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Combining morphological and phylogenetic analyses
to unravel systematics in Geastrum sect. Schmidelia

Juan Carlos Zamora1

Francisco de Diego Calonge
Marı́a P. Martı́n

Real Jardı́n Botánico-CSIC, Plaza de Murillo 2,
E-28014, Madrid, Spain

Abstract: Systematics of the recently proposed Geas-
trum sect. Schmidelia are addressed through statistical
analyses of quantitative morphological variables and
phylogenetic reconstructions based on a multilocus
approach. Emphasis is given to the taxonomic
placement of G. schmidelii var. parvisporum. This
variety is found to be not phylogenetically close to G.
schmidelii var. schmidelii, the type species of G. sect.
Schmidelia, and it therefore is excluded from this
section, taxonomically raised to species rank (as G.
parvisporum) and included as a member of G. sect.
Hariotia. A second species in G. sect. Schmidelia is
recognized and formally described as G. senoretiae. It
is characterized by small basidiomata, non-hygromet-
ric exoperidium, subsessile endoperidium and finely
plicate, indistinctly delimited peristome, so far known
only from Spain. Photographs and drawings are
included, along with a comparison of morphological-
ly close taxa. The presence of sclerified basidia in the
mature gleba, previously not reported in the genus, is
commented on.

Key words: ANOVA, atp6, Geastraceae, Geastrum
senoretiae, ITS, Mediterranean Basin, nrLSU, rpb1,
taxonomy, Tukey’s test

INTRODUCTION

Geastrum Pers. : Pers. (Persoon 1801) is the most
diverse genus of the order Geastrales (Hosaka et al.
2007), a relatively basal group of Agaricomycetes that,
according to Hosaka et al. (2007) and Hosaka and
Castellano (2008), includes most of the earthstars
(Geastraceae), the cannon-ball fungi (Sphaerobola-
ceae) and some hypogeous fungi (Schenellaceae and
Sclerogastraceae).

Geastrum is a widespread genus and more diverse
than usually thought. Although the last Dictionary of
Fungi (Kirk et al. 2008) considers about 50 species in
Geastrales worldwide, studies (Zamora et al. 2014)
estimated not less than 100–120 taxa in this genus.

More than 10 new taxa of Geastrum have been
proposed since 2000 (Baseia and Milanez 2003,
Calonge and Mata 2004, Dörfelt et al. 2004, Calonge
et al. 2005, Douanla-Meli et al. 2005, Baseia and
Calonge 2006, Zamora and Calonge 2007, Fazolino
et al. 2008, Kuhar and Papinutti 2009, Hemmes and
Desjardin 2011, Kuhar et al. 2013), showing that an
important number of taxa are still undescribed.

In Europe the genus has been studied in detail.
Sunhede (1989) has made the most thorough study
so far, recognizing 24 European Geastrum species,
plus Trichaster melanocephalus Czern., which never-
theless is considered within Geastrum by most modern
authors (e.g. Calonge 1998, Sarasini 2005, Kasuya
et al. 2012). Calonge and Zamora (2003) recorded G.
arenarium Lloyd as new for the European mycobiota,
and Zamora and Calonge (2007) described G.
parvistriatum J.C. Zamora & Calonge as a new species
from Spain. Jeppson et al. (2013) revised the
European species of Geastraceae based on a molec-
ular approach, contributing to solving the taxonomy
of these taxa. They considered Radiigera Zeller a
synonym of Geastrum, separated G. pseudostriatum
Hollós (5 G. hollosii V.J. Staněk) from G. berkeleyi
Massee and found European specimens of G.
xerophilum Long ex Desjardin, as well as a possibly
undescribed species morphologically close to G.
floriforme Vittad. and phylogenetically close to G.
rufescens Pers. : Pers. Thus, Geastrum currently en-
compasses 31 species in Europe.

Zamora et al. (2014) presented a revision of the
infrageneric classification of the genus and reevaluat-
ed the morphological characters that seemed useful
for distinguishing the different infrageneric taxa,
considering a total of 14 sections worldwide. One of
these is Geastrum sect. Schmidelia J.C. Zamora, which
contains a single described species, G. schmidelii
Vittad. This species traditionally was considered close
to G. elegans Vittad., G. pectinatum Pers. and G.
striatum DC., mainly due to its combination of a
smooth endoperidia surface and a sulcate peristome.
For instance, Staněk (1958) included the mentioned
species under his subsect. Sulcostomata V.J. Staněk,
with G. pectinatum as type. Nevertheless Zamora et al.
(2014) showed that the name subsect. Sulcostomata
should be restricted to the group formed by G.
glaucescens Speg., G. parvistriatum, G. pectinatum and
G. striatum, due to both molecular and morpholog-
ical data, such as the presence of a well developed,
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powdery mesoperidial layer, clearly stalked endoper-
idial body and slender basidia. Moreover phylogenetic
analyses placed G. elegans and G. schmidelii not closely
related with subsect. Sulcostomata. Geastrum elegans was
separated in a monospecific section Elegantia J.C.
Zamora, with a well developed, powdery mesoperidium
but a sessile endoperidial body and stout basidia.
Finally, as noted above, G. schmidelii also was placed in
a separate section named Schmidelia, which is charac-
terized, by a poorly developed, not powdery mesoper-
idium, more or less stalked endoperidial body and stout
basidia. As indicated, basidium morphology in Geastrum
is of taxonomic interest, but the state in which mature
basidia can be observed seems to be of short duration.
Basidia normally disintegrate in mature basidiomata,
and only few remnants may persist in the mature gleba
mass. Therefore, it is difficult to find specimens in
herbaria in a proper basidial state (Sunhede 1989).

