
Figure 3. Phylogenetic relationships among 103 ascomycete and basidiomycete species based on combined evidence from nucSSU,
nucLSU, mitSSU rDNA, and RPB2. This phylogeny resulted from a 50% majority rule consensus of 69 000 trees sampled with
Bayesian MCMCMC. The resulting posterior probabilities (PP) are shown above internal branches before the slash sign. One
hundred Bayesian MCMCMC analyses were conducted on bootstrapped versions of this four-locus data set. Bayesian bootstrap
proportions (BBP) ≥50% are presented above internal branches after the slash sign. NJ bootstrap proportions (NJBP) with ML
distance (1000 bootstrap replicates) are shown below internal branches before the slash sign. Weighted MP bootstrap proportions
(MPBP) are shown below branches after the slash sign.

Assembling the fungal tree of life: progress, classification,  and evolution of subcellular traits

Figure 1. Two-locus (nucSSU + nucLSU) Bayesian MCMCMC fungal tree of life depicting phylogenetic relationships among 558 taxa in 430 genera, 68 orders and five phyla.
This phylogeny resulted from a 50% majority rule consensus of 24 000 trees sampled with Bayesian MCMCMC. The resulting posterior probabilities (PP) are shown above
internal branches. NJ bootstrap proportions (NJBP) with ML distances (1000 bootstrap replicates) are shown below internal branches. Species names are colored according to
their respective phylum.
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Figure 2.  Phylogenetic relationships among
157 ascomycete and basidiomycete taxa
based on combined evidence from nucSSU,
nucLSU, and RPB2. This phylogeny resulted
from a 50% majority rule consensus of
20 000 trees sampled with Bayesian
MCMCMC.
The resulting posterior probabilities (PP)
are shown above internal branches. NJ
bootstrap proportions (NJBP) with ML
distance (1000 bootstrap replicates) are
shown below internal branches before the
slash sign, and weighted MP bootstrap
proportions (MPBP) are shown below
internal branches after the slash sign.

Four-locus Bayesian MCMCMC tree
nucSSU+nucLSU+mitSSU+RPB2

103 species, 94 genera, 30 orders, 2 phyla

Bayesian posterior probability/Bayesian bootstrap proportion
NJ bootstrap proportion/MP bootstrap proportion

0.1 substitutions/site

Three-locus Bayesian MCMCMC tree
nucSSU+nucLSU+RPB2

157 species, 134 genera, 34 orders, 2 phyla

0.1 substitutions/site

Bayesian posterior probability
NJ bootstrap proportion / MP bootstrap proportion
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Introduction and objectives
Despite the numerous technological advancements
available to fungal systematists, progress in
understanding the deepest nodes in the fungal tree
of life will be limited without a new approach to
conducting large-scale multilocus phylogenetic studies
and phenotype-based comparative studies on Fungi.
This novel approach will require concerted data
acquisition by focusing sequencing efforts on specific
loci and fungal taxa, by conducting phenotypic studies
on specific fungal traits, by improving interaction
among fungal systematists, and by the automation of
data acquisition and analysis coupled with data bases
accessible through the World Wide Web. These goals
form the framework of the Assembling the Fungal Tree
of Life Project (AFTOL), which seeks to infer the
phylogenetic relationships among 1500 species
representing all fungal phyla based on eight loci
(≈10 kb).  Here, we report phylogenetic studies for the
maximal number of species across all known fungal
phyla for which DNA sequence data from two, three,
and four loci are available. The resulting phylogenetic
trees are based on sequences available in GenBank and
unpublished sequences generated by various
laboratories or by the AFTOL project. This study
provides a phylogenetic synthesis for the Fungi and a
framework for future phylogenetic studies on fungi.
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Lulworthia grandispora
Kirschsteiniothelia aethiops

Setosphaeria monoceras
Cochliobolus heterostrophus

Curvularia brachyspora
Pyrenophora tritici-repentis

Ampelomyces quisqualis
Phoma glomerata

Phaeosphaeria avenaria
Setomelanomma holmii

Byssothecium circinans
Lojkania enalia

Trematosphaeria heterospora
Westerdykella cylindrica

Preussia terricola
Bimuria novae-zelandiae

Letendraea helminthicola
"Lithothelium septemseptatum" ?

