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Phylogenetic Relationships Among Ascomycetes: Evidence from an RNA
Polymerse II Subunit

Yajuan J. Liu, Sally Whelen,1 and Benjamin D. Hall
Department of Botany, University of Washington

In an effort to establish a suitable alternative to the widely used 18S rRNA system for molecular systematics of
fungi, we examined the nuclear gene RPB2, encoding the second largest subunit of RNA polymerase II. Because
RPB2 is a single-copy gene of large size with a modest rate of evolutionary change, it provides good phylogenetic
resolution of Ascomycota. While the RPB2 and 18S rDNA phylogenies were highly congruent, the RPB2 phylogeny
did result in much higher bootstrap support for all the deeper branches within the orders and for several branches
between orders of the Ascomycota. There are several strongly supported phylogenetic conclusions. The Ascomycota
is composed of three major lineages: Archiascomycetes, Saccharomycetales, and Euascomycetes. Within the Euas-
comycetes, plectomycetes, and pyrenomycetes are monophyletic groups, and the Pleosporales and Dothideales are
distinct sister groups within the Loculoascomycetes. We confirm the placement of Neolecta within the Archiasco-
mycetes, suggesting that fruiting body formation and forcible discharge of ascospores were characters gained early
in the evolution of the Ascomycota. These findings show that a slowly evolving protein-coding gene such as RPB2
is useful for diagnosing phylogenetic relationships among fungi.

Introduction

The Ascomycota are a large and important group
of fungi, distinguished from other fungi by a saclike
ascus containing haploid ascospores (Alexopoulos,
Mims, and Blackwell 1996). The Ascomycota encom-
pass over 32,000 species, amounting to 40% of all de-
scribed fungi (Hawksworth 1991; Honegger 1991;
Hawksworth et al. 1995), and its members form sym-
biotic, parasitic, and saprobic associations with both an-
imals and plants, as well as lichen associations with
green algae and cyanobacteria (Alexopoulos, Mims, and
Blackwell 1996). Ascomycetes present a challenge to
taxonomists because few morphological characters ap-
pear to be phylogenetically informative. As a result,
conflicting classification schemes have been proposed
for the higher categories of Ascomycota (Barr 1983,
1987, 1990; Eriksson and Hawksworth 1993; Alexopou-
los, Mims, and Blackwell 1996).

In this study, we examine the relationships be-
tween ascomycete groupings proposed by Alexopoulos,
Mims, and Blackwell (1996) that are based on a syn-
thesis of the 18S rDNA data and morphological char-
acters (fig. 1). Three major groups of the Ascomycota
were proposed on the basis of 18S rDNA studies (Ber-
bee and Taylor 1992a; Kurtzman 1993; Nishida and
Sugiyama 1993). The basal group is the Archiasco-
mycetes, fungi with highly variable morphological and
biochemical characters. Evidence for this clade rests
primarily on shared rDNA sequences, but strong sup-
port for monophyletic Archiascomycetes is lacking
(Nishida and Sugiyama 1993, 1994). The remaining as-
comycetes comprise two sister groups strongly sup-
ported by rDNA analyses, the Saccharomycetales and
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Euascomycetes. Members of the Saccharomycetales
differ from Euascomycetes both by the presence of a
yeast phase and by the absence of both ascogenous
hyphae and fruiting body formation (Alexopoulos,
Mims, and Blackwell 1996). Euascomycetes are both
the most complex in morphology and the most diverse
group in the Ascomycota. The major characters used
to delineate the principal lineages of Euascomycetes
are the morphology of the fruiting body (ascocarp) and
the structure of the ascus (Nannfeldt 1932; Luttrell
1955; Alexopoulos, Mims, and Blackwell 1996). A
number of monophyletic lineages have been identified
based on 18S rDNA data, but the relationships among
the groups within the Euascomycetes are not resolved
completely (fig. 1; Berbee and Taylor 1995; Gargas and
Taylor 1995; Spatafora 1995; Berbee 1996).

