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Abstract The phylogeny of the Psathyrellaceae has re-
ceived much attention recently. Despite repeated efforts for
inferring a stable phylogeny that can serve as a basis for
reclassification of the Psathyrellaceae, extensive taxonomic
rearrangements have been withheld by several factors;
among others, inadequate taxon sampling in several clades
and low support values for critical relationships. In this
paper, we present a well-resolved, robust phylogeny and
morphological circumscriptions for 14 clades of the Psathyr-
ellaceae. Sequence data from a matrix of four nuclear genes
(approximately 4,700 characters, including recoded indels)
and various phylogenetic methods were used to infer rela-
tionships. Unexpected relationships and other morphologi-
cally informed phylogenetic hypotheses have been tested by
constraint analyses. Nearly fully resolved consensus trees
have been obtained, with strong support for most of the
large clades and several early evolutionary events. We iden-
tified poorly sampled regions of the phylogeny and discuss
potential additions and extensions of the phylogeny for
future sampling. Prospects for and potential pitfalls of a
future reclassification are discussed in detail.
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Introduction

The mushroom family Psathyrellaceae Vilgalys, Moncalvo
& Redhead contains small to large, dark-spored agarics,
which are generally considered difficult to identify to spe-
cies. Many of the taxa are deliquescent, well known for their
ability to digest themselves by means of autodigestive chi-
tinases (Kiies 2000). These, known as "inky caps" or Copri-
nus s.1., include species used as model organisms in various
fields, spanning fungal ontogeny, breeding biology, devel-
opmental biology and genomics (Kemp 1975; Kiies 2000;
Stajich et al. 2010). The type genus of the family, Psathyr-
ella (Fr.) Quél. by definition contains the non-autodigesting
species, mainly decomposers of leaf-litter or wood, more
rarely living on dung, or parasitizing other fungi (Kits van
Waveren 1985; Singer 1986; Smith 1972). Some of the
species are well-known edible mushrooms, such as Ps. aff.
hymenocephala, which is used as a spice in Haiti (Nieves—
Rivera 2001), or C. micaceus and C. atramentarius, which
are sometimes collected for the table, although the latter is
also known to be toxic when consumed with alcohol.
Traditionally, the family (formerly treated under the name
Coprinaceae) included two large genera, Coprinus Pers.
(Fig. la—f) and Psathyrella (Fig. 1g-1), although several
other genera have also been included. For instance, Pseu-
docoprinus Kithner was introduced to accomodate partially
deliquescent species such as Coprinellus disseminatus
(Fig. 1e), which is now classified into Coprinellus P. Karst.
(Kiihner 1928). The genera Ozonium Link and Hormogra-
phiella Guarro & Gené were established to accommodate
the conidial anamorphs of certain species now classified in
Coprinellus. These anamorph taxa, especially Hormogra-
phiella verticillata, have been reported as opportunistic
human and animal pathogens in several case reports of
severe or even fatal infections (Caceres et al. 2006;
Rampazzo et al. 2009; Verweij et al. 1997). The name
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Fig. 1 Examples of different
groups of Psathyrellaceae. a
Coprinopsis strossmayeri,
showing rich fibrillose patchy
veil coverage on the cap, b
Parasola leiocephala, ¢
Coprinellus sp., a Coprinellus
species lacking all types of veil,
d Coprinellus micaceus, with a
thin layer of granular veil
remnants on the cap, e
Coprinellus disseminatus, f
Partially digested, mature pileus
of Coprinopsis stangliana.
Autodigestion starts from pileus
edge and progresses
concentrically in parallel with
spore maturation. g Young
specimens of Psathyrella
gordonii with rich fibrillose veil
coverage, h Psathyrella
fibrillosa, i Lacrymaria
vellutina, j Psathyrella gracilis,
the type species of the genus, k
Psathyrella ammophila,

1 Psathyrella panaeoloides, a
species with very scanty veil, m
Spores of Coprinopsis lagopus,
n Cheilocystidia of Psathyrella
prona, o Cheilocystidia of
Parasola plicatilis, p Spores of
Coprinopsis calospora
(Holotype), q Cheilocystidia of
Ps. lutensis, r Lageniform cys-
tidia from the stipe surface of
Coprinellus pusillulus, s Mi-
crostructure of veil elements of
Coprinopsis friesii wth thick
walls and diverticulate, coral-
loid appearance

Coprinaceae was used for many decades (Kiihner and
Romagnesi 1953; Moser 1983; Singer 1986), but following
early phylogenetic studies (Hopple and Vilgalys 1994,
1999) Coprinus was split into four genera: Coprinus s.s.,
Coprinellus (Fig. 1c—e), Coprinopsis P. Karst. (Fig. la, f)
and Parasola Redhead, Vilgalys and Hopple (Fig. 1b), with
Coprinus s.s. belonging to the Agaricaceae (Redhead et al.
2001). A consequence of the transfer of Coprinus s.s. to the
Agaricaceae was that the name Coprinaceae became a
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synonym of Agaricaceae, necessitating the establishment
of the new family name Psathyrellaceae.

The main morphological features used in the reclassification
of coprinoid fungi were the structure of the pileipellis (cap
cuticle), the presence or absence of the universal veil and its
microstructure. Coprinopsis was defined as being deliques-
cent, having a cuticular pileipellis, always having a veil of
various structures (globose, hyphal, diverticulate, etc.) and
devoid of caulocystidia. This genus contains several well-
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known taxa, such as C. cinerea, C. lagopus or C. atramentaria.
Species of Coprinellus, on the other hand, possess hymeniform
(cellular) pileipellis, and veil, if present, consists of globose
cells. Several Coprinellus species have short, hair-like struc-
tures, pileocystidia on the cap surface and caulocystidia-like
structures on the stipes (Fig. 1r), whereas such structures are
never observed in Coprinopsis. Parasola is the only genus
consistently lacking all types of velar structures and having a
strongly grooved, parasol-like, membranous pileus. Deliques-
cence in this genus is incomplete or lacking. According to
Redhead et al. (2001), pleurocystidia are always present, but
this view has been challenged by subsequent publications
(Nagy et al. 2009; Padamsee et al. 2008). An additional spe-
cies, Coprinus patuoillardii (= C. cordisporus), has not been
placed in any of the above-mentioned genera, since it was
grouped together with psathyrelloid species.

