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Abstract

Caves are important but understudied reservoirs of fungal diversity, particularly for gen-
era such as Cladosporium (Cladosporiales, Dothideomycetes). This study aimed to char-
acterise the richness of Cladosporium species from six caves in the Brazilian savannah
(Cerrado) using an integrative approach combining morphology and multi-locus phylo-
genetic analyses (ACT, ITS, RPB2, TEF1-a, and TUB). To improve species recognition in
Cladosporium, selected ex-type strains were studied, for which RPB2 and TUB barcodes
were also sequenced. Species were delimited using morphology and phylogenetic in-
ferences, supplemented by the pairwise homoplasy index (PHI) test to evaluate species
boundaries. Twenty-three species were identified among 94 Cladosporium isolates. The
polyphasic approach resulted in the description of six new species: five in the C. clad-
osporioides complex (C. carsi, C. lacerdae, C. mambaiense, C. nogueirae, and C. propic-
iense) and one in the C. sphaerospermum complex (C. mesquitapaivae). Additionally,
analyses based on morphology, genealogical concordance phylogenetic species recog-
nition (GCPSR), and the PHI test resulted in the synonymisation of C. ribis and C. spe-
luncae under C. bambusicola, C. brigadeirense under C. puris, and C. marinisedimentum
under C. sphaerospermum. Among the previously known species identified, 11 repre-
sent new records for cave environments, with C. bambusicola being the most frequent
(29.17%). These findings substantially expand the known diversity of Cladosporium in
Neotropical caves, highlighting the Brazilian Cerrado as a hotspot of mycodiversity. Fur-
thermore, ACT, RPB2, TEF1-a, and TUB are proposed as the primary phylogenetic bar-
codes for distinguishing closely related Cladosporium species, particularly within the
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C. cladosporioides complex. This study further emphasises the necessity of using a
polyphasic approach to achieve accurate taxonomic resolution among Cladosporium
species, trace their distribution in caves, and help to understand their ecology.

Key words: Cave fungi, fungal taxonomy, new taxa, phylogeny, speleomycology

Introduction

The cave environment is considered a hotspot for fungal diversity, owing
to abiotic factors such as stable temperature and humidity that favour the
development of species of medical and ecological importance (Barbosa et
al. 2025; Prazeres et al. 2025). In these extreme, nutrient-poor conditions,
such stability facilitates the production of specialised biomolecules and en-
zymes, resulting in unique secondary metabolites with high bioprospecting
potential (Barbosa et al. 2025). In Brazil, mycospeleology remains neglected.
Despite approximately 30,000 caves being registered in the Brazilian territory
(CANIE 2026), only 30 caves have been studied for the presence of fungi.
Nevertheless, these explored caves were found to harbour approximately
300 fungal genera (Prazeres et al. 2025), accounting for approximately 45%
of the fungal genera reported in caves worldwide (Vanderwolf et al. 2013;
Zhang et al. 2021). The most common genera in Brazilian caves are Peni-
cillium, Aspergillus, and Cladosporium (Prazeres et al. 2025), with the latter
represented by 12 species reported from these environments, including new
species described from caves in the Cerrado and Caatinga biomes (Carvalho
et al. 2022; Pereira et al. 2022; Dutra et al. 2023).

The genus Cladosporium (Cladosporiales, Cladosporiaceae) has been in-
tensively studied in recent years due to its importance in various biological
niches (Farwell et al. 2024; Li et al. 2024; Liu et al. 2024). Cladosporium spp.
are cosmopolitan and have been found in association with several substrates
and hosts on the surface and in underground environments, being reported as
saprobes (Zalar et al. 2007) and phytopathogens (Bhartiya et al. 2022; Yang
et al. 2023) and also associated with insects (Nicoletti et al. 2024), responsi-
ble for causing opportunistic human infections (Sandoval-Denis et al. 2016),
found in indoor environments (Karalti and Colakoglu 2012), and used in bio-
technology (Belabess et al. 2024). Recently, Biagioli et al. (2023) demonstrat-
ed that Cladosporium is one of the most abundant genera in caves globally,
influenced by climate change conditions and other external environmental
factors. Interestingly, Cladosporium species have also been reported as key
players in extreme ecosystems (Simonetti et al. 2024).

The genus Cladosporium is presently divided into three species complex-
es (C. cladosporioides, C. herbarum, and C. sphaerospermum), which include
more than 900 names (Lee et al. 2023; https://www.mycobank.org). Morpho-
logically, species of Cladosporium are often very similar, so using a polypha-
sic approach for identification is the most appropriate way to study their di-
versity. Several studies showed that the use of morphological features and
phylogeny based on multi-locus analyses [internal transcribed spacer regions
(ITS), partial fragments of actin (ACT), and translation elongation factor 1-al-
pha (TEFT-a)] is important for studying closely related species and defining
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their species complexes (Poli et al. 2024). This complexity was also recently
highlighted through the analysis of 42 Cladosporium genomes (Zheng et al.
2025), demonstrating that the C. sphaerospermum complex is a polyphyletic
group. However, in most studies of cave fungi in Brazil, including those of Clad-
osporium species, morphology has been the main feature used for identifying
these fungi (Taylor et al. 2013, 2014). This study highlights the importance of
combining morphological analysis and phylogeny of different DNA markers to
investigate the diversity of Cladosporium species in Brazilian caves, which are
recognised as fungal hotspots in the country.

The Cerrado biome, a Brazilian savannah and biodiversity hotspot, con-
tains more than 12,008 recorded caves (ICMBio/CECAV 2025), making it
an environment rich in endemic species and essential for ecological and
conservation studies. Studies that survey the biodiversity of the Cerrado are
important due to the high level of endemism and, in particular, the signifi-
cant increase in species extinction rates (Klink and Machado 2005). Clado-
sporium is one of the most common genera in Cerrado caves (Taylor et al.
2013, 2014; Dutra et al. 2023; Prazeres et al. 2025).

A current project is being conducted to estimate fungal diversity in sev-
eral caves of Brazilian biomes. This paper presents the results of Cladospo-
rium species found in six caves of the Cerrado. In this study, a collection
of 94 Cladosporium isolates, obtained from airborne fungi and the soil of
Cerrado caves, was assessed to verify species richness using morphology
and a five-gene (ACT, ITS rDNA, RPB2, TEF1-a, and TUB) sequence dataset
based on the genealogical concordance phylogenetic species recognition
(GCPSR) concept and the complementary use of the pairwise homoplasy
index (PHI) to evaluate species boundaries. In addition, the inclusion of TUB
and RPB2 sequences in phylogenetic analyses is proposed to resolve close-
ly related Cladosporium species. This study highlights the presence of Clad-
osporium spp. in caves, thereby expanding knowledge of their distribution in
underground environments.

Materials and methods

Caves

The six caves analysed in this study are located in the eastern mesoregion of
the state of Goids, Brazil (Figs 1, 2, Suppl. material 9: table S1). Four of them
(Lapa do Cérrego das Dores, Lapa da Cachoeira do Funil, Lapa do Penhas-
co, and Gruna Tarimba) are situated within the Area de Protegdo Ambiental
(APA) Nascentes do Rio Vermelho, a conservation unit with a total area of
1,763.24 km2. This APA has more than 150 registered caves and is mainly lo-
cated in the municipality of Mambai, with parts of its territory also covering
the municipalities of Buritindpolis, Damianépolis, and Posse (CANIE 2026).
The APA is on the border with an agricultural frontier expansion region lo-
cated in the state of Bahia (Esbérard et al. 2005; Momoli et al. 2022). The
APA Nascentes do Rio Vermelho has a sub-humid tropical climate, classified
as Aw according to the Koppen classification, with an average annual tem-
perature of 24 °C and rainfall ranging between 1,250 and 1,750 mm per year.
The rainfall regime is characterised by two distinct seasons: the dry season,
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Figure 1. The geographical location of caves of the Brazilian Cerrado visited for the isolation of Cladosporium species.

which spans from May to September, with a minimum rainfall of less than
4 mm in July; and the rainy season, from November to March, with monthly
averages exceeding 200 mm (Momoli et al. 2022). Regarding vegetation, the
APA follows the typical pattern of the Cerrado biome, characterised by a high
diversity of phytophysiognomies. Among the main vegetation types present
are cerradao, veredas, and matas de galeria, which play a fundamental role
in maintaining local biodiversity (Esbérard et al. 2005).

The other two caves analysed in this study (Lapa do Boqueirdo and Gar-
ganta [Samambaia]) are located in the municipality of Vila Propicio, a re-
gion known for its high concentration of natural caves, with more than 80
registered in its territory. These caves represent approximately 25% of the
municipality’s total area, underscoring their significant speleological im-
portance at the state level. The municipality of Vila Propicio has a semi-hu-
mid tropical climate, with an average annual temperature ranging between
22 °C and 26 °C. The rainfall regime is marked by a well-defined rainy season,
with annual precipitation reaching up to 1,500 mm (https://portal.inmet.gov.
br). Also located in the Cerrado biome, the municipality harbours vegetation
formations similar to those found in the APA Nascentes do Rio Vermelho,
such as cerradao, typical cerrado, mata de galeria, and other characteristic
phytophysiognomies of the biome. Although the municipality of Vila Propicio
has an extensive number of caves (CANIE 2026), it does not yet have a for-
mally established conservation unit to protect this speleological complex,
which represents a challenge for the conservation of subterranean environ-
ments. Both Vila Propicio and the APA Nascentes do Rio Vermelho practise
speleotourism, which has become an economic alternative, promoting the
visibility of natural heritage and encouraging actions aimed at conserving the
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Figure 2. Overview of Brazilian Cerrado caves visited for the isolation of fungal species and a highlight of sampling collection
points. A. Lapa do Penhasco. B. Lapa da Cachoeira do Funil. C. Lapa do Cérrego das Dores. D. Gruna da Tarimba. E. Gar-
ganta (Samambaia). F. Lapa do Boqueirdo. Photos were taken by J.D.P. Bezerra, P.H. Félix-Oliveira, and J.F.S.A. Prazeres.
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caves (Freitas et al. 2019). Field sampling was authorised by the Ministério
do Meio Ambiente (MMA)/Instituto Chico Mendes de Conservacgao da Biodi-
versidade (ICMBio); permit number: 82254-5.

Fungal isolation from caves

Collection points were established inside and outside each cave, deter-
mined based on their size and structural characteristics (Suppl. material 9:
table S1). The sedimentation method was used on the culture medium con-
tained in Petri dishes. This method consisted of exposing 90 mm diameter
Petri dishes containing 20 mL of the culture media Dichloran Rose Bengal
Chloramphenicol Agar (DRBC) (Kasvi, Pinhais, PR, Brazil) and Sabouraud
Dextrose Agar (Kasvi, Pinhais, PR, Brazil) with chloramphenicol (100 mg/L)
(ASC). The plates were opened 1 m above the cave floor for 20 minutes
(Cunha et al. 2020). To isolate fungi from soil, 1 g of soil was suspended in
9 mL of distilled and sterilised water and shaken manually. Serial dilutions
were then made up to 107%. From the suspension diluted to 104, 1 mL was
removed and transferred to the surface of the DRBC and ASC media in Petri
dishes (Bills et al. 2004; Cunha et al. 2020), which were incubated in the
dark at 25 °C for up to 14 days. After growth, the colonies were purified and
transferred to ASC or Potato Dextrose Agar (Kasvi, Pinhais, PR, Brazil) (PDA)
plates. After the incubation period, the number of colony-forming units
(CFU) from the air and per 1 g of soil was calculated (Cunha et al. 2020).
The fungal colonies were purified and transferred to plates containing PDA.

DNA extraction, amplification, and sequencing

Isolates grown on PDA (Kasvi, Pinhais, PR, Brazil) (7—10 days at 25 °C in the dark)
were used for genomic DNA extraction using the Wizard Genomic DNA Purifica-
tion Kit (Promega Corporation, Madison, WI, USA), following the manufacturer’s
protocol. ITS, including the 5.8S rDNA region, the actin gene (ACT), the transla-
tion elongation factor 1-alpha gene (TEF1-a), partial B-tubulin (TUB), and the sec-
ond largest subunit of RNA polymerase Il (RPB2) were amplified using the prim-
er pairs ITS4 and ITS5 (White et al. 1990); ACT-512F and ACT-783R (Carbone and
Kohn 1999); EF-728F and EF-986R (Carbone and Kohn 1999); T1 and Tub4RD
(O’Donnell and Cigelnik 1997; Groenewald et al. 2013); Bt10 and Bt2b (Glass and
Donaldson 1995; O'Donnell and Cigelnik 1997) or Bt2a and Bt2b (Glass and Don-
aldson 1995); and fRPB2-5F and fRPB2-7cR (Liu et al. 1999) or RPB2-5F2 and
fRPB2-7cR (Liu et al. 1999; Sung et al. 2007), respectively. The PCR conditions
were defined as described by Bensch et al. (2012) and Bezerra et al. (2017). The
PCR products obtained were purified using the Exonuclease/Alkaline Phospha-
tase mix (Cellco Biotec, Brazil), according to the manufacturer’s instructions,
and sent for sequencing with the same primers using the BigDye® Terminator
v. 3.1 Cycle Sequencing Kit (Applied Biosystems Life Technologies, Carlsbad,
CA, USA) at the Plataforma Multiusudrios de Gendmica e Transcriptomica do
Centro de Biociéncias (MULTISEQ) of the Universidade Federal de Pernambuco
(Recife, Brazil) and at the Centro Multiusudrio de Pesquisa de Bioinsumos e Tec-
nologias em Salde (CMBiotecs) of the Universidade Federal de Goids (Goias,
Brazil). Sequences obtained in this study were deposited in GenBank (Table 1).
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Phylogenetic analyses

Sequences were edited using MEGA v. 11 (Tamura et al. 2021), and initial identi-
fications were made using the BLASTn tool for comparison with the NCBI Gen-
Bank database. For a preliminary phylogenetic analysis, two large alignments
were constructed using all ACT sequences from the isolates and available ex-
type or reference sequences following recent publications on Cladosporium.
The first set comprised sequences of the C. cladosporioides species complex
(SC) (e.g. Pereira et al. 2022, 2024). The second set comprised sequences of
C. sphaerospermum SC (e.g. Lee et al. 2023; Pereira et al. 2024). Following
this initial analysis, representative isolates were selected to amplify ITS and
TEF1-a, and single alignments were constructed for each. Subsequently, the
alignments of each gene were combined into a matrix of three markers (ACT,
ITS rDNA, and TEF7-a) and two markers (ACT and TEFT-a). In an attempt to im-
prove phylogenetic resolution, TUB and RPB2 gene sequences were generated
for the new species and their sister species, and a more inclusive analysis of
five genes (ACT, ITS, RPB2, TEF1-a, and TUB) was performed.