Geastrum schmidelii var. parvisporum G. Moreno,
Altés & Dios is another taxon that might be thought
to be included in Geastrum sect. Schmidelia. This
variety was proposed by Dios et al. (2000) based on
Argentinean specimens, and it is differentiated by its
clearly smaller basidiospores, while the remaining
morphological characters seem to be similar to those
of G. schmidelii var. schmidelii. However, because the
type material of this variety was not previously
included in any molecular phylogenetic analyses and
the basidiospore features seem to be important for
infrageneric classification purposes (Zamora et al.
2014), the taxonomic position of this variety remains
uncertain.

Zamora et al. (2014) also indicated a high number
of undescribed species, one of them belonging to
Geastrum sect. Schmidelia. The species was found
growing with other species such as G. minimum
Schwein. Further Iberian specimens were found
during the revision of the MA-Fungi herbarium
(Madrid, Spain), but these were erroneously deter-
mined as G. elegans and G. kotlabae V.J. Staněk. It is
well known that Mediterranean areas are one of the
biomes that harbor high species diversity (Médail and
Quézel 1997, Myers and Cowling 1999). As a result, it
is not surprising that new species come to light.

The two specific aims of the present work are (i) to
unravel the taxonomic position of G. schmidelii var.
parvisporum and (ii) to describe the new species in
Geastrum sect. Schmidelia by establishing the mor-
phological differences and the phylogenetic relation-
ships with other morphologically similar species.

MATERIAL AND METHODS

Sampling.—The present study involves the taxa already
known to be part of Geastrum sect. Schmidelia (G. schmidelii

and one newly described species), one taxon that putatively
belongs to this section (G. schmidelii var. parvisporum) and
other taxa that can be confused with the new species
because they share some morphological similarities (G.
elegans, G. kotlabae, G. minimum). The studied specimens
are deposited in AH, CORD, MA-Fungi, UPS, S, S.
Sunhede’s and J.C. Zamora’s herbaria. Public herbarium
acronyms follow Thiers [continuously updated]. The
complete list of studied collections is included (SUPPLEMEN-

TARY APPENDIX).

Molecular study.—General methodology for the molecular
study was carefully described in Zamora et al. (2014) and
therefore briefly indicated next. DNA was extracted from
the gleba mass of mature fruit bodies, with either E.Z.N.A.H
Fungal DNA Miniprep Kit (Omega Biotek, USA) or
DNeasyH Plant Mini Kit (QIAGEN, Germany). Four DNA
regions were included in the present study, the complete
ITS (ITS1, 5.8S, and ITS2) nrDNA region, the first part of
the 28S nrDNA region (LSU) and genes encoding the
largest subunit of the RNA polymerase II (rpb1) and subunit
6 of the ATP synthase (atp6). Primers used for amplifying
these regions were ITS1F (Gardes and Bruns 1993) and
ITS4 (White et al. 1990) for the ITS region, LR0R and
either LR5 or LR7 (Vilgalys and Hester 1990) for LSU,
gRPB1-A (Stiller and Hall 1997)/fRPB1-C (Matheny et al.
2002) and RPB1GEA-1F/RPB1GEA-2r (Zamora et al. 2014)
for rpb1, and atp6-3/atp6-2 (Kretzer and Bruns 1999) for
atp6. Cycling parameters for ITS follow Martı́n and Winka
(2000) and for LSU and rpb1 are described in Zamora et al.
(2014) and for atp6 are those of Kretzer and Bruns (1999).
Sequencing was done by Macrogen (the Netherlands/South
Korea).

Four samples of the new species from different geo-
graphical origins were included, as well as five specimens of
G. schmidelii. All GenBank DNA sequences of the cited DNA
regions, determined as G. schmidelii, also were used, with
exception of KC582008, which contained an unexpected
number of changes in conserved parts of the alignment,
likely to be PCR or sequencing errors. The holotype of G.
schmidelii var. parvisporum was added to assess the
phylogenetic position of this taxon, and thus to decide
the most appropriate taxonomic placement for it, together
with two other similar samples in terms of morphology and
molecular sequence data already included in Zamora et al.
(2014). Since the new species was confused in MA-Fungi
with G. elegans and G. kotlabae, and it was found growing
together with the superficially similar G. minimum, samples
of these taxa also were added, as well as sequences of two
specimens of G. fornicatum (Huds.) Hook. that were used as
outgroup, following Zamora et al. (2014). Data of all the
specimens included in molecular analyses are summarized
(TABLE I).

DNA sequences were edited and assembled to obtain
consensus with Sequencher 4.1.4 (Gene Codes, USA).
Sequences were aligned through the MAFFT (Katoh et al.
2002) online server, setting the FFT-NS-i strategy, and
manually adjusted with BioEdit (Hall 1999), except for the
atp6 dataset that was directly aligned with BioEdit when
transcribed to protein (‘‘toggle translation’’). Ambiguously
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aligned parts of the ITS dataset were removed with Gblocks
(Castresana 2000), allowing all gap positions when not
ambiguous but only a maximum of four contiguous non-
conserved positions. The remaining insertion/deletion
events (indels) were coded in FastGap 1.2 (Borchsenius
2007), following the simple indel coding of Simmons and
Ochoterena (2000), in a separate binary data subset. Data
matrices are available in TreeBase (TB2:S15502).

Phylogenetic analyses were performed with maximum
likelihood (ML) and Bayesian inference (BI) approaches.
Dataset congruence was analysed with a preliminary
parsimony bootstrapping in PAUP* 4.0b10 (Swoford
2003) and performing 1000 non-parametric replicates
(Felsenstein 1985) with the FAST stepwise-addition option.
Conflict among datasets was considered according to Hillis
and Bull (1993). When no conflicts were detected, the
datasets were concatenated.

