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A data set with 1551 fungal sequences of the small subunit ribosomal RNA has been analysed phylogenetically. Four
animal sequences were used to root the tree. The parsimony ratchet algorithm in combination with tree fusion was used
to find most parsimonious trees and the parsimony jackknifing method was used to establish support frequencies. The
full-length consensus tree, of the most parsimonious trees, is published and jackknife frequencies above 50 % are plotted
on the consensus tree at supported nodes. Until recently attempts to find the most parsimonious trees for large data sets
were impractical, given current computational limitations. The parsimony ratchet in combination with tree fusion was
found to be a very efficient method of rapid parsimony analysis of this large data set. Parsimony jackknifing is a very fast
and efficient method for establishing group support. The results show that the Glomeromycota are the sister group to a
monophyletic Dikaryomycota. The majority of the species in the Glomeromycota/Dikaryomycota group have a symbiotic
lifestyle — a possible synapomorphy for a group ‘ Symbiomycota’. This would suggest that symbiosis between fungi and
green plants evolved prior to the colonization of land by plants and not as a result of the colonization process. The
Basidiomycotina and the Ascomycotina are both supported as monophyletic. The Urediniomycetes is the sister group to
the rest of the Basidiomycotina successively followed in a grade by Ustilaginomycetes, Tremellomycetes, Dacrymycetales,
Ceratobasidiales and Homobasidiomycetes each supported as monophyletic except the Homobasidiomycetes which

are left unsupported. The ascomycete node begins with a polytomy consisting of the Pneumocystidomycetes,
Schizosaccharomycetes, unsupported group with the Taphrinomycetes and Neolectales, and finally an unnamed,
monophyletic and supported group including the Saccharomycetes and Euascomycetes. Within the Euascomycetes the
inoperculate euascomycetes (Inoperculata) are supported as monophyletic excluding the Orbiliomycetes which are
included in an unsupported operculate, pezizalean sister group together with Helvellaceae, Morchellaceae, Tuberaceae
and others. Geoglossum is the sister group to the rest of the inoperculate euascomycetes. The Sordariomycetes,
Dothideomycetes, Chaetothyriomycetes and Eurotiomycetes are each highly supported as monophyletic. The
Leotiomycetes and the Lecanoromycetes both appear in the consensus of the most parsimonious trees but neither taxon
receives any jackknife support.

INTRODUCTION ‘Myxomycetes’, Qomycetes, and Plasmodiophoro-
mycetes, are not included in the Fungi and believed to
be more closely related to other eukaryotes (Hawks-
worth 1991, Tehler 1988, 1995, Tehler et al. 2000).
Evidence clearly indicates that the chitinous fungi,
Fungi, constitutes a monophyletic group including
Chytridiomycetes, Zygomycetes, Ascomycotina and
Basidiomycotina (for references see Hawksworth ez al.
1995). Their monophyly is supported by both morpho-
logical, chemical and other characters such as chitin in
) the cell walls, hyphal organization, heterotrophism by
* The essence of the paper was presented at the 7th International . . I
Mycological Congress IMC7 in Oslo on 12 August 2002. absorptlon of'predlgested food, a-aminoadafic (AAA)
+ Corresponding author. lysine synthetic pathway, and the flagellar apparatus,

The polyphyletic origin of the various fungal-like
taxa is generally acknowledged with all major groups,
Fungi, Oomycota (included in the Straminipila), Plasmo-
diophoromycota, Myxomycota, Dictyosteliomycota,
Acrasiomycota evolving in different lineages as related
to major or well-known eukaryotes (Alexopoulos,
Mims & Blackwell 1996). Fungal-like groups, such as
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if present (Tehler 1988). Monophyly is also supported
by sequences from the SSU rDNA (Bruns, White &
Taylor 1991, Lipscomb et al. 1998, Tehler et al. 2000,
Wainright et al. 1993).

Alexopoulos et al. (1996) and Hawksworth et al.
(1995) use the kingdom name Fungi for this group,
equalling to Eumycota as used by Tehler er al. (2000).
In the following we will use Fungi or chitinous fungi for
this particular group of organisms since nearly all of its
members share cell walls with chitin (Prillinger 1982,
Tehler 1988, 1995).

Various suggestions on the evolution of the Fungi
have been put forward: on the basis of the lysine bio-
synthesis pathway, Vogel (1964) postulated that the
nonflagellate fungi, Amastigomycotina, together with
the nonlysine-producing protozoa and metazoa were
derived from the euglenids. Cavalier-Smith (1987)
suggested a choanoflagellate as a common ancestor of
fungi and animals. None of these suggestions received
support from parsimony jackknifing of SSU rDNA
sequences (Lipscomb et al. 1998). Recently it was
suggested that the Microsporidia constituted the sister
group to the Fungi (Hirt et al. 1999) but that hypothesis
has been contradicted by data from both ribosomal
sequences (Lipscomb et al. 1998) and protein sequences
(Tanabe, Watanabe & Sugiyama 2002). We conclude
that the hypothesis describing a sister group relation-
ship between chitinous fungi and animals is today the
most well established and most widely adopted among
phylogeneticists (Tehler et al. 2000).

The present study aims to: (1) find well supported
fungal groups among the Fungi; and (2) find the most
parsimonious trees for data sets of this magnitude
in order to gain an indication of possible sister group
relationships of groups that do not receive jackknife
support.

We also wanted to publish the full length tree with all
terminal sequences included to make it convenient for
mycologists to view all details of the tree rather than
the less informative summary trees.

MATERIALS AND METHODS
Taxon sampling

Nucleotide sequences of ribosomal RNA, in particular
the small subunit of the rRNA, are now available from
thousands of eumycete species. We downloaded the
most recent data set of aligned small subunit RNA se-
quences from the European ribosomal RNA database
with 1553 eumycete terminals (down-loaded Feb.
2002). A compilation of all complete, or nearly com-
plete, small subunit ribosomal RNA sequences can be
consulted via the World Wide Web at http://oberon.
rug.ac.be:8080/TRNA/ssu/index.html. Sequences are
provided in aligned format. The alignment takes into
account the secondary structure information derived
by comparative sequence analysis of thousands of
sequences. Additional information such as literature
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references, accession numbers, taxonomy, secondary
structure models and nucleotide variability maps, is
also available (Wuyts et al. 2002).

Two sequences of Calicium tricolor (accession nos.
L37534 and L37733) were considered spurious by the
authors (Gargas & Taylor 1995). The problematic
nature of those sequences was also confirmed by Tehler
et al. (2000) and therefore they were excluded from
the analyses. The number of species is approximately
19% lower than the actual number of terminals be-
cause some species are represented by more than one
sequence. The names of all terminals strictly follow that
of their respective GenBank entry'. We have found
numerous obvious misidentifications, misspellings and
outdated names in the data set. But in order to avoid
any misunderstanding from the original GenBank
entry no measures have been taken to correct names or
interpret or evaluate the status of the taxa involved.
This highlights the importance that depositers of
sequences also deposit voucher specimens in public
collections (Agerer et al. 2000).

Acanthocoepsis  unguiculata  (Choanoflagellates),
Mnemiopsis leidyi (Ctenophora), Trichoplax adhaerens
(Placozoa) and Scypha ciliata (Porifera) were chosen as
outgroups on basis of the results from Lipscomb et al.
(1998). All of these species arise from the basal part of
the animal clade or from the basal polytomy in the
fungal-animal clade.

The final data set consisted of 6561 aligned positions
for 1555 terminals. Among the 1822 informative pos-
itions 23.91% of the cells were scored as insertions/
deletions (treated as missing data by the analysis pro-
grams). 0.7% of the cells were scored as polymorphic
due to ambiguities in the sequences.

Phylogenetic analyses
Parsimony ratchet

Due to the inherent difficulties in analysing large data
sets several different search strategies were applied
to this matrix. Preliminary, informal, testing of the
various search strategies indicated that the parsimony
ratchet (Nixon 1999) in combination with tree fusion
(Goloboff 1999) was the most effective search method.

Parsimony ratchet tree searches were performed
using WinClada version 1.00.08 (Nixon 2003) and
NONA version 1.6 (Goloboff 1993). As currently
implemented, WinClada version 1.00.08 (Nixon 2003)
controls NONA version 1.6 (Goloboff 1993) through
the use of a procedure file. The ratchet algorithm,
as modified from the original algorithm proposed by
Nixon (1999), greatly increases the effectiveness of tree
search (K. C. Nixon, pers. comm.). WinClada instructs
NONA to do the following calculations:

(1) Using the original weights for each character (in
this case 1 for all characters) calculate a Wagner

1 A list with accession numbers is available from A.T.
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tree using a single random terminal addition se-
quence. Holding up to two trees in memory, swap
using Simple Pruning Regrafting (SPR) followed
by Tree Bisection Reconnection (TBR). Save the
resulting tree to a file.

(2) A set percentage of the nodes in the resulting
tree are randomly selected and constrained to their
current topology (in this case 10 %).

