Cerinomycetaceae), or it 
can be included in Unilacrymales, which will draw the latter 
hardly diagnosable. Therefore this treatment follows Zamora 
and Ekman (2020) and keeps Unilacrymales as a part of 

Dacrymycetales. Meanwhile, the most difficult challenges 
in taxonomy of Dacrymycetales are related to refinement of 
generic boundaries in Dacrymycetaceae and revision of old 
species names. Establishment of their identity and resolution 
of synonymy will facilitate species description without risk 
of creating superfluous names.

Significance

Ecological and economical roles

Dacrymycetales occurs worldwide in forested areas and 
develop basidiomes either directly on dead wood or, in 
rare cases, on the ground but connected to buried wood 
remnants (e.g., Calocera viscosa). The group members 
are known to cause a brown type of wood rot, which was 
confirmed in genomic studies (Floudas et al. 2012; Nagy 
et al. 2016). Dacrymycetales commonly occurs on man-
made wooden structures, potentially causing damage to 
industrial and historical sites (Held et al. 2020; Flyen and 
Thuestad 2023).

Doassansiales R. Bauer & Oberw. 1997

Contributed by: Teodor T. Denchev, Cvetomir M. Denchev, 
Dominik Begerow, Martin Kemler

Introduction

Doassansiales was erected to accommodate an ecologically 
well-characterized group of smut fungi, which infect various 
aquatic or paludal plants (or at least plants growing in moist 
habitats). This group is united by a suite of morphological, 
ultrastructural, and molecular characteristics (Bauer et al. 
1997; Begerow et al. 2014). The type genus, Doassansia, 
was introduced by Cornu (1883).

This group includes mainly sporeball-forming genera. 
Members of Burrillia, Doassansia, Entylomaster, Hetero-
doassansia, Nannfeldtiomyces, Narasimhania, Pseudoder-
matosorus, Pseudodoassansia, Pseudotracya, and Tracya 
produce scattered or gregarious, many-spored spore balls, 
embedded in the host tissue, and appearing on the sur-
face of the infected organs (leaves and petioles, sometimes 
stems) as numerous, raised, minute, dark dots. Spore balls 
are rather permanent (with exception of Nannfeldtiomyces), 
composed of spores, sterile cells, and/or modified mycelial 
filaments, in different arrangements and proportions. Spore 
balls have an outer layer (cortex) of firmly adherent sterile 
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cells (except Burrillia and Nannfeldtiomyces) or spores 
(Tracya). Spores are hyaline or poorly pigmented. Genera 
differ in the spore ball components and their arrangement 
(Vánky 1981, 2011, 2013). Spore germination, where it is 
known, is after Tilletia-type (Vánky 2013). This group of 
species is monographically studied by Setchell (1892) and 
Vánky (1981, 2011).

Molecular studies of another smut fungus on aquatic or 
paludal plants, Entyloma callitriches Liro on Callitriche 
spp., demonstrated that it should be assigned to the Doas-
sansiaceae, although this fungus possesses single spores 
and other characteristics similar to that of typical spe-
cies of Entyloma (Bauer et al. 1997; Vánky et al. 1998). 
As this species is not sporeball-forming, a new genus, 
Doassinga, was introduced for its accommodation (Vánky 
et al. 1998).

Molecular analyses of another former member of Enty-
loma on aquatic plants, Entyloma nymphaeae (D.D. Cunn.) 
Setch. (currently as Rhamphospora nymphaeae D.D. Cunn.), 
also resulted in an assignment of this species to the Doas-
sansiales (Bauer et al. 1997; Vánky et al. 1998). Like ‘Enty-
loma’ callitriches, Rhamphospora nymphaeae forms single, 
hyaline spores in the leaves of its hosts, but Doassinga cal-
litrichis grows only intercellularly, whereas R. nymphaeae 
forms haustoria. For accommodation of the latter species, a 
new family, Rhamphosporaceae, was proposed in the Doas-
sansiales (Bauer et al. 1997; Vánky et al. 1998; Begerow 
et al. 2014).

On the basis of morphological, ultrastructural, and 
molecular characteristics, two smut fungi on Selaginella, 
Melanotaenium oreophilum Syd. and M. selaginellae Henn. 
& E. Nyman, were considered as members of a new genus, 
Melaniella, and family, Melaniellaceae, in the Doassansi-
ales (Bauer et al. 1999a). These species have intercellular 
hyphae, single and pigmented spores, and spore germination 
of Exobasidium-type, i.e. holobasidia with ballistosporic 
basidiospores (Bauer et al. 1999a).

Currently, three families, 13 genera, and 40 species are 
included in this order.

Characters that define the taxa in the order

Doassansiales is plant parasites that sporulate in vegeta-
tive parts of the hosts, predominantly on leaves or petioles. 
Host spectrum of Doassansiales is quite diverse: lycopods 
(Selaginella), monocots, and eudicots. Doassansiales is 

divided into three families: Melaniellaceae, Doassansiaceae, 
and Rhamphosporaceae.

Melaniellaceae species differ from the members of Doas-
sansiaceae by having single and pigmented spores, and 
spore germination of Exobasidium-type, i.e. holobasidia 
with ballistosporic basidiospores. This family includes a 
single genus, Melaniella, which consists of two species on 
Selaginella (Lycopodiopsida). Yeast or yeast-like states are 
unknown.

Doassansiaceae includes sporeball-forming genera 
(except Doassinga). Spores are hyaline or poorly pig-
mented. Teliospores germinate with holobasidia, often with 
sigmoid basidiospores. Species have intercellular hyphae 
that form local interaction zones with complex interaction 
apparatus containing cytoplasmic compartments; haustoria 
absent. Septal pore is simple with two membrane caps, 
without inner plates (Bauer et al. 1997; Vánky 2013; Bege-
row and McTaggart 2018). Hosts are members of mono-
cots—Alismataceae (incl. Limnocharitaceae), Araceae 
(incl. Lemnaceae), Butomaceae, Hydrocharitaceae, Pon-
tederiaceae, and Typhaceae (incl. Sparganiaceae); basal 
eudicots (Ranunculaceae); rosids (Lythraceae and Ona-
graceae); and asterids—Acanthaceae, Primulaceae, Cam-
panulaceae, Menyanthaceae, Plantaginaceae (incl. Cal-
litrichaceae), and Scrophulariaceae. Yeast or yeast-like 
states are unknown (a note on Savulescuella is provided 
below).

Rhamphospora nymphaeae, the only species in the 
Rhamphosporaceae, has single and hyaline spores, with an 
apical papilla (0.5–2 μm high) formed by locally swollen 
exosporium, and a basal appendage from a remnant of the 
sporogenous hypha. Rhamphospora nymphaeae is charac-
terized by the presence of haustoria. Teliospores germinate 
with holobasidia; basidiospores are filiform. On the basidi-
ospores secondary sporidia are produced on short pedi-
cels, perpendicular to the long axis of the basidiospores. 
Secondary sporidia may produce tertiary sporidia, or sec-
ondary sporidia conjugate in pairs by a conjugation bridge 
(Bauer et al. 1997; Vánky 2013; Begerow and McTaggart 
2018). Rhamphospora nymphaeae parasitizes members of 
basal angiosperms (Nymphaeaceae). A yeast-like state is 
unknown.

Plates
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Fig. 19  Doassansiales. a–i 
habit. a Burrillia ajrekarii on 
Pontederia vaginalis, China 
(Vánky Ustil. Exs. 504); b 
Doassansia epilobii on Epilo-
bium alpestre, Germany (Vánky 
Ustil. Exs. 666); c Doassan-
sia sagittariae on Sagittaria 
sagittifolia, Romania (Vánky 
Ustil. Exs. 74); d Doassinga 
callitrichis on Callitriche stag-
nalis, Germany (Vánky Ustil. 
Exs. 560); e Heterodoassansia 
hygrophilae on Hygrophila 
auriculata, India (Vánky Ustil. 
Exs. 815); f Melaniella ore-
ophila on Selaginella goudoti-
ana var. abyssinica, Zimbabwe 
(Vánky Ustil. Exs. 1060); g 
Nannfeldtiomyces anomalus on 
Sparganium natans, Sweden 
(Vánky Ustil. Exs. 349); h 
Pseudodermatosorus alisma-
tis-oligococci on Albidella 
oligococca, Sri Lanka (Vánky 
Ustil. Exs. 176); i Pseudoder-
matosorus alismatis-oligococci 
on Limnophyton obtusifolium, 
Zimbabwe (Vánky Ustil. Exs. 
1061). Arrows in a–i indicate 
sori. Scale bars: a–i = 1 cm
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Fig. 20  Doassansiales. a–c habit. a Pseudodoassansia hydrocley-
dis on Hydrocleys nymphoides, Argentina (Vánky Ustil. Exs. 1079); 
b Rhamphospora nymphaeae on Nymphaea alba, Germany (Vánky 
Ustil. Exs. 519); c Tracya hydrocharidis on Hydrocharis morsus-
ranae, Sweden (Vánky Ustil. Exs. 360); d spore ball of Heterodoas-
sansia punctiformis on Lythrum volgense, Bulgaria (holotype of 
Doassansia peplidis, BPI; after Denchev 2001); e spores of Melan-

iella oreophila on Selaginella goudotiana var. abyssinica, Zimbabwe 
(Vánky Ustil. Exs. 1060); f spore ball of Nannfeldtiomyces anomalus 
on Sparganium natans, Sweden (Vánky Ustil. Exs. 349); g spores 
of Rhamphospora nymphaeae on Nymphaea alba, Germany (Vánky 
Ustil. Exs. 519). Arrows in a–c indicate sori. Scale bars: a–c = 1 cm; 
d–g = 10 μm



210 Fungal Diversity (2024) 126:127–406

Genera included
Family Doassansiaceae R.T. Moore ex P.M. Kirk, P.F. 
Cannon & J.C. David 2001

Burrillia Setch. 1891
 = Stereosorus Sawada 1943 (nom. inval., Art. 39.1)
Doassansia Cornu 1883
 = Setchellia Magnus 1896
 = Savulescuella Cif. 1959
Doassinga Vánky, R. Bauer & Begerow 1998
Entylomaster Vánky & R.G. Shivas 2006
Heterodoassansia Vánky 1993
Nannfeldtiomyces Vánky 1981
Narasimhania Thirum. & Pavgi 1952
Pseudodermatosorus Vánky 1999
Pseudodoassansia (Setch.) Vánky 1981
Pseudotracya Vánky 1999
Tracya Syd. & P. Syd. 1901
 = Cornuella Setch. 1891 (nom. illeg., Art. 53.1)
 = Tracyella Zambett. 1970 (nom. inval., Art. 39.1)

Family Melaniellaceae R. Bauer, Vánky, Begerow & 
Oberw. 1999

Melaniella R. Bauer, Vánky, Begerow & Oberw. 1999
Family Rhamphosporaceae R. Bauer & Oberw. 1997

Rhamphospora D.D. Cunn. 1888

Evolution

Doassansiales is among the orders of smut fungi that is 
morphologically and ultrastructurally well character-
ized and the molecular phylogeny is highly congruent 
with these data (Begerow et al. 2004). Members of this 
order are ecologically well characterized by their occur-
rence on paludal or aquatic plants, or at least on plants of 
moist habitats, and infect hosts in various plant families.  
They apparently evolved in the ecological niche of  
aquatic plants, developing complex spore balls (with 
numerous spores and sterile cells) that remain embedded 
in the host tissue until its decay. More or less sigmoid 
basidiospores are an adaptation to water dispersal (Bege-
row et al. 2014).

Justification of order and problems

Savulescuella, typified by S. alismacearum (Sacc.) Cif., 
was proposed by Ciferri (1959) for accommodation of the 
anamorphic species in the Doassansiaceae. Savulescuella 
consists of three species, including S. aquatilis (Peck) Cif. 
and S. hydrocharidis Cif.

Savulescuella alismacearum was originally described 
as Cylindrosporium alismacearum Sacc. on Alisma 
plantago-aquatica L. (Saccardo 1880b). Vánky (2011) 
assumed that this asexual morph is just “basidiospores 
of spores that germinated in  situ”. Currently, S. alis-
macearum is considered a synonym of Doassansia alis-
matis (Nees ex Fr.) Cornu.

Savulescuella hydrocharidis was described for the 
conidial stage of Tracya hydrocharidis Lagerh. (Ciferri 
1959). Later, it was transferred by Zambettakis (1970) to 
a new genus, Tracyella. It is an invalidly published anamo-
rphic generic name (without a description or diagnosis in 
Latin, Art. 39.1 Shenzhen Code) making the combination 
Tracyella hydrocharidis (Cif.) Zambett. also invalid (Art. 
35.1). According to Vánky (2011), this anamorphic name 
“probably refers to basidiospores of in situ germinated 
spores”.

The third species, S. aquatilis, was introduced for the 
conidial stage of Doassansia occulta (H. Hoffm.) Cornu 
(q.e. Doassansiopsis occulta (H. Hoffm.) Dietel) (Ciferri 
1959) but the cited basionym was Ramularia aquatilis Peck, 
q.e. Doassansiopsis hydrophila (A. Dietr.) Lavrov. Thus, S. 
aquatilis is currently reduced to a synonym of Doassansi-
opsis hydrophila (Vánky 2011).

Economic importance

Rhamphospora nymphaeae, affecting cultivated Nymphaea 
species, causes yellowish-brown spots on the leaves that turn 
reddish-brown with age, eventually developing into necrotic 
lesions. This affects the quality of these ornamental plants.

Entylomatales R. Bauer & Oberw. 1997

Contributed by: Teodor T. Denchev, Cvetomir M. Denchev, 
Dominik Begerow, Martin Kemler

Introduction

Entylomatales consists of a single family, Entylomataceae, 
which was erected to accommodate the species of Entyl-
oma. The type genus, Entyloma, was introduced by de Bary 
(1874) who characterized this genus by the formation of 
teliospores, their germination with Tilletia-like basidia, and 
the presence of characteristic white leaf spots.

Members of Entyloma are parasites on plants from 
many different lineages of eudicots. They develop sori 
in the vegetative organs of their hosts, mostly in leaves 
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and petioles, rarely in stems or roots, usually forming few 
to numerous spots, sometimes swellings or galls formed 
by hypertrophic growth of host tissue. Spores are perma-
nently embedded in the host tissue, singly or in irregular 
groups, hyaline, yellow or yellowish brown, and usually 
with a smooth, two-layered wall; very rarely the outer 
layer is tuberculate (e.g., E. verruculosum A.A. Fisch. 
Waldh.) or torn apart into prismatic, pyramidal or coarse 
and irregular pieces (e.g., E. urocystoides Bubák) (Vánky 
2011, 2013; Denchev et al. 2021). In the case of E. eran-
thidis T. Denchev et al., the spore wall is initially smooth, 
at maturity cracking and rupturing irregularly, some rup-
tures reaching inner layer (Denchev et al. 2021). Spores 
are often with a hyaline gelatinous sheath. Spore germina-
tion is of Tilletia-type (Vánky 2013).

In the past, Entyloma was an extremely heterogeneous 
genus from which numerous species were excluded. Some 
species were transferred to the Peronosporales, Protomyc-
etales, Chytridiales, Pucciniales or other taxonomic groups 
(see Vánky 1994). For species on Poaceae resembling Enty-
loma but with spore germination of Ustilago-type, Savile 
erected a new genus, Ustilentyloma (Savile & Parmelee 
1964). Entyloma sparganii (Lagerh.) Cif. on Sparganium 
(Sparganiaceae, now reduced to Typhaceae), and E. vig-
nae Bat. et al. on Vigna (Fabaceae) were transferred to 
Nannfeldtiomyces and Erratomyces, respectively (Vánky 
1981; Piepenbring and Bauer 1997). For Entyloma calli-
triches Liro on Callitriche (Callitrichaceae, now reduced to 
Plantaginaceae), a new genus, Doassinga, was introduced 
(Vánky et al. 1998). The dark-spored ‘Entyloma’ species 
were separated into new genera: Eballistra, Jamesdickso-
nia, Phragmotaenium (Bauer et al. 2001b), and Melanusti-
lospora (Denchev 2003). Currently, Entyloma continues 
to be a large genus, with 189 recognized species (Denchev 
et al. 2021; He et al. 2022).

In the Entylomataceae, there is a second genus, Tilletiop-
sis, that consists of five anamorphic yeast species, often iso-
lated from leaves, fruits, and other plant surfaces, sometimes 
associated with sori of plant parasites of different lineages, 
such as rusts, powdery or downy mildews (Begerow and 

McTaggart 2018; Li et al. 2022c). This generic name was 
first introduced by Derx (1930).

Characters that define the taxa in the order

Entyloma are plant parasites that sporulate in vegetative 
parts of the hosts, predominantly in leaves or petioles. The 
host spectrum of Entyloma is quite diverse and includes 
host plants belonging to 27 families of eudicots (mainly 
from Apiaceae, Asteraceae, and Ranunculaceae). Spores 
are permanently embedded in the host tissue, singly or in 
irregular groups, hyaline or poorly pigmented. Teliospores 
germinate with holobasidia. Species have intercellular 
hyphae that form local host-parasite interaction zones with 
simple interaction apparatus; haustoria absent; teliospores 
and interaction apparatus are with homogeneous contents; 
septal pore is simple with two membrane caps (Bauer et al. 
1997; Begerow et al. 2014; Begerow and McTaggart 2018). 
The anamorphic stage, Entylomella, is often present on leaf 
surface as white, punctate elevations or whitish tufts within 
the spots (Ciferri 1959; Vánky 2011). Anamorph is mostly 
associated with the teleomorphic state and in the cases when 
an anamorph is known, both states usually occur together on 
the leaves (Braun 1995).

Members of Tilletiopsis are saprotrophic yeast-like 
fungi. Their yeast cells are ballistosporic, with colonies 
that are cream-colored, pinkish-cream, yellow–brown, or 
brown, tough or brittle to soft; hyphae are septate, hyaline, 
monokaryotic, regularly branched with retraction septae; 
chlamydospores and ballistoconidia may be present; Diazo-
nium blue B and urease reactions positive, major ubichinon 
is CoQ-1 (Boekhout 1991a, 2011; Begerow and McTaggart 
2018). Sexual reproduction is unknown.

Plates
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Fig. 21  Entylomatales. a–i 
habit. a Entyloma arnicale on 
Arnica montana, Switzerland 
(Vánky Ustil. Exs. 392); b Enty-
loma corydalis on Corydalis 
solida, Germany (Vánky Ustil. 
Exs. 670); c Entyloma eryngii-
plani on Eryngium planum, 
Romania (Vánky Ustil. Exs. 
507); d Entyloma fergussonii on 
Myosotis scorpioides, Roma-
nia (Vánky Ustil. Exs. 275); e 
Entyloma fuscum on Glaucium 
flavum, Greece (Vánky Ustil. 
Exs. 278); f Entyloma gaillardi-
anum on Gaillardia pulchella, 
Hungary (Vánky Ustil. Exs. 
397); g Entyloma hieracii on 
Hieracium transsilvanicum, 
Romania (Vánky Ustil. Exs. 
73); h Entyloma magocsya-
num on Tordylium maximum, 
Romania (Vánky Ustil. Exs. 
83); i Entyloma serotinum on 
Symphytum officinale, Romania 
(Vánky Ustil. Exs. 2). Arrows 
in a–i indicate sori. Scale bars: 
a–i = 1 cm
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Fig. 22  Entylomatales. 
a–d spores in LM. a Entyloma 
fuscum on Glaucium flavum, 
Greece (Vánky Ustil. Exs. 278). 
b Entyloma microsporum on 
Ranunculus repens, Roma-
nia (Vánky Ustil. Exs. 63). c 
Entyloma eranthidis on Eranthis 
longistipitata, Uzbekistan (TUR 
109345, holotype). d Entyloma 
urocystoides on Corydalis 
cava, Bulgaria (SOMF 15191). 
e, f spores in LM. e Entyloma 
gaillardianum on Gaillardia 
sp., Bulgaria (SOMF s.n.). f 
Entyloma eranthidis on Eranthis 
longistipitata, Uzbekistan (TUR 
109345, holotype). Scale bars: 
a–d = 10 μm, e, f = 5 μm

Genera included
Family Entylomataceae R. Bauer & Oberw. 1997

Entyloma de Bary 1874
 = Entylomella Höhn. 1924
Tilletiopsis Derx 1948

Evolution

Importance of host specificity in delimiting species within 
Entyloma has varied significantly during the last eight 
decades (Denchev et  al. 2021). Savile (1947) applied a 
morphological species concept, based on spore sizes and 
asexual morph. He synonymized species with similar mor-
phology, parasitizing host species on different genera from 
the same family. As a result of this broad species concept, 

Savile accepted only eight species of Entyloma on North 
American asteraceous hosts. Other authors (e.g. Liro 1938; 
Lindeberg 1959; Vánky 2011) applied narrower species 
concepts, considering Entyloma species as infecting one or 
more hosts from the same host genus or occasionally a few 
closely related host genera (Denchev et al. 2021). During 
the last two decades with the application of molecular meth-
ods, it became evident that members of Entyloma exhibit 
a far higher host specificity, parasitizing a single or only 
a few closely related host species (Begerow et al. 2002b; 
Savchenko et al. 2016; Kruse et al. 2018). It also became 
evident that much higher diversity than currently recognized 
in Entyloma should be expected (Kruse et al. 2018).

Most basal species of Entyloma parasitize hosts in the 
Ranunculales. The remarkable diversity of other host plant 
families was explained by jumps from ranunculaceous hosts 
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to the distantly related Asteraceae and subsequent jumps 
from Asteraceae to distantly related hosts in the Apiaceae, 
Boraginaceae, Scrophulariaceae, Solanaceae, etc. (Begerow 
et al. 2004).

Justification of order and problems

Entylomella was first introduced by Höhnel (1916). There 
are differing opinions as to whether this is a validly pub-
lished name. Although a description of a genus is lacking, 
there is information that the proposed genus Entylomella is 
separated from Cylindrosporium (as ‘Cylindrosporium Sacc. 
(non Grev.) pro parte’) in order to accommodate the conidial 
forms of Entyloma, and Braun (1995) considered this suf-
ficient for a valid publication. Later, this generic name was 
introduced again with morphological differences and dis-
cussion (Höhnel 1924). Type species is Entylomella ranun-
culi (Bonord.) Höhn. (q.e. Entyloma ficariae A.A. Fisch. 
Waldh.). Thus, this generic name is validly published but it 
is reduced to a synonym of Entyloma.

Tilletiopsis was first mentioned by Derx (1930) and chosen 
to reflect the morphological resemblance of his isolates to 
species of Tilletia (Richter et al. 2019). This name was validly 
published in 1948, but without designation of a type species 
(Derx 1948). Since the strain on which this generic name is 
based was not preserved, a morphologically similar strain 
was selected by Nyland (1950) to serve as a neotype of the 
type species of Tilletiopsis, which he named T. washington-
ensis Nyland. Concept of Tilletiopsis was originally based on 
morphological characteristics but was changed and expanded 
along with the growing number of species discovered (Richter 
et al. 2019). Currently, the number is reduced to five species 
(He et al. 2022). For this lineage of anamorphic yeast species, 
it is still unclear whether they have an unknown plant parasitic 
teleomorph (Begerow and McTaggart 2018).

Economic importance

Entyloma species on cultivated ornamental plants (e.g., E. 
calendulae (Oudem.) de Bary on Calendula, E. dahliae Syd. 
& P. Syd. on Dahlia, E. gaillardianum Vánky on Gaillar-
dia) causes yellowish green to brownish green spots on the 
leaves that become brown to dark brown with age, affecting 
the aesthetic value of these plants. Some species have been 
researched for their potential in biological control of weeds.

Tilletiopsis washingtonensis is involved in a postharvest 
disorder on apples, called white haze, that is caused by 
extensive mycelial growth over the surface of apple fruit, 
occurring most prominently in the apple harvest season dur-
ing humid and colder periods and under low oxygen storage 
(Boekhout et al. 2006; Baric et al. 2010).

Erythrobasidiales R. Bauer, Begerow, J.P. Samp., M. Weiss 
& Oberw. 2006

 = Cyphobasidiales T. Sprib. & H. Mayrhofer 2016

Contributed by: Teun Boekhout, Nathan Schoutteten, 
Andrey Yurkov

Introduction

Polyphyletic nature of the red yeast genus Rhodotorula 
became apparent soon after the introduction of molecular 
barcodes and the first phylogenetic studies (Fell  1995; Fell 
et al. 2000). As a result, Erythrobasidiales was introduced 
(Bauer et al. 2006). Recently, lichen-associated fungi started 
to receive much attention due to the launching of some ideas 
that strongly challenge our current, albeit limited, under-
standing of lichen biology. Next to the classically involved 
two partners, being the main fungal partner, and a green 
alga and/or cyanobacteria, basidiomycetous yeasts have been 
proposed as another intrinsic partner of the lichen ecosystem 
(Spribille et al. 2016). The authors suggested that Cypho-
basidium species may play an important role in the lichen 
symbiosis and even proposed them as an essential third part-
ner. However, there is only little evidence that supports such 
statements and the specific nature of the interaction between 
Cyphobasidium and lichen species remains elusive and is 
subject of ongoing debates. Several authors believe that a 
lichen parasitic strategy is a more plausible explanation for 
the ecology of Cyphobasidiales (Oberwinkler 2017; Died-
erich et al. 2022b). Furthermore, most of the clades referred 
to as the third lichen partner naturally persist in the environ-
ment as saprotrophic yeasts (Oberwinkler 2017).

History

In 1983, Yamada and Komagata described Rhodotorula 
hasegawae to accommodate a yeast with an orange reddish 
colony, without forming ballistoconida, and with coenzyme 
Q10(H2). Based on peculiarities of the life cycle, a new tele-
omorphic genus, Erythrobasidium, was proposed with Eryth-
robasidium hasegawianum as only species (Hamamoto et al. 
1988). Using molecular phylogenetic and morphological stud-
ies, including ultrastructural aspects, Erythrobasidiales was 
proposed by Bauer et al. (2006). Recent phylogenetic stud-
ies suggest that lichen parasites Cyphobasidium are likely to 
belong to Erythrobasidiales (Millanes et al. 2016; Kachalkin 
et al. 2019). Phylogenetic analyses showed that the parasitic 
lichen-inhabiting teleomorphic genus Cystobasidium is poly-
phyletic (Millanes et al. 2016) and distributed between two 
clades. The first clade contained the type species C. fimen-
tarium and numerous Rhodotorula species from the minuta 
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clade (Yurkov et al. 2015). The second clade, with C. hypo-
gymniicola and C. usneaicola, was placed outside Cystobasidi-
ales and close to Cyrenella elegans in the Erythrobasidiales. 
Cyphobasidium was described from lichen thalli by Millanes 
et al. (2016) to accommodate C. hypogymniicola and C. usnea-
icola, and soon this genus became the type of the newly pro-
posed family Cyphobasidiaceaea and order Cyphobasidiales 
(Spribille et al. 2016). However, these interpretations were 
based on phylogenetic studies with poor taxon sampling, and 
it is highly likely that Cyphobasidiales is a part of Erythroba-
sidiales and should consequently be interpreted as a synonym 
as indicated by Kachalkin et al. (2019). Recently, seven addi-
tional Cyphobasidium species were described by Diederich 
et al. (2022b) based on morphological and phylogenetic data, 
bringing the total known diversity to nine species in this genus.

Characters that define the taxa in the order

Yeast colony color is usually orange to red. Asexual repro-
duction is by polar and multilateral budding. Ballistoconidia 
are absent or present. Hyphae are produced from single cells 
without mating or after mating. Clamp connections are pre-
sent or absent. Septal pores are “simple”, cystosomes are 
absent. Teliospores are not present. Holobasidia are produced 
in culture, and form sessile, not forcibly discharged basidio-
spores. Major sugar components from whole-cell hydrolysates 
are mannose and glucose, xylose is absent. Major ubiquinone 
is Q-10(H2) or Q-9. SPBs during metaphase are in the nuclear 
envelope (Bauer et al. 2006; Hamamoto 2011a, b).

Species of Cyphobasidium occur as galls on lichens and 
are only known from the sexual stage. They are character-
ized by thick-walled probasidia that give rise to cylindrical, 
1–3 transversely septate basidia, with ellipsoid to fusiform 
basidiospores that have a refractive apiculus and may ger-
minate with an ontogenetic yeast stage.

Plates

See Figs. 112.2 and 112.3 in Hamamoto (2011a).

Genera included
Family Erythrobasidiaceae Denchev 2009
Family Erythrobasidiaceae Denchev 2009

Bannoa Hamam. 2002
 Erythrobasidium Hamam., Sugiy. & Komag. 1988

genera incertae sedis
Cyphobasidium Millanes et al. 2016
Cyrenella Goch. 1981
Hasegawazyma Q.M. Wang, F.Y. Bai, M. Groenew. & 
Boekhout 2015

Evolution

Erythrobasidiales includes some yeast taxa, most of which 
have hydrogenated coenzyme Q systems. Hasegawazyma, 
however, has nine isoprenologous. Cyrenella and Hasegawa-
zyma appear to be basal taxa in the order (Wang et al. 2015a, 
b). For a full understanding of the evolutionary trajectory 
of this order, comparative genomics approaches are needed. 
Zhao et al. (2017) estimated emergence of the order at 122 
million years ago.

Justification of order and problems

Erythrobasidiales is justified based on molecular phyloge-
netic and ultrastructural considerations (Bauer et al. 2006; 
Wang et al. 2015a, b). The addition of new members may 
help us to better understand the limits of the order.

Significance

Ecological and economical roles

Many species are inhabitants of the phyllosphere. Cyrenella 
elegans is a dimorphic fungus of which the filamentous 
stage is characterized by conidia with setose branches, 
which is interpreted as an adaptation to live in aquatic habi-
tats. Cyphobasidium species inhabit lichens, and seems to 
be widespread in term of both, geography and hosts, e.g., 
species of Bryoria, Hypogymnea, Letharia, and Usnea 
(Millanes et al. 2016; Spribille et al. 2016; Diederich et al. 
2022b). Cystobasidiomycete specific FISH demonstrated 
the presence of Cyphobasidium species in lichen thalli and/
or associated lichen biofilms (Spribille et al. 2016, 2020). 
Tagirdzhanova et al. (2021) attempted to investigate the 
genome structure of Cyphobasidium species associated in 
the thallus of Alectoria sarmentosa.

Chemical diversity

Erythrobasidiales shows heterogeneity in coenzyme Q sys-
tems. Most species have CoQ10(H2) but Q-9 is also present 
(Bauer et al. 2006; Hamamoto 2011a, b).

Other relevant data and future 
recommendations

To date, most species of the order have been identified based 
on the combination of ribosomal ITS and LSU nucleotide 
sequences. Among these two markers, ITS is usually more 
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variable than LSU. The discovery of the presence of basidi-
omycetous yeasts in the cortex of many lichen species at a 
global scale has been one of the most interesting discov-
eries in lichenology lately. Possibly, these yeasts play an 
essential, yet unknown role in the lichen ecosystem, but their 
exact role and interaction capabilities remains to be deter-
mined. Unfortunately, no cultures were obtained to elucidate 
their biological role in laboratory experiments. Because the 
occurrence of yeasts related to genera Cyphobasidium and 
Microsporomyces in asymptotic lichens has been reported 
in the literature (Hawksworth and Grube 2020), attempts to 
get cultures need priority and are crucial to better understand 
the biology of these species and their role in lichen thalli.

Exobasidiales Henn. 1898

Contributed by: Vasiliy A. Dudka, Cvetomir M. Denchev, 
Virginia Ramírez-Cruz, Teodor T. Denchev

Introduction

Exobasidiales was introduced to accommodate species of 
the genus Exobasidium and two species of the genus Micros-
troma, M. album (Desm.) Sacc. and M. juglandis (Bérenger) 
Sacc. (Henning 1898), the latter being recently considered 
as a type species of a new genus, Pseudomicrostroma 
(Kijpornyongpan and Aime 2017). In the current systems, 
Microstroma and Pseudomicrostroma are placed in another 
order, Microstromatales (Bauer et al. 1997; Kijpornyongpan 
and Aime 2017).

In the system of the Exobasidiomycetes, Exobasidiales 
characterizes by having local interaction zones with com-
plex interaction apparatus producing interaction rings in 
haustoria, presence of simple septal pores with membrane 
caps and with or without central tubes within the pore 
channels, and lack of teliospores (with the exception of 
Graphiolaceae) (Bauer et al. 1997; Begerow et al. 2014; 
Begerow and McTaggart 2018). All members of the order 
are holobasidiate and dimorphic (Begerow & McTaggart 
2018).

Exobasidiales contains five families and 19 genera, with 
a total of 108 species. Species in this order are grouped 
together by ultrastructural and morphological characteris-
tics and molecular data (Bauer et al. 1997; Begerow et al. 
1998, 2002a, b).

Characters that define the taxa in the order

Representatives of Exobasidiales are either parasites of 
plants, sporulating in the above-ground parts of their hosts, 
or yeasts or yeast-like fungi inhabiting various substrates. 

Exobasidiales includes five families: Brachybasidiaceae, 
Cryptobasidiaceae, Exobasidiaceae Graphiolaceae, and 
Laurobasidiaceae.

Graphiolaceae is characterized by the presence of haus-
toria, constricted at the point of penetration through host 
cell wall and consisting of a clamped basal body with sev-
eral lobes extending into the host cell (Bauer et al. 1997; 
Begerow et al. 2002a, 2014). Species of this family form 
small basidiomes (0.2–1 mm in diameter) of black or 
brown color on leaves of hosts in the Arecaceae (Piepen-
bring et al. 2012, 2020). Fructification of the Graphiol-
aceae starts between chlorenchyma and hypodermal tissue 
(Cole 1983). Basidioma is formed by a peridium and inner 
space filled with elaters (except Stylina), chains of basidia, 
and spores. These structures are developed on a basal layer 
of hyphae connected to intercellular hyphae which pen-
etrate the walls of host cells and form ramified haustoria 
with globose branches (Oberwinkler et al. 1982; Piepen-
bring et al. 2012). Two to eight basidiospores arise laterally 
on basidia. A species known only in asexual, saprotrophic 
developmental stage, Graphiola fimbriata S. Nasr et al., 
was recently described for the first time in the Graphiol-
aceae (Nasr et al. 2019). The family includes two genera, 
Graphiola and Stylina.

Brachybasidiaceae is characterized by the formation of 
ballistosporic holobasidia with two sterigmata. The hilar 
appendages of the basidiospores are oriented adaxially at 
the basidium apex (Begerow et al. 2002a). Brachybasidi-
aceae species lack haustoria (Bauer et al. 1997; Begerow 
et al. 2002a) and infect monocots. Yeast or yeast-like states 
are present. Species sporulate on the surface of host organs: 
basidia may protrude through stomata (suprastomatal balls) 
or emerge from the disintegrated epidermis, being elongated 
in the latter case. Among the basidia there are paraphyses. 
Basidiospores are ellipsoid, smooth, thin-walled, hyaline, 
often septate. Almost all species form conidia. Eight gen-
era are included: Brachybasidium, Dicellomyces, Kordyana, 
Lelum, Marantokordyana, Meira, Proliferobasidium, and 
Yunzhangomyces (Begerow et al. 2014; Piepenbring et al. 
2020; Denchev and Denchev 2021; Li et al. 2022c). Kordy-
ana comprises parasites on hosts in the Commelinaceae, 
Bignoniaceae, Burseraceae, and Poaceae. Basidia of Kordy-
ana are cylindrical, 2-sterigmate (rarely three), sometimes 
protruding through stomata with paraphyses. Related genus 
Marantokordyana is similar in morphology to Kordyana, 
but its plant host is Marantaceae (Piepenbring et al. 2020). 
Brachybasidium is a monotypic genus infecting palms (Are-
caceae), with basidia protrude through stomata without 
paraphyses; conidia are unknown. At the moment, Dicel-
lomyces includes two species parasitizing on Poaceae and 
Arecaceae. The basidia are formed in discoid, gelatinous 
basidiomes breaking through epidermis. Proliferobasidium 
is a monotypic genus of which a single species parasitizes 
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on the Heliconiaceae members. A distinctive feature of this 
species is the basidium formed in gelatinous pustules break-
ing through the epidermis or stomata and ornamented with 
repeated proliferations from within the probasidial wall. Posi-
tion of Lelum is controversial due to the peculiarities of mor-
phology and specificity of the host (Piepenbring et al. 2020). 
Based on molecular phylogenetic analyses, yeast genus Meira 
was placed in the Brachybasidiaceae family. Meira species 
have a wide ecological range (Boekhout et al. 2003; Tanaka 
et al. 2008; Rush and Aime 2013; Cao et al. 2018). A recently 
described genus Yunzhangomyces includes both sexual and 
asexual species (Li et al. 2022c).

Distinguishing characteristics of Exobasidiaceae are abax-
ial orientation of the hilar appendages of the ballistosporic 
basidiospores on the holobasidia (Begerow et al. 2002a, 
2014). Depending on the species, haustoria are present or 
absent (Begerow et al. 2002a). Exobasidiaceae has similar 
morphological features to Brachybasidiaceae. They are para-
sites on dicots, mostly in the Ericaceae. Infection is systemic 
and develops as spots on the leaves or some of the shoots, 
galls and witches' brooms or affect the entire plant. Species 
sporulate on the surface of the host organs. Basidia may pro-
trude through stomata (suprastomatal balls) or emerge from 
the disintegrated epidermis, being elongated in the latter 
case. Basidiospores are ellipsoidal, musiform, smooth, thin-
walled, hyaline, often multicellular. Almost all species form 
conidia. Exobasidiaceae comprises four genera: Arcticomy-
ces, Austrobasidium, Exobasidium, and Muribasidiospora of 
which Exobasidium has the highest species number. These 
species are parasites, mostly on hosts in the Ericaceae. The 
genus demonstrates the whole variety of infections character-
istic to the family. Number of sterigmata per basidium is not 
fixed, varying from two to eight. Basidiospores are ellipsoid, 
musiform, smooth, thin-walled, hyaline, often with septum 
(Nannfeldt 1981). Arcticomyces is a monotypic genus caus-
ing systemic infection of the Saxifragaceae. Morphology of 
its basidia and basidiospores is similar to Exobasidium, but 
the basidia are developed on stroma-like structures (Savile 
1959). Muribasidiospora includes parasites on plants in 
the Anacardiaceae, Cannabaceae, and Theaceae (Begerow 
et al. 2001). They form spots on the leaves or part of shoots. 
Basidia are two- to four-sterigmate, basidiospores are ellip-
soidal, smooth, thin-walled, hyaline, becoming muriformly 
septate upon germination. The monotypic genus Austroba-
sidium forms large galls (up to 10 cm) on the stems of the 
Hydrangeaceae members. The basidia are four- to six-sterig-
mate; the basidiospores are subcylindrical, abaxially curved, 
hyaline, smooth (Palfner 2006).

Members of Laurobasidiaceae form gastroid, two- to four-
sterigmate holobasidia with blastosporic basidiospores (Bege-
row et al. 2002a). This family has morphological features 

similar to Exobasidiaceae (e.g., basidium structure) and Crypto-
basidiaceae (e.g., the gasteroid basidia, parasitism on Laura-
ceae) (Begerow et al. 2014). However, based on some morpho-
logical differences and molecular phylogeny, description of a 
distinct family was proposed (Somrithipol et al. 2018). Basidi-
ospores are ellipsoidal, smooth-walled, hyaline, separating 
upon germination (Kakishima et al. 2017a). Laurobasidiaceae 
is monotypic with the only genus Laurobasidium parasitizes 
on Lauraceae and sporulates on the surface of the host organs 
causing large galls with root-like outgrowths (Somrithipol et al. 
2018). This family includes the asexual species Acaromyces 
ingoldii Boekhout et al. ex Denchev & T. Denchev which was 
reduced to a synonym of Laurobasidium hachijoense (Y. Otani, 
Kakish. & Iijima) Kakish. et al. (Somrithipol et al. 2018).

Cryptobasidiaceae has a unique type of sporulation among 
the Exobasidiales. Basidiospores are formed on gasteroid 
holobasidia without sterigmata, in peripheral lacunae of the 
host galls. After maturation, the galls are destroyed, releas-
ing the spore mass. Hosts are dicots mainly in Lauraceae. 
Species of Cryptobasidiaceae form galls in various organs. 
Paraphyses are present in basidial layer. Basidiospores are 
blastosporic, ornamented, slightly pigmented and thick-
walled, often with septa. Formation of conidia is unknown. 
The family is composed of five genera: Botryoconis, Clino-
conidium, Coniodictyum, Drepanoconis, and Phacellula. The 
Clinoconidium species are parasites on Lauraceae, forming 
galls of white or brown color on various host organs (Kak-
ishima et al. 2017b, 2020). Basidiospores are unicellular, 
ellipsoidal, ornamented, thick-walled, hyaline or brown. 
Drepanoconis species are also parasites on Lauraceae. They 
cause infection of leaves, fruits, and branches; their basidi-
ospores are curved, with slightly noticeable ornamentation 
and gelatinous wall and are formed on gastroid basidia (Hen-
drichs and Oberwinkler 2003). Coniodictyum is monotypic. 
Coniodictyum chevalieri Har. & Pat. has multicellular, orna-
mented spores and infect species in the Rhamnaceae, pro-
ducing white galls on various organs (Maier et al. 2006). 
The monotypic genus Botryoconis includes parasitizes on 
Lauraceae. It causes severe deformation of wood, leaves, and 
fruits. Basidial layer comprising paraphyses and gasteroid 
holobasidia are formed in the infected part. Basidiospores 
are colorless, ornamented, formed in a group of eight spores 
per basidium (Hendrichs and Oberwinkler 2003). Phacellula 
is also a monotypic genus that infects Rhamnaceae, forming 
white, erect tufts, up to 2 mm high, on the leaves. Basidia 
with colorless, septate basidiospores are developed on the 
galls (Seifert and Bandoni 2001).

Plates
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Fig. 23  Exobasidiales. a–i 
habit. a Arcticomyces warm-
ingii on Saxifraga oppositifo-
lia (LE F-38034, Murmansk 
Oblast, Russia); b Exoba-
sidium arescens on Vaccinium 
myrtillus (LE F-332771, Saint 
Petersburg, Russia); c Exoba-
sidium cassiopes on Cassiope 
tetragona (LE F-341370, 
Murmansk Oblast, Russia); 
d Exobasidium japonicum 
on Rhododendron ledebourii 
(LE F-341253, Krasnoyarsk 
Krai, Russia); e Exobasidium 
myrtilli on Vaccinium myrtil-
lus (LE F-341361, Murmansk 
Oblast, Russia); f Exobasidium 
pachysporum on Vaccinium 
uliginosum (LE F-341360, 
Saint Petersburg, Russia); 
g Exobasidium rostrupii on 
Vaccinium microcarpum (LE 
F-332711, Khanty-Mansi 
Autonomous Okrug—Yugra, 
Russia); h Exobasidium savilei 
on Chamaedaphne calyculata 
(LE F-332726, Khanty-Mansi 
Autonomous Okrug—Yugra, 
Russia); i Graphiola phoenicis 
on Phoenix dactylifera (LE 
F-61882, the Botanical garden 
(BIN RAN), Saint Petersburg, 
Russia)
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Fig. 24  Exobasidiales. a–i microstructures in LM of Exobasidium 
aequale on Vaccinium myrtillus (LE F-341368, Murmansk Oblast, 
Russia); a–c basidia with sterigmata (arrows); d–g basidiospores sin-
gle, well-marked the hilar appendices (arrow); h, i basidiospores in 
pairs; j–t microstructures (colored in cotton blue) in LM of Exobasid-
ium ledi on Rhododendron tomentosum (LE F-333043, Saint Peters-

burg, Russia); j–l basidia with sterigmata (arrows); m basidiospora 
with well-marked the hilar appendices (arrow); n basidiospore with 
septa (arrow); o, p basidiospores in pairs or group; q, r conidia sin-
gle; s, t germinating conidia, place of separation (arrows). Scale bars: 
a–t = 10 μm
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Genera included
Family Brachybasidiaceae Gäum. 1926

Brachybasidium Gäum. 1922
Dicellomyces L.S. Olive 1945
Kordyana Racib. 1900
Lelum Racib. 1900
Marantokordyana M. Piepenbr., Maike Hartmann, 
T.A. Hofm. & M. Lutz 2020
Meira Boekhout, Scorzetti, Gerson & Sztejnb. ex 
Denchev & T. Denchev 2021
Proliferobasidium J.L. Cunn. 1976
Yunzhangomyces Q.M. Wang, E. Tanaka, M. Groenew. 
& Begerow 2022

Family Cryptobasidiaceae Malençon ex Donk 1956
Botryoconis Syd. & P. Syd. 1906
Clinoconidium Pat. 1898
Coniodictyum Har. & Pat. 1909
Drepanoconis J. Schröt. & Henn. 1896
Phacellula Syd. 1927

Family Exobasidiaceae J. Schröt. 1888
Arcticomyces Savile 1959
Austrobasidium Palfner 2006
Exobasidium Woronin 1867
Muribasidiospora Kamat & Rajendren 1968

Family Graphiolaceae Clem. & Shear 1931
Graphiola Poit. 1824
 = Elpidophora Ehrenb. ex Link 1824
 = Nigrocupula Sawada 1944 (nom. inval.)
 = Trichodesmium Chevall. 1826
Stylina Syd. & P. Syd. 1921

Family Laurobasidiaceae Pinruan, Sommai, Suetrong, 
Somrith. & E.B.G. Jones 2018

Laurobasidium Jülich 1982
 = Acaromyces Boekhout, Scorzetti, Gerson & Sztejnb. 
ex Denchev & T. Denchev 2021

Evolution

Exobasidiales is mostly parasites of dicots or monocots, but 
there are evolutionary lines of asexual species represented 
by yeasts or yeast-like fungi on various substrates. Host 
phylogeny plays an important role in the evolution of the 
Exobasidiales (Begerow et al. 2002a). Due to the long-term 
co-existence, the connection of Exobasidiales with their 
hosts is revealed. The trend towards specialization on the 
host is clearly visible: Graphiolaceae on Arecaceae, Brachy-
basidiaceae on monocots, Exobasidiaceae almost exclusively 
on Ericaceae, and Cryptobasidiaceae on Lauraceae, with a 
few exceptions (Begerow et al. 2002a).

The separation of Laurobasidiaceae may be controversial 
at present. On the one hand, it is confirmed by molecular 
phylogenetic data, on the other hand, the family does not 

have a precise morphological description like other fami-
lies of the order. Representatives of Laurobasidiaceae have 
a number of intermediate features between Exobasidiaceae 
(morphological features) and Cryptobasidiaceae (basidial 
morphology and specialization on hosts in the Lauraceae) 
and the final decision on the status of this family is yet to 
be made.

Division of the order into these families has been con-
firmed by phylogenetic analyses that also reflect the existing 
phylogenetic system of the hosts. It is also noted that like 
the mono- and eudicots in molecular phylogenetic studies of 
angiosperms, the monocot-parasitizing Brachybasidiaceae 
and Graphiolaceae are separated from the eudicot-parasitiz-
ing Exobasidiaceae (Begerow et al. 2002a). It is considered 
that the separation of the four exobasidiaceous families and 
their respective host distribution can be best interpreted as 
a result of cospeciation or association by origin (Begerow 
et al. 2002a). Appearance of species Arcticomyces on Saxi-
fragaceae, Coniodictyum on Rhamnaceae, Muribasidiospora 
on Anacardiaceae, and others may reflect jumps to new hosts 
or relictual co-evolution (Begerow et al. 2002a).

Justification of the order and problems

Despite the well-known peculiarity of the order Exobasidi-
ales, phylogenetic and evolutionary aspects within this group 
are poorly studied. Exobasidium is in need of revision as 
well as many other species in the order. Kordyana has a 
number of taxonomic and nomenclatural problems (Piepen-
bring et al. 2020), the position of Lelum should be clarified 
(Piepenbring et al. 2020). Taxonomic position of Austroba-
sidium needs to be clarified by molecular data (Somrithipol 
et al. 2018). One important problem in the taxonomy of 
Exobasidiales is the small number of available sequences of 
type specimens, which creates problems with the identifica-
tion accuracy and phylogeny construction within the order 
and leads to the description of already known species. It is 
also important to study different aspects of the species biol-
ogy, the diversity of Exobasidiales worldwide and to expand 
the understanding of the geography of this group of fungi.

Economic importance

Species of Exobasidiales are of great economic importance 
as they are parasites of agriculturally important plants. So, 
Exobasidium vexans and E. reticulatum parasitize tea leaves, 
reducing their quality. In the northern regions of the world, 
representatives of Exobasidium infect wild berries (Vac-
cinium oxycoccus, V. myrtillus, V. uliginosum) tradition-
ally gathered by the locals. Also, the Exobasidium species 
are parasites of the ornamental plants from Rhododendron. 
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Laurobasidium lauri is a parasite of Laurus nobilis, a wide-
spread spice. Graphiola phoenicis is a parasite of Phoenix 
spp. including P. dactylifera, as well as palm species that are 
commonly used in urban landscaping.

Filobasidiales Jülich 1982

Contributed by: Virginia Ramírez-Cruz, Teun Boekhout, 
Andrey Yurkov, Nathan Schoutteten

Introduction

Filobasidiales is placed in Tremellomycetes (Hibbett et al. 
2007) and comprises both dimorphic and yeast-like fungi. 
Basidiomes are usually absent, but some mycoparasites 
from Syzygospora produce minute, waxy to gelatinous galls 
on host basidiomes. Dimorphic species usually alternate 
between a haploid yeast morph and a dikaryotic hyphal 
morph in which holobasidia develop for sexual reproduction. 
(Weiss et al. 2014). Previously, yeast taxa in the order were 
classified in the anamorphic genus Cryptococcus (Boekhout 
et al. 2011). Currently, there are eight genera grouped in 
two monophyletic families: Filobasidiaceae and Piskurozy-
maceae (Liu et al. 2015a, b). Filobasidiaceae was proposed 
by Olive (1968), later emended by Liu et al. (2015b), and 
includes four genera. Piskurozymaceae was proposed by Liu 
et al. (2015b) and includes two genera.

History

History of Filobasidiales began when Olive (1968) described 
Filobasidium floriforme, found on dead florets of the large 
plume grass Erianthus giganteus (Kwon-Chung 2011). Olive 
(1968) classified Filobasidiaceae in Ustilaginales based on 
the basidia which are morphologically similar to those found 
in Tilletia. Later, Jülich (1981) proposed Filobasidiales to 
accommodate this genus. According to Kwon-Chung (1977) 
Filobasidiaceae included three genera: Cystofilobasidium, 
Filobasidiella, and Filobasidium. Presently, only the former 
genus remains in Filobasidiales, and the two others have 
been transferred to Tremellales and in Cystobasidiales, 
respectively. Based on early comparative phylogenetic stud-
ies using the ribosomal 5.8S locus, Mitchell et al. (1992) 
found that Filobasidum and Filobasidiella clearly repre-
sented distinct lineages, which currently belong to separate 
orders (Weiss et al. 2014; Liu et al 2015a, b). Filobasidiales 
was resolved as a distinct, monophyletic lineage in several 
subsequent phylogenies based on ribosomal and multi-locus 
datasets (Fell et al. 2000; Scortzetti et al. 2002; Hibbett et al. 
2007; Liu et al. 2015a, b). Using a broad taxonon sampling 

and multi-locus phylogenetic reconstructions incorporating 
ribosomal and protein-coding loci, Liu et al. (2015b) rede-
fined the order and families to accommodate the following 
genera: Filobasidium, Goffeauzymia, Heterocephalacria, 
Naganishia, Piskurozyma, Soliccozyma, and Syzygospora 
pro parte, recognizing two families: Filobasidiaceae and 
Piskurozymaceae.

Characters that define the taxa in the order

Dimorphic fungi with or without distinct basidiomes, myco-
parasitic representatives produce cerebriform or pustulate 
gelatinous structures on host basidiomes. Sexual reproduc-
tion present in some species. Basidia have been observed in 
culture conditions of some species and in vivo in mycopara-
sites (e.g., Heterocephalacria, Syzygospora). In lichenicol-
ous species, basidiomes are cream or white, waxy to gelati-
nous. Hyphae with clamp connection, haustorial branches 
may be present in teleomorphic states. Hyphal septa have 
dolipores. Teliospores are not formed. Holobasidia are tubu-
lar, producing four to six sterigmata and producing sessile 
basidiospores. Yeast morphs are characterized by budding 
cells and produce white to pinkish cultures. Pseudohyphae 
occasionally produced in culture. Fermentation usually 
absent, but present in Piskurozyma capsuligena, nitrate 
utilized by several species (Fonseca et al. 2011; Millanes 
et al. 2011; Liu et al. 2015a, b). Some morphological fea-
tures indicate a close relationship with Tremellales, such as 
haustorial branches and hyphal septa with dolipores.

Plates

See figures 115.2, figures 115.3 in Kwon-Chung (2011).

Genera included
Family Filobasidiaceae L.S. Olive 1968

Filobasidium L.S. Olive 1968
Goffeauzyma Xin Zhan Liu, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Heterocephalacria Berthier 1980
Naganishia S. Goto 1963
Syzygospora G.W. Martin 1937 pro parte
 = Christiansenia Hauerslev 1969
Zyzygomyces Diederich, Millanes & Wedin 2022

Family Piskurozymaceae Xin Zhan Liu, F.Y. Bai, M. 
Groenew. & Boekhout 2015

Piskurozyma Xin Zhan Liu, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Solicoccozyma Xin Zhan Liu, F.Y. Bai, M. Groenew. 
& Boekhout 2015
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Evolution

Filobasidiales is the second-most basal lineage in Tremel-
lomycetes (Fig. 1), but their phenotypic features are difficult 
to explain in an evolutionary framework due to their homo-
plastic nature. The limited available morphological charac-
ters can also be found in other lineages of Tremellomycetes 
(Figs. 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 
33, 34, 35, 36, 37, 38, 39).

Justification of order and problems

Similar to previous phylogenetic studies, our phylogenomic 
reconstruction recovered this order as a monophyletic group 
(Hibbett et al. 2007; Weiss et al. 2014; Liu et al. 2015a, b). 
Due to lack of morphological characters of most yeast spe-
cies, it is not easy to find morphological characters to dis-
tinguish these yeasts from yeasts in Tremellales and Cysto-
filobasidiales. Physiological assimilation tests incorporating 
aldaric acids and low-weight aromatic compounds may help 
to distinguish yeasts in Filobasidiales and Tremelalles (Fon-
seca 1992; Sampaio et al. 1999a, b).

Significance

Ecological and economical roles

Some species are psychrophilic and have been isolated 
from various polar and non-polar cold habitats (Cannon 
and Kirk 2007; Buzzini et al. 2017). Filobasidium unigut-
tulatum has been repeatedly reported in association with 
human sources, but does not appear to be a relevant patho-
gen because of its inability to grow at human body tem-
perature. Other reports of Naganishia and Filobasidium 
species from human samples need to be taken critically as 
many of these yeasts are psychrophilic. These yeasts are 
geographically widespread, successfully growing even in 
deserts and tundra (Vishniac 2006). Filobasidium yeasts 
are common phylloplane species, and Solicoccozyma are 
prominent soil-borne yeasts (Kemler et al. 2017; Yurkov 
2018). Heterocephalacria bachmannii is a lichenicolous 
fungus that takes as hosts numerous lichen species of the 
genus Cladonia (Pino-Bodas et al. 2017). Several spe-
cies of the genus Syzygospora are haustorium-interacting 
mycoparasites of other Basidiomycota species Ginns 
(1986). Also, various Filobasidium species are reported 
to develop haustoria in the presence of ascomycetous hosts 
(Olive 1968; Bandoni et al. 1991; Kwon-Chung 1977). 
Filobasidium magnum was reported as the causative agent 

of stem and branch canker of stone fruit trees (Begerow 
et al. 2017). Some Filobasidiales occur in marine environ-
ments, including Filobasidum capsuligenum, F. magnum, 
F. uniguttulatum, Naganishia albida, N. liquefaciens, 
N. qatarensis, Solicoccozyma keelungensi, and S. terrea 
(Gareth Jones et al. 2019). Goffeauzyma have been recov-
ered from highly acidic aquatic environments (Nutarat 
et al. 2022).

Chemical diversity

Fonseca and Inácio (2006) recorded enzymatic activities, 
e.g., proteases, lipases, pectinases, xylanases, among a set of 
representative strains from a survey of yeasts on the phyllo-
plane of Mediterranean plants. One species in the Filobasidi-
ales, Filobasidium capsuligenum, can also ferment glucose 
and maltose, while the other known Filobasidium species 
cannot ferment glucose (Liu et al. 2015b). Some species 
have been reported to produce photoprotective compounds 
mycosporines and auxins (Fernández et al. 2011). Utilization 
of complex carbon sources, including low-weight aromatic 
compounds, has been reported for members of Solicoccoz-
yma (Stosiek et al. 2019).

Other relevant data and future 
recommendations

Li et  al. (2022a) generated the first two mitochondrial 
genomes for the order Filobasidiales.

Franziozymales Q.M. Wang, Begerow & M. Groenew. 2022

Contributed by: Teun Boekhout

Introduction

A new lineage in the Exobasidiomycetes, Ustilaginomyco-
tina, was proposed as Franziozymales (Li et al. 2022c).

History

In 2022, a multigene phylogenetic reconstruction identified 
Franziozymales as a separate lineage near Golubeviales 
(nom. invalid) and Robbauerales (Li et al. 2022c). These 
orders are placed in Exobasidiomycetes, although they 
appeare as sister groups to Malasseziomycetes and Usti-
laginomycetes, rather than to other members of Exobasidi-
omycetes. The order is monotypic and, so far, contains only 
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one species, one genus, one family, and is based on a single 
isolate only (Li et al. 2022c).

Characters that define the taxa in the order

Franziozymales is defined solely based on its phylogenetic 
position, close to Golubeviales and Robbauerales. Members 
of all these three orders produce hyphae and ballistoconidia. 
Only known as anamorph (Li et al. 2022c).

Plates

See Fig. 8N-P in Li et al. (2022c).

Genera included
Family Franziozymaceae Q.M. Wang, Begerow & M. 
Groenew. 2022

Franziozyma Q.M. Wang, Begerow & M. Groenew. 
2022

Evolution

Franziozymales is closely related to other hyphae- and 
ballistoconidia-forming fungi classified in Golubeviales 
and Robbauerales (Li et al. 2022c). Apparently, fungi with 
a similar phenotype form distinct lineages. As Franziozy-
males is based only on a single isolate, further sampling is 
needed to identify the boundaries between these lineages 
appropriately.

Justification of order and problems

As indicated above, further sampling is needed to set the 
boundaries between Franziozymales, Golubeviales, and 
Robbauerales.

Significance

Ecological and economical roles

Only known from leaves of bamboo, Bomi County, Tibet, 
China.

Chemical diversity

Not known.

Geastrales K. Hosaka & Castellano 2007

Contributed by: Juan Carlos Zamora

Introduction

Geastrales is one of the five currently accepted orders in 
Phallomycetidae (the others being Gomphales, Hyme-
nogastrales, Phallales, and Stereopsidales), and comprises 
ca. 160 species distributed in four families and a total of 
ca. seven genera. Geastrales was proposed by Hosaka et al. 
(2006) for a group of primarily saprotrophic gasteroid fungi 
with bi- to pluristratified peridium, often able to form con-
spicuous rhizomorphs that bear ampullaceous septa at gen-
erative hyphae. Clamp-connections are typically present in 
all primary septa of these generative hyphae. Basidia are 
frequently polysporic ([1–]4–8[–11]-spored) and basidio-
spores are thick-walled, symmetrically attached to the ster-
igmata, and passively released (statismospores). Hosaka 
& al.’s name was based on the nomina nuda “Geastrales 
Kreisel” (Kreisel 1969) and “Geastrales Locquin” (Locquin 
1974), but these two authors based their order concepts on 
what is currently considered the family Geastraceae only. 
Krüger et al. (2001) provided molecular data that further 
justified the separation of Geastrales (again including spe-
cies of Geastraceae only) from other groups of gasteroid 
fungi, particularly the Lycoperdales, where they were tradi-
tionally placed. Hosaka et al. (2006), in addition to validly 
publishing the name Geastrales, expanded its definition to 
also encompass the families Schenellaceae (as Pyrenogas-
traceae), Sphaerobolaceae, and Sclerogastraceae (indicated 
only as the genus Sclerogaster), the latter validly published 
in Kirk et al. (2008). Geastrales, as so defined, has been 
accepted as a distinct monophyletic group in all subsequent 
studies.

Regarding the current concepts of the families, 
Schenellaceae and Sphaerobolaceae are considered to 
contain a single genus each: Schenella and Sphaerobo-
lus, respectively, with less than ten accepted species alto-
gether (Estrada-Torres et al. 2005; Geml et al. 2005a). In 
turn, two genera are accepted in Sclerogastraceae, viz., 
Sclerogaster (taxonomy poorly known: Hosaka and Cas-
tellano 2008; Sulzbacher et al. 2016a, b, c, but possibly 



224 Fungal Diversity (2024) 126:127–406

12–15 species) and Boninogaster (one species, Kobayasi 
1937a; Hosaka 2014), while there are possibly three in 
Geastraceae, viz., Geastrum (ca. 130 species, Zamora 
et al. 2014a; He et al. 2019a), Myriostoma (at least five 
species, Sousa et al. 2017, 2019), and Terrostella (one 
species, Long 1917, 1945). The latter was only tentatively 
assigned to this family by Sunhede (1989), and no molecu-
lar data are available yet from its single species, T. texen-
sis. The morphology, however, strongly suggests that this 
is a member of Geastraceae.

Three fossils have been attributed to the order Geas-
trales. The first one described was Geaster florissanten-
sis (Cockerell 1908), from the Oligocene, which Tiffney 
(1981) considered unlikely to be an earthstar or even a 
gasteroid fungus. Subsequently, Magallón-Puebla and 
Cevallos-Ferriz (1993) described Geastrum tepexensis, 
from the late Eocene, which seems to be the most unam-
biguous fossil of Geastrales discovered to date. Another 
earthstar-like fossil is Geastroidea lobata, described by 
Krassilov and Makulbekov (2003) and dating from the 
Cretaceous. This has also been considered as possibly rep-
resenting a species of earthstars by Taylor et al. (2009) 
and, if that taxonomic position is accepted, it would rep-
resent the oldest known fossil in Geastraceae or, at least, 
Geastrales.

History

Species of Geastrales have been early noticed in botanical 
history, especially those of the genus Geastrum, which 
have been mentioned and illustrated in some pre-Linnaean 
treatments such as Boccone (1697), Plumier (1705), 
and Micheli (1729), among others. Micheli (1729) had 
already treated two genera of Geastrales, viz., Geaster 
(p. 220, tab. 100, currently Geastrum) and Carpobo-
lus (p. 221, tab. 101, currently Sphaerobolus) in Nova 
Plantarum Genera. Being pre-Linnaean, both names are 
however not validly published (Art. 13 or the ICN, Tur-
land et al. 2018). The two first validly published spe-
cies names, precisely referring to Micheli’s concepts, 
appeared in Linnaeus (1753): Lycoperdon stellatum for 
what is currently Geastrum, and L. carpobolus for the 
current Sphaerobolus. The corresponding generic names 
were validly published in Persoon (1794b) and Tode 

(1790), and both sanctioned in Persoon (1801). Later on, 
the remaining accepted genera were proposed in different 
studies: Myriostoma Desv. (Desvaux 1809), Sclerogaster 
R. Hesse (Hesse 1891), Schenella T. Macbr. (Macbride 
1911), Boninogaster Kobayasi (Kobayasi 1937a), and 
Terrostella Long (Long 1945, as a replacement name for 
Geasteroides Long non Battarra, see below). For a list 
of generic names considered synonyms of Geastrum, see 
Zamora and al. (2014a).

Geastraceae was recognized and validly published as 
an independent family already in the nineteenth century 
(Corda 1842). It is, by far, the largest one of Geastrales in 
terms of number of species, with surely at least 135–140 
species and three genera: Geastrum, Myriostoma, and 
Terrostella (a replacement name for the illegitimate Geas-
teroides Long, in Long 1917). Although only tentatively 
included in the family by Sunhede (1989), Terrostella 
shares many characteristics with Geastrum, such as the 
same exoperidial dehiscence, the same arrangement of 
capillitial hyphae radiating both from the columella and 
the endoperidium, and nearly identical basidiospores. The 
most striking difference is that Terrostella possesses a 
prominent sterile base in the endoperidial body that pen-
etrates into the glebal mass to form a broad, dome-shape 
columella, this being absent in Geastrum and present, but 
much less conspicuously, in Myriostoma (the lower part 
of the endoperidium in Myriostoma is clearly thickened, 
but not as much as in Terrostella). Taking into account 
this information, Terrostella most likely belongs to Geas-
traceae and it seems wise to keep it as an independent 
genus for the time being.

Sphaerobolaceae was proposed by Schröter (1889) as 
“Sphaerobolacei”, exclusively for the genus Sphaerobolus. 
Nidulariopsis (Greis 1935) has sometimes been treated as 
an independent genus, but the differences of the type, N. 
melanocarpa, with S. iowensis are minimal, as noted by Zel-
ler (1948). Geml et al. (2005a) treated Nidulariopsis as a 
probable synonym of Sphaerobolus. The only characteristic 
that could, perhaps, justify their separation is the presence 
of a pigmented middle peridial layer of rounded thick-walled 
cells in Nidulariopsis, but Walker (1927) already showed 
that layer in the protologue of S. iowensis. As a result, Nidu-
lariopsis and Sphaerobolus are treated as taxonomic syno-
nyms here.
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Schenellaceae was first described by Nannenga-Breme-
kamp (1967) as a family in Myxomycetes (Amoebozoa), for 
the single genus and species Schenella simplex (Macbride 
1911). This was a puzzling, enigmatic taxon for myxomyce-
tologists for decades, until Estrada-Torres et al. (2005) clari-
fied its taxonomy and revealed that it corresponded to the 
gasteroid basidiomycete formerly known as Pyrenogaster 
atrogleba. As such, the genus Pyrenogaster (Malençon and 
Riousset 1977) and the family Pyrenogastraceae (Jülich 
1981) became latter synonyms of Schenella and Schenel-
laceae, respectively.

Sclerogastraceae is the last recognized family, already 
distinguished by Locquin (1974) but not validly published 
there. Kirk et al. (2008) validated Locquin’s name in the 
tenth edition of the Ainsworth & Bisby’s Dictionary of the 
Fungi, for the lineage represented by Sclerogaster in Hosaka 
et al. (2006) and, later on, in Hosaka and Castellano (2008). 
Originally believed to encompass only Sclerogaster, Hosaka 
(2014) placed Boninogaster also in this same family, thanks 
to molecular and morphological studies of recently collected 
specimens attributable to B. phalloides, the single species 
in the genus (Kobayasi 1937a). As a result, Boninogaster 
was excluded from Hymenogastraceae, where it had been 
formerly placed.

Characters that define the taxa in the order

In Geastraceae, the exoperidium often splits at maturity in 
a star-like shape, hence the vernacular name “earthstars”, 
although some species are truffle-like and indehiscent 
(e.g., many of the ones formerly named as Radiigera), 
with distinct mycelial, fibrous and fleshy (pseudoparen-
chymatous) layers from the external to the internal part. 
The endoperidium is prosoplectechymatous, sometimes 
inconspicuous (truffle-like taxa and G. melanocephalum), 
and the gleba is always powdery at maturity, ochraceous 
brown to black. Basidia are rather variable, from nearly 
subglobose to ellipsoid, cylindric, claviform, pyriform, 
lecythiform or lageniform, not rarely with a distinct epi-
basidial part (bearing the sterigmata) separated from the 

hypobasidial part by a constriction. Basidiospores are fre-
quently globose or subglobose (exceptionally ovoid) and 
always ornamented with verruca, bacula or pila (Sunhede 
1989; Zamora et al. 2014a).

Schenellaceae is characterized by truffle-like basidi-
omes, which are indehiscent or split irregularly at matu-
rity, by the presence of radially arranged glebal peridioles, 
at least in immature fruitbodies (they may disintegrate to 
form a dark, powdery mass in mature basidiomes), exo-
peridium with an inconspicuous or absent fibrous layer, 
prosoplectenchymatous endoperidium, particularly elon-
gated basidia, and smooth and very elastic capillitial 
threats (Sunhede 1989; Domínguez de Toledo and Cas-
tellano 1998, both as Pyrenogaster). Basidiospores are 
often more or less ellipsoid when immature, becoming 
more rounded and developing a baculate ornamentation 
at maturity.

Sclerogastraceae can be characterized by the truffle-like 
fruitbodies with a green to yellow or orange glebal mass, 
never powdery, and a more or less pseudoparenchymatous 
endoperidium. Basidiospores are usually ornamented when 
mature, but Boninogaster is characterized by having smooth 
basidiospores (Kobayasi 1937a) and some species in Scle-
rogaster may have smooth basidiospores as well (Hosaka 
2014).

Sphaerobolaceae is characterized by the small fruitbod-
ies (< 4 mm in diam.) with an elastic inner peridial layer, 
formed by thick-walled anticlinal cells, that acts as a catapult 
throwing the whole glebal mass at maturity. The glebal mass 
is internally pale-colored and soft when fresh (never pow-
dery), and the basidiospores are always smooth, hyaline, and 
more or less ellipsoid. Basidia bear much shorter sterigmata 
compared to other taxa in the other families of the order.

Species in the order have been described based on the 
teleomorphs (basidiomes), although chlamydospore forma-
tion has been reported in axenic cultures of several Geas-
trum species (Sunhede 1989; Stoytchev et al. 2001; Zamora 
et al. 2014b).

Plates
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Fig. 25  Morphological charac-
ters of Geastrales. a Sphaerobo-
lus iowensis (Zamora s.n., 
Spain). b Schenella pityophila 
(Zamora 531, Spain). c Sclero-
gaster compactus (Rodríguez 
AR090908, Hungary). d Myri-
ostoma coliforme (Zamora 497, 
Spain). e macromorphologic 
elements of a basidiome of 
Geastrum fornicatum (Zamora 
255, Spain). f G. violaceum 
(MA-Fungi 82489, Argentina). 
g macrochemical spot test to 
detect phenoloxydases (posi-
tive reaction with α-naphtol, 
positive and negative reactions 
with guaiac gum, and positive 
reaction with syringaldazine). h 
basidiospore of G. michelianum 
s.l. (Kers 8888, Sweden). i 
rhizomorph crystals of G. parv-
istriatum (Zamora 539, Spain). j 
section of the exoperidium of G. 
argentinum (MA-Fungi 82604, 
Argentina) showing the arrange-
ment of the different layers at a 
microscopic level. Scale bars: 
a = 1 mm; b–c = 5 mm; d, f = 10 
mm; h = 2 μm; i–j = 10 μm. 
Photos: a–b, d–j: J.C. Zamora, 
c: A. Rodríguez

Genera included
Family  Geastraceae Corda 1842

Geastrum Pers. 1794 (“Geaster” P. Micheli ex Fr. 
1829)
≡ Plecostoma Desv. 1809
 = Cycloderma Klotzsch 1832
 = Coilomyces Berk. & M.A. Curtis 1854
 = Geasteroides Battarra 1755
 = Radiigera Zeller 1944
 = Trichaster Czern. 1845
Myriostoma Desv. 1809
 = Bovistoides Lloyd 1919

 = Polystoma Gray 1821
Terrostella Long 1945
≡ Geasteroides Long 1917
Phialastrum Sunhede 1989

Family  Schenellaceae Nann.-Bremek. 1967
 = Pyrenogastraceae Jülich 1982
Schenella T. Macbr. 1911
 = Pyrenogaster Malençon & Riousset 1977

Family  Sphaerobolaceae J. Schröt. 1889
Sphaerobolus Tode 1790
 = Carpobolus P. Micheli ex Willd. 1787
 = Nidulariopsis Greis 1935
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Family  Sclerogastraceae Locq. ex P.M. Kirk 2008
Boninogaster Kobayasi 1937
Sclerogaster R. Hesse 1891

Evolution

Early evolution of basidiome morphology in Phallomyceti-
dae is complex to ascertain due to the enormous morpho-
logical plasticity of the fruitbodies across genera and fami-
lies. They are gasteroid in Geastrales (all species, including 
earthstars, cannon-ball fungi, and false truffles), Phallales 
(all species, including stinkhorns, lattice stinkhorns, and 
false truffles), Hysterangiales (all species, typically false 
truffles) and Gomphales p.p. (e.g., Gautieria), and aphyl-
lophoroid in Stereopsidales (all species, corticioid fungi) 
and the majority of Gomphales (e.g., coral fungi, club 
fungi, cantharelloid fungi, and resupinate or pileate tooth 
fungi). Within Geastrales, it is unclear whether the ances-
tor was truffle-like or not (Hosaka et al. 2006), although 
Hosaka and Castellano (2008) suggested that a truffle-like 
morphology may be ancestral to the above-ground, earth-
star morphology. On the other hand, within Geastraceae, 
Hosaka et al. (2006) commented that truffle-like morphol-
ogies of Radiigera were probably derived forms, while 
Zamora et al. (2014a), with a larger sampling, supported 
the same idea, i.e., that truffle-like morphology appeared 
several times throughout the evolution of Geastrum. Con-
sidering also the early-diverging position of Sphaerobol-
aceae, with epigeous star-like fruitbodies, it is possible that 
both morphologies, i.e., star-like and truffle-like, have been 
switched more than once.

Justification of order and problems

The different genera currently accepted to belong to Geas-
trales have been placed in a variety of families and orders 
in the past. Sphaerobolus, for example, was included in the 
order Sclerodermatales by, e.g., Fischer (1933) and Calonge 
(1998), in Nidulariales by, e.g., Zeller (1948) and Cejp 
(1958), and treated as Sphaerobolales by Ainsworth (1971). 
Boninogaster was often considered as a member of Hyster-
angiales (Kirk et al. 2008). The family Geastraceae had 
been treated in the majority of taxonomic studies within the 
order Lycoperdales, until the valid description and definitive 
acceptation of Geastrales as an independent order in Phallo-
mycetidae by Hosaka et al. (2006). The historical taxonomic 
problems related to the placement of Schenella are perhaps 
the most remarkable ones, since it was included within the 
Myxomycetes (in Dianemataceae, which is part of the order 
Trichiales, or in Amaurochaetaceae-Stemonitidaceae, within 

the order Stemonitidales) for almost a century, until Estrada-
Torres et al. (2005) clarified its identity.

While at generic level, the taxonomic problems are rela-
tively of minor importance in Geastrales, the species-level tax-
onomy is far from being solved. The precise number of species 
in Sclerogastraceae is rather uncertain (Hosaka and Castellano 
2008; Hosaka 2014). In Geastraceae, numerous new species 
have been described in the last decades, the immense majority 
including morphological, molecular and ecological data (e.g., 
Zamora et al. 2015; Sousa et al. 2017; Accioly et al. 2019). An 
important number of old names are poorly known. For more 
information about species delimitation in Geastrales, the reader 
is referred to Cao et al. (2021a, b).

Significance

Ecological and economical roles

All known species of Geastrales are presumably sapro-
trophic, and in many cases, they form dense masses of myce-
lium in the form of a subiculum, a net of rhizomorphs, or 
both. Many species are humicolous, but lignicolous species 
are also common, especially in the tropics, and Sphaerobo-
lus can be coprophilous as well. However, there is a notori-
ous difference of growth in axenic media, and while cultures 
of Sphaerobolus are easily obtained, preserved, and grow 
rapidly (Geml et al. 2005b), species of Geastrum are diffi-
cult to isolate and tend to grow very slowly (Sunhede 1989; 
Kuhar et al. 2016b). This fact, together with the findings of 
a possible mycorrhizal association between G. fimbriatum 
and the roots of Fagus sylvatica (Agerer and Beenken 1998), 
indicates that the trophic strategies in Geastrales may be 
more diverse.

Geastrales is distributed worldwide and is especially 
abundant in temperate and tropical areas (Ponce de León 
1968). They have been found from deserts to rain forests, 
in calcareous or siliceous soils, and even in parks and gar-
dens. Geastrales grows in the humus and wood of large 
number of spermatophytes, for example in the families 
Anacardiaceae, Arecaceae, Betulaceae, Bignoniaceae, 
Cactaceae, Cistaceae, Casuarinaceae, Cupressaceae, 
Euphorbiaceae, Fagaceae, Gramineae, Malvaceae, Myrta-
ceae, Oleaceae, Pandanaceae, Pinaceae, Rosaceae, Sali-
caceae, Sapindaceae, Scrophulariaceae, Tamaricaceae, and 
Ulmaceae (e.g., Sunhede 1989; Bates 2004; Douanla-Meli 
et al. 2005; Ochoa and Moreno 2006; Kuhar and Papinutti 
2009; Hemmes and Desjardin 2011; Hernández Caffot 
et al. 2013; Kuhar et al. 2013; Hosaka 2014; Zamora et al. 
2015).

Species in the group display a diverse set of dispersal 
strategies, including anemochory in taxa with powdery 
gleba (often rainfall driven as in Geastrum and Myriostoma, 
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Fig. 26  Geminibasidiales. a–d Basidioascus magus. a basidium col-
lapses to develop basidiospore; b basidiospore; c basidium; d basidia 
with basal lateral projection develop on hyphae; e, f Geminibasidium 
donsium; e basidiospore; f basidium produces a chain of swollen cells 
with sterigma-like connectors with the terminal swollen cell becom-
ing a mature basidiospore. Redraw from Nguyen et  al. (2014) by 
Mao-Qiang He

Sunhede 1989), zoochory in at least some hypogeous spe-
cies (Domínguez de Toledo and Castellano 1998), and the 
well-studied active discharge of the whole glebal mass in 
Sphaerobolus (Aladoasura 1963; Ingold 1972).

No species of Geastrales are considered edible. They 
should not be confused with other earthstars in the genus 
Astraeus (Boletales), which are consumed and sold at local 
scales in Asia (Petcharat 2008; Pandey and Ghosh 2022). 
Species in the genus Sphaerobolus are sometimes consid-
ered a nuisance due to their ability to throw their glebal 
masses several centimeters to a few meters of distance, 
adhering to nearby plants, furniture, and cars, drying out 
as dark spots that are difficult to remove (Douglas 2010). 
Sphaerobolus has also been associated with the so-called 
“thatch collapse” disease on golf turfs (Baetsen-Young 
et al. 2015).

