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Abstract: Fungi are a major concern in terms of cultural heritage preservation due to their role in biodeterioration
phenomena. Interestingly, fungi belonging to Hypocreales are frequently recovered during studies on heritage sites. This
study investigates the diversity of fungal species belonging to four families in Hypocreales. These samples are taken from
a pool of strains recovered during various studies performed on cultural heritage sites between 2004 and 2022. The 79
strains studied had been isolated from 20 different sites located in France and Belgium. Most of these sites were Paleolithic
decorated caves. The multi-locus phylogenetic analysis of these strains through maximum likelihood and Bayesian inference
revealed that the strains mainly belonged to the Cordycipitaceae family. Of the remaining strains, some belonged to
Clavicipitaceae, Ophiocordycipitaceae or Bionectriaceae, and others were classed as Hypocreales but could not be placed
in any existing families within this order. This study led to the description of ten new species and two new genera, i.e.
Frescium gen. nov. and Lenticillium gen. nov. Species in Hypocreales are mainly known to be pathogenic and are mostly
entomopathogenic in the case of the Cordycipitaceae family. In the light of this knowledge, our study also seeks to evaluate
how the presence of the fungal species could indicate the presence of their hosts. Indeed, arthropod-mediated fungal
dissemination is an emerging question in the domain of cultural heritage preservation.
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INTRODUCTION

Fungi are a predominant factor when studying biodeterioration
phenomena in the cultural heritage environment (Sterflinger
2010). These organisms can not only be a threat for cultural
heritage objects kept indoors in museums and archives (Pan-
gallo et al. 2009, Pinheiro et al. 2019), but also damage the
monuments themselves by growing on painted and unpainted
walls, both indoors and out (Scheerer et al. 2009, De Leo et al.
2022, Zucconi et al. 2022). In this context, collections designed
to isolate or count the fungal strains responsible for such de-
terioration can take several forms, including surface samplings
and air samplings (Rojas et al. 2012, Pasquarella et al. 2015).
These collections can also be performed during routine moni-
toring for the prevention of fungal contaminations and can thus
shape decisions to improve heritage management. One such
example is the discovery of the fungal outbreak that occurred
in the emblematic Paleolithic decorated cave of Lascaux, lead-
ing to the decision to search for early indicators of any risk of
fungal development in these particular environments (Bastian &
Alabouvette 2009). The use of these indicators requires an un-
derstanding of the healthy microbial behaviour of caves before
the damage occurs; a reliable knowledge of normal cave behav-
iour is a prerequisite to identifying potential imbalance. Several
long-term surveys have been in progress over the past decade
to determine whether models of aerobiological behaviour could

be identified in several caves of different sizes, ranging from rock
shelters to large caves that are open or closed to the public (Lep-
lat et al. 2019, 2020b).

These surveys highlight the influence of the external
environment on the aerobiological behaviour of caves. Small
caves are strongly affected by the exterior environment along
their entire length, while larger caves are generally affected
by the exterior environment at their entry but much less so at
locations further inside, as previously noted in other studies
(Docampo et al. 2011, Mulec et al. 2012). In the areas that are
mainly influenced by the exterior environment, Cladosporium
and Penicillium were the dominant fungal genera. These genera
are ubiquitous (Bensch et al. 2012, Yadav et al. 2018), and are
therefore not characteristic of the cave environment. During
these surveys, we also isolated many fungal species belonging
to Hypocreales, and especially to Cordycipitaceae, which could
be far more characteristic of a cave environment. The fungi
belonging to this order are characterized by highly diverse
lifestyles, including pathogenic ones (Perera et al. 2023). The
presence of these fungi could therefore provide data pertaining
to the presence of their hosts in the environment. For example,
Cordycipitaceae and Ophiocordycipitaceae are known to
contain species that are animal pathogens (mainly arthropods),
and other species that are fungicolous, while Clavicipitaceae
is known to contain species associated with plant and animal
pathogens (Spatafora et al. 2007, Zhang et al. 2018). Considering
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that arthropods are abundant in caves and that troglobiont
species are obligate species in subterranean spaces (Culver
& Pipan 2018, Mammola et al. 2022), it is not surprising that
many arthropod-pathogenic fungal species are recovered in
such environments.

The role of the fungi / arthropod association has become
an important question in the context of cultural heritage
biodeterioration. Indeed, arthropods are now considered
to be a possible source of fungal dispersion in monuments
(Juradoetal. 2008, Trovaoetal. 2013). Inthe case of the fungal
outbreak that occurred in the Lascaux cave, studies showed
that Folsomia candida (Collembola) could be involved in the
dissemination of black stains on the cave walls (Bastian et al.
2010, Alonso et al. 2022). Black stains represent a source of
nutrients for F. candida, which then disseminate the fungi
through their faeces. Other studies also suggested that
certain arthropod species that are known to be responsible
for biodeterioration, especially that of wood and paper, can
also feed on fungi and be attracted by the latter (Green 2008,
Pinzari 2011). Conversely, arthropods can also represent a
source of nutrients for fungi. For example, entomogenous
fungi are able to grow on arthropod cadavers (Jurado et al.
2009). Remains resulting from arthropod activity, such as
metabolic water, fragmented debris and droppings, can also
be favourable substrates for fungal development (Sterflinger
& Pinzari 2012).

The aim of this study was therefore to evaluate the
diversity of hypocrealean fungi recovered in cultural heritage
sites, with an emphasis on fungi recovered in Paleolithic
decorated caves. The strains studied in this paper are those
collected over several years during different surveys in the
framework of cultural heritage preservation. The study also
sought to consider based on bibliographic data how far the
presence of a given species could indicate the presence of
their host in the cultural heritage environment.

MATERIALS AND METHODS

Fungal strains studied

This study considered 79 strains isolated between 2004 and
2022 in 20 different cultural heritage sites in France and Bel-
gium (Table 1). Sixty-eight of the strains were isolated from
14 different Paleolithic decorated caves or shelters, seven
were isolated from religious monuments, two were isolated
from a flint mine and two were isolated from a museum (Fig.
1). Fifty-three of the strains were isolated through air sam-
plings, 20 were isolated through surface samplings and six
were isolated from soil samplings. Briefly, air samplings were
collected with a Duo SAS Super 360 air sampler (VWR-pbi,
Milan, Italy) containing malt extract agar (MEA; Merck KGaA,
Darmstadt, Germany) culture medium in 55 mm Petri dishes.
Surface samplings were made with sterile swabs, then inoc-
ulated on MEA. Strains from soil sampling were obtained by
serial dilution of 1 g of soil in sterile water, followed by in-
oculation on MEA. The most frequent combination between
type of place sampled and sampling type was air sampling
in Paleolithic decorated caves (51 strains). All the strains re-
covered from religious monuments and the museum were
isolated through surface sampling while the two strains re-
covered in the flint mine were isolated through air sampling.

The strains were then preserved on MEA in Sabouraud-2
% dextrose broth (Merck KGaA, Darmstadt, Germany)
supplemented with 20 % glycerol at -84 °C. In addition,
the holotype of each new species described through both
phylogenetic and morphologic analysis in this study was
included in the CBS culture collection (Westerdijk Institute,
Utrecht, The Netherlands).

Phylogenetic study

Reference strains: The reference strains were chosen to
cover the known Hypocreales diversity as exhaustively as
possible. Thus, the phylogeny of the isolated strains was
studied at three levels to determine their taxonomy. First,
the strains were studied at the order level to assign them
into the different Hypocreales families. One species of each
genus composing Hypocreales was used in this first study.
The strains were then studied at the family level to assign
them to the different genera. Two species of each genus
composing the family were used in these studies. Finally, the
strains were studied at the genus level to assign them to the
different species. Two strains of each species composing the
genus were used in these final studies.

In general, the study only included strains for which
sequences from at least two different DNA loci were
available in the NCBI GenBank database (Clark et al. 2016).
In rare cases of species or genera for which very few
sequences appear in GenBank, strains with only one DNA
locus sequence available were included in the reference set
(Table S1).

DNA extraction, PCR amplification and sequencing:
Fungal DNA was extracted as described by Edel et al. (2001).
Primer pairs described in Table 2 were used to amplify the
nuclear ribosomal internal transcribed spacer (ITS) region,
the large subunit of nuclear-encoded ribosomal DNA
(nrLSU), the translation elongation factor 1-alpha gene (tef-
1a), the largest subunit of RNA polymerase Il (rpb1) and the
second largest subunit of RNA polymerase Il (rpb2). PCR was
performed in 25 pl reaction volumes, with 1 plL of template
DNA, 1 U of Tag DNA polymerase (Invitrogen, Carlsbad,
USA), 2.5 pL of 10X Tag DNA polymerase buffer, 1 uL of 2
mmol/L dNTPs (0.08 mmol/L final; Thermo Fisher Scientific,
Waltham, USA) and 1.5 pL of each 10 umol/L primer (0.6
mmol/L final; Eurogentec, Seraing, Belgium). Amplifications
were performed on a VeritiPro thermocycler (Applied
Biosystems, Waltham, USA) using the following parameters:
a 5 min step at 95 °C, followed by 35 cycles of 1 min at 95 °C,
1 min at the appropriate annealing temperature provided in
Table 2 for each primer pair, 1 min at 72 °C, and a final 10
min extension step at 72 °C. PCR products were sequenced
by Genoscreen (Lille, France) using the same primer set.
Generated sequences were submitted to the NCBI GenBank
database.

Sequence alignment and phylogenetic analyses: The
sequences generated in this study were verified with BioEdit
v. 7.2.5 (Hall 1999). The sequences related to reference
strains were downloaded from the NCBI GenBank database.
In the case of strains for which GenBank provided the whole
genome but lacked the sequences for the specific region
studied, the sequences were extracted from the whole
genome via the MAFFT v. 7 web server, using the sequence
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Table 1. Description of fungal strains studied.