To achieve a more complete view of the evolution-
ary relationships between groups of the Ascomycota, it
will be necessary to broaden the base of molecular char-
acters used. Protein-coding genes are promising in this
regard because of their high content of functional infor-
mation. It is likely that protein sequences will come to
play an increasingly important role in phylogenetic stud-
ies of eukaryotes. The single-copy nuclear gene se-
quences that encode the two major subunits of each nu-
clear RNA polymerase are advantageous for this pur-
pose because of their large size and easy accessibility
by PCR amplification (James, Whelen, and Hall 1991;
Stiller and Hall 1997; Denton, McConaughy, and Hall
1998). The largest number of extant sequences for com-
parison are those for nuclear DNA-dependent RNA
polymerase II, the enzyme that transcribes pre-mRNA.
Its two largest subunits have proven to be useful for
broad-scale evolutionary studies of a variety of eukary-
otic organisms (Iwabe et al. 1991; Sidow and Thomas
1993; Klenk et al. 1995; Stiller and Hall 1997; Denton,
McConaughy, and Hall 1998). In yeast, the 140-kDa
second largest subunit is encoded by RPB2 and partic-
ipates extensively in catalyzing elongation (Thuriaux
and Sentenac 1992). Twelve highly conserved regions
with .85% identity in amino acid sequences were iden-
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FIG. 1.—Phylogenetic relationships of Ascomycota based on 18S
rDNA sequences. Both the tree topology and bootstrap values are
based on Berbee (1996) and Spatafora (1995).

tified by comparing the RPB2 sequences from fungi,
plants, and animals (James, Whelen, and Hall 1991;
Denton, McConaughy, and Hall 1998). PCR priming
within these highly conserved regions allows recovery
of the RPB2 genes from many different organisms for
phylogenetic comparison.

The objectives of this study are to develop RPB2
as a new gene system for fungal molecular systematics,
and with it to establish phylogenetic relationships
among different orders of Ascomycota. Sequences of
their RPB2 genes and proteins can provide an indepen-
dent genetic data set with which to examine the evolu-
tion of morphological characters. The major question
investigated is whether RPB2 analyses support the evo-
lutionary conclusions of previous studies based on 18S
rDNA sequences.

Materials and Methods
Specimens Examined

Twenty-eight fungal specimens, representing 1 ba-
sidiomycete and 27 ascomycetes, were used in this
study. The sources of fungal strains and GenBank ac-
cession numbers for RPB2 gene sequences are listed in
table 1. The classification of taxa is based on that of
Alexopoulos, Mims, and Blackwell (1996).

DNA Extraction, PCR Amplification, Cloning,
and Sequencing

Fungal cultures were grown on media recommend-
ed in the culture catalogs of the American Type Culture
Collection and Centraalbureau voor Schimmelcultures.
Genomic DNA was recovered from fresh fungal cultures
using a cetyltrimethylammonium bromide (CTAB) ex-
traction method (Rogers and Bendich 1994). The set of
general oligonucleotide primers for amplifying regions
3–11 of RPB2 genes (fig. 2) was designed on the basis
of conserved RPB2 sequences in Saccharomyces ce-
revisiae, Schizosccharomyces pombe, Arabidopsis tha-
liana (GenBank accession number Z19120), Homo sa-
piens (GenBank accession number X63563), and Dro-
sophila melanogaster (GenBank accession number
M29646). Overlapping fragments of RPB2 were ampli-
fied by the polymerase chain reaction (PCR) with Taq

DNA polymerase following the manufacturer’s recom-
mendations (Life Technologies, Inc., Gaithersburg,
Md.). The PCR conditions included: (1) hot start with
958C for 5 min; (2) 30 cycles of 1 min at 958C, 2 min
at 558C (or 508C), an increase of 18C/5 s to 728C, and
2 min at 728C; and (3) a 10-min incubation at 728C.
DNA fragments from regions 3–5 and 3–7 (fig. 2) were
amplified with a 508C annealing temperature. Regions
5–7, 6–7, 6–11a, and 7–11b (fig. 2) were amplified with
a 558C annealing temperature. PCR-amplified RPB2
fragments from genomic DNA were cloned using the
pCR2.1 plasmid vector (Invitrogen Inc., Carlsbad, Ca-
lif.). A number of clones for each RPB2 fragment were
subjected to automatic sequencing (ABI PRISM Dye
Terminator Cycle Sequencing and ABI PRISM Se-
quencer model 377, Perkin-Elmer). Fungal-specific
primers were then designed based on the RPB2 sequenc-
es recovered from 10 ascomycetes (fig. 2). These prim-
ers were used to amplify and directly sequence overlap-
ping regions of RPB2 from 16 additional fungi.