Although Psathyrella was also found to be paraphyletic, it
has not been reclassified, awaiting more species and more loci
to better understand their phylogeny and morphological evo-
lution. Sampling of additional Psathyrella taxa revealed that
the three coprinoid genera were not as uniform as formerly
thought; they include non-deliquescent psathyrelloid taxa as
well. Accordingly, Larsson and Orstadius (2008) placed Psa-
thyrella conopilus in Parasola, and Psathyrella marcescibilis
and P. pannucioides in Coprinopsis. Several studies attempted
to decipher patterns of the phylogeny of Psathyrella taxa, but
the resolving power of the analyses has been limited by gene or
taxon sampling. Individual analyses uncovered single or a few
clades, but a well-supported multigene phylogeny of the Psa-
thyrellaceae phylogeny is still lacking.

In this study, we build on formerly published phylogenies
(Hopple and Vilgalys 1999; Larsson and Orstadius 2008; Nagy
et al. 2010, 2011; Padamsee et al. 2008; Vasutova et al. 2008;
Walther et al. 2005), and extend those with additional taxa and
gene sequences (beta-tubulin) to achieve a comprehensive view
of Psathyrellaceae phylogeny. We conducted phylogenetic
analyses based on four nuclear genes, covering most of the
morphologically established groups of the family in order to
recover a robust, well-supported phylogeny of the family. We
analyzed 141 specimens using two different Bayesian
approaches and models, as well as ML and MP bootstrapping.
We also identified morphological characters that support the
phylogeny, with the aim to provide morphological key charac-
ters that correspond to recovered clade structure, and discuss
aspects of a future reclassification of the Psathyrellaceae.

Materials and methods

Taxon sampling

We extended previous sampling of taxa (98 specimens, Nagy
et al. 2011) by several species of the Psathyrellaceae from

Europe (134 ingroup taxa). Since the most severe drawback of
the current classification of the family is the paraphyly of the
genus Psathyrella and the ambiguous positions of psathyrel-
loid clades, our objective was to recover as many lineages of
the Psathyrellaceae as possible. To this end, the design of our
taxon sampling took advantage of formerly published phylog-
enies (Larsson and Orstadius 2008; Nagy et al. 2010, 2011;
Padamsee et al. 2008; Vasutova et al. 2008), extensive type
studies and a database of > 700 internal transcribed spacer
(ITS) sequences of Psathyrellaceae. Initially, we applied rough
morphological definitions for the larger clades recovered in
the above mentioned studies, and applied a denser sampling in
those clades. To identify hitherto unknown clades, we
searched the literature for species not fitting in any of the
formerly inferred larger clades, and inferred pilot phylogenies
based on only one or two genes (ITS, large subunit (LSU) or
both) with many hundred sequences. Taxa appearing as new
clades were included in the subsequent four-loci analyses.
Genbank sequences from our previous studies (Nagy et al.
2009, 2010, 2011) and of Ps. pennata, Ps. spintrigeroides, Ps.
romagnesii, Ps. sphaerocystis, Ps. cotonea, Ps. stercoraria,
Ps. larga, and Ps. gossypina (Accession numbers in order:
DQ389710, DQ389696, DQ389716, DQ389708,
AM712283, DQ389670, DQ389694, AM712294, Larsson
and Orstadius 2008; Vasutova et al. 2008) were included in
the study. The complete list of specimens used in this study,
their origins, Accession Numbers and identifiers are listed in
Supplementary Table 1.

The Bolbitiaceae have been shown to be closely related
to the Psathyrellaceae (Matheny et al. 2006; Moncalvo et al.
2002), so we used representatives of this family plus Myzh-
icomyces as outgroup in our analyses. GenBank sequences
of Cystoagaricus strobilomyces have been included in the
analyses, since evidence from former studies suggested that
this belongs to the Psathyrellaceae (Vellinga 2004). Singer
(1986) placed the genus Macrometrula in the Psathyrella-
ceae; therefore, we examined the type of this species, but
found it to be a very badly preserved representative of a
species closer to the Agaricaceae or the Pluteaceae.

DNA extraction, PCR and sequencing

Genomic DNA was extracted from 2-20 mg of dried herbar-
ium specimens by means of the DNeasy Plant Mini kit
(Qiagen), following the manufacturer’s instructions. PCR am-
plification targeted four loci: the nrLSU (ca. 1,500 bp), ITS
(ca. 700 bp), tefl (ca. 1,200 bp) and btub (ca. 500 bp) genes,
and employed the primer combinations LROR/LR7, ITS1/
ITS4, 983 F/2218R and B12R psa/B36F psa for the nrL.SU,
ITS, tefl and btub genes, respectively (for primer sequences,
see Nagy et al 2011). Amplification followed standard proto-
cols (White et al. 1990). PCR clean-up and sequencing was
performed by LGC Genomics (Berlin) using the same primers
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Table 1 Relationships tested by constraint analyses. Constraints rejected at p<0.05 are shown in bold

Constraint

Approximately unbiased test P value

/cotonea and /Cystoagaricus monophyletic
/Coprinus patouillardii sister group to /Coprinellus
/Coprinus patouillardii and /Coprinellus sect Sefulosi monophyletic

/Coprinus patouillardii and /Coprinellus sect Domestici and Micacei monophyletic

/gordonii clade and /Coprinopsis

Ps. melanthina, Ps. submicrospora, Ps. pannucioides and Ps. marcescibilis on one branch

/Coprinopsis sister group to /Parasola

/Lacrymaria clade in basalmost position
/Lacrymaria clade + /Cystoagaricus clade

Ps. melanthina, belong to the /Cystoagaricus clade

Ps. cotonea and Ps. caput-medusae as a separate lineage

0.003-0.015
0.12-0.28
0.07-0.09
0.03-0.04
<0.0001
0.019-0.021
< 0.00001
0.09
<0.001
<0.00001
0.22-0.62

as above, except for the tefl gene, for which an internal
reverse primer (1567R) was used. Individual readings were
assembled to contigs using the PreGap and Gap4 programs of
the Staden package (Staden et al. 2000).

