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ABSTRACT

Mushroom-forming fungi (Agaricomycetes, approx. syn.: Homobasidiomycetes) produce a
diverse array of fruiting bodies, ranging from simple crust-like forms to complex, deve-
lopmentally integrated forms, such as stinkhorns and veiled agarics. The 19th century
Friesian system divided the mushroom-forming fungi according to macromorphology.
The Friesian taxonomy has long been regarded as artificial, but it continues to influence
the language of mycology and perceptions of fungal diversity. Throughout the 20th century,
the phylogenetic significance of anatomical features was elucidated, and classifications that
departed strongly from the Friesian system were proposed. However, the anatomical stud-
ies left many questions and controversies unresolved, due in part to the paucity of charac-
ters, as well as the general absence of explicit phylogenetic analyses. Problems in fruiting
body evolution were among the first to be addressed when molecular characters became
readily accessible in the late 1980s. Today, GenBank contains about 108,000 nucleotide se-
quences of ‘homobasidiomycetes’, filed under 7300 unique names. Analyses of these data
are providing an increasingly detailed and robust view of the phylogeny and the distribution
of different fruiting body forms across the 14 major clades that make up the agaricomycetes.
However, it would be wrong to suggest that all the important questions about fruiting body
evolution have been resolved. Recent studies focusing on resupinate forms suggest that
there may still be undetected major clades of agaricomycetes, which could have a significant
impact on our estimates of the ancestral forms in this morphologically diverse group. Mod-
ern approaches, including comparative phylogenetic analyses and developmental studies,
have the potential to yield novel insights into both the macroevolutionary processes and
cellular mechanisms of fungal morphological evolution.

© 2007 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

coral fungi, bird’s nest fungi, puffballs, and other forms that
defy easy description (e.g. Sparassis). Reconstructing the evo-

Agaricomycetes (approx. syn. Homobasidiomycetes sensu Hibbett lution of fruiting body forms has been one of the major goals
& Thorn 2001) produce a diverse array of fruiting bodies, in- of fungal systematics for many generations. This review
cluding gilled mushrooms (agarics), chanterelles, stinkhorns, presents a synopsis of the development of our current un-
corticioid fungi, polypores, cyphelloid fungi, false truffles, derstanding of phylogeny and morphological evolution in
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Agaricomycetes. No attempt has been made to be comprehen-
sive, and the selection of works cited is slanted towards my in-
terests. With that caveat, this article is intended primarily for
new students of mycology, who may be simultaneously
searching for dissertation topics and grappling with the liter-
ature of the past.

Pre-molecular views on fruiting body evolution

Fruiting body form was the central organizing principle in the
19th century classification of Elias Fries (1874 and earlier pub-
lications; also see Persoon 1801). The Friesian classification, as
it came to be interpreted by 20th century authors (e.g. Donk
1971), contains two classes, the Hymenomycetes, including
fungi that produce spores on an exposed hymenium, and
the Gasteromycetes, which produce spores internally. The
Hymenomycetes were separated into two orders, the Agaricales,
for all the gilled forms, and the Aphyllophorales, for all the non-
gilled forms. The Aphyllophorales were further divided into six
families based on the form of the hymenophore (e.g. Polypora-
ceae for poroid forms, Hydnaceae for toothed forms, etc.).
Largely, the development of agaricomycete systematics from
the time of Fries to the present, amounts to a decoupling of
macromorphology and taxonomy with the successive intro-
duction of anatomical, biochemical, and eventually, molecu-
lar characters. The Friesian higher taxa are now known to be
polyphyletic, but we still talk about forms such as ‘agarics’,
‘polypores’, and ‘hydnums’, and these forms are used to orga-
nize field guides and introductory mycology courses. Thus,
the Friesian view of fungal diversity remains influential.

The artificial nature of the Friesian system was evident
long before the rise of molecular systematics. Indeed, as early
as the beginning of the 20th century, Patouillard (1900) was us-
ing anatomical characters to arrange macrofungi into groups
that were more ‘natural’ than the Friesian higher taxa. By
the 1960s, many broad, intuitively derived evolutionary sce-
narios were being advanced for the agaricomycetes based on
comparative anatomical studies (e.g. Savile 1955; Kreisel
1969; Corner 1972; Oberwinkler 1977; Jilich 1981; Parmasto
1986, and various authors in Petersen 1971a). It is fascinating
now to look back on this literature and see how the ideas of
one author, expressed in elegant prose, but generally without
an accompanying cladogram, influenced those of another. For
example, Corner (1972) suggested that the ancestral form of
the Agaricomycetes was a simple clavarioid form, from which
other more elaborate forms were derived, and this view was
further developed by Jiilich (1981), who placed the Cantharel-
lales as the basal group in his comprehensive phylogeny of
basidiomycetes.

One of the most influential works in evolutionary system-
atics of agaricomycetes was that of Donk (1964, 1971), who di-
vided the Aphyllophorales into 23 families. Many of the
‘modern’ families recognized by Donk, such as the Thelephora-
ceae, Gomphaceae, and Hymenochaetaceae, were based on dis-
tinctive anatomical characters and they included taxa with
highly divergent fruiting body forms (representing multiple
Friesian families). These groups have remained largely intact
in the light of modern molecular phylogenies. However,
Donk’s classification also included several residual families,

including the Clavariaceae, Corticiaceae, Hydnaceae, Stereaceae
and Polyporaceae, which Donk acknowledged—and molecular
studies have confirmed—are artificial assemblages that are
united only by gross morphology.

A complement to Donk’s treatment of Aphyllophorales was
Singer’s (1986 and earlier editions) series of comprehensive
publications on Agaricales, which he divided into three subor-
ders, the Agaricineae, Boletineae, and Russulineae. The inclusion
of the poroid members of the Boletineae in Singer’s Agaricales
was a departure from a strictly Friesian system, while the dis-
tribution of lamellate taxa in all three suborders reflected his
view that there were multiple major groups of ‘agarics’.

Gasteromycetes presented difficult challenges for pre-mo-
lecular fungal systematists. Some gasteroid taxa, such as
stinkhorns and bird’s nest fungi, are so highly modified at
both the macro- and microscopic level that they cannot be
linked to specific taxa of hymenomycetous forms based on
morphology. However, other gasteroid forms, including ‘seco-
tioid’ taxa, have obvious anatomical similarities to certain
taxa of agarics and boletes (Heim 1971; Smith 1973; Thiers
1984; Singer 1986). To cite only two examples, false truffles
in the genus Zelleromyces have amyloid ornamented spores
and produce latex, which is strong evidence that they are
related to agaricoid taxa in Lactarius of the Russulaceae, while
another group of false truffles in Rhizopogon has fusiform to
ellipsoid, pale to yellow-brown spores, which suggest a
relationship to the Boletales. Workers such as Heim (1971);
Smith (1973); Thiers (1984) and Singer (1986) all agreed that
there must have been multiple evolutionary transitions
between gasteroid and hymenomycetous forms via secotioid
intermediates, but they disagreed about which forms were
plesiomorphic and which were derived. Singer expressed
the minority view that the gasteroid forms make up a para-
phyletic assemblage that gave rise to agarics and boletes,
whereas Thiers (1984) and others argued that it was more
likely that gasteroid forms were derived repeatedly, because
multiple origins of hymenomycetous forms would require
repeated origins of the complex mechanism of ballistospory
(forcible spore discharge). Thiers’s essentially parsimony-
based arguments would later be confirmed in multiple molec-
ular studies.

The ‘gasteromycetes early’ versus ‘gasteromycetes late’
debate was just one of many cases where different workers
viewing the same characters arrived at contradictory phylo-
genetic conclusions. Another example concerns the lenti-
noid fungi, a group of wood-decaying agarics placed in the
genera Lentinus, Panus, and Pleurotus (and others). Lentinoid
fungi have anatomical similarities to certain polypores, in-
cluding thick-walled skeletal and binding hyphae in the
fruiting body context, and hyphal pegs (fascicles of hyphae
that protrude from the hymenium) in some species. Pegler
(1983), Singer (1986), and Corner (1981) all agreed that the
lentinoid fungi are closely related to polypores, but they dis-
agreed about the polarity of the pore-gill transition, as well
as the higher-level taxonomic placement of the lentinoid
fungi. Pegler (1983: 10-11) suggested that Lentinus has ‘an af-
finity with the Aphyllophorales rather than the Agaricales’ and
that it ‘represents the most agaricoid development from
a polyporoid ancestry’. In contrast, Singer (1986: 164) wrote
that ‘the lamellate genera (Lentinieae) of the Polyporaceae
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have nothing in common with the Aphyllophorales’, and he
included the lentinoid fungi and a small number of poly-
pores in the Agaricales. Yet another view was expressed by
Corner (1981: 25), who suggested that the lentinoid fungi
are ‘rather primitive agarics’ that were derived from hydnoid
ancestors, and which gave rise to separate lineages of lignic-
olous polypores.

