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The fungal subclass Loculoascomycetes is characterized by asci or sexual spore sacks with two separable wall 
layers. At maturity, the inner wall layer protrudes out beyond the outer wall as in a jack-in-the-box. If the Locu- 
loascomycetes were monophyletic and their jack-in-the-box type asci evolved once, then taxa from diverse locu- 
loascomycete lineages would cluster together in a DNA sequence-based tree. To evaluate the phylogenetic history 
of the two-walled asci, I sequenced the 18s nuclear rRNA genes of 16 species from seven families in the locu- 
loascomycete orders Pleosporales, Dothideales, and Chaetothyriales. Within the Loculoascomycetes, the Pleosporales 
form a monophyletic group in 99% of the bootstrapped parsimony trees. The Dotbideales usually appear as a 
monophyletic group but without statistical support. Cupronia pilosella (Herpotrichiellaceae, Order Chaetothyriales) 
clusters with plectomycete members of the subclass Euascomycetes rather than the other Loculoascomycetes in 
99% of parsimony and neighbor-joining bootstrap replicates. Although the jack-in-the-box-type ascus is a good 
marker for large, monophyletic loculoascomycete orders, it must have evolved at least twice or been lost at least 

once. 

Introduction 

Loculoascomycete fungi include over 6,000 species 
of fungi (Hawksworth, Sutton, and Ainsworth 1983) that 
discharge their ascospores from asci with two separable 
wall layers. The thick inner layer of the ascus wall ex- 
tends out of the rigid outer wall layer and then the as- 
cospores shoot out of the ascus. The Loculoascomycetes 
include many economically important plant pathogens 
like the southern corn leaf blight fungus Cochliobolus 
heterostrophus and the barley leaf stripe fungus Pyr- 
enophoru graminea. In addition to fungi with known 
sexual states, a large number of asexual ascomycetes 
including species of Phoma and Altemaria as well as 
black yeasts pathogenic on animals are presumed to be 
phylogenetic Loculoascomycetes (Sivanesan 1984; Rip- 
pon 1988, p. 305; Spatafora, Mitchell, and Vilgalys 
1995). 

When viewed without a microscope, the Loculoas- 
comycetes look like other filamentous ascomycetes. Lo- 
culoascomycete asci are contained in fruiting bodies 
ranging in form from indeterminate masses of tissue to 
discrete spherical, flask-shaped or cup-shaped structures. 
Within these fruiting bodies, however, developmental 
and microscopic characters distinguish the Loculoasco- 
mycetes. Nannfeldt (1932) first segregated Loculoasco- 
mycetes (which he called ascoloculares) from the other 
filamentous ascomycetes. He noted (as had others before 
him) that other filamentous ascomycetes make distinct 
fruiting body walls following fertilization. The Locu- 
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loascomycetes, in contrast, produced masses of fungal 
tissue before fertilization. Cavities or ‘locules’ devel- 
oped within the tissue only when asci began to develop. 
While the other filamentous ascomycetes usually have 
thin-walled asci with a single functional wall layer, the 
Loculoascomycetes have thick-walled asci with two sep- 
arable wall layers (fig. 1). In most other filamentous as- 
comycetes, hyaline, aseptate ascospores predominate 
while among the Loculoascomycetes, pigmented spores 
with both transverse and longitudinal septation are com- 
mon. 

Luttrell (1955) erected the subclass Loculoasco- 
mycetes to grant formal taxonomic status to Nannfeldt’s 
group. He placed all the other filamentous ascomycetes 
in the Euascomycetes (fig. 1). Nannfeldt and Luttrell’s 
segregation of the Loculoascomycetes from other asco- 
mycetes made so much sense that almost all fungal tax- 
onomic treatments from mycology textbooks to taxo- 
nomic monographs accept the group at some level (Er- 
iksson 1981; Hawksworth, Sutton, and Ainsworth 1983; 
Sivanesan 1984; Barr 1987). Loculoascomycete 
systematists disagree, however, about naming, ranking 
and subdividing the group. Barr (1987) recognizes lo- 
culoascomycetes as a class and presents a highly struc- 
tured, hierarchical view of its taxonomic subdivisions. 
Pleospora herbarum, for example, is classified in the 
Pleosporales, one of 10 orders in the class Loculoasco- 
mycetes and in the Pleosporaceae, one of 58 loculoas- 
comycete families (Barr 1987). In contrast, Hawks- 
worth, Sutton, and Ainsworth (1983) recognized locu- 
loascomycetes as an order (Dothideales) that “will even- 
tually require division into several orders but this is 
premature when the characters of so many genera are 
unclear.” 