Alignments, congruence tests and modeling sequence evolution

Sequences of nrL.SU, fef] and btub were aligned by ClustalX
(Thompson et al. 2002), followed by minor manual adjust-
ments. ITS sequences were aligned by Probalign, a probabi-
listic alignment algorithm found to reduce the proportion of
incorrectly inferred homologies in sequences with numerous
indel events (Roshan and Livesay 2006). Probalign was
launched with default parameters. Indels in the ITS region
were recoded as a partition of binary characters by using the
simple indel coding algorithm (Simmons and Ochoterena
2000), as implemented in FastGap 1.2 (Borchsenius 2007).
This approach treats indels as one evolutionary event.

ITS alignments are frequently criticized for alignment
errors, especially in data sets spanning significant taxonomic
ranges. In order to examine the sensitivity of our conclusions
to potential phylogenetic noise originating from incorrectly
inferred homologies in the ITS1 and ITS2 regions, we per-
formed phylogenetic analyses with all the aligned regions, as
well as with ambiguously aligned regions excluded. To ex-
amine how different treatments of gapped regions affect the
topology and support values of trees, we identified ambigu-
ously aligned regions by GBlocks 1.0 by using a “less strin-
gent” set of parameters, allowing up to half of the sequences to
contain gaps in the final alignment (Castresana 2000). This
trimmed ITS alignment was subjected to the same phyloge-
netic analyses as the complete one.

To check for topological congruence between single-locus
alignments, we performed maximum likelithood (ML) boot-
strapping in 100 replicates using the parallel version of
RAXML 7.0.4 (Stamatakis 2006). Mutually exclusive, strong-
ly supported clades (MLBS>70 %) were considered
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indicative of significant topological incongruence. Based on
our former results obtained on a more restricted set of speci-
mens and formal model testing (Nagy et al. 2011), the GTR+
G model of sequence evolution have been used for all genes.
Because gamma approximation accounts for the same phe-
nomenon as P-invar and it has been raised that using both can
reduce the identifiability of parameters in the analyses
(Stamatakis 2006), we omitted the invariant sites model from
the analyses. For the concatenated data set, the following
partitioned model was used (Nagy et al. 2011): the ITSI1,
5.8S, ITS2 and nrLSU regions were modeled by a GTR+G
model, while for the two protein coding genes, two site-
specific rate models were invoked by dividing the fefl and
btub genes into 1st, 2nd, and 3rd codon positions, and esti-
mating a GTR+G model for each codon position in each gene.
This resulted in ten partitions of nucleic acid supplemented
with recoded indel data as the 11th partition. Model parame-
ters were unlinked between partitions in the Bayesian analy-
ses. The concatenated alignment, as well as the Bayesian
consensus tree, are available in TreeBase (Accession Number:
11724).

Constraint analyses

Several morphologically informed phylogenetic hypotheses
were tested by constraint analyses (summarized in Table 1).
Constraint trees were designed either to test unexpected rela-
tionships, nodes contradicting previously published phyloge-
nies, or the affinities of morphologically similar taxa.
Mesquite 2.74 (Maddison and Maddison 2009) was used to
create constraint trees, choosing the most conservative way of
imposing the constraints. This often required several clades to
be collapsed to polytomy, which has later been resolved
according to the ML solution around the particular node.
RAxML was used to compute the unconstrained trees, to find
the ML solution for polytomous nodes of constrained trees
and to calculate single-site likelihoods. Trees were inferred in
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ten replicates in all cases. Single-site likelihoods were then
imported into CONSEL (Shimodaira and Hasewaga 2001) to
calculate confidence intervals on the trees. CONSEL was run
with default settings, and priority was given to the results of
the approximately unbiased test (Shimodaira and Hasewaga
2001). P values <0.05 were considered significant.

MP and ML bootstrap analyses

We estimated nodal support for the trees by maximum
parsimony (MP) and ML bootstrapping. Parsimony anal-
yses have been performed using PAUP 4.0b10
(Swofford 2002). Initial, exploratory MP searches have
been performed in 1,000 replicates (TBR branch swap-
ping, MULTREES=YES), keeping only three of the
shortest trees per replicate. Subsequently, more thorough
branch swapping has been performed on the trees saved
during the first cycle. Bootstrapping was initiated in
1,000 replicates with TBR branch swapping, stepwise
sequence addition and ten replicates of branch swapping
per bootstrap replicate. A 50 % bootstrap consensus tree
has been computed in PAUP.

For ML bootstrapping, we used the parallel version of
PhyML 3.0 (Guindon and Gascuel 2003). One thousand
bootstrap replicates were analyzed under the GTR+G model
of evolution. Rate heterogeneity was modeled by a gamma
distribution discretized using four categories. Branch swap-
ping was set to SPR.

Bayesian analyses

We inferred trees by using two different Bayesian approaches,
under two different partitioned models found optimal for a
smaller version of this data set in our former study (Nagy et al.
2011). The first, outlined above, was used in MrBayes 3.1.2
(Altekar et al. 2004), while a mixture model approach using
three GTR+G matrices for each of the sites of the partitions
described above was implemented by using BayesPhyloge-
nies 1.0 (Pagel and Meade 2006). The latter was found to
improve likelihood values significantly (based on Bayes Fac-
tors), and to converge to more realistic branch length estimates
than MrBayes (Nagy et al. 2011). Since topological differ-
ences between the two types of analyses have not yet been
examined in detail, we compare them in this paper. Sampling
frequency was set to 1,000 for both programs. The indel
matrix was appended to the end of the concatenated alignment
in both Bayesian analyses, and a correction for constant char-
acters not included in the matrix was imposed ("coding=
variable" in MrBayes and "cb=noconst" in BayesPhyloge-
nies). Indel data were modeled by a two-parameter Markov
model. MrBayes was launched with four incrementally heated
chains and two replicates, while BayesPhylogenies was run
with one chain, in three replicates.

Convergence of likelihood values was checked in Tracer
(Rambaut and Drummond 2008). Since topological conver-
gence was proved difficult to achieve and preliminary Bayesian
runs failed to converge on satisfyingly stable split posteriors [as
deduced from the average standard deviation of split frequen-
cies (in MrBayes) and the cumulative and compare functions of
AWTY (Wilgenbusch et al. 2004)], we performed long runs,
where the Markov chains were run for 100 million generations
in both programs. Burn-in values were determined by inspect-
ing likelihood and topological convergence.

