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ABSTRACT:

The genera Sclerogaster and Wakefieldia are infrequently reported, especially from poorly studied regions of the Balkan Peninsula.
Research on hypogeous fungi in North Macedonia has been advancing steadily in recent years, leading to a growing number of col-
lections in the Macedonian Collection of Fungi. Molecular phylogenetic and morphological observations of deposited specimens
of Sclerogaster and Wakefieldia were performed, and compared with collections from other areas and sequences in nucleotide
databases. Molecular genetic diversity based on rDNA ITS and LSU markers and morphological characteristics of the specimens
from two genera are presented, and information on their ecology is provided. Two species of Sclerogaster: S. hysterangioides, re-
ported for the first time for the Balkan Peninsula, and S. compactus, a second record for the Balkan Peninsula, were distinguished.
Sclerogaster hysterangioides was found in different habitat types at four sites, while S. compactus was present at only one site in a
riparian community of Populus alba and Ulmus laevis. The genus Wakefieldia is represented with a single species, W. macrospora,
in Europe. Our collections, which constitute the second records for the Balkan Peninsula, originate from mixed deciduous forest
of Quercus pubescens and Carpinus orientalis. The phylogenetic analyses confirm the morphological identification of the voucher
specimens as S. hysterangioides and W. macrospora. The investigation of hypogeous fungi in North Macedonia demonstrates the
rich diversity of this ecological group of fungi, and calls for future studies including comprehensive morphological observations and
additional molecular markers.
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Revision accepted: The genus Sclerogaster Hesse (Sclerogastraceae, Geastrales) comprises gaster-
13 February 2026 oid fungi with small spherical basidiomata, a peridium that is white to light

yellow, a gleba being initially white, then turning yellow or light olive-green
and with very small chambers, and spherical basidiospores ornamented with
small warts (PEGLER et al. 1993; HosakA & CASTELLANO 2008). Since the last
review of this genus by ALFREDO et al. (2015), new species have been described
(SULZBACHER et al. 2016a) and revisions have transferred certain species from
Sclerogaster to other genera (VIDAL et al. 2019). Currently the genus Sclero-
gaster comprises 12 species, from the southern and northern hemispheres:
UDC: 582.28:581.4+575.86(497.7)  S. araripensis Sulzbacher, J.O. Sousa & Baseia (SULZBACHER et al. 2016a), S.
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compactus (Tul. & C. Tul.) Sacc. (Saccarpo 1895), S. columellatus (Zeller)
Fogel (FOGEL 1990), S. gastrosporioides Pilat & Svréek (P1LAT & SVRCEK 1955),
S. hysterangioides (Tul. & C. Tul.) Zeller & C.W. Dodge (ZELLER & DODGE
1935), S. liospermus (Tul. & C. Tul.) Soehner (SOEHNER 1924), S. luteocarneus
(Bres.) Zeller & C.W. Dodge (ZELLER & DODGE 1935), S. minor Coker & Couch
(CokER & CoucH 1928), S. pacificus Zeller & C.W. Dodge (ZELLER & DODGE
1935), S. salisburiensis Verwoerd (VERWOERD 1926), S. siculus Zeller & C.W.
Dodge (ZELLER & DoDGE 1935), and S. xerophilus Fogel (FoGeL 1977). The
databases Index Fungorum (https://www.indexfungorum.org), Mycobank
(https://www.mycobank.org) and Fungal Names (https://nmdc.cn/fungal-
names) also list S. lanatus R. Hesse, which is regarded by most authors as
synonymous with S. compactus (MONTECCHI & SARASINI 2000; ALFREDO
et al. 2015), while S. lanatus sensu Mattirolo is considered a synonym of S.
siculus (DODGE & ZELLER 1936). Furthermore, the names S. porquerollensis
Donadini & G. Riousset and S. rhizopogon Donadini, Riousset & G. Rious-
set are regarded as synonyms of Wakefieldia macrospora (Hawker) Hawker
(VIDAL 1997). Concerning their ecology, Sclerogaster species are saprotrophic,
and most species occupy a hypogeous or semihypogeous habit, found among
leaf litter, fallen branches or in thick humus layers. Only one species is known
to be lignicolous, growing on white subiculum on decaying wood (Hosaka &
CASTELLANO 2008; ALFREDO et al. 2015).

The genus Wakefieldia Corner & Hawker is characterised by gasteroid
basidiomata, which are spherical or irregular in shape, with a smooth, thin
peridium, which is white and changes colour with age. The gleba consists of
small empty chambers, and does not become gelatinous. The basidiospores
are spherical, with low, broad verrucae or ridges, with a perisporium pres-
ent (CORNER & HAWKER 1953; HAWKER 1954; PEGLER et al. 1993), HAWKER
(1954) describes the ornamentation of the spores as plate-like or pitted, not
echinate. The genus comprises two species, the type W. striispora Corner &
Hawker [originally published as W. striaespora] described from Singapore,
Southeast Asia (CORNER & HAWKER 1953) which has not been found in Eu-
rope; and W. macrospora (Hawker) Hawker as the sole species from this genus
known in Europe. Wakefieldia macrospora was first described as Sclerogaster
macrosporus Hawker (HAWKER 1951) and was transferred to Wakefieldia af-
ter the genus was established in 1953 (HAWKER 1954). The genus Wakefieldia
was not formally assigned to a family in the original description by CORNER
& HAWKER (1953). HAWKER (1954) proposed the classification of hypogeous
species in Britain into four families, based on the developmental stages of the
basidiocarps, and placed Wakefieldia in Hydnangiaceae, Agaricales. Later,
PEGLER et al. (1993) and MONTECCHI & SARASINI (2000) placed the genus
in the family Octavianiaceae, Cortinariales. However, molecular studies have
included Octavianiaceae within Boletaceae, Boletales (BINDER & HIBBETT
2006), and the Index Fungorum currently lists Wakefieldia within Boleta-
ceae. This placement reflects historical and secondary classifications rather
than direct molecular evidence from the type species. Molecular analyses of
European collections identified as W. macrospora place this taxon within the
family Hymenogastraceae, order Agaricales (KaouNas et al. 2011). Neverthe-
less, the type species of the genus, W. striispora, has never been assessed using
molecular data, therefore the placement of the genus Wakefieldia still remains
unresolved.

To date, a total of 47 taxa of hypogeous fungi are known for the territory
of North Macedonia, 25 taxa (21 species) of Ascomycota (KARADELEV et al.
2019) and 22 taxa of Basidiomycota (KARADELEV ef al. 2018; TOFILOVSKA et
al. 2019, 2023). Research into the diversity of hypogeous fungal species in the
Republic of North Macedonia has intensified in recent years. A review of the
collections deposited in the Macedonian Collection of Fungi (MCF) has been
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carried out, and new material has been collected. This study focused on the
rarely studied gasteroid genera Sclerogaster and Wakefieldia which led to the
discovery of three species new for the country, one of which is the first, and
two the second records for the Balkan Peninsula.

