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Fic. 1. Capillitia of gasteroid forms. A. Geastrum triplex GTGH. Scale bar: 20 um. B. Myriostoma coliforme MCFE. Scale
bar: 20 um. C. Mycenastrum corium MCAM. Scale bar: 50 wm. D. Lycoperdon echinatum LEVB. Scale bar: 20 pm. E. Bovista

nigrescens DA-22. Scale bar: 100 pwm.

was calculated with the algorithm of Nei and Li (1979). The
distance matrix was used in the neighborjoining (Saitou
and Nei 1987) module of PHYLIP v. 3.57 (Felsenstein
1993), and the output phylogram prepared as an unrooted
network.

Analysis of sequences.—Complementary sequences were
manually edited in SeqEd v. 1.0.3 (Applied Biosystems) and
ambiguous base positions were coded in standard nucleo-
tide codes. Four additional sequences drawn from GenBank
were marked with GB in the analysis of the 18S data set.
Automatically computed alignments using either ClustalW
or ClustalX (Thompson et al 1997) were corrected and
manually adjusted in a text editor. Two variable regions in
the spacer region data set (positions 140-150, 212-216)
were excluded from the alignment. Alignments are avail-
able at TreeBASE (http://herbaria.harvard.edu/treebase/;
study accession number S601). Sequences have been sub-
mitted to EMBL/GenBank/DDB] databases (http://
www.ebi.ac.uk/embl/submission; accession numbers see
above). A NEXUS file containing all commands in a PAUP
block (Maddison et al 1997) was generated by aid of
MacClade v. 3.04 (Maddison and Maddison 1992) and a text
editor. Phylogenetic analyses were performed in PAUP 3.1.1
(Swofford 1990) and PAUP* 4.0 beta version (Swofford
1998) using Fitch Maximum Parsimony (Fitch 1971), in
which character states are unordered and equally weighted.
Gaps were treated as missing data. Heuristic search was car-
ried out with 1000 replicates, random taxon addition se-
quence, TBR branch swapping, and MAXTREES set to 10
000. Heuristic bootstrap analyses (Felsenstein 1985) were
performed with 100 pseudoreplicates. Trees were exported
to graphics programs through TreeView (Page 1996).

To evaluate the results of the ITS region analysis, a con-

strained tree was created in MacClade, forcing the mono-
phyly of Lycoperdon (including L. echinatum, L. foetidum,
L. mammiforme, L. perlatum, and L. pyriforme). The con-
strained analysis involved a two-step heuristic search with
1000 replicates and MAXTREES set to 10 000. In the second
step, branch swapping was performed on the shortest trees
found in step 1 (saving a maximum of 100 trees in each
replicate). Unconstrained and constrained trees were com-
pared in PAUP* using the Kishino-Hasegawa test (Kishino
and Hasegawa 1989) and the Wilcoxon signed-ranks (Tem-
pleton) test (Templeton 1983).

Light microscopy—Spores and capillitia were examined with
a Zeiss Axioskop. Photography was done with a Zeiss MC
80 camera. Examples of capillitia are shown in FIiGs. 1A-E.

RESULTS

SSU rDNA sequence data—The alignment of the
NS5/NS8 sequences resulted in a total of 572 char-
acters, which included 473 constant sites, 39 variable
but parsimony-uninformative sites, and 60 parsimony-
informative sites. The PAUP* analysis of the SSU data
recovered one tree island (Maddison 1991) with 14
equally parsimonious trees with a length of 167 steps
and the following scores: CI = 0.731, RI = 0.786, RC
= 0.574. Phylogram 1/14, rooted with Tremella foli-
acea as outgroup, is shown in FIG. 2.