Trees sampled after convergence were used to compute
50 % Majority Rule consensus trees. This was done by
combining trees sampled from paired or replicated MCMC
runs. Runs that failed to converge to the same posterior as
the others were excluded from consensus analyses. On the
basis of consensus trees, we compared Bayesian posterior
probabilities and branch length estimates obtained from the
MrBayes and the BayesPhylogenies runs. The notations
BPP, and BPP,, hereafter refer to the BayesPhylogenies
and MrBayes posterior probabilities, respectively.

Results
Data sets and congruence tests

We sampled and analyzed four nuclear loci for 140 speci-
mens of the Psathyrellaceae and outgroup taxa. Of these,
Bolbitius vitellinus, Conocybe lactea, Agrocybe preacox, Ps.
melanthina, Ps. pennata, Ps. spintrigeroides, Ps. romagne-
sii, Ps. sphaerocystis, Ps. cotonea, Ps. stercoraria, Ps.
larga, Ps. gossypina and Cystoagaricus strobilomyces were
represented only by the ITS and LSU regions, while for
Coprinopsis friesii only LSU and btub fragments amplified
successfully. All other species were represented by all four,
or in the case of ten specimens, by three loci. The final
concatenated matrix contained 4,717 characters in total. Of
this, 3,952 were nucleic acid and 765 were binary indel
characters obtained by recoding gaps in the ITS alignment.
The length of the individual partitions was 730 for the ITS1,
172 for the 5.8S rRNA, 712 for the ITS2, 1,297 for the
nrLSU, 664 for the tef] and 375 for the bfub gene. Of these,
the number of variable positions was 528 for the ITS1, 27
for the 5.8S rRNA, 469 for the ITS2, 484 for the nrLSU, 435
for the tefland 189 for beta-tubulin. There were two intron
regions in the fefland the btub genes each, which were
deleted from the alignments, due to their excessive variabil-
ity. To examine the effects of excluding highly variable
regions of the ITS locus from the alignment, we identified
“ambiguously aligned” regions by GBlocks, which resulted
in a final alignment length of 318 bp.

We found that incongruence between the single locus
alignments was caused by two specimens, Coprinellus sp.
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(SZMC-NL-0978) and Psathyrella aff. lutensis (SZMC-NL-
4301). These were deleted from the alignments, since they
appeared in different positions in the single-gene ML trees
and caused major discrepancies both in combined Bayesian
analyses and congruence tests. The results of the constraint
analyses are summarized in Table 1.

Bayesian analysis

Likelihood values converged very rapidly to stationarity, usu-
ally within the first 2 million generations. The three replicated
runs of BayesPhylogenies terminated after 19 million gener-
ations, but converged to roughly the same likelihood values
(-InL=51431-51451). A Bayes Factor test indicated small
differences between the three runs (logBF=2.13-8.44). On
the other hand, paired MrBayes runs converged to more
different likelihood values (-InL=52011-52049, logBF=
16.59), of which run 1 produced insufficient convergence,
so we excluded it from the calculation of consensus trees.

Consensus trees and support values

The different analyses yielded the same results with regard
to the gross topology of the trees. Based on analyses of
convergence, we established the burn-in as 70 million and
10 million generations in MrBayes and BayesPhylogenies,
respectively. The 50 % majority rule consensus trees have a
high resolution, with most larger clades receiving strong
support values (Fig. 2). Out of the four different analyses,
the two Bayesian trees are topologically closest to each
other, conflicting only in the placement of some minor
clades. The parsimony and ML trees also conflicted with
the Bayesian ones in deeper internal branches. For instance,
the Lacrymaria clade was placed in different positions in the
analyses. In the MP consensus and the ML trees, it was
placed sister to Coprinopsis (MPB: 93 %, MLB: 100 %),
whereas both Bayesian analyses placed it close to Coprinel-
lus (BPP,,: 1.00, BPPy: 1.00) (see Fig. 2).

Trees inferred from the GBlocks-curated alignment, i.e.
from which gapped regions of the ITS locus were deleted
(Suppl. Fig. 1), were congruent with analyses from the
complete alignment, with the exception of some incongruent
nodes around Coprinellus. The candolleana clade was split
to two subclades, one (containing Ps. candolleana, Ps.
leucotephra, Ps. badiophylla) was nested within Coprinel-
lus, while the remaining species, Ps. typhae, together with
the calcarea clade, were inferred as a tritomy, sister to
Coprinellus. Further, as a result of GBlocks-curation, the
number of unresolved nodes in the clade of Coprinellus
hiascens—C. congregatus increased from zero to four.

Based on our trees and former studies, we distinguish 14
major clades within the Psathyrellaceae (Fig. 2): /spadiceogri-
sea, /fusca, /Coprinus patouillardii, /gordonii, /cotonea, /

@ Springer

calcarea, /Coprinellus, /candolleana, /gracilis, /Cystoagaricus,
/Lacrymaria, /Coprinopsis, /pseudonivea, and /Parasola. All
of these received significant support values from at least three
analyses, except for the fusca (—/—/.59/.80) and Coprinellus (—/
—/.91/1.00) clades. These are discussed in greater detail in the
next sections.

Discussion
Relationships between early branching clades

There is persistent contradiction between different published
papers and different analyses with regard to the topology at
the basal nodes of the phylogeny. This most severely affects
the position of the Lacrymaria clade, the genera Coprinopsis
and Parasola, but also affects the gracilis clade and Copri-
nellus. Paradoxically, posterior probabilities can be high for
alternative placements of a clade, even with extensive data
sets, as seen in the Lacrymaria clade. Studies utilizing only
one to two genes usually failed to find significant support
for the placement of this clade, whereas multilocus analyses
provided contradicting (Larsson and Orstadius 2008;
Padamsee et al. 2008; Vasutova et al. 2008), often strongly
supported, results (Nagy et al. 2009, 2010). Its position
varied from being the sister group to the rest of the Psathyr-
ellaceae, to the sister group of Coprinopsis or Coprinellus
plus the other psathyrelloid clades. Based on three genes, we
formerly sustained the latter placement, although with mod-
erate support (Nagy et al. 2010). Sensitivity of topologies to
model selection has also been examined on the basis of a
more restricted taxon sampling with four genes (Nagy et al.
2011). Inference under some of the models of sequence
evolution (JC69 with and without partitioning, GTR+G
without partitioning, Site-Specific Rates /SSR/ model,
codon-based and mixture models) placed the Lacrymaria
clade sister to all other Psathyrellaceae with significant
support (BPP: 1.00 in all cases), whereas the minority of
tested models (JC69+G without partitions, GTR+G parti-
tioned) produced a relationship congruent with the tree