-n
=
(%)

Previous study

. Collection . Sampling Sampling .
Species number Sampling place date method refe'rrmg to the
strain
. LRMH C158, . o Soil
Amphichorda excrementa CBS 150563 Bayol cave (Collias, Occitanie, France) Sep-15 sampling
. . o Ai
Beauveria bassiana LRMH C550 Cap-Blanc shelter (Marquay, Nouvelle-Aquitaine, France) Oct-21 sa::npling -
Beauveria caledonica LRMH €222 La I\{Iogthe cave (Les Eyzies-de-Taillac-Sireuil, Nouvelle- Oct-16 Air . .
Aquitaine, France) sampling
Beauv.erla'namnaoensw/ LRMH C294 Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhéne- Oct-18 Surfac.e .
peruviensis Alpes, France) sampling
Beauveria . LRMH C272 Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhone- May-17 Air . _
pseudobassiana Alpes, France) sampling
LRMH C292  Points Cave (Aiguéze, Occitanie, France) May-17 7
sampling
LRMH C305 Font—de-Gaurr)e cave (Les Eyzies-de-Taillac-Sireuil, Oct-18 Air . _
Nouvelle-Aquitaine, France) sampling
LRMH C324 Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhone- Jan-19 Surfac.e _
Alpes, France) sampling
LRMH C332 Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhone- Jan-19 Surfac.e .
Alpes, France) sampling
LRMH €544 Con’Tba.reIIes cave (Les Eyzies-de-Taillac-Sireuil, Nouvelle- Oct-21 Air . .
Aquitaine, France) sampling
Beauveria varroge LRMH €291 Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhone- May-17 Air . .
Alpes, France) sampling
Il Les Eyzies-de-Taillac-Sireuil, N lle- Ai
Cordyceps fumosorosea  LRMH C136 Com'ba.re es cave (Les Eyzies-de-Taillac-Sireuil, Nouvelle Aug-15 ir ‘ _
Aquitaine, France) sampling
LRMH C181 Chabot cave (Aigueze, Occitanie, France) Jun-16 Air . —
sampling
LRMH C275 Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhone- May-17 Air 4 .
Alpes, France) sampling
LRMH C379 Baume Latrone cave (Sainte-Anastasie, Occitanie, Jul-20 Air . _
France) sampling
Cgrnlculannspora LRMH C342 Cosquer cave (Marseille, Provence-Alpes-Cote d'Azur, Jul-19 Air . _
dimorpha France) sampling
Cornl'cu/anhspora LRMH CO51 Lascaux cave (Montignac-Lascaux, Nouvelle-Aquitaine, Mar-04 Soil _ _
psalliotae France) sampling
Corniculantispora Air
pseudoaranearum sp. LRMH C177 Chabot cave (Aigueze, Occitanie, France) Jun-16 samoling
nov. piing
LRMH C250, Font-de-Gaume cave (Les Eyzies-de-Taillac-Sireuil, Oct-16 Air _
CBS 150564 Nouvelle-Aquitaine, France) sampling
Engyodontium latronense LRMH C469, Baume Latrone cave (Sainte-Anastasie, Occitanie, Jul-21 Air _
sp. nov. CBS 150569 France) sampling
Frescium cyprienense sp. LRMH C122,  Crypt of Saint-Savin-sur-Gartempe Abbey-church Nov-15 Surface (Leplat et al.
nov. CBS 150562 (Nouvelle-Aquitaine, France) sampling 2017)
Frescium savinense sp. LRMH C121,  Crypt of Saint-Savin-sur-Gartempe Abbey-church Nov-15 Surface (Leplat et al.
nov. CBS 150561 (Nouvelle-Aquitaine, France) sampling 2017)
Gamszarea cavernicola LRMH C231 Cap-Blanc shelter (Marquay, Nouvelle-Aquitaine, France) Oct-16 Surfac.e —
sp. nov. sampling
LRMH C246 Pa|r—.no.n—Pa|r cave (Prignac-et-Marcamps, Nouvelle- Oct-16 Air . _
Aquitaine, France sampling
LRMH C326, Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhone- Jan-19 Surface .
CBS 150567 Alpes, France) sampling
Gamszarea microspora LRMH €331 Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhéne- Jan-19 Surfac.e .
Alpes, France) sampling
Lenticillium mouthense  LRMH C311, La Mouthe cave (Les Eyzies-de-Taillac-Sireuil, Nouvelle- Oct-18 Air .
sp. nov. CBS 150566 Aquitaine, France) sampling
Leptobgc:ll/um LRMH C212 Pech Merle cave (Cabrerets, Occitanie, France) Oct-16 Air . (Leplat et al.
cavernicola sampling 2022b)
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Metapochonia
suchlasporia var.
suchlasporia

Metarhizium chabotense
sp. nov.

Parengyodontium album

LRMH C216

LRMH C217

LRMH C248

LRMH C251

LRMH C299,
CBS 149113

LRMH C302
CBS 149234

LRMH C304

LRMH C312

LRMH C313

LRMH C314

LRMH C046

LRMH C277

LRMH C298

LRMH C146

LRMH C192

LRMH C282,
CBS 150565

LRMH C120

LRMH C267

LRMH C268

LRMH C327

LRMH C343

LRMH C345

LRMH C346

LRMH C349

LRMH C350

LRMH C355

LRMH C358

LRMH C451

LRMH C466

LRMH C467

LRMH C468
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Pech Merle cave (Cabrerets, Occitanie, France)

Pair-non-Pair cave (Prignac-et-Marcamps, Nouvelle-
Aquitaine, France)
Pair-non-Pair cave (Prignac-et-Marcamps, Nouvelle-
Aquitaine, France

Font-de-Gaume cave (Les Eyzies-de-Taillac-Sireuil,
Nouvelle-Aquitaine, France)

Pair-non-Pair cave (Prignac-et-Marcamps, Nouvelle-
Aquitaine, France

Pech Merle cave (Cabrerets, Occitanie, France)

Pech Merle cave (Cabrerets, Occitanie, France)

Combarelles cave (Les Eyzies-de-Taillac-Sireuil, Nouvelle-

Aquitaine, France)

Combarelles cave (Les Eyzies-de-Taillac-Sireuil, Nouvelle-

Aquitaine, France)

Combarelles cave (Les Eyzies-de-Taillac-Sireuil, Nouvelle-

Aquitaine, France)

Lascaux cave (Montignac-Lascaux, Nouvelle-Aquitaine,

France)

Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhone-
Alpes, France)
Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhone-
Alpes, France)

Chabot cave (Aigueze, Occitanie, France)
Chabot cave (Aiguéze, Occitanie, France)

Chabot cave (Aiguéze, Occitanie, France)

Crypt of Saint-Savin-sur-Gartempe Abbey-church
(Nouvelle-Aquitaine, France)

Bastia museum (Corse, France)

Bastia museum (Corse, France)

Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhone-
Alpes, France)

Cosquer cave (Marseille, Provence-Alpes-Cote d'Azur,

France)

Cosquer cave (Marseille, Provence-Alpes-Cote d'Azur,

France)

Cosquer cave (Marseille, Provence-Alpes-Cote d'Azur,

France)

Cosquer cave (Marseille, Provence-Alpes-Cote d'Azur,

France)

Cosquer cave (Marseille, Provence-Alpes-Cote d'Azur,

France)

Cosquer cave (Marseille, Provence-Alpes-Cote d'Azur,

France)

Cosquer cave (Marseille, Provence-Alpes-Cote d'Azur,

France)
Points Cave (Aigueze, Occitanie, France)

Baume Latrone cave (Sainte-Anastasie, Occitanie,
France)
Baume Latrone cave (Sainte-Anastasie, Occitanie,
France)
Baume Latrone cave (Sainte-Anastasie, Occitanie,
France)

Oct-16

Oct-16

Oct-16

Oct-16

Oct-18

Oct-18

Oct-18

Oct-18

Oct-18

Oct-18

Mar-04

May-17

Jan-19

Sep-15

Jun-16

May-17

Nov-15

Dec-16

Dec-16

Jan-19

Jul-19

Jul-19

Jul-19

Jul-19

Jul-19

Jul-19

Jul-19

Jul-21

Jul-21

Jul-21

Jul-21

Air
sampling
Air
sampling
Air
sampling
Air
sampling
Surface
sampling
Air
sampling
Air
sampling
Air
sampling
Air
sampling
Air
sampling
Soil
sampling
Air
sampling
Surface
sampling
Soil
sampling
Air
sampling
Air
sampling
Surface
sampling
Surface
sampling
Surface
sampling
Surface
sampling
Air
sampling
Air
sampling
Air
sampling
Air
sampling
Air
sampling
Air
sampling
Air
sampling
Air
sampling
Air
sampling
Air
sampling
Air
sampling

(Leplat et al.
2022b)

(Leplat et al.
2022b)

(Leplat et al.
2022b)

(Leplat et al.
2022b)

(Leplat et al.
2022b)

(Leplat et al.
2022b)

(Leplat et al.
2022b)

(Leplat et al.
2022b)

(Leplat et al.
2022b)

(Leplat et al.
2022b)

(Leplat et al.
2017, 2022a)

(Leplat et al.
2022a)

(Leplat et al.
2022a)

(Leplat et al.
2022a)

(Leplat et al.
2022a)

(Leplat et al.
2022a)

(Leplat et al.
2022a)

(Leplat et al.
2022a)

(Leplat et al.
2022a)

(Leplat et al.
2022a)

(Leplat et al.
2022a)
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LRMH C579 Tapestry pres?rved in the Abbey of La Chaise-Dieu, Jun-22 Surfac.e
Auvergne-Rhéne-Alpes, France sampling
LRMH €581 Tapestry presFrved in the Abbey of La Chaise-Dieu, Jun-22 Surfac-e .
Auvergne-Rhéne-Alpes, France sampling
Parengyodontium torokii LRMH C057 Lascaux cave (Montignac-Lascaux, Nouvelle-Aquitaine, Dec-04 Air . (Leplat et al.
France) sampling 2022a)
LRMH C133 Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhone- Mar-16 Air . (Leplat et al.
Alpes, France) sampling 2022a)
LRMH C243,  Pair sampling-non-Pair sampling cave (Prignac-et- Oct-16 Air (Leplat et al.
CBS 149111 Marcamps, Nouvelle-Aquitaine, France) sampling 2022a)
LRMH C325, Chauvet cave, (Vallon-Pont-d'Arc, Auvergne-Rhéne- Jan-19 Surface (Leplatetal.
CBS 149112 Alpes, France) sampling 2022a)
LRMH C356 Cosquer cave (Marseille, Provence-Alpes-Céte d'Azur, Jul-19 Air . (Leplat et al.
France) sampling 2022a)
LRMH C357 Cosquer cave (Marseille, Provence-Alpes-Cote d'Azur, 1ul-19 Air . (Leplat et al.
France) sampling 2022a)
LRMH C364 Pigeonnier cave (Domme, Nouvelle-Aquitaine, France)  Oct-16 Air . (Leplat et al.
sampling 2022a)
LRMH C450 Points Cave (Aigueze, Occitanie, France) Jul-21 Air . —
sampling
LRMH C627 Flint mines of Spiennes (Mons, Wallonia, Belgium) Jun-22 Air . —
sampling
Purpureocillium LRMH C102 Hypogée des Dunes (Poitiers, Nouvelle-Aquitaine, Mar-13 Surfac.e _
lavendulum France) sampling
Samsoniella cardinalis LRMH C135 Flint mines of Spiennes (Mons, Wallonia, Belgium) Jun-16 ?a::npling —
Samsoniella hepiali LRMH C048 Lascaux cave (Montignac-Lascaux, Nouvelle-Aquitaine, Mar-04 Soil . _
France) sampling
SImp/ICI'//Ium LRMH C568 Sanjt-Joseph Chapel of Ars-sur-Formans (Auvergne- Feb-22 SurfacAe .
aogashimaense Rhone-Alpes, France) sampling
Simplicillium aquitainense LRMH C159 Baume Latrone cave (Sainte-Anastasie, Occitanie, Sep-15 Soil . _
sp. nov. France) sampling
LRMH C300, Pair-non-Pair cave (Prignac-et-Marcamps, Nouvelle- Oct-18 Surface
CBS 150708 Aquitaine, France sampling
Simplicillium . . N .
neosympodiophorum sp. LRMH C195 Baume Latrone cave (Sainte-Anastasie, Occitanie, Jun-16 Air . _
France) sampling
nov.
LRMH C465, Baume Latrone cave (Sainte-Anastasie, Occitanie, Jul-21 Air .
CBS 150568 France) sampling
Simplicillium LRMH C241, L Air (Leplat et al.
pechmerlense CBS 147188 Pech Merle cave (Cabrerets, Occitanie, France) Oct-16 sampling 2021)
Table 2. Primers used to amplify fungal strains in this study.
Target gene Primer Primer DNA sequence Annealing Reference
temperature
ITS ITS1-F CTTGGTCATTTAGAGGAAGTAA 50°C (Gardes & Bruns 1993)
ITS4 TCCTCCGCTTATTGATATGC (White et al. 1990)
LSU LROR GTACCCGCTGAACTTAAGC 56 °C (Vilgalys & Hester 1990)
LR5 ATCCTGAGGGAAACTTC
tef-1a 983F GCYCCYGGHCAYCGTGAYTTYAT 55°C (Rehner & Buckley 2005)
2218R ATGACACCRACRGCRACRGTYTG
rpb1 CRPB1 CCWGGYTTYATCAAGAARGT 55°C (Castlebury et al. 2004)
RPB1Cr CCNGCDATNTCRTTRTCCATRTA (Matheny et al. 2002)
rpb2 fRPB2-5f GAYGAYMGWGATCAYTTYGG 58 °C (Liu et al. 1999)
fRPB2-7cR CCCATRGCTTGYTTRCCCAT
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Museum (2)

