10 Fungal Molecular Evolution: Gene Trees and Geologic Time

Mary L. BERBEE' and JOHN W. TAYLOR?

CONTENTS
I Imtroduction ..................... .. 229
II.  Genes for Phylogenies:

Congruence and Conflict .................. 229
A. Nuclear Ribosomal Repeat Regions ........ 229
B. When are Ribosomal Genes not

Enough? ...... ... ... il 230
C. Protein-Coding Genes .................... 231
III. Inferring Phylogeny and Timing

of Fungal Divergences Using 185 rRNA

Gene Sequences ...........oviiiiiiii. 232
A. Fungal Time Tree Under Molecular Clock

ASSUMPLiONS ... vvvvviini i 233
B. Originofthe Fungi ....................... 239

1. Flagella and the Basal Fungi ............ 240

2. Colonizationof Land .................. 240
C. Radiation of the Terrestrial Fungi:

Origin of the Ascomycota ................. 241

1. Euascomycetes ................onnn.. 241
D. Basidiomycete Radiation .................. 243
IV. Summary .......... ool 243

References ......... ... ... .. i i, 243

I. Introduction

Fungal phylogenetics has always been based on
characters, but technological and intellectual ad-
vances are introducing new kinds of characters and
new ways of thinking about them. First light micro-
scopy, then electron microscopy, and now DNA
sequencing successively upset previous views of
fungal relationships. Phenetics, cladistics, and com-
puterized data analysis and phylogenetic tree gen-
eration are now changing the intellectual rules for
taxonomy and phylogenetics. The combination of
new characters and new analytical tools have sup-
ported some taxonomic groups, established some
new ones, and demolished a few old ones.
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In this chapter, we do not discuss methods of
phylogenetic analysis, but we will discuss some of
the ribosomal and protein-coding DNA characters
that are increasingly important in fungal phyloge-
netics. For a discussion of phylogenetic methods
applied to fungi, see Berbee and Taylor (1999). To
show the strengths and limitations of 185 rRNA
sequences for phylogenetic analysis, we analyze
and discuss trees from 49 diverse species of fungi
and 3 animal outgroups. We consider the implica-
tions of the tree and nucleotide substitution rates
for the timing of fungal divergences.

II. Genes for Phylogenies:
Congruence and Conflict

A. Nuclear Ribosomal Repeat Regions

The most commonly used DNA for fungal phylo-
genetic studies is located in the ribosomal DNA
repeat regions of the nuclei. The ribosomal re-
peats have been regions of choice for several good
reasons. Fungal ribosomal gene clusters are
arranged in roughly 200 tandem repeats (Butler
and Metzenberg 1989). Because each nucleus con-
tains 200 or so identical copies of the region, at least
one intact copy for molecular analysis can usually
be recovered, even from low-quality DNA pre-
parations. The rDNA regions permit phylogenetic
comparisons at many taxonomic levels (Bruns et al.
1991). Within the rDNA repeats are three coding
genes (188, 5.8S, and 28S) and two spacers (ITS 1
and ITS 2) that are transcribed together as a single
unit and then cleaved into separate rRNA prod-
ucts. The rRNAs encoded by the 188, 5.8S, and 28S
genes become structural parts of the ribosomes and
are essential for protein synthesis. The genes are
highly conserved and are universally present, per-
mitting phylogenetic comparisons among domains
and kingdoms as well as within the more restricted
group, the Eumycota. Compared with the genes,
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the spacers ITS1 and ITS2 are much freer to vary
because their transcripts are excised from the
rRNA and discarded instead of becoming part of
the ribosome. The ITS regions are useful for taxo-
nomic comparisons of closely related species and
genera. A third spacer, the intergenic spacer or
IGS, is not transcribed. It lies between pairs of
repeats and is highly variable. In basidiomycetes, an
additional RNA gene, the 58 rRNA gene, is within
the IGS. In other fungi, the 5S gene is usually else-
where in the genome (Metzenberg et al. 1985).

Why have phylogenetic studies of major
fungal taxa based on rRNA been successful? Part
of the reason lies in the ease of primer design for
the rRNA regions. Nucleotides defining rRNA
function seem to be distributed in highly con-
served patches. Patches of 20 or more consecutive,
highly conserved nucleotides are ideal for design-
ing primers that will amplify DNAs from diverse
organisms. Universal 185 rRNA gene primers
(White et al. 1990), for example, amplify DNAs
from insects as well as from red algae.

Also in favor of ribosomal genes for tree
building is the fact that gene trees and species
trees are likely to be the same, at least for distantly
related species. Heterogeneity within species is
usually slight. Among the ITS regions of 25 clini-
cal isolates of Coccidioides immitis, for example,
Burt et al. (1996) found a single polymorphic site.
The ribosomal genes undergo concerted evolution
so that sequence heterogeneity among repeats
within a nucleus is rare. Horizontal transfer of
ribosomal genes is unknown.

Sometimes the most compelling reason for
choosing rRNA genes for a phylogenetic study is
that the many sequences already in the molecular
genetic databases can be reused to answer new
questions. Sequencing ribosomal genes for just a
few ingroup taxa while drawing the remaining
ingroups and outgroups from national databases
can answer many questions with minimum effort.
In October 1997, GenBank contained over 5400
fungal rRNA sequences, accessible through the
National Center for Biotechnology Computing
(http://www.ncbi.nlm.nih.gov/). We took advan-
tage of 52 of these sequences, from the 1997
GenBank pool to infer the trees in Figs. 2-5, dis-
cussed later in this chapter.

B. When are Ribosomal Genes not Enough?

Resolution of relationships among the fungi might
be better if complete sequences were available

from all three rRNA genes from the ribosomal
repeats. However, this situation is likely to re-
main hypothetical for some time because DNA
sequencing is time-consuming and expensive, so
that complete sequences are generally available
for the shorter 5.8S and 18S genes, but not the
longer 28S genes.

Even if complete rRNA sequences were avail-
able for all fungi, the ribosomal repeats would not
answer all questions about relationships. Although
the number of nucleotides in the ribosomal re-
peats is substantial (about 9000), the number of
possible characters useful for a specific question is
often small. Imagine that the repeats are being
used for a question about an ancient divergence
in the fungi. Of the 9000 nucleotides in a repeat,
the 188 gene accounts for about 1800 bp, the 5.8S
gene for about 120 bp, and the 28S gene for about
3200 bp. The remaining nucleotides in the IGS and
ITS are highly variable and change too quickly to
record ancient divergences. That leaves about 5100
conserved positions in the RNA genes. Of the 5100
or so conserved positions, most do not vary among
the fungi, presumably because they are function-
ally important and mutations in these positions
are lethal. From the 18S data set we describe later
in this chapter, PAUP 4.0d55 estimated that 56%
of the nucleotide positions were not free to vary
and so could not have undergone substitutions-
useful in phylogenetic reconstruction. Assuming
that the 28S and 5.8S genes have similar substitu-
tion rates, this leaves about 2225 nucleotides in the
rRNA genes that could potentially record ancient
fungal divergences. Of course, over short periods
of time between divergences in a rapid radiation,
only a few of these 2225 positions will record the
event by substituting nucleotides (Philippe et al.
1994). Therefore, there is every reason to look
beyond the ribosomal genes and spacers to the
rest of the genome. Fortunately, the whole genome
of a fungus like Neurospora crassa contains about
47000000 nucleotides (Orbach et al. 1988). If lack
of resolution of branching order is due to insuf-
ficient data, there is a good chance of finding a
record of radiation outside the ribosomal repeats.

Worse than lacking information, genes includ-
ing the TRNA genes can be sources of phyloge-
netic misinformation. Occasionally, ribosomal
gene sequences evolve at very different rates in
different species. If the rate differences is extreme,
long branches “attract” one another and quickly
evolving taxa group together or with distantly
related outgroups rather than with their slowly
evolving relatives (Felsenstein 1978). A clear
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demonstration of the phenomenon comes from
the 18S sequences of the insect world. Flies are
close relatives of fleas and scorpionflies based on
strong evidence from comparative morphology.
However, because their sequences evolved unusu-
ally rapidly, flies group with outgroups or with long
branched ingroups instead of with their flea and
scorpionfly relatives (Carmean and Crespie 1995;
Carmean et al. 1992; Huelsenbeck 1997).