MATERIALS AND METHODS

Field data. The materials examined were collected in the autumn of 2019 and
2020 in four biogeographical regions of the Republic of North Macedonia,
namely the mountains of Bistra (biogeographic region code — BRC 10309),
Shar Planina (BRC 10102) and Vodno (BRC 20617), and in the valley of Skop-
sko Pole (BRC 61976) (MELOVSKI et al. 2013). The basidiomata were retrieved
by truffle hunters with trained dogs. For each collection, the data on habitat
type, elevation, and locality were noted. These are presented under the de-
scription and ecology of the species.

Morphological analysis. The fresh basidiomata were photographed in the
field or in the lab. The specimens were dried in an air dehydrator SIGG Dér-
rex (Switzerland) at 50°C and deposited in the MCF. The microscopic analyses
were carried out on fresh and dried basidiomata. The peridium and gleba were
examined on slides prepared from cross-sections and mounted in tap water,
Melzer’s reagent and 3% KOH (PEGLER et al. 1993). The slides were observed
under a LW Scientific i4 microscope (Georgia, USA) and the photos taken us-
ing a LW Scientific MiniVID USB 1MP camera (Georgia, USA). Figures were
assembled in Adobe Photoshop CC 2022. The slides prepared in 3% KOH were
analysed under a ZEISS Primostar 3 microscope (Germany) and the photos
were taken using a ZEISS Axiocam 208 colour microscope camera (Germa-
ny) and the ZEN 3.0 blue edition software. The measurements are based on
randomly selected mature basidiospores, excluding spore ornamentation and
apiculus; 50 basidiospores from one collection of Sclerogaster compactus and
30 mature basidiospores from two collections (total 60) each of S. hysterangi-
oides and Wakefieldia macrospora were measured in mounting medium 3%
KOH. The length and width of the basidiospores along with the minimum,
maximum, and average values with standard deviation are presented; quo-
tient (Q) and average quotient (Qav). The measurement of the peridium width
is presented based on 10 cuttings per species, while the size of the hyphae or
the spherical elements of the peridium are based on 20 measurements.

Molecular genetic analysis. DNA was extracted from a small piece of gleba
using the Qiagen DNeasy Plant MiniKit (Qiagen, Hilden, Germany), follow-
ing the manufacturer’s instructions. The extracted DNA was re-suspended in
prewarmed sterile milli-Q water to an approximate final concentration of 100
ng pl! and stored at -80°C at the Slovenian Forestry Institute DNA library and
at the Department of Botany and Biodiversity Research, University of Vienna.

The complete nuclear Internal Transcribed Spacer (ITS) region of the
rDNA was amplified using primer pairs ITSIF/ITS4 (WHITE et al. 1990). PCR
reactions were performed as follows: 1.0 ul DNA; 2.5 ul PCR bufter 10x; 3.0 pl
dNTPs (1.5 mM); 2.0 ul MgCL, (20 mM); 3.0 pl of each primer (25 pmol); 0.5
U Taq polymerase (5 U ul?); and 10.5 pul of ultrapure water. The amplification
conditions of the ITS region followed SULZBACHER et al. (2016b).

A fragment containing the complete ITS and a partial large subunit (LSU)
of rDNA was amplified as a single stretch using the primer pair V9G (DE
HooG & GERRITS VAN DEN ENDE 1998)/LR5 (ViLGgaLys & HESTER 1990). PCR
reactions were performed as follows: 5 pl Phusion Plus 2.0 Master mix, 1.0 ul
DNA extract; 1.0 pl of each primer (5 pmol); and 3 pl of ultrapure water, using
the following programme: 98°C 30 s, 35 cycles of 98°C 15 s, 55°C 155, 72°C 1
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min; final extension 72° 5 min. All amplifications were done in a GeneAmp®
PCR System 9700 thermal cycler (Applied Biosystems, Foster City, CA, USA).

For the ITS, the PCR products were purified from agarose gel using the
Wizard SV Genomic DNA Purification System (Promega Corporation, Madi-
son, WI, USA); for the ITS-LSU the enzymatic PCR cleanup (WERLE et al.
1994) as described in VoGLMAYR & JAKLITSCH (2008) was applied. For the
ITS, both DNA strands were sequenced separately at Macrogen Europe B.V.
(Amsterdam, The Netherlands) with the same primers used in the amplifica-
tion; Sequencher v. 5.4.6 (Gene Codes Corporations, Ann Arbor, MI, U.S.A.)
was used to assemble the consensus sequence. For the ITS-LSU fragment,
DNA was cycle-sequenced using the ABI PRISM Big Dye Terminator Cycle
Sequencing Ready Reaction Kit v. 3.1 (Applied Biosystems, Warrington, UK)
with the same primers as for PCR; in addition, primers ITS4 (WHITE et al.
1990) and LROR (MoNcALvO et al. 1995) were also applied. Sequencing of the
ITS-LSU fragment was performed on an automated DNA sequencer (3730xl
Genetic Analyzer, Applied Biosystems) at the Department of Botany and Bio-
diversity Research, University of Vienna. The sequences were assembled using
DNASTAR Lasergene SeqMan Pro v. 7.1 (Madison, MI, USA).

All consensus sequences generated in this study are deposited in Gen-
Bank (https://www.ncbi.nlm.nih.gov/). The sequences used in the phylogenet-
ic analyses are listed in Table 1 and newly sequenced specimens are marked
in bold.

Phylogenetic analyses. The phylogenetic analyses of ITS and LSU rDNA
were based on the GenBank sequences included in the studies carried out by
Hosaka & CASTELANO 2008 (for Sclerogaster) and Kaounas et al. 2011 (for
Wakefieldia), complemented with additional GenBank sequences retrieved by
BLASTn searches. In addition, ITS sequences were also downloaded from the
UNITE data base. Four sequences of Geastrum Pers. were used as the out-
group in the analyses of Sclerogaster (ALFREDO et al. 2015) and three of Psi-
locybe (Fr.) P. Kumm. in the analyses of Wakefieldia (KaouNas et al. 2011).
Multiple sequence alignments of the three data sets, LSU and ITS for Sclero-
gaster and ITS for Wakefiledia, were performed in MAFFT7 (https://malftt.
cbre.jp/alignment/server/index.html; KaToH et al. 2019) using the default set-
tings. Maximum likelihood (ML) analyses based on single-gene datasets were
performed in raxmlGUI 2.0.16 (EDLER et al. 2021), implementing the rapid
bootstrap (BS) settings with 1000 BS replicates. Based on the Model Tests
(DARRIBA et al. 2020) run in raxmlGUTI using the corrected Akaike informa-
tion criterion (AICc), the GTR + I + G model was selected for the Sclerogaster
LSU matrix and the HKY85 +I +G model for the ITS matrices of Sclerogaster
and Wakefieldia. The tree was visualised and rooted in PAUP*4.0a (SWOFFORD
2003). For the evaluation and discussion of bootstrap support, values below
70% are considered low/weak, between 70 and 89% medium/moderate, and
between 90 and 100% high.

RESULTS

Molecular phylogenetic results. LSU and ITS sequences were obtained from
two voucher specimens of S. hysterangioides, and from one of S. compactus,
while only ITS sequences were generated from two voucher specimens of W.
macrospora (Table 1).