Air (53)

Flint mine (2)

Religious monument (7)

Surface (20)

Paleolithic
decorated cave (68)

T

Soil (6)

Type of place sampled

O Sampling type

Fig. 1. Description of the sampling data of the studied strains. The figure depicts the type of place in which the studied strains were isolated
and the sampling method through a network representation. The size of the nodes and that of the vertices is proportional to the number of
relevant fungal strains. The numbers attributed to each node and to each vertex correspond to the number of relevant fungal strains.

of the closest species as a reference (Katoh et al. 2019).
Multiple sequence alignments for each DNA region studied
were performed using the FFT-NS-i alignment strategy from
the MAFFT web server. Uninformative gaps and ambiguous
regions were removed using the Gblocks program v.
0.91.1 implemented in the NGPhylogeny.fr service, with
the program set for a lightly stringent selection (minimum
number of sequences for a conserved position: 50 % of
the sequences + 1; minimum length of a block: 5; allowed
gap position: “with half”; (Talavera & Castresana 2007,
Lemoine et al. 2019). The maximum likelihood (ML) analysis
of concatenated regions was performed using the graphical
interface of RAXML v. 8 set to 1000 thorough bootstrap
iterations, and the GTRGAMMA substitution model
(Stamatakis 2014, Edler et al. 2021). Bayesian inference
(Bl) analysis of concatenated regions was performed using
MrBayes v. 3.2.7a implemented in PhyloSuite v. 1.2.3,
based on a Markov Monte Carlo Chain (MCMC) set to two
simultaneously executed runs for 10 M generations with the
GTRGAMMA substitution model (Ronquist et al. 2012, Xiang
et al. 2023). Trees were sampled every 1000 generations,
with the burn-in fraction set to 25 %. Trees were generated
using MEGA v. 12 (Kumar et al. 2024). Then, generated trees
were edited using Inkscape v. 1.4.2.

All alignments and all trees generated during the study
were deposited in the TreeBASE (Piel et al. 2000), under
submission number 32410.

Morphological study

The macroscopic features, including the size, colour (Ko-
rnerup & Wanscher 1967), morphology and pigment produc-

tion of each of the studied strains, were assessed on MEA
and on potato dextrose agar (PDA; VWR International, Rad-
nor, USA) after a 10 d incubation at 25 °C and 30 °C in the
dark. Microscopic features, including the size and the shape
of conidiogenous cells and conidia, were assessed on MEA
after a 14 d incubation at 25 °C. After treatment with Shear’s
mounting fluid (Crous et al. 2009), observations were per-
formed in differential interference contrast microscopy (DIC)
with an Axio Observer microscope (Zeiss, Oberkochen, Ger-
many). Microscopic features were captured with a C11440-
42U40 camera (Hamamatsu photonics, Hamamatsu City, Ja-
pan) using the ZEN program (Zeiss, Oberkochen, Germany).

RESULTS

Through phylogenetic analysis at the order level, the studied
strains were sorted into the different families belonging
to Hypocreales. Of the 79 strains, one was placed in
Bionectriaceae, 68 in Cordycipitaceae, six in Clavicipitaceae,
one in Ophiocordycipitaceae, and three strains could not be
placed with any certainty into any family (Table 3, Figs 2, S1).

The strain sorted in Bionectriaceae was identified as an
Amphichorda species (Table 3, Figs 2, S2); and more precisely
as A. excrementa (Table 3, Fig. S3).

Phylogenetic analysis in Cordycipitaceae attributed
the studied strains between the Beauveria, Cordyceps,
Corniculantispora, Engyodontium, Gamszarea,
Leptobacillium,  Parengyodontium,  Samsoniella  and
Simplicillium genera (Table 3, Figs 2, S4). This study also
highlighted the need for new combinations with regards
to some previously described species. The highest number
of isolated strains were placed in Parengyodontium (26

189



Hypocreales in a cultural heritage environment

Table 3. Size and composition of the matrix for the different phylogenetic studies.

]

us

Size of the Size DNA .
Number of . Corresponding
Level of the study - cqncatenated regions figure
alignment (bp) (bp)
ITS nrLSU rpb1 rpb2 tef-1a
Hypocreales 363 3268 300 804 547 675 942 Fig. S1
Bionectriaceae 78 3515 431 825 698 754 807 Fig. S2
Amphichorda 20 3971 519 829 682 1024 875 Fig. S3
Cordycipitaceae 146 4038 513 851 681 1032 961 Fig. S4
Beauveria 82 3658 513 784 560 913 888 Fig. S5
Cordyceps 128 3992 538 862 771 956 925 Fig. S6
Corniculantispora 11 4071 540 831 675 1026 957 Fig. 3
Engyodontium 8 3780 543 561 705 1041 930 Fig. 4
Gamszarea 21 4014 546 831 702 1026 909 Fig. 5
Leptobacillium 31 4041 513 834 678 1050 966 Fig. S7
Parengyodontium 35 4065 558 858 684 1005 960 Fig. S8
Samsoniella 84 4089 567 861 717 987 957 Fig. S9
Simplicillium 63 3969 525 816 690 1026 912 Fig. 6
Clavicipitaceae 93 3924 454 830 662 1047 911 Fig. S10
Metapochonia 23 3993 513 828 681 1029 942 Fig. S11
Metarhizium 120 3645 483 816 630 821 894 Fig. 7
Ophiocordycipitaceae 15 3973 554 859 668 969 923 Fig. S12
Purpureocillium 19 4008 528 846 678 1026 930 Fig. S13
gae:’l:'s'es related to Frescium 5, 3614 364 787 681 872 910 Fig. 8
Eg:;:;;;:q'agt::ut: 337 3718 338 800 676 931 918 Fig. 9
N N
™ \ Metarhizium
Simplicillium / 8l
©® \
Samskg)niella N
/ Eea(lﬁ\)/)eria
— Cordyceps
@

Parengyodontium
(26)

Leptobacillium
(1)

Fig. 2. Sorting of the studied strains in families and genera among Hypocreales. The 79 studied strains were depicted in a “PieDonut” chart.
The first level of the chart represents the family level, and the second level represents the genus level. The size of each chart section is

proportional to the number of strains sorted in that specific section.
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strains), while only one strain belonged to Engyodontium.
All the species identified in the genera Beauveria, Cordyceps,
Leptobacillium,  Parengyodontium and  Samsoniella
corresponded to known species, while new species were
described from the strains placed in Corniculantispora,
Engyodontium, Gamszarea and Simplicillium: one new
species was described in each of these genera with the
exception of Simplicillium, in which two new species were
described (Table 3, Figs 3-6, S5-S9). In addition, new
combinations were proposed for three previously described
species: one species was transferred to Engyodontium and
two to Gamszarea.

Among the six strains identified as Clavicipitaceae, three
were placed in Metapochonia and the three others were
placed in Metarhizium (Table 3, Figs 2, S10). The three
Metapochonia strains were identified as M. suchlasporia var.
suchlasporia (Table 3, Fig. S11), while the three Metarhizium
strains were described as the new species M. chabotense
(Table 3, Fig. 7).

Corniculantispora dimorpha LRMH C342
Corniculantispora dimorpha CBS 345.37
Corniculantispora dimorpha CBS 363.86
Corniculantispora aranearum CBS 797.84
Corniculantispora aranearum |IFM 64743

100/1

100/1

751

>
N

Corniculantispora pseudoaranearum LRMH C250

0.050

The strain placed in Ophiocordycipitaceae was identified
as a Purpureocillium species (Table 3, Figs 2, S12); and more
precisely as P. lavendulum (Table 3, Fig. S13).

Among the three strains that could not be allocated to any
family, two were phylogenetically related to each other with
closest correspondences to Clavicipitaceae, Cordycipitaceae,
Hypocreaceae, Nectriaceae,  Ophicordycipitaceae  or
Valsonectriaceae depending on the DNA locus considered
(Table 3, Fig. S1); the third strain was not related to the
two others, and its closest relationships were found

in  Calcarisporiaceae, Clavicipitaceae, Cordycipitaceae,
Hypocreaceae, Nectriaceae, Ophicordycipitaceae,
Polycephalomycetaceae or Pseudodiploosporaceae

depending on the DNA locus considered. Following the study
of these strains in relation to the closest Hypocreales families
determined by the study of single DNA loci, Frescium and
Lenticillium were described as new genera (Table 3, Figs 8,
9).

H Cordyceps tenuipes ARSEF 5135 (outgroup)
x2

=
Corniculantispora pseudoaranearum LRMH C177 Q” 4.?
Corniculantispora psalliotae CBS 532.81
— Corniculantispora psalliotae LRMH C051 .‘
1001 Corniculantispora psalliotae CBS 101270
=
$‘£4." Air sampling

.. Soil sampling

Fig. 3. Phylogenetic studies through maximum likelihood (ML) and Bayesian inference (Bl) among Corniculantispora species. The trees were
rooted with Cordyceps tenuipes ARSEF 5135 (Cordycipitaceae) as an outgroup. Bootstrap values greater than or equal to 70 % and Bayesian
posterior probabilities greater than or equal to 0.70 are located close to the corresponding nodes. The studied strains are displayed in bold
print. The newly described species from studied strains are displayed in bold red print.

100/1|

100/1

100/1

0.050

Engyodontium aranearum CBS 658 80
Engyodontium aranearum CBS 309 85

i

Engyodontium latronense LRMH C469 AVH
Engyodontium huhutii GZUIFR huhu

Engyodontium parvisporum IHEM 22910
Engyodontium rectidentatum CBS 547 82
Engyodontium rectidentatum CBS 641 74

Cordyceps tenuipes ARSEF 5135 (outgroup)

’94'“
L

é&&*,;d Air sampling

Fig. 4. Phylogenetic studies through maximum likelihood (ML) and Bayesian inference (Bl) among Engyodontium species. The trees were
rooted with Cordyceps tenuipes ARSEF 5135 (Cordycipitaceae) as an outgroup. Bootstrap values greater than or equal to 70 % and Bayesian
posterior probabilities greater than or equal to 0.70 are located close to the corresponding nodes. The studied strains are displayed in bold
print. The newly described species from studied strains is displayed in bold red print. The new combination of previously described species

transferred into Engyodontium is displayed in blue print.
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94/1

. 96/1

91/ |

1oo/1| Gamszarea lunata CGMCC 3.19315
Gamszarea lunata LC 12546
100.'1| Gamszarea humicola LC 12462
Gamszarea humicola CGMCC 3.19303
Gamszarea wallacei CBS 101237
11 Gamszarea kalimantanense BTCC-F23

Gamszarea indonesiaca BTCC-F36
Gamszarea gracilis CBS 142821

H Gamszarea gracilis CBS 142816
X2 Gamszarea microspora LC 12531
Gamszarea microspora LRMH C331 =
Gamszarea microspora CGMCC 3.19313 -
Gamszarea cavernicola LRMH C246 Q,&{“ >
Gamszarea cavernicola LRMH C326 # b
7ML Gamszarea cavernicola LRMH C231 =
Gamszarea restricta CBS 143072
e Gamszarea testudinea CGMCC 3.18987
Gamszarea testudinea CGMCC 3.18986
bt Gamszarea americana CA11
8 Gamszarea americana CBS 144514
H Cordyceps tenuipes ARSEF 5135 (outgroup)
x2
5
0.050 Surface sampling

3

_@_wf Air sampling

Fig. 5. Phylogenetic studies through maximum likelihood (ML) and Bayesian inference (Bl) among Gamszarea species. The trees were rooted
with Cordyceps tenuipes ARSEF 5135 (Cordycipitaceae) as an outgroup. Bootstrap values greater than or equal to 70 % and Bayesian posterior
probabilities greater than or equal to 0.70 are located close to the corresponding nodes. The studied strains are displayed in bold print. Newly
described species from studied strains are displayed in bold red print. New combinations of previously described species transferred into

Gamszarea are displayed in blue print.