Maximum likelihood analysis was conducted in GARLI
2.0 (Zwickl 2006), considering the following partitions:
ITS1, 5.8S, ITS2, LSU, rpb1, atp6 and binary coded indels.
The GTR + I + C model was used for each DNA partition and
the symmetric one rate Mk model for the binary data

partition (Lewis 2001). The analysis was repeated twice
starting from random trees. Branch support (BS) was
assessed performing 1000 nonparametric bootstrap repli-
cates with the thorough bootstrap option of RAxML 7.4.2
(Stamatakis 2006), using the partitioned dataset and default
settings for the remaining parameters.

Bayesian inference analysis was performed in MrBayes 3.2
(Ronquist et al. 2012) with the metropolis-coupled Markov
chain Monte Carlo (MC3) algorithm. The same partitions
used in ML analysis were considered here, with topology
linked across partitions, but separate model parameters for
each subset. Nucleotide substitution models were chosen
through jModelTest 2.1 (Darriba et al. 2012) with the
Akaike information criterion (AIC). For the binary data
subset of coded indels (restriction sites) the F81 model was
used. Four parallel runs were used, each one starting with a
random tree, with six chains, and length preset to 107

generations, sampling every 100th tree. The analysis was
automatically stopped when the average standard deviation
across runs dropped below 0.005. Convergence was also
assessed by checking in Tracer 1.5 (Rambaut et al. 2013)
that values of effective sample size (ESS) for each parameter

TABLE I. Specimens included in molecular analyses, with related information of geographical origins, voucher specimens and
GenBank sequences

Country and state/
province Herbarium voucher

GenBank accession No.

Taxon ITS LSU rpb1 atp6

G. elegans Spain, Ávila Zamora 189 KF988366 KF988488 KF988623 KF988758
G. elegans Sweden, Gotland UPS F-560810 KF988367 KF988489 KF988624 KF988759
G. fornicatum Spain, Lérida MA-Fungi 30749 KF988375 KF988497 KF988632 KF988767
G. fornicatum Spain, Valladolid Zamora 255 KF988374 KF988496 KF988631 KF988766
G. kotlabae Spain, Madrid MA-Fungi 39563 KF988385 KF988510 KF988645 KF988778
G. kotlabae Spain, Valladolid Zamora 440 KF988386 KF988511 KF988646 KF988779
G. minimum agg. Spain, Madrid Zamora 191 KF988400 KF988528 KF988663 KF988795
G. minimum agg. Spain, Madrid MA-Fungi 31530 KF988404 KF988532 KF988667 KF988799
G. minimum agg. Sweden, Gotland MA-Fungi 86669 KF988405 KF988533 KF988668 KF988800
G. minimum agg. Sweden, Öland Sunhede 7746 KF988401 KF988529 KF988664 KF988796
G. minimum agg. USA, Arizona MICH 28119 KF988403 KF988531 KF988666 KF988798
G. minimum agg. USA, Wisconsin MICH 72010 KF988402 KF988530 KF988665 KF988797
G. parvisporum Argentina, Catamarca AH 19559 (Type) KJ588614a KJ588620 KJ588626 KJ588632
G. parvisporum Argentina, La Rioja MA-Fungi 83793 KF988461 KF988596 KF988731 KF988862
G. aff. parvisporum Argentina, La Rioja MA-Fungi 83794 KF988462 KF988597 KF988732 KF988863
G. schmidelii Spain, Burgos Zamora 188 KJ588617 KJ588623 KJ588629 KJ588635
G. schmidelii Spain, Madrid Zamora 199 KJ588618 KJ588624 KJ588630 KJ588636
G. schmidelii Spain, Madrid Zamora 279 KF988434 KF988564 KF988699 KF988831
G. schmidelii Spain, Valencia Zamora 313 KJ588619 KJ588625 KJ588631 KJ588637
G. schmidelii Sweden, Öland Sunhede 7742 KF988435 KF988565 KF988700 KF988832
G. schmidelii England K(M) 59281 EU784247 EU784247 — —
G. schmidelii Sweden, Öland L 837173 JN845121 JN845239 — JN845363
G. schmidelii Sweden, Öland S F-35636 JN845122 JN845240 — JN845364
G. schmidelii Sweden MJ8246 — KC582007 — —
G. schmidelii Sweden MJ8449 KC582006 KC582006 — —
G. senoretiae Spain, Cáceres Zamora 145 KF988458 KF988593 KF988728 KF988859
G. senoretiae Spain, Ciudad Real MA-Fungi 39564 KJ588615 KJ588621 KJ588627 KJ588633
G. senoretiae Spain, Jaén MA-Fungi 86915 (Type) KF988459 KF988594 KF988729 KF988860
G. senoretiae Spain, Orense MA-Fungi 32382 KJ588616 KJ588622 KJ588628 KJ588634

a New sequences indicated in boldface.
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were $ 200. The first 25% of the analysis was discarded as
burn-in. The 50% majority-rule tree including branch
lengths and posterior probabilities (PP) was calculated
from the post-burn-in trees. Problems with convergence and
overestimation of branch lengths, reported by Zamora et al.
(2014), were not detected with the present dataset, and
therefore the default priors were used.

Strength of branch support values follows the criteria and
scale defined in Lutzoni et al. (2004). Phylogenetic trees
were edited with FigTree 1.3 (Rambaut 2007).

Morphological study.—Methodology for measurements and
terminology follow Sunhede (1989) and Calonge (1998),
with minor exceptions; due to etymology, the term
‘‘hygrometric’’ is preferred over ‘‘hygroscopic’’ when
defining the behavior of the exoperidium to humidity
changes, as in Zamora et al. (2013), Zamora et al. (2014).