The controversy over the lentinoid fungi (as well as the de-
bate over polarity of gasteroid-agaricoid transformations)
illustrates both the strengths and weaknesses of fungal
systematics in the pre-molecular era. Recognition of the phy-
logenetic significance of hyphal anatomy required keen obser-
vational skills and a broad, detailed knowledge of fungal
diversity. At the same time, the absence of explicit analytical
approaches made it difficult to resolve conflicting phyloge-
netic hypotheses. Unfortunately, mycologists were not among
the early adopters of cladistic methods, as were some zoolo-
gists (Brundin 1965) and botanists (Wagner 1961). [However,
see Petersen’s (1971b) study using Wagner groundplan analy-
sis to assess relationships of clavarioid and cantharelloid
forms.] If mycologists had embraced Hennigian methods
early, then perhaps that would have led to more critical anal-
yses, with an emphasis on homology assessment in the con-
text of multiple characters. Lacking such a conceptual
framework, many mycologists viewed phylogenetic hypothe-
ses as purely ‘theoretical’. Such a sentiment was expressed by
Heim (1971: 507), who wrote ‘Phylogenesis in mycology is not
yet a science. It is an intellectual game based on arguments
that often escape rigorous control and that almost always es-
cape the test of experiment’.

To summarize, fungal taxonomists working through the
latter part of the 20th century resolved multiple clusters of
agaricomycetes, many of which included diverse fruiting
body forms that would have been placed in different families,
orders, and even classes in the Friesian system. However, the
placements of numerous taxa, such as many corticioid fungi
and the more derived gasteroid forms, were obscure, and
there was considerable ambiguity about the higher-order re-
lationships of agaricomycetes. Compounding this uncertainty
was the tendency to regard phylogenetic hypotheses as
beyond the realm of objective evaluation. Perhaps for these
reasons, the Friesian system, with its ‘lure of simplicity’
(Donk 1971: 5), continued to have a strong impact on taxon-
omy, even into the 1990s. For example, the 1996 edition of
the major textbook of mycology by Alexopoulos, Mims &
Blackwell (Alexopoulos et al. 1996) still divided the agaricomy-
cetes into the Agaricales, Aphyllophorales, and Gasteromycetes
(with an acknowledgement that these taxa are not monophy-
letic). A very different approach was taken in the 1995 (eighth)
edition of the Dictionary of the Fungi by Hawksworth and col-
leagues, which divided the agaricomycetes (as Holobasidiomy-
cetidae) into 27 orders, including a mixture of putatively
monophyletic groups based on anatomy (e.g. Hericiales, Hyme-
nochaetales), as well as residual ‘garbage can’ taxa based on
macromorphology (e.g. Hymenogastrales, Poriales). Thus, in
the 1990s agaricomycete taxonomy was in transition to a phy-
logenetic system. This process would be greatly accelerated
by the advent of molecular characters, which became readily
accessible after the development of PCR and, later, fluores-
cent automated DNA sequencing.

Molecular perspectives on morphological
evolution in agaricomycetes

Early molecular studies—the gold rush

Anatomical studies in the pre-molecular era provided a wealth
of detailed, explicit, and sometimes contradictory phyloge-
netic hypotheses. Understandably, the first problems to be ex-
plored with molecular data in the late 1980s and early 1990s
involved morphologically dissimilar taxa that had been pre-
dicted to be closely related based on anatomical characters.
Gasteroid forms were particularly attractive. A classic early
study was that of Bruns et al. (1989), who confirmed that the
false truffle Rhizopogon is derived from the boletoid Suillus, as
predicted by Thiers (1984) and others. Other gasteroid forms
that were the targets of the early molecular studies included
the secotioid taxa Podaxis and Montagnea, which were shown
to be closely related to certain coprinoid agarics (Coprinus
s. lat.) (Hopple & Vilgalys 1994), the false truffle Hydnangium,
which is related to the agaricoid Laccaria (Mueller & Pine
1994), and the secotioid Gastrosuillus, which is closely related
to the boletoid Suillus grevillei (Baura et al. 1992). All of these
studies used ribosomal genes, either of mitochondrial or nu-
clear origin (mt-rDNA, nu-rDNA), following the description
of conserved primer sites by White et al. (1990). The early liter-
ature in fungal molecular systematics was reviewed by Bruns
et al. (1991) and Hibbett (1992).

Lentinoid fungi were also among the first agaricomycetes
to be studied with molecular approaches (Hibbett & Vilgalys
1991, 1993), and were found to represent four independent
clades. Lentinus s. str. was shown to be closely related to Poly-
porus arcularius, which is a relatively ephemeral polypore
with elongate, angular pores, binding hyphae, and hyphal
pegs (Fig 1). Later, the lentinoid genera Panus s. str. and Neo-
lentinus (Redhead & Ginns 1985) would be shown to be closely
related to different groups of polypores (Albatrellus syringae
and Gloeophyllum, respectively), while Pleurotus was shown
to be among the Agaricales (Thorn et al. 2000). Thus, the gen-
eral view that (some) lentinoid fungi and (some) polypores
are closely related was upheld, although the extensive poly-
phyly of the lentinoid fungi, and their precise phylogenetic
placements, had not been predicted.

The works cited above provided insight into the composi-
tion of relatively small terminal clades, and they highlighted
individual cases of morphological transformations. These
studies indicated the need for revision of major taxonomic
groups, such as the Agaricales sensu Singer (1986) and the
Aphyllophorales sensu Donk (1964, 1971), but they did not pro-
vide the comprehensive overview that could serve as the basis
for such a revision.

Toward the end of the 1990s, phylogenetic studies with
broad taxonomic sampling across the agaricomycetes began
to appear, including works by Hibbett & Donoghue (1995),
who sampled 62 species of agaricomycetes, with a focus on
polypores, using partial mtSSU rDNA sequences; Boidin et al.
(1998), who sampled 360 sequences of mostly Aphyllophorales
sensu Donk, using the highly variable ITS of nu-rDNA; and
Bruns et al. (1998), who examined 152 partial mtLSU rDNA
sequences representing over 130 species, with a focus on
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Fig 1 - Hymenophore transformations in Lentinus s. str. (A) Polyporus arcularius, which is closely related to Lentinus, has
angular, radially elongate pores. (B) The typical agaricoid form of L. tigrinus has moderately crowded lamellae with tangential
cross-bridges. (C) L. crinitus has crowded lamellae, with lamellulae of several lengths, and no cross-bridges. (D) The secotioid
form of L. tigrinus has a hymenophore that is permanently covered by a layer of tissue derived from the margins of the

lamellae.

ectomycorrhizal taxa. Each of these studies included what
was for the time a large number of taxa, but owing to the lim-
itations of the data, they did not resolve the deepest nodes in
the agaricomycetes with confidence. Nevertheless, they re-
solved multiple terminal clades, many of which included
taxa with highly divergent fruiting body forms. For example,
Hibbett & Donoghue found support for a group including the
polypore Bjerkandera adusta and the resupinate Pulcherricium
caeruleum; while the tree of Boidin et al. resolved a clade of
‘Hericiales’ including diverse resupinate forms along with the
polypore Heterobasidion annosum and the pileate-stipitate hyd-
noid fungus Auriscalpium vulgare (among others); and Bruns
et al. found strong support for a clade including the false truffle
Gautieria monticola, the resupinate, hydnoid fungus Kavinia
alboviridis, cantharelloid forms in Gomphus, and coralloid
forms in Ramaria. Thus, through these studies a more detailed
(if somewhat fragmentary and unresolved) picture of transfor-
mations in fruiting body forms began to appear.