Parsimony analysis with increased taxon sampling
for the Lycoperdales supports the results of Hibbett
et al (1997), showing the puffballs nested within the
euagarics clade, supported by a bootstrap value of



952 MYCOLOGIA

BOVISTELLA RADICATA
LYCOPERDON UMBRINUM
BOVISTA PUSILLA

MORGANELLA SUBINCARNATA

VASCELLUM PRATENSE

61 BOVISTA PLUMBEA

LYCOPERDON MAMMIFORME
CALVATIA GIGANTEA

- CALVATIA COMPLUTENSIS

— CALVATIA FRAGILIS
MYCENASTRUM CORIUM

*
; Lepiota cristata
* §§LMacrolepiota konradii
64 7 3 = Macrolepiota procera GB
8 - Tricholoma matsutake GB
Hydnum repandum
70 | GEASTRUM TRIPLEX
_ 100 - MYRIOSTOMA COLIFORME
-—15—% 1 GEASTRUM SACCATUM GB
MUTINUS CANINUS

-1

Tremella foliacea GB

Fic. 2. PAUP* 4.0. SSU rDNA phylogram of 21 taxa. One of 14 most-parsimonious trees. Outgroup: Tremella foliacea.
Bootstrap values in bold face above branches, branch length below (branch length of 1 not indicated). Asterisks denote
branches collapsing in majority-rule consensus of the 14 equally most-parsimonious trees. Taxa in capitals are gasteroid. GB
= sequence imported from GenBank. Scale bar = 1 character change.

78%. Lepiota cristata (Agaricaceae) was found to be
closer to Mycenastrum corium (Mycenastraceae) and
the true puffballs (Lycoperdaceae) than to Macrole-
piota procera and M. konradii. However, the weakly
supported clade including all members of the Agar-
icales and the Lycoperdales used in this study col-
lapses in the strict consensus tree. The branch lead-
ing to the Lycoperdaceae is confirmed with 72%
bootstrap support, but neither Calvatia, nor Bovista,
nor Lycoperdon appear to be monophyletic. Members
of the Calvatia segregate Handkea could not be suc-
cessfully amplified and are thus missing in our anal-

ysis. Our 18S sequence data did not robustly resolve
relationships within a clade consisting of the smaller
puftballs (Bovista, Bovistella, Lycoperdon, Morganella,
Vascellum), yielding a polytomy in the consensus of
the bootstrap analysis. The SSU data support the sep-
aration of the Lycoperdales and the Geastrales as pro-
posed by Kreisel (1969) using morphological and an-
atomical characters. The earthstars, here represented
by Geastrum triplex, G. saccatum, and Myriostoma col-
iforme, are sister group to the Phallales represented
by Mutinus caninus, but are not closely related to the
Lycoperdales. This result supports the findings of
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L.marginatum B.plumbea

Bovista pusilla, polymorpha, nigrescens,
paludosa

L.foetidum
L.umbrinum
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Distance 0.1
V. pratense

Fic. 3. PHYLIP 3.572. ITS1-5.88ITS2 rDNA neighbor-
joining phylogram based on restriction pattern generated
with five restriction endonucleases. Unrooted network.
Samples included: Bovistella radicata BRAW; Bovista nigres-
cens BNDW; B. paludosa BPRU; B. plumbea DA-6, DA-27,
DA-54; B. polymorpha DA-29 and DA-56; B. pusilla 0462 and
DA-31; Vascellum pratense Os22/91; Lycoperdon marginatum
LMAS; L. mammiforme DA-42; L. echinatum LEVB; L. foetid-
um DA-23 and DA-100; L. perlatum DA-20, DA-45, DA-106,
DA-110, DA-111; L. molle DA-1; L. umbrinum DA-16, L. liv-
idum DA-57 (labeled ““Scotland”) and LLOS (labeled “Ba-
varia’’). Scale bar = distance.

Hibbett et al (1997) that Geastrales and Phallales to-
gether with Gomphaceae form the gomphoid-phal-
loid clade (Pine et al 1999), which is separate from
the cantharelloid clade represented here by Hydnum
repandum.

ITS region RFLP data.—Focusing on the phylogeny
of Lycoperdon, RFLPs of the more variable ITS rDNA
region (ITS1-5.8S-ITS2) were used to evaluate the
concept of this genus. Unfortunately, a number of
key taxa (Lepiota cristata, Lycoperdon pyriforme, Mor-
ganella subincarnata) had different sized PCR prod-
ucts and were therefore excluded. All isolates includ-
ed in subsequent analyses had PCR products of 890
bp length. The RFLP neighbor-joining analysis based
on the data matrix of TABLE I (FIG. 3) is presented
as an unrooted network due to the absence of an
appropriate outgroup.