Long branch attraction might also explain
conflicting positions of slime molds and mi-
crosporidia in 188 rRNA and protein coding gene
trees. Is it long branch attraction or the true phy-
logeny that positions the divergence of the slime
molds down among the first protists in 18S rRNA
trees (Cavalier-Smith 1993)? Actin and tubulin
gene trees point to a more recent origin for the
slime molds, near the time of origin of animals and
plants (Baldauf and Palmer 1993). Although in the
18S gene trees the microsporidia appeared to be
among the first eukaryotes to diverge, this was
probably an artifact of long branch attraction.
Trees from three other genes, from o- and S-
tubulin (Keeling and Doolittle 1996; Keeling et al.
2000) and from the large subunit of RNA poly-
merase II (Hirt et al. 1999) all link microsporidia
to the fungi.

As in morphological phylogenetics, com-
paring homologous characters is important in
molecular phylogenetics. Because the rRNA
genes are prone to insertions and deletions, the
homologous patches can be difficult to recognize
in distantly related species. The secondary struc-
ture of the rRNA is more highly conserved than
the nucleotide sequence and can be a useful guide
to identifying and aligning homologous regions.
The rRNA World Wide Web (WWW) server
(http://rrna.uia.ac.be/index.html) provides a uni-
versal alignment, based on secondary structure,
for all available complete 18S and 28S sequences
(Van de Peer et al. 1997). As an example from the
universal alignment showing the effect of the
history of added and subtracted nucleotides, the
18S sequence of Alternaria alternata required
twice as many gaps as nucleotides to fit in with the
universal alignment of diverse prokaryotes and
eukaryotes.

Even with secondary structure as a guide,
decisions about alignment can be subjective.
Authors should make their alignments available
to other researchers who can then challenge the
initial results with a new alignment and fresh
analysis. TreeBASE (http://www.herbaria.harvard.
edu/treebase/index.html), not limited to rRNA, is

being developed as a repository for alignments
and trees from published reports. Since 1998, the
journal Mycologia has required that authors of
phylogenetic studies submit alignments and trees
to TreeBASE before publication.

In general, one of the advantages to working
with ribosomal genes over protein genes is that all
the copies of a ribosomal gene from the same
nucleus are identical or nearly identical. However,
as occasionally reported for 5S and ITS regions,
copies of the repeat can differ significantly in the
same organism (O’Donnell 1992; O’Donnell and
Cigelnik 1997). If the genes are polymorphic
within an individual, then the same complications
could arise as when inferring phylogenies from
paralogous protein-coding genes.

C. Protein-Coding Genes

Protein sequences offer several advantages over
rRNA gene sequences for phylogenetic analy-
sis. Homology and convergence are easier to
recognize in protein sequences made up of the
20 amino acids than in DNA sequences of the
four nucleotides. Length changes are infrequent
in protein-coding genes because insertions and
deletions often lead to fatal frame shifts and
elimination through natural selection. Eukaryotic
genomes offer a wide range of protein-coding
genes for phylogenetic analysis. However, studies
of fungal phylogenetics based on protein-coding
genes must surmount some minor obstacles begin-
ning with primer design. Because selection acts
mainly at the amino acid level in protein-coding
genes, different DNA triplets can code for the
same amino acid. A primer that works for one
fungus may fail with its close relatives due to sub-
stitutions that destroy the priming site in the DNA
without changing the amino acid sequence. The
priming problem can sometimes be solved by
using degenerate primers consisting of sequence
mixtures that complement several different target
template sequences, and by designing the primers
so that their 3’ ends match the more conservative
first and second codon positions.

Like nuclear rRNA sequences, mitochondria
and their protein-coding genes are present in mul-
tiple copies in most cells. Given the right primers,
mitochondrial genes can be easy to amplify, even
from low-quality starting DNA. However, to date,
relatively few fungal phylogenetic studies use
mitochondrial protein-coding genes. Paquin et al.
(19954, b) inferred plausible trees from the mito-
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chondrial genes coding for subunits 1 and 3 of
cytochrome oxidase and for subunit 5 of NADH
dehydrogenase. More recently, Paquin et al. (1997)
used subunits 1-3 and cytochrome b in a phyloge-
netic analysis to infer strong support for animals
and fungi as sister taxa. Within the fungi, their
analysis shows Spizellomycetales rather than Blas-
tocladiales at the base of the fungi, and relation-
ships at the base of the Ascomycota are no better
resolved with the mtDNA genes than those
inferred from ribosomal genes. Other analyses by
Paquin et al. (1997) of entire mtDNA sequences
give a fascinating view into the evolution of mt
introns, codon usage, and the interplay of nuclear
and mitochondrial genes.

Nuclear protein-coding genes are usually
present in one copy per nucleus, so recovering
enough intact copies to amplify requires good
quality genomic DNA. Only a few studies of
fungal relationships used single copy nuclear
genes (Smith 1989; Radford 1993; Keeling et al.
2000; Liu et al. 1999). Baldauf and Palmer (1993)
used highly conserved nuclear genes for actin, o-
and f-tubulin, histones, and for the translation
elongation factor Ef-1a to show that animals and
fungi appear as sister groups (Baldauf and Palmer
1993). Analyzing a total of 53 different enzyme
encoding genes from the international genetic
data bases, Doolittle et al. (1996) inferred that
fungi diverged from animals about 965Ma ago.

The genes used in the above studies were
chosen in part because they did not appear to have
undergone horizontal transfer or frequent gene
duplication. Genes that do duplicate to form gene
families require extra sequencing effort. The
phylogenetic analysis of chitin synthase genes by
Bowen et al. (1992) provides a good example of
the technical steps needed to survey members
of a gene family from several fungi. A number
of genes code for chitin synthase in the Euas-
comycetes (Bowen et al. 1992; Din et al. 1996).
Bowen et al. (1992) designed degenerate primers
to amplify chitin synthase genes belonging to
three gene families from a wide range of Ascomy-
cota. The amplification product from a single
fungus was usually a mixture of chitin synthases
from two or three of the families. To separate
genes from the three families, the polymerase
chain reaction (PCR) products were cloned and
sorted based on similarity. Clones representing
each family were sequenced and a tree of the
sequences was inferred using UPGMA. The chitin
synthase gene must have duplicated twice before

the Euascomycetes radiated, because several of
the Euascomycetes species had three chitin syn-
thase genes and, within each gene family, the same
phylogeny was repeated (Fig. 1). In this case, inter-
preting organismal evolution from the gene tree
simply involved following the branching pattern
within each chitin synthase gene family. Inter-
preting organismal evolution from gene trees can
be much more difficult when the pattern of gene
duplication and loss is more complex.

Gene trees and organismal trees conflict when
horizontal transfer occurs and unrelated organ-
isms exchange genetic material. As an example of
the consequences of horizontal transfer, flowering
plant genes for the beta subunit of the F1-ATPase
are polyphyletic even though flowering plants
clearly have a single origin (Iwabe et al. 1989).
In the F1-ATPase tree, the carrot clusters with
the bread mold Neurospora but the tobacco and
spinach cluster with bacteria. The explanation?
The Neurospora and carrot genes were from the
nucleus and had been vertically transmitted. The
tobacco and spinach genes were from chloroplasts.
Plants gained their chloroplast genomes through
a horizontal transfer event involving symbiosis.
An ancestral plant captured and enslaved the
cyanobacterium that became the first chloroplast.
The chloroplast genes retain the traces of their
cyanobacterial origin, clustering with E. coli in
gene trees rather than grouping with eukaryotes.
The phylogeny showing the polyphyletic plants is
correct for the F1-ATPase gene but would be
wrong if generalized to the whole organisms.

