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Abstract
Purpose This study focuses on analysis of the archaeal and fungal diversity associated with gypsum efflorescences damaging the
walls of the Sorcerer’s prehistoric cave registered as a world cultural heritage site.
Method Archaeal 16S rDNA and fungal internal transcribed spacer (ITS) clone libraries were constructed and analysed.
Results Two thaumarchaeotal OTUs belonging to the Nitrososphaeraceae family dominated the archaeal community (100% of
clones). Nitrososphaeraceae are obligate aerobic, chemolithoautotrophic organisms that derive their energy from the oxidation of
ammonia and may contribute to primary productivity in the cave. Seven fungal OTUs belonging to Ascomycota and one
belonging to Basidiomycota were present. The Cordycipitaceae family, mainly represented by entomophilous fungi, dominated
the analysis (66.7% of clones).
Conclusion We show that archaeal and fungal OTUs are associated with gypsum efflorescences damaging the walls of the
Sorcerer’s cave. The role of these microorganisms in the deterioration of the walls of the cave remains to be determined.
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Introduction

Characterization of the microorganisms associated with bio-
deterioration processes encountered in rock art caves and shel-
ters is needed (Saiz-Jimenez et al. 2011, 2012; Lepinay et al.
2017, 2018), as also in mural painting from catacombs and
tombs (Sanchez-Moral et al. 2005; Laiz et al. 2009;
Vasanthakumara et al. 2013; Krakova et al. 2015). These
works of art are constantly threatened by decay resulting from
the interaction of biological and physicochemical

environmental factors that can alter the rock substrate accord-
ing to their mineralogical composition and structure (Chamley
2003; Saiz-Jimenez 2015).

Decorated caves and shelters are natural cavities subjected
to natural deterioration processes. Natural cavities are
nutrient-poor environments containing an abundant and di-
verse sessile biomass (Barton and Jurado 2007; Lavoie et al.
2010). Representatives of the 3 domains of life are recovered
in these subterranean environments. As in most environments,
the focus in the caves was on the diversity of bacteria. Among
them, the most abundant and frequently retrieved phyla are as
follows: Acidobacteria, Actinobacteria, Bacteroidetes,
Cyanobacteria, Firmicutes, Nitrospirae and Proteobacteria
(Saiz-Jimenez 2015). Previous work in the Sorcerer’s cave
showed that Actinobacteria, Alphaproteobacteria,
Gammaproteobacteria, Bacteroidetes and Planctomycetes
were the main bacterial inhabitants of areas of salt efflores-
cences damaging the walls (Lepinay et al. 2018).
Actinobacteria was the most prevalent phylum, mainly repre-
sented by members of the Pseudonocardiaceae family, data
consistent with other findings (Barton and Jurado 2007;
Porca et al. 2012; Riquelme et al. 2015; Wu et al. 2015).
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Conversely, a limited number of investigations were carried
out on Archaea, particularly for sites of cultural heritage pres-
ervation. However, many Archaea are adapted to nutrient-
poor conditions and may contribute to nutrient cycling in ol-
igotrophic environments through nitrogen fixation,
methanogenesis, sulphur oxidation, nitrification and ammonia
oxidation (Ettenauer et al. 2010; Jarrell et al. 2011; Meng et al.
2016, 2017). To date, the most frequently recovered archaeal
phylum is Thaumarchaeota (Northup et al. 2003; Chelius and
Moore 2004; Legatzki et al. 2011; Miller et al. 2012; Ortiz
et al. 2013). Members of the Crenarchaeota have also been
retrieved from steam vents and caves from volcanic national
parks in the USA (Benson et al. 2011) and Euryarchaeota in
caves (Macalady et al. 2006; Reitschuler et al. 2014, 2016). In
addition to Bacteria and Archaea, fungi are very well repre-
sented in cave environments due to their high rate of spore
production and air dispersion. They are important in the feed-
ing strategies of cave fauna because they are important de-
composers providing food for many organisms (Nováková
2009). As reviewed by Vanderwolf et al. (2013) and recently
completed by Zhang et al. (2017), > 1150 fungal species in
550 genera have been discovered in caves and mines world-
wide by 2017. The most frequently encountered genera (e.g.
Aspergillus, Penicillium, Mucor, Fusarium, Trichoderma,
Cladosporium, Alternaria, Paecilomyces, Acremonium,
Engyodontium) are air-borne and soil-borne fungi that come
from outside the cave cavities due to air circulation (Saiz-
Jimenez 2015). Several efforts have beenmade to characterize
the diversity and distribution of fungi in caves, but there is
little information on taxa associated with specific niches, such
as oligotrophic conditions and mineral formations (Saiz-
Jimenez 2015).