Bovista forms a separated group, as well as (i) L.
marginatum and L. perlatum (five specimens from dif-
ferent locations), (ii) L. echinatum and B. radicata,
and (iii) L. mammiforme, L. molle, L. lividum, L. um-
brinum, and two L. foetidum specimens. Restriction
digests with two additional enzymes (Al I, Nla III)
did not improve resolution concerning the position
of Bovista pusilla, B. polymorpha, B. paludosa, and B.
nigrescens.

ITS region sequence data—Based on the RFLP data,
species of Bovista, Bovistella, Lycoperdon, Morganella
and Vascellum were selected for a sequencing analysis

to compensate for the length heterogeneity of the
ITS region PCR products. The chosen outgroup was
Lepiota cristata. To survey the amount of intraspecific
variability in Lycoperdon pyriforme we included 7 col-
lections from different origins. The alignment of the
spacer region sequences covered a total of 703 char-
acters, including 535 constant characters, 84 variable
and parsimony-uninformative characters, and 84 var-
iable and parsimony-informative characters. Two
equally parsimonious trees (CI = 0.713, RI = 0.762,
RC = 0.543) with a length of 286 steps were found
in one tree island, one of these is shown in FIG. 4.
Although the collections of L. pyriforme originate
from different continents (Asia, Europe, and North
America), sequences were identical for all strains in-
vestigated. This indicates a stagnant rate of evolution
in the rDNA spacer region of L. pyriforme, which to
our knowledge has not been reported within a spe-
cies so far. Further studies should address the alter-
native explanation of recent dispersal. A bootstrap
value of 41% supports L. pyriforme as the sister group
to the sparsely resolved genera Bovista, Bovistella, Ly-
coperdon, Morganella and Vascellum. The weakly sup-
ported Bovista clade collapses in the strict consensus
tree. Within Bovista, B. plumbea and B. paludosa
(Bovista type capillitium), and B. pusilla (Lycoperdon
type capillitium) and B. polymorpha (transitional type
capillitium) form two moderately confirmed groups.
The clade including Morganella subincarnata (para-
capillitium), Lycoperdon perlatum (Lycoperdon type
capillitium), and Vascellum pratense (Lycoperdon type
capillitium with abundant paracapillitium) collapses
to a trichotomy in the bootstrap analysis. Short
branches support a group composed of Bovistella rad-
icata (Bovista type capillitium with large pits), Lyco-
perdon foetidum, L. echinatum, and L. mammiforme
(each showing the Lycoperdon type capillitium) with
bootstrap values between 64 and 80%. We conclude
that Lycoperdon is polyphyletic. A slightly unbalanced
selection of specimens did not influence the resolu-
tion of the tree. If only one L. pyriforme sequence is
used, the same topology is found in the most-parsi-
monious tree. The second most-parsimonious tree
(under inclusion of 1 or 7 L. pyriforme sequences)
only differs in shifting the Bovista pusilla / B. poly-
morpha clade into an unresolved position between B.
plumbea / B. paludosa and the other puffballs.

The monophyly of Lycoperdon echinatum, L. foetid-
um, L. perlatum, L. mammiforme, and L. pyriformewas
forced in a constrained analysis, leaving the rest of
the tree unresolved. The shortest constrained tree re-
quired 9 additional steps, but is not rejected in the
Kishino-Hasegawa test and in the Templeton test (TA-
BLE II).

To illustrate the influence of the agaricoid outgroup
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Fic. 4. PAUP* 4.0. ITS1-5.85-ITS2 rDNA phylogram of 19 taxa. One of two most-parsimonious trees. Outgroup: Lepiota
cristata. Bootstrap values in bold face above branches, branch length below. Asterisks denote branches collapsing in majority-
rule consensus of the two equally most-parsimonious trees. Capillitium type indicated on righthand side. Scale bar = 1

character change.