(3) A set percentage of the characters are selected
with replacement (in this case 15%). Each time a
character is selected its weight is increased by 1.

(4) Holding one tree in memory swap using TBR.

(5) Randomly select characters for deactivation using
the jackknife sampling procedure as described by
Farris et al. (1996). This results in the deactivation
of approximately 37 % of the characters.

(6) Holding one tree in memory swap using TBR.

(7) Remove the constraints from all nodes, activate
all characters, and reset all weights to their original
values.

(8) Holding one tree in memory swap using TBR. Save
the resulting tree to a file.

(9) Steps2-8 are repeated a set number of times (in this
case either 200 or 500).

Ratchet tree files, containing either 201 or 501 trees,
were submitted to TNT version 0.2k (Goloboff,
Farris & Nixon 2002) for tree fusion. Between 10 and
100 rounds of unidirectional tree fusion were conduc-
ted on each ratchet tree file (saving equal length trees).
In addition multiple ratchet files (up to four) were
concatenated and submitted for between 10 and 1000
rounds of tree fusion (saving equal length trees).

Parsimony jackknifing

Another way to address the problem of analysing large,
ambiguous data sets is parsimony jackknifing (Farris
et al. 1996), a technique that has been incorporated into
the Xac computer program (Farris 1997). In contrast
to searching for multiple most parsimonious trees and
identifying supported groups by computing a consen-
sus, jackknifing uses resampling to find well-supported
groups. Resampling works by calculating a tree for each
of a large number of subsamples (pseudoreplicates) of
characters from the data, then finding a summary tree,
which comprises the groups occurring in a majority of
the trees for subsamples. This approach has proved
to be very useful for rapid analyses of large data sets
(Kéllersjo et al. 1998, Lipscomb et al. 1998, Tehler et al.
2000). In parsimony jackknifing the data are internally
resampled with a jackknifing technique (Farris et al.
1996). In parsimony jackknifing the tree for each
pseudoreplicate is found by parsimony analysis, and
each pseudoreplicate is formed by randomly selecting
characters from the data without replacement, each
character having a fixed chance 1/e (about 37%) of
being excluded. With this resampling technique the
actual number of characters used may vary from rep-
licate to replicate. The resampling procedure can be
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Fig. 1. The Fungi, summary of the consensus ratchet tree.
Parsimony jackknife frequencies are given at supported
nodes. A cross indicates unsupported node. (For detailed res-
olution see Fig. 4a or subfigure as indicated within paran-
theses.)

repeated up to 10000 times. The program automati-
cally discards groups found in less than 50% of the
trees for pseudoreplicates, thus eliminating unjustified
(poorly supported) resolution caused by ambiguous
data sets.

The Xac program (Farris 1997) provides branch
swapping and random addition sequences. In this analy-
sis we used SPR branch swapping with five random
addition sequences per pseudoreplicate. The number of
pseudoreplicates used in this analysis was 1000. The
computer employed was a PowerBook G4/500.

RESULTS

The consensus tree from the most parsimonious trees as
received from the parsimony ratchet analysis are shown
as three summary trees (Figs 1-3) and the full length
consensus (Fig. 4). Jackknife frequencies are plotted on
supported nodes.

Presumed shortest trees, 40521 steps long, were found
in five independent initiations (the actual number of
independent hits on the shortest trees is likely much
higher, but TNT does not report the information
necessary to determine how many independent hits
were made). The Consistency Index (CI) of these trees
is 0.10 (uninformative characters excluded) and the
Retention Index (RI)is 0.81. The strict consensus Fig. 4
has 241 collapsed nodes (of 1553 possible nodes).
Although the parsimony ratchet was able to find near
optimal trees (less than 5 steps longer than optimal) in
all cases, only one 500 iteration ratchet was able to find
the shortest trees. Tree fusion was successful in finding
shortest trees only when the source trees were derived
from multiple ratchet files.
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Fig. 2. The Dikaryomycota (Ascomycotina and Basidimycoti-
na), summary of the consensus ratchet tree. Parsimony
jackknife frequencies are given at supported nodes. A cross
indicates an unsupported node. A number of species normally
referred to as Tremellomycetes are not included in the node
with 100% support. (For detailed resolution see Fig. 4 or
subfigure as indicated within parantheses.)

Other search procedures, implemented in TNT,
such as a driven search using a combination of drift
(100 rounds), and tree fusion were at best able to find
trees 1 step longer than most parsimonious (40522).
Conducting tree fusion on trees derived by more con-
ventional means (e.g. from multiple addition sequences
with SPR and/or TBR swapping) was also unsuccessful.

The 1000 replicate parsimony jackknife calculation
in Xac needed 154 h to finish (6.3 d).

DISCUSSION

The gross topology of the consensus ratchet tree
accords very well with a previous study of a large se-
quence data set (Tehler et al. 2000) except for the
position of Blastocladiales as a sister group to the
Trichomycetes. However, only three Blastocladiales
sequences are included in the data set and their tricho-
mycete relationship needs to be corroborated by the
inclusion of sequences from more species.

The backbone of the summary ratchet consensus
tree of all major groups has only three nodes that re-
ceive any jackknife support (Fig. 1). The first node is the
Fungi itself with a 100 % support. The second node in-
cludes the Glomeromycota and the Dikaryomycota with
a 52 % support. Members of Glomeromycota (Schiissler,
Schwarzott & Walker 2001) are characterized by
the ability to form endomycorrhizas, the so-called
vesicular-arbuscular mycorrhizas. One genus in
Glomeromycota, Geosiphon, uses a lifestyle analogous
to lichen-forming fungi since it has incorporated a
Nostoc cyanobacterium in its cells, endocyanosis. That
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Fig. 3. The Fuascomycetes, summary of the consensus ratchet
tree. Parsimony jackknife frequencies are given at supported
nodes. A cross indicates an unsupported node. A number of
species normally referred to as Dothideomycetes are not in-
cluded in the node with 99 % support. (For detailed resol-
ution see Fig. 4 or subfigure as indicated within parantheses.)

the sister group to the Dikaryomycota, the Glomero-
mycota, forms mycorrhizas and even includes a form
of lichenization, is certainly interesting since that would
indicate that the symbiotic lifestyle among the Dikaryo-
mycota (Ascomycotina and Basidiomycotina) is a
plesiomorphic feature (Tehler ez al. 2000). Mycorrhiza-
forming members are very common in the Dikaryo-
mycota not only among the Basidiomycotina, but also
among the Ascomycotina. It is also notable that
approximately half of the ascomycete species are
lichen-forming. The evolution of mycorrhizal fungi,
lichenization, and also pathogenicity, might date back
to a common ancestor that evolved a strategy with
factors for recognizing green plants and structures
for infecting green plants (Tehler e al. 2000). Such an
event would make a synapomorphic feature for a group
of chitinous fungi including all Dikaryomycota and
the Glomeromycota (and possibly other zygomycete
groups such as Endogonales), here tentatively called
the ‘Symbiomycota’ (Tehler 2002). The data does not
contain enough information to resolve the position of
the Endogonales of which many representatives form
ectomycorrhizas (Fig. 1).

Fossil glomalean fungi have been reported from
the Ordovician era, at least 450 Myr ago (Redecker,
Kodner & Graham 2000). In geological time that
coincides fairly well with the evolution of land plants.
Given the fossil evidence, did the ‘Symbiomycota’
evolve prior to or after plants moved onto the land?
Or did the symbiotic lifestyles evolve as a result of
this event enabling green plants to colonize the new
environment as suggested by Heckman et al. (2001)? In
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the material reported by Redecker et al. (2000), there
was no evidence of association with green plants. They
estimated that land colonization began 505 Myr ago,
and that the Dikaryomycota diverged from Glomero-
mycota much earlier, 600—620 Myr ago. The date of
divergence for the Glomeromycota and Dikaryomycota
matches fairly well with that of Berbee & Taylor (2000),
but Heckman et al. (2001) pushed the date of divergence
back to 1200 Myr ago and the date of land colonization
back to 700 Myr ago. The estimates of Heckman et al.
(2001) and Redecker et al. (2000) indicate a consider-
able lag time between the divergence of the Glomero-
mycota and the Dikaryomycota and that of land
colonization. It may very well have been that the colon-
ization of land was facilitated by a symbiosis between
green plants and fungi as suggested by Heckman et al.
(2001) but symbiosis did probably not evolve as a result
of that process. Our present and earlier results (Tehler
et al. 2000) show that it is more plausible to believe that
the predecessors of the ‘Symbiomycota’ evolved the
factors and structures to acquire a symbiotic lifestyle
much earlier, in an aquatic environment. Otherwise,
and less likely, those features would be polyphyletic
evolving as separate events in the Glomeromycota
and the Dikaryomycota (Ascomycotina and Basidio-
mycotina).

