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Abstract

- Karoly Boka®

- Gabor M. Kovacs3*® - Balint Dima3

The recently revised Geastrum minimum species complex in sect. Geastrum subsect. Quadrifida revealed that the name G.
minimum is a nomen ambiguum and dubium and was collectively used for at least two European species (viz. G. granulosum
and G. marginatum). During the morphological revision of the Hungarian materials labelled as G. minimum, different crystal
structures were found on the endoperidial body of some specimens than those of characteristic for G. granulosum and G.
marginatum. These collections were exclusively found on open rocky grassy vegetation on dolomite bedrock in Hungary. Mul-
tigene phylogenetic analyses involving nrITS, nrLSU, rpb1, atp6 and tefl-a sequences of the collections with unique crystal
morphology and ecology revealed that these form a distinct clade in close relationship with G. granulosum s.1. (i.e. specimens
from Europe and North America). Based on molecular evidence, macro- and micromorphology as well as X-ray Powder
Diffraction (XRD) characterisation of the mesoperidial crystals, here we propose the new species Geastrum dolomiticum.
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Introduction

The worldwide distributed genus Geastrum Pers. is one
of the largest genera of gasteroid fungi, encompassing ca.
130 species (He et al. 2019). The taxonomy of Geastrum
was intensively studied in the recent years and several new
species were described from many parts of the world (e.g.
Hemmes and Desjardin 2011; Zamora et al. 2015; Acci-
oly et al. 2019; Crous et al. 2019), although most of the
novel species have been found in South America, viz. Bra-
zil’s semi-arid region or in the Amazonas region (Silva
et al. 2013, Cabral et al. 2014a, b, 2017, Sousa et al. 2015,
2019, Crous et al. 2016, 2017, 2018a, b, Assis et al. 2019).
In contrast to the tropical regions, the genus Geastrum is
considered as well-studied in Europe (e.g. Sunhede 1989;
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Calonge and Zamora 2003; Zamora and Calonge 2007).
Taxonomy and systematics of European earthstars (Geas-
trum and Myriostoma Desv.) have been reviewed by Jeppson
et al. (2013), who accepted 30 Geastrum s. str. species for
the old continent based on morphological observations and
multigene analyses. Zamora et al. (2014) revised the section
Schmidelia, and proposed Geastrum senoretiae J.C. Zamora
as a new species from Spain. In a later study on phylog-
eny and classification of Geastrum sect. Geastrum, Zamora
et al. (2015) described three additional European species,
two from Spain (G. benitoi J.C. Zamora and G. meridionale
J.C. Zamora) and one from the United Kingdom (G. britan-
nicum J.C. Zamora). Therefore, Geastrum s. str. currently
encompasses 34 species in Europe.

Among the European earthstars, 25 Geastrum species
were known from Hungary (Central Europe), which have
indicated an exceptional species richness of the genus (e.g.
Jeppson 2013; Finy and Jeppson 2021). Taxonomic studies
of Geastrum have a long tradition in Hungary. At the begin-
ning of the twentieth century in his monographic book, Hol-
16s (1903) already reported 21 Geastrum species from Hun-
gary. Besides the valuable chorological data, Hollés (1901)
also described new earthstar species from Hungary, such
as G. hungaricum Holl6s, which grows in steppe and dry
grassland habitats, and produces an extremely small, hygro-
metric basidiome. The species has gained legal protection
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in Hungary since 2006 (Siller et al. 2006). Lately, intensive
fieldwork has been taken place devoted to Hungarian earth-
stars from the sandy forest steppe region of the Carpathian
Basin (Rimdczi et al. 2011). In 2015, a peculiar Geastrum
species was found in Hungary growing exclusively on dolo-
mite bedrock. Macroscopically it resembled to G. granulo-
sum Fuckel, but based on microscopic and molecular phy-
logenetic data it differs from all known European species.

In this study we aimed to clarify the taxonomy of those
Hungarian collections found on dolomite, based on macro-
and micromorphological features of the basidiome, X-ray
Powder Diffraction (XRD) characterisation of the mesoper-
idial crystals and multigene phylogenetic analyses.