Loculoascomycete Origins 463 

Yeast-like 
outgroups 

FIG. 1 .-Are the loculoascomycetes monophyletic? The loculoas- 
comycetes produce thick walled, jack-in-the-box asci (a). When the 
ascus matures (b), the inner ascus wall elongates beyond the outer wall. 
Euascomycete asci and outgroup asci are generally thin walled (c, d) 
without separating wall layers. If the jack-in-the-box forcible ascospore 
discharge is a derived character, then loculoascomycetes should appear 
as a monophyletic group on an rRNA gene tree as in this diagram. 

Unlike morphological studies, trees from DNA se- 
quence data challenge the monophyletic Loculoasco- 
mycetes. Loculoascomycetes appear paraphyletic in 18s 
rRNA trees of black yeasts (Spatafora, Mitchell, and 
Vilgalys 1995; Untereiner, Straus, and Malloch 1995). 
Asexual black yeasts in the Loculoascomycetes family 
Herpotrichiellaceae cluster with the Euascomycetes rath- 
er than with two other groups of Loculoascomycete 
black yeasts. 

Within the Loculoascomycetes, fruiting body form 
and development have traditionally been key characters 
defining orders. In typical Pleosporales, for example, 
asci develop in a lawn at the base of the cavity within 
a flasklike fruiting body. As the asci grow upward from 
the floor, sterile hyphae grow down from the ceiling to 
the floor. The mature fruiting body contains asci inter- 
mingled with these sterile hyphae (fig. 2). In the Chae- 
tothyriales as in the Pleosporales, sterile hyphae begin 
to grow from the ceiling of the flasklike fruiting body, 
but the hyphae remain short and never reach the floor 
of the flask. In typical Dothideales, asci grow up in a 
cluster within the cavity of a flasklike fruiting body but 
sterile hyphae do not grow down among the clustered 
asci (fig. 2). 

One aim of this study was to determine whether 
any parts of the subclass Loculoascomycetes receive 
support from rDNA sequence data. If the morphological 
characters used to define the loculoascomycetes evolved 
once then the loculoascomycetes should appear as a 
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FIG. 2.-One of 18 equally parsimonioils trees from 18s t-RNA 
genes sequences requiring 1,509 nucleotide substitutions. Bold lines 
indicate loculoascomycete lineages. In the 18 most parsimonious trees, 
the plectomycetes are included within the Loculoascomycetes. In this 
figure, branch lengths are proportional to nucleotide substitutions and 
numbers are percentages from 1,100 bootstrap replicates. Percentages 
under 50 are not shown. For complete species names, see Table 1. 

monophyletic group in sequence-based trees (fig. 1). If 
the morphological characters defining the Loculoasco- 
mycetes arose convergently then the Loculoascomycetes 
and Euascomycetes should cluster together in several 
independent lineages. A second goal was to evaluate 
whether the loculoascomycete orders Pleosporales and 
Dothideales receive support in sequence based trees. Fi- 
nally, many asexual ascomycetes are believed to be phy- 
logenetic Loculoascomycetes. Fungal taxonomy tradi- 
tionally fails to provide for phylogenetic classification 
when fungi lack sexual states. Using the 18s rRNA gene 
phylogeny, however, sexual and asexual fungi can be 
classified together and sexual state morphology of the 
asexual taxa can be predicted. This study will contribute 
to a framework for classifying the asexual fungi. 

Materials and Methods 

Fungal strains and GenBank accession numbers for 
18s rRNA gene sequences are given in table 1. I main- 
tained fungi (table 1) on media recommended in the 
culture catalogue (Centraalbureau voor Schimmelcultu- 



Table 1 
Fungal Isolates and Their 18s rRNA Gene Genbank Accession Numbers 

Subclassa Order” Genus Species GenBank # Sourceb Isolate 

Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Loculo ....... 
Euasco ....... 
Euasco ....... 
Euasco ....... 
Euasco ....... 
Euasco ....... 
Euasco ....... 
Euasco ....... 
Euasco ....... 
Euasco ....... 
Euasco ....... 
Euasco ....... 
Euasco ....... 