The LSU matrix of Sclerogaster consisted of 907 nucleotide characters from
28 accessions of Sclerogaster and four from the outgroup (Geastrum spp.), of
which 765 characters were constant, 33 variable but parsimony uninformative
and 109 parsimony informative. The ITS matrix of Sclerogaster comprised 732
nucleotide characters from 21 accessions of Sclerogaster and four from the
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Table 1. Data on the LSU and ITS sequences used in the phylogenetic analyses. The sequences generated in this study are

marked in bold.
GenBank/UNITE
accession
Specimen Voucher/
Taxa Origin Material type Isolate Number LSU ITS Reference
Alnicola badia Austria basidioma TU-EST:L7191 JN943936 SCHOCH et al. 2012
Alnicola citrinella Estonia basidioma TU-EST:TU110341 JN943967 SCHOCH et al. 2012
Alnicola citrinella France basidioma PAMO08100405 HQ714733  ROCHET et al. 2011
Alnicola escharioides France basidioma PAMO03/99 AY900086 ~ MOREAU et al. 2006
Alnicola silvaenovae Estonia basidioma TU-EST:L3927 JN943941 SCHOCH et al. 2012
Alnicola sp. USA basidioma WTU-F-073033 PV536737  direct submission
Alnicola umbrina Estonia basidioma TU-EST:TU110268 JN943987 SCHOCH et al. 2012
Geastrum campestre Europe basidioma MJBN061025 KC581999  KC581999  JEPPSON et al. 2013
Geastrum fimbriatum Europe basidioma MJ5706 KC582015  KC582015  JEPPSON et al. 2013
Geastrum floriforme Europe basidioma MJ5421 KC581984  KC581984  JEPPSON et al. 2013
Geastrum striatum Europe basidioma MJ8807 KC581960  KC581960  JEPPSON et al. 2013
Hebeloma birrus Netherlands  basidioma KDAd580 AF124693  AANEN et al. 2000
Hebeloma crustuliniforme China basidioma HKAS122681 ON794430  WANG et al. 2022
Hebeloma crustuliniforme Sweden basidioma DKAm503-2 AF124668  AANEN et al. 2000
Hebeloma danicum Poland basidioma IK-HO0170 KX687198  Karucka et al. 2016
Hebeloma heloides Netherlands ~ basidioma DKAd665 AF124674  AANEN et al. 2000
Hebeloma sinapizans Danmark basidioma DKAd514 AF124682  AANEN et al. 2000
EBERHARDT et al.
Hebeloma syrjense Finland basidioma TURA:26197F JQ751218 2013
Hebeloma velutipes Sweden basidioma DKAd504-2 AF124677  AANEN et al. 2000
Hymenogaster griseus England basidioma RBG Kew K(M)20266 EU784361  BROCK et al. 2009
Hymenogaster populetorum  Netherlands  basidioma deVries 764 AF325637  PEINTNER et al. 2001
Hymenogaster rehsteineri Hungary basidioma zb1503 GU479309  StieLow etal. 2011
Hymenogaster rehsteineri Hungary basidioma zb1842 GU479319  StieLow et al. 2011
Hymenogaster vulgaris England basidioma RBG Kew K(M)27363 EU784365  BroCK et al. 2009
BOROVICKA et al.
Psilocybe atrobrunnea Sweden basidioma PRM:860905 HF912348 2015
BoRroVICKA et al.
Psilocybe semilanceata Czechia basidioma PRM:921860 HF912359 2015
Unknown
Psilocybe semilanceata (USA?) basidioma UBC:F15293 OM276808 BRADSHAW et al. 2022
Hosaka &
Sclerogaster columellatus USA basidioma Trappe 8098 FJ435972 CASTELLANO 2008
Hosaka &
Sclerogaster compactus Europe basidioma WSL-KHO01 FJ435973 CASTELLANO 2008
Hosaka &
Sclerogaster compactus Europe basidioma Trappe 6136 FJ435974 CASTELLANO 2008
Sclerogaster compactus Europe basidioma VK2040 JN812054 Kaounas et al. 2011
North
Sclerogaster compactus Macedonia  basidioma MCF17829 PX465105 PX523837  this study
North
Sclerogaster hysterangioides Macedonia basidioma MCF17905 PX465103 PV170768 this study
North
Sclerogaster hysterangioides Macedonia  basidioma MCF17988 PX465104 PV170767 this study
Unknown
Sclerogaster hysterangioides ~ (USA?) SCL2.BST 0Q694422  0Q694422  direct submission
Sclerogaster luteocarneus Brazil basidioma UFRN-Fungos 1859 KT923666  KT923663  ALFREDO et al. 2015
Sclerogaster luteocarneus Brazil basidioma UFRN-Fungos 2277  KT923667  KT923664  ALFREDO et al. 2015
Sclerogaster luteocarneus Brazil basidioma UFRN-Fungos 2278 KT923668  KT923665  ALFREDO et al. 2015
Hosaka &
Sclerogaster minor USA basidioma Trappe 8720 FJ435976 CASTELLANO 2008
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Hosaka &
Sclerogaster pacificus USA basidioma Trappe 9011 FJ435977 CASTELLANO 2008
Sclerogaster siculus (in Hosaka &
GenBank as S. lanatus) Europe basidioma Hintz 783 FJ435975 CASTELLANO 2008
Hosaka &
Sclerogaster sp. Australia basidioma H4595 FJ435979 CASTELLANO 2008
Hosaka &
Sclerogaster sp. Australia basidioma Trappe 15701 FJ435980 CASTELLANO 2008
Sclerogaster sp. Australia basidioma F44_S0059 MF503277  KY697609  NUSKE et al. 2018
Sclerogaster sp. Australia basidioma 44C_S0364b KY697608  NUSKE et al. 2018
Hosaka &
Sclerogaster sp. New Zealand basidioma KH-NZ06-209 FJ435983 CASTELLANO 2008
Hosaka &
Sclerogaster sp. New Zealand basidioma KH-NZ06-210 FJ435984 CASTELLANO 2008
Sclerogaster sp. New Zealand basidioma PDD 100944 KP191782  KP191950  direct submission
Hosaka &
Sclerogaster sp. USA basidioma Zeller 7425 FJ435981 CASTELLANO 2008
Hosaka &
Sclerogaster sp. USA basidioma Zeller 8462 FJ435982 CASTELLANO 2008
HAD1433
Sclerogaster sp. USA basidioma iNat#242227452 PV591215  PV591127  direct submission
HAD1022
Sclerogaster sp. USA basidioma iNat#195896136 PV832907 PV832741  direct submission
HAD1379
Sclerogaster sp. USA basidioma iNat#242229237 PV591248  PV591164  direct submission
HAD1366
Sclerogaster sp. USA basidioma iNat#242227451 PV591256  PV591174  direct submission
Sclerogaster sp. USA basidioma JLF13696 AZ PQ836643  direct submission
Sclerogaster sp. USA basidioma JLF13620 AZ PQ836642  direct submission
Sclerogaster sp. USA basidioma TENN:F 075952 OK376732  direct submission
Sclerogaster sp. USA basidioma FLAS-F-61806 MH399884  direct submission
JLF13626 iNaturalist
Sclerogaster sp. USA basidioma 247838971 PQ479640  direct submission
Sclerogaster sp. USA basidioma FDS-CA-03812 PV742652  direct submission
Hosaka &
Sclerogaster xerophilus USA basidioma Wright 1956 FJ435978 CASTELLANO 2008
Sclerogaster xerophilus USA basidioma OSC 49777 DQ218611 Hosaxka et al. 2006
Slerogaster compactus Europe basidioma AT2001105 UDB001213  direct submission
Wakefieldia macrospora (in
GenBank as uncultured ectomycorrhizal
Hebeloma) France root tips 2008AIB11 HQ204662  RICHARD et al. 2011
Wakefieldia macrospora (in
GenBank as uncultured ectomycorrhizal
Hebeloma) France root tips 2008ALC10 HQ204659  RICHARD et al. 2011
Wakefieldia macrospora Greece basidioma VK1379 JN812039 Kaounas et al. 2011
North
Wakefieldia macrospora Macedonia  basidioma MCF17950 PV170765  this study
North
Wakefieldia macrospora Macedonia  basidioma MCF17977 PV170766  this study
Wakefieldia macrospora USA basidioma Trappel9331 0Q566918  direct submission
Wakefieldia macrospora
(in GenBank as W.
sp.; in UNITE species
hypothesis W. macrospora
SH1563873.08FU) Hungary soil ASV0939 OP042630  GEML et al. 2022