Materials and methods
Morphological study

In this study, altogether nine specimens collected from
autumn to spring (Table 1) were examined. Type specimens
including holotype and paratypes were deposited in the her-
barium of the Hungarian Natural History Museum, Budapest
(BP) under the accession numbers BP111140-BP111144.
All other examined specimens were deposited in the Depart-
ment of Plant Anatomy, E6tvods Lordnd University (abbrevi-
ated further as ELTE). Dried mature fruiting bodies were
used for macro- and microscopic examination. For light
microscopy, samples were mounted in water or in Lacto-
phenol-cotton blue and heated to boiling temperature. The
samples were examined with Reichert Polyvar and Olym-
pus BH-2 microscopes. Spore dimensions were inclusive
of spore wall ornamentation. Terminology mostly followed
Sunhede (1989) and Zamora et al. (2015). Small pieces of
peridium and gleba from dried basidiomes were prepared,
fixed to stubs, coated with gold and examined under a
Hitachi S2460N (Hitachi Ltd., Tokyo, Japan) scanning elec-
tron microscope at 22 kV accelerating voltage.

Molecular phylogenetic study

For molecular identification, ITS (internal transcribed
spacer) region of the ntDNA, the universal fungal barcode
region (Schoch et al. 2012) was amplified using the Phire®
Plant Direct PCR Kit (Thermo Scientific, USA) and the
primer pairs ITSIF/ITS4 (White et al. 1990; Gardes and
Bruns 1993) as described in Papp and Dima (2018). For
amplifying further four loci a prior total DNA extraction
with the E.Z.N.A. SP Fungal DNA Mini Kit was applied.
The primers LROR (Rehner and Samuels 1994) and LRS
(Vilgalys and Hester 1990) were used to amplify the par-
tial 28S nrRNA gene (LSU) of the ntDNA operon region.
The partial RNA polymerase II largest subunit (rpb1)
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was amplified with RPB1-Af and RPB1-Cr (Matheny
et al. 2002) and part of the mitochondrial ATPase subu-
nit 6 (atp6) using the primers atp6-2 and atp6-3 (Kretzer
and Bruns 1999). The primers EF1-983F and EF1-2218R
(Rehner and Buckley 2005) were used to amplify part of
the translation elongation factor la (fefl-a). Sequencing
of the amplicons was carried out with the primers used
for amplification by LGC Genomics (Berlin, Germany).
The sequences were compiled from electropherograms
using the Staden software package (Staden et al. 2000).
Sequences of each locus were aligned separately with
sequences of respective species from GenBank (Table 1)
using E-INS-i method of the online MAFFT version 7
(Katoh and Standley 2013). The alignments were checked
and edited in MEGA7 (Kumar et al. 2016).

Two datasets were used in the phylogenetic analyses.
The ‘subsection-level’ dataset was used to gain informa-
tion about the phylogenetic position of our sequences
among those of Geastrum sequences representing subsect.
Quadrifida and subsect. Hungarica sensu Zamora et al.
(2015). The second dataset represented sequences of only
G. granulosum related specimens. For the two datasets,
multi-locus Bayesian analysis (BI) were performed with
MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) using
the GTR + G nucleotide substitution model. Four Markov
chains were run for 10,000,000 generations sampled every
1,000 generations with a burn-in value set at 4,000 sam-
pled trees. Maximum Likelihood (ML) phylogenetic analy-
sis was carried out with the raxmlGUI v. 1.3 (Silvestro and
Michalak 2012) implementation of RAXML (Stamatakis
2014). The GTR + G nucleotide substitution model was
used with ML estimation of base frequencies and a ML
bootstrap analysis with 1,000 replicates was used to test
the support of the branches. The phylogenetic trees were
visualized and edited using MEGA7 (Kumar et al. 2016)
and deposited in TreeBASE (www.treebase.org) as sub-
mission 27948.

Following Zamora et al. (2015), the ITS, LSU, rpb1 and
atp6 sequences were used for ‘subsection-level’ phyloge-
netic analyses and considered as separate partitions. These
four regions of a selected subset of species were supple-
mented with additional two partitions (fefl-a, and indels
from ITS region) to determine the phylogenetic relationships
of G. granulosum related species and to improve phyloge-
netic resolution. The indels in the ITS region were coded
(Nagy et al. 2012) using the simple indel coding algorithm
(Simmons et al. 2001; Young and Healy 2003) with the pro-
gram FastGap (Borchsenius 2009). In the BI analysis, the
two-parameter Markov (Mk2 Lewis) model was used for the
indel partition of the dataset and the GTR + G model for the
nucleotide partitions. In the ML analyses, in addition to the
nucleotide partitions (GTR + G), the indel data were treated
as binary data (BIN).
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Table 1 Details of Geastrum specimens comprised in this study. Spe-
cies, country and state/province, herbarium voucher numbers, and