Finally, the third node including all Dikaryomycota
(Ascomycotina and Basidiomycotina) has 55 % support.
A summary of major groups within the Dikaryomycota
are shown in Fig. 2. The molecular support for the
Dikaryomycota is low, but there is at least one mor-
phological feature to support it: the dikaryon. Dikar-
yotic growth is the formation of continuously growing
dikaryotic cells. It is a unique feature of paramount
importance for the Dikaryomycota since it has never
been convincingly reported from any other taxa. The
Basidiomycotina are poorly supported whereas the
Ascomycotina are highly supported. This is in contrast
to earlier results and experience (Tehler 1988, Tehler
et al. 2000) that indicate nodes that are highly supported
by sequence data usually also have morphological data
to support them as well. The Basidiomycotina in this
study, including the Urediniomycetes, Ustilagomycetes,
Tremellomycetes, Dacrymycetales and Homobasidio-
mycetes, are characterized by several morphological
features such as, multilaminate cell wall, nuclear mem-
brane broken down at mitosis, free-living dikaryotic
mycelium, somatogamy, and meio-blastospores (Tehler
1988) but nevertheless receive a mere 56 % support
from sequence data (Fig. 2). The Ascomycotina on the
contrary, composed of the Schizosaccharomycetes,
Pneumocystidomycetes, Taphrinomycetes, Neolectales,
Saccharomycetes and Euascomycetes have few obvious
morphological features (Tehler 1988) in common
although the jackknife frequency is high 91 % (Fig. 2).
Free cell formation is generally considered a specific
feature of the Ascomycotina although it is evidently
shared or partly shared with the Basidiomycotina. Early
stages of basidiospore development follow the same
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general pattern as that of the free cell formation process
in the Ascomycotina: the haploid nuclei become free
in the cytoplasm and develop into individual cells
together with part of the plasma from the mother cell
(¢fr McLaughlin 1982). The Basidiomycotina are
specialized by way of their nuclei and part of the plasma,
which are forced to migrate by a vacuolation process,
through a sterigma into a special structure formed by
the sporangium wall, which will be cut off from the
basidium and in which the spore formation is com-
pleted. Thus, the basidiospores are actually internally
produced (Bessey 1950), and only superficially exo-
genetical (Bresinsky 1983, Clemengon 1977). Within
the Ascomycotina one sister group relationship receives
some support, namely the Saccharomycetes and the
Euascomycetes, and the Euascomycetes themselves re-
ceive nearly full support (99 % ; Fig. 2).

Internally supported, major euascomycete groups
are (Fig. 3): (1) the Pezizaceae (100%; but not the
Pezizales, Pezizomycetes sensu, Eriksson et al. (2003));
(2) amajor group of inoperculate euascomycetes (83 % ;
excluding the Orbiliaceae); (3) the Sordariomycetes
(100 %) ; (4) the Eurotiomycetes (100 %) and the Chaeto-
thyriomycetes (100 %) both in a sister group relation-
ship with 72 % support; and (5) the two latter taxa are
included in a poorly supported group together with the
Mycocaliciales (52 %).

The Arthoniales, a large and important group of pre-
dominantly lichen-forming fungi, were not represented
by any species in the present analyses. Earlier analyses
(e.g. Gargas et al. 1995, Kauff & Lutzoni 2002) have
shown that representatives of the Arthoniales are joined
into a well supported clade together with the Sordario-
mycetes.

Of major interest with respect to lichen-forming
fungi are the Lecanoromycetes since that taxon alone
contains about 35% of all euascomycete species and
about 75% of all lichenized species. Most authors
agree that lichenized fungi do not form a monophyletic
group but the question whether or not the Lecanoro-
mycetes are monophyletic is not settled yet. The
present analyses include lecanoromycete representatives
from Agyriales, Gyalectales, Lecanorales (Bacidiaceae,
Caliciaceae, Cladoniaceae, Lecanoraceae, Lecideaceae,
Parmeliaceae, Porpidiaceae, Rhizocarpaceae, Sphaero-
phoraceae, Stereocaulaceae), Medeolariales, Ostropales,
Pertusariales, Peltigerales (Nephromataceae, Peltiger-
aceae), Teloschistales and the families Baeomycetaceae,
Iemadophilaceae and Coccotremataceae. Hafellner
(1994) stated that the ascus features keep this otherwise
heterogeneous lecanoralean group together. Molecular
studies, although poorly supported and with limited
taxon sampling, constantly point in the direction of
monophyly for the Lecanoromycetes (DePriest 1994,
Gargas et al. 1995, Lumbsch et al. 2002).

In the present analyses the Lecanoromycetes appear
in the consensus ratchet tree (Figs 3—4) and thus sustain
the hypothesis of a major monophyletic group of li-
chenized ascomycetes. However, the present data does
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Mucor indicus
Mucor hiemalis
Rhizomucor variabilis
Mucor racemosus
Mucor racemosus
Mucor racemosus
Mucor ramosissimus
Mucor circinelloides

continued from Fig 4a
&6

95

o l—

100

(d)

Ustilagi and [344] i in Fig 4f
= Helicogloea variabilis
b= Uredini 58] conti in Fig 4e
Sporobolomyces foliicola
100 Sporobalomyces oryzicola
_: Rhodotorula minuta
58 Rhodosporidium dacryoidum
Rhodotorula lactosa
97 Erythrobasidium hasegawianum
97 Sporobolomyces elongatus
Sporobolomyces kluyveri
100 Sporobolomyces phyllomatis
87 Sporobolomyces salicinus
Helicobasidium corticioides
_|: Helicobasidium mompa
100 100 Helicobasidium purpureum
Aecidium epimedii
100 == Gymnoconia nitens
= Physopella ampelopsidis
= Puccinia suzutake
= Nyssopsora echinata
89 = Coleosporium asterum
f—— Uredinopsis intermedia
J— Cronartium ribicola
100] 98 === Peridermium harknessii

Hyalcpsora polypodii
WE Hyalopsora polypodii
Hyalopsora polypodii

_E ycotina [355] i in Fig 4m
88 o) Euascomycotina [613] continued in Fig 4t

Pneumacystis carinii
WI:': Pneumocystis carinii
99 Pneumocystis carinii
Schizosaccharomyces japonicus

Schizosaccharomyces japonicus
Schizosaccharomyces pombe

continued from Fig 4c 4
55

Neolecta vitellina

Protomyces inouyei

Protomyces lactucae

Protomyces macrosporus

Protomyces pachydermus

Taphrina carnea

Taphrina letifera

Taphrina robinsoniana

Taphrina virginica

Taphrina wiesneri

Taphrina deformans

Taphrina populina

Taphrina pruni

Taphrina flavorubra

Taphrina communis
Taphrina ulmi

Taphrina pruni
Taphrina mirabilis
85 Taphrina nana
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continued from Fig 4d =
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[~ Mixia osmundae

p=— Sporobolomyces subbrunneus

Bensingtonia ciliata

Bensingtonia naganoensis

Bensingtonia phylladus

Mycogloea macrospora

Bensingtonia yuccicola
Bensingtonia yuccicola
Kondoa malvinella
Bensingtonia subrosea
Bensingtonia miscanthi

Bensingtonia sp.

Bensingtonia sp.

Agaricostilbum hyphaenes
Sterigmatomyces halephilus
Bensingtonia ingoldii
Bensingtonia musae
Sporobolomyces ruber

Kurtzmanomyces nectairei
Chionosphaera apobasidialis
Sporobolomyces lactophilus
Sporobolomyces sasicola
100 Sporobolemyces xanthus
Rhodosporidium fluviale

Sporidiobolus ruineniae

89 Sporidiobolus ruineniae
55 Sporidiobolus ruineniae
Rhodosporidium toruloides
99 Rhodotorula glutinis

Rhodotorula glutinis
68 W% Rhodotorula mucilagincsa
59 Rhodotorula mucilaginosa

Rhodotorula glutinis

Rhodotorula graminis
Rhodotorula glutinis

continued from Fig 4h

100 Rhodotorula glutinis
53 Rhodotorula glutinis
Rhodotorula glutinis
Rhodotorula glutinis
= Sporidiobolus johnsonii
= Sporidiobolus johnsonii
= Sporidiobolus salmonicolor

Sporidiobolus pararoseus

Sporidiobolus pararoseus
100

Sporobolomyces roseus

67 = Microbotryum violaceum

= Leucosporidium scofttii

_: Heterogastridium pycnidioideum

53 Bensingtonia intermedia
Sporobolomyces falcatus
Sporcbolomyces tsugae

Cryptococcus yarrowii
Camptebasidium hydrophilum
Zymoxenogloea eriophori
Sporobolomyces singularis
Sporobolomyces inositophilus
Bensingtonia yamatoana
100 Bensingtonia yamatoana