One of the first multi-locus molecular studies that
addressed the higher-level phylogenetic relationships of agar-
icomycetes was that of Hibbett et al. (1997), who combined
mtSSU and nuSSU rDNA sequences of 81 species from across
the traditional Agaricales, Aphyllophorales, and Gasteromycetes.
A parsimony optimization of fruiting body forms on the
resulting tree suggested that there have been at least six inde-
pendent origins of the agaricoid habit. The vast majority of
agaricoid forms were shown to be in a group that was labelled

the ‘euagarics’, which corresponds in large part to the Agari-
cales suborder Agaricineae of Singer (1986). The Boletales,
roughly equivalent to Singer’s Boletineae, was placed as the sis-
ter group of the euagarics clade, but the gilled members of
Singer’s Russulineae were distantly related. Four independent
origins of gasteroid forms were resolved. One remarkable
clade of gasteroid forms was shown to contain stinkhorns
(Pseudocolus fusiformis), earthstars (Geastrum saccatum), and
the cannonball fungus (Sphaerobolus stellatus). In prior classifi-
cations of Gasteromycetes (Dring 1973; Hawksworth et al. 1995),
these taxa were placed in three different orders (Phallales,
Lycoperdales, and Nidulariales or Sclerodermatales, respectively),
with no apparent relationship to any hymenomycetous forms.
The mt/nuSSU rDNA data suggested that these gasteroid taxa
form a clade that is the sister group of a clade that contains
gomphoid, clavarioid, and coralloid forms (Gomphus floccosus,
Clavariadelphus pistillaris, and Ramaria stricta).

Other studies in the 1990s were focused on boletes (Kretzer
& Bruns 1997, Binder et al. 1997), agarics (Moncalvo et al. 2000),
club and coral fungi (Pine et al. 1999), attine ant-associated
fungi (Chapela et al. 1994), polypores (Ko et al. 1997), and other
groups. Using the tree from Hibbett et al. (1997) as a framework,
Hibbett & Thorn (2001) integrated the results of all the available
published and unpublished studies on higher-level agaricomy-
cete phylogeny produced from 1992 to 2000 (25 studies in all) to
create a ‘preliminary phylogenetic outline’ that divided the
agaricomycetes (as Homobasidiomycetes) into eight major clades
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that were given informal names. In addition to the euagarics
clade, these groups included the gomphoid-phalloid clade
(described above), polyporoid clade, russuloid clade, thelephor-
oid clade, cantharelloid clade, hymenochaetoid clade, and
bolete clade. Scoring fruiting body forms with seven states
(agaricoid, poroid, hydnoid, clavarioid-coralloid, corticioid, epi-
geous-gasteroid, and hypogeous-gasteroid), Hibbett & Thorn
suggested that each of the eight clades contains as few as
four (cantharelloid clade) or as many as seven (russuloid clade)
fruiting body forms (av. 5.75).

The eight-clade view of agaricomycete diversity was
reflected in the ninth edition of the Dictionary of the Fungi by
Kirk et al. (2001), who included eight orders of ‘Agaricomyceti-
dae’. This was a bold move on the part of the authors, because
not all of the clades proposed by Hibbett & Thorn were re-
solved with confidence by the molecular data available at
the time, and the taxon sampling was still sparse. In particu-
lar, the polyporoid clade, which became the Polyporales in the
Dictionary, had been very weakly supported. Also, the brown-
rot polypore Gloeophyllum sepiarium could not be placed in
any of the eight clades (Hibbett & Thorn 2001), which was an
early indication that the eight-clade outline underestimated
the actual phylogenetic diversity of agaricomycetes.

Recent molecular studies 1—resolving the major
branches of agaricomycete phylogeny

Research in agaricomycete systematics has grown by leaps
and bounds since 2001, with two general trends evident. One
trend is a dramatic expansion in taxon sampling, which has
been achieved primarily through studies using rDNA. The
other trend is the rise of multi-locus analyses that combine
rDNA with protein-coding genes, specifically RNA polymerase
Il subunits one and two (rpb1, rpb2), translation elongation fac-
tor (tefl-o), and ATP synthetase. The combined effect of this
work has been the development of a robust, detailed under-
standing of agaricomycete phylogeny, which is now being
used to construct a revised ordinal-level classification of agar-
icomycetes (and other fungi) by the Assembling the Fungal
Tree of Life consortium (see http://www.clarku.edu/faculty/
dhibbett/AFTOL/AFTOL.htm). Hereafter, the ordinal names
used are those of this ‘AFTOL classification’.

One of the major developments of recent years was the dis-
covery of several new clades of agaricomycetes beyond the
eight clades identifed by Hibbett & Thorn (2001). These groups,
which are composed almost entirely of resupinate, crust-like
forms, were independently discovered by several research
groups (Lim 2001; Hibbett & Binder 2002; Langer 2002; Larsson
et al. 2004; Binder et al. 2005). Multiple informal names were
assigned to these clades in the original publications reporting
their discovery. In the AFTOL classification they are called
the Corticiales, Trechisporales, and Atheliales (Hibbett et al.
2007). In addition, studies on basal ‘heterobasidiomycetes’
have resulted in the discovery of another independent, major
clade, the Sebacinales, which includes taxa with resupinate,
coralloid, and encrusting fruiting bodies (Selosse et al. 2002;
Weiss et al. 2004).

The studies cited in the preceding paragraph improved
understanding of agaricomycete phylogeny by virtue of their
intensive taxon sampling. However, they all used rDNA

exclusively, and consequently, they all suffered from weak
support for many of the ‘backbone’ nodes in the agaricomy-
cetes, including the basal nodes that specify the relationships
between the homobasidiomycetes and heterobasidiomycetes
(Binder & Hibbett 2002). A recent multilocus study by Matheny
et al. (2007b) provides much needed resolution of some of
these problematical deep nodes. Matheny et al. sampled five
genes (nuLSU, nuSSU, and 5.8S rDNA, rpb2, and tefl-a) in 119
species that represent all the major groups of agaricomycetes,
except Gloeophyllum and its close relatives. Their analyses
demonstrated with strong support that the agaricomycetes
is a monophyletic group that includes the Sebacinales and
the Auriculariales, which have gelatinous fruiting bodies and
are traditionally recognized as heterobasidiomycetes (e.g.,
the cultivated ‘wood-ear’ jelly fungus, Auricularia auricula-
judae). Other heterobasidiomycetes in the agaricomycetes in-
clude the Tulasnellaceae and Ceratobasidiaceae, which produce
resupinate fruiting bodies and appear to be nested within
the Cantharellales. However, the Dacrymycetales and Tremellales,
which are heterobasidiomycetes with gelatinous fruiting bod-
ies, were shown to be outside of the agaricomycetes. Thus, the
homobasidiomycetes and heterobasidiomycetes are non-
monophyletic groups, and these names should be used only
as descriptive terms, in the same manner that the terms gas-
teromycetes and hymenomycetes are now used. The analysis
of Matheny et al. also provided strong support for the Polypor-
ales, and many other higher-order groupings within the agar-
icomycetes, including the sister-group relationship between
the Boletales, which is dominated by pileate-stipitate forms,
and the wholly resupinate Atheliales.

In short, the agaricomycetes is thought to contain at least 14
independent major clades, including three that are composed
only of resupinate forms (Atheliales, Corticiales, Trechisporales),
two that include only heterobasidiomycetes (Auriculariales,
Sebacinales), and one that includes both heterobasidiomycetes
and homobasidiomycetes (Cantharellales). The remaining eight
clades contain only homobasidiomycetes and produce the vast
majority of conspicuous mushroom fruiting bodies, as well as
crypticresupinate forms. One of these eight clades is the Gloeo-
phyllales, which was represented by the lone taxon Gleophyllum
sepiarium in the phylogenetic outline of Hibbett & Thorn (2001).
The Gloeophyllales is now understood to contain polypores
(Gloeophyllum), agarics (Neolentinus, Heliocybe), and resupinate
forms (Veluticeps, and possibly others) (Thorn et al. 2000; Binder
et al. 2005).