Sequence Alignment and Phylogenetic Analyses

The predicted amino acid sequences of RPB2 be-
tween regions 3 and 11 of 26 fungi were aligned to
RPB2 sequences of S. cerevisiae and S. pombe using
CLUSTAL V (Higgins, Bleasby, and Fuchs 1992), with
subsequent manual adjustment. The resultant alignment
consisted of 915 aligned amino acid positions including
gaps. The percentage of identity at each of 915 aligned
positions from 28 fungi was calculated and plotted to
show the rate heterogeneity of amino acid replacements
among sites. Regions that could not be aligned reliably
were removed, leaving a total of 873 amino acid posi-
tions for phylogenetic analyses. The basidiomycete
Agaricus bisporus was used as an outgroup to evaluate
the phylogenetic relationships within Ascomycota. Phy-
logenetic analyses were carried out using protein parsi-
mony, distance, and protein maximum-likelihood algo-
rithms. All parsimony analyses were conducted using
PAUP, version 3.1.1 (Swofford 1993), with both equal-
weights parsimony and a weighted step matrix based on
the JTT matrix (Felsenstein 1981; Jones, Taylor, and
Thornton 1992). The heuristic search using the random-
addition-of-taxon option was performed with 100 rep-
licates to increase the chance of finding all of the most
parsimonious trees. A distance matrix was constructed
with the PAM matrix using Prodist of PHYLIP, version
3.5c (Felsenstein 1993), and a distance-based tree was
produced by the neighbor-joining algorithm. To evaluate
support for particular nodes, 500 parsimony and neigh-
bor-joining bootstrap replicates were performed. Protein
maximum-likelihood analyses were conducted using
both PAML, version 1.1 (Yang 1995) and PUZZLE, ver-
sion 4.0 (Strimmer and Haeseler 1997). Both programs
incorporate the JTT matrix for weighting amino acid
substitutions and gamma-distributed rates to allow for
rate heterogeneity among sites. The gamma distribution
parameter a was estimated to be 0.33 for our data set.
Eight rate categories were used in the analyses. In order
to test alternative phylogenetic hypotheses, analyses
were conducted using PAML to construct the most like-
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Table 1
Fungal Specimens, Their Origins, and Their RPB2 GenBank Accession Numbers

Classificationa Fungal Specimen
Specimen
Originb

GenBank
Accession No.

Basidiomycetes
Agaricales . . . . . . . . . . . . . . . . . Agaricus bisporus OMF AF107785

Archiascomycetes
Schizosaccharomycetales . . . . . Schizosaccharomyces pombe D13337
Neolectales . . . . . . . . . . . . . . . . Neolecta vitellinac NSW 6359 AF107786
Saccharomycetales . . . . . . . . . . Saccharomyces cerevisiae

Candida albicans
Candida krusii

UW-CM
UW-CM

M15693
AF107787
AF107788

Pyrenomycetes
Sordariales . . . . . . . . . . . . . . . . Neurospora crassa

Podospora anserina
Chaetomium elatum

FGSC 2489
ATCC 11930
ATCC 42780

AF107789
AF107790
AF107791

Microascales . . . . . . . . . . . . . . . Microascus trigonosporus ATCC 52470 AF107792

Plectomycetes
Eurotiales . . . . . . . . . . . . . . . . . Aspergillus nidulans

Byssochlamys nivea
UW-CM
UW-BFCC

AF107793
AF107794

Onygenales . . . . . . . . . . . . . . . . Trichophyton rubrum UW-CM AF107795

Loculoascomycetes
Chaetothyriales . . . . . . . . . . . . . Exophiala jeanselmei

Capronia mansonii
UW-CM
CBS 101.67

AF107796
AF107797

Capronia pilosella WUC 28 AF107798
Dothideales . . . . . . . . . . . . . . . . Aureobasidium pullulans