Chemical diversity

Besides the common production of calcium oxalate crys-
tals of various morphologies (Sunhede 1989; Zamora 
et al. 2013, 2015), the chemistry in Geastrales is largely 
unknown. The analysis of the Sphaerobolus stellatus 
genome revealed numerous copies of lignocellulose-
degrading oxidoreductases and carbohydrate-active 
enzymes (Kohler et al. 2015), and its enzymatic machin-
ery implied in lignocellulosic metabolism includes laccase, 
cellulase, peroxidase, and xylanase activities (Baetsen-
Young et al. 2017). Some species of Geastrum are also 
known to produce a variety of enzymes putatively implied 
in degradation of lignocellulosic substrates, with activi-
ties in laccase, cellulase, pectinase, amylase, manganese 
peroxidase, β-glycosidase, β-xylosidase, and lipase (Kuhar 
et al. 2016b). On the other hand, macroscopic spot tests to 
detect phenoloxidase activity with syringaldazine, guaiac 
gum, and α-naphtol have proven useful for taxonomic pur-
poses (Zamora et al. 2013).

Geminibasidiales H.D.T. Nguyen, N.L. Nick. & Seifert 2013

Contributed by: Teun Boekhout, Andrey Yurkov

Introduction

Representatives of two basidiomycetous genera, Basidi-
oascus and Geminibasidium, were isolated from soil after a 
heat treatment (Nguyen et al. 2013). Both genera are phylo-
genetically related and cluster with the genus Wallemia in 
Wallemiomycetes (Nguyen et al. 2013). Geminibasidium, 
with two species, is peculiar in how the basidia are formed 
(Nguyen et al. 2013).

History

Geminibasidiales was described in 2014 for isolates 
obtained from heat treated soil in Canada to accommodate 
the genera Basidioascus and Geminibasidium (Nguyen 
et al. 2013).

Characters that define the taxa in the order

According to the description provided by Nguyen et al. 
(2013), basidiomes are absent. Putative basidia form sin-
gly or in clusters, and arise from hyphae or from so-called 
primary cells, viz., swollen basidium bearing cells, and 
have a lateral projection. These basidia-like structures are 
deciduous or forcibly discharged before the development 
of basidiospores. One basidiospore that is not forcibly dis-
charged is formed on, usually, one sterigma that forms on 
the apical two-thirds part of the basidium, initially hyaline 
but becoming dark brown at age. Basidia of Basidioascus 
are dikaryotic, but four nuclei occurred in non-discharged 
and discharged basidia from telophase II, and one nucleus 
migrates into the basidiospores and three remained in the 
collapsed basidium (Nguyen et al. 2015). Arthroconidia-like 
monokaryotic cells may be present. Septal pores somewhat 
thickened near the central pore, without a septal pore cap, 
but with electron dense zonate materials in and just outside 
the pore (Nguyen et al. 2015). Interestingly, the septal pore 
structure reminds those of Itersonilia, a genus that is classi-
fied in Cystofilobasidiales, the most basal lineage of Tremel-
lomycetes (Boekhout 1991b).

Plates
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Genera included
Family Geminibasidiaceae H.D.T. Nguyen, N.L. Nick. 
& Seifert 2013

Basidioascus Matsush. 2003
Geminibasidium H.D.T. Nguyen, N.L. Nick. & Seifert 
2013

Evolution

Initial phylogenetic analysis placed the order as a sister 
group to Wallemiales in Wallemiomycetes, but phylo-
genetic analysis and differences in septal pore morphol-
ogy suggested a separate class, Geminibasidiomycetes 
(Nguyen et al. 2015). A genome analysis identified genes 
involved in meiosis (Nguyen et al. 2015). Using whole 
genome data, the split between Basidioascus and Wallemia 
was estimated 250 ± 29 million years ago (Nguyen et al. 
2015).

Justification of order and problems

Geminibasidiales is justified based on molecular phyloge-
netic analyses, as well as the peculiar morphology and the, 
often xerotolerant nature of its members. As Geminiba-
sidiales sits at the base of Agaricomycotina, phylogenomic 
analysis using high quality genomes of species in Gemini-
basidiales and Wallemiales may provide insight in the origin 
of Agaricomycotina.

The asexual genus Chernovia was described to accommo-
date an unusual yeast isolate from soil (Yurkov et al. 2016). 
Whether this monotypic genus is a member of Geminiba-
sidiales or represents a separate lineage in Wallemiomycetes 
requires additional studies.

Significance

Ecological and economical roles

Species of Geminibasidiales are mainly known from soil, 
including heat-treated soil, often xerotolerant and able to 
grow at media with water activity  (Aw) < 0.85, but they 
grow better at somewhat higher water activities (Nguyen 
et al. 2013; Nasr et al. 2014b). It has also been suggested 
that these fungi may be able to live or survive in seawater 
(Nguyen et al. 2013).

Chemical diversity

Unknown.

Georgefischeriales R. Bauer, Begerow & Oberw. 1997

Contributed by: Teodor T. Denchev, Cvetomir M. Denchev, 
Dominik Begerow, Martin Kemler

Introduction

In the Exobasidiomycetidae, Georgefischeriales was 
erected to accommodate species having local interac-
tion zones without interaction apparatus in intercellular 
hyphae, and poreless septa at maturity (Bauer et al. 1997). 
They produce small local interaction sites with small 
electron-opaque deposits of variable shape and size at the 
host-parasite interface. Intracellular hyphae and hausto-
ria are lacking. The basidia and basidiospore discharge 
are diverse but characteristic for each family (Bauer et al. 
1997, 2005; Begerow and McTaggart 2018). Georgefische-
riales contains four families and seven genera, with a total 
of 51 species, mostly plant parasites. Parasitic members 
produce teliospores in vegetative parts of the hosts, mostly 
in leaves. Additionally, this order includes some species, 
known from the anamorphic stage only. The species are 
united by ultrastructural characteristics and molecular 
data (Bauer et al. 1997, 2001a, b; Begerow and McTag-
gart 2018).

Characters that define the taxa in the order

Species of Georgefischeriales are predominantly plant para-
sites that sporulate in vegetative parts of the hosts. Host 
spectrum includes monocots (with exception of George-
fischeria). Georgefischeriales is divided into four families: 
Georgefischeriaceae, Tilletiariaceae, Eballistraceae, and 
Gjaerumiaceae.

Georgefischeriaceae species are characterized by the 
formation of holobasidia and ballistosporic propagules, 
and loss of septal pores at maturity. Georgefischeria 
are parasites on Convolvulaceae. Infection is systemic. 
Their sori are in leaves, causing yellowing of leaves and 
blackening of veins, or caulicolous, causing hypertrophy 
and witches’ brooms on the axillary shoots. Spore mass 
is dark, agglutinated, not bursting. Spores are lightly 
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pigmented (pale yellowish to olive-brown), with a thick 
and multilayered spore wall, and gelatinized outer lay-
ers. Spore germination results in a holobasidium bearing 
apically 2–4 basidiospores which germinate by hyphae 
and also by ballistospores (Bauer et al. 1997, 2001a, b; 
Vánky 2013; Begerow and McTaggart 2018). Jamesdick-
sonia are mostly parasites (on Poaceae and Cyperaceae). 
Their sori are in leaves, leaf sheaths or stems as black 
spots, pustules or crusts. Spores are solitary or in groups, 
not agglutinated in balls, darkly pigmented, embedded in 
the host tissue or erumpent, not powdery, or occurring 
on the surface of the plant and powdery. Spore germina-
tion results in a holobasidium with ballistic basidiospores 
or secondary ballistospores (Bauer et al. 1997, 2001a, 
b; Vánky 2013; Denchev and Denchev 2016; Begerow 
and McTaggart 2018). Based on molecular phylogenetic 
analyses, two asexual yeast species, isolated from plant 
surfaces, were also added to Jamesdicksonia (Richter 
et al. 2019; Li et al. 2022c).

Tilletiariaceae species are characterized by the forma-
tion of phragmobasidia with lateral ballistosporic basidi-
ospores, and loss of septal pores at maturity. Phragmot-
aenium consists of one plant parasitic species, P. indicum 
(Vánky et al.) R. Bauer et al. (2001a), and five asexual 
yeast species, isolated from plant surfaces (Wang et al. 
2015d; Li et al. 2022c). Phragmotaenium indicum is a 
parasite on Poaceae, that forms sori in leaves and stems as 
black spots. Spores are single or in groups but not aggre-
gated in balls, embedded in the host tissue, not erumpent 
and not powdery; pigmented (olive-brown). Spore germi-
nation results in a phragmobasidium with ballistosporic 
basidiospores (Bauer et al. 2001a; Vánky 2013; Begerow 
and McTaggart 2018). Tilletiaria is a monotypic genus. 
Tilletiaria anomala Bandoni & B.N. Johri is isolated 
from dead wood. This species has tough, grayish brown 
colonies and monokaryotic, hyaline, branched, septate 
hyphae that bear both teliospores and ballistospores. 
Mature septa is poreless. Spore germination results in a 
four-celled phragmobasidium with ballistosporic basidi-
ospores (Bandoni and Johri 1972; Vánky 2013; Begerow 
and McTaggart 2018). Tolyposporella are parasites on 
Poaceae and Eriocaulaceae. Sori are mostly in leaves or 
leaf sheaths, sometimes in axis of aborted inflorescence. 

Spores are with a thickened outer wall, firmly aggluti-
nated into spore balls; lightly to darkly pigmented. The 
spore germination results in a phragmobasidium produc-
ing laterally ballisto-basidiospores (Vánky 2013; Begerow 
and McTaggart 2018).

Eballistraceae includes a single genus, Eballistra. It is 
characterized by having holobasidia and lacking ballistic 
basidiospores and ballistoconidia. Sori are in leaves and 
stems of Poaceae as lead coloured, non-erumpent spots. 
Spores are solitary or in groups but not aggregated in balls, 
embedded in the host tissue, not powdery; pigmented 
(olive-brown). Spore germination results in a holobasidium 
on which apically, passively released basidiospores are pro-
duced (Bauer et al. 2001a; Vánky 2011, 2013; Begerow and 
McTaggart 2018). Eballistra do not produce ballistoconidia 
but form budding yeasts, that are globose to ellipsoidal in 
form (Singh and Pavgi 1973). A septal pore is absent (Bauer 
et al. 2001a).

Gjaerumiaceae is a monotypic family. Gjaerumia is 
characterized by having holobasidia, ballistosporic prop-
agules, and a dolipore in young parasitic hyphae. This 
genus consists of three plant parasitic species and five 
asexual yeast species. Parasitic species form sori in leaves, 
as dark-colored spots. Spores are single, embedded in the 
host tissue, pigmented. Spore germination results in a 
holobasidium with terminal basidiospores. Basidiospores 
are fusiform and are passively released. Occasionally, they 
conjugated on the basidium. Conjugated basidiospores ger-
minate while still connected to the basidium, producing 
ballistoconidia. Unconjugated basidiospores, while still 
connected to the basidium, also may form ballistoconidia 
(Bauer et al. 2005; Vánky 2008, 2011, 2013). In young par-
asitic hyphae, septal pore is a dolipore (Bauer et al. 2005). 
Hosts are members of monocots families: Asparagaceae, 
Asphodelaceae, and Nartheciaceae (Vánky 2011, 2013). 
Five free-living yeast species with unknown sexual states 
were recently described in Gjaerumia, based on molecular 
phylogenetic analyses (Wang et al. 2015d; Tan et al. 2021; 
Li et al. 2022c).

Plates
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Fig. 27  Georgefischeriales. a–i habit. a Eballistra brachiariae on 
Urochloa trichopus, Zimbabwe (Vánky Ustil. Exs. 1070); b Ebal-
listra lineata on Zizania palustris, Canada (Vánky Ustil. Exs. 741); 
c Eballistra oryzae on Oryza sativa, India (Vánky Ustil. Exs. 910); 
d Gjaerumia ossifragi on Narthecium ossifragum, Norway (Vánky 
Ustil. Exs. 1187); e Jamesdicksonia brunkii on Bothriochloa saccha-
roides, Mexico (Vánky Ustil. Exs. 1206); f Jamesdicksonia dactyl-

idis on Dactylis glomerata, Bulgaria (SOMF 401); g Jamesdicksonia 
festucae on Festuca tolucensis, Mexico (Vánky Ustil. Exs. 1207); h 
Jamesdicksonia ischaemiana on Ischaemum semisagittatum, India 
(Vánky Ustil. Exs. 1344); i Phragmotaenium indicum on Polytrias 
indica, India (Vánky Ustil. Exs. 1345). Arrows in a, c–i indicate sori. 
Scale bars: a–i = 1 cm
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Fig. 28  Georgefischeriales. 
a–d spores in LM. a Ebal-
listra brachiariae on Urochloa 
distachya, Reunion, Denchev 
2647; b Gjaerumia ossifragi 
on Narthecium ossifragum, 
Norway (Vánky Ustil. Exs. 
1187); c Jamesdicksonia 
anadelphiae on Anadelphia 
pumila, Guinea (HUV 13669, 
isotype); d Jamesdicksonia 
anadelphiae-trichaetae on 
Anadelphia trichaeta, Guinea 
(B 70 0015713, holotype). 
e, f Spores in SEM. e Ebal-
listra brachiariae on Urochloa 
distachya, Reunion, Denchev 
2647; f Jamesdicksonia 
anadelphiae-trichaetae on Ana-
delphia trichaeta, Guinea (B 70 
0015713, holotype). Scale bars: 
a–d = 10 μm, e, f = 5 μm

Genera included
Family Eballistraceae R. Bauer, Begerow, A. Nagler & 
Oberw. 2001

Eballistra R. Bauer, Begerow, A. Nagler & Oberw. 
2001

Family Georgefischeriaceae R. Bauer, Begerow & Oberw. 
1997

Georgefischeria Thirum. & Naras. 1963
Jamesdicksonia Thirum., Pavgi & Payak 1961

Family Gjaerumiaceae R. Bauer, M. Lutz & Oberw. 2005
Gjaerumia R. Bauer, M. Lutz & Oberw. 2005

Family Tilletiariaceae R.T. Moore 1980

Phragmotaenium R. Bauer, Begerow, A. Nagler & 
Oberw. 2001
Tilletiaria Bandoni & B.N. Johri 1972
Tolyposporella G.F. Atk. 1897

Evolution

Families of Georgefischeriales are well defined, based on 
the basidial morphology and ultrastructural data, and the 
molecular phylogeny is highly congruent with these data. 
Basal dichotomy is between Eballistraceae and the branch 
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uniting Georgefischeriaceae and Tilletiariaceae (Bauer 
et  al. 2001a). Eballistra are characterized by having a 
holobasidium, but ballistic basidiospores and ballistoco-
nidia are absent. Loss of the ballistospore mechanism rep-
resents an apomorphy for the Eballistraceae (Bauer et al. 
2001a). Triradiate basidiospores of Eballistra oryzae (Syd. 
& P. Syd.) R. Bauer et al. on rice resemble radiate conidia 
of aquatic ascomycetes and is adaptation to water dispersal 
(Bauer et al. 2001a).

Georgefischeriaceae shares the formation of holoba-
sidia with the Eballistraceae and the formation of ballistic 
propagules with the Tilletiariaceae. Basidia observed in 
Jamesdicksonia with basidiospores having a characteristic 
abaxial orientation of the hilar appendices are typical for 
Exobasidiaceae but occur also in species of the Tilletiales 
(e.g., Ingoldiomyces, Oberwinkleria, Tilletia) and Dossan-
siales (Melaniella) (Ingold 1995; Vánky and Bauer 1995, 
1996; Bauer et al. 1997, 1999a, b). Bauer et al. (2001a) 
considered the exobasidaceous basidium as apomorphic for 
Exobasidiomycetes and plesiomorphic for Georgefischeri-
ales; and accordingly, the presence of ballistic propagules 
in Ustilaginomycetes and Exobasidiomycetes as indicator 
that the ballistospore mechanism was already established 
before Georgefischeriales diverged from the other groups 
of Exobasidiomycetes. Presence of phragmpobasidia sepa-
rates the Tilletiariaceae from the other members of this 
order.

Poreless septa are an apomorphic character for Georgefis-
cheriales. They also occur in Ustilaginales, an order showing 
no further ultrastructural similarity to Georgefischeriales. 
Bauer et al. (2001a) considered the presence of poreless 
septa in these two orders as a result of convergent evolution.

As the other members of Georgefischeriales, the septa in 
the soral hyphae of Gjaerumia are poreless at maturity, how-
ever, in young parasitic hyphae, the septal pore is a dolipore 
(Bauer et al. 2005). It was concluded that in Gjaerumia the 
septa close later during maturation than in the other spe-
cies of Georgefischeriales (Bauer et al. op.c.). Because in 
Exobasidiomycetes poreless septa occur only in Georgefis-
cheriales, Bauer et al. (op.c.). considered the loss of septal 
pores as apomorphic for Georgefischeriales. Formation of 
dolipores in maturing soral hyphae of Gjaerumia reflects 
that Georgefischeriales arose from a doliporic ancestor 
(Bauer et al. op.c.).

Justification of order and problems

The members of Tilletiopsis (Entylomatales) are sapro-
trophic yeast-like fungi. Description of species in Tilletiop-
sis was originally based on morphological characteristics, 
but the phylogenetic analyses performed by Wang et al. 
(2015d) and Richter et al. (2019) show that this genus was 
polyphyletic and its taxonomic scheme was changed. Til-
letiopsis derxii M. Takash. & Nakase (nom. inval.), T. flava 
(Tubaki) Boekhout, T. fulvescens Gokhale, and T. oryzi-
cola M. Takash. & Nakase (nom. inval.) were transferred 
to Phragmobasidium (Begerow et al. 2000; Wang et al. 
2015d), while T. minor Nyland and T. penniseti Takashima 
& Nakase (nom. inval.) were considered to be members of 
Gjaerumia (Bauer et al. 2005; Wang et al. 2015d). Cur-
rently, only five species are recognized in Tilletiopsis (He 
et al. 2022).

Economic importance

Eballistra oryzae is the causal agent of leaf smut on rice. It 
is a widely distributed species, where rice is cultivated, but 
it does not cause crop losses.

Gloeophyllales Thorn 2007

Contributed by: Ricardo García-Sandoval, Sergio P. Gorjón

Introduction

Gloeophyllales is a small order containing a morphologi-
cally diverse fungal group of polypores, agarics, and resu-
pinate fungi, mostly producing a brown rot wood decay 
and being found mainly on coniferous substrata. Even 
when this order is consistently recovered as a monophyl-
etic group (Binder et al. 2005; García-Sandoval et al. 2011; 
Chen et al. 2020), there is no evident synapomorphy, either 
morphological, ecological, or physiological, and this results 
on a quite diverse and interesting group. According to He 
et al. (2019a, b) it contains the single family Gloeophyl-
laceae, 13 genera and about 50 species. The order includes 
a single family, Gleophyllaceae, and even when two other 
families have tentatively been proposed for genera in the 
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order, Boreostereaceae and Jaapiaceae, there is no consistent 
phylogenetic evidence supporting their existence inside the 
order (Chen et al. 2020).

Morphological and physiological diversity in the order, 
even considering its relatively small size, make this group a 
very interesting subject for further studies on the evolution 
of morphology and physiology. So far, only a preliminary 
attempt on ancestral character reconstruction analysis for 
wood decay pattern, with parsimony, has been made (García-
Sandoval et al. 2011), but formal analysis on morphology 
and physiology are still missing.

History

Gloeophyllales was first considered as an order by Thorn 
(Hibbett et al. 2007), supported on the phylogenetic evi-
dence available at the time (Thorn et al. 2000; Binder et al. 
2005) and subsequently considered in multigene analyses as 
a separated order related to Corticiales, Thelephorales, and 
Polyporales (García-Sandoval et al. 2011) or even related to 
the Phallomycetidae in the gomphoid-phalloid clade (Gom-
phales, Geastrales, Phallales, and Hysterangiales) (He et al. 
2019a). The initial delimitation included the polypore genus 
Donkioporia, but subsequent phylogenetic analysis (García-
Sandoval et al. 2011) places the genus in its current position 
in the Polyporaceae.

Traditionally, species of Gloeophyllum, have been consid-
ered within the Polyporaceae and related to genera such as 
Daedalea for presenting the same type of brown rot and type 
of spores. In any case, some characteristics such as colored 
vegetative hyphae and other chemical characteristics have 
long been pointed out as characters that deviate from what 
is typical for the family (Ryvarden 2005). Species of the 
pileate-stipitate Neolentinus and Heliocybe were considered 
long time among the Agaricales.

García-Sandoval et al. (2011) considered seven genera in 
the order, all included in a single family, Gloeophyllaceae. 
Later, He et al. (2014) resurrected Griseoporia, describing 
a new species in the genus, G. taiwanensis Y.C. Dai & S.H. 
He, and propose a new genus in the family, Hispidaedalea, 
based in the phylogenetic placement of Daedalea imponens 
Ces., raising to nine the number of genera in the order.

Recently Chen et al. (2020) investigated the phylogenetic 
position of two previously described genera, Paratrichaptum 
and Jaapia, and recovered both taxa in the Gloeophyllaes. 
Both genera were recovered with very high support, even 

when the relationships inside the order were not so clear, a 
situation frequently observed in previous studies.

Paratrichaptum was originally described as a monotypic 
genus in the polypores sensu lato (Corner 1987), and very 
few specimens were available for their study. The finding 
of fresh material made possible to investigate their phylo-
genetic relationships, discovering its relationship with the 
Gloeophyllales (Chen et al. 2020).

More surprising what discovering Jaapia as part of the 
Gloeophyllales in a six-gene phylogeny. Binder et al. (2010) 
recovered Jaapia argillacea Bres. as a monotypic lineage 
between Atheliales and Russulales and decided to propose 
a new order and family. Worth to mention that the authors 
did not include any member of the Gloeophyllales in their 
taxonomic sampling. Further analysis with a larger sampling 
(Chen et al. 2020) recovered Jaapia nested inside the Gloeo-
phyllales with high support.

Currently the most comprehensive analysis (Chen et al. 
2020) recover eleven genera with high support as a sister 
clade with a larger group that includes Polyporales and Thel-
ephorales. This relationship was also recovered previously 
(García-Sandoval et al. 2011), with the addition of Corti-
ciales to the sister group. Most likely the Gloeophyllales 
is closely related to Polyporales and Thelephorales, with 
an uncertain affinity with Corticiales. Considering the wide 
morphological diversity in the order, these relationships are 
not surprising.

Several phylogenetic analyses were published for genera 
in the order since the Gloeophyllales was first proposed. 
Most of the studies were restricted to particular subclades 
of the Gloeophyllales since the main objective was to 
describe new species in Heliocybe (Zhang et al. 2018), 
Veluticeps (He and Li 2013; Yang and He 2016), Gloeo-
phyllum (Mattoo et al. 2022), and even one species was 
described in Neolentinus without phylogenetic evidence 
(Wartchow 2019).

Characters that define the taxa in the order

Gloeophyllales is a variable and diverse group containing 
resupinate, effuse-reflexed to pileate polyporoid and stipitate 
and pileate agaricoid species. In the resupinate species, the 
hymenophore varies from smooth to more or less odontioid, 
sometimes with aculei formed by sterile hyphal elements. 
In the pileate polyporoid species, the basidiome is usually 
dimidiate and triquetros to applanate in section, and the 
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hymenophore is very variable with round to angular pores, 
and labyrinthine to daedaleoid or laminar pores. In those 
agaricoid species, the hymenophore is laminar, protected 
by a typical cap as pileal surface and erected by a central 
to lateral stipe. Usually, the basidiome of Gloeophyllales 
presents some color change, darkening or turning green in 
the presence of potassium hydroxide.

Microscopically, the species of Gloeophyllales construct 
their basidiomes with a dimitic to trimitic hyphal system 
with brown vegetative hyphae. The resupinate species also 
posseses skeletal hyphae (if we except Jaapia and consider 
it within the Gloeophyllales), and the pileate species produce 
more complex basidiomes with skeletal and binding hyphae. 
The generative hyphae may or not have clamp-connections, 
and present thickened walls. Cystidial elements are usual 
among the Gloeophyllales, as thick-walled skeletocystidia, 
smooth or encrusted, pale to dark reddish brown. The basidia 
bear 4-sterigmate and basidiospores are smooth, cylindrical 
to fusiform, thin to thick-walled, with hyaline to yellowish 
walls, not reacting in Melzer’s reagent (cyanophilous and 
dextrinoid in Jaapia).

Gloeophyllum, the generic type, encompasses species 
with pileated basidiomes of a polyporoid appearance, with 
the hymenophore very variable, from poroid to lamellar, 
or with irregular to labyrinthine pores. He et al. (2014) 
proposed a phylogeny supporting the separation of Gloeo-
phyllum s.l. in smaller entities, establishing differences 
between Gloeophyllum s.str., Griseoporia (with typically 
poroid hymenophore and resupinate to effused-reflexed 
basidiomes), Osmoporus (poroid hymenophore and pile-
ate basidiomes), and Hispidaedalea (daedaleoid to lamel-
late hymenophore, pileate basidiomes, and trimitic hyphal 
system).

Among the resupinate genera, Boreostereum presum-
ably causes a white rot and is considered basal in the evo-
lution of the group (García-Sandoval et al. 2011). Species 

of Boreostereum have a dimitic hyphal system and the 
hyphae bear encrustations that turn greenish when potas-
sium hydroxide is applied. The other genera of Gloeophyl-
lales with the greatest number of species and a resupi-
nated habit are Veluticeps and Chaetodermella, but unlike 
Boreostereum they produce a brown decomposition of the 
wood.

Gloeophyllales comprises some agaricoid genera, with 
a typical stipe and pileus. Neolentinus (similar to the genus 
Lentinus but differing in the white rot and the phylogeneti-
cal placement in the Polyporales), and Heliocybe, a small 
agaricoid genus with a circular cap and cuticle radially fur-
rowed with brown-ochraceous scales, which crack radially, 
giving the appearance of sun rays (hence the name). Sterile 
coralloid forms are reported in Neolentinus (Vlasenko et al. 
2017).

Mating systems also are variable; Neolentinus and Gloeo-
phyllum are bipolar, Veluticeps is reportedly tetrapolar, and 
Boreostereum has been suggested to be homothallic (Red-
head and Ginns 1985; Gilbertson and Ryvarden 1986; Mar-
tin and Gilbertson 1973; Nakasone 1990).

All the genera are known for been wood decayers, and 
brown rot type is the most frequent condition reported (Neo-
lentinus, Gloeophyllum, Veluticeps, and Paratrichaptum), 
but contradictory reports exist for white or brown rot condi-
tion for Boreostereum (Chamuris 1988) and Jaapia (Binder 
et al. 2010). It is worth to mention that a better understand-
ing of the wood decay process needs the comparative analy-
sis of genomic information (Riley et al. 2014), in order to 
properly understand the process, and been able to study this 
character in the context of phylogeny.

Plates
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Genera included
Family Gloeophyllaceae Jülich 1982
 = Boreostereaceae Jülich

Boreostereum Parmasto 1968
Chaetodermella Rauschert 1988
 = Chaetoderma Parmasto 1968
Gloeophyllum P. Karst. 1882
 = Anisomyces Theiss. & Syd. 1914

 = Ceratophora Humb. 1793
 = Lenzitina P. Karst. 1889
 = Phaeocoriolellus Kotl. & Pouzar 1957
 = Reisneria Velen. 1922
 = Serda Adans. 1763
 = Sesia Adans. 1763
Griseoporia Ginns 1984
Heliocybe Redhead & Ginns 1985

Fig. 29  Diversity of basidiome 
types in Gloeophyllales. a 
Veluticeps berkeleyi (SPG 2412, 
Spain); b Osmoporus odoratus 
(ERD 8755, Spain); c Osmopo-
rus protractus (ERD 9047, 
Spain); d Osmoporus protrac-
tus, detail (ERD 9047, Spain); 
e Gloeophyllum sepiarium 
(ERD 23-XII-2022, Spain); f 
Gloeophyllum sepiarium, detail 
(ERD 23-XII-2022, Spain); g 
Neolentinus adhaerens (ERD 
4222, Spain); h Heliocybe 
sulcata (MOA 3899, Spain); 
i Neolentinus lepideus (LS, 
Spain); j Gloeophyllum trabeum 
(LS, Spain). Credit: a Sergio 
P. Gorjón; b–g Enrique Rubio 
Domíguez; h Miguel Olivera 
Amaya; i, j Leandro Sánchez
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Hispidaedalea Y.C. Dai & S.H. He 2014
Neolentinus Redhead & Ginns 1985
Osmoporus Singer 1944
Paratrichaptum Corner 1987
Veluticeps Cooke 1879
 = Chaetocarpus P. Karst. 1889
 = Columnocystis Pouzar 1959

genera incertae sedis
Campylomyces Nakasone 2004
Pileodon P. Roberts & Hjortstam 1998
Mycothele Jülich 1976
Stiptophyllum Ryvarden 1973

Evolution

The most comprehensive phylogenies (García-Sandoval 
et al. 2011; Chen et al. 2020) have recovered Gloeophyllales 
with high support, and as sister group with a clade includ-
ing Thelephorales and Polyporales. In one of the studies 
(García-Sandoval et al. 2011) the sister clade also included 
Corticiales, and recently a phylogeny with a genomic data 
set (Li et al. 2021c) recovered Gloeophyllales (plus Jaapia) 
as sister group with Corticiales, as well as another multi-
gene data set (Sulistyo et al. 2021) that recovers the four 
orders in a monophyletic group.

Inside the Gloeophyllales relationships are less clear. 
Veluticeps and Chaetodemella are consistently recovered 
as monophyletic, as well as Osmoporus and Griseopo-
ria, and Neolentinus and Heliocybe. Gloeophyllum sensu 
stricto also is recovered as monophyletic, but relationships 
between the small clades retrieved are unclear. Boreostereum 
was recovered as the sister group with the rest of the order 
(García-Sandoval et al. 2011), and Jaapia was recovered in 
close association with it (Chen et al. 2020), maybe related 
with their contradicted status as white or brown decayers, 
but also Paratrichaptum is recovered as sister group with 
Borostereum.

Almost all genera in Gloeophyllales cause brown rot, 
except for Boreostereum. Boreostereum is possibly asso-
ciated with a white rot (Martin and Gilbertson 1980) but 
also viewed as brown rot (Chamuris 1988). If we consider 
Boreostereum as the basal lineage in Gloeophyllales (García-
Sandoval et al. 2011), then the plesiomorphic characters are 
the resupinate basidiomes and the white type of rot, if this 
type of rot is confirmed for Boreostereum. If Paratrichap-
tum represents the earliest diverging lineage in Gloeophyl-
lales, as stated by Chen et al. (2020), pileate basidiomes and 
brown rot appear to be ancestral states of Gloeophyllales. 
If considering Jaapia, the type of rot is still not clear, but 
may belong to a new type of brown rot based on genomic 
analyses (Riley et al. 2014).

Justification of order and problems

The taxonomy and phylogenetic placement of Gloeophylla-
les among Agaricomyces is still controversial, and recently 
some new proposals have raised about the natural relation-
ships with other orders. If we follow the phylogenetical pro-
posal by Chen et al. (2020) based on the analyses of 5.8S, 
nuc 18S, nuc 28S, rpb1, rpb2, and tef1 sequences, Jaapiales 
should be considered a synonym of Gloeophyllales, and Jaa-
pia and Paratrichaptum be included in the order. Previous 
six-gene phylogeny placed Jaapia as the sister group to Aga-
ricomycetidae, consisting of Agaricales, Amylocorticiales, 
Atheliales, and Boletales (Binder et al. 2010).

As advised by Chen et al. (2020), deviating taxon- or 
gene-sampling applied to different analyses may result in 
different positions of the taxa on trees. The six-gene phylog-
eny by García-Sandoval et al. (2011), placed Boreostereum 
radiatum (Peck) Parmasto as the sister group to the core 
group of Gloeophyllales, consisting of the genera Chaeto-
dermella, Gloeophyllum, Heliocybe, Neolentinus, Osmopo-
rus, and Veluticeps. In the analysis by Chen et al. (2020), B. 
radiatum is recovered as a sister taxon to Paratrichaptum 
accuratum, but the position is weakly supported.

Gloeophyllales is consistently recovered as a clade with 
high support. The order includes a single family, Gloeophyl-
laceae, and so far, there is no solid or consistent phylogenetic 
evidence for adding more families. The Boreostereaceae 
(Boreostereum and Veluticeps) is consistently recovered 
inside the order, but not at as a clade, and in consequence 
the family is included as a synonym of Gloeophyllaceae. 
The Jaapiales, and Jaapiaceae, are recovered nested in the 
Gloeophyllales (Chen et al. 2020) or as a sister group with 
it (Sulistyo et al. 2021; Zhao et al. 2017). It is worth to men-
tion that the relationship between Jaapiales and Gloeophyl-
lales was not suspected before because the phylogenetic 
evidence available was lacking a comprehensive taxonomic 
sampling, neither Binder et al. (2010) include Gloephyllaes 
in their study of Jaapiales, or García-Sandoval et al. (2011) 
included Jaapia in their analysis of Gloeophyllales.

The present phylogenomic tree is more in accordance 
with the partial multigene analysis by Chen et al. (2020). 
Jaapiales and Gloeophyllales are two orders very closely 
related, but we have no included Paratrichaptum in the 
analyses. If including Paratrichaptum, the results are like 
those of Chen et al. (2020), there should not be problematic 
to consider Jaapiales and Gloeophyllales as a unique entity 
as order level. It should be of great interest to known bet-
ter the type of rot of Jaapia to contemplate if the brown 
rot type is common to Jaapiales/Gloeophyllales, or some 
evolutionary process arised from an original brown type of 
rot. Considering that the phylogenies with the most compre-
hensive taxonomic sampling recovers the Jaapiales inside 
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Gloeophyllales, we can simply consider Jaapiales as a syno-
mym of Gloeophyllales, mostly because of two reasons: (1) 
the taxonomic decisions should be supported on the most 
inclusive phylogenetic evidence, which in this case points 
to Jaapia to be inside Gloeophyllales; (2) even if Jaapiales 
were confirmed to be sister group to Gloeophyllales, an inde-
pendent order and family containing only two species will 
be undesirable because it will introduce an artificial increase 
of family diversity, derived from a nomenclatural decision.

A more comprehensive data set, including more genes 
and more species, is needed to address relationships inside 
the Gloeophyllales, and to be able to perform formal ances-
tral character state analysis for the study of morphology and 
physiology. So far is not possible to conclude that resupinate 
basidiome or a particular decay pattern are the conditions in 
the most recent common ancestor, and even when we know 
that resupinate is the ancestral condition in Agaricales, and 
that resupinate basidiomes have a high transformation rate 
(Sánchez-García et al. 2020) phylogenetic evidence for the 
Gloeophyllales is not well supported yet.

Significance

Ecological and economical roles

Several studies of wood decay chemistry are conducted in 
species of the order (Goodell et al. 2020), and their ecologi-
cal impact also is considered significant (Fukasawa 2021). 
Resolving the relationships of the Gloeophyllales is impor-
tant to understanding the evolution of the brown-rot mode 
of wood decay in Agaricomycotina (García-Sandoval et al. 
2011). Hibbett and Donoghue (2001) inferred six independ-
ent origins of brown rot, including one in the lineage lead-
ing to Gloeophyllales, and suggested that the evolution of 
a brown rot promoted shifts to specialization on coniferous 
substrates. Currently the most frequent, but not exclusive, 
substrates for brown rot Agaricomycetes are conifers (Hib-
bett and Donoghue 2001), so the species of Gloeophyllales 
are of major importance in coniferous forest as plant remains 
efficient decomposers.

Some species, as Neolentinus lepideus (Fr.) Redhead & 
Ginns, are edible and considered of gastronomic interest in 
Asia and Mexico (Moreno-Fuentes et al. 1996), and some 
tests have been done to cultivate it commercially (Kim et al. 
1994, 2013).

Chemical diversity

Various vibralactones have been isolated and studied in Bore-
ostereum vibrans (Berk. & M.A. Curtis) Davydkina & Bond-
artseva. These compounds were no cytotoxic against human 
cancer cell lines and showed no inhibitory activity on the 

pancreatic lipase (Wang et al. 2014a) or are only weak cytotox-
icity to determinate human cancer cell lines (He et al. 2019b).

Some studies indicated that the extract of culture filtrate 
of Neolentinus lepideus effectively inhibited tyrosinase 
activity, that controls melanin formation in the human skin 
(Ishihara et al. 2018).

Golubeviales Q.M. Wang, F.Y. Bai, Begerow & Boekhout 
2023

Contributed by: Martin Kemler, Cvetomir M. Denchev, 
Dominik Begerow, Teodor T. Denchev, Teun Boekhout

Introduction

Golubeviales was erected to accommodate the species 
Golubevia pallescens (Gokhale) Q.M. Wang et al. previ-
ously residing in the genus Tilletiopsis (Wang et al. 2015d). 
The order was erected purely on phylogenetic evidence, it 
is monotypic and only contains Golubeviaceae with Gol-
ubevia. Since the erection of the order a second species, G. 
heteromorpha Boekhout et al., was described (Richter et al. 
2019). A further species is assumed (Köhl et al. 2019; Russ 
et al. 2021). Currently, one family, one genus, and three spe-
cies are included in this order.

History

In 1972, Gokhale described a filamentous-growing basidi-
omycetous fungus in Tilletiopsis Derx ex Derx (Derx 1930) 
that only reproduced asexually with sausage-shaped ballis-
toconidia (Gokhale 1972) as Tilletiopsis pallecens Gokhale. 
Although the species in Tilletiopsis differed morphologi-
cally to some extent, it took molecular evolutionary studies 
to show that the genus was polyphyletic (Boekhout. 1991a, 
b; Boekhout et al. 1995; Begerow et al. 2000; Fell et al. 2000; 
Wang et al. 2015d; Richter et al. 2019; Guarnaccia et al. 
2024). These studies also revealed that T. pallescens was 
only remotely related to other such fungi and hence it was 
proposed to place it in a separate genus for which the name 
Golubevia was proposed (Wang et al. 2015d). Unfortunately, 
the basionym was lacking in the original description, and, 
hence, the name was invalidly published. Richter et al. (2019) 
validated this genus name, but did not make a correct myco-
bank number, and, hence, this attempt, also failed. Guarnac-
cia et al. (2024) validated the genus Golubevia Q.M. Wang, 
F.Y. Bai, Begerow & Boekhout, MycoBank MB 847646 with 
Golubevia pallescens (Gokhale) Q.M. Wang, F.Y. Bai, Bege-
row & Boekhout as type species. A new combination was 
made, namely Golubevia pallescens (Gokhale) Q.M. Wang, 
F.Y. Bai, Begerow & Boekhout, MycoBank MB 847647, and 
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two species were described, namely Golubevia heteromor-
pha Boekhout, C. Richt. & Yurkov, MycoBank, MB 847648, 
and Golubevia mali Guarnaccia, Spadaro & Boekhout, MB 
847651. Furthermore, family Golubeviaceae Q.M. Wang, 
F.Y. Bai, Begerow & Boekhout, MycoBank MB847649, 
and order Golubeviales Q.M. Wang, F.Y. Bai, Begerow & 
Boekhout, MycoBank MB 847650 were described. The cited 
molecular phylogenetic studies placed this order in class 
Exobasidiomycetes, subphylum Ustilaginomycotina.

Characters that define the taxa in the order

The two published species are only known in their yeast 
stage and are characterized either by whitish (G. pallescens) 
or whitish to creamish brown yeast colonies (G. hetero-
morpha) that can have uneven margins (Boekhout 1991a; 
Richter et al. 2019). The yeast stage proliferates via bud-
ding. Sexual reproduction is unknown, but in G. pallescens 
ballistospores are produced on holobasidial-like structures. 
These germinate from conidia (Boekhout 1991a). Hyphal 
growth is known on artificial media for G. pallescens. The 
hyphae are septate and branch regularly. Chlamydospores 
are formed intercalary or terminal. Although both species 
grow on a wide range of carbon sources, they only do so 
in the presence of oxygen and fermentation is not known 
(Boekhout 1991a, 2011; Richter et al. 2019).

Plates

For illustrations, see Boekhout (1991a, b: Fig. 52), Boek-
hout (2011: Fig. 160.11 & Fig. 160.12), Richter et al. (2019: 
Fig. 3II), and Figs. 6 and 7 in Guarnaccia et al. (2024).

Genera included
Family Golubeviaceae Q.M. Wang, F.Y. Bai, Begerow & 
Boekhout 2023

Golubevia Q.M. Wang, F.Y. Bai, Begerow & Boekhout 
2023
[Golubevia Q.M. Wang, F.Y. Bai, Begerow & Boek-
hout 2015] (nom. inval.)
[Golubevia Q.M. Wang, F.Y. Bai, Begerow & Boek-
hout 2019] (nom. inval.)

Evolution

Not much is known about the evolutionary trends within this 
order as presently it contains only one family and one genus 
with only three species. Similar ballistoconidium-forming 
fungi belong to various orders in Exobasidiomycetes, such 
as Georgefischeriales, Robbauerales, and Entylomatales 

(Wang et al. 2015d). Figure 52E in Boekhout (1991a, b) 
does remind a germinating chlamydospore [or is it a teli-
ospore?] with a basidium-like structure. However, the pos-
sibility of a sexual cycle needs further determination.

Justification of order and problems

Golubeviales is only phylogenetically characterized and used 
to be part of the anamorphous genus Tilletiopsis. Together 
with the Robbauerales, they form a sister group to the rest 
of the Exobasidiomycetes (Richter et al. 2019). In other phy-
logenetic studies the Golubeviales are sister group to the 
Microstromatales or the Tilletiales within the Exobasidiomy-
cetes (McTaggart et al. 2020). The members of this clade are 
ecologically not well characterized, but are known to occur 
in the phyllosphere of plants (see Economic importance).

Although this is another example of a small monotypic 
order, the evolutionary distances do warrant recognition 
as a distinct lineage at a higher taxonomic level. Presently, 
recognition at the ordinal level seems justified, but further 
confirmation by increasing species sampling is suggested.

Economic importance

Species in the Golubeviales occur in plant phyllospheres 
where they can show antagonistic behaviour against other 
fungi, especially in their interaction with plant pathogenic 
mildews (Klecan et al. 1990; Boekhout 1991a, 2011; Urqu-
hart et al. 1994; Köhl et al. 2019). Golubevia species might 
be relevant as biocontrol agents (Klecan et al. 1990; Urqu-
hart et al 1994; Ng et al. 1997; Köhl et al. 2019; Russ et al. 
2021). In the presence of the plant-pathogen, the tested Gol-
ubevia isolates upregulated the expression of an unspecific 
peroxygynase, potentially interfering with the  H2O2 pro-
duction during conidiogenesis of the pathogen (Russ et al. 
2021). Additionally, Golubevia species might induce plant 
defenses, thereby indirectly increasing the resistance of the 
plant to specific plant pathogens (Russ et al. 2021).

Golubevia pallescens, G. heteromorpha and G. mali are 
also three of several yeast-like species adding to the post-
harvest disorder “white haze” of apple fruits (Boekhout et al. 
2006; Baric et al. 2009; Weber and Zabel 2011; Prencipe 
et al. 2016; Richter et al. 2019; Guarnaccia et al. 2024). 
A recently recognized species, G. mali, is also involved in 
causing white haze and was found in various orchards in the 
North of Italy (Guarnaccia et al. 2024). The value of apples 
can be lowered after long-term storage under low-oxygen 
conditions, as a white haze caused by increased yeast growth 
can occur. Since its description in 2006, white haze has been 
found to occur in various European countries, such as Croa-
tia, Germany, Italy and The Netherlands (Boekhout et al. 
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2006; Baric et al. 2010; Weber and Zabel 2011; Prencipe 
et al. 2016; Guarnaccia et al. 2024).

Other relevant data and future 
recommendations

Species of Golubeviales may have applied potential as biocon-
trol agents. However, their involvement in causing white haze 
on apples may limit the use of isolates for this purpose, but 
enzyme cocktails produced by these fungi might be interesting 
to test for biocontrol capabilities against powdery mildews.

Gomphales Jülich 1982

Contributed by: Admir J. Giachini, André Felipe da Silva, 
Mao-Qiang He, Rui-Lin Zhao

Introduction

Gomphales (Agaricomycetes) is monophyletic and has 
three families that encompass approximately 410 species in 
19 genera. These include Beenakia, Clavariadelphus, Gau-
tieria, Gloeocantharellus, Gomphus, Kavinia, Lentaria, 
Phaeoclavulina, Ramaria, Ramaricium and Turbinellus 
(He et al. 2019a; Cao et al. 2021b). Species of Gomphales 
have different basidioma morphologies, ranging from 
coral-shaped (Phaeoclavulina, Ramaria, Ramaricium, 
Lentariaceae), club-shaped (Clavariadelphaceae), gilled 
(Gloeocantharellus), cantharelloid-gomphoid (Gomphus, 
Phaeoclavulina, Turbinellus), tooth-like (Beenakia), resu-
pinated-odontoid (Hydnocristella, Kavinia) and sequestrate 
(Gautieriaceae) (Hosaka et al. 2006; Giachini et al. 2010; 
Hibbett et al. 2014; González-Ávila et al. 2020; Sandoval 
et al. 2022; Rincón et al. 2023). In sum, members of this 
order are cosmopolitan, especially in the Northern Hemi-
sphere (He et al. 2019a). Recently, the species Gloeocan-
tharellus corneri was cited as occurring in the Amazon 
region of Brazil (Wartchow et al. 2022), considering that 
the species had been described previously in the Atlantic 
Forest (Watling and de Meijer 1997).

History

Early classification studies of the Gomphales presented 
wide variation in terms of their taxonomic boundaries, 
e.g. in order, number of families and genera considered. In 
the 1960s, the family Gomphaceae was proposed by Donk 
(1961, 1964) to include the genera Beenakia, Chloroneuron, 
Gloeocantharellus, Gomphus, Kavinia, Lentaria, Ramaria 
and Ramaricium. In the 1970s, the family Ramariaceae was 
proposed by Corner (1970) to include Delentaria, Kavinia, 

Lentaria and Ramaria, excluding Chloroneuron and Gom-
phus due to the absence of intermediate species between 
gomphoid and ramarioid morphologies.

In 1981, Gomphales was described by W. Jülich and 
included genera of the families Gomphaceae (e.g. Gloeo-
cantarellus, Gomphus, Kavinia, Psathyrodon) with smooth 
hymenia, which gave rise to intermediate cantharelloid spe-
cies (e.g. Cantharellus, Craterellus), and from these derived 
the wrinkled or folded hymenial gomphoid species (e.g. 
Gomphus, Turbinellus), Lentariaceae (Delenteria, Lentaria) 
and Ramariaceae (Ramaria) (Jülich 1981). Pseudogomphus 
and Terenodon were included in Gomphaceae by Hawks-
worth and collaborators in 1995, while Ramaricium (Ramari-
aceae) was officially proposed by Villegas et al. in (1999).

Characters that define the taxa in the order

Comparative studies on the anatomy and biochemistry of 
taxa are necessary to fully unravel the morphological fea-
tures (synapomorphies) that unite species of Gomphales, 
since these features vary by fungal genera (Giachini et al. 
2010). For example, the speciation of Ramaria lineages can 
be determined by assessing the presence or absence of clamp 
connections (Corner 1950, 1966a, 1970), cyanophilic reac-
tion of basidiospores to cotton blue (Kotlaba and Pouzar 
1964) and spore ornamentation (Marr and Stuntz 1973). 
Basidiome characteristics (color, shape, size, habitat, gen-
eral appearance), size and ornamentation of basidiospores 
and hyphae construction (clamp, non-clamped, branching 
pattern) are useful for the speciation of Phaeoclavulina and 
Turbinellus. Likewise, evaluation of basidiospore shape, 
ornamentation and size, and basidiome morphology favor 
Beenakia, Hydnocrystella and Kavinia speciation (Nuñez 
and Ryvarden 1994; Chen et al. 2015; Robledo and Urcelay 
2017). Colorimetric reactions to KOH,  FeCl3 and  NH4OH 
also promote species delimitation of Clavariadelphus 
(Methven 1990; Huang et al. 2020).

However, molecular identification is a better alternative 
for speciation of lineages, since phenotypic plasticity may 
bring inconsistent data for morphological characterization 
(Giachini et al. 2010). In this context, the use of molecular 
markers such as ITS, SSU, LSU, mtSSU, rpb2, tef1 and atp6 
have been used for this purpose (Humpert et al. 2001; Li 
et al. 2022b). For example, genome sequencing has allowed 
the segregation of the genera Phaeoclavulina and Turbinel-
lus from others that were considered to be within the genera 
Ramaria and Gomphus (Giachini et al. 2010).

Plate
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Fig. 30  Selected basidi-
ome types of Gomphales. 
a Clavariadelphus amplus 
(ZRL20201286, Sichuan 
province of China); b Ramari-
opsis pulchella (ZRL20161642, 
Zhejiang province of China); 
c Turbinellus szechwanensis 
(ZRL20230234, Hubei province 
of China); d Lentaria sp. 
(ZRL202201444, Hubei prov-
ince of China)

Genera included
Family Clavariadelphaceae Corner 1970

Beenakia D.A. Reid 1956
 = Psathyrodon Maas Geest. 1977
Clavariadelphus Donk 1933

Family Gomphaceae Donk 1961
Araeocoryne Corner 1950
Delentaria Corner 1970
Destuntzia Fogel & Trappe 1985
Gautieria Vittad. 1831
 = Ciliciocarpus Corda 1831
 = Uslaria Nieuwl. 1916
Gloeocantharellus Singer 1945
 = Alectorolophoides Battarra ex Earle 1909
 = Linderomyces Singer 1947
Gomphus Pers. 1797
 = Gomphora Fr. 1825
Phaeoclavulina Brinkmann 1897
 = Chloroneuron Murrill 1911
Protogautieria A.H. Sm. 1965
Pseudogomphus R. Heim 1970
Ramaria Fr. ex Bonord. 1851
 = Capitoclavaria Lloyd 1922
 = Cladaria Ritgen 1828
 = Clavariella P. Karst. 1881
 = Corallium G. Hahn 1883
 = Coralloidea Roussel 1806
 = Coralloides Tourn. ex Battarra 1755
 = Dendrocladium (Pat.) Lloyd 1919
Ramaricium J. Erikss. 1954

Terenodon Maas Geest. 1971
Turbinellus Earle 1909

Family Lentariaceae Jülich 1982
Hydnocristella R.H. Petersen 1971
Kavinia Pilát 1938
Lentaria Corner 1950
Gomphocantharellus L. Fan, Y.Y. Xu, Zhu L.Yang & 
S.P. Jian 2022

Genera incertae sedis
Schildia Franchi & M. Marchetti 2015

Evolution

In the 1970s, a gomphoid ancestral morphology was sug-
gested by Petersen (1971), and the “Clavaria theory” 
proposed by Corner (1972) suggested that Clavaria with 
smooth hymenia gave rise to the species Cantharellus and 
Craterellus, which were precursors of the genera Gomphus 
and Turbinellus. Cantharelloid/gomphoid and clavarioid 
fungi are historically speculated as the origin of fleshy 
basidiomycetes (Petersen 1971; Corner 1972; Jülich 1981). 
It has been suggested that cantharelloid, ramarioid, and club-
like fungi were derived from agaricoid ancestors (Petersen 
1971; Singer 1986). Species of Gomphales have evolved to 
enhance their metabolism and affinity for different substrates 
(nutrition), which suggests the ability of species to colonize 
on lignocellulosic biomass or soils (e.g. Phaeoclavulina), 
as well as other species becoming mycorrhizal (Gautieria, 
Gomphus) (Giachini et al. 2010).
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Significance

Ecological and economical roles

Species of Gomphales are generally ectomycorrhizal and/
or wood decomposers, playing important ecological roles in 
different ecosystems (Giachini et al. 2010; He et al. 2019a). 
For example, it is speculated that the ectomycorrhizal spe-
cies Ramaria rubella (subgenus Lentoramaria) probably 
degrades lignocellulosic biomass due to its genome con-
taining genes related to excretion of hydrolytic and oxida-
tive enzymes such as peroxidases and cellobiohydrolases 
(Miyauchi et al. 2020). In addition, species of Gomphales 
are economically important for human food (González-Ávila 
et al. 2016; Pérez-Moreno et al. 2021).

Chemical diversity

Chemical diversity of members belonging to Gomphales has 
been explored using cultivation-dependent and cultivation-
independent techniques (Dong et al. 2020; Kalntremtziou 
et al. 2023). Among the metabolites produced by species of 
this order, enzymes, polysaccharides, sesquiterpenes, and 
glucans present potential for industrial and environmental 
applications due to their antioxidant, antigenotoxic, antitu-
mor, antimicrobial or immunostimulant properties (Bhanja 
et al. 2013; Liu et al. 2013; Li 2017). For example, targeted 
functional metagenomic analysis of soils from Mediter-
ranean forests revealed that Gomphales species are poten-
tial producers of manganese peroxidases (Kalntremtziou 
et al. 2023). In addition, genome screening of Gautieria 
morchelliformis also revealed the presence of genes related 
to peroxidase production (Miyauchi et al. 2020). Addition-
ally, the fungus Beenakia informis produced metabolites 
such as γ-pyrone and isoprenylated cyclohexanoids in liquid 
medium, which showed antimicrobial activity towards the 
phytopathogen Fusarium solani (Rincón et al. 2023).

Heitmaniales Q.M. Wang & F.Y. Bai 2020

Contributed by: Teun Boekhout, Andrey Yurkov

Introduction

Biodiversity studies of the phylloplane in China revealed 
the presence of a new genus with three anamorphic yeast 
species, for which the name Heitmania was proposed (Liu 
et al. 2017b). This genus subsequently became the basis for 

the family Heitmaniaceae and order Heitmanniales (Li et al. 
2020b).

History

Heitmaniales is another order that was recently created, 
based on molecular phylogenetic analyses, to accommodate 
the monotypic lineage comprising the family Heitmaniaceae 
and the genus Heitmania in Microbotryomycetes (Li et al. 
2020b). The genus Heitmania was previously proposed by 
Liu et al. (2017a, b) to accommodate three species of anamo-
rphic yeasts obtained from the phyllosphere in a subtropical, 
evergreen, broad-leaved forest in southern China. A fourth 
species was added by Li et al. (2020b).

Characters that define the taxa in the order

Heitmaniales is mainly defined by its phylogenetic position 
as a distinct branch in Microbotryomycetes, where it occurs 
as a basal lineage in a small clade with Curvibasidium and 
Pseudoleucosporidium fasciculatum (Liu et al. 2017b; Li 
et al. 2020b). Colonies smooth, cream-coloured, butyrous. 
Yeast cells present, pseudohyphae not observed. Ballisto-
conidia may be present or absent. Sexual reproduction not 
observed.

Plates

See Fig. 2 in Liu et al. (2017a, b).

Genera included
Family Heitmaniaceae Q.M. Wang & F.Y. Bai 2020

Heitmania Xin Zhan Liu, F.Y. Bai, M. Groenew. & 
Boekhout 2018

Evolution

Given the few known taxa that occur in Heitmaniales, noth-
ing can currently be stated about their evolution.

Justification of order and problems

Heitmaniales seems to be the result of rank inflation. Addi-
tional sampling is needed to get an improved understanding 
of the extent of Heitmaniales.
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Fig. 31  Basidiome of Helicobasidium longisporum (MG943, Neth-
erlands, credit: Martin Gotink, Copyright Phragmoproject). Also see 
figures in Lutz et al. (2004a, b, c) and Miraline and Torta (2020)

Significance

Ecological and economical roles

Species of Heitmaniales are known from the phyllosphere 
(Liu et al. 2017b; Li et al. 2020b).

Chemical diversity

Not known.

Helicobasidiales R. Bauer, Begerow, J.P. Samp., M. Weiss 
& Oberw. 2006

Contributed by: Nathan Schoutteten, Merje Toome-Heller

Introduction

Helicobasidiales is an order within Pucciniomycetes, com-
prising fungi with complex life cycles, alternating between 
a dikaryotic and a haploid stage. In their dikaryotic stage 
(= Helicobasidium stage), members of Helicobasidiales 
are severe phytoparasites, with saprotrophic capabilities. 
In this stage, a corticioid basidiome with purplish tints 
and transversally septate basidia is produced, dwelling 
soil or plant parts. In their haploid stage (Tuberculina 
stage), Helicobasidiales acts as mycoparasite of the hap-
loid stage (aecia) of phytoparasitic rust (Pucciniales), and 
produces pulvinate sporodochia-like structure for asexual 
reproduction. Because of the deviating morphology and 
ecology of these alternating stages, these two distinct 
morphs were long time interpreted as distinct organisms 
and were classified in different genera. It was only with the 
advent of molecular phylogenetics that these two stages 
could be linked, and the lifecycles of these organisms were 
elucidated.

History

Helicobasidium was already introduced early by Patouil-
lard (1885), to accommodate a corticioid fungus producing 
violet basidiomes and transversally septate basidia. Tuber-
culina was instated by Saccardo (1880a, b) to accommodate 
anamorphic parasitic fungi. Lutz et al. (2004a, b) showed the 
link between these two genera and elucidated their complex 
life cycles. Several dozens of names are available for both 

genera, and this group is in serious need of a taxonomic and 
nomenclatorial revision (Lutz et al. 2004c). According to the 
priority principle, the name Tuberculina would have priority 
over Helicobasidium. Aime et al. (2018b) called for protec-
tion of the name Helicobasidium over Tuberculina, which 
is more widely used in literature and is more familiar in the 
mycological community.

Characters that define the taxa in the order

Helicobasidium-stages are characterized by the production 
of corticioid basidiomes and the presence of transversally 
three-septate basidia. Tuberculina-stages infect the aecia of 
phytoparasitic rusts, on which they develop subepidermal 
pulvinate sporodochia-like structures. These structures con-
sist of palisade-arranged conidiophores, each producing a 
single conidium.

Host–parasite interaction of the mycoparasitic stage 
is characterized by a unique interaction mechanism, i.e., 
the µm-fusion pore interaction. At the contact interface of 
the fungal host and mycoparasite, a micropore is formed 
with a diameter of about 0.5–1 µm. Plasmamembrane of 
this pore fuses with the plasmamembranes of both host 
and mycoparasite, leading to a cytoplasmic bridge. Bauer 
et al. (2004) found evidence for the transfer of nuclei and 
mitochondria from mycoparasite to host fungus through 
the micropore.

Plates
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Genera included
Family Helicobasidiaceae P.M. Kirk 2008

Helicobasidium Pat. 1885
 = Cordalia Gobi 1885
 = Helicobasis Clem. & Shear 1931
 = Stypinella J. Schröt. 1887
 = Thanatophytum Nees 1816
 = Tuberculina Tode ex Sacc. 1880
 = Uredinula Speg. 1880

Evolution

Helicobasidiales is closely related to the Pucciniales, on 
which the haploid stages of its representatives are parasitic. 
The combination of mycoparasitic and phytoparasitic strate-
gies in the lifecycle of these fungi is unique among Fungi. 
Helicobasidiales is evolutionarily a very interesting group of 
fungi. It has been hypothesized that the group first evolved 
as plant pathogens and made a later jump to also be able to 
infect rust fungi. To date, a few species are only known from 
their rust hosts, and it remains unknown whether they have 
lost their ability to cause root rot or their other hosts are yet 
to be identified (Lutz et al. 2004a).

Justification of order and problems

Helicobasidiales is supported by different types of data. 
Molecular phylogenetic studies have shown Helicobasidi-
ales to be a monophyletic clade within Pucciniomycetes. 
Also, the unique lifecycle, morphology and ecology of its 
representatives justify their grouping in a separate order.

Significance

Ecological and economical roles

Helicobasidiales has a serious impact on plant and crop 
health, especially causing violet root-rot, for example, the 
species Helicobasidium purpureum and H. mompa. Since 
the fungi can infect a range of hosts, the disease is hard to 
control, and the pathogens are categorised as quarantine or 

regulated species in several countries that are free of them. 
The fact that these fungi are also capable of alternating 
between rust fungi and plants further complicates disease 
control and increases the impact on agricultural and horticul-
tural systems. Violet root rot has been reported to cause sig-
nificant impacts on numerous plant hosts, including apple, 
cranberry, and many root vegetables. As the fungus infects 
roots, the impact is the greatest in continuous monocultural 
fields.

A potential role as biocontrol agents may be suggested 
against phytoparasitic rusts during the asexual stage of the 
Helicobasidiales lifecycle, but this remains be investigated. 
Given the serious infection potential of the sexual stage of 
the lifecycle, these fungi may not be well suited for biocon-
trol applications.

Chemical diversity

Two H. mompa pigments, mompain and helicobasin (giv-
ing the fungus the deep violet colour), were isolated and 
described in 1960s in Japan (Natori et al. 1967). These were 
studied at the time for their toxic properties toward plants 
and microorganisms but very limited informiaton about the 
findings is available in English.

Other relevant data and future 
recommendations

Little research has been conducted on Helicobasidium spe-
cies since the Helicobasidium-Tuberculina connection was 
revealed by Lutz et al. (2004a, b, c). Further studies are 
needed to better understand the biodiversity and distribu-
tion of fungi in Helicobasidiales and to resolve the taxonomy 
within the genus. Genomic studies would also be very inter-
esting to better understand the evolution of pathogenic traits 
since Helicobasidium species are able to infect both plants 
and fungi.

Although the asexual stage of Helicobasidium (often still 
referred to as Tuberculina) is a parasite of rust fungi, it is 
not recommended to consider these fungi as potential bio-
control agents of rusts as Helicobasidium species can also 
be significant plant pathogens.
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Heterogastridiales Oberw. & R. Bauer 1990

Contributed by: Nathan Schoutteten, Teun Boekhout

Introduction

The formation of pycnidioid basidiome structures is a rare 
trait among Basidiomycota. The widespread-occurring 
Hyalopycnis blepharistoma forms such structures and the 
species was initially considered to be an anamorphic asco-
mycete (Berkeley 1837). In two later studies, the basidi-
omycete affinity of this enigmatic fungus was discovered 
(Bandoni and Oberwinkler 1981), and the sexual stage was 
recognised with transversally septate basidia and tetraradi-
ate basidiospores (Oberwinkler and Bauer 1990b). Due to 
the then-ruling dual nomenclature for sexual and asexual 
morphs, a new genus, Heterogastridium was proposed by 
Oberwinkler and Bauer (1990b).

History

Hyalopycnis blepharistoma was originally described as 
Spaeronaema blepharistoma by Berkeley (1837), as an 
asexual ascomycete producing pycnidia on blackening, 
decaying basidiomes of Agaricus adustus, interpreted to 
be a member of the Russula compactae group. Bandoni 
and Oberwinkler (1981) found that this species is a mem-
ber of Basidiomycota based on the presence of infrequent 
clamp connections, dikaryotic hyphae and conidia, and a 
positive staining reaction with diazonium blue B. At the 
time, the authors believed that the species was asexually 
reproducing by means of conidia produced inside the pyc-
nidia. Several years later they discovered that Hyalopycnis 
blepharistoma forms transversely septate basidia which 
produce tetraradiate basidiospores in minute pycnidioid 
basidiomes and proposed the genus Heterogastridium to 
accommodate the sexual form of the species, although 
basidia and conidiophores occur together in the same pyc-
nidioid structures (Oberwinkler and Bauer 1990b). Due 
to the unique morphology, Heterogastridiaceaea and Het-
erogastridiales were proposed for this genus (Oberwinkler 

and Bauer 1990b). Several molecular phylogenetic recon-
structions showed that Heterogastridiales is a member of 
Microbotryomycetes (Weiss et al. 2004a, b; Aime et al. 
2006; Bauer et al. 2006; Wang et al. 2015a, b). A species 
with stilboid asexual structures was described by Toome 
and Aime (2014) as Pycnopulvinus aurantiacus, which 
was isolated from palm leave litter in Equador. A sexual 
stage for P. aurantiacus is not yet reported. Molecular 
phylogenetic analyses clearly cluster both species, but 
always on long branches with respect to other groups of 
Microbotryomycetes. Strictly following the guidelines 
established for the one fungus = one name principle, the 
name Hyalopycnis has priority over Heterogastridium. 
However, Aime et al. (2018b) called for the protection 
of the latter name. H. blepharistoma was found to be a 
colacosome-interacting mycoparasite by Bauer (2004). 
Because of the lack of DNA sequence data, several other 
genera and species of colacosome-interacting mycopara-
sites were initially assigned to this order (i.e., Atractoco-
lax, Colacogloea, Krieglsteinera; Bauer et al. 2006, Aime 
et al. 2014, Oberwinkler 2017, Schoutteten et al. 2023). 
However, the phylogenetic relationships of colacosome-
interacting mycoparasites were shown to be much more 
diverse in Microbotryomycetes, and these mycoparasites 
occur in various clades that are currently not assigned to 
existing orders (Schoutteten et al. 2023).

Characters that define the taxa in the order

Basidiomes are minute, pycnidioid or stilboid, whitish 
to orange. Basidia transversely septate, with tetraradi-
ate or segmented spores. Teliospores absent. Asexual 
conidia ellipsoid formed on conidiophores inside pycn-
idioid structures. No yeast budding reported. Clamp con-
nections infrequent. Colacosomes are present in hyphae. 
SPBs during metaphase inside the nucleus. Hyphal septal 
pore complexes have a ‘simple’ organisation (Bauer et al. 
2006).

Plates
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Fig. 32  Hyalopycnis pycnidioi-
deum. a basidiome with basidia, 
basidiospores, conidiophores, 
and conidia; b, d basidia; c 
basidiospores. Scale bars: a = 40 
μm; b = 10 μm; c, d = 20 μm. 
Redraw from Oberwinkler and 
Bauer (1990b) by Mao-Qiang 
He

Genera included
Family Heterogastridiaceae Oberw. & R. Bauer 1990

Hyalopycnis Höhn. 1918
 = Heterogastridium Oberw. & R. Bauer 1990
Krieglsteinera Pouzar 1987
Pycnopulvinus Toome & Aime 2014

Evolution

Heterogastridium occurs as a distant lineage in Microbotryo-
mycetes with a large genetic distance to other taxa (Weiss 
et al. 2004a, b; Aime et al. 2006; Bauer et al. 2006; Wang 
et al. 2015a, b; Zhao et al. 2017). Since the phylogenetic 
relationships of the currently accepted groups in Microbot-
ryomycetes are unresolved, it is not yet possible to recog-
nize evolutionary patterns within the class. Schoutteten et al. 
(2023) provided a seven-locus phylogenetic reconstruction 
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of Microbotryomycetes, with a high sampling of colaco-
some-interacting mycoparasites. However, the relationships 
between the orders were unresolved, and many species, gen-
era, and families remained unassigned to higher taxa. To 
further assess the relationships between the organisms and 
clades within Microbotryomycetes, whole genome-based 
phylogenomic reconstructions based on a dense taxon sam-
pling are needed (Schoutteten et al 2023). The pycnidioid 
basidiome structures may be a synapomorphy for this line-
age in Microbotryomycetes, since they are not found in any 
other groups currently known within this class.

Justification of order and problems

Heterogastridiales seems justified based on its peculiar mor-
phology and its phylogenetic position.

Significance

Ecological and economical roles

Species of Heterogastridiales are mycoparasites acting via 
the formation of colacosomes (Bauer 2004). The host range 
is not explored, but the original description mentions a mem-
ber of the Russula compactae group as substrate. As far as 
known, they have not been explored for commercial applica-
tions. H. pycnidioideum has also been isolated from rotten 
pumpkin, decaying tomatoes, and leaf litter of an oak tree 
(Oberwinkler and Bauer 1990b).

Chemical diversity

Unknown.

Holtermanniales Libkind, Wuczk., Turchetti & Boekhout 
2011

Contributed by: Teun Boekhout, Nathan Schoutteten, 
Andrey Yurkov

Introduction

Holtermanniales is based on a molecular phylogenetic analy-
sis using sequences of the D1-D2 regions of the LSU rDNA 
(Wuczkowski et al. 2011). The genus Holtermannia was 
described in 1910 to accommodate tremellaceous fungi with 
erect, clavarioid basidiomes (Saccardo and Traverso 1910). 
The genus is relatively unknown and poorly studied. A liv-
ing culture is only available for one species, Holtermannia 
corniformis. Molecular studies identified several yeast-like 

species, previously classified in the genus Cryptococcus, to 
be phylogenetically related to Holtermannia.

History

Initially known as a small genus of tremellaceous fungi with 
small, erect, and clavarioid basidiomes, with seven species 
and two varieties (Kobayashi 1937b; Bandoni et al. 2011a), 
molecular studies showed that several yeast-like species are 
phylogenetically related. These anamorphic species have 
been described in the genus Holtermanniella with five spe-
cies (Wuczkowski et al. 2011). Despite the phylogenetic 
proximity, the genera Holtermannia and Holtermanniella 
were maintained in the multigene phylogenetic reclassifica-
tion of basidiomycetous yeasts and related fungi (Liu et al. 
2015a, b).

Characters that define the taxa in the order

Given the morphological diversity of either the teleomorphic 
or anamorphic genus in the order, it is difficult to give a 
concise characterization of it. Based on Wuczkowski et al. 
(2011) we present the following description: Asexual or sex-
ual species with free-living yeast phase with cream-colored 
colonies. Yeasts utilize myo-inositol and d-glucuronate, but 
not nitrate. Starch-like compounds produced. Hyphae, if pre-
sent, with clamp connections and haustoria. Basidiomes of 
Holtermannia species are tough-gelatinous with simple to 
branching clavarioid lobes and have a layered substructure 
with a dimitic hyphal system (Bandoni et al. 2011a). Basidia 
two- to four celled and longitudinally septated. Hyphae in 
basidiomes clamped or not.

Plates

See figures 116.2 and 116.3 in The Yeasts, a Taxonomic 
Study (Bandoni et al. 2011a).

Genera included
Family Holtermanniaceae Redhead 2015

Holtermannia Sacc. & Traverso 1910
Holtermanniella Libkind, Wuczk., Turchetti & Boek-
hout 2011

Evolution

Molecular phylogenetic studies revealed Holtermanniales as 
a deeply rooted lineage within Tremellomycetes, with Cysto-
filobasidiales and Filobasidiales being more basal (Bandoni 
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et al. 2011a; Liu et al. 2015a, b; Wuczkowski et al. 2011). It 
remains unknown whether all Holtermannia species produce 
a yeast-like morph like recently described Holtermannia 
saccardoi (Li et al. 2020b), and whether Holtermanniella 
species can form basidiomes. The mean time of origin of 
the order is estimated at 211 million years ago (Zhao et al. 
2017).

Justification of order and problems

Molecular phylogenetic studies clearly showed the isolated 
position of the order within Tremellomycetes. It remains 
to be investigated whether the other Holtermannia species, 
which were not isolated in culture and for which no DNA 
sequence data is available, also belong to the same order.

Significance

Ecological and economical roles

Ecology of Holtermanniales species is poorly known. It has 
been suggested that Holtermannia corniformis grows on 
ascomycetous stromata or tree trunks that are also growing 
bracket fungi (Kobayasi 1937b; Bandoni et al. 2011a). The 
yeast-like species are from diverse habitats such as steppe 
plants, plant litter, grape berries, truffle, phylloplane, seawa-
ter, glacial meltwater, malting barley, soils, from geographi-
cally distributed areas, such as Antarctica, Argentina, and 
Chile (Patagonia), Austria, UK/Falkland Islands, Finland, 
Germany, Italy, Sweden, and China (Taiwan province). 
Likely, some species are psychrophilic.

Chemical diversity

Unknown.

Other relevant data and future 
recommendations

Species in the order for which molecular data is available 
can be successfully identified based on the combination of 
ribosomal ITS and LSU nucleotide sequences.

Hymenochaetales Oberw. 1977

Contributed by: Ricardo Valenzuela, Tania Raymundo, 
Tatiana B. Gibertoni, Viktor Papp.

Introduction

Hymenochaetales is a large order in Agaricomycetes with 
14 families, 83 genera, and 1205 species, and include 
wood-inhabiting and ectomycorrhizal fungi with different 
kinds of basidiomes such as polyporoid, stereoid, corti-
cioid, hydnoid, coralloid and agaricoid. Despite the diver-
sity, the order forms a well supported clade, but its inter-
nal structure is largely unresolved (Hibbett et al. 2014). 
According to Larsson et al. (2006), and Wagner and Fisher 
(2002) there is some support for the clade that includes 
most of the typical Hymenochaetaceae species (Inono-
tus s.s., Phylloporia, Fulvifomes, Inocutis, Fomitiporella, 
Aurificaria, Phellinus s.s., Pseudoinonotus, Fomitiporia, 
Porodaedalea, Onnia, Mensularia, Pseudochaete and 
others new genera). This group agrees with the classical 
concept of the order Hymenochaetales by Oberwinkler 
(1977), however, its monophyletic origin is still uncer-
tain. The remaining taxa of the typical Hymenochaetaceae 
(Coltricia, Coltriciella, Pyrrhoderma, Fuscoporia, Phelli-
nidium, Asterodon, Phellopilus, and Hymenochaete) appear 
mixed with corticioid and polyporoid species of the genera 
Basidioradulum, Bridgeoporus, Hyphodontia, Rigidopo-
rus, Schizopora, and Trichaptum, and most surprisingly, 
also with omphalinoid, agaricoid or stereoid fungi, such as 
Cotylidia, Contumyces, Loreleia, Rickenella, and Sphagno-
mphalia, as revealed by previous molecular studies (Hib-
bett and Donoghue 1995, 2001; Hibbett et al. 1997, 2000; 
Ko et al. 1997; Moncalvo et al. 2002; Redhead et al. 2002; 
Redberg et al. 2003; Larsson et al. 2006). Hibbett et al. 
(2014) points out that some of those clades were not cor-
roborated by other studies using nrDNA, and the branching 
order of the groups varies from one analysis to another. 
Based on this remark, Wu et al. (2022b) have synonymized 
Cotriciella with Cotricia using ITS and LSU, while Valen-
zuela et al. (2012) showed the clades of Coltriciella and 
Coltricia as clearly separated. Therefore, it is important to 
use more nuclear markers or to have the genome of more 
speceis completely sequenced to better resolve the inner 
clades of Hymenochaetales.

History

Linnaeus established in the eighteenth century that nature 
could be divided into three kingdoms: mineral, vegetable 
and animal, and he placed fungi in the vegetable kingdom. 
In 1753, some polyporoid Hymenochaetales were placed 
in Boletus, a genus that Linnaeus used to include all fungi 
that had tubes or pores, so that the basidiomes could be 
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fleshy or hard and/or woody and pileate-stipitate (Ryvarden 
and Gilbertson 1994). Persoon in 1801 in his work Syn-
opsis Methodica Fungorum, placed the polyporoids within 
the group of the Aphyllophorales (Aphyllophoracés). His 
classification system was based on macroscopic characters, 
mainly of the hymenophore (Jülich 1981). Later, Fries, 
between 1821 and 1832, included in Aphyllophoracés, five 
families: Clavariaceae with erect basidiomes and amphig-
enous hymenium; Thelephoraceae with smooth hyme-
nium; Hydnaceae, Polyporaceae and Agaricaceae with 
dentate, tubular and lamellate hymenophores, respectively. 
In Polyporaceae, he included all types of fungi with pores 
and harder consistency, placing in Boletus, the fungi with 
tubular hymenophore and fleshy consistency, in the family 
Agaricaceae.

The Friesian System must be discussed first as it pro-
vides the basis on which all subsequent classification sys-
tems were built or created. For this purpose we must ana-
lyze his first works: “Systema Mycologicum” (published in 
1821) and “Epicrisis systematis mycologici” (in 1838). The 
classification of polyporoid fungi used by Fries is based 
exclusively on macroscopic characters. From these traits, 
the structure of the hymenophore, the characteristics of 
the mycelial tissue and the walls of the tubes and their 
interrelationships of these tissues are considered funda-
mental characters. On these principles, Fries established 
nine genera arranged in the following sequence: Polypo-
rus, Trametes, Daedalea, Cyclomyces, Hexagona, Favolus, 
Laschia, Merulius and Porothelium. These genera are fur-
ther divided into tribes and sections. In 1851, Fries divided 
the genus Polyporus into 3 subgenera: Eupolyporus char-
acterized by fleshy and annual pileus; Fomes with woody 
and perennial pileus; and Poria which included all fungi 
with resupinate basidiomes. He also separated the genus 
Polystictus which was distinguished by the reciprocally 
perpendicular arrangement of the hyphae of the pileus tis-
sue and the hyphal trame of the tubes. The above subgenera 
are recognized as independent genera by all mycologists 
who adopted the Friesian system. It is important to mention 
that the only genus considered in Hymenochaetaceae and 
described by Fries is Cyclomyces, while most of the current 
representatives of this group of fungi were found within 
Polyporus (in its three subgenera Eupolyporus, Fomes 
and Poria, the last two elevated to genus status later) and 
Polystictus.

The Friesian system had several drawbacks, as the arti-
ficial conception and inadequate number of genera, the 
absence of microscopic characters and the difficulty of dif-
ferentiating the representatives of such close genera as Poly-
porus and Polystictus and so all the others. The deficiency of 
the classification system proposed by Fries regarding major 

categories, such as the inclusion in the same class of Asco-
mycetes and Basidiomycetes, was originated from his failure 
to take into account the evolutionary development of fungi, 
and because he ignored the taxonomic meaning of the asca 
and basidium. In addition, Fries occasionally ignored the 
meaning of polymorphism in fungi. This, coupled with the 
lack of microscopic examinations in the study of polyporoid 
fungi, led to the dispersal of many identical forms of poly-
poroid fungi into different genera.

On the other hand, a mycologist contemporary to Fries 
who described several genera of polyporoid fungi was S. 
F. Gray, who in 1821 proposed Albatrellus and Coltricia 
among others, the latter being a current member of the 
Hymenochaetales family. Later, a French mycologist made 
some superficial changes to the Friesian system was Lucien 
Quélet and was the first to introduce in his classification 
system the individual elements of evolution. The modifi-
cations made by Quélet in 1888 were mainly in the genus 
Polyporus. Using most of the data provided by Fries when 
he subdivided the genus Polyporus into tribes and series, 
and supplementing these with microscopic characters using 
mainly the spores, he recognized 9 new genera: Leptoporus, 
Coriolus, Inodermus, Phellinus, Placodes, Pelloporus, Leu-
coporus, Caloporus and Cerioporus. Of these, Inodermus, 
Placodes and Pelloporus include species placed in Hyme-
nochaetales and Phellinus currently belongs to Hymeno-
chaetaceae. In addition, he made several essential transposi-
tions in the family Polyporaceae sensu lato by changing the 
limits and volume conferred by Fries. Quélet was the first 
to recognize Irpex (with some species currently considered 
representatives of Hymenochaetaceae) in this family by 
observing that in the juvenile stages this fungus presents 
an alveolar structure.

