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Abstract

A taxonomic and phylogenetic study of Tulostoma specimens deposited in the MEXU Fungal Collection of the National
Herbarium is presented. Eleven collections were morphologically characterized with light microscopy (LM) and Scanning
Electron Microscopy (SEM). DNA was extracted with a CTAB 3% protocol. The nrITS (ITS1-5.8S-1TS2), nrLSU (28S), and
partial fef1-o were amplified and sequenced from both directions. The phylogenetic analysis consisted of Maximum Likelihood
and Bayesian Inference Analysis of the ITS+28S, and a concatenated matrix of ITS+28S+zef]-a. Both analyses recovered
11 clades. T. exasperatum, T. rufum, and T. simulans are confirmed species in the Mexican Funga. 7. obscurum materials
correspond with T punctatum, a new record for Mexico. Three new species are described: 7. elvirae, T. evangelinae, and T.
teophili. Photographs of specimens and micrographs of light and electron scanning microscopy are provided. Comparison
with related taxa is discussed. With the new additions, 56 species are currently known in Mexico.
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Introduction

The species of Tulostoma Pers. (1794: 86), known as stalked puffballs, are characterized by their gasteroid basidiomes
composed of a spore sac easily detached from a hollow stipe, and passive sporal dispersion through an apical ostiole
(Persoon 1794, Wright 1987). Currently, around 186 species are known worldwide (Index Fungorum 2025). Although
they have a cosmopolitan distribution in almost all terrestrial environments, with the exception of the Antarctic, they
are exceptionally diverse and abundant in semiarid and arid environments (Esqueda et al. 2004, Finy et al. 2023,
Hernandez-Navarro et al. 2015, Jeppson et al. 2017, Wright 1987).

In the light of the molecular data, the phylogeny of the genus underwent a leap forward with the contribution of
Jeppson et al. (2017), who sequenced the nrITS1-5.8S-1TS2 (ITS), D1-D2 from nrLSU (28S), and partial Translation
Elongation Factor la (tefl-a) from several collections, including type specimens. Their findings confirmed that the
genus is monophyletic and cryptically diverse. They also confirmed the reliable morphological characteristics, including
the type of ostiole, the shape of the peridium, and the size and ornamentation of the basidiospores. As a result, further
contributions to our understanding of the genus's diversity emerged from Brazil (Cabral et al. 2023, Lima et al. 2023),
Macedonia (Rusevska et al. 2019), Hungary (Finy et al. 2023), Pakistan (Hussain et al. 2016, Niazi et al. 2022),
Russia (Vlasenko & Vlasenko 2023), Thailand (Paloi et al. 2023), Turkey (Akata et al. 2021) and Mexico (Hernandez-
Navarro et al. 2018, Hernandez-Navarro & Cappello-Garcia 2024, Rodriguez Alcantar et al. 2024). Despite these
advances, the true diversity of the genus remains a work in progress, as most sequenced collections are from Europe,
hence leading to the need to analyze materials from different biomes and countries.

Mexico has a total area of 1,964,375 km?, of which more than 50% is considered drylands, including arid, semiarid,
hyperarid, and subhumid areas (SEMARNAT 2003, 2006). The genus Tulostoma is one of the most representative
gasteroid genera in our country, with fifty-one species reported, while 7. rufescens Hern.-Nav. & Esqueda (2018: 133),
and 7. subreticulatum Hern.-Nav. & Capello (2024: 653) were described based on morphological and molecular data
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(Hernandez-Navarro et al. 2018, Hernandez-Navarro & Cappello-Garcia 2024). In addition, the fungal collection
“Sala Psilocybe” of the National Herbarium of Mexico (MEXU) contains over 30,000 fungal specimens, including
several notable Tulostoma collections. Our primary objectives were to characterize these collections and place them
phylogenetically within the genus, based on morphology and DNA sequences from the ITS, 28S, and partial zef]-a
sequences, thereby contributing to the taxonomy and phylogeny of the genus.

Materials and methods
Morphological Examination

The studied materials are deposited in the macromycetes collection “Sala Psilocybe” of the National Herbarium
(MEXU) of the Instituto de Biologia de la Universidad Nacional Auténoma de México (IBUNAM). The specimens
were characterized both macroscopically and microscopically, following the methods described by Wright (1987). The
color codes in parentheses are from Kornerup & Wanscher (1978). Microscopic features were obtained by mounting
basidiome and gleba fragments in KOH 5%. We measure 30 of each, basidospores including ornamentation, capillitial
threads, and septa, using Image Pro Plus 7.0 software (Media Cybernetics 2024). A portion of the gleba was sprinkled
on carbon tape and metalized with gold-palladium in a QURUM Q 15 OR Rotary Pumped Coater (Lewes, UK) before
being examined in a Hitachi SU 1510 SEM (Hitachi, Japan).

DNA extraction, PCR, and sequencing

Genomic DNA was extracted with a modified CTAB protocol (Doyle & Doyle 1987). The gDNA was quantified in
a NanoDrop 2000, and its integrity was verified by visualization on a 1% agarose gel stained with GelRed(™). The
gDNA was diluted to 10 ng/uL for PCR use. For the amplification of nuclear ribosomal RNA regions, the full ITS1-
5.8S-ITS2 and D1-D2-nrLSU (28S), we used the ITS1F/ITS4B, ITS5/ITS4, and LROR/LRS primer pairs (Gardes
& Bruns 1993, White et al. 1990). PCR reactions were performed using PCR Mix 2x (5’BIO, Mexico) according
to the manufacturer’s instructions in a volume of 20 pL, with a total of 20 ng of gDNA per reaction. For fefl-o, we
used the primer pairs EF983F/EF2218R, following the PCR conditions described by Rehner & Buckley (2005). PCR
products were then visualized in a 1% agarose gel stained with GelRed(™). Successful amplicons were treated with
ExoSAP-IT(™) following the manufacturer’s instructions. Clean PCR reactions were sequenced from both ends at the
“Laboratorio de Secuenciaciéon Gendémica de la Biodiversidad y de la Salud” of IBUNAM, using the same primers in
each PCR.