Dothidea insculpta
Mycosphaerella citrullina

ATCC 90393
CBS 189.58
ATCC 16241

AF107799
AF107800
AF107801

Pleosporales . . . . . . . . . . . . . . . Botryosphaeria rhodina
Curvularia brachyspora
Stemphylium botryosumc

ATCC 60852
ATCC 12330
EGS 04-118C

AF107802
AF107803
AF107804

Melanommatales. . . . . . . . . . . . Sporomiella minima UW-BFCC AF107805

Discomycetes
Leotiales . . . . . . . . . . . . . . . . . . Microglossum viridec

Leotia viscosac

Sclerotinia sclerotiorum

OSC 56406
OSC 56407
LMK 211

AF107806
AF107807
AF107808

Pezizales . . . . . . . . . . . . . . . . . . Peziza quelepidotiac

Morchella elatac
NRRL 22205
NRRL 25405

AF107809
AF107810

a The classification of the fungal taxa used is based primarily on that in Alexopoulos, Mims, and Blackwell (1996).
b OMF 5 Ostroms Mushroom Farm, Lacey, Wash.; NSW 5 N. S. Weber, Oregon State University, Corvallis, Oreg.;

UW-CM 5 type specimens, Clinical Microbiology, University Hospital, University of Washington, Seattle, Wash.; FGSC
5 Fungal Genetics Stock Center, Genetics Department, University of Washington, Seattle, Wash.; ATCC 5 American Type
Culture Collection, Rockville, Md.; UW-BFCC 5 University of Washington–Botany Fungal Culture Collection, Seattle,
Wash.; CBS 5 Centraalbureau voor Schimmelcultures, Baarn, the Netherlands; WUC 5 W. Untereiner Collection, Brandon
University, Brandon, Manitoba, Canada; EGS 5 E. G. Simmons, Biology Department, Wabash College, Crawfordsville,
Ind.; OSC 5 Oregon State Collection, Oregon State University, Corvallis, Oreg.; LMK 5 L. M. Kohn, University of
Toronto, Mississauga, Ontario, Canada; NRRL 5 ARS Culture Collection, National Center for Agriculture Utilization
Research, Peoria, Ill.

c Genomic DNA of S. botryosum EGS 04-118C was provided by Mary Berbee (University of British Columbia, Van-
couver). Genomic DNAs of M. viride OSC 56406 and L. viscosa OSC 56407 were provided by Joey Spatafora (Oregon
State University, Corvallis). Genomic DNA of M. elata NRRL 25405, N. vitellina NSW 6359, and P. quelepidotia NRRL
22205 were provided by Kerry O’Donnell (Agricultural Research Service, USDA, Peoria, Ill.).

ly trees under the constrained conditions, and the re-
sulting trees were evaluated together with the most par-
simonious tree and the neighbor-joining tree in PUZZLE
using the KHT paired-site tests (Templeton 1983; Kish-
ino and Hasegawa 1989).

Results
Sequence Conservation and Variation in Fungal
RPB2 Sequences

A total of 915 amino acid positions, spanning from
motif 3 to motif 11 of RPB2, were sequenced for 25

ascomycetes and 1 basidiomycete (table 1 and fig. 2).
Considerable rate heterogeneity of amino acid replace-
ments among sites was observed (fig. 3), with the extent
of variation within conserved sequence motifs being less
than 15% (fig. 3a). The most conserved regions were
the first and last 350 amino acids, averaging 78% and
88% identity, respectively, across taxa (fig. 3a). The
central tract of 215 residues was the most variable, hav-
ing an average of 58% identity (fig. 3a).

In order to assess and localize the sequence diver-
gence within selected groups of ascomycetes, the re-
gional variability of RPB2 protein sequences was plotted
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FIG. 2.—RPB2 primers. The long bar represents the RPB2 gene, and the black boxes and numbers above represent the 12 amino acid
motifs that are conserved throughout eukaryotes. The positions of the primers are represented by arrows opposite the RPB2 gene. The general
RPB2 primers and fungal-specific RPB2 primers are followed by their amino acid sequences and the degenerate oligonucleotide sequences.