GenBank accession numbers of each loci (ITS, LSU, rpbl, atp6,

tefl-a) are presented. Specimens and the new sequences generated in
this study are shown in bold

Species Collection site Herbarium voucher GenBank accession numbers
ITS LSU rpbl atpb tefl-a
G. austrominimum Australia, New South CANB 748741 - KP687529 KP687531 KP687572 —
Wales
Australia, New South MEL2276089 KP687490 KP687451 KP687532 KP687573 -
Wales
Australia, Victoria MEL 2292062 KP687491 KP687452 KP687533 KP687574 -
Australia, Victoria MEL 2358014 KP687492 KP687453 KP687534 KP687575 -
Australia, Victoria MEL 2358047 KP687493 KP687454 KP687535 KP687576 —
G. cf. calceum 1 Argentina, Tucuman MA-Fungi 83761 KF988341 KF988478 KF988613 — -
G. cf. calceum 2 Brazil, Rio Grande do UFRN-Fungos 723 KF988340 KF988477 KF988612 KF988747 —
Norte
G. dolomiticum Hungary, Fejér FP20150908/ BP111140  MT569463 MT569455 MT572903 MTS572900 MT593358
(FPO05) (holotype)
Hungary, Veszprém FP20151015/ BP111142 MT569464 MT569456 MT572904 MT572901 MT593359
(FP07)
Hungary, Veszprém FP20151227/ BP111144 MT569465 - - - -
(FP09)
Hungary, Veszprém FP20151027/ BP111143  MT569467 MT569458 MTS572905 - MT593360
(FP17)
Hungary, Fejér FP20140223/ BP111141  MT569469 MT569460 MT572906 MT572902 MT593361
(FP38)
G. hungaricum Hungary MJ8915 (GB) KC581964 KC581964 - - KC758603
Slovakia MJ9317 (GB) KC581963 KC581963 - - -
Czech Republic, Reporyje  Sunhede 5993 KP687500 KP687461 KP687542 KP687582 —
Spain, Toledo Zamora 611 KP687501 KP687462 KP687543 KP687583 —
G. granulosum 1 Russia, Rostov K(M) 154623 JN845105 JN845223 - IN845347 -
Spain, Madrid MA-Fungi 69175 KP687497 KP687458 KP687539 KP687579 -
Sweden, Oland Sunhede 7746 KF988401 KF988529 KF988664 KF988796 —
Spain, Madrid Zamora 191 KF988400 KF988528 KF988663 KF988795 -
Hungary, Fejér FP20160221 (FPO01) MT569461 MT569453 - - -
Hungary, Fejér FP20150325 (FP03) MT569462 MT569454 — - MT572898
Hungary, Pest FP20141214 (FP11) MT569466 MT569457 - - MT572899
Hungary, Fejér FP20141213 (FP37) MT569468 MT569459 - - -
Sweden MJ9529 KC581957 KC581957 - - KC758598
G. granulosum2  USA, Arizona MICH 28119a KP687498 KP687459 KP687540 KP687580 -
USA, Arizona MICH 28210 KP687499 KP687460 KP687541 KP687581 -
USA, Wisconsin MICH 72010 KF988402 KF988530 KF988665 KF988797 -
G. kuharii Argentina, Buenos Aires MA-Fungi 83795 KF988463 KF988598 KF988733 KF988864 —
Argentina, Entre Rios MA-Fungi 86913 KP687502 KP687463 KP687544 KP687584 —
Argentina, Buenos Aires MA-Fungi 86914 KP687503 KP687464 KP687545 KP687585 —
G. marginatum Spain, Canary Islands ERRO 2012112609 KP687504 KP687465 KP687546 KP687586 —
Spain, Madrid MA-Fungi 31530 KF988404 KF988532 KF988667 KF988799 —
Spain, Jaén MA-Fungi 32395 KP687505 KP687466 KP687547 KP687587 -
Spain, Madrid MA-Fungi 48129 KP687506 KP687467 KP687548 KP687588 —
Sweden, Gotland MA-Fungi 86669 KF988405 KF988533 KF988668 KF988800 -
USA, Arizona MICH 28119b KF988403 KF988531 KF988666 KF988798 -
Czech Republic, Bohemia ~ PRM 842884 (holotype of KP687507 KP687468 KP687549 — -
G. minimum var. fumosi-
collum)
G. quadrifidum Sweden, Uppland MA-Fungi 86671 KF988422 KF988550 KF988685 KF988817 -
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Table 1 (continued)
Species Collection site Herbarium voucher GenBank accession numbers
ITS LSU rpbl atpb tefl-a
USA, Colorado MICH 72512 KF988423 KF988551 KF988686 KF988818 -
Sweden, Sodermanland SF-45993 JN845119  IN845237 - JN845361 -
Spain, Orense Zamora 139 KP687523 KP687485 KP687566 KP687603 -
Spain, Huesca Zamora 170 KF988421 KF988549 KF988684 KF988816 -
Spain, Cuenca Zamora 300 KP687524 KP687486 KP687567 KP687604 —
Sweden MJ7151 KC581958 KC581958 - - KC758599
Sweden MIJ2749 KC581959 KC581959 - - KC758600
Geastrum sp. Japan, Aomori TNS TKG-GE-91002 IJN845118 JN845236 — IN845360 -