Phylogenetic analyses

The obtained sequences were assembled and curated by inspecting their chromatograms with Geneious Prime®
2024.0.7. The obtained sequences were deposited in GenBank. Reference sequences from Tulostoma species were
downloaded from the NCBI database from Voucher Specimens from related phylogenetic analysis (Cabral et al. 2023,
Finy et al. 2023, Hernandez-Navarro et al. 2018, Hernandez-Navarro & Cappello-Garcia 2024, Hussain et al. 2016,
Jeppson et al. 2017, Lima et al. 2023, Niazi et al. 2022, Paloi et al. 2023, Rodriguez Alcantar ef al. 2024, Rusevska et
al. 2019, Varga et al. 2019, Vlasenko & Vlasenko 2023). We included only four sequences of the named materials from
Jalisco and Zacatecas published by Rodriguez et al. (2024), since all the accession numbers led to partial fragments of
180 bp from the 28S. Two matrices were constructed, one with the ITS+28S sequences, in which we used Phellorinia
longistriatica R.L. Zhao, M.Q. He & J.Xin Li (2021: 1137), Dictyocephalos xinjiangensis R.L. Zhao, M.Q. He and
J.Xin Li (2021: 1137), and Coprinus comatus (O. F. Mull) Pers. (1797: 62) as outgroups (Li et al. 2024). The second
matrix was a concatenation of ITS+28S+zefl-a, which included only the specimens with all three regions available. We
used Lycoperdon perlatum Pers. (1796: 4), L. subperlatum Chang S. Kim & S.K. Han (2016: 112), Lepiota alba (Bres.)
Sacc. (1887: 37), Le. mengei (Kropp & Castellano) T. Lebel & Vellinga (2012: 528), and Candolleomyces secotioides
(G. Moreno, Heykoop, Esqueda & Olariaga) D. Wacht. & A. Melzer (2020: 1234) as outgroups (Kim et al. 2016, Kropp
et al. 2012, Lebel & Vellinga 2013, Li et al. 2024, Moreno et al. 2015, Saccardo 1887). Sequences were aligned using
the online version of MAFFT 7, employing the G-INS-i strategy (Katoh ef al. 2002, 2019, Katoh & Standley 2013).
The alignments were reviewed in AliView (Larsson 2014), followed by minor manual adjustments to ensure character
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homology among the taxa. Each matrix was partitioned; the ITS+28S matrix consisted of four partitions (ITS1, 5.88S,
ITS2, and 28S), and the concatenated matrix included three additional partitions for tef7-o by codon and one by gene.
Phylogenetic inferences were estimated using the Maximum Likelihood Method in IQTree ver. 3 for Mac (Wong et al.
2025), and the best model for each partition was selected using ModelFinder (Kalyaanamoorthy et a/. 2017) with 1,000
ultrafast bootstrap resampling replicates (Minh et al. 2013). Bayesian analyses were performed using Mr. Bayes v.3.2.7
(Ronquist et al., 2012). The information block for the matrix included the adapted partition models, two simultaneous
runs, four Monte Carlo chains, a temperature set at 0.2, and a sampling of 10 million generations with trees sampled
every 1,000 generations. The two simultaneous Bayesian runs continued until the convergence parameters were met as
assessed by using Tracer v.1.7.2 (Rambaut et al. 2018). The clades are named after the oldest named species of each
clade. Accession numbers, name of taxon, voucher, country of origin, and type status are indicated in the label of each
sequence specimen in the Phylogenetic trees.

Results

The ITS+28S final matrix consisted of 223 sequences and 1674 positions, of which 918 were conserved and 732 were
variable. From these, 147 are singletons, and 584 are informative. As suggested by ModelFinder, the best models were:
TPM2u+F+G4 for ITS1, TVM+I+G for 5.8S, TVM+G4 for ITS2, and TIM3+I+G4 for 28S. Both phylogenetic trees
from ML and BI analyses recovered the same 11 clades and 81 putative species, including unnamed taxa (Figure 1);
however, the deep relationships between the main clades were not entirely supported.

The Laceratum Clade (BS/PP= 100/1) consists of seven species with ostioles that tend to be indefinite to
subasteliform, dark disarticulated capillitium, and pigmented smooth basidiospores under LM and SEM: T. dunense
Finy, Jeppson, L. Albert, Olvedi, Dima & V. Papp (2023: 158), T. cretaceum Long (1944: 321), T. laceratum Ehrenb.
Ex Fr. (1829: 44)., three undescribed species of T. aff- cretaceum 1, 2, and 3, and a new species, 1. evangelinae sp. nov.
(Figure 2) with high support (BS/PP=100/1). Except for the latter, which presents a submembranous exoperidium, the
rest of the species present a hyphal exoperidium (Finy ef al. 2023, Fries 1829, Long 1944).

The Pseudopulchellum Clade (BS/PP=94/0.6) consists of six species with definite ostioles and ornamented spores
that vary from asperulate to verrucose or sub-reticulate; 7. pseudopulchellum Moreno, Altés & J.E. Wright (1992: 481),
T. pannonicum Jeppson, Altés, G. Moreno & E. Larss. (2017: 63), T. catimbauense A.A. Lima, Accioly, Baseia & M.P.
Martin (2023: 400), T. sp. 14, T. macrocephalum Long (1944: 337), and a new species, 1. teophili sp. nov. (Figure 3)
with high support (BS/PP=100/1) (Jeppson et al. 2017, Lima et al. 2023, Long 1944, Moreno et al. 1992). This new
species is characterized by its robust spore sac, short and thick stipe, tubular ostiole, membranose exoperidium, and
asperulate spores on LM that appear membranose to subreticulate with an incomplete reticulum on SEM.

The Kotlabae Clade (BS/PP= 95/0.94) consists of 14 putative species; 7. kotlabae Pouzar (1958: 815), and its
allies, the undescribed species T sp 6, 7, 8, 9, 10 (here splited in two, 10A and 10B), 11 and 12, T. lusitanicum
Calonge & M.G. Almeida (2000: 302), T. morenoi V.A. Vlasenko & A.V. Vlasenko (2023: 28), an Australian 28S
sequence of a specimen labeled as 7. macrosporum G. Cunn. (1925: 252) from Varga et al (2019), which did not
match the Mexican material aff. to 7. macrosporum (Figure 4), and T. lysocephalum Long (1944: 325), which varies
from the aforementioned by having a fibrillose-fimbriate mouth, while all of the others present circular mouth, hyphal
exoperidium, pale colours of the basidiomata, and weakly to coarsely ornamented basidiospores (Calonge & Almeida
1992, Calonge, 2000, Cunningham 1925, Long 1944, Pouzar 1958, Vlasenko & Vlasenko 2023).

The Lloydii Clade (BS/PP= 96/0.8) consists of five species, T. fulvellum Bres. (1904: 425), T. aff. fulvellum, T.
lloydii Bres. (1904: 423), T. sp 16, and T. grandisporum Jeppson, Altés, G. Moreno & E. Larss. (2017: 57) (Jeppson et
al. 2017, Petri 1904). This is the only clade that does not include any Mexican materials so far.

The Pulchellum Clade (BS/PP= 89/0.88) consists of two species with fimbriated-mammeliform ostiole and
membranous exoperidium: 7. pulchellum Sacc. (1890: 118) and T. striatum G. Cunn. (1925: 255). The Mexican
materials sequenced from 7. pulchellum from Baja California Sur, a new record for the state, match the assigned
species (Figure 5), as well as the partial 28S sequence of Rodriguez et al. (2024) for T. striatum. Both species present
a mameliform ostiole, smooth endoperidium, and a membranous exoperidium. 7. pulchellum is characterized by its
basidiospores with low, blunt verrucae, which may fuse in irregular patterns. It is a subcosmopolitan species in arid and
semiarid zones, particularly in sandy soils with xerophilous vegetation, found in North and South America, Europe,
Australia, the Middle East, and New Zealand (Saccardo 1888, Wright 1987). T striatum presents striate basidiospores
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FIGURE 2. Tulostoma evangelinae Hern.-Nav. & San Agustin-Lopez (MEXU 31678). A. Basidiomes; B—C. Ostioles; D. Exoperidium;
E. Endoperidium hyphae; F-G. Capillitium and basidiospores at LM; H-I. Basidiospores at SEM.

SYSTEMATIC REVIEW OF TULOSTOMA Phytotaxa 721 (2) © 2025 Magnolia Press « 99



and is also a cosmopolitan in arid and semiarid zones with xerophic vegetation of North and South America, Europe,
Australasia, the Middle East, and New Zealand (Cunningham 1925, Saccardo 1888, Wright 1987).