Recent molecular studies 2—reconstructing
the fine branches of the tree

While the global studies described above have addressed the
broad outlines of agaricomycete phylogeny, numerous analy-
ses focused within individual clades have helped resolve pat-
terns of evolution in terminal groups in detail. A summary of
fruiting body forms across all 14 major clades of agaricomy-
cetes (following the AFTOL classification; Hibbett et al. 2007)
is presented in Table 1. For this purpose, fruiting body mor-
phology has been coded with seven major forms [pileate-
stipitate, pileate-sessile, resupinate, clavarioid (unbranched),
coralloid (branched), cyphelloid, and gasteroid]. Pileate and
resupinate forms are further divided according to the
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Table 1 - Distribution of fruiting body forms across 14 major clades of agaricomycetes, with selected exemplars (names in

parentheses deviate from typical forms)

Agaricales Atheliales Auriculariales Boletales Cantharellales Corticiales
Pileate-stipitate
Lamellate Agaricus bisporus Hygrophoropsis (Cantharellus cibarius)
Amanita muscaria aurantiaca
Coprinus comatus Phylloporus
rhodoxanthus
Tapinella
atrotomentosa
Poroid Poromycena Boletus edulis
manipularis Suillus pictus
Hydnoid Hydnum repdnum
Sistotrema
confluens
Smooth Marasmius (Tremiscus helvelloides) Craterellus
meridionalis cornucopioides

Physalacria inflata

Merulioid Arrhenia auriscalpium Boletinellus Craterellus
merulioides tubaeformis

Pileate-sessile
Lamellate Crepidotus mollis Tapinella panuoides
Panellus serotinus
Pleurotus ostreatus
(Schizophyllum
commune)
Poroid Dictyopanus pusillus Bondarcevomyces taxi
Favolaschia calocera
(Fistulina hepatica)
(Porodisculus

pendulus)
Hydnoid Pseudohydnum Gyrodontium saccahri
gelatinosum
Smooth Chondrostereum Auricularia
purpureum auricula-judae
Merulioid Gloiocephala rubescens (Pseudomerulius
Plicaturopsis crispa corticii)
Resupinate
Poroid
Hydnoid  Deflexula subsimplex Protodontia piceicola Hydnomerulius

pinastri
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Table 1 - (continued)

Gloeophyllales Hymenochaetales Phallomycetidae  Polyporales Russulales Sebacinales  Thelephorales  Trechisporales
Heliocybe Omphalina Gloeocantharellus Lentinus tigrinus Lentinellus
sulcata brevibasidiata purpurascens Panus rudis omphalodes
Neolentinus Rickenella fibula Russula compacta
lepideus
Coltricia perennis Albatrellus Albatrellus fletti Boletopsis
Onnia tomentosa syringae Polyporoletus leucomelaena
Phaeolus sublividus
schweinitzii
Polyporus
squUamosus
(Polyporus
umbellatus)
Beenakia dacostae Auriscalpium Hydnellum
vulgare aurantiacum
Phellodon
confluens
Cotylidia alba Clavariadelphus Cymatoderma Tremelloscypha
Stipitochaete truncatus caperatum? gelatinosa
damaecornis Podoscypha
petalodes
Gomphus floccosus Polyozellus
multiplex
Thelephora
terrestris
Gloeophyllum  (Cyclomyces Lenzites betulina Lactarius
sepiarium fuscus) panuoides
Lentinellus
montanus
Gloeophyllum  Oxyporus (Daedalea Bondarzewia
trabeum populinus quercina) berkeleyi
Phellinus gilvus Fomes Heterobasidion
fomentarius annosum
Ganoderma
applanatum
Piptoporus
betulinus
Trichaptum Beenakia informis  Climacodon Creolophus
abietinum septentrionale cirrhatus
Spongipellis Echinodontium
pachyodon tinctorium
(Hericium
coralloides)
Boreostereum Laxitextum
radiatum bicolor
Stereum hirsutum
Phlebia tremellosa
Donkioporia Phellinus contiguus Ceriporia Porpomyces
expansa purpurea mucidus
Perenniporia Trechispora
medulla-panis hymenocystis
Hydnochaete Kavinia himantia Mycoacia Dentipellis Tomentella Trechispora lunata
olivacea fuscoatra separans crinalis (Trechispora
Schizopora farinacea)

paradoxa
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Table 1 - (continued)

Agaricales Atheliales Auriculariales Boletales Cantharellales Corticiales
Smooth Cylindrobasidium Athelia Basidiodendron Coniophora puteana  Botryobasidium Dendrocorticium
evolvens arachnoidea caesiocinereum isabellinum roseocarneum
Piloderma fallax  Eichleriella deglubens Sistotrema sernanderi Galzinia incrustans
Tylospora Exidia glandulosa Tulasnella pruinosa  (Laetisaria fuciformis)
asterophora Vuilleminia comedens
Merulioid Auricularia mesenterica Pseudomerulius

Clavarioid Typhula phacorhiza
Coralloid  Clavaria zollingeri
Pterula multifida

Cyphelloid (Auriculariopsis
ampla)
(Caripia montagnei)
Cyphella digitalis

Henningsomyces
candidus
Stigmatolemma
poriiforme
Gasteroid
Epigeous  Crucibulum laeve

Lycoperdon pyriforme
(Nia vibrissa)
Thaxterogaster pingue
Torrendia pulchella

Hypogeous Amarrendia
gradnispora
Hydnangium carneum
Quadrispora oblongis-
pora

aureus
Serpula lacrymans
Multiclavula mucida

Clavulina cinerea

Astraeus
hygrometricus

Calostoma
cinnabarinum

Gastrosuillus
laricinus

Alpova trappei

Melanogaster
tuberiformis

Rhizopogon rubescens

configuration of the hymenophore, and gasteroid forms are
divided into epigeous and hypogeous forms, for 19 fruiting
body forms. Scored in this manner, the most diverse clades
are the Agaricales, Polyporales, Russulales, and Phallomycetidae
(15, 13, 12, and 11 fruiting body forms, respectively), and the
least diverse clades are the Atheliales and Corticiales, which
have only resupinate forms with more or less smooth hyme-
nophores. A similar chart (recognizing only eight clades, and
divided primarily according to hymenophore configuration),
with links to images, can be viewed at http://www.mykoweb.
com/articles/Homobasidiomycete_chart.html.

It is clearly beyond the scope of this article to review the
many recent phylogenetic studies in agaricomycetes that
have contributed to the information in Table 1. A few selected
works that illustrate interesting and occasionally surprising
patterns of morphological evolution in the Agaricales, Russu-
lales, and Phallomycetidae are discussed below.

Agaricales

This largest clade of agaricomycetes (ca 9400 spp., Kirk et al.
2001) has been intensively studied, perhaps most famously
by Moncalvo et al. (2002), who sampled nuLSU rDNA in 877
species and resolved 117 clades of ‘euagarics’. Another broad
overview of the group was provided recently by Matheny

et al. (in press-a), who performed a multi-locus analysis of
rpbl, rpb2, nulSU, nuSSU, and 5.8S rDNA sequences in 250
species, which added support for many backbone nodes that
were not well resolved in the analysis of Moncalvo et al.
(2002). Besides these comprehensive studies, there have
been many analyses focused on individual families and
genera of Agaricales, for which the reader should refer to
Moncalvo et al. (2002) and Matheny et al. (in press-a). The
Agaricales is dominated by gilled mushrooms, but every other
major fruiting body morphotype has been derived within this
group. The following paragraphs focus on the distribution of
gasteroid, coralloid, cyphelloid, and marine forms in the
Agaricales.

Gasteroid Agaricales. Gasteroid forms have evolved repeat-
edly in both saprotrophic and mycorrhizal groups of Agari-
cales. Studies in the Agaricaceae illustrate the phenomenon of
gasteromycetation in saprotrophic lineages, and also exem-
plify the progress in agaricomycete systematics that has
been achieved since the 1990s. Hopple & Vilgalys (1994) and
Hibbett et al. (1997) established that the sessile and stalked
puffballs Calvatia, Lycoperdon, and Tulostoma, and the secotioid
taxa Montagnea and Podaxis are related to various Agaricaceae,
including lepiotoid taxa and the ‘shaggy mane’ Coprinus
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Table 1 - (continued)

Gloeophyllales Hymenochaetales Phallomycetidae  Polyporales Russulales Sebacinales  Thelephorales Trechisporales
Veluticeps Basidioradulum Ramaricium Dentocorticium  Aleurodiscus (Craterocolla Tomentella Sistotremastrum
berkeleyi radulum alboflavescens sulphurellum amorphus cerasi) sublilacina niveocremeum
Hymenochaete Hypochnicium Gloeocystidiellum (Sebacina Trechispora
tabacina geogenium porosum incrustans) cohaerens
Tublicrinis Peniophora nuda Serendipita (Trechispora
subulatus vermifera fastidiosa)
Phlebia radiata
Clavariadelphus
pistillaris
Clavariachaete Lentaria micheneri  (Sparassis crispa) Clavicorona Tremellodendron Thelephora
rubiginosa Ramaria stricta pyxidata pallidum palmata