(fig. 3). The variation of RPB2 protein sequences within
the taxa sampled from six different ascomycete orders
are shown in fig. 3b–e. For the closely related fungi (fig.
3f), the percentage of variation between sequence motifs
6 and 7 approaches 20% in places and averages 8%.
Thus, this central region can be used to investigate phy-
logenetic relationships between closely related taxa and
will be particularly useful for analyses that deal with
large numbers of such taxa.

Only 7 out of the twenty-eight fungal RPB2 se-
quences have introns within the regions we sequenced
(fig. 4). At least 2 of these introns appear to have been
present in the ancestral fungal RPB2 gene based on the
homologous intron positions in Arabidopsis (fig. 4).
This suggests that introns may have been gained and
lost frequently over the course of fungal evolution and,
therefore, may not be reliable as phylogenetic charac-
ters.

Phylogenetic Relationships Between Major Lineages
Within Ascomycota

Across the taxa studied, nucleotides at third codon
positions are substantially saturated (data not shown).
Accordingly, we used the translated protein sequences
rather than DNA sequences for our phylogenetic anal-
yses.

The single most parsimonious tree from weighted
analysis was identical in topology to the tree obtained
by maximum-likelihood analyses (fig. 5A). The distance
tree (neighbor-joining) was similar in topology to the
most parsimonious tree except for the placement of the
Chaetothyriales (fig. 5B). With the basidiomycete A. bis-
porus as an outgroup (fig. 5), there are three major lin-

eages within the Ascomycota: Archiascomycetes, Sac-
charomycetales, and Euascomycetes. Of these, Archias-
comycetes, represented here by S. pombe and N. vitel-
lina, comprise the most basal group. The node
separating Archiascomycetes from the Saccharomyce-
tales and Euascomycetes has 78% bootstrap support in
parsimony and 99% in distance analysis (fig. 5). The
Saccharomycetales and the Euascomycetes, each of
which is monophyletic, are sister groups with strong
support (fig. 5).

Relationships Between Different Orders Within
Euascomycetes

Among Euascomycetes, six well-supported clades
are apparent (clades A–F in fig. 5). Members of the
Pleosporales, Dothideales, and Melanommatales of lo-
culoascomycetes clustered together with bootstrap val-
ues of 94% and 98% (clade A in fig. 5). In this clade,
Aureobasidium pullulans and Dothidea insculpta of the
Dothideales grouped together with a 100% bootstrap
value, and Mycosphaeria citrullina of the Dothideales
and Sporormiella minima of the Melanommatales clus-
tered within members of the Pleosporales with bootstrap
values of 79% and 97% (fig. 5). Other very well sup-
ported monophyletic groups included the members in
Chaetothyriales (clade B), plectomycetes including the
Eurotiales and Onygenales (clade C), pyrenomycetes in-
cluding the Sordariales and Microascales (clade D), and
the members in Leotiales (clade E) (fig. 5).

Because all six clades (A–F) of Euascomycetes had
significant statistical support (fig. 5), a phylogenetic
analysis with each of these clades constrained was per-
formed in order to deduce their interrelationship. Ex-
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FIG. 3.—The variability of RPB2 amino acid sequences. The percentage of identity was calculated at each amino acid position, then
averaged over contiguous blocks of five amino acids; % variability 5 100 2 % identity. The horizontal axis shows the amino-acid-encoding
parts of RPB2, the vertical axis on the left side shows the percentage of identity, and the vertical axis on the right side shows the percentage
of variability. a, The variability of RPB2 within basidiomycetes and ascomycetes. b, The variability of RPB2 within Sordariales and Microascales.
c, The variability of RPB2 within Pleosporales. d, The variability of RPB2 within Eurotiales and Onygenales. e, The variability of RPB2 within
sampled taxa of Leotiales. f, The variability of RPB2 between Capronia and Exophiala.

haustive tree construction with PAUP yielded 945 pos-
sible trees joining clades A through F. When actual se-
quence data for all clade members were reintroduced
into each tree, and the set of 945 trees was evaluated
separately by weighted parsimony and by maximum

likelihood, the tree in fig. 5A was found to be both the
most parsimonious and the most likely tree.