The Brumale Clade (BS/PP= 99/1) consists of 14 species with circular ostiole and asperulate to verrucose
basidospores: 7. brumale Pers. (1794: 86), T. simulans Lloyd (1906: 18), T. excentricum Long (1944: 332), T.
albicans White (1901: 428), T. beccarianum Bres. (1904: 413), T rufescens Hern.-Nav. & Esqueda (2018: 462), T.
giovanellae Bres. (1884: 63), T. eckbladii Jeppson, Altés, G. Moreno & E. Larss. (2017: 52), T. niveum Kers (1978:
411), T. xerophilum Long (1946: 85) (including a partial ITS sequence of the type from the USA, and a specimen
from Argentina); and the undescribed species 7. sp 17, 19, and 20 (Hernandez-Navarro et al. 2018, Kers 1978, Lloyd
1906, Long 1944, 1946, Persoon 1794, Petri 1904, White 1901). The Mexican specimens of 7. simulans (Figure
6) morphologically and molecularly match the species; however, the specimen of 7. brasiliense J.E. Wright (1972:
112) from Mexico is also grouped here as a long single branch. The partial 28S sequence of 7. xerophillum from
Jalisco (OR594173) (Rodriguez Alcéantar et al. 2024, Wright et al. 1972) did not match the partial ITS sequence of the
holotype from the USA (KX576549). However, it was closer to T. excentricum, with low support only from the ML
analysis (BS/PP = 61/-). In contrast, in the Bayesian analysis, it was considered a single branch within the genus.

—

‘g‘) A —

» ﬂ*-——\“-—._-

\\‘/A AV

FIGURE 3. Tulostoma teophili Hern.-Nav. & San Agustin-Lopez (MEXU 9096). A. Basidiomes; B. Ostiole; C. Exoperidium; D.
Endoperidium hyphae; E-F. Capillitium and basidiospores at LM; G-I. Basidiospores at SEM.
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The Submembranaceum Clade (BS/PP = 89/0.9) consists of three species, with circular ostiole and asperulate to
basidiospores: T. sacchariolens Finy, Jeppson, L. Albert, Olvedi & Dima (2023: 163), T. hungaricum Finy, Jeppson, L.
Albert, Olvedi & Dima (2023: 163), and T. submembranaceum G. Moreno, C. Ochoa & J.E. Wright (1995: 117) from
Mexico (Finy et al. 2023, Jeppson et al. 2017, Moreno et al. 1995).

SEM.

FIGURE 5. Tulostoma pulchellum (MEXU 23572) Sacc. A. Basidiomes; B. Capillitium and basidiospores at LM; C. Basidiospores at
SEM.

FIGURE 6. Tulostoma simulans (MEXU 7211) Lloyd. A. Basidiomes; B. Capillitium and basidiospores at LM; C. Basidiospores at
SEM.

The Obesum Clade (BS/PP = 99/1) consists of 7. punctatum Peck (1986: 419), T. cyclophorum Lloyd (1906:
7), T. obesum Cooke & Ellis (1878: 82), and T. shaihuludii Finy, Jeppson, L. Albert, Olvedi, D.G. Knapp & Dima
(2023: 164). These species present a fibrillose ostiole, hyphal or membranous exoperidium, and smooth to slightly
ornamented basidiospores (Cooke & Ellis 1878, Finy ef al. 2023, Lloyd 1906, Peck 1906). The T. obscurum J.E.
Wright (1972: 118) materials, published by Wright et al. (1972), morphologically and molecularly match 7. punctatum,
a new record for Mexico (Figure 7). This species is characterized by its fibrillose ostiole, hyphal exoperidium, and
verrucose basidiospores. Our materials presented basidiospores with fused verrucae (Figure 7C).

The Exasperatum Clade (BS/PP = 100/1), a new clade, consists of five species with a verrucose exoperidium and
reticulate basidiospores: 7. exasperatum Mont (1837: 362), T. paratyense T.S. Cabral & B.D.B. Silva (2023: 7), T.
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ridleyi Massee (1899: 173), T. mucugeense (2023: 7), and T. aff- exasperatum from Thailand (Cabral et al. 2023, Masse
1889, Montagne 1837, Paloi et al. 2023). The Mexican materials identified as 7. exasperatum (Figure 8) match those
from Brazil (Cabral et al. 2023). This species is characterized by its fibrillose ostiole, verrucose-spiny exoperidium,
lignicolous habit, and reticulate basidiospores. The material presented here, sequenced morphologically, aligns with
the descriptions of Wright (1987) and Cabral et al. (2023). In contrast, the materials from Thailand, grouped as a
separate species and here labeled as 7. aff. exasperatum and differs morphologically (see discussion).
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FIGURE 7. Tulostoma punctatum Peck. (MEXU 911). A. Basidiomes; B. Capillitium and basidiospores at LM; C. Basidiospores at SEM;

D. Handwritten note of J. E. Wright with comments on the collection.

The Fimbriatum Clade (BS/PP = 100/1) consists of four species, characterized by a fimbriated ostiole, hyphal
exoperidium, and verrucose basidiospores: 7. fimbriatum Fr. (1829: 43), T. calongei Jeppson, Altés, G. Moreno &
E. Larss. (2017: 49), T. winterhoffii H. Schub. & P. Specht (2013: 421) and T sp 3 (Fries 1829, Jeppson et al. 2017,
Schubert & Specht 2013). The partial 28S sequence from 7. fimbriatum by Rodriguez et al. (2024) matches the assigned
species.

Finally, the Squamosum Clade (BS/PP = 99/1) consists of 12 species with circular ostioles and echinulate to
subreticulate basidiospores, in two subclades. In the first subclade: 7. ahmadii H. Hussain & Khalid (2016: 220), T.
squamosum (J.F. Gmel.) Pers. (1801: 1), T subsquamosum Long & S. Ahmad (1947: 241), T. verrucosum Morgan
(1890: 164), T. domingueziae Hern. Caff. (2011: 1048), T. rufum Lloyd (1906: 18), T. calcareum Jeppson, Altés, G.
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Moreno & E. Larss (2017: 46), T. loonbanglaense Niazi (2022: 3723), T. sp. 22, and T. melanocyclum Bres (1904:
415). The second subclade includes 7. deltaconcavum A.A. Lima, Accioly, Baseia & M.P. Martin (2023: 404), and
T. subreticulatum Hern.-Nav. & Capello (2023: 106) (Hernandez Caffot et al. 2011; Hernandez-Navarro & Cappello-
Garcia 2024; Hussain et al. 2016; Jeppson et al. 2017; Lima et al. 2023; Lloyd 1906; Long & Ahmad 1947; Morgan
1890; Niazi et al. 2022; Persoon 1801; Petri 1904). The partial 28S sequence of Rodriguez-Alcantar et al. (2024),
reported as 7. rufum, does not match the type material and seems to be molecularly and morphologically closer to 7.
verrucosum and T. squamosum (see discussion), leading to the discard of the record from Jalisco; however, the MEXU
materials sequenced here, identified as 7. rufum (Figure 9), match the Lectotype, confirming the presence of the
species in Puebla, Mexico, with high support (BS/PP = 100/0.99).

FIGURE 8. Tulostoma exasperatum Mont. (MEXU 30550). A. Basidiomes; B. Capillitium and basidiospores at LM; C. Basidiospores
at SEM.

FIGURE 9. Tulostoma rufum Lloyd (MEXU 16533). A. Basidiomes; B. Capillitium and basidiospores at LM; C-D. Microsclereids and
hyphae of the endoperidium; E-F. Basidiospores at SEM.