II. Inferring Phylogeny and Timing
of Fungal Divergences Using 185 rRNA
Gene Sequences

Which fungal relationships can be resolved with
confidence using 18S rRNA sequence data? Which
regions of the phylogeny of major taxa might
benefit most from investigation with other genes?
To provide a sense of the strengths and limits of
tree building from the 18S genes, we inferred the
phylogeny for 49 fungi and 3 outgroups (Table 1)
using parsimony and the computer program
PAUP 4.0d55. We added sequences from a broad
selection of species from the Ascomycota and
Basidiomycota, from the few chytrids available
in the databases and from zygomycetes including
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Ajellomyces dermatitidisCHS1
Ajellomyces capsulatasCHS1
Emericella nidulansCHS1
Aspergillus nigerCHS1

Phaeococcomyces exophialaeCHS1

Rhinocladiella atrovirensCHS1
Exophiala jeanselmeiCHS1
Wangiella dermatitidisCHS2
Xylohypha bantianaCHS1
Neurospora crassaCHS1
Candida albicansCHS2
Ajellomyces dermatitidisCHS2
Ajellomyces capsulatasCHS3
Emericella nidulansCHS2
Aspergillus nigerCHS2

Exophiala jeanselmeiCHS2

Wangiella dermatitidisCHS1
Xylohypha bantianaCHS2

Neurospora crassaCHS2

Schizophyllum communeCHS1
Candida albicansCHS1

Ustilago maydisCHS2
Saccaromyces cerevisiaeCHS1
Ustilago maydisCHS1
Ajellomyces capsulatasCHS2
Neurospora crassaCHS3
Exophiala jeanselmeiCHS3
Rhinocladiella atrovirensCHS2
Wangiella dermatitidisCHS3

endomycorrhizal species and animal-associated
trichomycetes and Entomophthorales (Table 1).
The outgroups include one collar flagellate
(Choanoflagellate) (Wainright et al. 1993) and
two members of a group of fish parasitic protists
(Ragan et al. 1996; Spanggaard et al. 1996). Each of
our 50 replicated heuristic searches with random
addition of taxa and tree bisection and reconnec-
tion branch swapping found the same 45 equally
parsimonious trees of length 1209 (Fig.2). The trees
differed in branching order mainly in the Ascomy-
cota. The branching order of the Archiascomycetes
(see Kurtzman and Sugiyama, Chap. Vol. VII, Part
A)varied from tree to tree and the branching order
of taxa within the Euascomycetes was not consis-
tent (not illustrated). For a rough estimate of the
support from the data for the branching order, we
performed 500 neighbor-joining bootstrap repli-
cates, calculating the distance matrix using a
Kimura correction for multiple hits, assuming that
half of the sites in the alignment were not variable

Phaeococcomyces exophialaeCHS2

Schizosaccharomyces pombeCHSH1

Saccaromyces cerevisiaeCHS2

Fig. 1. Phylogenetic analysis of three
families or classes of chitin synthase genes.
The branching order for the species in the
Fuascomycetes is similar in the subtree
from each of the three classes. As an
example, note that chitin synthase genes
from black yeasts, including Wangiella
dermatitidis and Exophiala jeanselmeli,
group together in all three subtrees. The
repetition of the phylogeny in each
subtree suggests that the ancestral chitin
synthase gene duplicated at least twice,
before the radiation of the Euascomycetes,
to form the three gene families. (After
Bowen et al. 1992)

CLASS 1l

and that the transition to transversion ratio was
two.The bootstrap numbers over 50% are shownin
Fig. 3. In general, branches with more than 50%
bootstrap support were also present in all 45 of the
equally parsimonious trees (not illustrated).
Weakly supported branches can also be discovered
by determining which branches are lost in the con-
sensus of trees that are one step longer than the
most parsimonious tree (Bremer 1988). We next
used PAUP 4.0d55 to find all trees one step longer
than the most parsimonious tree in a single heuris-
tic search with tree bisection and reconnection;
PAUP found 531 trees. The consensus of the 531
trees is shown in Fig. 3.

A. Fungal Time Tree Under Molecular
Clock Assumptions

If the rate of nucleotide substitution is approxi-
mately constant for all lineages and if fossil evi-



234

M.L. Berbee and J.W. Taylor

Table 1. Species used for phylogenetic analysis and the accession number of their 185 rRNA genes

Group Name Accession no.*
Ascomycota Blumeria graminis 126253
Ascomycota Candida albicans X53497
Ascomycota Capronia pilosella U42473
Ascomycota Dipodascopsis uninucleata U00969
Ascomycota Eremascus albus M83258
Ascomycota Eurotium rubrum V00970
Ascomycota Galactomyces geotrichum U00974
Ascomycota Herpotrichia juniperi U42483
Ascomycota Hypomyces chrysospermus M89993
Ascomycota Lecanora dispersa 137734
Ascomycota Morchella elata L37537
Ascomycota Neurospora crassa X04971
Ascomycota Ophiostoma ulmi M83261
Ascomycota Peziza badia L37539
Ascomycota Pleospora rudis uo00975
Ascomycota Preumocystis carinii X12708
Ascomycota Porpidia crustulata L37735
Ascomycota Saccharomyces cerevisiae J01353
Ascomycota Schizosaccharomyces pombe X54866
Ascomycota Sclerotinia sclerotiorum X69850
Ascomycota Talaromyces flavus M83262
Ascomycota Taphrina deformans U00971
Basidiomycota Boletus satanas M94337
Basidiomycota Chroogomphus vinicolor M90822
Basidiomycota Coprinus cinereus M92991
Basidiomycota Cronartium ribicola M94338
Basidiomycota Leucosporidium scottii X53499
Basidiomycota Russula compacta U59093
Basidiomycota Spongipellis unicolor M59760
Basidiomycota Suillus cavipes M90828
Basidiomycota Tilletia caries V00972
Basidiomycota Tremella globospora Uo0976
Basidiomycota Ustilago hordii V00973
Chytridiales (Chytridiomycota) Chytridium confervae M59758
Blastocladiales (Chytridiomycota) Blastocladiella emersonii M54937
Neocallimasticales (Chytridiomycota) Caecomyces (Shaeromonas) communis M62707
Neocallimasticales (Chytridiomycota) Neocallimastix frontalis X80341
Neocallimasticales (Chytridiomycota) Neocallimastix joynii M62705
Neocallimasticales (Chytridiomycota) Neocallimastix sp. M59761
Neocallimasticales (Chytridiomycota) Piromyces (Piromonas) communis M62706
Spizellomycetales (Chytridiomycota) Spizellomyces acuminatus M59759
Endogonales (Zygomycota) Endogone pisiformis X58724
Entomophthorales (Zygomycota) Basidiobolus ranarum D29946
Entomophthorales (Zygomycota) Conidiobolus coronatus D29947
Entomophthorales (Zygomycota) Entomophthora muscae D29948
Glomales (Zygomycota) Gigaspora margarita X58726
Glomales (Zygomycota) Glomus intraradices X58725
Glomales (Zygomycota) Glomus mosseae 714007
Trichomycetes (Zygomycota) Smittium culisetae D29950
Basal animal Dermocystidium salmonis U21337
Basal animal Ichthyophonus hoferi U25637
Collar flagellate Diaphanoeca grandis L10824

* GenBank database accession numbers (http://www3.ncbi.nlm.nih.gov/Entrez/).

dence is available to calibrate the rate of nucleo-
tide substitutions, then the percentage substitution
between pairs of species can be used to estimate
their times of divergence. This approach has been
used for bacteria (Ochman and Wilson 1987),

animals including humans (Hasegawa et al. 1993),
plants (Wolfe et al. 1989), and fungi (Berbee and
Taylor 1993; Simon et al. 1993). Our initial esti-
mate of the divergence times for major groups of
fungi was based on 185 rRNA gene sequences
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(Berbee and Taylor 1993). Although based on
single gene and although the fossil data available
for calibration of the tree are few, our estimates
have been generally supported by fossil finds over
the past few years. We estimated, for example, that
basidiomycetous mushrooms radiated after the
Cretaceous. Hibbett et al. (1995) reported finding
the oldest mushroom known from amber dated at
90-94Ma. We suggested that ectomycorrhizae
in the fossil record should be good indicators for
the radiation of the mushroom-forming basid-
iomycetes. LePage et al. (1997) found 50-Ma
fossilized ectomycorrhizae typical of fungi in the
suilloid group. Based on our analysis, Blastocladi-
ales should have diverged well before the Devon-
ian, and one could expect to find their fossils in
the Devonian. Taylor et al. (1994) subsequently

» Entomophthorales (zygomycete)

¥ Trichomycetes (zygomycete)

Fig. 3. The many polytomies in this tree indicate
areas where the 185 rRNA gene provides little
support for resolution of branching order. This
is a strict consensus of 531 trees of length 1210
(one step longer than the most parsimonious
tree). The numbers on the branches are bootstrap
percentages from neighbor joining analysis of
500 boot-strapped data sets. Species names are
abbreviated with the first five letters of the genus
followed by the first three letters of the specific
epithet. Table 1 gives full names

Ascomycota

|Basidiomycota

l Entomophthorales (zygomycete)

described a well-preserved blastocladiaceous fossil
from the Devonian, showing how static fungal
morphology can be over even 400 Ma.