Chaetothyriales Capronia 
Dothideales Aureobasidium 
Dothideales Dothidea 
Dothideales Dothidea 
Dothideales Botryosphaeria 
Dothideales Botryosphaeria 
Pleosporales Sporomia 
Pleosporales Sporomia 
Pleosporales Altemaria 
Pleosporales Cochliobolus 
Pleosporales Cochliobolus 
Pleosporales Cucurbidothis 
Pleosporales Cucurbidothis 
Pleosporales Cucurbitaria 
Pleosporales Cucurbitaria 
Pleosporales Herpotrichia 
Pleosporales Herpotrichia 
Pleosporales Leptosphaeria 
Pleosporales Leptosphaeria 
Pleosporales Leptosphaeria 
Pleosporales Lophiostoma 
Pleosporales Lophiostoma 
Pleosporales Pleospora 
Pleosporales Pleospora 
Pleosporales Pyrenophora 
Pleosporales Septoria 
Pleosporales Setosphaeria 
Pleosporales Setosphaeria 
Pleosporales Westerdykella 
Pleosporales Westerdykella 
Eurotiales Ascosphaera 
Hypocreales Hypomyces 
Diaporthales L.eucostoma 
Erysiphales Blumeria 
Eurotiales Eurotium 
Onygenales Blastomyces 
Eurotiales Eremascus 
Lelotiales Cudonia 
Lelotiales Spathularia 
Ophiostomatales Ophiostoma 
Pezizales Gyromitra 
Pezizales Inermisia 

pilosella (Karst) Mtiller et al. 
pullulans (de Bat-y) Arnaud 
insculpta Wallr. 
hippophiieos (Pass.) Fuckel 
rhodina (Berk. & Curtis) v. Arx 
ribis var. chromogena Shear & Stevens 
lignicola Phill. & Plowr. 
lignicola Phill. & Plowr. 
altemata (Fr.:Fr.) Keissler 
sativus (Ito & Kuribayashi) Drechsler ex Dastur 
sativus (Ito & Kuribayashi) Drechsler ex Dastur 
pityophila Petrak 
pityophila Petrak 
berberidis (Pers.Fr.) SE Gray 
elongata Grev. 
juniperi (Duby) Petrak 
difSusa (Schw.) Ellis & Everh. 
doliolum (Pers.:Fr.) Ces. & de Not. 
microscopica F? Karst. 
bicolor Kaiser, Ndimande & Hawksw. 
crenatum (Pers.:Fr.) Fuckel 
caulium (Fr.) Ces. & De Not. 
herbarum (Fr.) Rabenh. ex Ces. & de Not. 
rudis Rabenh. ex Ces & De Not. 
tritici-repentis (Died.) Drechsler 
nodorum (Berk.) Berk. 
rostrata Leonard 
rostrata Leonard 
dispersa (Clum) Cejp et Milko 
dispersa (Clum) Cejp et Milko 
apis (Maassen ex Claussen) Olive & Spiltoir 
chrysospermus Tin. 
persoonii (Nitschke) Hbhnel 
graminis (DC.) Speer 
rubrum Koenig & al. 
dermatitidis Gilchrist & Stokes 
albus Eidam 
confisa Bres. 
flavida Pers.:Fr. 
ulmi (Buisman) Nannf 
esculenta (Pers.:Fr.) Fr. 
aggregata (Berk. & Broome) Svrek 

U42473 
M55639 
U42474 
U42475 
U42476 
U42477 
U42478 

uo5194 
U42479 

U42480 
U4248 1 
U42482 
U42483 
U42484 
UO4205 
U04235 
uO4202 
U42485 

UO5201 
uOO975 
U42486 
U04236 
U42487 

U42488 

M83264 
M89993 
M83259 
L26253 
uOO970 
M55624 
M83258 
230240 
230239 
M83261 
230238 
23024 1 

A. Rossman 1422 

CBS 189.58 
CBS 186.58 
CBS 356.59 
CBS 121.26 
CBS 264.69 
CBS 363.69” 

DAOM 172489 
DAOM 165083” 
CBS 986.67c 
CBS 149.32 
CBS 394.84 
CBS 171.55 
CBS 468.64 
CBS 250.62 

ATCC 38151 
ATCC 42652 
CBS 629.86 
CBS 625.86’ 

DAOM 197047 
DAOM 215173 
ATCC 32197 
ATCC 32198” 
CBS 508.75 
CBS 712.71” 
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res 1990) and grew them for DNA extraction on PDA 
for rapid growth. I extracted and partially purified total 
genomic DNA and then amplified the 18s rRNA gene 
from the extracts using the polymerase chain reaction. I 
performed a series of overlapping, asymmetrical ampli- 
fications to generate the single-stranded DNA that I se- 
quenced (Lee and Taylor 1990; White et al. 1990; Ber- 
bee and Taylor 1992). 