Taxonomy

The description of some of the following species is currently
based on a single strain and an effort must be made toisolate
further specimens of these species. Although the description
of singleton-based species may not be considered best
practice, it can be considered scientifically acceptable
(Cazabonne et al. 2024).

Corniculantispora pseudoaranearum ). Leplat sp. nov. MB
861445. Fig. 10.

Etymology: The epithet pseudoaranearum refers to the
proximity of the species with C. aranearum.

GenBank: OR264308 (ITS), OR263643 (nrLSU), OR269641
(rpb1), OR291074 (rpb2), OR291112 (tef-1a).

Typus: France, Les Eyzies-de-Taillac-Sireuil, 44°56'05"N,
1°01'44"E, Oct. 2016, isolated from air sampling in Font-de-
Gaume cave, collected and isolated by the microbiologists
of the French Historical Monuments Research Laboratory
(holotype CBS 150564, preserved in a metabolically inactive
state), culture ex-type CBS 150564 = LRMH C250.
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Simplicillium sinense AFMCCC 16a

1001 — || Simplicillium sinense AFMCCC 16b
Simplicillium pseudocercosporicola COAD 3688
1001 — T Simplicillium pseudocercosporicola COAD 3687

95/1

911
Simplicillium subtropicum JCM 39052

Simplicillium subtropicum JCM 18181
Simplicillium larvatum DY101731
Simplicillium larvatum DY 10251
Simplicillium coccinellidae DY101791
Simplicillium coccinellidae DY101792
Simplicillium aogashimaense JCM 18167
Simplicillium aogashimaense LRMH C568
L] Simplicillium aogashimaense JCM 18168
Simplicillium neosympodiophorum LRMH C195
1001l Simplicillium neosympodiophorum LRMH C465

80/1

100/1

Simplicillium yunnanense YFCC 7134
1001l Simplicillium yunnanense YFCC 7133

Simplicillium lamellicola IMI 234410
Simplicillium lamellicola CBS 116.25
Simplicillium calcicola CGMCC 3.17943

931

10011 Simplicillium calcicola CGMCC 3.17944

Simplicillium sympodiophorum JCM 18184
1%' Simplicillium album CGMCC 3.19635
Simplicillium album LC 12543

991 Simplicillium aquitainense LRMH C300
100/1[ Simplicillium aquitainense LRMH C159

Simplicillium niveum BCC 83036

Simplicillium pechmerlense LRMH C241 ol
[ Simplicillium formicidarum DL10042

0.10

7l
I7T
x2

10011l Simplicillium formicidarum DL10041

Cordyceps tenuipes ARSEF 5135 (outgroup)

Surface sampling
Air sampling

Soil sampling

Fig. 6. Phylogenetic studies through maximum likelihood (ML) and Bayesian inference (BI) among Simplicillium species. The trees were rooted
with Cordyceps tenuipes ARSEF 5135 (Cordycipitaceae) as an outgroup. Bootstrap values greater than or equal to 70 % and Bayesian posterior
probabilities greater than or equal to 0.70 are located close to the corresponding nodes. The studied strains are displayed in bold print. Newly

described species from studied strains are displayed in bold red print.

Known distribution:
Occitanie regions.

France, Nouvelle-Aquitaine and

Description: Colonies on MEA reached 54-60 mm diam.
at 25 °C, white to yellowish white, floccose, production of
light yellow diffusive pigment in the agar. Reverse orange.
Colonies reached 50-54 mm diam. at 30 °C. Colonies on PDA
reached 46—49 mm diam. after 10 d at 25 °C, white, floccose,
production of greyish red diffusive pigment in the agar.
Reverse greyish red. Colonies reached 56-58 mm diam. at 30
°C. Hyphae septate, smooth walled, hyaline. Conidiogenous
cells arising laterally from prostrate hyphae, mainly solitary,
flask shaped, tapering into a thread-like neck, 5.5-8.1 x 1.3—
1.6 um. Conidia aseptate, hyaline, smooth walled, solitary,
ellipsoidal and apiculate, 3.8-4.9 x 1.7-2.8 um.

Notes: The morphologic features expressed by C.
pseudoaraneaeum are close to those expressed by C.
aranearum (Zare & Gams 2001). The optimal growth
temperature of C. pseudoaraneaeum seems to be higher
than that observed for C. aranearum, since Zare &
Gams (2001) found an optimal growth at 24-27 °C for

L. aphanocldii, with no growth at 33 °C, while the growth

rate of C. pseudoaraneaeum was higher at 30 °C than at
25 °C. The shape and size of phialides were similar in the
two species, but neither the phialides arranged in pairs nor

the verticillate phialides observed in C. aranearum were
noted in C. pseudoaraneaeum. The shape of conidia is
also similar in the two species, but conidia produced by C.
pseudoaraneaeum seems to be slightly larger than the ones
produced by C. aranearum. Finally, phylogenetic features
clearly distinguished the two species. Corniculantispora

pseudoaranearum and C. aranearum formed two sister

clades, which were supported in 100 % of the bootstraps
and with a posterior probability of 1.00, and in 99 % of the
bootstraps with a posterior probability of 1.00 respectively
(Fig. 3). These two different clades are the result of twenty-
two different base pairs when considering the concatenation
of ITS, nrLSU, rpb1, rpb2 and tef-1a sequences.

Other strains examined: France, LRMH C177, Aigueze
44°19'22"N, 4°32'28"E, Jun. 2016, isolated from air sampling
in Chabot cave, collected and isolated by the microbiologists
of the French Historical Monuments Research Laboratory.

193



FUS

Hypocreales in a cultural heritage environment

Engyodontium huhutii J. Leplat, sp. nov. MB 849570.
[previously published as: Lecanicillium huhutii X. Zou & Y.M.
Zhou, Frontiers in Microbiology 13 (no. 859886): 4. 2022,
nom. inval. Art. 40.8 (Shenzhen)]

Typus: China, Guizhou Province: Guiyang City, Huaxi park,
5 Oct. 2013, X. Zou & Y.M. Zhou (holotype GZUIFRhuhu,
preserved in a metabolically inactive state).

Description and illustration: See Zhou et al. (2022).

Known distribution: China. Guizhou Province: Guiyang City,
Huaxi Park.

Notes: This species was first described as Lecanicillium
huhutii. This species was considered as invalid according to
Art. 40.8 (Shenzen) because the original description of the
species omitted to mention that the reference culture is
preserved in a metabolically inactive state. This statement
has been corrected in the description of E. huhutii.

The authors chose to not place the species in
Engyodontium because the latter only contained one
recognized species and because the morphological features
of the new species did not correspond to Engyodontium
(Zhou et al. 2022). The phylogenetic study performed in the
present study clearly placed this species in Engyodontium
(Figs 4, S4), which is monophyletic, while Lecanicillium was
considered to be polyphyletic (Sung et al. 2007, Kepler et
al. 2017), leading to the description of several new genera
including Corniculantispora, Corpulentispora, Zarea and
Zouia (Khonsanit et al. 2024). The placement of E. huhutii is
supported in 100 % of the bootstraps and with a posterior
probability of 1.00. In addition, the microscopic pictures
provided by Zhou et al. (2022) showed the production
of denticulate conidiogenous cells by E. huhutii; this is a
distinctive feature of Engyodontium. Khonsanit et al. (2024)
already considered L. huhutii as an Engyodontium species,
but without formally transferring this species into the genus.
We consider that the phylogenetic and morphologic features
are relevant enough to justify transferring this species to
Engyodontium.

Engyodontium latronense J. Leplat, sp. nov. MB 850837. Fig.
11.

Etymology: The epithet latronense refers to the name of the
cave from which the type strain was isolated, i.e. Baume
Latrone cave.

GenBank: OR264331 (ITS), OR263662 (nrLSU), OR269660
(rpb1), OR291093 (rpb2), OR291131 (tef-1a).

Typus: France, Sainte-Anastasie, 43°55'49"N, 4°20'04"E, Jul.
2021, isolated from air sampling in the Baume Latrone cave,
collected and isolated by the microbiologists of the French
Historical Monuments Research Laboratory (holotype CBS
150569, preserved in a metabolically inactive state), culture
ex-type CBS 150569 = LRMH C469.

Known distribution: France, Occitanie region.

Description: Colonies on MEA reached 20-23 mm diam. at
25 °C, white, velutinous, radially striate. Reverse brownish

orange. No growth at 30 °C. Colonies on PDA reached 20-
24 mm diam. after 10 d at 25 °C, white, velutinous, radially
striate. Reverse light yellow. No growth at 30 °C. Hyphae
septate, smooth walled, hyaline. Conidiogenous cells arising
laterally or terminally from prostrate hyphae, solitary or in
whorls of 2-3, straight or slightly curved, tapering to the
apex, polyblastic, bearing thin, perpendicular denticles
scattered along the upper half, 11-31 x 1.1-1.3 um. Conidia
aseptate, hyaline, smooth-walled, ellipsoidal to cylindrical
with a rounded end, 2.8-6.0 x 1.4-1.8 um.

Notes: Engyodontium parvisporum and E. huhutii are
phylogenetically the closest species to E. latronense (Fig.
4). Engyodontium latronense can be distinguished from
these two species by its production of larger conidiogenous
cells and larger conidia (de Hoog 1978, Zhou et al. 2022).
The two former species do not seem to produce the
large cylindrical conidia recovered in E. latronense. The
microscopic features of E. latronense seem closer to those
expressed by E. recidentatum, which vary according to
the strain examined (Gams et al. 1984). The perpendicular
denticles and the size of conidia expressed by E. latronense
correspond to those expressed by some E. rectidentatum
strains, and in particular E. recidentatum CBS 641.74. This
strain was used as a reference in this study and was found to
be phylogenetically different from E. latronense. These two
species are differentiated by twenty base pairs concerning
only ITS, nrLSU and tef-1a regions since no sequence is
available for rpb1 and rpb2 regions for E. recidentatum CBS
641.74.

Frescium J. Leplat, gen. nov. MB 850838.

Etymology: The name of the genus refers to the support
from which the two species of this new genus were isolated,
i.e. a fresco in the crypt of Saint-Savin-sur-Gartempe Abbey
church.

Description: Hyphae septate, smooth-walled, hyaline.
Conidiogenous cells arising laterally or terminally from
prostrate hyphae, solitary or in whorls of 2-3, straight,
monoblastic or polyblastic. Conidia aseptate, hyaline,
smooth-walled, cylindrical to ellipsoidal.