An intriguing exception to the predictions of
our hypothesis was Taylor’s (1999) discovery of a
complex, fruiting body producing, ascomycetous
fossil fungus from the 400Ma Rhynie chert. We
estimated that the Ascomycota diverged from the
Basidiomycota about 400Ma, and that the Euas-
comycetes, with complex fruiting bodies, did not
appear for another 100 million years or so.

Since our initial estimate of the timing of
fungal origins, Nagahama et al. (1995) have
released 188 rRNA gene sequences for some of
the zygomycetes that radiated early in fungal
history. Choanoflagellates and the fish parasitic
protists Dermocystidium and Ichthyophonus were
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among the first organisms on the branch leading
to animals to diverge and their 18S sequences
have recently been released. These sequences
allowed us to update our time tree, looking for evi-
dence of how the very first fungi colonized land.
We repeated our 1993 estimate using the phylo-
genetic data set described above and one of the
45 equally parsimonious trees from that data set
(Fig. 2).

We then used maximum likelihood in PAUP
4.0d55 to calculate branch lengths for the tree
(Fig. 4) assuming that (1) that a molecular clock
was operating and (2) the rate of change varied
from site to site in the data set. We assumed that
the substitution rates showed a gamma distribu-
tion with shape parameter 0.5. An estimated 56%
of sites were invariable. The variable sites were
distributed into three classes of substitution rates.

To calibrate the molecular clock, we estab-
lished a correlation between points in the geolog-
ical time scale and percentage substitutions for
fungal divergences. As can be seen in Fig. 5, we
estimated the overall relationship between geo-
logic time and nucleotide substitution to be 1.26%
per 100Ma, compared to the 1.0% estimated pre-
viously (Berbee and Taylor 1993). The new, higher
substitution rate probably results from using a less
conservative alignment with a higher proportion
of variable characters. In our current estimate, age
estimates for divergences are generally higher.
The Glomales, for example, diverged from the
Ascomycota and Basidiomycota 600vs. 500 Ma in
our previous estimate. The older age estimate
results in part from using the 965Ma date for the
divergence of animals from fungi as a calibration
point. Molecular clock estimates are approxima-
tions and the differences among estimates may
also be due to differences in taxon sampling or
to variations in DNA substitution rates among
lincages.

Our calibration points include:

1. The divergence of animals from fungi was esti-
mated at 965Ma, plus or minus about 140Ma, by
Doolittle et al. (1996). Based on 18S rRNA
sequence data, some of the first “animals” to
diverge are protists, including the collar flagellate,
Dermocystidium, and Ichthyophonus (Wainright
et al. 1993; Ragan et al. 1996; Spanggaard et al.
1996). The corresponding percentage substitution
per lineage was 11.1% for ca. 1 billion years, or
1.1% per 100 million years.

2. Most Glomales, Endogonales, ascomycetes, and
basidiomycetes are associated with terrestrial
plants. The most parsimonious assumption is that
radiation of these fungi followed the origin of land
plants. While the date of origin of the first terres-
trial plants is uncertain, microfossils from 460 Ma
(Gray 1985) have been attributed to terrestrial
plants. Conservatively placing the origin of land
plants at 600 Ma, 140 Ma earlier than their appear-
ance as fossils, provides an earliest possible date
for terrestrial fungus radiation. The corresponding
percentage substitution for the first terrestrial
fungus radiation (Endogone from the rest) is 7.6
or 1.26% per 100 Ma.

3. Fossil spores and arbuscules from about 390 Ma
(Kidston and Lang 1921; Remy et al. 1994) repre-
sent the most recent possible date for the origin of
the Glomales. The divergence of the Glomales
from the ascomycete/basidiomycete clade, corre-
sponding to 7.4% substitution, must have hap-
pened before the 390-Ma fossils were produced.
The divergence of the Ascomycota from the
Basidiomycota, corresponding to 6.9% substitu-
tion came after the origin of the Glomales.

4. Regularly septate hyphae have also been
reported from 390-Ma Rhynie chert (Kidston and
Lang 1921), and most likely originated earlier.
Most ascomycetes and basidiomycetes have regu-
larly septate hyphae, but most of the zygomycetes
and chytrids do not. Compared with the origin of
regularly septate hyphae, the divergence of Glo-
males from ascomycete/basidiomycete stem
species, again corresponding to 7.4% substitution,
was earlier, while the divergence of the Ascomy-
cota from the Basidiomycota, corresponding to
6.9% substitution, was later.

5. A 290-Ma clamp connection (Dennis 1970)
provides a most recent possible date for Basid-
iomycota. Compared with clamp origin, the
split of Ascomycota from Basidiomycota, corre-
sponding to 6.9% substitution, must have been
earlier, while the radiation of Basidiomycota, cor-
responding to 6.2% substitution, was probably
later.

6. Caecomyces, Piromyces, and Neocallimastix are
genera of chytrids found in stomachs of mammals.
Chytrid stomach inhabitants probably radiated
after the first mammal radiations, following the
split of placentals and marsupials, about 150-200
Ma. The divergence of the stomach chytrids from
free-living chytrids, corresponding to 3.3% substi-
tution, may have occurred after the host organisms



Caecocom

Piromcom

Neocajoy
4E Neocasp

Neocafro

Chytrcon
Basidran
Spizeacu

Morchela
Pezizbad
Sclerscl
Blumegra
— Eremaalb
|—|: Eurotrub
% Talarfla
Capropil

Lecandis
1 Porpicru Ascomycota

— Pleosrud
L—— Herpojun

Neurocra
—| Hypomchr

Ophioulm

Dipoduni
Sacchcer
4‘_|—‘ Candialb
Galacgeo
Schizpom
4|_| Taphrdef
Pneumcar
Sponguni
—|_| Copricin
Russucom

Boletsan
4' E Chroovin

Suillcav Basidiomycota
Tremeglo
T Tillecar
L Ustilhor
I Cronarib
Leucosco
———— Glomuint I

Neocallimasticales (chytrid)

Chytridiales (chytrid)
Entomophthorales (zygomycete)
Spizellomycetales (chytrid)

I L Glomumos
Gigosmar
Endogpis ¥ Endogonales (zygomycete)

Blasteme W Blastocladiales (chytrid)
Ai—{ : Entommus I £ntomophthorales (zygomycete)

Glomales (zygomycetes)

Conidcor
Smittcul 1 Trichomycetes (zygomycete)

: Ichthhof basal animals
Dermosal mesomycetozoa
Diaphgra collar flagellates

Millions of years

900 800 700 600 500 400 300 200 100 0

Paleozoic Mesozoic Cenozoic

Fig. 4. The timing of fungal divergences. This tree is one of the 45 equally parsimonious trees from 50 replicated heuristic searches with PAUP 4.0d55. The branch
lengths were calculated using maximum likelihood, assuming site-to-site rate variation and a molecular clock, and then absolute ages of divergences were estimat-
ed using the calibration of 1.26% substitution per lineage per 100 Ma. Species names are abbreviated with the first five letters of the genus followed by the first
three letters of the specific epithet. Table 1 gives full names.

8€¢

10/fel MT pue @agiag TN




Fungal Molecular Evolution: Gene Trees and Geologic Time

239

0
Ruminant chytrids radiate
1
Chytrids in

2+ mammal hind guts
3.
4 4
5 -
6 ] -

first basidiomycete

divergences
7 5

branch length from divergence

Glomus/ascomycete-
basidimycetes

11 divergence of animals

from fungi
124

[ 1 1 [ T T L]
1000 900 800 700 600 500 400 300 200 100 O

Millions of years

Fig. 5. Calibration of the molecular clock. After estab-
lishing the relationship between points in the absolute
geological time scale and percent substitution associated

evolved, but before the split between placental
and marsupial mammals, given that modern
stomach chytrids inhabit both groups.