Fig.1 Maximum Likelihood
(RAXML) tree of ITS, LSU,
rpbl and atp6 sequences of
Geastrum dolomiticum and
other Geastrum specimens rep-
resenting subsect. Quadrifida
and subsect. Hungarica sensu
Zamora et al. (2015). RAXML
bootstrap support values (>70)
are shown above branches and
before slashes, Bayesian pos-
terior probabilities (>0.90) are
shown below branches and after
slashes. Materials collected by
P. Finy (FP) in Hungary are
bold. Holotypes are marked
with T. Specimens from the
subsect. Hungarica were served
as multiple outgroup. The scale
bar indicates 0.01 expected
changes per site per branch

-10.99 |

100

100
1

70/0.95| G. marginatum MA-Fungi 86669
G. marginatum MA-Fungi 48129
G. marginatum MA-Fungi 32395
G. marginatum MA-Fungi 31530
G. marginatum ERRO 2012112609
G. marginatum PRM 842884
G. marginatum MICH 28119b
G. quadrifidum MA-Fungi 86671
G. quadrifidum MJ2749
1] 88/0.94F G. quadrifidum MJ7151
G. quadrifidum Zamora 170
991\ G. quadrifidum Zamora 139
G. quadrifidum Zamora 300
G. quadrifidum S F-45993
G. quadrifidum MICH 72512
93| G. kuharii MA-Fungi 83795 T
G. kuharii MA-Fungi 86914
G. kuharii MA-Fungi 86913
G. cf calceum 2 UFRN-Fungos 723
G. cf calceum 1 MA-Fungi 83761
G. dolomiticum FP20151227 (FP09)
G. dolomiticum FP20150908 (FP05)™
G. dolomiticum FP20140223 (FP38)
oo| G. dolomiticum FP20151015 (FP07)
'L G. dolomiticum FP20151027 (FP17)
G. granulosum K154623
G. granulosum FP20141213 (FP37)
G. granulosum MA-Fungi 69175
G. granulosum Zamora 191
G. granulosum FP20150325 (FP03)
G. granulosum FP20160221 (FP01)
G. granulosum Sunhede 7746
G. granulosum FP20141214 (FP11)
G. granulosum MJ9529
+G. granulosum MICH 28210
98/

Geastrum marginatum

Geastrum
quadrifidum

100

Geastrum kuharii

0.99

Geastrum

-/0.92 ags
dolomiticum

Geastrum granulosum 1
(Europe)

100

Geastrum granulosum 2

G. granulosum MICH 72010
g (USA)

G. granulosum MICH 28119a

G. austrominimum MEL 2358014
G. austrominimum CANB 748741 T
100 G. austrominimum MEL 2292062

924 Geastrum

o austrominimum
1 G. austrominimum MEL 2276089

G. austrominimum MEL 2358047

- Geastrum sp. TNS TKG-GE-91002
G. hungaricum GB MJ8915
G. hungaricum Sunhede 5993

@ Springer

100
1

0.01

G. hungaricum GB MJ8917

— G. hungaricum Zamora 611



Geastrum dolomiticum, a new earthstar species

Page50f12 43

X-Ray powder diffraction (XRD) measurement
of calcium-oxalate

The measurements of the calcium-oxalate samples were
carried out with Bruker D8 Advance instrument. The fol-
lowing parameters were configured: (i) Sample holder: Si
low background sample holder (PMMA), (ii) Rotation: 30/
min, (iii) Range: 5-80° (two theta), (iv) Mode: continuous
scan, (v) Detector type: LYNXEYE XE (energy dispersive),
(vi) X-Ray source: Cu-anode (Ko: 1.54184 A), (vii) X-Ray
optics: Bragg—Brentano, (viii) Generator power: 1600 W
(40 mA, 40 kV). Samples were prepared using 1-5 mg
sample that was gently homogenized in an achate mortar
with a pestle to make fine powder. The grinded powder
was mounted in a round sample holder (Si low background
PMMA) and smooth surface was prepared by pressing it
with a glass plate.