Type species: Frescium savinense J. Leplat

Notes: This genus was established to accommodate two
unknown species recovered from the Saint-Savin crypt fresco
in a previous study (Leplat et al. 2017). These two species
were phylogenetically related (Figs 8, S1), but clearly distinct
for both molecular and morphological features. The genus
clearly belongs to Hypocreales but cannot be easily placed in
any known family, with the closest correspondences being
found in Clavicipitaceae, Cordycipitaceae, Hypocreaceae,
Nectriaceae, Ophicordycipitaceae or Valsonectriaceae
depending on the DNA locus considered. Neobaryopsis,
currently composed of the single species N. andesis, is the
closest from Frescium phylogenetically (Fig. 8). The two
genera are relatively distant since they are differentiated
by 50 bp when considering only ITS and nrLSU regions, no
sequence being available for rpb1, rpb2 and tef-1a regions
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Fig. 7. Phylogenetic studies through maximum likelihood (ML) and Bayesian inference (BI) among Metarhizium species. The trees were rooted
with Torrubiella ratticaudata ARSEF 1915 (Clavicipitaceae) as an outgroup. Bootstrap values greater than or equal to 70 % and Bayesian
posterior probabilities greater than or equal to 0.70 are located close to the corresponding nodes. The newly described species from studied
strains are displayed in bold red print.
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Fig. 8. Phylogenetic studies through maximum likelihood (ML) and Bayesian inference (Bl) of the strains LRMH C121 and LRMH C122
among the closest Hypocreales families determined by the study of single DNA loci. The trees were rooted with Cephalotrichum gorgonifer
(Microascales; accession number ONZQO0000000) as an outgroup. Bootstrap values greater than or equal to 70 % and Bayesian posterior
probabilities greater than or equal to 0.70 are located close to the corresponding nodes. Newly described species from studied strains are
displayed in bold red print.
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Fig. 9. Phylogenetic studies through maximum likelihood (ML) and Bayesian inference (Bl) of the strain LRMH C311 among the closest
Hypocreales families determined by the study of single DNA loci. The trees were rooted with Cephalotrichum gorgonifer (Microascales;
accession number ONZQO0000000) as an outgroup. Bootstrap values greater than or equal to 70 % and Bayesian posterior probabilities

greater than or equal to 0.70 are located close to the corresponding nodes. The newly described species from studied strains is displayed in
bold red print.
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Fig. 10. Morphological features of Corniculantispora pseudoaranearum. A, B. Upper views of the culture on MEA and PDA (10 d at 25 °C). C,
D. Reverse views of the culture on MEA and PDA (10 d at 25 °C). E, F. Conidiogenous cells and conidia. Scale bars: E-=F = 10 um.
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Fig. 11. Morphological features of Engyodontium latronense. A, B. Upper views of the culture on MEA and PDA (10 d at 25 °C). C, D. Reverse
views of the culture on MEA and PDA (10 d at 25 °C). E-G. Conidiogenous cells and conidia. The pictures display the typical conidial growth
from perpendicular denticles on conidiogenous cells and the various shapes of conidia. Scale bars: E-G = 10 um.
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of N. andesis. Frescium includes species with conidiogenous
cells of different shapes, since monoblastic and polyblastic
cells were observed. This kind of polyblastic cell has already
been observed in several Hypocreales families, such as
Calacarisporiaceae or in Cordycipitaceae (Sun et al. 2017,
Araujo et al. 2022, Colman et al. 2025).

Frescium cyprienense ). Leplat, sp. nov. MB 850839. Fig. 12.

Etymology: The epithet cyprienense refers to the name of
the mural painting from which the species was isolated, i.e.
“The martyr of Saint-Savin and Saint-Cyprien”.

GenBank: KX821730 (ITS), OR263630 (nrLSU), OR269628
(rpb1), OR291062 (rpb2), OR291101 (tef-1a).

Typus: France, Saint-Savin-sur-Gartempe 46°34'01"N,
0°51'52"E, Nov. 2015, isolated from a surface sampling on
the wall paintings of the Saint-Savin-sur-Gartempe Abbey
church crypt, collected and isolated by the microbiologists
of the French Historical Monuments Research Laboratory
(holotype CBS 150562, preserved in a metabolically inactive
state), culture ex-type CBS 150562 = LRMH C122.

Known distribution: France, Nouvelle-Aquitaine region.

Description: Colonies on MEA reached 17-20 mm diam. at 25
°C, white, velutinous, radially striate. Reverse light orange.
Traces of growth after 10 d at 30 °C. Colonies on PDA reached
15-18 mm diam. at 25 °C, white, velutinous. Reverse white.
Traces of growth at 30 °C. Hyphae septate, smooth-walled,
hyaline. Conidiogenous cells arising laterally or terminally
from prostrate hyphae, mainly solitary, or in whorls of 2-3,
straight, gradually tapering to the apex, 15.2-20.4 x 1-1.5
um. Conidia aseptate, hyaline, smooth walled, solitary,
cylindrical, ellipsoidal or fusiform 2.5-5 x 1.2—1.6 um.

Notes: The genus Frescium was described to accommodate
two phylogenetically related but distinct species (Figs 8, S1).
Frescium cyprienense can be distinguished from F. savinense
by a slower growth rate on PDA at 25 °C and a growth limited
to just traces of growth on PDA at 30 °C, while substantial
growth was noted in F. savinense. In addition, conidiogenous
cells produced by F. cyprienense are longer than those
produced by F. savinense. The conidiogenous cell produced
by F. cyprienense are monoblastic, while F. savinense
produced polyblastic conidiogenous cells. The two species are
relatively distant phylogenetically since 235 bp differentiate
this two species when considering the concatenation of ITS,
nrLSU, rpb1, rpb2 and tef-1a sequences.

Frescium savinense J. Leplat, sp. nov. MB850840. Fig. 13.
Etymology: The epithet savinense refers to the name of the
mural painting from which the species was isolated, i.e. “The

martyr of Saint-Savin and Saint-Cyprien”.

GenBank: KX821729 (ITS), OR263629 (nrLSU), OR269627
(rpb1), OR291061 (rpb2), OR291100 (tef-1a).

Typus: France, Saint-Savin-sur-Gartempe 46°34'01"N,
0°51'52"E, Nov. 2015, isolated from a surface sampling on

the wall paintings of the Saint-Savin-sur-Gartempe Abbey
church crypt, collected and isolated by the microbiologists
of the French Historical Monuments Research Laboratory
(holotype CBS 150561, preserved in a metabolically inactive
state), culture ex-type CBS 150561 = LRMH C121.

Known distribution: France, Nouvelle-Aquitaine region.

Description: Colonies on MEA reached 18-20 mm diam. at
25 °C, white, velutinous, slightly radially striate. Reverse
orange. No growth at 30 °C. Colonies on PDA reached
21-22(-28) mm diam. at 25 °C, white to yellowish white,
velutinous. Reverse light yellow. Colonies reached 12-15
mm diam. at 30 °C. Hyphae septate, smooth-walled, hyaline.
Conidiogenous cells arising laterally or terminally from
prostrate hyphae, solitary or in whorls of 2-3, straight,
polyblastic, 6.8—14 x 0.8—1.2 um. Conidia aseptate, hyaline,
smooth walled, cylindrical to ellipsoidal 3—4 x 1-1.4 um.

Notes: The genus Frescium was described to accommodate
two phylogenetically related but distinct species (Figs 8, S1).
Frescium savinense can be distinguished from F. cyprienense
by a faster growth rate on PDA at 25 °C and by a substantial
growth on PDA at 30 °C, while only traces of growth were
noted in F. cyprienense. In addition, conidiogenous cells
produced by F. savinense are smaller than those produced
by F. cyprienense. The conidiogenous cells produced by F.
savinense are polyblastic, while F. cyprienense produced
monoblastic conidiogenous cells. The two species are
relatively distant phylogenetically since 235 bp differentiate
the two species when considering the concatenation of ITS,
nrLSU, rpb1, rpb2 and tef-1a sequences.

Gamszarea americana (M.M. Teixeira et al.) J. Leplat, comb.
nov. MB 849571.

Basionym: Parengyodontium americanum M.M. Teixeira et
al., Fungal Genetics and Biology 138: 8. 2020.

Typus: USA, Arizona, patient with pulmonary infection,
initially diagnosed with coccidioidomycosis, M. Teixeira
et al., holotype CBS 144514 (preserved in a metabolically
inactive state).

Description and illustration: See Teixeira et al. (2020).
Known distribution: United States of America.

Notes: Gamszarea americana was first described as a
Parengyodontium species despite the authors having noted
that the microscopic features of this species correspond
more to Lecanicillium (Teixeira et al. 2020). More specifically,
the species does not display the typical zigzag shape of
the phialides neck observed in other Parengyodontium
species. The verticillate conidiophores bear phialides that
are solitary or in whorls of two, which corresponds to
Gamszarea features. The phylogenetic studies confirmed
the place of G. americana, which is placed on a clade among
Gamszarea species supported by 100 % of bootstraps and
with a posterior probability of 1.00 (Fig. S4). The closest
species from Gamszarea americana is G. testudinea. The
clade composed of these two species is supported by 100
% of bootstraps and with a posterior probability of 1.00
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(Fig. 5). The microscopic features of these two species seem
close, expressing conidiophores with irregular branches
bearing solitary phialides or in whorls of 2—-4 (Crous et al.
2018, Teixeira et al. 2020). However, the production of
macroconidia was noted in G. testudinea and not in G.
americana.

Gamszarea cavernicola ). Leplat, sp. nov. MB 850841. Fig.
14.

Etymology: The epithet cavernicola refers to the environment
where the three strains of this species were recovered, i.e. a
Paleolithic decorated cave.

GenBank: OR264321 (ITS), OR263656 (nrLSU), OR269654
(rpb1), OR291087 (rpb2), OR291125 (tef-1a).

Typus: France, Vallon-Pont-d’Arc, 44°23'17"N, 4°24'58"E,
Jan. 2019, isolated from surface sampling on the wall of
Chauvet cave, collected and isolated by the microbiologists
of the French Historical Monuments Research Laboratory
(holotype CBS 150567, preserved in a metabolically inactive
state), culture ex-type CBS 150567 = LRMH C326.

Known distribution: France, Auvergne-Rhéne-Alpes and
Nouvelle-Aquitaine regions.

Description: Colonies on MEA reached 29-34 mm diam. at
25 °C, white, velutinous, radially striate. Reverse brownish
orange. Colonies reached 4—-6 mm diam. at 30 °C. Colonies
on PDA reached 28—-33 mm diam. at 25 °C, white, velutinous,
radially striate. Reverse light yellow to greyish yellow.
Colonies reached 13—17 mm diam. at 30 °C. Hyphae septate,
smooth-walled, hyaline. Conidiophores arising laterally from
prostrate hyphae. Conidiogenous cells arising were solitary
or in whorls of 2, straight or slightly curved, tapering to the
apex, 15-23 x 0.9-1.5 um. Conidia aggregated in slimy heads,
aseptate, hyaline, smooth-walled, dimorphic, microconidia
ellipsoidal to fusiform, sometimes curved, 2.6-3.0 x 1.2-1.8
um, macroconidia fusiform, sometimes asymmetrically
curved, 4.0-5.9 x 0.9-1.4 um.