As a test of significance of the relationships be-
tween groups of Euascomycetes, KHT paired-site tests
were conducted to test alternative phylogenetic hypoth-
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FIG. 4.—Introns in fungal RPB2 genes. Positions within RPB2 are marked by arrows, with the flanking amino acids given by one-letter
designations and residue positions in coordinates based on the Saccharomyces cerevisiae RPB2 gene (GenBank accession number M15693).
Phase 0 introns are between two amino acids, phase 1 introns are indicated by (1) where the intron is inserted between the first and second
codon positions, and phase 2 introns are indicated by (2) where the intron is inserted between the second and third codon positions. The species
in which introns were found are listed below the intron positions.

FIG. 5.—Phylogenetic trees based on the RPB2 amino acid sequences. A, The single most parsimonious tree obtained with weighted protein
parsimony using heuristic searches with 100 replicates and the random-addition-of-taxon option (PAUP, version 3.1.1). Agaricus bisporus was
used as the outgroup. The bootstrap values were determined from 500 replications. The major clades within the Euascomycetes are indicated
by the circled letters A–E. B, The neighbor-joining tree constructed using the Neighbor program of PHYLIP, version 3.5c. Distances were
estimated using the Dayhoff PAM matrix to weight amino acid substitutions (Prodist, PHYLIP, version 3.5c). The bootstrap values were
determined from 500 replications.

eses (table 2). Of the various alternative topologies test-
ed against the most parsimonious tree (table 2 and fig.
5A), four were rejected as significantly worse. These
were the constrained trees with monophyletic discomy-
cetes including the members of the Pezizales and Leo-
tiales; monophyletic unitunicate Euascomycetes includ-

ing plectomycetes, pyrenomycetes, and discomycetes;
and trees with either plectomycetes or pyrenomycetes as
the basal group of Euascomycetes (table 2). The con-
strained tree with monophyletic bitunicate loculoasco-
mycetes including the Chaetothyriales, Dothideales, Me-
lanommatales, and Pleosporales, which is identical in
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Table 2
Kishino-Hasegawa Paired-Site Tests

Trees Testeda
Steps of

Parsimonyb
ln

Likelihood SD P Rejectedc

Most parsimonious tree (fig. 5A) . . . . . 34,808 216,340.74 Best
Neighbor-joining tree (fig. 5B)

(Monophyletic loculoascomycetes)
5 ((Dothi, Pleo, Chaeto)). . . . . . . . .

34,810 216,350.49 8.33 0.2420 No

Monophyletic discomycetes 5 ((Pezi-
zales, Leotiales)) . . . . . . . . . . . . . . . .

34,940 216,388.02 18.51 0.0108 Yes

Monophyletic unitunicate Euascomy-
cetes 5 ((plecto, pyreno, disco)) . . .

34,861 216,367.70 12.42 0.0300 Yes

Plectomycetes as basal group of fila-
mentous ascomycetes 5 ((plecto,
(other filamentous ascomycetes))) . .

34,992 216,381.82 14.73 0.0052 Yes

Pyrenomycetes as basal group of fila-
mentous ascomycetes 5 ((pyreno,
(other filamentous ascomycetes))) . .

34,988 216,414.28 18.34 ,0.001 Yes

NOTE.—ln likelihood 5 natural log likelihood; P 5 the confidence limit for rejection of the alternative tree topology.
a The most parsimonious tree (same topology as the most likely tree), the neighbor-joning tree, and the most likely

trees under the constrained conditions. Dothi 5 Dothideales; Pleo 5 Pleosporales; Chaeto 5 Chaetothyriales; plecto 5
plectomycetes; pyreno 5 pyrenomycetes; disco 5 discomycetes.

b Tree length for each tree topology is determined by weighted protein parsimony using PAUP version 3.1.1.
c Best 5 the tree with the highest likelihood; Yes 5 rejected by maximum likelihood (P , 0.05); No 5 not rejected

by maximum likelihood.

topology with the distance tree (table 2 and fig. 5B), is
not significantly less likely than the most parsimonious
tree (table 2 and fig. 5A).