7. Chytrids in the genus Neocallimastix are found
only in ruminants. The origin of ruminants, about
40Ma, provides a most recent likely date for the
radiation of these chytrids (associated with 0.2%
substitution).

We had to drop one calibration that we
used once before (Berbee and Taylor 1993).
We used Phellinites, originally reported as a
165-Ma fossil polypore (Singer and Archangelsky
1958), as a calibration point for the minimum
age for homobasidiomycetes, but Hibbett et al.

with fungal radiations, we estimated that the DNA substi-
tution rate was about 1.26% per 100 Ma

(1997) demonstrated convincingly that the micro-
scopical anatomy of Phellinites is typical for
gymnosperm bark.

B. Origin of the Fungi

Trees from 18S rRNA gene sequences show
animals as closest relatives to the fungi. Although
fungi do not much resemble beetles and great
apes, in habit and flagellation they do resemble
some of the basal representatives of the animal
kingdom. Dermocystidium and Ichthyophonus are
protists that share with the basal fungi the habit of
parasitizing fish and invertebrates (Ragan et al.
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1996; Spanggaard et al. 1996). Collar flagellates are
marine filter feeders that share with the chytrids
the feature unusual among the protists of having
a single posterior flagellum.

Based on our estimates of substitution rates,
the most ancient of the fungal divergences
occurred before plants colonized land (Fig. 4).
Basal fungal lineages diverging before the likely
origin of land plants include zygomycetes in the
Trichomycetes and in the Entomophthorales.
These fungi are usually obligate parasites or com-
mensals of animals, most commonly of inverte-
brates (Fig. 2). The search for fungi parasitizing
marine arthropods and other invertebrates has not
been thorough. Additional search might reveal
additional highly divergent fungi on marine hosts.

1. Flagella and the Basal Fungi

Among the fungi, only chytrids have flagella. The
chytrid flagellum, being entirely typical for a
eukaryote, is probably a feature retained from
ancestral protists. Whether flagella were lost once
or more than once during the evolution of terres-
trial fungi is currently debated, and different gene
trees show conflicting patterns. The flagellated
chytrids do not appear at the base of the 18S tree.
By inference, then, from the 18S data set all the
groups of the non-flagellated fungi that cluster
below chytrids or as sister taxa to chytrids came
from the same flagellated ancestor that gave rise
to chytrids. These nonflagellated fungi must have
undergone convergent flagellar losses (Nagahama
et al. 1995). The nonflagellated trichomycete Smit-
tium culisetae clusters below the chytrid Blasto-
cladiella emersonii, requiring one loss of the
flagellum. Entomophthora muscae and Conid-
iobolus coronatus constitute the sister taxon to B.
emersonii, requiring a second flagellar loss. The
zygomycete Basidiobolus ranarum is the sister
taxon to the Chytridium confervae, requiring a
third flagellar loss (Fig. 2). This phylogenetic
pattern suggests that the zygomycetous fungi
colonized the land and lost flagella at least three
times in association with animal hosts. The Glo-
males represent a fourth loss, this time in associa-
tion with plant hosts.

There are, however, two important qualifica-
tions to this interpretation of evolutionary events
based on the tree from 18S sequence data. First,
taxon sampling for the first fungi is incomplete.
Possibly, the preference for association with
animals would not remain basal if the diversity of
chytrids and zygomycetes was more fully repre-

sented in the tree. Second, branch lengths among
some of the zygomycetes, including some of the
Entomophthorales, are unusually long (Fig. 2). A
long branch also leads to the chytrid B. emersonii.
The lack of monophyly for the chytrids and the
zygomycetes in 185 rRNA gene trees may be an
artifact of long branch attraction (Felsenstein
1978). The next step in assessing the monophyly
of chytrids and zygomycetes involves assessing
whether another gene without the long branch
problem supports the same topology. The other
available gene trees including zygomycetes and
chytrids are from B-tubulin (Keeling et al. 2000).
Interpretation of -tubulin trees is complicated by
historical gene duplication. One of the two copies
of B-tubulin gene in the chytrid Spizellomyces
punctatus clusters with the zygomycetes (Keeling
et al. 2000), which supports convergent loss of fla-
gella. However, other aspects of the zygomycete
phylogeny are different in the B-tubulin and 18S
gene trees, and more data are needed to resolve
branching patterns and ancient fungal history. The
mitochondrial protein-coding gene NADS, for
example, might be useful because branches leading
to a chytrid, a zygomycete, and other fungi appear
to be about the same length (Paquin et al. 1995b).

2. Colonization of Land

While association with animals is particularly
common at the base of the fungal tree, association
with plants as mycorrhizal symbionts, as parasites,
and as saprobes is the most common condition for
the monophyletic group of terrestrial fungi that
includes the Endogonales, Glomales, and Ascomy-
cota and Basidiomycota (Fig. 2). The endomycor-
rhizal Endogonales and Glomales comprise the
fourth group of zygomycetes that independently
lost flagella, possibly during colonization of land
in association with terrestrial plants; but were ter-
restrial plants available as food sources when
these fungi were radiating? Some of the earliest
fossil evidence for land plants comes in the form
of dispersed microfossils of spores and tracheid-
like structures, some of them from the Ordovician
from 460Ma. Our most recent tree (Fig. 4) sug-
gests that the first divergences among the terres-
trial fungi, the divergences of Endogonales and
Glomales, occurred about 600Ma or even earlier.
This is about 140 Ma before any evidence for vas-
cular plants that are now hosts for these obligate
endomycorrhizal fungi and is about 100Ma older
than our estimate for the age of the divergences
based on our earlier work. The difference between
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the age estimate of fungi and hosts may reflect
error because of rate variation in sequence evolu-
tion. It may reflect a greater age for the vascular
plants than the fossil record suggests, or it may be
that the fungi were initially associated with the
ancestors of the vascular plants, following their
hosts onto land.

C. Radiation of the Terrestrial Fungi:
Origin of the Ascomycota

The tree from 18S rRNA sequence data shows
Ascomycota and Basidiomycota diverging from
one another in the Paleozoic, about 500Ma
(Fig. 4).

In the Ascomycota, an early radiation estab-
lished the Archiascomycetes. (see Kurtzman and
Sugiyama, Chap. 9, Vol. VII, Part A). The Archias-
comycetes is a diverse group of fungi with and
without hyphal fruiting bodies. It includes the
fission yeast Schizosaccharomyces pombe, the
animal pathogen Pneumocystis carinii, the peach
leaf curl fungus Taphrina deformans, and the dis-
comycete Neolecta vitellina. No obvious morpho-
logical character unites these taxa, and they do
not always cluster together based on 18Ss rRNA
sequence data (Fig. 3). Inferring the sequence of
evolutionary events leading to their origin will
require better resolution of their branching order
and an improved understanding of the patterns
underlying their morphological diversity. A more
complete fossil record would contribute greatly to
reconstruction of the first ascomycetes. Possibly,
the complex, 400Ma old “pyrenomycete” fossil
(Taylor et al. 1999) represents an Archias-
comycete, revealing morphological features of a
very early ascomycete.

The two other primary groups in the Ascomy-
cota, the yeasts or Hemiascomycetes (also known
as Saccharomycetales) and the filamentous
ascomycetes or Euascomycetes, are both clearly
monophyletic. In our analysis, the Hemias-
comycetes received 96% support and the Euas-
comycetes received 99% bootstrap support (Fig.
3). The two groups appear in trees from other
genes as well, including, for example, orotidine 5’
monophosphate decarboxylase (Radford 1993), -
tubulin (Baldauf and Palmer 1993), and the second
largest subunit of RNA polymerase II (Liu et al.
1999).

The Hemiascomycetes include budding yeasts
like the baker’s yeast Saccharomyces cerevisiae as
well as hyphal “yeasts” like Dipodascopsis uninu-

cleata and Galactomyces geotrichum. The hyphal
yeasts appear to be basal in our trees, suggesting
that the budding yeasts may have been derived
from hyphal ancestors.