Notes: Gamszarea microspora and G. gracilis are the closest
species to G. cavernicola based both on phylogenetic
and morphologic features. The clade composed of these
three species is supported by 91 % of bootstraps and with
a posterior probability of 1.00 (Fig. 5). The three species
have also very similar microscopic characteristics, making it
difficult to make a distinction between them based on these
characteristics. In addition, the three species were isolated
from comparable supports: the types of G. cavernicola and
G. microspora were isolated through surface samplings
on the rock of a cave, and G. gracilis was isolated through
surface sampling on limestone in a church (Ponizovskaya
et al. 2020, Zhang et al. 2020). These three species can be
differentiated based on phylogenetic features. Gamszarea
microspora strains are gathered on a clade supported in 99
% of the bootstraps and with a posterior probability of 1.00
(Fig. 5). Fifty-four bp differentiate G. cavernicola from G.
microspora clade when considering ITS, nrLSU, rpb2 and tef-
la sequences, no sequence being available for G. microspora
rpb1 region. Only ITS and tef-1a sequences are available for

G. gracilis, resulting in eleven different base pairs from G.
cavernicola.

Other strains examined: France, LRMH C231, Marquay
44°56'44"N, 1°05'49"E, Oct. 2016, isolated from surface
sampling in Cap Blanc shelter, collected and isolated by the
microbiologists of the French Historical Monuments Research
Laboratory; LRMH C246, Prignac-et-Marcamps 45°02'20"N,
0°30°06"0, Oct. 2016, isolated from air sampling in Pair-non-
Pair cave, collected and isolated by the microbiologists of
the French Historical Monuments Research Laboratory.

Gamszarea gracilis (Ponizovskaya et al.) J. Leplat, comb.
nov. MB 849572.

Basionym: Lecanicillium gracile Ponizovskaya
Phytotaxa 443: 268. 2020.

et al,

Typus: Russia, Vladimir region, Kideksha village, Church of
Boris and Gleb (XII century), wall area with high moisture
content and precipitation of salts at the surface, loose
limestone, 13 Jun. 2013, V.B. Ponizovskaya & N.L. Rebrikova
(holotype CBS H-23932, ex-type culture CBS 142821).

Description and illustration: See Ponizovskaya et al. (2020).

Known distribution: Russia, Vladimir region: Kideksha village,
Church of Boris and Gleb (XII century).

Notes: Gamszarea gracilis was first described as a
Lecanicillium species, like many other species in the
Gamszarea (Zhang et al. 2020). The microscopic features of
G. gracilis correspond to those observed in Gamszarea, i.e.
phialides that are solitary or in whorls, and produce both
microconidia and macroconidia in heads (Ponizovskaya et
al. 2020). The phylogenetic studies confirmed the place of
G. gracilis, which is placed on a clade among Gamszarea
species supported by 99 % of bootstraps and with a posterior
probability of 1.00 (Fig. S4). Gamszarea microspora and G.
cavernicola are the closest species to G. gracilis. The clade
composed of these three species is supported by 91 % of
bootstraps and with a posterior probability of one (Fig. 5).
The three species seem to have very similar morphological
features, making it difficult to differentiate between them
based on these characteristics. In addition, the three species
were isolated from comparable supports: type specimens
were isolated through surface sampling on limestone in
a church or on the rock of caves. Several authors already
proposed L. gracile as a Gamszarea species (Zhou et al. 2022,
Khonsanit et al. 2024), but without formally transferring this
species into the genus. We consider that phylogenetic and
morphologic features are relevant enough to justify moving
this species to Gamszarea genus.

Lenticillium J. Leplat, gen. nov. MB 850843.

Etymology: The name of the genus refers to the slow growth
rate of the type species, “lent” meaning “slow” in French.

Description: Hyphae septate, smooth-walled, hyaline.
Conidiogenous cells arising laterally from prostrate hyphae,
solitary, occasionally in whorls of 2, straight. Conidia
aseptate, hyaline, smooth walled, cylindrical, ellipsoidal or
fusiform.
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Fig. 12. Morphological features of Frescium cyprienense. A, B. Upper views of the culture on MEA and PDA (10 d at 25 °C). C, D. Reverse views
of the culture on MEA and PDA (10 d at 25 °C). E, F. Conidiogenous cells and conidia of various shapes. Scale bars: E—=F = 10 um.
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Fig. 13. Morphological features of Frescium savinense. A, B. Upper views of the culture on MEA and PDA (10 d at 25 °C). C, D. Reverse views
of the culture on MEA and PDA (10 d at 25 °C). E, F. Polyblastic conidiogenous cells and conidia. Scale bars: E—=F = 10 um.
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Fig. 14. Morphological features of Gamszarea cavernicola. A, B. Upper views of the culture on MEA and PDA (10 d at 25 °C). C, D. Reverse

views of the culture on MEA and PDA (10 d at 25 °C). E, F. Conidiogenous cells and conidia aggregated in slimy heads. G. Macroconidia and
microconidia. Scale bars: E-G = 10 um.
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Type species: Lenticillium mouthense J. Leplat

Notes: Lenticillium clearly belongs to Hypocreales but
cannot be easily placed in any known family, with the
closest correspondences being found in Calcarisporiaceae,
Clavicipitaceae, Cordycipitaceae, Hypocreaceae,
Nectriaceae, Ophicordycipitaceae, Polycephalomycetaceae
or Pseudodiploosporaceae depending on the DNA locus
considered (Figs 9, S1). The phylogenetically closest genera
are Hypocreopsis and Mycophilomyces, represented by the
single species M. periconiae. The comparison with Lenticillium
was only based on ITS sequences for Hypocreopsis and on
ITS and nrLSU sequences for Mycophilomyces resulting in 18
and 38 different bp respectively.

Lenticillium mouthense ). Leplat, sp. nov. MB 850848. Fig. 15.

Etymology: The epithet mouthense refers to the name of
the cave from which the species was isolated, i.e. La Mouthe
cave.

GenBank: OR264319 (ITS), OR263654 (nrLSU), OR269652
(rpb1), OR291085 (rpb2), OR291123 (tef-1a).

Typus: France, Les Eyzies-de-Taillac-Sireuil, 44°55'29"N,
1°01'14"E, Oct. 2018, isolated from air sampling in La
Mouthe cave, collected and isolated by the microbiologists
of the French Historical Monuments Research Laboratory
(holotype CBS 150566, preserved in a metabolically inactive
state), culture ex-type CBS 150566 = LRMH C311.

Known distribution: France, Nouvelle-Aquitaine region.

Description: Colonies on MEA reached 16—19 mm diam. at
25 °C, white, velutinous, slightly radially striate. Reverse
brownish orange to light brown. No growth at 30 °C. Colonies
on PDA reached 18-20 mm diam. at 25 °C, white, velutinous.
Reverse white to light yellow. No growth at 30 °C. Hyphae
septate, smooth-walled, hyaline. Conidiogenous cells arising
laterally from prostrate hyphae, mostly solitary, occasionally
in whorls of 2, straight, 9.5-12.5 x 1.5-1.6 um. Conidia
aseptate, hyaline, smooth-walled, cylindrical, ellipsoidal or
fusiform, 1.9-5.2 x 1.6—2.0 um.

Note: See the description of Lenticillium.
Metarhizium chabotense ). Leplat, sp. nov. MB 850849. Fig. 16.

Etymology: The epithet chabotense refers to the name of
the cave from which the three specimens of the species
were isolated, i.e. Chabot cave.

GenBank: OR264312 (ITS), OR263647 (nrLSU), OR269645
(rpb1), OR291078 (rpb2), OR291116 (tef-1a).

Typus: France, Aigueze 44°19'22"N, 4°32'28"E, May 2017,
isolated from air sampling in Chabot cave, collected and
isolated by the microbiologists of the French Historical
Monuments Research Laboratory (holotype CBS 150565,
preserved in a metabolically inactive state), culture ex-type
CBS 150565 = LRMH C282.

Known distribution: France, Occitanie region.

Description: Colonies on MEA reached 40-42 mm diam.
at 25 °C, white to pale yellow dotted with olive, floccose.
Reverse brownish orange to light brown. Colonies reached
40-42 mm diam. at 30 °C. Colonies on PDA reached 32-35
mm diam. at 25 °C, greyish yellow dotted with olive, velvety
to floccose. Reverse brownish orange to light brown.
Colonies reached 41-45 mm diam. at 30 °C. Hyphae septate,
hyaline and smooth walled. Conidiogenous cells arranged
in candelabrum-like dense whorls of branches, cylindrical,
sometimes with an expanded median part, 9.8-13 x 1.7-3.8
pUm, tapering into a short neck. Conidia arranged in long
chains, cylindrical, one celled, 6.2-7.8 x 2.2-2.5 um.

Notes: Metarhizium chabotense seems to be very close
to M. brunneum, in both morphological and molecular
terms. Incidentally, it is practically impossible to distinguish
between the members of the M. anisopliae complex
based on microscopic features alone (Bischoff et al. 2009).
The particular shape of some conidiogenous cells of M.
chabotense, namely with an expanding medium part, does
not seem to have been described in M. brunneum. The
phylogenetic study supports the distinction between the
two species. Metarhizium chabotense strains form a clade
distinct from M. brunneum clade (Fig. 7). The M. chabotense
clade is supported in 100 % of the bootstraps and with a
posterior probability of 1.00. Metarhizium chabotense and
M. brunneum clades are the result of eighteen different base
pairs when considering the concatenation of ITS, nrLSU,
rpb1, rpb2 and tef-1a sequences.

Other strains examined: France, LRMH C146, Aigueze
44°19'22"N, 4°32'28"E, Sep. 2015, isolated from soil sampling
in Chabot cave, collected and isolated by the microbiologists
of the French Historical Monuments Research Laboratory;
LRMH C192, Aiguéze 44°19'22"N, 4°32'28"E, Jun. 2016,
isolated from air sampling in Chabot cave, collected and
isolated by the microbiologists of the French Historical
Monuments Research Laboratory.

Simplicillium aquitainense ). Leplat, sp. nov. MB 850850.
Fig. 17.

Etymology: The epithet aquitainense refers to the name of
the region where the holotype of the species was isolated,
i.e. Nouvelle-Aquitaine region.

GenBank: OR264317 (ITS), OR263652 (nrLSU), OR269650
(rpb1), OR291083 (rpb2), OR291121 (tef-1a).

Typus: France, Prignac-et-Marcamps,  45°02'20"N,
0°30°06"0, Oct. 2018, isolated from surface sampling in Pair-
non-Pair cave, collected and isolated by the microbiologists
of the French Historical Monuments Research Laboratory
(holotype CBS 150708, preserved in a metabolically inactive
state), culture ex-type CBS 150708 = LRMH C300.

Known  distribution: and
Occitanie regions.

France, Nouvelle-Aquitaine
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Fig. 15. Morphological features of Lenticillium mouthense. A, B. Upper views of the culture on MEA and PDA (10 d at 25 °C). C, D. Reverse
views of the culture on MEA and PDA (10 d at 25 °C). E-H. Conidiogenous cells and conidia. Scale bars: E-H = 10 um.
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Fig. 16. Morphological features of Metarhizium chabotense. A, B. Upper views of the culture on MEA and PDA (10 d at 25 °C). C, D. Reverse
views of the culture on MEA and PDA (10 d at 25 °C). E. Conidiogenous cells arranged in a candelabrum-like manner. F. Conidia. arranged in
chains. Scale bars: E-=F = 10 um.