On the other hand, the concatenated analysis consisted of 101 sequences and 2,147 positions, of which 1,170
were conserved and 951 were variable. From these, 186 were singletons and 757 were informative. As suggested by
ModelFinder, the best models used were: TPM2u+F+G4 for ITS1, TPM2u+F+G4 for 5.8S, TVM+F+G4 for ITS2,
TIM3 + F + 1+ G4 for LSU, and TIM2 + F + G4 for tef]-a as gene, and K3Pu+F+G4, TPM2u+G4, and TPM2+FQ+G4
as codons. The topology of the Bayesian analysis is shown (Figure 10). Both trees retrieved the same 11 clades, but
only 51 of the species present sequences for all three regions. The two new species, T. evangelinae and T. teophilii, are
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also recovered as independent, with high support (BS/PP = 100/1 and 86/0.99, respectively). The material labeled as 7.
brasiliense from Mexico is separated from 7. simulans and T. brumale with high support (BS/PP = 100/1). However,
this collection does not entirely align with the concept of 7. brasiliense as described by Wright (1987) (see discussion).
Therefore, now considered a new species, 7. elvirae sp. nov. (Figure 11).
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FIGURE 10. Phylogenetic tree of concatenated nrITS, nr28S, and tefl-a of Tulostoma. The Bayesian topology is
shown. For each node, the following values are provided: bootstrap (0—100) / and posterior probability (p-value: 0—1).
Nodes marked with an asterisk (*) represent a 100/1 support value. The scale bar represents the expected number of
nucleotide substitutions per site. The label of each sequence includes NCBI accession number, taxon name, country
of origin, and type status: HT = Holotype, LT = Lectotype, PT = Paratype, IT = Isotype. The Mexican specimens are
marked in bold black. Newly generated sequences are marked in bold blue.

Taxonomy

Tulostoma elvirae Hern.-Nav. & San Agustin-Lopez sp. nov (Fig. 11)

MykoBank: #860445
GeneBank accession numbers: PQ673566 (ITS), PQ673556 (28S), PQ667778 (tef1-a)

Etymology:—dedicated to M. en C. Elvira Aguirre Acosta, curator of the fungal collection in the National Herbarium
of the Biology Institute of UNAM (MEXU).
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Diagnosis:—Gasteroid basidiomata, stipitated, spore sac 14 mm x 11 mm, tubular ostiole, membranous
exoperidium, light orange to pinkish endoperidium, reddish brown stipe, basidiospores 4.7-5.3 um, irregularly
verrucose, yellowish, with bulging verrucae with blunt to conic apex, capillitium hyaline, thin walls, with ribbon-like
portions. Septa swollen up to 7 um.
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FIGURE 11. Tulostoma elvirae Hern.-Nav. & San Agustin-Lopez (MEXU 8321). A. Basidiomes; B. Capillitium and basidiospores at
LM; C. Hyphae of the endoperidium. D—F. Basidiospores at SEM; G. Handwritten note of J. E. Wright with comments on the collection.

Type:—MEXICO. Hidalgo: Zimapan, 1773 m asl, 20°44'35"N 99°23'56"W, 12 November 1972, R. Hernandez &
Y. Vasquez (holotype MEXU 8321).

Macroscopic description:—Spore sac 14 X 11 mm, globose, depressed; ostiole circular, less than 1 mm in diameter,
slightly projected. Exoperidium is typically membranous, dark brown (5F4) outside due to adhered particles, orange
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grey (6B2) inside, falling off in big scales, persisting only around the lower third of the spore sac. Endoperidium
payraceous, finally smooth, light orange to pinkish (7C3-6B2). Gleba ferruginous (6B6—6A7), cottony. Socket
conspicuous, separated from the stipe. The stipe is broken, and the remaining small portion is striated in parallel, with
a woody texture and a slightly reddish-brown color (7B6).

Microscopic description:—Endoperidium conformed by hyaline hyphae 3—5 pm, thick walls up to 2 pm, lumen
visible to solid, hyaline swollen septa 5—7 pm. Capillitium 3—6 pm, hyaline, thin walls <1 um, lumen visible, with
ribbon-like threads; Septa 4—7 pm, round, swollen, hyaline to yellowish. Basidia not observed. Basidiospores 4.7-5.3
um, globose, verrucose, some with larger verrucae mixed with smaller ones, yellowish; under SEM, the ornamentation
is formed by bulging, blunt to conic verrucae, sometimes fusing in the apex.

Habit:—In sandy soil with vegetation, with Fouquieria Kunth (1823: 65) and Acacia Mill (1754: 25) s.1.

Distribution:—Currently only known from Hidalgo, Mexico.

Notes:—The material sequenced here was initially published by Wright ez al. (1972) as T. brasiliense, along with
the holotype specimens from Brazil. Although the Mexican materials were not formally designated as paratypes, they
were the only other materials considered in the original description. The collection includes a handwritten note (Figure
11G) by J. E. Wright from 1969, in which he referred to these specimens as “vel. aff.” to T. brasiliense (ined.) before
its formal description and publication in 1972. The note also contains additional text in Spanish, which translates into:
“It is intermediate between this unpublished species and 7. simulans. The variation in size between the specimens is
curious, to the point that I believed, at first, that it was a mixed collection. But this is not the case. These specimens
are much whiter than 7. b. (T. brasiliense) and, on the other hand, the spores are different (and the general appearance
as well) from those of T. simulans. One could even think of founding an n. sp. with this material, but in Tulostoma,
the more collections are studied, the more cautious one becomes!” On the other hand, in the world monography,
the holotype displays two different sporal ornamentations on SEM, one asperulate and the other verrucose, making
this a doubtful species. In addition, Wright (1987) also mentioned that the determination of the Mexican specimens
was uncertain, since they were not observed under SEM. T. brasiliense was described with pinkish to ochraceous
endoperidium, capillitium with thicker septa up to 12 um, larger basidiospores 6—6.8 (7.6) um, verrucose with irregular
cristae; however, the SEM images of the materials present two different ornamentations, one asperulate (Australian
materials, deposited in BPI) and the other coarser with acute conic verrucae (The holotype from Brazil, deposited in
BAFC) (Wright 1987). None of them match our materials. Additionally, the type specimens were collected in a tropical
forest, while the Mexican specimens were collected in a subtropical thorny-scrub.

Tulostoma evangelinae Hern.-Nav. & San Agustin-Lopez sp. nov. (Fig. 2)

MykoBank: #856718

GeneBank accession numbers: holotype: PQ673570 (ITS), PQ673558 (28S), PQ667785 (tef-1a); paratype: PQ673571
(ITS), PQ673559 (28S)

Etymology:—dedicated to Dr. Evangelina Pérez-Silva, the first Mexican female mycologist and emeritus researcher
from the Biology Institute of UNAM.

Diagnosis:—GQasteroid basidiomata up to 27 mm high, stipitate, 24 x 1.5 mm, stipe with a bulbous structure
ending with a rhizomorph stump, spore sac 11 mm % 9 mm, ostiole a simple apical thorn aperture, membranous
exoperidium, white to cream-colored endoperidium, basidiospores 4—5 pm, smooth, reddish brown, disarticulated
capillitium, with ribbon-like aspect.

Type:—MEXICO. San Luis Potosi, Catorce, San Antonio de Coronados. 23°32'08"N 100°55'55"W, 1928 m asl.
20 December 2015, E. Flores, J. B. Montoya & J. D. Garcia (Holotype MEXU 31678). Paratype (Designated here).
Coahuila, Sierra de la Paila, Saucillo. 25°28'12"N 102°59'52"W, 1.103 m asl. 21 October 1975. G. Vidal Gaona
(MEXU 9872).