Albatrellus syringae
Meripilus giganteus
100 Meripilus giganteus

Spongipellis unicolor
?E: Panus rudis
100 Panus rudis

Tretopileus sphaerophorus
Rhizoctonia zeae
Phanerochaete chrysosporium

Phanerochaete chrysosporium
[~ Phlebia radiata
Trichaptum abietinum
?% Bjerkandera adusta
96 Bjerkandera adusta
Termitomyces albuminosus
100 Termitomyces cartilagineus
90 Ceriporia purpurea
100 Ceriporia purpurea
e Polyporus sqguamosus
100 Polyporus squamosus
= Dentocorticium sulphurellum
_|: Fomes fomentarius
99 Fomes fomentarius
Ganoderma australe
?:: Lentinus tigrinus
100 Lentinus tigrinus
Trametes suaveolens
100 Trametes suaveolens
— 96 unidentified basidiomycete
100 unidentified basidicmycete
_|: Antrodia carbonica
100 Antrodia carbonica
Daedalea quercina
100 Daedalea quercina
69 Fomitepsis pinicola
100 Fomitopsis pinicola
_|: Sparassis spathulata
100 Sparassis spathulata
Laetiporus sulphureus
85 Laetiporus sulphureus

Poria cocos
Poria cocos
Phaeolus schweinitzii
Phaeolus schweinitzii

Fig. 4. Continued.

continued from Fig 4d =

(h)

continued from Fig 4h

907

Graphiola cylindrica

Graphiola phoenicis

Ustilago shiraiana

Ustilago hordei

Ustilage maydis

Tilletiopsis minor

Tilletiaria anomala
Tilletiopsis flava
Tilletiopsis fulvescens
= Tilletiopsis albescens

Tilletia caries
Sympodiomycopsis paphiopedili
Tilleticpsis pallescens
Tilletiopsis cremea
Tilletiopsis lilacina
Tilletiopsis washingtonensis

Dacry

y and H: [181] continued in Fig 4g
= Phaffia rhodozyma

= Trichosporon pullulans

Leucosporidium lari

Cystofilobasidium capitatum

Cryptococcus macerans

Cryptococcus feraegula

Bullera grandispora

Udeniomyces piricola

Udeniomyces megalosporus

98 Udeniomyces puniceus

Cryptococcus huempii

Mrakia frigida

Mrakia frigida

Mrakia psychrophilia

Cryptococcus aquaticus

Tremellomycetes [102] continued in Fig 4k

Cryptococcus terreus

Cryptococcus terreus

Cryptococcus terreus

Cryptococcus aerius

Cryptococcus fuscescens

Cryptococcus gastricus

Cryptococcus gastricus

Cryptococcus gilvescens

Filobasidium uniguttulatum
Filobasidium floriforme
Cryptococcus magnus
Cryptococcus ater

Filobasidium floriforme
Cryptococcus vishniacii
Cryptococcus vishniacii
Cryptococcus vishniacii
Cryptococcus vishniat
Cryptococcus vishniacii
Cryptococcus vishniacii
Cryptococcus vishniacii
Cryptococcus vishniacii
Cryptococcus consortionis
Cryptococcus kuetzingil
Cryptococcus albidisimilis
Cryptococcus albidus
Cryptococcus albidus
Cryptococcus albidus
Cryptococcus antarcticus
Cryptococcus bhutanensis
Cryptococcus friedmannii

87

Coltricia perennis
Caoltricia perennis
Phellinus igniarius
Inonotus hispidus

100 Inenotus hispidus

Scytinostroma alutum
W':: Peniophora nuda
100 Peniophora nuda

= Tulostoma macrocephala
= Pluteus petasatus
Cantharellus tubaeformis
Dictyonema pavonia

_: Lentinula lateritia

100 Lentinula lateritia

_I: Pleurotus tuberregium
100 Pleurotus tuberregium

Schizophyllum commune
?:: Fistulina hepatica
100 Fistulina hepatica

= Cyathus striatus

=== Trichcloma matsutake

= Lepiota procera

= Coprinus cinereus

= Cortinarius iodes

_: Calvatia gigantea

86 Lycoperdon sp.
Crucibulum laeve
Stropharia rugosoannulata

_: Omphalina umbellifera
b 81 Pleurotus ostreatus
Amanita muscaria
_|:: Agaricus bisporus
100 Agaricus bisporus
Typhula phacorrhiza
Panellus serotinus

59 | 100 Panellus serotinus
Panellus stipticus
100 Panellus stipticus

Athelia bombacina

Basid. symb.

Basid. symb

Basid. symb.

Basid. symb.

Basid. symb.

Leucoagaricus gongylophorus
Leucoagaricus gongylophorus
Leucoagaricus gongylophorus
Leucoagaricus gongylophorus
Leucoagaricus gongylophorus
Leucoagaricus gongylophorus




Full-length tree from 1551 fungal sequences

@

continued from Fig 4h

()

continued from Fig 4f _}
83

Albatrellus syringae

100

Meripilus giganteus
Meripilus giganteus

Spongipellis unicolor
FE: Panus rudis
100 Panus rudis

Tretopileus sphaerophorus
Rhizoctonia zeae

Phanerechaete chrysosporium
Phanerochaete chrysosporium
== Phlebia radiata

Trichaptum abietinum
ﬁ:: Bjerkandera adusta
a6 Bjerkandera adusta

Termitomyces albuminosus
100 Termitomyces cartilagineus
90 Ceriporia purpurea
100 Ceriporia purpurea
Polyporus squamosus
Polyporus squamosus
= Dentocorticium sulphurellum

_: Fomes fomentarius
99 Fomes fomentarius

Ganoderma australe
GT:: Lentinus tigrinus
100 Lentinus tigrinus

Trametes suaveolens

100 Trametes suaveolens
96 unidentified basidiomycete
100 unidentified basidiomycete

_: Antrodia carbonica
Antrodia carbonica

100

84

100

100
Daedalea quercina

100 Daedalea quercina
69 Fomitopsis pinicola

100 Fomitopsis pinicola
_: Sparassis spathulata
100 Sparassis spathulata
Laetiporus sulphureus
Laetiporus sulphureus
Poria cocos
Paria cocos
Phaeolus schweinitzii
Phaeolus schweinitzii

100

= Holtermannia corniformis

= Cryptococcus skinneri

= Tremella foliacea

— Cryptococcus marinus

= Tremella globospora

[= Bullera variabilis

= Cryptococcus flavus

= Fibulcbasidium inconspicuum

= Sirobasidium magnum

= Tremellomycetes subclade | [20] continued in Fig 41

_: Trimorphomyces papilicnaceus
63 Bullera miyagiana
rven Cryptococcus humicolus

86 _': Cryptococcus podzolicus
_: Taphrina californica

100 Taphrina maculans

Tremellomycetes subclade Il [35] continued in Fig 4]

_{: Bullera globospora
100 Cryptococcus dimennae

Bullera crocea
1_005: Bullera armeniaca
Cryptococcus hungaricus

82

_|: Bullera unica

93 Bulleromyces albus

_: Bullera hannae

100 Bullera penniseticola

Cryptococcus laurentii
unidentified fungus
Bullera pseudoalba
Cryptococcus cellulolyticus

== Bullera dendrophila

= Cryptococcus heveanensis

Filobasidiella neoformans

Cryptococcus neoformans

Cryptococcus neoformans

98
95

Cryptococcus neoformans
Filobasidiella neoformans
Cryptococcus amylolentus
Tsuchiaea wingfieldii
Bullera coprosmaensis
Bullera oryzae
Cryptococcus luteclus
Bullera derxii

99 Bullera sinensis
Bullera boninensis

Bullera huiaensis

Fig. 4. Continued.

Bullera mrakii
Bullera schimicola
Bullera waltii

908

0]

Caltricia perennis
Coltricia perennis
Phellinus igniarius
Inonotus hispidus
100 Inonotus hispidus

Scytinostroma alutum
1_00|:|: Peniophora nuda
100 Peniophora nuda

= Tulostoma macrocephala
= Pluteus petasatus
Cantharellus tubaeformis
Dictyonema pavonia

_|: Lentinula lateritia

100 Lentinula lateritia

_: Pleurotus tuberregium

100 Pleurotus tuberregium

Schizophyllum commune

?I:: Fistulina hepatica
100 Fistulina hepatica

52 = Cyathus striatus

= Tricholoma matsutake

= Lepiota procera

= Coprinus cinereus
= Cortinarius iodes

_: Calvatia gigantea
86 Lycoperdon sp.
_: Crucibulum laeve
Stropharia rugosoannulata
_: Omphalina umbellifera
— 81 Pleurotus ostreatus
Amanita muscaria
_|:: Agaricus bisporus
100 Agaricus bisporus

Typhula phacorrhiza
Panellus serotinus

continued from Fig 4h

69 | 100 Panellus serotinus
Panellus stipticus
100 Panellus stipticus

Athelia bombacina

Basid. symb.

Basid. symb.

Basid. symb.

Basid. symb.

Basid. symb.

Leucoagaricus gongylophorus
Leucoagaricus gongylophorus
Leucoagaricus gongylophorus
Leucoagaricus gongylophorus
Leucoagaricus gongylophorus
Leucoagaricus gongylophorus

(U]

Tremella moriformis

Sterigmatosporidium polymorphum

Fellomyces horovitziae

Fellomyces penicillatus

Fellomyces borneensis
Fellomyces polyborus
Fellomyces chinensis

Fellomyces distylii

Fellomyces fuzhouensis

Fellomyces lichenicola

Fellomyces ogasawarensis
Fellomyces sichuanensis

Fellomyces sp.