Hypocreales in a cultural heritage environment

Fig. 17. Morphological features of Simplicillium aquitainense. A, B. Upper views of the culture on MEA and PDA (10 d at 25 °C). C, D. Reverse
views of the culture on MEA and PDA (10 d at 25 °C). E. Conidiogenous cells arising laterally on prostrate hyphae. F. Fusiform macroconidia
and microconidia of various shapes. Scale bars: E-F = 10 um.
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Fig. 18. Morphological features of Simplicillium neosympodiophorum. A, B. Upper views of the culture on MEA and PDA (10 d at 25 °C). C, D.

Reverse views of the culture on MEA and PDA (10 d at 25 °C). E, F. Conidiogenous cells and conidia. The picture displays the typical zigzag-
shaped portion of the conidiogenous cells. Scale bars: E—=F = 10 um.
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and Collembolla arthropod orders. The size of the node for each species is proportional to the number of orders known to be hosts for this
species (a) or to the number of strains identified in this species (b). Numbers greater than one are noted close to the species name and to
the order name. The size of the node for each arthropod order is proportional to the number of fungal species known to be parasites for this

order (a) or to the number of isolated strains known to be parasites for this order (b). This number is not noted close to the species name and
to the order name when it is greater than one.
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Description: Colonies on MEA reached 22-27 mm diam. at 25
°C, white to light yellow in the centre, velutinous to floccose,
small amount of light yellow exudate sometimes present.
Reverse brownish orange to light brown. Usually no growth
at 30 °C. Colonies on PDA reached 23-29 mm diam. after 10
d at 25 °C, white, velutinous to floccose. Reverse white to
light yellow. Usually no growth at 30 °C, but very small traces
of growth are sometimes visible. Hyphae septate, smooth
walled, hyaline. Conidiogenous cells arising laterally from
prostrate hyphae, mostly solitary, occasionally in whorls of
two, straight, tapering to the apex, 11.9-30.1 x 1.3-1.5 um.
Conidia aseptate, hyaline, smooth walled, variable in size
and shape, microconidia subglobose, ellipsoidal, cylindrical
or fusiform, 2.0-4.6 x 1.2-2.3 um, macroconidia fusiform,
straight to slightly curved, 7.9-10.8 x 1.4-1.6 um. Octahedral
crystals absent.

Notes:  Simplicillium  aquitainense  produces both
microconidia and macroconidia as observed in S. album, S.
calcicola, S. lamellicola and S. pechmerlense. Interestingly,
S. album, S. calcicola and S. pechmerlense were all first
isolated from the same environment as S. aquitainense,
i.e. karst caves, suggesting the generally high occurrence of
the genus Simplicillium in such environments, and maybe
more specifically that of Simplicillum species producing both
microconidia and macroconidia. Simplicillium lamellicola is
distinguished from the other species by the production of
octahedral crystals. Simplicillium aquitainense has a slower
growth rate than S. calcicola and has larger macroconidia
than S. pechmerlense. In comparison, the morphological
distinction between S. aquitainse and S. album seems much
more difficult despite the clear phylogenetic distinction,
but the macroconidia produced by S. aquitainense do seem
thinner than those produced by S. album (Zhang et al.
2020). Simplicillium album and S. aquitainense formed two
sister clades, which both were supported in 100 % of the
bootstraps and with a posterior probability of 1.00 (Fig. 6).
These two different clades are the result of 66 different bp
when considering the concatenation of ITS, nrLSU and tef-1a
sequences, no sequence being available for S. album rpb1
and rpb2 regions.

Other strains examined: France, LRMH C159, Sainte-
Anastasie, 43°55'49"N, 4°20°'04"E, Sep. 2015, isolated from
soil sampling in Baume Latrone Cave, collected and isolated
by the microbiologists of the French Historical Monuments
Research Laboratory.

Simplicillium neosympodiophorum ). Leplat, sp. nov. MB
850851. Fig. 18.

Etymology: The epithet neosympodiophorum refers to the
sympodial production of microconidia by conidiogenous cells
in this species. This species is only the second in Simplicillium
after S. sympodiophorum to express such sympodial growth.

GenBank: OR264327 (ITS), OR263661 (nrLSU), OR269659
(rpb1), OR291092 (rpb2), OR291130 (tef-1a).

Typus: France, Sainte-Anastasie, 43°55'49"N, 4°20°04"E, Jul.
2021, isolated from air sampling in Baume Latrone cave,
collected and isolated by the microbiologists of the French

Historical Monuments Research Laboratory (holotype CBS
150568, preserved in a metabolically inactive state), culture
ex-type CBS 150568 = LRMH C465.

Known distribution: France, Occitanie region.

Description: Colonies on MEA reached 22—-26 mm diam. at
25 °C, white, velutinous to floccose, radially striate. Reverse
light orange to deep orange. Colonies reached 5-8 mm
diam. at 30 °C. Colonies on PDA reached 18-20 mm diam. at
25 °C, white, velutinous to floccose, radially striate. Reverse
white to light brown. Colonies reached 10-13 mm diam. 30
°C. Hyphae septate, smooth walled, hyaline. Conidiogenous
cells arising laterally from prostrate hyphae, mostly solitary,
tapering to the apex, terminating in a fertile zigzag-shaped
portion bearing microconidia on denticles, 17.1-20.9 x
1.0-1.5 um. Conidia aseptate, hyaline, smooth-walled,
subglobose to ellipsoidal, 2.0-2.9 x 1.5-1.7 um. Octahedral
crystals absent.

Notes: Simplicillium neosympodiophorum is the second
species after S. sympodiophorum to express a sympodial
growth of microconidia in the genus Simplicillium.
Simplicillium neosympodiophorum is easily distinguishable
from S. sympodiophorum by the shape of the fertile
region of conidiogenous cells: while this region is straight
in S. sympodiophorum, it is a clear zigzag shape in S.
neosympodiophorum, and resembles the shape encountered
in Parengyodontium species (Nonaka et al. 2013, Leplat
et al. 2022a). Conidiogenous cells produced by S.
neosympodiophorum also seem shorter than those produced
by S. sympodiophorum. Simplicillium aogashimaense is the
closest species from S. neosympodiophorum phylogenetically
(Fig. 6). These two species formed two sister clades, which
both were supported in 100 % of the bootstraps and with
a posterior probability of 1.00. These two different clades
are the result of 70 different bp when considering the
concatenation of ITS, nrLSU and tef-Ia sequences, no
sequence being available for S. aogashimaense rpbl and
rpb2 regions.

Other strains examined: France, LRMH C195, Sainte-
Anastasie, 43°55'49"”N, 4°20'04"E, June 2016, isolated from
air sampling in Baume Latrone Cave, collected and isolated
by the microbiologists of the French Historical Monuments
Research Laboratory.

DISCUSSION
Overview of the distribution of the isolated species

Among the 79 fungal strains studied, 53 were recovered
through air samplings, 20 through surface sampling and six
through soil samplings (Fig. 19a). Many species were only
isolated once, through a single sampling method. Metapo-
chonia suchlasporia var. suchlasporia was the only species
that was isolated through all three sampling methods, as
found in previous studies (Vaughan et al. 2011, Martin-San-
chez et al. 2014, Mitova et al. 2017). The species that were
the most frequently isolated were in general recovered from
both air and surface sampling, such as Parengyodontium
album or Leptobacillium cavernicola, showing that the oc-
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currence of these species can be detected through several
sampling methods.

In general, all strains belonging to the same fungal species
were isolated from the same type of environment (Fig. 19b).
The only exception was Parengyodontium album, which was
isolated from Paleolithic decorated caves, from religious
monuments and from a museum. This fungal species is
known to be ubiquitous in a cultural heritage context, and in
particular on monuments suffering from salt crystallization
problems (Leplat et al. 2020a). To our knowledge, this is
the first time to date that the presence of Amphichorda
excrementa, Beauveria caledonica, B. namnoensis/
peruviensis, Corniculantispora  dimorpha, Samsoniella
cardinalis and S. hepiali has been reported among the
species isolated from the cave environment (Paleolithic
decorated caves and a flint mine), while the presence
of Beauveria bassiana, B. pseudobassiana, B. varroae,
Cordyeps fumosorosea, Corniculantispora  psalliotae,
Gamszarea microspora, Metapochonia suchlasporia and
Parengyodontium album had already been noted in this
environment (Bastian et al. 2009, Novakova 2009, Zhang et
al. 2020, Sanchez-Moral et al. 2021). Moreover, the presence
of A. excrementa, B. caledonica, B. namnoensis/peruviensis,
S. cardinalis and S. hepialid had never been reported in a
cultural heritage context in general, while C. dimorpha
had already been detected in the air of historical archive
environments (Pavlovi¢ et al. 2023). Although the presence
of Leptobacillum cavernicola and Parengyodontium torokiiin
caves had not yet been reported with these species names
by other authors (the species in question were recently
segregated from L. leptobactrum and P. album (Leplat et al.
2022b, Parker et al. 2022), they had certainly already been
detected there and had been sorted under their former
names (Leplat et al. 2022a, b). Purpureocilllium lavendulum
and Simplicillium aogashimaense were isolated from
surface samples in religious monuments. This is consistent
with a previous study regarding P. lavendulum, which was
isolated from the walls of the cathedral of Coimbra (Trovao
et al. 2019), while the only mention of S. aogashimaense in
relation with cultural heritage was its strong presence on a
piece of pottery excavated from the soil (Ren et al. 2023).

Among the newly described species, Corniculantispora
pseudoaraneaeum, Engyodontium latronense, Gamszarea
cavernicola, Lenticillium mouthense, Metarhizium
chabotense, Simplicillium aquitainense and Simplicillium
neosypodiaphorum were all isolated from caves. With the
exception of the newly described genus Lenticillium, all of
these genera had already been recovered in caves (Kubatova
& Dvordk 2005, Zhang et al. 2017, 2020, Novakova et al.
2018, Stupar et al. 2023). Finally, regarding the newly
described genus Frescium, the two species of this genus
were recovered in the same place, i.e. a church crypt, which
supports the hypothesis that the two species have close
ecological requirements.

Link between fungal species and their possible hosts

One of the aims of the study was to evaluate if the
presence of the isolated species could provide data about the
presence of their hosts in the cultural heritage monuments
considered. The species isolated in this study are reputed to
be parasites of arthropods, fungi and nematodes (Fig. 20a).

Only one of the known species, Corniculantispora psalliotae,
is known to be a parasite of all three types of host (Zare &
Gams 2001, Yang et al. 2005, Sukarno et al. 2009).

Metapochonia  suchlasporia  and  Purpurocillium
lavendulum are known to be mainly parasites of nematodes,
but sometimes also of arthropods (Evans & Kirk 2017, Bao et
al. 2022). The presence of these two genera could therefore
be linked to the presence of nematodes in cultural heritage
sites, and notably in caves in the case of M. suchlasporia.
Indeed, the presence of nematodes has already been
reported in caves, although there are few studies on the
subject to date (Du Preez et al. 2017).

Corniculantispora dimorpha and Simplicillium
aogashimaense are mainly known to be fungicolous (Zare &
Gams 2001, Zhu et al. 2022), but they can certainly also be
parasites of some arthropods (Gielen et al. 2021, Mantzoukas
et al. 2023). Corniculantispora dimorpha was isolated from
Agaricus bisporus, the cultivated mushroom, and from
Puccinia coronata, the causal agent of oat crown rust (Zare
& Gams 2001). The former is a macrofungus and the latter
a microfungus; both of these species have affiliations to the
Basidiomycota. As is the case for C. dimorpha, these genera
have already been detected in caves, and sometimes in large
amounts (Docampo et al. 2011). The presence of C. dimorpha
in caves may therefore be due to the presence of other fungi
in these caves. Conversely, Samsoniella cardinalis was first
isolated from arthropods (Wang et al. 2020b), but has since
also been isolated from fungi (Chuang et al. 2024).