Lepiota cristata on tree topology and possibly long
branch effects, a heuristic search was performed un-
der exclusion of Lepiota, and exclusion of 6 of the 7
L. pyriforme sequences. The resulting phylogram is
shown as an unrooted network [ (FIG. 5; 1 of 3 similar,
equally parsimonious trees (209 steps, CI = 0.718, RI

= 0.535, RC = 0.384) found in one tree island)]. Ly-
coperdon pyriforme is positioned on the longest branch.
There is a Bovista group, and a group of L. echinatum
/ L. mammiforme / L. foetidum / Bouistella. The latter
is the sister group to Morganella / Vascellum / L. per-
latum, all three sitting on relatively long branches.
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TABLE II.

Most-parsimonious trees found in Fitch MP analysis of the ITS sequence data with Kishino-Hasegawa (K-H) and

Templeton test results. ML analysis with shape parameter (alpha) = 0.17 estimated, Felsenstein 1984 (F84) and Hasegawa-

Kishino-Yano (HKY) models

Maximum
Maximum Likelihood Parsimony
In likelihood K-H Pvalue Te";fll(‘;“’“
Tree length Indices F84 HKY F84 HKY K-H P value
Lycoperdon monophyly enforced (one tree)
295 CI 0.692, RI 0.735, RC 0.509 2398.64442 2398.54766 0.1270 0.1222 0.0947
No topology enforced (two trees in island)
tree 1 286 CI 0.713, RI 0.762, RC 0.543 2383.91192 2383.94870 (best)
tree 2 286 CI 0.713, RI 0.762, RC 0.543 2386.91832 2386.89859 0.4334 0.4204 1.0000

Light microscopy.—Spores and capillitia have been ob-
served and in some cases documented with photo-
graphs. Capillitium threads of Geastrales (FIGs. 1A,
1B) and Lycoperdales (FiG. 1C-E) differ in the width
of the hyphal walls, elasticity, branching pattern, oc-
currence of pits, septa, and pointed appendages.

DISCUSSION

The phylogenetic origins of the Geastrales and the
Phallales remain unresolved in this study (FIG. 2).
The earthstars represent a separate lineage of gaster-
omycetes and have evolved independently of the Ly-
coperdales. In traditional taxonomy, Geastrales and
Lycoperdales are basically distinguished by a differ-
ent habitus and by distinct capillitial characters.
Earthstar capillitia do not exhibit any pores or pits
and are very thick-walled, leaving a narrow lumen in
the hypha (Sunhede 1989).

The development of hyphal networks or capillitia
during the formation of the gleba structure might be
regarded as a convergent process in different groups

B.polymorpha
B.pusilla poly P

L.pyriforme
B.paludosa

L.echinatum

L.mammiforme
L.foetidum M.subincarnata

B.radicata

' L.perlatum
- V. pratense

Fic. 5. PAUP* 4.0. ITS1-5.85-ITS2 rDNA most-parsi-
monious phylogram of 12 taxa. One of three most-parsi-
monious trees. Unrooted network. Scale bar = 1 character

change.

of gasteroid fungi and therefore provide a way to de-
tect major groups. Myriostoma coliforme (Geastrales)
features a thick-walled capillitium forming thorns
(F1G. 1B) similar to that of Mycenastrum corium (Ly-
coperdales), which is composed of thin-walled hy-
phae and organized in separate units (F1G. 1C). Cap-
illitium types that are obviously similar may have re-
sulted from convergent evolution, but in some cases
they can provide evidence of relationships within def-
inite gasteroid groups. SSU rDNA data (FIG. 2) show
Mycenastrum cortum as a true representative of the
Lycoperdales. In addition, a moderate bootstrap val-
ue of 78% supports M. corium and Lepiota cristata as
sister groups. This result confirms a close relation-
ship of Lycoperdales and Lepiotaceae, which has not
previously been resolved with confidence (Hibbett et
al 1997). An extended analysis using additional se-
quence data from Johnson and Vilgalys (1998) cor-
roborates the close relationship of the Lycoperdales
and the Lepiotaceae (phylogram not shown). Ac-
cording to the molecular data obtained in this study
as well as from the analyses of Hibbett et al (1997),
Johnson and Vilgalys (1998), and Pine et al (1999),
we suggest the inclusion of the Lycoperdales in the
Agaricales as Lycoperdaceae, close to Lepiotaceae.
Within the Lycoperdaceae, an uncertainty remains
with respect to the boundaries between Lycoperdon
and Bovista. In contrast to the SSU data (FiG. 2), ITS
region sequences (FIG. 4) suggest that Bovista is
monophyletic as delimited by Kreisel (1967b). In
Bovista, the type of capillitium (Kreisel 1964, 1967b)
has been used as a taxonomic character. A transition-
al connection of Bouista species with Bovista type cap-
illitium by species with Lycoperdon type capillitium
(B. pusilla) and transitional type capillitium (B. po-
lymorpha) to Lycoperdon could not be supported by
RFLP analysis (FIG. 3). Next to the Bovista type cap-
illitium (B. paludosa, B. plumbea, B. nigrescens), both
the transitional type and the Lycoperdon type occur
within Bovista, which makes capillitial characters
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equivocal to separate Bovista and Lycoperdon. Impor-
tant characters in Lycoperdon are a cellular subgleba
and a gleba with pseudocolumella (Pegler et al
1995). In Bouista spp. with a developed subgleba, it
is always compact; the gleba has no distinct pseudo-
columella.