Discussion

In general, the RPB2 phylogeny of the Ascomycota
(fig. 5) is congruent with the previous rDNA analyses,
in that both genes support three major lineages of As-
comycota: Archiascomycetes, Saccharomycetales and
the Euascomycetes (Kurtzman 1993; Nishida and Su-
giyama 1993; Nishida and Sugiyama 1994). RPB2, how-
ever, gives much higher bootstrap support overall.

The RPB2 data place Archiascomycetes in a basal
position relative to all other ascomycetes, in agreement
with the conclusions of Nishida and Sugiyama (1994)
based upon 18S rDNA sequences. Archiascomycetes
can have either hyphal or yeast-like vegetative growth,
cell division either by budding or fission, and produce
asci without fruiting body formation (Nishida and Su-
giyama 1994). Both RPB2 and 18S rDNA support the
association between members of the Archiascomycetes
and Neolecta vitellina, which does produce a fruiting
body (Landvik 1996). Neolecta is enigmatic and has
been variously classified in several different groups of
euascomycetes. Our placement of Neolecta in the basal
lineage of the Ascomycota raises the possibility that the
ancestral ascomycetes may have been filamentous fungi
with a sexual phase that produced a fruiting body.

Another character that has been used in classical
ascomycete systematics is that of forcibly discharged
asci. Some Archiascomycetes, all Saccharomycetales, as
well as some pyrenomycetes and plectomycetes lack
forcibly discharged asci (Alexopoulos, Mims, and
Blackwell 1996); however, several Archiascomycetes
and most euascomycetes do forcibly discharge asco-
spores. Therefore, this mechanism probably evolved pri-

or to the origin of Euascomycetes and was gained or
lost repeatedly both in early and derived taxa.

Saccharomycetales and Euascomycetes as mono-
phyletic groups are supported both by RPB2 and rDNA
data (fig. 5; Kurtzman 1993; Kurtzman and Robnett
1995; Hasse et al. 1995; Spatafora 1995; Berbee 1996).
Their sister group relationship is indicative of an inde-
pendent origin for the Saccharomycetales distinct from
that of all present day Euascomycetes. Their positions
in the RPB2 phylogeny are consistent with morphology
in that most Euascomycetes have the ability to form a
fruiting body and are structurally more complex than
either Archiascomycetes and Saccharomycetales.

Monophyletic Classes in Euascomycetes

The classes Plectomycetes and Pyrenomycetes gen-
erally have not been accepted as taxonomic categories;
however, phylogenetic analyses based both on RPB2 and
on rDNA show each of these classes to be monophyletic
(Berbee and Taylor 1992; Spatafora and Blackwell
1993; 1994; Spatafora 1995). Certain characters are use-
ful in distinguishing between Plectomycetes and Pyr-
enomycetes. In general, Plectomycetes have a complete-
ly closed fruiting body and scattered asci with a thin
delicate wall and passively discharged ascospores while
the majority of Pyrenomycetes have a flask-shaped fruit-
ing body and unitunicate asci with forcibly discharged
ascopores.

Pleosporales and Dothideales of the
Loculoascomycetes

Loculoascomycetes was proposed by Nannfeldt
(1932) and Luttrell (1955) to include taxa with bituni-
cate asci and ascostromata. The individual orders of Lo-
culoascomycetes are distinguished mainly on the basis
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of centrum development and the position of asci in the
fruiting body (Barr 1987).

In the RPB2 phylogeny, Melanommatales clusters
within the Pleosporales with bootstrap values of 79%
and 97% (fig. 5), which indicates that there is no sig-
nificant phylogenetic difference at the ordinal level be-
tween cellular (wide and septate) and trabeculate (thin
and nonseptate) pseudoparaphyses (downward growing,
sterile hyphae). On the other hand, the presence of pseu-
doparaphyses is a unique character with which to delin-
eate the Pleosporales complex.

In RPB2 trees, members of the Dothideales group
together with 100% bootstrap support except for My-
cosphaerella citrullina which may have been misclass-
fied. These taxa are distinct and separate from the Pleos-
porales clade in the RPB2 trees (fig. 5) suggesting that
the absence of pseudoparaphyses is a character that typ-
ifies Dothideales.