Geastrum saccatum
Phallus impudicus
Sphaerobolus
stellatus

(Lentinus
tigrinus)

Gautieria otthii
Protubera nothofagi

Arcangeliella
parva
Macowanites
americanus

Gymnomyces
megasporus
Mycolevis
siccigleba
Zelleromyces
striatus

comatus. Subsequent studies by Kriiger et al. (2001), Moncalvo
et al. (2002), Vellinga (2004), and Lebel et al. (2004) using rDNA
expanded the sampling in this clade to include secotioid and
puffball forms such as Barcheria, Battaraea, Bovista, Endopty-
chum, Gyrophragmium, Longula, Mycenastrum, and Vascellum,
and many more species in agaricoid genera that had been
sampled previously. Also, the secotioid Galeropsis desertorum
is probably in this group (apparently close to Lepiota spp.),
based on a BLAST search using a nuLSU rDNA sequence de-
posited by Hallen et al. (2003) as a query (D. S. H., unpubl.).
Finally, the recent multi-locus analysis of Matheny et al.
(2007a) suggests that the bird’s nest fungi, Cyathus and Crucib-
ulum, may be in the sister group of the Agaricaceae, along with
the agaricoid Cystoderma. While the inclusion of Cyathus and
Crucibulum in the Agaricales had been demonstrated previ-
ously (Hibbett et al. 1997), the study of Matheny et al. was the
first to resolve their position with moderate confidence (sup-
ported by Bayesian PPs, if not parsimony BS values). Thus,
the Agaricaceae and its relatives appear to contain a concentra-
tion of diverse, indpendently evolved gasteroid Agaricales.
Other saprotrophic groups of Agaricales that have been shown
to contain gasteroid forms based on molecular analyses in-
clude the agrocybe clade sensu Moncalvo et al. (2002),

which contains Leratiomyces smaragdina, and the Stropharia-
ceae, which contains the secotioid forms Nivatogastrium nubi-
genum, Weraroa virescens, and W. erythrocephala, and the
puffball Leratiomyces similis (Binder et al. 1997; Moncalvo et al.
2002; Matheny et al. in press-a).

Ectomycorrhizal Agaricales have also produced gasteroid
forms. Peintner et al. (2001) studied the origins of gasteroid
forms in the Cortinariaceae using ITS sequences (also see Mon-
calvo et al. 2002). Fruiting bodies in this large group can be
arranged in a series of intergrading forms, including (1) fully
agaricoid forms with ephemeral veils and forcible spore dis-
charge (e.g., Cortinarius spp., Descolea spp., Hebeloma spp.); (2)
partially hypogeous ‘emergent’ agaricoid forms that have per-
sistent veils and retain forcible spore discharge (e.g., Cortinar-
ius magnivelatus); (3) epigeous secotioid forms with largely
enclosed, contorted hymenophores, which lack ballistospory
(Thaxterogaster spp., Setchelliogaster spp.); and (4) fully gaste-
roid forms with an enclosed gleba, including hypogeous false
truffles (Hymenogaster spp., Protoglossum spp., Quadrispora spp.;
Fig 2).

The trees that Peintner et al. (2001) obtained demonstrate
that there have been many origins of gasteroid forms within
the Cortinariaceae, including repeated origins of hypogeous
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forms in Hymenogaster (which is polyphyletic) and Descomyces.
However, the expected sequence of transitions from agaricoid
and ‘emergent’ forms to secotioid, and finally fully gasteroid
forms was not observed, with one exception in the clade
‘Myxacium T’, in which two hypogeous Quadrispora strains
were nested within a paraphyletic group of Thaxterogaster iso-
lates. These findings suggested that the predicted intermedi-
ate forms have either gone extinct or, perhaps just as likely,
have not been collected. Other ectomycorrhizal clades of
Agaricales with gasteroid members that have been the subject
of phylogenetic studies include the Amanitaceae, which con-
tains the secotioid Torrendia pulchella and several hypogeous
taxa in Amarrendia (Bougher & Lebel 2003), and the Laccaria
clade, which contains the secotioid Podohydnangium australe
and hypogeous Hydnangium species (Mueller & Pine 1994;
Moncalvo et al. 2002).

Finally, an interesting reinterpretation of a gasteroid agaric
was proposed by Hallen et al. (2003), who studied the ‘seco-
tioid” Gastrocybe, which produces a pileate-stipitate fruiting
body. The cap of Gastrocybe becomes slimy and deliquescent,
often toppling the stipe as it matures. Hallen et al. found
strong support for a relationship between Gastrocybe and the
saprotrophic lawn-inhabiting agarics Conocybe, as had been
shown before (Moncalvo et al. 2002), but they suggested that
the ‘gelatinous-liquescent’ fruiting body is actually caused
by a bacterial infection, and that Gastrocybe is ‘sick, not
secotioid’.

Coralloid Agaricales. Coralloid forms, which Corner sug-
gested represent the primitive state of basidiomycete fruiting
bodies, are rare within the Agaricales. Several phylogenetic
studies using rDNA have sampled club and coral forms in
the Agaricales, including analyses by Hibbett et al. (1997), Pine
et al. (1999), Moncalvo et al. (2002), Munkacsi et al. (2004), and
Binder et al. (2005). Together, these studies suggested that
there are about three groups of coralloid taxa in the Agaricales,
including: (1) Typhula and Macrotyphula, which have slender
clavarioid (unbranched) fruiting bodies; (2) Pterula, which has
slender coralloid or clavarioid fruiting bodies, and Deflexula,
which forms pendent, tooth-like fruiting bodies; and (3) Clava-
ria and Clavulinopsis, which form more robust clavarioid or
coralloid fruiting bodies. The analysis of Moncalvo et al.
(2002) provided weak (BS = 64 %) support for a close relation-
ship between Typhula phacorhiza and the sessile, pleurotoid
agarics Phyllotopsis nidulans and Pleurocybella porrigens, but
the position of ‘Clavaria’ fusiformis was unclear. Munkacsi
et al. (2004) added sequences from ten species of Deflexula
and Pterula to the dataset of Moncalvo et al. (2002), along
with sequences from Apterostigma attine ant symbionts. Their

Fig 2 - Fruiting body forms in Cortinariaceae. (A) Cortinarius
vanduzerensis, a fully epigeous agaricoid form with an
ephemeral cortina (partial veil, not visible here).

(B) C. verrucisporus, an ‘emergent’ agaricoid form with a
persistent veil. (C) Thaxterogaster pingue, a secotioid form.
(D) Hymenogaster sublilacinus, a hypogeous gasteroid form.
(A) © Taylor Lockwood www.taylorlockwood.com;

(B-D) © Michael Wood www.MykoWeb.com.
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results suggested that the Deflexula-Pterula clade is the sister
group of a clade of Apterostigma ant symbionts.

Several coralloid taxa were included in the multi-locus
analysis of Matheny et al. (2007a). The beautiful coral fungi
Clavaria zollingeri and Clavulinopsis laeticolor were strongly sup-
ported by both BS and Bayesian PPs as the sister group of the
agaric Camarophyllopsis hymenocephalum. A second clade, sup-
ported only by Bayesian PPs, included Phyllotopsis nidulans,
Typhula phacorhiza, and Pterula echo, which contrasts with the
prior rDNA analyses that suggested the Pterula-Deflexula group
is separate from the Typhula—Macrotyphula group. Thus, the re-
sults of Matheny et al. suggest a minimum of two origins of
coral forms within the Agaricales. However, as Matheny et al.
point out, the Pterulaceae and Typhulaceae contain over 200
species and are in need of further investigation. Moreover,
analyses by Larsson et al. (2004) suggest that Typhula and Mac-
rotyphula are closely related to certain resupinate forms, in-
cluding Coronicium alboglaucum, which should be included in
any study that seeks to understand the origins of coralloid
Agaricales.