Petter Adolf Karsten, a Finnish mycologist and contem-
porary of Quélet, also helped in the classification of poly-
poroid fungi and added other characters for the classification 
of genera. Karsten, in 1879, considered the consistency of 
the hymenophore, the pigmentation of the basidioma, tis-
sue and spores, the consistency of the basidioma, the tex-
ture of the pileus, the presence or absence of the stipe, in 
addition to those already mentioned for the Friesian system. 
He described more than 200 new genera including Gano-
derma, Inoderma, Inonotus, Onnia, Pycnoporus, Bjerkan-
dera, Ischnoderma, etc. (Inoderma, Inonotus and Onnia are 
accepted as members of Hymenochaetaceae). Furthermore, 
he was the first to propose that the genus Lenzites should 
be moved from the Agaricaceae, as Fries had proposed, to 
the family Polyporaceae, and this change was adopted by 
subsequent mycologists.

Another eminent Italian mycologist was Giacomo 
Bresadola, who described more than 1000 species and 
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about 15 genera, working with Quélet, Patouillard, Bou-
dort, among others. Among the new genera he described 
was Hydnochaete, proposed in 1896 and was a member of 
Hymenochaetaceae.

William Alphonso Murrill was another American mycol-
ogist who described, between 1905 and 1940, 343 species 
and 17 genera of polyporoid fungi, of which Coltriciella 
and Phylloporia belong to Hymenochaetaceae, and Fulvifo-
mes, Fomitiporia, Fuscoporia, Fomitiporella, Porodaedalea 
and Pyropolyporus that were not accepted by contemporary 
mycologists of Murrill nor by current mycologists. However, 
they are so far being validated by molecular studies of cer-
tain regions of ribosomal DNA.

Narcisse Théophile Patouillard (1900) was the first to 
include all the fungi of Hymenochaetaceae in a group he 
called “Serie des Ignaires” and considered genera that had 
a very varied basidiomes morphology and hymenial con-
figuration, but had in common the presence of mushrooms. 
However, some species and related genera lacked this type 
of sterile cells, but their golden to brown configuration 
and blackening of the basidioma in Potassium Hydrox-
ide (KOH) are shared by all fungi in this group. The latter 
was recognized by Corner (1948) and mentioned Patouil-
lard’s “Ignaires” series in a broader sense, grouping them 
in the “Xanthocroic” series, while Donk (1948, fide Fias-
son and Niemelä 1984) classified them within the family 
Hymenochaetaceae.

Reid (1963) described the genus Aurificaria within 
Hymenochaetaceae and included terrestrial or lignicolous 
fungi with centrally or laterally stipitate, lobed or sessile, 
dimidiate, imbricate and entire basidiomes, pileus with a 
black cuticle forming from the base to the margin, poroid 
hymenophore and zonate, corky to woody in consistency, 
hard and brittle context. The hyphal system is monomitic 
with simple septate generative hyphae, thin to thick-walled, 
hyaline to reddish brown in KOH, setae and setigerous 
elements are absent and basidiospores are hyaline to dark 
brown in water and olivaceous brown in KOH and inamy-
loid. However, recently this genus was synonymized with 
Fulvifomes.

Donk (1964) described the family Hymenochaetaceae 
with annual to perennial, resupinate to stipitate or clavari-
oid and coralloid basidiomycetous fungi, with the context 
generally dark-colored and of leathery to woody consistency, 
with xanthochroic reaction in KOH, the hymenophore may 
be smooth, dentate, rugose, irpiciform or poroid, very occa-
sionally with concentric (never radial) lamellae. The hyphal 
system is monomitic or dimitic with skeletal hyphae, genera-
tive hyphae with simple septa. Setae and setal hyphae are 
present on the hymenium, context or surface of the pycelium 
or absent. Species of this family are generally lignicolous, 

causing a white rot in wood or are terricolous. He considered 
19 genera in the family Hymenochaetaceae, 11 of these with 
poroid hymenophore.

Later, this group of fungi was elevated to the taxonomic 
category of order as Hymenochaetales by Oberwinkler 
(1977) with the same morphological characters of the fam-
ily Hymenochaetaceae.

Fiasson and Niemelä (1984) carried out a phenetic 
and phylogenetic analysis of the European poroid species 
of the Hymenochaetales, recognizing and amending the 
order and dividing it into two new suborders: Phaeolinae 
and Hymenochaetinae. The inclusion of Phaeolus sch-
weinitzii in the first suborder of the Hymenochaetales is 
based on the production of stilpyrones, the pigment that 
gives them the brown coloration typical of the species 
of this order (Fiasson 1982), the presence of generative 
hyphae with simple septa and the “imperfect” brown rot 
it produces in the wood. However, Parmasto and Par-
masto (1979), Ryvarden and Johansen (1980), Gilbertson 
and Ryvarden (1987) considered P. schweinitzii within 
Polyporaceae because of the brown rot it causes and the 
presence of cystidia, recently it is confirmed by phyloge-
netic analysis that Phaeolus nested in Polyporales rather 
than Hymenochaetales (Yuan et al. 2022). On the other 
hand, the suborder Hymenochaetinae is subdivided into 
three families: Hymenochaetaceae (Asterodon, Hydno-
chaete and Hymenochaete), Inonotaceae (Inocutis, Inono-
tus and Phylloporia) and Phellinaceae (Fomitiporia, Ful-
vifomes, Fuscoporia, Inonotopsis, Onnia, Phellinidium, 
Phellinus and Porodaedalea). In the suborder Phaeoli-
nae, they consider only the family Phaeolaceae with two 
genera Phaeolus and Coltricia, the latter sharing with the 
former the ultrastructure of the septum with perforated 
parentosome.

On the one hand, and according to Ryvarden (1991) the 
family Hymenochaetaceae is one of the most homogene-
ous groups among the Basidiomycetes and an example of 
the strong macroscopic morphological variation in relation 
to the microscopic evidence and proposes a monophyletic 
origin with the following arguments: presence of hyphae 
without fibulae, dolipore septum and non-perforated paren-
tosome, xanthochroic reaction and white rot. Although it is 
now known that styrilpyrone compounds are not exclusive 
to the Hymenochaetales, these together with phenolic com-
pounds are what give the positive xanthochroic reaction in 
the Hymenochaetaceae (Fiasson 1982).

Boidin et al. (1998), while analyzing the molecular taxon-
omy of 360 species of Aphyllophorales using ITS sequences, 
recognize that their results were similar to those of Hib-
bett and Donaghue (1995) with respect to the order Hyme-
nochaetales and that these allowed them to delimit with 
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certainty this order, to accept it as a monophyletic group 
with three families: Hymenochaetaceae (Hymenochaete), 
Coltriciaceae (Coltricia, Inonotus and Phylloporia) and 
Phellinaceae (Phellinus), and to consider the genus Phaeo-
lus outside the order, not agreeing with Fiasson and Niemelä 
(1984).

Recent molecular phylogenetic studies by Hibbett and 
Thorn (2001) show eight major clades in the Homobasidi-
omycetes and one of them was the Hymenochaetoid clade, 
later corroborated by Binder and Hibbett (2002) and Mon-
calvo et al. (2002). This clade comprises all members of 
the family Hymenochaetaceae, as well as members of other 
groups of polyporoid, agaricoid, corticioid, and stereoid 
fungi (at least nine families of Homobasidiomycetes).

Contradictory to most Homobasidiomycetes, members 
of the clades hymenochaetoid, canthareloid and gomphoid-
phalloid possess dolipore with unperforated parentosomes 
(Moore 1985; Langer and Oberwinkler 1993; Muller et al. 
2000; Hibbett and Thorn 2001; Binder and Hibbett 2002). 
This character has been found in Auriculariales and Dacry-
mycetales, so it could be argued that it is a plesiomorphic 
condition in Homobasidiomycetes and this view would be 
in line with the basal position of the hymenochaetoid clade 
in the phylogeny of this group (Goes-Neto and Groposo 
2005). However, Hibbett and Thorn (2001) pointed to the 
unperforated parentosome as a potentially homoplastic 
character because of its co-occurrence of perforated and 
unperforated parentosomes in the polyporoid, hymeno-
chaetoid, canthareloid, and gomphoid-phalloid clades (van 
Driel et al. 2009), which would indicate that the basal posi-
tion of this clade is not confirmed (Binder and Hibbett 
2002; Goes-Neto and Groposo 2005). The exception in the 
hymenochaetoid clade is Hyphoderma praetermissum (P. 
Karst.) J. Erikss. & Å. Strid, Irpex latemarginatus (Durieu 
& Mont.) C.C. Chen & Sheng H. Wu and Rickenella fibula 
(Bull.) Raithelh., species not related to the Hymenochaeta-
ceae s.s. because they have a perforated parentosome (van 
Driel et al. 2009).

On the other hand, the relationships among the hyme-
nochaetoid subclades are not yet well resolved. According 
to Wagner and Fisher (2002) there is some support for the 
clade that includes most of the typical species of Hymeno-
chaetaceae (Inonotus s.s., Phylloporia, Fulvifomes, Inocutis, 
Fomitiporella, Aurificaria, Phellinus s.s., Pseudoinonotus, 
Fomitiporia, Porodaedalea, Onnia, Mensularia and Pseu-
dochaete). This group is in accordance with the classical 
concept of the order Hymenochaetales of Oberwinkler 
(1977), however, its monophyletic origin is still uncer-
tain (Wagner and Fisher 2002; Larsson et al. 2006). The 
remaining taxa of the typical Hymenochaetaceae (Coltri-
cia, Coltriciella, Pyrrhoderma, Fuscoporia, Phellinidium, 

Asterodon, Phellopilus, and Hymenochaete) occur mixed 
with corticioid and polyporoid species of the genera Basidio-
radulum, Bridgeoporus, Hyphodontia, Rigidoporus, Schizo-
pora, and Trichaptum, and more surprisingly, also with 
omphalinoid, agaricoid or stereoid fungi, such as Cotylidia, 
Rickenella, Loreleia, Contumyces and Sphagnomphalia, as 
revealed by previous and recent molecular studies (Hibbett 
and Donoghue 1995, 2001; Hibbett et al. 1997, 2000; Ko 
et al. 1997; Moncalvo et al. 2002; Redhead et al. 2002; Red-
berg et al. 2003; Larsson et al. 2006).

In summary, the position of the hymenochaetoid clade 
and its internal relationships are still unresolved. This clade 
apparently has no morphological, physiological or ecologi-
cal synapomorphies and can only be defined almost exclu-
sively by its molecular characters (Goes-Neto and Groposo 
2005; Larsson et al. 2006).

Recenttly, Wang et al. (2023a) made an analysis of clas-
sification of the order Hymenochaetales since Oberwinkler 
proposed the order in 1977 until to Wijayawardeneet al. 
(2022a) and then they proposed 14 families for Hymeno-
chaetales, which are recognized in this work.

Characters that define the taxa in the order

According to Larsson et al. (2006), there are no morphologi-
cal characters that delimit the order, as all characteristics are 
also found in the other Agaricomycetes. At lower taxonomic 
levels, morphological characters are better resolved and geo-
graphical distribution and host also seem to have relevant 
importance when defining genera and species. Currently, 
14 families are accepted in Hymenochaetales (Wang et al. 
2023a).

Chaetoporellaceae Jülich can be distinguished by the 
resupinate to effused, pale to brown basidiomes, smooth to 
hydnoid hymenophore, monomitic to pseudodimitic, hyphal 
system with clamp connections, presence of tubular cystidia 
in the trama, smooth, thin-walled or slightly thick-walled, 
cylindrical, ellipsoid or allantoid, hyaline, inamyloid, index-
trinoid, acyanophilous basidiospores (Bernicchia and Gorjón 
2010; Wang et al. 2021a, 2023a).

Hymenochaetaceae Donk is distinguished by annual to 
perennial, resupinate, effused-reflexed, pileate to stipitate, 
brownish basidiomes with a xanthochroic reaction in KOH, 
poroid or corticioid hymenophore, mono-, di- or trimitic 
hyphal, with and without clamp connections, presence or 
absence of setal elements, smooth, thin to thick-walled, 
globose to allantoid, hyaline ro brownish, indextrinoid or 
dextrinoid, acyanophilous or acyanophilous basidiospores 
(Wu et al 2022b). According to Wang et al. (2023a), the fam-
ily includes Asterodontaceae Parmasto, Clavariachaetaceae 
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Jülich, Coltriciaceae Jülich, Inonotaceae Fiasson & Niemelä, 
Neoantrodiellaceae Y.C. Dai, B.K. Cui, Jia J. Chen & H.S. 
Yuan and Nigrofomitaceae Jülich.

Hyphodontiaceae Xue W. Wang & L.W. Zhou is char-
acterized by the resupinate, pale to brownish basidiomes, 
smooth to poroid hymenophore, mono- to pseudodimitic, 
hyphal system with clamp connections, presence of either 
lagenocystidia strongly encrusted apically or capitate cys-
tidia usually encrusted apically, usually dextrinoid basidia, 
smooth, thin-walled or slightly thick-walled, subglobose to 
cylindrical, hyaline, inamyloid, acyanophilous basidiospores 
(Wang et al. 2021a).

Odonticiaceae L.W. Zhou & Xue W. Wang has annual, 
resupinate to effused, cream to yellowish basidiomes, gran-
dinioid to hydnoid hymenophore, mono- to pseudodimitic 
hyphal system, without clamp connections, presence or 
absence of s mooth or encrusted, cylindrical, thin to thick-
walled, hyaline cystidia, smooth, thin-walled, ellipsoid to 
cylindrical, hyaline, inamyloid, acyanophilous basidiospores 
(Eriksson et al. 1981; Ginns 1998; Bernicchia & Gorjón 
2010; Wang et al. 2023a).

Peniophorellaceae L.W. Zhou, Xue W. Wang & S.L. Liu 
has annual, resupinate to effused, white to yellowish basi-
siomata, smooth to tuberculate hymenophore, monomitic 
hyphal system with clamp connections, hyaline, thin-walled. 
Metuloids, gloeocystidia or leptocystidia, and echinulate 
cells usually present, smooth, thin-walled, ellipsoid, to allan-
toid, hyaline, with oily contents, inamyloid, acyanophilous 
basidiospores (Wang et al. 2023a).

Repetobasidiaceae Jülich has annual, resupinate to effused, 
white, yellowish to greyish basisiomata, smooth hymeno-
phore, monomitic hyphal system with clamp connections, 
cylindrical or conical, with capitate or subulate apex, thin-
walled cystidia, basidia subglobose to pyriform, produced 
by internal repetition from old basidia, with four sterigmata, 
smooth, thin-walled, ellipsoid or subfusiform, hyaline, ina-
myloid, acyanophilous basidiospores (Wang et al. 2023a).

Resiniciaceae L.W. Zhou & Xue W. Wang has annual, 
resupinate to effused, white to yellowish basidiomes, smooth 
to hydnoid hymenophore, monomitic hyphal system with 
clamp connections, presence of halocystidia, cylindrical 
with a capitate apex, and astrocystidia, at apex a stellate 
cluster of hyaline crystals, smooth, thin-walled, ellipsoid to 
cylindrical, hyaline, inamyloid, acyanophilous basidiospores 
(Wang et al. 2023a).

Rickenellaceae Vizzini has annual, omphalinoid, whit-
ish, yellowish to brownish orange basidiomes, hymenophore 
lamellate, central stipe, monomitic hyphal system with 
clamp connections, presence of caulocystidia, cheilocyst-
idia, pileocystidia and pleurocystidia, narrowly lageniform to 
obclavate often with subcapitate apex, smooth, thin-walled, 
ellipsoid to cylindrical, hyaline, inamyloid, acyanophilous 
basidiospores (Wang et al. 2023a).

Rigidoporaceae Jülich has annual to perennial, resupinate 
to pileate, reddish orange to pinkish, isabelline or ochra-
ceous basidiomes, poroid hymenophore, monomitic to dim-
itic hyphal system without clamp connections, presence or 
absence of encrusted cystidia, smooth, thin-walled, hyaline, 
ovoid to globose, inamyloid, acyanophilous basidiospores 
(Wang et al. 2023a). According to Wang et al. (2023a), the 
family includes Oxyporaceae Zmitr. & Malysheva.

Schizocorticiaceae L.W. Zhou & Xue W. Wang has 
annual, widely effused, cream to pale yellow basidiomes, 
smooth or irregular, more or less cracked hymenophore, 
monomitic hyphal system with clamp connections, tubular 
leptocystidia, basidia cylindrical, often with a median con-
striction, smooth, thin-walled, hyaline, ellipsoid, inamyloid, 
acyanophilous basidiospores (Wang et al. 2023a).

Schizoporaceae Jülich is characterized by resupinate or 
pileate, withish to brownish, smooth to poroid hymenophore, 
monomitic, pseudodimitic, dimitic or trimitic hyphal system, 
with clamp connections, presence or absence of apitate to 
subcapitate, cylindrical to subcylindrical, fusiform, subulate, 
bladder-like, bottle-shaped, clavate, moniliform to submon-
iliform, pyriform, astro-, gloeo- or leptocystidia, lecythi-
form, rarely lagenocystidia and snake-like sinuous cystidia, 
smooth, globose to allantoid, hyaline, thin- or thick-walled, 
inamyloid, acyanophilous or slightly cyanophilous basidi-
ospores (Wang et al 2021a, b).

Sideraceae L.W. Zhou & Xue W. Wang has annual to 
perennial, resupinate, white to yellowish basidiomes, hyd-
noid or poroid hymenophore, mono- or dimitic hyphal sys-
tem with clamp connections, crystals usually abundant in 
subiculum, absence of cystidia absent, smooth, ellipsoid to 
cylindrical, hyaline, thin-walled, inamyloid, acyanophilous 
basidiospores (Wang et al. 2023a).

Skvortzoviaceae L.W. Zhou & Xue W. Wang has annual, 
resupinate to effused, cream to yellowish basidiomes, 
smooth to odontioid hymenophore, monomitic hyphal sys-
tem usually with clamp connections, presence of tubular 
cystidia, smooth, cylindrical or allantoid, hyaline, thin-
walled, inamyloid, acyanophilous basidiospores (Wang 
et al. 2023a).

Tubulicrinaceae Jülich has annual, resupinate to effused, 
white to pale ochraceous basidiomes, mooth, pruinose to 
porulose hymenophore, monomitic hyphal system with 
clamp connections, presence of cylindrical or conical cys-
tidia, generally bi- or multi-radicate, smooth, thin-walled, 
subglobose to allantoid, hyaline, thin-walled, inamyloid, 
acyanophilous basidiospores (Wang et al. 2023a).

Plates
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Fig. 33  Selected basidiome 
types of Hymenochaetales. a 
Bridgeoporus sinensis (VPapp-
2009191, Changbai Mts, 
China); b Coltricia dependens 
(RV 14913, Oaxaca State, 
Mexico); c Cotylidia aurantiaca 
(RV 11870, San Luis Potosi 
State, Mexico); d Echinoporia 
aculeifera (TR & RV 1279, San 
Luis Potosí State, Mexico); e 
Fuscoporia ferrea (RV 18323, 
Hidalgo State, Mexico); f, Hyd-
noporia olivacea (RV 14458, 
Oaxaca State, Mexico); g 
Hymenochaete damicornis (RV 
17029, Hidalgo State, Mexico); 
h Hymenochaete resupinata 
(RV 13750, Oaxaca State, 
Mexico); i Inocutis texana (RV 
12710, Sonora State, Mexico); 
j Leucophellinus irpicoides 
(VPapp-1909191, Changbai 
Mts, China); k Pseudoinonotus 
dryadeus (RV 13085, Queretaro 
State, Mexico); l Fulvoderma 
scaurum (VPapp-1909192, 
Changbai Mts, China); m 
Pallidohirschioporus biformis 
(RV 17540, Tamaulipas State, 
Mexico); n Trichaptum bys-
sogenum (RV 13163, Sonora 
State, Mexico); o Tropicoporus 
linteus (RV 13020, Sonora 
State, Mexico)

Genera included
Family Chaetoporellaceae Jülich 1982

Echinoporia Ryvarden 1980
 = Echinodia Pat. 1918
Kneiffiella P. Karst. 1889
 = Alutaceodontia (Parmasto) Hjortstam & Ryvarden 
2002
 = Chaetoporellus Bondartsev & Singer 1941
 = Deviodontia (Parmasto) Hjortstam & Ryvarden 
2009

Family Hymenochaetaceae Donk 1948
 = Coltriciaceae Jülich 1982
 = Neoantrodiellaceae Y.C. Dai, B.K. Cui, Jia J. Chen & 
H.S. Yuan 2015
 = Nigrofomitaceae Jülich 1982

Asterodon Pat. 1894
 = Aciella (P. Karst.) P. Karst. 1899
 = Hydnochaetella Sacc. 1898
Basidioradulum Nobles 1967
Clavariachaete Corner 1950
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 = Clavariachaeta Lloyd 1922
 = Coltriciopsis Teixeira 1991
 = Cycloporus Murrill 1904
 = Pelloporus Quél. 1886
 = Polystictus Fr. 1851
 = Strilia Gray 1821
 = Volvopolyporus McGinty 1909
 = Xanthochrous Pat. 1897
Coltricia Gray 1821
 = Coltriciella Murrill 1904
Coniferiporia L.W. Zhou & Y.C. Dai 2016
Cyanotrama Ghobad-Nejhad & Y.C. Dai 2010
 = Neoantrodiella Y.C. Dai, B.K. Cui, Jia J. Chen & 
H.S. Yuan 2015
Cylindrosporus L.W. Zhou 2015
Fibricium J. Erikss. 1958
Flaviporellus Murrill 1905
Fomitiporella Murrill 1907
 = Arambarria Rajchenb. & Pildain 2015
 = Phellinotus Drechsler-Santos, Robledo & Rajchenb. 
2016
 = Rajchenbergia Salvador-Montoya, Popoff & 
Drechsler-Santos 2020
Fomitiporia Murrill 1907
Fulvifomes Murrill 1914
 = Aurificaria D.A. Reid 1963
Fulvoderma L.W. Zhou & Y.C. Dai 2018
Fuscoporia Murrill 1907
Hydnoporia Murrill 1907
 = Hymenochaetopsis S.H. He & Jiao Yang 2016
 = Pseudochaete T. Wagner & M. Fisch. 2002
Hymenochaete Lév. 1846
 = Cerrenella Murrill 1905
 = Cyclomycetella Murrill 1904
 = Cycloporellus Murrill 1907
 = Dichochaete Parmasto 2001
 = Hydnochaete Bres. 1896
 = Hymenochaetella P. Karst. 1889
 = Leptochaete Lév. 1846
 = Stipitochaete Ryvarden 1985
Inocutis Fiasson & Niemelä 1984
Inonotopsis Parmasto 1973
Inonotus P. Karst. 1879
 = Phaeoporus J. Schröt. 1888
 = Polystictoides Lázaro Ibiza 1916
 = Xanthoporia Murrill 1916
Meganotus Y.C. Dai, F. Wu, L.W. Zhou, Vlasák & 
B.K. Cui 2022
Mensularia Lázaro Ibiza 1916
Neomensularia F. Wu, L.W. Zhou & Y.C. Dai 2016
Neophellinus Y.C. Dai, F. Wu, L.W. Zhou, Vlasák & 
B.K. Cui 2022
Nigrofomes Murrill 1904

 = Melanoporella Murrill 1907
 = Melanoporia Murrill 1907
Nothonotus Y.C. Dai, F. Wu, L.W. Zhou, Vlasák & 
B.K. Cui 2022
Nothophellinus Rajchenb. 2015
Ochrosporellus (Bondartseva & S. Herrera) Bondart-
seva & S. Herrera 1992
Onnia P. Karst. 1889
 = Mucronoporus Ellis & Everh. 1889
Pachynotus Y.C. Dai, F. Wu, L.W. Zhou & B.K. Cui 
2022
Perenninotus Y.C. Dai, F. Wu, L.W. Zhou, Vlasák & 
B.K. Cui 2022
Phellinidium (Kotl.) Fiasson & Niemelä 1984
Phellinopsis Y.C. Dai 2010
Phellinus Quél. 1886
 = Boletus Dill. ex Gray 1821
 = Boudiera Lázaro Ibiza 1916
 = Fuscoporella Murrill 1907
 = Ochroporus J. Schröt. 1888
 = Pseudofomes Lázaro Ibiza 1916
 = Pyropolyporus Murrill 1903
 = Scalaria Lázaro Ibiza 1916
 = Scindalma Hill ex Kuntze 1898
Phellopilus Niemelä, T. Wagner & M. Fisch. 2001
Phylloporia Murrill 1904
 = Cryptoderma Imazeki 1943
 = Daedaloides Lázaro Ibiza 1916
 = Phaeolopsis Murrill 1905
Poriodontia Parmasto 1982
Porodaedalea Murrill 1905
Pseudoinonotus T. Wagner & M. Fisch. 2001
Pseudophylloporia Y.C. Dai, F. Wu, L.W. Zhou & 
B.K. Cui 2022
Pyrrhoderma Imazeki 1966
Rigidonotus Y.C. Dai, F. Wu, L.W. Zhou, Vlasák & 
B.K. Cui 2022
Sanghuangporus Sheng H. Wu, L.W. Zhou & Y.C. Dai 
2015
Sclerotus Xavier de Lima 2022
Trichaptum Murrill 1904
 = Hirschioporus Donk 1933
Tropicoporus L.W. Zhou, Y.C. Dai & Sheng H. Wu 
2015

Family Hyphodontiaceae Xue W. Wang & L.W. Zhou 
2021

Hyphodontia J. Erikss. 1958
Family Odonticiaceae L.W. Zhou & Xue W. Wang 2023

Leifia Ginns 1998
Odonticium Parmasto 1968

Family Peniophorellaceae L.W. Zhou, Xue W. Wang & 
S.L. Liu 2023

Peniophorella P. Karst. 1889
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Family Repetobasidiaceae Jülich 1982
Repetobasidium J. Erikss. 1958

Family Resiniciaceae L.W. Zhou & Xue W. Wang 2023
Resinicium Parmasto 1968

Family Rickenellaceae Vizzini 2010
Rickenella Raithelh. 1973

Family Rigidoporaceae Jülich 1982
 = Oxyporaceae Zmitr. & V. Malysheva 2014

Bridgeoporus T.J. Volk, Burds. & Ammirati 1996
Leucophellinus Bondartsev & Singer 1944
Rigidoporus Murrill 1905
 = Botryodontia (Hjortstam & Ryvarden) Hjortstam 
1987
 = Oxyporus (Bourdot & Galzin) Donk 1933

Family Schizocorticiaceae L.W. Zhou & Xue W. Wang 
2023

Schizocorticium Sheng H. Wu 2021
 = Skvortzoviella Jia Yu, Xue W. Wang, S.L. Liu & 
L.W. Zhou 2021

Family Schizoporaceae Jülich 1982
Fasciodontia Yurchenko & Riebesehl 2020
Lyomyces P. Karst. 1881
 = Rogersella Liberta & A.J. Navas 1978
Xylodon (Pers.) Gray 1821
 = Lagarobasidium Jülich 1974
 = Odontiopsis Hjortstam & Ryvarden 1980
 = Palifer Stalpers & P.K. Buchanan 1991
 = Schizopora Velen. 1922

Family Sideraceae L.W. Zhou & Xue W. Wang 2023
Sidera Miettinen & K.H. Larss. 2011

Family Skvortzoviaceae L.W. Zhou & Xue W. Wang 
2023

Skvortzovia Bononi & Hjortstam 1987
Family Tubulicrinaceae Jülich 1982

Tubulicrinis Donk 1956
Hymenochaetales genera  incertae sedis

Alloclavaria Dentinger & D.J. McLaughlin 2007
Atheloderma Parmasto 1968
Blasiphalia Redhead 2007
Bryopistillaria Olariaga, Huhtinen, Læssøe, J.H. 
Petersen & K. Hansen 2020
Cantharellopsis Kuyper 1986
Contumyces Redhead, Moncalvo, Vilgalys & Lutzoni 
2002
 = Jacobia Contu 1998
Cotylidia P. Karst. 1881
 = Bresadolina Brinkmann 1909
 = Craterella Pers. 1794
 = Stereophyllum P. Karst. 1889
Ginnsia Sheng H. Wu & Hallenb. 2010
Globulicium Hjortstam 1973
Gyroflexus Raithelh. 1981

 = Sphagnomphalia Redhead, Moncalvo, Vilgalys & 
Lutzoni 2002
Hastodontia (Parmasto) Hjortstam & Ryvarden 2009
Kurtia Karasiński 2014
Lawrynomyces Karasiński 2013
Litschauerella Oberw. 1965
Loreleia Redhead, Moncalvo, Vilgalys & Lutzoni 2002
Lyoathelia Hjortstam & Ryvarden 2004
Muscinupta Redhead, Lücking & Lawrey 2009
Sphaerobasidium Oberw. 1965
Subulicium Hjortstam & Ryvarden 1979
Tsugacorticium Nakasone & Burds. 2011

Caeruleomyces Stalpers 2000—its taxonomic placement 
at the order level is arbitrary due to the simple anamorphic 
morphological characters and lack of molecular evidence 
(see Wang et al. 2023a).

Erythromyces Hjortstam & Ryvarden 1990—fell within 
the clade being composed of genera in Polyporales (see 
Wang et al. 2023a).

Physodontia Ryvarden & H. Solheim 1977—the only 
available molecular sequence from this monotypic genus 
(KJ140741 in GenBank) indicates its position in Polyporales 
via BLAST search (see Wang et al. 2023a).

Evolution

Divergence time of Hymenochaetales has been estimated 
between 207.21 and 259 million years (Myr) (Feng et al. 
2012; Zhu et al. 2019; He et al. 2019a; Wang et al. 2021a, 
2023a). Wang et al. (2023a) found that the Hymenochaetales 
diverged into two evolutionary lineages, one 219.16 Myr 
that gave rise to the families Skvortzoviaceae, Sideraceae, 
Schizocorticiaceae, Resiniciaceae, Peniophorellaceae and 
Richnellaceae, and the other lineage diverged 206.95 Myr 
giving rise to Hymenochaetaceae, Tubulicrinaceae, Chaeto-
porellaceae, Schizoporaceae, Hyphodontiaceae, Rigidopo-
raceae, Odonticiaceae and Reptobasidiaceae. In the first 
lineage, the oldest families were Skvortzoviaceae and Sid-
eraceae occurring in a mean crown age 148.68 Myr (between 
114.97–182.96 Myr) and 124.92 (90.18–161.15 Myr) 
respectively; followed by Schizocorticiaceae, Resiniciaceae 
and Peniophorellaceae with a mean crown age 98.91 Myr 
(61.82–139.07 Myr), 82.43 Myr (54.41–113.23 Myr) and 
71.36 Myr (39.39–108.21 Myr), respectively. The youngest 
family was Richnellaceae with a mean crown age 31.31 Myr 
(emerged between 15.4–49.12 Myr). In the second lineage 
the oldest families were Hymenochaetaceae and Rigidopo-
raceae occurring in a mean crown age 161.9 Myr (emerged 
between 139.64–183.13 Myr) and 153.43 Myr (emerged 
between 119.65–187.18 Myr) respectively, followed 
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by Schizoporaceae, Chaetoporellaceae, and Tubulicri-
naceae with a mean crown age 123.59 Myr (97.57–149.58 
Myr), 112.14 Myr (72.4–151.87 Myr), and 108.26 Myr 
(69.79–145.89 Myr), respectively. After that, Odonticiaceae 
and Reptobasidiaceae occur in a mean crown age 96.11 Myr 
(44.85–149.57 Myr) and 70.65 Myr (37.95–106.77 Myr), 
respectively. While Hyphodontiaceae was the youngest 
family in this group, occurring in a mean crown age 27.5 
Myr (emerged between 12.18 and 46.61 Myr), in contrast to 
what was indicated by Wang et al (2021a, b) who found that 
Hyphodontiaceae occurred in a mean crown age 92.78 Myr.

Basidiomes serve for the protection of developing repro-
ductive organs (basidia) and the promotion of spore disper-
sal either by providing an enlarged supporting surface for 
the hymenium and/or by lifting it above ground level (Nagy 
et al. 2017). Several alternative solutions have evolved for 
these tasks during evolution, ranging from simple aggre-
gations of basidia on a hyphal mat or subiculum to highly 
integrated complex types. The simplest such solutions in 
the Basidiomycota comprise crust-like, flat basidiomes 
that enclose basidia into a resupinate type. The evolution 
of basidiomes types has followed in the Basidiomycota a 
clear trend exists from crustlike, resupinate, to more com-
plex morphologies (Hibbett and Binder 2002; Hibbett 2004; 
Binder et al. 2005). A great diversity of morphological types 
of basidiomes derived from the ancestral resupinate types, 
including coralloid, agaricoid (pileate-stipitate), polyporoid 
(bracket fungi), gasteroid (puffball-like), or reduced cup-
shaped (cyphelloid), among others (Nagy et al. 2017). In 
Hymenochaetales, we found three basidiomes ancestral 
traits, the habit of basidiomes, hymenophoral configuration 
and hyphal system following to Wang et al. (2023a) and they 
are the resupinate habit, smooth hymenophore, and hyphal 
system monomitic. The ancestral resupinate habit remains 
in 13 families of Hymenochaetales, only Richnellaceae has 
an omphalinoid habit, and 10 families only have the resupi-
nate habit, and envolved to more complex morphologies for 
Hymenochaetaceae, Schizoporaceae, and Rigidoporaceae. 
On the other hand, the ancestral smooth hymenophoral 
configuration is present in 10 families, except in Odontici-
aceae, Richnellaceae, Rigidoporaceae and Sideraceae, and 
only Reptobasidiaceae preserves the smooth hymenophore. 
The major diversification of the hymenophoral configuation 
occurred in Chaetoporellaceae, Hymenochaetaceae, Hypho-
dontiaceae, Resiniciaceae and Schizoporaceae. Regarding 
the hyphal system, in Wang et al. (2023a) we can observe 
that the Hymenochaetales separated into two clades, as we 
mentioned before, the families Skvortzoviaceae, Schizocor-
ticiaceae, Resiniciaceae, Peniophorellaceae and Richnel-
laceae remain the ancetral monomitic hyphal system and 
only Sideraceae diversified into a dimitic hyphal system. The 

first four families remain the ancestral resupinate habit and 
Richnellaceae with several genera insetae sedis of Hymeno-
chaetales developed clavarioid and omphalinoid habit and 
diverged into more recent subclades. While the second clade 
with the eight families separated into four subclades, one 
that gave rise to the Tubulicrinaceae and Hymenochaetaceae. 
The first separated 108 Myr ago and retained the ancestral 
states resupinate and monomitic hyphal system. The sec-
ond family diversifies from resupinate habit and monomitic 
hyphal system to effused-reflexed, pileate-sessile, pileate-
stipitate and coralloid habit and to dimitic or trimitic hyphal 
system. The second subclade gave rise to the families Chae-
toporellaceae, Hyphodontiaceae and Schizoporaceae. The 
first and second families remain its ancestral resupinat habit, 
but diversifies from monomitic to pseudodimitic hyphal sys-
tem and the third family diversifies from resupinate to pile-
ate habit and from monomitic to dimitic or trimitic hyphal 
system. The third subclade gave rise to the second oldest 
family, Rigidoporaceae that diversifies from resupinate to 
pileate habit and monomitic to dimitic hyphal system. The 
last subclade gave rise to Odonticiaceae and Reptobasidi-
aceae and they remain the ancestral resupinate habit, but the 
first diversifies to pseudodimitic hyphal system. It is impor-
tant to mention that the only family that retained the three 
ancestral traits was Reptobasidiaceae in Hymenochaetales.

Justification of order and problems

Monophyly of Hymenochaetales is well supported, but the 
family-level classification of the order poses several unre-
solved taxonomic issues. The largest family within the 
Hymenochaetales is the Hymenochaetaceae, which com-
prises ca. 74% of the species has been accepted in the order 
by Dai et al. (2010), Wijayawardene et al. (2022a) and Wu 
et al. (2022b). While Hymenochaetaceae comprises a vast 
and varied assortment of taxa, current evidence does not 
provide sufficient justification for the subdivision of this 
group into smaller, monophyletic families. Despite numer-
ous studies, a consensus on the appropriate classification of 
the Hymenochaetaceae family remains elusive. For exam-
ple Korotkin et al. (2018) accepted the genera Coltricia, 
Fibricium, Basidioradulum, Trichaptum, and Tubulicrinis 
as part of the Hymenochaetaceae. In contrast, Wang et al. 
(2021a) excluded these taxa from Hymenochaetaceae and 
instead proposed Coltricia as the member of the monotypic 
family Coltriciaceae. According to the latter narrow sys-
tematic concept, the family-level classification of genera 
Fibricium, Basidioradulum and Trichaptum remain uncer-
tain. In addition, phylogenetic analyses have revealed that 
the monotypic family Nigrofomitaceae (Zhou et al. 2018; 
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Wang et al. 2021a) and the genus Neoantrodia, which was 
initially classified in its own family (Neoantrodiellaceae) 
(Ariyawansa et al. 2015), are nested within the aforemen-
tioned taxa. Therefore, following the broad interpretation of 
the Hymenochaetaceae family proposed by Korotkin et al. 
(2018), the Coltriciaceae, Neoantrodiellaceae, and Nigro-
fomitaceae are considered synonymous. The placement of 
the Tubulicrinaceae, which is based on Tubulicrinis, has 
given rise to additional questions (Larsson et al. 2006; He 
et al. 2020). According to Wang et al. (2021a), the system-
atic classification of Tubulicrinis and Tubulicrinaceae is 
currently unresolved. Previous studies have suggested that 
the Hyphodontiod species (Hyphodontia s. lato) could be 
classified within the Tubulicrinaceae and Schizoporaceae 
families, as well as the Kneiffiella clade (i.e., Chaetoporel-
laceae) (Larsson 2007; Hibbett et al. 2014). More recently, 
Wang et al. (2021a, b) proposed that the six accepted genera 
of Hyphodontia s. lato belong to at least four clades, three of 
which have been elevated to the family level: Chaetoporel-
laceae, Hyphodontiaceae, and Schizoporaceae. However, the 
family-level classification of Hastodontia and several other 
corticioid taxa in Hymenochaetales remains unresolved (Luo 
et al. 2021; Wang et al. 2021a). The uncertainties surround-
ing the classification of certain taxa can be primarily attrib-
uted to the absence of type species in phylogenetic analyses. 
One such example is Repetobasidium, the genus on which 
the Repetobasidiaceae family was established (Wang et al. 
2021a). Wang et al. (2021a) argue that the Rickenellaceae, 
which has been accepted by several studies (e.g., He et al. 
2019a; Wijayawardene et al. 2022a; Liu et al. 2022c), is 
likely a nomenclaturally superfluous name for Repetobasi-
diaceae. This is because the original circumscription of the 
'Rickenella family' by Larsson (2007) included Repetoba-
sidium species. To address the taxonomic uncertainties men-
tioned above and achieve a more precise family-level clas-
sification of Hymenochaetales, a comprehensive multi-gene 
phylogenetic analysis using additional barcoding markers, 
such as tef, rpb1, rpb2, etc., is necessary. It is also important 
to include the type species of each genus and obtain more 
samples for analysis.

It is recommended to get sequences of material from or 
close to the type locality when sequencing the type material 
failed. Several sequences from type species (not from type 
material) are produced, but not from or close to the type 
locality, resulting in several taxonomical problems.

Significance

Hymenochaetales exhibits a wide variety of different eco-
logical strategies, but most species are white rot fungi and 
often the dominant part of the wood-rot communities. 

There are some species that form ectomycorrhizae and a 
number of species are parasites or pathogens of woody 
plants. Several species of Peniophorella have specialized 
organs for catching invertebrates, apparently an adaptation 
to a nitrogen-deprived environment. A peculiar ecological 
group of mostly agarics are moss associated (Hibbett et al. 
2014).

There are several species of Hymenochaetales as impor-
tant pathogens of temperate and tropical trees. In temper-
ate forest are pathogens of conifers and hardwoods trees 
such as Fuscoporia coronadensis, Onnia circinata and 
Porodaedalea pini (heartrot of Pinus spp.), Fomitiporia 
hartigii and Coniferiporia qilianensis, C. sulphurascens, 
C. uzbekistanensis, C. weirii (root or stem rot in conifers). 
Besides, Fomitiporia calkinsii, F. robusta, Inocutis dryo-
philus, Inonotus hirsutus, I. quercustris, Phellinus ever-
hartii, P. laevigatus cause a heartrot in hardwood, mainly 
Quercus spp. and Phellinus tremulae cause a heartrot in 
Populus tremuloides and Pseudoinonotus dryadeus a root 
rot in Quercus spp. (Cibrian et al. 2007; Cui et al. 2015; 
Wang et al 2022a). In tropical forest are pathogenic spe-
cies in natural forest and plantations such as Rigidoporus 
microporus in rubber and other tropical tree plantations, 
Fulvifomes fastuosus cause heartrot in Cedar (Cedrela 
odorata) and mahogany (Swietenia macrophylla), Pyrrho-
derma noxium is a serious pathogen on many angiosperm 
trees in tropical Asia, Tropicoporus linteus cause a heartrot 
in Cordia alliodora and C. elaeagnoides, its wood is used 
for furniture construction in Mexico (Hibbett et al. 2014; 
Cibrian et al. 2007).

Many species of Hymenochaetales have medicinal 
properties. Hibbett et al. (2014) mentioned that the basid-
iomes of Inonotus sanghuang (= Sanghuangporus sang-
huang), many Phellinus spp., and cankers of I. obliquus 
are used in herbal medicine and are reported to have anti-
cancer activities in Asia (Sun et al. 2023). Rogers (2011), 
in his book of medicinal mushrooms of North America, 
cited several species of Hymenochaetales such as Inono-
tus obliquus with antibacterial, anti-inflammatory, anti-
oxidant, antiviral, against diabetes, immune tonic, kidney 
tonic and antitumor properties; Phellinus igniarius and 
P. tremulae with antifungal, antitumor and antiviral prop-
erties; and Trichaptum biforme with antitumor property. 
Sanghuangporus spp. are traditional Chinese medicines 
that have been demonstrated to have antitumor, antioxi-
dant, anti-inflammatory, antidiabetic, hepatoprotective, 
neuroprotective and immunomodulatory properties (Zhu 
and Cui 2016; Gafforov et al. 2023; Lv et al. 2023; Song 
et al. 2023; Wang et al. 2023b). A study result indicates 
that Sanghuangporus sanghuang and its phenolic com-
pounds have latent capacity for preventing SARS-CoV-2 
infection in the future (Chien et al. 2022).
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Other relevant data and future 
recommendations

Hymenochaetales recently was included in subclass Aga-
ricomycetidae by Index Fungorum page. However, the 
Hymenochaetales belongs to a very separate clade of the 
core of this subclass, with the Polyporales, Gloeophyllales, 
Thelephorales, Russulales, Corticiales, among others; and 
only Hymenochaetales has been placed within the Agarico-
mycetidae (He et al. 2019a; Wang et al. 2023a). On the other 
hand, we would like to mention that in Hymenochaetaceae 
there are two separate subclades, one that presents setae, 
styrilpyrones pigments and generative hyphae without 
clamp-conections and the other clade does not have the first 
two characters and there are clamp-conections in Basidio-
radulum, Fibricium and Trichaptum, so must be important 
to review the position of these genera of this family. Wang 
et al. (2023a) stated that clamp connections would be absent 
in the family.

Hysterangiales K. Hosaka & Castellano 2007

Contributed by: Naveed Davoodian

Introduction

Hosaka and Castellano circumscribed Hysterangiales to 
comprise Hysterangiaceae and related families based on 
phylogenetic evidence (Hosaka et al. 2006). Taxa in the 
order are sequestrate, nearly all are hypogeous to more or 
less so, and almost all are ectomycorrhizal, with the notable 
exception of the basal family Phallogastraceae which con-
tains non-mycorrhizal species, some of which are epigeous. 
The order is fairly diverse and most of the species are unde-
scribed (Davoodian et al. 2021).

History

Hysterangiales was first properly described and phylogeneti-
cally delineated by Hosaka and Castellano (Hosaka et al. 
2006). Prior to that, multiple authors recognized Hysteran-
giales as a distinct order (segregated from Phallales) though 
it had never been validly described, and they included in 
it some taxa currently excluded (e.g., Zeller 1939; Jülich 
1981). The separate but close relationship of Hysterangi-
ales and Phallales that was previously posited (e.g., Jülich 

1981) but not unanimously accepted (e.g., Hawksworth et al. 
1995) was later confirmed by Hosaka et al. (2006). In the 
past, Phallales/Hysterangiales and many representative and 
allied taxa were classified under Gasteromycetes, a class 
no longer in use which accommodated numerous gasteroid 
fungi now known to have various affinities. Hysterangiaceae 
was established by Fischer (1899) to accommodate some 
gasteroid taxa, of which only the genus Hysterangium Vit-
tad. remains. At that time Fischer included Phallogaster 
Morgan, which is now known to be outside of Hysterangi-
aceae though within Hysterangiales; the family Phallogas-
traceae was only recently validly described (Davoodian et al. 
2021). Hysterangiales currently includes Phallogastraceae 
Castellano, T. Lebel, Davoodian & K. Hosaka, Gallaceaceae 
Locq. ex P.M. Kirk, Mesophelliaceae (G. Cunn.) Jülich, and 
Hysterangiaceae E. Fisch.

Characters that define the taxa in the order

The following is collated and adapted from Hosaka (2005) 
and Hosaka et al. (2006): All members of Hysterangi-
ales are sequestrate, though some crack open and expose 
the gleba (Hosaka 2005). Almost all produce globose to 
irregular, hypogeous (or more or less so i.e. emerging/
erumpent) sporocarps; some are epigeous. Many species 
form rhizomorphs. Peridia range from fragile/brittle to 
very hard; sometimes they are elastic/gummy. Root matter, 
soil, and other debris is often found sticking to or incorpo-
rated into the peridium. Peridia colors range from white 
to yellow to more richly colored (e.g., brown, violet) and 
at times stain (e.g., red, pink, yellow, other colors) when 
bruised. Peridia occur in one to four layers. The gleba is 
cartilaginous to gelatinous or powdery at maturity, with 
grey to green to olive to brown coloration, “with a den-
droid, cartilaginous to gelatinous columella, or a soft to 
rubbery central core or lacking such structures” (Hosaka 
et al. 2006). Basidia are two to eight spored. The spores 
are statismosporic, generally “ellipsoid, oblong to fusoid, 
smooth to minutely verrucose, or sometimes ornamented 
with spines, often with wrinkled to inflated or ephemeral 
utricle” (Hosaka 2005). Spores range in color from hyaline 
to pale green to brown in KOH (Hosaka 2005; Hosaka 
et al. 2006).

Plates
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Fig. 34  Morphological characters of Hysterangiales. a basidiomes of 
Mesophellia sp., smaller basidiome on left in cross section showing 
whitish sterile core surrounded by mass of powdery spores encased 
in a peridium with debris on the outside (credit: Michael A. Castel-
lano, scale bar = 1 cm); b basidiomes of Hysterangium sp., second 
on left in cross section exposing gleba (credit: Michael A. Castel-

lano, scale bar = 1 cm); c basidiospores of Hysterangium sp. in KOH, 
with basidia faintly visible in some areas (credit: Naveed Davoodian, 
scale bar = 10 μm); d basidiospores of an undescribed Mesophelli-
aceae species in KOH and Congo red solution, spores with prominent 
utricle, cellular contents within cell walls stained red in background 
(credit: Naveed Davoodian, scale bar = 10 μm)

Genera included
Family Gallaceaceae Locq. ex P.M. Kirk 2008

Austrogautieria E.L. Stewart & Trappe 1985
Gallacea Lloyd 1905
Hallingea Castellano 1996

Family Hysterangiaceae E. Fisch. 1898
Aroramyces Castellano & Verbeken 2000
Hysterangium Vittad. 1831
Statesia Castellano, T. Lebel, Davoodian & K. Hosaka 
2022

Family Mesophelliaceae Jülich 1982
Andebbia Trappe, Castellano & Amar. 1996
Castoreum Cooke & Massee 1887
Chondrogaster Maire 1926
Gummiglobus Trappe, Castellano & Amar. 1996
Gummivena Trappe & Bougher 2002
Malajczukia Trappe & Castellano 1992
 = Potoromyces Müll. bis ex Hollós 1902
Mesophellia Berk. 1857
Nothocastoreum G.W. Beaton 1984

Family Phallogastraceae Castellano, T. Lebel, Davoodian 
& K. Hosaka 2021

= Phallogastraceae Locq. 1974
Phallogaster Morgan 1893

Hysterangiales genera incertae sedis
Circulocolumella S. Ito & S. Imai 1957
 = Stalactocolumella S. Imai 1950
Clathrogaster Petri 1900

Evolution

The present study infers Hysterangiales to have diverged 
about 113 Myr from a common ancestor shared with the 
Phallales/Geastrales clade (Fig.  1). The suborder Phal-
logastrineae contains the basal family Phallogastraceae, 
which comprises saprotrophic species; the suborder Hyster-
angineae contains the families Hysterangiaceae, Mes-
ophelliaceae and Gallaceaceae, which are presumed to be 
completely mycorrhizal (Davoodian et al. 2021). Hysteran-
giaceae and Mesophelliaceae have a sister relationship to 
each other (Hosaka et al. 2006; Davoodian et al. 2021). Gal-
laceaceae and Mesophelliaceae are endemic to Australasia, 
with nearly all native occurrences of the latter recorded in 
Australia. Hosaka et al. (2008) investigated biogeographic 
hypotheses regarding Hysterangiales, with multiple potential 
scenarios emerging from their analyses including an eastern 
Gondwanan origin of the order and an important role for 
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long-distance dispersal in explaining the diversification and 
distribution of the group.

Justification of order and problems

A recent major phylogenetic study of Hysterangiales 
revealed extensive, hitherto unknown generic and specific 
level diversity in the order and included formal description 
of two new suborders and a new family (Phallogastraceae, 
previously invalidly described); two new combinations 
were made to Phallogaster (Davoodian et al. 2021). It also 
confirmed a number of existing genera within Hysterangi-
ales, and corroborated that true Protubera lies outside of 
Hysterangiales within Phallales (family Protophallaceae) 
and that true Trappeaceae lies outside of Hysterangiales 
in Phallales as well (Trierveiler-Pereira et al. 2014a; Sulz-
bacher et al. 2016b). The recent study by Davoodian et al. 
(2021) and previous ones have supported the monophyly 
of Hysterangiales (e.g., Hosaka 2005; Hosaka et al. 2006, 
2008). From the study by Davoodian et al. (2021), it is 
clear that most taxa in Hysterangiales still need to be 
described.

Significance

Ecological and economical roles

Hysterangiales is a fungal order of major ecological 
importance. Most Hysterangiales form ectomycorrhizal 
symbioses in forests and woodlands, and many serve as 
critical food sources for wildlife, including endangered 
mammals such as Potorous longipes (Hayes et al. 1986; 
Nuske et  al. 2017). Species of Mesophelliaceae are 
thought to play key roles in the recovery of Myrtaceae-
dominated ecosystems after wildfires, providing food for 
animals after fires and maintaining mycorrhizal relation-
ships and nutrient exchange (Claridge 1992). Hysterangi-
ales is important to the forestry industry since they occur 
as ectomycorrhizal symbionts in many places where coni-
fers and eucalypts are commercially harvested (Giachini 
et al. 2000; Carey 2003).

Chemical diversity

The chemistry of some Mesophellia species have been 
studied and speculated upon from the perspective of fungal 
volatile compounds attracting mammals to consume and 
disperse the fungi (Millington et al. 1998; Claridge and 
Trappe 2004). Mycelial mats of a Hysterangium species are 

known to exude oxalic acid which precipitates with calcium 
as calcium oxalate (Cromack et al. 1979). Taş et al. (2021) 
studied chemical constituents of Hysterangium inflatum 
and their anticancer, antioxidant, and enzyme inhibitory 
properties.

Other relevant data and future 
recommendations

Since the critically important study by Hosaka et  al. 
(2006), new Hysterangiales taxa have continued to be 
described (Guevara-Guerrero et al. 2008; Davoodian et al. 
2021). The study by Davoodian et al. (2021) revealed that 
the majority of Hysterangiales taxa are still undescribed. 
Given the diversity of this group and its ecological and 
potential economic importance, more research on the tax-
onomy, phylogeny, ecology, and genomics of this group 
is warranted.

Jaapiales Manfr. Binder, K.H. Larss. & Hibbett 2010

Contributed by: Arun Kumar Dutta

Introduction

Jaapiales is the smallest order in the Agaricomycetes class, 
which includes the monotypic family Jaapiaceae. It was 
first introduced in 2010 and contains the genus Jaapia with 
two known taxa, viz. J. argillacea and J. ochroleuca. The 
occurrence of J. argillacea has been reported from various 
regions of Europe, Canada, and the USA (Bresadola 1911; 
Nannfeldt and Eriksson 1953; Eriksson and Ryvarden 
1976; Ginns and Lefebvre 1993; Legon et al. 2005). Com-
pared to J. argillacea, the other known taxon of the family, 
J. ochroleuca, is widely distributed and has been reported 
from Europe, America, Canada, Argentina, Africa, and 
Asia (Rogers 1943; Nannfeldt and Eriksson 1953; Hjort-
stam 1987; Ginns and Lefebvre 1993; Dai 2011; Gorjón 
et al. 2012).

For 20 years, several authors recognized the monotypic 
genus Jaapia described by Bresadola (1911) as contain-
ing J. argillacea Bres. (von Höhnel 1912; Bourdot and 
Galzin 1928; Rogers 1935). Later, Coniophora ochrole-
uca Bres. was recognized as the second species of Jaapia 
by Nannfeldt and Eriksson (1953). Jaapia was previously 
believed to have a close relationship with Pellicularia 
Cooke (Rogers 1935) and Coniophora DC. (von Höhnel 
1912), or even Coniobotrys Pouzar (Pouzar 1958) due to 
the peculiar morphology of its basidiospores which are 



261Fungal Diversity (2024) 126:127–406 

Fig. 35  Microscopic characters of Jaapia argillacea. a basal hyphae, 
basidia, and cystidia; b basidiospores. Scale bars: a, b = 10 μm. 
Redraw from Teresa Telleria et al. (2015) by Mao-Qiang He

relatively large, fusiform in shape, and possess a promi-
nent apiculus that resembles a peg. Jaapia was classi-
fied as a member of the Coniophoraceae by Nannfeldt 
and Eriksson (1953) and Donk (1964), but Eriksson and 
Ryvarden (1976) included Jaapia in their broader defini-
tion of the Cortiaceae family.

Characteristically, members of Jaapiales show fully 
resupinate basidiomes and appear saprotrophic in nature. 
Binder et al. (2005) used nuclear and mitochondrial large 
and small subunit rRNA gene analysis to determine that 
Jaapia is the closest relative of the other members of the 
Agaricomycetidae. Larsson (2007) classified it as “incer-
tae sedis” under the Jaapia family of corticioid fungi in 
his phylogenetic classification. According to Binder et al. 
(2010), Jaapiales contains the family Jaapiaceae, which is 
named after the solitary genus Jaapia. Jaapiales is also 
confirmed as the sister group to the remaining Agaricomy-
cetidae (Binder et al. 2010). Chen et al. (2020) considered 
Jaapiales a synonym of Gloeophyllales based on multigene 
phylogeny. Regarding the pasasitic nature, the members 
of Jaapiales differ from causing typical brown rot, as do 
the members of the genera in Gloeophyllales (Riley et al. 
2014).

History

Jaapiales was first named in 2010 with the family Jaa-
piaceae comprising Jaapia with two known species, J. 
argillacea and J. ochroleuca (Binder et al. 2010). Mor-
phologically, members of the order possess a fully resu-
pinate and effused basidiomes, a thin and smooth porous 
hymenophore, fusiform basidiospores with thick walls 
that are strongly cyanophilous, a 4-spored basidia-shaped 
cavate, long protruding cystidia, and a monomitic hyphal 
system, and habitat as saprophytes on decaying wood. 
Hibbett and Binder (2002) did a thorough study of the 
resupinate homobasidiomycetes and found that the only 
Jaapiales taxon, J. argillacea, was the sister to the Bolete 
clade based on mitochondrial and nuclear ribosomal DNA 
regions. However, the position was not supported. Larsson 
(2007) reclassified Jaapia as a Gloeophyllales, Corticiales, 
and Thelephorales-related species using the nuc-lsu rRNA 
sequence. Binder et al. (2010) used multiple gene datasets 
to show that Jaapia argillacea was on its own, below Bole-
tales and Atheliales and next to Agaricomycetidae, with 
moderate to strong support (70% BS, 1.00 PP). Recently, 

Chen et  al. (2020) used a multigene phylogeny, which 
included both nuclear rDNA regions and protein-coding 
genes, and concluded that the order Jaapiales should be 
considered a synonym of the Gloeophyllales. In terms of 
their parasitic nature, the members of the order Jaapiales 
are distinct from the members of the genera in the order 
Gloeophyllales in that they do not cause the typical brown 
rot (Riley et al. 2014).

Characters that define the taxa in the order

Basidiomes effused. Hymenophore porous, very thin, 
smooth. Basidiospores fusiform, smooth, strongly cyano-
philous, thick-walled at maturity. Basidia clavate, 4-spored. 
Cystidia present, long, projecting. Hyphal system mono-
mitic, hyphae nodose-septate. Habitat on decaying wood.

Plates
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Genera included
Family Jaapiaceae Manfr. Binder, K.H. Larss. & Hibbett 
2010

Jaapia Bres. 1911
 = Coniobotrys Pouzar 1958

Evolution

Hibbett and Binder (2002) performed a detailed phylo-
genetic study with 144 resupinate species of homoba-
sidiomycetes. They showed that the only Jaapiales taxon, 
Jaapia argillacea, was sister to the Bolete clade based 
on mitochondrial and nuclear ribosomal DNA (rDNA) 
regions, but this position was not supported. Later, Lars-
son (2007) employed the nuc-lsu rRNA sequence to 
reclassify Jaapia as a near relative of the Gloeophyllales, 
Corticiales, and Thelephorales. Binder et al. (2010) used 
multiple gene datasets to show that Jaapia argillacea was 
on its own, below the clade of Boletales and Atheliales 
and next to the clade of Agaricomycetidae, with moderate 
to strong support (70% BS, 1.00 PP). This suggests that 
most pileate-stipitate mushrooms came from resupinate 
ancestors. In this analysis, the single included taxon, Jaa-
pia argillacea, of the order Jaapiales falls within the clade 
Agaricomycetes and is resolved to be the sister group to 
the members of the order Gloeophyllales with full support 
value. This shows that the two orders split 135 million 
years ago in the lower Cretaceous. Basal to the orders 
Gloeophyllales and Jaapiales reside the members of Cor-
ticiales, and the divergence took place at 183 Myr in the 
Jurassic period.

Justification of order and problems

Jaapiales is known to contain a monotypic family with two 
known species, viz., J. argillacea and J. ochroleuca. Posi-
tion of Jaapiales within the Agaricomycetidae or outside of 
the Agaricomycetidae has been a matter of debate for a long 
time. Binder et al. (2005) established Jaapia, the known taxa 
of the order Jaapiales, as the sister group of the rest of the 
Agaricomycetidae. However, some of the studies considered 
the genus Jaapia a member of the order Boletales. Larsson 
(2007) reclassified Jaapia as a Gloeophyllales, Corticiales, 
and Thelephorales-related species. Binder et al. (2010) used 
multiple gene datasets and showed that J. argillacea was on 
its own, below Boletales and Atheliales and next to Agari-
comycetidae. More recently, Chen et al. (2020) considered 

the order Jaapiales a synonym of Gloeophyllales based on 
a multigene phylogeny. Hence, data from whole-genome 
studies is necessary to solve the problem of whether to 
consider Jaapiales as a separate order or synonymized with 
Gloeophyllales.

Significance

Ecological and economical roles

Jaapia argillacea, the type species of the order Jaapiales, is 
a wood-rotting fungus that causes white rot by decompos-
ing the wood by digesting the cellulose, hemicellulose, and 
lignin. The mycelium of J. argillacea completely replaces 
the cell wall of wood. In the year 2014, the genome of J. 
argillacea was sequenced, which revealed that the taxon 
lacks ligninolytic class-II peroxidases but has several 
enzymes that act on crystalline cellulose (Riley et  al. 
2014). Evidence shows that the members of the genus 
cluster closely with Phanerochaete chrysosporium, which 
is the model white rot species. Jaapia argillacea destroys 
all wood components using carbohydrate- and lignin-active 
enzymes but does so without ligninolytic class II peroxi-
dases. In laboratory testing, J. argillacea destroys all poly-
meric components of woody plant cell walls and similarly 
increases the number of genes for decreasing polyketide 
synthase. The genomes of J. argillacea also reveal unique 
CAZymes from the white-rot fungus (Riley et al. 2014). 
There is only one cellobiose dehydrogenase gene and 15 
lytic polysaccharide monooxygenases (LPMOs) genes in 
white-rot fungi like J. argillacea (Riley et al. 2014). Lac-
case activity is absent in J. argillacea (Niku-Paavola et al. 
1988).

Chemical diversity

Much work has not been carried out to explore the chemi-
cal diversity of the order Jaapiales. Riley et al. (2014), 
however, sequenced the genome of Jaapia argillacea of 
the order Jaapiales and found that the taxon does not have 
ligninolytic class II peroxidases, but it does have enzymes 
that break down cellulose, hemicellulose, and lignin. 
Besides, Niku-Paavola et  al. (1988) also reported the 
absence of the laccase enzyme in J. argillacea. An in-depth 
look at the genome of Jaapia argillacea (Riley et al. 2014) 
showed that it has one cellobiose dehydrogenase gene, 15 
lytic polysaccharide monooxygenase genes, and a gene that 
makes CAZymes.
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Other relevant data and future 
recommendations

Jaapiales consists of the monotypic family Jaapiaceae and 
the well-known genus Jaapia. To date, there are only two 
known species of the genus Jaapia (J. argillacea and J. och-
roleuca). The order was earlier referred to as the sister order 
of Boletales. The greatest radiation of mushroom-forming 
fungus, the Agaricomycetidae, is sister to Jaapiales, accord-
ing to recent research. The basidiomes of Jaapia argilla-
cea are made of loosely connected hyphae, and the fungus 
grows abundantly in old-growth woods across the northern 
hemisphere. Jaapia argillacea feeds on the rotting wood 
of conifers and is thought to produce a type of brown rot 
by breaking down cellulose, hemicellulose, and lignin. The 
fungus lacks ligninolytic class II peroxidases and laccase 
activity. Because of its position on the phylogenetic tree, J. 
argillacea is a good reference point for figuring out how the 
enzymatic decay machinery has grown and shrunk over time 
in the Agaricomycetidae group.

Kriegeriales Toome & Aime 2013

Contributed by: Teun Boekhout, Andrey Yurkov

Introduction

Molecular phylogenetic studies have largely contributed to 
our understanding of the phylogenetic and taxonomic rela-
tionships of teleomorphic and anamorphic, filamentous, and 
yeast-like taxa of Basidiomycota. Kriegeriales is a good 
example of a classification that bridges the gap traditionally 
held by mycologists and zymologists.

History

Kriegeria was described as a plant pathogenic fungus on 
Eriophorum leaves. Camptobasidium is a filamentous basid-
iomycete with transversely septate basidia, and that also 
forms chlamydospore-like structures (Marvanová and Suber-
kropp 1990). Various molecular phylogenetic studies found 
that free living yeasts belonged to both lineages that were 
corroborated in more recent multigene-based phylogenetic 
studies (Turchetti et al. 2011; Toome et al. 2013; de Garcia 
et al. 2020; Pontes et al. 2020; Perini et al. 2021). Wang et al. 
(2015a, b) observed that Camptobasidium, Glaciozyma, and 
Kriegeria might belong to separate lineages. Species of Gla-
ciozyma may form teliospore- or chlamydospore-like struc-
tures, with a yet unknown function (Turchetti et al. 2011).

Characters that define the taxa in the order

It is almost impossible to provide a list of characters that 
occur in all representatives and that are also unique for the 
order. Kriegeriales is mainly defined by molecular phylo-
genetic data that show the order as a sister group to Leu-
cosporidiales (Toome et al. 2013). Members of Microbot-
ryomycetes are plant pathogenetic or saprotrophic. Hyphae, 
if present, may have clamp connections, with a ‘simple’ 
septal pore organisation, and multiple pores may be present 
in a septum. The sexual state of the plant pathogens devel-
ops at the underside of the host leaves (i.e., Eriophorum 
or Scirpus spp.), and both Kriegeria and Camptobasidium 
form transversely septate basidia that form basidiospores 
that may or may not be forcibly discharged. Basidiospores 
may be septate and germinate by repetition or budding. 
Aquatic species form tetraradiate conidia, and other spe-
cies are known with a yeast morph. During budding sev-
eral cells may remain attached forming a candelabra-like 
structure. Ballistoconidia may be present. Colacosomes 
not present (Marvanová and Suberkropp 1990; Sampaio 
and Oberwinkler 2011b; Turchetti et  al. 2011; Toome 
et al. 2013; Kachalkin 2014). As indicated above, many, 
but not all molecular studies confirmed the monophyly of 
Kriegeriales.

Plates

See Fig. 118.2 in Sampaio and Oberwinkler (2011b), Figs. 1 
and 2 in Marvanová and Suberkropp (1990), Figs. 3 and 4 in 
Turchetti et al. (2011).

Genera included
Family Camptobasidiaceae R.T. Moore 1996

Camptobasidium Marvanová & Suberkr. 1990
 = Crucella Marvanová & Suberkr. 1990
Cryolevonia A. Pontes, Ruethi, B. Frey & J.P. Samp. 
2020
Glaciozyma Turchetti, Connell, Thomas-Hall & Boek-
hout ex M. Groenew. & Q.M. Wang 2020
 = Glaciozyma Turchetti, Connell, Thomas-Hall & 
Boekhout 2011
Psychromyces Perini & Zalar 2021

Family Kriegeriaceae Toome & Aime 2013
Kriegeria Bres. 1891
 = Xenogloea Syd. & P. Syd. 1919
 = Zymoxenogloea D.J. McLaughlin & Doublés 1992
Kriegeriopsis Etayo, Diederich, Millanes & Wedin 
2022
Meredithblackwellia Toome & Aime 2013
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Phenoliferia Q.M. Wang, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Yamadamyces Q.M. Wang, F.Y. Bai, M. Groenew. & 
Boekhout 2020
 = Yamadamyces Q.M. Wang, F.Y. Bai, M. Groenew. 
& Boekhout 2015

Evolution

At present it is difficult to understand any evolutionary trend 
within Kriegeriales given the broad diversity in lifestyles.

Justification of order and problems

Given the somewhat contradicting phylogenetic signals 
observed (see above), it may well be that with improved 
taxon- and marker sampling, further insights will emerge 
into the monophyly of the group and its evolutionary rela-
tionships. Hence it may also become an interesting model to 
understand the underlying evolutionary forces that resulted 
in the various lifestyles, e.g., saprotrophic versus plant path-
ogenic, hyphal versus yeasts, temperature adaptations and 
so on.

Significance

Ecological and economical roles

Kriegeria is phytoparasitic on Eriophorum and Scirpus 
leaves (Sampaio and Oberwinkler 2011b; Toome et  al. 
2013). Camptobasidium is an aquatic filamentous fungus 
from subtropical freshwater streams (Marvanová and Suber-
kropp 1990), and many species are from cold habitats, e.g. 
ice, permafrost, melting sea ice, glaciers (Turchetti et al. 
2011; Kachalkin 2014; de Garcia et al. 2020; Pontes et al. 
2020). Meredithblackwellia is known from the tropical rain 
forest in Guyana (Toome et al. 2013). The psychrophilic spe-
cies may be a source for cold-adapted enzymes that will be 
useful in biotechnology. Members of the genus Phenoliferia 
have a remarkable ability to assimilate phenolic compounds 
at low temperature.

Chemical diversity

Not known.

Lepidostromatales B.P. Hodk. & Lücking 2013

Contributed by: Ibai Olariaga, Rodrigo Márquez, Isabel 
Salcedo, Sergio P. Gorjón

Introduction

Lepidostromatales is a small order in Agaricomycetidae, 
containing only lichenized species and currently compris-
ing about 13 species (Liu et al. 2019b). It was proposed for 
a single family, Lepidostromataceae, characterized by cla-
varioid basidiomes combined with a lichenized basal thallus 
with a chlorococcoid photobiont, apparently of pantropical 
distribution (Hodkinson et al. 2014). Lepidostromales is the 
only order of Basidiomycota conformed entirely by lichens 
with no close, non-lichenized relative and further seems to 
be the most ancient lineage of basidiolichens (Hodkinson 
et al. 2014).

History

Lepidostroma, the generic type, closely resembles Multi-
clavula in the clavarioid basidiomes and its species were 
for long included in Multiclavula (Petersen 1967; Oberwin-
kler 1970), before it was recognized as a separate genus on 
account of its squamulose thallus and not crustose-granulose 
like in Multiclavula. Molecular phylogenetic analyses even-
tually confirmed Lepidostroma as a distinct lineage, Lepi-
dostromataceae, unrelated to Multiclavula (Cantharellales) 
and instead close to Atheliales in subclass Agaricomycetidae 
(Ertz et al. 2008; Hodkinson et al. 2014).

Characters that define the taxa in the order

Lepidostromatales is the only entirely lichenized line-
age at the family and order level in Basidiomycota. The 
photobiont taxa appear to be lineage specific in the three 
main lineages of Lepidostromales. Thus, Lepidostroma 
is associated with photobions of an undetermined genus 
of Prasiolales (Trebouxiophyceae) and Sulzbacheromyces 
with the freshwater algal genus Bracteacoccus (Chlo-
rophyceae), whereas the algal partner of Ertzia is not 
known yet, and underlining the uniqueness of the Lepi-
dostromatales and its independent lichenization (Hod-
kinson et al. 2014). Sulzbacheromyces caatingae, the 
generic type of Sulzbacheromyces, is the only example 
of a Multiclavula-like thallus. The photobiont of Lepi-
dostroma is chlorococcoid instead of coccomyxoid, as 
in Multiclavula with which it has long been confused 
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Fig. 36  Basidiomes of Sulzbacheromyces yunnanensis in situ 
(ZRL20210258, Yunnan province of China)

(Oberwinkler 1984, 2012; Sulzbacher et  al. 2012). 
Moreover, Lepidostroma and Multiclavula can be dis-
tinguished by shape of basidia and number of sterigmata; 
basidia of Lepidostroma are subclavate to clavate-cylin-
drical bearing 2–4 sterigmata, whereas Multiclavula 
produces suburniform basidia with 4–6(–8) sterigmata 
(Oberwinkler 2012; Ertz et al. 2008). Although there is 
no evidence of it, Lepidostroma is very likely to pos-
sess chiastobasidia —largely predominant type among 
the Agaricomycetidae— opposed to the stichic basidia 
of Multiclavula (reference).

Sexual stages in Lepidostromatales are characterized by 
the formation of reduced clavarioid to caloceroid basidi-
omes, that are filiform to club-shaped with an obtuse to 
subulate apical part of yellow, orange to red orange colour, 
turning ochraceous upon drying in the few known species. 
The hyphae are clampless or nodose-septate and the sub-
hymenium sometimes contains a mass of algal cells. The 
hymenium sometimes presents discrete sterile hymenial ele-
ments resembling sterile basidia. Basidia are usually oblong, 
subclavate to clavate, bearing 2–4 sterigmata and produc-
ing pip-shaped, elliptical, slightly reniform or obpyriform 
to suballantoid, thin-walled, hyaline, smooth, with hilar 
appendix, usually guttulate, and non-amyloid basidiospores 
(Hodkinson et al. 2014; Sulzbacher et al. 2012, 2016c; Liu 
et al. 2017a, 2019b).

Most species of Lepidostromatales have been recorded 
from tropical areas, mainly in Africa and South America, 
but lately some species have been described from Asia and 
various asian Multiclavula have been assigned to Sulzbach-
eromyces, making it the most diverse genus of Lepidostro-
males at present.

Plates

Genera included
Lepidostromataceae Ertz, Eb. Fisch., Killmann, Sérus. 
& Lawrey 2008

Ertzia B.P. Hodk. & Lücking 2014
Lepidostroma Mägd. & S. Winkl. 1967
Sulzbacheromyces B.P. Hodk. & Lücking 2014

Evolution

Several phylogenetic analyses suggest that the Lepidostro-
matales represent a different lineage than accepted orders in 
subclass Agaricomycetidae (Agaricales, Amylocorticiales, 
Atheliales and Boletales), even though relationships among 
the mentioned orders in Agaricomycetidae are still contro-
versial (Hodkinson et al. 2014; Varga et al. 2019). Lepi-
dostromatales seems however to be more closely related to 
Atheliales than other groups in the Agaricomycetidae (Varga 
et al. 2019; Sulistyo et al. 2021).

Justification of order and problems

According to Hodkinson et al. (2014), BLAST results con-
firm doubts on the algorithm’s utility in making taxonomic 
assignments for conserved rRNA sequences suggesting that 
taxonomic identifications based on BLAST can be quite 
unreliable also in the case of Lepidostromatales.

Due to the lack of genomic information, the relation-
ships between the different genera and species belonging 
to the Lepidostromatales are based on the analysis of few 
genes (Hodkinson et al. 2014; Yanaga et al. 2015; Liu et al. 
2017a, 2019b). It would be desirable to incorporate more 
genomes into the phylogenies or to perform phylogenomic 
analyses. Also, it is important to highlight the poor field 
sampling of the group, particularly, in tropical and sub-
tropical areas, can have led to underestimate the diversity 
of Lepidostromatales.

Significance

Ecological and economical roles

Species of Lepidostromatales may be of paramount impor-
tant in the establishment of algal symbioses and coloniza-
tion of in particular environments, such as roadsides, bare 
ground, soil banks and termite nests (Sulzbacher et  al. 
2016c), and contribute to the stabilization of bare soil and 
the creation of biocrusts.
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Leucosporidiales J.P. Samp., M. Weiss & R. Bauer 2003

Contributed by: Teun Boekhout

Introduction

Leucosporidiales comprises basidiomycetous yeasts belong-
ing to Microbotryomycetes (Pucciniomycotina) that have 
white colonies, that form teliospores in their sexual state 
producing transversally septate basidia, and that, likely, are 
colacosome-interacting mycoparasites.

History

In early phylogenetic studies, Fell et al. (2000) identified the 
genera Leucosporidium and Mastigobasidium as members 
of the Microbotryum-clade. In 2003, Leucosporidiales was 
proposed to accommodate the members of this clade (Sam-
paio et al. 2003).

Characters that define the taxa in the order

Non-plant pathogenic members of Microbotryomycetidae, 
which may reproduce asexually by yeast budding or sexu-
ally by the formation of globose teliospores that germi-
nate with transversely septate basidia. Basidia germinate 
by basidiospores that are not actively released. Basidi-
ospores germinate with an ontogenetic yeast stage. Clamp 
connections are present in the hyphal state. Hyphae with 
‘simple’ septa organisation, and colacosomes. Yeasts 
reproduce by usually polar budding and ballistoconida 
may be present (Sampaio et al. 2003). Coenzymes CoQ-9 
and CoQ-10 are present. Xylose is absent from cell 
hydrolysates (Sampaio 2011d). The limits of the order 
are mainly circumscribed in the various molecular phy-
logenetic analyses (Fell et al. 2000; Scorzetti et al. 2002; 
Sampaio et al. 2003; Aime et al. 2006; Bauer et al. 2006; 
Wang et al. 2015a, b).

Plates

See Figs. 14, 15, 16, 17, 18 in Sampaio et al. (2003).

Genera included
Family Leucosporidiaceae Jülich 1982

Leucosporidium Fell, Statzell, I.L. Hunter & Phaff 
1970
 = Mastigobasidium Golubev 1999
 = Leucosporidiella Samp. 2003

Evolution

Leucosporidiales appears as a sister group to Microbotryales 
in most analyses (Sampaio et al. 2003; Wang et al. 2015a, 
b). However, Zhao et al. (2017) included the order in Micro-
botryales due to a short time of divergence of 74 million 
years ago versus 118 million years ago for Microbotryales. 
Phylogenomics studies using high quality genomes and a 
sufficient taxon sampling are needed to settle the issue of 
internal systematics of Microbotryomycetes.

Justification of order and problems

As indicated above, a recent multigene-based phyloge-
netic study indicated that Leucosporidiales might be part 
of Microbotryales (Zhao et al. 2017). Thus, it remains to 
be seen whether the non-plant pathogenic versus the highly 
specialised plant pathogenic lifestyles of both will hold as a 
distinguishing character.

Significance

Ecological and economical roles

Members of Leucosporidiales likely have a mycoparasitic 
lifestyle. Its members have a widespread occurrence on 
diverse substrates, such as sea—and freshwater, forest—and 
tundra soils, litter, mushrooms, etc. Some species are only 
known from Antarctica. Several species have been isolated 
from polluted waters, and other species are known to utilize 
monoaromatic compounds. It has been suggested that the 
latter might be interesting for bioremediation in colder cli-
mate zones (Golubev 2011; Sampaio 2011d).

Chemical diversity

Coenzyme Q9 and CoQ10, once used as taxonomic marker 
molecules, are found in Leucosporidiales (Sampaio et al. 
2003).

Malasseziales R.T. Moore 1980

Contributed by: Bart Theelen, Teun Boekhout

Introduction

Traditionally known as skin inhabitants of warm-blooded 
mammals, members of Malasseziales have recently received 
increased attention for their suspected involvement in 
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human gut diseases and certain cancers (Spatz and Rich-
ard 2020; Gamal et al. 2022). In addition, direct sequencing 
approaches have found indications that these yeasts are eco-
logically very diverse (Amend 2014). Taxonomic placement 
among most plant pathogens, the gene content in relation to 
nutritional requirements (Wu et al. 2015d), their omnipres-
ence in both health and disease states (Ianiri et al. 2022), 
and the occurrence of various hybridization events (Theelen 
et al. 2022), make this an order of interest from both func-
tional and evolutionary perspectives.

