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Abstract The rare sequestrate fungus Amogaster viridiglebus is known from only one collection in California where it
was discovered among Populus roots. Based on sporocarp
coloration and spore morphology, this sequestrate taxon was
putatively considered to be an ectomycorrhizal member of
the Boletales. However, no molecular data were previously
available to definitively determine the closest relatives of
this fungus. Here we revisit the morphology of Amogaster
viridiglebus and present a phylogenetic analysis based on
ITS and 28S ribosomal DNA. Our phylogeny indicates that
Amogaster viridiglebus is nested in the genus Lepiota, suggesting that this rare species has a saprobic trophic mode
and does not form ectomycorrhizae with plants. A new
combination, L. viridigleba, is made based on these phylogenetic results.
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Introduction
Many fungi have limited morphological characters, so it has
been difficult to infer their evolutionary history based on
morphology alone. The sequestrate fungi (those with
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enclosed fruiting bodies where the spores are not forcibly
discharged) are particularly difficult in this regard because
they often have compact fruiting bodies that are morphologically similar to one another, yet distinct from the fruiting
bodies of their closest relatives. In recent years, molecular
phylogenetic approaches have shown that sequestrate fungi
are the result of convergent evolution; they have evolved
separately in many different groups of fleshy Ascomycota
and Basidiomycota as well as a few Zygomycota and
Glomeromycota (Trappe et al. 2009). The evolutionary relationships of many groups of sequestrate fungi have been
determined in recent years, but for some genera we still do
not know where they belong on the fungal tree of life.
The majority of sequestrate fungi obtain their nutrients
through ECM associations with plants but some of them have
also evolved within many different lineages of saprotrophic
fungi (e.g. Geastrum, Lycoperdon, Sclerogaster, Weraroa).
Recent molecular studies of the saprotrophic family
Agaricaceae Chevall. have revealed that several sequestrate
genera are derived from epigeous, mushroom-forming relatives. For example, the secotioid genus Endoptychum Czern.
was shown to be a heterogeneous assemblage of taxa that fall
into several different clades of Agaricaceae. Based on their
phylogenetic affiliations, Endoptychum depressum Singer &
A.H. Sm. was transferred to Agaricus L. as A. inapertus
Vellinga (Vellinga et al. 2003) and Endoptychum agaricoides
Czern. was transferred to Chlorophyllum as C. agaricoides
(Czern.) Vellinga (Vellinga 2002). Australian species of sequestrate Agaricaceae are nested within the genera Agaricus
and Macrolepiota Singer (Lebel and Syme 2012). Similarly,
Kropp et al. (2012) recently erected a new sequestrate genus
Cryptolepiota Kropp & Trappe to accommodate a lineage
from the western USA that was derived from the agaricoid
genus Lepiota (Pers.) Gray (Kropp et al. 2012). Lepiota sardoa (Padovan & Contu) Vila & Castellón, a secotioid species
originally described from Italy, is considered to be a member
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of the genus Lepiota based on morphology. However, no molecular data are available to determine the closest relatives of this
fungus (Padovan and Contu 2001; Vila and Castellón 2003).
The monotypic genus Amogaster Castellano was erected
to accommodate a small sequestrate fungus with a greenish
gleba and a thin, whitish, tomentose peridium that bruises
orange or red (Castellano 1995). The single described species, Amogaster viridiglebus Castellano (as “viridigleba”),
is extremely rare and has only been collected once in association with Populus species in California (Castellano
1995). Trappe et al. (2009) later reported collections of
Amogaster from Oregon but subsequent examination of
those specimens indicate that they are a different, and as
yet undescribed, truffle species (M. Castellano, personal
communication). Based on the green gleba color, the reddish
staining response, and the potential symbiotic association
with the tree genus Populus, Castellano (1995) considered
A. viridiglebus as a member of the Boletales, and suggested
that it might be related to Gyroporus Quel. or Paragyrodon
(Singer) Singer. However, nothing is known about the phylogenetic position of A. viridiglebus. Until now, no
Amogaster sequence data have been available to determine
the closest relatives of this genus or to determine whether
this fungus is saprotrophic or ectomycorrhizal (ECM)
(Tedersoo et al. 2010). The aim of this study was to determine the phylogenetic position of the genus Amogaster and
to gain insight into the trophic mode of this rare fungus.