I sequenced over 1,700 nucleotides of nuclear ri- 
bosomal DNA from each of 16 species in table 1. The 
sequence is generally based on both strands of DNA 
except for roughly 50-nucleotide-long regions near in- 
sertions or near primers at the 5’ and 3’ end of the gene. 
I did not determine the sequence of the two insertions 
in Botryosphaeria rhodina’s 18s rRNA gene (located 
following positions 1118 and 1379 in the sequence) or 
the two insertions in the Capronia pilosella (located fol- 
lowing positions 346 and 560 in the sequence). 

I used several strategies for verification of strain 
identity. In some cases, e.g., Sporormia Zignicola and 
Westerdykella dispersa, strains produced identifiable 
sexual fruiting bodies in culture. Setosphaeria rostrata, 
Cochliobolus sativus, and C. pilosella produced diag- 
nostic asexual conidia. I compared the sequence of C. 
pilosella with 18s rRNA sequences of related asexual 
black yeasts in the Herpotrichiellaceae from Spatafora, 
Mitchell, and Vilgalys (1995) (GenBank accession num- 
bers L36996, U20382, L36997, L36999, U20512) and 
found that the sequences cluster together. Cucurbitaria 
berberidis produced a Pyrenochaeta-like asexual state 
in culture (Sivanesan 1984). Most cultures, however, 
grew only as sterile mycelia. In these cases, I sequenced 
less than 500 base pairs of a variable region of a second 
strain of a single species or a second, closely related 
species within a genus (table 1). If the sequences of the 
second strain matched the first, I completed sequencing 
of the first and included it in the analysis. I eliminated 
sequences from analysis if members of the same species 
or genus did not cluster near one another. 

Along with new sequences, I included gene se- 
quences of 26 other published complete 18s rRNA gene 
sequences for most of the analysis. Sequences were ini- 
tially aligned using the Genalign option in the Intelli- 
genetics 5.4 package. Using the manual alignment pro- 
gram SeqApp (Gilbert 1992), I changed the positions of 
the gaps to maximize aligned sites. The alignment in- 
cluded few ambiguities. I excluded gaps but included all 
the nucleotides in the analysis. Alignments of 18s rRNA 
gene sequence are available by request. 

To analyze the sequence data, I found the most par- 
simonious trees for the whole data set using branch and 
bound or replicated heuristic maximum parsimony al- 
gorithms in PAUP 3.1.1 (Swofford 1993). I rooted the 
filamentous ascomycetes using the basal yeasts (Nishida 
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and Sugiyama 1993) and the true yeasts as outgroups. 
To improve chances of finding all the most parsimonious 
trees with my heuristic searches, I performed 100 rep- 
licates of each search, with random addition of the first 
taxon and stepwise addition of subsequent taxa. In ad- 
dition to using parsimony methods, I generated the 
neighbor-joining, distance-based trees with the program 
NEIGHBOR from the computer package PHYLIP 3.54 
(Felsenstein 1994). To evaluate the strength of support 
for branches in the parsimony and neighbor-joining 
trees, I used bootstrapping programs from PHYLIP 3.54. 

Optimizing Substitution Rate Categories Using 
DNAML from PHYLIP 3.54 

I used DNAML to choose a most likely set of cat- 
egories for rate change along the aligned DNA sequenc- 
es. Most methods of DNA sequence analysis assume a 
simple, unrealistic model of sequence evolution where 
all sites in a sequence have an equal probability of 
change. Maximum likelihood methods incorporated in 
DNAML permit users to test different transition/trans- 
version ratios, different rates of change for different sites 
along the gene, and different proportions of nucleotides 
evolving at different rates. Likelihood ratio tests then 
permit statistical evaluation of how well the data fit each 
of the ratio, rate, and proportion assumptions (Felsen- 
stein 1994). 