1. Euascomycetes

The Euascomycetes always appear as a mono-
phyletic group (see Barr, Chap. 13, Vol. VII, Part
A). However, the branching order along the back-
bone at the base of the Euascomycetes is unre-
solved with available data (Fig. 3). Conflicting
phylogenies from different laboratories and low
bootstrap support for any particular phylogeny
characterize this region of the tree. In all of the
45 equally parsimonious trees from our data set,
the pyrenomycetes including Neurospora crassa
appeared at the base of the Euascomycetes but
without bootstrap support (Fig. 2). However, the
basal group is unresolved in a consensus of 531
trees found in a search for trees up to one step
longer (Fig. 3). Using a similar method of analysis
but including a different selection of taxa, Gargas
et al. (1995) found Pezizales at the base of the
Euascomycetes, although again without bootstrap
support. Spatafora’s (1995) analysis showed a
basal divergence between pyrenomycetes plus
Pleosporales and the discomycetes plus plecto-
mycetes and allies.

While the divergence order for the lineages of
Euascomycetes is unclear, all groups of Euas-
comycetes have features in common which, by
inference, should also be characters of the ances-
tor to the whole group. The basal members of
Euascomycetes lineages share long, slender asci
that are arranged in a single layer in a fruiting
body and which shoot their spores forcibly into
the air. Most groups of Euascomycetes produce
conidia (i.e., mitospores). Conidia, along with
pollen and other spores, are preserved in the fossil
record. Finding evidence of conidial diversifica-
tion in the fossil record would provide a most
recent possible age for radiation of the Euas-
comycetes. Our time tree suggests that this radia-
tion may have been taking place in the Mesozoic,
about 240Ma.

Originating from the backbone of the Euas-
comycetes are several well-supported, mono-
phyletic groups of taxa, some corresponding to
traditional Ascomycota classes. Plectomycetes is a
traditional class characterized by cleistothecial
fruiting bodies containing thin-walled asci (see
Geiser and LoBuglio, Chap. 10, Vol. VII, Part
A). The plectomycetes consistently form a
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monophyletic group in trees from 185 rRNA
(Berbee and Taylor 1992a); (Fig. 3) and other
genes (Fig. 1); (Bowen et al. 1992). They encom-
pass fungi ranging from false truffles in the
Elaphomycetales (Landvik et al. 1996; LoBuglio et
al. 1996) through human pathogens in the Onyge-
nales to Penicillium species in the Trichocomaceae
(Berbee et al. 1995). Similarly, the pyrenomycetes
is a traditional class strongly supported by
sequence data in all studies (see Samuels and
Blackwell, Chap. 11, Vol. VII, Part A). The typical
pyrenomycete has long, slim, thin-walled asci
arranged in a single layer at the base of a flask-
like fruiting body. Ascospores are forcibly dis-
charged at maturity. Suggesting that the fruiting
body shape, ascus shape, and ascus disposition are
all functionally correlated to forcible ascospore
discharge, the fungi that lose forcible discharge
often lose the other features too, so that they
resemble plectomycetes. The 185 rRNA trees
provide clear evidence that Ophiostoma and
Ceratocystis, for example, are descendants of
fungi with all the typical pyrenomycete charac-
ters (Berbee and Taylor 1992b; Spatafora and
Blackwell 1994).

In contrast to the above examples, the dis-
comycetes (cup fungi) is a traditional class that
lacks support from most 18S rRNA studies (see
Pfister and Kimbrough, Chap. 12, Vol. VII, Part A).
Two discomycetes orders, the Leotiales and the
Pezizales sometimes cluster together (Fig. 2) but
without bootstrap support (Fig. 3). The powdery
mildews, or Erysiphales, often cluster within the
Leotiales even though they had not previously
been considered discomycetes, but again boot-
strap support for the connection is weak (Saenz
et al. 1994). Lichenized discomycetes in the
Lecanorales occupy different positions, not
necessarily with other discomycetes, in different
phylogenetic analyses. As mentioned above,
Neolecta vitellina although a discomycete, clus-
ters with the Archiascomycetes (Landvik et al.
1993).

Like the discomycetes, the loculoascomycetes
is a traditional ascomycete class without strong
support from 18S rRNA studies (see Barr and
Huhndorf, Chap. 13, Vol. VII, Part A). Before
molecular evidence contradicted morphological
evidence, Chaetothyriales were always included
in the loculoascomycetes. Like other loculoas-
comycetes, they have bitunicate asci arranged in a
hymenial layer. From these two morphological
characters, the Chaetothyriales have little in

common with the plectomycetes. However, consis-
tently in 18S rDNA sequence-based trees (Berbee
and Taylor 1995; Haase et al. 1995; Spatafora et al.
1995; Silva-Hanlin and Hanlin 1999) and occasion-
ally in trees from RNA polymerase subunit 11 (Liu
et al. 1999), the Chaetothyriales cluster with the
plectomycetes. This suggests that the cleistothecial
form with irregularly distributed asci lacking
forcible discharge in the plectomycetes may
have been derived from fruiting bodies with
asci arranged in a single layer having forcible
ascospore discharge (Berbee 1996).

Although the taxonomic position of the
groups of ascomycete lichens is uncertain, the
phylogenies do show that ascomycete lichens
are polyphyletic. Lichenization appears to have
originated independently in at least two orders,
the Arthoniales and the Lecanorales (Gargas et al.
1995; Stenroos and DePriest 1998), although
uncertainty about the branching order along
the backbone of the Euascomycetes makes a
single origin difficult to rule out (F. Lutzoni,
AIBS oral presentation, August 1997). In our
trees, lichenization does not appear as the most
ancient habit for the Ascomycota. Lecanorales
appear as the earliest group of lichenized
ascomycetes and the separation of Porpidia crus-
tulata from Lecanora dispersa represents an old
divergence for the group. If lichenization arose
after the divergence of Lecanorales from other
Euascomycetes, it could be as old as about 240Ma
and it most parsimoniously arose before the sep-
aration of P. crustulata from L. dispersa at about
180 Ma.

Until recently, Euascomycetes fungi could
only be classified once their sexual state was
observed and studied. No sexual state is known
for over 5000 species of fungi (Rossman 1993), a
situation that has confounded classification.
For the Ascomycota, sequencing of rDNA regions
is becoming increasingly useful in integrating
the asexual and sexual species into the same
classification system by revealing similarities at
the nucleotide level (Berbee and Taylor 1992c;
Gaudet et al. 1989; LoBuglio et al. 1993; Reynolds
and Taylor 1993; Taylor 1995). Seifert et al. (1997)
used 18S and 28S ribosomal gene sequences to
show that the asexual Trichothecium roseum is
probably a member of the pyrenomycete order
Hypocreales, and Kuhls et al. (1996) showed
that asexual Trichoderma reesei is probably a
clonal derivative of the sexual species Hypocrea
jecorina.
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D. Basidiomycete Radiation

One of the first molecular phylogenetic analyses
of fungi, from 58 rRNA data, divided the Basid-
iomycota into two groups, one with inflated rims
or dolipores surrounding the septa between adja-
cent hyphal cells, and the other lacking the inflated
rims (Walker and Doolittle 1982). Partly because
58 sequences include only about 120 base pairs of
DNA, the exact branching order of the smuts, the
rust group, and the mushrooms and jelly fungi dif-
fered in different analyses (Blanz and Unseld
1987; Walker 1984). 18S and 28S ribosomal RNA
gene sequences provided more characters and
resolving power. The trees from 18S and 28S
sequences show three lineages in the Basidiomy-
cota that diverged early in the history of the group
but do not clearly resolve the branching order for
the three (Fig. 3). These are the rusts or Uredino-
mycetes (see Swann and Frieders, Chap. 2, this
Vol.), the smuts or Ustilaginomycetes (see Bauer
et al., Chap. 3, this Vol.) and the Hymenomycetes
(Swann and Taylor 1993; Begerow et al. 1997;
Swann et al. 1999); see Wells et al., Chap 4, this
Vol.; Hibbett and Thorn, Chap. 5, this Vol.). The
clamp connection at the septa that is found in at
least some members of all three groups may be a
primitive character of the phylum that evolved
before the first basidiomycete radiation, by about
440 Ma. If this estimate of phylogeny and of timing
is correct, then it may be possible to find fossilized
clamp connections much older than the 290-Ma
clamps found in Pennsylvanian coal (Dennis
1970).