Fig. 1. Phylogram of the best
ML tree revealed by RAXML
from analyses of the LSU
matrix of Sclerogaster (-InL =
2576.45). GenBank accession
numbers and country/area of
origins are given following
the names of the taxa; the
accessions from North
Macedonia are coloured in
orange, the bootstrap values
(>50%) are reported above
each branch.
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outgroup (Geastrum spp.), of which 421 characters were constant, 85 variable
but parsimony uninformative and 226 parsimony informative.

Figures 1 and 2 show the phylograms of the best ML trees from the anal-
yses of the LSU and ITS matrices of Sclerogaster, respectively. The phyloge-
netic analyses of the LSU matrix placed S. compactus from North Macedonia
within an unsupported S. compactus clade where it formed a highly supported
subclade (98% BS) with S. compactus accession FJ435973 from Europe. In con-
trast, the ITS analyses placed S. compactus from North Macedonia as sister
to an unidentified Sclerogaster accession PV832741 from Oregon (USA), and
both were sister to S. compactus accession UDB001213 from Italy; however,
without bootstrap support. The three S. hysterangioides accessions included
in the LSU matrix did not form a monophylum, but were contained within a
highly supported clade (100% BS) also containing, amongst unidentified ac-
cessions, S. columellatus, S. siculus and S. xerophilus. In the ITS analysis, the
three S. hysterangioides accessions included were placed in a poorly supported
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Fig. 2. Phylogram of the best
ML tree revealed by RAXML
from analyses of the ITS
matrix of Sclerogaster (-InL =
3618.73). GenBank accession
numbers and country/area of
origins are given following
the names of the taxa; the
accessions from North
Macedonia are coloured in
orange, the bootstrap values
(>50%) are reported above
each branch.
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monophylum (67% BS), with the two North Macedonian accessions forming a
highly supported subclade (98% BS).

The ITS matrix of Wakefieldia consisted of 30 representative accessions of
Hymenogastraceae (from the genera Alnicola, Hebeloma, Hymenogaster, Psi-
locybe, and Wakefieldia). Of the 664 characters, 469 characters were constant,
53 variable but parsimony uninformative and 142 parsimony informative.

Figure 3 shows the phylogram of the best ML tree from the analysis of the
ITS matrix of Wakefieldia. Most of the tree backbone receives bootstrap sup-
port; while support for the genera Alnicola (59% BS) and Hymenogaster (60%
BS) is low and for Hebeloma moderate (84% BS), with the genus Wakefiel-
dia receiving maximum support. Apart from four W. macrospora accessions,
which represent isolated DNA from basidiomata (including the two from
North Macedonia), the clade also contains three accessions of environmental
samples; one from Hungary noted as Wakefieldia sp. in GenBank and as spe-
cies hypothesis W. macrospora in UNITE, and two accessions from France
identified as uncultured Hebeloma sp. As all ITS sequences of the Wakefieldia
clade are fully or almost identical (99.83% with JN812039 from Greece; all
others 100% identical), they all are confirmed to represent a single species, W.
macrospora.



Fig. 3. Phylogram of the best
ML tree revealed by RAXML
from analyses of the ITS
matrix of Wakefieldia (-InL =
2835.41). GenBank accession
numbers and country/area of
origins are given following
the names of the taxa; the
accessions from North
Macedonia are coloured in
orange, the bootstrap values
(>50%) are reported above
each branch.
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Alnicola badia JN943936 Austria
Alnicola silvaenovae JN943941 Estonia
Alnicola citrinella JN943967 Estonia
Alnicola citrinella HQ714733 France
Alnicola escharoides AY900086 France
Alnicola umbrina JN943987 Estonia
Alnicola sp. PV536737 USA
Hebeloma birrus AF124693 Netherlands
Hebeloma danicum KX687198 Poland
Hebeloma syrjense JQ751218 Finland
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Hebeloma sinapizans AF124682 Danmark
Hebeloma velutipes AF124677 Sweden

84 I__ Hebeloma crustuliniforme AF124668 Sweden
Hebeloma helodes AF124674 Netherlands

— Hebeloma crustuliniforme ON794430 China

Uncultured Hebeloma HQ204662 France
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100

Uncultured Hebeloma HQ204659 France
- Wakefieldia macrospora JN812039 Greece
e Wakefieldia macrospora 0Q566918 USA
Wakefieldia sp. OP042630 Hungary

100 Hymenogaster rehsteineri GU479309 Hungary

Wakefieldia macrospora

100 Hymenogaster rehsteineri GU479319 Hungary

60 —— Hymenogaster vulgaris EU784365 England

100 Hymenogaster griseus EU784361 England
Hymenogaster populetorum AF325637 Netherlands
100 [ Psilocybe semilanceata OM276808
| Psilocybe semilanceata HF912359 Czechia
Psilocybe atrobrunnea HF912348 Sweden

Taxonomy and ecology

Sclerogaster compactus (Tul. & C. Tul.) Saccardo, Sylloge Fungorum omnium
hucusque cognitorum 11: 170 (1895); Figs. 4a, 5a-d, 6a-b.

Macroscopic features. The basidioma is hypogeous, gasteroid, subglobose to
ovoid, 6.6 mm long and 5 mm wide (Fig. 4a). The peridium is white, becoming
yellow in places, dry, smooth with debris on the surface, and not separable
from the gleba. The gleba is compact, yellow-orange with white veins, with
a columella present, extending from the base to the centre, 0.3 mm wide, 3.2
mm long (around half of the length of the basidioma). The odour is indistinct.
Microscopic features. The peridium is two-layered, with a total average width
of 200 pm, varying between 130 um and 250 um (Fig. 5a-b). The external pe-
ridium layer averaged 50 um in thickness, varying between 30 pm and 80 pum,
composed of thin, interwoven hyaline hyphae, 1-2 pum wide with cell walls
+ 0.5 pum thick. The internal peridium layer averaged 150 um in thickness,
varying between 70 um and 210 um, and was pseudoparenchymatous (Fig.
6a), composed of polygonal, subglobose, ovoid elements, sometimes more
elongated, 4.5-30 x 4-20 pm (4.5 x 4; 7.3 x 7.3; 13 x 10.5; 26 x 17; 30 x 10;
30 x 20), wall £ 1 pm (0.7-1.5) thick. The gleba was composed of irregularly
shaped chambers, separated by trama (Fig. 5a). The chambers were filled with
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Fig. 4. Sclerogaster compactus
(a) and S. hysterangioides (b, c),
basidiomata. Scale bars: 3 mm.