We have focused on the French Sorcerer’s prehistoric cave
(“La grotte du Sorcier”). The cave undergoes alternations of
humidification and desiccation phases which induce cycles of
dissolution and recrystallization of the salts leading to efflo-
rescence development on the walls that threaten the engrav-
ings (Pigeaud et al. 2012). This work completes the previously
published data corresponding to bacterial diversity following
analysis of the archaeal and fungal diversity associated with
saline efflorescences (Lepinay et al. 2018).

Materials and methods

Site description and sampling

The Sorcerer’s cave, the Saint-Cirq cave, dug in a Turonian
siliceous limestone, harbours several prehistoric engravings
already described by different archaeologists (Fig. 1) (Delluc
et al. 1987; Karnay et al. 1999; Pigeaud et al. 2012).
Formation of gypsum efflorescences are present absolutely
everywhere in the cave, from the entrance to the bottom.

The gypsum deposits are located on the outer layer of the
stone and make it a kind of extremely fragile “molasses”
(Pigeaud et al. 2012). The same samples as those collected
by Lepinay et al. (2018) in April 2015 (SCApr15) have been
analysed. Sterile scalpels were used to collect 3 efflorescence
areas (each ~ 2 cm2) and the underlying rock from a depth of
~ 2 mm, (Fig. 1b, c). Samples were mixed together and ho-
mogenized in sterile mortars. Samples were stored at − 20 °C
awaiting molecular analysis. Scanning electron microscopy
observations of the samples and elemental and mineralogical
analyses of the corresponding saline efflorescences have been
previously published (Lepinay et al. 2018). This indicated that
the formation of gypsum on the walls of the cave was mainly
related to geochemical phenomena, efflorescences being
mainly composed of calcium, sulphur and oxygen, with addi-
tional small amounts of nitrogen and carbon.

DNA extraction and purification

DNA extraction was done as previously described (Zhou et al.
1996; Lepinay et al. 2018). The protocol combines the use of
enzymatic (proteinase K) and chemical (CTAB and SDS)
components to ensure efficient cell lysis. Extracted, nucleic
acids were purified with a Power Biofilm™ DNA Isolation
Kit (MoBio) and were stored at − 20 °C until use.

PCR amplification of fungal ITS and archaeal 16S
rDNA genes

Fungal ITSs were amplified using primers ITS1-F and ITS4.
A 25-μl reaction comprising 20 ng of DNA, 100 μM of
each dNTP, 0.4 μM of each primer, 1× PCR buffer and
1.5 U of Accusure DNA Polymerase (Bioline, France) was
performed. Cycling conditions were as follows: 5 min at
95 °C, followed by 30 cycles of 20s at 95 °C, 15 s at
54 °C and 1 min and 30 s at 68 °C, and a final extension
at 68 °C for 7 min. Amplicon was extracted from an agarose
gel after electrophoresis using the Nucleospin Gel and PCR
clean up kit (Macherey Nagel, France). Archaeal 16S rRNA
gene sequences were amplified using a semi-nested PCR
approach. Archaeal universal primers 340F-pSTC (5′-
CCTTCgCCgACTgACCCTAY-GGGGYGCASCAG-3′)
and 1000R (5′-GGCCATGCACYWCYTCTC-3′) (Gantner
et al. 2011) were used as outer primers. Then, a semi-
nested PCR was carried out using 340F-pSTC and 915R
(5′-GTGCTCCCCCGCCAATTCCT-3′) (Stahl and Amann
1991). The PCR reaction was carried out as previously de-
scribed, using an annealing temperature of 57 °C (Lepinay
et al. 2017). One microlitre of the first PCR was used in the
nested PCR, and an amplicon of ~ 580 bp was purified as
described above.
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Clone libraries