Phaeotrichum benjaminii
Roccella boergesenii

Roccella fuciformis
Schismatomma decolorans
Dendrographa minor

Dendrographa leucophaea
Lecanactis abietina

Arthonia dispersa
Peltula umbilicata

Peltula obscurans
Lempholemma polyanthes
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Myriangium duriaei

Microxyphium citri
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Discosphaerina fagi
Botryosphaeria ribis
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Xanthoria elegans
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Leptogium cyanescens
Placynthium nigrum

"Gyalideopsis vulgaris"?

Porpidia albocaerulescens
Sporostatia polyspora
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Rhizocarpon disporum
Acarospora canadensis
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Scoliciosporum umbrinum
Lopezaria versicolor
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Sphaerophorus globosus

Crocynia pyxinoides

Gyalecta jenensis
Gyalecta hypoleuca
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Coenogonium leprieurii

Coenogonium luteum
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Gyalecta ulmi
Diploschistes scruposus

Diploschistes rampoddensis
Diploschistes thunbergianus

Graphina poitiaei
Stictis radiata

Acarosporina microspora
Placopsis argillacea

Placopsis gelida
Trapelia involuta

Trapelia placodioides
Ionaspis lacustris

Maronea chilensis
Maronea constans

Fuscidia lygaea
Baeomyces placophyllus

Coccotrema coccophorum
Coccotrema cucurbitula

Coccotrema pocillarium
Ochrolechia parella

Ochrolechia szatalaensis
Ochrolechia juvenalis

Pertusaria erythrella
Pertusaria scaberula

Pertusaria amara
Dibaeis baeomyces

Thamnolia subuliformis
Umbilicaria muelhenbergii

Ascosphaera apis
Eremascus albus

Paracoccidioides brasiliensis
Byssochlamys nivea

Hamigera avellanea
Penicillium viridicatum

Aphanoascus fulvescens
Auxarthron zuffianum

Arthroderma curreyi
Coccidioides posadasii

Arachniotus ruber
Capronia mansonii

Exophiala jeanselmei
Capronia pilosella

Ceramothyrium carniolicum
Glyphium elatum

Dermatocarpon luridum
Dermatocarpon miniatum

Verrucaria pachyderma
Pyrenula cruenta

Pyrenula pseudobufonia
Strangospora pinicola
Strangospora pinicola

Lasallia pensylvanica

Sydowia polyspora
Delphinella strobiligena

Piriformospora indica
Plicaturopsis crispa

Fistulina antarctica
Fistulina hepatica

Porodisculus pendulus
Fistulina pallida

Jaapia argillaceae
Repetobasidium mirificum

Scytinostroma alutum
Scytinostroma caudisporum

Peniophora nuda
Russula compacta

Russula exalbicans
Amylostereum laevigatum

Echinodontium tinctorium
Auriscalpium vulgare
Bondarzewia berkeleyi

Bondarzewia montana
Heterobasidion annosum
Hericium coralloides

Hericium erinaceum
Laxitextum bicolor

Albatrellus skamanius
Polyporoletus sublividus
Xenasma rimicola

Dentipellis separans
Stereum gausapatum

Acanthophysium cerussatum
Aleurobotrys botryosus

Megalocystidium leucoxanthum
Stereum hirsutum
Xylobolus frustulatus

Xylobolus subpileatus
Amylostereum areolatum

Laetisaria fuciformis

Pseudohydnum gelatinosum

Geastrum saccatum
Sphaerobolus stellatus

Ramaria stricta
Gautieria otthii
Gomphus floccosus

Ramaria formosa
Kavinia himantia

Hydnochaete olivacea
Hyphodontia paradoxa

Inonotus hispidus
Trichaptum abietinum

Coltricia perennis

Hyphodontia alutaria
Resinicium bicolor

Gloeophyllum sepiarium
Gloeophyllum trabeum

Veluticeps berkeleyi
Vuilleminia comedens

Dendrocorticium roseocarneum

Physalacria inflata
Trametes suaveolens

Trametes hirsuta
Trametes versicolor

Pycnoporus cinnabarinus
Datronia mollis

Polyporus squamosus
Panus rudis

Ganoderma australe
Ganoderma boninense

Lentinus tigrinus
Lenzites betulina

Meripilus giganteus
Dentocorticium sulphurellum

Tyromyces chioneus
Oligoporus lacteus

Oligoporus leucomallelus
Oligoporus rennyi

Cryptoporus volvatus
Daedaleopsis confragosa

Albatrellus syringae
"Athelia arachnoidea" ?