Based on the RFLP data, Lycoperdon appears to be
polyphyletic, which leads to the problem of redefin-
ing the generic limitations between Lycoperdon, Bov-
istella, Morganella, and Vascellum. Lycoperdon pyrifor-
me has abundant capillitium and paracapillitium, all
Morganella spp. have only paracapillitium, Vascellum
pratense has a much reduced capillitium and abun-
dant paracapillitium while most other Vascellum spp.
have only paracapillitium. Combining both morpho-
logical and our current DNA data, we can not pro-
vide a conclusive solution. Molecular studies on an
increased number of taxa are needed to understand
the phylogeny of Lycoperdon and allies. Preliminary
RFLP data suggested that Vascellum, Morganella, and
Lycoperdon pyriforme are distinct from the other Ly-
coperdon spp. However, Morganella and L. pyriforme
had to be excluded from the RFLP analysis due to
the different size of the PCR product. Lycoperdon pyr-
iforme is the only Lycoperdon species growing strictly
on wood and woody debris. Species of Morganella are
also lignicolous (Kreisel and Dring 1966); the speci-
men used here, however, as one of the only two sam-
ples of the genus from Europe, was found in a Sphag-
num bog (Besl et al 1982). Lycoperdon perlatum some-
times is found on very decomposed wood (as were
samples DA-20, DA-110, DA-111). Vascellum has no
lignicolous representatives (Kreisel 1993). Members
of Bovista section Xyloperdon (Kreisel 1967b) grow on
the bark of living trees, not on dead wood. Xyloperdon
samples were not available for this study.

The genus Lycoperdon is polyphyletic in all analyses
shown in the present study. The topology of the un-
constrained ITS phylogram (Fic. 4) differs from the
RFLP analysis (FIG. 3) in the isolated position of Ly-
coperdon perlatum, while a clade including L. mam-
miforme, L. echinatum and L. foetidum is confirmed
with a bootstrap value of 80%. In the RFLP analysis
(F1G. 3), Lycoperdon lividum specimens (from Scot-
land and Germany) are next to L. molle. The RFLP
data suggest additionally that L. foetidum, L. umbrin-
um, L. lividum, L. molle and L. mammiforme are not
closely related to L. perlatum, the type species of Ly-
coperdon, or L. echinatum. Five samples of L. perlatum
from different locations and L. marginatum cluster
together in the RFLP analysis. The samples identified
as L. perlatum, including DA-111 L. perlatum var. bon-
ordenii, all yielded exactly equal restriction patterns.
Another group combines L. echinatum and Bovistella

radicata, in spite of considerably different morpho-
logical characters.

Lycoperdon pyriforme does not cluster with any oth-
er Lycoperdon species and could be segregated from
the genus by additional characters. It is isolated with-
in Lycoperdon not only for its obligate lignicolous
habitat, but also for a few morphological characters.
The subgleba remains white even in mature speci-
mens, pits are lacking in the capillitium, and spher-
ocysts in the outer layer of the exoperidium have a
unique form (Demoulin 1972). The pear-shaped bas-
idiocarps grow in clusters and are uniquely attached
with conspicuous white mycelial strands. However, af-
ter the segregation of L. pyriforme, Lycoperdon re-
mains polyphyletic in each analysis presented here.
Therefore, we will not establish a new segregate ge-
nus to accommodate Lycoperdon pyriforme or transfer
it to Morganella (see about similarities above) before
more molecular data on species of Lycoperdaceae
are available.