I next used the programs MacClade 3.0 (Maddison 
and Maddison 1992) and PAUP 3.1.1 (Swofford 1993) 
to find the most parsimonious phylogenetic trees con- 
sistent with the alternative hypotheses discussed above. 
For a statistical comparison of the fit of the data to hy- 
pothetical trees, I used the maximum likelihood program 
DNAML (Kishino and Hasegawa 1989; Felsenstein 
1994) with empirically derived base frequencies and rate 
category parameters optimized as described above (Fel- 
senstein 1981, 1994). 

Results 

The most parsimonious trees (figs. 2 and 3A), the 
neighbor-joining tree (not illustrated), and the maximum 
likelihood tree (fig. 3B) show the Loculoascomycetes to 
be paraphyletic. One group of Euascomycetes taxa, the 
plectomycetes, is nested within the Loculoascomycetes. 
Consistently, the representative of the Chaetothyriales C. 
pilosellu clusters with the Euascomycetes plectomycetes 
like Eurotium rubrum rather than with the other Locu- 
loascomycetes in the Dothideales or the Pleosporales 
(figs. 2,3). Among the Loculoascomycetes, a core group 
of 11 genera in the Pleosporales ranging from P. her- 
barum to Lophiostoma crenatum always form a mono- 
phyletic group. 

In the parsimony analysis, 100 replicated heuristic 
searches with random addition of taxa yielded 18 equal- 
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FIG. 3.-Comparison of a maximum parsimony tree (A) with a 
maximum likelihood tree assuming variable substitution rates (B) for 
19 of the taxa from the complete data set. The maximum likelihood 
computer program DNAML in PHYLIP 3.5 gave a tree essentially 
identical to the parsimony tree A when using the default parameters 
and assuming equal substitution probabilities for all positions in the 
sequence alignment. However, assuming that different positions had 
different substitution probabilities and that blocks of three nucleotides 
had the same rate, the most likely tree shows the Dothidea and Bo- 
tryosphaeria branching successively in the Pleosporales (B), rather 
than forming a monophyletic sister group to the Pleosporales. 

ly parsimonious trees each requiring 1,509 nucleotide 
substitutions (fig. 2). To evaluate the support for the 
branches from the data set, I found the most parsimo- 
nious tree from each of 1,100 bootstrapped replicates. 
Appearance of a cluster in more than 95% of the 1,100 
trees indicates strong support for the grouping from the 
data (Felsenstein 1985). Within the Loculoascomycetes, 
C. pilosellu groups with the plectomycetes in 99% of 
all replicates (fig. 2). The Pleosporales appear as a 
monophyletic group in 99% of all parsimony bootstrap 
replicates. These same groups received strong support 
from neighbor-joining of 1000 bootstrapped data sets 
(not illustrated). 

The branching order of some of the species in the 
Pleosporales depends on the method of analysis. The 
two Cucurbitaria species and Lophiostoma crenatum, 
for example, appear in different places within the Pleos- 
porales in equally parsimonious trees and their positions 
change depending on method of analysis and on the par- 
ticular taxa included in the tree (figs. 2, 3). 

The ordinal affiliation of two species, Botryos- 
phaeria ribis and B. rhodina appears to vary depending 
on analytical method. The Botryosphaeria species group 
with the Dothideales in 63% of the parsimony bootstrap 
replicates (fig. 2) and in 94% of the neighbor-joining 
replicates (not illustrated) but they clustered at the base 
of the Pleosporales in one of the maximum likelihood 
trees (fig. 3B). 



Loculoascomycete Origins 467 

To compare the fit of the data to alternative mor- 
phological hypotheses, I used parsimony along with the 
likelihood method suggested by Kishino and Hasegawa 
(1989). A tree constraining both the Loculoascomycetes 
and the Euascomycetes as monophyletic groups required 
1,528 nucleotide substitutions (19 more than the most 
parsimonious trees) and its log likelihood (- 11,528) 
was more than two standard deviations lower than the 
likelihood of the parsimony tree (log likelihood 
- 11,477). The fit of the data to the parsimony tree was 
significantly better than the fit of the data to the tree 
forcing Loculoascomycetes and Euascomycetes to be 
sister groups. 

Are the Loculoascomycetes, except for C. pilosellu, 
monophyletic? Constraint trees forced the Loculoasco- 
mycetes except for C. pilosellu into monophyly. These 
trees required 1,5 12 substitutions (only three more than 
the most parsimonious tree) and their log likelihoods 
(-11,481, - 11,482) were not significantly different 
from the likelihoods of the parsimony tree. 