Macromorphological characteristics refer to dried basi-
diomata unless otherwise stated. Routine micromorpholog-
ical study was carried out under a Jeulin light microscope.
All basidiospore measurements were made under the 1003

immersion oil objective, with 103 oculars, in 5% KOH
solution, including the ornamentation height. For scanning
electron microscopy (SEM) small pieces of the endoperidial
body and the gleba mass were mounted on a sample holder
covered with double-sided adhesive tape, coated with pure
gold, and observed with a Hitachi S-3000N microscope.
Drawings were performed by direct observation.

The following three continuous and one discrete macro-
morphological data were measured from 28 basidiomata of
G. schmidelii var. parvisporum (G. parvisporum henceforth,
see below), 100 of G. schmidelii var. schmidelii, and 55 of the
putatively new species: exoperidial diameter (when the
exoperidium is forced in horizontal position), endoperidial
diameter, stalk height and number of peristome folds. In
addition, basidiospore diameter and ornamentation height
were measured from 120 basidiospores of G. parvisporum,
and 200 basidiospores of G. schmidelii and the new species
each, from randomly selected basidiomata. We selected
these morphological characters because they are some of
the most used quantitative characters in the literature and
seemed to be reliable a priori for distinguishing the
mentioned species. To test this a priori taxonomic
usefulness, we first used an analysis of variance (ANOVA)
for each character to detect significant differences (P ,

0.001) among the three species. When such differences
were found, Tukey’s honest significant difference (Tukey’s
HSD) post hock test was used to identify the sample means
that were significantly different (P , 0.001) from each
other. Measurements were represented as boxplots for
visual interpretation. Analyses and graphics were performed
with R (R Development Core Team 2008).

For the new proposed species a complete description is
provided, while for G. parvisporum and G. schmidelii
synoptic descriptions are provided because complete
descriptions already exist in the literature (Sunhede 1989,
Dios et al. 2000). For a better representation of the in-
traspecific variation, measurements included in the synoptic
descriptions are expanded according to the studied
specimens.

RESULTS

Molecular results.—Twenty-four sequences were gen-
erated in this study (six from each of the four
molecular regions studied) for six specimens. The
final matrix had 3527 characters (183 ITS1, 155 5.8S,
196 ITS2, 966 LSU, 1181 rpb1, 707 atp6, 139 indels), of
which 2693 were constant and 834 variable. Maximum
likelihood analysis with GARLI generated two trees
with lnL1 5 211022.7844 and lnL2 5 211022.7843
(best), with an almost identical topology. The ML tree
with the best likelihood score is illustrated (FIG. 1).

The nucleotide substitution models selected by
jModelTest were HKY + C for ITS1 and ITS2, K80 for
5.8S, GTR + C for LSU and rpb1, and GTR + I + C for
atp6. Bayesian MC3 analysis was automatically stopped
after 1 610 000 generations. Best likelihood states for
each run were lnL1 5 211045.21, lnL2 5 211049.70,
lnL3 5 211052.78, lnL4 5 211057.53. Potential scale
reduction factor values for the model parameters
were 1.000–1.001. A total of 64 404 trees were sampled
and the consensus was calculated from the 48 304 post
burn-in trees. The topology of the consensus tree was
almost identical to that of the ML tree, so we only
indicate PP values at branches of the ML tree (FIG. 1).

The ML tree (FIG. 1) shows five strongly supported
ingroup main clades (BS 5 100%, PP 5 1.0),
indicated as different sections. The clade correspond-
ing to sect. Schmidelia is further divided into two
highly supported clades (BS 5 100%, PP 5 1.0)
representing two species, G. schmidelii and the newly
described G. senoretiae. A strongly supported clade
(BS 5 72%, PP 5 0.98) formed by G. elegans (sect.
Elegantia) and G. kotlabae (sect. Campestria J.C.
Zamora) is sister to sect. Schmidelia, but this last
relationship is not so well supported by bootstrapping
(BS 5 63%). Section Geastrum includes all specimens
of G. minimum s.l., which are divided in two highly
supported clades (BS 5 100%, PP 5 1.0). Finally, sect.
Hariotia J.C. Zamora is represented by a strongly
supported clade (BS 5 100%, PP 5 1.0), which
includes three samples, AH 19559 (holotype of G.
schmidelii var. parvisporum), MA-Fungi 83793, and
MA-Fungi 83794. The samples AH 19559 and MA-
Fungi 83793 were almost identical concerning se-
quence data and are considered as G. parvisporum s.
str., while the sample MA-Fungi 83793 is somewhat
different and is regarded as G. aff. parvisporum (see
DISCUSSION). The clades of sect. Geastrum and sect.
Hariotia were placed sister to each other in a strongly
supported clade (BS 5 76%, PP 5 0.98).

Morphological results.—ANOVA analyses of the six
measured characters (i.e. exoperidial diameter, en-
doperidial diameter, stalk height, number of peri-
stome folds, basidiospore diameter, ornamentation
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height) showed significant differences (P , 0.001)
among G. schmidelii var. parvisporum (G. parvisporum
henceforth, see DISCUSSION), G. schmidelii, and G.
senoretiae (FIG. 2). The exoperidial diameter, endo-
peridial diameter, and stalk height were significantly
smaller in G. senoretiae than in G. parvisporum and G.
schmidelii (Tukey’s HSD test P , 0.001). The number
of peristome folds was significantly higher in G.
senoretiae than in G. parvisporum and G. schmidelii
(Tukey’s HSD test P , 0.001). However Tukey’s HSD
test did not reveal significant differences for the
exoperidial diameter, endoperidial diameter, stalk
height and number of peristome folds between G.
parvisporum and G. schmidelii (P 5 0.004, P 5 0.598, P
5 0.156, P 5 0.657 respectively). For the basidiospore
diameter and ornamentation height, Tukey’s HSD test
found significant differences among the three species
in all possible comparisons (FIG. 2E, F). Geastrum
parvisporum is the taxon with the smallest basidio-
spores and lowest warts, G. schmidelii showed the
biggest basidiospores and highest warts, and G.
senoretiae basidiospores are intermediate between
these two (FIG. 3A5–C5).