The alignments were performed using the online MAFFT software tool (Ka-
toh and Standley 2013), and adjustments were made using MEGA v. 7 (Ku-
mar et al. 2016). For the three-gene tree (ACT, ITS, and TEFT1-a), Cladospori-
um herbarum (CBS 121621 and CBS 300.49) was used as the outgroup for
both the C. cladosporioides SC and C. sphaerospermum SC. For the five-gene
tree (ACT, ITS, RPB2, TEF1-a, and TUB), Cercospora beticola (CBS 116456)
was used as the outgroup. Phylogenetic analyses used maximum likelihood
(ML) and Bayesian inference (BI). ML analysis was conducted using IQ-TREE
software v. 1.6.12 (Nguyen et al. 2015) and RAXML-HPC BlackBox v. 8.2.12
(Stamatakis 2014). The IQ-TREE ML analysis involved 5,000 replications, and
the ultrafast bootstrap (UFboot2) method was used to calculate branch sup-
port (Hoang et al. 2018). The ModelFinder software, included in IQ-TREE v.
1.6.12 (Kalyaanamoorthy et al. 2017), was used to determine the partitioning
strategy and models based on the Akaike information criterion for the dataset,
using three (ACT, ITS, and TEFT-a) and five (ACT, ITS, RPB2, TEF1-a, and TUB)
predefined data blocks. The RAXML-HPC BlackBox ML analysis was performed
using the default system options in the CIPRES Science Gateway (Miller et al.
2010) with 1,000 bootstrap replicates. The Bl analysis was conducted using
MrBayes v. 3.2.7a (Ronquist et al. 2012) within the CIPRES Science Gateway,
employing the same models and partitions as in the ML analysis (IQ-TREE).
The Bl analysis was conducted with 5 x 107 generations and a burn-in value of
25%, with chains sampled every 1,000 generations.

The resulting individual and concatenated phylogenetic trees were visualised
using FigTree v. 1.4.4 (Rambaut 2012) and analysed according to the GCPSR
concept described by Taylor et al. (2000), where highly supported clades from
single-locus and concatenated trees were compared to verify phylogenetic con-
cordance between each gene and the combined analysis. The species treated
here were divided into groups of possible synonyms and taxonomic novelties.
Values = 0.95 Bl posterior probability (BPP) and bootstrap support (BS) from
IQ-TREE UFboot2-BS and RAXML-BS analyses (both BS = 70%) were plotted
near the nodes. The final combined alignments were deposited in Figshare
(doi: 10.6084/m9.figshare.31401723).
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Pairwise homoplasy index (PHI)

After analyses of the phylogenetic trees according to the GCPSR concept (Taylor
et al. 2000), the pairwise homoplasy index (PHI) test was carried out using the
SplitsTree App (Huson and Bryant 2024) to assess recombination between phylo-
genetic species related to taxonomic novelties and possible synonyms that were
split by group. To verify this index, the combined dataset of the three loci (ACT, ITS,
and TEFT-a) was used. For values above 0.05 (p > 0.05), no significant evidence of
recombination was considered, and for values below 0.05 (p < 0.05), significant re-
combination was considered, indicating intraspecific variation. The phylogenetic
networks were constructed using the LogDet transformation (Steel 1994) for the
distance matrix and the Neighbor-Net algorithm (Bryant and Huson 2023) imple-
mented in SplitsTree App (Huson and Bryant 2024). The resulting phylogenetic
networks were prepared with Adobe Illustrator CS2 v. 12.0.0 (Adobe, USA).

Morphological analyses of new species

Isolates were cultured in 90 mm diameter Petri dishes containing PDA (Kasvi,
Pinhais, PR, Brazil), Malt Extract Agar (MEA), Oatmeal Agar (OA), Synthetic
Nutrient-Deficient Agar (SNA), Czapek Yeast Extract Agar (CYA), Dichloran
18% Glycerol Agar (DG18), and Malt Yeast 40% Glucose Agar (MY40G) (Crous
et al. 2009). Cultures were incubated at 25 °C for 14 days, after which col-
ony characteristics such as diameter, pigment production, and colour were
described according to Rayner (1970). The growth of the isolates was also
assessed at 30 °C and 36 °C.

The morphological examinations were performed on PDA and SNA. For mi-
croscopic analysis, reproductive structures were mounted in lactic acid (85%),
and 30 measurements of conidiophores, ramoconidia, conidiogenous cells,
and conidia were taken using a Leica DM2500 microscope. Images were cap-
tured with a Flexacam C3 camera and processed using Leica Application Suite
X v. 3.8.1.2 software. All analyses were conducted at the URM culture collec-
tion (Micoteca URM, UFPE, Recife, Brazil).

Isolates from this study are deposited in the working collection of Jadson
Bezerra (JB), and their representatives are deposited in the Colegdo de Culturas
de Fungos da Universidade Federal de Goias (FCCUFG), both housed in the Lab-
oratorio de Micologia (IPTSP-UFG, Goiénia, Brazil). Holotypes, as metabolically
inactive cultures, are deposited in the University Recife Mycology (URM) collec-
tion (Micoteca URM, Universidade Federal de Pernambuco, Recife, Brazil), and
permanent ex-holotype microscopic slides are deposited in the UFG herbarium
(Herbdrio UFG, Goiania, Brazil). Ex-type strains are deposited in the FCCUFG
and URM culture collections.

Results
Abundance of Cladosporium species

The analysis of the 94 isolates revealed a predominance of Cladosporium
obtained from air (96.5%) compared to soil (3.5%). In terms of species com-
position, the community was dominated by C. bambusicola, which alone
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Table 2. Richness, distribution, and abundance (CFU) of Cladosporium species isolated from air and soil among six Cer-
rado caves in Brazil. black triangle = means a new record of the species in a cave. New species obtained in this study

are shown in bold.

Species

C. angulosum

C. aulonemiae

C. bambusicola

C. carsi sp. nov.

C. chlamydosporiformans
C. flabelliforme

C. lacerdae sp. nov.

C. macadamiae

C. mambaiense sp. nov.
C. nogueirae sp. nov.

C. perangustum

C. pernambucoense

C. propiciense sp. nov

C. pruni-salicinae

C. pseudocladosporioides
C. puris

C. subuliforme

C. wenganense

C. xanthochromaticum

C. aciculare

C. mesquitapaivae sp. nov.
C. sphaerospermum

C. velox

Abundance

Richness

New
record

> > > > > > > > >

> >

Caves
Air/Sediment Total
Lapa do Garganta Lapa da Cachoeira Lapa do Lapa do Cérrego das Gruna da
Boqueirdao (Samambaia) do Funil Penhasco Dores Tarimba
C. cladosporioides complex
0/0 0/0 0/0 0/0 1/0 0/0 1/0
8/0 0/0 0/0 0/0 0/0 0/0 8/0
11 2/0 3/1 15/2 90/0 11/0 122/4
0/0 0/0 0/0 0/0 0/0 2/0 2/0
3/0 0/0 0/0 9/0 1/0 36/0 49/0
0/0 0/0 0/0 1/0 0/0 0/0 1/0
0/0 0/0 0/0 0/0 2/0 0/0 2/0
0/0 0/0 1/0 0/1 3/0 0/0 411
1/0 0/0 0/0 0/0 1/0 0/0 2/0
3/0 0/0 0/0 0/0 1/0 0/0 4/0
0/0 1/0 0/0 0/0 0/0 0/0 1/0
0/1 0/0 0/0 0/0 0/0 0/0 0/1
0/0 10/0 0/0 0/0 0/0 0/0 10/0
0/0 0/0 0/0 0/0 0/0 9/0 9/0
0/0 0/0 0/0 0/0 1/0 1/0 2/0
2/0 0/0 0/0 0/0 0/0 0/0 2/0
8/0 0/0 0/0 0/0 9/0 28/0 45/0
6/0 0/0 0/0 0/0 7/0 0/0 13/0
2/0 4/0 0/0 0/0 0/0 21/0 27/0
C. sphaerospermum complex
0/0 0/0 1/0 0/0 0/0 0/0 1/0
0/0 0/0 0/0 0/0 2/0 0/0 2/0
49/0 0/0 0/0 0/2 0/0 0/1 49/3
60/3 1/0 0/0 0/3 0/0 0/0 61/6
143/5 18/0 5/1 25/8 118/0 108/1 417/15
12 5 3 6 11 8 23

accounted for 29.17% of the isolates, followed by C. velox (15.51%). The
distribution of fungi among caves was also unequal, with most isolates con-
centrated in three caves: Lapa do Boqueirao, Gruna da Tarimba, and Lapa do
Cérrego das Dores (Table 2).

Phylogenetic analyses

BLASTn searches in the NCBI GenBank database revealed that 78 of the se-
qguences generated were related to C. cladosporioides SC and 16 to C. sphaero-
spermum SC. Initially, preliminary analyses were constructed with all the ACT
gene sequences for each complex. In the C. cladosporioides SC, the analysis in-
cluded 78 sequences from the isolates and 180 sequences from ex-type strains
or reference material obtained from GenBank. The cave-dwelling isolates were
placed into 14 known and five new species. In the C. sphaerospermum SC, the
analysis included 16 sequences from the isolates and 46 sequences from ex-
type strains or reference material obtained from GenBank. The isolates were
classified as three known and one new species.

After building the ACT matrices for each complex, representatives were se-
lected (41 isolates in the C. cladosporioides SC and 13 in the C. sphaerosper-
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mum SC) of the species with the greatest amplification success to construct
the combined alignment, with each isolate having at least two of the genes:
ACT, ITS, and TEF1-a.

Cladosporium cladosporioides complex

The combined matrix of three genes (ACT, ITS, and TEFT1-a) (Fig. 3) consisted
of 222 sequences, including the outgroup C. herbarum (CBS 300.49 and CBS
121621), with 1,015 characters, including gaps (ACT: 1-227, ITS: 228-728,
and TEFT-a: 729-1,015), of which 587 were conserved, 384 variable, and 304
parsimony-informative. For the ML analysis, the best score of the tree and the
final value of the optimisation probability were —In = -14833.319662, and the
estimated base frequencies were A = 0.224578, C = 0.299577, G = 0.240162,
and T = 0.235683, with substitution rates of AC = 2.066477, AG = 5.398780,
AT =2.207302, CG = 1.383126, CT = 7.389053, and GT = 1.000000, and the
gamma distribution shape parameter: a = 0.838359. The models used for
IQ-TREE ML and Bl were GTR+G for ACT, JC+G for ITS, and GTR+I+G for
TEF1-a. GTR+I+G was used for the RAXML-HPC BlackBox ML analysis. Ad-
ditionally, individual trees were constructed for each of the studied genes
(Suppl. materials 1-3).

The analysis of three loci (ACT, ITS, and TEF1-a) proved to be the most effec-
tive for resolving the species (Fig. 3). Some of the phylogenetic lineages varied
in position among the genes analysed, with some genes being more informa-
tive than others when analysed individually. The ACT and TEF7-a genes provid-
ed a topology with greater similarity when compared to the combined matrix
(Fig. 3, Suppl. materials 1, 3). ACT and TEFT-a provided more information and
were the most powerful markers for resolving the species analysed, resolving
16 of the 19 species in ACT (84% of the isolates sequenced for this gene) and
12 of the 12 species in TEF1-a (100% of the isolates sequenced for this gene)
(Suppl. materials 1, 3). ITS was the least informative gene, as it did not separate
any of the species analysed (Suppl. material 2).

Based on integrated evidence from phylogenetic analyses (Suppl. materials
1, 3), overlapping morphological characteristics, and PHI analysis, two synon-
ymies are proposed. Certain isolates grouped into well-supported clades with
known species but could not be distinguished from them. Consequently, C. spe-
luncae and C. ribis are synonymised under C. bambusicola (Group 1), and C. bri-
gadeirense is synonymised under C. puris (Group 2).

Furthermore, based on phylogenetic analyses (Fig. 3, Suppl. materials 1, 3),
five new species are proposed (C. carsi, C. lacerdae, C. mambaiense, C. noguei-
rae, and C. propiciense), and the occurrence of 14 known species is reported
(C. angulosum, C. aulonemiae, C. bambusicola, C. chlamydosporiformans, C. fla-
belliforme, C. macadamiae, C. perangustum, C. pernambucoense, C. pruni-sali-
cinae, C. pseudocladosporioides, C. puris, C. subuliforme, C. wenganense, and
C. xanthochromaticum) among the cave isolates. In addition, the first occur-
rence in caves of eight of the 14 known species is reported (C. angulosum,
C. aulonemiae, C. bambusicola, C. chlamydosporiformans, C. macadamiae,
C. puris, C. subuliforme, and C. xanthochromaticum), along with the novel spe-
cies introduced here, expanding the geographical distribution of the C. clado-
sporioides SC in Brazilian caves.
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Figure 3. Maximum likelihood tree of the Cladosporium cladosporioides complex based on a combined matrix of ACT,
ITS, and TEFT-a sequences. The species obtained in this study are highlighted in bold. Ex-type strains = . IQ-TREE-BS
values = 70%, RAXML-BS = 70%, and BPP = 0.95 are included next to the nodes. The tree was rooted with Cladosporium
herbarum (CBS 121621 and CBS 300.49).
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Cladosporium sphaerospermum complex

The combined matrix of three genes (ACT, ITS, and TEFT-a) (Fig. 4) consisted of
60 sequences, including the outgroup C. herbarum (CBS 300.49 and CBS 121621),
with 1,110 characters, including gaps (ACT: 1-214, ITS: 215-766, and TEF1-a:
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767-1,110), of which 625 were conserved, 452 variable, and 373 parsimony-in-
formative. For the ML analysis, the best score of the tree and the final value of
the optimisation probability were —In = —8885.879243, and the estimated base
frequencies were A = 0.222970, C = 0.296723, G = 0.245835, and T = 0.234472,
with substitution rates of AC = 1.751500, AG = 3.067940, AT = 2.048440, CG =
1.042000, CT = 5.185987, and GT = 1.000000, and the gamma distribution shape
parameter: a =1.353097. The models used for IQ-TREE ML and Bl were HKY+|+G
for ACT, SYM+I+G for ITS, and GTR+I+G for TEF71-a. GTR+I+G was used for the
RAXML-HPC BlackBox ML analysis. Additionally, individual trees were construct-
ed for each of the genes studied (Suppl. materials 4-6).