Fig. 2 50 % Bayesian Majority Rule consensus tree. Support values P
above branches are given as: Maximum Parsimony bootstrap / Maxi-
mum Likelihood bootstrap / Bayesian Posterior probability from
MrBayes / Bayesian Posterior probability from BayesPhylogenies. A
dash (—) represents that the clade was either not present on the tree, or
the support values were < 50 %/0.50. An asterisk (*) denoted 100 % or
1.00 support for bootstrap and Bayesian analyses, respectively. Support
values for specimens of the same species have been removed. Copri-
noid species, as defined by Nagy et al. (2011) (complete or partial
deliquescence, bimorphic basidia, voluminous cystidia, pseudoparaph-
yses and plicate pileus), are denoted by checked circles, while non-
deliquescent psathyrelloid taxa are denoted by striped circles. Out-
group taxa are identified by the Accession numbers of their ITS
sequences
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94/97/*

Psathyrella ammophila NL-3398 e
Psathyrella magnispora NL-1954 @
Psathyrella ammophila NL-2151 e
Psathyrella ammophila NL-1450 e
Psathyrella fatua NL-0603 @
Psathyrella spadiceogrisea NL-0440 @
Psathyrella phegophila NL-3524 @
Psathyrella clivensis NL-1952 @

e

e

/spadiceogrisea

Psathyrella microrhiza NL-3059 e

Psathyrella prona NL-0398 @
Psathyrella senex NL-0199 @

Psathyrella pennata LO 206-03 e

56/62/.98/.98 Psathyrella fibrillosa NL-0201 &)
s1/571" Psathy i LO 127-86 ©
Psathyrella umbrina NL-1949 &
-/-1.711.6¢ f y NL-3995 e
NL-2530 &
117568 Psathyrella romagnesii LO 267-04 @
Psathyrella sp ystis LO 126-99 &
Psathyrella piluliformis NL-3923 @
Psathyrella piluliformis NL-2936 & /fusca
'/7/'59/'80\ Psathyrella pertinax NL-2350 9
.99, 92_\_ Psathyrella sp. CBS206.33 &
Psathyrella reticulata NL-0441 @
Psathyrella noli-tangere NL-3403 @
Psathy NL-2537 &
Psathyrella fusca NL-0630 &
1serl, Psathyrella pygmaea NL-2139 e
h | ST Psathyrella pygmaea NL-2325 e
| olympiana NL-2935 &
_ Coprinus patouillardii NL-1684 @ I
I Coprinus patouillardii NL-1687 €2 /COp rin us patou il Ia I’d ii
Coprinus patouillardii NL-1685 €5
Coprinus patouillardii NL-1695 @
Wi Psathyrella vestita NL-2346 1 .
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Fig. 2 (continued)

—o0.01

shown in this study (BPP: 0.64-0.82). We observed no
correlation between taxon sampling and the position of this
clade. The prevalence of trees with the Lacrymaria clade as
the most basal one prompts us to regard this relationship as
more probable. Consistent with this, constraint analysis
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cannot reject the possibility that /Lacrymaria is sister to the
rest of the Psathyrellaceae (P=0.09, Table 1).

A counterexample of the Lacrymaria clade is the Cystoagar-
icus clade, which seems to have a very stable position in the tree.
It has been inferred in its current placement in several former
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studies as well (Larsson and Orstadius 2008; Nagy et al. 2011;
Padamsee et al. 2008; Vasutova et al. 2008), where it has been
called Ps. larga (Larsson and Orstadius 2008; Padamsee et al.
2008), Ps. delineata, Cystoagaricus, (Padamsee et al. 2008) or
Ps. gossypina+ Ps. delineata (Vasutova et al. 2008) clade. In all
previous studies (except for Nagy et al. 2011), the /Cystoagaricus
clade was split to smaller, non-monophyletic groups.

The parasola clade has been inferred as basal in the Psa-
thyrellaceae, although in previous studies, it was repeatedly
grouped together with Coprinopsis (e.g. Hopple and Vilgalys
1999; Nagy et al. 2010, 2011; Padamsee et al. 2008). In fact,
this relationship would seem probable, since both clades con-
tain primarily deliquescent species, but constraint analyses
rejected such a relationship significantly at p<0.00001.

There are two major clades in which the branching order
has been somewhat uncertain: Coprinellus and the fusca—
Coprinus patouillardii clades. The monophyly of Coprinellus
has been questioned in a former study (Nagy et al. 2010),
where the two large clades therein have been inferred as non-
monophyletic, placed along a completely unbalanced back-
bone of the tree. However, constraint analyses showed that
their monophyly is plausible on the basis of the approximately
unbiased test. The other complex in which it has been difficult
to resolve the internal branching order with confidence is the
clade formed by the /Coprinus patouillardii, /cotonea and /
fusca. In addition, finding morphological definitions for these
clades is difficult, which suggests that these taxa might have
experienced rapid morphological diversification that erased
the historical signature of their relationships.

Phylogenetic relationships and morphological traits

In this study, we extended sampling of psathyrelloid taxa
substantially, with the aim to recover all lineages of the
family. This untangled several clades that formerly proved
hard to define, because of sparse sampling and the lack of
key species from the phylogeny. However, it is possible that
certain lineages are still missing from the phylogeny, which
should be examined by even more sampling of taxa from
morphologically heterogeneous and/or tropical groups. In
the following paragraphs, we discuss the 14 major clades
and their morphological characteristics.

In the spadiceogrisea clade (MPB: 50 %, MLB: 72 %, BPP,:
1.00, BPPy: 1.00, Fig. 1k) the basidiomes are fairly large (>
3 cm), non-deliquescent with medium-sized, ellipsoid-
subphaseoliform spores (7-9 um), and fibrillose, scanty veil that
is visible only on young specimens. The gill edge is lined mainly
with poorly developed globose-sphaeropedunculate cells
(paracystidia), whereas true, utriform cheilocystidia are very
scarce. The presence of this monophyletic assemblage,
corresponding to subsection Spadiceogriseae of Kits van Wav-
eren (1985) has already been noted by Vasutova et al. (2008) and
Larsson and Orstadius (2008), independently of each other.