Scanning electron micrographs of the endoperidia
surfaces (FIG. 3A4–C4) showed scattered warts, formed
by several hyphae glued together, on the endoperidial
surface of G. parvisporum. These warts are absent in G.
schmidelii and G. senoretiae. The mesoperidial cover on
the endoperidium is almost completely absent in the
three taxa, reduced to some collapsed generative
hyphae and, sometimes, small bipyramidal crystals, as
seen for example in G. senoretiae (FIGS. 3C4, 4O).
Light microscopy studies of basidiomata of the G.
senoretiae holotype showed unusual basidia (sclerified
basidia) in the mature gleba mass, with thick and
somewhat pigmented walls (FIG. 4A–N).

TAXONOMY

Geastrum parvisporum (G. Moreno, Altés & Dios) J.C.
Zamora, stat. nov. FIG. 3A

; G. schmidelii var. parvisporum G. Moreno, Altés & Dios in
Dios et al., Micologia 2000:159. 2000 [basionym]

MycoBank MB808285
Type: ARGENTINA. CATAMARCA: Dpto. Fray M.

Esquiu, on soil, 3-VI-1994, H. Villafañe (HOLO-

FIG. 1. Maximum likelihood phylogenetic tree of Geastrum sect. Schmidelia and morphologically similar taxa. Numbers
above branches indicate maximum likelihood bootstrap (BS) values, and numbers below branches indicate Bayesian posterior
probability (PP) values. Asterisks (*) represent branches with BS 5 100% and PP 5 1. Type specimens of G. senoretiae and G.
schmidelii var. parvisporum (as G. parvisporum) are marked in boldface.
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TYPE—AH 19559!, ISOTYPE—herb. M.M. Dios Cat-
amarca 25). Ibidem, 3-VI-1994, H. Villafañe (PARA-
TYPE—AH 19560!, ISOPARATYPE—herb. M.M. Dios
Catamarca 26).

Complete description: Dios et al. (2000).
Synoptic description: Exoperidium arched, not truly

hygrometric, 20–40 mm diam; mycelial layer encrust-
ing debris. Endoperidium 8–12 mm diam, short-
stalked, stalk 0.5–2 mm high; surface minutely rough,
with low and irregular warts, with faint pruina in
young basidiomata. Mesoperidium almost indistinct,
reduced to sparse irregular small crystals and gener-
ative hyphae. Peristome sulcate, with 11–22 folds,
more or less distinctly delimited. Basidiospores
globose, 3.5–4.5 mm diam, with 0.2–0.4 mm high warts.
Capillitium up to 6 mm wide. Pseudoparenchymatous
layer with thin-walled hyphal cells.

Ecology and distribution: Confirmed records of this
species are known from tropical and subtropical
grasslands, savannahs and shrub lands biome of the
Neotropic ecozone (Olson et al. 2001). (Concerning
the Moreno et al. 2010 record, see DISCUSSION.)

Geastrum schmidelii Vittad., Monographia Lycoper-
dineorum: 13. 1842, ‘‘Geaster’’ FIG. 3B

Lectotype: (designated here): Fig. VII of plate I in Vittadini
(1842).

5 G. nanum Pers., J. Bot. (Desvaux) 2:27. 1809, nom. illeg.,
Art. 52.1

Lectotype: (designated here): Fig. 3 of plate II in Persoon
(1809).

5 G. nanum var. coniferarum V.J. Staněk in Pilát, Flora ČSR
B1, Gasteromycetes: 451. 1958

Holotype. CZECH REPUBLIC. Radotı́n, IX-1952, F.
Pechar (PRM). Numerous paratypes were cited by
Staněk (1958).

– G. rabenhorstii Kunze, Fungi selecti exsiccati 10.
1874, (as Geaster rabenhorstii), nom. inval. (Art. 38.1)
Complete description: Sunhede (1989).
Synoptic description: Exoperidium arched, not truly

hygrometric, 16–80 mm diam; mycelial layer encrust-
ing debris. Endoperidium 3.5–22 mm diam, stalked;
stalk 0.5–3 mm high; surface smooth and covered
with a faint pruina. Mesoperidium not well devel-
oped, reduced to small crystals and generative
hyphae, sometimes indistinct. Peristome sulcate, with
11–26(–28) folds, normally distinctly delimited. Ba-
sidiospores globose, 5–6.5(–7) mm diam, with 0.4–
0.7(–0.8) mm high warts. Capillitium up to 7.5 mm
wide. Pseudoparenchymatous layer with thin-walled
hyphal cells.

FIG. 2. Boxplots of six measured morphological characters and significance indices for ANOVA and Tukey’s HSD tests.
A. Exoperidia diameter. B. Endoperidia diameter. C. Stalk height. D. Number of peristome folds. E. Basidiospore diameter.
F. Basidiospore ornamentation height.
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Ecology and distribution: The studied specimens
were found growing on both calcareous and siliceous
soils, often associated with conifers (Pinus, Cupressus,
Juniperus) but also broadleaf trees (Quercus). It is
widely distributed through Europe (Sunhede 1989),
and most records are from Mediterranean forests,
woodlands and scrub, temperate conifer forests,
temperate broadleaf and mixed forests and Boreal
forests/taiga biomes of the Paleartic ecozone. North
American records in Bates (2004) would indicate, if
confirmed, that it is also present in the Neartic
ecozone, which seems likely.