The analysis of three loci (ACT, ITS, and TEFT1-a) proved to be the best for
resolving the species (Fig. 4). Some of the phylogenetic lineages varied in posi-
tion between the analysed genes. However, for this complex, all the genes (ACT,
ITS, and TEFT-a) provided a topology similar to that observed in the combined
matrix (Fig. 4, Suppl. materials 4-6). Thus, ACT and TEF7-a provided more in-
formation and were the most powerful markers for resolving all four (100%)
species analysed (Suppl. materials 4, 6). The ITS sequences, although informa-
tive, formed a separate lineage for isolate FCCUFG 140, distinguishing it from
the species in which it clustered (C. sphaerospermum) (Suppl. material 5).

Based on integrated evidence from phylogenetic analyses (Suppl. materials
4-6), overlapping morphological characteristics, and the PHI test, C. marinisedi-
mentum is here synonymised under C. sphaerospermum (Group 7). Additionally,
phylogenetic analyses (Fig. 4, Suppl. materials 4-6) supported the introduction
of a new species (C. mesquitapaivae) and the identification of isolates belonging
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Figure 4. Maximum likelihood tree of the Cladosporium sphaerospermum complex based on a combined matrix of ACT,
ITS, and TEFT-a sequences. The species obtained in this study are highlighted in bold. Ex-type strains = . IQ-TREE-BS

values = 70%, RAXML-BS = 70%, and BPP = 0.95 are included next to the nodes. The tree was rooted with Cladosporium
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to three known species (C. aciculare, C. sphaerospermum, and C. velox). In addi-
tion, the first occurrence in caves of two of the three known species is reported
(C. aciculare and C. velox), along with the new species introduced here, expand-
ing the geographical distribution of the C. sphaerospermum SC in Brazilian caves.

PHI analysis

To complement the delimitation of Cladosporium species, a PHI analysis was con-
ducted, selecting groups that comprised known and phylogenetically new spe-
cies. For this, the concatenated alignment (ACT, ITS, and TEFT-a) was used and
divided into eight groups, following GCPSR (Taylor et al. 2000); six belonged to the
C. cladosporioides SC and two to the C. sphaerospermum SC (Figs 3, 4). Group 1
(Fig. 3) included isolates from this study and ex-type strains/reference material of
C. bambusicola, C. speluncae, C. ribis, and Cladosporium sp. X13 (see Pereira et al.
2022). For this group, the PHI test indicated evidence of genetic recombination (p
= 0.01346) (Fig. 5A), suggesting intraspecific variation and casting doubt on their
validity as separate taxonomic entities; these data were also important in the deci-
sion to synonymise C. ribis and C. speluncae under C. bambusicola.

For Group 2 (Fig. 3), three analyses were carried out using the PHI test
(Fig. 5B-D). All analyses included isolates from this study. In the first analy-
sis, ex-type/reference strains of C. brigadeirense, C. puris, C. wenganense, and
C. pernambucoense were included. In the second analysis, C. brigadeirense,
C. puris, and C. wenganense were included. In the third analysis, C. brigadeirense
and C. puris were included. For this group, in the first and second analyses, the
PHI test did not indicate evidence of genetic recombination (p = 0.5171 and
p = 1.0, respectively) (Fig. 5B, C). In the third analysis, there were not enough
informative characters to use the PHI test (Fig. 5D). Given the limitations of the
PHI analysis in this case, the synonymisation of C. brigadeirense under C. puris
was recommended based on morphological characters and the individual and
combined phylogenetic trees (Fig. 3, Suppl. materials 1, 3).

Group 3 (Fig. 3) included C. proteacearum, C. yunnanense, and C. carsi sp.
nov. For this group, the PHI test indicated no evidence of genetic recombination
(p = 1.0) (Fig. 6A). The same was observed for Group 4 (Fig. 3), which included
C. oxysporum and C. lacerdae sp. nov. (PHI, p = 1.0) (Fig. 6B). Group 5 (Fig.
3) included C. angustisporum and C. mambaiense sp. nov., and the PHI test
indicated no evidence of genetic recombination (p = 0.9786) (Fig. 6C). These
results also support the introduction of these three new species.

For Group 6 (Fig. 3), three analyses were carried out using the PHI test. The
first analysis included C. nogueirae sp. nov., C. propiciense sp. nov., C. rugulovari-
ans, and C. aulonemiae; the second included C. nogueirae sp. nov., C. propiciense
sp. nov., and C. rugulovarians; and the third included C. nogueirae sp. nov. and
C. propiciense sp. nov. For this group, the PHI test in the three analyses indicated
no evidence of genetic recombination (p = 1.0 for all three analyses) (Fig. 7A-C).
Therefore, this test also supports the introduction of these new species.

For the C. sphaerospermum complex, the PHI test was carried out for two
groups. Group 7 (Fig. 4) included the ex-type strains/reference material of
C. sphaerospermum, C. marinisedimentum, and isolates from this study. For this
group, the PHI test indicated evidence of genetic recombination (p = 0.007158)
(Fig. 8A). Therefore, C. marinisedimentum is here synonymised under
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Figure 5. NeighborNet phylogenetic networks of phylogenetic Groups 1 and 2 of species of the C. cladosporioides SC
based on the LogDet transformation for a combined dataset of three loci (ACT, ITS, and TEF1-a). A-D. The results of the
PHI test are presented next to each set of species tested, and if the p-value is < 0.05, there is recombination. Strains with
type status are indicated with a “T".

C. sphaerospermum based on these results, morphology, and phylogeny. Group
8 (Fig. 4) included C. aciculare, C. fusiforme, and C. mesquitapaivae sp. nov.
For this group, the PHI test did not indicate evidence of genetic recombination
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Figure 6. NeighborNet phylogenetic networks of phylogenetic Groups 3, 4, and 5 of species of the C. cladosporioides SC
based on the LogDet transformation for a combined dataset of three loci (ACT, ITS, and TEF7-a). A-C. The results of the
PHI test are presented next to each set of species tested, and if the p-value is < 0.05, there is recombination. Strains with
type status are indicated with a “T".

between C. aciculare and C. mesquitapaivae (Fig. 8B) or between C. fusiforme
and C. mesquitapaivae (data not shown), reinforcing the identification of this
species as an independent lineage among known species.

IMA Fungus 17: €191673 (2026), DOI: 10.3897/imafungus.17.191673 28



Pedro H. Félix-Oliveira et al.: Cladosporium from Brazilian caves
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Figure 7. NeighborNet phylogenetic networks of phylogenetic Group 6 of species of the C. cladosporioides SC based on
the LogDet transformation for a combined dataset of three loci (ACT, ITS, and TEFT-a). A-C. The results of the PHI test
are presented next to each set of species tested, and if the p-value is < 0.05, there is recombination. Strains with type
status are indicated with a “T".

TUB and RPB2 barcode analysis

After analysis of the three genes (ACT, ITS, and TEFT-a), the TUB and RPB2
barcodes of ex-type strains of the new species and their relatives and the
strains of synonymised species were sequenced, including 47 representa-
tives of the C. cladosporioides SC and 10 of the C. sphaerospermum SC, and
analysed in a combined matrix of five genes (ACT, ITS, RPB2, TEF1-a, and
TUB) (Fig. 9).

The five-gene matrix consisted of 58 sequences, including the outgroup
Cercospora beticola (CBS 116456), with 2,540 characters, including gaps
(ACT: 1-218, ITS: 219-725, RPB2: 726-1,569, TEF1-a: 1,570-1,879, and
TUB: 1,880-2,540), of which 1,464 were conserved, 1,004 variable, and 679
parsimony-informative. For the ML analysis, the best score of the tree and
the final value of the optimisation probability were —In = -14304.312891,
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Figure 8. NeighborNet phylogenetic networks of phylogenetic Groups 7 and 8 of species of the C. sphaerospermum SC
based on the LogDet transformation for a combined dataset of three loci (ACT, ITS, and TEFT-a). A, B. The results of the
PHI test are presented next to each set of species tested, and if the p-value is < 0.05, there is recombination. Strains with
type status are indicated with a “T".

and the estimated base frequencies were A = 0.233078, C = 0.294117,G =
0.252305, and T = 0.220499, with substitution rates of AC = 1.549483, AG =
3.888228, AT = 1.632386, CG =1.013659, CT = 6.445771,and GT = 1.000000,
and the gamma distribution shape parameter: a = 0.484084. The models
used for IQ-TREE ML and Bl were HKY+G for ACT, JC+I+G for ITS, SYM+G for
RPB2, GTR+G for TEF1-a, and GTR+I+G for TUB. GTR+I+G was used for the
RAXML-HPC BlackBox ML analysis.

The analysis of five loci (ACT, ITS, RPB2, TEF1-a, and TUB) proved to be
efficient for delimiting Cladosporium species, mainly in the C. cladosporioides
SC (Fig. 9). The RPB2 and TUB genes provided important information and
proved to be effective markers for identifying the species analysed, enabling
the identification of 11 (100%) of the species sequenced for RPB2, while TUB
identified 10 (91%) of the 11 species sequenced for this gene (Suppl. mate-
rials 7, 8). Therefore, the inclusion of TUB and RPB2 provided more informa-
tion for the phylogenetic resolution of proposed new species and synonymies
(Fig. 9, Suppl. materials 7, 8).
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Taxonomy

Cladosporium aciculare Bensch, Crous & U. Braun, (2015)

Typification. AUSTRALIA - isol. from Syzygium corynanthum (Myrtaceae), Mar.
2009, PW. Crous (holotype CBS H-22359, ex-type culture CBS 140488 = CPC
16547).

Description and illustration. See Bensch et al. (2015).

Material examined. BRAZIL « Goids state, Mambai municipality, Lapa da
Cachoeira do Funil cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres, E.O.
Fonseca & J.D.P. Bezerra, isol. E.O. Fonseca, isolate FCCUFG 64.

Notes. Cladosporium aciculare (C. sphaerospermum SC) was proposed by
Bensch et al. (2015) and was isolated from Syzygium corynanthum (Myrtaceae)
in Australia. In this study, isolate FCCUFG 64 from the Lapa da Cachoeira do
Funil cave clustered together with the ex-type strain of C. aciculare (Figs 4, 9)
and is here identified as this species. This study is the first report of C. aciculare
from a Brazilian cave (found at a sampling point inside the cave).

Cladosporium angulosum Sand.-Den., Deanna A. Sutton & Guarro, (2016)

Typification. USA - isol. from human bronchoalveolar lavage fluid, Sep. 2008,
D.A. Sutton (holotype CBS H-22380, ex-type culture CBS 140692 = UTHSC DI-
13-235 = FMR 13348).

Description and illustration. See Sandoval-Denis et al. (2016).

Material examined. BRAZIL - Goias state, Mambai municipality, Lapa do Cor-
rego das Dores cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres, E.O. Fonse-
ca & J.D.P. Bezerra, isol. E.O. Fonseca, isolate FCCUFG 202.

Notes. Cladosporium angulosum (C. cladosporioides SC) was introduced by
Sandoval-Denis et al. (2016) for a fungus isolated from human bronchoalveolar
lavage in the USA. Previous records have reported C. angulosum in freshwater
environments in Korea, on plants, in indoor environments, and as an endophytic
fungus from Camellia sinensis (Theaceae) (Goh et al. 2020; Lv et al. 2023). The
present study reports this species for the first time from a Brazilian cave (found
at a sampling point inside the cave).

Cladosporium aulonemiae P.P. Costa, A.W.C. Rosado & O.L. Pereira, (2022)

Typification. BRAZIL + Minas Gerais: Araponga, at “Parque Estadual Serra do
Brigadeiro”, isol. from decayed leaf of Aulonemia amplissima (Poaceae), Mar.
2016, P.P. Costa (holotype VIC 44413, ex-type culture COAD 2269).

Description and illustration. See Costa et al. (2022).

Material examined. BRAZIL « Goias state, Vila Propicio municipality, Lapa do
Boqueirao cave, isol. from air, May 2022, coll. P.H. Félix-Oliveira & J.D.P. Bezerra,
isol. P.H. Félix-Oliveira, isolate JB200.

Notes. Cladosporium aulonemiae (C. cladosporioides SC) was proposed by
Costa et al. (2022) and isolated from decayed leaves of Aulonemia amplissima
(Poaceae) in Brazil. In this study, isolate JB200 from the Lapa do Boqueirdo
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cave clustered with the ex-type strain of C. aulonemiae (Fig. 3). This study re-
ports the first occurrence of C. aulonemiae from a Brazilian cave (found at a
sampling point outside the cave).

Cladosporium bambusicola P.P. Costa, A.W.C. Rosado & O.L. Pereira, (2022)

Synonyms. Cladosporium ribis Y.Q. Yang & Yong Wang bis, J. Fungi 9(no. 250):
13 (2023), syn. nov.

Cladosporium speluncae T.0. Condé, A.W.C. Rosado & O.L. Pereira, Braz. J.
Microbiol. 54: 3027 (2023), syn. nov.

Typification. BRAZIL « Minas Gerais, Araponga, at “Parque Estadual Serra do
Brigadeiro”, isol. from decayed leaves of Aulonemia amplissima (Poaceae), Mar.
2016, (holotype VIC 44237, ex-type culture COAD 2256).

Description and illustration. See Costa et al. (2022).

Material examined. BRAZIL + Goias state, Mambai municipality, Lapa do
Penhasco cave, isol. from air (isolates JB1552, FCCUFG 120, FCCUFG 138,
FCCUFG 124, and JB1496) and soil (isolates JB2497 and JB2515), May
2023, coll. J.F.S.A. Prazeres, E.O. Fonseca & J.D.P. Bezerra, isol. J.F.S.A.
Prazeres, Lapa do Cdérrego das Dores cave, isol. from air by E.O. Fonse-
ca (isolates JB1545, FCCUFG 129, FCCUFG 139, JB1516, JB544, JB1547,
JB1524, JB1526, and JB1502), Gruna da Tarimba cave, isol. from air by E.O.
Fonseca (isolates JB1511, JB1529, FCCUFG 114, JB1495, and JB1492), and
Lapa da Cachoeira do Funil cave, isol. from air (isolates JB1534, JB1507,
JB1504) and soil (isolates JB1964) by E.O. Fonseca; * Goids state, Vila
Propicio municipality, from Lapa do Boqueirdo cave, isol. from air (isolate
JB792) and soil (isolate JB800), May 2022, coll. P.H. Félix-Oliveira & J.D.P.
Bezerra, isol. P.H. Félix-Oliveira, Garganta (Samambaia) cave, isol. from air,
Sep. 2022, coll. P.H. Félix-Oliveira & J.D.P. Bezerra, isol. P.H. Félix-Oliveira
(isolates JB1457 and JB1458).