History

The origin of the genus Malassezia dates back to 1846 when 
Eichstedt identified yeasts and filaments in skin lesions of the 
disease pityriasis versicolor (PV). Originally named Micro-
sporon furfur by Robin in 1853, it was renamed to Malasse-
zia furfur by Baillon in 1889 (Hay and Midgley 2010). 
Especially resulting from the arrival of DNA sequencing 
technology, the number of species increased to 18 formally 
described species to date (Lorch et al. 2018). Presently only 
one genus is known for the order. Biochemical tests, such 
as urease activity, and a positive staining with Diazoneum 
Blue B salt, already early on indicated a basidiomycetous 
affinity. However, its phylogenetic affiliation remained enig-
matic for a long time, until molecular phylogenetic studies 
were introduced. Wang and coworkers assigned the genus to 
Ustilaginomycotina, and because of the deep node, they pro-
posed the class Malasseziomycetes, order Malasseziales and 
family Malasseziaceae to accommodate these fungi (Wang 
et al. 2014b). Many more species than currently described 
may exist. Although sequence-only based species descrip-
tions are not possible yet under current nomenclature rules, 
a recent study applying metagenomics approaches to the skin 
microbiome identified at least two likely new species (Saheb 
Kashaf et al. 2022). As members of the Malassezales are dif-
ficult to culture, especially from complex sources such as the 
human gut, exploring sequence diversity directly from these 
samples may provide additional insight into the diversity 
within this order. Sequence diversity from environmental 
DNA of samples such as coral, marine sediments, algae, 
and soil suggests that many more taxa may be present in the 
Malasseziales (Amend 2014) and further research in this 
area may also provide additional insight in the evolution of 
this group of yeasts.

Characters that define the taxa in the order

Cells are globose, ovoid or cylindrical. Budding is gener-
ally monopolar, with percurrent or sympodial prolifera-
tion leaving pronounced bud scars (Wang et al. 2014b). A 

sexual morph is unknown but the presence of mating type 
genes suggests the ability to reproduce sexually. Species 
with pseudobipolar or tetrapolar configuration occur and it 
was hypothesized that the pseudobipolar organization was 
ancestral in this group (Coelho et al. 2023). One of the most 
distinctive features is the lipid dependence of all described 
Malasseziales members, with the note that Malassezia 
pachydermatis is able to grow on sabouraud dextrose agar 
by utilizing the peptides that are present in the medium. 
The cell wall is thick and multi-lamellate, with a high lipid 
percentage and β-(1,6)-D-glucan was found to be the major 
carbohydrate component for Malassezia restricta (Stalh-
berger et al. 2014) and Malassezia sympodialis (Kruppa 
et al. 2009).

Plates

See figures on pages 29, 31, 33, 35, 37, 38, 40, 41, 43, 
45, 46, 48, 50 (Guého-Kellermann et  al. 2010) and 
Figs. 148.2–148.51 (Guého-Kellermann et al. 2011).

Genera included
Family Malasseziaceae Denchev & R.T. Moore

Malassezia Baill. 1889
 = Pityrosporum Sabour. 1904

Evolution

Based on a phylogenetic analysis of six genes class 
Malasseziomycetes and order Malasseziales represented 
a deeply rooted lineage within the Ustilaginomycotina 
with a sister relationship to both Ustilaginomycetes 
and Exobasidiomycetes (Wang et al. 2014b). A whole 
genome based phylogenetic analysis confirmed the iso-
lated position within the subphylum Ustilaginomycotina, 
but as a basal group, suggesting early divergence from 
its plant-pathogenic relatives (Wu et al. 2015d). Using a 
six-gene-based phylogeny, it was estimated that the order 
originated ca. 245 million years ago, only preceded by 
the Ustilaginomycetes within the subphylum Ustilagino-
mycotina. A phyloproteomic tree based on 396 protein 
alignments species of the order Malasseziales however 
indicated a basal position for this order within the Usti-
laginomycotina (Zhao et al. 2017). Comparative genomics 
revealed the expansion of lipases, phospholipases, and 
aspartyl proteases; and a reduction of genes encoding 
enzymes required for lipid and carbohydrate metabolism, 
further underlining divergence from plant-pathogenic 
relatives and adaptation to human and animal skin (Wu 
et al. 2015d). The presence of mating type genes is sug-
gestive that sexual reproduction may play a role in the 
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evolutionary trajectory of the order. Furthermore, multi-
ple hybridization events have contributed to the complex 
evolution of the M. furfur species complex (Theelen et al. 
2022) and it would be interesting to explore whether simi-
lar events have also taken place elsewhere in the order 
Malasseziales.

Justification of order and problems

Most analyses illustrate a distinct position of the Malassezi-
ales within Ustilaginomycotina, although the exact position 
differs based on the type of datasets that are used. Two stud-
ies applying whole genome based phylogenetic approaches 
both point to a basal position of the order within Ustilagino-
mycotina (Wu et al. 2015d; Zhao et al. 2017). In this study, 
Malasseziales (Malasseziomycetes) is shown to be a sister 
clade with Ustilaginomycetes.

Significance

Ecological and economical roles

Malassezia is the most abundant fungal genus on healthy 
human skin (Findley et al. 2013) but also plays a role in 
multiple skin diseases, such as as dandruff/seborrheic 
dermatitis, pityriasis versicolor, psoriasis, Malassezia 
folliculitis, and atopic dermatitis in humans; and otitis 
and dermatitis in cats, dogs and other animals (Theelen 
et al. 2018; Guillot and Bond 2020; Saunte et al. 2020). 
While these skin diseases are not life-threatening, they 
can be uncomfortable and it is important to also consider 
the negative social and psychological effects of these dis-
eases. The number of people affected varies per disease, 
demographic, and prior conditions. In the case of dandruff, 
up to 50% of adults worldwide are affected to some extent, 
with an estimated economic burden estimated at $300 mil-
lion annually for over-the-counter products in the USA 
alone (Borda and Wikramanayake 2015). The downside 
with many Malassezia-associated skin diseases is that 
treatment only results in temporary improvement, result-
ing in recurring discomfort and repeat-treatment and costs 
(Saunte et al. 2020). Malassezia can also cause blood-
stream infections in certain patient groups, such as immu-
nocompromised individuals and neonates, a phenomenon 
that is likely underdiagnosed due to the lack of lipid-sup-
plementation in standard culture media in most clinics 
(Rhimi et al. 2020). Furthermore, a role for Malassezia 
in Crohn’s disease and colitis has been suggested (Limon 
et al. 2019) as well as a role in the progression of certain 

cancers (Aykut et al. 2019; Das et al. 2021). Finally, stud-
ies applying direct sequencing approaches to various 
environmental samples have identified the presence of 
Malassezia in diverse ecologies such as soil and marine 
environments. Future research is needed to explore func-
tion and may add to our knowledge of the evolution and 
adaptation of members of Malasseziales (Amend et al. 
2019).

Chemical diversity

As far as investigated, all Malasseziales species are lipid 
dependent as they lack a fatty acid synthase gene in their 
genomes (Xu et al. 2007). They have a co-enzyme Q sys-
tem with 9 isoprenologues and xylose is absent in cell wall 
hydrolysates (Guého-Kellermann et al. 2011). Species can 
phenotypically be identified to some extent with physiologi-
cal profiling, using various tweens and cremophor-EL as 
substrates, but also using growth at various temperatures, 
as well as β-glucosidase activity (Guého-Kellermann et al. 
2011).

Other relevant data and future 
recommendations

Based on our current knowledge, it seems clear that 
Malassezia may take on different roles on human skin (and 
possibly elsewhere), namely that of a commensal, a mutu-
alist, or a pathogen but much of what determines the shifts 
between these roles is still unknown (Vijaya Chandra et al. 
2020; Ianiri et al. 2022). The omnipresence of Malassezia in 
health and disease states further complicates these matters 
but at the same time make members of this order interesting 
model organisms to study disease mechanisms.

Microbotryales R. Bauer & Oberw. 1997

Contributed by: Teodor T. Denchev, Martin Kemler, 
Dominik Begerow, Cvetomir M. Denchev

Introduction

Microbotryales was erected by Bauer et  al. (1997) to 
accommodate the species of Microbotryaceae. They have 
a type A 5S rRNA secondary structure, mannose as the 
major cell wall carbohydrate, and cellular interactions 
without primary interactive vesicles (Bauer et al. 2001b). 
The microbotryaceous species have lifestyle of smut 
fungi similar to that of the phragmobasidiate species in 
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the Ustilaginomycetes but are morphologically distin-
guishable from them by the lack of intracellular hyphae 
or haustoria (Bauer et al. 1997, 2001b). Members of the 
Microbotryales are characterized by the presence of trans-
versely septate basidia with multiple production of sessile 
basidiospores, and only intercellular hyphae (Bauer et al. 
1997).

Microbotryales is divided into two families: Microbotry-
aceae and Ustilentylomataceae.

Characters that define the taxa in the order

Microbotryaceae are characterized by the absence of pores 
in the mature septa. The family consists of plant parasitic 
fungi.

Microbotryum is the largest genus of the family. The 
hosts are members of the rosids (Onagraceae), superas-
terids (Polygonaceae, Caryophyllaceae, and Montiaceae), 
and asterids (? Primulaceae, Gentianaceae, Lentibulari-
aceae, Lamiaceae, Asteraceae, and Caprifoliaceae). Sori 
are formed in various organs of the infected plants (flow-
ers, anthers, ovules, filaments of stamens, pedicels, inflo-
rescence branches, capitula, stems, and leaves), con-
taining powdery, pale yellowish brown to dark reddish 
brown or dark purple spore mass, without sterile cells. 
Spores are single, subhyaline to dark reddish brown or 
dark purple, variously ornamented (reticulate, verrucu-
lose, verruculose-reticulate, echinate or striate) (Vánky 
2011, 2013; Denchev et al. 2020b). Spore germination 
results in a phragmobasidium, on which sessile basidi-
ospores are produced. Members of Sphacelotheca form 
sori in ovaries of plants in the Polygonaceae. Infection is 
systemic. Sori are covered by a peridium, formed of host 
tissues and hyaline, non-sporogenous fungal cells. Colu-
mella is present, formed of non-sporogenous fungal cells. 
Spores are darkly pigmented, at first catenate, joined by 
disjunctors, later solitary. Spores germinate with trans-
versely septate basidia (Vánky 2013). Zundeliomyces is a 
monotypic genus. Zundeliomyces polygoni Vánky forms 
sori on Polygonum alpinum All. Sori are in some flowers 
of the infected plant, as locular galls with central cavities; 
covered by a thick peridium; columella is lacking. Spore 
mass is in the cavities with two kinds: central, thin-walled 
and single, and peripheral, thick-walled and agglutinated. 

Spore germination is unknown (Vánky 2013). Species of 
Kalmanago produce sori that destroy seeds of plants in 
the Commelinaceae, filling the capsules with a powdery, 
dark reddish-brown spore mass; peridium, columellae, 
and sterile cells are absent. Spores are solitary, reticulate 
(Denchev et al. 2020a). Infection is systemic. Spore germi-
nation results in a two-celled phragmobasidium. Species 
of Bauerago form sori in seeds of hosts in the Cyperaceae 
and Juncaceae. Infection is systemic. Spores are single. 
Peridium, columellae, and sterile cells are absent (Vánky 
2013; Denchev and Denchev 2018b). Spores germinate 
with transversely septate basidia.

Ustilentylomataceae are characterized by the presence of 
simple pores in the mature septa, without membrane caps 
(Bauer et al. 1997). The family consists of plant parasitic 
fungi and anamorphic yeast species.

Ustilentyloma are plant parasites in leaves of grasses, 
forming spots on the leaf surface. Spores are single, in 
loose or compact groups, embedded in host tissue; subhya-
line to pale colored (Vánky 2013; Denchev et al. 2020b). 
Spores germinate with transversely septate basidia. An 
anamorphic yeast species, U. graminis (Rodr. Mir. & H.G. 
Diem) Q.M. Wang et al., was isolated from a grass phyllo-
plane (Wang 2015b). Fulvisporium is a monotypic genus. 
Fulvisporium restifaciens (D.E. Shaw) Vánky forms sori 
in distal internodes of stems of Austrostipa (Poaceae). 
Spores are in permanent spore balls, composed of spores 
only, without sterile cells between the spores. Spore ger-
mination is phragmobasidiate (Vánky 2013). Species of 
Aurantiosporium form sori in hypertrophied spikelets of 
hosts in the Cyperaceae. Sori are filled with yellowish, 
orange or reddish brown, granular mass of loose or per-
manent spore balls (Piepenbring et al. 1999; Vánky 2013; 
Piepenbring et al. 1996). Spore germination is phragmoba-
sidiate. Microbotryozyma includes two anamorphic yeast 
species. Microbotryozyma collariae S.O. Suh et al. was 
isolated from a culture with trypanosomatids obtained 
from the intestine of Collaria oleosa (Heteroptera) (Suh 
et al. 2012), while M. swertiae Q.M. Wang et al. was iso-
lated from plant material (Li et al. 2020b).

Plates
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Fig. 37  Microbotryales. a–i 
habit. a Kalmanago commelinae 
on Commelina communis, Japan 
(SOMF 30251); b Microbot-
ryum coronariae on Silene flos-
cuculi, Bulgaria, Denchev 1925; 
c Microbotryum koenigiae on 
Koenigia islandica, Greenland 
(C-F-102468, holotype); d 
Microbotryum pustulatum on 
Bistorta vivipara, Greenland (O 
s.n.); e Microbotryum reticula-
tum on Persicaria lapathifolia, 
Bulgaria, Denchev 1429; f 
Microbotryum saponariae on 
Saponaria officinalis, Bulgaria, 
Denchev 1652; g Microbotryum 
stellariae on Stellaria aquatica, 
Bulgaria, Denchev 1816; h 
Microbotryum superbum on 
Dianthus superbus, Bulgaria, 
Denchev 1657; i Microbotryum 
tragopogonis-pratensis on 
Tragopogon pratensis, Bulgaria, 
Denchev 1636. Arrows in a, c 
indicate sori. Scale bars: a–i = 1 
cm
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Fig. 38  Microbotryales. a–f 
spores in LM. a Bauerago vuy-
ckii on Luzula campestris, Aus-
tria (MA 693431); b Kalman-
ago commelinae on Commelina 
communis, Japan (SOMF 
30251); c Microbotryum koeni-
giae on Koenigia islandica, 
Greenland (C-F-102468, 
holotype); d Microbotryum 
polycnemoides on Polygonum 
polycnemoides, Turkey (SOMF 
30200, holotype); e Microbot-
ryum silenes-dioicae on Silene 
dioica, Bulgaria (SOMF s.n.); 
f Sphacelotheca polygoni-sen-
ticosi on Persicaria senticosa, 
Korea (KUS-F 10409). Scale 
bars: a–f = 10 μm
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Fig. 39  Microbotryales. a–c 
spores in SEM. a Bauerago 
capensis on Juncus capensis, 
South Africa (W 1906-0005707, 
holotype); b Microbotryum 
anomalum on Fallopia aubertii, 
Bulgaria (SOMF 22363); c 
Microbotryum koenigiae on 
Koenigia islandica, Greenland 
(C-F-102468, holotype); d 
Microbotryum nepalense on 
Polygonum nepalense, Ethiopia 
(C s.n.); e Microbotryum 
polycnemoides on Polygonum 
polycnemoides, Turkey (SOMF 
30200, holotype); f Microbot-
ryum violaceoverrucosum on 
Silene italica, Greece, Denchev 
3709. Scale bars: a–f = 5 μm

Genera included
Family Microbotryaceae R.T. Moore 1996

Bauerago Vánky 1999
Kalmanago T. Denchev, Denchev, Kemler & Begerow 
2020
Microbotryum Lév. 1847
 = Liroa Cif. 1933
 = Bauhinus R.T. Moore 1992
 = Haradaea Denchev 2006
Sphacelotheca de Bary 1884
Zundeliomyces Vánky 1987

Family Ustilentylomataceae R. Bauer & Oberw. 1997
Aurantiosporium M. Piepenbr., Vánky & Oberw. 1996
Fulvisporium Vánky 1997
Microbotryozyma S.O. Suh, D.A. Maslov, Molestina 
& J.J. Zhou 2012

Ustilentyloma Savile 1964

Evolution and justification of order

Grouping Microbotryales within Pucciniomycotina rather 
than Ustilaginomycotina was supported by sequence analy-
ses. There are significant convergences between the micro-
botryaceous and ustilaginomycetous phragmobasidiate smut 
fungi with respect to life cycle, soral morphology, sporo-
genesis, and basidial morphology (Bauer et al. 1997, 2006; 
Begerow et al. 2014). Microbotryales are ultrastructurally 
well characterized and the molecular phylogeny is highly 
congruent with these data. Many species of Microbotry-
aceae were originally treated in Ustilago because of similar 
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morphological characters that are a classical example of 
convergent evolution (Begerow et al. 2014).

Weiss et  al. (2004a, b) suggested that phytoparasitic 
lineages in Microbotryomycetes, i.e., Microbotryales and 
Kriegeria, most likely evolved from colacosome-interacting 
mycoparasitic ancestors.

Kemler et al. (2020) demonstrated that the host prefer-
ence and sorus location correlate with parasite phylogeny 
in Microbotryum. They found that monophyletic parasite 
clades correspond well with monophyletic host clades and 
also that monophyletic parasite groups in general produce 
their spores in the same plant organ.

Economic importance

A few species parasitize ornamental plants (Dianthus, Gyp-
sophila, Silene) but little economic damage is caused.

Microstromatales R. Bauer & Oberw. 1997

Contributed by: Martin Kemler, Cvetomir M. Denchev, 
Dominik Begerow, Teodor T. Denchev

Introduction

Microstromatales was erected to accommodate fungi within 
Exobasidiomycetes that lack teliospores and a specific inter-
action apparatus, and have hyphae with a simple septal pore 
enclosed by a membrane cap (Bauer et al. 1997; Begerow 
et al. 2014). Since its erection species with dolipores have 
been included into the order. Several of the taxa in Micro-
stromatales are known to be plant parasitic. Based on phy-
logenetic information anamorphic yeast taxa with unknown 
teleomorph have been described or included into the order 
in recent years (Li et al. 2022c; Nasr et al. 2017; Wang et al. 
2015d). Recently, the genus and family concepts within 
Microstromatales were questioned based on phylogenetic 
evidence (Kijpornyongpan and Aime 2017). The type genus, 
Microstroma, was introduced by von Niessl (1861).

Currently, three families and eight genera are included 
in this order.

Characters that define the taxa in the order

Many species in the Microstromatales are plant parasites. 
However, they do not form teliospores, but instead directly 
produce holobasidia and basidiospores from the hyphae that 
emerge from the inside of leaves of the hosts. Host spectrum 
is diverse and includes many woody eudicots. Microstro-
matales contains three families, viz. Microstromataceae, 

Quambalariaceae, and Volvocisporiaceae. These are mono-
typic and contain the genera Microstroma, Quambalaria, 
and Volvocisporium, respectively. The taxonomic position 
of the genera Baueromyces, Jaminea, Parajaminaea, Pseu-
domicrostroma, and Sympodiomycopsis is not settled so far.

Traditionally, species of Volvocisporium and Microstroma 
were characterized by having simple pores with rounded 
pore lips, whereas Quambalaria species have a doliporus 
(de Beer et al. 2006). Microstroma species were character-
ized by aseptate basidiospores, while Volvocisporium spe-
cies have septate basidiospores. No sexual stage is known 
for Quambalaria species. A recent taxonomic reorganization 
of the order (Kijpornyongpan and Aime 2017) has made the 
interpretation of morphological and ultrastructural charac-
teristics with respect to phylogenetic evidence difficult. Phy-
logenetic evidence has resulted in the split of Microstroma 
and the erection of the new genera Pseudomicrostroma 
and Parajaminea that contain former Microstroma species 
(Kijpornyongpan and Aime 2017). Unfortunately, ultrastruc-
tural studies were mostly performed on Pseudomicrostroma 
juglandis (Bérenger) Kijporn. & Aime (= Microstroma jug-
landis Bérenger) and the pore structure in Microstroma 
s. str. is therefore unknown. Detailed morphological and 
ultrastructural studies on the genera Baueromyces, Jaminea, 
Microstroma, Parajaminea, Pseudomicrostroma, and Sym-
podiomycopsis are urgently needed to get more diagnostic 
characteristics that separate the genera from each other.

Plates

For illustrations, see Bauer et al. (1997, pore: Fig. 117, 
interaction zone: Fig. 111), de Beer et al. (2006, Fig. 3–8), 
Begerow et  al. (2001), Begerow and McTaggart (2018, 
Fig. 4–19.4, Fig. 4–19.6), Kijpornyongpan and Aime (2017).

Genera included
Family Microstromataceae Jülich 1982

Microstroma Niessl 1861
 = Helostroma Pat. 1902
 = Leptophyma Sacc. 1889

Family Quambalariaceae Z.W. de Beer, Begerow & R. 
Bauer 2006

Quambalaria J.A. Simpson 2000
 = Fugomyces Sigler 2003

Family Volvocisporiaceae Begerow, R. Bauer & Oberw. 
2001

Volvocisporium Begerow, R. Bauer & Oberw. 2001
Microstromatales genera incertae sedis

Baueromyces Q.M. Wang, Begerow & M. Groenew. 
2022
Jaminaea Sipiczki & Kajdacsi ex Kijporn. & Aime 
2017
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 = Jaminaea Sipiczki & Kajdacsi 2009 (nom. inval.)
Parajaminaea Kijporn. & Aime 2017
Pseudomicrostroma Kijporn. & Aime 2017
Sympodiomycopsis Sugiy., Tokuoka & Komag. 1991

Evolution and justification of order

Microstromatales is systematically not well understood and 
recently the type genus Microstroma was split up due to 
polyphyly (Kijpornyongpan and Aime 2017).

Many species of this order have an association with leaves 
of woody plants in different plant orders making the evolu-
tionary history of this group potentially very complex. How-
ever, the vast majority of Microstromatales species have not 
been studied using phylogenetic methods and their relation-
ships to each other are unknown.

Although not well characterized as a monophyletic group 
based on morphological and ultrastructural traits, Micros-
tromatales forms a well-supported clade in molecular phylo-
genetic studies (Wang et al. 2015d). Intraorder relationships 
are still unresolved, partially due to known species being 
understudied, as well as the discovery of new (mainly yeast) 
species (Nasr et al. 2017; Wang et al. 2015d).

Economic importance

Quambalaria species are known plant-pathogens of Myrta-
ceae and pose a substantial problem for industrial forestry by 
causing shoot blight and severe damage can lead to the death 
of trees (see de Beer et al. 2006; Pegg et al. 2009).

Mixiales R. Bauer, Begerow, J.P. Samp., M. Weiss & Oberw. 
2006

Contributed by: Junta Sugiyama, Tsuyoshi Hosoya

Introduction

Mixiales is a fascinating taxon with an extensive research 
background in the kingdom Fungi. The single order Mixiales 
was assigned to the monotypic class Mixiomycetes (Bauer 
et al. 2006). Mixiales consists of a single family Mixiaceae 
C.L. Kramer 1987 comprising a monotypic genus Mixia C.L. 
Kramer 1959 [‘1958’] (hereinafter referred to as 1959, except 
for the “Genera included” section). Mixia was proposed by 
Kramer (1959) in honor of A. J. Mix, an American mycolo-
gist at the University of Kansas, comprising only one spe-
cies to date, namely Mixia osmundae (Nishida) C.L. Kramer 
1959, which was initially proposed as Taphrina osmundae 
by Nishida in 1911. Kramer (1987) remarked, “Taphrina is a 
dimorphic organism that exists as a mycelium in the parasitic 

phase and as yeast in the saprophytic phase. The mycelium 
is dikaryotic, which is a unique feature in Ascomycetes. The 
mycelium gives rise to asci directly, without forming an 
ascocarp.” Mixia is similar to Taphrina in lifestyle and is a 
dimorphic fungus (Nishida et al. 1995; Toome et al. 2014). 
In the parasitic phase, M. osmundae is an intracellular para-
site living on the Osmunda fern fronds/leaves (Nishida 1911; 
Mix 1947; Kramer 1959; Nishida et al. 1995; Sugiyama and 
Katumoto 2008a) and is phenotypically (morphologically) 
characterized by a unique spore-producing structure in the 
life cycle, namely, putative asexual spores (Toome et al. 
2014; Sugiyama et al. 2018) that are produced exogenously, 
enteroblastically, and simultaneously from whole sporog-
enous cells on the surface of living Osmunda or Osmundas-
trum fern fronds (Nishida et al. 1995; Sugiyma and Katu-
moto 2008a; Sugiyama et al. 2018; for the host ferns, Kato 
2007; Grimm et al. 2015; Bomfleur et al. 2017). The unique 
sporogenous and spores (or yeast cells) have been character-
ized by morphological and ultrastructural characteristics by 
light, scanning electron (SEM), and transmission electron 
(TEM) microscopes (Nishida et al. 1995; Bauer et al. 2006; 
for abbreviations, see Seifert et al. 2011).

In the saprophytic phase, M. osmundae grows slowly, form-
ing creamy yeast-like colonies on artificial culture media and 
reproduces enteroblastic budding cells (Nishida et al. 1995, 
2011b). The specific characteristics of yeasts and cells of M. 
osmundae in culture are similar to those of basidiomycetous 
yeasts, such as Rhodotorula, Cryptococcus, and Sporobolo-
myces (Nishida et al. 1995, 2011b). Mixia, one of the basidi-
omycetes yeasts, was adopted and described by Nishida et al. 
(2011b) in the book “The Yeasts, A Taxonomic Study, 5th 
Edition” (Kurtzman et al. 2011). In addition to the pheno-
typic characterization, Nishida et al. (1995), based on nuclear 
small-subunit rRNA (SSU; for other gene abbreviations, see 
Hibbett et al. 2007) gene sequence divergence of authentic 
Taphrina osmundae/Mixia osmundae isolates, indicated that 
T. osmundae/M. osmundae is not a member of Taphrinales or 
Protomycetales in Ascomycota. However, it is placed among 
simple-septate Urediomycetes (currently Pucciniomycotina) 
in Basidiomycota with two rust fungi Cronartium ribicola 
J. C. Fisch and Peridermium harknessii J. P. Moore, and a 
basidiomycetous yeast, Erythrobasidium hasegawianum 
Hamam., Sugiy. & Komag. Subsequently, their findings were 
reinforced by molecular phylogenetic analyses (e.g., Aime 
et al. 2006; Bauer et al. 2006; Hibbett et al. 2007). From 
the 2010s, genome sequencing of an authentic M. osumdae 
culture (IAM 14324 or JCM 22182 = IAM 14324) has been 
performed independently by two research groups, namely 
Nishida et al. (2011a) and Toome et al. (2014). Biogeograph-
ically, M. osmundae has been recorded in Japan (Honshu, 
Kyushu), China (Yunnan Province, Taichung), and the USA 
(Georgia, Michigan) to date (Sugiyama et al. 2018).
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Historically, there is a very worrisome problem regarding 
the sporulating structure/spore-forming system and fertile 
spores of the fungus known as M. osmundae (≡Taphrina 
osmundae). A variety of designations, e.g., “ascus and 
ascospore” (Nishida 1911), “ascus and conidium/spore 
(blastospore)” (Mix 1947, 1949) or “spore sac and spore” 
(Kramer 1959, 1987), has been used over the past 100 years 
(for further notes on terms, see Sugiyama et al. 2018). In 
Toome et al. (2014), the terms “sporogenous cell and spore” 
(Ulloa and Hanlin 2012) were adopted. Hereafter, the terms 
“sporogenous cell and spore” describe the spore-producing 
structures on fern fronds of this fungus until cytologically 
proven, including nuclear and chromosome behavior.

The identity, systematic, and related evolutionary impli-
cations regarding the enigmatic fungus Mixia typified by M. 
osmundae (≡ Taphrina osmundae), are illuminated below.

History

The monotypic taxa Mixiomycetes, Mixiales, and Mixiaceae 
are circumscribed by the monotypic genus Mixia, contain-
ing only one species M. osmundae (Nishida) C.L. Kramer, 
as the type species. The root (basionym) of M. osmundae is 
Taphrina osmundae Nishida. In a monograph of the para-
sitic Exoascaceae (currently Taphrinaceae) of Japan, in 1911, 
Toji Nishida (1874–1927; cf. Udagawa et al. 2006), Japa-
nese mycologist and plant pathologist, first described a new 
species, Taphrina osmundae that was parasitic to the living 
fronds (leaves) of Osmunda regalis L. var. japonica Wilde 
[as “Willd.”] (sic), the Japanese royal fern, Osmunda japon-
ica Thunb. (Osmundaceae), based on two collections from 
Province Higo (Kumamoto Prefecture) and Province Echigo 
(Niigata Prefecture) in Japan. In the 1940s, Mix (1947, 1949) 
redescribed T. osmundae based on three collections from Tot-
tori, Iwate, and Mount Kirishima (Kyushu) in Japan, whereas 
Sawada (1952) listed the fungus from Iwate and Aomori in 
Tohoku district. In 1959, Kramer indicated that T. osmundae 
exhibited multiple similarities to Taphrinaceae and Proto-
mycetaceae; both families are accommodated in the order 
Taphrinales. Consequently, Kramer (1959) proposed a new 
genus Mixia, represented by Mixia osmundae (≡Taphrina 
osmundae Nishida) and characterized by “the presence of a 
columella-like wall, a septum cutting the stalk cell from the 
spore sac, and a mycelium in the walls of the host cells” and 
is tentatively placed in Protomycetaceae (Taphrinales). Sub-
sequently, Kramer (1973) placed Mixia in the family Proto-
mycetaceae of the order Protomycetales. Ito (1964) accepted 
and recorded Nishida (1911) description with his comments 
for Mix (1949) and Kramer (1959). On the other hand, 
Kramer (1987) proposed a new family Mixiaceae to accom-
modate a unique, monotypic genus Mixia in Protomycetales. 
In the respective phylogenetic schemes, Savile (1955, 1968) 

and Kramer (1959, 1987) revealed a reliable estimate regard-
ing early radiation, comprising Taprhina, Protomyces, and 
Mixia, of Ascomycota, and demonstrated the phylogenetic 
and evolutionary relationships of Taphrinales accommodat-
ing Taphrina and Protomyces. Therefore, until the 1980s, it 
was presumed in the mycological community that Mixia/M. 
osmundae is a taphrinalean fungus in Ascomycota.

Similar to the studies on molecular phylogeny among 
Taphrina, Saitoella, and other fungi (Nishida and Sugiyama 
1993), Nishida et al. (1995) sequenced the SSU (18S) gene 
and determined 1,780 nucleotides of a living strain labeled 
as Taphrina osmundae IFO 32408 (currently NBRC 32408, 
initially isolated by Y. Ando as A-10-1 in May 1991 from 
the voucher specimen kept as NIAES 126-2-88 = 10,557 in 
Tsukiboshi et al. 2007) collected and identified by A. Ezuka; 
for the specimen and strain data, see Nishida et al. 1995 
and Sugiyama et al. 2018). Unexpectedly, the T. osmundae 
isolate indicated as “strain X” (Fig. 1 in Nishida and Sugiy-
ama 1994) or “IFO 32408” (Fig. 7 in Sugiyama and Nishida 
1995, Fig. 3 in Sugiyama et al. 1996) formed a cluster with 
the basidiomycetous yeast genera Sporobolomyces and 
Leucosporidium, with 100% bootstrap confidence, within 
Basidiomycota. They suspected that the strain X/IFO 32408 
was misidentified or erronenouly isolated. To verify the 
strain in question, in May 1993J. Sugiyama, H. Nishida, and 
Y. Ando successfully collected fresh samples (Fig. 1a) of 
Osmunda japonica ferns (Iwatsuki 1992; cf. Ebihara 2016) 
infected by T. osmundae (Nishida 1911; Mix 1949), namely 
M. osmundae (Kramer 1959), from a few stands (Mitsuma 
and Sesawa; Fig. 1a) on the roadside along the Ohwi River 
in Shizuoka Prefecture, Japan (voucher specimens TNS-F-
13368 = IAM-F 0148 and TNS-F-30045 = IAM-F 0149; cf. 
Nishida et al. 1995; Sugiyama et al. 2018), in the same local-
ity as T. osmundae IFO 32408. From an integrated analy-
sis of the genotypic (SSU gene sequences) and phenotypic 
(morphological/ultrastructural observations of sporogenous 
cells using a light microscope, SEM, and TEM) character-
istics based on fresh specimens and new isolates (derived 
from a single spore), Nishida et al. (1995) elucidated that 
M. osmundae is not a member of Taphrinales or Protomy-
cetales in Ascomycota, but a member of the simple-septate 
basidiomycete lineage (Swann and Taylor 1993; Suh and 
Sugiyama 1994; cf. Swann et al. 2001) in Basidiomycota.

To summarize the new findings, numerous spores were 
blown out exogenously, blastically, and over the sporog-
enous cells (Fig. 40d–h), leaving numerous denticles of 
0.5 μm diameter when mature spores secede (Fig. 40 i, j). 
On the other hand, their molecular phylogeny (Fig. 2 in 
Nishida et al. 1995) showed that T. osmundae, namely M. 
osmundae, was clustered with two rust fungi Cronartium 
ribicola and Peridermium harknessii, and the basidiomycet-
ous yeast Erythrobasidium hasegawianum, among simple-
septate Urediniomycetes (currently Pucciniomycotina; cf. 
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Bauer et al. 2006; Hibbett et al. 2007) of Basidiomycota 
(cf. Sugiyama 1998). In addition, the ultrastructure of the 
cell wall and sporogenesis of yeast cells in culture showed 
the presence of successive enteroblastic budding with bud 
scars showing percurrent extension (Fig. 40e; cf. Seifert 
et al. 2011) and a multi-layered cell wall (Fig. 40e), similar 
to that of “Taphrina” maculans CBS 427.69 and “T.” cali-
fornica CBS 374.39 in Sjamsuridzal et al. (1997). Nishida 
et al. (1995) also found Q-10 as the primary ubiquinone sys-
tem. This cumulative evidence completely denied the ascus/
asci characterizing M. osmundae (≡Taphrina osmundae) in 
the descriptions of Nishida (1911), Mix (1947, 1949), Ito 
(1964), and Kramer (1959, 1987) and phylogenetic specula-
tion for Mixia as early radiation with Taphrina and Protomy-
ces by Saivle (1968), Reddy and Kramer (1975), and Kramer 
(1987). However, Nishida et al. (1995) could not determine 
whether the individual sporogenous cells were involved in 
producing meiospores or mitospores. Subsequently, the yeast 
Mixia and M. osmundae, one of the basidiomycetous yeast 
genera and species, have been characterized by their pheno-
typic and genotypic traits (Nishida et al. 2011b).

Based on Katumoto’s search of Kaneyoshi Sawada’s 
specimens, which were transferred from the Herbarium of 
National Taiwan University to the mycological Herbarium of 
the National Museum of Nature and Science in 1995 (Sawada 
1959), Sugiyama and Katumoto (2008a) revealed that M. 
osmundae is morphologically conspecific to Phytoceratio-
myxa osmundae Sawada gen. et sp. nov. based on a single 
collection indicated “Type” (= TNS-F-192985); P. osmundae 
represented a myxomycete similar to Ceratiomyxa parasitizes 
on fronds of the fern Osmunda japonica var. sublancea (sic) 
collected from about 2600 m altitude in Meishang, Taichung 
Prefecture, Taiwan province, China (Sawada 1929, 1931). In 
addition to the lectotypification of T. osmundae, Sugiyama 
and Katumoto (2008b) proposed to conserve the name Mixia 
C.L. Kramer (1959) (Basidiomycota) against the name Phy-
toceratiomyxa Sawada (1929) (Myxomycetes). As a result, the 
name Mixia was conserved officially by formal procedures 
at the 18th International Botanical Congress in 2011 (Nor-
vell 2011; Wiersema et al. 2015). Subsequently, Sugiyama 
et al. (2018) determined a parasite (Fig. 40 b) on O. japonica 
fronds collected by M. Kakishima in Yunnan Province, China 
(voucher specimens TNS-F-54015, 54016, 54017) to be con-
specific to M. osmundae; they also confirmed Taphrina hig-
ginsii Mix 1947, a parasite (Fig. 40c) on Osmundastrum cin-
namomeum (≡Osmunda cinnamomeum) from Georgia, USA, 
a possible taxonomic synonym of M. osmundae treated by 
Kramer (1959), to be phenotypically identical to M. osmun-
dae, with the lectotypification of T. higginsii (Fig. 1c; the 
lectotype specimen NY barcode 02226172 = A. J. Mix Taph-
rina T-487).

Back to molecular systematics, the phylogenetic place-
ment of Mixia by Nishida et al. (1995) was reinforced 
by sequence analyses of single-locus data, namely SSU 
gene (Sjamsuridzal et al. 1997, 1999) or LSU D1/D2 gene 
(Sjamsuridzal et al. 2002), and two-locus data set (SSU 
and LSU genes) (Bauer et al. 2006; Aime et al. 2006). 
Bauer et al. (2006) proposed three high rank new taxa, 
namely Mixiomycetes, Mixiales, and Mixiaceae, typified 
by the genus Mixia (for further comments, see “Phylogeny 
and Evolution” section in this note). Their nomenclatural 
proposals were accepted in the higher-level classifica-
tion of Fungi by Hibbett et al. (2007) under “Assembling 
the Fungal Tree of Life” and the Deep Hypha Research 
Coordination Network (Blackwell et  al. 2007). In the 
2010s, multigene sequence-based phylogenetic analyses 
were performed in fungal molecular systematics. A three-
locus data set (SSU, LSU, and tef genes)-based phylogeny 
(Schell et al. 2011; Aime et al. 2014) showed that Mixi-
omycetes as a sister clade to Agaricostilbomycetes within 
Pucciniomycotina but with weak bootstrapped confidence 
level (75% of Maximum Likelihood). On the other hand, 
Wang et al. (2015a) expanded a comprehensive phyloge-
netic analysis of yeasts and yeast-like fungi, including 
Mixia, within Pucciniomycotina using a multigene data 
set, namely SSU, LSU D1/D2, internal transcribed spacer 
(ITS), rpb1, rpb2, tef, and cytb). The seven-gene phylog-
eny demonstrated by Wang et al. (2015a) indicated that 
the phylogenetic placement of Mixiomycetes as a sister 
of Spiculogloeales, an Agaricostilbomycetes order; the 
statistical confidence levels were comparatively high, 
94/99/1.0 for Maximum Likelihood/Maximum Parsimony/
Bayesian inference analyses, respectively, at a node unit-
ing the monotypic class Mixiomycetes and the order Spicu-
logloeales (containing only the family Spiculogloeaceae). 
Oberwinkler (cf. Fig. 2 in 2017) adopted the phylogenies 
(Aime et al. 2014; Wang et al. 2015a, b) in his phyloge-
netic dendrogram for orders and classes in Pucciniomy-
cotina. In the early 2010s, draft genome sequencing was 
performed by Nishida et al. (2011a) but lacked genomic 
information, particularly for Pucciniomycotina taxa to 
compare with that for M. osmundae. Subsequently, Toome 
et al. (2014) generated genomic data for M. osmundae. 
Their genome-based phylogeny (Fig. 1 in Toome et al. 
2014) showed that “M. osmundae is resolved as a sister 
group to Microbotrymycetes rather than Pucciniomycetes”; 
however, the “genomes from only three of the nine classes 
of Pucciniomycotina” were available for genome-based 
tree. Further notes on the genome-scale phylogenies of 
Mixiomycetes/Mixiales will be provided in the “Phylogeny 
and Evolution” section.
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Characters that define the taxa in the order

Bauer et al. (2006) defined Mixiales and Mixiomycetes as 
follows: “Members of the Pucciniomycotina having multi-
nucleate hyphae. Multiple spores produced simultaneously 
on sporogenous cells.) Main characteristics: Multinucleate 
hyphae, multiple spores produced simultaneously on sporog-
enous cells (Nishida et al. 1995).” Subsequently, Oberwin-
kler (2017) interpreted the unique characteristics of both 
taxa with illustrations and his comments.

Based on the knowledge and findings that have been accu-
mulated (mainly by Nishida 1911; Mix 1947; Kramer 1959, 
1987; Nishida et al. 1995, 2011b; Bauer et al. 2006; Sugiy-
ama and Katumoto 2008a; Toome et al. 2014; Sugiyama 
et al. 2018), a general description of Mixiales, Mixia, and 
M. osmundae is summarized below.

Sexual morph: Based on the analyses of M. osmundae 
genome sequence using the authentic living strain JCM 
22182 (= IAM 14324; see Nishida et al. 1995 and Sugiy-
ama et al. 2018), Toome et al. (2014) remarked that “our 
finding of a complete complement of mating and meiosis 
genes” suggested the capacity to undergo sexual produc-
tion.” However, the basidiomes or other sexual fructiations 
are lacking; basidiospores are not seen. Thus, the sexual 
morph is unknown to date.

Asexual morph: The fungus (e.g., Fig. 40a, b) is biotrophic 
(proved by genome-based information by Toome et al. 2014), 
causing necrotic lesions on unthickened fronds of living ferns 
(Osmunda and Osmundastrum) and appear as small to large 
lesion spots, initially yellowish brown but appear as fine white 
powder with developing mature sporogenous cells covered 
with numerous spores (Figs. 40d, e, g); naked, sessile or sepa-
rated by a septum at the base (“stalk cell” in Mix 1947; Kramer 
1959; Ito 1964), almost oblong, pyriform, or bacilliform, 
32–44 × 17–25 μm (Kumamoto and Niigata, coll. T. Nishida, 
and K. Yoshino, respectively, Japan, in Nishida 1911 as Taph-
rina osmundae sp. nov.), 50–70 × 20–26 μm (Taichung, Taiwan 
province, China, coll. K. Sawada, TNS-F-192985, in Sawada 
1929 as Phytoceratiomyxa osmundae sp. nov.), 40–80 × 13–23 
μm (Georgia, USA, coll. B. B. Higgins, in Mix 1947 as T. hig-
ginsii sp. nov.; subsequently, Georgia, Michigan, USA, coll. B. 
B. Higgins and C. L. Kramer, in Kramer 1959 as M. osmundae 
comb. nov.), 26–63 × 17–27 μm (Ito 1964 as T. osmundae), 
24–60 × 9–25.5 μm (Shizuoka, Japan, coll. J. Sugiyama et al., 
IAM-F 01408 = TNS-F-133689, in Nishida et al. 1995 as M. 
osmundae; Fig. 1d–f), 42.5–97.5 × 25–37.7 μm (Yunnang, 
China, coll. M. Kakishima, TNS-F-54015, in Sugiyama et al. 
2018 as M. osmundae; Fig. 40b); putative asexual spores (see 
Toome et al. 2014) produced exogenously, enteroblastically, 
and simultaneously from the surface of sporogenous cells 
ultrastructually confirmed by Nishida et al. (1995; Fig. 40d–f) 

and subsequently by Bauer et al. (2006) that are hyaline, ellip-
tical or ovate to obovate, no notation (noted only “fine”) for 
size (Nishida 1911), 4.0–6.5 × 2.0–4.0 μm (Sawada 1929), 
2–5 × 1.5–4 μm (Mix 1947; Kramer 1959), 3–4 × 2–3.5 μm (Ito 
1964), 3–4.5 × 1.5–2.5 μm (Nishida et al. 1995), 2–5 × 1.5–4 
μm (cf. Figs 1E, 3E in Sugiyama et al. 2018). After the release 
of the spores, numerous tiny cuneiform denticles (ca. 0.5 μm 
in diameter), which are slightly sunken at the center, can be 
observed at the surface of the sporogenous cells (Fig. 40 i, j; 
cf. Fig. 3d–f in Nishida et al. 1995). Dimensions of sprogenous 
cells and spores refer to Table 1 in Sugiyama and Katumoto 
(2008a). The details on the ontogeny and wall structure of 
putative asexual spores were illustrated and interpreted based 
on SEM and TEM observations by Nishida et al. (1995) and 
confirmed partly by Bauer et al. (2006).

The cultural characteristics as a yeast in culture 
(Nishida et al. 1995, 2011b): Spores (cells) grow in a yeast-
like manner in pure culture; After 10 days at 20 °C, colonies 
(Fig. 41a, b) on Corn Meal (KM-030) agar were white to 
cream and became pale pinkish-cream upon age or similar 
color after twenty days on YM agar at 20 °C (see a colony 
photo in JCM On-line Catalog of Strains for M. osmundae); 
yeast cells (Fig. 41c, d) are oblong, cylindrical to pyriform, 
3–6 × 1–2 μm and reproduce mainly by enteroblastic bud-
ding successively with bud scars showing percurrent exten-
sion (Fig. 41e; Seifert et al. 2011, cf. “Taphrina” maculans 
CBS 427.69 [Fig. 4D, E] and “T.” californica CBS 374.39 
[Fig. 4F] in Sjamsuridzal et al. 1997); neither hyphae nor 
pseudohyphae are not formed, whereas a few of these form 
a hypha or pseudohypha in Potato Dextrose (PD) broth after 
ten days at 20 °C; neither ballistospores nor chlamydospores 
do not occur; the cell wall is multi-layered (Fig. 41e; cf. 
Fig. 4D–F in Sjamsuridzal et al. 1997). The ontogeny and 
wall structure of yeast cells (Fig. 41e) were elucidated based 
on SEM and TEM observations by Nishida et al. (1995).

Physiological and biochemical (chemotaxonomic) 
characteristics as a yeast in culture (Nishida et al. 2011b): 
The growth at 25 °C is variable; no growth at 30 °C and 37 
°C. Inositol is assimilated. Fermentation is absent. Soluble 
starch is weakly assimilated. Extracellular starch-like com-
pounds are not formed. Nitrate is not assimilated. Carot-
enoid pigments are formed. Staining with diazonium blue 
B (DBB) is negative, but the colony turns yellowish. Urease 
activity is present. The primary ubiquinone system: Q-10. 
Mol% G+C (by High-performance liquid chromatography 
determination): 53.9 (IAM 14324) and 53.8 (IAM 14511).

Plates
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Fig. 40  Symptom, sporulating structures, and spore morphology of 
Mixiales. a Osumunda japonica leaves (fronds) infected with Mixia 
osmundae were collected at Sezawa (ca. 220 m alt.), Nakakawane-
cho, Haibara-gun, Shizuoka Prefecture, Japan (photo: J. Sugiyama on 
May 31, 1993; voucher specimen TNS-F-13368 = IAM-F 0148); the 
pencil indicates 9 cm in length. b O. japonica leaves infected with 
M. osmundae at Xiao Cao Ba Forest Nursery (alt. 1760 m), Zhaotong 
District, Yiliang Co., Yunnan Province, China (photo: M. Kakishima 
on Sep. 17, 1998). c a part of the lectotype specimen (NY barcode 
02226172) of Taphrina higginsii. d a sporogenous cell bearing an 
exogenously, blastically, and simultaneously produced multiple 
spores. e, f TEM of M. osmundae on O. japonica fronds (voucher 
specimen IAM-F 0150, now TNS-F-30046: Mitsuma, Nakakawane-
cho, Haibara-gun, Shizuoka-ken, June 1, 1994, coll. J. Sugiyama and 
Y. Ando). The respective ultrathin sections showing the sporogenous 
cell from which spores were enteroblastically produced; the wall of 
spore is continuous with an inner layer of sporogenous cell wall. M 
mitochondrion, N nucleus, V vacuole. g, h young sporogenous cells 
exogenously bearing several immature spores; the micrographs taken 
from a slide preparation from a fresh specimen (det. Y. Harada as 
Taphrina osmundae; voucher specimen TNS-F-99211, donated from 
HHUF) of M. osmundae found on O. japonica fronds, 15 June 2002, 
coll. Y. Hadada et al., in Nishimeya-mura, Nakatsugaru-gun, Aomori, 
Japan. i, j SEM showing cuneiform denticles on the surface of 
sporogenous cells from which mature spores seced. a, d–f, j: repro-
duced from Fig.  3a, c, f and Fig.  4a, c in Nishida et  al. (1995); @ 
Canadian Science Publishing (NRC Research Press). b, c reproduced 
from Fig. 1B and Fig. 2E in Sugiyama et al. (2018); @ The Myco-
logical Society of America. g, h: Micrographs taken by J. Sugiyama 
on July 29, 2004 from a slide preparation made by Y. Harada on July 
17, 2002. i: SEM micrograph taken by K. Ando. Scale bars: d = 5 μm, 
e = 2 μm, f = 1 μm, g, h = 10 μm, i = 5 μm, j = 1 μm

◂ Genera included
Family Mixiaceae C.L. Kramer 1987

Mixia C.L. Kramer 1959
 = Phytoceratiomyxa Sawada 1929

Phylogeny and evolution

As briefly mentioned in the introductory part, the hypothesized 
phylogenetic origin of Mixia, viz. the Taphrinales-Mixia- “Phy-
comycetes” connection, based on the analyses of phenotypic 
(mainly morphological) characteristics by Savile (1955, 1968) 
and Kramer (1959, 1987), was rejected due to single-locus data 
set (SSU gene)-based phylogeny (Nishida et al. 1995; Sjam-
suridzal et al. 2002) and multigene (e.g., Schell et al. 2011; 
Aime et al. 2014; Wang et al. 2015a, b) and genome-based 
phylogenies (Nishida et al. 2011a; Toome et al. 2014). It was 
suggested that the sporogenous structure called ascus/asci in 
Mixia osumndae (≡ Taphrina osmundae) by Nishida (1911), 
Mix (1947, 1949), and Kramer (1959, 1987), is not an ascus/
asci. Their SSU gene phylogeny suggested the Mixia-basidio-
mycete (the simple-septate basidiomycete/urediniomycete lin-
eage) connection (cf. Sugiyama and Nishida 1995; Sugiyama 
1998). Additionally, the specificity of the sporogenous cells of 
M. osmundae was ultrastructually unveiled: if exogenously pro-
duced spores are meiospores, the meiosporangium is assignable 
to holobasidium, which would be unique in Basidiomycota. 
Subsequently, the SSU sequence-based phylogenetic placement 
of Mixia by Nishida et al. (1995) was reinforced by sequence 
analyses of a single-locus data set (SSU gene by Sjamsuridzal 
et al. 1997, 1999 or LSU gene by Sjamsuridzal et al. 2002), 
and a combined two-locus data set (SSU and LSU genes by 
Bauer et al. 2006; Aime et al. 2006). In the 2010s, the multi-
gene sequence-based phylogenetic analyses were performed in 

Fig. 41  Colonies and yeast state 
of M. osmundae in culture. a, 
b colonies on KM-030. c yeast 
cells on KM-030. d yeast cells 
and a few of these forming a 
hypha or pseudohypha in PD 
broth. e TEM showing a yeast 
cell with successive entero-
blastic budding with scars (cf. 
Fig. 4D–F in Sjamsuridzal et al. 
1997). a–d Photographs and 
micrographs were taken by T. 
Kiyuna. e TEM: Reproduced 
from Fig. 1b in Nishida et al. 
(1995); @ Canadian Science 
Publishing (NRC Research 
Press). Scale bars: c, d = 5 μm, 
e = 0.5 μm
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fungal molecular systematics. A combined three-locus data set 
(SSU, LSU, and TEF1 genes)-based phylogenies (Schell et al. 
2011; Aime et al. 2014) showed that Mixiomycetes could be a 
sister clade to Agaricostilbomycetes within Pucciniomycotina 
but with weak bootstrapped confidence level (75% of Maximum 
Likelihood). Wang et al. (2015a) performed a comprehensive 
phylogenetic analysis of yeasts and yeast-like fungi, including 
Mixia, within Pucciniomycotina using a combined multigene 
data set (i.e., SSU, LSU D1/D2, ITS, rpb1, rpb2, tef1, and cytb). 
A simplified phylogenetic tree (Fig. 4) modified by Sugiyama 
et al. (2018) from Fig. 1 in Wang et al. (2015a) was illustrated. 
Their combined seven-locus data set-based phylogeny indicated 
the phylogenetic placement of Mixiomycetes, which appeared 
as a sister of Spiculogloeales, an Agaricostilbomycete order. 
Incidentally Spiculogloeales contained Mycogloea and Spicu-
logloea, characterized by tremelloid haustorial cells, and the 
yeast genus Sporobolomyces p. p. (Bauer et al. 2006; Ober-
winkler 2017), namely seven Sporobolomyces spp. that have 
been accommodated in a new genus Phyllozyma within a new 
class Spiculogloeomycetes typified by the order Spiculogloeales 
(Wang et al. 2015b). The statistical confidence levels were com-
paratively high, 94/99/1.0, for Maximum Likelihood/Maximum 
Parsimony/Bayesian inference analyses, respectively (Wang 
et al. 2015a), at a node uniting the monotypic class Mixiomy-
cetes and the order Spiculogloeales. However, various analyses 
by Wang et al. (2015a) provided different placements of Mixi-
omycetes, where it was not always as a sister of Spiculogloeales. 
In settling the phylogenetic placement of Mixia, the discovery 
of new taxa within the monotypic class Mixiomycetes is indis-
pensable in addition to more taxa and sequences in the subphy-
lum Pucciniomycotina, as suggested by Sugiyama et al. (2018).

Concurrently, genome sequencing of M. osmundae was per-
formed by Toome et al. (2014) after a draft genome sequenc-
ing by Nishida et al. (2011a). Toome et al. (2014) determined 
and identified 13.63 Mb (204 contigs and 156 scaffolds) and 
6,903 genes of the genome of M. osmundae strain JCM 22182 
(= IAM 14324); incidentally the genome size was the smallest 
plant pathogenic basidiomycete genome sequenced and almost 
the same as the dimorphic ascomycete Taphrina deformans 
estimated at 13.3 kb (Cissé et al. 2013). Toome et al. (2014) 
detected the presence of 87 meiosis-related genes, and a full 
complement of mating loci, strongly suggesting that M. osmun-
dae has the capacity to undergo sexual reproduction. Phyloge-
netically their consensus tree of RAxML analyses of 71 orthol-
ogous proteins (Fig. 1 in Toome et al. 2014) demonstrated that 
M. osmundae (Mixiomycetes) appeared as a sister to Micro-
botryomycetes represented by Microbotryum violaceum and 
Sprobolomyces roseus rather than Pucciniomycetes, with 58 
RAxML bootstrap value. A fungal tree of life, namely clad-
ogram of the kingdom fungi based on published multigene and 
genome-scale data sets, generated by Spatafora et al. (2018) 
classified subphylum Pucciniomycotina into eight classes, 
including Mixiomycetes which is sister to Pucciniomycetes, 

the largest class in the subphylum (commonly “rust” fungi) 
and Tritirachiomycetes (no sexual morph, originally classified 
as ascomycete taxa). On the other hand, a genome-scale phy-
logeney (Li et al. 2021c) inferred from a combined 290-gene 
dataset of 1,644 taxon samles (at species level) in fungi showed 
that Mixiales formed a cluster with Agarigostilbales within 
Pucciniomycotina. The ML tree (Fig. 1) and the topology by Li 
et al. (2021c) exhibited that Mixiomycetes/Mixiales/Mixiaceae 
clustered with Agaricostilbolomycetes/Agaricostilbales/Chion
osphaeraceae represented by Cystobasidiopsis lactophila. The 
divergence between the two is up to 312 million years ago in 
the Carboniferous period (see Fig. 1).

Toome et  al. (2014) analyzed all publicly available 
environmental sequences. They discovered several ITS 
sequences that were congeneric with Mixia, namely two 
from the bamboo plant Yushania exilis in China (Zhang 
et al. 1997) and three from the European beech, Fagus syl-
vatica, in France (Cordier et al. 2012). Toome et al. (2014) 
hypothesized that “Mixia members may exist in other plant 
hosts and with a broader distribution than previously known 
[namely Japan, China (Taiwan, Yunnan), and USA (Georgia, 
Michigan); see Sugiyama et al. 2018].” However, the evi-
dence from living fronds of Osmunda/Osmundastrum ferns 
needs to confirm this hypothesis by living Mixia isolates, as 
Sugiyama et al. (2018) remarked. The genome data gener-
ated by Toome et al. (2014) suggested that M. osmundae lost 
its basidia in the process of evolution, and this enigmatic 
fungus is a living fossil that lives clonally in nature.

The authors refered to nomenclatural and biogeographi-
cal problems in relation to M. osmundae. The conspecificity 
between Taphrina higginsii, lectotypified by Sugiyama et al. 
(2018), and M. osmundae was confirmed by morphological 
observations of the authentic specimen of T. higginsii by 
Sugiyama et al. (2018) and supported Kramer (1959) taxo-
nomic treatment, as mentioned previously. The geographi-
cal discovery of M. osmundae, China main land (Yunnan) 
by Sugiyama et al. (2018) was added as the third locality 
of the fungus in addition to the known localities, includ-
ing Japan (Honshu, Kyushu), and North America (Geor-
gia, Michigan). Considering the geographical records of 
Osmunda/Osmundastrum ferns by Kato (2007), Metzgar 
et al. (2008), Bomfleur et al. (2017), and Tsutsumi et al. 
(2021), Europe (Netherlands, Germany, and Italy), south-
ern Africa (including Madagascar), India, and eastern North 
America to eastern South America in addition to eastern 
Asia, it may be fruitful to search for M. osmundae in these 
additional localities. On the other hand, the existence of 
environmental sequences that are congeneric or possibly 
conspecific with M. osmundae detected by Toome et al. 
(2014) opens the way for further developments and poly-
phasic insights into Mixiomycete systematics and evolution 
as commented by Sugiyama et al. (2018).
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Justification of order and problems

As mentioned previously, phenotypic and genotypic 
characteristics of Mixia/M. osmundae showed that it is 
an independent taxon with no allied fungi within Puccini-
omycotina. To construct a robust phylogenetic tree focus-
ing on Mixiales/Mixiomycetes, the accumulation of mul-
tigene and genome sequences based on appropriate taxon 
sampling in Pucciniomycotina is required. Discovering 
new taxa in Mixiomycetes is essential because it leads to 
unveiling the true identity and evolutionary implications 
of Mixia, and we are able to answer a question “What 
exactly is Mixia?”.

For M. osmundae, the yeast state showing a basidi-
omycetous nature is meaningful in the life strategy of the 
biotrophic fungus. With regard to the identity of the life 
cycle or history of M. osmundae involved with primitive 
Osmunda/Osmundastrum ferns dating back to the Late Tri-
assic from 180 million years (Bomfleur et al. 2014; Grimm 
et al. 2015), very little is currently known. Therefore, it is 
presumed to be analyzed in the future. Also, the identity of 
the sporogenous cells and whether the basidium and basidi-
ospore exist in the life cycle still need to be fully unveiled; 
therefore, it should be analyzed cytologically at nuclear and 
nuclear chromosome levels soon.

Significance

Ecological and economical roles

Mixia osmundae is a parasite occurring on leaves of 
Osmunda and/or Osmundastrum ferns in Japan (Honshu, 
Kyushu), China (Yunnan), and USA (Georgia, Michigan) 
(Sugiyama et al. 2018). The yeast (asexual) morph presum-
ably exists in soil, but no evidence has been detected yet.

Chemical diversity

The physiological and biochemical (chemotaxonomic) char-
acterization for Mixia osmundae (as a yeast morph) has been 
summarized under the subheading “Characters that define 
the taxa in the order” (Nishida et al. 2011b).

Other relevant data and future 
recommendations

In relation to elucidating the life cycle/strategy of Mixia 
biologically, based on Koch’s postulates, inoculation 
experiments onto Osmunda ferns using the isolates have 
not yet succeeded; it remains a very important issue for the 
future. Focusing on the taxonomy, phylogeny, and fossils 

of the host ferns, the taxonomy of Osmunda s.l. as the 
host plant of M. osmundae was clarified by phylogenetic 
analyses of DNA sequences (> 8500 characters) of seven 
plastid loci, demonstrating the paraphyly or the prevailing 
concept of the genus (Metzgar et al. 2008). Metzgar et al. 
(2008) proposed a monophyletic concept for Osmunda 
s.s., consisting of all the traditionally accepted Osmunda 
species except Osmundastrum cinnamomeum (formerly 
Osmunda cinnamomea) as its sole extant species. Recent 
molecular phylogenetic analyses of the molecular clock 
and fossil records (Grimm et al. 2015; cf. Yatabe et al. 
1999; Kato 2007) support the phylogenetic relationships 
proposed between Osmunda japonica and relatives and 
Osmundastrum cinnamomeum (Metzgar et al. 2008). The 
diversification of Osmunda and Osmundastrum dates to 
the Late Triassic, from 180 Myr (Bomfleur et al. 2014; 
Grimm et  al. 2015). Although useful applications of 
the fungus M. osmundae are unknown, young shoots of 
Osmunda japonica (“Zenmai,” a Japanese name) sterile 
fronds are widely served food as one of the wild spring 
plants in Japan (Iwatsuki 1992; Hashimoto 2003; Ebihara 
2016).

Moniliellales Q.M. Wang, F.Y. Bai & Boekhout 2014

Contributed by: Teun Boekhout

Introduction

Moniliella was described by Stolk and Dakin for a black 
yeast-like fungus that was classified in order Moniliellales 
of Fungi Imperfecti (Stolk and Dakin 1966). One year later 
the genus Sporotrichonoides was described (Haskins and 
Spencer 1967), but this was reduced as a synonym under 
Moniliella by Rosa et al. (2008). Thus, only one genus is 
presently known for the order. Biochemical tests, such as 
urease activity, and a positive staining with Diazoneum 
Blue B salt, already early on indicated a basidiomycet-
ous affinity. Wang and coworkers assigned the genus to 
Ustilaginomycotina, and because of the deep node, they 
proposed the class Moniliellomycetes, order Moniliella-
les and family Moniliellaceae to accommodate these fungi 
(Wang et al. 2014b).

Characters that define the taxa in the order

Development of sexual stages unknown. Colonies smooth 
to velvety, grayish to olivaceous black. Budding yeast cells 
present. True hyphae present that form arthroconida. Pseu-
dohyphae and chlamydospores can be present. Hyphal cell 
walls have a lamellar substructure. Septal pores differ and 
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can have a dolipore-like structure or micropores. Many spe-
cies ferment glucose, and several also some other sugars. 
CoQ-9. Xylose and fucose are absent in cell wall (Wang 
et al. 2014b).

Plates

See figures 150.2–150.10 in de Hoog et al. (2011).

Genera included
Family Moniliellaceae Q.M Wang, F.Y Bai & Boekhout 
2014

Moniliella Stolk & Dakin 1966
 = Sachsiella Cif. 1955
 = Trichosporonoides Haskins & J.F.T. Spencer 1967
 = Zygosaccharomyces B.T.P. Barker

Evolution

The position of Moniliellales, together with Malasseziales, 
in Ustilaginomycotina may hold some surprises that still 
have to be unearthed. Members of both these orders are, in 
contrast, to most members of Ustilaginomycotina, no patho-
gens on plants, and they do not even have a plant-related 
ecology. Comparative genomics may hold the answer to 
explain this apparent contrast between lifestyles and phy-
logenetic affiliation. For Malasseziales, gross differences 
were observed in the genomes of Malassezia species and 
those of the, mainly, plant pathogenic Ustilaginomycotina 
(Xu et al. 2007), and something similar can be expected 
for Monilielles versus plantpathogenic Ustilaginomycotina. 
Moniliellales is estimated to have originated 245 million 
years ago (Zhao et al. 2017), which together with Malasse-
ziales is based on currentl knowledge the earliest diverging 
lineage of Ustilaginomycotina.

Justification of order and problems

Moniliellales is mainly based on its occurrence as a distinct 
lineage within Ustilaginomycotina, where it sits, in most 
analyses next to Malasseziales. Different gene sets provided 
clear separation of Moniliellomycetes, however, the topol-
ogy within Ustilaginomycotina differed between the various 
datasets (Wang et al. 2014b). It is therefore needed to per-
form a genome-based phylogenetic analysis of the Ustilag-
inomycotina to better understand the proper position within 
Ustilaginomycotina.

Significance

Ecological and economical roles

Several species are xerophilic and cause spoilage of food 
stuffs, e.g. jams and marmalade. Also known from fats, oils 
or substrates with low water activity, such as honey. Some 
species are known as producers of erythritol, an artificial 
sweetener. Other species are known from flowers and insects 
in tropical rainforests (de Hoog et al. 2011).

Chemical diversity

Most species ferment glucose, and some also galactose, 
sucrose or raffinose, which is a rare trait amongst Basidi-
omycota (Wang et al. 2014b).

Naohideales R. Bauer, Begerow, J.P. Samp., M. Weiss & 
Oberw. 2006

Contributed by: Nathan Schoutteten, Teun Boekhout

Introduction

Naohideales contains at present only one genus with one 
species, Naohidea sebacea, which is a dimorphic, nm-
fusion pore mycoparasite with an ontogenetic yeast stage 
(Oberwinkler 1990; Bauer et al. 2006; Sampaio and Chen 
2011). So far, no other species are known to belong to this 
order, which represents the earliest diverging lineage in 
Cystobasidiomycetes.

History

Naohidea sebacea was initially described as Dacrymyces 
sebaceus by Berkeley and Broome (1871) and was later 
recombined in the genus Platygloea by McNabb (1965a, 
b, c, d, e, f) based on the presence of transversally septate 
basidia. Detailed morphological and ultrastructural observa-
tions led Oberwinkler (1990) to conclude there are enough 
arguments to separate this species from the genus Platygloea 
and proposed the genus Naohidea to accommodate this spe-
cies. Based on insights from ultrastructural observations and 
combined LSU and SSU phylogenetic tree reconstructions, 
Bauer et al. (2006) proposed the order Naohideales for this 
monotypic lineage. Several molecular phylogenetic studies 
demonstrated Naohideales as a member of Cystobasidi-
omycetes, in which it forms a separate and basal position to 
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Fig. 42  Naohidea sebacea on wood (7630, Netherlands, credit: N. 
Schoutteten, Copyright Phragmoproject). Also see Fig. 124.2 in Sam-
paio and Chen (2011), and Oberwinkler (1990, 2017)

Erythrobasidiales and Cystobasidiales (Weiss et al. 2004a, 
b; Aime et al. 2006; Bauer et al. 2006; Wang et al. 2015a, b).

Characters that define the taxa in the order

Bauer et al. (2006) delineated the order based on its phyloge-
netic position as a member of Cystobasidiomycetes and ultra-
structural characters, such as ‘simple’ septal pores without 
cystosomes, and the presence of ‘intracellular’ haustoria along 
the host–parasite interface. A detailed description of Naohidea 
sebacea is provided by Oberwinkler (1990). Basidiomes are 
minute, pulvinate and gelatinous, overgrowing host stromata. 
Hyphae thin-walled and with clamp connections. Basidia 
originate from hyphae, stalked, transversely three-septate, 
elongated up to 275 µm. Basidial stalk cells reach up to 100 
µm long. Sterigmata often curved, sometimes bifurcating. 
Basidiospores actively discharged from sterigmata, subglobose 
to broadly naviculate, germinating by secondary spore pro-
duction or budding yeast cells. In old and soaked specimens, 
sessile basidiospores are produced by budding directly from 
the basidial cells. A peculiarity of N. sebacea is the endospore 
formation in hyphal compartments and basidial cells, which 
originates from an internal budding locus. The specific ori-
gin, function and karyological situation of these endospores is 
not known. The host-parasite interface of N. sebacea and its 
ascomycetous host was investigated by Bauer (2004) and sum-
marized in Bauer et al. (2006). N. sebacea produces haustorial 
cells which invaginate host cells, which are surrounded by a 
conspicuous electron-transparent layer. Along the host–para-
site interface, multiple, several nm-fusion pore channels trav-
erse this layer and establish cytoplasmic contact between host 
and parasite.

Plates

Genera included
Family Naohideaceae Denchev 2009

Naohidea Oberw. 1990

Evolution

Naohideales form a basal lineage to Cystobasidiales and 
Erythrobasidiales (Aime et al. 2006; Bauer et al. 2006; 
Wang et al. 2015a). Given the monotypic character of the 
order, meaningful interpretation of its evolutionary trends 
awaits the discovery of more species of the order. Zhao 
et al. (2017) estimated the origin of the order 185 million 
years ago.

Justification of order and problems

Unfortunately, only a few isolates are available in public 
culture collections. It is possible that N. sebacea constitutes 
a species complex, with possible species diversity correlated 
with hosts specialization or different geographic regions. 
Isolation and description of new species diversity in this 
order is essential to understand its biological, ecological and 
evolutionary limits. For instance, are all members myco-
parasitic or not?

Significance

Ecological and economical roles

The single species known in this order is a haustorial nm-
fusion pore interacting mycoparasite of pyrenomycetous 
ascomycetes. Several host species have been reported, e.g., 
Botryosphaeria sp., Botryodiplodia sp., and Dothiorella 
iberica (Bandoni 1973; Oberwinkler 1990; Akulov et al. 
2022). Naohidea sebacea seems to have a geographically 
wide distribution pattern and is currently known from 
North America, Europe, and Asia (Sampaio and Chen 
2011).

Chemical diversity

Unknown.

Pachnocybales R. Bauer, Begerow, J.P. Samp., M. Weiss 
& Oberw. 2006
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Fig. 43  Pachnocybe ferruginea. a, b conidiophores associated with 
capitate basidiomes; c basidium; d youn basidium; e clustered chla-
mydospores; f blastic-sym- podially produced conidia. Scale bars: 
a = 1 mm; c–e = 2 μm; f = 10 μm. Redraw from Kropp and Corden 
(1986) by Mao-Qiang He. Also See figures in Oberwinkler and 
Bandoni (1981), Bauer and Oberwinkler (1990a), and Oberwinkler 
(2017)

Contributed by: Nathan Schoutteten, Teun Boekhout

Introduction

The monotypic order Pachnocybales was introduced to 
accommodate the family Pachnocybaceae with the single 
genus Pachnocybe (Bauer et al. 2006).

History

Pachnocybe was described by Berkeley (1836) to accom-
modate P. ferruginosa, a minute stilboid fungus with 
holobasidia. The other species that were included by 
Berkeley mostly belonged to Ascomycota, and the genus 
is currently regarded as monotypic. The morphology and 
ultrastructure of Pachnocybe ferruginea was investigated 
in detail by Oberwinkler and Bandoni (1982) and Ober-
winkler and Bauer (1989). Early molecular phylogenetic 
studies identified Pachnocybe as a close relative of Heli-
cobasidiales, Platygloeales, Pucciniales, and Septobasidi-
ales (Weiss et al. 2004a, b; Aime et al. 2006; Bauer et al. 
2006). Bauer et al. (2006) placed this peculiar fungus in 
the family Pachnocybaceae in order Pachnocybales (Bauer 
et al. 2006).

Characters that define the taxa in the order

Pachnocybe is a fungus with stilboid basidiomes that form 
holobasidia producing sessile, thick-walled brown basidi-
ospores. A yeast stage is not reported. With transmission 
electron microscopy, mitochondria were found to be con-
nected with a symplechosome-like network of filaments and 
the SPB is of the rust-type and forms caps with endoplasmic 
reticulum (Oberwinkler and Bauer 1989; Bauer and Ober-
winkler 1990a; Bauer et al. 2006).

Plates

Genera included
Family Pachnocybaceae Oberw. & R. Bauer 1989

Pachnocybe Berk. 1836

Evolution

Pachnocybales occurs in a clade with Septobasidiales and 
Helicobasidiales (Bauer et al. 2006). Members of Helico-
basidiales have complex lifecycles alternating between a 
rust-parasitic haplophase and a dikaryotic phytoparasitic 
phase and share the SPB-ER caps with Pachnocybe ferrug-
inea (Bauer et al. 2006). Members of Septobasidiales are 
parasites of scale insects (Couch 1938; Bauer et al. 2006). 
A comparative genomic approach is needed to decipher evo-
lutionary trends between these orders.
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Fig. 44  Peribolospora. a, d, e conidiophores producing conidia; b, 
c chlamydospores. Scale bars = 2 μm. Redraw from Witfeld et  al. 
(2023) by Mao-Qiang He

Justification of order and problems

Limited studies have been done on the evolutionary rela-
tionships between Pachnocybales, Helicobasidiales, Platy-
gloeales, and Septobasidiales. The different lifestyles of 
fungi belonging to these orders warrant an in depth phylog-
enomics approach to understand their boundaries and evo-
lutionary history. In addition, more taxa need to be studied 
by transmission electron microscopy for details on mitosis, 
meiosis, and hyphal septal pore complexes. Especially, the 
network connecting the mitochondria needs biochemical and 
cytological approaches and need to be compared with sym-
plechsomes found in Atractiellomycetes.

Significance

Ecological and economical roles

Pachnocybe ferruginea has a presumed saprotrophic ecology 
(Bauer et al. 2006).

Chemical diversity

Unknown.

Peribolosporales Witfeld, M. A. Guerreiro, H.D.T. Nguyen, 
Begerow 2023

Contributed by: Mao-Qiang He

Introduction

Peribolosporales contains only one genus with two species. 
Species of this order were originally found in the forest 
soils in Canada, but also possibly exist in Australia, China 
(Taiwan) and a forest fire region in Portugal based on the 
molecular data in the public database (Tedersoo et al. 2014a; 
Buscardo et al. 2015; Witfeld et al. 2023). So far, two spe-
cies from this order are found to be mesophilic with heat 
resistance abilities.

History

It is established and found to be a member of Ustilaginomyco-
tina based on the analysis of 38 protein coding genes, orthol-
ogy, and septal pore type analyses. Accordingly, the class 
Peribolosporomycetes and family Peribolosporaceae are pro-
posed to accommodate the two species. (Witfeld et al. 2023).

Characters that define the taxa in the order

Peribolosporales is the only order found in Peribolosporo-
mycetes. Species of this order are mesophilic, heat resistant 
and osmotolerant with slow hyphal growth and high pheno-
typic variability. Chlamydospores are triangular shaped and 
distally produced on coiled hyphae. Conidia are ovoid and 
sympodial, forming simple septal pores, without thickened 
septum membranes. Parenthesomes, forming distinct septal 
pore caps are absent, but low contrasted elements indicate 
non-membranous structures around the pore openings and 
within the pore (Witfeld et al. 2023).

Plates
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Genera included
Family Peribolosporaceae Witfeld, M. A. Guerreiro, 
H.D.T. Nguyen, Begerow 2023

Peribolospora Witfeld, M. A. Guerreiro, H.D.T. 
Nguyen, Begerow 2023

Evolution

Species of Peribolosporales have the same traits (e.g., heat 
resistance, pH growth range) as Geminibasidiales in Wal-
lemiomycotina. But they are not phylogenetically close to 
each other. Geminibasidiales is in the lineage sister to Aga-
ricomycotina, while Peribolosporales is sister to all other 
existing Ustilaginomycotina (Spatafora et al. 2017; Naranjo-
Ortiz and Gabaldón 2019; Witfeld et al. 2023). Species of 
Peribolosporales have a unique set of orthologs compare to 
other species from other classes. The biggest overlap in the 
individual orthologs set comparisons is found in Exobasio-
diomycetes (Witfeld et al. 2023). Further studies of genomic, 
transcriptomic, and CAZyme analyses could provide insights 
into the physiological adaptations and the lifestyle of the 
Peribolospora species (Witfeld et al. 2023).

Justification of order and problems

Peribolosporales is a well-defined order with evidences 
from genetic analyses, morphological observations and the 
physiological properties. However, divergence time of this 
new lineage is unresolved. Thus, further comparation of its 
divergence time with other classes in Ustilaginomycotina 
is needed.

Phallales E. Fisch. 1898

Contributed by: Larissa Trierveiler-Pereira

Introduction

Phallales is a well supported clade in Agaricomycetidae 
(Hosaka et al. 2006; Trierveiler-Pereira et al. 2014b; Mel-
anda et al. 2021) which comprises ca. 140 species assigned 
to 38 genera (He et al. 2019a; Guevara-Guerrero et al. 2021; 
present study). Members of this order are gasteromycetes 
with expanded or sequestrate basidiomes (Trierveiler-
Pereira et al. 2014b) and some species are famous due to 
its bizarre, fetid, and uncommon basidiome forms, as the 
stinkhorns (Phallus spp.) and lattice stinkhorns (Clathrus 
spp.) (Spooner and Læssøe 1994).

The taxa are distributed worldwide, found with more 
diversity and frequency in tropical and subtropical regions 
(Hosaka et al. 2006), occurring on soil, litterfall or rotten 
logs, in preserved forests as well as urban areas and gardens 
(Calonge 1998). Most members are saprotrophic, and at least 
one genus, Phlebogaster, is ectomycorrhizal (Melanda et al. 
2021).

History

Phallales E. Fisch. was proposed to accomodate the fami-
lies Phallaceae Corda and Clathraceae Chevall. (Fischer 
1898). Fischer didn’t recognize Lysuraceae Corda, proposed 
by Corda (1842), as an independent family, and instead, 
included Lysurus in Clathraceae. Phallales sensu Fischer 
included only genera with epigeous species and expanded 
receptacle (e.g. Aseroë, Clathrus, Phallus).

Cunningham (1931) erected the monogeneric family 
Claustulaceae G. Cunn., included in Phallales, to accomo-
date Claustula K.M. The author stated that althought the 
basidiomes were indehiscent, Claustula shared important 
features with other phalloids, as the typical gelatinous perid-
ium, imature receptacle divided into chambers and spores 
smooth and elliptical. However, latter studies and mono-
graphs continued to follow Fischer’s two-family concept for 
the order (e.g. Fischer 1933; Long and Stouffer 1948; Pilát 
1958; Dennis 1970; Calonge 1998).

Hysterangiaceae E. Fisch. was also considered in Phal-
lales by some authors (e.g., Dring 1973; Miller and Miller 
1988), but most specialists accepted the family in a distinct 
order, Hysterangiales (Fischer 1933; Zeller 1939, 1949; Pilát 
1958; Jülich 1981).

The systematics of Phallales became clearer with the phy-
logenetic studies published by Hosaka et al. (2006). These 
authors demonstrated that Hysterangiales and Phallales were 
different clades in the subclass Phallomycetidae (class Aga-
ricomycetes). This study also suggested that Phallales was 
divided into six families: Clathraceae, Phallaceae, Lysura-
ceae, Protophallaceae, Claustulaceae and ‘Trappeaceae’. The 
latter, the basal clade included Trappea darkeri (Zeller) Cas-
tellano and Phallobata alba G. Cunn. was tentatively named, 
and later formally proposed by Kirk et al. (2008).

Gastrosporium Mattir. appeared related to phalloid 
genera (Anthurus Kalchbr. & MacOwan and Pseudocolus 
Lloyd) in the phylogenetic study published by Hibbett and 
Binder (2002), but it was not included in the phylogenetic 
analysis conducted by Hosaka et al. (2006). Trierveiler-
Pereira et al. (2014b) added new sequences to the Phallales 
phylogeny and concluded that the family Gastrosporiaceae 
belongs to Phallales.