Cyphelloid and marine Agaricales. Scattered throughout the
Agaricales are minute, cup or tube-shaped ‘cyphelloid’ forms,
which have long been regarded as reduced agarics. A few
cyphelloid taxa were included in studies by Binder et al.
(2001), Hibbett & Binder (2001), Moncalvo et al. (2002), and
Langer (2002), but the study of Bodensteiner et al. (2004) was
the first to focus specifically on cyphelloid forms. Their analy-
sis suggested that there have been roughly ten to 12 indepen-
dent derivations of cyphelloid forms within the Agaricales,
representing repeated instances of evolutionary reduction.
However, Bodensteiner et al. sampled only 23 species of
cyphelloid fungi, while it has been estimated that there may
be as many as 400-500 cyphelloid species (Agerer, unpubl.,
fide Bodensteiner et al. 2004). Thus, cyphellization could be
an even more common mode of morphological evolution
than present datasets imply. All of the cyphelloid taxa studied
by Bodensteiner et al. are nested within saprotrophic clades.
The causal factors that have promoted the repeated evolution
of these minute forms are unknown, but could be related to
selection for spore production from minimal substrates.

As remarkable as cyphelloid fungi are, their close relatives
are even more unusual. Binder et al. (2001) and Hibbett &
Binder (2001) focused on the relationships between terrestrial
cyphelloid forms and marine basidiomycetes. They found
strong support for the existence of a ‘Nia clade’, containing
the terrestrial cyphelloid taxa Henningsomyces candidus and
Cyphellopsis anomala, the mangrove-inhabiting cyphelloid
taxa Calathella mangrovei and Halocyphina villosa (which are pe-
riodically submerged in seawater), and finally the fully marine
(subtidal) Nia vibrissa, which forms tiny gasteroid fruiting bod-
ies and has appendaged spores. The sister group of this clade
includes the ‘split-gill’ fungus Schizophyllum commune and the
‘beefsteak fungus’ Fistulina hepatica, which looks like a fleshy
polypore, but on closer inspection is found to have a hymeno-
phore composed of many individually free tubes. Schizophyl-
lum and Fistulina are morphological oddities that Donk (1971)
placed in their own families. The finding that they may be
closely related to cyphelloid forms raises the possibility that
the unusual fruiting bodies of Schizophyllum and Fistulina

retain features common to the precursors of cyphelloid forms,
or they may represent aggregations of cyphelloid fruiting bod-
ies. Other taxa in the Schizophyllum clade include the cupulate
Auriculariopsis ampla (with a smooth hymenophore) and the
minute pendent polypore Porodisculus pendulus.

The relationships between cyphelloid forms and marine
basidiomycetes were further examined by Binder et al
(2006), who focused on another fully subtidal gasteromycete,
Mycaureola dilseae, which is a parasite of the red alga Dilsea car-
nosa. Mycaureola superficially resembles Nia, in that it has
a tiny gasteroid fruiting body, but it differs by the production
of elongate, curved spores, as well as its habit as an algal par-
asite. Nonetheless, it was a surprise to find that M. dilseae is
not related to Nia or its mangrove-inhabiting cyphelloid rela-
tives, but rather is nested in a clade that contains typical aga-
rics, such as Flammulina velutipes (the cultivated enokitake
mushroom) and Armillaria gallica (the honey mushroom).
Other taxa in this group include the highly reduced agarics
Gloiocephala and Physalacria, and the resupinate Cylindrobasi-
dium laeve. Binder et al. (2006) found strong support for this
group (BS =80 %, Bayesian PP = 1) and labelled it the Physala-
criaceae clade. The multi-locus analysis of Matheny et al.
(2007a) found weak support for the monophyly of a group
that contains the Physalacriaceae clade, the Nia clade (as Lach-
nellaceae), and the Schizophyllum clade (as Schizophyllaceae and
Fistulinaceae). This clade, if it is real, contains a collection of
lineages that have undergone extensive diversification in
fruiting body forms, and that deviate strongly from their
agaricoid ancestors.

Russulales

Relationships among many of the morphologically diverse
taxa that make up the Russulales have long been recognized,
based on the irregular distribution of spores with varying de-
grees of amyloidity (often restricted to ornamentations) and
‘gloeoplerous’ hyphae and cystidia (with oily, refractive con-
tents) (Donk 1971; Oberwinkler 1977). Sixteen species of Russu-
lales formed a strongly supported clade in the analysis of
Hibbett et al. (1997), including polypores (Bondarzewia, Hetero-
basidion), toothed fungi (Auriscalpium, Hericium, Echinodontium),
agarics (Lentinellus, Russula), coral fungi (Clavicorona; syn.
Artomyces), and resupinate and effused-reflexed forms (e.g.
Gloeocystidiellum, Stereum, Peniophora). More comprehensive
phylogenetic overviews of the entire clade were provided by
Larsson & Larsson (2003) and Binder et al. (2005), which pro-
vided detailed views of possible patterns of morphological
evolution. There have also been multiple studies focused on
the Russulaceae, which includes the ectomycorrhizal agarics,
Russula and Lactarius, and their gasteroid and pleurotoid deriv-
atives (Miller et al. 2001; Miller & Buyck 2002; Eberhardt &
Verbeken 2004).

One of the most striking results to come out of recent re-
search on Russulales is the finding that the Russulaceae is
nested within a paraphyletic group of resupinate forms in
Gloeocystidiellum. Thus, these complex agarics, which Singer
(1986) classified as a suborder of the Agaricales, may have
been derived from simple crust-like ancestors. No intermedi-
ate forms are known. Pleurotoid taxa (with a short lateral
stipe) occur in the Russulaceae, and these might be expected
to be intermediates between centrally stipitate agarics and
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resupinate forms. However, the pleurotoid forms have been
shown to be nested within Lactarius and probably represent
a derived condition, which may be an adaptation to fruiting
on tree trunks and other elevated substrates in periodically
flooded neotropical forests (Miller et al. 2001; Miller et al.
2002; Eberhardt & Verbeken 2004).

Epigeous secotioid forms and hypogeous false truffles have
evolved repeatedly within the Russulaceae (Miller et al. 2001;
Eberhardt & Verbeken 2004), as well as in the clade containing
the ectomycorrhizal polypores Albatrellus and Polyporoletus,
which are also members of the Russulales, but are not closely
related to Russulaceae (Albee-Scott, 2007). There are several
reports of gasteroid forms of Russulales that have retained
forcible spore discharge (Miller & Miller 1988; Desjardin
2003). Based on the model of evolution of gasteroid forms pro-
posed by Thiers (1984) and Bruns et al. (1989), such taxa may
represent recently derived gasteroid forms that have not yet
lost ballistospory.

Phallomycetidae
The ‘gomphoid-phalloid clade’ (Hibbett & Thorn 2001) was
recognized based on rDNA sequences from only six species.
Subsequent studies by Humpert et al. (2001) and Hosaka et al.
(2007) have dramatically expanded the sampling of both genes
and taxa, resulting in a robust, highly detailed phylogeny of
this morphologically diverse group, now called the Phallomyce-
tidae. Hosaka et al. sampled 222 species with five genes (nuSSU
and LSU rDNA, mtSSU rDNA, rpb2, and tefl), and resolved four
major clades of Phallomycetidae, which they called the Phallales,
Gomphales, Hysterangiales, and Geastrales. Their analysis sug-
gests that there have been multiple transitions between epige-
ous and hypogeous forms, as well as between mycorrhizal and
saprotrophic nutritional modes in the Phallomycetidae.
Within the Phallales, the epigeous stinkhorns (Phallaceae,
Clathraceae, Lysuraceae) are nested within a paraphyletic as-
semblage of false truffles (Protophallaceae, Claustulaceae, Trap-
peaceae) (Hosaka et al. 2007). This is the only well-supported
case of a hypogeous-to-epigeous transformation in the agari-
comycetes, and it is marked by the evolution of some of the
most outlandish forms in all the Fungi. The showy fruiting
bodies of epigeous Phallales are variously phalloid (sometimes
also indusiate), cage-like, or stellate, often have bright red or
yellow pigments, and present a highly aromatic gleba. They
have apparently diversified in response to selection for insect
spore dispersal, and are truly the ‘flowers’ of the fungi.
Hypogeous forms also occur in the Gomphales, Geastrales,
and Hysterangiales (which is composed only of hypogeous
taxa). According to Hosaka et al., most hypogeous Phallomyce-
tidae are probably mycorrhizal, including the Gautieriaceae
(Gomphales), Sclerogastraceae (Geastrales), and most of the Hys-
terangiales. These results are consistent with observations in
the Agaricales, Boletales, and Russulales, in which virtually all
hypogeous forms are thought to be mycorrhizal. This appar-
ent correlation led Thiers (1984) and others (e.g. Bruns et al.
1989) to suggest that mycorrhizal lifestyles promote the evolu-
tion of the false truffle habit. However, there are several other
groups of hypogeous Phallomycetidae, which Hosaka et al. sug-
gest are probably saprotrophic, including most of the hypoge-
ous Phallales and the Phallogastraceae (Hysterangiales).