Notes. Cladosporium bambusicola (C. cladosporioides SC) was described
as a saprophytic fungus on decayed leaves of native bamboo in Brazil (Costa
et al. 2022); C. ribis was isolated from leaves of Ribes burejense (Grossulari-
aceae) in China (Yang et al. 2023); and C. speluncae was isolated from cave
soil in Brazil (Dutra et al. 2023). In the phylogenetic analyses (Figs 3, 9, Suppl.
materials 1, 3, 7), these species are indistinguishable, have overlapping mor-
phological characteristics (Table 3), and show few differences among their
DNA sequences: the type sequence of C. ribis (GUCC 21244.1) differs from the
type sequence of C. bambusicola (COAD 2256) by 2 bp in the ACT sequence
and by 7 bp in the TEFT-a sequence; the ITS sequence has no base pair differ-
ence. The type sequence of C. speluncae (COAD 3116) differs from the type
sequence of C. bambusicola (COAD 2256) by 3 bp in the ACT sequence and by
2 bp in the TEFT-a sequence; the ITS sequence has no base pair difference. In
addition, PHI analysis revealed significant recombination, indicating intraspe-
cific variation (Fig. 5A). Therefore, these analyses propose that C. ribis and
C. speluncae are synonyms of C. bambusicola. In this study, C. bambusicola
was the most frequently isolated species from caves of the Brazilian savan-
nah, expanding its geographical distribution and ecology. These isolates were
found at sampling points both inside and outside the caves.
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Table 3. Main morphological features of Cladosporium species treated (synonyms and new) in this study. Measurements

arein ym.
. - Conidiogenous - Secondary Intercalary . -
Groups Species Conidiophores Ramoconidia L m Terminal conidia References
cells ramoconidia conidia
Group 1 C. bambusicola 23.96-178.99 x 9.13-47.04 x 33.90-39.71 x 6.28-26.25 x 4.16-10.79 x - Costa et al.
2.40-6.17 1.58-4.19 4.34-5.80 2.06-5.51 2.66-5.27 2022
C. ribis 8.0-103.5 x - - 4.0-8.5x% 2.5-4.5x Yang et al. 2023
2.0-4.0 2.0-3.5 2.0-3.0
C. speluncae 16.4-394 x 5-29.6 x 1.8-4 6-27 x 1.5-4 7-15.5x3-45 | 3.6-9x2-4.6 Dutra et al. 2023
1.6-4.6
Group 2 C. brigadeirense 25.07-222.22x | 9.32-25.16 x 4.48-13.52 % 3.02-6.81 x Costa et al.
2.51-4.80 1.73-3.65 2.21-3.51 2.18-3.60 2022
C. puris 44-225x 2-3 7.5-42.5x 8-17.5x2.5-4 | 5-12.5x2-3.5  3.5-6x2-3.5 2.5-45x%x2-3 Freitas et al.
2-3.5 2021
Group 3 C. carsi sp. nov. 102-304 x 4-29 x 2-4 8-27x2-4 7.5-15x2-4 4.5-12x3-5 2-7x1-3 This study
2.5-4
C. proteacearum 150-500 x - 12-48 x 3-5 5-10x3-4 4-5x2-3 4-5x2-3 Prasannath et
2.5-4 al. 2021
Group 4 C. lacerdae sp. nov. | 90-250x 2.5-4 6-27 x2-4 10.5-18.5x2-4 | 8.5-24x25-4 9-14x2.5-4 2-6x2-3 This study
C. oxysporum 40-720x2-4 | 14-46x0.8-1.5 7-24x25-4 11x2.5-3.5 3-5x2-3 Bensch et al.
2012
Group 5 C. angustisporum 22-280x 1.5-4 10-27 x 18-55%2.5-3 6-26x2-3 4-13x1.5-3 3-6.5%x1.5-2 Bensch et al.
1-1.5-2 2012
C. mambaiense 110-554 x 7-29x3-5 16.5-25x2-5 | 11-30x2-3.5 7-13x2.5-4 3-5x1-3 This study
Sp. nov. 2.5-4
Group 6 = C. nogueirae sp. nov. 108-384 x 5-11x1-3 11-22x2-5 55-12x1-3 6-8x2-6 4-7x1-3 This study
2.5-4
C. propiciense 90-420 x 5-11x1-3 10-27 x2-5 4-16x1-3 6-9x2-6 4-7x1-3 This study
Sp. nov. 2.5-3.5
C. rugulovarians 475x 3.5-5 60 x 1-1.5 20-55x3-4.5 | (9-)11-24(-30)  5-8.5(-10) x 3-6.5x3-5 Bensch et al.
x(2-)2.5-5.5 3.5-5(-6) 2015
Group 7 | C. sphaerospermum | 10-300(-500) 10-30 x 12-35x3-5 - 4-10x3-5 2-5x2-4 Bensch et al.
x2-5 1-1.5(-2) 2012
C. marinisedimentum | 220 x1.5-3.7 16.2-41.5x% 9.2-31.8 x 7.8-31.6 x 3.2-9.1x 2.6-4.6 x Lee et al. 2023
2-3.2 1.7-33 2.1-34 2.1-3.6 2.1-3.2
Group 8 C. aciculare 28-250x 3-4 15-40 x 2-5 22-40x2-2.5 5-23x2-3 4-10%2-2.5 3-4x1.5-2 Bensch et al.
2015
C. fusiforme 10-100 x 2-4 B 5-23x2-3 2.5-6.5x2-3 Zalar et al. 2007
C. mesquitapaivae 27-90x 2-3 4-7x1-3 11-12.5x2-3.5 5-8x2-3.5 3-7x2-3 2-3x1.5 This study

Ssp. nov.

Cladosporium carsi J.F.S.A. Prazeres, P.H. Félix-Oliveira, E.O. Fonseca,
Souza-Motta & J.D.P. Bezerra, sp. nov.

MycoBank No: 860817

Fig. 10

Etymology. The epithet is based on “carsus”, the original Latin designation from
which “karst” is derived.

Typification. BRAZIL - Goids state, Mambai municipality, Gruna da Tarimba
cave, 14°24'43"S, 46°10'30"W, isol. from air, May 2023, coll. J.F.S.A. Prazeres,
J.D.P. Bezerra & E.O. Fonseca, isol. E.O. Fonseca [holotype URM 9208HT (pre-
served in metabolically inactive state), UFG 39349 (microscopic slide ex-holo-
type), culture ex-type URM 9208 = FCCUFG 73].

Description. Hyphae superficial and immersed; hyphae septate, branched,
subhyaline to dark brown, smooth and thick-walled. Conidiophores solitary,
micronematous, semimicronematous, and macronematous, arising termi-
nally and laterally from hyphae, erect, cylindrical, non-nodular, geniculate,
septate, usually branched, subhyaline, with thickened and refractive wall,
102-304 x 2.5-4 uym. Conidiogenous cells integrated, cylindrical or subcy-
lindrical, terminal and intercalary, thickened and somewhat darkened conid-
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J
p A
Figure 10. Cladosporium carsi (URM 9208, ex-type). A. Colonies (from top to bottom) on SNA, PDA, MEA, and OA after 14
days at 25 °C in the dark. B. Micronematous conidiophore, ramoconidia, conidiogenous cells, and conidia. C. Macronema-
tous conidiophore, ramoconidia, conidiogenous cells, and conidia. D—F. Conidiophores, ramoconidia, conidiogenous
cells, and conidial chains. G. Curved conidiophore, ramoconidia, secondary ramoconidia, conidiogenous cells, and co-
nidia. H. Erect conidiophore, ramoconidia, secondary ramoconidia, conidiogenous cells, and conidia. Scale bars: 10 pm.

iogenous loci, 4-29.5 x 2—4 ym. Ramoconidia often formed, aseptate, cylin-
drical, dark brown, smooth, with protruding hila and truncated base, 8-27 x
2-4 ym. Secondary ramoconidia septate, ellipsoidal to subcylindrical, usu-
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ally attenuated at centre, 8—15 x 2-3.5 ym. Intercalary conidia numerous,
formed in branched chains, aseptate, subhyaline to pale olivaceous brown,
limoniform, ovoid and ellipsoidal, 4-12 x 2—-4 pym; terminal conidia small,
ovoid to ellipsoidal, 2-7 x 1-3 pm.

Culture characteristics. Colonies average diameters (mm) of 29, 53, 41,
and 26 on SNA, PDA, MEA, and OA, respectively. On SNA, greenish olivaceous,
with a lighter, well-defined edge, reverse olivaceous black, aerial mycelium,
smooth, compact at the centre, without prominent exudates. On PDA, greenish
olivaceous, velvety texture, distinct radial furrowing pattern, reverse olivaceous
black, aerial mycelium, velvety, with elevations forming sectors, furrowed,
without prominent exudates. On MEA, olivaceous grey, with pronounced radial
grooves, slightly lighter outer ring, reverse olivaceous black, aerial mycelium,
velvety, furrowed, without exudate. On OA, olivaceous grey, smooth texture,
faint central ring, subtle radial pattern, reverse olivaceous black, aerial myceli-
um, smooth, without prominent exudates. Colonies average diameters (mm) of
42, 43, and 38 on CYA, DG18, and MY40G, respectively. Colony growth on PDA
was observed at 30 °C, and no growth was observed at 36 °C.

Additional material examined. BRAZIL + Goids state, Mambai municipality,
Gruna da Tarimba cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres, J.D.P.
Bezerra & E.O. Fonseca, isol. E.O. Fonseca, isolate FCCUFG 146.

Notes. Cladosporium carsi sp. nov. (C. cladosporioides SC) is morphological-
ly (Table 3) and phylogenetically (Figs 3, 9) related to C. proteacearum. Clado-
sporium carsi differs morphologically from C. proteacearum, a species isolat-
ed from flower blight of Macadamia integrifolia in Australia (Prasannath et al.
2021), by having slightly smaller conidiophores (150-500 x 2.5-4 pm in C. pro-
teacearum) that are erect, multiseptate, and have a subcylindrical and flexuous
appearance. The primary ramoconidia are larger (12-48 x 3—5 pm) than those
of C. carsi (827 x 2—4 ym). The intercalary conidia of C. proteacearum are
smaller (4-5 x 2-3 pm) than those of C. carsi (4-12 x 2—4 ym) and have a dif-
ferent form. The closest phylogenetic species, C. proteacearum (BRIP 72301a),
differs from C. carsi (URM 9208) by 3 bp in the ACT sequence and 9 bp in the
TEF1-a sequence; the ITS sequence has no base pair difference. RPB2 and TUB
sequences were not obtained from C. proteacearum (BRIP 72301a) to compare
with C. carsi (URM 9208), but the difference in bp of C. carsi is similar to that
reported for the other analysed species. Additionally, the PHI test did not reveal
evidence of genetic recombination (Fig. 6A). These isolates were found at a
sampling point inside the cave.

Cladosporium chlamydosporiformans C.M. Pereira & R.W. Barreto, (2024)

Typification. KENYA ¢ Eastern Province, Marsabit National Park, isol. from uredin-
ia of Hemileia vastatrix on leaves of Coffea arabica, Jan. 2015, H.C. Evans (holo-
type VIC 47529, a dried metabolically inactive culture, ex-type culture COAD 2571).

Description and illustration. See Pereira et al. (2024).

Material examined. BRAZIL + Goids state, Mambai municipality, Lapa do
Penhasco cave, isol. from air, May 2023, coll. J.FS.A. Prazeres, E.O. Fonseca &
J.D.P. Bezerra, isol. J.F.S.A. Prazeres (isolates FCCUFG 130, FCCUFG 74, FCCUFG
78, FCCUFG 75, and FCCUFG 77), Lapa do Cérrego das Dores cave, isol. from air by
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E.O. Fonseca (isolates FCCUFG 133), and Gruna da Tarimba cave, isol. from air by
E.O. Fonseca (isolates FCCUFG 108, FCCUFG 115, and FCCUFG 68); * Goias state,
Vila Propicio municipality, from Lapa do Boqueirdo cave, isol. from air, May 2022,
coll. PH. Félix-Oliveira & J.D.P. Bezerra, isol. PH. Félix-Oliveira (isolate FCCUFG 70).

Notes. Cladosporium chlamydosporiformans (C. cladosporioides SC) was
proposed by Pereira et al. (2024) for a fungus found on uredinia of Hemileia
vastatrix on leaves of Coffea arabica (Rubiaceae) in Kenya and has also been
reported in Brazil and Ethiopia. In this study, 10 isolates from four caves formed
a well-supported clade with the ex-type strain of C. chlamydosporiformans
(Fig. 3). The cave environment represents a new habitat report for this species
(found at sampling points both inside and outside the caves).

Cladosporium flabelliforme Bensch, Summerell, Crous & U. Braun, (2010)

Typification. AUSTRALIA « Northern Territory, Foggy Dam, isol. from Melaleuca
cajuputi (Myrtaceae), Sep. 2007, coll. B.A. Summerell, isol. PW. Crous (holotype
CBS H-20433, ex-type culture CBS 126345 = CPC 14523).

Description and illustration. See Bensch et al. (2010).

Material examined. BRAZIL - Goias state, Mambai municipality, Lapa do
Penhasco cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres, E.O. Fonseca &
J.D.P. Bezerra, isol. J.F.S.A. Prazeres, isolate FCCUFG 201.

Notes. Cladosporium flabelliforme (C. cladosporioides SC), proposed by
Bensch et al. (2010), was initially isolated from Melaleuca cajuputi (Myrtaceae).
This species has also been used for the optimisation and enhanced production
of thrombolytic enzymes (Hariharan et al. 2023). In the present study, isolate
FCCUFG 201 formed a well-supported clade with the ex-type strain of C. fla-
belliforme (Fig. 3). This is the first report of this species from a Brazilian cave
(found at a sampling point inside the cave).

Cladosporium lacerdae J.F.S.A. Prazeres, P.H. Félix-Oliveira, E.O. Fonseca,
Souza-Motta & J.D.P. Bezerra, sp. nov.