287Fungal Diversity (2024) 126:127–406 

Fig. 45  Examples of expanded (a–e) and sequestrate (f–h) members 
of the Phallales. a Phallus aureolatus (Brazil); b Clathrus aff. crista-
tus (Brazil); c Mutinus argentinus (Brazil); d Laternea pusilla (Bra-
zil); e Pseudocolus fusiformis (Japan); f Protubera maracuja (Brazil); 

g Phallobata alba (New Zealand); h Trappea darkeri (U.S.). Pho-
tographs: a, Juliano Marcon Baltazar; b, Ronald Péret; c, Giuseppe 
Estela Dourado; d, e, f, Larissa Trierveiler Pereira; g, Cath Smith h 
Damon Tighe

Characters that define the taxa in the order

Immature basidiomes are hypogeous or epigeous, consisting 
of 2–3 layered peridium (usually with a gelatinous layer), 
usually with thick, white rhizomorphs at base; mature 
basidiomes usually epigeous, partially hypogeous or hypo-
geous, expanded or sequestrate (indehiscent), receptaculum 
pseudostipitate or sessile, pseudostipe pseudoparenchyma-
tous, receptacle bearing the gleba; gleba green, olivaceous 
to brown, mucilaginous when immature, mucilaginous 
or rarely pulverulent when mature; basidiospores usually 
hyaline to greenish, but also golden to brown, bacillarioid, 
cylindrical to oblong, smooth or rarely ornamented (Tri-
erveiler-Pereira et al. 2014b).

Mature basidiomes could be sequestrated or expanded and 
show great variability in size, shape and color (Trierveiler-
Pereira et al. 2019). The sequestrate species, also called false 
truffes, are mostly globose, subglobose to cerebriform, but 
also irregular in form; epigeous (e.g., Protubera) or hypo-
geous (e.g., Claustula) (Trierveiler-Pereira et al. 2014a, 
b), usually externally light-colored or that change color to 

pink, yellow, or brown in age or if bruised (Sulzbacher et al. 
2016a).

The expanded basidiomes erupt from a globose form, 
also called “eggs”, and usually are embedded in a gelati-
nous matrix before expansion. The pseudostipe can be light 
(white, pale yellow or pale pink) or vivid colored (orange, 
red, bright yellow); simple, not branched (as in Phallus and 
Mutinus) or divided into columns or meshes (Blumenavia 
and Clathrus) (Calonge 1998). The glebal mass (where the 
spores are produced) is spred on the pseudoestipe, recepta-
cle or suspended (as in Laternea species and Blumenavia 
crucis-hellenicae) (Trierveiler-Pereira et al. 2019; Melanda 
et al. 2020). Some species exhibit unusual receptacle shapes, 
as the floriform Abrachium floriformis (Cabral et al. 2012) 
and the coralloid Lysurus corallocephalus (Dring 1980).

Plates
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Genera included
Family Clathraceae Chevall. 1826

Abrachium Baseia & T.S. Cabral 2012
Aseroë Labill. 1800
Blumenavia Möller 1895
Clathrus P. Micheli ex L. 1753
 = Anthurus Kalchbr. & MacOwan 1880
 = Aserophallus Mont. & Lepr. 1845
 = Clathrella E. Fisch. 1898
 = Cletria P. Browne 1756
 = Colonnaria Raf. 1808
 = Dycticia Raf. 1808
 = Linderiella G. Cunn. 1942
Colus Cavalier & Séchier 1835
Ileodictyon Tul. & C. Tul. 1844
Laternea Turpin 1822
Ligiella J.A. Sáenz 1980
Pseudocolus Lloyd 1907

Family Claustulaceae G. Cunn. 1931
Claustula K.M. Curtis 1926
Gelopellis Zeller 1939
Kjeldsenia W. Colgan, Castellano & Bougher 1995
Phlebogaster Fogel 1980
Pseudogelopellis K. Tao & B. Liu 1996

Family Gastrosporiaceae Pilát 1934
Gastrosporium Mattir. 1903
 = Leucorhizon Velen. 1925

Family Lysuraceae Corda 1842
Lysurus Fr. 1823
 = Calathiscus Mont. 1841
 = Desmaturus (Schltdl.) Kalchbr. 1880
 = Dictyobole G.F. Atk. & Long 1902
 = Kalchbrennera Berk. 1876
 = Kupsura Lloyd 1924
 = Mycopharus Petch 1926
 = Pharus Petch 1919
 = Schizmaturus (Corda) Kalchbr. 1880
 = Simblum Klotzsch ex Hook. 1831
 = Sinolloydia C.H. Chow 1936

Family Phallaceae Corda 1842
Aporophallus Möller 1895
Aserocybe Lév. 1855
Echinophallus Henn. 1898
Endophallus M. Zang & R.H. Petersen 1989
Itajahya Möller 1895
 = Alboffiella Speg. 1898
Mutinus Fr. 1849
 = Aedycia Raf. 1808
 = Caromyxa Mont. 1856
 = Corynites Berk. & M.A. Curtis 1853
 = Cynophallus (Fr.) Corda 1842

 = Floccomutinus Henn. 1895
 = Foetidaria A. St.-Hil. 1835
 = Jansia Penz. 1899
Phallus Junius ex L. 1753
 = Clautriavia (Pat.) Lloyd 1909
 = Cryptophallus Peck 1897
 = Dictyopeplos Kuhl & Hasselt 1824
 = Dictyophallus Corda 1842
 = Dictyophora Desv. 1809
 = Hymenophallus Nees 1816
 = Jaczewskia Mattir. 1912
 = Kirchbaumia Schulzer 1866
 = Morellus Eaton 1818
 = Omphalophallus Kalchbr. 1883
 = Phalloidastrum Battarra 1755
 = Retigerus Raddi 1829
 = Satyrus Bosc 1811
 = Sophronia Pers. 1827
Staheliomyces E. Fisch. 1921
Staurophallus Mont. 1845
Stephanophallus MacOwan 1880
Xylophallus (Schltdl.) E. Fisch. 1933

Family Protophallaceae Zeller 1939
Protubera Möller 1895
 = Kobayasia S. Imai & A. Kawam. 1958
 = Protophallus Murrill 1910
 = Protuberella S. Imai & A. Kawam. 1958

Family Trappeaceae P.M. Kirk 2008
Phallobata G. Cunn. 1926
Pterosporomyces G. Guevara, Gómez-Reyes & Z.W. 
Ge 2021
Restingomyces Sulzbacher, Grebenc & Baseia 2016
Trappea Castellano 1990

Phallales genera incertae sedis
Calvarula Zeller 1939
Endoclathrus B. Liu, Yin H. Liu & Z.J. Gu 2000
Neolysurus O.K. Mill., Ovrebo & Burk 1991
Pseudoclathrus B. Liu & Y.S. Bau 1980
Saprogaster Fogel & States 2001
Vandasia Velen. 1922

Evolution

The phylogenetic analysis presented by Hosaka et al. (2006) 
suggested that sequestrate forms were restricted to basal 
clades. However, Gastrosporiaceae, added later in the order 
phylogeny by Trierveiler-Pereira et al. (2014b), is not at a 
basal position, indicating that reversion from expanded to 
sequestrate forms occurred at least once in the order. Gastro-
sporiaceae was demonstrated to be sister to Phallaceae with 
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full support, although the morphology of Gastrosporium 
species is different from species included in Phallaceae.

Melanda et al. (2021) stated that only about 20% of all 
described species in Phallales have DNA sequences avail-
able, therefore, more data are still necessary to better under-
stand the species evolution.

Justification of order and problems

Many taxa, including monospecific genera, were not 
sequenced yet (Trierveiler-Pereira et al. 2014b). Some spe-
cies are rare or were only found once, which complicates this 
task. It is expected that with more samples, some genera may 
be synonymized in the future (for example, Blumenavia and 
Laternea) (Melanda et al. 2021).

Although the tropical region has a high diversity of phal-
loids, with many rare and endemic species, the knowledge 
of the group in this area is still fragmentary. This fact can 
be attributed to several reasons, such as ephemeral nature 
of the basidiomes, especially in tropical rainforests; lack 
of researchers familiarized with the species in the field; 
poor field notes of the collected specimens; difficulties 
in preserving specimens and therefore, badly preserved 
vouchers in herbaria; publications with poor descriptions 
and without accurate illustrations or photographs; usage 
of paleotropical or temperate species names to identify the 
neotropical species (Dring 1980; Trierveiler-Pereira et al. 
2019).

Moreover, many species need further ecological studies 
about nutritional strategies (saprotrophic, putatively ectomy-
corrhizal or ectomycorrhizal) (Melanda et al. 2021).

Significance

Ecological and economical roles

Most phalloid species are saprotrophic, therefore, they are 
important decomposing agents in forests and other ecosys-
tems. Furthermore, they are important food sources for ani-
mals, since its fetid odor attracts insects and other arthropods 
for spore dispersion (entomochory) (Hosaka and Uno 2012). 
When expanded, basidiomes usually emit a strong, fetid 
odor that attracts flies, bees, beetles and ants (Nouhra and 
Dominguéz de Toledo 1994; Burr et al. 1996). Sometimes 
the attack of insects on these fungi is so intense that they 
can destroy the basidiomes within a few hours. Sequestrate 
forms (false truffle) are completely dependent from external 
agents, including animals, to disperse their spores.

Major reviews on mycophagy by mammals (Fogel and 
Trappe 1978; Claridge and May 1994) do not report the 
consumption of phalloid fungi, but there are some reports 
in literature: Sawada et al. (2013) observed that Japanese 
macaques (Macaca fuscata) consume Phallus impudicus 
L.; in Australia it was observed that the red-necked wal-
laby (Macropus rufogriseus) consume Ileodictyon grac-
ile Berk. (Trierveiler-Pereira et al. 2016); and in Brazil, 
the Azara’s agouti (Dasyprocta azarae) eats immature 
basidiomes of Itajahya galericulata (Trierveiler-Pereira 
et al. 2016). Beever and Lebel (2014) discussed that some 
sequestrate forms of phalloid fungi could also be attractive 
to birds (Phallobata alba and Claustula fischeri).

Humans also consume phalloid species (genera Phal-
lus, Lysurus and Mutinus, check a complete list in Li 
et al. 2021b), and some, as Phallus species, are com-
mercially produced in China (Li et al. 2020d).

Chemical diversity

Members of Phallales are gasteroid fungi, therefore, they 
have lost the ability to forcibly discharge their basidio-
spores. And since the basidiospores are produced in a sticky, 
gelatinous mass (gleba), they are also not wind dispersed. 
Therefore, stinkhorns rely on animals for spore dispersal. 
To attract these animals, usually arthropods, phalloid fungi 
produce volatile chemical compounds. The fetid odours, the 
same ones from putrid odors of feces, urine and decaying 
materials, attract flies and other insects which normally visit 
dead animals or dung. For example, the dung-like odor of 
the fetid lantern stinkhorn Lysurus mokusin consists largely 
of butanoic acid, p-cresol, phenol, pentanoic acid indole, and 
further aliphatic acids (Kües et al. 2018). Not every phal-
loid fungi exhale fetid volatile compounds, and some species 
produce pleasant, sweet odour or fragrances of rotten fruits 
and flowers (Calonge 2005; Trierveiler-Pereira et al. 2009).

Some chemicals extracted from phalloid fungi also have 
been tested for medical purposes, as presented by Habtemar-
iam (2019) and Lv et al. (2022).

Other relevant data and future 
recommendations

Probably many other phalloid species are waiting to be 
described, especially from tropical regions. Recent molec-
ular studies also have revealed that some morphological 
groups correspond to complexes of species, as in Phal-
lus indusiatus (Cabral et al. 2019), Xylophallus xylogenus 
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Fig. 46  Selected basidiome types of Platygloeales. a Achroomyces dis-
ciformis (ENZ 21-010, Netherlands); b Eocronartium muscicola (ENZ 
22-054, Netherlands, Credit: Roeland Enzlin, Copyright Phragmoproject)

(Crous et al. 2018), Blumenavia rhacodes (Melanda et al. 
2020), and Staheliomyces cinctus (Cabral et  al. 2022). 
Therefore, more collections and molecular data are essential 
to progress with the group knowledge.

On the other hand, some species may be disappearing 
due to forest fragmentation and other human impacts on the 
environment (Mueller et al. 2022). In Brazil, three phalloid 
species were recently assigned as vulnerable, and added to 
the IUCN Red List of Threatened Species: Phallus aureola-
tus, Phallus glutinolens, and Blumenavia crucis-hellenicae 
(https:// www. iucnr edlist. org/).

Platygloeales R.T. Moore 1990

Contributed by: Nathan Schoutteten, Teun Boekhout

Introduction

Moore (1990) instated the order Platygloeales for those spe-
cies that were previously classified in Auriculariales based 
on the presence of transversally septate basidia in their sex-
ual stage and that are characterised by hyphal septa with a 
‘simple’ septal pore organisation.

History

Platygloea was described by Schröter (1889) to accom-
modate species with transversally septate basidia. The type 
species is P. nigricans, forming pustulate basidiomes on 
Tillia branches, which is currently known as Platygloea dis-
ciformis. Donk (1966) discussed the possible synonymy of 
the genus Platygloea nigricans with Achroomyces tumidus, 
which is the type species of the genus Achroomyces intro-
duced by Bonorden (1851). Due to the taxonomic confusion 
that has been established in these early years, both genera 
Achroomyces and Platygloea have been used to accommodate 
many species, which were assigned to the genus only based 
on the presence of transversally septate basidia. This charac-
ter is a highly plesiomorphic character in Basidiomycota that 
can be found in Pucciniomycotina and Agaricomycotina, and 
it is consequently not surprising that the genus in its present 
circumscription is highly polyphyletic. Bandoni (1956) per-
formed a taxonomic survey of the genus Platygloea based on 
morphological observations and recognised a high degree 
of heterogeneity in this morpho-genus and concluded that 
most species most likely belong to other natural groups. Over 
the years, several Platygloea species were studied in more 
detail, involving cultivation, transmission electron micros-
copy and light microscopy, after which they were assigned 
to other groups of Basidiomycota (e.g., Oberwinkler 1990; 
Oberwinkler et al. 1990, 1999). Molecular phylogenetic 

reconstructions have indicated that Platygloea disciformis, 
the type species of the order Platygloeales, belongs to Puc-
ciniomycetes, a clade with Helicobasidiales, Septobasidiales, 
Pachnocybales and Septobasidiales (Weiss et al. 2004a, b; 
Aime et al. 2006; Bauer et al. 2006; Wang et al. 2015a, b). 
So far, no other Platygloea species assigned to the genus 
based on morphological similarities have been genetically 
confirmed to belong to the same clade as P. disciformis. 
Interestingly, several plant parasitic species characterised by 
transversally septate basidia were found to be members of 
Platygloeales, with hosts mainly belonging to mosses and 
ferns (Oberwinkler and Bandoni 1984).

Characters that define the taxa in the order

Platygloeales is mainly circumscribed by phylogenetic 
reconstructions. The order comprises species producing 
pulvinate or clavarioid basidiomes, but some species only 
produce slimy layers on their plant hosts or even grow inbe-
tween the host cells. Basidia transversally septate, two- to 
four-celled, producing ballisospores. Germination of basidi-
ospores occurs by repetition or hyphae. Hyphal septa are 
characterised by ‘simple’ septal pore complexes.

Plates

https://www.iucnredlist.org/
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Genera included
Family Eocronartiaceae Jülich 1982

Eocronartium G.F. Atk. 1902
 = Protopistillaria Rick 1933
Herpobasidium Lind 1908
Jola Möller 1895
Platycarpa Couch 1949
Ptechetelium Oberw. & Bandoni 1984

Family Platygloeaceae Racib. 1909
Achroomyces Bonord. 1851
Glomerogloea Doweld 2013
Glomopsis D.M. Hend. 1961
 = Glomerularia Peck 1880
Insolibasidium Oberw. & Bandoni 1984
Platygloea J. Schröt. 1887
 = Collopezis Clem. 1909
 = Tachaphantium Bref. 1888
 = Tjibodasia Holterm. 1898

Evolution

Using nuclear ribosomal DNA sequence data, Platygloeales 
is found as sister to Pucciniales (Bauer et al. 2006; Kumar 
et al. 2007). An evolutionary pattern towards plant parasit-
ism may be recognised, with Platygloeales mainly infect-
ing mosses and ferns, and the sister group Pucciniales 
that mainly diverged on Gymnosperms and Angiosperms. 
This leaves room for interesting comparative studies at the 
genome and secretome levels. Platygloeales is estimated 
to have emerged about 187 million years ago (Zhao et al. 
2017).

Justification of order and problems

The phylogenetic position of Platygloeales combined with 
its mainly phytoparasitic lifestyle justifies the order. Many 
species are regarded as rare, and almost none are available 
as living cultures. Additional sampling is needed to obtain a 
better understanding of the true diversity of the order.

Significance

Ecological and economical roles

Mainly plant parasites infecting mosses and ferns, but also 
some examples are known from seed plants.

Chemical diversity

Unknown.

Polyporales Gäum. 1926

Contributed by: Sergio P. Gorjón, Viktor Papp, Ricardo 
Valenzuela, Tatiana B. Gibertoni, Chang-Lin Zhao, Milay 
Cabarroi-Hernández, Alfredo Justo, Laura Guzmán-Dávalos

Introduction

Polyporales is a diverse group of Agaricomycetes with 18 
families, 285 genera and 2544 species and it is considered 
as a strongly supported clade (Binder et al. 2013; Hib-
bett et al. 2014; Justo et al. 2017; He et al. 2019a; Shen 
et al. 2019). Binder et al. (2013) included an analysis of a 
373-species with nrLSU, 5.8S, nrSSU, rpb1, rpb2 and tef1 
and also analyzed ten Polyporales genomes and performed 
phylogenetic informativeness profiling with 356, 71, and 
25-gene datasets. The resulting trees from the phylogenetic 
analyses of the 25-gene dataset have an identical topol-
ogy to the 71 and 356-gene analyses and all internal nodes 
of the Polyporales received full support (100% BS, 1 PP) 
(Binder et al. 2013). Justo et al. (2017) analyzed the com-
bination of rpb1 and ribosomal RNA genes (ITS, LSU), 
and found robust resolution of many clades, including 18 
were recognized as families, but they mentioned that some 
nodes remained weakly supported and numerous taxa have 
yet to be sampled.

The great majority of Polyporales are saprotrophic wood-
decay fungi, while around 100 species are plant pathogens 
causing timber damage (Dai 2012b; Rajchenberg and Robledo 
2013), and they produce white-rot (degrade lignin and cellu-
lose compounds) or brown-rot (degrade cellulose and hemi-
cellulose) and play an important role in the carbon cycle 
(Binder et al. 2013). Surprisingly, the Polyporales has been 
found as endophytes or are commonly isolated as part of the 
endophytic communities in woody tissues and roots. Although 
several ecological roles have been proposed for these fungi, 
from latent pathogen or saprotroph hypothesis, it is suggested 
that many endophytic species may invade living trees as a 
strategy for early substrate colonization as protective agents 
(Hibbett et al. 2014; Martin et al. 2015). The order includes a 
wide variety of basidiomes types and hymenophore configu-
rations in bracket-shaped, effused resupinate, stipitate with 
poroid, lamellate, labyrinthiform, or smooth hymenophores, 
and few species produce shelf-like or flabellate clusters of 
overlapping sporomes (Binder et al. 2013). Besides, macro-
scopic and microscopic characters are variable and are present 
in several families of Polyporales. Variations of and transi-
tions between basidiome types exist, and there is no mor-
phological synapomorphy that unites Polyporales (Binder 
et al. 2013). The most common polyporoid basidiome types 
just mentioned also have evolved convergently in at least 11 
additional orders of Agaricomycetes (Binder et al. 2013), 
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therefore, the Polyporales is related only for the molecular 
characters (Figs. 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 
53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 
69, 70).

History

Accommodating polyporoid fungi into a classification 
scheme has been a difficult work dating back to the earli-
est attempts by Linnaeus (1753), who included 12 stipitate 
species with a poroid surface as belonging to Boletus (six 
of them now in Polyporaceae) and other two, as Agaricus: 
A. (Daedalea) quercinus L. and A. (Lenzites) betulinus 
L., currently also in Polyporales, in Fomitopsidaceae and 
Polyporaceae, respectively (Overholts 1953; Bernicchia 
1990). Micheli (1729) described Polyporus as a “plantae 
genus”, in which the lower part, perforate and with holes, 
cannot be separated from the upper part. Persoon (1801) 
placed into Boletus section Polyporus, and later, Persoon 
(1825) recognized in Hymenomycetes sections: Poroder-
mei (with pores), Odontedermei (with teeth), and Agari-
cini (with gills). The most accepted classification of fungi 
for decades among the first mycologists was that carried 
out by Fries, who in his works Observationes mycologicæ 
(1815–1818), Systema mycologicum (1821, 1823, 1829), 
and Epicrisis systematis mycologici (1838) separated many 
groups according to macroscopic features and the color of 
the basidiospores. Fries (1821) accommodated the poly-
pores known until then into two genera, Daedalea Pers. 
and Polyporus, following the criteria of Micheli (1729), and 
divided Polyporus into three subgenera: Favolus, Micropo-
rus, and Polystictus. Later, Fries (1828) recognized Favolus 
Fr. as a distinct genus.

Subsequently, Fries (1838) separated Trametes from 
Daedalea, and recognized Cyclomyces and Hexagona as 
different genera [all of them as Polyporei or as a subdivision 
of a family following Donk (1964)]. Corda (1839) proposed 
Polyporaceae as a family based on Fries' Polyporei, where 
he included Polyporus and Boletus. Fries (1851) divided 
Polyporus into three subgenera: Eupolyporus (annual, 
fleshy), Fomes (perennial with stratified tubes), and Poria 
(resupinate forms). Also, in this work, Polystictus was seg-
regated from Polyporus and elevated as genus, mainly due 
to the coriaceous pileus and the fibrous cuticle. The connec-
tion of Polyporus with the genera Boletus and Polystictus 
was discussed by Fries (1855), considering the features of 
the pores; also, he divided Polyporus in two series: Eup-
olyporus and Fomes. According to Cunningham (1947), 
throughout Fries' work, he generally accepted seven gen-
era in the polypore group: Cyclomyces, Daedalea, Favo-
lus, Hexagona, Polyporus, Polystictus, and Trametes. Then, 
more species were described, so Fries' classification was not 

enough to include them in his genera (Cunningham 1947; 
Donk 1964).

Some authors (e.g., Gillet 1878; Quélet 1886; Patouil-
lard 1900; Murrill 1904; Lloyd 1908) started to re-exam-
ine the Friesian classification, incorporating other genera, 
and elevating some of them to family level. Hennings 
(1900) divided the subclass Hymenomycetes (Fries 1874) 
into six orders (at that time using the ending -aceae), 
among them Polyporaceae, which included the tribes 
Boleteae, Fistulineae, Merulieae, and Polyporeae. Later, 
Murrill (1907) suggested some other genera under the 
tribes Daedaleae, Fomiteae, Polyporeae, and Porieae. In 
Overholts (1915, 1953) included different characters to 
segregate the genera in Polyporaceae, like the consistency 
of the pileus and the separable tube layer. She made a 
revision of the family and included 16 genera with a key: 
Bjerkandera, Coriolus, Cryptoporus, Daedalea, Favolus, 
Fomes, Ganoderma, Gloeoporus, Ischnoderma, Phaeolus, 
Phellinus, Piptoporus, Polyporus, Polystictus, Porodiscu-
lus, and Trametes.

Rea (1922), considering the classification system sug-
gested by Patouillard (1900), who incorporated “les Cla-
vaires, les Thélephores, les Hydnes et les Polypores de 
Fries” under the family “Aphyllophorancés”, established 
Aphyllophorales with two suborders, Clavariineae and 
Porohydnineae, and placed under the last one the families 
Cyphellaceae, Fistulinaceae, Hydnaceae, Meruliaceae, Poly-
poraceae, Polystictaceae, and Thelephoraceae. Polyporaceae 
contained five genera: Fomes, Ganoderma, Polyporus, 
Poria, and Sistotrema. Gäumann (1926) established Poly-
porales, following Micheli's concept and since that moment 
the group became one of the largest and most controversial 
orders of Agaricomycetes. Whether this group constitutes an 
order, a family, or a tribe was a topic hotly debated among 
mycologists for decades (Cunningham 1947).

Donk (1964) made a re-evaluation of Aphyllophorales, 
in which he recognized 21 families, considering different 
macro and microscopic characteristics, such as the shape 
and ornamentation of the basidiospores. In his work, the 
author mentioned that Polyporaceae was like a container 
for all ‘polypores’ not assigned to other families, even sug-
gesting that the family was an “artificial assemblage” of 
different and similar species that develop tubes. Ryvarden 
(1991) accepted Polyporaceae as the family of polyporoid 
fungi and, through phenetic analysis, recognized 11 groups 
of related genera and one more of unknown affinity. The 11 
groups were: Daedalea, Fomes, Grammothele, Junghuhnia, 
Laetiporus, Nigroporus, Polyporus, Perenniporia, Rigidopo-
rus, Trametes, and Tyromyces. Furthermore, Australoporus, 
Diacanthodes, Echinoporia, Lenzitella, Murrilloporus, 
Navisporus, Pachykytospora, Paratrichaptum, Polyporole-
tus, and Pseudopiptoporus were in the group whose affinities 
were unknown.
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Solving the taxonomic structure of Polyporales has been 
recognized as a difficult task based on morphological char-
acters, hence different authors (e.g., Binder et al. 2005, 
2013; Justo and Hibbett 2011; Miettinen et al. 2011; He 
et al. 2019a) have tried to elucidate its taxonomic arrange-
ment using ribosomal DNA sequences or protein-coding 
genes (rpb1, rpb2, tef1). However, the phylogenetic recon-
structions have shown the paraphyllia of several families and 
genera belonging to the Polyporales (Binder et al. 2013).

Hibbett and Thorn (2001) and Binder et al. (2005) found 
eight monophyletic major clades of Homobasidiomycetes 
with molecular data, which were given informal names 
(polyporoid clade, euagarics clade, etc.). Binder et al. (2005) 
mentioned that the monophyly of the polyporoid clade was 
controversial. Later, Binder et al. (2013) supported the three 
lineages of Polyporales previously described by Binder 
et al. (2005): core polyporoid clade, Antrodia clade, and 
phlebioid clade, but recognized a residual polyporoid clade 
where the relationships among these lineages were not well 
resolved (e.g., Gelatoporia, Grifola, Tyromyces). Justo et al. 
(2017) suggested 18 clades corresponding to family names, 
of which three new families were described (Cerrenaceae, 
Gelatoporiaceae, Panaceae).

Different authors further divided each of the clades sug-
gested by Binder et al. (2005, 2013) in Polyporales. The core 
polyporoid clade was divided into three well-supported line-
ages (polyporus, trametoid, dentocorticium clades) by Justo 
and Hibbett (2011). Ortiz-Santana et al. (2013) presented 
a phylogenetic overview of the five main groups recovered 
into the antrodia clade: fibroporia, laetiporus, postia, laricifo-
mes, and core antrodia groups, although not all these groups 
received strong support in their analyses. He et al. (2019a, 
b) considered narrowly defined families as synonyms of 
Polyporaceae, including Ganodermataceae, as a strategy to 
avoid introducing taxonomic problems by establishing too 
many families into the core polyporoid clade. Robledo et al. 
(2020) suggested that the basidiospore features are corre-
lated with lineages of the core polyporoid clade and, in this 
sense, revealed Diacanthodes, a genus with ornamented and 
dextrinoid basidiospores, whose phylogenetic position had 
remained elusive, belongs to the polyporoid clade.

Characters that define the taxa in the order

Polyporales constitutes a very diverse group of organisms, 
without exclusive morphological features to clearly define 
the order. A majority have a tubular or poroid hymenophore, 
with no typical lamellae, but with numerous exceptions. 
They often form leathery and hard basidiomes, which do not 
rot easily. There is no way to define the group strictly based 
on morphology, even one can easily recognize the majority 
of polypore fungi belonging to the Polyporales.

Basidiomes generally have a gymnocarpic development, 
without protective structures of the hymenium (except some 
genera such as Cryptoporus). They can range from resupi-
nate (most corticioid species in Phanerochaetaceae, Mer-
uliaceae Hyphodermataceae, etc.) to the more commonly 
pileate (most polypores in Polyporaceae and other poroid 
families), and in some cases, forming stipitate basidiomes 
(e.g., Amauroderma, Polyporus). We can also find some rep-
resentatives that produce hydnoid and clavarioid processes 
(Hydnopolyporus, Sparassis), or some groups that form stip-
itate stereoid fructifications (Podoscyphaceae). The hyme-
nophore configuration is highly variable, from smooth to 
tuberculate, phlebioid to merulioid, aculate to more typically 
poroid with circular, irregular, or sometimes pseudolamellar 
elongated pores. In some cases, a laminar configuration can 
rarely be found (Lentinus).

From a micromorphological point of view we can find 
a wide variability as well. The hyphal system varies from 
monomitic to dimitic and trimitic, presenting more or less 
sclerified vegetative hyphae depending on the structural 
complexity of the basidiomes. Generative hyphae have sim-
ple septa or clamped septation, and in some species a mix-
ture of both is found in the same hyphae, and more rarely, 
some species can produce hyphae with verticillate clamps. 
Basidia are usually clavate, bearing four sterigmata, with 
some exceptions. A diverse number of cystidia are found 
in the hymenial and subhymenial layer, and these sterile 
elements are more commonly present among the corticioid 
species. The basidiospores (ballistospores) are not repeti-
tive. Their morphology may be extremely variable and can 
take almost any shape such as: globose, subglobose, obo-
vate, ellipsoid, cylindrical, fusiform, sigmoid, allantoid, 
navicular, amygdaliform, sub-angular, or tetrahedral. Most 
basidiospores are hyaline, more rarely pigmented and then 
in general yellowish or brownish. The basidiospore surface 
is usually smooth, more rarely ornamented and then aspe-
rulate, tuberculate, echinulate, striate, warted, reticulate 
or punctulate appearance. Their wall is usually thin, but 
can also be thick-walled and rarely with a double wall, the 
inner thick-walled and ornamented, the outer hyaline and 
smooth. Usually, they do not react in Melzer's reagent, but 
with some exceptions (Donk 1964; Ryvarden 1991; Ber-
nicchia 2005; Wang et al. 2021b, 2022b). All the above-
mentioned macro- and micromorphological characteristics 
are important for the taxonomy of the group and some of 
them, such as chemical reactions and morphology of the 
basidiospores, are considered of evolutionary significance.

Plates
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Fig. 47  Selected basidiome types of Polyporales. a Antrodia hetero-
morpha (RV 11112, Oaxaca State, Mexico); b Coriolopsis byrsina 
(RV 17992, Cozumel Island, Mexico); c Podoscypha venustula 
(SPG 4793, Ecuador); d Flavodon flavus (RV 17965, Yucatan State, 
Mexico); e Hexagonia tenuis (RV 17892, Campeche State, Mexico); 
f Irpex lacteus (RV 17796, Mexico); g Laetiporus sulphureus (RV 
13314, Hidalgo Satate, Mexico); h Lamelloporus americanus (RV 
16314, Oaxaca State, Mexico); i Lentinus arcularius (RV 16193, 
Hidalgo State, Mexico); j Panus rudis (RV 18256, Veracruz State, 
Mexico); k Ceriporia viridans (SPG 1394, Spain); l Dacryobolus 
karstenii (SPG 253, Spain); m Hypochnicium albostramineum (SPG 
643, Spain); n Picipes badius (RV 16191, Hidalgo State, Mexico); o 
Daedaleopsis confragosa (SPG 5386, Spain); p Favolus tenuiculus 
(SPG 4850, Ecuador); q Fomes inzengae (SPG 143, Spain); r Hypho-
derma setigerum (SPG 683, Spain); s Sparassis crispa (ZRL2080315, 
Yunnan province, China); t Phanerochaete sordida (SPG 527, Spain); 
u Phlebia tuberculate (SPG 402, Spain); v Phlebiopsis crassa (SPG 
5363, Spain); w Rigidoporus mutabilis (SPG 5806, Ecuador); x 
Trametes maxima (RV 12140, Campeche State, Mexico); y Vitreopo-
rus dichrous (RV 18536, Michoacan State, Mexico)

◂

Genera included
Family Adustoporiaceae Audet 2018
 = Amyloporiaceae Audet 2018
 = Caloporaceae Bondartseva 1983
 = Lentoporiaceae Audet 2018
 = Rhodoniaceae Audet 2018

Adustoporia Audet 2017
Amyloporia Singer 1944
Lentoporia Audet 2017
Resinoporia Audet 2017
Rhodonia Niemelä 2005

 = Caloporus P. Karst. 1881
 Family Auriporiaceae B.K. Cui, Shun Liu & Y.C. Dai 
2022

Auriporia Ryvarden 1973
Family Cerrenaceae Miettinen, Justo & Hibbett 2017

Cerrena Gray 1821
 = Phyllodontia P. Karst. 1883
Irpiciporus Murrill 1905
Pseudolagarobasidium J.C. Jang & T.Chen 1985
Pseudospongipellis Y.C. Dai & Chao G. Wang 2022
Radulodon Ryvarden 1972

 Family Climacocystaceae B.K. Cui, Shun Liu & Y.C. Dai 
2023

Climacocystis Kotl. & Pouzar 1958
Diplomitoporus Domański 1970
 = Fabisporus Zmitr. 2001

Family Dacryobolaceae Jülich 1982
Dacryobolus Fr. 1849
 = Gloeocystidium P. Karst. 1889

Family Fibroporiaceae Audet 2018
Fibroporia Parmasto 1968
 Pseudofibroporia Yuan Y. Chen, B.K. Cui & Y.C. 
Dai 20 17

Family Fomitopsidaceae Jülich 1982

 = Daedaleaceae Jülich 1982
 = Piptoporaceae Jülich 1982
Amyloporiella A. David & Tortič 1984
Anthoporia Karasiński & Niemelä 2016
Antrodia P. Karst. 1879
 = Amyloporia Singer 1944
 = Amyloporiella A. David & Tortič 1984
 = Coriolellus Murrill 1905
Antrodiopsis Audet 2017
Brunneoporus Audet 2017
Buglossoporus Kotl. & Pouzar 1966
Cartilosoma Kotl. & Pouzar 1958
Daedalea Pers. 1801
 = Agarico-suber Paulet 1793
 = Striglia Adans. 1763
 = Hypogaea E. Horak 1964
 = Spelaeomyces Fresen. 1863
Daedalella B.K. Cui & Shun Liu 2022
Dentiporus Audet 2017
Flavidoporia Audet 2017
Fomitopsis P. Karst. 1881
 = Pilatoporus Kotl. & Pouzar 1990
 = Piptoporus P. Karst. 1881
 = Placoderma (Ricken) Ulbr. 1928
 = Ungularia Lázaro Ibiza 1916
Fragifomes B.K. Cui, M.L. Han & Y.C. Dai 2016
Melanoporia Murrill 1907
Neoantrodia Audet 2017
Neolentiporus Rajchenb. 1995
 Niveoporofomes B.K. Cui, M.L. Han & Y.C. Dai 
2016
Parmastomyces Kotl. & Pouzar 1964
 = Phaeodaedalea M. Fidalgo 1962
 Pseudoantrodia B.K. Cui, Yuan Y. Chen & Shun 
Liu 2022
Pseudofomitopsis B.K. Cui & Shun Liu 2022
Ranadivia Zmitr. 2018
Rhizoporia Audet 2017
 Rhodoantrodia B.K. Cui, Y.Y. Chen & Shun Liu 
2022
Rhodofomes Kotl. & Pouzar 1990
 Rhodofomitopsis B.K. Cui, M.L. Han & Y.C. Dai 
2016
Rubellofomes B.K. Cui, M.L. Han & Y.C. Dai 2016
Subantrodia Audet 2017
 Ungulidaedalea B.K. Cui, M.L. Han & Y.C. Dai 
2016

 Family Fragiliporiaceae Y.C. Dai, B.K. Cui & C.L. Zhao 
2014

Fragiliporia Y.C. Dai, B.K. Cui & C.L. Zhao 2014
Family Gelatoporiaceae Miettinen, Justo & Hibbett 2017

Cinereomyces Jülich 1982
Gelatoporia Niemelä 1985
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Obba Miettinen & Rajchenb. 2012
Sebipora Miettinen 2012

 Family Gloeoporellaceae B.K. Cui, Shun Liu & Y.C. Dai 
2023

Gloeoporellus Zmitr. 2018
Family Grifolaceae Jülich 1982

Aegis Gómez-Montoya, Rajchenb. & Robledo 2017
Grifola Gray 1821
 = Cautinia Maas Geest. 1967
 = Cladodendron Lázaro Ibiza 1916
 = Polypilus P. Karst. 1881

Family Hyphodermataceae Jülich 1982
Hyphoderma Fr. 1833
 = Mutatoderma (Parmasto) C.E. Gómez 1976
 = Pycnodon Underw. 1898

Family Incrustoporiaceae Jülich 1982
Incrustoporia Domanski 1963
Piloporia Niemelä 1982
Skeletocutis Kotl. & Pouzar 1958
 = Leptotrimitus Pouzar 1966
Tyromyces P. Karst. 1881
 = Leptoporellus Spirin 2001
 = Persooniana Britzelm. 1897

Family Irpicaceae Spirin & Zmitr. 2003
Byssomerulius Parmasto 1967
  = Ceraceomerulius (Parmasto) J. Erikss. & 
Ryvarden 1973
Candelabrochaete Boidin 1970
Ceriporia Donk 1933
 Crystallicutis El-Gharabawy, Leal-Dutra & G.W. 
Griff. 2021
Cytidiella Pouzar 1954
Emmia Zmitr., Spirin & Malysheva 2006
Flavodontia C.L. Zhao 2022
Gloeoporus Mont. 1842
 = Meruliporia Murrill 1942
 = Vitreoporus Zmitr. 2018
Irpex Fr. 1825
 = Cystidiophorus Bondartsev & Ljub. 1963
 = Efibula Sheng H. Wu 1990
 = Flavodon Ryvarden 1973
 = Hydnopolyporus D.A.Reid 1962
Leptoporus Quél. 1886
Meruliopsis Bondartsev 1959
Phanerochaetella C.C. Chen & Sheng H. Wu 2021
Raduliporus Spirin & Zmitr. 2006
Resiniporus Zmitr. 2018
Trametopsis Tomšovský 2008

Family Ischnodermataceae Jülich 1982
Ischnoderma P. Karst. 1879
 = Lasiochlaena Pouzar 1990

Family Laetiporaceae Jülich 1982
Kusaghiporia J. Hussein, S. Tibell & Tibuhwa 2021

Laetiporus Murrill 1904
 = Cladoporus (Pers.) Chevall. 1826
 = Pseudophaeolus Ryvarden 1975
Macrohyporia I. Johans. & Ryvarden 1979
Wolfiporiella B.K. Cui & Shun Liu 2022
Wolfiporiopsis B.K. Cui & Shun Liu 2022

Family Laricifomitaceae Jülich 1982
Gilbertsonia Parmasto 2001
Laricifomes Kotl. & Pouzar 1957
Ryvardenia Rajchenb. 1994

Family Meripilaceae Jülich 1982
 = Rigidoporaceae Jülich 1982
Meripilus P. Karst. 1882
 = Flabellopilus Kotl. & Pouzar 1957
 = Leucofomes Kotl. & Pouzar 1957
 = Porodon Fr. 1851

Family Meruliaceae Rea 1922
 = Climacodontaceae Jülich 1982
 = Phlebiaceae Jülich 1982
 Allophlebia C.R.S. de Lira, Gibertoni & K.H. Larss. 
2022
Aurantiopileus Ginns, D.L. Lindner & T.J. Baroni 2010
Aurantiporus Murrill 1905
Ceriporiopsis Domański 1963
Ceriporiopsoides C.L. Zhao 2023
Climacodon P. Karst. 1881
Crustodontia Hjortstam & Ryvarden 2005
 Geesterania Westphalen, Tomšovský & Rajchenb. 
2018
Hermanssonia Zmitr. 2018
Hydnophanerochaete Sheng H. Wu & C.C. Chen 2018
Hydnophlebia Parmasto 1967
Lilaceophlebia (Parmasto) Spirin & Zmitr. 2004
Luteochaete C.C. Chen & Sheng H. Wu 2021
Luteoporia F. Wu, Jia J. Chen & S.H. He 2016
Merulius Fr. 1821
Mycoacia Donk 1931
Mycoaciella J. Erikss. & Ryvarden 1978
 = Ceraceohydnum Jülich 1978
Noblesia Nakasone 2021
Odoria V. Papp & Dima 2017
Pappia Zmitr. 2018
Phlebia Fr. 1821
 = Caloporia P. Karst. 1893
 = Jacksonomyces Jülich 1979
 = Ricnophora Pers. 1825
 = Trabecularia Bonord. 1857
Phlebicolorata C.L. Zhao 2023
Phlebiodontia Motato-Vásq. & Westphalen 2022
Phlebiporia Jia J. Chen, B.K. Cui & Y.C. Dai 2014
Physisporinus P. Karst. 1889
Pseudonadsoniella T.O. Kondr. & S.Y. Kondr. 2015
Pseudophlebia C.L. Zhao 2023
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Sarcodontia Schulzer 1866
 = Oxydontia L.W. Mill. 1933
Scopuloides (Massee) Höhn. & Litsch. 1908
Stereophlebia Zmitr. 2018

Family Panaceae Miettinen, Justo & Hibbett 2017
Cymatoderma Jungh. 1840
 = Actinostroma Klotzsch 1843
 = Beccariella Ces. 1879
 = Cladoderris Pers. ex Berk. 1842
Panus Fr. 1838
 = Lentinopanus Pilát 1941

Family Phaeolaceae Jülich 1982
Melanoporella Murrill 1907
Phaeolus (Pat.) Pat. 1900
 = Choriphyllum Velen. 1922
 = Spongiosus Lloyd ex Torrend 1920
Wolfiporia Ryvarden & Gilb. 1984
 = Pachyma Fr. 1822

Family Phanerochaetaceae Jülich 1982
 = Hapalopilaceae Jülich 1982
 = Bjerkanderaceae Jülich 1982
Alboefibula C.C. Chen & Sheng H. Wu 2021
Bjerkandera P. Karst. 1879
 = Geotrichopsis Tzean & Estey 1991
 = Myriadoporus Peck 1884
Callosus C.L. Zhao 2022
Cremeoderma Sheng H. Wu & C.C. Chen 2021
Crepatura C.L. Zhao 2019
Donkia Pilát 1937
Efibulella Zmitr. 2018
 Gelatinofungus Sheng H. Wu, C.C. Chen & C.L. Wei 
2021
Geliporus Yuan Yuan, Jia J. Chen & S.H. He 2017
Hapalopilus P. Karst. 1881
Hyphodermella J. Erikss. & Ryvarden 1976
Odontoefibula C.C. Chen & Sheng H. Wu 2018
Oxychaete Miettinen 2016
Phaeophlebiopsis D. Floudas & Hibbett 2015
Phanerina Miettinen 2016
Phanerochaete P. Karst. 1889
 = Atheliachaete Spirin & Zmitr. 2011
 = Grandiniella P. Karst. 1895
 = Hjortstamia Boidin & Gilles 2003
 = Xerocarpus P. Karst. 1881
Phlebiopsis Jülich 1978
 = Castanoporus Ryvarden 1991
Pirex Hjortstam & Ryvarden 1985
Porostereum Pilát 1937
Quasiphlebia C.C. Chen & Sheng H. Wu 2021
Rhizochaete Gresl., Nakasone & Rajchenb. 2004
Riopa D.A. Reid 1969
 = Miainomyces Corda 1833.
 = Sporotrichum Link 1809

Roseograndinia Hjortstam & Ryvarden 2005
Terana Adans. 1763
 = Pulcherricium Parmasto 1968

 Family Piptoporellaceae B.K. Cui, Shun Liu & Y.C. Dai 
2022

Piptoporellus B.K. Cui, M.L. Han & Y.C. Dai 2016
Family Podoscyphaceae D.A. Reid 1965

Abortiporus Murrill 1904
 = Heteroporus Lázaro Ibiza 1916
 = Irpicium Bref. 1912
 = Sporotrichopsis Stalpers 2000
Podoscypha Pat. 1900
 = Stereogloeocystidium Rick 1940
Pouzaroporia Vampola 1992

Family Polyporaceae Fr. ex Corda 1839
 = Ganodermataceae (Donk) Donk 1948
 = Coriolaceae Singer 1961
 = Cryptoporaceae Jülich 1982
 = Echinochaetaceae Jülich 1982
 = Fomitaceae Jülich 1982
 = Grammotheleaceae Jülich 1982
 = Haddowiaceae Jülich 1982
 = Microporaceae Jülich 1981
 = Pachykytosporaceae Jülich 1982
 = Perenniporiaceae Jülich 1982
 = Sparsitubaceae Jülich 1982
 = Lophariaceae Boidin et al. 1998
 = Trametaceae Boidin et al. 1998
Abundisporus Ryvarden 1999
Amauroderma Murrill 1905
 = Lazulinospora Burds. & M.J. Larsen 1974
 = Magoderna Steyaert 1972
 Amaurodermellus Costa-Rezende, Drechsler-Santos 
& Góes-Neto 2020
Amylosporia B.K. Cui, C.L. Zhao & Y.C. Dai 2019
Atroporus Ryvarden 1973
Aurantioporia B.K. Cui & Xing Ji 2023
Australoporus P.K. Buchanan & Ryvarden 1988
Bresadolia Speg. 1883
Cerarioporia F. Wu, L.W. Zhou & J. Si 2016
Cerioporus Quél. 1886
 = Grandinioides Banker 1906
 = Melanopus Pat. 1887
 = Mycobonia Pat. 1894
 = Petaloides Lloyd ex Torrend 1920
Cinereomycetella Zmitr. 2018
Citrinoporia B.K. Cui & Xing Ji 2023
Colospora Miettinen & Spirin 2015
Coriolopsis Murrill 1905
Crassisporus B.K. Cui & Xing Ji 2019
Cristataspora Robledo & Costa-Rezende 2020
Cryptoporus (Peck) Shear 1902
Cystidioporia B.K. Cui & Xing Ji 2023
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Daedaleopsis J. Schröt. 1888
 = Apoxona Donk 1969
Datroniella B.K. Cui, Hai J. Li & Y.C. Dai 2014
Dendroporia B.K. Cui & Xing Ji 2023
 Dentocorticium (Parmasto) M.J. Larsen & Gilb. 1974
 = Dendrodontia Hjortstam & Ryvarden 1980
 = Fuscocerrena Ryvarden 1982
Dextrinoporus H.S. Yuan 2018
Dichomitus D.A. Reid 1965
Donkioporia Kotl. & Pouzar 1973
Donkioporiella L.W. Zhou 2016
Earliella Murrill 1905
Echinochaete D.A. Reid 1963
 = Dendrochaete G. Cunn. 1965
Endopandanicola Tibpromma & K.D. Hyde 2018
Epithele (Pat.) Pat. 1900
Epithelopsis Jülich 1976
Favolus Fr. 1828
Flammeopellis Y.C. Dai, B.K. Cui & C.L. Zhao 2014
Fomes (Fr.) Fr. 1849
 = Elfvingiella Murrill 1914
 = Xylopilus P. Karst. 1882
Fomitella Murrill 1905
 Foraminispora Robledo, Costa-Rezende & 
Drechsler-Santos 2017
Funalia Pat. 1900
 Furtadoa Costa-Rezende, Robledo & Drechsler-
Santos 2017
 Furtadomyces Leonardo-Silva, Cotrim & Xavier-
Santos 2022
Ganoderma P. Karst. 1881
 = Elfvingia P. Karst. 1889
Globifomes Murrill 1904
 = Placodes Quél. 1886
 = Ungulina Pat. 1900
Grammothele Berk. & M.A. Curtis 1868
Grammothelopsis Jülich 1982
Haddowia Steyaert 1972
Haploporus Bondartsev & Singer 1944
Hexagonia Fr. 1835
Hirticrusta Matozaki, T. Hatt. & Sotome 2020
Hornodermoporus Teixeira 1993
Humphreya Steyaert 1972
Jorgewrightia Gibertoni & C.R.S. Lira 2021
Laccocephalum McAlpine & Tepper 1895
Leifiporia Y.C. Dai, F. Wu & C.L. Zhao 2016
Lentinus Fr. 1825
 = Lentodiellum Murrill 1915
 = Lentodium Morgan 1895
 = Leucoporus Quél. 1886
 = Polyporellus P. Karst. 1879
Lignosus Lloyd ex Torrend 1920
Lopharia Kalchbr. & MacOwan 1881

 = Licentia Pilát 1940
 = Lloydella Bres. 1901
 = Thwaitesiella Massee 1892
Luteoperenniporia B.K. Cui & Xing Ji 2023
Macroporia B.K. Cui & Xing Ji 2023
Macrosporia B.K. Cui & Xing Ji 2023
Mariorajchenbergia Gibertoni & C.R.S. Lira 2021
  = Megasporoporiella B.K. Cui, Y.C. Dai & Hai J. 
Li 2013
Megasporia B.K. Cui, Y.C. Dai & Hai J. Li 2013
Megasporoporia Ryvarden & J.E. Wright 1982
Melanoderma B.K. Cui & Y.C. Dai 2011
Microporellus Murrill 1905
 = Cystostiptoporus Dhanda & Ryvarden 1975
Microporus P. Beauv. 1805
Minoporus B.K. Cui & Xing Ji 2023
Mollicarpus Ginns 1984
Murinicarpus B.K. Cui & Y.C. Dai 2019
Myriothele Nakasone 2013
Navisporus Ryvarden 1980
Neoganoderma B.K. Cui & Y.F. Sun 2022
Neodatronia B.K. Cui, Hai J. Li & Y.C. Dai 2014
 Neodictyopus Palacio, Robledo, Reck & Drechsler-
Santos 2017
Neofavolus Sotome & T. Hatt. 2013
Neofomitella Y.C. Dai, Hai J. Li & Vlasák 2014
Neoporia B.K. Cui & Xing Ji 2023
Niveoporia B.K. Cui & Xing Ji 2023
Pachykytospora Kotl. & Pouzar 1963
Perenniporia Murrill 1942
 = Dextrinosporium Bondartsev 1972
 = Loweporus J.E. Wright 1976
 = Physisporus Chevall. 1826
 = Poroptyche Beck 1888
Perenniporiella Decock & Ryvarden 2003
Perenniporiopsis C.L. Zhao 2017
Phaeotrametes Lloyd ex J.E. Wright 1966
 = Phaeotrametes Lloyd 1915
Picipes Zmitr. & Kovalenko 2016
Podofomes Pouzar 1966
 = Datronia Donk 1966
Polyporopsis Audet 2010
Polyporus [P. Micheli ex Adans.] Fr. 1821
 = Cladomeris Quél. 1886
 = Dendropolyporus (Pouzar) Jülich 1982
 = Mycelithe Gasp. 1841
Poriella C.L. Zhao 2021
Porogramme (Pat.) Pat. 1900
 = Tinctoporia Murrill 1907
Poronidulus Murrill 1904
Pseudofavolus Pat. 1900
Pseudomegasporoporia X.H. Ji & F. Wu 2017
Pseudopiptoporus Ryvarden 1980
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Pyrofomes Kotl. & Pouzar 1964
Rhizoperenniporia B.K. Cui & Xing Ji 2023
Royoporus A.B. De 1996
Rubroporus Log.-Leite, Ryvarden & Groposo 2002
Sanguinoderma Y.F. Sun, D.H. Costa & B.K. Cui 2020
Sinoganoderma B.K. Cui, J.H. Xing & Y.F. Sun 2022
Sparsitubus L.W. Hsu & J.D. Zhao 1980
Szczepkamyces Zmitr. 2018
Theleporus Fr. 1847
Tinctoporellus Ryvarden 1979
Tomophagus Murrill 1905
  = Thermophymatospora Udagawa, Awao &  
Abdullah 1986
Trachydermella B.K. Cui & Y.F. Sun 2022
Trametes Fr. 1836
 = Artolenzites Falck 1909
 = Cellularia Bull. 1788
 = Cellulariella Zmitr. & Malysheva 2014
 = Coriolus Quél. 1886
 = Cubamyces Murrill 1905
 = Leiotrametes Welti & Courtec. 2012
 = Lenzites Fr. 1836
 = Pherima Raf. 1819
 = Pilatotrama Zmitr. 2018
 = Pogonomyces Murrill 1904
 = Pseudotrametes Bondartsev & Singer 1944
 = Pycnoporus P. Karst. 1881
 = Sclerodepsis Cooke 1890
 = Tomentoporus Ryvarden 1973
 = Trametella Pinto-Lopes 1952
Tropicoporia B.K. Cui & Xing Ji 2023
Truncospora Pilát 1953
Truncatoporia B.K. Cui & Xing Ji 2023
Vanderbylia D.A. Reid 1973
Vanderbyliella B.K. Cui & Xing Ji 2023
Xanthoperenniporia B.K. Cui & Xing Ji 2023
Yuchengia B.K. Cui & K.T. Steffen 2013
Family Postiaceae B.K. Cui, Shun Liu & Y.C. Dai 2022
Amaropostia B.K. Cui, L.L. Shen & Y.C. Dai 2019
Amylocystis Bondartsev & Singer ex Singer 1944
Aurantipostia B.K. Cui & Shun Liu 2022
Calcipostia B.K. Cui, L.L. Shen & Y.C. Dai 2019
Cyanosporus McGinty 1909
Cystidiopostia B.K. Cui, L.L. Shen & Y.C. Dai 2019
Fuscopostia B.K. Cui, L.L. Shen & Y.C. Dai 2019
Jahnoporus Nuss 1980
Nothofagiporus B.K. Cui & Shun Liu 2022
Oligoporus Bref. 1888
 = Strangulidium Pouzar 1967
Osteina Donk 1966
Postia Fr. 1874
 = Hemidiscia Lázaro Ibiza 1916
 = Podoporia P. Karst. 1892

Ptychogaster Corda 1838
Spongiporus Murrill 1905
Tenuipostia B.K. Cui & Shun Liu 2022

Family Pycnoporellaceae Audet 2018
Crustoderma Parmasto 1968
Pycnoporellus Murrill 1905
 = Aurantiporellus Murrill 1905

Family Sarcoporiaceae Audet 2018
Sarcoporia P. Karst. 1894

Family Sparassidaceae Herter 1910
Sparassis Fr. 1819
 = Masseeola Kuntze 1891

Family Steccherinaceae Parmasto 1968
 = Mycorraphiacaeae Jülich 1982
Antella Miettinen 2016
Antrodiella Ryvarden & I. Johans. 1980
Atraporiella Ryvarden 2007
Austeria Miettinen 2016
Butyrea Miettinen 2016
Cabalodontia Piątek 2004
Caudicicola Miettinen, M. Kulju & Kotir. 2017
Citripora Miettinen 2016
Elaphroporia Z.Q. Wu & C.L. Zhao 2018
Etheirodon Banker 1902
Flabellophora G. Cunn. 1965
Flaviporus Murrill 1905
 = Baeostratoporus Bondartsev & Singer 1944
Frantisekia Spirin & Zmitr. 2007
Junghuhnia Corda 1842
 = Chaetoporus P. Karst. 1890
Lamelloporus Ryvarden 1987
Loweomyces (Kotl. & Pouzar) Jülich 1982
Metuloidea G. Cunn. 1965
Mycorrhaphium Maas Geest. 1962
Niemelaea Zmitr., Ezhov & Khimich 2015
Nigroporus Murrill 1905
Rhomboidia C.L. Zhao 2020
Steccherinum Gray 1821
 = Odontina Pat. 1887
Trullella Zmitr. 2018
Xanthoporus Audet 2010

 Family Taiwanofungaceae B.K. Cui, Shun Liu & Y.C. 
Dai 2022

 Taiwanofungus Sheng H. Wu, Z.H. Yu, Y.C. Dai & 
C.H. Su 2004
Polyporales genera incertae sedis
Aegeritopsis Höhn. 1903
Amaurohydnum Jülich 1978
Amauromyces Jülich 1978
Amethicium Hjortstam 1983
Aquascypha D.A. Reid 1965
Australicium Hjortstam & Ryvarden 2002
Australohydnum Jülich 1978
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Austrolentinus Ryvarden 1991
Aegerita Pers. 1794
 = Bulbillomyces Jülich 1974
 = Crocysporium Corda 1837
 = Dermosporium Link 1816
Bourdotiella Duhem & Schultheis 2011
Columnodontia Jülich 1979
Conohypha Jülich 1975
Coralloderma D.A. Reid 1965
 Cordochaete Sanyal, Samita, Dhingra & Avn.P. Singh 
2013
Cryptomphalina R. Heim 1966
Crystallocystidium (Rick) Rick 1940
Cyanodontia Hjortstam 1987
Dendrophlebia Dhingra & Priyanka 2011
Diacanthodes Singer 1945
 = Bornetina L. Mangin & Viala 1903
Erastia Niemelä & Kinnunen 2005
Faerberia Pouzar 1981
 = Geopetalum Pat. 1887
Globosomyces Jülich 1980
Gyrophanopsis Jülich 1979
 = Hyphodermopsis Jülich 1982
Henningsia Möller 1895
Hymenogramme Mont. & Berk. 1844
Hyphodontiastra Hjortstam 1999
Hypochnicium J. Erikss. 1958
 = Nodotia Hjortstam 1987
Inflatostereum D.A. Reid 1965
Irpicochaete Rick 1940
Laetifomes T. Hatt. 2001
Meruliophana Duhem & Buyck 2011
Mycoleptodonoides Nikol. 1952
 Mycorrhaphoides Hembrom, K. Das & Hallenb. 
2017
Nigrohydnum Ryvarden 1987
Phanerodontia Hjortstam & Ryvarden 2010
Phaneroites Hjortstam & Ryvarden 2010
Repetobasidiopsis Dhingra & Avn.P. Singh 2008
 Rickiopora Westphalen, Tomšovský & Rajchenb. 
2016
Roseofavolus T. Hatt. 2003
Skeletohydnum Jülich 1979
Sparassiella Schwarzman 1964
Spathulina Pat. 1900
Spongioides Lázaro Ibiza 1916
Spongipellis Pat. 1887
Stegiacantha Maas Geest. 1966
Uncobasidium Hjortstam & Ryvarden 1978

Evolution

Studies on the evolution of Polyporales have focused mostly 
on: (i) taxonomy, including the limits and composition of the 
order and translation of the phylogenies into a formal taxo-
nomic framework of families and genera (Binder and Hibbett 
2002; Binder et al. 2005, 2013; Justo et al. 2017; Liu et al. 
2023a); (ii) morphological evolution, especially transitions 
between basidiome types, hymenophore types and evaluat-
ing the taxonomic significance of morphological features 
(e.g. Binder et al. 2005; Justo and Hibbett 2011; Floudas 
and Hibbett 2015; Costa-Rezende et al. 2020; Robledo et al. 
2020) (iii) evolution of the wood-decay enzymatic apparatus 
from a phylogenomics perspective, especially origins, transi-
tions and differences between white-rot and brown-rot fungi 
in the order.

As phylogenomic data has accumulated, support for 
the Polyporales as a monophyletic, well-supported clade 
has increased. In the analysis presented here (Fig.  2) 
73 indidual genomes of Polyporales are recovered with 
full support (100% bootstrap) as monophletic group. 
Our analyses also recover a well-supported sister-taxa 
relationship between Polyporales (exclusively sapro-
trophic or parasitic) and Thelephorales (predominantly 
ectomycorrhizal).

Justification of order and problems

Notwithstanding the extensive phylogenetic research con-
ducted on the classification of Polyporales (e.g., Binder 
et al. 2013; Justo et al. 2017; Liu et al. 2023a), unre-
solved issues persist concerning the systematic placement 
of certain families and taxa. Currently, one of the most 
pressing issues concerns the delineation of the Polypo-
raceae, which represents the largest family within the 
order. While recent studies generally adopt the broad 
Polyporaceae concept proposed by Binder et al. (2013) 
and Justo et al. (2017), ganodermatoid species are often 
excluded from this monophyletic clade and recognized 
as in a separate family, Ganodermataceae. Therefore, 
the classification of Ganodermataceae remains a contro-
versial issue and is debated even today. The traditional 
morphological delimitation of the ganodermatoid taxa in 
subgeneric (Patouillard 1889), generic (Steyaert 1972), 
and higher levels (Donk 1933, 1948; Jülich 1981) was 
based upon the characteristics of the basidiospore. This 
approach continues to play a significant role in the sys-
tematical concepts of recent phylogenetic studies (e.g., 
Costa-Rezende et al. 2017, 2020; Sun et al. 2020, 2022). 
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While the double-walled basidiospores with ornamented 
endospores are a defining characteristic of ganoderma-
toid species, the utility of this morphological feature for 
taxonomic delineation at family level remains a topic of 
debate. While recent taxonomic and systematic studies 
have provided evidence for the monophyly of ganoder-
matoid clade (e.g., Costa-Rezende et al. 2020; Luang-
harn et al. 2021), the joint examination of the phyloge-
netically closest taxa in Polyporaceae remains unexplored 
(Ji et al. 2023). For instance, the taxonomic classifica-
tions proposed by Binder et al. (2013) and Justo et al. 
(2017) considered Polyporaceae as the core polyporoid 
clade was also followed by Cui et al. (2019) with one 
exception. Cui et al. (2019) excluded ganodermatoid taxa 
from Polyporaceae due to discrepancies in basidiospore 
characteristics, and thus did not include this group in 
their phylogenetic analysis. However, in accord to sev-
eral former multi-gene phylogenetic analysis (e.g. Justo 
et al. 2017; Costa-Rezende et al. 2020) our phylogenomic 
tree (Figs. 1, 2) have demonstrated that the exclusion of 
Ganodermataceae from the core polyporoid clade results 
in paraphyletic Polyporaceae family. If Polyporaceae is 
split into smaller families, currently the systematic posi-
tion of several non-ganodermatoid genera (e.g. Cryp-
toporus, Dichomitus, Perenniporia s. lato, etc.) will 
remain unclear. Therefore, in the present work Ganoder-
mataceae is not accepted as an independent family, and 
the suggested 14 ganodermatoid genera (vid. Amauro-
derma, Amaurodermellus, Cristataspora, Foraminispora, 
Furtadomyces, Ganoderma, Haddowia, Humphreya, 
Magoderna, Neoganoderma, Sanguinoderma, Sinogan-
oderma, Tomophagus, Trachydermella) are discussed 
in Polyporaceae, until it will have not been split into 
smaller families (e.g. Ganodermataceae, Grammothe-
leaceae, Coriolaceae, etc.). However, creating many nar-
rowly defined families within Polyporaceae would cause 
a domino effect and increase the number of problematic 
taxonomic scenarios. If taxonomists want to distinguish a 
monophyletic group within Polyporaceae s. lato, it would 
be worth considering describing these groups below the 
family level to avoid ambiguous taxonomic cases.

Significance

Species of Polyporales are mainly saprobes on dead wood, 
but many are parasites, especially in economically impor-
tant tree species (Alexopoulos et al. 1996; Deacon 2006). 
They are considered the major wood decomposers, espe-
cially species of Polyporaceae, thus, playing a crucial role 

in nutrient cycling, releasing among other things carbon 
originally removed from the atmosphere by autotrophic 
organisms in arboreous and shrubby ecosystems (Ryvarden 
1991; Alexopoulos et al. 1996; Deacon 2006). The sapro-
trophic species are generally divided in two major groups, 
those which cause white rot and those causing brown (cubi-
cal) rot. Species in the first group are the majority and are 
the only organisms known to be able to degrade lignin, a 
complex polymer present in the plant cell wall, by strong 
oxidants produced by few enzymes (lignin and manganese 
peroxidase,  H2O2-generating enzymes, and laccase) in well 
oxygenised environments. They also remove cellulose and 
hemicelluloses from wood, leaving the substrate with a 
whitish and spongy aspect. The brown-rot fungi are able 
only to degrade cellulose and hemicelluloses, reducing 
the substrate to a brownish residuum of lignin. Since the 
decay of the lignin is irregular, being stronger in some 
cell groups, the wood cracks in cubic pieces. The cellulose 
and hemicelluse decay are also due to oxidative processes, 
involving the production of hydrogen peroxide  (H2O2) pos-
sibly using the hemicellulose as substrate (Ryvarden 1991; 
Deacon 2006).

Some species of some genera [e.g., Fomes (Fr.) Fr., Fomi-
topsis P. Karst., Ganoderma P. Karst., Laetiporus Murrill, 
Meripilus P. Karst., Phaeolus (Pat.) Pat.] (Schmidt 2006; 
Jayawardena et al 2020) are able to penetrate lesions or 
similar openings caused by animal chewing, branch breaks, 
broken tops, lighting, mechanized wood harvest, etc. in liv-
ing trees, then attack the heartwood and, in the end, causing 
tree weakening or death (Alexopoulos et al. 1996; Schmidt 
2006). On the other hand, arthropods commonly use the 
basidiomes of several species as food and as reproduction 
sites (Lunde et al. 2022).

Many Polyporales species can be used as indicators of 
changes in biodiversity or ecosystem quality, mostly due to 
their close association with trees, including climate change 
(eg. Norstedt et al. 2001; Andrew et al. 2019; Runnel et al. 
2021).

Some species of Polyporales are edible, such as Gri-
fola frondosa (Dicks.) Gray, Sparassis latifolia Y.C. Dai 
& Zheng Wang and Laetiporus spp. (Boa 2004; Dai et al. 
2010; Wei et al. 2022; He et al. 2023b), while others are 
known to have medicinal values, such as Bjerkandera 
adusta (Willd.) P. Karst., B. fumosa (Pers.) P. Karst., Cli-
macodon septentrionalis (Fr.) P. Karst., Ganoderma ling-
zhi Sheng H. Wu, Y. Cao & Y.C. Dai, Irpex hydnoides 
Y.W. Lim & H.S. Jung, Perenniporia robiniophila (Mur-
rill) Ryvarden, Phlebia tremellosa (Schrad.) Nakasone & 
Burds. and Wolfiporia hoelen (Fr.) Y.C. Dai & V. Papp 
(Dai et al. 2009; Wu et al. 2019b; Quintero-Cabello et al. 
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2021; Li and Dong 2022; Shankar and Sharma 2022; 
Zhang et al. 2023a). Some are already commercialized 
for medicinal purposes [eg. Trametes versicolor (L.) 
Lloyd, Ganoderma lingzhi]. Clinically, a few species in 
Polyporales have recently emerged as important human 
pathogens, including B. adusta, I. laceratus, and I. lacteus 
(Chowdhary et al. 2014).

Others have potential industrial applications for biodeg-
radation and bioconversion, due to their efficient enzymatic 
system, such as Bjerkandera adusta, Irpex laceratus, I. lac-
teus, and Phanerochaete chrysosporium Burds. (Kumar et al. 
2009; Kumar and Sharma 2017; Sandargo et al. 2019; Xiao 
and Kondo 2019). In agriculture and forestry, most species 
of the order Polyporales, such as Phlebiopsis gigantean (Fr.) 
Jülich, has been utilized as a biological control agent against 
conifer root and butt rot caused by Heterobasidion spp. (Pratt 
et al. 2000), and Irpex latemarginatus has been reported to 
produce volatile compounds that control fruit decay (Lee 
et al. 2009). More recently, some species are being tested in 
the development of biomaterials, several of them based in 
traditional use of these fungi (Gandia et al. 2021).

Pucciniales Caruel 1881

Contributed by: Makoto Kakishima, Merje Toome-Heller

Introduction

Rust fungi (Pucciniales) are one of the largest orders of 
fungi, with about 8000 described species. They are obligate 
parasites of vascular plants and have been reported world-
wide. Each species is known to be parasitic on taxonomically 
narrow groups of plants (host specificity), which is the result 
of the co-evolution between rust fungi and their host plants. 
Many species cause serious plant diseases in agriculture and 
forestry. Therefore, their biology, life cycle, host-parasite 
interaction and epidemiology have been investigated inten-
sively. They have unique characteristics and produce five 
types of morphologically and functionally different spores 
(spermatium, aeciospore, urediniospore, teliospore, basidio-
spore). Thick-walled urediniospore called amphispore is also 
produced in many species for wintering. Depending on the 
types of spores produced, six different rust fungi life cycles 
have been recognized. Furthermore, heteroecious species 
need two taxonomically different host plants to complete 
their life cycles, whereas autoecious species complete their 

life cycles on a single host plant (Cummins and Hiratsuka 
2003; Aime et al. 2017; Aime and McTaggart 2021).

History

After scientific descriptions of rust fungi by P. A Micheli and 
C. H. Persoon in the eighteenth century, many species were 
found and included in the regional floras around the world. 
In these publications, two familiess (Melampsoraceae and 
Pucciniaceae) were widely accepted, mainly based on the 
morphological characteristics of the telial stage. Additional 
families, Zhagouaniaceae, Pucciniastraceae, Cronartiaceae, 
Chrysomyxaceae and Coleosporiaceae were later proposed 
(Cummins and Hiratsuka 2003; Aime et al. 2017). For these 
families, more than 300 genera were proposed mainly based 
on sorus structures and spore morphology. When Cummins 
and Hiratsuka (2003) revised families of rust fungi, their 
emphasis was on spermogonial structures, resulting in pro-
posing 13 families.

After applying molecular phylogenetic approach to rust 
fungi systematics, many new genera and changes to existing 
genera have been proposed. Aime and McTaggart (2021) 
proposed seven new suborders and 18 family system mainly 
based on phylogenetic analyses. Zhao et al. (2021) also pro-
posed an additional 3 families. These new family systems are 
different from the systems based on morphology, whereas 
still partially supported by morphological characters.

Characters that define the taxa in the order

The new family level classification of rust fungi is based on 
phylogeny, with consideration of morphology, host plant, 
and life cycle. At the genus level, qualitative morphologi-
cal differences in spore stages (structure of spermogonia, 
aecia, uredinia and telia) and mode of teliospore germination 
(basidial structure) are used as significant criteria for genus 
delimitation (Cummins and Hiratsuka 2003), supported by 
phylogenetic data. For species level identification, quantita-
tive morphological data of spores, host plants, and life cycle 
are mainly used, with phylogenetic data becoming essential 
for identification.

Plates
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Fig. 48  Morphological charac-
ters of Pucciniales. a spermogo-
nia of Puccinia klugkistiana on 
Ligustrum obtusifolium; b aecia 
of Puccinia caricis-smilacis on 
Smilax china; c vertical section 
of a spermogonium of Puccinia 
caricis-smilacis on Smilax 
china; d vertical section of an 
aecium of Puccinia caricis-
smilacis on Smilax china; e 
uredinia of Melampsora 
laricis-populina on Populus x 
canadensis; f vertical section 
of uredinium of Melampsora 
laricis-populina on Populus x 
canadensis; g urediniospores of 
Melampsora laricis-populina; 
h telia of Puccinia puncti-
formis on Cirsium arvense; i 
teliospores of Puccinia punc-
tiformis; j germination of teli-
ospores of Melampsora laricis 
on a dead leaf of Populus alba; 
k germination of teliospores 
of Nothoravenelia japonica 
(basidia and basidiospores)

Genera included
Family Araucariomycetaceae Aime & McTaggart 2020

Araucariomyces Aime & McTaggart 2020
Family Coleosporiaceae Dietel 1900

Aculeastrum M. Scholler, U. Braun & Bubner 2022
Ceropsora B.K. Bakshi & Suj. Singh 1960
Chrysomyxa Unger 1840
 = Barclayella Dietel 1890
  = Coleosporium subgen. Melampsoropsis J. Schröt. 
1879

 = Hiratsukaia Hara 1948
 = Melampsoropsis (J. Schröt.) Sacc. 1888
 = Melampsoropsis (J. Schröt.) Arthur 1906
 = Stilbechrysomyxa M.M. Chen 1984
Coleosporium Lév. 1847
 = Erannium Bonord. 1860
 = Stichopsora Dietel 1899 [1900]
 = Synomyces Arthur 1924
Cronartium Fr. 1815
 = Endocronartium Y. Hirats. 1969
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Diaphanopellis P.E. Crane 2005
Gallowaya Arthur 1906
Rossmanomyces Aime & McTaggart 2020
Thekopsora Magnus 1875
Quasipucciniastrum X.H. Qi, P. Zhao & L. Cai 2019

Family Crossopsoraceae Aime & McTaggart 2020
Angiopsora Mains 1934
Catenulopsora Mundk. 1943
Crossopsora Syd. & P. Syd. 1919
Kweilingia Teng 1940
 = Dasturella Mundk. & Khesw. 1943
Neoolivea Aime & McTaggart 2020
Stomatisora J.M. Yen 1971

Family Endoraeciaceae P. Zhao & L. Cai 2021
Endoraecium Hodges & D.E. Gardner 1984
 = Racospermyces J. Walker 2001

Family Gymnosporangiaceae Chevall. 1826
Gymnosporangium R. Hedw. ex DC. 1805
 = Ceratitium Rabenh. 1851
 = Ceratitium Ces. 1879
 = Ciglides Chevall. 1826
 = Podisoma Link 1809
Gymnotelium Syd. 1921
Peridiopsora Kamat & Sathe 1969

Family Melampsoraceae Dietel 1897
Ceropsora B.K. Bakshi & Suj. Singh 1960
Melampsora Castagne 1843
 = Chnoopsora Dietel 1906
 = Mesopsora Dietel 1922
 = Necium Arthur 1907
 = Podocystis Fr. 1849
 = Podosporium Lév. 1847

Family Milesinaceae Aime & McTaggart 2020
Milesia F.B. White 1878
Milesina Magnus 1909
Naohidemyces S. Sato, Katsuya & Y. Hirats. 1993
Uredinopsis Magnus 1893

Family Ochropsoraceae Aime & McTaggart 2020
Aplopsora Mains 1921
Ceraceopsora Kakish., T. Sato & S. Sato 1984
Ochropsora Dietel 1895

Family Phakopsoraceae Cummins & Hirats. f. 1983
Arthuria H.S. Jacks. 1931
Bubakia Arthur 1906
Cerotelium Arthur 1906
 = Catenulopsora Mundk. 1943
 = Tunicopsora Suj. Singh & P.C. Pandey 1971
Dicheirinia Arthur 1907
Monosporidium Barclay 1888
 = Kulkarniella Gokhale & Patel 1952 [1951]
Masseeëlla Dietel 1895
Nothoravenelia Dietel 1910
Phakopsora Dietel 1895

 = Angiopsora Mains 1934
  = Batistopsora Dianese, R.B. Medeiros & L.T.P. 
Santos 1993
 = Malupa Y. Ono, Buriticá & J.F. Hennen 1992
 = Physopella Arthur 1906
 = Stakmania Kamat & Sathe 1968
 = Uredostilbe Buriticá & J.F. Hennen 1994
  = Uredendo Buriticá & J.F. Hennen 1994 [nom. 
inval.]
Phragmidiella Henn. 1905
 = Santapauella Mundk. & Thirum. 1945
Pucciniostele Tranzschel & K.L. Kom. 1899
 = Klastopsora Dietel 1904
 = Phragmostele Clem. 1909
Scalarispora Buriticá & J.F. Hennen 1994
Uredopeltis Henn. 1908

Family Neophysopellaceae P. Zhao & L. Cai 2021
Neophysopella Jing X. Ji & Kakish. 2019

Family Nyssopsoraceae Sanjay & Raghv. Singh 2023
Nyssopsora Arthur 1906
 = Oplophora Syd. 1921

Family Phragmidiaceae Corda 1837
Gerwasia Racib. 1909
 = Mainsia H.S. Jacks. 1931
Gymnoconia Lagerh. 1894
 = Kunkelia Arthur 1917
Hamaspora Körn. 1877
 = Hamasporella Höhn. 1912
Joerstadia Gjaerum & Cummins 1982
Kuehneola Magnus 1898
 = Spirechina Arthur 1907
Phragmidium Link 1816
 = Ameris Arthur 1906
 = Aregma Fr. 1815
 = Earlea Arthur 1906
 = Epitea Fr. 1832
 = Frommea Arthur 1917
 = Frommeëlla Cummins & Y. Hirats. 1983
 = Lecythea Lév. 1847
  = Phragmidium A Phragmidiopsis G. Winter 1881 
[1884]
 = Phragmidiopsis (G. Winter) Mussat 1901
 = Teloconia Syd. 1921
 = Trolliomyces Ulbr. 1938
Trachyspora Fuckel 1861
 = Trachysporella Syd. 1921
Triphragmium Link 1825
Xenodochus Schltdl. 1826

Family Pileolariaceae Cummins & Y. Hirats. 1983
Pileolaria Castagne 1842
 = Discospora Arthur 1907

Family Pucciniaceae Chevall. 1826
Baeodromus Arthur 1905
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Ceratocoma Buriticá & J.F. Hennen 1991
Cerradoa J.F. Hennen & Y. Ono 1978
Chardoniella F. Kern 1939
Chrysella Syd. 1926
Chrysocelis Lagerh. & Dietel 1914
 = Stomatisora J.M. Yen 1971
Chrysocyclus Syd. 1925
 = Holwayella H.S. Jacks. 1926
Chrysopsora Lagerh. 1892
Cionothrix Arthur 1907
Cleptomyces Arthur 1918
Coleopucciniella Hara ex Hirats. 1937
 = Coleopucciniella Hara 1936
Corbulopsora Cummins 1940
Cumminsiella Arthur 1933
Desmella Syd. & P. Syd. 1919 [1918]
Didymopsora Dietel 1899
Dietelia Henn. 1897
 = Endophylloides Whetzel & Olive 1917
 = Jacksonia J.C. Lindq. 1970
 = Jacksoniella J.C. Lindq. 1972
 = Jacksoniella Kamat & Sathe 1972
 = Thirumalachariella Sathe 1975 [1974]
Dipyxis Cummins & J.W. Baxter 1967
Edythea H.S. Jacks. 1931
Endophyllum Lév. 1826
Hapalophragmium Syd. & P. Syd. 1901
 = Hapalophragmiopsis Thirum. 1950
 = Triactella Syd. 1921
Kernella Thirum. 1949
 = Kernia Thirum. 1946
Macruropyxis Azbukina 1972
Miyagia Miyabe ex Syd. & P. Syd. 1913
 = Peristemma Syd. 1921
Novopuccinia Y.M. Liang & Yun Liu 2021
Polioma Arthur 1907
Pseudocerradoa M. Ebinghaus & Dianese 2022
Puccinia Pers. 1794
 = Argomyces Arthur 1912
 = Argotelium Arthur 1906
 = Bullaria DC. 1805
 = Coronotelium Syd. 1921
 = Cutomyces Thüm. 1878
 = Dicaeoma Gray 1821
 = Eriosporangium Bertero ex Ruschenb. 1831
 = Hemipuccinia Sacc. & De Toni 1889
 = Jackya Bubák 1902
 = Leptinia Juel 1897
 = Leptopuccinia (G. Winter) Rostr. 1902
 = Lindrothia Syd. 1922
 = Linkiella Syd. 1921
 = Lysospora Arthur 1906
 = Micropuccinia Rostr. 1902

 = Persooniella Syd. 1922
 = Pleomeris Syd. 1921
 = Poliomella Syd. 1922
  = Puccinia subgen. Leptopuccinia G. Winter 1881 
[1884]
 = Puccinidia Mayr 1890
 = Rostrupia Lagerh. 1889
 = Schroeterella Syd. 1922
 = Sclerotelium Syd. 1921
 = Solenodonta Castagne 1845
 = Trailia Syd. 1922
Pucciniosira Lagerh. 1892
 = Aecidiella Ellis & Kelsey 1897
 = Didymosira Clem. 1909
 = Schizospora Dietel 1895
Sphenospora Dietel 1892
Stereostratum Magnus 1899
Trichopsora Lagerh. 1892
Uromyces (Link) Unger 1833
 = Alveomyces Bubák 1914
 = Capitularia Rabenh. 1851
 = Coeomurus Gray 1821
 = Dichlamys Syd. & P. Syd. 1920 [1919]
 = Groveola Syd. 1921
 = Haplopyxis Syd. & P. Syd. 1920 [1919]
 = Haplotelium Syd. 1922
 = Hypodermium subgen. Uromyces Link 1816 [1815]
 = Klebahnia Arthur 1906
 = Nielsenia Syd. 1921
 = Ontotelium Syd. 1921
 = Poliotelium Syd. 1922
 = Puccinella Fuckel 1860
 = Pucciniola L. Marchand 1829
 = Teleutospora Arthur & Bisby 1921
 = Telospora Arthur 1906
 = Trochodium Syd. & P. Syd. 1920 [1919]
 = Uromycopsis Arthur 1906
Xenostele Syd. & P. Syd. 1921

Family Pucciniastraceae Gäum. ex Leppik 1972
Coleopuccinia Pat. 1889
 = Coleoma Clem. 1909
Hyalopsora Magnus 1902
Melampsorella J. Schröt. 1874
Melampsoridium Kleb. 1899
Pucciniastrum G.H. Otth 1861
 = Calyptospora J.G. Kühn 1869
 = Phragmopsora Magnus 1875
 = Pomatomyces Oerst. 1864

Family Raveneliaceae Leppik 1972
Allotelium Syd. 1939
Anthomyces Dietel 1899
Anthomycetella Syd. & P. Syd. 1916
 = Reyesiella Sacc. 1917
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Apra J.F. Hennen & F.O. Freire 1979
Atelocauda Arthur & Cummins 1933
Bibulocystis J. Walker, Beilharz, Pascoe & Priest 2006
Cephalotelium Syd. 1921
Chaconia Juel 1897
 = Bitzea Mains 1939
 = Desmotelium Syd. 1937
 Crossopsorella E.S.C. Souza, Aime, Galvão-Elias & 
Dianese 2018
Cystomyces Syd. 1926
Diabole Arthur 1922
Diorchidiella J.C. Lindq. 1957
Diorchidium Kalchbr. 1882.
 = Diphragmium Boedijn (1960) [1959]
 Esalque J.F. Hennen, Figueiredo & A.A. Carvalho 2000
Hennenia Buriticá 1995
Kernkampella Rajendren 1970
Lipocystis Cummins 1937
Maravalia Arthur 1922
 = Acervulopsora Thirum. 1945
 = Angusia G.F. Laundon 1964
 = Argomycetella Syd. 1922
 = Scopella Mains 1939
 = Scopellopsis T.S. Ramakr. & K. Ramakr. 1947
Mimema H.S. Jacks. 1931
Newinia Thaung 1973
Olivea Arthur 1917
 = Tegillum Mains 1940
Phragmopyxis Dietel 1897
 = Tricella Long 1912
Porotenus Viégas 1960
Prospodium Arthur 1907
 = Coinostelium Syd. 1939
 = Nephlyctis Arthur 1907
Ravenelia Berk. 1853
 = Cystingophora Arthur 1907
 = Cystotelium Syd. 1921
 = Dendroecia Arthur 1906
 = Haploravenelia Syd. 1921
 = Longia Syd. 1921
 = Neoravenelia Long 1903
 = Pleoravenelia Long 1903
Sorataea Syd. 1930
 = Allopuccinia H.S. Jacks. 1931
Spumula Mains 1935
Tegillum Mains 1940
Triphragmiopsis Naumov 1914
 = Nyssopsorella Syd. 1921
Uromycladium McAlpine 1905
 = Macalpinia Arthur 1906
Uropyxis J. Schröt. 1875
 = Calliospora Arthur 1905
Ypsilospora Cummins 1941

Family Rogerpetersoniaceae Aime & McTaggart 2020
Rogerpetersonia Aime & McTaggart 2020

Family Skierkaceae Aime & McTaggart 2020
Skierka Racib. 1900
 = Ctenoderma Syd. & P. Syd. 1919

Family Sphaerophragmiaceae Cummins & Y. Hirats. 1983
Austropuccinia Beenken 2017
Dasyspora Berk. & M.A. Curtis 1854
 = Sartvellia Berk. 1857
Puccorchidium Beenken 2015
Sphaerophragmium Magnus 1891
Sphenorchidium Beeken 2015

Family Tranzscheliaceae Aime & McTaggart 2020
Leucotelium Tranzschel 1935
Tranzschelia Arthur 1906
 = Polythelis Arthur 1906
 = Lipospora Arthur 1942

Family Uncolaceae Buriticá 2000
Calidion Syd. & P. Syd. 1919
Uncol Buriticá & P.A. Rodr. 2000
Family Uromycladiaceae P. Zhao & L. Cai 2021
Uromycladium McAlpine 1905
Family Zaghouaniaceae P. Syd. & Syd. 1915
Achrotelium Syd. 1928
Blastospora Dietel 1908
  = Pelastoma M. Salazar, A.A. Carvalho & J.F. Hen-
nen 2012
Botryorhiza Whetzel & Olive 1917
Botryosorus Jing X. Ji, Okane & Kakish. 2023
Desmosorus Ritschel, Oberw. & Berndt 2005
Elateraecium Thirum., F. Kern & B.V. Patil 1966
 = Hiratsukamyces Thirum., F. Kern & B.V. Patil 1975
Hemileia Berk. & Broome 1869
 = Hemileiopsis Racib. 1900
 = Wardia J.F. Hennen & M.M. Hennen 2003
Mikronegeria Dietel 1899
Zaghouania Pat. 1901
 = Cystopsora E.J. Butler 1910
Pucciniales genera incertae sedis
Aecidiconium Vuill. 1892
Aecidiolum Unger 1833
Aecidium Pers. 1796
 = Sphaerotheca Desv. 1817
 = Symperidium Klotzsch 1843
Aeciure Buriticá & J.F. Hennen 1994
Allodus Arthur 1906
Alveolaria Lagerh. 1892
Arthuriomyces Cummins & Y. Hirats. 1983
Caeoma Link 1809
 = Hypodermium Link 1815
Caetea Salazar-Yepes & A.A. Carvalho 2012
 Campanulospora Salazar-Yepes, Pardo-Card. & Bur-
iticá 2007
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Canasta A.A. Carvalho & J.F. Hennen 2010
Cumminsina Petr. 1955
Desmellopsis J.M. Yen 1969
Diabolidium Berndt 1995
Didymopsorella Thirum. 1950
 = Gymnopuccinia K. Ramakr. 1951
Flaminia Sacc. & P. Syd. 1902
Gambleola Massee 1898
Intrapes J.F. Hennen & Figueiredo 1979
 = Kamatomyces Sathe 1966
 Kimuromyces Dianese, L.T.P. Santos, R.B. Medeiros 
& Furlan. 1995
Macabuna Buriticá & J.F. Hennen 1994
Masseeella Dietel 1895
Mehtamyces Mundk. & Thirum. 1945
Morispora Salazar-Yepes, Pardo-Card. & Buriticá 2007
Neopuccinia A. Martins 2019
Peridermium (Link) J.C. Schmidt & Kunze 1817
Phragmotelium Syd. 1921
Physonema Lév. 1847
Poliomopsis A.W. Ramaley 1987
Ramakrishnania Ramachar & Bhagyan. 1979
Roestelia Rebent. 1804
 = Cancellaria Brongn. 1825
 = Centridium Chevall. 1826
Schroeteriaster Magnus 1896
 = Uromycodes Clem. 1909
 Scutelliformis Salazar-Yepes, Pardo-Card. & Buriticá 
2007
Uraecium Arthur 1933
Uredo Pers. 1801
 = Mapea Pat. 1906
 = Nigredo (Pers.) Roussel 1806
 = Peridipes Buriticá & J.F. Hennen 1994
 = Rubigo (Pers.) Roussel 1806
 = Trichobasis Lév., in Orbigny 1849
 = Uredo ** Nigredo Pers. 1801
Goplana Racib. 1900
Telomapea G.F. Laundon 1967

Evolution

The co-evolution between the rust fungi and their host plants 
has been considered to be the major factor driving rust fungi 
speciation and diversification. Recently, host jumps or host 
shifts to taxonomically unrelated host plants have also been 
reported to be important (Aime et al. 2017).