Optimizing Parameters to Maximize Log Likelihood 

From repeated runs of DNAML, I optimized values 
for parameters to reflect the nucleotide substitution pat- 
terns in the aligned data by maximizing the log likeli- 
hood of the data. Because multiple runs of DNAML are 
computationally demanding, (1) I reduced the number 
of taxa, performing the runs on a data subset of 19 of 
the 43 taxa, (2) I gave the program a most parsimonious 
user tree rather than allowing it to choose a most likely 
tree, and (3) I considered a maximum of three different 
rate categories. The most parsimonious tree with fewer 
taxa (fig. 3A) was topologically similar to the parsimony 
tree with all 43 species (fig. 2). 

The highest log likelihood (- 6,906) was associated 
with a transition transversion ratio of 2. I assumed that 
nucleotide substitution rates fell into three rate catego- 
ries. Two categories were less likely. The highest log 
likelihood resulted when 60% of the nucleotide posi- 
tions were in the first, invariant rate category. Of the 
remaining nucleotide positions, 35% fell into the sec- 
ond, slow variable, category with a rate of ‘ 1,’ and 5% 
of the sites evolved five times faster than the ‘slow’ 
sites. The rates of change in adjacent sites were linked 
and the highest likelihoods came from assuming that 
blocks three nucleotides in length had similar substitu- 
tion probabilities. 

I then compared the maximum likelihood tree 
(without user trees) for the 19 taxon data subset with 
optimized settings to the tree generated using default 
settings (fig. 3). To improve the chances of finding the 
most likely tree, I performed 10 replicate searches with 
the ‘global search’ option. When assuming optimized 
rate categories, B. rhodina clustered at the base of the 

Pleosporales (fig. 3B). When assuming that all nucleo- 
tide positions evolved at the same rate, B. rhodina clus- 
tered with Dothidea insculptu as in the parsimony tree 
(fig. 3A). The difference in log likelihood between the 
parsimony tree (-6,906, fig. 3A) and the category tree 
(-6,905, fig. 3B) was negligible. 

I also used the optimized parameters to superim- 
pose the complete 43 taxon data set onto the constraint 
trees. The most likely tree was no longer one of the most 
parsimonious trees but was instead a tree showing the 
Loculoascomycetes, except for C. pilosella, as a mono- 
phyletic group. Under the optimized parameters, the tree 
showing the Loculoascomycetes and the Euascomycetes 
as monophyletic groups was still less likely than the 
other trees, but the difference was no longer statistically 
significant. 

Changes in the likelihood program parameter val- 
ues were statistically significant when they changed the 
log likelihood by more than half of the chi-squared val- 
ue with one degree of freedom for each of the six pa- 
rameters being restricted, e.g., one degree for block size, 
one for the transition/transversion ratio, two for the two 
rate categories controlled relative to the third, and two 
for the two rate probabilities, constrained relative to the 
third. I did not explore all possible combinations of val- 
ues for each parameter but ran about 30 replicates to 
find near optimal values, and then ran another 30 rep- 
licates, successively changing the values for each pa- 
rameter until finding values significantly different from 
the optimal values. The transition-transversion ratio was 
between 1.5 and 2.8; between 50% and 70% of the sites 
were invariant and between 20% and 38% of the sites 
changed with an average relative rate of one while the 
remaining sites changed with an average rate between 
three and eight times faster. Rate changes were corre- 
lated for blocks of two to four adjacent sites. 

Discussion 
Can Loculoascomycetes Be Monophyletic? 

To be consistent with Luttrell’s hypothesis, all Lo- 
culoascomycetes should form a monophyletic group in 
an 18s i-RNA-based tree as in fig. 1. Instead, Euasco- 
mycetes and Loculoascomycetes are intermixed. One 
group of Euascomycetes, the plectomycetes, clusters 
with the Loculoascomycetes family Herpotrichiellaceae 
(C. pilosellu and some of the black yeasts) (Spatafora, 
Mitchell, and Vilgalys 1995) (figs. 2-4). This implies 
that convergence in ascus morphology must have oc- 
curred. Either the ascus in the Herpotrichiellaceae con- 
vergently resembles the asci of other Loculoascomyce- 
tes, or the plectomycetes convergently lost their two- 
layered ascus walls to resemble Euascomycetes. 
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FIG. 4.-18s rRNA gene sequences provide strong support for 
clustering plectomycetes with the loculoascomycete Cupronia pilosella 
but not for the branching order of the other groups of the filamentous 
ascomycetes included in this diagram. The unresolved polytomy rep- 
resents the collapse of branches receiving less than 60% bootstrap sup- 
port. In the area of the polytomy, topologies depend on the taxa in- 
cluded in the tree and on the method of analysis. Ascospores to the 
right of the asci indicate lineages that shoot their ascospores. Forcible 
discharge either arose twice, once in C. pilosella and once in the other 
filamentous ascomycetes, or else forcible ascospore discharge was 
primitive among the filamentous ascomycetes and was lost in the plec- 
tomycetes. 