MycoBank No: 860818

Fig. 11

Etymology. Named in honour of Dr. Heidi Lacerda of the Plataforma Multiu-
sudrios de Genomica e Transcriptomica do Centro de Biociéncias (MULTISEQ)
of the Universidade Federal de Pernambuco (UFPE, Recife, Brazil) for her work
at the sequencing facility for the last 15 years.

Typification. BRAZIL « Goids state, Mambai, Lapa do Cdrrego das Dores,
14°25'45"S, 46°13'10"W, isol. from air, May 2023, coll. J.F.S.A. Prazeres, E.O.
Fonseca & J.D.P. Bezerra, isol. E.O. Fonseca [holotype URM 9210HT (preserved
in metabolically inactive state), UFG 39353 (microscopic slide ex-holotype),
culture ex-type URM 9210 = FCCUFG 72].

Description. Hyphae branched, septate, hyaline to dark brown, smooth,
thin-walled. Conidiophores solitary, semimicronematous to macronem-
atous, dark brown, arising terminally and laterally from hyphae, erect, cy-
lindrical-oblong to filiform, non-nodular, usually geniculate, unbranched to
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Figure 11. Cladosporium lacerdae (URM 9210, ex-type). A. Colonies (from top to bottom) on SNA, PDA, MEA, and OA
after 14 days at 25 °C in the dark. B—-E. Macronematous conidiophores, ramoconidia, conidiogenous cells, and conidial
chains. F. Semimacronematous conidiophore. G. Macronematous conidiophore and conidial chains. Scale bars: 10 pm.

branched, regularly septate, 90-250 x 2.5-4 ym. Conidiogenous cells inte-
grated, cylindrical-oblong, terminal and intercalary, with 1-3 darkened apical
conidiogenous loci, 6—27 x 2—4 ym. Ramoconidia often formed, subcylindri-
cal, cylindrical-oblong to oblong, aseptate to septate, minutely verrucose,
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10.5-18.5 x 2—4 pm. Secondary ramoconidia ellipsoid, fusiform to subcylin-
drical or cylindrical, aseptate, with 1-2 distal hila, light brown, smooth or al-
most smooth to minutely verrucose, walls not thickened, 8.5-24 x 2.5-4 ym.
Intercalary conidia in branched chains, branching in all directions, aseptate,
ovoid, ellipsoid, small fusiform, 9-14 x 2.5-4 pm; terminal conidia fusiform
to ellipsoid, 2-6 x 2=3 pm.

Culture characteristics. Colonies average diameters (mm) of 30, 54, 44,
and 33 on SNA, PDA, MEA, and OA, respectively. On SNA, olivaceous, with a
distinct light yellow margin, olivaceous black reverse, velvety aerial myceli-
um, without prominent exudates. On PDA, greenish olivaceous, with a distinct
radial pattern and pronounced darker striations giving a segmented appear-
ance, reverse olivaceous black, aerial mycelium, without prominent exudates.
On MEA, grey olivaceous, outer ring lighter and whitish, reverse olivaceous
black, aerial mycelium velvety, furrowed, without prominent exudates. On OA,
pale olivaceous grey, smooth, with a faint central ring and less pronounced
radial furrows, reverse olivaceous black, aerial mycelium smooth, without
prominent exudates. Colonies average diameters (mm) of 53, 53, and 57 on
CYA, DG18, and MY40G, respectively. Colony growth on PDA was observed at
30 °C, and no growth was observed at 36 °C.

Additional material examined. BRAZIL + Goias state, Mambai municipality,
Lapa do Cdrrego das Dores cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres,
E.O. Fonseca & J.D.P. Bezerra, isol. E.O. Fonseca, isolate FCCUFG 122.

Notes. Cladosporium lacerdae sp. nov. (C. cladosporioides SC) is morpho-
logically (Table 3) and phylogenetically (Figs 3, 9) related to C. oxysporum, a
species described from dead leaves of Passiflora sp. in Cuba (Bensch et al.
2012). Microscopically, C. lacerdae has solitary conidiophores, ranging from
semimicronematous to macronematous, erect, cylindrical-oblong, non-nod-
ular, and regularly septate (90-250 x 2.5-4 ym). In contrast, C. oxysporum
displays macronematous and occasionally micronematous conidiophores,
erect and slightly flexuous, with distinct, spaced nodules, and measuring
40-720 x 2—-4 pm. The conidiogenous cells of C. lacerdae are integrated,
cylindrical-oblong, terminal, and intercalary, with 1-3 darkened apical con-
idiogenous loci (6-27 x 2—-4 ym), whereas those of C. oxysporum are sub-
denticulate, with 1-4 loci per node, measuring 14-46 x 0.8-1.5 pym, often
thickened and refractive. Ramoconidia are smaller and frequently formed in
C. lacerdae (10.5-18.5 x 2—4 ym), whereas they are larger and occasionally
observed in C. oxysporum (25-30 x 5-6 um). Terminal conidia of C. lacerdae
are ellipsoid to fusiform and measure 2-6 x 2—3 pm. Secondary ramoconidia
are ellipsoid, fusiform to subcylindrical, or cylindrical, with 1-2 distal hila,
light brown, smooth to minutely verrucose, and measure 8.5-24 x 2.5-4 ym.
In contrast, C. oxysporum produces globose to subglobose terminal conidia,
3-5x 2-3 pym, and intercalary conidia in branched chains. These intercalary
conidia are ovoid to ellipsoid, occasionally small fusiform, measuring 9-14
x 2.5-4 pm, with 2-5 distal hila that are slightly thickened and refractive.
The closest phylogenetic species, C. oxysporum (CBS 125991), differs from
C. lacerdae (URM 9210) by 8 bp in ACT, 16 bp in RPB2, 8 bp in TEFT-qa, and
7 bp in TUB; the ITS sequence has no base pair difference. For this species,
the PHI test did not indicate evidence of genetic recombination (Fig. 6B).
These isolates were found at a sampling point outside the cave.
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Cladosporium macadamiae Prasannath, Akinsanmi & R.G. Shivas, (2021)

Typification. AUSTRALIA + Queensland, Nambour, isol. from flower blight of
Macadamia integrifolia (Proteaceae), Sep. 2019, O.A. Akinsanmi (holotype BRIP
72269a, includes ex-type culture).

Description and illustration. See Prasannath et al. (2021).

Material examined. BRAZIL « Goids state, Mambai municipality, Lapa do
Penhasco cave, isol. from soil, May 2023, coll. J.F.S.A. Prazeres, E.O. Fonseca &
J.D.P. Bezerra, isol. J.F.S.A. Prazeres (isolate FCCUFG 67), Lapa do Cérrego das
Dores cave, isol. from air by E.O. Fonseca (isolate FCCUFG 116), and Lapa da
Cachoeira do Funil cave, isol. from air by E.O. Fonseca (isolate FCCUFG 135).

Notes. Cladosporium macadamiae (C. cladosporioides SC) was introduced
by Prasannath et al. (2021) from isolates associated with grey and green mould
symptoms on macadamia flowers in Australia. In the present study, three iso-
lates obtained from the air and soil of three caves formed a well-supported
clade with the ex-type strain of C. macadamiae (Figs 3, 9), constituting the first
report of this species from a Brazilian cave (found at sampling points both in-
side and outside the caves).

Cladosporium mambaiense J.F.S.A. Prazeres, P.H. Félix-Oliveira, E.O.
Fonseca, Souza-Motta & J.D.P. Bezerra, sp. nov.

MycoBank No: 860819

Fig. 12

Etymology. Named after Mambai, the municipality where most of the caves
studied here are located.

Typification. BRAZIL  Goias state, Mambai municipality, Lapa do Cérrego
das Dores cave, 14°25'45"S, 46°13'10"W, isol. from air, May 2023, coll. J.F.S.A.
Prazeres, E.O. Fonseca & J.D.P. Bezerra, isol. E.O. Fonseca [holotype URM
9104HT (preserved in metabolically inactive state), UFG 39351 (microscopic
slide ex-holotype), culture ex-type URM 9104 = FCCUFG 71].

Description. Hyphae branched, septate, hyaline to light brown, smooth,
thick-walled. Conidiophores solitary, semimacronematous to macronema-
tous, branched, hyaline to light brown, arising terminally and laterally from
hyphae, erect to flexuous, often filiform, non-nodular, regularly septate, septa
often darkened and thick, 110-554 x 2.5—-4 ym. Conidiogenous cells integrat-
ed, cylindrical-oblong, terminal and intercalary, with 1-4 darkened apical loci,
7-29 x 3-5 ym. Ramoconidia often formed, subcylindrical, cylindrical-oblong
to oblong, aseptate, smooth, 16.5-25 x 2—-5 pm. Secondary ramoconidia ellip-
soid, fusiform to subcylindrical or cylindrical, aseptate, hyaline to light brown,
smooth or minutely verrucose, with slightly thickened walls, 11-30 x 2-3.5 pm.
Intercalary conidia in branched chains, branching in all directions, without regu-
lar septation, ovoid, ellipsoid, small fusiform, 7-13 x 2.5-4 pym; terminal conid-
ia small, fusiform to ellipsoid, 3-5 x 1-3 pm.

Culture characteristics. Colonies average diameters (mm) of 29, 44, 40, and
37 on SNA, PDA, MEA, and OA, respectively. On SNA, the colonies are greenish
olivaceous, with a smooth, compact centre and a lighter, well-defined edge, re-
verse olivaceous black, smooth, compact aerial mycelium, without prominent
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Figure 12. Cladosporium mambaiense (URM 9104, ex-type). A. Colonies (from top to bottom) on SNA, PDA, MEA, and OA
after 14 days at 25 °C in the dark. B, C. Macronematous conidiophores, ramoconidia, conidiogenous cells, and conidia.
D. Ramoconidia and conidial chain. E. Details of a germinating conidial chain. F. Semimacronematous conidiophore,
ramoconidia, conidiogenous cells, and conidia. G. Details of ramoconidia and conidia. Scale bars: 10 ym.

exudates. On PDA, olivaceous buff, velvety texture, distinct radial groove pat-
tern, reverse olivaceous black, smooth aerial mycelium, without prominent ex-
udates. On MEA, olivaceous grey, with pronounced radial furrows and a slightly
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lighter outer ring, reverse olivaceous black, compact, smooth aerial mycelium,
without prominent exudates. On OA, grey olivaceous, with a smooth texture,
faint central ring and a subtle radial pattern, reverse olivaceous black, smooth
aerial mycelium, without prominent exudates. Colonies average diameters
(mm) of 44, 50, and 47 on CYA, DG18, and MY40G, respectively. Colony growth
on PDA was observed at 30 °C, and no growth was observed at 36 °C.

Additional material examined. BRAZIL - Goidas state, Vila Propicio municipal-
ity, Lapa do Boqueirdo cave, isol. from air, May 2022, coll. P.H. Félix-Oliveira &
J.D.P. Bezerra, isol. PH. Félix-Oliveira (isolate FCCUFG 147).

Notes. Cladosporium mambaiense sp. nov. (C. cladosporioides SC) is morpho-
logically (Table 3) and phylogenetically (Figs 3, 9) related to C. angustisporum.
Cladosporium mambaiense differs morphologically from C. angustisporum, a
species described from Alloxylon wickhamii (Proteaceae) in Australia (Bensch
et al. 2012), mainly by the size and shape of its reproductive structures. Clad-
osporium mambaiense has longer (110-554 x 2.5—-4 um) and erect conidio-
phores, whereas the conidiophores of C. angustisporum are smaller (22-280
x 2.5-4 pm). Ramoconidia of C. mambaiense are subcylindrical, smooth,
and smaller (16.5-25 x 2—5 pm), whereas those of C. angustisporum are cy-
lindrical and measure 18-55 x 2.5-3 pym. The closest phylogenetic species,
C. angustisporum (CBS 125983), differs from C. mambaiense (URM 9104) by
12 bp in ACT, 14 bp in TEF1-a, and 15 bp in TUB; the ITS sequence shows no
base pair difference. The RPB2 sequence was not obtained from the ex-type
strain of C. angustisporum (CBS 125983), but it was obtained from C. angustis-
porum (CPC 22345), also included in the analysis, and a 32 bp difference was
observed. The PHI test did not indicate evidence of genetic recombination (Fig.
6C). These isolates were found at sampling points inside the caves.

Cladosporium mesquitapaivae J.F.S.A. Prazeres, P.H. Félix-Oliveira, E.O.
Fonseca, Souza-Motta & J.D.P. Bezerra, sp. nov.

MycoBank No: 860820

Fig. 13

Etymology. Named in honour of Prof. Dr. Laura Mesquita Paiva of the Departa-
mento de Micologia at the Universidade Federal de Pernambuco (UFPE, Recife,
Brazil) for her contribution to the academic study of fungi.

Typification. BRAZIL  Goias state, Mambai municipality, Lapa do Cérrego
das Dores cave, 14°25'45"S, 46°13'10"W, isol. from air, May 2023, coll. J.F.S.A.
Prazeres, E.O. Fonseca & J.D.P. Bezerra, isol. E.O. Fonseca [holotype URM
9103HT (preserved in metabolically inactive state), UFG 39348 (microscopic
slide ex-holotype), culture ex-type URM 9103 = FCCUFG 65].