Macroscopic description:—Basidiome up to 27 mm high. Spore sac 11 x 9 mm, subglobose, dehiscence through
a simple apical aperture. Exoperidium submembranous, grayish-brown outside (6D3), due to adhering soil particles,
and whitish inside (6A2), not entirely solid, persisting at the base of the spore sac. The endoperidium is white to cream
in color (5A1-6A2), remaining very clean after the exoperidium has been lost. Gleba powdery, dark ferruginous to
reddish-brown (6F8—6ES). Socket conspicuous, separated from the stipe, with a membrane. Stipe up to 30 x 6 mm,
sand-colored (5§A3-5B2) with a conspicuous basal bulb and a stump of a rhizomorph.

Microscopic description.—Endoperidium conformed by hyaline hyphae 3—5 pm diam, thick walls >2 pm, lumen
visible to solid, hyaline swollen septa 5—7 pm. Capillitium 5-7 pm diam, reddish brown in the L.M., slightly wavy,
lumen visible, with threads with ribbon-like appearance, with solid lumen, easily disjointed at the septa, leaving
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segments with blunt to rounded ends. Basidia were not observed. Basidiospores 4-5 um diam, globose, pigmented,
entirely smooth under L.M. and SEM.

Habit:—Sandy soils in xerophilic scrub, currently only known in the Chihuahuan Desert.

Distribution.—Chihuahuan Desert: Coahuila and San Luis Potosi, Mexico.

Notes:—T. evangelinae is similar to T. cretaceum (1944: 36), T. dunense (2023: 100), and 7. obesum Cooke &
Ellis (1878: 82). They all share an ostiole that tends to an indefinite aperture, light-colored endoperidium and stipes,
with a basal bulb and rhizomorph, powdery reddish-brown gleba, pigmented smooth basidiospores, and capillitium
concolorous, disarticulated, with ribbon-like segments (Cooke & Ellis 1878, Finy et al. 2023, Long 1944). T. cretaceum
has been identified as cryptically diverse, with at least three different undescribed species in Europe; however, the
holotype is recognized to inhabit the USA (New Mexico), while 7. dunnense seems to be restricted to the steppes of
Hungary. T evangelinae is the only species in the clade that presents a submembranous exoperidium, while the rest
show hyphal exoperidia with sand grains incrusted. It also presents a more robust spore sac than 7. dunnense (up to 27
mm, vs 20 mm) and a shorter stem (up to 30 mm vs 35-80 mm) (Finy ef al. 2023).

Tulostoma punctatum Peck, Bull. Torrey bot. Club 23 (10): 419 (1896) (Fig. 7)
GeneBank accession numbers: PQ673568 (ITS), PQ673561 (LSU)

Macroscopic description.—Complete basidiome up to 50 mm high. Spore sac 11 X 9 mm, subglobose. Ostiole fibrillose,
almost flat, less than 1 mm in diameter, not delimited. Exoperidium hyphal, mixed with sand grains and persistent at
the base of the spore sac. Endoperidium grayish (SB1-5C1) with sand particles. Gleba dark-ferruginous, powdery to
slightly cottony. Stipe up to 45 mm, grayish brown (6E4—6E3), striated along its length.

Microscopic description.—Capillitium 5-8 pm, hyaline, some portions ribbon-like, lumen visible. Septa 6—10
um, swollen, slightly pigmented. Basidia were not observed. Basidiospores 4.7-5.1 um, yellowish, subglobose, warty.
Under SEM, the ornamentation is formed by verrucae, ranging from isolated to fused in anastomosed processes.

Habit:—Sandy soils, xerophilic vegetation, under Schinus molle and Opuntia sp.

Distribution:—North America (USA, Mexico) and Eurasia (Jeppson ef al. 2017, Wright, 1987).

Material examined:—MEXICO: CDMX, Sierra de Guadalupe, Cerro Guerrero, 2420 m asl, 19°29'52"N
99°06'22"W, 23 June 1956, T. Herrera (MEXU 911). Nuevo Leon: Doctor Arroyo, 1700 m asl, 23°40'S1"N 100°12'05"W,
1 November 1972, F. Gonzalez-Medrano s/n (MEXU 2363).

Notes:—The collection includes a handwritten note (Figure 7G) by J. E. Wright from 1970, which contains
additional text in Spanish that translates to: “This material was published by Dr. Teofilo (Herrera 1959) as 7. poculatum
White (1901: 28). At that time, it was the only name available, and that's how I determined it for him. But then I
observed that there were actually two spp very similar except for the spore ornamentation: 7. poculatum with smooth
spores and the n. sp. T. obscurum with ornamented spores. In case you don't have any material left, I give you back
some specimens, since the collection is abundant”. Despite not being designated formally as a paratype, this collection
was part of the original description of 7. obscurum (Wright et al. 1972), along with other materials from Mexico
deposited in the ENCB herbarium. 7. punctatum is similar to 7. fimbriatum, which also presents hyphal exoperidium,
fibrillose ostiole, and verrucose basidiospores, but presents smaller basidiomes. Jeppson et al. (2017) pointed out that
T. punctatum differs by having basidiospores with independent verrucae, in contrast to 7. fimbriatum, which presents
fused verrucae. Our materials presented fused verrucae.

Tulostoma rufum Lloyd, Mycol. Writ. (Cincinnati) (7): 18 (1906) (Fig. 9)
GeneBank accession numbers: PP503422 (ITS), PP503448 (LSU) PQ667782 (tefl-o. )

Macroscopic description.—Basidiomata up to 55 mm high. Spore sac subglobose, 5-9 mm diam, 4-6 mm high; mouth
circular to elliptical, less than 1 mm in diameter, and in projection; exoperidium hyphal, mixed with sand grains,
persistent in the lower third of the spore sac. Endoperidium initially light reddish brown (6C5), whitish to cream
(6B2) with tempering, with a darker peristome. Gleba light ferruginous (6B6—6A7), pulverulent to cottony. Socket
conspicuous, separated from the stipe. Stipe up to 60 x 2.5 mm, sub-woody, reddish brown (8D6), striated in a spiral
pattern, with a conspicuous basal bulb with hyphae strongly mixed with grains of sand and debris as rhizomorph.
Microscopic description:—Endoperidium is formed by short and wavy hyaline hyphae, 3—6 um in diameter,
septated, and slightly swollen up to 10 um at the yellowish septa. Abundant microsclereids up to 10-25 x 7-11
pum, pigmented, with thick, darker cell walls up to 4 pm, one-celled to septated, rounded to clavate tips. Capillitium
hyaline to slightly yellowish, 4—7 um, with a visible lumen. Septa hyaline to yellowish, swollen 5-8 um to abruptly
swollen up to 12 um. Basidia were not observed. Basidiospores 5—7 um, globose to subglobose, yellowish, with

SYSTEMATIC REVIEW OF TULOSTOMA Phytotaxa 721 (2) © 2025 Magnolia Press « 107



echinulate ornamentation consisting of conspicuous and independent spines; under SEM, the ornamentation is formed
by coalescent and independent spines.

Habit:—soil with abundant organic matter in a Liquidambar L. (1753: 999), Quercus L. (1753: 994), and Cyathea
Sm. (1793: 416) mixed forest.

Distribution:—USA (Lectotype), South Africa, Belgium, France (Wright, 1987), Russia (Gorbunova, 1. A. &
Rebriev, Y. A. 2016), Mexico (present study).