Results

Multigene phylogenetic analyses were carried out using two
datasets comprising 47 strains and 3513 characters, and 18
strains and 4557 characters including gaps. According to
the results, the studied specimens from Hungary belong to
Geastrum sect. Geastrum subsect. Quadrifida representing
different lineages (Fig. 1). The nine specimens from Hun-
gary comprised in this study (marked with an asterisk in
the Taxonomy part) were grouped together with G. granu-
losum specimens collected in Europe and in the USA. Four
of the Hungarian specimens (FPO1, FP03, FP11 and FP37)
belong to the clade consist of various G. granulosum col-
lection from Europe (Fig. 1). Five of our specimens (FP05,
FPO7, FP09, FP17 and FP38) represent a well-supported,
relatively heterogeneous clade beside the G. granulosum
lineages (Fig. 2). Within the novel lineage represented by

G. granulosum FP20150325 (FP03)
G. granulosum MA-Fungi 69175

G. granulosum FP20141213 (FP37)
G. granulosum Zamora 191
- G. granulosum FP20160221 (FP01)
G. granulosum Sunhede 7746

Geastrum
granulosum 1
(Europe)

99 |— G. granulosum K154623

0.99

—
0.01

Fig.2 Maximum Likelihood (RAXML) tree of ITS, LSU, rpbl, atp6,
tefl-a sequences and binary data from indel coding of ITS of Geas-
trum dolomiticum and G. granulosum related specimens in subsect.
Quadrifida. RAXML bootstrap support values (>70) are shown above
branches and before slashes, Bayesian posterior probabilities (>0.90)

— G. granulosum MJ 9529
— G. granulosum FP20141214 (FP11)
G. granulosum MICH 28119a

%1 G. granulosum MICH 28210 (Cffsa:;r T RBRHIOSIn 2
- G. granulosum MICH 72010
74/0900 G, dolomiticum FP20151227 (FP09)
Hafoos { G. dolomiticum FP20140223 (FP38)
L G. dolomiticum FP20150908 (FP05)T ~ CE€astrum
71/0.96 dolomiticum

G. dolomiticum FP20151015 (FP07)
%3/1L G, dolomiticum FP20151027 (FP17)
G. hungaricum GB MJ8915

are shown below branches and after slashes. The studied Hungarian
materials are bold. The holotype of G. dolomiticum is marked with
T. Geastrum hungaricum was served as outgroup. The scale bar indi-
cates 0.01 expected changes per site per branch
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the five samples, FPO7 is grouped with FP17, and FP09 is
with FP38, which two form together a sister clade with FP0O5
(Fig. 2). The difference in the sequences of the novel clade
compared with the two groups comprising G. granulosum
specimens from Europe, and G. granulosum specimens from
the USA were 1.9 and 1.0% for ITS, 0.3% and 0.5% for rpb1,
and 1.0% and 0.9% for atp6. Although, refl-a sequences
of G. granulosum specimens from the USA were not avail-
able, this locus showed remarkable distance between the
European G. granulosum clade and the novel clade (3.5%)
with relatively low intragroup heterogeneity (0.1% and 0.6%,
respectively).

The XRD analysis of the samples prepared from the
studied specimens (viz. G. granulosum and other Hungar-
ian specimens growing on dolomite) showed characteristic
peaks that can verify the presence of calcium-oxalate crys-
tals. However, on G. granulosum we observed calcium oxa-
late dihydrate (COD) crystals, but on the specimens found
on dolomite, calcium oxalate monohydrate (COM) crystals
were found (Fig. 3).

Results of the molecular phylogenetic analyses and the
calcium-oxalate investigation reinforce our hypothesis that
the lineage comprising five of the specimens with unique
morphological characteristics (for comparison with G. gran-
ulosum, G. marginatum and G. austrominimum, see Table 2)
collected in Hungary, represent a novel species within Geas-
trum subsection Quadrifida.

Discussion

The new species, Geastrum dolomiticum, is mainly char-
acterized by the small fruiting body, the lack of big COD
crystals, the crested spore ornamentation and the habitat.
Geastrum granulosum may also occur in calcareous rocky
grasslands, but it has a wider ecological range, most com-
mon in open sandy steppe areas.