ACKNOWLEDGMENTS

DK wishes to thank Prof. Andreas Bresinsky, Dr. Helmut
Besl, and other colleagues at Regensburg University for sup-
porting his thesis. DNA sequencing was facilitated by the
University Clinics of Regensburg. Mr. Giinter Kolb (Re-
gensburg, Germany) and Prof. Gabriel Moreno (Alcala de
Henares, Spain) helped us with spore microscopy. Thanks
to Drs. Markus Scholler and Annemarthe Rubner (West La-
fayette, Indiana), and Erika Retzlaff (Greifswald, Germany)
for advice and encouragement in the course of this study.
Also thanks are directed to collectors of specimens. Drs.
Randy Small and Rick Weinstein (Knoxville, Tennessee),
and the reviewers are thanked for helping improve earlier
drafts.

LITERATURE CITED

Besl H, Bresinsky A, Einhellinger A. 1982. Morganella sub-
incarnata und andere seltene Pilze der submontanen
Grasfluren zwischen Garmisch und Mittenwald (Bay-
ern). Z Mykol 48:99-110.

Calonge FD. 1998. Gasteromycetes I. Flora Mycologica Iberica.
Vol. 3. Madrid, Spain: Real Jardin Botanico. 271 p.
Cunningham GH. 1942. The Gasteromycetes of Australia
and New Zealand. Auckland, New Zealand: Publ. by

the author. 236 p, 37 pl.

. 1946. Notes on classification of the Polyporaceae.
New Zealand J Sci Technol 28:238-251.

D’Aquila RT, Bechtel L], Videler JA, Eron JE, Gorczyca P,
Kaplan JC. 1991. Maximizing sensitivity and specificity
of PCR by preamplification heating. Nucl Acids Res 19:
37-49.

Demoulin V. 1972. Le genre Lycoperdon en Europe et en
Amérique du Nord [doctoral thesis]. Liége, Belgium:
Univ. de Liege. 284 p.




KRUGER ET AL: MOLECULAR PHYLOGENETICS OF GASTEROID FUNGI 957

Doyle JJ, Doyle JL. 1987. A rapid isolation procedure from
small quantities of fresh leaf tissue. Phytochem Bull 19:
11-15.

Felsenstein J. 1985. Confidence limits on phylogenies: an
approach using the bootstrap. Evolution 39:783-791.

. 1993. PHYLIP (Phylogeny Inference Package) v.
3.572. Seattle, Washington: University of Washington.

Fischer E. 1933. Reihe Gasteromyceteae. In: Die Nattrlich-
en Pflanzenfamilien. 2nd ed. Vol. 7a. Leipzig, Germa-
ny: Engelmann. 122 p.

Fitch WM. 1971. Toward defining the course of evolution:
Minimal change for a specific tree topology. Syst Zool
20:406-416.

Hibbett DS, Pine EM, Langer E, Langer G, Donoghue M].
1997. Evolution of gilled mushrooms and puffballs in-
ferred from ribosomal DNA sequences. Proc Natl Acad
Sci USA 94:12002-12006.

Johnson ], Vilgalys R. 1998. Phylogenetic systematics of Le-
piota sensu lato based on nuclear large subunit rDNA
evidence. Mycologia 90:971-979.

Kishino H, Hasegawa M. 1989. Evaluation of the maximum
likelihood estimate of the evolutionary tree topologies
from DNA sequence data, and the branching order of
Hominoidea. ] Mol Evol 29:170-179.

Kreisel H. 1964. Vorlaufige Ubersicht der Gattung Bovista.
Feddes Repertorium 69:196-211.

. 1967a. Die Grof8pilze des Greifswalder Botanischen

Gartens. Wiss Z Ernst-Moritz-Arndt-Univ Greifswald,

Math-Naturwiss Reihe 16:229-238.

. 1967b. Taxonomisch-pflanzengeographische Revi-

sion der Gattung Bovista. Beih Nova Hedwigia 25:1-

244.