Geastrum senoretiae J.C. Zamora, sp. nov. (FIGS. 3C, 4)
MycoBank MB800471

Diagnosis: Exoperidium normally arched, not truly
hygrometric, 13–31(–35) mm diam; mycelial layer encrust-
ing debris. Endoperidium 3–8.5(–9) mm diam, short-
stalked, stalk 0–0.8(–1) mm high; surface glabrous and

covered with a faint pruina. Mesoperidium poorly devel-
oped, reduced to sparse small crystals and generative
hyphae. Peristome finely sulcate, with (19–)23–48(–65)
shallow folds, # 0.2 mm deep, mostly indistinctly delimited.
Basidiospores globose, 4–5.5 mm diam, with 0.3–0.6(–0.8)
mm high warts. Capillitium up to 7.5 mm wide. Pseudopar-
enchymatous layer with thin-walled hyphal cells.

Type: SPAIN. JAÉN: Montizón, Venta de los Santos, on
clayish soil, under Pinus pinaster, 7-XII-2010, J.C. Zamora,
J. Señoret & B. Zamora, Zamora 450 (HOLOTYPE—MA-
Fungi 86915!, ISOTYPES—AH 44862!, UPS!).

Etymology: The epithet is dedicated to Juana Señoret, an
excellent collaborator and mother of the first author.

Macromorphological description: Basidiomata subglo-
bose just before expansion, hypogeal. Exoperidium
splitting into 4–8 unequal rays, 13–31(–35) mm diam
when forced in horizontal position, normally arched
but sometimes planar, not saccate when mature, not
hygrometric although some basidiomata may show
the tips of the rays curved to the endoperidial body.

FIG. 3. Morphological characters of G. parvisporum, G. schmidelii and G. senoretiae. A. G. parvisporum (holotype, AH
19559). B. G. schmidelii (Zamora 279). C. G. senoretiae (holotype, MA-Fungi 86915). A1, B1, C1. Basidiomata habit, bar 5

10 mm. A2, B2, C2. Detail of the peristome, bar 5 3 mm. A3, B3, C3. Detail of the stalk, bar 5 3 mm. A4, B4, C4. Detail of the
endoperidial surface under SEM, bar 5 20 mm. A5, B5, C5. Basidiospores under SEM, bar 5 2 mm.
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FIG. 4. Light microscope drawings of Geastrum senoretiae holotype (MA-Fungi 86915). A–N. Sclerified basidia. O. Thin-
walled, clamped hypha and crystals from the endoperidial surface. P. Cells from the pseudoparenchymatous layer. Q–S.
Capillitium. Bars: A–O 5 10 mm, P 5 25 mm, Q–S 5 20 mm.
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Mycelial layer thin, whitish to pale cream, strongly
intermixed with debris from the substrate, attached to
the fibrous layer (rarely peeling off in some areas).
Rhizomorphs sometimes present, up to 9 mm long,
whitish, and intermixed with debris. Fibrous layer in
most cases papyraceous when denuded (seen in old
basidiomata), sometimes moderately coriaceous, whit-
ish to cream. Pseudoparenchymatous layer whitish to
pale cream in newly expanded, fresh basidiomata,
soon cream to ochraceous cream, later ochraceous
brown to brownish, darker when dried, frequently
cracked, attached to the fibrous layer, up to 1.5 mm
thick when fresh, , 0.2 mm thick in dry state, not
persistent. Endoperidium subglobose to ovoid, some-
times irregular, 3–8.5(–9) mm diam, pale ochraceous
brown to dark grayish brown; endoperidial surface
normally glabrous or almost so, rarely with scattered
and short protruding hyphae, with small crystals in
young basidiomata. Peristome finely plicate, with the
same color as the endoperidium or slightly lighter or
darker, conical to almost flat, rarely irregular, , 0.5–
1.5(–2) mm high, indistinctly to faintly delimited,
with (19–)23–48(–65) shallow folds, # 0.2 mm deep,
sometimes reduced to irregular ridges; ostiole often
fimbriate. Stalk short, 0–0.8(–1) mm high, whitish to
cream. Apophysis absent or poorly developed, with
the same color or slightly lighter than the rest of the
endoperidium. Mature gleba dark grayish brown.
Columella weak, subglobose to broadly ellipsoid,
about 1.5–3 mm high.

Micromorphological description: Basidiospores glo-
bose, 4–5.5 mm (n 5 200) diam including ornamen-
tation, brownish to yellowish brown, with 0.3–0.6
(–0.8) mm high brown warts. Sclerified basidia
sporadic, 10–22.5 3 6–10.5 mm (stalk not included),
with 1.5–6 mm long stalk, rarely not stalked, ellipsoid
to clavate, rarely subglobose; complete clamps not
observed at basis, but a basal ‘‘clamp scar’’ often
visible; the majority with cytoplasmic drops; thin- to
thick-walled; walls almost hyaline to brownish; with 2–
6 apical 1–2 mm long sterigmata. Capillitial hyphae 3–
7.5 mm wide, aseptate, rarely branched, most of them
straight, thick-walled (walls 1.5–3 mm thick), with
narrow lumen; tips acute to rounded, about 1–2.5
(–3) mm diam; surface naked or encrusted with debris.
Prismatic crystals up to 10 3 7 mm, and bipyramidal
crystals up to 12 mm diam, sometimes present in
mature gleba. Endoperidium composed of 5–11 mm
wide, brownish to yellowish brown, aseptate, most of
them unbranched, slightly sinuous, strongly inter-
twined, thick-walled (walls 1.5–4 mm) hyphae, with
visible lumen; surface normally with few protruding
hyphae, not well differentiated from the rest, 7–13 mm
wide, and some bipyramidal crystals, about 5–15 mm
diam. Peristomal hyphae (5–)6–11 mm wide, aseptate,