Material examined:—MEXICO. Puebla: Apulco. 1507 m asl, 19° 54'31.3" N, 97° 36' 27.9" W, 13 September
1980. E. Pérez-Silva (MEXU 16533)

Notes:—Tulostoma rufum is a distinct species characterized by its medium-sized basidiomes, tubular stoma, hyphal
exoperidium, reddish-brown stipe and endoperidium, abundant microsclereids, and echinulate basidiospores with
independent spines. In the world monograph (Wright 1987), the description of 7. rufum did not mention the presence
of microsclereids in the peridium; however, these were illustrated in Figure 132, though measures and descriptions
were not provided. This species was classified in the subgenus Tulostoma, series Tubulares, Sectio Hyphales, which
includes 34 other species. Most of them do not resemble 7. rufum, especially in the microscopic characteristics. A
similar species in such Sectio is T. floridanum (1906: 7), which shares the hyphal exoperidium, tubular stoma, reddish
stipe, and echinulate basidiospores. However, T floridanum lacks mycosclereids and presents a grayish endoperidium
with slightly smaller basidiospores (4.6—-6.4 um) (Esqueda et al. 2004, Lloyd 1906). Another very similar species
is T melanocyclum, which also presents a circular ostiole with a dark peristome, hyphal exoperidium, and spiny
basidiospores; however, it presents a white to cinereous endoperidium and lacks microsclereids (Esqueda et al. 2004;
Wright 1987). Wright (1987) mentioned that this species could be considered a small variety of 7. squamosum. However,
the latter presents a verrucose exoperidium conformed by sphaerocysts and no mycosclereids. Another similar species
in the Sectio is 7. subsquamosum, which also presents a hyphal exoperidium with scattered sphaerocysts and no
mycosclereids. Additionally, T subsquamosum has smaller subreticulate basidiospores (4.6—6.4 um) (Calonge et al.
2007, Long & Ahmad 1947, Persoon 1801).

Tulostoma teophili Hern.-Nav. & San Agustin-Lopez sp. nov. (Fig. 3)
MykoBank: #856719
GeneBank accession numbers: PQ673574 (ITS), PQ673564 (28S), PQ667783 (tef1-0)

Etymology:—dedicated to Dr. Teo6filo Herrera Suarez, the first Mexican mycologist devoted to the study of gasteroid
macrofungi, and researcher at the Biology Institute of UNAM.

Diagnosis:—Gasteroid basidiomata up to 31 mm high, stipitate, 20 x 5 mm, stipe with a bulbous structure ending
with a rhizomorph stump, spore sac up to 17 mm diam % 12 mm height, circular ostiole, membranous exoperidium,
cream-colored endoperidium, asperulate to irregularly verrucose basidiospores at LM; membranous, subreticulate at
SEM. Hyaline capillitium with swollen septa.

Type:—MEXICO. Chiapas: Road from Tapitula to Rayoén, 1.138 m asl, 17°13°08.7”N 93°00°43.8”W, 13 August
1972, T. Herrera & J. M. Trappe (holotype MEXU 9096).

Macroscopic description:—Basidiome up to 31 mm high. Spore sac up to 17 x 12 mm, globose, depressed;
ostiole tubular, 1 mm in diameter and in projection. Exoperidium membranous, grayish brown outside (5E3-5F4)
and whitish to light beige inside (5A2-6A2), persisting in patches. Endoperidium light sand-colored (5A2—6A2).
Gleba ferruginous, powdery to slightly cottony. Stipe up to 20 x 5 mm, with a woody texture and a light, sand-colored
(5A2-5B2) hue. The end of the stipe widens somewhat as it approaches the base.

Microscopic description.—Endoperidium conformed by hyaline hyphae 3—5 um, thick walls up to 2 um, lumen
visible to solid, hyaline swollen septa 5—7 pm. Capillitium 3—4 pm, slightly branched, yellowish to hyaline, lumen
visible. Septa 4—6 um, swollen, hyaline to yellowish. Basidia not observed. Basidiospores 7—8 um, asperulate at LM,
under SEM, the ornamentation is formed by irregular membranes resembling an incomplete reticulum.

Habit:—Sandy soil.

Distribution:—Currently only known from Chiapas, Mexico.

Notes:—This material was collected by Dr. Teéfilo Herrera and Dr. James Martin Trappe in 1972 and has never
been published. This is a distinct species due to the combination of characters: a stout spore sac with a short stipe, a
membranous exoperidium, a circular ostiole, and asperulate-reticulate basidiospores. 7. teophili could be mistaken
with T macrocephalum. Still, the latter presents a longer stem (up to 90 x 8 mm) and smaller basidiospores (5.4-8.6
pm), characterized by low verrucae and the absence of membranes or subreticulum. Phylogenetically, 7. teophili is
related to 7. catimbuense, another species with subreticulated basidiospores described from Brazil. However, the latter
presents a hyphal exoperidium, and the basidiospores present a spiny, coarse subreticulum (Lima et al. 2023).
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Discussion

The materials identified as T_ exasperatum, T. pulchellum, T. punctatum, T. rufum, and T. simulans match morphologically
and molecularly with the species concept of each. However, specific points in each species require discussion.

Tulostoma exasperatum s.1. is a pantropical species easily recognizable due to its lignicolous habit or soils with
abundant organic matter, as well as for its reddish brown, warty-spiny exoperidium, fibrillose ostiole, and winged-
reticulate basidiospores. Wright (1987) classified 7. exasperatum within the subgenus Tulostoma, series Fimbriata,
and section Exasperata, of which it is the type species. The diagnosis consists of a warty exoperidium formed by short
and twisted hyphae, and a fibrillose or fimbriated ostiole. This section also contained 7. ridleyi and T. transvaalii Lloyd
(1920: 1047). The former is distinguished by its robust spore sacs with a stipe up to 120 mm, larger basidiospores
(6.4-8.1 pm), and a distribution limited to Southeast Asia (Wright 1987). The latter, on the other hand, has robust
spore sacs measuring up to 22 mm, basidiospores of similar size, but with non-membranous reticulation, and exhibits
a terrestrial habit, developing in clay soils only in South Africa (Lloyd 1920, Wright 1983, 1987). T. exasperatum
s.l. is considered pantropical, since it presents numerous reports, from Africa: Congo, Ivory Coast, Ruanda, Zaire
(Wright 1987). America: Argentina (Spegazzini 1927), Brazil (Baseia & Galvao 2002, Baseia & Milanez 2002,
Bononi et al. 1984, Cabral et al. 2023, Rick 1961), Cuba, Hawaii Islands (Long 1947), Mexico (Hernandez-Navarro
2023), Venezuela (Dennis 1970). Asia: Philippines (Long & Ahmad 1947, Wright 1987), India (Long & Ahmad
1947), Singapore (Calonge et al. 2013). Despite being one of the most recognizable species, it seems to be cryptically
diverse. Morphologically, Wright (1987) described the verrucae of the exoperidium cells as being “like a puzzle”,
based on the holotype of T. exasperatum from Cuba and other specimens from American, African, and Asian countries,
without providing measurements of the structures. Calonge et al. (2013) described “hyphae 3—6 um, intermixed with
sphaerocysts up to 15 pm in diameter, with intracellular brown pigment” from specimens from Singapore, which
matches our materials and Wright’s (1987); however, these materials have not been sequenced yet. Cabral et al. (2023)
revised specimens from Brazil. They described a very similar new species, 7. paratyense, which differs in having
basidospores with a halo under light microscopy and helicoid morphology with uneven alveoli under SEM. They also
sequenced specimens from Singapore identified as 7. ridleyi and recognized as an independent species. Paloi et al.
(2023) sequenced specimens identified as 7. exasperatum from Thailand. However, these specimens were described
with a circular ostiole and smaller basidiospores (3.70-7.25 x 3.50-6.66 um). Additionally, the exoperidium verrucae
was described as “composed of two types of hyphae: generative hyphae 2.3-3.0 um wide, hyaline, branched, thin-
walled, and skeletal hyphae 2.5-5.0 pm wide, yellowish, septate, branched, with a clamp-connection-like structure
present”. The combination of characters in the Thai materials does not match the holotype description, which is why
they are designated as an affinis species to 7. exasperatum. The identification of at least three species within the
morphological concept of 7. exasperatum s.I. Opens the hidden diversity of one of the most distinctive species in the
genus, whose deeper morphological characterization expands the characters with taxonomic importance.