IV. Summary

This chapter has emphasized many phylogenetic
questions where sequence data provide clear
resolution. Because of the evolutionary constraints
limiting horizontal transfer and paralogous evolu-
tion that act on the ribosomal genes, they will
probably remain valuable phylogenetic indica-
tors for quite some time. In future studies, the
ribosomal genes will continue to bring misplaced
fungi into their correct phylogenetic positions.
As we have emphasized in this chapter, how-
ever, for many phylogenetic questions ribo-
somal gene sequences do not provide clear
answers. For further understanding of the deeper
branches in fungal tree, sequences from more

genes and characters of all other types will be
welcome.

References

Baldauf SL, Palmer JD (1993) Animals and fungi are
each other’s closest relatives: congruent evidence from
multiple proteins. Proc Natl Acad Sci USA 90:11558-
11562

Begerow D, Bauer R, Oberwinkler F (1997) Phylogenetic
studies on nuclear large subunit ribosomal DNA
sequences of smut fungi and related taxa. Can J Bot
75:2045-2056

Berbee ML (1996) Loculoascomycete origins and evolu-
tion of filamentous ascomycete morphology based on
185 rRNA gene sequence data. Mol Biol Evol
13:462—470

Berbee ML, Taylor JW (1992a) Two ascomycete classes
based on fruiting-body characters and ribosomal
DNA sequence. Mol Biol Evol 9:278-284

Berbee ML, Taylor JW (1992b) Convergence in ascospore
discharge mechanism among pyrenomycete fungi
based on 18§ ribosomal RNA gene sequence. Mol
Phylogenet Evol 1:59-71

Berbee ML, Taylor JW (1992c) 18S ribosomal RNA
sequence characters place the human pathogen
Sporothrix shenckii in the genus Ophistoma. Exp
Mycol 16:87-91

Berbee ML, Taylor JW (1993) Dating the evolutionary
radiations of the true fungi. Can J Bot 71:1114-
1127

Berbee ML, Taylor JW (1995) From 18S ribosomal
sequence data to evolution of morphology among the
fungi. Can J Bot 73 (Suppl 1):5677-S683

Berbee ML, Taylor JW (1999) Fungal phylogeny. In:
Oliver RP, Schweizer M (eds) Molecular fungal
biology. Cambridge University Press, New York, pp
21-77

Berbee ML, Yoshimura A, Sugiyama J, Taylor JW (1995) Is
Penicillium monophyletic? An evaluation of phy-
logeny in the family Trichocomaceae from 18S, 5.8S
and ITS ribosomal DNA sequence data. Mycologia
87:210-222

Blanz PA, Unseld M (1987) Ribosomal RNA as a taxo-
nomic tool in mycology. Stud Mycol 30:247-258

Bowen AR, Chen-Wu JL, Momany M, Young R, Szaniszlo
PJ, Robbins PW (1992) Classification of fungal chitin
synthases. Proc Natl Acad Sci USA 89:519-523

Bremer K (1988) The limits of amino acid sequence data
in angiosperm phylogenetic reconstruction. Evolution
42:795-803

Bruns TD, White TJ, Taylor JW (1991) Fungal molecular
systematics. Annu Rev Ecol Syst 22:525-564

Burt A, Carter DA, Koenig GL, White TJ, Taylor JW (1996)
Molecular markers reveal cryptic sex in the human
pathogen Coccidioides immitis. Proc Natl Acad Sci
USA 93:770-773 v

Butler DK, Metzenberg RL (1989) Premeiotic change of
nucleolus organizer size in Neurospora. Genetics
122:783-791

Carmean D, Crespie BJ (1995) Do long branches attract
flies? Nature 373:666



244

M.L. Berbee and J.W. Taylor

Carmean D, Kimsey LS, Berbee ML (1992) 18S rDNA
sequences and the holometabolous insects. Mol
Phylogenet Evol 1:270-278

Cavalier-Smith T (1993) Kingdom Protozoa and its 18
phyla. Microbiol Rev 57:953-994

Dennis RL (1970) A Middle Pennsylvanian basidiomycete
mycelium with clamp connections. Mycologia
62:578-584

Din AB, Specht CA, Robbins PW, Yarden O (1996) Chs-4,
a class IV chitin synthase gene from Neurospora
crassa. Mol Gen Genet 250:214-222

Doolittle RF, Feng D-F, Tsang S, Cho G, Little E (1996)
Determining divergence times of the major kingdoms
of living organisms with a protein clock. Science
271:470-477

Felsenstein J (1978) Cases in which parsimony or compat-
ibility methods will be positively misleading. Syst Zool
27:401-410

Gargas A, DePriest PT, Grube M, Tehler A (1995) Multi-
ple origins of lichen symbiosis in fungi suggested by
SSU rDNA phylogeny. Science 268:1492-1495

Gaudet J, Julien J, Lafay JF, Brygoo Y (1989) Phylogeny of
some Fusarium species as determined by large-
subunit rRNA sequence comparison. Mol Biol Evol
6:227-242

Gray J (1985) The microfossil record of early land plants:
advances in understanding of early terrestrialization,
1970-1984. Philos Trans R Soc Lond, Ser B, 309:
167-195

Haase G, Sonntag L, Van de Peer Y, Uijthof JMM,
Podbielski A, Melzer-Krick B (1995) Phylogenetic
analysis of ten black yeast species using nuclear
small subunit rRNA gene sequences. Antonie van
Leeuwenhoek 68:19-33

Hasegawa M, Di Rienza A, Kocher TD, Wilson AC (1993)
Toward a more accurate time scale for the human
mitochondrial DNA tree. ] Mol Evol 37:347-354

Hibbett DS, Grimaldi D, Donoghue MJ (1995) Cretaceous
mushrooms in amber. Nature 377:487

Hibbett DS, Donoghue MJ, Tomlinson PB (1997) Is
Phellinites digiustoi the oldest homobasidiomycete?
Am J Bot 84:1005-1011

Hirt RP, Logsdon Jr. JM, Healy B, Dorey MW, Doolittle
WE, Embley TM (1999) Microsporidia are related to
Fungi: evidence from the largest subunit of RNA poly-
merase I and other proteins. Proc Natl Acad Sci USA
96:580-585

Huelsenbeck JP (1997) Is the Felsenstein zone a fly trap?
Syst Biol 46:69-74

Iwabe N, Kuma K-I, Hasegawa M, Osawa S, Miyata T
(1989) Evolutionary relationships of archaebacteria,
eubacteria, and eukaryotes inferred from phyloge-
netic trees of duplicated genes. Proc Natl Acad Sci
USA 86:9355-9359

Keeling PJ, Doolittle WF (1996) Alpha-tubulin from early-
diverging eukaryotic lineages and the evolution of the
tubulin family. Mol Biol Evol 13:1297-1305

Keeling PJ, Luker MA, Palmer JD (2000) Evidence from
beta-tubulin phylogeny that Microsporidia evolved
from within the Fungi. Mol Biol Evol 17:23-31

Kidston R, Lang WH (1921) On old red sandstone plants,
V. The Thallophyta occurring in the peat-bed; the
succession of accumulation and preservation of the
deposit. Trans R Soc Edinb 52:855-902

Kuhls K, Lieckfeldt E, Samuels GJ, Kovacs W, Meyer W,
Petrini O, Gams W, Borner T, Kubicek CP (1996)

Molecular evidence that the asexual industrial fungus
Trichoderma reesei is a clonal derivative of the
ascomycete Hypocrea jecorina. Proc Natl Acad Sci
USA 93:7755-7760

Landvik S, Eriksson OE, Gargas A, Gustafsson P (1993)
Relationships of the genus Neolecta (Neolectales ordo
nov., Ascomycotina) inferred from 18s rDNA
sequences. Syst Ascomyc 11:107-118

Landvik S, Shailer NFJ, Eriksson OE (1996) SSU rDNA
sequence support for a close relationship between the
Elaphomycetales and the Eurotiales and Onygenales.
Mycoscience 37:237-241