the majority unbranched, thick-walled (walls 2–
3.5 mm), lumen visible, slightly sinuous, narrowing at
base and apex, tips mostly rounded, a few acute, (2.5–)
3–5(–6.5) mm diam; surface more or less naked or with
a few encrusted debris. Mesoperidium difficult to
discern, present at least in the youngest basidiomata
but reduced, consisting of 2–15 mm diam bipyramidal
crystals and a few (2–)2.5–3 mm wide, hyaline,
branched, thin-walled, clamped hyphae. Pseudoparen-
chymatous layer of thin-walled (walls ca. 1 mm thick),
hyaline to yellowish cells, variable in shape and size,
about 35–90(–100) mm diam. Fibrous layer with 3.5–
7(–7.5) mm, hyaline to yellowish, aseptate, straight or
slightly sinuous, intertwined, normally unbranched,
thick-walled (walls 1.5–2.5 mm thick) hyphae; lumen
visible. Mycelial layer double-layered; inner layer
consisting of 2–4 mm wide, strongly glued together,
more or less hyaline, branched, thin-walled and
clamped hyphae; outer layer with 1.5–3.5(–4) mm wide,
hyaline to somewhat yellowish, aseptate, rarely
branched, comparatively more or less thick-walled
(walls 0.5–1.5 mm thick) hyphae, lumen narrow and
difficult to perceive. Rhizomorphs mainly made up of
1–3 mm wide, hyaline to slightly yellowish, aseptate,
sparsely branched, comparatively thick-walled (walls
ca. 0.5–1.5 mm thick) hyphae, without lumen or with an
almost indistinct lumen; some thin-walled, clamped
hyphae present in the core; rose-like aggregates of
bipyramidal crystals on the surface.

Comments on sclerified basidia: The discovery of
sclerified basidia (basidia with thick walls) in the
gleba mass of the G. senoretiae type material (FIG. 4A–
N) is of great interest, in that Geastrum basidia are
usually thin-walled and disintegrate as soon as
basidiospores are almost mature, before the gleba
mass is fully pigmented (Sunhede 1989). Previous
reports of this kind of basidium in Geastrum have not
been found. The ‘‘metamorphosed basidia’’ de-
scribed by Dring (1964) are unlikely to be any kind
of basidia or, at least, they are certainly different from
those that have been observed here. In any case, these
sclerified basidia are probably inconstant elements
that have remained in the gleba mass, perhaps due to
an abnormal maturation. The morphology is close to
other species, particularly G. schmidelii (Sunhede
1989), which is in accordance with the phylogenetic
position of G. senoretiae (FIG. 1). However, at present
we prefer to be cautious and not to attach taxonomic
value to this type of basidium because they may be not
representative of the basidia present in immature
basidiomata. Further studies involving immature fruit
bodies may provide new information to solve this
question.

Ecology and distribution: The species was found in
disturbed localities of ‘‘Iberian sclerophyllous and
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semi-deciduous forests’’, and ‘‘Northeastern Spain
and Southern France Mediterranean forests’’ eco-
regions (Mediterranean forests, woodlands and scrub
biome of the Paleartic ecozone) (Olson et al. 2001).
Those areas are located on clayish or sandy, and
neutral or slightly acidic soils, where Quercus
rotundifolia Lam. should be the dominant species
but actually are composed by Cistus shrubs and
planted Pinus trees among some Quercus trees, with
patches of naked soil in the most degraded parts.
Geastrum senoretiae is known only from the Iberian
Peninsula, being an uncommon but widespread
species, due to its presence in five non-contiguous
provinces.

DISCUSSION

Reassessment of Geastrum schmidelii var. parvis-
porum.—According to the results, the holotype
specimen of G. schmidelii var. parvisporum is not
closely related to G. schmidelii var. schmidelii in
phylogenetic analyses (FIG. 1), but with two speci-
mens previously included in sect. Hariotia by Zamora
et al. (2014). While close in terms of several
macromorphological characters (FIG. 3), the taxo-
nomic position of both taxa is explained by the
different basidiospore features, specifically the much
smaller diameter and the less marked ornamentation,
with lower warts (FIGS. 2, 3). Furthermore, the
endoperidial surface of the G. schmidelii var. parvis-
porum holotype is slightly asperate with minute and
irregular warts in the well conserved parts (FIG. 3A4)
and smooth in G. schmidelii var. schmidelii. This
character was not indicated by Dios et al. (2000) when
they described the taxon, but it should be noticed
that such warts are extremely inconspicuous and they
disappear easily in exposed areas and old basidio-
mata. Both morphological characters, basidiospore
features and endoperidial surface, have been shown
to be of taxonomic significance for infrageneric
subdivisions of the genus (Zamora et al. 2014) and
justify the inclusion of G. schmidelii var. parvisporum
in sect. Hariotia instead of sect. Schmidelia. Therefore
G. schmidelii var. parvisporum is considered a different
species, and it has been named as such in the
taxonomic part.

Two specimens included in molecular analyses are
closely placed with the holotype of G. parvisporum
(FIG. 1). One of them has nearly identical sequence
data, and it is also morphologically indistinguishable
from both the holotype and the paratype of G.
parvisporum. Thus, this specimen is considered
conspecific. In addition, we have studied a rich
collection from Córdoba (Argentina) that also agrees
morphologically with this taxon. However, the other

specimen included in the molecular analyses shows
more discrepancies in sequence data (FIG. 1), and it is
morphologically divergent mainly due to the pres-
ence of more conspicuous and more or less dark,
rounded warts on the endoperidial surface, as well as
a lower number of thick peristome folds (7–12). This
specimen may represent a different taxon and
therefore we relegate it as affined until more samples
are available for morphological and molecular stud-
ies. For this reason, this specimen was not included in
the morphological comparative analysis or in the
description of G. parvisporum. Moreno et al. (2010)
published a North American record of G. schmidelii
var. parvisporum, from Mexico. The ecology of the
cited specimen is clearly different to the specimens
included in the present study as G. parvisporum, in
that it was found in the Neartic ecozone, among
Quercus and Cupressus litter. Basidiospores are
slightly bigger (4.5–5[–5.5] mm diam) and the
ornamentation is not so dense. Therefore, further
data of the Mexican specimen and newly collected
material, including DNA sequences, would be desir-
able for a definite taxonomic placement of this
sample.