The recent integrative taxonomic study including mor-
phological, molecular, ecological, and chorological data
by Zamora et al. (2015) proposed that the collectively used
Geastrum minimum Schwein. name is better to treat as
nomen ambiguum and dubium since it includes at least four
cryptic species from which two of them occur in Europe (i.e.
G. granulosum Fuckel and G. marginatum Vittad.), further-
more the protologue of G. minimum is not enough detailed
to know which species was described by Schweinitz (1822).
During the taxonomic revision of all material labelled in
the Hungarian National History Museum (BP) as well as
in private herbaria under the name Geastrum minimum,
we found that the collections deposited in BP represent G.
granulosum (= G. queletii Hazsl., see Zamora et al. 2015)
due to the presence of large and regular COD crystals on the
basidiomes. Among our private collections we discovered
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specimens with different, irregular or when regular than
smaller, predominantly COM crystals. These samples origi-
nated from calcareous open rocky grasslands on dolomite
bedrock. Phylogenetic analyses of the nrITS, nrLSU, rpbl,
atp6, and tefl-a sequences revealed that these specimens
with the unique crystal morphology and habitat belong to a
separate lineage in Geastrum sect. Geastrum subsect. Quad-
rifida which we suggest as novel species and described here
as G. dolomiticum. On the other hand, based on solely the
crystal morphology, there is another species in Europe (G.
marginatum) having small crystals on the endoperidial body
(<70(-95) um), however, G. dolomiticum when having reg-
ular crystals they are even smaller (<50 um) than those of
G. marginatum. Furthermore, the stalk of G. marginatum
is dark compared to G. dolomiticum which has white stalk.
The former species was only verified by two collections in
Hungary and grows on grassy habitats on more or less acidic

149

Counts
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400

300’%“%\”‘}%\‘%? J[.‘M Mvh 5

VhIL Ul R W |

200

100 4

2Theta Coupled TwoTheta/Theta WL=1.54060

Fig.3 Calcium-oxalate investigation of Geastrum dolomiticum and
G. granulosum; a scan XRPD patterns of G. dolomiticum; b scan
XRPD patterns of G. granulosum; ¢ comparison of XRPD patterns of
oxalates of G. dolomiticum (red) and G. granulosum (black)



Geastrum dolomiticum, a new earthstar species

Page7of12 43

and only rarely on slightly calcareous bedrocks, while the
latter species prefers calcareous dolomite bedrocks.

Geastrum granulosum, the most similar species to G. dol-
omiticum, based on our analyses, seems to be a widespread
species in Hungary occurring in dry steppe-like sandy grass-
lands as well as rocky habitats in the Hungarian mountain
ranges on limestone and dolomite. There are examples that
sandy grassland species occurs also on calcareous rocky
habitats (e.g. Infundibulicybe glareosa (Rollin & Monthoux)
Harmaja, Gastrosporium simplex Mattir.), and Tulostoma
calcareum Jeppson, Altés, G. Moreno & E. Larss. In con-
trast, G. dolomiticum has so far been found exclusively on
dry rocky grassland on dolomite.

Based on our phylogenetic analyses (Figs. 1, 2), a closely
related North American species seems to belong in the G.
granulosum—G. dolomiticum lineage too. This North Ameri-
can clade was collectively treated under G. granulosum in
Zamora et al. (2015), according to the available phyloge-
netic data, it might belong to another species, viz. G. mini-
mum s. str. However, this name is currently not in use as
discussed above and in Zamora et al. (2015). The morpho-
logical delimitation of the North American lineage of G.

granulosum and the clarification of the name G. minimum
needs further investigations.

Taxonomic treatment

Geastrum dolomiticum Finy, Dima & V. Papp, sp. nov.—
TYPE: Hungary, Fejér County, near Csor, in open grass-
land on dolomite, among mosses and grasses in Seseli
leucospermi-Festucetum pallentis, 8 Sep 2015 P. Finy
FP20150908 (holotype: BP 111140, FP05*; isotype: ELTE).
[MycoBank # MB 835789]. GenBank ITS (MT569463),
LSU (MT569455), rpb1 (MT572903), atp6 (MT572900),
tefl-a (MT593358) (Figs. 4, 5).

Etymology: The epithet refers to the habitat requirement of
the species, in open rocky grasslands on dolomite bedrock.