. 1969. Grundziige eines natiirlichen Systems der Pil-

ze. Jena, Germany: Gustav Fischer Verlag/Cramer. 245

p, 8 pL

. 1989. Studies in the Calvatia complex (Basidiomy-

cetes). Nova Hedwigia 48:281-296.

. 1993. A key to Vascellum (Gasteromycetes) with

some floristic notes. Blyttia 51:125-129.

. 1994. Studies in the Calvatia complex (Basidiomy-

cetes) 2. Feddes Repertorium 105:369-376.

. 1998. Die Gattungen Calvatia und Handkea in Eu-

ropa und der Arktis. Osterr Z Pilzk 7:215-225.

, Dring DM. 1966. An emendation of the genus Mor-
ganella Zeller (Lycoperdaceae). Feddes Repertorium
74:109-122.

Lee SB, Taylor JW. 1990. Isolation of DNA from fungal my-
celia and single cells. In: Innis MA, Gelfand DH, Snin-
sky JJ, White TJ eds. PCR protocols, a guide to methods
and applications. San Diego, California: Academic
Press. p 282-287.

Maddison DR. 1991. The discovery and importance of mul-

tiple islands of most-parsimonious trees. Syst Zool 40:

315-328.

, Swofford DL, Maddison WP. 1997. NEXUS: An ex-
tensible file format for systematic information. Syst Biol
46:590-621.

Maddison WP, Maddison DR. 1992. MacClade: analysis of
phylogeny and character evolution. v3.04. Sunderland,
Massachusetts: Sinauer Associates.

Moser M. 1960. Die Gattung Phlegmacium (Schleimképfe).
Bad Heilbrunn, Germany: J. Klinkhardt. 440 p.

Nei M, Li WH. 1979. Mathematical model for studying ge-
netic variation in terms of restriction endonucleases.
Proc Natl Acad Sci USA 76:5269-5273.

Page RDM. 1996. TREEVIEW: an application to display phy-
logenetic trees on personal computers. Comp Appl
Biosci 12:357-358.

Pegler DN, Lassge T, Spooner BM. 1995. British puffballs,
earthstars and stinkhorns. Kew, England: Royal Botanic
Gardens. 255 p.

Pine EM, Hibbett DS, Donoghue M]J. 1999. Phylogenetic
relationships of cantharelloid and clavarioid Homobas-
idiomycetes based on mitochondrial and nuclear rDNA
sequences. Mycologia 91:944-963.

Saitou N, Nei M. 1987. The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol
Evol 4:406-425.

Singer R. 1986. The Agaricales in modern taxonomy. Kén-
igstein, Germany: Koeltz Scientific Books. 981 p.

Sunhede S. 1989. Geastraceae (Basidiomycotina). Synopsis
Fungorum 1. Oslo, Norway: Fungiflora. 535 p.

Swofford DL. 1990. PAUP: phylogenetic analysis using par-
simony. Version 3.1.1. Washington DC: Smithsonian In-
stitution.

. 1998. PAUP*: phylogenetic analysis using parsimo-
ny (*and other methods). Version 4.0. Sunderland,
Massachusetts: Sinauer Associates.

Templeton AR. 1983. Phylogenetic inference from restric-
tion endonuclease cleavage site maps with particular
reference to the evolution of humans and the apes.
Evolution 37:221-244.

Thiers HD. 1984. The secotioid syndrome. Mycologia 76:1-8.

Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Hig-
gins DG. 1997. The CLUSTAL.X windows interface:
flexible strategies for multiple sequence alignment aid-
ed by quality analysis tools. Nucl Acids Res 24:4876~
4882.

White TJ, Bruns T, Lee S, Taylor JW. 1990. Amplification
and direct sequencing of fungal ribosomal RNA genes
for phylogenetics. In: Innis MA, Gelfand DH, Sninsky
JJ, White TJ. eds. PCR protocols, a guide to methods
and applications. San Diego, California: Academic
Press. p 315-321.

Zolan M, Pukkila PJ. 1986. Inheritence of DNA methylation
in Coprinus cinereus. Mol Cell Biol 6:195-200.