Ceriporiopsis subvermispora
Phlebia albomellea

Ceriporia viridans
Gloeoporus taxicola

Ceriporia purpurea
Leptoporus mollis

Grifola frondosa
Wolfiporia cocos

Sparassis brevipes
Sparassis crispa

Dacryobolus sudans
Laetiporus sulphureus

Abortiporus biennis
Neolentiporus maculatissimus

Phlebia chrysocrea
Phlebia radiata

Phlebiopsis gigantea
Pulcherricium caeruleum

Phanerochaete chrysosporium
Phanerochaete sordida

Scytinostroma renisporum
Scytinostroma eurasiaticogalactinum

Exidia glandulosa
Exidiopsis calcea

Auricularia auricula-judae

Bankera fuligineoalba
Sarcodon imbricatus

Fomitopsis pinicola
Piptoporus betulinus

Botryobasidium isabellinum
Botryobasidium subcoronatum

Clavulina cinerea
Clavulina cristata

Multiclavula mucida

Sistotrema eximum

Hydnum rufescens
Hydnum albidum

Calocera cornea
Dacrymyces chrysospermus

Naohidea sebacea
Rhodotorula cassiicola

Rhodotorula nymphaeae
Rhodotorula samaneae

Syncephalastrum monosporum var. pluriproliferum
Syncephalastrum racemosum

Protomycocladus faisalabadensis

Phycomyces blakesleeanus
Spinellus fusiger

Absidia repens
Chlamydoabsidia padenii

Cunninghamella echinulata
Gongronella butleri

Hesseltinella vesiculosa

Absidia blakesleeana
Absidia corymbifera

Dichotomocladium elegans

Circinella umbellata
Phascolomyces articulosus

Zychaea mexicana
Fennellomyces linderi

Thamnostylum piriforme
Thermomucor indicae-seudaticae

Rhizomucor pusillus

Batrachochytrium dendrobatidis
Cladochytrium replicatum

Polychytrium aggregatum
"Monoblepharella" ?

Spizellomyces punctatus
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Materials and Methods
Taxon sampling –  For the nucSSU + nucLSU (≈2.4kb, Fig. 1) data set, a total of 13 467 GenBank
sequences were considered, of which 1010 unique taxa had both sequences available. Sequences that were selected
incorrectly due to inconsistencies in the GenBank record “Definition Line” were discarded, as were sequences
whose length was < 600 base pairs or whose overlap with other taxa was < 600 base pairs. Unpublished sequences
available directly from the AFTOL project and laboratories associated with this project were combined with those
available from GenBank and were included in preference to GenBank data. For the nucSSU + nucLSU + RPB2
(≈4.6kb, Fig. 2) data set, RPB2 sequences for 19 taxa were obtained from the AFTOL project and laboratories
associated with this study. We queried GenBank using the EPU for RPB2 data for each of the remaining taxa
present in the combined nucSSU + nucLSU data set, but not available from AFTOL. One hundred forty-two taxa
were retrieved from GenBank, such that the nucSSU + nucLSU + RPB2 data set consisted of 161 taxa. For the
nucSSU + nucLSU + mitSSU + RPB2 (≈5.4kb, Fig. 3) data set, mitSSU sequences for 105 taxa were obtained
from the AFTOL project. For each of the remaining taxa not available directly from AFTOL but present in the
combined nucSSU + nucLSU data set, we queried GenBank for mitSSU using the EPU. One hundred forty-eight
taxa were retrieved, such that the final nucSSU+nucLSU+mitSSU data set consisted of 253 unique taxa. Taxa
common to these three preceding data sets were combined, resulting in 107 unique taxa forming this four-locus
data set.