Kockovaella schimae

Kockovaella machilophila
Kockovaella phaffii
Kockovaella phaffii
Kockovaella imperatae
Kockovaella sacchari
Kockovaella thailandica

Tremellomycetes subclade |
continued from Fig 4k

= Cryptococcus humicolus

= Trichosporon sporotrichoides

[ Cryptecoccus humicolus

_: Cryptococcus curvatus

100 Cryptococcus humicolus

Cryptococcus humicolus

Cryptococcus humicolus
Cryptococcus humicolus
Asterotremella parasitica
Candida humicola

88 Cryptococcus humicolus

Trichosporon cutaneum

Trichosporon jirovecii

Trichosporon cutaneum

Trichosporon mucoides

Trichosporon moniliforme

Cryptococcus humicolus

Cryptococcus humicolus

Trichosporon laibachii

Trichosporon loubieri

Trichosporon multisporum

Trichosporon dulcitum

Trichosporon gracile

Trichosporon brassicae

Trichosporon montevideense

99 Trichosporon domesticum

Trichosporon inkin

Trichosporon ovoides

Trichosporon aquatile

Trichosporon japonicum

Yeast sp.

Trichosporon asahii

Trichosporon coremiiforme

Trichosporon faecale

Trichosporon asteroides

Tremellomycetes subclade Il ]
continued from Fig 4k 84
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(m)

_: Dipodascopsis uninucleata

100 Waltomyces lipofer

_|: Candida cantarellii

100 Candida vinaria

= Saccharomycotina subclade VI [46] continued in Fig 4n
Candida savonica

Saccharomycotina subclade V [272] continued in Fig 4o
Candida solani

Candida fennica

Pichia burtonii

Candida sequanensis

Candida gotoi

Candida rhagii

Candida homilentoma

_— Candida entomophila

86 68 Candida silvanorum
[ Candida valdiviana

= Candida santjacobensis

_: Candida paludigena
93 Candida castrensis
Candida edax

WI:: Candida bertae

100 Candida bertae

Candida blankii
?I:IZ Candida auringiensis

e 100 Candida salmanticensis

Candida drimydis

Candida tepae

Candida petrohuensis
Candida ancudensis
Candida antillancae
67 Candida bondarzewiae
Zygoascus hellenicus

Arxula adeninivorans
Stephanocascus ciferrii
Stephanoascus ciferrii
Candida chiropterorum
Arxula terrestris

94 Arxula terrestris

continued from Fig 4d _
97

65

(0)

Saccharomycotina subclade Il [119] continued in Fig 4r
Pachysolen tannophilus

Citeromyces matritensis

Citeromyces matritensis

Pichia capsulata

Pichia capsulata

Pichia holstii

Candida ernobii

Candida karawaiewii
Candida ishiwadae
Candida anatomiae
Candida populi

99
Williopsis mucosa

Pichia anomala

Pichia anomala

Pichia sp.

Williopsis californica
Williopsis pratensis
Starmera caribaea
Starmera amethionina
Starmera amethionina
Candida utilis

Williopsis saturnus.
Williopsis saturnus
Williopsis saturnus
Williopsis saturnus
Williopsis saturnus.

continued from Fig 4m]

Candida cylindracea
Candida chilensis
Saccharomycotina subclade IV [49] continued in Fig 4p
Candida insectamans
89 Candida lyxosophila
Candida kruisii
Saccharomycotina subclade (1l [46] 4q
Candida coipomoensis
Candida ergastensis
Candida shehatae
Candida shehatae
Candida shehatae
Candida fluviatilis
Candida palmioleophila
Candida palmioleophila
Candida saitoana
Candida glaebosa
68 Candida pseudoglaebosa
Lodderomyces elongisporus
Candida parapsilosis
Candida parapsilosis
Candida lodderae
Candida maltosa
Candida viswanathii
Candida viswanathii
Candida sojae
Candida tropicalis
Candida tropicalis
Candida dubliniensis
Candida albicans
Candida albicans
Candida albicans
Candida albicans
Candida albicans

Fig. 4. Continued.

continued from Fig 4m ]

(n)

100

®)

continued from Fig 40_}

909

Candida galacta
T':: Candida sorbophila
58 Candida spandovensis

Candida versatilis

Wickerhamiella domercqiae
Candida pararugosa

Candida azyma

80 Candida vanderwaltii
Candida geochares

Candida magnoliae

Candida apis

Candida vaccinii
Candida gropengiesseri

75
51
Candida bombi
Starmerella bombicola
Candida apicola
Candida floricola
Candida etchellsii
Candida stellata

97 Candida lactis
Geotrichum eriense
Geotrichum fermentans
Geotrichum klebahnii
Dipodascus armillariae
Dipodascus macrosporus
Dipodascus aggregatus
Galactomyces citri
Galactomyces citri
Galactomyces reessii
Endomyces geotrichum
Galactomyces geotrichum
Galactomyces geotrichum
Galactomyces geotrichum
Dipodascus australiensis
Dipodascus geniculatus
Dipodascus albidus
Dipodascus albidus
Dipodascus ingens
Dipodascus ambrosiae
Dipodascus ovetensis
Geotrichum clavatum
Dipodascus capitatus
Dipodascus spicifer
Geotrichum fragrans
Dipodascus magnusii
97 Dipodascus tetrasperma

51

— Candida fermenticarens

= Candida fukuyamaensis

= Pichia farinosa

= Pichia guilliermondii

= Candida xestobii

_|: Taphrina farlowii

82 Yamadazyma guilliermondii

Candida glucosophila

Candida psychrophila

Debaryomyces udenii

Debaryomyces castellii
Debaryomyces hansenii
Debaryomyces hansenii
Debaryomyces hansenii
Debaryomyces sp
Debaryomyces hansenii
Debaryomyces hansenii
Candida sophiae

Candida fragi

Candida natalensis

91 Candida quercitrusa

— Candida ocleophila

= Candida zeylanoides

= Candida ralunensis

[= Candida krissii

= Candida laureliae

_|: Candida boleticola
= Candida schatavii

Candida beechii
—E Candida santamariae
Candida santamariae

Candida multigemmis

= Pichia triangularis

Candida atlantica

Candida atmosphaerica

Candida buinensis

Candida membranifaciens
Candida friedrichii

Candida naeodendra
Candida tenuis
Candida dendronema
Candida diddensiae
Candida conglobata
Candida butyri
Candida aaseri
Candida insectorum
Pichia mexicana
Pichia mexicana
Pichia mexicana

100
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Candida sake

continued from Fig 40

continued from Fig 4r ]

Fig. 4. Continued.

Candida mogii
[ Candida melibiosica

Candida austromarina

Candida tanzawaensis
Candida catenulata

Candida mesenterica
Candida suecica
Candida fukazawae
Candida fungicola
Candida sagamina

Candida rugosa

Candida incommunis

Yarrowia lipolytica

Yarrowia lipolytica

Phaffomyces thermotolerans
Phaffomyces antillensis
Phaffomyces opuntiae
Phaffomyces opuntiae

Candida fructus
84 Candida musae

Clavispora lusitaniae
Clavispora lusitaniae
Candida oregonensis
Candida tsuchiyae
Candida haemulonii
Candida akabanensis
Candida intermedia
Candida pseudointermedia
Candida intermedia

83
Candida torresii

Metschnikowia agaves

Metschnikowia hawaiiensis
Metschnikowia lunata

Candida agrestis
Candida agrestis
Metschnikowia gruessii

Candida colliculosa

Zygosaccharomyces microellipscide
Zygosaccharomyces mrakii

Torulaspora pretoriensis

Torulaspora delbrueckii

Torulaspora globosa

Hanseniaspora uvarum
Saccharomycodes ludwigii
Zygosaccharomyces bailii
Zygosaccharomyces bisporus
2Zygosaccharomyces lentus
2Zygosaccharomyces mellis
2Zygosaccharomyces rouxii
Zygosaccharomyces rouxii

87
61

Saccharomyces kluyveri

Kluyveromyces thermotolerans
Kluyveromyces waltii
Zygosaccharomyces cidri
Zygosaccharomyces fermentati
Eremothecium gossypii

Holleya sinecauda

Kluyveromyces marxianus
Kluyveromyces wickerhamii
Kluyveromyces lactis
Kluyveromyces marxianus
Kluyveromyces marxianus
Kluyveromyces marxianus
Kluyveromyces dobzhanskii
Kluyveromyces lactis
Kluyveromyces aestuarii

Kluyveromyces nonfermentat
Kluyveromyces nonfermentat

7 Kluy nor
t Kluyveromyces nonfermentat
Kluyveromyces nonfermentat

73

= Saccharomyces castellii
== Saccharomyces dairensis
= Saccharomyces sp.

Kluyveromyces sp.

