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| ntroduction and objectives

Despite the numerous technological advancements
availableto fungal systematists, progressin

under standing the deegpest nodesin the fungal tree

of lifewill be limited without a new approach to
conducting lar ge-scale multilocus phylogenetic studies
and phenotype-based compar ative studies on Fungi.
Thisnovel 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 seekstoinfer the
phylogenetic relationships among 1500 species
representing all fungal phyla based on eight loci

(=10 kb). Here, wereport phylogenetic studiesfor the
maximal number of speciesacrossall known fungal
phyla for which DNA sequence data from two, three,
and four loci are available. Theresulting phylogenetic
trees are based on sequences availablein GenBank and
unpublished sequences generated by various
laboratoriesor by the AFTOL project. Thisstudy
provides a phylogenetic synthesisfor the Fungi and a
framework for future phylogenetic studies on fungi.
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Materials and M ethods

Taxon sampl INQ — For the nucSSU + nucL SU (=2.4kb, Fig. 1) data set, atotal 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 Unpublished sequences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 + nucL SU + 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 + nucL SU 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 + nucL SU + 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 + nucL SU data set, we queried GenBank for mitSSU using the EPU. One hundred forty-eight
taxa were retrieved, such that the final nucSSU+nucL SU+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.

Phylogenetlc 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.ucal gary.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

Pleopsidium chlorophanum
100

Gyalecta jenensis

97

100

Gyalecta hypoleuca

"Trapeliopsis granulosa” ?
100

Coenogonium leprieurii

100

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

Coenogonium luteum

100
w

Gyalecta ulmi

100

100

63

[ 100

100
Stictisradiata
Acarosporina microspora

75 100

100

lonaspis lacustris.

Petractis luetkemuelleri

Diploschistes scruposus
Diploschistes rampoddensis

L Diploschistes thunbergianus

codon position was subjected to a separate model in the B-MCMCMC analysis. Following the recommendation in
Reeb et a. (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
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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
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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) — TheFung

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 + nucL SU 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 IDNA phylogenetic analyses (Sugiyama, 1998; Schufer et al., 2001; Tehler et a., 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 Glomer OmyCOta (Fl g. 1) — ThenucSSU + nucL SU phylogeny resolves a chytrid clade
sister to al 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

I— Gnomoniella fraxini
Gnomonia setacea
Melanconis marginalis
— Plagiostoma euphorbiae

Camarops microspora

by more than a single taxon, only one of these is monophyletic (Mortierellaes). The nucSSU + nucL SU 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
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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 valuesin previous studies.

Publication

The impact of this newly discovered phylogenetic structure on supraordina 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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