basidia and basidiospores. The trama comprised interwoven hyphae, 5-10 um
wide, wall + 1 pm thick, with the presence of inflated cells in places (Fig. 6b).
Basidia were not found. The basidiospores were mainly globose, some slightly
subglobose, (4.5-)5.5-7.5(-8.5) x (4.2-)5-7(-8.5) um, 6.7 £ 0.7 X 6.3 + 0.7 um
on average (n = 50), Q = 1-1.28, Qav = 1.05, spore wall + 1 um thick, orna-
mented with small warts of different shapes, conical, rounded or triangular
at the base. The warts were 0.5-1.2 um high, and the apiculus was present, +
1.5 pm wide, usually 1.5 um long, with the longest apiculus observed 4.2 um
(Fig. 5¢-d).

Specimen examined. North Macedonia: Skopsko Pole valley, under leaf litter
in a riparian community of Populus alba L. and Ulmus laevis Pall., elev. 280
m.a.s.l,, leg. Tome Jovanovski & Slavica Tofilovska, MCF 17829 (10.11.2020).

Sclerogaster hysterangioides (Tul. & C. Tul.) Zeller & C.W. Dodge, Annals of
the Missouri Botanical Garden 22: 370 (1935); Figs. 4b-c, 5e-k, 6¢-d.

Macroscopic features. The basidiomata was hypogeous, gasteroid, globose,
subglobose or ovoid, 10-18 mm long and 8-15 mm wide (Fig. 4b). The pe-
ridium was initially white, soon changing colour to pale yellow-ochre when
handled, with debris and mycelium cords present on the surface, attached to
the gleba, separating while drying. The gleba was light yellow, compact with



Fig. 5. Sclerogaster compactus
(a-d) and S. hysterangioides
(e-k) microscopic
morphological features:

a. cross-section, peridium
(white arrow), gleba (black
arrow); b. peridium external
filamentous and internal
pseudoparenchymatous layer;
c-d. basidiospores; e. cross-
section, peridium (white
arrow), gleba (black arrow);

f. peridium layers, external of
thick-walled and internal of
thin-walled hyphae; g. hyphae
of external peridium; h-k.
basidiospores. Scale bars: a, e.
100 um; b, f. 10 pm; g. 5 um; ¢,
d, h-k. 3 pm.

Tofilovska et al.: Traits of Sclerogaster and Wakefieldia species

visible chambers, with white veins in some places. Columella were present in
different shapes and sizes, spreading from the base to half of the length of the
basidioma or along the whole basidioma, 0.4-2.7 mm wide (Fig. 4c), some-
times hardly visible in drying basidioma or even absent. A very strong odour
was present, unpleasant, and reminiscent of naphthalene.

Microscopic features. The peridium was two-layered, with an average total
width of 250 pm, varying between 210 um and 380 um (Fig. 5¢). The external
peridium layer averaged 120 um thick, varying between 90 pum and 200 pm,
composed of densely interwoven hyphae, 5-6.5 pm wide with cell walls + 2
um thick, dextrinoid (Fig. 5f-g). The internal peridium averaged 140 pm thick,
varying between 110 pm and 180 um, and was pseudoparenchymatous (Fig.
6¢), comprising mainly ovoid and subglobose as well as polygonal elements,
4-18 x 2.5-13 pm (4 x 2.5; 5.5 x 5.5; 9 x 7; 18 x 13), wall < 1 um thick. The
gleba comprised chambers of various shapes, filled with basidia and basidio-
spores, which were separated by trama composed of interwoven hyphae, 3 pm
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Fig. 6. Sclerogaster compactus
(a, b) and S. hysterangioides (c,
d) microscopic morphological
features: a. internal
pseudoparenchymatous
peridium; b. tramal

hyphae; c. internal
pseudoparenchymatous
peridium; d. tramal hyphae.
Scale bars: 10 pm.

wide, wall 0.5 um thick (Fig. 6d). Basidia were not found. The basidiospores
were subglobose, globose to ovoid (4.2-)4.3-5.4(-5.7) % (3.9-)4-5(-5.5) pm,
4.8 £0.3 x 4.5+ 0.3 um on average (n = 60), Q = 1-1.22, Qav = 1.06, wall £ 1
pm thick, ornamented with small warts of different shapes, sometimes hardly
visible. The warts were 0.44-0.88 um high, with the apiculus present but not
easily observed, 0.8-1.5 pm wide, usually 0.8 pm long (Fig. 5h-k).

Specimens examined. North Macedonia: Mt. Bistra, hypogeous under leaf lit-
ter in a broadleaf forest of Fagus sylvatica L. and Carpinus betulus L., elev. 1300
m.a.s.l., leg. Zlatko Markoski & Marija Markoska, MCF 17646 (20.11.2019);
Mt. Vodno, hypogeous under leaf litter in a mixed planted forest of Pinus nig-
ra J.F. Arnold, Tilia cordata Mill.,, Fraxinus excelsior L., Ulmus glabra Huds.,
elev. 550 m.a.sl,, leg. Tome Jovanovski, MCF 17988 (04.10.2020); idem, leg.
Tome Jovanovski, MCF 17822 (08.11.2020); Mt Shar Planina, hypogeous un-
der needle litter in Pinus sylvestris L. forest, elev. 1400 m.a.s.1,, leg. Tome Jova-
novski, MCF 17905 (26.11.2020).



Fig. 7. Wakefieldia
macrospora, basidiomata.
Scale bars: 5 mm.
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Wakefieldia macrospora (Hawker) Hawker, Philosophical Transactions of the
Royal Society of London, Ser. B, Biological Sciences 237: 521 (1954); Figs. 7, 8.
Macroscopic features. The basidiomata was solitary to gregarious, hypoge-
ous, gasteroid, almost globose or tuberiform with lobes, 6.8-20.4 mm long
and 6-15.8 mm wide (Fig. 7). The peridium was smooth, initially white, later
cream white, attached to the gleba, and not separating after drying. The gleba
was grey when fresh, becoming brown when drying, compact, and consisting
of small chambers rounded to elongated in shape. The columella was absent.