The calcarea clade (MPB: 70 %, MLB: 67 %, BPP,:
1.00, BPPy: 1.00): the ML tree and the MP consensus tree
supports the placement of this clade sister to the /candol-
leana, although with very weak support. Although these
species are morphologically most similar to Ps. prona, so
that Ps. calcarea has been treated as a variety of the latter (as
Ps. prona var utriformis), trees with these three species on
one clade were significantly rejected by the approximately
unbiased test (Table 1). Traditional taxonomic treatments
considered these species closely related to representatives
of the gracilis clade (Kits van Waveren 1985; Larsson and
Orstadius 2008; Smith 1972). Although not forming a
monophyletic assemblage, these two clades also fall in the
vicinity of each other in the Bayesian analyses. In support of
their relatedness are several former studies (Larsson and
Orstadius 2008; Nagy et al 2010; Padamsee et al. 2008),
where the calcarea clade (= section Afomatae), the gracilis
clade (= section Psathyrella) and Ps. bipellis (=Ps. odorata,
section Bipelles) showed high affinity to each other or
formed a monophyletic group, although support for this
relationship was lacking in all cases. However, those studies
sampled more species, such as Ps. potteri, Ps. prona, Ps.
effibulata, Ps. orbitarum etc. Representatives of these
clades/sections share a similar habit, ellipsoid spores longer
than 10 pm and scanty veil. Therefore, we raise the possi-
bility that they actually are monophyletic, but more data and
denser sampling is necessary to substantiate that.

The fusca clade (MPB: -, MLB: -, BPP,,.: 0.59, BPP,,: 0.80,
Fig. 1h, 1) constitutes a huge heterogeneous assemblage, re-
garding both morphology and traditional taxonomy. There-
fore, it is difficult to provide an unequivocal morphological
definition. The spores are shorter than 10 wm in most species,
and the cheilocystidia are mostly abundant along the gill edge.
All sampled Psathyrella species with lageniform and/or acute
fusiform cystidia and spores shorter than 10 pum (except for
Ps. fagetophila) are nested within this clade. These traits
discriminate this clade from the spadiceogriseae clade, in
which the spores are also shorter than 10 um, but the cheilo-
cystidia of those species are very scarce and utriform when
present. Species of other clades have longer spores or they
lack pleurocystidia, or the cystidia are distinctly thick-walled
(> 1 um). Species of subsection Lutenses and section Penna-
tae of Kits van Waveren (1985) are included in this clade, as
well as Ps. sphaerocystis, which is characterized by a granular
veil. Kits van Waveren (1985) placed this species in section
Cystopsathyra of subgenus Psathyra. It seems that psathyr-
elloid species with granular veil do not form a monophyletic
group, since Ps. sp. (NL-2349), an undescribed species with a
granular veil, fell within the gracilis clade. Further, it is ques-
tionable whether the granular veil in psathyrelloid taxa is of
the same origin as that of Coprinellus or Coprinopsis.

The Coprinus patouillardii clade (MPB: 100 %, MLB:
100 %, BPP,: 1.00, BPPy: 1.00, also known as C.

@ Springer



514

Mycol Progress (2013) 12:505-517

cordisporus) contains small species with deliquescent basi-
diomes, granular veil and more or less hexagonal, lentiform
spores. This group consists of two species on our trees out of
a total of three (see Keirle et al. 2004). Earlier studies have
also proved its affinities to the fusca clade (Hopple and
Vilgalys 1999; Larsson and Orstadius 2008; Nagy et al.
2010, 2011; Padamsee et al. 2008; Vasutova et al. 2008;
Walther et al. 2005), and constraint analyses reinforce its
position there (Padamsee et al. 2008). However, its exact
placement within/near this clade is uncertain, as shown by
the results of the constraint analyses. Trees with C. patouil-
lardii placed as a sister group of all other species of the fusca
clade cannot be rejected; moreover, when forced to mono-
phyly with Coprinellus (as a sister group of that), the like-
lihoods decreased only slightly (trees could not be rejected
at p<0.05). This implies that—given our data—C. patouil-
lardii may occupy several places on the tree with nearly
equal probability. In support of the above finding, develop-
ment of the veil in early-median phases of the ontogeny
sheds more light on the relationship of this clade to /Copri-
nellus. The velar structures of C. patouillardii are not sharp-
ly delimited from cell layers of the pileipellis, whereas it is
clearly demarcated from the underneath layers of palisade in
Coprinellus (Reijnders 1979, as C. cordisporus). In this
respect, C. patouillardii is similar to the C. cortinatus group,
which belongs to the pseudonivea clade.

The gordonii clade (MPB: 100 %, MLB: 100 %, BPP,:
1.00, BPPy: 1.00, Fig. 1g) contains species with whitish or
pale grayish brown, medium-sized basidiomes, with thick
fibrillose, white veil when young, cuticular pileipellis, and
almost opaque spores, which are about 10 pm. We exam-
ined whether these species can be placed in Coprinopsis,
with which it shares the cuticular pileipellis and spore shape,
but it seems that such a relationship is improbable (au test
pvalues: 10™* — 6x107>%). This, interestingly, at the same
time entails multiple independent origins and/or losses of
cuticular pileipellis in the Psathyrellaceae.

The cotonea clade (MPB: 95 %, MLB: 95 %, BPP,,:
1.00, BPP,: 1.00) is recognized here as a monophyletic
group. Both species are morphologically peculiar in that
their basidiomes are large, non-deliquescent, and the veil
is whitish, abundant, cottony, blackening with age. The two
species here come in a rather isolated position and their
placement is somewhat uncertain. On preliminary phyloge-
nies, their position varied and ML analyses placed them
within the fusca clade. However, trees where they are forced
outside the fusca clade could not be rejected by the au test
(0.22<p<0.46). Because of their superficial similarity to
species of the Cystoagaricus clade, primarily the size of
the basidiomes, and the darkening of veil on ageing, we
tested the monophyly of these two groups. However, the p
values were close to 0.01, thereby rejecting the monophyly
of the cotonea and Cystoagaricus clades. Because the
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constraint analyses provide evidence for an unstable posi-
tion for this clade on the tree, we raise the possibility that
they represent an independent, enigmatic lineage of the
Psathyrellaceae similar to the C. patouillardi clade.