The Pleosporales and Dothideales clades group to-
gether with 94% or 98% bootstrap values in RPB2 trees
(clade F in fig. 5), indicating that they are sister groups
with a common ancestor. No conclusion was reached
from rDNA analyses as to the relationship between
Pleosporales and Dothideales (Berbee 1996; LoBuglio,
Berbee, and Taylor 1996; Winka, Ericksson, and Bång
1998).

The Position of Chaetothyriales

The position of one order of loculoascomycetes
was not defined clearly in the RPB2 tree. Although three
representatives of the Chaetothyriales grouped together
with 100% bootstrap support in all analyses based on
their RPB2 sequences (fig. 5), the phylogenetic place-
ment of the order as whole is ambiguous. They branch
either as the sister group to the plectomycetes (fig. 5A)
or with the Pleosporales1Dothideales clade (clade F, fig.
5B); however, neither placement has strong statistical
support. Parsimony analysis requires only two additional
steps for the tree in figure 5B beyond that for the tree
in figure 5A, and the KHT tests (table 2) shows no sig-
nificant difference in likelihood between these two
branching positions. The inconclusive placement of the
Chaetothyriales based upon RPB2 sequence data mirrors
the disagreement on this point from other types of an-
alyses.

The affinity of Chaetothyriales to loculoascomy-
cetes indicated in figure 5B is strongly supported by the
presence of ascostromata, bitunicate asci, apical pseu-
doparaphyses, and multiseptate ascospores. Such a large
number of derived morphological features in combina-
tion is not plausibly explained by convergence. A recent
study based upon 18S rDNA shows that the Chaetothy-
riales grouped either with the plectomycetes with no
support in parsimony and distance analyses, or with oth-
er bitunicate loculoascomycetes in likelihood analysis
(Winka, Ericksson, and Bång 1998). Determination of
the phylogenetic position of the Chaetothyriales with
confidence awaits further investigation. At this point,
however, there is no convincing evidence either in
RPB2- or rDNA-based phylogenies against the close re-

lationship between Chaetothyriales and other loculoas-
comycetes that is suggested by shared morphological
features.

Paraphyletic discomycetes

Discomycetes, a group characterized by an open
fruiting body, is paraphyletic in RPB2 phylogenies (fig.
5). Discomycete taxa with operculate asci (Pezizales)
appear to be basal to all other euascomycetes, while
those with inoperculate asci (Leotiales) are a sister
group to the pyrenomycetes. Although this topology has
only weak bootstrap support (fig. 5), the same relation-
ships are shown in rDNA phylogenies (Gargas 1992;
Saenz, Taylor, and Gargas 1994; Gargas and Taylor
1995; Berbee 1996; Lobuglio, Berbee, and Taylor 1996).
Moreover, the sister relationship between pyrenomyce-
tes and Leotiales is supported by the shared morpholog-
ical characters of inoperculate unitunicate asci and or-
ganized hymenium with interpersed asci and paraphy-
ses.

A tree forcing a monophyletic grouping of the
members of Pezizales and Leotiales is rejected by the
KHT test (table 2), reinforcing the paraphyly of disco-
mycetes. In addition, the monophyly of unitunicate
Euascomycetes is rejected in the KHT test (table 2).
Because the Pezizales is basal to the Euascomycetes,
loculoascomycetes appear to have evolved from within
the unitunicate Euascomycetes (fig. 5 and table 2).

Conclusions

Overall, RPB2 analyses confirmed many of the re-
lationships previously proposed in rDNA trees. Very
well supported classes and orders are apparent in the
RPB2 phylogeny; however, the relationships among
these groups are not established unequivocally. In ad-
dition, the relatively short branches in the RPB2 tree that
lead to these classes and orders probably reflect a rapid
and ancient radiation of Euascomycetes (fig. 5). It would
be of great interest to know just when this radiation
occurred, and what kinds of bottlenecks (environmental
factors, population size, and/or gene fitness) drove the
process. While the taxa used in this study represent all
major recognized groups of Ascomycota, they encom-
pass only a small part of the diversity of this, the largest
group of fungi. The excellent resolution achieved and
the ready accessibility of RPB2 gene sequences using
these conserved PCR primers provides a basis for ex-
tending the phylogeny of Ascomycota outwards from
the core relationships described here.
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