Materials and methods
Materials examined and morphological observations The
isotype of A. viridiglebus, which is deposited in the
Mycological Herbarium of the University of Florida
(FLAS), was examined. This specimen was collected by
M. Amaranthus (Trappe 9493) on 13 June 1987, at the
SFSU field campus on Highway 49 in the Plumas National
Forest, Sierra County, California, USA. The holotype specimen is deposited at OSC with additional isotype material
deposited at FLAS and SFSU.
In the description, macromorphology is based on a portion
of the dried specimen. For descriptions of fresh material see
Castellano (1995). Micromorphology is based on observations under a light microscope at 1,000× magnification.
Spores and basidia were observed after the tissue was sectioned by hand and mounted in 3 % KOH to rehydrate.
Melzer’s reagent was used to test the amyloidy of spores.
Spore wall reaction to Cresyl Blue and Congo Red were also
checked. Dimensions for basidiospores are given using the
notation form (a) b–c (d), with the range b–c containing a
minimum of 90 % of the 30 measured values. Extreme
values (a and d) are given in parentheses. Q indicates the
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“length/width ratio” of a spore in side view; avQ is the
average Q of all basidiospores±standard deviation.
DNA isolation and amplification A small piece of dried
basidiome tissue was ground in a 1.5 ml Eppendorf tube
using a plastic pestle and genomic DNA was extracted with
a modified cetyltrimethylammonium bromide (CTAB) extraction protocol (Gardes and Bruns 1993). ITS ribosomal
DNA was amplified using primers ITS1F and ITS4 (White
et al. 1990; Gardes and Bruns 1993), and the LSU rDNA
was amplified using primer pairs LR0R and LR3 (http://
www.biology.duke.edu/fungi/mycolab/primers.htm). The
sequence produced in this study has been deposited in
Genbank with accession number JX014271.
Phylogenetic analyses Sequences obtained from this study
were subjected to BLASTn analysis against GenBank
(Altschul et al. 1990). Several species of Lepiota (e.g. Lepiota
subgracilis Kühner, Lepiota maculans Peck, and Lepiota ignivolvata Bousset & Joss. ex Joss.) showed high sequence similarity with the ITS sequence from Amogaster and were
retrieved directly from GenBank. After further examination of
recent studies of Lepiota and related Agaricaceae (Vellinga et
al. 2003; Kropp et al. 2012), we compiled an ITS-LSU sequence dataset that included several species of Lepiota and
Cryptolepiota as well as related genera of Agaricaeae
(Table 1). The dataset was aligned using the MAFFT software
package (http://align.bmr.kyushu-u-ac.jp/mafft/software), followed by manual inspection and correction in MEGA
(Tamura et al. 2011). The final alignment was deposited in
TreeBASE (Accession http://purl.org/phylo/treebase/phylows/
study/TB2:S12706).
The resulting combined ITS-LSU dataset was evaluated
using the Maximum Likelihood (ML) strategy performed in
RAxML version 7.2.3 (Stamatakis et al. 2008), with
GTRGAMMAI as the model of evolution. Branch support
was assessed through 1,000 bootstrap partitions (BP) with
the rapid bootstrap option. To test alternative phylogenetic
relationships, maximum parsimony (MP) analysis was performed using PAUP* 4.0b10 (Swofford 2003). One hundred
heuristic searches were conducted with random sequence
addition of sequences, and the tree bisection-reconnection
(TBR) branch-swapping algorithms, and MaxTrees were set
to 2,000. Bootstrap values (BS) were obtained from 200
replicates from the maximum parsimony analysis
(Felsenstein 1985). The analyses were performed under the
heuristic search option with TBR and Multrees option on,
and 100 replicates of random addition sequence were conducted. Gaps were treated as missing data in all analyses.
Bayesian analysis was also conducted to test the alternative
phylogenetic relationships using MrBayes3.1.2 (Ronquist
and Huelsenbeck 2003) under the GTR + I + G model as
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selected by MrModeltest (Nylander 2004). Bayesian posterior probabilities were determined twice by running one cold
and tree heated chains for five million generations, saving
trees every 500th generation. We discarded the first 276
trees as burn-in, as the Markov Chain converges when the
SDSF fell below 0.01 after 516,000 generations. A 50 %
majority rule consensus tree was used to calculate posterior
probabilities.