Kluyveromyces yarrowii
81 Kluyveromyces polysporus

75 Kluyveromyces polysporus

Kazachstania viticola
Saccharomyces exiguus
Saccharomyces exiguus
Saccharomyces exiguus
Saccharomyces barnettii
Saccharomyces spencerorum
Kluyveromyces lodderae
Saccharomyces rosinii
Kluyveromyces africanus

98 Kluyveromyces africanus
Saccharomyces cerevisiae
Saccharomyces cerevisiae

Saccharomyces bayanus
Saccharomyces cerevisiae
Saccharomyces cerevisiae

Metschnikowia pulcherrima
Metschnikowia pulcherrima
Metschnikowia reukaufii
Metschnikowia reukaufii
Metschnikowia zobellii

Metschnikowia krissii
Metschnikowia australis
Metschnikowia bicuspidata
Metschnikowia bicuspidata

U]

continued from Fig 40 ]

Saccharomycopsis capsularis
Saccharomycopsis fibuligera
Endomyces sp.
Endomyces fibuliger

Williopsis salicorniae
Pichia methanolica
Pichia methanolica
Candida silvatica
Candida insectalens
Pichia pastoris

Issatchenkia orientalis

Issatchenkia orientalis

Pichia norvegensis

Pichia membranaefaciens

Pichia sp

Candida inconspicua

76 Pichia membranifaciens
Dekkera naardenensis
Dekkera custersiana
Dekkera bruxellensis
Brettanomyces bruxellensis
Brettanomyces bruxellensis
Brettanomyces anomalus
Brettanomyces anomalus
Brettanomyces anomalus
Dekkera anomala
Kluyveromyces blattae
Tetrapisispora iriomotensis
Kluyveromyces phaffii
Tetrapisispora arboricola
Tetrapisispora nanseiensis
Tetrapisispora nanseiensis

63

910

in Fig 4s
[ Saccharomyces sp.
Saccharomyces unisporus
95 Saccharomyces dairensis
Saccharomyces servazzii
Saccharomyces sp
9¢ Saccharomyces sp.
99 Saccharomyces transvaalensis
60 Saccharomyces transvaalensis
Zygosaccharamyces florentinus
Kluyveromyces delphensis
W:: Candida glabrata
94 Candida glabrata
Anxiozyma telluris
Arxiozyma telluris
Arxiozyma telluris
Arxiozyma telluris
Arxiozyma telluris
Arxiozyma telluris
Arxiozyma telluris
Arxiozyma telluris
Arxiozyma telluris
Arxiozyma telluris
Ascobolus lineolatus
Thecotheus holmskjoldii
— Peziza quelepidotia
_: Boudiera acanthospora
52 Pachyphloeus melanoxanthus
_: Peziza echinospora
94 Terfezia terfezioides
Peziza succosa
Peziza badia
Cazia flexiascus
86 Terfezia arenaria
— F etal. [107] in Fig 4u
= Geoglossum nigritum
Dothi etal. [317] in Fig 4w
Lasioderma serricorne
100 Stegobium paniceum
= Bulgaria inquinans
Microglossum viride
WE: Leotia lubrica
82 Leotia viscosa
Rhytisma salicinum
w:: Spathularia flavida
100 Cudonia confusa
Ascozonus woolhopensis
Thelebolus stercoreus
Geomyces pannorum
Pseudogymnoascus roseus
Geomyces pannorum
Geomyces pannorum
Sclerotinia sclerotiorum
Sclerotinia sclerotiorum
Monilinia fructicola
Monilinia laxa
Amylocarpus encephaloides
Leoti and iomy [151] in Fig 4c¢

Blumeria graminis
Phyllactinia guttata
Graphium rubrum
Graphium silanum
Euascomycetes sp.
Ell dark septate
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(u)

continued from Fig 4t _}

(w)

continued from Fig 4t _]

Fig. 4. Continued.

o7 Sarcoscy

Lecophagus longispora

Lecophagus muscicola

Orbilia delicatula

Dactylella oxyspora

Dactylella oxyspora

Dactylella rhopalota

Menacrosporium ellipsospora

Monacrosporium gephyropaga

Arthrobotrys robusta

Orbilia fimicola

Arthrobotrys dactyloides

Monacrosporium haptotylum

Arthrobotrys conoides

Orbilia auricolor

Duddingtonia flagrans
100 Duddingtonia flagrans

Rhizina undulata

pl and Py [52] i in Fig 4v
Hydnotrya cerebriformis

Discina macrospora

Gyromitra montana

Gyromitra melaleucoides

Pseudorhizina californica

Gyromitra esculenta

Gyromitra esculenta

Hydnotrya tulasnei

Disciotis vencsa

Morchella esculenta
Morchella elata
Morchella elata
Fischerula subcaulis
Leucangium carthusianum
Verpa bohemica

59 Verpa conica

— Tuber excavatum

_: Choiromyces meandriformis
99 Choiromyces venosus
_: Caloscypha fulgens

100 Caloscypha fulgens
_: Tuber panniferum

72 Tuber magnatum

— Dingleya verrucosa
82 WE Labyrinthomyces varius

Reddellomyces donkii

Tuber rapaecdorum
—E Tuber borchii
Tuber gibbosum

Underwoodia columnaris

Balsamia magnata
Balsamia vulgaris
Barssia oregonensis
Wynnella silvicolor

Helvella terrestris
Helvella terrestris
Helvella lacunosa
Helvella Jacunosa

Sarcinomyces crustaceus

Phaeosclera dematioides

Phaeotheca fissurella

_: Dothidea hippophaeos

100 Dothidea insculpta

_: Dendryphiopsis atra
Sarcinomyces petricola

b5 Dothi [60] conti in Fig 4x

_: Aureobasidium pullulans

100 unidentified loculoascomycete

_: Tubeufia helicoma

52 Aliquandostipite khaoyaiensis

Comminutispora agavaciensis

Euascomycete sp.

Capnobotryella renispora

Coccodinium bartschii

Hortaea werneckii

100 Hortaea wernecki

Botryosphaeria ribis

Botryosphaeria rhodina

Scytalidium dimidiatum

Scytalidium dimidiatum

Scytalidium dimidiatum
Scytalidium hyalinum

65 Scytalidium hyalinum
[of iomy and iomy [148] in Fig 4y
L 150] in Fig 4bb

Y
Nephroma arcticum
Peltigera neopolydactyla
100 Solorina crocea

Thamnolia subuliformis
100 Thamnolia vermicularis
lcmadophila ericetorum
Dibaeis bacomyces
Dibaeis baecomyces
Siphula ceratites
Siphula polyschides
Siphula polyschides

100

100
= Gyalecta ulmi
_: Conotrema populorum
82 Cyanodermella viridula

Pertusaria saximontana
97 Loxosporopsis corallifera
Graphis scripta
Diploschistes ocellatus
Diploschistes rampoddensis
100 Diploschistes thunbergianus
Coccotrema cucurbitula
Coccotrema pocillarium
Lepolichen coccophorus
Qchrolechia parella
Pertusaria amara
100 Pertusaria trachythallina
Placopsis argillacea
Placopsis gelida
Trapelia involuta
Trapelia placodioides
Anamylopsora pulcherrima
Baeomyces rufus
Baeomyces placophyllus
Baeomyces rufus
100 Baeomyces rufus

continued from Fig 4u _J
97

Rhytidhysteron rufulum

©
©

continued from Fig 4w

100
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Urnula hiemalis

Sarcosoma globosum

Sarcosoma mexicanum
Urnula craterium

Donadinia sp.
Pseudoplectania nigrella
Galiella rufa

Plectania rhytidia
Plectania rhytidia

= Strobiloscypha keliae

Woifina aurantiopsis

Chorioactis geaster

Neournula pouchetii
Desmazierella acicola
Desmazierella acicola
Wynnea sp.

Microstoma floccosum
Microstoma protracta
Cookeina sulcipes
Cookeina tricholoma
Nanoscypha tetraspora
Phillipsia domingensis
Kompsoscypha chudei

Pithya cupressina
Pseudopithyella minuscula
Sarcoscypha austriaca
67 Sarcoscypha austriaca
Pulvinula archeri
T:: Chalazion helveticum
58 Glaziglla aurantiaca
Tarzetta catinus
Paurocotylis pila
Geopyxis carbonaria
100 Geopyxis carbonaria
Scutellospora castanea
Ascodesmis sphaerospora

Cephaliaphora irregularis
Cephaliophora irregularis
Cephaliophora tropica
Cephaliophora tropica
Cephaliophora tropica
Neottiella rutilans

Otidea leporina

Otidea onotica

Inermisia aggregata

Aleuria aurantia

Pyronema domesticum

Wilcoxina mikolae
Trichophaea hybrida
Scutellinia scutellata
Leucoscypha oroarctica
Selenaspora guernisacii

Westerdykella dispersa

Monodictys castaneae

Sporomia lignicola
Kirschsteiniothelia maritima
= Lophiostoma crenatum

Mycosphaerella mycopappi

Mycosphaerella mycopappi

Herpotrichia diffusa

Herpotrichia juniperi

Helicascus kanaloanus

Kirschsteiniothelia elaterascus

Kirschsteiniothelia elaterascus

Cucurbidothis pityophila

Paraphaeosphaeria michotii

Paraphaeosphaeria pilleata

Leptosphaeria bicolor

Helminthosperium velutinum

Helminthasporium solani

Helminthosporium solani

Helminthosporium solani

Helminthosporium solani

Helminthosporium solani

Helminthosporium solani

_: Phoma herbarum

87 Pleospora rudis

= Cucurbitaria berberidis

Pleospora betae

Setosphaeria rostrata

Cochliobolus sativus

Pyrenophora trichostoma

Pyrenophora tritici

Pleospara herbarum

Pleospora herbarum

Pleospara herbarum

Botryomyces caespitosus
Alternaria raphani

Clathrospora diplospora
Alternaria alternata
Alternaria alternata
Alternaria brassicae
= Leptosphaeria maculans

== Leptosphaeria maculans

= Phoma sp.