Recent molecular studies 3—assessing global patterns and
trends in fruiting body evolution in agaricomycetes

Some of the most profound issues regarding fruiting body evo-
lution in agaricomycetes, concern the ancestral fruiting body
form of the agaricomycetes, and the existence of trends (gen-
eral evolutionary tendencies) and causal factors in the evolu-
tion of fruiting bodies. As a number of authors have pointed
out (e.g., Maddison 1990; Cunningham 1999), reconstruction
of ancestral states and detection of trends are inherently
linked to estimation of models of evolutionary processes. Un-
der parsimony, for example, the patterns of reconstructed
states depend heavily on the assigned costs of losses versus
gains, which are based on assumptions regarding the relative
probability of those events. A popular alternative method uses
ML to estimate a model of evolution for a character, and then
assesses support for alternative ancestral states under that
model (Pagel 1997). The parameters of the model specify the
rates of change between character states, which are assumed
to be constant across the entire phylogeny. Felsenstein (2004)
has questioned whether such models are appropriate for mor-
phological characters, and has suggested that alternative
models that do not follow a strict Markov process may be
more realistic. Any probabilistic model of morpholgical evolu-
tion will surely oversimplify the actual process of fruiting
body evolution. Nevertheless, the repeated evolution of strik-
ingly similar forms in multiple clades of agaricomycetes sug-
gests that there are general mechanisms at work, which
validates a modelling approach.

Ancestral state reconstruction analyses have been per-
formed in diverse groups of agaricomycetes, most often using
equally-weighted parsimony optimization, as implemented in
the program MacClade (Maddison & Maddison 2000) (e.g.
Mueller & Pine 1994; Hibbett et al. 1997; Humpert et al. 2001), al-
though the ML approach has been employed in both the Bole-
tales (Binder & Hibbett 2007) and Phallomycetidae (Hosaka et al.
2007). In addition, Hibbett & Binder (2002) and Hibbett (2004)
used parsimony and ML approaches to estimate patterns
and processes of morphological evolution across the entire
agaricomycetes. These studies, reviewed below, provide clues
to the history and dynamics of fruiting body evolution, but
they also illustrate pitfalls of the ML approach to studying
character evolution.

Hibbett & Binder (2002) studied the evolution of fruiting
body forms using a dataset of 481 species, which they coded
in binary form as either ‘resupinate’ or ‘pileate-erect’ (i.e. all
non-resupinate forms). Analyses using ML and parsimony
on multiple tree topologies all suggested that the ancestral
fruiting body form was resupinate, and that there have been
multiple origins of pileate-erect forms, as well as some rever-
sals to resupinate forms. Moreover, ML analyses suggested
that the rate of change from resupinate to pileate-erect forms
is significantly greater than changes in the reverse direction,
which was interpreted as evidence of a ‘driven’ trend toward
increasing morphological complexity.

Hibbett (2004) performed similar analyses to those of Hib-
bett & Binder (2002), using one of the trees from the earlier
study. The major difference was that the 2004 study employed
a character-coding regime with five states: resupinate,
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pileate-sessile, pileate-stipitate, coralloid-clavarioid, and gas-
teroid (i.e. the pileate-erect character state from the binary
coding regime was subdivided into four states). ML analyses
under the five-state coding regime did not resolve the ances-
tral form of the agaricomycetes, although parsimony would
still suggest that it was resupinate. Also, the models obtained
under the five-state coding did not indicate that resupinate
forms are particularly labile, and therefore did not support
the prior conclusion that there is an active trend toward in-
creasing complexity in fruiting body forms of agaricomycetes.
Other aspects of the analyses under multistate coding are in-
tuitively satisfying. For example, the irreversibility of gastero-
mycetation could not be rejected, which is consistent with the
idea that once ballistospory has been lost, it can probably
never be regained. Also, the pileate-stipitate form was found
to be a relatively stable morphology, which is consistent
with the prevalence of these forms among Agaricales and
other clades of agaricomycetes, as well as the presence of
~94 million year old fossils that appear to be homologous to
modern agaricoid forms (Hibbett et al. 1995).

The studies of Hibbett & Binder (2002) and Hibbett (2004)
show that ML analyses of character evolution can be quite sen-
sitive to character coding. The binary coding employed in the
2002 study is a relatively crude representation of morphologi-
cal diversity, whereas the five-state coding is more descriptive
and probably more biologically meaningful. Therefore, the
models estimated with five-state coding may be more accurate
representations of the actual dynamics of fruiting body evolu-
tion than those obtained under binary coding. However, even
with appropriate character coding regimes, ML analyses of
character evolution can yield surprising results. For example,
Binder & Hibbett (2007) used multistate Bayesian ML methods
to study evolution of fruiting body forms in the Boletales, which
suggested that the ancestor of the Suillineae was a gasteroid
form. The Suillineae includes false truffles in Rhizopogon, but
it also contains pileate-stipitate forms with tubular hymeno-
phores (Suillus) that are highly similar to boletoid forms in
the Sclerodermatinieae (Gyroporus), Boletineae (e.g. Boletus), and
Paxillineae (Gyrodon). It seems very unlikely that the boletoid
forms in the Suillineae were derived from gasteroid ancestors,
but this result was strongly supported by the ML analysis.

Conclusions and future directions

Phylogenetic analyses of molecular sequences have revealed
14 major independent clades of agaricomycetes, so far. Multi-
gene studies are resolving the higher-order relationships
among these groups, and studies with intensive sampling
within the clades, still largely based on rDNA, are beginning
to reconstruct the fine branches of the agaricomycete phylog-
eny. This review has emphasized research in the Agaricales,
Russulales, Phallomycetidae and Boletales, but there has also
been much recent activity in other groups, such as the Hymeno-
chaetales (Wagner & Fischer 2002a,b; Larsson et al. 2007), Thele-
phorales (K6ljalg et al. 2002), and Cantharellales (Moncalvo et al.
2007). As aresult, we now have a fairly detailed understanding
of the phylogenetic distribution of different fruitingbody forms
across the agaricomycetes, albeit one thatis based on a veryin-
complete sample of fungal diversity. The largest trees of

agaricomycetes, constructed using automated phylogenetic
methods and ‘published’ on the web (Hibbett et al. 2005), in-
clude over 2400 terminals representing about 1900 putative
species, but this is still only about 10 % of the described species
in the group (Kirk et al. 2001). The largest trees in print publica-
tions are much smaller, with 877 (Moncalvo et al. 2002) or 656
terminals (Binder et al. 2005). Resupinate taxa are especially
in need of sampling. As the work of Larsson et al. (2004) and
others indicates, these cryptic forms may harbour undiscov-
ered major clades of agaricomycetes.

Simply increasing taxon sampling in phylogenetic studies
will not lead, by itself, to significant advances in our under-
standing of morphological evolution, however. With further
sampling, we will surely uncover additional instances of the
kinds of transformations that have already been well docu-
mented, such as switches between poroid and gilled hymeno-
phores, or derivations of false truffles and cyphelloid fungi
from pileate-stipitate forms. To be certain, such discoveries
will enrich our knowledge of fungal diversity. Nevertheless,
if we do not go beyond simply describing the distribution of
states at the tips of the tree, then our phylogenetic studies
will yield only incremental advances (at best) in our under-
standing of evolutionary processes. This is not to say that phy-
logenies will not remain central to research in morphological
evolution in agaricomycetes. Indeed, the next major advances
in fungal evolutionary morphology may derive from two very
different disciplines, both of which rely heavily on a phyloge-
netic perspective. These include evolutionary developmental
biology (evo-devo), which addresses the genetic mechanisms
of morphological transformations, and comparative phyloge-
netic analyses, which use phylogenies to address general
trends and broad historical patterns in evolution.