Likewise several American reports of G. schmidelii
with small basidiospores (e.g. Lloyd 1902, Coker and
Couch 1928, Smith 1951) should be checked to
identify possible misidentifications of morphological-
ly close taxa. Nevertheless not all reports of American
G. schmidelii have an unusual basidiospore size,
because the morphology of the North American
specimens of G. schmidelii studied by Bates (2004)
precisely agrees with that of the European specimens
included in our study. As shown by Sunhede (1989),
G. schmidelii is a variable species, and it has been
described under other names such as G. nanum
Pers. (nom. illeg.) and G. nanum var. coniferarum V.J.
Staněk. After studying the protologs and original
material of these taxa, we are of the opinion that the
cited names should be treated as heterotypic syno-
nyms (see G. schmidelii in TAXONOMY). The name
Geastrum rabenhorstii Kunze seems to be invalidly
published because Johs. Kunze Fungi selecti exsiccati
or subsequent references to this name (e.g. Raben-
horst 1876) do not contain a diagnosis.

Geastrum senoretiae as a second species in Geastrum
sect. Schmidelia.—The new species G. senoretiae is
easily differentiated on account of the combination of
its macroscopic characteristics (i.e. the small size,
non-hygrometric exoperidium, subsessile to slightly
stalked endoperidial body, finely plicate, indistinctly
delimited peristome, absent or poorly developed
mesoperidium and the mycelial layer that encrusts
debris). However, in the MA-Fungi herbarium, some
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specimens of G. senoretiae had been identified as G.
elegans and G. kotlabae.

Geastrum elegans (Vittadini 1842) basidiomata are
of the same size or slightly larger than G. senoretiae,
have a non-hygrometric exoperidium, sessile endo-
peridium and plicate peristome, but can be distin-
guished by the well developed mesoperidium, always
present when young, peristome with fewer (10–20
[–26]) and deeper folds, and the often saccate
exoperidium. In addition, basidiospores are slightly
larger, the rays often are recurved under the
exoperidial disk, and the myceliar layer peels off
more easily (Sunhede 1989). It is an isolated species,
the only member of Geastrum sect. Elegantia (Zamora
et al. 2014). The phylogenetic reconstruction showed
G. elegans more closely related to G. kotlabae, in
agreement with previous results of Zamora et al.
(2014), and standing on a rather long branch clearly
differentiated from G. senoretiae (FIG. 1). Neverthe-
less, small, weathered basidiomata of G. elegans, with
no or few remnants of the mesoperidium, can be
easily misidentified; in that case, the peristoma
features are the most reliable morphological charac-
ters to separate both species.

Geastrum kotlabae (Staněk 1958) is clearly different
from G. senoretiae because of the strongly hygromet-
ric, non-arched exoperidium, mycelial layer that easily
peels off, persistent pseudoparenchymatous layer,
with thick-walled cells, endoperidial surface rough
to furfuraceous when young, peristome with fewer (8–
22[–27]) and deeper folds (unless abnormal) and
larger basidiospores (Staněk 1958, Sunhede 1989).
This species belongs to Geastrum sect. Campestria J.C.
Zamora (Zamora et al. 2014). As previously indicated,
G. kotlabae is more closely related to G. elegans than to
G. senoretiae and also placed on a long branch
(FIG. 1).

Geastrum minimum (Schweinitz 1822) also resem-
bles G. senoretiae by its small size and habit.
Furthermore, both species have been found growing
close together in the type locality, only a few meters
apart. However, G. minimum is readily characterized
by the fibrillose and usually distinctly delimited
peristome, often bigger crystals on the endoperidial
surface, distinctly stalked endoperidial body, and
larger basidiospores (Sunhede 1989). Even if Zamora
et al. (2014) showed two different clades of specimens
with the provisional name ‘‘G. minimum’’, both
clades belong to Geastrum sect. Geastrum, which is
not closely related to Geastrum sect. Schmidelia in
present (FIG. 1) or previous (Zamora et al. 2014)
phylogenetic analyses.

The closest species to G. senoretiae is G. schmidelii
(Vittadini 1842), which differs in the distinct stalk,
normally well delimited peristome, with fewer (11–

26[–28]) and deeper folds, and larger basidiospores
(FIGS. 2, 3). Our results also showed significant
differences in exoperidial and endoperidial sizes
and in ornamentation height, but considerable
overlap exists (FIG. 2). According to Sunhede
(1989), the diameter of the exoperidium can reach
up to 80 mm when horizontally mounted, but very
small to small basidiomata are common as well. The
significant differences found in ornamentation
height are due to the high number of approximate
measurements performed, but considering the wide
overlap and that those differences are in the order of
tenths of micrometers, we can only say that basidio-
spores of G. schmidelii tend to be slightly more
ornamented than in G. senoretiae. The sulcate
peristome, even endoperidial surface, poorly devel-
oped mesoperidium, more or less stalked endoperidial
body, and arched exoperidium are the characteristics
shared by G. schmidelii and G. senoretiae that justify the
inclusion of both species in Geastrum sect. Schmidelia,
as first indicated by Zamora et al. (2014).
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