= Cucurbitaria elongata

= Paraphaeosphaeria obtusispora

_: Leptosphaeria microscopica

51 Ophiobolus herpotrichus

_': Paraphaeosphaeria agavensis
Paraphaeosphaeria nolinae

Leptosphaeria doliclum
W:: Leptosphaeria doliolum
89 Leptosphaeria doliolum

Phaeosphaeria nodorum
Paraphaeosphaeria glauco
Paraphaeosphaeria filamentosa
Paraphaeosphaeria filamentosa
Paraphaeosphaeria conglomerata
53 Paraphaeosphaeria quadriseptata
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) (2)
Lasallia rossica

Umbilicaria subglabra

Sphinctrina turbinata
Chaenothecopsis savonica
Stenocybe pullatula
Mycocalicium albonigrum
Mycocalicium albonigrum
iomy 1150]
Geosmithia cylindrospora
Thermoascus crustaceus

90

continued from Fig 4w

in Fig 4z

51
Eurotiomycetes subclade I [54] continued in Fig 4aa

Trichocema paradoxa

Trichocoma paradoxa

Elaphomyces aculeatus

Elaphomyces leveillei

Elaphomyces maculatus

Talaromyces luteus

Talaromyces luteus

Talaromyces bacillisporus
Talaromyces flavus
Chromocleista cinnabarina
Chromocleista cinnabarina

99
Euascomycete sp.
Ceramothyrium linnaeae
Coniosporium sp.
Coniosporium apollinis
Coniosporium perforans
Coniosporium perforans
Exophiala mansonii
Capronia pilosella
Graphium calicioides
Graphium calicicides
Graphium calicicides
Phaeococcomyces exophialae
Exophiala jeanselmei
Nadsoniella nigra
Nadsoniella nigra
62 Phaeoannellomyces elegans
Pullularia prototropha
Capronia mansonii
Exophiala dermatitidis
Exophiala dermatitidis
Exophiala dermatitidis
Sarcinomyces phaeomuriformis

(aa)
E
o
Iy
£
g
°
@
2 Paecilomyces variotii
2 Byssochlamys nivea
S Aspergillus sparsus
_: Aspergillus candidus
Aspergillus cervinus
Aspergillus zonatus
74 FE: Penicilliopsis clavariiformis
9 Penicilliopsis clavariiformis

Hemicarpenteles ornatus.
Hamigera striata
Hamigera avellanea
Merimbla ingelheimense
Aspergillus niger
Aspergillus niger
Aspergillus awamori
Aspergillus ochraceus
Aspergillus terreus
Aspergillus terreus
Fennellia flavipes
Aspergillus ustus
Aspergillus versicolor
Emericella nidulans
Aspergillus nidulans
100 Emericella nidulans
Chaetosartorya cremea
Aspergillus wentii
Monascus purpureus
Eupenicillium javanicum
Chromocleista malachitea
Penicillium namyslowskii
Geosmithia namyslowskii
Penicillium notatum
Eupenicillium crustaceum
Penicillium freii
Penicillium commune
Penicillium allii
Penicillium expansum

95
90

Aspergillus clavatus

Aspergillus fumigatus
Aspergillus fumigatus
Aspergillus fumigatus
Aspergillus fumigatus
Neosartorya fischeri
Aspergillus restrictus
Eurctium herbariorum
Eurotium rubrum
Aspergillus avenaceus
Aspergillus nomius
Aspergillus flavus

Aspergillus parasiticus
Aspergillus sojae
Aspergillus tamarii

Fig. 4. Continued.

continued from Fig 4w |
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Histoplasma capsulatum

Histoplasma capsulatum

Histoplasma capsulatum

Blastomyces dermatitidis

Blastomyces dermatitidis

Blastomyces dermatitidis

Lacazia loboi

Lacazia loboi

Paracoccidicides brasiliensis

Paracoccidicides brasiliensis

Paracoccidicides brasiliensis

Chrysosporium parvum

Gymnascella aurantiaca

Gymnoascus reessii

Rollandina hyalinospora

Gymnoascoideus petalosporus

Gymnoascoideus petalosporus

Apinisia graminicola

Arthroderma ciferrii

Arthroderma incurvatum

Trichophyton rubrum

Ctenomyces serratus

Ctenomyces serratus

Spiromastix warcupi

Malbranchea gypsea

Eremascus albus

Ascosphaera apis

Ascosphaera apis

Pectinotrichum llanense

Aphancascus mephitalis

Chrysosporium indicum

Castanedomyces australiensis

Malbranchea albelutea

Renispora flavissima

Renispora flavissima

Onygena equina

Ascocalvatia alveolata
Pseudoamauroascus australiensis
Uncinocarpus reesii

Coccidioides immitis
Uncinocarpus reesii

53 Coccidioides immitis
Amauroascus kuehnii

Auxarthron zuffianum

Auxarthron zuffianum

Auxarthron compactum
Malbranchea aurantiaca
Malbranchea dendritica
Malbranchea dendritica
Malbranchea filamentosa

3 continued from Fig 4y

92

(bb)

— Lecidea fuscoatra
'_I: Porpidia crustulata

100 Porpidia crustulata

Megalospora sulphurata
Xanthoria elegans
Calicium adspersum
Cyphelium inquinans
Texosporium sancti
Thelomma mammosum
Leprocaulon sp.
Sphaerophorus globosus
Austropeltum glareosum
Neophyllis melacarpa
Sphaerophorus globosus
Bunodophoron scrobiculatum
Leifidium tenerum

— Rhizocarpon geographicum

= Gymnoderma lineare

_I: Lecanora dispersa

100 Lecanora dispersa

= Squamarina lentigera

Stereocaulon ramulosum

Stereocaulon ramulosum

Stereocaulon vesuvianum

67 |_: Stereocaulon paschale
50 Stereocaulon tagniarum

Cladia aggregata

Pilophorus acicularis

Pilophorus acicularis

Pycnothelia papillaria

Cladonia bellidiflora

Cladonia subcervicornis

100

98
[ Pleurosticta acetabulum
= Pseudevernia cladoniae

Alectoria ochroleuca

Alectoria sarmentosa

Bryoria capillaris

Cornicularia normoerica
Hypogymnia physodes

Letharia columbiana

Parmelia saxatilis

Platismatia glauca

Usnea florida

Xanthoparmelia conspersa

Evernia prunastri

Evernia prunastri

Cetraria islandica

Vulpicida pinastri
Allocetraria madreporiformis.
Vulpicida juniperina

Sl
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(co)

continued from Fig 4t

(ee)

continued from Fig 4cc _
73

W::
97

anamorphic fungus

H
Neobulgaria premnophila

Mycoarthris corallinus

Cyttaria darwinii

Myxotrichum deflexum
Byssoascus striatosporus
Oidiodendron tenuissimum

Hyponectria buxi
Pestalosphaeria sp.
Pestalosphaeria hansenii
Monographella nivalis
Obolarina dryophila

Hypoxylon fragiforme

Hypoxylon fragiforme

Barrmaelia oxyacanthae

Poronia punctata

Xylaria carpophila

Xylaria polymorpha
Rosellinia necatrix

74 Xylaria sp.

Sordariomycetes subclade | [39] continued in Fig 4dd
Sordariomycetes subclade Il [58] continued in Fig 4ee

Glomerella cingulata

Plectosphaerella cucumerina
Verticillium dahliae
Verticillium dahliae
Verticillium longisporum
Ceratocystis fimbriata

Graphium penicillicides
Graphium penicillioides

— Microascus cirrosus

Nais inornata
Pseudallescheria boydii
Pseudallescheria boydii
Pseudallescheria boydii
86 | Pseudallescheria boydii
Pseudallescheria boydii

Graphium eumorphum
Graphium putredinis
Petriella setifera
Lomentospora prolificans
Lomentospora prolificans
Graphium tectonae
Graphium tectonae
Graphium fructicola
Graphium putredinis
Graphium putredinis

Geosmithia lavendula

Spicellum

82

Fusa

Fusa
Fusa

——

Geosmithia putterillii
Geosmithia putterillii

roseum

Trichothecium roseum
Tritirachium sp.

Paecilomyces tenuipes
Paecilomyces tenuipes
Cordyceps sp.