On T pulchellum, this is a subcosmopolitan species commonly found in xeric habitats, recognizable by its
combination of characters. The isolated verrucae of the basidiospores were considered a taxonomic character that
distinguished it from 7. subfuscum White (1901: 28), with basidiospores with fused verrucae, which was later
synonymized with T. pulchellum based on DNA sequences (Jeppson et al. 2017, White 1901, Wright 1987). This
species can be confused with 7. cyclophorum and T. striatum, both of which have fibrillose to mammeliform ostioles
with membranous exoperidium. However, they differ in having subreticulate and striate basidiospores, respectively,
and the presence of microsclereids in 7. cyclophorum (Cunningham 1925, Lloyd, 1906). In Mexico, T. pulchellum is
reported from the states of Baja California, Chihuahua, CDMX, Coahuila, San Luis Potosi, Sonora, and Tamaulipas
(Ayala et al. 1985, Calonge et al. 2004, Esqueda et al. 2004, 2006, 2012, Guzman et al. 1992, Guzman & Herrera 1969,
1973, Herrera 1959, Moreno et al. 2010).

Regarding T punctatum, anew record for Mexico, the remaining Mexican materials accompanying the description
of T obscurum must be analyzed, as well as the holotype, since some inconsistencies exist in the descriptions. In the
original description of 7. obscurum, the basidiospores were described as: “yellowish-brown, subglobose to ellipsoidal,
many deformed, apiculate, (4.6-) 5.5-6.1 (—7.6) x (4—) 5-5.5 (—=6.7) um, warty to spiny, with the warts and/or spines
generally hyaline, forming short irregularly arranged ridges in some, and in others oriented like meridians without
forming stretch marks". However, in the world monograph, Wright (1987) described the basidiospores of 7. obscurum
as follows: “verruculose, althought the verrucae are difficult to discern, brownish-yellow, episporium thick, 6.8-8.5
(10) um diam; some very large ones mixed with smaller ones, may have large verrucae mixed with smaller ones, may
have large verrucae mixed with smaller ones, granular under L.M; under SEM the ornamentation appears as relatively
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small, isolated, almost globose verrucae mixed with others anastomosed in short crest”. Hence, the two different
descriptions of the size and ornamentation of the basidiospores, in addition to the absence of such SEM images,
make 7. obscurum a doubtful species. On the other hand, the unpublished data of Honan (2021) describes specimens
collected in 2015 from Colorado, USA, as “large, 6.7-8.7(9.8) um, densely ornamented with very short, blunt or
rounded, connected verrucae, that are nearly impossible to discern without SEM imaging. The ornamentation can be
so dense and connected that individual verrucae are indiscernible. In areas of the spores with less dense verrucae, the
ornamentation appears almost from reticulation”. Nucleotide sequences reportedly support the independence of this
species. However, the accession numbers are not provided, and the sequences remain unpublished. In addition, Jeppson
et al. (2017) described the basidiospores of 7. punctatum as presenting independent verrucae, while 7. fimbriatum
presents fused verrucae, although our material presents anastomosed verrucae forming irregular patterns, widening
the morphological plasticity of 7. punctatum. Nevertheless, 7. fimbriatum and its former varieties are widely cited in
Mexico, resulting in the need to review such collections.

Despite 7. rufum being reported in Jalisco (Rodriguez Alcantar et al. 2024), our analysis invalidates this record,
as the sequence does not match the holotype, but is more related to 7. verrucosum and T. squamosum. In addition, their
materials present a membranous exoperidium, a whitish gleba, basidiospores with fused spines, and two ranges of size
were given (6-7.6 x 5.6-6.8 um and 5.2-5.6 x 4.8-5.2 um); no microsclereids were reported. Also, the details in the
exoperidium show verrucae, a characteristic present in both 7. verrucosum and T. squamosum, and not in 7. rufum. On
the other hand, they claimed to have obtained an alignment of 2269 bp, but all their deposited sequences are less than
200 bp from the 28S. In spite of their T striatum and T. frimbriatum sequences grouping with the assigned species,
that was not the case in 7. xerophillum, and their materias present a coarser basidiosporal ornamentation than the type
analyzed by Jeppson et al. (2017).

On T simulans, Wright (1987) considered it a widely distributed species, but it was later considered a synonym of
T. beccarianum (Altés & Moreno, 1993). However, molecular data supported their independence (Jeppson et al. 2017).
Both names have been cited in Mexico: 7. simulans in Aguascalientes, CDMX, Hidalgo, Morelos, and San Luis Potosi,
while T beccarianum is known from Sonora (Esqueda et al. 2000, 2004, Guzman & Herrera 1973, Pardavé 1991,
Wright et al. 1972). Such specimens must be sequenced in order to validate their identity. Regarding T elvirae, initially
described along with T brasiliense, its ITS similarity is 98% with 7. simulans, and the ITS+LSU analysis does not
entirely separate the species. At the same time, the three-gene phylogeny provides full support for its independence.
In addition to molecular data, the doubtful original determination, and the fact that 7. brasiliense has inconsistencies
in the description and SEM characteristics of the holotype, we firmly believe the Mexican specimens represent a
new species. T. brasiliense is also reported in Jalisco, Mexico (Sanchez-Jacome & Guzman-Davalos 2011); however,
the record is in fact from an unpublished bachelor’s thesis (Oliva 2000), which must be sequenced to confirm its
conspecificity, which is why the species is not totally discarded from Mexico for the time being. Our results question
the reliability of the use of the ITS barcode without additional markers. It has been pointed out that the ITS region is
the barcode for fungi, but its resolution power is lower than protein-coding genes such as RPBI (Schoch et al. 2012)
and tefl-a (Stielow et al. 2015). Although tefl-o was proposed as a secondary barcode, it presents difficulties in PCR
amplification, whereas ITS can be amplified from environmental or degraded samples. Furthermore, the available
primers for tef]-a are not universal for fungi, which complicates the barcoding labor. Some authors use a 3% threshold
of sequence identity to determine conspecificity; despite this being mostly accurate for Basidiomycetes, the range is
too high for some groups and too low for others (Begerow et al. 2010, Nilsson et al. 2008). Hence, the ITS by itself
may not be enough to recognize closely related species in Tulostoma; therefore, the fef1-a must be included with most
of the possible samples to assess true diversity and phylogenetic relationships.