Ferns have been hypothesized to have been the original 
host plants, and rust fungi on ferns (Uredinipsis, Milesina 
and Hyalopsora) have been considered as primitive genera 
(Cummins and Hiratsuka 2003). Aime et al. (2018a) com-
pleted phylogenetic analyses using rust fungi on a wide range 
of host plants and revealed that the timing of diversification 

in the Pucciniales correlated with the diversification of their 
gymnosperm and angiosperm hosts. The host reconciliation 
analyses suggested that systematic relationships of hosts from 
the aecial stage of the Pucciniales life cycle better reflected the 
systematic relationships among the Pucciniales. These results 
demonstrate the importance of the aecial spore stage on the 
overall evolution of the Pucciniales and supported hypotheses 
made by Leppik (1953, 1965, 1967, 1972) over half a century 
ago. The findings of Aime et al. (2018a, b, c, d) were also 
supported by Ji et al. (2022a, b) in phylogenetic analyses of 
Puccinia species on Poaceae and Carex.

Justification of order and problems

A significant hurdle in molecular systematics and taxonomy 
of Pucciniales has been the limited sampling of taxa, espe-
cially type species of genera. Two recent studies have made 
significant steps to overcome these limitations by performing 
a massive sampling of rust fungi. Aime and McTaggart (2021) 
analyzed 80% of the rust genera by including 86 type species 
and 22 type species proxies using three loci (SSU, LSU and 
COX3) of 314 species. Based on phylogeny, morphology, host 
range and life cycle, they proposed a taxonomical arrangement 
with seven suborders and 18 families that differed considerably 
relative to earlier classifications. A later study also found similar 
results based on the molecular data (ITS, SSU and LSU) of 
1,654 collections gathered in 86 natural sites in China (Zhao 
et al. 2021). They confirmed the main families described in 
Aime and McTaggart 2021 and proposed three new families. 
Considerable improvements have been made in the past few 
years in rust taxonomy that genome sequencing projects could 
further boost in the future. In our analyses, the existence of 
Pucciniaceae, Sphaerophragmiaceae, Zaghouaniaceae, Cole-
osporiaceae and Melampsoraceae was confirmed with the same 
taxonomical relationships as in Aime and McTaggart (2021).

Significance

Ecological and economical roles

Many rust fungi are suspected to adapt their environmental 
conditions (host plant, climate condition) with their survival 
strategies. Many types of spores and complicated life cycles 
are considered as the results of their survival strategies. 
However, we are still unknown how they ecologically adapt 
in nature and how they affect ecological conditions.

Many rust fungi are known as economically important 
pathogens of cultivated plants like wheat (Puccinia graminis, 
P. triticina), corn (Puccinia sorghi, P. polysora), coffee 
(Hemileia vastatrix) and pine (Cronartium spp.). Therefore, 
protection of crops from them are important subjects for our 



308 Fungal Diversity (2024) 126:127–406

Fig. 49  Quasiramularia phakopsoricola. a conidiogenous cells with ter-
minal geniculations and conidiogenous loci; b Conidiogenous cell with 
a central pore; c fusiform conidium with hilum. Scale bars: a,c = 5 μm; 
b = 3 μm. Redraw from Kolařik et al. (2021) by Mao-Qiang He

life and have been paid much efforts for developing effective 
control methods. Cummins and Hiratsuka (2003) listed about 
50 internationally important rust fungi causing damage to 
agricultural and horticultural crops, and forest trees.

Other relevant data and future 
recommendations

General aspects of rust fungi are described in most mycol-
ogy and plant pathology textbooks, which generally pro-
vide good teaching resources to introduce the biology and 
significance of rust fungi. Videos covering the biology of 
economically important rust fungi have also been generated, 
providing a visual demonstration of different spore stages 
formed in rust fungi life cycle. Regional flora’s or lists of 
rust fungi have been published in many countries. While 
these are useful for species identification, there is a need for 
books or review papers summarising the current systematic 
treatment of rust fungi. To understand the traditional mor-
phology-based approach to rust fungi taxonomy, “Illustrated 
Genera of Rust Fungi 3rd Edition” by Cummins and Hirat-
suka (2003) is recommended as an important and useful 
publication. For more recent taxonomy including molecular 
phylogeny, papers published by Aime et al. (2017, 2018a) 
and Aime and McTaggart (2021) are useful resources.

Quasiramulariales R. Kirschner, M. Kolařík & M. Pie-
penbr. 2021

Contributed by: Teun Boekhout, Nathan Schoutteten

Introduction

A Ramularia-like anamorphic filamentous fungus was iso-
lated from rust sori on a leaf of plants in various cities in 
Taiwan province in China and sequence analysis of multiple 
gene loci identified this as a member of Ustilaginomycotina. 
Due to its isolated phylogenetic position a new genus Qua-
siramularia, a new family Quasiramulariaceae, and a new 
order Quasiramulariales was proposed (Kolařik et al. 2021).

History

Quasiramulariales was described in 2021 from materials iso-
lated from rust sori on plants in Taiwan province of China 
(Kolařik et al. 2021).

Characters that define the taxa in the order

Taken from Kolařik et al. (2021). Colonies whitish, subef-
fuse to powdery. Hyphae present, without clamp connec-
tions. Conidiophores emerging from rust sori and on agar 

plates, erect to decumbent, hyaline to subhyaline, smooth 
to finely verruculose, simple or with short branches. Con-
idiogenous cells are usually terminal, but also subterminal 
or lateral, with slightly thickened and slightly darkened 
conidiogenous loci. Conidia catenate, ellipsoid-ovoid to 
subcylindric-fusiform, hyaline to subhyaline, smooth to 
rough, with thickened, slightly darkened hila. Molecular 
phylogenies identified Quasiramulariales as a lineage in 
Ustilaginomycotina where it sits basal to Ustilaginales 
and Urocystidales (Kolařik et al. 2021).

Plates
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Genera included
Family Quasiramulariaceae R. Kirschner, M. Kolařík & 
M. Piepenbr. 2021

Quasiramularia I-Chin Wei & R. Kirschner 2021

Evolution

Within Ustilaginomycotina this order seems to have a basal 
position to Ustilaginales and Urocystidales (Kolařik et al. 
2021). It remains to be seen if a sexual state is present and, 
if so, how this does compare to those of other representatives 
of Ustilaginomycotina. Also, the fungicolous lifestyle needs 
further investigation as it has been suggested that Quasira-
mularia evolved from saprotrophic plant parasitic fungi into 
a colonizer of specific rust species (Kolařik et al. 2021). It 
is the first mycoparasitic representative to be discovered in 
Ustilaginomycotina. Another group of basidiomycetous rust 
parasites is Helicobasidiales (Pucciniomycotina), but other 
than the same host group there are no obvious similarities 
between these two mycoparasitic orders. Interestingly, ITS 
sequences of Quasiramularia have a very low GC content, 
but, likely, do not represent a psudogene (Kolařik et al. 
2021).

Justification of order and problems

Although only based on a single species this order seems 
justified by its phylogenetic position in Ustilaginomycotina 
(Kolařik et al. 2021). However, a whole genome analysis 
and a phylogenomic analysis will show more lights into the 
evolutionary trends of this and related fungi.

Significance

Ecological and economical roles

Only known from uredinia of Phakopsora ampelopsidis 
occurring on leaves of Ampelopsis brevipeduculata and 
Parthenocissus tricuspidata in cities in Taiwan province, 
China (Kolařik et al. 2021).

Chemical diversity

Not known, but the ITS sequences have a very low GC con-
tent (Kolařik et al. 2021).

Robbauerales Boekhout, Begerow, Q.M. Wang & F.Y. Bai 
2015

Contributed by: Martin Kemler, Cvetomir M. Denchev, 
Dominik Begerow, Teodor T. Denchev

Introduction

Robbauerales was erected to accommodate the species 
Robbauera albescens (Gokhale) Boekhout et  al. previ-
ously residing in the genus Tilletiopsis (Wang et al. 2015d). 
The order was erected purely on phylogenetic evidence, it 
is monotypic and only contains the family Robbaueraceae 
with the sole genus Robbauera. The single described species 
R. albescens is ecologically not well characterized and has 
been recovered from a plethora of habitats, including human 
urinary tracts (Liu et al. 2022d), sporocarps of other fungi 
(Sa’diyah et al. 2021), or the plant phyllosphere (Boekhout 
2011). A further species is assumed (Richter et al. 2019).

Currently, one family, one genus, and one species are 
included in this order.

Characters that define the taxa in the order

Robbauera albescens is only known in its yeast stage and is 
characterized by whitish or whitishcream to yellowish-cream 
colored yeast colonies (Boekhout 1991a). The yeast stage 
proliferates via budding. Sexual reproduction is unknown. 
Hyphal growth is known on artificial media. Septate, regu-
lar branching hyphae are formed, which can produce bal-
listocondidia (Boekhout 2011). Chlamydospores are formed 
intercalary or terminal. Although R. albescens grows on a 
wide range of carbon sources, it only does so in the pres-
ence of oxygen and fermentation is not known (Boekhout 
1991a, 2011).

Plates

For illustrations, see Boekhout (1991a, b: Fig. 48) and Boek-
hout (2011: Fig. 160.2 & Fig. 160.3).

Genera included
Family Robbaueraceae Boekhout, Begerow, Q.M. Wang 
& F.Y. Bai 2015

Robbauera Boekhout, Begerow, Q.M. Wang & F.Y. 
Bai 2015



310 Fungal Diversity (2024) 126:127–406

Evolution and justification of order

Robbauerales is only phylogenetically characterized and the 
species used to be part of the anamorphous genus Tilletiop-
sis. Together with the Golubeviales (nom. inval.), they may 
form a sister group to the rest of the Exobasidiomycetes 
(Richter et al. 2019). In other phylogenetic studies, Robbau-
erales is the sister lineage to a group containing Tilletiales, 
Golubeviales, and Microstromatales within Exobasidiomy-
cetes (McTaggart et al. 2020).

Economic importance

Despite Robbauera albescens seemingly occurring in many 
habitats (see e.g., Boekhout 2011; Liu et al. 2022d; Sa’diyah 
et al. 2021), nearly nothing is known about its ecology or its 
impact on economy. A lineage most likely closely related to 
R. albescens has been recovered from apple fruits, where 
it causes “white haze” (Boekhout et al. 2006; Richter et al. 
2019). This post-harvest disorder has some economic impact 
on apple fruit production.

Rosettozymales Q.M. Wang & F.Y. Bai 2020

Contributed by: Teun Boekhout

Introduction

Molecular phylogenetic studies made it possible to place 
both asexually and sexually reproducing yeasts in a phy-
logenetic context and translate this in a formal taxonomic 
classification. The order Rosettozymales is such an example 
(Li et al. 2020b).

History

In 2020, the genus Rosettozyma, family Rosettozymaceae, 
and order Rosettozymales was described in Microbotryo-
mycetes, Pucciniomycotina, to accommodate three newly 
described species (Li et al. 2020b).

Characters that define the taxa in the order

Rosettozymales is mainly characterized by its phyloge-
netic position in a multigene-based phylogeny in which 
it appeared as a sister lineage to Oberwinklerozyma and 
Phenoliferia species. No sexual state is known. Asexual 

reproduction is by polar budding, and the buds may form 
rosetta-like clusters (Li et al. 2020b).

Plates

See Figs. 5 and 16 in Li et al. (2020b).

Genera included
Family Rosettozymaceae Q.M. Wang & F.Y. Bai 2020

Rosettozyma Q.M. Wang & F.Y. Bai 2020

Evolution

No studies available.

Justification of order and problems

Rosettozymales was recently described based on molecu-
lar phylogenetic studies (Li et al. 2020b). Given the lim-
ited taxon sampling of that study, further studies are needed 
to explore the relationships within the order and between 
Rosettozymales and related taxa.

Significance

Ecological and economical roles

All known species were obtained from leaf surfaces (Li et al. 
2020b).

Chemical diversity

Unknown.

Russulales Kreisel ex P.M. Kirk, P.F. Cannon & J.C. David 
2001

Contributed by: Guo-Jie Li, Ricardo Valenzuela, Ruben De 
Lange, Bin Cao, Mao-Qiang He, Rui-Lin Zhao

Introduction

Russulales is a significant group within the Basidiomycota, 
consisting of a total of 4436 species, 98 genera, and 11 fami-
lies (He et al. 2019a, b). The concept of Russulales was 
initially proposed by Kreisel (1969) and later accepted and 
amended by Kirk et al. (2001). Members of the Russulales 
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exhibit diverse basidiome structures which can range from 
agaricoid to discoid, clavarioid, polyporoid, corticiod, and 
even gasteroid. Furthermore, hymenophore types among 
the Russulales encompass lamellate, hydnoid, poroid, laby-
rinthoid, grandinioid and a smooth configuration (Miller 
et al. 2006; Kirk et al. 2008). Many species within the Rus-
sulales share two key morphological features. Firstly, their 
spore walls exhibit an amyloid reaction combined with an 
ornamented outline (although there are a few exceptions 
that have non-amyloid or smooth walls). Secondly, many of 
these species possess gloeoplerous hyphae or gloeocystidia 
containing sesquiterpenes that can be stained by sulphuric 
benzaldehydes. However, it is worth noting that in some 
genera within this order, these elements may be absent or 
transformed into homologous structures like lactiferous 
hyphae (Larsson and Larsson 2003). In the past few decades, 
evidence supporting the monophyly of Russulales has been 
gathered through both morphological characteristics and 
DNA sequence phylogenetic analyses (Hibbett and Dono-
ghue 1995; Hibbett et al. 1997; Miller et al. 2001, 2006; 
Binder et al. 2005; He et al. 2019a). Members of Russulales 
exhibit a wide range of ecological strategies including sap-
rotrophic wood rotting, tree root and heartwood pathogens, 
ectomycorrhizal, and association with insects as entomog-
enous fungi (Hibbett et al. 2014).

History

Persoon (1794a) introduced the genera Hericium and 
Stereum, now recognized as members of Russulales. Later, 
Persoon (1796) also recognized the genera Russula and 
Lactarius. Fries (1821) included Russula and Lactarius 
as tribes, called Russula and Galorrheus respectively, 
in the genus Agaricus. Whereas, Gray (1821) classified, 
Hericium, Lactarius, Russula, and Stereum into their own 
respective genera within a group known as Hymenotheceae; 
additionally, he described two new genera Albatrellus and 
Auriscalpium in that same group. These classifications have 
persisted remarkably well until now with notable continuity. 
Karsten (1879) contributed to this classification by establish-
ing Gloiodon as a genus for three wood-inhabiting species 
with hydnoid hymenophores (Hydnum strigosum Sw.: Fr., 
H. hirtum Fr., and H. pudorinum Fr.), but narrowed it down 
in 1882 to only include G. strigosus (Sw.:Fr.) P.Karst. Until 
the mid- to late twentieth century, classification systems in 
the homobasidiomycetes were primarily based on Friesian 
concepts that emphasized the physical appearance of sporo-
phores. This meant that fungi with a similar sporophore type 
were considered to be more closely related. It was difficult to 
conceive that taxa with different sporophore morphologies 
could be grouped together (Miller et al. 2006). However, 
Donk (1971) was the first to suggest a possible relationship 

between the family Hericiaceae and other Basidiomycetes 
based on shared micromorphological features such as gloeo-
plerous hyphae and amyloid basidiospore ornamentations. 
These similarities may indicate the presence of an unrecog-
nized large order encompassing various sporophore types. 
Singer and Smith (1960) questioned the necessity of main-
taining a separation between agarics and gasteroid taxa in 
the Hymenogastrales. This aspect had already been ques-
tioned prior to the application of molecular phylogenetic 
methods in fungal taxonomy (Oberwinkler 1977; Pegler and 
Young 1979). In the past, differentiating between agaricoid 
and gasteroid basidiome forms was considered significant 
evidence for classifying higher categories within Basidi-
omycota (Hawksworth et al. 1995). Oberwinkler put forth 
Russulales as an example of a closely related group of fungi 
that encompassed all known types of sporocarps among 
homobasidiomycetes (Miller et al. 2006). The concept of 
Russulales was not accepted until the ninth edition of Dic-
tionary of Fungi (Kirk et al. 2001). This is because the initial 
publication (Kreisel 1969) was not conform to the rules out-
lined in the International Code for algae, fungi, and plants. 
However, support for recognizing a new russuloid lineage 
within Basidiomycota has been reinforced through molecu-
lar phylogenetic analyses (Hibbett and Donoghue 1995; Hib-
bett et al. 1997). Further clarification on the diversity of Rus-
sulales came from Hibbett and Thorn (2001). More recently, 
this classification has expanded with the proposal of a new 
member called Terrestriporiaceae based on the discovery of 
a new genus called Terrestriporia (Wu et al. 2020a). Larsson 
and Larsson (2003) have suggested that two major clades 
exist within Russulales: peniophorales and enrussuloid sub-
orders. However, subsequent analyses conducted by have 
failed to provide consistent support for this distinction (He 
et al. 2019a; Wu et al. 2020a).

Characters that define the taxa in the order

The morphology of the basidiome and hymenophore, 
together with habitat, are often regarded as important char-
acters for the taxonomy of the Russulales (Larsson and 
Larsson 2003; Miller et al. 2001, 2006). Resupinate basidi-
omes are common in Echinodontiaceae, Peniophoraceae, 
Stereaceae, Terrestriporiaceae and Xenasmataceae, and 
rarely present in Hericiaceae and Russulaceae. Pileate 
basidiomes are predominantly found in Albatrellaceae, 
Auriscalpiaceae, Bondarzewiaceae, Hericiaceae and Rus-
sulaceae. Gasteroid basidiomes are mainly present in 
Hybogasteraceae and Russulaceae, rarely in Albatrellaceae. 
Clavarioid basidiomes are present in Auriscalpiaceae, 
Bondarzewiaceae and Peniophoraceae. Effused-reflexed 
basidiomes are infrequently scattered in Auriscalpi-
aceae, Echinodontiaceae, Hericiaceae, Peniophoraceae 



312 Fungal Diversity (2024) 126:127–406

and Stereaceae (Miller et al. 2006; Kirk et al. 2008). The 
family Russulaceae was proposed legally and validly by 
Dutch botanist Johannes P. Lotsy. Only Lactarius, Rus-
sula, and Russulina (synonym of Russula) were included 
as members of the family at that time. Synonyms of this 
group are Asterosporaceae, Elasmomycetaceae, and Lac-
tariaceae (Pegler and Young 1979). Gasteroid Russulaceae 
members were once classified in Arcangeliella, Bucholtzia, 
Cystangium, Elasmomyces, Gymnomyces, Martellia, and 
Zelleromyces (Bucholtz 1901, 1903). Most of these taxa 
have been revised as Lactifluus, Lactarius, and Russula 
(Elliott and Trappe 2018).

Albatrellaceae Nuss is characterized by annual, resu-
pinate, pileate-stipitate or gasteroid basidiomes, poroid or 
locular (gasteroid fungi) hymenophore, monomitic hyphal 
system, with or without clamp connections, inamyloid or 
amyloid hyphae, smooth or appearing slightly rough, with a 
double wall separated by interwall pillar or aleveolate, hya-
line, inamyloid or amyloid basidisopores. Ectomycorrizal 
fungi.

Auriscalpiaceae Maas Geest. is characterized by annual, 
resupinate, effused-reflexed, pileate-sessile, pileate-stipitate 
to clavarioid basidiomes, hydnoid, poroid, labyrinthine to 
daedaleoid, meruloid and lamellate hymenophore. Mono-
mitic to dimitic hyphal system, generative hyphae with 
clamp-connections, inamyloid or amyloid, skeletal hyphae 
when present dextrinoid (Amylonotus), gloeoplerous hyphae 
and gloeocystidia present or absent, with asperulate, spi-
nulose, verrucose, hyaline to pigmented, amyloid basidi-
ospores. Wood decay or ectomycorrizal fungi.

Bondarzewiaceae Kotl. & Pouzar is characterized by 
annual to perennial, resupinate, effused-reflexed, pileate-
sessile, pileate-stipitate to clavarioid basidiomes, smooth, 
tuberculate, poroid, hydnoid hymenophore. Monomitic, 
pseudodimitic to dimitic hyphal system, generative hyphae 
with or without clamp-connections, inamyloid, skeletal 
hyphae inamyloid or dextrinoid (Amylosporus), gloeopler-
ous hyphae and gloeocystidia present or absent, with aspe-
rulate, spinulose, verrucose, echinulate, ridges or crests, 
hyaline to pigmented, amyloid basidiospores. Wood decay 
fungi.

Echinodontiaceae Donk is characterized by annual to 
perennial, resupinate, effused-reflexed to pileate-sessile 
basidiomes, smooth, poroid to hydnoid hymenophore. 
Monomitic, pseudodimitic to dimitic hyphal system, gen-
erative hyphae with or without clamp-connections, inamy-
loid, skeletal hyphae inamyloid or dextrinoid (Larssoni-
poria), gloeocystidia present or incrusted cystidia absent 
or present, with smooth, asperulate, spinulose, verrucose, 
hyaline to pigmented, amyloid basidiospores. Wood decay 
fungi.

Hericiaceae Donk is characterized by annual, resupinate, 
effused-reflexed, pileate-sessile to flabelliform basidiomes, 
smooth, poroid to hydnoid hymenophore. Monomitic or 
dimitic hyphal system, generative hyphae with clamp-con-
nections, inamyloid or amyloid, skeletal hyphae inamyloid 
or dextrinoid (Pseudowrightoporia, Wrightoporiopsis), 
gloeoplerous hyphae and gloeocystidia present or abscent, 
with asperulate, spinulose or echinulate, hyaline, amyloid 
basidiospores. Wood decay fungi.

Hybogasteraceae Jülich is characterized by gasteroid 
epigeus basidiomes, tuberiform, lobulate-gibbous, more 
or less irregularly umbilicate above, almost cerebriform, at 
base constricted into a stipe-like extension where the colu-
mella originates. Dimitic? hyphal system (Singer 1964 said 
“hyphal walls inamyloid, clamp connections not seen, but 
septa rare and difficult to observe”), gloeoplerous hyphae 
present (Singer 1964 called “laticifers”), echinulate, amyloid 
basidiospores. Wood decay fungi.

Peniophoraceae Lotsy is characterized by annual, resu-
pinate, orbicular, discoid, effused-reflexed, to clavarioid 
basidiomes, smooth, grandinioid, tuberculate or raduloid 
hymenophore. Monomitic to dimitic hyphal system, genera-
tive hyphae with or without clamp-connections, inamyloid 
or dextrinoid skeletal hyphae or dichohyphae when present 
dextrinoid (Baltazaria) or inamyloid binding hyphae as 
‘bovista-type” (Licrostroma), dextrinoid asterosetae (Aster-
ostroma), gloeoplerous hyphae and gloeocystidia present 
or absent, lamprocystidia present or absent with smooth, 
asperulate, spinulose, verrucose, hyaline to pigmented, ina-
myloid (Dendrophora, Entomocorticium, Licrostroma, Peni-
ophora, Sceptrulum, Vararia) or with amyloid suprahilar 
plage (some species of Vararia) or amyloid basidiospores. 
Wood decay fungi. Leal-Dutra et al. (2018) demsotrated the 
inclusión of Parapterulicium and Baltazaria in the family 
Peniophoraceae based on morphological and molecular 
characters.

Russulaceae Lotsy is characterized by annual, resu-
pinate, corticioid, pleurotoid, canthareloid (Multifurca), 
agaricoid, gasteroid (secuestrate) and some with veiled 
basidiomes, with or without milk, smooth, lamellate, 
regularly forked and globular or irregular hymenophore, 
Monomitic to dimitic hyphal system, generative hyphae 
with or without clamp-connections, heteromerous trama in 
context, lamellae and stipe with sphaerocysts and hyphae 
mixed (Lactarius, Russula and some secuestrate fungi), 
gloeoplerous hyphae and gloeocystidia present or absent, 
lamprocystidia present or absent, pseudocystidia and mac-
rocuystidia present or absent, with asperulate, spinulose, 
verrucose, echinulate, ridges or crests,subreticulate to 
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Fig. 50  Selected basidiome 
types of Russuales. a Rus-
sula formula (ZRL20220518, 
Xizang Autonomous Region, 
China); b Peniophora albobadia 
(RV 21832, San Luis Potosi, 
Mexico); c Albatrellopsis 
ellisii (RV 12781, Durango 
State, Mexico); d Aleurodiscus 
amorphous (RV 17163, Hidalgo 
State, Mexico); e Artomyces 
pyxidatus (RV 15093, Oaxaca 
State, Mexico); f Auriscalpium 
sp. (ZRL20221251, Hubei prov-
ince, China); g Bondarzewia 
mesofila (RV 13824, Hidalgo 
State, Mexico); h Hericium 
erinaceus (RV 12609, Sonora 
State, Mexico); i Lactarius 
deliciosus (ZRL20238102, 
Chongqing municipality, 
China); j Scutiger pes-capre 
(RV 12720, Durango State, 
Mexico); k Stereum ostrea (RV 
11526, Hidalgo State, Mexico); 
l Stereum sanguinolentum (RV 
12805, Durango State, Mexico)

reticulate, amyloid basidiospores. Wood decay or ecto-
mycorrizal fungi.

Stereaceae Pilat is characterized by annual, resupinate, 
discoid, cupulate, stereoid, auricularioid (gelatinous to 
fleshy, Gloeosoma) pulvinate, disciform, effused-reflexed, 
pileate-sessile to flabelliform basidiomes, smooth, rugose 
to tubrculate hymenophore. Monomitic to dimitic hyphal 
system, generative hyphae with or without clamp-con-
nections, amyloid (Amylohyphus) or inamyloid; skeletal 
hyphae occasionally branched, nonamyloid, nondextrinoid 
or binding hyphae distributed in the subiculum (Gloeo-
myces); gloeoplerous hyphae and gloeocystidia present or 
absent, pseudocystidia present or absent, Skeletocystidia 
present or not, amyloid (Amylohyphus), dextrinoid (Dex-
trinocystidium) or not, acanthophyses present or absent, 
acanthobasidia present or absent, botryophyses with tips 
amiloid present in Aleurobotrys; with smooth, asperu-
late, spinulose, verrucose, echinulate, aculeate, ridges or 
crests,subreticulate to reticulate, inamyloid (Amylohyphus) 
or amyloid basidiospores.

Terrestriporiaceae Y.C. Dai, B.K. Cui, F. Wu, Y. Yuan 
& Jia J. Chen is characterized by annual, resupinate basidi-
oma, poroid hymenophore, monomitic hyphal system, 
generative hyphae mostly simple septate, but occasionally 
having clamp connections, gloeoplerous hyphae present, 
with hyaline, thin-walled, smooth, amyloid basidiospores.

Xenasmataceae Oberw. is characterized by annual, resu-
pinate, ceraceous to geletinous basidioma, smooth hymeno-
phore, monomitic hyphal systems, generative hyphae with 
clamp connections; cystidia present or abscent, gloeoplerous 
hyphae and gloeocystidia not observed; basidia pleural usu-
ally with 4 sterigmata and a basal clamp connection, with 
warted, striate to angular (tetrahedral), hyaline, inamilod to 
weakly dextrinoid basidiospores.

Plates
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Genera included
Family Albatrellaceae Nuss 1980

Albatrellopsis Teixeira 1993
Albatrellus Gray 1821
 = Ovinus (Lloyd) Torrend 1920
Byssoporia M.J. Larsen & Zak 1978
Leucogaster R. Hesse 1882
Leucophleps Harkn. 1899
 = Cremeogaster Mattir. 1924
Mycolevis A.H. Sm. 1965
Polyporoletus Snell 1936
Scutiger Paulet 1808

Family Auriscalpiaceae Maas Geest. 1963
Amylonotus Ryvarden 1975
Artomyces Jülich 1982
Auriscalpium Gray 1821
 = Pleurodon Quél. ex P. Karst. 1881
Dentipratulum Domański 1965
Lentinellus P. Karst. 1879
 = Hemicybe P. Karst. 1879
Stalpersia Parmasto 2001

Family Bondarzewiaceae Kotl. & Pouzar 1957
 = Hybogasteraceae Jülich 1982

Amylaria Corner 1955
Amylosporus Ryvarden 1973
 = Rigidoporopsis I. Johans. & Ryvarden 1979
Bondarzewia Singer 1940
 = Hybogaster Singer 1964
Gloiodon P. Karst. 1879
 = Leaia Banker 1906
 = Sclerodon P. Karst. 1889
Heterobasidion Bref. 1888
 = Spiniger Stalpers 1974
Laurilia Pouzar 1959
Lauriliella Nakasone & S.H. He 2017
Stecchericium D.A. Reid 1963
Wrightoporia Pouzar 1966

Family Echinodontiaceae Donk 1961
= Amylostereaceae Boidin et al. 1998

Amylostereum Boidin 1958
 = Lloydellopsis Pouzar 1959
 = Trichocarpus P. Karst. 1889
Echinodontiellum S.H. He & Nakasone 2017
Echinodontium Ellis & Everh. 1900
 = Hydnofomes Henn. 1900
 = Hydnophysa Clem. 1909
Larssoniporia Y.C. Dai, Jia J. Chen & B.K. Cui 2015

Family Hericiaceae Donk 1964
Dentipellicula Y.C. Dai & L.W. Zhou 2013
Dentipellis Donk 1962

 = Amylodontia Nikol. 1967
Hericium Pers. 1794
 = Creolophus P. Karst. 1879
 = Friesites P. Karst. 1879
 = Hericium Schrank 1786
 = Hericius Juss. 1789
 = Martella Endl. 1836
 = Medusina Chevall. 1826
Laxitextum Lentz 1956
Pseudowrightoporia Y.C. Dai, Jia J. Chen & B.K. Cui 
2015
Wrightoporiopsis Y.C. Dai, Jia J. Chen & B.K. Cui 2015

Family Peniophoraceae Lotsy 1907
 = Lachnocladiaceae D.A. Reid 1965
Amylofungus Sheng H. Wu 1996
Asterostroma Massee 1889
Baltazaria Leal-Dutra, Dentinger & G.W. Grif 2018
Dendrophora (Parmasto) Chamuris 1987
Dichostereum Pilát 1926
Duportella Pat. 1915
Entomocorticium H.S. Whitney, Bandoni & Oberw. 
1987
Gloiothele Bres. 1920
Lachnocladium Lév. 1846
 = Eriocladus Lév. 1846
 = Stelligera R. Heim 1938
 = Stelligera R. Heim ex Doty 1948
Licrostroma P.A. Lemke 1964
 = Michenera Berk. & M.A. Curtis 1868
Metulodontia Parmasto 1968
Parapterulicium Corner 1952
Peniophora Cooke 1879
 = Cryptochaete P. Karst. 1889
 = Gloeopeniophora Höhn. & Litsch. 1907
 = Sterellum P. Karst. 1889
Sceptrulum K.H. Larss. 2014
Scytinostroma Donk 1956
Vararia P. Karst. 1898
 = Asterostromella Höhn. & Litsch. 1907
 = Denrophysellum Parmasto 1968
Vesiculomyces E. Hagstr. 1977

Family Russulaceae Lotsy 1907
Boidinia Stalpers & Hjortstam 1982
Gloeopeniophorella Rick 1934
Lactarius Pers. 1797
 = Arcangeliella Cavara 1900
 = Galorrheus (Fr.) Fr. 1825
 = Gastrolactarius R. Heim 1971
 = Gastrolactarius R. Heim ex J.M. Vidal 2005
 = Gloeocybe Earle 1909
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 = Lactariella J. Schröt. 1889
 = Zelleromyces Singer & A.H. Sm. 1960
Lactifluus (Pers.) Roussel 1806
 = Lactariopsis Henn. 1901
 = Pleurogala Redhead & Norvell 1993
Multifurca Buyck & V. Hofst. 2008
Pseudoxenasma K.H. Larss. & Hjortstam 1976
Russula Pers. 1796
 = Bucholtzia Lohwag 1924
 = Cystangium Singer & A.H. Sm. 1960
 = Dixophyllum Earle 1909
 = Elasmomyces Cavara 1897
 = Gymnomyces Massee & Rodway 1898
 = Lactarelis Earle 1909
 = Macowanites Kalchbr. 1882
 = Martellia Mattir. 1900
 = Omphalomyces Battarra ex Earle 1909
 = Phaeohygrocybe Henn. 1901
 = Russulina J. Schröt. 1889

Family Stereaceae Pilát 1930
Acanthobasidium Oberw. 1965
Acanthofungus Sheng H. Wu, Boidin & C.Y. Chien 
2000
Acanthophysellum Parmasto 1967
Acanthophysium (Pilát) G. Cunn. 1963
Aleurobotrys Boidin 1986
Aleurodiscus Rabenh. ex J. Schröt. 1888
 = Aleurodiscus Rabenh. 1874
 = Aleurodiscus Cooke 1885
Aleuromyces Boidin & Gilles 2002
Amylohyphus Ryvarden 1978
Amylosporomyces S.S. Rattan 1977
Conferticium Hallenb. 1980
Coniophorafomes Rick 1934
Dextrinocystidium Sheng H. Wu 1996
Gloeocystidiellum Donk 1931
Gloeocystidiopsis Jülich 1982
Gloeomyces Sheng H. Wu 1996
Gloeosoma Bres. 1920
Megalocystidium Jülich 1978
Neoaleurodiscus Sheng H. Wu 2010
Scotoderma Jülich 1974
Stereodiscus Rajchenb. & Pildain 2021
Stereum Hill ex Pers. 1794
 = Haematostereum Pouzar 1959
Xylobolus P. Karst. 1881

Family Terrestriporiaceae Y.C. Dai, B.K. Cui, F. Wu, Y. 
Yuan & Jia J. Chen 2020

Terrestriporia Y.C. Dai, B.K. Cui, F. Wu, Y. Yuan & 
Jia J. Chen 2020

Family Xenasmataceae Oberw. 1966
Xenasma Donk 1957
Xenosperma Oberw. 1965

genera incertae sedis
Aleurocystidiellum P.A. Lemke 1964
Dentipellopsis Y.C. Dai & L.W. Zhou 2013
Dichantharellus Corner 1966
Dichopleuropus D.A. Reid 1965
Gloeoasterostroma Rick 1938
Gloeodontia Boidin 1966
Gloeohypochnicium (Parmasto) Hjortstam 1987
Haloaleurodiscus N. Maek., Suhara & K. Kinjo 2005
Laeticutis Audet 2010
Neoalbatrellus Audet 2010
Perplexostereum Ryvarden & S. Tutka 2014
Polypus Audet 2010
Scopulodontia Hjortstam 1998
Scytinostromella Parmasto 1968
 = Confertobasidium Jülich 1972
Xeroceps Audet 2010

Evolution

In the Basidiomycota, there has been a clear evolutionary 
trend in the development of different types of basidiomes. 
This evolution is marked by a shift from simple crust-like 
and resupinate forms to more complex morphologies (Hib-
bett and Binder 2002; Hibbett 2004; Binder et al. 2005). The 
ancestral resupinate types have given rise to a wide range 
of morphological variations in basidiomes. These include 
clavarioid forms, characterized by club-shaped structures; 
agaricoid or pileate-stipitate forms with distinctive caps and 
stalks; polyporoid or bracket fungi that grow horizontally 
on substrates; gasteroid or puffball-like species that release 
spores internally through rupturing; as well as reduced cup-
shaped cyphelloid taxa among others. This diversification 
demonstrates how distinct adaptations within the Basidiomy-
cota lineage have led to an array of basidiomes morpholo-
gies (Nagy et al. 2017). In the Russulales, the ancestral traits 
in general basidiomes type and hymenophoral configura-
tion are the resupinate habit and smooth hymenophore. The 
ancestral resupinate habit can be found in 10 families within 
Russulales, with only Hybogasteraceae exhibiting a gaster-
oid habit. Two families exclusively possess the resupinate 
habit, while eight families have evolved into more complex 
morphologies ranging from resupinate to pileate-stipitate 
forms. As for hymenophoral configuration, seven families 
retain the ancestral smooth hymenophore, which is not pre-
sent in Albatrellaceae, Auriscalpiaceae, Hybogasteraceae 
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and Terrestriporiaceae. Xenasmataceae is the only family in 
which only the smooth hymenophore configuration can be 
found. The major diversification of the hymenophoral con-
figuration occurred in Auriscalpiaceae, Bondarzewiaceae, 
and Russulaceae. Furthermore, the resupinate habit gave rise 
to clavarioid habits, while on the other hand, the resupinate 
habit led to various morphological forms such as discoid, 
cupulate, orbicular, stereoid, auricularioid, pulvinate, dis-
ciform, effused-reflexed, pileate-sessile to flabelliform and 
gasteroid basidiomes with smooth, to grandinioid, rugose, 
tuberculate, raduloid, poroid or hydnoid hymenophore. The 
clavariod habit also led to agaricoid and gasteroid basidi-
omes with lamellar, regularly forked and globular or irregular 
hymenophores.

Molecular analyses have elucidated the evolutionary rela-
tionships (Larsson and Larsson 2003; Miller et al. 2006; He 
et al. 2019a; Wu et al. 2020a). The findings demonstrate sig-
nificant morphological changes occurring at both the family 
and genus levels. Previous investigations utilizing only a 
single or few gene loci yielded inconclusive results regard-
ing the phylogenetic relationship (Larsson and Larsson 
2003; Miller et al. 2006). However, more recent multi-locus 
analyses have provided more definitive insights into the evo-
lutionary relationships (He et al. 2019a; Wu et al. 2020a). 
The occurrence of gasteroid basidiomes in the Russulaceae 
family has been documented in various regions around the 
world, including Australia, China (Li et al. 2013b, 2018; 
Xu et al. 2019b), Spain (Martín et al. 1999; Calonge and 
Martín 2000), Patagonia, Southeast Asia (Verbeken et al. 
2014) and USA (Zeller and Dodge 1919; Singer and Smith 
1960). The development of gasteroid structures, often as 
hypogeous basidiomes, is believed to be an adaptation to 
dry climates (Miller and Miller 1988; Hibbett et al. 1997; 
Verbeken et al. 2014). Highly supported lineages of Lacti-
fluus, Lactarius, and Russula often exhibit a combination 
of agaricoid and gasteroid species (Lebel and Tonkin 2007; 
Wilson et al. 2011). This challenges the idea that gaster-
oid genera within Russulaceae are distinct and independent 
from each other. The presence of scattered gasteroid species 
indicates that this transition to gasteroid forms has occurred 
multiple times in evolutionary history. Furthermore, there 
are notable similarities between closely related agaricoid 
and gasteroid species in their ITS regions (Li et al. 2013b, 
2018), suggesting recent evolutions from agaricoid to gas-
teroid basidiome forms.

Justification of order and problems

Bondarzewiaceae vs. Hybogasteraceae

Hybogaster displays similar characteristics to the genus 
Bondarzewia, such as its overall appearance, structure, 

colors, spore characters, hyphal structure, as well as its hab-
itat. However, it is uncertain whether this similarity indi-
cates true affinity or convergence of traits. This distinction 
holds significant importance for making phylogenetic and 
systematic conclusions. Singer (1964) refrains from provid-
ing an opinion on this matter until additional data regarding 
the cultural characters and individual development of both 
Hybogaster and the Bondarzewiaceae become available. 
In a more recent study Palfner et al. (2020) propose that 
Hybogaster giganteus Singer should be considered synony-
mous with Bondarzewia guaitecasensis fa. gigantea Palfner, 
Galleguillos & E. Horak.

Russulaceae

Classification of Russulaceae within Russulales has not 
been fully elucidated due to its examination alongside other 
agaricoid species in the Agaricales order. Previous studies 
suggest that the amyloid spore ornamentations indicate a 
close relationship between this group and certain resupinate 
and effused-reflexed taxa (Donk 1971; Oberwinkler 1977; 
Pegler and Young 1979). Molecular analyses have provided 
evidence that several agaricoid, gasteroid, and corticioid 
species cluster together as a well-supported lineage and 
revealed an independent branch consisting of polymorphic 
Russulaceae species (Hibbett and Thorn 2001; Larsson and 
Larsson 2003). Further investigations into the phylogeny of 
Russulaceae were conducted following proposals for new 
genera such as Lactifluus and Multifurca in recent years. The 
genera Boidinia, Gloeopeniophorella, and Pseudoxenasma 
are characterized by corticioid (Hjortstam and Larsson 1976; 
Maekawa 1994; Larsson and Larsson 2003; Hjortstam and 
Ryvarden 2007b). On the other hand, Lactifluus, Lactar-
ius, Multifurca and Russula exhibit agaricoid and gaster-
oid basidiomes. A common feature among these genera is 
the presence of sphaerocytes in their context. Historically, 
distinguishing between Lactarius species from Russula was 
based on the presence or absence of latex-exuding hyphae 
(Wang 2008, 2020; Li and Wen 2009; Li et al. 2015). How-
ever, the introduction of Multifurca blurred the boundaries 
between these two genera (Buyck et al. 2008). The type 
genus of the Russulaceae is Russula, with ca 1100 known 
species also the largest genus of the family (www. index 
fungo rum. org).

Significance

Ecological and economical roles

Ecological functions performed by members of Russulales 
include mycorrhizal symbiosis and wood decay. The pre-
dominant form of mycorrhizal symbiosis is ectomycorrhizal, 

http://www.indexfungorum.org
http://www.indexfungorum.org
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with a large number of species from the Albatrellaceae and 
Russulaceae families forming mutualistic ectomycorrhizas 
with trees and shrubs (Miller et al. 2006; Wang 2008; Looney 
et al. 2016). Within the Russulaceae family, the most com-
mon genera involved in ectomycorrhizal symbiosis are Lac-
tifluus, Lactarius, and Russula. This group is often referred 
to as the “russula-lactarius clade” (Tedersoo and Nara 2010). 
These well-known mycorrhizal associations occur between 
various plant families including Pinaceae (gymnosperms) 
and Betulaceae, Cyperaceae, Fagaceae, Nyctaginaceae, 
Polygonaceae, Rosaceae and Salicaceae (angiosperms) 
(Haug et al. 2005; Tedersoo et al. 2009, Tedersoo and Põlme 
2012; Bâ et al. 2011; Li et al. 2015; Looney et al. 2016). Fur-
thermore, the symbiotic association known as monotropoid 
mycorrhiza can be observed between certain members of the 
Russulaceae family and plants belonging to the Ericaceae 
subfamily Monotropoideae (Richard et al. 2005; Mühlmann 
and Göbl 2006; Smith and Read 2008). Another type of 
symbiosis exhibited by Russulaceae is orchid mycorrhiza. 
Orchids display different nutritional strategies, such as myco-
heterotrophy or mixotrophy, which determine whether their 
relationship with Russulaceae is mutualistic or epiparasitic 
(Taylor et al. 2004; Girlanda et al. 2005; Roy et al. 2009). 
The diverse habitats occupied by Russlaceae correspond to 
a wide range of mycorrhizal plant species found in arctic 
and alpine tundra, boreal and Alpine forests, temperate for-
ests, and tropical rainforests (Gardes and Dahlberg 1996; Li 
et al. 2020c, 2021a; Wang 2008; Wang et al. 2009). Wood-
decaying behavior is frequently observed in resupinate taxa 
of Russulales (Larsson and Larsson 2003). By engaging in 
mycorrhizal symbioses and the process of wood decay, Rus-
sulales plays important role in nutrient cycling and decom-
position within forest ecosystems.

Heterobasidion abietinum, H. annosum and H. parviporum 
have been recognized in Europe and H. irregulare and H. occi-
dentale were described from North America and all are aggres-
sive pathogens of managed coniferous forests (Yuan et al. 
2021). Echinodontium tinctorium and E. tsugicola (P. Henn. 
& Shirai) Imaz. cause white heartrot of living Pinaceae in USA 
and Japan, respectively (Gilbertson and Ryvarden 1986).

Russulales is known for its rich abundance of wild edible 
mushrooms, particularly those belonging to the Russulaceae 
family. Numerous species of Lactarius, Lactifluus, and Rus-
sula are well-regarded as edible mushrooms in various regions 
across the globe. Examples include the Lactarius deliciosus 
complex, Russula griseocarnosa complex and Russula cf. 
virescens in China (Wang et al. 2009; Li et al. 2010; Deng 
et al. 2020; Wang 2020), Russula vesca in Europe, and Lac-
tifluus edulis in tropical Africa (https:// www2. muse. it/ russu 
lales- news). One of the other genera within Russulales that 
contain well-known edible fungi is Hericium. Two species 
in particular, H. erinaceus (commonly known as “monkey-
head”, “tree hedgehog”, or “lion’s mane”) and H. coralloides 

(coral tooth fungus), are widely cultivated and consumed in 
China and North America (Dai and Yang 2008; Feng et al. 
2023). Additionally, there are members of the family Albatrel-
laceae such as Albatrellopsis confluens, A. ellisii, Polyporus 
dispansus, and Xeroceps yunnanensis that are also consumed 
as edible fungi in China, North America, and Mexico (Gilbe-
trson and Ryvarden 1986; Zheng and Liu 2008; Díaz-Moreno 
et al. 2005). Albatrellus subrubescens was also found to be 
sold at a market located in Veracruz state, Mexico where it is 
considered an edible mushroom.

Chemical diversity

Some members of Russulaceae exhibit an acrid taste due to 
the presence of sesquiterpenes (Kobata et al. 1995; Vidari and 
Vita-Finzi 1995; Wang et al. 2005). Ingesting basidiomes mis-
takenly can lead to various gastrointestinal symptoms caused 
by a complex mixture of natural compounds. A notable spe-
cies within this family, Russula subnigricans, is known for 
its lethal consequences as it can induce rhabdomyolysis. This 
is attributed to the presence of russuphelin A and cycloprop-
2-ene carboxylic acid in the fungus (Takahashi et al. 1992; 
Matsuura et  al. 2009b). Chemical analyses of members 
belonging to the Russulaceae family also focus on studying 
aroma and pigment compounds. The pleasant fragrance emit-
ted by basidiomes of some Russulaceae can be attributed to 
sotolon and quabalactone III (Rapior et al. 2000; Wood et al. 
2012). The vivid reddish, yellowish, and bluish tinges found 
on the surface of the pileus correspond to pteridine, sesquit-
erpenes, and methyl stearate (Harmon et al. 1979; Fröde et al. 
1995). Hericium erinaceus is highly valued for its edible and 
medicinal properties due to various bioactive components it 
possesses such as terpenoids, phenolics, fatty acids, steroids, 
and alkaloids. These constituents contribute towards activities 
like anti-tumor effects, influence over immune-modulation 
responses, antihyperglycemic activity, antihypercholester-
olemic impacts, neuroprotective roles alongside antimicrobial 
activity, and antioxidant and anti-ageing activities (Wang et al. 
2015c; Thongbai et al. 2015).

Other relevant data and future 
recommendations

Numerous taxa belonging to Russulales exhibit an ectomyc-
orrhizal lifestyle, resulting in their distribution being closely 
tied to specific biogeographic regions (Wang 2008; Li 2014; 
Li et al. 2015; Looney et al. 2016; Buyck et al. 2018). The 
genera Lactarius, Lactifluus, and Russula exemplify this 
relationship as they form obligatory symbiotic associations 
with plants; thus, indicating the significance of associated 
tree species for the accurate identification and taxonomy 
of these fungal groups. Neglecting the consideration of 

https://www2.muse.it/russulales-news
https://www2.muse.it/russulales-news
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biogeography may lead to misidentification errors within 
this taxonomic group (Teng 1963; Tai 1979; Li 2014). It 
should be noted that certain closely related species may 
showcase morphological similarities despite occupying dif-
ferent forest forms or habitat factors such as altitude and 
climate zone (Wang 2008, 2020; Li et al. 2023a).

Sakaguchiales R.L. Zhao & K.D. Hyde 2017

Contributed by: Teun Boekhout

Introduction

Sakaguchiales, a monotypic order, was recently proposed 
based on estimated time of divergence (Zhao et al. 2017).

History

Sakaguchia dacryoidea was originally described in the 
genus Rhodosporidium (Fell et al. 1973). However, early 
molecular phylogenetic analysis showed that the species 
did not belong to Rhodosporidium, but rather to a sep-
arate genus (Yamada et al. 1994). This was confirmed 
by more recent phylogenetic studies that placed Saka-
guchia in Cystobasidiomycetes (Fell et al. 2000; Scor-
zetti et al. 2002; Bauer et al. 2006; Wang et al. 2015a, 
b). Bauer et al. (2006) did not place Sakaguchia in any 
order of Cystobasidiomycetes, but Zhao et al. (2017) cre-
ated Sakaguchiales based on time of divergence within 
Cystobasidiomycetes.

Characters that define the taxa in the order

Asexual reproduction by budding. Pseudohyphae or true 
hyphae may be present. Ballistoconidia are not produced. 
Heterothallic or self-sporulating. Conjugation results in 
true, binucleate hyphae with clamp connections. Teliospores 
occur laterally or terminally on hyphae, germinating with 
transversely septate, two- to four-celled basidia on which lat-
erally and terminally basidiospores are formed. Presence of 
Coenzyme Q-10. Xylose absent in cell walls. Main distinc-
tion is the clustering in rDNA-based phylogenies in which 
Sakaguchia emerged as a distinct branch (Fell et al. 2000; 
Bauer et al. 2006; Zhao et al. 2017).

Plates (make sure characters of order are shown).
See Fig. 128.2 (Fell 2011)

Genera included
Family Sakaguchiaceae Q.M. Wang, F.Y. Bai, M. Groe-
new. & Boekhout 2015

Sakaguchia Y. Yamada, K. Maeda & Mikata 1994

Evolution

The monotypic character makes it impossible to infer evo-
lutionary relationships within the order. A multigene phy-
logenetic analysis added a number of sexual yeast morphs 
to the genus that now has five species (Wang et al. 2015b). 
Zhao et al. (2017) estimated the time of origin 122 million 
years ago.

Justification of order and problems

As all molecular phylogenetic studies have demonstrated 
the isolated position of Sakaguchia among Cystobasidi-
omycetes, the order seems justified. Adding more taxa is 
needed to fully understand the biological and evolutionary 
potential of the order.

Significance

Ecological and economical roles

Members of Sakaguchiales are widespread in marine waters, 
including those of Antarctica and deep trenches, but also in 
glacial meltwater, and the phylloplane (Fell 2011).

Sebacinales M. Weiss, Selosse, Rexer, A. Urb. & Oberw. 2004

Contributed by: Leho Tedersoo

Introduction

Sebacinales is a recently described but well-delimited order 
among the early-diverging Agaricomycetes (Weiss and Ober-
winkler 2001; Oberwinkler et al. 2014). It has a few tens of 
described species, but eDNA analyses suggest the presence 
of thousands of species associated with plant roots in endo-
phytic and ectomycorrhizal interactions (Weiss et al. 2016).

History

The first species belonging to Sebacinales were initially 
described as Corticium incrustans and Tremella epigaea that 
were later transferred to the newly erected genus Sebacina. 
Sebacina vermifera with nematode-like spores was trans-
ferred to a separate genus Serendipita (reviewed in Oberwin-
kler et al. 2013a). Based on the criterion of monophyly, the 
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Fig. 51  Microscopic characters 
of Sebacina incrustans. a, c 
hymenia with basidia in differ-
ent developmental stages and 
dikaryophyses; b basidiospores, 
three germinating with second-
ary spores; d, e thick-walled 
subhymenial hyphae. Scale 
bars = 20 μm. Redraw from 
Oberwinkler et al. (2014) by 
Mao-Qiang He

anamorph genus Piriformospora was merged to Serendipita 
(Weiss et al. 2016). Based on micro- and macromorphologi-
cal characters consistent with phylogeny and ecology, the 
genus Sebacina was divided into several genera (Oberwinkler 
et al. 2014).

Sebacinales is one of the earliest diverging groups of 
Agaricomycetes that was separated from Auriculariales 
based on molecular analysis (Weiss and Oberwinkler 2001; 
Weiss et al. 2004a, b). It remains a strongly supported, 
monophyletic group in single- and multi-gene phylogenetic 
analyses. Additionally, its two families, Serendipitaceae and 
Sebacinaceae, are well-supported (Weiss et al. 2016).

Characters that define the taxa in the order

Species of Sebacinales share multiple cellular features with 
other early-diverging Agaricomycetes. As in Cantharel-
lales, parenthesomes of Sebacinales are continuous and 

imperforate (Oberwinkler et al. 2013a). However, their lon-
gitudinally septate meiosporangia (phragmobasidia) rather 
resemble the features of Auriculariales.

Representatives of all genera of Sebacinaceae (except 
Paulisebacina) form fruitbodies, whereas Serendipita form 
no fruit-bodies and sexual structures are rare (Oberwinkler 
et al. 2013a, 2014). Species of Serendipita and Pirifor-
mospora were initially described based on the teleomorph 
(Warcup and Talbot 1967), presence and morphology of 
chlamydospores (Verma et al. 1998) and monilioid cells 
(Riess et al. 2014). Genera and species of Sebacinaceae have 
been described based on fruit-body micromorphology, the 
presence of dikaryophyses and cystidia (Oberwinkler et al. 
2014).

Plates
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Genera included
Order Sebacinales M. Weiss, Selosse, Rexer, A. Urb. & 

Oberw. 2004
Family Sebacinaceae K. Wells & Oberw. 1982

Chaetospermum Sacc. 1892
Ditangium P. Karst. 1867
 = Craterocolla Bref. 1888
 = Poroidea Göttinger ex G. Winter 1885
Efibulobasidium K. Wells 1975
Globulisebacina Oberw., Garnica & K. Riess 2014
Helvellosebacina Oberw., Garnica & K. Riess 2014
Paulisebacina Oberw., Garnica & K. Riess 2014
Sebacina Tul. & C. Tul. 1871
 = Atkinsonia Lloyd 1916
 = Collodendrum Clem. 1909
 = Corticioides Lloyd 1908
 = Cristella Pat. 1887
 = Opadorhiza T.F. Andersen & R.T. Moore 1996
 = Soppittiella Massee 1892
 = Tremellodendron G.F. Atk. 1902
Tremelloscypha D.A. Reid 1979
 = Tremellostereum Ryvarden 1986

Family Serendipitaceae M. Weiss, Waller, A. Zuccaro & 
Selosse 2016

Serendipita P. Roberts 1993
 = Piriformospora Sav. Verma, Aj. Varma, Rexer, G. 
Kost & P. Franken 1998

Evolution

Based on molecular dating, Sebacinales evolved between 
230 and 250 Myr (Tedersoo et al. 2014b; Garnica et al. 
2016), with a present estimate of 290 Myr. The split between 
the Sebacinaceae and Serendipitaceae families dates back 
to roughly 145 Myr (Tedersoo et al. 2014b) or 105 Myr 
(Garnica et al. 2016). The common ancestor of Sebacinales 
probably had no fruitbody and saprophytic lifestyle. Early 
in their evolution, the endophytic lifestyle in plant roots 
became prominent in Sebacinales, given the broad phyloge-
netic distribution of these ecological features at present. In 
the Sebacinaceae family, ectomycorrhizal lifestyle evolved 
once between 45 Myr (Tedersoo et al. 2014b) and 65 Myr 
(Garnica et al. 2016), covering the currently circumscribed 
genera Sebacina, Helvellosebacina and Tremelloscypha. In 
this ectomycorrhizal group, certain species produce large 
gelatinous, thelephoroid or ramarioid fruit-bodies (Riess 
et  al. 2013). Ectomycorrhizal habit also seems to have 
evolved at least twice in the genus Serendipita (Tedersoo 
and Smith 2013), but probably within 20 Myr (Garnica et al. 
2016). In a broader group of Serendipita, multiple species 

also establish ericoid mycorrhizal symbiosis with species 
of Ericaceae (Selosse et al. 2007) and colonize thalli of 
liverworts (Kottke et al. 2003). Along with Tulasnellaceae 
and Ceratobasidiaceae (Cantharellales), Serendipita species 
commonly associate with orchids, forming rhizoctonia-
type root symbiosis. Also, the ectomycorrhizal Sebacina 
and Helvellosebacina species associate with orchids, but 
mainly with (partly) mycoheterotrophic groups (e.g. Neot-
tia and Hexalectis spp.), playing an essential role in carbon 
transfer from trees (McKendrick et al. 2002; Taylor et al. 
2003; Oja et al. 2015).

Justification of order and problems

Sebacinales is a morphologically and phylogenetically well-
delimited order of Agaricomycetes. Also, the families and 
genera of Sebacinales are well justified. Species delimitation 
by morphological characters remains the main issue in tax-
onomy of both Sebacinaceae and Serendipitaceae. Here, the 
ITS region provides a suitable barcode with good resolution 
at 97–98% sequence similarity. Genomes of three cultures 
of Serendipita have been sequenced, but representatives of 
Sebacinaceae face issues because of uncultivability.

Ecological and economical roles

Despite the small size of Sebacinales, this group has impor-
tant ecological roles and beneficial plant symbionts and pro-
viders of a mutualistic niche. The endophytic Serendipita 
species effectively act like arbuscular mycorrhizal symbionts 
in vascular plants and certain liverworts, with similar ben-
efits in terms of nutrition and protection from abiotic and 
biotic stress. Serendipita spp. may sometimes act as domi-
nant ericoid or orchid mycorrhizal fungi. Similarly, the ecto-
mycorrhizal Sebacina spp. may sometimes dominate root 
symbiotic fungal communities and act as the sole mutual-
istic partners of Neottia and Hexalectis orchids. One of the 
ectomycorrhizal lineages of Serendipita is commonly asso-
ciated with early developmental stages of wintergreens—
partly mycoheterotrophic members of Pyrolaceae, probably 
sustaining their early development (Hashimoto et al. 2012).

Economically, Serendipita spp. can be considered impor-
tant root symbionts of agricultural plants by providing nutri-
tional benefits, inducing systemic resistance to root and leaf 
pathogens and enhancing tolerance of host plants to drought 
and salt stress (Weiss et al. 2016). Within the Sebacinaceae 
family, fruitbodies of a single species, Tremelloscypha gela-
tinosa, are consumed for food in Mexico (Bandala et al. 
2014).
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Chemical diversity

The chemical properties of Sebacinaceae species are poorly 
studied. Serendipita indica mycelial properties as well as 
genome and transcriptome are surveyed for the production of 
plant growth stimulating compounds (e.g., Venneman et al. 
2020; Ntana et al. 2021).

Other relevant data and future 
recommendations

Unlike genus- and family-level taxonomy, the alpha taxon-
omy and ecology of both Sebacinaceae and Serendipitaceae 
are poorly known. Given the high ecological importance 
of Sebacinales, the following questions need answers: (1) 
What is the relative phylogenetic breadth of Serendipita spe-
cies that are capable of forming mycorrhizal associations 
with orchids, liverworts and ericoid plants, and what are 
the genetic mechanisms enabling these structurally different 
associations; (2) what are the relative nutritional sources and 
benefits to plants in species of Sebacina and Serendipita 
compared with other fungal mutualists in ecto-, ericoid and 
orchid mycorrhizal and endophytic symbioses; and (3) what 
is the pharmacological potential of Sebacinales spp.

Septobasidiales Couch ex Donk 1964

Contributed by: Ricardo Valenzuela

Introduction

Septobasidiales is an order in Pucciniomycetes with 240 spe-
cies, six genera classified in the family Septobasidiaceae, 
nearly all of which belong to the genus Septobasidium (Aime 
et al. 2006; He et al. 2019a, b). It is the only order in Basidi-
omycota that are enthomopathogens in scale insects and in 
Pucciniomycetes, they are the only dimorphic fungi, forming 
a yeast phase in the haploid state (Bauer et al. 2006). The 
morphology of Septobasidiales is variable, with corticioid, 
pteruloid, clavarioid, auricularioid, and amorphous basidi-
omes, but with phragmobasidia the auricularioid type, trans-
versely septate, originating from thin to thick walled cells 
(called teleutospores by Couch 1941, probasidia by Aime 
et al. 2006, 2014) and they have clampless hyphae as all Puc-
ciniomycetes. In Septobasidiales and Platygloea disciformis, 
the septal pores differ from the typical puccinialean septal 
pore with an organelle-free zone, delimited by microbodies, 
surrounds each side of the pore, rather in Septobasidiales 
have microbodies surrounding the septal pores in a more 
or less circular arrangement appear to be lacking, but the 

pores are often associated with nonmembrane-bounded elec-
tronopaque globules and bands (Bauer et al. 2006). These 
fungi are found as mats of hyphae covering infected scale 
insects on plants and they rarely kill their hosts, but use 
them as nutrients providers, while keeping them alive (Aime 
et al. 2006; Humber 2008). The fungus eventually kills the 
infected scale insect and subsequently, dikaryotic hyphae 
with basidia arise from the insect body to reproduce and 
disperse the basidiospores or conidia (Bauer et al. 2006), 
although the true nature of the association may be more 
commensal than truly parasitic (Henk and Vilgalys 2007). 
Septobasidiales have a cosmopolitan distribution, living in 
tropical and temperate zones of Europe, Asia, Africa, North 
America and South America.

History

Septobasidiales was proposed by Couch in 1938, but was not 
validated because he did not include a diagnosis in latin, but 
Donk (1964) considered Couch's description and described 
and validated the order. Patouillard (1892) described the 
genus Septobasidium with S. velutinum Pat. as the type spe-
cies in the class Hymenomycetes with heterobasidia. Later, 
Raciborski (1909) proposed the family Septobasidiaceae 
to include the genera, Ordonia Racib., Mohortia Racib., 
and Septobasidium Pat., the first two genera have been syn-
onymized with Septobasidium, but some species of both gen-
era are validated in Index Fungorum page, so it is necessary 
obtain sequences of DNA to corroborate their synonymy or 
validity of taxonomic position of this species. Uredinella 
was described by Couch as an intermediate fungus between 
Septobasidium and the rust fungi (Couch 1941). Hughes 
and Cavalcanti (1983) described Johncouchia S. Hughes & 
Cavalc., the only asexual genus of Septobasidiales with the 
unique species J. manguiferae (Bat.) S. Hughes & Cavalc. 
with its sexual morph Septobasidium pilosum Boedijn & 
B.A. Steinm. The genus Auriculoscypha was first described 
and classified in the order Auriculariales but the authors 
mentioned its very close conections to Septobasidiales by 
having the non-gelatinous brown fibrous context, thick-
walled brown septate hyphae devoid of clamp-connexions, 
circinate basidia with two fertile segments and enormous 
septate spores (Reid and Manimohan 1985), and later, Lali-
tha and Leelavathy (1990) discovered that the fungus is asso-
ciated to a coccid, and Auriculoscypha must be included 
in Septobasidiales. Henk and Vilgalys (2007) mentioned 
that Oberwinkler in 1989 suggested that Septobasidium is 
an overly broad generic concept, and erected a new genus 
Coccidiodictyon Oberw. and argued for the resurrection of 
the genus Ordonia. Coccidiodictyon was accepted in Septo-
basidiales, and Ordonia is synonymed with Septobasidium, 
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because there are not sequences of DNA to corroborate this 
proposal of Oberwinkler.

Henk and Vilgalys (2007) include two families in Septo-
basidiales, Septobasidiaceae are parasitic on scale insects 
(Coccoidea), while Pachnocybe, the only genus in the fam-
ily Pachnocybaceae, is found in wood as saprothoph. Pach-
nocybe has been linked to the Septobasidiaceae based on 
weakly supported phylogenetic inference and the reported 
presence of microscala, cross-linking membranas between 
mitochondria and sometimes endoplasmic reticulum only 
found in the few species examined of Septobaidium. How-
ever, Bauer et al (2006) mentined that the mitochondrial 
complexes might thus represent an apomorphy for Pachno-
cybe and the Septobasidiales are phylogenetically separate 
in monophyletic clades (Kumar et al. 2007).

Characters that define the taxa in the order

Septobasidiales includes the family Septobasidiaceae and 
they form a well supported monophyletic clade. Septobasi-
diaceae include six accepted genera: Aphelariopsis, Auricu-
loscypha, Coccidiodictyon, Johncouchia, Septobasidium and 
Uredinella.

Aphelariopsis Jülich is characterized by its basidiomes 
erect, thelephoroid or clavarioid to pteruloid, simple or 
branched, dark brown, coriaceous, hyphae brown, cylindri-
cal, clampless, somewhat thick-walled. Probasidia broadly 
ellipsoid or globose, thin- or slightly thick-walled. Phrag-
mobasidia hyaline or yellowish, cylindrical or sinuous, thin- 
or slightly thick-walled, transversely septate, with 3–4 sterig-
mata. Basidiospores hyaline, cylindrical or slightly curved, 
smooth, thin-walled, inamyloid. This genera is validated, but 
it need phylogenetic studies with molecular data, because 
Index fungorum considered the type species as insertae 
sedis. One species described from Colombia.

Auriculoscypha D.A. Reid & Manim. was described with 
basidiomes dependent, cupulate, with central and dorsally 
attached stipe and consitence woody. Context golden-brown, 
cottony-fibrillose with hyphae hyaline toward the margin, 
elsewhere pale brown to brown with thickened refractive 
walls, and septate and clampless. Probasidia not observed. 
Phragmobasidia auricularioid, thin-walled or with slightly 
thickened wall in basal region, hyaline, varying from clavate 
to circinate, transversely septate, 1–2-septate, but with only 
two fertile segments. Basidiospores thin-walled, hyaline, 
cylindric to allantoid, with up to 7 transverse septa, occa-
sionally with both transverse and longitudinal septa and then 
appearing rnuriform. The genus was validated morphologi-
cally and phylogenetically with one species described fron 
India.

Johncouchia S. Hughes & Cavalc. It is an asexual genus 
characterized by its colonies pulvinate, scattered or crowded, 
hairy or velutinous, with sterile ends of conidiophores. 
Conidiophores macronematous, mononematous, crowded, 
erect, straight or flexuous, brown to dark brown, paler at 
the apex, smooth, thick walled, simple or bearing 1 to 4 
lateral, solitary or paired branches mostly in the lower part. 
Conidiogenous cells mono- or diblastic intercalary, and 
sometimes terminal, cylindrical, determinate, mostly in the 
lateral branches. Conidia dry, pale brown to brown, irregular 
in size and contour, globose to broadly ellipsoidal, smooth, 
solitary or paired, predominantly lateral and arising from 
the upper part of the conidiogenous cell, often produced in 
acropetal succession, composed of a protuberant obovoid to 
pyriform basal cell, closely appressed, straight or curved, 
1- or 2(-4)-septate arms which may also be branched. It 
is a validated genus with one species, but it was not DNA 
sequences and not has been confirmed.

Septobasidium Pat. is characterized by its basiome 
resupinate, effused, coriaceous, smooth to rugose sur-
face, hyphae hyaline to brown, cylindrical, clampless, 
thin walled to somewhat thick-walled. Subiculum white to 
brown. Probasidia upon the hyphae at or near the hymenial 
surface, hyaline to brown, globose to cylindrical, thin- or 
slightly thick-walled. Phragmobasidia auricularioid, remain 
attached to the hyphae hyaline, obovoid to cylindrical, 
straight or curved, 4-celled, transversely septate, 3-septate. 
Basidiospore thin-walled, hyaline, cylindric to allantoid, 
smooth. Septobasidium is the larger genus of the order 
Sepobasidiales and it is validated with morphological and 
molecular characters.

Uredinella Couch was described by Couch (1941) to 
include fungi with minute, circular, flattened, discoid 
patches 0.2–1.5 mm wide, on the bark of several deciduous 
trees, easily separable from the substratum, annual, always 
overgrowing a scale insect. Mature teleutospores (proba-
sidia) uninucleate, cylindrical to pyriform with a distinct 
germ pore, brownish, thick walled rise to a typical, four-
celled, septate phragmobasidia auricularioid, cylindrical, 
straight or curved, 4-celled, transversely septate, 3-septate. 
Basidiospores thin-walled, hyaline, cylindric to allantoid, 
smooth, it originates a secunadry spore over an sterigmata. 
Growing on scale insects which are parasitized by haustoria 
of the Septobasidium type. Uredinella is a validated genus 
with morphological and molecular characters and include 
two species.

Plates
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Fig. 52  Septobasidiales. a, c 
from Septobasidium meredith-
iae; b, d from Septobasidium 
gomezii; e,g from Septobasid-
ium sp.; f from Septobasidium 
reevesiae. a cross section of the 
basidiome showing subiculum 
with pillars supporting the 
upper layer; b, c, f basidia; d, 
g haustoria; e probasidia. Scale 
bars: a = 50 μm; b–g = 10 μm. 
Redraw from Henk (2005) and 
Guo (2015) by Mao-Qiang He. 
Also see figs. 1–12 in Henk and 
Vilgalys (2007)

Genera included
Family Septobasidiaceae Racib. 1909

Aphelariopsis Jülich 1982
Auriculoscypha D.A. Reid & Manim. 1985
Coccidiodictyon Oberw. 1989
Johncouchia S. Hughes & Cavalc. 1983
Septobasidium Pat. 1892
 = Ordonia Racib. 1909
 = Campylobasidium Lagerh. ex F. Ludw. 1892
 = Glenospora Berk. & Desm. 1849
 = Mohortia Racib. 1909
 = Rudetum Lloyd 1919

Uredinella Couch 1937

Evolution

Henk and Vilgalys (2007) tentatively conclude that the 
Septobasidiales is monophyletic and that there is a single 
origin of scale insect parasitism in the Pucciniomycetes 
defining a monophyletic Septobasidiaceae, with a sister 
clade of Pachnocybaceae. Humber (2008) mentioned that 
random taxonomic distribution of fungi pathogenic or 
parasitic for insects or other invertebrate hosts that these 
nutritional habits emerged repeatedly and independently in 
many different fungal lineages. The only significant basid-
iomycete-insect associations of Septobasidiales species 
with coccid scale insects, go far beyond the dependence on 
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Fig. 53  Typical characteristics of basidiomes in Sistotremastrales. a 
Sertulicium guttuliferum (LWZ 20191018-31, Belovezhskaya Push-
cha National Park, Republic of Belarus); b Sistotremastrum aculea-
tum (LWZ 20180415-15, Selangor, Malaysia)

a scale’s mouthparts to gain access to nutrients from the host 
plant’s phloem. Septobasidiales covers, protects, and allows 
increases of insect populations while parasitizing a small 
proportion of apparently living coccid with coiled haustoria 
that absorb nutrients from the host plant’s phloem indirectly 
through the scale’s hemocoel. Kumar et al. (2007) said that 
traditional and molecular characters place Septobasidiales in 
a comparatively basal position among the rust fungi. Septo-
basidiales species are otherwise obligatory phytopathogens; 
it is difficult to conceive that this unique fungus-scale-plant 
relationship could have arisen by any means except by the 
host transference of a phytopathogenic rust fungus onto 
parasitic scale insects on a shared plant host (Humber 2008).