A tree forcing Loculoascomycetes and Euascomy- 
cetes to be monophyletic sister taxa (fig. 1) was signif- 
icantly less likely at the 95% confidence level than the 
most parsimonious trees (fig. 2) (Kishino and Hasegawa 
1989). Changing C. pilosellu’s position contributed the 
most to the statistical difference between the fit of the 
data to the Luttrell tree and to the most parsimonious 
tree. Again applying the Kishino and Hasegawa test, the 
likelihood of a constraint tree allowing C. pilosella to 
cluster with the Euascomycetes rather than the Locu- 
loascomycetes was not significantly different from the 
parsimony tree. 

Even if C. pilosella and plectomycetes are includ- 
ed, 18s rRNA gene sequence data do not provide strong 
support for monophyletic loculoascomycetes. Bootstrap 
support for the cluster including the Dothideales, the 
Pleosporales, C. pilosella, and the plectomycetes is only 
58% with neighbor-joining analysis and is under 50% 
with parsimony analysis. 

18s rRNA trees do not support sister taxon status 
for Loculoascomycetes and Euascomycetes. As Landvik 
et al. (1993) and Gargas and Taylor (1995) pointed out, 
cup fungi (in the Euascomycetes ) appear to radiate early 
in the filamentous ascomycetes so that the Loculoasco- 
mycetes are clustered within the Euascomycetes. 

Loss of Forcible Ascospore Discharge in the 
Plectomycetes 

My results and those of Spatafora, Mitchell, and 
Vilgalys (1995) conflict with Luttrell’s (1955, fig. 1) hy- 

pothesis that forcible ascospore discharge is a derived 
character in the Loculoascomycetes. If forcible asco- 
spore discharge was advanced, then the plectomycetes, 
fungi without forcible discharge, should appear at the 
base of the filamentous ascomycete tree. 18s rRNA gene 
sequence data do not provide strong support for the 
branching order of the basal lineages of filamentous as- 
comycetes (figs. 2, 4), and so a basal position for the 
plectomycetes has been difficult to rule out. The 18s 
gene sequences do, however, provide strong statistical 
support for the clustering of plectomycetes with C. pi- 
ZoseZZa. Finding a species that shoots its ascospores to 
be the sister taxon to the plectomycetes suggests that 
forcible discharge is either primitive or else that forcible 
discharge evolved twice (fig. 4). Most likely, forcible 
ascospore discharge was primitive in both the Locu- 
loascomycetes and the Euascomycetes. 

Phylogeny among the Loculoascomycetes 

Within the traditional Loculoascomycetes, the 
Pleosporales always appear as a monophyletic group 
with high bootstrap support. This implies that the di- 
agnostic characters of the Pleosporales including hyphae 
called pseudoparaphyses that grow from the roof of the 
fruiting body locule down to the floor of the locule (fig. 
2) are good markers for a monophyletic group. Barr 
(1987, 1990) argued that fungi with narrow, sparingly 
septate, frequently anastomosing pseudoparaphyses, and 
with asci lining the walls as well as the floor of the 
locule should be segregated from the Pleosporales into 
a separate order, the Melanommatales. This distinctive 
combination of characters may in some cases, mark a 
fungal group separate from the Pleosporales. However, 
the character combination occurs in at least one genus 
in the Pleosporales. Sporormia Zignicolu (which, based 
on its four-celled ascospores with a germ slit, should 
probably have been transferred into the genus Sporor- 
miella [Ahmed and Cain 197 13) has these Melanom- 
matales characters but clusters inside the Pleosporales 
with strong bootstrap support. 