Description. Hyphae branched, septate, olive-brown, smooth, thick-walled.
Conidiophores solitary, macronematous, arising terminally and laterally from
hyphae, usually formed by stromatic hyphae, erect, straight to slightly flexuous,
cylindrical-oblong to filiform, commonly geniculate, unbranched to branched,
regularly septate, septa often darkened, conidiogenous locus at the apex, 27—
90 x 2.5-4 pym. Conidiogenous cells integrated, terminal and intercalary, cylin-
drical-oblong, long, with 1-3 thickened blackish apical conidiogenous loci, 4-17
x 1-3 pm. Ramoconidia often formed, subcylindrical to cylindrical-oblong,
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Figure 13. Cladosporium mesquitapaivae (URM 9103, ex-type). A. Colonies (from top to bottom) on SNA, PDA, MEA, and
OA after 14 days at 25 °C in the dark. B-E. Macronematous conidiophores, ramoconidia, conidiogenous cells, and coni-
dial chains. Scale bars: 10 ym.

usually aseptate, 8—15.5 x 2-3.5 ym. Secondary ramoconidia ellipsoid, fusi-
form to subcylindrical or cylindrical, aseptate, with 1-2 distal hila, hyaline to
light brown, smooth, walls not thickened, 8—11 x 2—-3.5 ym. Intercalary conidia
in branched chains, branching in all directions, aseptate, ovoid, ellipsoid, small
fusiform 3—7 x 2—4 pm; terminal conidia fusiform to ellipsoid 2-3 x 1.5 pm.
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Culture characteristics. Colonies average diameters (mm) of 10, 26, 23, and
17 on SNA, PDA, MEA, and OA, respectively. On SNA, violaceous black, with
some parts of the mycelium shiny (stromatic hyphae), generally flat growth
with elevation in the centre of the colony, diffuse with sectors, light grey mar-
gins, olivaceous black reverse, compact aerial mycelium, smooth, without
prominent exudates. On PDA, violaceous black with a dense, furrowed centre
and smooth margins, reverse olivaceous black, smooth aerial mycelium, with-
out prominent exudates. On MEA, violaceous black, with a defined central zone
and lighter outer margins, reverse olivaceous black, velvety smooth aerial my-
celium, without prominent exudates. On OA, violaceous black with some parts
of the mycelium shiny (stromatic hyphae), flat growth with elevation in the col-
ony’s centre, olivaceous green margins, reverse olivaceous black, smooth aerial
mycelium, without prominent exudates. Colonies average diameters (mm) of
35, 40, and 27 on CYA, DG18, and MY40G, respectively. Colony growth on PDA
was observed at 30 °C, and no growth was observed at 36 °C.

Additional material examined. BRAZIL + Goids state, Mambai municipality,
Lapa do Cdrrego das Dores cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres,
E.O. Fonseca & J.D.P. Bezerra, isol. E.O. Fonseca, isolate FCCUFG 136.

Notes. Cladosporium mesquitapaivae sp. nov. (C. sphaerospermum SC) is
morphologically (Table 3) and phylogenetically (Figs 4, 9) related to a clade
with C. aciculare and C. fusiforme. Cladosporium mesquitapaivae differs from
C. aciculare, a species described from Syzygium corynanthum (Myrtaceae)
in Australia (Bensch et al. 2015), by having smaller conidiophores (27-90 x
2.5-4 pm), ramoconidia (8—15.5 x 2-3.5 pm), and intercalary conidia (3-7 x
2-3 pm). Cladosporium fusiforme was described from hypersaline water in
Slovenia (Zalar et al. 2007) and is differentiated from C. mesquitapaivae by
its larger conidiophores (10-100 x 2-4 pm) and secondary ramoconidia (5-
23 x 2-3 ym). The closest phylogenetic species, C. aciculare (CBS 140488),
differs from C. mesquitapaivae (URM 9103) by 17 bp in ACT, 14 bp in ITS,
39 bp in TEFT-a, and 29 bp in TUB, and C. fusiforme (CBS 119414) differs
from C. mesquitapaivae (URM 9103) by 25 bp in ACT, 8 bp in ITS, and 39 bp in
TEF1-a. The RPB2 sequence was not obtained from C. mesquitapaivae (URM
9103). The PHI test did not indicate evidence of genetic recombination be-
tween C. aciculare and C. mesquitapaivae (Fig. 8B) or between C. fusiforme
and C. mesquitapaivae (data not shown). These isolates were found at sam-
pling points inside the cave.

Cladosporium nogueirae P.H. Félix-Oliveira, J.F.S.A. Prazeres, Souza-Motta &
J.D.P. Bezerra, sp. nov.

MycoBank No: 860821

Fig. 14

Etymology. Named in honour of Prof. Dr. Ina de Souza Nogueira of the Depar-
tamento de Biologia Geral at the Universidade Federal de Goids (UFG, Goiénia,
Brazil) for her contribution to the academic study of fungi in the Goids state.
Typification. BRAZIL « Goias state, Mambai municipality, Lapa do Cérrego
das Dores cave, 14°25'45"S, 46°13'10"W, isol. from air, May 2023, coll. J.F.S.A.
Prazeres, E.O. Fonseca & J.D.P. Bezerra, isol. E.O. Fonseca [holotype URM
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Figure 14. Cladosporium nogueirae (URM 9209, ex-type). A. Colonies (from top to bottom) on SNA, PDA, MEA, and OA
after 14 days at 25 °C in the dark. B=D. Macronematous conidiophores, ramoconidia, conidiogenous cells, and conidial
chains. E. Details of a secondary ramoconidium forming a conidiophore. F. Macronematous conidiophore and conidial
chains. G. Details of a germinating conidium forming a conidiophore. Scale bars: 10 pm.

9209HT (preserved in metabolically inactive state), UFG 39352 (microscopic
slide ex-holotype), culture ex-type URM 9209 = FCCUFG 61].

Description. Hyphae branched, septate, dark brown, smooth, thickened
walls. Conidiophores solitary, macronematous, arising terminally and lat-
erally from hyphae, erect to slightly flexuous, cylindrical-oblong to filiform,
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neither nodular nor geniculate, unbranched to branched, regularly septate,
septa often darkened, 108-170 x 2.5-3.5 pym. Conidiogenous cells integrat-
ed, cylindrical-oblong, terminal and intercalary, with 1-2 darkened apical co-
nidiogenous loci, 5-11 x 1-3 ym. Ramoconidia often formed, rarely septate,
subcylindrical to cylindrical-oblong, minutely verruculose, 11-22 x 2-5 pm.
Secondary ramoconidia ellipsoid, fusiform to subcylindrical or cylindrical, rarely
septate, with 1-3 distal hila, light brown, smooth to minutely verrucose, walls
not thickened or occasionally slightly thickened, 5.5-12 x 1-3 pm. Intercala-
ry conidia in branched chains, rarely septate, ovoid, ellipsoid, fusiform, 6-8 x
2-6 pym; terminal conidia fusiform to ellipsoid, 4-7 x 1-3 pm.

Culture characteristics. Colonies average diameters (mm) of 22, 37, 27,
and 29 on SNA, PDA, MEA, and OA, respectively. On SNA, olivaceous with a
dark centre and a lighter outer zone, reverse olivaceous black. Aerial myceli-
um, smooth, compact, without prominent exudates. On PDA, greenish oliva-
ceous with a distinct radial pattern in the centre, reverse olivaceous black.
Aerial mycelium, smooth with slight furrowing, without prominent exudates.
On MEA, grey olivaceous with central furrowing and a defined lighter edge, re-
verse olivaceous black. Aerial mycelium, slightly furrowed, without prominent
exudates. On OA, pale olivaceous with a darker centre and smooth texture,
reverse olivaceous black. Aerial mycelium, smooth, without prominent exu-
dates. Colonies average diameters (mm) of 35, 38, and 17 on CYA, DG18, and
MY40G, respectively. Colony growth on PDA was observed at 30 °C, and no
growth was observed at 36 °C.

Additional material examined. BRAZIL + Goias state, Vila Propicio municipal-
ity, Lapa do Boqueirdo cave, isol. from air, May 2022, coll. J.D.P. Bezerra & P.H.
Félix-Oliveira, isol. P.H. Félix-Oliveira, isolates FCCUFG 137, and FCCUFG 125.

Notes. Cladosporium nogueirae sp. nov. (C. cladosporioides SC) is mor-
phologically (Table 3) and phylogenetically (Figs 3, 9) related to C. rugulovari-
ans and C. propiciense sp. nov. (this study), a clade having only species from
Brazil. Cladosporium nogueirae and C. rugulovarians can be differentiated by
several morphological characteristics, including the size and shape of their
structures. The conidiophores of C. rugulovarians are distinctly longer (up
to 475 pm), geniculate, and dichotomously branched, in contrast to those of
C. nogueirae, which are not geniculate and measure 108-170 x 2.5-3.5 pm.
The conidiogenous cells are also larger in C. rugulovarians (up to 60 um long)
than in C. nogueirae (5-11 x 1-3 pym). The ramoconidia of C. rugulovarians
(20-55 x 3-4.5 pm) are larger than those of C. nogueirae (11-22 x 2=5 um).
Similarly, the secondary ramoconidia of C. rugulovarians [(9-)11-24(-30) x
(2-)2.5-5.5 uym] are larger than those of C. nogueirae (5.5-12 x 1-3 pm). The
terminal conidia also differ in shape and size, being fusiform to ellipsoid and
measuring 4-7 x 1-3 pm in C. nogueirae, and globose to subglobose, mea-
suring 3—-6.5 x 3—5 pym in C. rugulovarians. The morphological differentiation
between C. nogueirae (URM 9209) and C. propiciense (URM 9353) is highlight-
ed below. The closest phylogenetic species, C. rugulovarians (CBS 140495),
differs from C. nogueirae (URM 9209) by 4 bp in ACT, 16 bp in RPB2, 5 bp in
TEF1-a, and 6 bp in TUB, and the differences in bp from C. propiciense (URM
9353) are described below; ITS has no bp difference. The PHI test did not indi-
cate evidence of genetic recombination (Fig. 7A, B). These isolates were found
at sampling points both inside and outside the caves.
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Cladosporium perangustum Bensch, Crous & U. Braun, (2010)

Typification. SOUTH AFRICA - isol. from Cussonia sp. (Araliaceae), Mar. 2007,
P.W. Crous (holotype CBS H-20451, ex-type culture CBS 125996 = CPC 13815).

Description and illustration. See Bensch et al. (2010).

Material examined. BRAZIL * Goias state, Vila Propicio municipality, Gargan-
ta (Samambaia) cave, isol. from air, Sep. 2022, coll. PH. Félix-Oliveira, J.D.P.
Bezerra & R.F.F. Franco, isol. P.H. Félix-Oliveira, isolate FCCUFG 200.

Notes. Cladosporium perangustum (C. cladosporioides SC) is a widely dis-
tributed species found on plant material, on other ascomycetes, and isolat-
ed from food, with reports from Africa (South Africa), Asia (India, Thailand),
Australasia (Australia, New Zealand, Polynesia), Europe (Germany), and North
America (USA) (Bensch et al. 2010, 2012, 2018). The isolate obtained from the
air formed a well-supported clade with the ex-type strain of C. perangustum
(Suppl. material 1). The present study expands knowledge of this species’ ecol-
ogy, constituting the first report of this species in a Brazilian cave (found at a
sampling point inside the cave.

Cladosporium pernambucoense M.L.S. Pereira, J.D.P. Bezerra & Souza-Motta,
(2022)

Typification. BRAZIL + Pernambuco state, Ibimirim municipality, Catimbau Na-
tional Park, Furna do Morcego bat cave, isol. from air, Oct. 2019, M.L.S. Pereira
(holotype URM 94479, ex-type culture URM 8390 = Isolate X7).

Description and illustration. See Pereira et al. (2022).

Material examined. BRAZIL « Goias state, Vila Propicio municipality, Lapa do
Boqueirao cave, isol. from soil, May 2022, coll. PH. Félix-Oliveira & J.D.P. Bezer-
ra, isol. PH. Félix-Oliveira, isolate JB791.

Notes. Cladosporium pernambucoense (C. cladosporioides SC) was first iso-
lated from the air in a Caatinga cave in Brazil (Pereira et al. 2022). In the present
study, it was isolated from soil samples in Cerrado caves, expanding its geo-
graphical distribution in Brazil. To date, this species has been reported exclu-
sively from caves, and this work represents the second report of this species
(found at a sampling point inside the cave).

Cladosporium propiciense P.H. Félix-Oliveira, J.F.S.A. Prazeres, Souza-Motta
& J.D.P. Bezerra, sp. nov.

MycoBank No: 860822

Fig. 15

Etymology. The name is in reference to the municipality of Vila Propicio, where
the fungus was collected from a cave.

Typification. BRAZIL « Goias state, Vila Propicio municipality, Garganta (Sa-
mambaia) cave, 15°22'54"S, 48°41'55"W, isol. from air, Sep. 2022, coll. PH.
Félix-Oliveira, J.D.P. Bezerra & R.F.F. Franco, isol. PH. Félix-Oliveira [holotype
URM 9353HT (preserved in a metabolically inactive state), UFG 39350 (micro-
scopic slide ex-holotype), culture ex-type URM 9353 = FCCUFG 76].
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Figure 15. Cladosporium propiciense (URM 9353, ex-type). A. Colonies (from top to bottom) on SNA, PDA, MEA, and OA
after 14 days at 25 °C in the dark. B=D. Macronematous conidiophores with conidial chains. E. Ramoconidia and globose
conidia. F. Macronematous conidiophores with conidial chains. G. Details of septate ramoconidia and conidia. H. Details
of ramoconidia. Scale bars: 10 pm.

Description. Hyphae branched, septate, dark brown, smooth, thick-walled.
Conidiophores solitary, macronematous, arising terminally and laterally from
hyphae, erect to slightly flexuous, cylindrical-oblong to filiform, neither nodular
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nor geniculate, unbranched to branched, regularly septate, septa often dark-
ened, 90-420 x 2.5-3.5 ym. Conidiogenous cells integrated, cylindrical-oblong,
terminal and intercalary, with 1-3 darkened apical conidiogenous loci, 5-11
x 1-3 pm. Ramoconidia frequently formed, transversely and horizontally sep-
tate, subcylindrical, cylindrical-oblong and oblong, 10—27 x 2—5 um. Secondary
ramoconidia ellipsoid, fusiform to subcylindrical or cylindrical, septate, with 1-4
distal hila, light brown, smooth to minutely verrucose, walls not thickened or oc-
casionally slightly thickened, 4-16 x 1-3 pm. Intercalary conidia in branched
chains, rarely septate, ovoid, ellipsoid, fusiform, 6—9 x 2—6 um; terminal conidia
fusiform to ellipsoid, 4-7 x 1=3 pym.

Culture characteristics. Colonies average diameters (mm) of 23, 31, 31, and
20 on SNA, PDA, MEA, and OA, respectively. On SNA, olivaceous, with a darker
centre and a lighter, diffuse outer edge, reverse dark olivaceous. Aerial myceli-
um, low, velvety, without exudates. On PDA, greenish olivaceous to olivaceous
with well-defined radial furrows, reverse dark olivaceous. Aerial mycelium, com-
pact and velvety with radial furrows, without exudates. On MEA, dark mouse
grey, elevated centre, reverse dark olivaceous to almost black. Aerial mycelium,
dense, velvety, with some central folds. On OA, dark mouse grey and uniform
olivaceous with a smooth and slightly velvety texture, reverse dark olivaceous.
Aerial mycelium, low, compact, without exudates. Colonies average diameters
(mm) of 29, 38, and 24 on CYA, DG18, and MY40G, respectively. Colony growth
on PDA was observed at 30 °C, and no growth was observed at 36 °C.