Results
Mophology
The isotype collection contains approximately one half of a
basidiome that measures approximately 8.0×3.5 mm. The
specimen is yellowish-brown with a thin, evanescent peridium that does not rehydrate well in any of the solutions used
for microscopy in this study. Gleba yellowish, with irregular, empty locules. Basidiospores 11.2–13.2 (15.2)×5.2–6.4
(7.6) μm, Q01.88–2.21 (2.33), avQ02.07±0.12 (Fig. 1),
amygdaliform to subfusiform, asymmetrical in side view,
smooth, slightly thick-walled, pale yellowish-brown in 3 %
KOH, with a tiny sterigmal attachment at the base.
Basidiopores pale yellow brown in Melzer’s reagent,
unreactive in Congo Red, becoming light blue to blue in
Cresyl blue stain (1 g Cresyl blue dissolved in 100 ml 0.8 %
NaCl). Basidia four-spored, 22.4–25.6×6.4–8.0 μm, subcylindric to narrowly clavate. Basidia hyaline, thin-walled,
sometimes constricted in the middle. Clamp connections
not observed.
Phylogenetic results
The aligned ITS-LSU dataset was 1,704 base pairs long but
268 ambiguously aligned base pairs were excluded from the
analyses, yielding a total of 1,436 analyzed nucleotides. The
three different analyses (MP, ML, BI) produced phylogenies
with similar overall topologies. The RAxML analyses
resulted in the ML phylogeny shown in Fig. 1 (Final ML
Optimization Likelihood: −10831.090912). The MP analyses resulted in seven equally parsimonious trees based on
331 parsimony-informative characters, with tree length of
1,841 steps (consistency index00.3911, retention index0
0.5493, rescaled consistency index 00.2148). The best
Bayesian tree was also similar to the ML tree and the MP
consensus tree (data not shown). Bootstrap and posterior
probability values were also mostly congruent in their support for major relationships. Because of these strong similarities in the results from the three different analyses, we
discuss the results together.
In all three analyses, the genus Lepiota was resolved as
paraphyletic with several other genera nested within it. The
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genera Chamaemyces, Cryptolepiota, Cystolepiota and
Melanophyllum are all nested in Lepiota. These results are
also congruent with previously published phylogenetic studies of the genus Lepiota and Cryptolepiota (Vellinga 2003;
Kropp et al. 2012). All three of the analyses recovered a
strongly supported clade that corresponds to Lepiota section
Lepiota and was referred to by Vellinga (2003) as Lepiota
clade 1 (Fig. 1). Most of the nodes within Lepiota clade 1
were also supported by all three of the phylogenetic analyses. Amogaster viridiglebus was consistently resolved as a
member of Lepiota clade 1 and all three analyses placed this
sequestrate species as sister taxon to L. subgracilis. These
two taxa form a sister relationship with a clade comprised of
L. maculans and L. ignivolvata, and the four taxa jointly
form a strongly supported lineage. Other notable taxa that
were resolved within Lepiota clade 1 are the type species of
the genus Lepiota, L. clypeolaria, as well as three sequestrate species that were recently named in the genus
Cryptolepiota (C. americana, C. mengei, and C. microspora). It was notable that the two sequestrate groups
(Amogaster viridiglebus and the Cryptolepiota species) are
more closely related to agaricoid taxa than to one another.
The phylogenetic analysis above confirms that A. viridiglebus is nested within the genus Lepiota section Lepiota.
Based on this phylogenetic placement we have decided to
formally transfer A. viridiglebus to the genus Lepiota.
Taxonomy
Lepiota viridigleba (Castellano) Z. W. Ge & M. E. Sm.,
comb. nov.
a Amogaster viridiglebus Castellano (as ‘viridigleba’),
Mycotaxon 55: 186. 1995
Mycobank number: MB 800493

Discussion
Lepiota viridigleba was originally collected among roots of
Populus and was putatively considered an ECM member of
the Boletales (Castellano 1995). However, our phylogenetic
analysis based on ITS and LSU ribosomal DNA unequivocally shows that L. viridigleba is nested within the genus
Lepiota. Lepiota belongs to Agaricaceae and there are no
known ECM species in this fungal lineage. Although sequestrate fungi are often associated with particular plants,
and thus are assumed to form mycorrhizae, the simple
presence of a fungus with plant roots is not sufficient to
prove an ECM relationship. Our phylogenetic results indicate that L. viridigleba is a saprotrophic rather than an ECM
fungus.