Description: Exoperidium 8-22 mm in diam, arched, split-
ting to the middle in 6-12 non-hygroscopic rays, sometimes
they roll towards the endoperidial body. Fibrous layer thin,
papyraceous, whitish coloured when denuded. Pseudo-
parenchymatous layer pale cream, ochraceous to brownish,

Table 2 Comparison of morphological and ecological characters among the specimens examined of Geastrum dolomiticum, the European G.
granulosum and G. marginatum. The features of G. austrominimum is taken from Zamora et al. (2015)

G. dolomiticum

G. granulosum 1

G. marginatum

G. austrominimum

Peristome

Diameter of the endoper-
idial body

Apophysis
Stalk

Diameter of the exoper-
idium
Exoperidial rays

Mesoperidial crystals

Diameter of spores with
ornamentation

Spore ornamentation

Capillitial hyphae

Cell wall of pseudo-paren-
chymatous layer

Habitat

Fibrillose, distinctly
delimited

3-9 mm

Distinct apophysis
Whitish to cream
8-22 mm

6-12

Aggregates of irregular
shaped or flaky COM
5-50 um in diam, some-
times mixed with bipy-
ramidal COD 10-50 pm
in diam

4.7-5.1x4.5-4.9 pm

Isolated or coalescing
crest-like warts

3-5 um wide
1-2 pm thick

Rocky dolomitic grasslands

Fibrillose, mostly distinctly
delimited

4-12 mm

Distinct apophysis
Whitish to cream
9-35 mm

6-11

Bipyramidal COD
60—160 pum in diam

4.3-5%x4.1-4.8 ym

Verrucose to irregularly
pilate warts

4-7 um wide
thin, up to 1 um

Various types of xeric
grasslands

Fibrillose, distinctly
delimited

6-9 mm

More or less distinct
apophysis

Brownish, cream at the
base

12-25 mm

6-9
Bipyramidal COD
25-45 pm in diam

4.6-5.5%x4.3-5.3 ym

Verrucose to irregularly
pilate warts

2-7 ym wide
thin, up to 1 pm

Acidic sandy grasslands

Fibrillose, mostly distinctly
delimited

5-10 mm
Present or absent
Brownish

17-35 mm

6-11 (-13)

Rounded COM scales
30-105 pm in diam, less
abundant bipyramidal
COD 20-130(-200) um
in diam

4.5-6.5 pm

Verrucose to irregularly
pilate warts

5-8.5 um wide
thin, up to 1 pm

Grasslands, savannas,
shrublands, forests in
Australasia
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1-2 mm thick, covered by a dense mesoperidial crystalline
matter, not persisting in old basidiomes. Mycelial layer per-
sisting, intermixed with debris from the substrate. Endop-
eridial body 3-9 mm diam, greyish, greyish white, cream,
brownish, more colourful on younger specimens, covered by
a whitish mesoperidial crystalline matter. Peristome fibril-
lose, flat to broadly conical, up to 1 mm high, white, mostly
well-delimited, with a whitish delimitation line. Lighter
than the endoperidial body, except for the older, discol-
oured basidiomes. Stalk more or less stout, round, some-
times ellipsoid in cross section, 0.2—1.0 mm high, whitish
to cream. Apophysis present, 0.5—1 mm high, concolorous
with the endoperidial body, darker in the lower part, remains
coloured. Columella cylindrical, intruding to the half or
more into the gleba. Gleba chocolate brown. Basidiospores

globose, (4.34)4.66-5.07(5.54) X (4.10)4.46-4.87(5.29) pm,
L=4.283, W=4.7, 0=(1.00)1.01-1.08(1.12), Qav=1.04,
n=(100/2), with 0.2—0.5 pm high warts, ornamentation iso-
lated or coalescing crest-like warts. Basidia not observed.
Capillitial hyphae max. 3.0-5.0 um wide, light brown,
thick-walled with sparse surface debris, no lumen or very
narrow. Endoperidial body composed of thick-walled up to
4 um wide hyaline hyphae with narrow lumen. Peristomal
hyphae up to 4 um wide, light brown. Mesoperidial crystal-
line aggregates of COM 5-50 pm in diam, irregular shaped
or flaky, sometimes mixed with bipyramidal COD which
10-50 um in diam, covering the endoperidial surface and
the pseudoparenchymatous layer (Figs. Sa, c¢). Pseudoparen-
chymatous layer thick-walled (1-2 um thick) composed of
25-50% 10-25 um variously shaped elongated cells. Hyphae