Justification of order and problems

Septobasidiales is a group of fungi with morphological and 
molecular evidence and they are validated phylogenetically 
in the class Pucciniomycetes of the subphylum Pucciniomy-
cotina in the phylum Basidiomycota (Aime et al 2006; Bauer 
et al. 2006; Henk and Vilgalys 2007; Kumar et al. 2007).

The problematic of the Septobasidiales and Septobasi-
diaceae are with several genera and species did not have 
phylogenetic studies with sequences of DNA.

Sistotremastrales L.W. Zhou & S.L. Liu 2022

Contributed by: Li-Wei Zhou, Shi-Liang Liu

Introduction

Sistotremastrales, a group predominantly comprising wood-
inhabiting corticioid fungi (with a few species exhibiting a 
poroid configuration, Dai 2012a), has been segregated from 
Trechisporales and proposed as a distinct order (Liu et al. 
2022a). Most species in this order exhibit a notable micro-
scopic feature, possessing 6–8 sterigmata of basidia, while 
the basidia in a few species have 4 sterigmata only (Liu et al. 
2022a). Presently, the order consists of one family Sisto-
tremastraceae, encompassing two genera: Sistotremastrum 
and Sertulicium. The establishment of Sistotremastrales is 
supported by morphological characteristics, phylogenetic 
tree analysis and molecular clock analysis (Liu et al. 2022a).

History

During revising the taxonomy of Trechisporales, Liu et al. 
(2022a) established the order Sistotremastrales with Sisto-
tremastrum as the type genus. Larsson (2007) previously 
proposed differentiating Sistotremastrum from other gen-
era in Trechisporales and used the name “Sistotremastrum 

family” for this distinction. Spirin et al. (2021) separated 
Sertulicium from Sistotremastrum, and suggested that both 
genera form a distinct clade within Trechisporales. How-
ever, even if the morphological characteristics of Sertulicium 
and Sistotremastrum are also distinct, no formal taxonomic 
changes have been proposed recently, primarily due to insuf-
ficient phylogenetic support (Liu et al. 2019a; Spirin et al. 
2021). Based on multilocus phylogenetic analysis, Liu et al. 
(2022a) found that Sistotremastraceae forms a separate line-
age distinct from Trechisporales. Complemented with mor-
phological examinations and molecular clock analysis, it is 
recommended to establish both a new family and an order, 
namely Sistotremastraceae and Sistotremastrales (Liu et al. 
2022a).

Characters that define the taxa in the order

Species of this order have basidiomes resupinate, effused, 
thin. Hymenophore smooth, grandinioid or odontioid. 
Hyphal system monomitic, all septa with clamp connections. 
Cystidia mostly absent. Basidia cylindrical to tubular with 
four to eight sterigmata. Basidiospores smooth, ellipsoid to 
cylindrical, inamyloid, acyanophilous. All known species in 
this order are wood-inhabiting fungi.

Plates
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Fig. 54  Colony morphology of Spiculogloea sp. (culture NS 20-072), 
also see figures in Bauer et al. (2006), Schoutteten et al. (2018)

Genera included
Family Sistotremastraceae L.W. Zhou & S.L. Liu

Sertulicium Spirin, Volobuev & K.H. Larss. 2021
Sistotremastrum J. Erikss. 1958

Evolution

Based on the current phylogenetic analyses of Agaricomy-
cetes, Sistotremastrales and Trechisporales form a sister 
group. However, this relationship does not compromise the 
precision of delineating Sistotremastrales from Trechispo-
rales and establishing a distinct order, due to their morpho-
logical differences. Moreover, the molecular clock analysis 
indicates that the divergence between Sistotremastrales and 
Trechisporales occurred approximately 176 million years 
ago (Liu et al. 2022a), aligning with the expected divergence 
time for an order-level classification (He et al. 2019a).

Spiculogloeales R. Bauer, Begerow, J.P. Samp., M. Weiss 
& Oberw. 2006

Contributed by: Nathan Schoutteten, Teun Boekhout

Introduction

As a result of molecular phylogenetic studies integrating 
both yeast species and dimorphic or filamentous fungi, our 
understanding of natural groups in Basidiomycota greatly 
improved. Spiculogloeales is an order that includes both 
dimorphic fungi known from the filamentous stage and spe-
cies currently only known from their yeast stage. Filamen-
tous fungi in Spiculogloeales are dimorphic mycoparasites 
growing intrahymenially in their host. Species only known 
from yeast stages were mainly isolated from phylloplanes.

History

Spiculogloea was introduced by Roberts (1996) to accommo-
date Spiculogloea occulta, an intrahymenial mycoparasite of 
Hyphoderma argillacea. The genus is defined by transversely 
three-septate basidia, which are ornamented with fine spic-
ules, and the presence of clamped tremelloid haustoria. Later, 
several authors described four additional Spiculogloea spe-
cies based on morphological similarities of the basidia (Rob-
erts 1997; Hauerslev 1999; Trichies 2006; Schoutteten et al. 
2018). All develop a sexual stage in the hymenium of their 
fungal host species and interact with their host by means of 
tremelloid haustoria. Early rDNA-based phylogenetic recon-
structions placed clustered Spiculogloea and Mycogloea iso-
lates on a long branch as sister to Agaricostilbales (Weiss et al. 
2004a, b; Bauer et al. 2006; Aime et al. 2006). When Bauer 
et al. (2006) introduced the class Agaricostilbomycetes, the 

authors included the Spiculogloeales into it, albeit with the 
reservation that they may represent a class on their own. In a 
later work based on multilocus phylogenetic reconstructions, 
Wang et al. (2015b) found that Spiculogloea clusters with 
asexual yeast species from the subbrunneus group, for which 
they introduced the genus Phyllozyma. Given the large genetic 
distance with Agaricostilbales, the authors proposed the sepa-
rate class Spiculogloeomycetes for this clade. Recently, Li 
et al. (2020b) introduced the genus Meniscomyces for two 
yeast species with a distinct lunate spore morphology, which 
were isolated from phylloplanes in China.

Characters that define the taxa in the order

Spiculogloeales is mainly defined by its phylogenetic 
position in which it forms a deep lineage sister to Aga-
ricostilbales (Aime et al. 2006; Bauer et al. 2006) or as 
a sister group to Mixiomycetes (Wang et al. 2015a). The 
order comprises species known from filamentous stages 
only and species for which only the yeast stage is known. 
However, it is expected that all members of Spiculogloeales 
are dimorphic and are capable of sexual reproduction in 
the filamentous stage. Basidia in filamentous Spiculogloea 
species are transversely three-septate, ornamented with fine 
spicules, and often cyanophilous (Roberts 1996; Bauer et al. 
2006). According to Bauer (2004) and Bauer et al. (2006), 
filamentous members of Spiculogloeales are mycoparasites 
that have tremelloid haustorial cells which attach to host 
hyphae. Along the host–parasite interface in the haustorial 
apex, small nanometer-fusion pores are formed of 14–19 nm 
diam., which establish cytoplasmic contact between host 
and parasite.

Plates
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Genera included
Family Spiculogloeaceae Denchev 2009

Meniscomyces Q.M. Wang & F.Y. Bai 2020
Phyllozyma Q.M. Wang, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Spiculogloea P. Roberts 1996

Evolution

The presence of both yeast and filamentous stages within a 
limited number of genera makes it difficult to infer evolu-
tionary trends within the order. The phylogenetic proxim-
ity to Mixiomycetes with these two classes having a sister 
group relation to Agaricostilbomycetes indicates that fur-
ther phylogenomics investigation including taxa from all 
these lineages is needed to understand evolutionary trends 
amongst them. The mycoparasitic ecology enabled by nm-
fusion pores is also present in representatives of Agaricos-
tilbomycetes, Classiculomycetes, and Cystobasidiomycetes. 
Spiculogloeales are estimated to have emerged 266 million 
years ago (Zhao et al. 2017).

Justification of order and problems

Spiculogloeales forms a distinct lineage within Pucciniomy-
cotina that warrants recognition as a separate order. How-
ever, more taxa must be found that belong to this lineage to 
comprehend the biological diversity observed.

Significance

Ecological and economical roles

The filamentous species are intrahymenial mycoparasites 
(Bauer et al. 2006), whereas the yeast taxa occur on leaves 
without a clear ecological strategy.

Chemical diversity

Unknown.

Sporidiobolales Doweld 2001

Contributed by: Teun Boekhout

Introduction

This order within Microbotryomycetes includes the tradi-
tional red yeasts, which may or may not form ballistoco-
nidia. When implementing the ‘One Fungus = One Name’ 
nomenclature, preference was given to the older names that 

were initially used for the anamorphic yeasts. Due to this, 
the generic concepts changed the currently accepted genera 
and may include asexually and sexually reproducing species 
(Wang et al. 2015b).

History

Sporidiobolales was proposed by Doweld (2001), but as this 
order was described in literature not read by yeast taxono-
mists, it went unnoticed. In 2003, Sampaio and colleagues 
also described this order, but this name (viz., Sporidiobola-
les Sampaio, Weiss & Bauer) is superfluous due to priority 
of Sporidiobolales Doweld.

Characters that define the taxa in the order

Here we follow the description given by Sampaio et al. 
(2003). The order includes both sexually and asexu-
ally reproducing species. Non-phytoparasitic, but prob-
ably several members are mycoparasitic. Colonies red, 
orange, or pink due to the presence of carotenoid pig-
ments. Hyphae without haustorial branches, but in sev-
eral species colacosomes are present in hyphae. Hyphal 
septa have ‘simple’ septal pore complexes. Teliospores are 
present in sexually reproducing species, germinating with 
transversely septate basidia from which basidiospores are 
passively released. Budding yeast cells are present, and 
ballistoconidia may be present. D-glucuronate and myo-
inositol are not utilized.

Plates

See Figs. 127.2–127.10 and 130.2–130.8 in Sampaio (2011a, 
b).

Genera included
Family Sporidiobolaceae R.T. Moore 1980

Rhodosporidiobolus Q.M. Wang, F.Y. Bai, M. Groe-
new. & Boekhout 2015
Rhodotorula F.C. Harrison 1927
 = Chromotorula F.C. Harrison 1927
 = Rhodosporidium I. Banno 1967
Sporobolomyces Kluyver & C.B. Niel 1924
 = Amphiernia Grüss 1927
 = Aessosporon Van der Walt 1970
 = Blastoderma B. Fisch. & Breback 1894
 = Prosporobolomyces E.K. Novák & Zsolt 1961
 = Sporidiobolus Nyland 1950
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Evolution

Sporidiobolales was identified in many single gene and 
multigene based phylogenetic studies (e.g. Fell et al. 2000; 
Scorzetti et al. 2002; Aime et al. 2006; Bauer et al. 2006; 
Wang et al. 2015a, b; Zhao et al. 2017). Within Microbotry-
omycetes, the order appeared to hold a rather basal position 
(Wang et al. 2015a, b; Zhao et al. 2017), whereas in other 
studies it clustered more central in this class (e.g. Sampaio 
et al. 2003; Aime et al. 2006; Bauer et al. 2006). Thus, fur-
ther in-depth phylogenomics studies are needed to decipher 
the evolutionary trends within the order, e.g., with respect 
to evolution of sexual versus asexual reproduction, includ-
ing the genes involved in mating and meiosis, the presence 
and absence of ballistoconidia, but also the evolution of 
genes involved in carotenoid biosynthesis. Sporidiobolales 
is estimated to have emerged 118 million years ago (Zhao 
et al. 2017).

Justification of order and problems

Sporidiobolales seems well defined in all phylogenetic stud-
ies performed so far (refs see above).

Significance

Ecological and economical roles

The following is taken from The Yeast, a taxonomic Study 
(Hamamoto et al. 2011; Sampaio 2011a, b, c). Members of 
Sporidiobolales occur widespread. The more common species 
are known globally from phyllosphere, marine, estuarine—and 
brackish waters, but also freshwater, soil, plant detritus, plants 
and fruits. Some species prefer colder habitats, such as Antarc-
tica. Several species are biotechnologically and agriculturally 
of interest, e.g., as producers of carotenoid pigments, lipids, 
as degraders of lignin and aromatic compounds, as biocontrol 
agents. Some species have biocontrol capabilities, others are 
involved in russetting of apples, and occasionally, they cause 
infection of humans.

Chemical diversity

Unknown.

Stereopsidales Sjökvist, E. Larss., B.E. Pfeil & K.H. Larss. 
2013

Contributed by: Sergio P. Gorjón

Introduction

Stereopsidales is a small and basal order that represents an 
early-diverging lineage of Agaricomycetes (Sjökvist et al. 
2014). According to He et al. (2019a, b), it contains only one 
genus, Stereopsis D.A. Reid in a single family Stereopsidaceae 
Sjökvist, E. Larss., B.E. Pfeil & K.H. Larss. and about 15 spe-
cies. Clavulicium macounii (Burt) Parmasto, the type species 
of Clavulicium Boidin, and previously considered a member 
of Cantharellales, seems to be phylogenetically related to the 
type species of Stereopsis, Stereopis radicans (Berk.) D. A. 
Reid but there is conflict in the data (Sjökvist et al. 2014).

History

Stereopsidales was circumscribed by Sjökvist et al. (2014), 
indicating two strongly supported lineages, the stipitate generic 
type of Stereopsis, Stereopsis radicans and the corticioid Cla-
vulicium globosum Hjortstam & Ryvarden forming a well sup-
ported clade. Therefore, C. globosum was combined in Stere-
opsis as Stereopsis globosa (Hjortstam & Ryvarden) Sjökvist. 
Clavulicium macounii is included in Stereopsidales when ana-
lyzing rpb2 or LSU and SSu, but not when considering tef1.

Characters that define the taxa in the order

Stereopsidales is composed of homobasidiomycetes with 
effused, stipitate, spathulate or funnel shaped basidiomes 
with smooth hymenial surface. The basidia are clavate, bear-
ing characteristically two sterigmata. The two sterigmata is 
an indication of an amphithallic reproductive mode, where 
two nuclei are sorted to each spore, often omitting outcross-
ing. Cystidia are usually present. The basidiopores are hya-
line, smooth, and upon drying become angular. The highly 
refractive contents of the spores and the way in which the 
spores become angular and amber-like upon drying in Stere-
opsis radicans, S. globosa and C. macounii is a morphologi-
cal feature which separates them from species in other orders 
of Agaricomycetes (Sjökvist et al. 2014). Both Stereopsis 
and Clavulicium sensu lato display a considerable micro-
morphological diversity, for example in spore morphology, 
presence or absence of cystidia, and presence or absence of 
clamps (Sjökvist et al. 2014).

Stereopsis radicans and S. globosa are both found in 
tropical rainforests and cloud forest. Clavulicium macounii 
is found on strongly decayed wood, mostly in boreal conifer 
forests, and like Stereopsis globosa it forms effused basidi-
omes with a smooth hymenophore. The micromorpological 
characters are the same as those in S. globosa and S. radi-
cans, with the exception of the spore shape, which in C. 
macounii is ellipsoid (Sjökvist et al. 2014).
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Plates

Genera included
Family Stereopsidaceae Sjökvist, E. Larss., B.E. Pfeil & 
K.H. Larss. 2014

Stereopsis D.A. Reid 1965
Stereopsidales genera incertae sedis
Clavulicium Boidin 1957
Nothocorticium Gresl. & Rajchenb. 1999

Evolution

The type of Stereopsis possesses a typical stipitate basidi-
ome with a smooth hymenophore, but this feature is also 
present in other lineages of stipitate stereoid fungi such 
as Cymatoderma (Polyporales), Cotylidia (Hymeno-
chaetales), Stereopsis vitellina (S. Lundell) D.A. Reid 
(Atheliales), and Stereopsis humphreyi (Burt) Redhead 
& D.A. Reid (Agaricales) (Sjökvist et al. 2012). Clavuli-
cium macounii is sister species to the Stereopsis clade, and 
like Stereopsis globosa it forms effused basidiomes with 
a smooth hymenophore. It is likely that the resupinated 
state may be the ancestral condition, as has been shown 
in other lineages of Agaricomycetes. This order would be 
up to 290 Myr, based on a comparison of a dated genome 
phylogeny (Sjökvist et al. 2014).

Justification of order and problems

According to Sjökvist et al. (2014) placement of C. macou-
nii is not equally clear. Samples from this species appear as 
the sister group to the S. radicans—C. globosum clade in 
analyses of rpb2, SSU and LSU, but with bootstrap supports 
only up to 63% and with low posterior probabilities. Clavuli-
cium macounii was not found to be sister to S. radicans—C. 
globosum in analyses of tef1. Analyses of rpb2 and SSU 
reveal a sister relationship between Phallomycetidae and the 
S. radicans—C. globosum—C. macounii clade, whereas the 
phylogeny of tef1 shows C. macounii, and the S. radicans—
C. globosum clade as a part of a paraphyletic Phallomyceti-
dae. Preliminary ITS and LSU analyses recover Nothocor-
ticium, a corticoid genus endemic to Chilean and Argentine 
Patagonia, closely related to Clavulicium macounii (Gorjón, 
unpublished). Unfortunately, at the moment we do not have 
genomic data to corroborate these statements.

Thelephorales Corner ex Oberw. 1976

Contributed by: Sten Svantesson, Sergio P. Gorjón

Introduction

Thelephorales is a major order in Agaricomycetes and 
a well-defined genetic lineage. It currently contains 2 
families, 17 genera, and ca. 470 species (Index Fungo-
rum 2023). By contrast the ITS sequence database UNITE 
hosts more than 15 648 Species Hypotheses at 1.5% mini-
mum distance between sister species (Kõljalg et al. 2013; 
Nilsson et al. 2018), hence making it the second largest 
basidiomycete order. This discrepancy is due to a lack 
of taxonomic studies, especially of its corticioid genera, 
and problems relating to the description of new species 
(Svantesson 2020). Species in Thelephorales are dis-
tributed globally, except to Antarctica. They are of great 
importance; the order is predominantly ectomycorrhizal 
and frequent in occurrence to the extent where its spe-
cies often co-dominate such communities (e.g. Taylor and 
Bruns 1999; Ryberg et al. 2009; Botnen et al. 2015). A few 
species also have culinary value and and many seem to be 
potentially useful in medicine.

Fig. 55  Basidomes of Stereopsis sp. on a conifer cone 
(ZRL20200716, Sichuan province, China)



329Fungal Diversity (2024) 126:127–406 

History

The first to treat the approximate assemblage of genera cur-
rently placed in Thelephorales as a group was Patouillard 
(1900), under the name “Série des Phylactéries”. Creation 
of the order was, however, effected much later—it was first 
discussed by Corner (1968) but validly published by Ober-
winkler (1976).

Donk (1964) appears to be the first to delimit Thele-
phoraceae in the modern sense using the name, i.e. encom-
passing the genera Amaurodon, Lenzitopsis, Odontia, Polyo-
zellus, Thelephora, Tomentella and Tomentellopsis (at that 
time also including Hydnodon and Scytinopogon). Both his 
and Patouillard’s (1900) circumscription were based on the 
dark, ornamented spores that are common among both stipi-
tate and corticioid species in the group.

Donk (1961) also described the second family in Thel-
ephorales, Bankeraceae, for the stipitate genera Phellodon 
and Bankera (the latter now synonymized with the former). 
This distinction was made based on the colourless spores of 
said genera, which he also perceived as more finely orna-
mented than those of Thelephoraceae. Subsequently, the 
remaining stipitate genera—Boletopsis, Hydnellum and 
Sarcodon—were also transferred into Bankeraceae (Jülich 
1981; Stalpers 1993).

With the advent of molecular methods Baird et al. (2013) 
showed that Bankera makes Phellodon paraphyletic and con-
sequently synonymised Bankera with Phellodon. Svantesson 
et al. (2021a) found a similar situation for Polyozellus and 
Pseudotomentella, and thus made the latter a synonym of 
the former.

A number of mostly monotypic genera, hitherto unstudied 
by molecular methods, have been added to Thelephorales 
through the years and it is dubious whether any of them 
belong to it in its current concept. These are: Aldrigiella, 
Bubacia, Gymnoderma, Skepperia and Thelephorella. As 
a conservative measure, they are here retained within the 
order.

Morphological features that define taxa 
in the order

Species in Thelephorales display a great variability of features 
in terms of shape of basidiomes. Species in Bankeraceae are 
typically stipitate and hydnoid (Hydnellum, Phellodon, and 
Sarcodon) or stipitate and poroid (Boletopsis), while most 
species in Thelephoraceae form corticioid basidiomes with 
smooth to hydnoid hymenophores (Amaurodon, Odontia, 
Polyozellus, Tomentella and Tomentellopsis). Within the latter 
family there are, however, also species whose basidiomes are 
finger-like (Thelephora), smooth to tuberculate, funnel-shaped 
(Amaurodon, Thelephora), cantharelloid (Polyozellus) or even 
sessile, lamellate (Lenzitopsis).

In contrast to the considerable macromorphological vari-
ation displayed among its members, from a microscopical 
perspective the order is usually easily recognized by the 
shape and colour of its basidiospores. Except for two species 
in Amaurodon, whose spores appear smooth under a light 
microscope, they are warted to echinulate, often angular or 
lobed, carry prominent aculei and in most cases have darkly 
pigmented spore walls (Svantesson 2020). Since nearly all 
species lack cystidia, spore characteristics together with 
hyphal measurements are the main distinguishing micro-
morphological features.

Many species are part of species complexes and are very 
similar in morphology—some to the level where only very 
slight microscopic differences can be used to separate gen-
era, or where it is necessary to draw on to their mode of 
nutrition and phylogenetic information in order to do so. One 
example of this is the sister genera Hydnellum and Sarcodon, 
which were until recently considered distinguishable based 
on the consistency of basidiomes, but where spore size now 
remains the only morphological difference (Larsson et al. 
2019). Another is Tomentella and Odontia, both groups of 
resupinate corticioid fungi, where the first contains ectomy-
corrhizal species and the second harbours only saprotrophic 
representatives (Tedersoo et al. 2014c; Zhou et al. 2022c).

Plates
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Fig. 56  Basidiomes of 
Thelephorales. a Sarcodon 
imbricatus (Jerzy Opioła 
s.n., Poland); b Boletopsis 
leucomelaena (Holger Krisp 
s.n., Germany); c Polyozellus 
multiplex s.l. (Daniel Josefchak 
s.n., United States of America); 
d Lenzitopsis oxycedri (Sergio 
Pérez Gorjón 3632, Spain); e 
Thelephora palmata (Sergio 
Pérez Gorjón 161, Spain); f 
Polyozellus griseopergamaceus 
(Sten Svantesson 132, Sweden); 
g, Odontia ferruginea (Sten 
Svantesson 434, Sweden)

Genera included
Family Bankeraceae Donk 1961
 = Boletopsidaceae Bondartsev & Singer ex Jülich 1982
 = Sarcodontaceae Bondartsev & Singer ex Singer

Boletopsis Fayod 1889
Corneroporus T. Hatt. 2001
Hydnellum P. Karst. 1879
 = Calodon P. Karst. 1881
 = Phaeodon J. Schröt. 1888

Phellodon P. Karst. 1881
 = Bankera Coker & Beers ex Pouzar 1955
Sarcodon Quél. ex P. Karst. 1881

Family Thelephoraceae Chevall. 1826
 = Phylacteriaceae Imazeki 1953
 = Tomentellaceae Warm. 1890
 = Lenzitopsidaceae Jülich 1982

Aldrigiella Rick 1934
Amaurodon J. Schröt. 1888
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 = Hypochnopsis P. Karst. 1889
 = Lazulinospora Burds. & M.J. Larsen 1974
 = Tomentellago Hjortstam & Ryvarden 1988
Gymnoderma Humb. 1793
Lenzitopsis Malençon & Bertault 1963
Odontia Pers. 1794
 = Tomentellina Höhn. & Litsch. 1906
Polyozellus Murrill 1910
 = Phyllocarbon Lloyd 1920
 = Pseudotomentella Svrček 1958
Skepperia Berk. 1857
 = Friesula Speg. 1880
Thelephora Ehrh. ex Willd. 1787
 = Merisma Pers. 1797
 = Phylacteria (Pers.) Pat. 1887
 = Scyphopilus P. Karst. 1881
Tomentella Pers. ex Pat. 1887
 = Acrotamnium Nees 1816
 = Caldesiella Sacc. 1877
 = Hypochnus Fr. 1818
 = Prillieuxia Sacc. & P. Syd. 1899
 = Tomentellastrum Svrček 1958
Tomentellopsis Hjortstam 1970
 = Byssocristella M.P. Christ. & J.E.B. Larsen 1970

genera incertae sedis
Bubacia Velen. 1922
Thelephorella P. Karst. 1889

Evolution

According to the present phylogenomic tree, Thelephorales 
is a sister clade to Polyporales. This relationship was shown 
in the previous version of this article, based on LSU, SSU, 
rpb1, rpb2, 5.8s and tef1 (He et al. 2019a), and has been 
documented earlier (Hibbett et al. 2007). The deeper nodes 
within the order, however, remain unknown (e.g. Vizzini 
et al. 2016).

Among most homobasidiomycete orders, there is a gen-
eral evolutionary trend from structurally simple, corticioid 
basidiomes to more complex, stipitate forms, occasionally 
followed by reversions to simpler basidiomes (Hibbett and 
Binder 2002; Larsson et al. 2004). In Thelephorales the 
latter type of transition seems to be evidenced in the large, 
stipitate genera Hydnellum and Phellodon, by the pres-
ence of the single resupinate species H. gracilipes and P. 
secretus. Recently the evolution of simple basidiomes into 
more complex ones has also been documented, through 
phylogenetic analysis: in the corticicioid genus Amauro-
don, a stipitate species has been described as a genetically 
close sister taxon to one of its previously known members 
(Svantesson et al. 2021b) and in what is now Polyozellus 

(synonymized with Pseudotomentella) the few existing 
stipitate members have been shown to form but one of 
many clades among otherwise entirely corticioid species 
(Svantesson et al. 2021a).

Justification of order and problems

Thelephorales is a well-defined order, both at morphological 
and molecular levels (Stalpers 1993; Larsson et al. 2004; 
Hibbett et al. 2007). Among corticioid species several prob-
lems are currently hampering the description of new species. 
The most notable are (1) that nearly all species are part of 
complexes of morphologically very similar species and (2) 
that the majority of names are old, with their type specimens 
often in such a bad condition that they cannot be reliably 
sequenced. The combined effect, of species complexes rid-
dled with old names, makes taxonomically well-made stud-
ies very time-consuming to achieve (Svantesson 2020).

Phylogenetic studies in Thelephorales are relatively 
scarce to date, and most serve to publish only one or a 
small number of species (e.g. Amaurodon, Tomentella and 
Polyozellus; e.g. Miettinen and Kõljalg 2007; Kuhar et al. 
2016a; Voitk et al. 2017). In the last few years rapid publi-
cation of articles in order to describe new species, mainly 
from China, has started to change this (e.g. Lu et al. 2018; 
Mu et al. 2021). Though the pace is commendable, most 
of these articles do not include type studies of previously 
described, closely related species with old names, and hence 
very likely include descriptions of already known species. 
More comprehensive phylogenies have also been made, at a 
recently increasing pace, most with the objective of delim-
iting a genus: Lenzitopsis (Zhou and Kõljalg 2013), Phel-
lodon vs. Bankera (Baird et al. 2013), Odontia (Tedersoo 
et al. 2014c), Hydnellum vs. Sarcodon (Larsson et al. 2019), 
Pseudotomentella (Svantesson et al. 2019, 2021b), Amau-
rodon (Svantesson et al. 2021c) and Polyozellus vs. Pseu-
dotomentella (Svantesson et al. 2021a). A small number of 
articles, based on nuclear, ribosomal DNA, have hinted at 
the internal structure of the order, but they have thus far not 
been conclusive (Zhou and Kõljalg 2013; Tedersoo et al. 
2014c; Vizzini et al. 2016). The study including the most 
taxa is probably Vizzini et al. (2016), who pointed to several 
issues, e.g. that the current delimitation of Bankeraceae and 
Thelephoraceae might be artificial.

Significance

Ecological and economical roles

Most genera in Thelephorales (Boletopsis, Hydnellum, 
Phellodon, Sarcodon, Polyozellus, Thelephora, Tomentella 
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and Tomentellopsis) have been shown to be ectomycorrhi-
zal. Their mycelia are common in ectomycorrhizal com-
munities from the arctic tundra to coastal vegetation in the 
tropics and is often co-dominating (Taylor and Bruns 1999; 
Kõljalg et al. 2000; Ryberg et al. 2009; Botnen et al. 2015; 
Gao et al. 2015). The Tomentella-Thelephora lineage has 
concordantly been found to be one of the most species-
rich ectomycorrhizal (ECM) lineages in forest ecosystems 
(Alvarez-Manjarrez et al. 2016; Tedersoo et al. 2010) and 
it plays a very important role in pioneering microhabitats 
of coniferous forests (Ramírez-López et al. 2015; Hilszc-
zanska and Sierota 2006; Iwanski et al. 2006). The ectomy-
corrhiza of Thelephora terrestris may be the most common 
species found in the soil of tree nurseries worldwide (Smith 
and Read 2002).

Some species of Thelephora are considered gourmet 
edible mushrooms and are economically important both in 
this regard and in the capacity of use in traditional medi-
cine. Thelephora ganbajun M. Zang is e.g. one of the most 
popular edible fungi in China (Sha et al. 2008; Xu et al. 
2016). Some Sarcodon species are also edible, and Sarco-
don imbricatus (L.) P. Karst. is one of the most commonly 
consumed wild mushrooms, due to its nutritional value (Li 
et al. 2022b).

Chemical diversity

A feature common to most species of Thelephorales is the 
presence of thelephoric acid, a terphenylquinone pigment 
which is brown in water but turns blue green in KOH in 
the presence of air. It has been stated as a distinguishing 
character for the order but is present also in other groups, 
e.g. Boletales (Bresinsky and Rennschmid 1971). Thel-
ephoric acid has neuroprotective properties (Kwak et al. 
1999). It can also be used as a traditional cloth dye to 
achieve a blue to green colour, thus making e.g. certain 
Hydnellum and Sarcodon species sought after in these 
circumstances.

Many species in Thelephorales seem to produce bio-
active substances useful in medicine. These are more or 
less restricted to certain genera and are mainly p-Terphenyl 
derivates: boletopsins have anticancer, antibacterial and 
strong antioxidant properties (e.g. Kaneko et al. 2010; 
Wossa et al. 2013; Beekman & Barrow 2014); thelephor-
ins, vialinins, ganbajunins, terrestrins, and telephantins 
from certain species of Thelephora have antioxidant, anti-
inflammatory, anti-cancer and strong antioxidant activity 
(Tsukamoto et al. 2002; Norikura et al. 2011; Bailly 2022); 
atromentin and scabronines in Hydnellum possess antico-
agulant, anti-inflammory, antibacterial and neurogenerative 

properties (Khanna et al. 1965; Obara et al. 1999; Hirota 
et  al. 2002; Zheng et  al. 2006); certain sarcodonins 
and sarcoviolins, from Sarcodon, have cytotoxic and 
α-Glucosidase inhibitory activity useful in diabetes treat-
ment (Hirota et al. 2002; Cali et al. 2004; Ma et al. 2014; 
Meng et al. 2017); phellodonic acid is antibiotic (Stadler 
et al. 1993) and Phellodon melaleucus lectin is anti-carci-
nogenic (Li et al. 2023b); polyozellin attenuates neuronal 
cell death, is cytotoxic, a potent cancer chemopreventative 
and possibly has anti-Alzheimer properties (Hwang et al. 
1997; Lee and Nishikawa 2003; Kim et al. 2004; Yang and 
Song 2015).

Other relevant data and future 
recommendations

In Europe species in Bankeraceae are to a large part rare 
and/or restricted to old growth forest. In e.g. Norway and 
Sweden, a considerable number are nationally Red Listed 
in accordance with the IUCN guidelines, due to threat of 
extinction (Artsdatabanken 2021). The situation is presum-
ably similar in other, less well researched countries and 
perhaps also for the lesser known, corticioid species in 
Thelephoraceae.

In Europe many Bankeraceae species are used as 
indicators of forests with high nature values (Nitare and 
Hallingbäck 2000; Ainsworth 2005; Nitare 2019) and in 
North America the same is true for the stipitate species 
in Polyozellus (United States Forest Service 1994; Baroni 
2017).

Thelephora wakefieldiae (formerly Tomentella subli-
lacina) is dispersed through the action of mites (Lilleskov 
and Bruns 2005). Its spores can pass through their intestines 
and also through those of insects that prey on them, such as 
beetles. Given the high morphological similarity to other 
corticioid species in Thelephoraceae and their tendency to 
form very close to or even under the ground, this mode of 
dispersal may be common within the family.

Pretreatment of wood chips and pulp with Thelephora 
mycelium can be used to reduce chemical usage in paper 
industries, through the action of the ligninolytic enzymes it 
produces (Selvam et al. 2011).

Species of Thelephora can accumulate heavy metals to 
high concentrations. Thelephora penicillata, in particular, 
has been shown to hyperaccumulate cadmium and arsenic 
in extreme amounts (Borovička et al. 2022).

In terms of future recommendations, one need not 
look further than at the daunting amount of species that 
remain to be described within Thelephorales—a small 
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order counted by the number of currently named spe-
cies, but the second largest among basidiomycetes when 
approximations of undescribed species are included. 
Most likely, tens of thousands of species still lack names 
and given currently available data, many probably play 
important roles in ecosystems around the world as well as 
contain substances that could be of great benefit to man-
kind. In addition to continued research in these fields at 
an increased pace, together with the even more important 
efforts to protect the probably quite considerable number 
of species that are threatened by extinction, it is of utmost 
importance that initiatives to more rapidly provide names 
for undescribed species are given priority within current 
research. Without names that by their numbers mirror the 
abundant diversity of Thelephorales, its significance and 
prevalence will be hard to communicate and promote. 
Apart from pure funding of such projects it would be very 
helpful if herbaria in Europe and North America (where 
most types are from) could make efforts to sequence type 
specimens of old Thelephorales names, alternatively cre-
ate epitypes.

Tilletiales Haeckel 1894

Contributed by: Teodor T. Denchev, Cvetomir M. Denchev, 
Dominik Begerow, Martin Kemler

Introduction

It is hard to say who first introduced a name of an order 
for the tilletialean fungi as no rank of taxa was given in 
numerous old sources, including those related to this name. 
Haeckel (1894) was probably the first author who used an 
order-rank name for the holobasidiate smut fungi, although 
ambiguity of his names with respect to rank.

In the system of Exobasidiomycetes, Tilletiales is char-
acterized by having local interaction zones without inter-
action apparatus in intercellular hyphae, and a dolipore 
without pore caps, traversed by two tripartite membranous 
plates arranged symmetrically (Bauer et al. 1997). They 
produce small local interaction sites with small electron-
opaque deposits of variable shape and size at the host-
parasite interface, and only the host response at these sites 
indicates that they are sites of interaction (Bauer et al. 
1997). Intracellular hyphae and haustoria are lacking. The 
species are plant parasitic on Poaceae (with exception of 
the Erratomyces species, that are parasites on Fabaceae). 
Sori are formed in the ovaries of the hosts (except a few 
Tilletia species and the Erratomyces species producing sori 
on leaves). Teliospores are darkly pigmented and mostly 

ornamented. Teliospores germinate with holobasidia, pro-
ducing an apical whorl of basidiospores. Basidiospores are 
filiform to fusiform in shape; in some species, the basidi-
ospores conjugate in pairs and give rise to infection hyphae 
or secondary spores (Castlebury et al. 2005; Vánky 2013; 
Begerow et al. 2014). The species are united by morpho-
logical and ultrastructural characteristics and molecular 
data (Bauer et al. 1997; Castlebury et al. 2005; Vánky 
2013; Begerow et al. 2014). Tilletiales contains two fami-
lies and seven genera.

Characters that define the taxa in the order

Tilletiales is divided into two families: Tilletiaceae and 
Erratomycetaceae. Members of both families are morpho-
logically very close, but they were distinguished by spe-
cialization on Poaceae and Fabaceae, respectively, and the 
molecular phylogeny is highly congruent with it.

Tilletiaceae was erected by Schröter (1887). All 
members of this family are parasites on hosts in vari-
ous genera of grasses. The largest genus, Tilletia, was 
erected by Tulasne and Tulasne (1847). The infection is 
mostly systemic, rarely local (in ovaries of some spike-
lets). Sori are produced in the ovaries, which fill with 
a semi-agglutinated or powdery mass of spores inter-
mingled with sterile cells. In some species, the sori are 
formed on leaves and culms, as streaks. Exceptionally, 
the sori appear as swellings on the culms or cover the 
surface of the leaves, or form witches’ brooms (Vánky 
2013; Denchev and Denchev 2018c, d). Peridium and 
columella are lacking. Spores are single, medium- to 
large-sized, from pale yellowish brown to dark reddish 
brown, usually ornamented (reticulate, cerebriform, echi-
nate, verrucose or with cylindrical projections), rarely 
smooth, often surrounded by a more or less evident hya-
line or tinted gelatinous sheath. Spores of some species 
are with a short, hyaline appendage. In some species, 
the spore mass has a fetid smell due to the production 
of trimethylamine. Sterile cells are solitary, variously 
shaped, smaller or larger than the spores, hyaline or 
slightly pigmented, smooth or ornamented. Sometimes, 
subhyaline, intermediate cells with traces of surface 
ornamentation or with unusual ornamentation are present 
(Vánky 2013). Spore germination results in a holoba-
sidium, frequently with multiple retraction septa, and 
an apical whorl of filiform to narrowly falcate primary 
basidiospores which in some species conjugate in pairs 
to give rise to infection hyphae, blastospores, and bal-
listospores (secondary sporidia), while in other species 
basidiospores are numerous, acicular or filiform, giving 
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rise to infection hyphae without conjugation (Castlebury 
et al. 2005; Vánky 2013). The number of basidiospores 
formed per basidium varies considerably among different 
species. The genus of Tilletia is monographically studied 
by Durán and Fischer (1961) and Vánky (2011). Cur-
rently, 189 species are recognized in Tilletia (Denchev 
and Denchev 2018c, d; Denchev et al. 2018).

Neovossia, Oberwinkleria, and Ingoldiomyces are 
monotypic genera. Their type species are morphologically 
too close to the species of Tilletia. Nevertheless, these 
genera have some characters differentiating them from Til-
letia. Neovossia moliniae (Thüm.) Körn. differs from the 
species of Tilletia by a complex of characters that includes 
(i) presence of elongate, foveolate spores provided with a 
thin, hyaline sheath and with a long, hyaline appendage 
(remains of the sporogenous hypha), (ii) lack of sterile 
cells between the spores, and (iii) a very large number 
of basidiospores which germinate without conjugation 
(Vánky 2013).

Oberwinkleria anulata Vánky & C. Vánky is char-
acterized by the presence of spores with a dark ring in 
the longitudinal spore axis; the absence of an evident 
basidium—this is reduced to the spore; and the spore ger-
mination that results either in 3–6, short basidiospores 
directly produced on pedicels, or in ramified, aseptate 
hyphae on which basidiospore-like spores and ballisto-
spores are formed on sterigmata (Vánky and Bauer 1995; 
Vánky 2013).

Ingoldiomyces hyalosporus (Massee) Vánky differs from 
the other tilletiaceous species by having peculiarly ridged 
spores that germinate in aseptate basidia on which apically, 
on sterigmata, 1–2, curved ballistosporic basidiospores are 
produced (Ingold 1995; Vanky and Bauer 1996).

Conidiosporomyces consists of three species. They can 
be easily distinguished from Tilletia based on the formation 
of a sorus composed of a saclike, apically open peridium of 

host tissue and fungal origin, and a central mass of a mix-
ture of spores, sterile cells, and balls of Y-shaped, hyaline 
conidia (Vanky and Bauer 1992). The spore germination 
results in a holobasidium with an apical claster of elon-
gate basidiospores; the germination of basidiospores and 
conidia results in hyphae on which both blastic conidia and 
ballistospores are formed (Vanky and Bauer 1992; Vánky 
2013).

Salmacisia is a monotypic genus, with S. buchloeana 
(Kellerm. & Swingle) D.R. Huff & Amb. Chandra, that 
is morphologically indistinguishable from the species in 
Tilletia. It was described on the basis of molecular phylo-
genetic data (Chandra and Huff 2008). Spore germination 
results in simple or branched multinucleate holobasidia, 
with an apical whorl of binucleate or mononucleate basidi-
ospores; mononucleate basidiospores conjugate in pairs 
developing hyphae and secondary sporidia, like those 
produced by the dikaryotic basidiospores (Durán 1987; 
Chandra and Huff 2008; Vánky 2013). The infection is 
systemic.

Erratomycetaceae was erected to accommodate the 
species of Erratomyces (Denchev and Denchev 2013). 
This genus consists of five species. They are related to 
Tilletia but differ by having spores embedded in the leaf 
tissue—in Tilletia, such localization is an exception (e.g. 
T. sterilis Ule), and by host specialization on Fabaceae. 
Spore germination is of Tilletia-type with holobasidia 
apically bearing needle-shaped basidiospores (Piepen-
bring and Bauer 1997). Phylogenetic placement of the 
type species, Erratomyces patelii (Pavgi & Thirum.) M. 
Piepenbr. & R. Bauer, was demonstrated by Castlebury 
et al. (2005).

Plates
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Fig. 57  Tilletiales. a–i habit. 
a Conidiosporomyces ayresii 
on Megathyrsus maximus, Sri 
Lanka (Vánky Ustil. Exs. 186); 
b Erratomyces patelii on Vigna 
mungo, India (Vánky Ustil. 
Exs. 1052); c Ingoldiomyces 
hyalosporus on Nassella pubi-
flora, Bolivia (Vánky Ustil. Exs. 
1330); d Neovossia moliniae 
on Phragmites australis, Italy 
(Vánky Ustil. Exs. 573); e Til-
letia acroceratis on Acroceras 
macrum, Ethiopia (Vánky Ustil. 
Exs. 1255); f Tilletia cerebrina 
on Deschampsia cespitosa, 
Czech Republic (Vánky Ustil. 
Exs. 977); g Tilletia fusca on 
Vulpia bromoides, Ethiopia 
(Vánky Ustil. Exs. 1269); h 
Tilletia olida on Brachypodium 
pinnatum, Hungary (Vánky 
Ustil. Exs. 358); i Tilletia vittata 
on Oplismenus compositus, 
Thailand (Vánky Ustil. Exs. 
1297). Arrows in a–i indicate 
sori. Scale bars: a–i = 1 cm
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Fig. 58  Tilletiales. a–f spores 
in LM. a Erratomyces patelii 
on Vigna mungo, India (Vánky 
Ustil. Exs. 1052); b Tilletia 
barclayana on Cenchrus alope-
curoides, Korea (SMK 16834); 
c Tilletia elizabethae on Ven-
tenata dubia, Slovakia (SOMF 
29800, holotype); d Tilletia 
fusca on Vulpia ciliata, Greece 
(B 70 0015527); e Tilletia 
oplismeni-cristati on Acroceras 
calcicola, Madagascar, Denchev 
2631; f Tilletia setariae-viridis 
on Setaria viridis, Korea, 
Denchev 06-23. Scale bars: 
a–f = 10 μm
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Fig. 59  Tilletiales. a–f spores 
in SEM. a Conidiosporomy-
ces ayresii on Megathyrsus 
maximus, Cameroon, Denchev 
3634; b Tilletia barclayana on 
Cenchrus alopecuroides, Korea 
(SMK 18300); c Tilletia eliza-
bethae on Ventenata dubia, Slo-
vakia Slovakia (SOMF 29800, 
holotype); d Tilletia fusca on 
Vulpia ciliata, Greece (B 70 
0015527); e Tilletia oplismeni-
cristati on Acroceras calcicola, 
Madagascar, Denchev 2631; 
f Tilletia setariae-viridis on 
Setaria viridis, Korea, Denchev 
06-23. Scale bars: a–f = 5 μm

Genera included
Family Tilletiaceae J. Schröt. 1887

Conidiosporomyces Vánky 1992
Ingoldiomyces Vánky 1996
Neovossia Körn. 1879
 = Vossia Thüm. 1879 (nom. illeg.)
Oberwinkleria Vánky & R. Bauer 1995
Salmacisia D.R. Huff & A. Chandra 2008
Tilletia Tul. & C. Tul. 1847
 = Tilletiella Zambett. 1970 (nom. inval.)

Family Erratomycetaceae Denchev & T. Denchev 2013
Erratomyces M. Piepenbr. & R. Bauer 1997

Evolution and justification of order

Vossia was erected by Thümen (1879) for Vossia moliniae 
Thüm. on Molinia caerulea (L.) Moench, but soon after-
wards Körnicke (1879) found that this name was illegiti-
mate (a later homonym) and proposed the name Neovossia. 
Brefeld (1895) described and illustrated the spore germina-
tion of N. moliniae, and described a second species, N. bar-
clayana Bref. on Pennisetum triflorum Steud. [q.e. Cenchrus 
orientalis (Rich.) Morrone]. Both species are characterized 
by formation of a very large number of basidiospores which 
germinate without conjugation. Later 14 additional species 
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have been described as or transferred to Neovossia (Carris 
et al. 2006). Castlebury et al. (2005) and Carris et al. (2006) 
stated that there is no phylogenetic support for maintaining 
Neovossia as a distinct genus from Tilletia, however, Vánky 
(2011, 2013) considered Neovossia as a monotypic genus for 
N. moliniae, with a complex of distinctive characters listed 
in the text above.

Salmacisia buchloeana on Bouteloua dactyloides (Nutt.) 
Columbus was initially placed in Tilletia (as ‘T. buchloëana’, 
Kellerman and Swingle 1889), but based on molecular 
evidence, it was transferred to a new genus (Chandra and 
Huff 2008). The host plant is a dioecious grass. Salmacisia 
buchloeana is a remarkable smut fungus for causing induced 
hermaphroditism. It induces development of ovaries in flow-
ers of otherwise male plants causing host castration where 
host reproductive organs are sterilized as a consequence of 
the parasite’s own reproduction (Chandra and Huff 2008). 
Alteration of host reproductive structures evolved at least 
three times independently within smut fungi, as seen in 
Microbotryum, Salmacisia, and Thecaphora (Begerow et al. 
2014).

The host specificity of some species of Tilletia and the 
correlation between lineages within Tilletia with monophy-
letic host lineages are in need of additional molecular phy-
logenetic studies.

The monotypic Tilletiella was established by Zambettakis 
(1970) as an asexual genus in order to accommodate conid-
ial forms of some Tilletia species (e.g., Tilletia alopecuri 
(Sawada) L. Ling, Tilletia on Bromus, etc.). Tilletiella is an 
invalidly published name (without a description or diagnosis 
in Latin, Art. 39.1 Shenzhen Code, and without a type spe-
cies, Art. 40.1), as is the combination Tilletiella alopecuri 
(Sawada) Zambett. (Art. 35.1). Thus, both names are not 
names under the Code.

Economic importance

Some species of Tilletia cause economically significant 
diseases of cereal crops. Tilletia indica Mitra is the causal 
agent of Karnal bunt disease of wheat in India, Nepal, 
Pakistan, Afghanistan, Iran, and Iraq, and as an intro-
duced species, in Mexico, USA, and South Africa. This 
pathogen is highly regulated and quarantined by many 
countries (Castlebury 1998; Sing 1998). The infection is 
local and sori are developed only in some ovaries of the 
spike. Affected seeds are usually partially bunted and have 
a characteristic fishlike odor, caused by the production of 

trimethylamine, which causes a reduction in the quality of 
the grain (Castlebury 1998). Karnal bunt fungus infects 
only during specific periods within boot swelling to anthe-
sis stage, unlike Tilletia caries, T. laevis, and T. contro-
versa, and it sporulates on the same generation of the host 
that it infects, unlike Ustilago tritici (Fuentes-Davila 1996; 
Carris et al. 2006). Thus, Tilletia indica differs from other 
smuts of wheat.

Common bunt caused by Tilletia caries (DC.) Tul. & 
C. Tul. and T. laevis J.G. Kühn and dwarf bunt caused by 
T. controversa J.G. Kühn are important seed-borne dis-
eases of wheat (Goates 1996), occurring in most wheat 
growing regions worldwide. Infection with T. caries and T. 
laevis occur below the soil surface, shortly after the seed 
germinates and prior to emergence. Spores germinate on 
seed or in the soil, produce infection hyphae, and penetrate 
the coleoptile. Spores of T. controversa germinate at or 
near the soil surface and infection hyphae infect seedlings 
(Goates 1996). The common and dwarf bunt fungi are sys-
temically infecting species. Their sori fill the ovaries with a 
fetid mass of spores and sterile cells. Both T. caries and T. 
controversa possess reticulate spores, however, the plants 
infected with T. controversa are dwarfed. Spores of T. lae-
vis are smooth. Contaminated grain has reduced quality 
due to the smell of trimethylamine.

Tilletia horrida Takah. is the causal agent of Rice kernel 
smut disease that can cause losses in grain production. It is 
distributed mainly in subtropics and tropics, in most of the 
rice-cultivating countries (Carris et al. 2006; Vánky 2011). 
The infection is local.

In India and the Neotropics the angular black spot disease 
on leaves of beans is caused by Erratomyces patelii (Piepen-
bring and Bauer 1997).

Trechisporales K.H. Larss. 2007

Contributed by: Viktor Papp, Sergio P. Gorjón

Introduction

Trechisporales is a relatively small, angiosperm-asso-
ciated order that represents an early-diverging lineage 
of Agaricomycetes (Nagy et al. 2016; He et al. 2019a; 
Varga et al. 2019). According to He et al. (2019a, b), it 
contains 16 genera and about 120 species. Recently, Liu 
et al. (2022a) restricted the order to 12 genera (excluding 
Boidinella, Litschauerella, Sphaerobasidium, Sertulicium, 
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and Sistotremastrum). Phylogenetic studies based on ribo-
somal DNA regions (ITS and 28S rDNA) showed that the 
order divides into two well separated, family level clades, 
the Hydnodontaceae Jülich and a group containing the cor-
ticioid genus Sistotremastrum J. Erikss., informally called 
Sistotremastrum family (Larsson 2007; Telleria et al. 2013; 
Gruhn et al. 2018; Liu et al. 2019a). Recently, the Sis-
totremastrum family has been raised to family and order 
level (Sistotremastraceae, Sistotremastrales) by Liu et al. 
(2022a) cointaining two genera, Sertulicium and Sistotrem-
astrum. Except for certain species in the Trechispora line-
age (e.g. Hydnodon thelephorus and Scytinopogon spp.), 
all the taxa in Trechisporales have resupinate basidiomes 
and most of them have a non-poroid hymenophore (Albee-
Scott and Kropp 2011; Hibbett et al. 2014; Desjardin and 
Perry 2015).

History

Trechisporales was circumscribed by Larsson (2007) indi-
cating two strongly supported clades; Hydnodontaceae 
and a group with no family level named Sistotremastrum 
family and with no obvious characters to link it with Hyd-
nodontaceae. Hydnodontaceae (= Scytinopogonaceae Jül-
ich, = Subulicystidiaceae Jülich) was introduced by Jülich 
(1981) to accommodate the monotypic genus Hydnodon. 
However, Hydnodon is now considered as a synonym of 
Trechispora, based on morphological similarity (except its 
stipitate basidioma) and phylogenetic evidence (Ryvarden 
2002; Albee-Scott and Kropp 2011; Larsson et al. 2011). 
In addition to the genus Trechispora s. lato, the genera 
Brevicellicium, Dextrinocystis, Fibrodontia, Luellia, Por-
pomyces, Subulicystidium, and Tubulicium were confirmed 
to belong in the family Hydnodontaceae by phylogenetic 
studies (Larsson 2007; Yurchenko and Wu 2012; Birkebak 
et al. 2013; Telleria et al. 2013; Wu et al. 2015c; Ordynets 
et al. 2018; Liu et al. 2019a, 2022a; Ushijima et al. 2019). 
Further genera that morphologically may belong to Hyd-
nodontaceae include Brevicellopsis, Cristelloporia and 
Litschauerella but they have never been confirmed from 
a phylogenetic perspective (Oberwinkler 1966; Johansen 
and Ryvarden 1979; Hjortstam and Ryvarden 2008; Liu 
et al. 2022a).

Trechispora, the generic type, was established by 
Karsten (1890) to accommodate the single species, T. 
onusta P. Karst. (= T. hymenocystis). Although, the generic 
type is characterised by a poroid hymenial surface (Lars-
son 1994), the majority of the species now assigned to 

Trechispora have smooth, poroid, or odontioid to hyd-
noid hymenophores (eg. Liberta 1973; Larsson 1996; 
Trichiès and Schultheis 2002; Miettinen and Larsson 
2006; Ordynets et al. 2015; Phookamsak et al. 2019; Xu 
et al. 2019a; Haelewaters et al. 2020). Based on these mor-
phological characteristics, the genus Trechispora s. lato 
comprises Dextrinodontia, Echinotrema, Hydnodon and 
Fibriciellum J. Erikss. & Ryvarden (Larsson 1992, 1994; 
Ryvarden 2002). Moreover, two further genera, Cristellop-
oria and Scytinopogon also show similar micro-morpho-
logical characteristics as Trechispora, but their systematic 
position is poorly resolved. From among the six known 
Cristelloporia species (Johansen and Ryvarden 1979; Hat-
tori 2003), only C. brasiliensis Corner was transferred to 
Trechispora (Larsson 1992), and the systematic position 
of the others, including the type (C. dimitica I. Johans. 
& Ryvarden) are not verified by molecular methods. The 
micromorphological similarity between species of Trechis-
pora and Scytinopogon was initially observed by Jülich 
(1981) and Larsson (1992). Subsequent studies by Larsson 
et al. (2011), Birkebak et al. (2013), Desjardin and Perry 
(2015), and Liu et al. (2019a), based on phylogenetic data, 
revealed that Scytinopogon species are nested within the 
Trechispora clade. Currently, Scytinopogon is formally 
recognized as a synonym of Trechispora (Meiras-Ottoni 
et al. 2021).

Characters that define the taxa in the order

Trechisporales is a highly diverse order with stipitate, cla-
varioid, or resupinate basidiomes. The hymenial configura-
tion varies from smooth, grandinioid, odontioid, hydnoid 
or poroid. Basidia are usually short, bearing two to four 
sterigmata. The basidiospores are smooth or variously 
ornamented. All species of Trechisporales bear a mono- or 
dimitic hyphal system with clamp connections in a fragile 
context, variably presence of cords, and in most species is 
usual to find ampullaceous septa (in cords and subiculum), 
short-celled, and richly branching subhymenial hyphae. In 
most species is also normal to find rich accumulations of 
calcium oxalate crystals in the hyphae. Most known spe-
cies of Trechisporales may be saprotrophs on wood, while 
some species are considered to be ectomycorrhizal fungi 
or at least have a plant biotrophic lifestyle (Vanegas-León 
et al. 2019).

Plates
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Fig. 60  Diversity of basidi-
ome types in Trechisporales. 
a Trechispora farinacea (SPG 
1095, Spain); b Trechispora 
cohaerens (SPG 656, Spain); c 
Subulicystidium longisporum 
(SPG 551, Spain); d Fibrodon-
tia alba (LWZ 20180923-4, 
Yunnan province, China)

Genera included
Family Hydnodontaceae Jülich 1982

Allotrechispora L.W. Zhou & S.L. Liu 2022
Brevicellicium K.H. Larss. & Hjortstam 1978
Dextrinocystis Gilb. & M. Blackw. 1988
 = Oxyflavus Ryvarden 1973
Fibrodontia Parmasto 1968
Luellia K.H. Larss. & Hjortstam 1974
Porpomyces Jülich 1982
Pteridomyces Jülich 1979
Subulicystidium Parmasto 1968
 = Aegeritina Jülich 1984
Suillosporium Pouzar 1958
Trechispora P. Karst. 1890
 = Cristelloporia I. Johans. & Ryvarden 1979
 = Dextrinodontia Hjortstam & Ryvarden 1980
 = Echinotrema Park.-Rhodes 1955
 = Fibriciellum J. Erikss. & Ryvarden 1975
 = Fibuloporia Bondartsev & Singer 1941
 = Fibuloporia Bondartsev & Singer 1944
 = Hydnodon Banker 1913
 = Osteomorpha G. Arnaud ex Watling & W.B. Kendr. 
1979
 = Pseudohydnum Rick 1904
 = Murrilloporus Ryvarden 1985
 = Scytinopogon Singer 1945
 = Tomentella P. Karst. 1889
Tubulicium Oberw. 1965
 = Tubulixenasma Parmasto 1965

Trechisporales genera incertae sedis
Boidinella Nakasone 2011
Brevicellopsis Hjortstam & Ryvarden 2008

Evolution

According to the present phylogenomic tree, Trechisporales 
is a sister clade to Phallomycetidae, composed by Gom-
phales, Geastrales, Phallales, Hysterangiales. This position 
is still inconclusive and does not agree with the position of 
the order according to the analysis of the combined dataset 
of ITS, nrLSU, tef1-α and rpb2 regions proposed by Liu 
et al. (2022a) where Trechisporales and Sistotremastrales 
form a basal lineage separate from Phallomycetidae. These 
inconsistencies will be solved in the future once more 
genomes of the group are incorporated into the analyses.

Justification of order and problems

Trechisporales is a taxon-poor order compared with most 
other orders within Agaricomycetes, Basidiomycota 
(Wijayawardene et al. 2022b). Sertulicium and Sistotrem-
astrum (Sistotremastrum family or Sistotremastraceae) 
have recently been segregated in the order Sistotremas-
trales by Liu et al. (2022a). Sistotremastrales is character-
ized by corticioid basidiomes on wood, basidia with four 
to eight sterigmata, and smooth basidiospores. Comparing 
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with the circumscription of Trechisporales sensu He et al. 
(2019a, b) and Spirin et al. (2021), some species in the 
reduced concept of Trechisporales also have smooth basidi-
ospores, and thus are similar to species bearing basidia 
with four sterigmata in Sistotremastrales; however, spe-
cies of Trechisporales differ in soft basidiomes, subicular 
hyphae with ampullate septa and presence of cystidia with 
various shapes (Spirin et al. 2021; Liu et al. 2022a; 2022e). 
In the work of Liu et al. (2022a) the order Sistotremastrales 
is segregated based on multilocus phylogenetic analyses. 
The present phylogenomic analyses only have in consid-
eration two genomes, vid. Sertulicium niveocremeum and 
Sistotremastrum suecicum, both the type species of Ser-
tulicium and Sistotremastrum, respectively. According to 
the fungal genomics tree in JGI (https:// mycoc osm. jgi. doe. 
gov/ mycoc osm/ speci es- tree/ tree; 4fUe21? organ ism= agari 
comyc etes), these two species were separated from Porpo-
myces mucidus, the only representative of Trechisporales. 
In the future, more genomes from Trechisporales and Sis-
totremastrales will help to further clarify the taxonomic 
independence of these two orders.

Luo and Zhao (2022) included sequences of Litschau-
erella gladiola and Sphaerobasidium minutum in the phy-
logenetic tree of Trechisporales. However, the available 
sequences of Sphaerobasidium minutum suggest Sphaeroba-
sidium has a closer affinity to Hymenochaetales rather than 
Trechisporales (Liu et al. 2022a). Similarly, Litschauerella 
was excluded from Trechisporales (Liu et al. 2022a).

Currently, Trechispora, the genus with the most species 
in the order, contains 87 legitimate names (Liu et al. 2022a). 
However, a large number of DNA sequences of unidenti-
fied Trechispora spp. from different regions of the world 
are deposited in the UNITE database. These sequences 
(including environmental DNA data) predict many hitherto 
formally undescribed Trechispora spp., especially from 
tropical regions.

Significance

Ecological and economical roles

Trechispora is an important genus of wood-inhabiting fungi 
that have the ability to decompose rotten wood in the forest 
ecosystem, but some sequences amplified by Vanegas-León 
et al. (2019) from apparently ectomycorrhizal roots belong 
to Trechispora and suggested a root-associated ecology, 
at least biotrophic and possibly ectomycorrhizal. Future 
investigations in subtropical regions are needed to deter-
mine whether such a mode of nutrition is widespread among 

Trechispora and other Trechisporales and its importance in 
the forest ecosystems.

Tremellales Fr. 1821

Contributed by: Xin-zhan Liu

Introduction

Tremellales is the largest order in the class Tremellomy-
cetes that includes yeasts and dimorphic fungi forming 
macroscopic gelatinous basidiomes such as Tremella, Pseu-
dotremella, Phaeotremella, and Sirobasidium (Weiss et al. 
2014; Liu et al. 2015a). Several species are only known 
in the yeast stage. Most of the yeast species have only an 
asexual stage as presently known, whereas some species 
in Papiliotrema, Rhynchogastrema, and Bullera have both 
asexual and sexual stages, but without conspicuous basid-
iomes (Metzler et al. 1989; Sampaio et al. 2002, 2004). 
Besides, there are several groups of lichen-inhabiting taxa 
distributed in Tremellales, such as Tremella clade I, II and 
III (Millanes et al. 2011; Diederich et al. 2022b). Tremel-
lales is an order with various life styles and nutrition modes, 
comprising saprotrophs, mycoparasites, human parasites, 
and fungicolous species.

History

Tremellales was proposed by Fries in 1821 for fungi with 
gelatinous basidiomes. Its concept has been redefined sev-
eral times from using features of basidial morphology to 
ultrastructure, the nature of haploid states and trophic modes 
(Weiss et al. 2014). Tremellales was recognized by the clas-
sical fungal barcode markers of the ITS regions and D1/
D2 LSU domains of the rDNA (Fell et al. 2000; Scorzetti 
et al. 2002). The Assembling the Fungal Tree of Life pro-
ject provided a chance to better understand the phylogenetic 
relationship of Tremellales. (Matheny et al. 2006). There 
was some debate as to whether to include Trichosporonales 
into Tremellales (Hibbett et al. 2007). However, a multi-
gene-based phylogenetic analysis indicated that these two 
orders are separate (Liu et al. 2015b). Upon the coming of 
the genomics era, phylogenomic studies using genome-scale 
datasets will advance our understanding of fungal tree of 
life and the relationships between the orders in Tremello-
mycetes. The monophyletic nature of Tremellales was chal-
lenged as Phaeotremellaceae including Phaeotremella fagi, 
and Phaeotremella skinneri appeared to belong to a clade 

https://mycocosm.jgi.doe.gov/mycocosm/species-tree/tree;4fUe21?organism=agaricomycetes
https://mycocosm.jgi.doe.gov/mycocosm/species-tree/tree;4fUe21?organism=agaricomycetes
https://mycocosm.jgi.doe.gov/mycocosm/species-tree/tree;4fUe21?organism=agaricomycetes
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separate from the other species of Tremellales (Li et al. 
2021c).

Characters that define the taxa in the order

Basidial morphology in Tremellales mainly comprises lon-
gitudinally septate basidia, although some other types of 
septation have been reported as well. The basidiome tex-
ture in Tremellales is usually gelatinous, and the size of the 
basidiomes differs among species and genera. Some species 
produce only minute basidiomes, or completely live inbe-
tween the hymenium of other fungi (especially the so-called 
intrahymenial mycoparasites). Gelatinous basidiomes are the 
most typical characteristic, and they are usually called jelly 
fungi (Bandoni 1995; Weiss et al. 2014). Some species of 
genera such as Trimorphomyces, Papiliotrema, and Rhyn-
chogastrema, form minute basidiomes, but the sexual state 
of Bullera alba was only observed in pure culture (Boekhout 
et al. 1991). To recognize asexual yeast species of Tremel-
lales, molecular phylogenetic analysis is the main strategy 
for species recognition, because no distinct morphological 
characteristics are available. Millanes et al. (2011) showed 
that these morphological characters are plesiomorphic and 
do not correlate with phylogeny. Different types of basidial 
septation and fruitbody morphology evolved multiple times 
in this group.

Plates

Fig. 61  Basidiome of Tremella fuciformis in the field from China. 
Also See Figs.  1 and 2 in Millanes et  al. (2011). See Figs.  100.9–
100.16, 126.2 (Papiliotrema), 129.2 (Sirobasidium) 132.1, 132-3-11 
(Tremella), and 133.1 (Trimorphomyces) in Boekhout et  al. (2011), 
Sampaio (2011e), Bandoni et al. (2011b), and Bandoni and Boekhout 
(2011b)

Genera included
Family Bulleraceae Xin Zhan Liu, F.Y. Bai, M. Groenew. 
& Boekhout 2015

Bullera Derx 1930
 = Bulleromyces Boekhout & Á. Fonseca 1991
Fonsecazyma Xin Zhan Liu, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Genolevuria Xin Zhan Liu, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Pseudotremella Xin Zhan Liu, F.Y. Bai, A.M. Yurkov, 
M. Groenew. & Boekhout 2015

Family Bulleribasidiaceae Xin Zhan Liu, F.Y. Bai, M. 
Groenew. & Boekhout 2015

Bulleribasidium J.P. Samp., M. Weiss & R. Bauer 
2002
 = Mingxiaea F.Y. Bai, Q.M. Wang, Boekhout & 
Nakase 2011
Derxomyces F.Y. Bai & Q.M. Wang 2008
Dioszegia Zsolt 1957
Hannaella F.Y. Bai & Q.M. Wang 2008
Nielozyma Xin Zhan Liu, F.Y. Bai, M. Groenew. & 
Boekhout 2020
 = Nielozyma Xin Zhan Liu, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Vishniacozyma Xin Zhan Liu, F.Y. Bai, M. Groenew. 
& Boekhout 2015

Family Carcinomycetaceae Oberw. & Bandoni 1982
Carcinomyces Oberw. & Bandoni 1982

Family Cryptococcaceae Kütz. ex Castell. & Chalm. 1919
Cryptococcus Vuill. 1901
 = Atelosaccharomyces Beurm. & Gougerot 1909
 = Cryptococcus Kütz. 1833
 = Filobasidiella Kwon-Chung 1976
 = Tsuchiyaea Y. Yamada, H. Kawas., Itoh, I. Banno 
& Nakase 1988
Kwoniella Statzell & Fell 2008
Teunia Q.M. Wang & F.Y. Bai 2020

Family Cuniculitremaceae J.P. Samp., R. Kirschner & M. 
Weiss 2001

Fellomyces Y. Yamada & I. Banno 1984
Kockovaella Nakase, I. Banno & Y. Yamada 1991
Sterigmatosporidium G. Kraep. & U. Schulze 1983
 = Cuniculitrema J.P. Samp. & R. Kirschner 2001

Family Naemateliaceae Xin Zhan Liu, F.Y. Bai, M. Groe-
new. & Boekhout 2015

Dimennazyma Xin Zhan Liu, F.Y. Bai, M. Groenew. 
& Boekhout 2015
Naematelia Fr. 1818

Family Phragmoxenidiaceae Oberw. & R. Bauer 1990
Phragmoxenidium Oberw. 1990

Family Rhynchogastremaceae Oberw. & B. Metzler 1989
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Papiliotrema J.P. Samp., M. Weiss & R. Bauer 2002
Rhynchogastrema B. Metzler & Oberw. 1989
 = Bandoniozyma Boekhout, P. Valente, Pagnocca, 
C.A. Rosa, C.F. Lee, S.O. Suh, M. Blackw., G. Péter 
& Fell 2012

Family Sirobasidiaceae Lindau 1897
Sirobasidium Lagerh. & Pat. 1892
Fibulobasidium Bandoni 1979

Family Tremellaceae Fr. 1821
Hormomyces Bonord. 1851
Mycocryptococcus Pollacci & Nann. 1927
Tremella Pers. 1794
 = Dermatangium Velen. 1926
 = Encephalium Link 1816
 = Epidochium Fr. 1849
 = Gelatina Raf. 1808
 = Gyraria Nees 1816
 = Hepataria Raf. 1808
 = Lindauopsis Zahlbr. 1906
 = Nakaiomyces Kobayasi 1939
 = Tremella Dill. ex L. 1753

Family Trimorphomycetaceae Xin Zhan Liu, F.Y. Bai, M. 
Groenew. & Boekhout 2015

Carlosrosaea A.M. Yurkov, Xin Zhan Liu, F.Y. Bai, 
M. Groenew. & Boekhout 2015
Saitozyma Xin Zhan Liu, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Sugitazyma A.M. Yurkov, X.Z. Liu, F.Y. Bai, M. Groe-
new. & Boekhout 2015
Trimorphomyces Bandoni & Oberw. 1983

Tremellales genera incertae sedis
Biatoropsis Räsänen 1934
Dictyotremella Kobayasi 1971
Neotremella Lowy 1979
Sigmogloea Bandoni & J.C. Krug 2000
Sirotrema Bandoni 1986
Tremellina Bandoni 1986
Xenolachne D.P. Rogers 1947

Evolution

Tremellales is closely related to Trichosporonales. Based 
on the evidence of molecular data, the order contains fami-
lies Bulleraceae, Bulleribasidiaceae, Carcinomycetaceae, 
Cryptococcaceae, Cuniculitremaceae, Phaeotremellaceae, 
Sirobasidiaceae, Naemateliaceae, Rhynchogastremaceae, 
Tremellaceae, Trimorphmycetaceae (Liu et al. 2015b). The 
mean time of origin of the order is estimated to be about 

153 million years ago (Zhao et al. 2017). The lifestyle and 
nutrition mode vary in different clades. The sexual repro-
duction strategy shows a transition from tetrapolar in Tre-
mella species to bipolar in Cryptococcus species (Metin 
et al. 2010).

Justification of order and problems

The circumscription of Tremellales is well justified, using 
both morphology (basidiomes and basidium morphology) 
but importantly molecular phylogenetic studies (Fell et al. 
2000; Scorzetti et al. 2002; Liu et al. 2015a, b; He et al. 
2019a; Li et al. 2020b) The ambiguous taxonomy of Phaeo-
tremellaceae has been raised in some studies, especially in 
genome-based research (Li et al. 2020b, 2021c).

Significance

Ecological and economical roles

Many yeast species of Tremellales are plant-related or 
soil-inhabitant species, such as Bullera, Derxomyces, Dio-
szegia, Hannaella, Kockovaella and Papiliotrema (Boek-
hout et al. 2022). These species constitute the biome of 
plant surface or soil that promote the plant growth or soil 
health. Several species in yeast genera Bullera, Dioszegia, 
Hannaella, Mrakia, and Papiliotrema are found to inhabit-
ant extreme environments (Buzzini et al. 2018). The yeast 
species of Papiliotrema is identified to be a member of 
microbial community in the International Space Station 
(Bijlani et al. 2020). Mycoparasitic fungi such as Tre-
mella species have long been used as food or traditional 
medicine in Asian countries. The industrial cultivation 
of Tremella fuciformis has been practiced for more than 
30 years, and some new cultivars have been domesticated 
(Zhang et al. 2022a). Several species of the genus Cryp-
tococcus are well-known human opportunistic pathogens, 
e.g. C. neoformans, C. gattii, and C. deuterogattii, but 
they also occur in the environment, e.g. pigeon droppings, 
trees etc. (Lin and Heitman 2006; Hagen et al. 2015; Bahn 
et al. 2020).

Chemical diversity

Within the order variation exists in the number of isopre-
nologues of the co-enzyme Q system. Most species have 
CoQ10 while CoQ9 also occurs (Fonseca et al. 2011).
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Other relevant data and future 
recommendations

Elaborate genome investigations have been performed in the 
Cr. neoformans/Cr. gattii complex due to its clinical impor-
tance. More genome studies should be launched for other 
members of the order to better understanding the evolution 
at the ordinal level.

Tremellodendropsidales Vizzini 2014

Contributed by: Alfredo Vizzini

Introduction

Tremellodendropsidales was established by Vizzini (2014) 
based on morphology and unpublished molecular data. 
Later, Berbee et al. (2016) molecularly confirmed the status 
of the taxon as independent order. It contains the only family 
Tremellodendropsidaceae with the single genus Tremello-
dendropsis typified with T. tuberosa (Grev.) D.A. Crawford. 
Eight species are recognized worldwide within the genus by 
Agerer (2018).

History

The type species was published by Greville (1825) as 
Merisma tuberosa, presumably from Scottish material. 
Corner (1950) described the genus Aphelaria for those 
clavarioid fungi with a monomitic system and flattened 
branching. Later, he erected the subgenus Tremelloden-
dropsis of Aphelaria for these species with clamped 
thin-walled hyphae and subtremellaceous basidia (with 
partial, cruciate apical septation), and designated Aphe-
laria tuberosa (Grev.) Corner as the type species (Corner 
1953). He distinguished Aphelaria subgenus Tremello-
dendropsis from Tremellodendron G.F. Atk. by clavate 
basidia (versus globose basidia) and not truly tremella-
ceous, and the thin-walled hyphae with clamp-connec-
tions (versus thick-walled hyphae without clamp-con-
nections). Crawford (1954), in a study on New Zealand 
clavarioid fungi, raised Tremellodendropsis to generic 
rank, separating it from Aphelaria s. stricto in having 
clamped hyphae and partially or completely cruciately 
septate apices of the basidia. Additionally, Crawford 
described in the same paper the new Tremellodendropsis 

subgenus Transeptia (typified with T. transpusio D.A. 
Crawford) for those species in which the apices of the 
basidia are completely cruciately septate. Reid (1956) 
established the genus Pseudotremellodendron for encom-
passing T. transpusio and allied species. Corner (1970) 
recognized Tremellodendropsis as an independent genus 
from Aphelaria, with the two subgenera Transeptia (sub-
gelatinous basidiomes, basidia with a transverse septum 
before spore-formation) and Tremellodendropsis (coria-
ceous basidiomes, basidia with the septum formed after 
spore development). He reduced Pseudotremellodendron 
as a later synonym of Tremellodendropsis and consid-
ered the genus as a clavorioid link between homobasidi-
omycetes and heterobasidiomycetes. Wojewoda (1981) 
included Tremellodendropsis within the Tremellales. 
Jülich (1981) established the new family Tremelloden-
dropsidaceae for accommodating the species within the 
Tremellales with richly branched basidiomes, and basidia 
which are partially (incompletely) septate at the apex. 
Bandoni (1984) excluded Tremellodendropsidaceae 
from both Auriculariales and Tremellales and consid-
ered them as most closely related to Tulasnellaceae and 
Ceratobasidiaceae within the Tulasnellales. Wells (1994) 
recognized Tremellodendropsidaceae as a family in the 
Auriculariales.

The first phylogenetic analysis including a member of 
the genus was that by Weiss and Oberwinkler (2001) where, 
based only on nrLSU sequences, a clade (bootstrap 98%, 
NJ) containing Protomerulius brasiliensis, P. africanus, an 
unidentified species of Tremellodendropsis (USJ 54427) 
from Costa Rica, Heterochaetella dubia, and Protodontia 
piceicola was highlighted within the Auriculariales.

In the phylogeny of the Auriculariales inferred from 
nrLSU sequence data by Zhou and Dai (2013), a well sup-
ported (100% MLB, 1 BPP) clade (named as the “Proto-
merulius family’’ clade) consisting of Tremellodendropsis 
sp. (the same collection as in Weiss and Oberwinkler 2001), 
Protomerulius africanus, P. brasiliensis, P. substuppeus and 
two unidentified isolates of Protomerulius (O 19171 and 
Zhou 60), was recognized.

Berbee et  al. (2016), based on ribosomal markers, 
indicated that Tremellodendropsis tuberosa cannot be 
included within the Auriculariales or Sebacinales and is 
an early diverging member of Agaricomycetes, without 
providing unequivocal support for its sister group rela-
tionships within the class. They supported the erection 
of the order Tremellodendropsidales previously made by 
Vizzini (2014).
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Fig. 62  Morphological characters of Tremellodendropsidales. a, b 
Tremellodendropsis tuberosa (M&F161115-07, GDOR3123 from 
Tuscany and Liguria, Italy); c basidiospores in Congo red and cotton 

blue; d basidia with longitudinal septa at apex; e context hyphae with 
clamp connections (credit: Paolo Franchi, Fabrizio Boccardo, Mauro 
Marchetti)

Finally, Agerer (2018) included Tremellodendrop-
sidales within Agaricomycotina, Tremellomycetes, 
Tremellomycetidae.

Order circumscription and characters 
that define the taxa in the order

Tremellodendropsis species are characterized by a com-
bination of features such as basidiome annual, erect, cla-
varioid, usually multi-branched, branches terete to flat-
tened, dichotomous to polychotomous, smooth to rugose, 
light coloured, consistency subcoriaceus to tough; context 
homogeneous; hymenium amphigeneous and usually thick-
ening; hyphal system monomitic; hyphae hyaline, smooth, 
not or slightly inflated, thin- to slightly thick-walled, rarely 
secondarily septate, and clamped; spores hyaline, smooth, 
inamyloid, subglobose, ellipsoid, fusiform to amygdali-
form, with small apiculus, thin- to slightly thick-walled, 

with homogeneous content or minutely multi-guttulat; 
basidia clavate to suburniform, 1–4 spored, hyaline, thin-
walled, longitudinally septate only at apex, usually with a 
basal clamp; cystidia absent; entire septal pore cap (paren-
thesome imperforate); growth on soil. (Crawford 1954; 
Corner 1970; Jülich 1981; Wells 1994; Vizzini 2014; Ber-
bee et al. 2016; Agerer 2018).

Taxon definition is mainly based on basidiome shape 
(unbranched versus branched), basidiome colour, presence/
absence of gelatinous tissues, shape and size of the spores, 
and different timing in basidia septation (transverse septum 
formed before or after spore-formation) (Corner 1950, 1953, 
1966b, 1970; Crawford 1954; Schild 1971; Petersen 1985, 
1987; Nitare 2014; Berbee et al. 2016).

Plates
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Genera included
Family Tremellodendropsidaceae Jülich 1982

Tremellodendropsis (Corner) D.A. Crawford 1954
 = Polyozus P. Karst. 1881
 = Pseudotremellodendron D.A. Reid 1957

Justification of order and problems

Placement of Tremellodendropsidales within Agaricomy-
cetes is not resolved and not obvious. Since only ribosomal 
markers for these taxa are available up to now, a genome 
sequencing project or at least the use of extraribosomal 
markers are desirable in the near future for further resolv-
ing its phylogenetic position.