Several methods for phylogenetic comparative analyses
now exist, including the parsimony and ML approaches dis-
cussed previously (Maddison 1990; Pagel 1997) and more re-
cent ‘stochastic mapping’ techniques that use Bayesian
approaches (Huelsenbeck et al. 2003; Bollback 2006). These
methods can be used not only to reconstruct ancestral states,
but also to address correlations between characters, or to test
key innovation hypotheses (Ree 2005). For example, correla-
tion analyses could be used to test whether the occurrence
of mycorrhizal symbioses promotes the evolution of false truf-
fles, while key innovation tests could address whether evolu-
tion of agaricoid forms increases rates of speciation. None of
the comparative methods that are currently available are
completely satisfactory, and some prior results may reflect
limitations of the methods [such as Hibbett’s (2004) inability
to determine the ancestral state of the agaricomycete using
multi-state ML analyses], or may be artefacts [such as Binder
& Hibbett’s (2007) finding that the ancestor of the Suillineae
was a gasteromycete]. Nevertheless, mycologists should cau-
tiously embrace new phylogenetic comparative methods as
they emerge, because these are the only approaches that per-
mit statistical tests of hypotheses about processes of morpho-
logical evolution at a macroevolutionary scale.

ML and stochastic mapping methods circumvent some of
the limitations of traditional parsimony methods, such as
the reliance on a single-tree topology and character optimiza-
tion, but they are sensitive to other factors, including taxon
sampling. Large trees are necessary to estimate the
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parameters of complex models, and bias in taxon sampling
can skew results (Ree & Donoghue 1999; Hibbett 2004). Thus,
to enable the most rigorous comparative analyses of morpho-
logical evolution, we should strive to construct comprehen-
sive phylogenetic trees that include all the known species of
agaricomycetes. An all-taxon phylogeny of agaricomycetes
based on sequence data would also be invaluable for species
discovery, biogeography, and molecular ecology, so assem-
bling this resource should be a top priority.

Comparative analyses have the potential to resolve pro-
cesses of morphological evolution that play out across clades
over vast time scales. At the other extreme, there is much to
be learned by studying the developmental processes that un-
derlie individual character state changes. Like comparative
analyses, mechanistic studies in evo-devo also rely on phylog-
enies, which are needed to pinpoint morphological transfor-
mations that can be studied using molecular approaches.
Unfortunately, fungal evo-devo has lagged far behind its
counterparts in animal and plant biology. While the mecha-
nisms that trigger fruiting body initiation in the model sys-
tems Schizophyllum commune and Coprinopsis cinereus have
been well characterized (Horton et al. 1999; Kiies 2000), there
is still very little known about pattern formation in

agaricomycete fruiting bodies, or how those mechanisms
might be modified through evolution.

The absence of a significant evo-devo enterprise in agarico-
mycetes is somewhat surprising, because fruiting body devel-
opment has long been emphasized as a source of characters in
fungal taxonomy (e.g. Kiithner 1980; Singer 1986; Watling 1996;
Reijnders & Stalpers 1992; Clemencon 2004). Now that there
are robust phylogenies for many groups, it is possible to invert
the traditional practices, and use phylogenies as tools for
interpreting developmental evolution. This approach was
taken in studies on the derivation of agaricoid forms in Lenti-
nus s. str. from poroid forms in Polyporus s. str., which was re-
solved using rDNA sequences (Hibbett & Vilgalys 1993). Using
the rDNA-based phylogeny as a framework, Hibbett et al.
(1993a) compared the ontogeny of Lentinus spp. and P. arcular-
ius fruiting bodies using SEM. They interpreted the switch
from pores to gills as being the result of a heterochronic shift
in the development of radial versus tangential elements of the
hymenophore, resulting in reduction of the tangential ele-
ments (Fig 1). These kinds of studies, which remain rare, are
needed to characterize developmental phenotypes, and they
provide a necessary precursor to genetic studies on the mech-
anisms of morphological transformations.

Fig 3 - Developmental plasticity and evolution in Panus s. str. (A) Typical form of Panus rudis (P. lecomtei) with a short, lateral
stipe. (B) Developmental variant of P. rudis with elongate primordia produced under low-light conditions, after Miller (1967,
fig 3). (C-D) P. fulvus has an elongate stipe and a prolonged primordial phase, after Hibbett et al. (1993a,b, figs 30-31).

Drawings by Preethi S. Raj.
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To advance the field of fungal evo-devo, mycologists need to
team up with developmental biologists, both to draw on the
molecular expertise that has been gained in laboratories de-
voted to animal and plant systems, and to lead developmental
biologists to the most promising organisms. Schizophyllum and
Coprinus, both members of the Agaricales, have yielded many
insights, but it may be time to consider other candidate model
systems from distantly-related lineages. In selecting new
model organisms, several criteria should be considered. Of
course, the organisms should be tractable and must fruit reli-
ably in the laboratory, which probably means that they will
be saprotrophic. Beyond that, taxa that contain naturally oc-
curring developmental mutants with interesting phenotypes
might be attractive. An example is Lentinus tigrinus, which is
a predominantly agaricoid species in which there is a fre-
quently collected ‘secotoioid’ form that has a gasteromycete-
like enclosed hymenophore (but which retains ballistospory;
Fig1) (Hibbettet al. 1994). The secotioid morphologyin L. tigrinus
appears to be conferred by a recessive allele at a single locus
and it closely resembles the predicted early stages of gastero-
mycetation based on the models proposed by Thiers (1984).
Understanding the genetic basis of the secotioid morphology
in L. tigrinus could provide insight into the general phenome-
non of gasteromycetation in agaricomycetes.

Taxa that display developmental plasticity might also be
informative subjects for evo-devo studies. One form of

developmental plasticity that has been widely reported in-
volves sensitivity to light, which appears to be required for in-
duction of pileus formation in the agaricoid taxa Neolentinus
lepideus and Panus rudis. Neolentinus lepideus produces antler-
like ‘carpophoroids’ when growing in the dark on mine sup-
port timbers (Pegler 1983), and P. rudis was shown to produce
elongate primordia when cultured under low-light conditions
(Miller 1967) (Fig 3). It might be easy to dismiss these low-light
forms as developmental aberrations with no evolutionary sig-
nificance. However, in Panus there are both taxa with short lat-
eral stipes, such as P. rudis, as well as taxa with very elongate
stipes that develop through a prolonged primordial phase, in-
cluding P. fulvus (Hibbett et al. 1993b) (Fig 3). It is conceivable
that the same developmental mechanisms that are responsi-
ble for elongation of the primordia in low-light conditions in P.
rudis are also involved in the hypermorphosis of the primor-
dium/stipe in P. fulvus.

A final dramatic case of developmental plasticity is pre-
sented by Lentinellus cochleatus, which is an agaricoid form in
the Russulales. Miller (1971) demonstrated that L. cochleatus
produces coralloid fruiting bodies when it is cultured at low
temperatures (Fig 4). Again, one might be tempted to regard
this as an aberrant form, except that anatomical features
and rDNA analyses have shown that L. cochleatus is closely re-
lated to the coralloid Clavicorona (syn. Artomyces), as well as the
pileate, hydnoid Auriscalpium vulgare, as had been predicted by

Fig 4 - Developmental plasticity and evolution in Lentinellus and related Russulales. (A) Lentinellus montanus, typical agaricoid
form. (B) L. pilatii, coralloid form produced in culture (Miller 1971, fig 58). (C) Hericium ramosum. (D) Clavicorona pyxidata (syn.
Artomyces pyxidata). (A, C-D) images from www.MykoWeb.com © Michael Wood. (B) © Orson K. Miller, jr.
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Donk (1971) and others. The coralloid form of L. cochleatus is
similar to Clavicorona, suggesting that the developmental shift
in Lentinellus that is induced by low temperatures could in-
volve modification of the same developmental programmes
that are involved in the transformation from pileate to coral-
loid forms (or vice versa) within the Russulales.

In closing, agaricomycete evolutionary morphologists face
several major challenges. Central among these is the need to
construct a truly comprehensive phylogeny, with sampling
approaching all the known species of agaricomycetes. How-
ever, it will not be enough just to build the tree. To achieve
a deeper understanding of the history and the processes of
morphological evolution, it will be necessary to use the tree
as the basis for rigorous comparative analyses, including
ancestral state reconstruction, tests of directionality in evolu-
tion, character correlation analyses, and tests of key innova-
tion hypotheses. Finally, agaricomycete morphologists must
work with developmental biologists to understand the molec-
ular mechanisms that govern fruiting body formation, and
how these mechanisms become modified through evolution.
If these challenges are taken up, then the next 15y promise
to be just as exciting as the ‘gold rush’ period that followed
the advent of molecular systematics in agaricomycetes.
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