The eight remaining identified species are only known to
be parasites of arthropods (de Faria & Wraight 2007, Rehner
etal. 2011, Trovao et al. 2013, Yoder et al. 2017, Bustamante
et al. 2019, Weng et al. 2019, Wang et al. 2020a, b, Kobmoo
etal. 2021).

Among the newly described species or species with
unknown host, the host range of the corresponding genera
was very similar to that of previously known species (Fig.
20b). Two genera are known to be parasites of arthropods,
fungi and nematodes: Corniculantispora (as already
observed for C. psalliotae) and Leptobacillium (Zare &
Gams 2016, Okane et al. 2020). The genus Simplicillium
has previously been described as a parasite of fungi and
arthropods. And in addition to the genus Parengyodontium,
the genera Amphichorda, Engyodontium, Gamszarea and
Metarhizium are also well-known parasites of arthropods
(Gams et al. 1984, Roberts & Leger 2004, Zhang et al. 2020,
Ramanujam et al. 2021). Finally, Frescium and Lenticillium
are newly described, and as such, are the only genera with
an unknown host range.

As all isolated strains are likely to be entomogenous
strains, a more detailed analysis had to be performed
regarding arthropods (Fig. 21). A large host range has
been observed in some of the fungal species identified
(Fig. 21a), such as Beauveria bassiana, which is known
to parasite at least 19 arthropod orders (Zimmermann
2007). Conversely, some species were recovered from only
one arthropod order, including Samsoniella hepiali and
Metapochonia suchlasporia, which were recovered from
Lepidoptera (Humber et al. 2005, Wang et al. 2020b). The
order Lepidoptera was found to be a host for the majority
of the fungal species identified, since 11 out of the 14
identified species were recovered on this order. Besides
Lepidopera, Coleoptera (9), Hemiptera (9) and Diptera (6)
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were recognized as hosts for the majority of the fungal
species identified. Conversely, 10 of the 21 arthropod orders
identified as hosts for the isolated species are parasitized by
only one of these species, often B. bassiana.

When the number of strains isolated in each fungal
species was taken into account (Fig. 21b), Coleoptera
corresponded to the highest number of strains isolated
(33), followed by Diptera (30) and Araneae (24), with
Lepidoptera coming fourth with 21 strains that were known
to be parasites. These results are due to the 17 isolated
strains of Parengyodontium album, the most frequently
isolated species, since this species has only been recovered
on Coleoptera, Diptera and Araneae (Trovao et al. 2013,
Jaber et al. 2016, Teixeira et al. 2020). Thus, Araneae was
the possible host of 24 strains, which corresponded to only
three species, while Lepidoptera was the possible host of 21
strains that corresponded to 11 species.

These results reflect to some extent what is currently
known about the diversity of arthropods in caves, where
most of the species isolated in this study were found. Diptera,
Coleoptera and Araneae, which were the possible hosts for
the greatest number of isolated strains, are indeed the most
abundantly recovered arthropod orders in cave surveys
(Mammolaetal. 2017, Wynne etal. 2018, Balestraetal. 2021,
Evans et al. 2024). Acari and Collembolla are the possible
hosts of only 15 and two strains respectively and are under-
represented hosts despite their relative abundance in cave
environments. Indeed, Acari and Collembolla are considered
to be the most abundant arthropods in caves (Gers 1998).
The same is true to a lesser extent for Orthoptera, which is
usually among the most abundant orders in caves (Howarth
2009), but which was found to be the possible host of
only 13 strains representing five different fungal species,
four of which belong to Beauveria. In contrast, the order
Lepidoptera seems a little over-represented insofar that it
was the possible host of 21 strains belonging to 11 species.
While this order is frequent in caves, it is not among the most
abundant orders (Wynne et al. 2018, Balestra et al. 2021).
This result could be linked to the increased use of caves by
butterflies and moths over the past few years (Moog et al.
2021). Finally, among the arthropod orders defined as known
hosts of identified fungal species, Mantodea is the only order
that had never been isolated from a cave environment.
However, the occurrence and abundance of Thysanoptera,
Embioptera, Neuroptera, Dermaptera, Isoptera, Odonata
and Siphonaptera in caves was weak (de Oliveira Motta et
al. 2001, Bento et al. 2016, Wynne et al. 2018, Balestra et
al. 2021). This result was expected since all of these orders,
with the exception of Thysanoptera, were the possible hosts
of Beauveria bassiana alone, which was only isolated once.
As for Thysanoptera, it was the possible host of nine strains
including Beauveria pseudobassiana, which was isolated six
times from different caves. It is therefore probable that the
host of these strains was not Thysanoptera, but another
order among the seven known to host this fungal species.

In the case of caves, the isolated fungal species do
therefore seem to be reliable indicators of the arthropods
present, but this hypothesis remains to be confirmed by
simultaneous studies on fungi and arthropods. Studies
considering both the identification of fungi and of their hosts
are scarce and incomplete for cave environments, and even
more so in the cultural heritage environment. Few studies

simultaneously identified the hosts and the fungal species
recovered on them (Kubatova & Dvorak 2005), and most
of these studies focused on one particular host (Gunde-
Cimerman et al. 1998, Santamaria & Faille 2007, Evans et
al. 2024). In others, the host was precisely identified but the
fungal species were identified only at the genus level, such
as Beauveria spp. recovered on the cave cricket and the cave
spider (Benoit et al. 2004, Yoder et al. 2009). Studies often
noted that fungal species were recovered from arthropods,
but did not identify the latter (Novakova 2009, Vanderwolf
et al. 2013). Most of the studies recovered fungal species
that were known to be entomopathogenic and thus made
hypotheses about the role of arthropods (Jurado et al.
2008, Bastian et al. 2009, Dominguez-Moifiino et al. 2021),
as we do in this study. The attempts to link fungal species
to hosts are even scarcer when studies concern sites other
than caves (Gorbushina & Petersen 2000, Trovdo et al.
2013). These studies mainly seek to highlight the role of
arthropods in the dissemination of fungi on monuments.
This question is a major concern when dealing with the
fungal biodeterioration of monuments, especially since
the relation between the concentration of airborne fungal
spores and arthropod populations had already been proven
for other fungal species/arthropod species combinations
(Magyar et al. 2023). However, the question of a direct
link between fungal dissemination by arthropods and the
development of biodeterioration phenomena on cultural
heritage monuments has still to be studied.
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Table S1. Fungal taxa used in the phylogenetic study

Studied species are displayed in bold print. Newly described species
from studied strains are displayed in bold red print.

Fig. S1. Phylogenetic studies through maximum likelihood (ML) and
Bayesian inference (BI) of the studied strains at the order level.

trees were rooted with Cephalotrichum gorgonifer
(Microascales; accession number ONZQO00000000) as an
outgroup. The genera were collapsed by families when it was
possible. Bootstrap values greater than or equal to 70 % and
Bayesian posterior probabilities greater than or equal to 0.70
are located close to the corresponding nodes. The number of
studied strains recovered in each family is displayed in brackets
after the family name. Newly described genera and species
from studied strains are displayed in bold red print.

The

Fig. S2. Phylogenetic studies through maximum likelihood (ML) and
Bayesian inference (Bl) in the Bionectriaceae.

The trees were rooted with Gamszarea wallacei CBS 101237
(Cordycipitaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater
than or equal to 0.70 are located close to the corresponding
nodes. The studied strains are displayed in bold print.

Fig. S3. Phylogenetic studies through maximum likelihood (ML) and
Bayesian inference (Bl) among Amphichorda species.

The trees were rooted with Stilbocrea walteri CBS 144627
(Bionectriaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater
than or equal to 0.70 are located close to the corresponding
nodes. The studied strain is displayed in bold print.

Figure S4. Phylogenetic studies through maximum likelihood (ML)
and Bayesian inference (BI) in the Cordycipitaceae.

The trees were rooted with Amphichorda guana CGMCC 3.17908
(Bionectriaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater
than or equal to 0.70 are located close to the corresponding
nodes. The studied strains are displayed in bold print.
Previously described species which need to be considered for
a new combination are displayed in blue print.

Fig. S5. Phylogenetic studies through maximum likelihood (ML) and
Bayesian inference (Bl) among Beauveria species.

The trees were rooted with Gamszarea wallacei CBS 101237
(Cordycipitaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater
than or equal to 0.70 are located close to the corresponding
nodes. The studied strains are displayed in bold print.

Fig. S6. Phylogenetic studies through maximum likelihood (ML) and
Bayesian inference (Bl) among Cordyceps species.

The trees were rooted with Gamszarea wallacei CBS 101237
(Cordycipitaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater

than or equal to 0.70 are located close to the corresponding
nodes. The studied strains are displayed in bold print.

Fig. S7. Phylogenetic studies through maximum likelihood (ML) and
Bayesian inference (Bl) among Leptobacillium species.

The trees were rooted with Cordyceps tenuipes ARSEF 5135
(Cordycipitaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater
than or equal to 0.70 are located close to the corresponding
nodes. The studied strains are displayed in bold print.

Fig. $8. Phylogenetic studies through maximum likelihood (ML) and
Bayesian inference (Bl) among Parengyodontium species.

The trees were rooted with Cordyceps tenuipes ARSEF 5135
(Cordycipitaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater
than or equal to 0.70 are located close to the corresponding
nodes. The studied strains are displayed in bold print. The
new combination of previously described species transferred
outside Parengyodontium is displayed in blue print.

Fig. $9. Phylogenetic studies through maximum likelihood (ML) and
Bayesian inference (Bl) among Samsoniella species.

The trees were rooted with Cordyceps tenuipes ARSEF 5135
(Cordycipitaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater
than or equal to 0.70 are located close to the corresponding
nodes. The studied strains are displayed in bold print.

Figure S10. Phylogenetic studies through maximum likelihood (ML)
and Bayesian inference (BI) in the Clavicipitaceae.

The trees were rooted with Amphichorda guana CGMCC 3.17908
(Bionectriaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater
than or equal to 0.70 are located close to the corresponding
nodes. The studied strains are displayed in bold print.

Fig. S11. Phylogenetic studies through maximum likelihood (ML)
and Bayesian inference (BI) among Metapochonia species.

The trees were rooted with Torrubiella ratticaudata ARSEF 1915
(Clavicipitaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater
than or equal to 0.70 are located close to the corresponding
nodes. The studied strains are displayed in bold print.

Figure S12. Phylogenetic studies through maximum likelihood (ML)
and Bayesian inference (BI) in the Ophiocordycipitaceae.

The trees were rooted with Amphichorda guana CGMCC 3.17908
(Bionectriaceae) as an outgroup. Bootstrap values greater than
or equal to 70 % and Bayesian posterior probabilities greater
than or equal to 0.70 are located close to the corresponding
nodes. The studied strains are displayed in bold print.

Fig. S13. Phylogenetic studies through maximum likelihood (ML)
and Bayesian inference (BI) among Purpureocillium species.

The trees were rooted with Tolypocladium inflatum OSC 71235
(Ophiocordycipitaceae) as an outgroup. Bootstrap values
greater than or equal to 70 % and Bayesian posterior
probabilities greater than or equal to 0.70 are located close
to the corresponding nodes. The studied strain is displayed in
bold print.
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