Significance

Ecological and economical roles

Ribosomal DNA phylogenies by Truong et al. (2017) sug-
gested that Tremellodendropsidales encompasses diverse 
ectomycorrhizal fungi that associate with a wide range of 
angiosperms (including Fagus, Eucalyptus, Lithocarpus, and 
Nothofagus) worldwide.

Trichosporonales Boekhout & Fell 2000

Contributed by: Teun Boekhout, Nathan Schoutteten, 
Andrey Yurkov

Introduction

Yeasts that form hyphae and reproduce with arthroconidia 
occur in Saccharomycotina (Ascomycota) and Agaricomyco-
tina (Basidiomycota). Within the latter group, species of Tri-
chosporonales, a basal lineage within Tremellomycetes and 
phylogenetically closely related to the jelly fungi (Tremel-
lales), predominantly reproduce by such arthroconidia. The 
order was already recognized in early studies using sequence 
analysis of the D1-D2 domains of the LSU rDNA (Fell et al. 
2000). Hitherto, a sexual stage has not been observed, with 
the exception of the sexually characterized and basidiome 
forming species Tetragoniomyces uliginosus (Millanes 
et al. 2011; Liu et al. 2015b). Several species are important 
because they cause infections in humans and animals, and 
often trigger allergic reactions. In contrast, several species 
are also interesting from an applied point of view.

History

Before, arthroconidia-forming yeasts belonging to both 
Ascomycota and Basidiomycota were classified in a single 
genus Trichosporon. However, using a variety of biochemi-
cal tests, early molecular observations such as molar per-
centage guanine and cytosine, and ultrastructural features 
allowed a distinction between ascomycetous and basidiomy-
cetous arthroconidial yeasts. Consequently, arthroconidial 
yeasts of those two major fungal lineages were reclassified 
and the asexually basidiomycetous yeasts were classified 
in the genus Trichosporon. Molecular phylogenetic stud-
ies revealed considerable heterogeneity within the genus, 
and five clades were recognized (viz. cutaneum, ovoides, 
brassicae, gracile, porosum clades) (Sugita 2011). Interest-
ingly, these molecular phylogenies demonstrated that some 
non-arthroconidia-forming budding yeasts of the genera 
Asterotremella, Bullera, Cryptococcus, and Vanrija, clus-
tered among species of Trichosporon. A multigene-based 
phylogeny resulted in a reclassification of the genus Trichos-
poron (Liu et al. 2015a, b) and the following genera were 
recognized Apiotrichum, Cryptotrichosporon, Cutaneotri-
chosporon, Effuseotrichsporon, Haglerozyma, Takashimella, 
Trichosporon, and Vanrija (Liu et al. 2015b). Somewhat 
later, Takashima et al. (2019) using comparative genom-
ics added the genus Pascua with P. guehoae, a species that 
was classified in Cutaneotrichosporon by Liu et al. (2015b). 
Aegeritella catenulata, an ant pathogen clustered sister to P. 
guehoae (Wrzosek et al. 2016) and if true this genus name 
might have taxonomic priority over Pascua. Takashima et al. 
(2019) described Prillengera to accommodate P. fragicola, 
a species placed in Vanrija by Liu et al. (2015b). The spe-
cies formerly known as T. pullulans belongs to Cystofiloba-
sidiales and was reclassified as Guehomyces pullulans (Fell 
and Scorzetti 2004) and more recently as Tausonia pullu-
lans (Liu et al. 2015b). Three species, Cutaneotrichosporon 
mucoides, Trichosporon coremiiforme and Trichosporon 
ovoides were found to be hybrids (Sriswasdi et al. 2019).

Characters that define the taxa in the order

Trichosporonales is mainly phylogenetically recognized, but 
most species produce hyphae that disarticulate into arthroco-
nida, but budding yeasts also occur. As far as known hyphal 
septa have dolipores with tubular or vesiculate parenthe-
somes (i.e., septal pore caps), cell walls contain xylose, and 
they have coenzyme Q9 or Q10 (Fell et al. 2000). Trichos-
poronales is sister to Tremellales, followed by Holtermanni-
ales, Filobasidiales and Cystofilobasidiales (Liu et al. 2015a, 
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b). Tetragoniomyces uliginosus is a peculial mycoparasite 
belonging to Trichonosporales and is so far the only known 
species in this group to produce basidiomes. This species 
produces a small mucoid layer on sclerotia of its basidiomy-
cetous host. Tetragoniomyces uliginosus interacts with its 
host by means of basally clamped tremelloid haustoria grow-
ing on hyphae, which produce nm-fusion pores at the host-
parasite interface (Bauer and Oberwinkler 1990b). Hyphae 
are clamped and produce basidiophores which terminally 
produce basidia. Basidia are four-celled, longitudinally 
septated, cell walls and septa are thick-walled. Basidia ger-
minate directly by dikaryotic hyphae or germination tubes 
that conjugate and initiate a dikaryon outside the basidium. 
Outgrowing sterigmata and basidiospore production have 
not been observed (Koske 1972; Oberwinkler and Bandoni 
1981). As such, it can be questioned whether the structures 
interpreted as basidia are truly meiosporangiophores, and 
wheather true sexual reproduction, including genetic recom-
bination, takes place in this species. Consequently, the pres-
ence of sexual reproduction in Trichonosporales should be 
interpreted with some reservations.

Plates

See Figs. 161.2–161.82 in Sugita (2011)

Genera included
Family Tetragoniomycetaceae Oberw. & Bandoni 1981

Bandonia Yurkov, Xin Zhan Liu, F.Y. Bai, M. Groe-
new. & Boekhout 2015
Cryptotrichosporon Okoli & Boekhout 2007
Takashimella Q.M. Wang 2015
Tetragoniomyces Oberw. & Bandoni 1981

Family Trichosporonaceae Nann. 1934
Apiotrichum Stautz 1931
 = Hyalodendron Diddens 1934
Cutaneotrichosporon Xin Zhan Liu, F.Y. Bai, M. 
Groenew. & Boekhout 2015
Effuseotrichosporon Yurkov, Xin Zhan Liu, F.Y. Bai, 
M. Groenew. & Boekhout 2015
Haglerozyma Xin Zhan Liu, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Pascua Takashima, Manabe, Nishimura, Sriswasdi, 
Ohkuma, Iwasaki & Sugita 2019
Prillingera Takashima, Manabe, Nishimura, Srisw-
asdi, Ohkuma, Iwasaki & Sugita 2019
Trichosporon Behrend 1890
 = Berkhoutia Verona & Cif. 1939
Vanrija R.T. Moore 1980
 = Asterotremella Prillinger, Lopandić & Sugita 2007

Evolution

Trichosporonales contains two main lineages that are recog-
nized as families, namely Trichosporonaceae and Tetrago-
niomycetaceae. The latter family contains the only known 
sexually defined species in the order, hence mating experi-
ments are required to find this for the other species. Biologi-
cally interesting is the notion that several species seem to 
have originated from a hybridization event (Sriswasdi et al. 
2019). The mean time of origin of the order is estimated at 
153 million years ago (Zhao et al. 2017).

Justification of order and problems

Trichosporonales seems to be well circumscribed by molec-
ular phylogenetic reconstructions, either by using (partial) 
rDNA sequences or whole genome data, and to some extent 
also morphologically by the general presence of arthroco-
nidia. Despite the fact that the number of genera was largely 
increased recently, it may well be that future studies will 
demonstrate the relative heterogeneity of some of the cur-
rently recognized genera, e.g., Trichosporon and Apiotri-
chum. It would be interesting to see if sexual stages could 
be demonstrated for some of the species of these various 
genera within the order.

Pontes et al. (2017) noticed that the association of Tetrag-
oniomyces with Cryptotrichosporon and Trichosporonales 
was based on short sequences from herbarium material (Mil-
lanes et al. 2011) and questioned the reliability of earlier 
phylogenetic analyses. Newly sequences obtained from the 
only available living culture of Tetragoniomyces uligino-
sus PYCC 6958 showed similarity to genera Papiliotrema 
in Tremellales. Thus, it is possible that the genus Tetrago-
niomyces and the respective family Tetragoniomycetaceae 
do not belong to the order Trichosporonales. Additional 
samples and sequences of Tetragoniomyces uliginosus are 
needed to clarify the position of Tetragoniomyces.

While Trichosporonales has been resolved as a mono-
phyletic lineage, its relationship with the sister clade Tre-
mellales requires additional clarification with respect to the 
position of the genera Gelidatrema and Phaeotremella (Liu 
et al. 2015a; Li et al. 2020b).

Significance

Ecological and economical roles

Several species of Trichosporonales are clinically relevant 
as they cause deep seated infections, superficial infections 
such as white piedra on hair, or can contaminate indwelling 
devices, such as catheters. Trichosporon asahii is clinically 
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mostly encountered. Most clinically relevant species of Tri-
chosporon are still classified in the genus Trichosporon, but 
other clinically relevant species belong to Cutaneotrichos-
poron and Apiotrichum (Arastehfar et al. 2021; Sugita 2011).

Some Trichosporonales are also interesting from a bio-
technological perspective, including production of lipase, 
esterase, cytochrome P450, cocoa butter equivalents, organic 
volatile compounds, enantioselective degradation of (RS)-
ibuprofen, use as biosensors, e.g. to detect volatiles, degra-
dation of phenol, degradation of xenobiotics, degradation of 
phenol at low temperatures, transformation of lignin, hydrol-
ysis of lactose in dairy products, degradation of mycotoxins, 
etc. (Arastehfar et al. 2021; Sugita 2011). Several species 
were explored as cell factory for custom tailored microbial 
oils and oleaginous yeasts.

Chemical diversity

Chemical diversity is known for the co-enzyme Q system with 
CoQ9 and CoQ10 being present. Also, several serotypes have 
been identified and to a large extent both CoQ and serotypes 
coincide with the clades as previously recognized and that 
now are recognized as genera (Sugita 2011; Liu et al. 2015b).

Other relevant data and future 
recommendations

Most species of the order can be successfully identified 
based on the combination of ribosomal ITS and LSU nucleo-
tide sequences. In Trichosporonales, nucleotide sequences of 
the D1/D2 domains of the LSU rRNA gene are often more 
variable than those of ribosomal ITS (Scorzetti et al. 2002).

Tritirachiales Aime & Schell 2011

Contributed by: Teun Boekhout, Nathan Schoutteten

Introduction

Tritirachiales was until recently classified in Pezizomyco-
tina, Ascomycota. However, molecular phylogenetic analysis 
has changed this view drastically. Following the work of 
Schell et al. (2011), these fungi were found to belong to Puc-
ciniomycotina, in which they hold an order on themselves.

History

Limber (1940) described the genus Tritirachium and 
included three species. These fungi were classified in 
Ascomycota in the obsolete class Hyphomycetes. A 

Fig. 63  Conidiophores, conidiogenous cells and conidia of Tritira-
chium. Scale bars: a = 5 μm; b = 10 μm. Redraw from Schell et  al. 
(2011) and Manohar et al. (2014) by Mao-Qiang He

multigene-based phylogeny, however, clearly demonstrated 
that Tritirachium belonged to Pucciniomycotina and holds 
an isolated phylogenetic position. Consequently, the class 
Tritirachiomycetes, order Tritirachiales, family Tritira-
chimycetaceae were introduced (Schell et al. 2011; Cao 
et al. 2021b).

Characters that define the taxa in the order

The fungi that belong to Tritirachiales have a unique mor-
phology with long erect conidiophores with verticils of con-
idiogenous cells, on which conidia are formed in a sympo-
dial rachis, strongly resembling a bunch of grapes. Hyphal 
septal pore complexes have a ‘simple’ organisation (Schell 
et al. 2011). Schell et al. (2011) used a multigene approach 
and a phylogenetic species concept to circumscribe several 
species. Morphological boundaries were not fully coincid-
ing with the phylogenetic data. A sexual state was described 
for Paratritirachium curvibasidium, including curved, pale 
brown basidia that originate directly on the binucleate 
hyphae with unfused clamp connections. The oval uninu-
cleate basidiospores are formed on short sterigmata and are 
probably sessile (Nguyen et al. 2014).

Plates
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Genera included
Family Tritirachiaceae Aime & Schell 2011

Tritirachium Limber 1940
 = Spirotrichum Saito ex J.F.H. Beyma 1940
Paratritirachium Beguin, Pyck & Detandt 2012

Evolution

In a multigene-based phylogeny, Tritirachiales occurs as 
sister group to Agaricostilbomycetes/Mixiomycetes (Schell 
et al. 2011; Wang et al. 2015a). The unique morphology of 
the conidial stage does not agree with those known from 
other members of Basidiomycota. The estimated time of 
origin is estimated 356 million years ago (Zhao et al. 2017).

Justification of order and problems

The order seems well circumscribed and species belong-
ing here are also morphologically well characterized. The 
morphology of the basidia, whether unicellular or septated, 
needs further investigation.

Significance

Ecological and economical roles

Most species originate from plant material, but also clini-
cal samples, and marine ones, including sponges (Manohar 
et al. 2014; Cao et al. 2021b). Paratritirachium curviba-
sidium is thermoresistant (Nguyen et al. 2014). As stated by 
Cao et al. (2021a, b), the order is likely undersampled, and 
species may also occur in indoor environments and might 
pose a risk for human health. The ecological strategy of 
these species is unclear, and experimental approaches are 
needed to gain insights in this. Sampling in habitats with 
extreme conditions, e.g., high temperature, low water activ-
ity is recommended.

Chemical diversity

Unknown.

Uleiellales Garnica, K. Riess, M. Schön, H. Butin, M. Lutz, 
Oberw. & R. Bauer 2016

Contributed by: Teodor T. Denchev, Cvetomir M. Denchev, 
Dominik Begerow, Martin Kemler

Introduction

Uleiellales consists of a single family, Uleiellaceae, that 
was erected to accommodate the species of Uleiella (Vánky 
2001; Riess et al. 2016). Uleiella is a unique genus among 
the smut fungi being the only genus known to occur on 
gymnosperms (Araucaria spp.). Furthermore, the species 
of Uleiella are among the very few smut fungi that parasitize 
woody plants.

In Ustilaginomycetes, Uleiellales is characterized by 
having enlarged interaction zones in intracellular hyphae, 
and mature septa in soral hyphae and in cultural hyphae 
without pore. Presence of enlarged interaction zones sup-
ports the placement in Ustilaginomycetes. Haustoria are 
present; they are not constricted at the penetration point 
and extended only a short distance into the host cell (Riess 
et al. 2016).

Characters that define the taxa in the order

Uleiella is distinguished from the other smut fungi by 
specialization on Araucaria (Araucariaceae). This genus 
includes two species: U. paradoxa J. Schröt. forming sori 
on the surface of the basal part of the scales of male and 
female cones, and in the ovules of Araucaria angustifolia 
(Bertol.) Kuntze and A. imbricata Pav. in Brazil, and U. 
chilensis Dietel & Neger producing sori on the scales of 
female cones, and in the ovules of A. araucana (Molina) K. 
Koch and A. imbricata in Chile and Argentina (Vánky 2011; 
Riess et al. 2016).

Species of Uleiella form quite specific propagule—a 
rounded and pigmented structure, covered by a thick reticu-
late cover and with one to usually many units inside (treated 
by Vánky 2001, 2013, as ‘spores’), embedded in a hyaline 
mass. Vánky (2001, 2013) called this structure ‘spore-com-
plex’ with spores inside. These propagules, however, were 
considered by Riess et al. (2016) as teliospores that dur-
ing sporogenesis became multi-celled by septation, form-
ing segments in the mature teliospore. Segments germinate 
into germination tubes through the spore wall and the spore 
germination results in sterigma-like hyphae that produce 
terminally sporidia (Riess et al. 2016).

Plates

For illustrations, see Vánky (2013), Riess et al. (2016).
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Genera included
Family Uleiellaceae Vánky 2001

Uleiella J. Schröt. 1894
 = Ulea J. Schröt. 1892 (nom. inval.)

Evolution and justification of order

Uleiellales was recently introduced based on molecular 
phylogenetic results as sister taxon to Violaceomycetales 
(Riess et al. 2016). It is the only known lineage within the 
Ustilaginomycotina that infects gymnosperms and could be 
the result of a host jump (Riess et al. 2016; Begerow and 
McTaggart 2018).

For the first time, a smut fungus on Araucaria was 
reported by Schröter, as Ulea paradoxa J. Schröt., at 
a meeting of the Society of the Silesian Culture in 1892 
(Schröter 1892). In 1894, this species was published under 
a different generic name, as Uleiella paradoxa J. Schröt. 
(Schröter 1894). From a footnote to the second publication 
(Schröter 1894) it is clear that the name Ulea was published 
by Schröter as a preliminary report, making this name inval-
idly published (Art. 36.1(a) Shenzhen Code).

Economic importance

None is known about the significance of the infection on 
Araucaria.

Urocystidales R. Bauer & Oberw. 1997

Contributed by: Teodor T. Denchev, Cvetomir M. Denchev, 
Dominik Begerow, Martin Kemler

Introduction

In Ustilaginomycetidae, Urocystidales was erected to accom-
modate species having enlarged interaction zones and septa 
with simple pores (with the exception of Glomosporium 
which soral hyphae are without septal pores) (Bauer et al. 
1997). The teleomorphic members are plant parasites, but 
several species are known as yeasts only and their taxonomy 
is based on phylogenetic analyses (Begerow and McTaggart 
2018). Saprotrophic yeast-like growth of secondary sporidia 
is known for some Thecaphora and Urocystis species (Vánky 
et al. 2008a; Begerow et al. 2014).

Urocystidales is divided into six families: Doassansiop-
sidaceae, Fereydouniaceae, Floromycetaceae, Glomospori-
aceae, Mycosyringaceae, and Urocystidaceae.

Characters that define the taxa in the order

Species of Urocystidaceae are characterized by the following 
complex of characters: formation of spore balls (with sterile 
cells outside), pigmented teliospores, presence of a simple 
septal pore with two outer membrane caps and two inner, 
non-membranous plates closing the pore, and host-parasite 
interaction by haustoria (Bauer et al. 1997; Vánky 2013; 
Begerow et al. 2014). In some genera, spore-ball formation 
is secondarily reduced to single spores.

Urocystis with about 180 species is the largest genus 
of the family and in the order as well. Species of this 
genus sporulate mostly in leaves and stems, sometimes 
in flowers (e.g., U. kmetiana Magnus) or seeds (e.g., U. 
primulae (Rostr.) Vánky), less often on the base of stems 
(e.g., U. leimbachii Oertel), in leaf veins (e.g., U. rodger-
siae (S. Ito) Denchev & Kakish.) or roots (U. coralloides 
Rostr.). Host spectrum is diverse and includes members 
of the monocots (Alstroemeriaceae, Amaryllidaceae, 
Asparagaceae, Colchicaceae, Cyperaceae, Dioscoreaceae, 
Hypoxidaceae, Iridaceae, Ixioliriaceae, Juncaceae, Lili-
aceae, Melanthiaceae, and Poaceae), basal eudicots (Cir-
caeasteraceae and Ranunculaceae), superrosids (Saxifra-
gaceae), rosids (Brassicaceae, Oxalidaceae, Rosaceae, and 
Violaceae), and asterids (Apiaceae, Boraginaceae s. lat., 
Ericaceae, Orobanchaceae, Polemoniaceae, Primulaceae, 
and Solanaceae). The infection is mostly systemic. Sori 
form dark brown or blackish brown streaks, spots, swell-
ings or galls, containing a powdery mass of spore balls. 
Spore balls are persistent, composed of one to several, 
pigmented teliospores, surrounded by paler and smaller 
sterile cells (Vánky 2013). Spore germination is holoba-
sidiate. An anamorph (Paepalopsis) is present in some 
species (Vánky 2013).

Flamingomyces includes one species, F. ruppiae 
(Feldmann) R. Bauer et al., on Ruppia maritima (Rup-
piaceae). Sori are developed in basal part of leaves and 
rhizomes. Spores are embedded in the host tissue, pig-
mented, produced singly, not forming balls; sterile cells 
are absent. Spore germination results in hyphae (Bauer 
et al. 2007). Melanoxa consists of two species with sori 
on vegetative parts of Oxalis (Oxalidaceae). Spores are 
pigmented, produced singly, not forming balls; sterile 
cells are absent. Spore wall in TEM is multilayered (Lutz 
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et al. 2012). Melanustilospora includes two species that 
have sori in leaves of hosts in Araceae. Spores are darkly 
pigmented, single, thick-waled, embedded in the host tis-
sue; sterile cells are absent (Denchev 2003). Vankya con-
sists of three species, producing sori in leaves of hosts in 
Liliaceae and Asparagaceae. Spores are single but sterile 
cells are present between the spores. Spore germination 
is phragmobasidiate (Vánky 2013). Ustacystis is a mono-
typic genus. Ustacystis waldsteiniae (Peck) Zundel forms 
sori in the veins of leaves of plants in Rosaceae. Spores 
are single, in pairs, or in indefinite, loose balls. Sterile 
cells are absent. Spore germination results in two-celled 
basidia (Vánky 2013). Mundkurella includes five parasitic 
species on Araliaceae (Aralia, Heptapleurum, Kalopanax, 
and Schefflera). They are among the very few smut fungi 
that parasitize woody plants. The mature spores are of two 
kinds: (i) one-celled, subhyaline to pale-colored, sterile 
and usually collapsed spores, and (ii) one to several-celled, 
pigmented, fertile spores with rich cell contents. Spore 
germination results in 1–4-celled basidia, often in sev-
eral basidia from the same spore, producing laterally and 
apically sessile basidiospores (Denchev and Kakishima 
2007).

Floromycetaceae (Antherospora and Floromyces) 
sporulate in the flowers of monocots. Their spores are 
pigmented, single or in balls, sterile cells are absent. The 
host-parasite interaction is by haustoria; septal pore is 
simple, with two membrane caps and two inner plates 
closing the pore (Bauer et al. 2008; Vánky et al. 2008b; 
Vánky 2013). Members of Antherospora (12 spp.) pro-
duce their sori in the f lowers (mostly in anthers) of 
plants in the Hyacinthaceae. The infection is systemic, 
and all flowers of an inflorescence are affected. Spores 
are single. Spore germination is phragmobasidiate (Vánky 
2013). Floromyces is a monotypic genus. Floromyces 
anemarrhenae (C.H. Chow & Chi C. Chang) Vánky et al. 
is a parasite in flowers of Anemarrhena asphodeloides 
Bunge (Asparagaceae). The infection is systemic. Per-
manent spore balls, composed of spores only, are present. 
Spore germination results in both septate and non-septate 
basidia, but also in ramifying hyphae (Vánky et al. 2008b; 
Vánky 2013).

Mycosyringaceae is represented by a single genus, 
Mycosyrinx, with four species. Their sori form witches’ 
brooms on plants in Cissus (Vitaceae). Spores are in pairs, 
darkly pigmented, hemispherical, connected on their flat-
tened sides, initially embedded in the host, later powdery 

(Vánky 2013). Spore germination, known from M. cissi 
(DC.) Beck, results directly in basidiospores with a sig-
moid shape, i.e., the basidium is reduced to the teliospore 
(Begerow et al. 2014). Intracellular hypha or haustoria, 
and septal pores are lacking. The host-parasite interaction 
is by enlarged interaction zones in intercellular hyphae 
(Bauer et al. 1997).

Fereydouniaceae is represented by a single genus and 
species. It is known as yeast-like anamorph only, isolated 
from undetermined plant remnants. Sexual structures and 
teliospores are absent (Nasr et al. 2014a).

Doassansiopsidaceae consists of one genus, Doassan-
siopsis, and 14 species. The hosts are aquatic or paludal 
plants in the monocots (Alismataceae, Potamogetonaceae), 
basal angiosperms (Nymphaeaceae), and asterids (Pota-
mogetonaceae). Sori are formed in leaves, petioles, stems 
or ovaries, as spots or swellings. Spore balls are present, 
embedded in the host tissue, persistent, composed of a cen-
tral mass of sterile fungal cells surrounded by the firmly 
adhering, colorless or pale pigmented spores, and an exter-
nal cortex of sterile cells (Vánky 2011, 2013). Species of 
Doassansiopsis share with Urocystidaceae and Floromy-
cetaceae an identical septal pore apparatus, composed of 
a simple septal pore with two outer membrane caps and 
two inner, non-membranous plates closing the pore. The 
host-parasite interaction is by haustoria (Bauer et al. 1997; 
Begerow et al. 2014). Spore germination is holobasidiate. 
Anamorphs are present.

Glomosporiaceae includes a single genus, Thecaphora. 
The host spectrum is diverse and includes 16 families of 
the eudicots. Sori are in various parts of the infected plants, 
filled with masses of spore balls, rarely the spores are single, 
yellowish- to dark reddish brown. Spore balls are composed 
of few to many, loosely or firmly agglutinated spores; no 
sterile cells (Vánky 2011, 2013). Some species are with sin-
gle spores, not in balls (e.g., T. thlaspeos (Beck) Vánky). 
Spore germination is variable, ranging from holobasidiate 
to development of aseptate or septate hyphae (Bauer et al. 
1997). The host-parasite interaction is by intracellular 
hyphae. The mature septa are poreless (Bauer et al. 1997). 
Some species (e.g., T. seminis-convolvuli (Duby) Liro, T. 
thlaspeos) with anamorphs.

Plates
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Fig. 64  Urocystidales. a–i habit. 
a Antherospora scillae on Scilla 
bifolia, Bulgaria (SOMF 2859); 
b Doassansiopsis tomasii on 
Nymphaea nouchali, Ethiopia 
(Vánky Ustil. Exs. 1259); c 
Floromyces anemarrhenae on 
Anemarrhena asphodeloides, 
China (Vánky Ustil. Exs. 1303); 
d Mundkurella schefflerae on 
Schefflera digitata, New Zea-
land (Vánky Ustil. Exs. 1014, 
isotype); e Mycosyrinx cissi 
on Cissus verticillata, Costa 
Rica (Vánky Ustil. Exs. 835); f 
Thecaphora seminis-convolvuli 
on Convolvulus arvensis, 
Germany (Vánky Ustil. Exs. 
290); g Urocystis achnatheri 
on Achnatherum sibiricum, 
China (Vánky Ustil. Exs. 1271, 
isotype); h Urocystis bolivari 
on Lolium rigidum, Australia 
(Vánky Ustil. Exs. 1148); i 
Urocystis carcinodes on Actaea 
spicata, Sweden (Vánky Ustil. 
Exs. 532). Arrows indicate sori. 
Scale bars: a–i = 1 cm
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Fig. 65  Urocystidales. a–e 
habit. a Urocystis filipendu-
lae on Filipendula vulgaris, 
Sweden (Vánky Ustil. Exs. 
866); b Urocystis irregularis 
on Aconitum septentrionale, 
Norway (Vánky Ustil. Exs. 
237); c Urocystis magica on 
Allium nigrum, Italy (Vánky 
Ustil. Exs. 1308); d Ustacystis 
waldsteiniae on Waldsteinia 
geoides, Hungary (Vánky Ustil. 
Exs. 629); e Vankya heufleri 
on Tulipa urumoffii, Bulgaria 
(SOMF 18886); f–h spores in 
LM. f Thecaphora thlaspeos on 
Arabis serpillifolia, Spain (MA 
331875); g Urocystis sorospori-
oides on Thalictrum alpinum, 
Greenland (C-F-111318); h 
Urocystis triseti on Trisetum 
spicatum, Greenland (O, s.n.). 
Arrows in a–c, e indicate sori. 
Scale bars: a–e = 1 cm, f–h = 10 
μm
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Fig. 66  Urocystidales. a–f 
spores in SEM. a Antherospora 
hortensis on Muscari armenia-
cum, Greece (W 1964-16348); 
b Mundkurella japonica on 
Kalopanax pictus, Japan (KPM-
NC0015229); c Thecaphora 
thlaspeos on Arabis pube-
scens, Algeria (MA 48394); 
d Urocystis corsica on Stipa 
capensis, Greece (B, s.n.); e 
Urocystis johansonii on Juncus 
bufonius, Greece (B, s.n.); f 
Urocystis sorosporioides on 
Thalictrum alpinum, Greenland 
(C-Greenland herb., s.n.). Scale 
bars: a–f = 5 μm

Genera included
Family Doassansiopsidaceae Begerow, R. Bauer & 
Oberw. 1898

Doassansiopsis (Setch.) Dietel 1897
 = Doassansiella Zambett. 1970 (nom. inval.)

Family Fereydouniaceae S. Nasr, Soudi, H.D.T. Nguyen, 
M. Lutz & Piątek 2014

Fereydounia S. Nasr, Soudi, H.D.T. Nguyen, M. Lutz 
& Piątek 2014

Family Floromycetaceae M. Lutz, R. Bauer & Vánky 
2008

Antherospora R. Bauer, M. Lutz, Begerow, Piątek & 
Vánky 2008
Floromyces Vánky, M. Lutz & R. Bauer 2008

Family Glomosporiaceae Cif. 1963
Thecaphora Fingerh. 1836 (nom. cons.)

 = Sorosporium F. Rudolphi 1829 (nom. rejic.)
 = Poikilosporium Dietel 1897
 = Glomosporium Kochman 1939
 = Rhombiella Liro 1939
 = Angiosorus Thirum. & M.J. O’Brien 1974
 = Thecaphorella H. Scholz & I. Scholz 1988
 = Tothiella Vánky 1999
 = Kochmania Piątek 2005

Family Mycosyringaceae R. Bauer & Oberw. 1997
Mycosyrinx Beck 1894

Family Urocystidaceae Begerow, R. Bauer & Oberw. 
1998

Flamingomyces R. Bauer, M. Lutz, Piątek, Vánky & 
Oberw. 2007

Melanoxa M. Lutz, Vánky & R. Bauer 2012
Melanustilospora Denchev 2003
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Mundkurella Thirum. 1944
Urocystis Rabenh. ex Fuckel 1870 (nom. cons.)
 = Granularia Sowerby 1815 (nom. illeg.)
 = Tuburcinia Fr. 1832 (nom. rejic.)
 = Polycystis Lév.1846 (nom. rejic.)
 = Urocystis Rabenh. 1857 (nom. inval.)
 = Paepalopsis J.G. Kühn 1882
 = Polysaccopsis Henn. 1898
 = Ginanniella Cif. 1938
 = Tuburciniella Zambett. 1970 (nom. inval.)
Ustacystis Zundel 1945
 = Whetzelia Zundel 1945 (nom. illeg.)
Vankya Ershad 2000

Evolution and justification of order

Genera in Urocystidales are extremely diverse in their mor-
phology and spore germination. In the current system, fami-
lies in this order are defined based on ultrastructural data and 
phylogenetic analyses.

Species of Doassansiopsis, similar to that in Doassan-
siales, are ecologically well characterized by their occur-
rence on paludal or aquatic plants and complex spore balls 
(with numerous teleospores and sterile cells), as adaptation 
to this specific ecological niche. Thus, Doassansiopsis and 
Doassansiales are examples of the independent, convergent 
evolution of similar structures under the same environmental 
condition (Begerow et al. 2014).

The generic name Urocystis 1870 is conserved against 
the teleomorph-typified names Tuburcinia 1832 and Poly-
cystis 1846. An anamorph-typified generic name, Paepalop-
sis 1882, was proposed for conidial stages of Urocystis: 
P. irmischiae J.G. Kühn (q.e. Urocystis primulae) and P. 
trientalis (Berk.) Cif. (q.e. U. trientalis (Berk. & Broome) 
B. Lindeb.) (Kühn 1882; Ciferri 1959), but Urocystis has 
priority over Paepalopsis. The generic name Tuburciniella, 
proposed for the conidial stages of Tuburcinia, is an inval-
idly published (without a description or diagnosis in Latin, 
Art. 39.1, and without indication of a type, Art. 40.1) and 
illegitimate name (Art. 52.1, being a superfluous name for 
Paepalopsis, cited as a synonym, when published by Zam-
bettakis (1970).

Another generic name, Doassansiella, was erected by 
Zambettakis (1970) for accommodation of the conidial 
stages of Doassansiopsis. In fact, only the type species was 
assigned to this genus—Doassansiella aquatilis (Peck) 
Zambett., based on Ramularia aquatilis Peck (q.e. Doassan-
siopsis hydrophila (A. Dietr.) Lavrov) (Zambettakis 1970). 
Doassansiella aquatilis is an illegitimate name (Art. 52.1), 
being a superfluous name for Savulescuella aquatilis (Peck) 

Cif., but prior to that, the name Doassansiella is invalidly 
published (Art. 39.1) making the combination D. aquatilis 
(Peck) Zambett. also invalid (Art. 35.1).

Rhombiella and Thecaphorella are anamorph-typified 
generic names reduced to synonyms of Thecaphora.

Economic importance

Urocystis species cause economically significant dis-
eases of wheat (U. tritici Körn.), rye (U. occulta (Wallr.) 
Rabenh.), and onion (U. magica Pass.), as well as of 
some ornamental plants. Thecaphora solani (Thirum. & 
M.J. O’Brien) Mordue causes an economically important 
disease of potatoes. Thecaphora frezzii Carranza & J.C. 
Lindq. affects production of peanut causing yield losses 
(Arias et al. 2021).

Ustilaginales G. Winter 1880

Contributed by: Teodor T. Denchev, Martin Kemler, 
Dominik Begerow, Cvetomir M. Denchev

Introduction

In Ustilaginomycetes, Ustilaginales is characterized by 
the presence of a mature septum without pores, and host-
parasite interaction by intracellular hyphae (with the 
exception of the Melanotaeniaceae that have a septum 
with a simple pore, and haustoria) (Bauer et al. 1997; 
Begerow and McTaggart 2018). Ustilaginales is the larg-
est order in subphylum Ustilaginomycotina, containing 
over 930 species.

Ustilaginales is divided into seven families: Anthracoide-
aceae, Clintamraceae, Geminaginaceae, Ustilaginaceae, 
Melanotaeniaceae, Pericladiaceae, and Websdaneaceae.

Characters that define the taxa in the order

Species of Anthracoideaceae are characterized by poreless 
septa and host-parasite interaction by intracellular hyphae. 
Spore germination is with transversely septate basidia or 
with ramified hyphae. Species are parasites on Cyperaceae 
and Juncaceae.

Anthracoidea is the largest genus of the family. Their sori 
form globose to broadly ellipsoidal or ovoid, black, hard 
bodies around aborted nuts of cyperaceous plants, mainly 
on Carex. Spores are formed singly. Spore germination 
results in a two-celled aerial basidium forming one or more 
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basidiospores on each cell. The basidiospores may infect 
flowers. Infection is local and confined to individual flow-
ers (Kukkonen 1963; Hendrichs et al. 2005; Vánky 2011; 
Denchev et al. 2013, 2020b). Planetella is a monotypic 
genus closely related to Anthracoidea. Planetella lironis 
Savile infects Carex maritima Gunnerus and C. sabulosa 
Kunth. Its spores have a thick-walled equatorial band and 
two, thin-walled polar areas (Denchev and Denchev 2018a). 
Species of Farysia, Moreaua, Schizonella, and Orphano-
myces are parasites on species of Carex. Sori of Farysia are 
localized in single flowers, when young they are covered by 
a fungal peridium. Spores are single. Spore mass is traversed 
by numerous, capillitium-like fascicles of sterile hyphae 
functioning as elaters (Vánky 2013). Some anamorphic 
species of Farysizima (nom. inval.) were transferred into 
Farysia, based on molecular data (Wang et al. 2015d). Sori 
of Moreaua are naked on the surface of inner floral organs. 
Spores are firmly adhered in spore balls. Sori of Schizonella 
are in leaves as black, pustulate streaks. Infection is sys-
temic. Spores are originally in pairs, arising by internal 
division of a mother cell, later often are separated, rarely 
spore pairs agglutinated into balls (S. cocconii (Morini) 
Liro) (Vánky 2013). Sori of Orphanomyces are external 
on the leaf surface, as black crusts. Infection is systemic. 
Infected plants do not flower. Spores are single or in balls 
(Savile 1974). Species of Dermatosorus infect cyperaceous 
plants.Sori are in ovaries, covered by a peridium, filled with 
spore balls, with a central columella. Spore balls composed 
of a cortex of sterile cells and a central mass of fertile cells 
(Vánky 2013).

The heterogeneous Cintractia s. lat. was split into several 
genera (Piepenbring et al. 1999; Piepenbring 2000; Vánky 
2004). Species of Cintractia s. str. cause local infection of 
cyperaceous plants. Sori covered by a peridium, surround 
mostly bases of peduncles; mycelial stroma is present. 
Spores are single (Piepenbring 2000; Vánky 2013). Species 
of Leucocintractia cause systemic infection of Rhynchos-
pora. Sori surround all the pedunculi of an inflorescence 
or the upper internodes of the stem; peridium and sterile 
stroma are present. Spores are single (Piepenbring 2000; 
Vánky 2013). Species of Ustanciosporium infect cypera-
ceous plants. Their sori are in all spikelets of an infected 
inflorescence or in groups of spikelets, surrounding the tip 
of the axis of sterile spikelets and filling them with a spore 
mass. Sterile fungal stroma and peridium absent. Spores 
are single or in loose balls; often with a hyaline appendage 
(Piepenbring 2000; Vánky 2013). Species of Stegocintrac-
tia have hosts in the Juncaceae. Infection is systemic. Their 
sori are in all spikelets or around pedunculi of an infected 
inflorescence. Young sori are covered by a fungal peridium, 
sterile stroma is lacking. Spores are single, without an 

appendage (Piepenbring 2000; Vánky 2013). Pilocintrac-
tia infect Fimbristylis. Their sori are in some flowers of a 
spikelet, forming black, hard bodies around the nuts, with 
sterile filaments between the spores. Peridium and stroma 
may be present. Spores are agglutinated, produced in radi-
ally arranged, cup-shaped pockets (Vánky 2004). Sori of 
Trichocintractia are in scattered spikelets of Rhynchospora, 
forming swollen, sac-like bodies, covered by a peridium and 
opened on its distal part. The spores are powdery, mixed 
with long, sterile cells (Vánky 2013).

Clintamraceae is a monotypic family, with a monotypic 
genus. Clintamra nolinae (G.P. Clinton) Cordas & Durán 
on Nolina spp. (Asparagaceae) has poreless septa and host-
parasite interaction by intracellular hyphae. Sori are external 
on the surface of young leaves and inflorescences, forming 
blackish brown powdery spore mass. Spores are single, in 
pairs or small groups. Spore germination results in a bifur-
cate basidium bearing 2 apical, multiseptate basidiospores 
(Vánky 2013).

Species of Ustilaginaceae are characterized by poreless 
septa and host-parasite interaction by intracellular hyphae. 
Spore germination is with transversely septate basidia (with 
exception of Bambusiomyces). Members of this family are 
parasites on hosts mostly in the Poaceae or are known as 
anamorphic yeasts isolated from plant material only.

In Ustilaginaceae, the most recognizable genus is Usti-
lago, with the type species U. hordei (Pers.) Lagerh.—the 
causal agent of barley smut. Species of this genus are para-
sites on hosts in various genera of grasses or anamorphic 
species, isolated as yeasts from plant surfaces. Sori of the 
parasitic species are formed in various vegetative or genera-
tive organs of the infected plant, at maturity bursting and 
exposing usually powdery, sometimes agglutinated, blackish 
or olive-brown spore mass. Sterile cells are absent. Spores 
are single, pigmented, usually ornamented (punctate, ver-
ruculose, echinulate, echinate, tuberculate), rarely smooth. 
Spore germination results in phragmobasidia bearing lateral 
and apical basidiospores or hyphae (Vánky 2013). The Usti-
lago–Sporisorium–Macalpinomyces complex was divided 
by McTaggart et al. (2012c) into Anthracocystis, Langdo-
nia, Macalpinomyces, Sporisorium s. str., Stollia, Triodio-
myces, and Ustilago. Species of Sporisorium are parasites on 
grasses or anamorphic species isolated as yeasts from plant 
surfaces. Sori are in flowers or inflorescence of the infected 
plant, covered by a peridium formed of fungal elements 
and host tissue. A stout, cylindrical or woody, branched or 
unbranched columella is present, composed of host tissue 
and sporogenous hyphae. Spores at first are somewhat agglu-
tinated, later are single, pulverulent, pigmented. Sterile cells 
are present, intermixed with the spores (McTaggart et al. 
2012c; Vánky 2013). Species of Anthracocystis are parasites 
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on grasses. Sori replace inflorescence or all of the racemes, 
or are localized in spikelets of an inflrescence; covered by a 
peridium formed of hyphal cells surrounded by host cells. 
A filiform, flattened or flexuous columella is present, often 
separated into several columellae. TSpores are in compact 
spore balls. Sterile cells are usually absent (McTaggart et al. 
2012c; Vánky 2013). Species of Macalpinomyces are para-
sites on grasses. Sori are in ovaries or culms, usually pro-
ducing hypertrophy, covered by a peridium of host tissue 
permeated by hyphae. A true columella is absent. Spores 
are pigmented and tightly packed, filling the sori. Hyaline 
or pale colored sterile cells are present in the spore mass 
(Vánky 2013). Langdonia are parasites on Aristida and Sti-
pagrostis. Sori are in some or all ovaries of the infected 
plant. Columella and sterile cells absent. Spores are usually 
compacted into spore balls. Stollia are parasites on hosts in 
the Andropogonae. Sori are in ovaries, covered by a thick 
peridium derived from host tissue. Columella is absent. 
Spores are single. Sterile cells are in loose irregular groups, 
hyaline. Triodiomyces are parasites on Triodia or anamor-
phic species isolated as yeasts from plant surfaces. Sori of 
the parasitic species are in culms or inflorescence. Spores are 
single. Peridium, columella, spore balls, and sterile cells are 
absent (McTaggart et al. 2012c; Vánky 2013). Mycosarcoma 
are parasites on grasses, but anamorphic stages were isolated 
as yeasts from plant surfaces. Type species of this genus is 
M. maydis (DC.) Bref.—the causal agent of corn smut on 
maize. Sori are usually in some ovaries of an inflorescence, 
derived from hypertrophied host tissue, often tubular, split-
ting longitudinally to expose the spore mass; rarely in stems, 
leaves and mail inflorescences (e.g., M. maydis). Columel-
lae are absent. Spores single (McTaggart et al. 2016; Bege-
row and McTaggart 2018). Tranzscheliella are parasites on 
grasses. Their sori are on stems or aborted inflorescence 
branches, superficial, naked or with ephemeral peridium. 
Infection is systemic. Spores are single (Vánky 2013). Spe-
cies of Moesziomyces are parasites on grasses but anamor-
phic stages were isolated as yeasts from plant surfaces. Sori 
of the parasitic species are in ovaries, covered by green later 
brown peridium of host tissue. Spores in many-spored balls, 
firmly agglutinated and mixed with sterile cells (Begerow 
and McTaggart 2018). The only species of Bambusiomyces, 
B. shiraianus (Henn.) Vánky, develops sori on stems of bam-
boo (Poaceae). Spores are single. Spore germination results 
in a short holobasidium, producing apically basidiospores 
(Vánky 2013).

Eriocaulago and Eriosporium are parasites in ovaries of 
hosts in Eriocaulaceae. Spores of Eriocaulago are single, 
while that of Eriosporium are in spore balls (composed of 
spores only). In both genera, peridium, columella, and sterile 
cells are absent (Vánky 2005). The only species of Parvu-
lago, P. marina (Durieu) R. Bauer et al., develops sori as 
swellings at the base of culms of Eleocharis (Cyperaceae). 

Spores are single (Bauer et al. 2007). Melanopsichium are 
parasites on Polygonaceae. Sori are as conspicuous galls 
in various parts of the plant, composed of hypertrophied 
host tissue and hyphae, with numerous chambers filled with 
spores embedded in a gelatinous matrix (Vánky 2013).

Kalmanozyma and Pseudozyma are known as anamor-
phic yeasts isolated from plant surfaces. Sexual reproduction 
is unknown (Wang et al. 2015d; Begerow and McTaggart 
2018).

Species of the Websdaneaceae are parasites on hosts 
in the Restionaceae (Poales). They have poreless septa 
and host-parasite interaction by intracellular hyphae. Sori 
of Restiosporium are in fruits, replacing the seeds with a 
black, granular powdery mass of spore balls. Spore balls 
are composed of spores only. The sori of Websdanea are as 
bullate, dark reddish-brown striae on the distal internodes 
of the culms, filled with a black, granular mass of spore 
balls, initially covered by the epidermis which ruptures at 
maturity. Spore balls are composed of spores only. Infection 
is systemic, the smutted culms are sterile (Vánky 2013). In 
both genera, spore germination is with transversely septate 
basidia.

Geminaginaceae is monotypic with the sole genus Gemi-
nago. The single described species G. nonveilleri (Zambett. 
& Foko) Vánky & R. Bauer is a parasite on Triplochiton 
scleroxylon K. Schum. (rosids, Malvaceae). Geminago 
nonveilleri is one of the very few smut fungi that parasitize 
woody plants. The mature septa are poreless. The host-para-
site interaction is by intracellular hyphae, coated by an elec-
tron-opaque matrix (Vánky 1996). Sori are in hypertrophied 
flowers. Spores are in pairs, later they may separate partially 
or completely. Spore mass is embedded in the hypertrophied 
host tissue, in lysigenous cavities. Spore germination results 
in septate, ramified basidia bearing basidiospores in chains 
(Vánky 1996).

Pericladiaceae is a monotypic family represented by Peri-
cladium, with three species, all of them on hosts in Grewia 
(rosids, Malvaceae). Species of Pericladium, similarly to 
Geminago nonveilleri, are among the very few smut fungi 
that parasitize woody plants. The mature septa are poreless. 
The host-parasite interaction is by intracellular hyphae, 
coated by an electron-opaque matrix (Vánky 2013). Sori of 
Pericladium are as pustules or galls on twigs of the infected 
plant, formed by a coriaceous peridium of hypertrophied 
host tissue and hyphae, enclosing dark spore mass of single 
spores. Spore germination results in multinucleate holoba-
sidia, giving rise to septate, ramified hyphae on which sec-
ondary sporidia are developed, or from the spores directly 
septate, ramified hyphae arise (Vánky 2013).

Melanotaeniaceae species are characterized by host-par-
asite interaction with haustoria and the presence of simple 
septal pores with two membrane caps, but without inner 
plates (Bauer et al. 1997). The family includes three genera. 
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Fig. 67  Ustilaginales. a–i habit. 
a Anthracocystis congensis on 
Hyparrhenia diplandra, Uganda 
(Vánky Ustil. Exs. 1179); b 
Anthracocystis elionuri on 
Elionurus muticus, South Africa 
(Vánky Ustil. Exs. 1019); c 
Anthracoidea karii on Carex 
echinata, Bulgaria, Denchev 
1662; d Anthracoidea praten-
sis on Carex flacca, Bulgaria, 
Denchev 1911; e Cintractia 
lipocarphae on Lipocarpha 
microcephala, Australia (Vánky 
Ustil. Exs. 1086); f Schizonella 
melanogramma on Carex digi-
tata, Austria (Dupla Graecensia 
Fung. 318); g Trichocintractia 
utriculicola on Rhynchospora 
corymbosa, Argentina (Vánky 
Ustil. Exs. 1068); h Ustilago 
dregeana on Pentaschistis 
curvifolia, South Africa (Vánky 
Ustil. Exs. 1047); i Ustilago 
nuda on Hordeum leporinum, 
Greece (Vánky Ustil. Exs. 997). 
Scale bars: a–i = 1 cm

Exoteliospora is a monotypic genus. Exoteliospora osmun-
dae (Peck) R. Bauer et al. forms external sori on hypertro-
phied, deformed leaves of Osmunda (ferns, Osmundaceae). 
Spores are produced in chains on the infected leaves. The 
host-parasite interaction is by coralloid haustoria penetrating 
into the epidermal cells (Bauer et al. 1999b). Melanotae-
nium are parasites on hosts in core eudicots (Gunneraceae), 
rosids (Euphorbiaceae), and asterids (Rubiaceae, Plantagi-
naceae, Lamiaceae, Campanulaceae, and Adoxaceae). Sori 
are formed in leaves, stems or roots as black or dark colored 
spots or swellings. Spores are embedded in host tissue, sin-
gle, often aggregated, dark-colored, thick walled. Spore 
germination is holobasidiate (Vánky 2013). Members of 

Yelsemia are parasites on hosts in monocots (Asparagaceae), 
superasterids (Droseraceae), and asterids (Byblidaceae, 
Campanulaceae). Sori are formed in various organs of the 
infected plants; swollen, bursting at maturity and exposing 
a black, powdery spore mass. Spores are single, darkly pig-
mented, with two oppositely situated, light-colored polar 
caps. Spore germination is holobasidiate (Walker 2001; 
Vánky 2013).

Plates
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Fig. 68  Ustilaginales. a–c 
spores in LM. a Anthracocystis 
compacta on Cymbopogon 
giganteus, Senegal (B 10 
0506797, isotype); b Moreaua 
kochiana on Schoenus 
nigricans, Austria (W 2001-
0009591); c Ustilago constan-
tineanui on Sporobolus schoe-
noides, Algeria (P02655721); 
d–f Spores in SEM, d 
Anthracocystis compacta on 
Cymbopogon giganteus, Mali 
(P02236427); e Moreaua kochi-
ana on Schoenus nigricans, 
Austria (W 2001-0009591); f 
Ustilago constantineanui on 
Sporobolus schoenoides, Alge-
ria (P02655721). Scale bars: 
a–c = 10 μm, d–f = 5 μm

Genera included
Family Anthracoideaceae Denchev 1997

Anthracoidea Bref. 1895
 = Crotalia Liro 1939
 = Cintractiomyxa Golovin 1952
Cintractia Cornu 1883
Dermatosorus Sawada ex L. Ling 1949
 = Zundelula Thirum. & Naras. 1952
Farysia Racib. 1909
 = Elateromyces Bubák 1912
Farysporium Vánky 1999
Heterotolyposporium Vánky 1997
Kuntzeomyces Henn. ex Sacc. & P. Syd. 1899
 = Didymochlamys Henn. 1897 (nom. illeg.)
 = Perichlamys Clem. & Shear 1931

Leucocintractia M. Piepenbr., Begerow & Oberw. 
1999
Moreaua Liou & H.C. Cheng 1949
Orphanomyces Savile 1974
Pilocintractia Vánky 2004
Planetella Savile 1951
Portalia V. González, Vánky & Platas 2007
Schizonella J. Schröt. 1877
Stegocintractia M. Piepenbr., Begerow & Oberw. 1999
Testicularia Klotzsch 1832
Tolyposporium Woronin ex J. Schröt. 1887
Trichocintractia M. Piepenbr. 1995
Ustanciosporium Vánky 1999
 = Gymnocintractia M. Piepenbr., Begerow & Oberw. 
1999

Family Clintamraceae Vánky 2001
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Clintamra Cordas & Durán 1977
Family Geminaginaceae Vánky 2001

Geminago Vánky & R. Bauer 1996
Family Melanotaeniaceae Begerow, R. Bauer & Oberw. 
1998

Exoteliospora R. Bauer, Oberw. & Vánky 1999
Melanotaenium de Bary 1874
Yelsemia J. Walker 2001

Family Pericladiaceae Vánky 2011
Pericladium Pass. 1875
 = Xylosorium Zundel 1939

Family Ustilaginaceae Tul. & C. Tul. 1847
Ahmadiago Vánky 2004
Aizoago Vánky 2013
Anomalomyces Vánky, M. Lutz & R.G. Shivas 2006
Anthracocystis Bref. 1912
Bambusiomyces Vánky 2011
Centrolepidosporium R.G. Shivas & Vánky 2007
Dirkmeia F.Y. Bai, Q.M. Wang, Begerow & Boekhout 
2015
Eriocaulago Vánky 2005
Eriosporium Vánky 2005
Franzpetrakia Thirum. & Pavgi 1957
Kalmanozyma Q.M. Wang, F.Y. Bai, Begerow & 
Boekhout 2015
Langdonia McTaggart & R.G. Shivas 2012
Macalpinomyces Langdon & Full. 1977
 = Endosporisorium Vánky 1995
Melanopsichium Beck 1894
Moesziomyces Vánky 1977
 = Tolyposporidium Thirum. & Neerg. 1978
 = Eriomoeszia Vánky 2005
Mycosarcoma Bref. 1912
Parvulago R. Bauer, M. Lutz, Piątek, Vánky & Oberw. 
2007
Pattersoniomyces Piątek, M. Lutz & C.A. Rosa 2017
Pseudozyma Bandoni 1985
Shivasia Vánky, M. Lutz & Piątek 2012
Sporisorium Ehrenb. ex Link 1825
 = Endothlaspis Sorokīn 1884
 = Lundquistia Vánky 2001
Stollia McTaggart & R.G. Shivas 2012
Tranzscheliella Lavrov 1936
Triodiomyces McTaggart & R.G. Shivas 2012
Ustilago (Pers.) Roussel 1806
 = Farinaria Sowerby 1803
 = Pericoelium Bonord. 1851
 = Ustilagidium Herzberg 1895
 = Crozalsiella Maire 1917
 = Yenia Liou 1949

 = Juliohirschhornia Hirschh. 1986
 = Tubisorus Vánky & M. Lutz 2011
Yunchangia L. Guo & B. Xu 2013

Family Websdaneaceae Vánky 2001
Restiosporium Vánky 2000
Websdanea Vánky 1997

Evolution and justification of order

Genera in the Ustilaginales are extremely diverse in their 
morphology and spore germination. Evolution of these smut 
fungi on their hosts is discussed by Begerow et al. (2004, 
2014), Hendrichs et al. (2005), and McTaggart et al. (2012a, 
b).

Economic importance

A number of species are important cereal pathogens, 
including Ustilago avenae (Pers.) Rostr. on oats, U. hordei 
(Pers.) Lagerh. on barley, Ustilago tritici (Bjerk.) Rostr. on 
wheat, Sporisorium cruentum (J.G. Kühn) Vánky, S. sorghi 
Ehrenb. ex Link, and S. reilianum (J.G. Kühn) Langdon & 
Full. on sorghum, Mycosarcoma maydis (DC.) Bref. (Usti-
lago maydis (DC.) Corda) and Sporisorium reilianum on 
maize, Moesziomyces bullatus (J. Schröt.) Vánky (Tolypo-
sporium penicillariae Bref.) and Anthracocystis ehrenber-
gii (J.G. Kühn) McTaggart & R.G. Shivas (Sporisorium 
ehrenbergii (J.G. Kühn) Vánky) on pearl millet, Sporiso-
rium destruens (Schltdl.) Vánky on common millet (proso 
millet), Sporisorium scitamineum (Syd.) M. Piepenbr. et al. 
on sugarcane.

Mycosarcoma maydis (Ustilago maydis) produces large 
galls on maize that are prized as food in Mexico. Culms of 
Zizania latifolia (Griseb.) F. Muell. infected with Ustilago 
esculenta Henn. are used as a vegetable in China.

Violaceomycetales Albu, Toome & Aime 2015

Contributed by: Martin Kemler, Cvetomir M. Denchev, 
Dominik Begerow, Teodor T. Denchev

Introduction

Violaceomycetales was erected to accommodate the species 
Violaceomyces palustris Albu et al. (Albu et al. 2015). It was 
erected purely on phylogenetic evidence only contains the 
family Violaceomycetaceae with the genus Violaceomyces. 



361Fungal Diversity (2024) 126:127–406 

The single described species V. palustris has been recovered 
mainly from specimens of the aquatic fern species Salvinia 
molesta and S. minima (Salviniaceae), but also occurred on 
several other aquatic plants (Albu et al. 2015).

Currently, one family, one genus, and one species are 
included in this order.

Characters that define the taxa in the order

Violaceomyces palustris is only known in its yeast and 
pseudohyphal stage and is characterized by grayish-violet 
pigmented yeast colonies (Albu et al. 2015). Two yeast 
forms are known. During initial growth on artificial media, 
elongated yeasts are produced that proliferate via budding, 
balistoconida formation or germination as pseudohyphae. 
These yeasts are characterized by containing numerous 
vacuoles and lipid bodies in the cytoplasm (Albu et al. 
2015). The second type of yeast has only been observed 
after several days of growth on artificial media. It is bul-
bous and often centrally septated, and also proliferates 
via budding and balistoconidia (Albu et al. 2015). Sexual 
reproduction is unknown. Although V. palustris grows on 
a wide range of carbon sources, it only does so in the pres-
ence of oxygen and fermentation is not known (Albu et al. 
2015).

Plates

For illustrations, see Albu et al. (2015).

Genera included
Family Violaceomycetaceae Albu et al. 2015

Violaceomyces Albu et al. 2015

Evolution and justification of order

Violaceomycetales is only phylogenetically characterized. 
Together with Uleiellales they form the sister group to the 
rest of the Ustilaginomycetes (Riess et al. 2016; McTaggart 
et al. 2020).

Economic importance

The association of Violaceomyces palustris with Salvinia 
species indicates that it might be adapted to aquatic habitats 
(Albu et al. 2015), but nothing is known about its economic 
importance in these environments.

Wallemiales Zalar, de Hoog & Schroers 2005

Contributed by: Teun Boekhout

Introduction

Wallemiales is a monotypic order with one family Wallemi-
aceae and one genus Wallemia (Zalar et al. 2005). Wallemia 
is xerophilic and includes species that are important as food 
spoilage organisms, but that also occur in indoor air (Zalar 
et al. 2005).

History

The taxonomic position of Wallemia remained enigmatic 
for a long time until electron microscopic analyses of the 
septa revealed a dolipore and, hence, it was concluded that 
Wallemia represents a basidiomycete (Moore 1996). Later 
Zalar and coworkers made a phylogenetic analysis using 
small subunit rDNA and confirmed the basidiomycetous 
affinity, but also that Wallemia holds a basal position in 
Basidiomycota. Hence, these authors postulated the fam-
ily Wallemiomycetaceae and order Wallemiales (Zalar et al. 
2005). It has also been suggested that two cryptic genera 
may be present, based on the extensive nucleotide variation 
between the known Wallemia species (Zalar et al. 2005).

Characters that define the taxa in the order

Xerophilic members of Basidiomycota. Asexually repro-
ducing with unbranched or sympodially, smooth, branched 
conidiophores on which chains of (sub)globose verrucose 
conidia are formed basauxically. Arthroconidia-like conidia 
present. Hyphal septal pore complexes with a dolipore.

Plates
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Fig. 69  Micromorphology of Wallemia. a,b, conidiogenous cell pro-
ducing conidia. Redraw from Zalar et al. (2005) by Mao-Qiang He

Genera included
Family Wallemiaceae R.T. Moore 1996

Wallemia Johan-Olsen 1887
 = Bargellinia Borzí 1888
 = Hemispora Vuill. 1906

Evolution

Wallemiales is the currently known most basal lineage of 
Agaricomycotina (Zalar et al. 2005; Methany et al. 2006; 
Zajc et al. 2013; Jančič et al. 2015) and it has been esti-
mated that the ancestor of Wallemiomycetes separated from 
that of Agaricomycotina 250 million years ago (Zajc et al. 
2013). Zhao et al. (2017) reported a time of divergence of 
Wallemiomycetes of 487 million years ago. Wallemia ichty-
ophaga is the most halophilic fungus known and has a com-
pact genome of 9.6 Mb with 4884 protein coding genes, 
and has lost the capability for meiosis, contrary to the close 

relative Wallemia sebi (Zajc et al. 2013). Currently the order 
comprises only one genus, Wallemia, but it has been sug-
gested that this in fact might represent two cryptic genera 
(Zalar et al. 2005).

Justification of order and problems

Wallemiales is well supported by molecular phyloge-
netic, morphological, and physiological characteristics. 
The extent of sequence diversity observed has suggested 
that Wallemia as presently interpreted might represent two 
cryptic genera (Zalar et al. 2005), but this needs further 
in-depth studies.

Significance

Ecological and economical roles

Wallemia species occur in sea salt, hypersaline waters, salty 
food products, high sugar food products, indoor environ-
ments, hay, air, dust, seeds, soil, and plants. They grow at 
low water activity and cause food spoilage. Species can be 
xerotolerant and halophilic. Also known from a clinical 
specimen (Zalar et al. 2005; Jančič et al. 2015).

Chemical diversity

Considerable diversity is present in LSU rDNA and ITS 
sequences of W. sebi and W. ichtyophaga (Zalar et  al. 
2005). Species may differ in the activities of β-glucosidase, 
esterase, and urease. Enzyme activities were also found to 
be dependent on salinity (Jančič et al. 2015). At least 25 
secondary metabolites have been reported from Wallemia 
species and its production is species dependent, but also 
depending of the physiological conditions, especially dif-
ferences in salinity (Jančič et al. 2015, 2016).

Xenasmatellales L.W. Zhou & S.L. Liu 2023

Contributed by: Li-Wei Zhou, Shi-Liang Liu
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Introduction

Xenasmatellales was established with the single genus 
Xenasmatella Oberw. A phylogenetic analysis utilizing 
seven loci provided evidence that Xenasmatella represents 
a distinct lineage within the Agaricomycetes. Based on its 
phylogenetic position in Agaricomycetes and morphological 
characteristics, Xenasmatellales and Xenasmatellaceae were 
proposed. Further molecular clock analysis also supports 
ranking this clade as an order. Species of Xenasmatellales 
are distinguished from other orders within the Agaricomy-
cetes by a combination of corticioid hymenophores, pleural 
basidia, aculeate basidiospores and growth on wood (Liu 
et al. 2023c).

History

Xenasmatella, typified by X. subflavidogrisea (Litsch.) 
Oberw., was erected by Oberwinkler (1966). After its ini-
tial publication, Xenasmatella was forgotten and subse-
quently replaced by the later established genus Phlebiella. 
Some species of Xenasmatella were placed in Phlebiella 
(Hjortstam and Larsson 1987; Boidin and Gilles 1989, 
2000; Telleria et al. 1997; Larsson 2007; Bernicchia and 
Gorjón 2010; Huang et al. 2019; Zong and Zhao 2021). 
Piątek (2005) proposed that Xenasmatella should be the 

earliest valid name of this fungal group, as Phlebiella 
lacks a generic description when it was erected (Karsten 
1890). The placement of this genus is also debated. It 
was placed in Xenasmatales (Jülich 1981), Polyporales 
(Kirk et al. 2008), and Russulales (He et al. 2019a), but 
no widely accepted evidence can be found to support these 
taxonomic placements. Liu et al. (2023c) further clarified 
the monophyly of Xenasmatella and proposed the order 
based on multilocus phylogenetic analyses, morphological 
characteristics and divergence time.

Characters that define the taxa in the order

Species of this order have resupinate, effused, thin, soft 
membranous to ceraceous basidiomes. Hymenophore 
smooth to grandinioid; margin fibrillose with hyphal strands. 
Hyphal system monomitic. Septa with clamp connections. 
Cystidia absent. Basidia usually pleural, cylindrical or 
broadly clavate, and four-spored. Basidiospores aculeate, 
thin- to slightly thick-walled, subglobose to ellipsoid, ina-
myloid, indextrinoid, acyanophilous.

Plates

Fig. 70  Typical characteristics 
of basidiomes in Xenasmatella-
les. a Xenasmatella ailaoshan-
ensis (LWZ 20190811–37a, 
Sichuan province of China); 
b Xenasmatella gossypina 
(LWZ 20190819–18b, Sichuan 
province of China); c Xenasma-
tella sp. (LWZ 20200819–9b, 
Sichuan province of China)
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Genera included
Family Xenasmatellaceae L.W. Zhou & S.L. Liu

Xenasmatella Oberw. 1965
 = Phlebiella P. Karst. 1890

Evolution

The sister relationship of Xenasmatellales with Sistotremas-
trales and Trechisporales clade lacks statistical support in the 
Maximum Likelihood analysis. However, in the maximum-
clade-credibility tree it is fully supported. The stem age of 
Xenasmatellales is estimated to be 163 Myr.

Outline of genera incertae sedis 
on supra‑ordinal rank

Agaricomycetes genera  incertae sedis
Aldridgea Massee 1892
Amnocutis K.H. Larss. 2020
Aphelaria Corner
Arthrodochium R.F. Castañeda & W.B. Kendr. 
1990
Arualis Katz 1980
Cenangiomyces Dyko & B. Sutton 1979
Ceraceopsis Hjortstam & Ryvarden 2007
Cilicia Fr. 1825
Corallofungus Kobayasi 1983
Corticomyces A.I. Romero & S.E. López 1989
Cruciger R. Kirschner & Oberw. 1999
Dendrosporomyces Nawawi, J. Webster & R.A. 
Davey 1977
Ellula Nag Raj 1980
Fibulocoela Nag Raj 1978
Fibulotaeniella Marvanová & Bärl. 1988
Gloeomucro R.H. Petersen 1980
Gloeosynnema Seifert & G. Okada 1988
Glomerulomyces A.I. Romero & S.E. López 1989
Glutinoagger Sivan. & Watling 1980
Hallenbergia Dhingra & Priyanka 2011
Heteroacanthella Oberw. 1990
Intextomyces J. Erikss. & Ryvarden 1976
Korupella Hjortstam & P. Roberts 2000
Minostroscyta Hjortstam & Ryvarden 2001
Mylittopsis Pat. 1895
Myriococcum Fr. 1823
Oliveonia Donk 1958
Odontiochaete Rick 1940
Pagidospora Drechsler 1960
Parastereopsis Corner 1976

Paullicorticium J. Erikss. 1958
Phaeoaphelaria Corner
Phlyctibasidium Jülich 1974
Purpureocorticium S.H. Wu 2017
Pycnovellomyces R.F. Castañeda 1987
Radulochaete Rick 1940
Repetobasidiellum J. Erikss. & Hjortstam 1981
Riessia Fresen. 1852
Riessiella Jülich 1985
Taiwanoporia T.T. Chang & W.N. Chou 2003
Titaeella G. Arnaud ex K. Ando & Tubaki 1985
Trechinothus E.C. Martini & Trichiès 2004
Trimitiella Dhingra 2008
 = Trimitiella Dhingra 2006
Tubulicrinopsis Hjortstam & Kotir. 2007
Tumidapexus D.A. Crawford
Xerotus Fr. 1828
 = Xerotinus Rchb. 1828

Cystobasidiomycetes families  incertae sedis
Family Microsporomycetaceae Q.M. Wang, F.Y. Bai, 
M. Groenew. & Boekhout 2015

Microsporomyces Q.M. Wang, F.Y. Bai, M. Groe-
new. & Boekhout 2015

Family Symmetrosporaceae Q.M. Wang, F.Y. Bai, M. 
Groenew. & Boekhout 2015

Symmetrospora Q.M. Wang, F.Y. Bai, M. Groenew. 
& Boekhout 2015

Cystobasidiomycetes genera  incertae sedis
Queiroziella C.R. Félix, J.D.P. Bezerra, R.P. Neves & 
Landell 2018

Microbotryomycetes families  incertae sedis
Family Chrysozymaceae Q.M. Wang, F.Y. Bai, M. 
Groenew. & Boekhout 2015

Bannozyma Q.M. Wang, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Chrysozyma Q.M. Wang, F.Y. Bai, M. Groenew. 
& Boekhout 2015
Fellozyma Q.M. Wang, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Hamamotoa Q.M. Wang, F.Y. Bai, M. Groenew. 
& Boekhout 2015

Family Colacogloeaceae Q.M. Wang, F.Y. Bai,  
M. Groenew. & Boekhout 2015

Colacogloea Oberw. & Bandoni 1991
Microbotryomycetes genera  incertae sedis

Atractocolax R. Kirschner, R. Bauer & Oberw. 
1999
Curvibasidium Samp. & Golubev 2004
Libkindia Mašínová, A. Pontes, J.P. Samp. & 
Baldrian 2017



365Fungal Diversity (2024) 126:127–406 

Oberwinklerozyma Q.M. Wang, F.Y. Bai, M. Groe-
new. & Boekhout 2015
Pseudohyphozyma Q.M. Wang, F.Y. Bai, M. Groe-
new. & Boekhout 2015
Pseudoleucosporidium V. de Garcia, M.A. Coelho, 
T. Maia, L.H. Rosa, A.B.M. Vaz, C.A. Rosa, J.P. 
Samp., P. Gonç., M.R. Van Broock & Libkind 2015
Sampaiozyma Q.M. Wang, F.Y. Bai, M. Groenew. 
& Boekhout 2015
Slooffia Q.M. Wang, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Spencerozyma Q.M. Wang, F.Y. Bai, M. Groenew. 
& Boekhout 2015
Trigonosporomyces Q.M. Wang, F.Y. Bai, M. 
Groenew. & Boekhout 2015
Udeniozyma Q.M. Wang, F.Y. Bai, M. Groenew. 
& Boekhout 2015
Vonarxula Q.M. Wang, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Yunzhangia Q.M. Wang, F.Y. Bai, M. Groenew. & 
Boekhout 2015
Yurkovia Mašínová, A. Pontes, J.P. Samp. & 
Baldrian 2016

Tremellomycetes family  incertae sedis
Family Phaeotremellaceae Yurkov & Boekhout 2015

Gelidatrema A.M. Yurkov, Xin Zhan Liu, F.Y. Bai, 
M. Groenew. & Boekhout 2015
Phaeotremella Rea 1912

Tremellomycetes genera  incertae sedis
Heteromycophaga P. Roberts 1997
Phyllopta (Fr.) Fr. 1825

Ustilaginomycetes genera  incertae sedis
Capitulocladosporium L.Y. Sun, X. Sun & L.D. 
Guo 2017
Eriocortex Vánky & R.G. Shivas 2013

Wallemiomycetes genus  incertae sedis
Chernovia A.M. Yurkov & Begerow 2016

Pucciniomycotina genera  incertae sedis
Kryptastrina Oberw. 1990
Paraphelaria Corner 1966
Zygogloea P. Roberts 1994

Basidiomycota genera  incertae sedis
Anastomyces W.P. Wu, B. Sutton & Gange 1997
Anguillomyces Marvanová & Bärl. 2000
Arcispora Marvanová & Bärl. 1998
Arrasia Bernicchia, Gorjón & Nakasone 2011
Celatogloea P. Roberts 2005
Cystogloea P. Roberts 2006
Microstella K. Ando & Tubaki 1984
Neotyphula Wakef. 1934

Radulodontia Hjortstam & Ryvarden 2008
Restilago Vánky 2008

Discussion

Phylogenomic relationships within Basidiomycota

Phylogenomic relationships within the deep nodes (above 
order) revealed in this study agree well with the previous 
studies (Zhao et al. 2017; Li et al. 2021c). However, the 
phylogenetic positions of some orders and clades still needs 
further clarification. For example, Amycocorticiales could 
be sister to Atheliales or Agaricales, but both relation-
ships lack full support in previous phylogenomics and in 
this study (Zhao et al. 2017; Li et al. 2021c). Nodes with 
statistical support lower than 90 (see Fig. 2, nodes marked 
with stars) indicate that further studies focusing on the taxa 
of these nodes are needed to elucidate their phylogenetic 
relationships.

Agaricales and Polyporales are the top two orders of 
Basidiomycota with 51 and 31 families, respectively. To 
examine their current taxonomic system, we provided a 
relatively well-populated sampling in Agaricales and Poly-
porales. Nine suborders of Agaricales are well resolved. 
All families (34 out of 51) are well-accommodated in each 
suborder except Mycenaceae, which clustered in Marasmi-
ineae in Dentinger et al. (2016), but, formed a sister clade to 
Schizophyllineae in this study. Based on the phylogenomic 
relationship and the divergence time of Mycenaceae, we 
proposed it as a new suborder in Agaricales. Polyporales 
is another diverse order with abundant families, and 15 out 
of 31 families were included in the phylogenomic analysis 
for this study. All of the families are well supported and 
accepted in the outline. of note, the placement of Ganoder-
mataceae is controversial. Several studies have accepted it 
as a distinct family separate from Polyporaceae (Cui et al. 
2019; Costa-Rezende et al. 2020). However, in this study, we 
accept it as a synonym of Polyporaceae to avoid producing a 
polyphyletic Polyporaceae. For a detailed discussion please 
see the Polyporales note. Based on the findings of this study, 
we suggest a suborder rank for Polyporales, like Agaricales, 
to clarify the relationship of this diverse family-level group.

Our study further indicated several problems remain 
unresolved in the current taxonomic system of Basidiomy-
cota. In Agaricales, Strophariaceae and Hymenogastraceae 
are highly polyphyletic. Therefore, the current taxonomic 
system for these two families requires further revision. 
Phaeotremellaceae has been proposed to be grouped within 
Tremellales (Liu et al. 2015b), but our phylogenomic tree 
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analysis indicated that it formed a clade out of Tremella-
les. More genomic data from this family will be needed 
to clarify the position and rank of this clade. Exobasidi-
omycetes, the only polyphyletic class in Basidiomycota, is 
particularly large and diverse (Begerow et al. 2006, Wang 
et al. 2015a; He et al. 2019a, in this study). We suggest re-
classifying Exobasidiomycetes to better conform to the cur-
rent taxonomic system. The clade with Exobasidiales should 
be remained as Exobasidiomycetes, and the ranks of related 
lineages should be reconsidered to be in Ustilaginomycotina.

Updates of the outline

The outline of Basidiomycota is updated with two more 
classes accepted: Bartheletiomycetes in Agaricomycotina 
and Peribolosporomycetes in Ustilaginomycotina. Nine new 
orders are accepted, namely Bartheletiales, Chionasterales, 
Sistotremastrales, and Xenasmatellales in Agaricomycotina; 
Heitmaniales and Rosettozymales in Pucciniomycotina; 
Cintractiellales, Franziozymales, and Peribolosporales in 
Ustilaginomycotina. Additionally, 56 families and 206 gen-
era have been added in the current outline. Four subphyla, 
20 classes, 77 orders, 297 families, and 2134 genera are 
accepted in the current outline of Basidiomycota.

Many updates on the ordinal and supra-ordinal ranks 
have been proposed based on the previously known taxa. For 
example, Heitmania, which was placed as genus incertae 
sedis in Microbotryomycetes, now has been re-classified as 
Heitmaniales based on a more comprehensive sampling and 
phylogenetic analysis. A similar reclassification has occurred 
to Bartheletia and Chionaster which were previously known 
as incertae sedis in Wallemiomycetes and Tremellomycetes, 
now have been raised as Bartheletiales and Chionasterales, 
respectively. Two orders in Agaricomycetes, Sistotremas-
trales and Xenasmatellales are proposed to accommodate 
the known corticoid fungi segregated from Trechisporales 
and Russuales. Only three new orders have been proposed 
based on the discovery of new species. These new orders 
are Franziozymales, Rosettozymales, and Peribolosporales, 
which are all yeast-like basidiomycetes isolated from differ-
ent environments. We believe that the ordinal ranks for mac-
rofungi (mainly in Agaricomycetes) is nearly complete. In 
the last ten years, new orders of macrofungi were proposed 
mainly from systematic reconstruction research requiring an 
update to nomenclature based on convention. However, in 
the case of micro basidiomycetes (mainly in Tremellomy-
cetes, Pucciniomycotina, and Ustilaginomycotina) the situ-
ation is different. In the systematic reconstruction, not only 
have new orders been proposed based on nomenclature, but 
new species have been discovered in various habitats, for 
example, Peribolosporales (Witfeld et al. 2023). It can be 
speculated that discoveries and reclassifications regarding 

Basidiomycota ordinal diversity will continue, mainly com-
ing from microfungi research.

Future perspectives to the systematics 
of Basidiomycota

New techniques that emerged in the past years were criti-
cal to solving problematic taxa. For example, with shallow 
whole-genome sequencing data, targeted capture sequencing 
was used for the first time in fungal taxonomy in basidiomy-
cetes by Liimatainen et al. (2022). This approach helped to 
establish a new generic classification in the family Cortinari-
aceae, an important ectomycorrhizal family with more than 
5000 species and worldwide distribution, which represented 
the first family revision in Agaricales based on genomics 
data. Later, similar approaches were applied to rebuild the 
taxonomic system of genus Tricholoma of which the taxo-
nomic system has long been unsettled (Ding et al. 2022). 
Targeted capture sequencing provides a cost-efficient way to 
produce -omics data in species-rich groups and has also suc-
cessfully been used in lichen-forming Ascomycota (Widhelm 
et al. 2019, 2021; Grewe et al. 2020). The -omics data in 
Liimatainen et al. (2022), as well as e.g., in Dentinger et al. 
(2016), has been produced from dried fungarium specimens, 
demonstrating the value of museum specimens in the study 
of the fungal tree of life.

Divergence times and ranking 
in Basidiomycota

Systematic studies of Basidiomycota at different ranks have 
used divergence times as an additional criterion to classify 
taxa in recent years (Hussain et al. 2022; Liu et al. 2023b, c). 
In this study, we estimated the divergence times of Basidio-
mycota based on genomic data. The results showed that sub-
phyla diverged in a time range of 443–490 Myr, classes in a 
time range of orders 312–412 Myr, and orders in a range of 
102–361 Myr. Families diverged in a time range of 50–289 
Myr, 76–224 Myr, and 62–156 Myr in Agaricomycotina, 
Pucciniomycotina, and Ustilaginomycotina, respectively. 
Compared with previous studies, the time ranges proposed 
in this study are relatively older (Zhao et al. 2017; He et al. 
2019a; Varga et al. 2019). This discrepancy may be due 
to limited taxon sampling available as many clades lack 
genomic data. For example, in Pucciniomycetes, genomic 
data is only available for one of five orders.

The following criteria are suggested to rank taxa and/
or build taxonomic system in Basidiomycota: (i) the taxa 
must be monophyletic and statistically well-supported in 
multi-gene analyses; (ii) their respective stem ages should 
be roughly equivalent, and higher taxon stem ages must 
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be older than lower level taxa stem ages; and (iii) the taxa 
should be identifiable phenotypically, whenever possible 
(Zhao et al. 2016a; He et al. 2019a). Toward building a 
robust taxonomy of Basidiomycota in the genomic era, gen-
erating molecular phylogenetic data becomes easier, find-
ing phenotypical characteristics, especially those that can 
be applied for identification and classification, is becoming 
a more complex and challenging task.

In memory of Philippe Callac

In this work, we commemorate Philippe Callac (28 February 
1954–25 August 2023), a much-loved superior mycologist at 
the Institut national de la recherche agronomique in France 
(INRA, that became INRAE, the National Research Institute 
for Agriculture, Food and Environment in January 2020). He 
devoted all his passion to mushroom research throughout 
his life. Not only was he an outstanding scientist, he was 
also a remarkable teacher and friend to numerous foreign 
younger mycologists. He always inspired, motivated, guided 
and supported his younger friends to go far in mycology. 
We commemorate his passion for mushroom research, the 
dissemination of mycological knowledge, and his great con-
tribution to mycology.
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