Additional material examined. BRAZIL * Goias state, Vila Propicio municipal-
ity, Garganta (Samambaia) cave, isol. from air, Sep. 2022, coll. P.H. Félix-Olivei-
ra, J.D.P. Bezerra & R.F.F. Franco, isol. PH. Félix-Oliveira, isolate FCCUFG 123.

Notes. Cladosporium propiciense sp. nov. (C. cladosporioides SC) is mor-
phologically (Table 3) and phylogenetically (Figs 3, 9) related to C. nogueirae
sp. nov. (this study) and C. rugulovarians, a clade having only species described
from Brazilian materials. Cladosporium propiciense can be differentiated main-
ly based on the size and septation of its reproductive structures. Cladosporium
propiciense produces longer conidiophores (90-420 x 2.5-3.5 ym), whereas
the conidiophores of C. nogueirae are smaller (108-170 x 2.5-3.5 ym). The
ramoconidia of C. propiciense are often septate and measure 10-27 x 2—5 ym,
whereas those of C. nogueirae are rarely septate and slightly smaller (11-22 x
2-5 pm). The secondary ramoconidia are often septate in C. propiciense but
rarely septate in C. nogueirae. The conidiophores of C. rugulovarians are dis-
tinctly longer (up to 475 um), geniculate, and dichotomously branched, in con-
trast to those of C. propiciense, which are not geniculate and measure 90-420
x 2.5-3.5 um. The conidiogenous cells are also larger in C. rugulovarians (up
to 60 um long) than in C. propiciense (5-11 x 1-3 pym). The ramoconidia of
C. rugulovarians (20-55 x 3-4.5 ym) are larger than those of C. propiciense
(10-27 x 2=5 pm). Similarly, the secondary ramoconidia of C. rugulovarians
[(9-)11-24(-30) x (2-)2.5-5.5 um] are larger than those of C. propiciense
(4-16 x 1-3 pm). The terminal conidia also differ in shape and size, being fu-
siform to ellipsoid and measuring 4-7 x 1-3 pm in C. propiciense, and globose
to subglobose, measuring 3-6.5 x 3=5 pm in C. rugulovarians. The phyloge-
netically closest species, C. nogueirae (URM 9209), differs from C. propiciense
(URM 9353) by 3 bp in ACT, 11 bp in RPB2, 3 bp in TEF1-a, and 6 bp in TUB, and
no differences were observed for ITS; C. rugulovarians (CBS 140495) differs
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from C. propiciense by 1 bp in ACT, 12 bp in RPB2, and 2 bp in TEF1-a, and
no differences were observed for ITS and TUB. The PHI test did not indicate
evidence of genetic recombination (Fig. 7B, C). These isolates were found at
sampling points outside the cave.

Cladosporium pruni-salicinae Y.Q. Yang & Yong Wang bis [as ‘pruni-salicina’],
(2023)

Typification. CHINA - Guizhou Province, Kaiyang County, isol. from leaves of
Prunus salicina, Jun. 2021, Y.Q. Yang (holotype HGUP 21206; ex-type culture
GUCC 21206.1).

Description and illustration. Yang et al. (2023).

Material examined. BRAZIL + Goias state, Mambai municipality, Gruna da
Tarimba cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres, E.O. Fonseca &
J.D.P. Bezerra, isol. E.O. Fonseca, isolate FCCUFG 198.

Notes. Cladosporium pruni-salicinae (C. cladosporioides SC) was initially iso-
lated from leaves of Prunus salicina (Rosaceae) (Yang et al. 2023). In the pres-
ent study, one isolate obtained from the air of a cave formed a well-supported
lineage with the ex-type strain of C. pruni-salicinae (Suppl. material 1), consti-
tuting the first report of this species from a Brazilian cave (found at a sampling
point inside the cave).

Cladosporium pseudocladosporioides Bensch, Crous & U. Braun, (2010)

Typification. NETHERLANDS ¢ Zwolle, isol. from outside air, 7 Jan. 2007, M.
Meijer (holotype CBS H-20445, ex-type cultures CBS 125993 = CPC 14189,
CPC 14193).

Description and illustration. Bensch et al. (2010).

Material examined. BRAZIL + Goias state, Mambai municipality, Gruna da
Tarimba cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres, E.O. Fonseca &
J.D.P. Bezerra, isol. J.F.S.A. Prazeres (isolate FCCUFG 199), Lapa do Coérrego
das Dores cave, isol. from air by E.O. Fonseca (isolate FCCUFG 203).

Notes. Cladosporium pseudocladosporioides (C. cladosporioides SC) is a
widely distributed species that has been isolated from diverse substrates, in-
cluding plant material, fungal sporocarps, air, soil, water, and food (Bensch et
al. 2010), and has also been associated with raspberry fruit rot in the prov-
ince of Quebec (Delisle-Houde et al. 2024). The two isolates obtained from air
formed a well-supported clade with the ex-type strain of C. pseudocladosporioi-
des (Suppl. material 1). The present study expands the known habitats of this
species, constituting the first report in a Brazilian cave (found at a sampling
point outside the caves).

Cladosporium puris M.L.R. Freitas & O.L. Pereira, (2021)

Synonym. Cladosporium brigadeirense P.P. Costa, A.W.C. Rosado & O.L. Pereira,
Phytotaxa 560: 19 (2022), syn. nov.
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Typification. BRAZIL + Minas Gerais state, Canad, on submerged litter in
streams, Sep. 2017 (holotype VIC 44468, ex-type culture COAD 2487).

Description and illustration. See Freitas et al. (2021).

Materials examined. BRAZIL + Goids state, Vila Propicio municipality, Lapa
do Boqueirdo cave, isol. from air, May 2022, coll. PH. Félix-Oliveira & J.D.P.
Bezerra, isol. P.H. Félix-Oliveira, isolate FCCUFG 145.

Notes. Cladosporium puris (C. cladosporioides SC) was described by Fre-
itas et al. (2021) from submerged leaves in streams in Brazil. Subsequently,
C. brigadeirense was proposed by Costa et al. (2022) as a sister species to
C. puris, isolated from a decayed leaf of Chusquea urelytra (Poaceae) in the
same Brazilian region. In the phylogenetic analyses (Figs 3, 9, Suppl. materials
1-3,7, 8), these species are indistinguishable, as they share overlapping mor-
phological characteristics (Table 3) and exhibit only a few differences in their
DNA sequences: the type sequence of C. brigadeirense (COAD 2257) differs
from the type sequence of C. puris (COAD 2487) by 3 bp in the ACT sequence,
5 bp in the TEF7-a sequence, and 2 bp in the TUB sequence; the ITS and RPB2
sequences showed no base pair difference. Therefore, C. brigadeirense is here
reduced to a synonym of C. puris. This study expands the known geographi-
cal distribution and ecological niche of C. puris to a Cerrado cave (found at a
sampling point outside the cave)

Cladosporium sphaerospermum Penz., (1882)

Synonym. Cladosporium marinisedimentum W.Jun Lee & Y.W. Lim, MycoKeys
98: 98 (2023), syn. nov.

Typification. ITALY « Padova, on faded leaves and stems of Citrus sp. (Ru-
taceae), Feb. 1882, 0. Penzig (not preserved). NETHERLANDS - from the nail
of man, 1949, coll. and isol. R.W. Zappey (neotype CBS H-19738, ex-neotype
culture CBS 193.54 = ATCC 11289 = IMI 049637).

Description and illustration. See Bensch et al. (2012).

Material examined. BRAZIL - Goias state, Mambai municipality, Lapa do
Penhasco cave, isol. from soil, May 2023, coll. J.F.S.A. Prazeres, E.O. Fonseca
& J.D.P. Bezerra, isol. J.F.S.A. Prazeres (isolate FCCUFG 111), Gruna da Tarimba
cave, isol. from soil by E.O. Fonseca (isolate FCCUFG 62); * Goias state, Vila
Propicio municipality, from Lapa do Boqueirdo cave, isol. from air, May 2022,
coll. PH. Félix-Oliveira & J.D.P. Bezerra, isol. PH. Félix-Oliveira (isolates JB798,
FCCUFG 204, FCCUFG 132, FCCUFG 140, and JB810).

Notes. Cladosporium sphaerospermum (C. sphaerospermum SC) was de-
scribed by Penzig (1882) from decaying leaves and branches of Citrus (Rutace-
ae) in ltaly. Cladosporium marinisedimentum was proposed by Lee et al. (2023)
for a fungus isolated from deep-sea sediments and sea sands in the Repub-
lic of Korea. These species are indistinguishable based on the phylogenetic
analyses (Figs 4, 9, Suppl. materials 4-7) and share overlapping morphologi-
cal characteristics (Table 3), as well as exhibiting few differences in their DNA
sequences: the type sequence of C. marinisedimentum (SFC20230103-M28)
differs from the type sequence of C. sphaerospermum (CBS 193.54) by 4 bp in
the ACT sequence and 18 bp in the TEF7-a sequence; the ITS sequence has
no base pair difference. The PHI analysis showed significant recombination,
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indicating intraspecific variation (Fig. 8A). Thus, C. marinisedimentum is here
synonymised with C. sphaerospermum. These isolates were found at sampling
points both inside and outside the caves.

Cladosporium subuliforme Bensch, Crous & U. Braun, (2010)

Typification. THAILAND - Chiang Mai, Sansai, Mai Jo, palm nursery, isol. from
Chamaedorea metallica (Arecaceae), Dec. 2006, coll. |I. Hidayat & J. Meeboon
FIH 401, isol. PW. Crous (holotype CBS H-20448, ex-type culture CBS 126500
= CPC 13735).

Description and illustration. Bensch et al. (2010).

Material examined. BRAZIL « Goids state, Mambai municipality, Lapa do
Cérrego das Dores cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres, E.O.
Fonseca & J.D.P. Bezerra, isol. E.O. Fonseca (isolates FCCUFG 110, JB1530,
JB1569, and JB1540), and Gruna da Tarimba cave, isol. from air by E.O. Fonse-
ca (isolates FCCUFG 127 and JB1497); * Goias state, Vila Propicio municipality,
from Lapa do Boqueirdo cave, isol. from air, May 2022, coll. PH. Félix-Oliveira
& J.D.P. Bezerra, isol. PH. Félix-Oliveira (isolates FCCUFG 119, FCCUFG 121,
JB794, JB813, and JB802).

Notes. Cladosporium subuliforme (C. cladosporioides SC) was introduced by
Bensch et al. (2010) for a fungus from Chamaedorea metallica (Arecaceae) in
Thailand. The 10 isolates obtained from air formed a well-supported clade with
the ex-type strain of C. subuliforme. The present study expands knowledge of
this species, constituting the first report from a Brazilian cave (found at sam-
pling points both inside and outside the caves).

Cladosporium velox Zalar, de Hoog & Gunde-Cim., (2007)

Typification. INDIA - Charidij, isol. from Bambusa sp., W. Gams (holotype CBS
H-19735, ex-type culture CBS 119417).

Description and illustration. Zalar et al. (2007).

Materials examined. BRAZIL + Goids state, Mambai municipality, Lapa do
Penhasco cave, isol. from soil, May 2023, coll. J.F.S.A. Prazeres, E.O. Fonse-
ca & J.D.P. Bezerra, isol. J.F.S.A. Prazeres (isolate JB1953); * Goias state, Vila
Propicio municipality, from Lapa do Boqueirdo cave, isol. from air (isolates
JB790 and FCCUFG 128) and soil (isolates JB797 and JB814), May 2022, coll.
PH. Félix-Oliveira & J.D.P. Bezerra, isol. PH. Félix-Oliveira, Garganta (Samam-
baia) cave, isol. from air, Sep. 2022, coll. P.H. Félix-Oliveira & J.D.P. Bezerra, isol.
PH. Félix-Oliveira (isolate FCCUFG 63).

Notes. Cladosporium velox (C. sphaerospermum SC), described by Zalar et
al. (2007), was initially isolated from bamboo (Bambusa sp.) in India and has
also been recorded from hypersaline water in Slovenia. Additionally, it has been
identified as an agent of cotton disease in China (Li et al. 2023). The six iso-
lates, obtained from air and soil of three caves, formed a well-supported clade
with the ex-type strain of C. velox (Figs 4, 9). This study expands knowledge of
the ecology of this species, constituting the first report from a Brazilian cave
(found at sampling points both inside and outside the caves).
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Cladosporium wenganense Y.Q. Yang & Yong Wang bis [as ‘wenganensis’],
(2023)

Typification. CHINA + Guizhou Province, Wengan County, isol. from leaves of
Prunus persica (Rosaceae), Jun. 2021, Y.Q. Yang (holotype HGUP 21220, ex-
type culture GUCC 21220.1).

Description and illustration. Yang et al. (2023).

Material examined. BRAZIL + Goias state, Mambai municipality, Lapa do C6r-
rego das Dores cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres, E.O. Fon-
seca & J.D.P. Bezerra, isol. E.O. Fonseca (isolates JB1541); « Goias state, Vila
Propicio municipality, from Lapa do Boqueirdo cave, isol. from air, May 2022, coll.
PH. Félix-Oliveira & J.D.P. Bezerra, isol. PH. Félix-Oliveira (isolates FCCUFG 117).

Notes. Cladosporium wenganense (C. cladosporioides SC) was introduced
by Yang et al. (2023) from the leaves of Prunus persica (Rosaceae) in China.
One isolate obtained from air formed a well-supported lineage with the ex-type
strain of C. wenganense (Fig. 3). The present study expands understanding of
its ecology, constituting the first report from a Brazilian cave (found at a sam-
pling point inside the cave).

Cladosporium xanthochromaticum Sand.-Den., Gené & Cano, (2016)

Typification. USA - Texas, isol. from human bronchoalveolar lavage fluid, Sep.
2010, D.A. Sutton (holotype CBS H-22388, ex-type culture CBS 140691 = UTHSC
DI-13-211 = FMR 13324).

Description and illustration. Sandoval-Denis et al. (2016).