/Coprinellus (MPB: -, MLB: -, BPP;: 0.91, BPP,: 1.00
(Fig. lc,d,e,r)) is characterized by hymeniform pileipellis,
presence or absence of a granular veil, and deliquescent or
collapsing basidiomes. When the veil is lacking, the cap is
covered by lageniform, hair-like pileocystidia. The two sub-
clades therein correspond to subsection Setulosi p.p. (C. hia-
scens—C. congregatus) and subsections Domestici and
Micacei (C. verrucispermus—C. truncorum). The former is
characterized primarily by the lack of veil, while the latter
generally has rich granular veil on the cap. Exceptions from
this are the taxa originally placed in subsection Setulosi, such
as C. disseminatus, C. verrucispermus, C. curtus etc., which
are nested in the clade of veiled species. These species, how-
ever, have both veil and pilocystidia, and their spores are often
mitriform, very similar to that of C. micaceus.

The candolleana clade (MPB: 100 %, MLB: 100 %, BPP,,,:
1.00, BPPy: 1.00) contains species with rather pale basidiomes
lacking pleurocystidia, but having a fibrillose, scanty veil
which is visible only on young specimens. The affinities of
this clade to Coprinellus have already been noted by Hopple
and Vilgalys (1999) and many subsequent studies (Walther et
al. 2005; Padamsee et al. 2008; Larsson and Orstadius 2008;
Vasutova et al. 2008; Nagy et al. 2010; 2011).

The gracilis clade (MPB: -, MLB: 73 %, BPP,,: 1.00,
BPPy: 1.00, Fig. 1j) is named after Ps. gracilis, the type
species of Psathyrella. Although we did not include it in the
present data set, two very closely related species, Ps. corrugis
(also known as Ps. gracilis f- corrugis) and Ps. pseudogracilis
are included, and there is phylogenetic evidence for these
species belonging to the same clade (Larsson and Orstadius
2008; Vasutova et al. 2008). These species are characterized
by slender, non-deliquescent basidiomes, often rooting in the
substrate. Lageniform pleurocystidia and cheilocystidia are
always present, spores on average longer than 10 pm, regular
ellipsoid, and veil fibrillose, scanty and visible only on young
specimens. Species of this clade have been placed in section
Psathyrella of Kits van Waveren (1985) and section Psathyr-
ella, subsection Psathyrellae of Smith (1972). On the basis of
morphology, Ps. microrhiza also falls in the vicinity of Ps.
gracilis and Ps. pseudogracilis, which is in contradiction with
its phylogenetic position in the spadiceogrisea clade (MPB:
50 %, MLB: 72 %, BPP,,,, BPPy: -) on our phylogeny. Sim-
ilarly, Larsson and Orstadius (2008) inferred an ambiguous
position for this taxon.

The Cystoagaricus clade (MPB: 65 %, MLB: 69 %,
BPP,,: 1.00, BPP,: 1.00) has already appeared on the tree
published by Padamsee et al. (2008), although Ps. delineata
(=Ps. gossypina) was excluded. It contains large species
with mostly firm stipe and cap, where the cap surface is
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often covered by appressed scales, which are darker than the
background, sometimes vanishing somewhat and then
remaining only in the center of pileus. Exceptions are Ps.
gossypina and Ps. larga, which have smooth pileus surface.
The spores are small (6—8 pum), and smooth or subangular
(in Cy. strobilomyces). However, this clade is very hetero-
geneous and more research is needed to find better morpho-
logical characters to circumscribe it.

Species of the Lacrymaria clade (MPB: 100 %, MLB:
100 %, BPP,,,: 1.00, BPPy: 1.00) have been placed in section
Spadiceae and the genus/section Lacrymaria by traditional
taxonomists (Kits van Waveren 1985; Smith 1972). Two sub-
clades corresponding to taxonomic grouping can be recog-
nized, of which the Lacrymaria clade contains species with
large, ornamented, almost opaque spores, a thick, fibrillose
veil composed of pigmented hyphae, and large basidiomes
(Fig. 11). The Psathyrella spadicea clade (here missing species
like Ps. cernua, Ps. conissans etc. of former studies) is char-
acterized by thick-walled cystidia, small (69 pm) pale spores
and lacking a veil. It seems difficult to establish a uniform
morphological definition for the whole Lacrymaria clade, due
to the extraordinary morphological disparity exhibited by the
above mentioned subclades. However, to date, no published
phylogenetic analyses question their monophyly. Lacrymaria
lacrymabunda and its close allies have been treated a section
of Psathyrella by certain authors (e.g. Smith 1972), but that
classification does not provide any specific morphological trait
for the two groups concerned here.

The Coprinopsis clade (MPB: 91 %, MLB: 98 %, BPP,,:
1.00, BPPy: 1.00, Fig. 1a, f, p, s) contains both deliquescent
and non-deliquescent taxa. The pileipellis is cuticular, or in a
few taxa, hymenidermal (C. poliomallus), the veil is well-
developed, composed of globose, filamentous or diverticulate
elements. The veil on the margin of the pileus is powdery, as
opposed to the pseudonivea clade (see below); when partially
"beard-like", then the fruiting body is grayish and the spores
are shorter than 9 um. The psathyrelloid species, Ps. melan-
thina is also nested in the Coprinopsis clade, and should be
recombined in this genus. These have cuticular pileipellis, like
other Coprinopsis species, grayish non-deliquescent basi-
diomes and grayish, fibrillose scaly veil on the cap.

The pseudonivea clade (MPB: 100 %, MLB: 100 %,
BPP,,: 1.00, BPP,: 1.00) takes an isolated position basal to
all other Coprinopsis species. Characteristic for this clade is
that the veil forms a special “beard-like” structure at the cap
margin of young basidiomes, composed of long white fibrils
connecting cap margin to the stipe and a few globose cells in
between. The basidiomes are usually pure white or whitish,
sometimes brown (Ps. submicrospora). The pileipellis is
cuticular when the fruiting body is deliquescent, and cutic-
ular or hymenidermal when non-deliquescent. Psathyrelloid
members of this clade have scanty veil on the cap surface,
but beard-like fibrils on the margin. Separation of this clade

from the rest of the Coprinopsis clade is proposed for the
first time in this study. Its morphological uniformity, basal
relationship and the strong support values raise it as an
enigmatic lineage of Psathyrellaceae, deserving more atten-
tion in the future. The position of non-deliquescent members
is noteworthy. In contrast to our previous thoughts (Nagy et
al. 2010), they split into several smaller clades and are not
inferred as the basal ones in Coprinopsis. This implies more
shifts between fruiting body types (i.e. between non-
deliquescent and deliquescent) than inferred without the
inclusion of Ps. pannucioides, Ps. submicrospora, and Ps.
melanthina (Nagy et al. 2010). Our study is the first to
include multiple representatives of the “C. cortinatus com-
plex” in phylogenetic studies, such as C. coniophorus, C.
bellulus, or C. cortinatus. Of these tiny species, the two
latter have not been classified in Coprinopsis by Redhead et
al. (2001), probably due to their superficial similarity to
certain Coprinellus species. Our study, however, provides
unequivocal evidence for their placement close to Copri-
nopsis pseudonivea, with which they share the characteristic
beard-like veil on the cap margin.