Cordyceps militaris
Beauveria bassiana
96 Cordyceps brongniartii
rhizium anisopliae

Mycoarachis inversa

Nectria cinnabarina
100 Nigrosabulum globosum

Fusarium merismoides

fium oxysporum

Nectria haesmatococca
Gibberella avenacea
Gibberella pulicaris

rium culmorum
rium equiseti

Fusarium oxysporum

= Chaetopsina fulva
Nectria aureofulva
WI::
66 Nectria ochroleuca

11—

Bionectria ochroleuca

Hypomyces chrysospermus
Hypomyces chrysospermus

Trichoderma koningii
Trichoderma viride

= Cordyceps ophioglossoides

Cordyceps tricentri
Balansieae sp.
Cordyceps inegoensis
Cordyceps prolifica
Cordyceps sobolifera
Cordycepioideus bisporus
Cordyceps capitata

_I: Cordyceps coccidiicola
92 Cordyceps cochlidiicola

_: Cordyceps kanzashiana
100

Cordyceps ramesopulvinata

Cordyceps paradoxa
_|:|: Cordyceps japonica
88

Cordyceps jezoensis

Cordyceps sp.
Cordyceps konnoana
60 Cordyceps heteropoda
63

Hamiltonaphis styraci

Graphium penicillicides
Graphium penicillicides
Graphium penicillioides
Graphium basitruncaturm
Graphium penicillicides

Aniptodera chesapeakensis
Halosarpheia retorquens
100 Lignincola laevis
100

Pseudallescheria ellipsoidea
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(dd)

Lulworthia fucicola

Meliola juddiana

Meliola niessleana

Kionachaeta ivoriensis

Kionochaeta spissa

Kionochaeta ramifera
Kionochaeta spissa
Ascovaginospora stellipala
Phyllachora graminis

Camarops microspora
Podospora anserina
Chaetomium elatum
Neurospora crassa
Sordaria fimicola

continued from Fig 4cc

08
Leucostoma persoonii

Cryphonectria parasitica

Cryphonectria radicalis

Endothia gyrosa

Cryphonectria cubensis

83 Cryphonectria havanensis
Pseudohalonectria falcata

Ophioceras leptosporum
Magnaporthe grisea

Papulosa amerospora

Sporothrix schenckii
Ophiostoma stenoceras
Ophiostoma ainoae
Ophiostoma europhioides
Graphium album
Ophiostoma cucullatum
Pesotum erubescens
Qphicstoma floccosum
QOphiostoma piceae
Ophiostoma ulmi
Ophiostoma piliferum
Ophicstoma piliferum
Ophicstoma bicolor
Ophiostoma penicillatum
59 Pesotum fragrans

Fig. 4. The Fungi, full length strict consensus from 299 most
parsimonious trees (L=40521; CI=0.10, RI=0.81). The
strict consensus received from the parsimony ratchet/tree
fusion analysis. Parsimony jackknife frequencies as calculated
from the parsimony jackknife analysis are plotted at sup-
ported nodes. Points of clade attachment (and the relevant
figure) are indicated in bold. Numbers in brackets indicate the
number of terminals included in a given clade.

not give any jackknife support to that group. Not only
are the Lecanoromycetes left without support, internal
group support of the Lecanoromycetes are furthermore
absent or often low. Although 85 sequences belonging
to the Lecanoromycetes are included in the data matrix,
with unsupported nodes collapsed the sequences are
split into 24 minor clades arising from a major
euascomycete polytomy (Fig. 4w, bb). The largest of the
24 clades is the Parmeliaceae with 18 sequences. Con-
sidering that the euascomycete polytomy in total
consists of 52 clades it is noteworthy that nearly half of
it consists of lichenized species.

Many genes in various organisms are interrupted by
intervening sequences. Several of these insertions be-
long to group I introns and spliceosomal introns. Their
occurrence in the small subunit of nuclear ribosomal
DNA has been especially well-documented in the
lichenized fungi (Bhattacharya et al. 2000, Cubero,
Bridge & Crespo 2000, Myllys, Killersjo & Tehler
1999) and they may be more frequent in lichenized
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groups than in other fungi or in other organisms.
Introns are usually difficult to align and their vari-
able distribution suggest that they are mobile genetic
elements capable of insertion and deletion (DePriest
1993, Myllys et al. 1999). This makes it even more dif-
ficult to make hypotheses of homology. Intron regions
may be useful for studies at population level (Myllys,
Tehler & Lohtander 2001) but they do not seem to
contain sufficient phylogenetic structure for studies
across higher taxonomic ranks such as family, order,
or class. Most of the normal size Group I introns
(200—400 bp) were probably removed for the present
data prior to alignment at the European ribosomal
RNA database (van de Peer, pers. comm.). However,
in addition to the large Group I introns other much
smaller insertions have commonly been found in li-
chenized fungi, so called short introns or degenerat-
ive group I introns (Grube, Gargas & DePriest 1996,
Myllys et al. 1999) and short spliceosomal introns
(Bhattacharya et al. 2000, Cubero et al. 2000). Short
introns are only about 60 bp long and have probably
not been removed in the alignment process. Bhatta-
charya et al. (2000) reports that a recent spliceosomal
intron invasion likely occurred soon after the origin of
the Euascomycetes and that the introns spread within
many lineages of the tree, and particularly the lineages
dominated by lichen symbionts. Thus, if ribosomal
DNA in lichenized fungi actually have a higher tend-
ency than other fungi to accumulate introns this could
obscure the original phylogenetic structure of the data
and serve as an explanation for the low resolution in
the Lecanoromycetes. The question of algal origin of
introns in lichens by way of the intimate, obligate,
symbiotic lifestyle between the algae and the fungi
(DePriest 1995) has been rejected by Bhattacharya et al.
(1996, 2002).

Resampling methods are widely employed in system-
atics, and their use as such has seldom been considered
objectionable. Jackknifing, however, has sometimes
been misunderstood by authors who are more familiar
with other resampling procedures. According to
Felsenstein (2002, in main.html), for example:

‘RnA [is] J. S. Farris’s very fast program which uses parsi-
mony to carry out jackknifing resampling of DNA sequence
data. This would be nearly equivalent in properties to boot-
strapping if the jackknifing were sampling random halves of
the data, but Farris prefers to have each jackknife sample
delete a fraction 1/e of the data, which will give most groups
too much support (he would disagree with this statement).’

Actually the RNA program (for Rapid Nucleotide
Analysis) — which is not the parsimony jackknifer,
Xac —uses bootstrap resampling, not jackknifing.
Felsenstein was right, though, about the 1/e deletion
frequency employed when parsimony jackknifing is
used. The question is why he supposed that jackknifing
would give groups ‘too much support,” by which he
meant higher resampling frequencies than would be
obtained by bootstrapping. It is a curious complaint,
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considering that Farris et al. (1996) chose the 1/e de-
letion frequency precisely in order to make the group
resampling frequencies from parsimony jackknifing
similar to those expected from bootstrapping. As they
showed, a group supported by k uncontradicted
characters would have expected frequency

l—pk

with jackknife resampling using deletion frequency p.
Felsenstein (1985), similarly, had found that such a
group would have expected frequency

1—e¥

with bootstrap resampling, provided the total number
of characters is large enough. As Farris et al. (1996)
pointed out, it is immediately seen from these two ex-
pressions that jackknifing and bootstrapping can give
the same expected frequencies only if p=1/e.
Felsenstein (2002) did not explain what he thought
was wrong with that observation; he simply did not
mention it. Further, he did not make the grounds for
his criticism entirely explicit. His only further comment
on this point was (Felsenstein 2002, in seqboot.html):

‘Delete-half-jackknifing ... involves sampling a random half
of the characters, and including them in the data but drop-
ping the others. The resulting data sets are half the size of the
original, and no characters are duplicated. The random vari-
ation from doing this should be very similar to that obtained
from the bootstrap. The method is advocated by Wu (1986). It
was mentioned by me in my bootstrapping paper (Felsenstein
[1985]), and has been available for many years in this program
as an option. Jackknifing is advocated by Farris et al. (1996)
but as deleting a fraction 1/e (1/2.71828). This retains too
many characters and will lead to overconfidence in the re-
sulting groups.’

Aside from simply repeating the complaint, this
adds only a reference to Wu (1986). Wu did conclude
that delete-half jackknifing should give about the
same results as bootstrapping, and so it would appear
that Felsenstein’s objection to parsimony jackknifing
is based on Wu’s results. In that event, however,
Felsenstein’s conclusion rests only on a faulty analogy.
Wu’s study concerned sampling variation in estimates
of regression coefficients for continuous variables.
Delete-half jackknifing may give the same results as
bootstrapping in that case, but even if so this certainly
does not mean that those two methods give the same
group frequencies in tree calculations. Indeed, the
simple algebraic result given above makes it obvious
that delete-half jackknifing cannot generally give the
same group frequencies as bootstrapping. Felsenstein’s
objection to parsimony jackknifing thus seems to lack
any legitimate basis.
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