Microscopic features. The peridium was one-layered, with an average width
of 150 um, varying between 100 pm and 200 um, composed of hyaline thin-
walled hyphae, wall 0.5-1 um, with elongated interwoven hyphae, 2.5-5 pm
wide, including some spherical to irregular inflated elements of 4.5-25 x 3.5-
15 um (4.5 x 3.5; 9.5 x 7; 19 x 10; 25 x 13), and clamp connections present
(Fig. 8a). The gleba comprised chambers of various shapes, filled with basid-
iospores, with the hymenium at the edge of the chamber consisting of young
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Fig. 8. Wakefieldia
macrospora, microscopic
morphological features:

a. cross-section, peridium
(white arrow) and gleba
with chamber filled with
basidiospores (black arrow);
b, c. basidiospores with
prominent apiculus and
remnant of perisporium (black
arrow). Scale bars: 10 pm.

club-shaped to cylindrical basidia, followed by tramal plates. The trama was
variable in width, 30-150 pm, composed of hyaline interwoven hyphae form-
ing small to larger spherical and polygonal elements, 3.5-11.5 x 3.5-7 um, wall
1-1.5 pm thick (Fig. 8a). Basidia were not frequent, cylindrical, 35-47 x 7-11
pm, and bearing two spores. The basidiospores were subglobose to fig-shaped
(8.5-)10-14(-14.5) x (8-)9-13(-13.5) um, 12 £ 1.2 x 11 + 1 pm on average
(n = 60), Q = 0.96-1.18, Qav = 1.08, wall 1.5-2 um thick, ornamented with
easily visible, large warts of different shapes at the base, truncated at the top,
0.8-1.5 um high. A large apiculus was present, 3.5-4.5 um in width at the base,
2.5-3.5 um long, remnants of the perisporium were rarely visible (Fig. 8b-c).
Specimens examined. North Macedonia: Mt. Skopska Crna Gora, hypogeous
in a mixed broadleaf forest of Quercus pubescens Willd., Q. frainetto Ten.,
Carpinus orientalis Mill. and Salix alba L., elev. 700 m.a.s.l., leg. Tome Jova-
novski, MCF 17950 (01.01.2021); idem, hypogeous in a mixed broadleaf for-
est of Quercus pubescens, Q. frainetto and C. orientalis, elev. 800 m.a.s.l., leg.
Tome Jovanovski, MCF 17977 (23.02.2021).
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DISCUSSION

Sclerogaster compactus and S. hysterangioides were treated as synonyms by
PEGLER et al. (1993), but they clearly differ in morphology, macroscopically
as well as microscopically, and are accepted as different taxa by other authors
(VipaL 1991; MoNTECCHI & SARASINI 2000). From the presented observa-
tions of our collections, S. compactus is easily distinguished by its larger ba-
sidiospores (6.7 x 6.3 pm on average) with verrucose to echinate ornamenta-
tion, compared with S. hysterangioides, which has smaller basidiospores (4.8 x
4.5 pm on average) and finer ornamentation. There are also differences in the
structure of the peridium. In S. compactus, the hyphae of the external peridi-
um are significantly narrower (1-2 um) than those of S. hysterangioides (5-6.5
pm), whereas in the internal peridium the elements are wider in S. compactus
(4.5-30 x 4-20 pm) than in S. hysterangioides (4-18 x 2.5-13 um).

The morphological characters of the collection of S. compactus from North
Macedonia are in accordance with the literature. The size of the basidioma be-
ing 5 mm wide and 6.6 mm long is within the usually reported size of 5 to 10
mm (DoDGE & ZELLER 1936; MONTECCHI & SARASINI 2000; ELLIOTT et al.
2016), while KaouNas et al. (2011) reported a size of 20 mm as a rare finding
and VIDAL (1991) presented a range of 4-14 mm. The same publications docu-
ment that the columella may be absent, rudimental or centrally positioned, a
variability explained by HAWKER (1954) as the columella is absent in mature
basidiomata. In our collection, the columella of S. compactus extends from
the base to the centre and is not as large as those observed in the collections
of S. hysterangioides. Concerning the basidiospore size of S. compactus in the
original description of TULASNE & TULASNE (1845) measurements are not pro-
vided. It is only stated that the basidiospores are minute and spherical. Later
TuLasNE & TuLASNE (1851) quoted a size of 5.6-6.4 um. Although an aver-
age spore size of 4 to 6 pm in diameter is mostly reported (DODGE & ZELLER
1936; HAWKER 1954; MONTECCHI & SARASINI 2000), a range in spore size has
also been recorded, including 4-5.5-7 um (MONTECCHI & SARASINI 2000),
(5-) 6.2 £ 0.7 (-7.5) pm (Kaounas et al. 2011), and 5-7 x 4-5.5 um (VIDAL
1991). The values of both approaches correspond well with our specimens.
The total peridium width in our observations varies between 130 um and 250
pm, which is in line with the descriptions provided by HAWKER (1954), VIDAL
(1991), and MoNTECCHI & SARASINI (2000). The width of the peridium lay-
ers are usually not reported except by VipaL (1991). The external layer of our
specimen with a width of 30-80 um is in accordance with Vipar (1991), who
reports a variability between 10-60 pm, while for the internal peridium we
observed a higher variability between 70-210 pm compared to 160-200 um
noted by VIDAL (1991).

Sclerogaster compactus is widely distributed in Europe. It is reported from
a few localities in Britain and France (PEGLER et al. 1993), Norway (BRAN-
DRUD et al. 2021), Austria (JACQ coNsorTiUM 2004 ff.), Germany (HESSE
1891), Spain (VIDAL 1991; MORENO-ARROYO et al. 2005), Italy (MONTECCHI
& SARASINI 2000), Turkey (UzuN et al. 2019), and Israel (KRAKHMALNYI et
al. 2014) while on the Balkan Peninsula it has been found only once in Greece
(Kaounas et al. 2011). Concerning the ecology, it occurs in various habitats in
thermophilous areas, documented under Pinus L., Quercus L., Fagus L., Tilia
L., grass roots and Cistus monspeliensis L. (VIDAL 1991; PEGLER et al. 1993).
It is also reported from mixed forests of Pinus pinaster Aiton and Quercus su-
ber L., Pinus halepensis Mill. and Quercus coccifera L., Pinus brutia Ten. with
Quercus coccifera, as well as in clear stands of Pinus pinea L. and Quercus ilex
L. and in habitats of Pinus halepensis and Cistus monspeliensis (MORENO-AR-
ROYO et al. 2005; KAOUNAS ef al. 2011; KRAKHMALNYI ef al. 2014). In Norway,
where the species has been documented in pine forest with stands of Corylus
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L., itis assessed as endangered (BRANDRUD et al. 2021). In North Macedonia it
was found only at a single site, representing the second record for the Balkan
Peninsula. The basidioma was embedded in leaf litter under Populus alba and
Ulmus laevis in a riverside community where the geological substrate com-
prises alluvium (PENDZERKOVSKI & HADZIMITROVA 1977), and the soil type is
classified as fluvisol according to the World Reference Base for Soil Resources
Classification System (MASIS 2015). This is not uncommon, since MONTECCHI
& SARASINI (2000) reported that it can be found in the same environments as
Tuber magnatum Picco.