Fig.4 Habitat

and macromorphology of Geastrum dolomiti-
cum; a habitat in Oskii (dolomitic grassland); b typical habitat of
G. dolomiticum in Csakberény; ¢ basidiomes of G. dolomiticum

@ Springer

(FP20151015, paratype — BP111142); d basidiomes of G. dolomiti-
cum (FP20150908, holotype — BP111140). Photos: P. Finy
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d

Fig.5 Morphological characteristics of Geastrum dolomiticum granulosum (FP20150214); e basidiospores (FP20141213); f crystal-
(a—c) and G. granulosum (d—f). a Basidioma of G. dolomiticum line aggregates of calcium oxalate dihydrate (COD) (FP20141213).
(FP20150908, holotype); b basidiospores (FP20150908, holotype— Scale bars: 5 mm (a, d). Photos: K. Boka (b, ¢, e, f), P. Finy and V.
BP111140); ¢ crystalline aggregates of calcium oxalate monohydrate Papp (a, d)

(COM) (FP20151227, paratype—BP111144); d basidioma of G.

@ Springer
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of the fibrous layer hyaline, thick-walled up to 5 um wide,
lumen visible. Columella hyphae thick-walled up to 5 um
wide.

Diagnosis: Exoperidium 8-22 mm in diam, endoperidial
body 3-9 mm in diam, Mesoperidial crystalline aggregates
of COM irregularly shaped or flaky, 5-50 um in diam, some-
times mixed with bipyramidal COD, 10-50 pym in diam.
Basidiospores globose, 4.7-5.1 x4.5-4.9 um, with isolated
or coalescing crest-like warts. Pseudoparenchymatous layer
with thick-walled (1-2 um thick) cells.

Ecology and distribution: Geastrum dolomiticum grows in
small groups in calcareous open rocky grassland on dolomite
bedrock. The habitat is characterized by heliophilous vegeta-
tion e.g. grasses such as Festuca pallens Host and Stipa erio-
caulis Borbas as well as cryptogams like mosses and lichens
(Boloni et al. 2011). On approximately horizontal places
among the rocks, the undeveloped dolomite soils are mixed
up with rubbles and powdered stones. The strong edaphi-
cal stress prevents the vegetation from closure and succes-
sion (Kun et al. 2005), the soil surface is covered mainly
by mosses and lichens, where mature fruiting bodies occur.
Unexpanded fruiting bodies develop deep in the moss layer.
Accompanying macrofungi on the sites were Lycoperdon
lividum Pers., Tulostoma brumale Pers., T. calcareum, and
T. kotlabae Pouzar. These habitats are host of many endemic
and relict plant species too. Geastrum dolomiticum is only
known from Hungarian transdanubial localities in Bakony
Mts and Vértes Mts (NW Hungary).

Additional specimens examined: HUNGARY. Fejér County,
near Csakvar, Loallas-tetd, in locis graminosis, 21 Oct 1955,
L. Baksay, Szujkéné (BP23235); near Csékvar, in declivo
graminoso, 20 Jul 1961, J. Ujhelyi (BP31425); near Csékvar,
Haraszt-hegy, in Seseli leucospermi-Festucetum pallentis,
12 Aug 2016, P. Finy FP20160812 near Csdkberény, in
Seseli leucospermi-Festucetum pallentis, 17 Dec 2016, P.
Finy FP20161217, ibid., 18 Nov 2017, P. Finy FP20171118,
ibid., 25 Nov 2017, P. Finy FP20171125; Iszkaszentgyorgy,
in Seseli leucospermi-Festucetum pallentis, 16 Dec 2017, P.
Finy FP20171216; Lovasberény, in calcareous pasture, 23
Feb 2014, P. Finy FP20140223 (BP111141, FP38%*, para-
type); Veszprém County, near Oskii, in Seseli leucospermi-
Festucetum pallentis, 15 Oct 2015, P. Finy FP20151015
(BP111142, FPO7*, paratype), ibid., 27 Oct 2015, P. Finy
FP20151027 (BP111143, FP17%*, paratype), ibid., 19 Sep
2017, P. Finy FP20170919; near Varpalota, Baglyas, in
Seseli leucospermi-Festucetum pallentis, 11 Feb 2017, P.
Finy FP20170211; near Varpalota, Tési-fennsik, in Seseli
leucospermi-Festucetum pallentis, 27 Dec 2015, P. Finy
FP20151227 (BP111144, FP09*, paratype).

@ Springer
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