The Parasola clade (MPB: 100 %, MLB: 100 %, BPP,:
1.00, BPPy,: 1.00, Fig. 1b, o) has been recovered in almost all
phylogenetic studies of Psathyrellaceae as monophyletic
(Hopple and Vilgalys 1999; Larsson and Orstadius 2008;
Nagy et al. 2010, 2011; Padamsee et al. 2008; Vasutova et
al. 2008; Walther et al. 2005), including a detailed study of
species limits (Nagy et al. 2009). The lack of any velar
structures and caulocystidia uniquely defines this genus. In-
terestingly, the basidiomes are collapsing (incompletely deli-
quescent); if not collapsing (psathyrelloid), then there are
thick-walled, brown setulae on the pileus. The spores are
usually rounded-triangular, flattened, which is rather peculiar
for the Psathyrellaceae. Only the pseudonivea clade and the
Coprinus patouillardii clade contain species with strongly
flattened, often angular spores. The position of P. conopilea
varied somewhat across different phylogenies, and appeared
either as a sister to all other Parasola taxa, or on a weakly
supported clade together with P. auricoma. Constraint analy-
ses confirm the plausibility of P conopilea being basal to all
other Parasola taxa. This basal relationship would imply
gradual loss of pilocystidia, the emergence of partial deliques-
cence, as well as gradual flattening and expansion of the
spores within the genus Parasola (Nagy et al. 2009).

Classification of Psathyrellaceae

Of the several taxonomic difficulties in fungal classification,
that of the Psathyrellaceae is an exemplary case. Early
phylogenetic studies and subsequent reclassification of
coprinoid lineages (Coprinellus, Coprinopsis and Parasola)
left the genus Psathyrella para/polyphyletic (Redhead et al.
2001). In the following years, several studies tried to
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decipher phylogenetic relationships within the family
(Larsson and Orstadius 2008; Nagy et al. 2009, 2010,
2011; Padamsee et al. 2008; Vasutova et al. 2008; Walther
et al. 2005), which added valuable information used here as
a basis for designing a balanced taxon sampling. One of the
major objectives during this study—which we consider an
absolute prerequisite for a classification—was to uncover all
major lineages within the family, and this has also strongly
relied on previous studies. The available published sequence
data allows us to conclude that most, if not all, major clades
have been uncovered. Fortunately, there is very little phylo-
genetic uncertainty about the major clades within the family,
and uncertainty at early splits of the phylogeny has no or
little impact on a reclassification in the future.

In conjunction with former studies (Hopple and Vilgalys
1999; Larsson and Orstadius 2008; Nagy et al. 2010, 2011;
Padamsee et al. 2008; Vasutova et al. 2008; Walther et al.
2005), our results reinforce the para/polyphyly of Psathyr-
ella, and warrant extensive rearrangement of the genus into
new genera. The clade containing Ps. gracilis, the type
species of Psathyrella, is sister to Coprinellus and /Candol-
leana, and forms a clade of its own with strong support. In
our opinion, the current topology and the uncertainties in the
placement of some clades would make it very impractical to
consider a large psathyrelloid "supergenus", i.e. treating all
the clades as one genus. This would save the generic name
Psathyrella for most of the species, but in that case, species
of Coprinellus and the Coprinus patouillardii complex
would have to be merged with the psathyrelloid species (if
the Lacrymaria clade is excluded, and in that case even
Coprinopsis, Parasola and the Cystoagaricus clade would
have to be included). We think the most reasonable solution
for the paraphyly of Psathyrella requires splitting it as
currently circumscribed into several smaller genera. If rec-
ognized as a separate genus, the gracilis clade should evi-
dently retain the name Psathyrella (Fr.) Quél., because the
type species belongs to this clade. For other clades, other
generic names should be sought, although their arrangement
should not necessarily follow the clade structure presented
here. Also, whether deliquescent taxa should be merged
with non-deliquescent ones, as would be the case with
Coprinus patouillardii or when merging the candolleana
clade with Coprinellus, should be considered carefully, even
if some non-deliquescent species have already been recom-
bined in deliquescent genera (e.g. Coprinopsis marcescibilis
or Parasola conopila; Larsson and Orstadius 2008). It
seems that such mixed genera cannot be avoided in a natural
classification, although this makes any future identification
keys either highly unnatural or very hard to write and use.

The placement of the “Coprinus cortinatus complex” in
Coprinopsis entails reconsideration of the generic definition
of Coprinopsis as given by Redhead et al. (2001). The
pileipellis of these species plus C. poliomallus (shown to
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belong to Coprinopsis by Nagy et al. 2010) is hymenider-
mal, whereas that of other Coprinopsis species, including
non-deliquescent ones, is cuticular. However, the combina-
tion of hyphal veil cells and sphaerocysts, and the whitish
colours support their inclusion in Coprinopsis.

Deeper branches of the phylogeny presented here are not
robust; more data, or even phylogenomic approaches, may be
necessary to resolve the earliest evolutionary events. Similar-
ly, morphology provides no stronger evidence for any group-
ing of the larger clades, due to extensive convergence and
difficulties in recognizing homologous traits. However, the
larger clades can be defined by morphological traits unambig-
uously. The generality of these clade definitions should be
tested by the inclusion of more taxa in the phylogeny, espe-
cially from tropical regions or the southern hemisphere. Al-
though other traits may also prove helpful in circumscribing
certain clades, the morphological definitions presented here
represent a step forward in formulating taxonomic descrip-
tions of clades when a natural classification is to be designed.
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