The morphological characters of our collections of S. hysterangioides cor-
respond well to the literature. Basidiomata size mainly varies between 5-15
mm (VIDAL 1991; MoONTECCHI & SARASINI 2000), which is consistent with
our collections. Our observed spore measurements of 4.3-5.4 x 4-5 pm, with
a rare minimum value of 3.9 um and a maximum of 5.7 um and an average
size of 4.8 x 4.5 pum, are in line with TuLASNE & TULASNE (1851), MONTEC-
CHI & SARASINI (2000), and ELLIOTT et al. (2016), although DoDGE & ZELLER
(1936) and VipaL (1991) reported a slightly larger maximum size of 6.5 um.
The wart height of 0.3-0.6 um noted by VIDAL (1991) partly overlaps with
our measurements of 0.44-0.88 um. In addition, our observation of total pe-
ridium width, varying between 210-380 um, corresponds well with the data
provided by DopGE & ZELLER (1936), MONTECCHI & SARASINI (2000), and
VipaL (1991). All authors describe a two-layered peridium, noting that the
external layer is composed of large interwoven hyphae (VipaL 1991; MONTEC-
CHI & SARASINI 2000), which also aligns well with our observations. RYDBERG
& JEPPSON (2014) and ELLIOTT et al. (2016) noted a dextrinoid reaction of the
external peridium, also confirmed in our observations. The internal peridium
layer has been described as pseudoparenchymatous (VipaL 1991) or as com-
posed of smaller hyaline, densely interwoven hyphae (MONTECCHI & SARASI-
NI 2000; RYDBERG & JEPPSON 2014) with the presence of inflated cells (ELLIOT
et al. 2016). Due to the presence of inflated cells clearly visible under higher
magnification, we refer to it as pseudoparenchymatous, with the subglobose
elements in our collections varying in size from 4-18 x 2.5-13 pum, similar to
the values provided by other authors -4-22 x 3-12 pm (ELL1OT et al. 2016) and
8-25-(30) (VipaL 1991).

Sclerogaster hysterangioides is widely distributed with data available from
Spain (VipAL 1991), Italy (MONTECCHI & SARASINI 2000), Sweden (RYDBERG
& JepPsoN 2014), Norway (BRANDRUD et al. 2021), Poland (MLECZKO et al.
2020), and Turkey (ELLIOTT et al. 2016). Regarding its ecology, it has been
found in various communities, in pure stands of Pinus pinea, in pure decidu-
ous stands of Fagus sylvatica, as well as in mixed forests of F. sylvatica with
Picea abies (L.) H. Karst., Pinus nigra and Quercus, Quercus suber with Ar-
butus unedo L., Quercus ilex and Q. pubescens Willd., and Pinus pinea and
Quercus ilex, Pinus halepensis with Quercus ilex (VIDAL 1991; MONTECCHI &
SARASINI 2000). In Sweden this thermophilous species has been observed in
grassland on glacial gravel substrates, where young firs and pines are present,
in July after a period of high temperatures, where other thermophilous spe-
cies have also been found (RYDBERG & JEPPSON 2014). In Norway it has been
found at two localities in pine forests with stands of Corylus, and similarly to
S. compactus it is assessed as endangered (BRANDRUD et al. 2021). In North
Macedonia it has been documented at four sites, representing the first records
of the species in the Balkan Peninsula. It is recorded in three different types of
habitats as mentioned above, at an elevation range between 550-1400 m.a.s.L.
In broadleaf forests of Fagus sylvatica and Carpinus betulus, as well as in Pinus
sylvestris L. forests, the soil type is cambisol and the geological substrate con-
sists of phyllitoids. In the mixed anthropogenic forests of Pinus nigra, Tilia
cordata, Fraxinus excelsior and Ulmus glabra the soil type is rendzic leptosol,
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while the geological substrate is represented by metamorphic rocks phyllite
and greenschist (PENDZERKOVSKI & HAaDZIMITROVA 1977; MASIS 2015).

In addition to the two species reported here, S. compactus and S. hysteran-
gioides, S. gastrosporioides and S. liospermus have also been documented in
other European countries (MONTECCHI & SARASINI 2000; KREISEL 2001).
Sclerogaster gastrosporioides occurs in arid and steppe environments, includ-
ing abandoned fields (VIpAL 1991), habitats which have received little atten-
tion in North Macedonia with respect to hypogeous fungi, which may explain
the lack of records from the country. Although Sclerogaster liospermus is as-
sociated with deciduous Quercus forests (DODGE & ZELLER 1936), one of the
dominant habitat types in North Macedonia, despite numerous surveys, the
species has not been observed to date.

Wakefieldia macrospora was first described as Sclerogaster macrosporus
Hawker (HAWKER 1951). However, the author noted that its generic placement
was provisional, since the thin peridium and relatively large basidiospores are
not characteristic of this genus, and later transferred the species to a new ge-
nus to accommodate it together with W. striispora (CORNER & HAWKER 1953).
No other species with the characteristics of this genus have been documented
in Europe. However, three species are regarded as synonyms of W. macros-
pora, i.e. S. porquerollensis Donadini & G. Riousset, S. rhizopogon Donadini,
Riousset & G. Riousset (HAWKER 1954; VIDAL 1997) and Hymenogaster va-
cekii Svréek (PEGLER et al. 1993; MONTECCHI & SARASINI 2000).

A comparison of the characters of our collection of W. macrospora with
other descriptions reveals no significant dissimilarities. The size of the ba-
sidiomata mostly varies between 5-20 mm or 5-25 mm in diameter or oc-
casionally smaller, between 5-8 mm (PEGLER et al. 1993; KRAKHMALNYI et
al. 2014), which is consistent with our specimens. The spore size in our col-
lections ((8.5-)10-14(~14.5) x (8-)9-13(~13.5) pm) is smaller compared to the
original description, where HAWKER (1951) recorded a spore size of 13-18
pum in diameter. PEGLER et al. (1993) described a somewhat wider variability
of 12-19 x 12-17.5 pum, while MONTECCHI & SARASINI (2000) noted even a
greater range (12-12.9-15.4-19 x 8-9.6-11.9-13 pm), which is similar to our
collections. The maximum spore size observed in our collections is 14.5 pm.
However, other studies have also reported smaller maximum spore sizes than
in the original description such as 16 pm (UzuN & Kava 2020) and 17 um
(Kaounas et al. 2011). As noted by all authors, the peridium is composed of
only one layer, and the reported width varies between 200-300 pm (MONTEC-
CHI & SARASINI 2000; KAOUNAS et al. 2011), or 140-200 pm (PEGLER et al.
1993), while in our study it varies between 100-200 pm.

The molecular phylogenetic analyses of the ITS matrix confirm the spe-
cies identification of the two North Macedonian accessions as W. macrospora.
They are almost identical to the Greek accession JN812039, for which some-
what larger spore sizes have been recorded (KAaoUNAas et al. 2011; see above),
supporting the assumption that the spore size differences reported in the lit-
erature for the species are due to variability.

Wakefieldia macrospora is a rare species and is reported from a small
number of sites; in Central Europe from Belgium, the Czech Republic, Ger-
many, Switzerland (DE VRIEs 1988; LuDwIG & SCHNITTLER 1996; R1va 2009),
as well as from the United Kingdom (HAWKER 1951). From the Mediterranean
region it is more frequently reported in Italy and Spain (MONTECCHI & SARA-
SINI 2000; MORENO-ARROYO et al. 2005), and it is found in Turkey and Israel
(KRAKHMALNYI et al. 2014; UzuN & Kaya 2020), while on the Balkan Penin-
sula it is recorded from Greece (KAOUNAS et al. 2011). Based on ITS data, two
environmental sequences (erroneously labelled as “uncultured Hebeloma”)
obtained from ectomycorrhizal root tips of a mediterranean forest dominated
by Quercus ilex in southern France (RICHARD et al. 2011) are also clearly re-
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ferable to W. macrospora (see also Fig. 3). In the cited studies this species is
reported from various habitat types, in both oak and beech forests mostly on
calcareous substrate. It has been found in association with Quercus pubescens,
Q. ilex, Q. coccifera, Ostrya carpinifolia Scop., and Cistus albidus L. and it
shows little specificity for the host plant, as well as for the period of fructifica-
tion as it has been found in winter, spring and summer. In North Macedonia
at the two localities on Mt. Skopska Crna Gora it was found in association
with Q. pubescens and Carpinus orientalis, on soils classified as a complex of
cambisol, humic eutric and umbric regosol (umbrisol) (MASIS 2015), while
according to the geological map the localities are found on biotite-muscovite
schist and on marble with metamorphic calc-schist rocks (PENDZERKOVSKI &
HADpziMITROVA 1977).