On the main Clades, most of them match those of Jeppson ef al. (2017), with some exceptions. Clades 1 and 2
are considered here as a single Clade (Obesum Clade). In the original phylogeny, Clade 2 was related to Clade 1 but
was unsupported and composed of a single species (7. punctatum). Clade 3 is equivalent to the Fimbriatum Clade.
Clade 4, composed of 7. sp 4 and 5, was not recovered in this study. It was mentioned that Clade 4 had no support.
The ITS+28S considered each species as a single branch, while the concatenated tree considered 7. sp. 4 closer to
the Fimbriatum clade with medium support (BS/PP=49/0.7), and T. sp. 5 to the Squamosum clade with high support
(BS/BP=99/0.9). Despite not being fully described, 7. sp. 4 was mentioned to be similar to 7. fimbriatum and T. sp. 5,
characterized by a circular mouth and echinate basidiospores (Jeppson, M. et al. 2017), which matches some members
of the Squamosum Clade. Hence, the concatenated analysis presented here is congruent with the morphological
characteristics mentioned.

Clade 5 is equivalent to the Kotlabae Clade. However, it is currently composed mainly of undescribed species. As
mentioned previously, the materials of T. aff. macrosporum from Mexico does not match those from Australia (Varga
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et al. 2019). However, the Australian materials were used in a mega-phylogeny, but not described, and their identity
cannot be confirmed. In addition to not matching molecularly, the holotype is defined as presenting an ochraceous gleba
with a purplish hue, a characteristic not reported in any of the Mexican materials reported as T macrosporum (Esqueda
et al. 2004), which may suggest cryptic diversity within this name. In Mexico, this species has been reported in the
arid and semiarid zones of the states of Baja California, Chihuahua, Nuevo Le6n, Sonora, and Zacatecas (Calonge et
al. 2004, Esqueda et al. 2004, Guzman et al. 1992, Moreno et al. 2010).

The Laceratum Clade and the Pseudopulchellum Clade were previously considered as a single clade (Clade
6) by Jeppson et al. (2017); however, with the addition of Hungarian (Finy et al., 2023) and Mexican materials,
the morphological characteristics between the members of each clade have become clearer. While members of
the Laceratum Clade all present ostioles that tend to be indefinite, pigmented and dissarticulated capillitium, and
concolorous smooth spores, the members of the Pseudopulchellum Clade present definite ostioles, either fibrillose
or tubular, and ornamented basidiospores that vary from asperulate (i.e., T. pannonicum, T. pseudopulchellum) to
subreticulate (i.e., 7. teophilii, T. catimbauense) with hyaline to subhialyne capillitium, with articulated and swollen
septa.

The here-named Brumale Clade corresponds with Clade 10 of Jeppson et al. (2017), which was described
as unsupported (69/-), whereas it is recovered here with medium-high support (82/0.52). The Squamosum Clade
corresponds with Clade 11; however, two main subclades are recovered, one with most of the species recognized in
this clade, and another with T. deltaconcaum and T. subreticulatum. Although it was mentioned that 7. subreticulatum
varied more than 10% from the closest member of Clade 11, and proposed provisionally as Clade 12 (Hernandez-
Navarro & Cappello-Garcia 2024), the concatenated analysis presented here recovered 7. subreticulatum as a basal
taxon of Squamosum Clade. However, T. deltaconcavum lacks LSU and tef1-a sequences.

Finally, the T. exasperatum specimens and their allies are grouped in a distinct new clade, composed of species
with truly reticulate basidiospores and a verrucose exoperidium. This clade was recovered as an independent branch,
related to 7. brumale and allies without support by Paloi et al. (2023), while in Cabral et al. (2023), the clade was
recovered as a polytomy. Hence, the phylogenetic relationship of this clade within the genus is still unknown.

Integrating morphological and molecular data has partially clarified the taxonomy and phylogeny of Tulostoma.
Jeppson et al. (2017) reported the exclusion of 335 characters considered ambiguous data from the ITS1 and ITS2
regions. This strategy is often employed to enhance the support values in phylogenetic trees; however, it may result in
the loss of important information. Nevertheless, even when included here, most of the deep branches still require full
support. Low support values are related to evolutionary processes such as low phylogenetic signal, incomplete lineage
sorting, rapid speciation, recent radiation, long-branch attraction, and introgression of alleles across species boundaries
(e.g., incomplete reproductive isolation) due to different selective processes (Bergsten 2005, Degnan & Rosenberg
2009, Mallet et al. 2016, Morando et al. 2004, Whitfield & Lockhart 2007). The incorporation of material from other
continents should clarify the infrageneric relationships of the clades, as most sequenced specimens are Palearctic,
mostly from semiarid areas of Europe, with a few Neoarctic, Neotropical, and Indomalayan sequences, but none from
the Afrotropical, Australasian, and Oceanian biogeographic realms.

Some collections here examined were obtained several years ago and have not been re-recorded anywhere in
Mexico. On the one hand, research on the genus is generally scarce; on the other hand, climate change, deforestation,
urbanization, and other anthropogenic factors could directly impact the diversity of the genus. Wright (1987) considered
this genus to be sensitive to disturbance, mentioning that once the vegetation is altered, no fructifications are seen for
up to seven years. In contrast, in Sonora, Mexico, 12% of the Tulostomataceae specimens were collected in perturbed
environments, such as urban zones, agricultural lands, and cultivated grasslands (Hernandez-Navarro et al. 2020). This
percentage includes: Battarrea phalloides (1801: 1), Battarreoides diguetii (1961: 32) (Heim, R. & Herrera, T. 1961),
T albicans, T. chudaei Pat. (1907: 84), T. cretaceum, T. fimbriatum, T. laceratum, T. leiosporum R E. Fr. (1908: 28), T.
macrosporum, T. mohavei Lloyd (1920: 992), T. nanum (Pat.) J.E. Wright (1987: 113), T. obesum, T. pulchellum, and
T. xerophilum (Fries 1908, Lloyd 1920, Patouillard 1907, Persoon 1801). These species are Sonora’s most abundant
taxa, although slight morphological variations were observed in most of the mentioned taxa. Despite this, the identity
of these collections based on DNA sequences is yet to be determined, since it was based only on morphology.

Notably, despite being easily overlooked species, since they grow in habitats not commonly visited by mycologists,
some species of Tulostoma are considered rare and threatened. In Slovakia, 7. kotlabae is considered endangered. In
the Czech Republic, T pulchellum and T. simulans (=T. moravecii (1958: B) in the text) are considered extinct, while
T. melanocyclum is endangered (Holec & Beran 2006, Petri 1904, Pouzar 1958). In Austria, six species of Tulostoma
are on the national red list; these include 7. fulvellum Bres. (1904: 425) (=T. armillatum Bres (1904: 2) in the text),
T. kotlabae, T. melanocyclum, and T. simulans (=T. moravecii in the text) are considered strongly endangered, and 7.
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fimbriatum and T. squamosum are considered endangered (Krisai-Greilhuber, 1. 1999). T. domingueziae was described
from Polyepis australis Ruiz & Pav. Woodlands, a threatened ecosystem, is the only species of Tulostoma considered
critically endangered in Argentina (Hernandez Caffot et al. 2011, Hernandez-Caffot ef al. 2023, Kuhar et al. 2020). In
Mexico, there are rare taxa, such as 7. portoricense J.E. Wright (1987: 218) and T. gracilipes J.E. Wright (1987: 125),
which have only been recorded worldwide on two or three occasions, respectively (Esqueda-Valle ef al. 1998, Pifa et
al. 2010); however, the conservation status of most of the species of this genus in Mexico is unknown. Finally, with
the new records presented here and the addition of new species, a total of 56 Tulostoma species are currently known in
Mexico. It is essential to sequence more specimens from diverse biomes and previously unexplored areas to accurately
assess the true diversity of the genus and deepen our understanding of its phylogeny.
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