Within the Pleosporales, the best supported group, 
clustering in 100% of bootstrap trees corresponds to 
Miiller’s (1979) Pleosporaceae s. str. Conidia in the 
group are large, many-celled, and they tend to leave a 
pore or a dark scar on the conidiophore after they are 
released (Mtiller 1979). The group includes important 
plant pathogens on monocot and herbaceous dicot hosts. 
Many of the fungi in this group produce toxins of vary- 
ing levels of host specificity. Chemical components of 
the toxin vary; for example, in Alternaria tenuis (closely 
related to A. alternata), the toxin is a cyclic tetrapeptide 
while in Cochliobolus victoriae Nelson, it is a polypep- 
tide linked to a sesquiterpene (Goodman, Kiraly, and 
Wood 1986, p. 334). Barr (1987) grouped Cochliobolus, 
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Setosphaeria, and Pyrenophora into the family Pyren- 
ophoraceae and put Pleospora in the Pleosporaceae, not- 
ing that the families are probably close relatives. My 
data suggest that the four genera belong in one family, 
the Pleosporaceae, since Pleospora herbarum, type spe- 
cies for the Pleosporaceae, clusters inside the Pyreno- 
phoraceae. 

Within the Pleosporales, the genera Pleospora and 
Leptosphaeria do not appear to be monophyletic (fig. 
2). In both cases, there are two possible explanations. 
One is misidentification of a culture. The second is that 
the genera are truly polyphyletic (Morales et al. 1995). 
Pleospora has always been considered a heterogeneous 
genus. Pleospora herbarum is the type species in the 
genus and it clusters as it should with Altemaria alter- 
nata, known on morphological grounds to be a close 
relative. The P. rudis may either be misidentified or its 
grouping away from P. herbarum may indicate real het- 
erogeneity in the genus. Cucurbitaria elongata and C. 
berberidis occasionally cluster together but more fre- 
quently do not, even though their sequences are very 
similar to one another. I attribute the lack of clustering 
of these two species to short branches of the two and to 
lack of resolution in this part of the tree (fig. 2). 

Order Dothideales characteristically lacks the pseu- 
doparaphyses that are present in the Pleosporales (fig. 
2). In my data set, the Dothideales in a strict sense are 
represented only by two species of Dothidea. Aureo- 
basidium pullulans is reported as the asexual state of 
Loculoascomycetes in the Dothideaceae (Sivanesan 
1984; Barr 1987) and it clusters, as expected, with the 
Dothidea species. Botryosphaeria species, with a mix- 
ture of Pleosporales and Dothideales morphological 
characters, usually cluster with the Dothideales in se- 
quence trees (figs. 2, 3A). However, in one of the max- 
imum likelihood trees (fig. 3B), Botryosphaeria clus- 
tered with the Pleosporales. With their long-stalked asci, 
aseptate ascospores, and dark-colored mycelia, Botryos- 
phaeria species resemble other members of the Dothi- 
deales (Arx and Miiller 1954, p. 2 1; Miiller 1979). As 
in other Dothideales taxa, mature fruiting bodies in Bo- 
tryosphaeria species do not contain pseudoparaphyses. 
Immature fruiting bodies, however, do have pseudopar- 
aphyses (Parguey-Leduc 1977). 

The clustering of Botryosphaeria with the Pleos- 
porales in a maximum likelihood tree allowing for dif- 
ferent rates of substitution at different sites (fig. 3B), but 
not in trees generated by methods assuming that all sites 
have equal rates of substitution, suggests that the sub- 
stituted sites shared by Botryosphaeria and the Dothi- 
deales may be evolving relatively quickly. Based on ei- 
ther morphology or sequence data, the ordinal position 
of Botryosphaeria species remains equivocal. Additional 
information from related genera, from other genes, or 

from microscopic re-examination of members of the ge- 
nus might help clarify its phylogenetic position and the 
history of origin of pseudoparaphyses. 

Conclusions 

All fungi with jack-in-the box asci are traditionally 
considered to be loculoascomycetes (as in fig. 1). How- 
ever, this study of 18s rRNA genes suggests that any 
monophyletic group retaining all the Loculoascomycetes 
must also include the plectomycete fungi that lack jack- 
in-the-box asci. Either the jack-in-the-box ascus evolved 
independently in at least two lineages of filamentous 
ascomycetes, or the plectomycetes are phylogenetic Lo- 
culoascomycetes that have lost their jack-in-the-box dis- 
charge mechanism. 
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