CONCLUSION

The genus Sclerogaster comprises 12 species, most of them described from
North America, while in Europe only four species are present. In addition to
S. compactus and S. hysterangioides reported here, S. gastrosporioides and S.
liospermus are also known from Europe. Sclerogaster gastrosporioides thrives
in dry and steppe areas where surveys on the diversity of hypogeous fungi
are lacking, while S. liospermus prospers in oak forests where frequent inves-
tigations are conducted and it has not yet been found in North Macedonia.
However, despite being understudied due to their completely hypogeous life
cycle, the genus Sclerogaster obviously comprises rare species. The habitats of
S. compactus and S. hysterangioides are the most studied for hypogeous fungi,
nevertheless the number of records remains small. Only one record for S. com-
pactus and only four for S. hysterangioides have been noted for the country
to date, while for the Balkan Peninsula S. hysterangioides is the first, while
S. compactus and W. macrospora are the second records, respectively. Hence,
further research is needed to extent the existing knowledge of the diversity of
these species in the country and to gain in-depth knowledge of their ecology.

Concerning the phylogenetic analyses, although the inferences, particu-
larly of the ITS marker, confirm (or at least do not contradict) the species
identifications of the North Macedonian Sclerogaster collections, the available
molecular reference data are currently insufficient to ensure reliable molecu-
lar species identification. This can be attributed to two factors: first, the lack of
sufficient taxon sampling based on well-identified specimens from the entire
distribution range, and second, the lack of additional high-resolution genetic
markers to provide a sound reliable phylogenetic frame for molecular identi-
fication. It is therefore highly desirable to sequence additional markers from a
broader range of well-identified accessions in future research. For Sclerogaster,
more sequences of the LSU are available for comparison in GenBank than for
ITS; however, the LSU is much more conserved and therefore contains far
less phylogenetic information, and while allowing a rough placement within
the genus it is not suitable for species identification. Another issue is the lack
of well-identified reference sequences from multiple collections per species,
which for the time being does not allow for unequivocal species identification
based on molecular data alone. The difficulties in identifying species mor-
phologically, as well as by sequence data, are illustrated by the fact that most
Sclerogaster ITS sequences originate from accessions not identified to species
level, showing that the genus has not yet been adequately studied to enable
sound species identification on a world-wide scale. Therefore, combined phy-
logenetic analyses with additional markers in combination with a broader
geographic sampling of morphologically well-identified reference specimens
are necessary before sound conclusions about the geographical distribution
and species delimitation of this challenging genus can be reached.
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Razmatranja o morfoloskim karakteristikama i filogeniji
hipogejskih gasteroidnih rodova Sclerogaster i Wakefieldia
(Basidiomycota) u Severnoj Makedoniji

Slavica ToriLovskA, Hermann VOGLMAYR, Irmgard KRrisal-GREILHUBER,
Tine GREBENC, Mitko KARADELEV i Katerina RUSEVsSKaA

Rodovi Sclerogaster i Wakefieldia se retko pominju, posebno iz slabo procenjenih regiona
Balkanskog poluostrva. Istrazivanje hipogejnih gljiva u Severnoj Makedoniji stalno napre-
duje poslednjih godina, $to je dovelo do sve veéeg broja kolekcija. Izvr§eno je molekularno
filogenetsko i morfolosko posmatranje deponovanih primeraka Sclerogaster i Wakefieldia,
koji su uporedeni sa kolekcijama iz drugih podru¢ja i sekvencama u nukleotidnim ba-
zama podataka. Prikazana je molekularno-genetska raznolikost zasnovana na rDNA ITS
i LSU markerima i morfoloskim karakteristikama primeraka iz dva roda, a date su i in-
formacije o njihovoj ekologiji. Izdvojene su dve vrste Sclerogaster: S. hysterangioides, prvi
put zabeleZena na Balkanskom poluostrvu, i S. compactus, drugi nalaz na Balkanskom
poluostrvu. Sclerogaster hysterangioides se nalazi u razli¢itim tipovima stanista na Cetiri
lokaliteta, dok je S. compactus prisutan samo na jednom lokalitetu u priobalnoj zajednici
Populus alba i Ulmus laevis. Rod Wakefieldia je u Evropi predstavljen jednom vrstom,
W. macrospora. Nase kolekcije, koje predstavljaju drugi nalaz na Balkanskom poluostrvu,
poti¢u iz me$ovite listopadne Sume Quercus pubescens i Carpinus orientalis. Filogenetske
analize potvrduju morfolosku identifikaciju uzoraka kao S. hysterangioides i W. macros-
pora. Istrazivanje hipogejskih gljiva u Severnoj Makedoniji pokazuje bogatu raznolikost
ove ekoloske grupe gljiva i zahteva buduca istrazivanja sa sveobuhvatnim morfoloskim
posmatranjima i dodatnim molekularnim markerima.

Kljuéne redi: Balkansko poluostrvo, DNA-barkoding, gljive, morfologija, mikodiverzitet,
filogenija



	_Hlk179132257
	_Hlk218954530
	_Hlk218807796
	_Hlk218779234
	_Hlk218779245
	_Hlk218963068
	_Hlk218859210
	_Hlk218859092
	_Hlk218962130
	_Hlk142574231
	_Hlk171456493
	_Hlk171461906
	_Hlk199235044
	_Hlk198562435
	_Hlk199235177
	_Hlk199238555
	_Hlk198562534
	_Hlk198980422
	_Hlk220351426
	_Hlk218984970
	_Hlk172045337
	_Hlk198562728
	_Hlk198562758
	_Hlk198562879
	_Hlk199235207
	_Hlk199235254
	_Hlk199238528
	_Hlk198584267
	_Hlk198577714
	_Hlk218982493
	_Hlk220351435
	_Hlk198720664
	_Hlk218985015
	_Hlk198720698
	_Hlk218985043
	_Hlk142336385
	_Hlk218985066
	_Hlk218808496
	_Hlk198569806
	_Hlk210307068
	_Hlk218961642
	_Hlk220351444
	_Hlk198720772
	_Hlk218985096
	_Hlk198720789
	_Hlk171639010
	_Hlk199261846
	_Hlk199235010
	_Hlk198981017
	_Hlk218985737
	_Hlk218967850
	_Hlk218985846
	_Hlk218985866
	_Hlk218985899
	_Hlk143111117
	_Hlk218779660
	_Hlk175490587
	_Hlk218989379
	_Hlk193800517
	_Hlk199258729
	_Hlk187447979
	_Hlk143119928
	_Hlk193990648
	_Hlk218712519