All three of the different phylogenetic methods we used
in this study indicate that L. viridigleba is nested within
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Fig. 1 Phylogeny and
morphological features of
Lepiota viridigleba. Maximum
Likelihood tree (a) based on
combined ITS-LSU rDNA
sequences. Statistical support is
indicated by filled black circles
(supported by Maximum Parsimony bootstrap value >75,
Maximum Likelihood bootstrap
value >75 and Bayesian posterior
probability value >0.95), filled
grey circles (supported by two of
three phylogenetic methods), or
white circles (supported by only
one phylogenetic method). Clade
names correspond to those used
by Vellinga (2003). Basidiome of
Lepiota viridigleba isotype
specimen Trappe 9493 (b) with a
thin evanescent peridium (left)
and the gleba comprised of
irregular, empty locules (right).
Subfusiform basidiospores of
L. viridigleba (c) are morphologically similar to those of
Lepiota clypeolaria specimen
FLAS-FF9647 (d)

section Lepiota (i.e. Lepiota clade 1 sensu Vellinga 2003).
This clade also contains the type species of Lepiota, L.
clypeolaria, as well as members of the sequestrate genus
Cryptolepiota. Morphologically, species within Lepiota section Lepiota are characterized as having fusiform to amygdaliform spores, clamp connections, and a trichodermal
pileus covering comprised of cylindrical to narrowly clavate
elements.
Lepiota viridigleba has some important morphological
similarities to other species in Lepiota section Lepiota. For
example, this sequestrate taxon has asymmetrical, amygdaliform to subfusiform basidiospores that are typical of agaricoid
species in the section. Its spores generally resemble those of its

sister species, L. subgracilis, and the type species of Lepiota,
L. clypeolaria (Fig. 1). Lepiota viridigleba also bruises orange
or pale red when handled and this feature is similar to the
related species Lepiota ignivolvata and L. maculans (Fig. 1)
(Birkebak et al. 2011). Unlike most species within section
Lepiota, where clamp connections are commonly observed,
L. viridigleba apparently lacks clamp connections in all
tissues.
Lepiota viridigleba also has several unique features when
compared with related agaricoid species. This sequestrate
taxon has a fine, evanescent peridium that lacks cystidia and
does not rehydrate well after drying. Furthermore, the sequestrate fruiting habit of L. viridigleba means that its
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spores are not dispersed by wind. The exact dispersal mechanism is unknown for this rare species, but many sequestrate
species are dispersed by animals and this may be the case for
A. viridiglebus (Trappe et al. 2009).
Macroscopically, Lepiota viridigleba is more similar to
species of Cryptolepiota than to other species of Lepiota,
despite the fact that L. viridigleba and the Cryptolepiota
lineage clearly represent two distinct evolutionary events
leading to the sequestrate lifestyle (Fig. 1). Lepiota viridigleba
is more closely related to L. subgracilis, L. machulans, and L.
ignivolvata whereas the Cryptolepiota species are more closely related to L. cf. erminea, L. clypeolaria, and L. magnispora.
The secotioid species Lepiota sardoa may represent a third
evolutionary event leading to the sequestrate form within
section Lepiota, although this has yet to be confirmed by
molecular data. Morphologically, L. viridigleba is most similar to Cryptolepiota mengei because that species also has
greenish tones in its gleba and reddish tones on its peridium.
However, L. viridigleba can be easily distinguished from C.
mengei because C. mengei has subglobose to ovoid spores and
has only been found in southern California and Utah whereas
L. viridigleba has asymmetrical, amygdaliform to subfusiform
spores and is only known from northern California.
The case of the sequestrate Lepiota viridigleba highlights
the fact that many rare sequestrate species (and genera) still
remain poorly studied and have not been phylogenetically
characterized. For example, in a recent review on ECM
fungi Tedersoo et al. (2010) named 12 sequestrate fungal
genera for which the trophic mode was unknown and no
DNA sequence data were available. Since the unique morphology of sequestrate fungi can obscure their true relationships and sequestrate taxa have evolved multiple times
(even within individual genera such as Lepiota) molecular
analyses are needed for more of these taxa to resolve their
placement in the fungal tree of life.
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