Material examined. BRAZIL + Goids state, Mambai municipality, Gruna da
Tarimba cave, isol. from air, May 2023, coll. J.F.S.A. Prazeres, E.O. Fonseca &
J.D.P. Bezerra, isol. E.O. Fonseca (isolate JB1499); » Goias state, Vila Propicio
municipality, from Lapa do Boqueirdo cave, isol. from air, May 2022, coll. PH.
Félix-Oliveira & J.D.P. Bezerra, isol. P.H. Félix-Oliveira (isolate JB799), Gargan-
ta (Samambaia) cave, isol. from air, Sep. 2022, coll. PH. Félix-Oliveira & J.D.P.
Bezerra, isol. PH. Félix-Oliveira (isolate JB1456).

Notes. Cladosporium xanthochromaticum (C. cladosporioides SC), described
by Sandoval-Denis et al. (2016), was initially isolated from human bronchoal-
veolar lavage fluid in the USA and has also been recorded as an endophytic
fungus from Camellia sinensis (Theaceae) in China (Lv et al. 2023). In the pres-
ent study, three isolates obtained from air of three Cerrado caves formed a
well-supported clade with the ex-type strain of C. xanthochromaticum (Fig. 3).
Previously recorded in a cave from the Caatinga biome, the present study con-
stitutes the first report of this species from a cave in the Cerrado biome (found
at a sampling point inside the caves), thus expanding its known distribution
within Brazilian subterranean ecosystems.

Checklist of Cladosporium spp. in Brazilian caves

The list of Cladosporium species recorded in Brazilian caves reveals remarkable di-
versity, highlighting the wide distribution and adaptability of these species to differ-
ent conditions. In Brazil, C. cladosporioides has been the most frequently reported
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species from caves (Taylor et al. 2013,2014; Alves et al. 2022; Prazeres et al. 2025).
However, in this study, no isolates were identified as C. cladosporioides; instead,
other species within the same species complex were abundantly found (Suppl.
material 9: table S2). Among the Brazilian biomes, the Cerrado has the most sig-
nificant number of studies on cave fungi, with the genus Cladosporium being the
most frequently recorded (Prazeres et al. 2025). This can be attributed to the great-
er amount of research conducted in this biome, reflecting its relevance as a global
biodiversity hotspot and the high diversity of underground environments in the re-
gion (Prazeres et al. 2025). Additionally, C. herbarum, C. oxysporum, C. subuliforme,
C. tenuissimum, C. xanthochromaticum, C. austrohemisphaericum, C. parahalotol-
erans, C. puris, C. sphaerospermum, C. diamantinense, and C. speluncae were doc-
umented in caves of the Caatinga, Cerrado, and Atlantic Forest biomes, and most
studies have isolated Cladosporium species from cave air; however, they have also
been found in soil, bat ectoparasites, and bat guano (Alves et al. 2022; Carvalho et
al. 2022; Pereira et al. 2022; Dutra et al. 2023; Lima et al. 2024; Prazeres et al. 2025).

This study expanded this list by including 23 species distributed across
two Cladosporium SCs (Table 2, Suppl. material 9: table S2). The C. cladospo-
rioides SC included 19 species: C. angulosum, C. aulonemiae, C. bambusicola,
C. chlamydosporiformans, C. flabelliforme, C. carsi sp. nov., C. lacerdae sp. nov.,
C. macadamiae, C. mambaiense sp. nov., C. nogueirae sp. nov., C. perangus-
tum, C. pernambucoense, C. pruni-salicinae, C. pseudocladosporioides, C. puris,
C. propiciense sp. nov., C. subuliforme, C. wenganense, and C. xanthochromati-
cum. The C. sphaerospermum SC included C. aciculare, C. mesquitapaivae sp.
nov., C. sphaerospermum, and C. velox. Among the species recorded in this study,
those documented for the first time in Brazilian caves are highlighted: C. angulo-
sum, C. aulonemiae, C. chlamydosporiformans, C. flabelliforme, C. macadamiae,
C. perangustum, C. pruni-salicinae, C. pseudocladosporioides, C. wenganense,
C. aciculare, C. velox, and the new species introduced here (Tables 2, 3).

Discussion

This study substantially advances understanding of Cladosporium richness
in Brazilian caves by analysing 94 isolates from soil and air samples of six
caves in the Cerrado biome. Among these, 23 species were identified as be-
longing to the C. cladosporioides SC and C. sphaerospermum SC, and six new
species (C. carsi, C. lacerdae, C. mambaiense, C. mesquitapaivae, C. nogueirae,
and C. propiciense) were described through an integrative approach combining
morphological and multi-locus DNA analyses. This methodological rigour un-
derscores the importance of combining molecular and morphological data for
the robust taxonomy of Cladosporium from understudied environments. In ad-
dition, phylogenetic and morphological analyses led to the synonymy of C. ribis
and C. speluncae under C. bambusicola, C. brigadeirense under C. puris, and
C. marinisedimentum under C. sphaerospermum. These findings provide critical
insights into the evolutionary relationships within the genus and demonstrate
the taxonomic complexity of fungi inhabiting caves. Additionally, this study
also showed that the inclusion of new isolates expands the geographical distri-
bution of known Cladosporium species. The analysis of a larger collection also
favours multi-locus analyses and makes the re-evaluation of species boundar-
ies within Cladosporium possible (Wirsel et al. 2002).
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The adoption of combined methods, including morphology, physiology, and
molecular analyses (multi-locus phylogenetic analysis and PHI test), has con-
tributed substantially to increasing the accuracy and reliability of Cladosporium
species identification. Species delimitation in this genus based solely on mor-
phology has become challenging due to the overlap of macro- and micromor-
phological characteristics (Bensch et al. 2010, 2012; Marin-Felix et al. 2017).
In this study, the ACT and TEFT-a markers were initially the most informative,
being particularly effective in identifying Cladosporium species. However, ITS
sequences were challenging for resolving many species in the C. cladospori-
oides SC, as they demonstrated no differences between phylogenetically re-
lated species. ACT and TEF1-a are currently the accepted genes for analysing
Cladosporium species and the stability of lineages/clades (Braun et al. 2003;
Bensch et al. 2010). By contrast, ITS was more informative among species of
the C. sphaerospermum SC and had satisfactory resolution when compared to
ACT and TEF1-a. In the C. sphaerospermum SC, the ITS phylogeny was capable
of resolving 100% of the species. Species in the C. sphaerospermum SC are
characterised by significant genetic diversity, which is evident in the variability
of ITS sequences (Zalar et al. 2007; Bensch et al. 2012).

To assist the phylogenetic analyses, the PHI test was used to refine the anal-
ysis of these results and to complement the GCPSR criteria (Taylor et al. 2000).
Thus, the synonyms and novelties proposed here were tested for possible ge-
netic recombination to demonstrate their evolutionary independence and show
that they constituted independent taxonomic lineages. Significantly, the results
of the PHI test helped to confirm the phylogenetic relationships predicted by
the multi-locus analyses (ACT, ITS, and TEF7-a), providing new evidence for the
analysis of species boundaries in Cladosporium. To better understand the new
Cladosporium species introduced here, mainly in the C. cladosporioides SC, the
addition of RPB2 and TUB sequences proved to be important for investigating
species boundaries, particularly RPB2, which showed greater genetic distance
and provided resolution for the species analysed. Furthermore, a combined ma-
trix of five genes (ACT, ITS, RPB2, TEF1-a, and TUB) confirmed the phylogenetic
decisions and assisted further delimitation of closely related species. For exam-
ple, Schubert et al. (2007) analysed the C. herbarum SC based on five markers
(ACT, calmodulin, ITS, TEF1-a, and histone H3) and demonstrated better distinc-
tion of closely phylogenetically related species. Later, Bensch et al. (2010) uti-
lised the currently recommended markers for identifying Cladosporium species
(ACT, ITS, and TEFT-a) to enhance the resolution of species distinction within
the C. cladosporioides complex. These authors suggested the need for addition-
al markers to resolve some clades or species within this complex (Bensch et al.
2010, 2012). Later, other markers were adopted for genera related to Cladospo-
rium (e.g. Bezerra et al. 2017). Recently, based on comparative genome analy-
sis, Zheng et al. (2025) provided important information for elucidating species
boundaries among Cladosporium species complexes. The use of ACT, RPB2,
TEF1-a,and TUB as the main phylogenetic barcodes to recognise Cladosporium
species is proposed here, particularly within the C. cladosporioides SC.

Before this study, only 14 species of Cladosporium had been reported in
Brazilian caves (C. anthropophilum, C. austrohemisphaericum, C. bambusicola,
C. cavernicola, C. cladosporioides, C. diamantinense, C. halotolerans, C. oxys-
porum, C. parahalotolerans, C. pernambucoense, C. puris, C. sphaerospermum,
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C. subuliforme, and C. xanthochromaticum), underscoring the rarity and sig-
nificance of research focused exclusively on this genus in cave ecosystems
(Cunha et al. 2020; Carvalho et al. 2022; Pereira et al. 2022; Alves et al. 2022;
Dutra et al. 2023). Among these studies, the majority were based exclusively
on morphological identification. This approach, although useful, often results
in inaccurate and limited identifications, typically restricted to the genus level,
without reaching species-level definition (Taylor et al. 2013, 2014).
Interestingly, Group 6 (“Brazilian clade”) treated here (Figs 3, 9) is a unique
clade within the C. cladosporioides SC, encompassing species still reported
only from Brazil (C. aulonemiae, C. nogueirae sp. nov., C. propiciense sp. nov.,
and C. rugulovarians). Bensch et al. (2015) introduced C. rugulovarians for a
fungus isolated from leaf sheaths of unidentified Poaceae collected in Cha-
pada dos Guimaraes, a protected area of the Brazilian savannah (Cerrado) in
the state of Mato Grosso. The authors described this species as “quite unique
and only comparable with C. varians” (Bensch et al. 2015). Later, Costa et al.
(2022) described C. aulonemiae for isolates obtained from the decayed leaves
of A. amplissima (Poaceae) in the Parque Estadual Serra do Brigadeiro, a pro-
tected area of the Atlantic Forest in the state of Minas Gerais. Phylogenetically,
Costa et al. (2022) also showed C. aulonemiae as a unique lineage within the
C. cladosporioides SC, related only to C. rugulovarians. Both sites of the firstiso-
lation of C. aulonemiae and C. rugulovarians are approximately 1,500 km apart
and protect different biomes as conservation units in the country. The introduc-
tion of C. nogueirae sp. nov. and C. propiciense sp. nov., related to these spe-
cies, is particularly interesting, as they were isolated from the air of two caves in
the Cerrado biome, State of Goids. These caves are approximately 7 km apart,
and the municipality where they are located is approximately 1,000 km from the
areas where C. aulonemiae and C. rugulovarians were first collected. Additional-
ly, C. aulonemiae is reported here for the first time from a cave, and no reports
of it or C. rugulovarians have been found since their description. These species
remain unique lineages within the C. cladosporioides SC, and further study, in-
cluding new isolates, will help to uncover the substrate/ecosystem specificity,
geographical distribution, and intraspecific variation of species in this clade.
These findings substantially expanded the known diversity of Cladosporium
species in cave ecosystems by describing six new species and adding sever-
al new records for Brazilian caves, highlighting the Cerrado as an important
reservoir of fungal diversity. Among the species found here, C. bambusicola
was the most abundant, representing 29.17% of the isolates, followed by C. ve-
lox (15.51%). The detection of C. bambusicola in cave environments marks its
first record in this ecosystem. Initially described from plant material in Brazil
(Costa et al. 2022), C. bambusicola was also recently reported as a potential
mycoparasite of Hemileia vastatrix in Brazil (Pereira et al. 2024). Its presence
in caves may highlight the remarkable adaptability of this species to different
environments, suggesting ecological plasticity and novel roles in subterranean
ecosystems. Except for the new species introduced here, most of the Clado-
sporium species found in caves have already been reported as plant patho-
gens (Bhartiya et al. 2022; Yang et al. 2023), endophytes (Yang et al. 2023), or
associated with soils and other substrates (Nicoletti et al. 2024; Li et al. 2024;
Farwell et al. 2024; Liu et al. 2024), reinforcing the hypothesis of the external
origin of fungi in caves (Zhang et al. 2018). The presence of these organisms
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in cave environments highlights the influence of external sources on the under-
ground ecosystem, emphasising the complexity of ecological interactions in
this unique habitat (Zhang et al. 2018).

The genus Cladosporium is an increasing component of global cave myco-
diversity. In a global analysis based on 14 studies of fungi in caves, Biagioli
et al. (2023) positioned Cladosporium (11.89%) among the most abundant
genera of Ascomycota. The same study demonstrated that climatic conditions
and external environments may influence subterranean microbial patterns.
This global trend is illustrated by regional studies, such as those of Poli et al.
(2024) in ltalian caves, which observed that sediments in a tourist cave hosted
a diverse fungal community compared to the external environment, possibly
due to visitors transporting propagules or organic material. In Slovakian caves,
Ogodrek et al. (2024) reported C. ramotenellum among the fungal community.
In Brazil, the dominance of Cladosporium spp. in caves is particularly evident,
highlighting the presence of these species on multiple substrates within caves
(Prazeres et al. 2025). This notable species diversity was exemplified by Perei-
ra et al. (2022), who found eight Cladosporium spp. while studying a cave in the
Caatinga biome. The ubiquity of Cladosporium in Brazilian biomes may also
support the theory proposed by Finlay (2002), which suggests that the success
of this genus is due to the long-distance dispersal of its pigmented and desic-
cation-resistant mitotic spores (conidia).

These findings highlight the ecological significance and adaptive potential
of Cladosporium species in subterranean environments, confirming the value
of tropical caves for targeted studies in unique biomes, such as the Cerrado
in Brazil. Additionally, the importance of utilising modern phylogenetic analy-
sis based on multi-locus markers in identifying both known and new species
is emphasised. The addition of tropical isolates to phylogenetic studies has
revealed the distribution of known Cladosporium species and helped clarify
their relationships with other lineages, thereby enhancing understanding of
species delimitation and intraspecific variation within species and species
complexes. The high diversity and novel occurrences of Cladosporium spe-
cies in Brazilian caves provide valuable insights into fungal ecology and evo-
lution in these habitats. It is also worth noting that this high level of diversity
is observed despite the inherent limitations of the passive sampling meth-
od, which is susceptible to air currents and gravitational settling of particles,
factors that may affect the estimation of the fungal community in cave air.
Knowledge of the mycobiome of caves may contribute to the protection of
their unique biodiversity and offer insights into taxonomy, ecological services,
pathogenicity, geographical distribution, potential biotechnological applica-
tions, and fungal survival mechanisms in caves.
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