Phylogenetic analyses – Bayesian Metropolis coupled Markov Chain Monte Carlo
(B-MCMCMC) analyses were conducted with MrBayes v3.0b4 (Huelsenbeck and Ronquist, 2001). All
B-MCMCMC analyses were conducted using four chains, and a gamma distribution, if applicable, was
approximated with four categories. In addition to posterior probabilities (PP), phylogenetic confidence was
estimated with weighted maximum parsimony bootstrap proportions (MPBP), neighbor joining bootstrap
proportions (NJBP) with maximum likelihood (ML) distance implemented using PAUP* 4.0b.10 (Swofford, 2002),
and by analyzing bootstrapped data sets with B-MCMCMC (i.e., Bayesian bootstrap proportions, BBP; Douady
et al., 2003). Step matrices for weighted parsimony analyses were generated using stepmatrix.py (written by
F. Kauff and available upon request from FK or FL). Uninformative characters were excluded from all
bootstrapped data sets analyzed with MP. Parsimony ratchet search strategies (PAUPRat; Nixon, 1999; Sikes and
Lewis, 2001, http://www.ucalgary.ca/~dsikes/software2.htm) were implemented in PAUP*. Bootstrapped data sets
subjected to B-MCMCMC analyses were generated with P4 0.78 (Foster, 2003). For each data partition and for the
combined data set, a hierarchical likelihood ratio test (Modeltest 3.06; Posada and Crandall, 1998) was used to
determine the appropriate model (nucleotide substitution and rate heterogeneity parameters). For each NJ analysis,
parameter values were fixed to the optimal values calculated for the optimal model. For the RPB2 data set, each
codon position was subjected to a separate model in the B-MCMCMC analysis. Following the recommendation in
Reeb et al. (2004), we used NJBP (500 replicates) to detect topological conflicts among data partitions. A conflict
was assumed to be significant if two different relationships (one monophyletic the other nonmonophyletic) for the
same set of taxa were both supported with bootstrap values ≥ 70% (Mason-Gamer and Kellogg, 1996). The
program compat.py (written by F. Kauff and available upon request from FK or FL) was used to detect such
topological incongruences. Taxa causing conflicts were removed, and the test was reimplemented until no conflicts
were detected. Each locus in the combined data sets was subjected to this incongruence test for all possible
pairwise comparisons prior to inclusion.

Results
Phylogenetic relationships among fungal phyla (Fig. 1) –  The Fungi
were resolved as a clade with a 100% Bayesian posterior probability (PP) with respect to the animalian outgroup
taxa. Both the Ascomycota and Basidiomycota formed clades supported by a PP of 100% and NJBP of 67% and
93%, respectively, in the nucSSU + nucLSU analysis. Furthermore, a sister relationship between the Basidiomycota
and Ascomycota (the “Dikaryomycota”) received medium support (PP = 100% and NJBP = 54%). The
Glomeromycota formed a clade (PP = 100% and NJBP = 98%) sister to the “Dikaryomycota.”  This clade has often
been recovered in nuclear rDNA phylogenetic analyses (Sugiyama, 1998; Schüßler et al., 2001; Tehler et al., 2003).
It has recently been given the informal name “Symbiomycota” because most of its members form symbioses (Tehler
et al., 2003), but statistical support for this clade in this (PP = 90%) and other studies, has never been achieved.

Relationships among and within Chytridiomycota, Zygomycota,
and Glomeromycota (Fig. 1) –  The nucSSU + nucLSU phylogeny resolves a chytrid clade
sister to all fungi and a paraphyletic assemblage of zygomycete lineages + Allomyces, which form a grade leading
to the Glomeromycota sister to the “Dikaryomycota.” Of the five orders of these groups represented
by more than a single taxon, only one of these is monophyletic (Mortierellales). The nucSSU + nucLSU analyses
(Fig. 2) provide a conservative estimate, which is fully resolved (though not well supported), of the relationships
among the earliest branching fungal lineages and provide new insight into a few critical branching events. The
divergence of the two Basidiobolus spp. within the Zygomycota + Allomyces group is more consistent with the
ecological and morphological traits of these fungi than the placement of the fungus within the chytrid lineage.
Monoblepharella sp. (representing the Monoblepharidales) groups within the basal-most fungal clade of chytrid
fungi (though this position is unsupported), that also includes the orders Chytridiales and Spizellomycetales. In
contrast, the Blastocladiales, represented by Allomyces arbusculus, group with the remainder of the the Fungi
rather than with the other Chytridiomycetes

Relationships within Ascomycota and Basidiomycota (Figs. 1-3)
As a consequence of the lack of complementarity among single-locus data sets, the three- and four-locus  analyses
included only members of the Ascomycota and Basidiomycota. The four-locus analysis resolved multiple deep
relationships within the Ascomycota and Basidiomycota that were not revealed previously or that received only
weak support values in previous studies.

Publication
The impact of this newly discovered phylogenetic structure on supraordinal classifications, the results and reanalysis
of subcellular data, a synthesis of current knowledge regarding the evolution of septal features of fungal hyphae,
and a preliminary reassessment of ascomal evolution will be published in the October (2004) issue of the American
Journal of Botany.
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