LePage BA, Currah RS, Stockey RA, Rothwell GW (1997)
Fossil ectomycorrhizae from the middle Eocene. Am
J Bot 84:410-412

Liu Y, Whelen S, Hall B (1999) Phylogenetic Relationships
among Ascomycetes: evidence from an RNA poly-
merase II subunit. Mol Biol Evol 16:1799-1808

LoBuglio K, Berbee ML, Taylor JW (1996) Phylogenetic
origins of the asexual mycorrhizal symbiont Ceno-
coccum geophilum Fr. and other mycorrhizal fungi
among the ascomycetes. Mol Phylogenet Evol 6:287-
294

LoBuglio KF, Pitt JI, Taylor JW (1993) Phylogenetic analy-
sis of two ribosomal DNA regions indicates multiple
independent losses of a sexual Talaromyces state
among asexual Penicillium species in subgenus Biver-
ticillium. Mycologia 85:592-604

Metzenberg RL, Stevens JN, Selker EU, Morzycka-
Wroblewska E (1985) Identification and chromosomal
distribution of 58 rRNA genes in Neurospora crassa.
Proc Natl Acad Sci USA 82:2067-2071

Nagahama T, Sato H, Shimazu M, Sugiyama J (1995) Phy-
logenetic divergence of the entomophthoralean fungi:
evidence from 18S ribosomal RNA gene sequences.
Mycologia 87:203-209

Ochman H, Wilson AC (1987) Evolution in bacteria:
evidence for a universal substitution rate in cellular
genomes. ] Mol Evol 26:74-86

O’Donnell K (1992) Ribosomal DNA internal transcribed
spacers are highly divergent in the phytopathogenic
ascomycete Fusarium sambucinum (Gibberella puli-
caris). Curr Genet 22:213-220

O’Donrell K, Cigelnik E (1997) Two divergent intrage-
nomic rDNA ITS2 types within a monophyletic
lineage of the fungus Fusarium are nonorthologous.
Mol Phylogenet Evol 7:103-116

Orbach M]J, Vollrath D, Davis RW, Yanofsky C (1988) An
electrophoretic karyotype of Neurospora crassa. Mol
Cell Biol 8:1469-1473

Paquin B, Forget L, Roewer I, Lang BF (1995a) Molecular
phylogeny of Allomyces macrogynus: congruency
between nuclear ribosomal RNA- and mitochondrial
protein-based trees. ] Mol Evol 41:657-665

Paquin B, Roewer I, Wang Z, Lang BF (1995b) A robust
fungal phylogeny using the mitochondrially encoded
NADS5 protein sequence. Can J Bot 73 (Suppl
1):8180-S185

Paquin B, Laforest M-J, Forget L, Roewer I, Wang Z,
Longcore J, Lang BF (1997) The fungal mitochondrial
genome project: evolution of fungal mitochondrial
genomes and their gene expression. Curr Genet
31:380-395

Philippe H, Chenuil A, Adoutte A (1994) Can the Cam-
brian explosion be inferred through molecular
phylogeny? Development (Suppl):15-25



Fungal Molecular Evolution: Gene Trees and Geologic Time

245

Radford A (1993) A fungal phylogeny based upon oroti-
dine 5-monophosphate decarboxylase. J Mol Evol
36:389-395

Ragan MA, Goggins CL, Cawthorn RJ, Cerenius L,
Jamieson AVC, Plourde SM, Rand TG, Soderhill K,
Guttell RR (1996) A novel clade of protistan parasites
near the animal-fungal divergence. Proc Natl Acad Sci
USA 93:11907-11912

Remy W, Taylor TN, Hass H, Kerp H (1994) Four hundred-
million-year-old vesicular arbuscular mycorrhizae.
Proc Natl Acad Sci USA 91:11841-11843

Reynolds DR, Taylor JW (eds) (1993) The fungal holo-
morph: mitotic, meiotic and pleomorphic speciation in
fungal systematics. CAB International, Wallingford,
375 pp

Rossman AY (1993) Holomorphic hypocrealean fungi:
Nectria sensu stricto and teleomorphs of Fusarium.
In: Reynolds DR, Taylor JW (eds) The fungal holo-
morph: mitotic, meiotic and pleomorphic speciation in
fungal systematics. CAB International, Wallingford,
pp 149-160

Saenz GS, Taylor JW, Gargas A (1994) 185 rRNA gene
sequences and supraordinal classification of the
Erysiphales. Mycologia 86:212-216

Seifert KA, Louis-Seize G, Savard ME (1997) The phylo-
genetic relationships of two trichothecene-producing
hyphomycetes, Spiecellum roseum and Trichothecium
roseum. Mycologia 89:250-257

Silva-Hanlin DMW, Hanlin RT (1999) Small subunit
ribosomal RNA gene phylogney of several loculoas-
comycetes and its taxonomic implications. Mycol Res
103:153-160

Simon L, Bousquet I, Lévesque RC, Lalonde M (1993)
Origin and diversification of endomycorrhizal fungi
and coincidence with vascular land plants. Nature
363:67-69

Singer R, Archangelsky S (1958) A petrified basidiomycete
from Patagonia. Am J Bot 45:194--198

Smith TL (1989) Disparate evolution of yeasts and fila-
mentous fungi indicated by phylogenetic analysis of
glyceraldehyde-3-phosphate dehydrogenase genes.
Proc Natl Acad Sci USA 86:7063~7066

Spanggaard B, Skouboe P, Rossen L, Taylor JW (1996) Phy-
logenetic relationships of the intercellar fish pathogen
Ichthyophonus hoferi and fungi, choanoflagellates and
the rosette agent. Mar Biol 126:109-115

Spatafora JW (1995) Ascomal evolution of filamentous
ascomycetes: evidence from molecular data. Can J Bot
73 (Suppl 1):5811-8815
Spatafora JW, Blackwell M (1994) The polyphyletic origins
of opiostomatoid fungi. Mycol Res 98:1-9
Spatafora JW, Mitchell TG, Vilgalys R (1995) Analysis of
.genes coding for small-subunit rDNA sequences
in studying phylogenetics of dematiaceous fungal
pathogens. J Clin Microbiol 33:1322-1326
Stenroos SK, DePriest PT (1998) SSU rDNA phylogeny of
cladoniiform lichens. Am J Bot 85:1548-1559
Swann EC, Taylor JW (1993) Higher taxa of basid-
iomycetes: an 185 rRNA gene perspective. Mycologia
85:923-936
Swann EC, Frieders EM, McLaughlin DJ (1999) Microbot-
ryum, Kriegeria and the changing paradigm in basid-
iomycete classification. Mycologia 91:51-66
Taylor JW (1995) Making the Deuteromycota redundant:
a practical integration of mitosporic and meiosporic
fungi. Can J Bot 73 (Suppl 1):5754-S759
Taylor TN, Hass H, Kerp H (1999) The oldest fossil
ascomycetes. Nature 399-648
Taylor TN, Remy W, Hass H (1994) Allomyces in the
Devonian. Nature 367:601
Van de Peer Y, Jansen J, De Rijk P, De Wachter R (1997)
Database on the structure of small ribosomal subunit
RNA. Nucleic Acids Res 25:111-116
Wainright PO, Hinkle G, Sogin ML, Stickel SK (1993)
Monophyletic origins of the Metazoa: an evolutionary
link with Fungi. Science 260:340-342
Walker WF (1984) 5S rRNA sequences from Atractiellales,
and basidiomycetous yeasts and Fungi Imperfecti. Syst
Appl Microbiol 5:352-359
Walker WF, Doolittle WF (1982) Redividing the Basid-
iomycetes on the basis of 58 rRNA sequences. Nature
299:723-724
White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and
direct sequencing of fungal ribosomal RNA genes for
phylogenetics. In: Innis MA, Gelfand DH, Sninsky 17,
White TT (eds) PCR protocols, a guide to methods and
applications. Academic Press, San Diego, California,
pp 315-322
Wolfe KH, Gouy M, Yang Y-W, Sharp PM, Li W-H (1989)
Date of the monocot-dicot divergence estimated from
chloroplast DNA sequence data. Proc Natl Acad Sci
USA 86:6201-6205