Purified PCR products were inserted into the pSTC1.3 vector
of the StabyCloning kit (Eurogentec, Belgium), and recombi-
nant plasmids were electrotransformed inE. coli. Transformed
cells were plated onto LB agar containing 50 μg/ml ampicillin
and incubated overnight at 37 °C. PCR amplifications of in-
serts using primers targeting the pSTC1.3 vectors: pSTC-F
(5′-AATGCAGCGCGTTAGAA-3′) and pSTC-R (5′-CGCC
CGGTTTATTGAAA-3′), followed by agarose electrophore-
sis in 1.5% agarose gel, allowed to select clones presenting
inserts at the expected sizes for archaeal 16S rDNA and ITS
libraries, respectively. Restriction fragment length polymor-
phism (RFLP) was used to screen these clones. Each PCR
product was digested using the restriction enzymes, AluI and
RsaI (Fermentas, France) for 16S rDNA amplicons or with the
restriction enzyme BshfI (Fermentas, France) for ITS
amplicons. At least one clone per RFLP profile was partially
sequenced (Eurofins Genomics, Germany).

Sequence analysis

Sequences were first checked using the software FinchTV
v1.4 (Geospiza, Inc.). Chimeric sequences identified with
the Decipher program (Wright et al. 2012) were excluded.
ITS and 16S rDNA sequences were clustered into OTUs (op-
erational taxonomic unit) at an overlap percentage identity
cut-off of 98% using ClustalW (Thompson et al. 1994).
BLASTn was then used to compare DNA sequences with
those in the GenBank database (Basic Local Alignment
Search Tool, http://blast.ncbi.nih.gov/Blast.cgi). Sequences
with no significant similarities were excluded from the
analysis. The affiliation of each cloned sequence to a genus
or species was based on a similarity ≥ 95 or ≥ 98%,
respectively, with the closest identified phylogenetic
sequence in GenBank (Yarza et al. 2008). Archaeal sequences
were also classified using the Naïve Bayesian Classifier from
the RDP project with a confidence threshold of 80% (https://
rdp.cme.msu.edu/classifier/classifier.jsp). We assessed
whether DNA clone libraries were large enough to be
representative of OTU richness from samples. S-Chao1 and

Good’s C index of coverage were calculated as described by
Kemp and Aller (2004).

Nucleotide sequence accession numbers

The nucleotide sequence data reported herein have been de-
posited in the NCBI nucleotide sequence database under ac-
cession numbers MK212376 to MK212382, MK590246 to
MK590262 for fungi, and MK226534 to MK226535 and
MK607017 to MK607025 for Archaea.

Results

OTU richness and its reliability

Analysis of RFLP patterns allowed grouping 178 archaeal
16S rDNA clones into 4 restriction patterns and 91 fungal
ITS clones into 10 restriction patterns. When the number of
clone inside a RFLP pattern was higher than 2, several ran-
domly chosen clones were partially sequenced. After elimina-
tion of chimeric and low quality sequences, 172 archaeal 16S
rDNA clones and 81 fungal ITS clones remained in the banks.
Pairwise alignments of randomly chosen clone sequences
using 98% similarity as the cut-off allowed discrimination of
2 and 8 OTU in the archaeal 16S rDNA and the fungal ITS
libraries, respectively (Tables 1 and 2).

Estimated OTU richness (S-Chao1 estimator) was com-
pared to the values of cloned libraries Kemp and Aller
(2004). Predicted S-Chao1 values were of 2 and 8 phylotypes
for the archaeal 16S rDNA and the fungal ITS libraries, re-
spectively. Calculation of Good’s C indices showed that most
of the sample diversity was represented in the clone libraries.
Indeed, coverage was 0.99 for both libraries, which indicates
that the analysis of an increasing number of clones would have
shown only a little further richness.

Archaeal diversity

Only the Thaumarchaeota phylum was recovered in the ar-
chaeal 16S rDNA clone library (Table 1); this phylum was
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Fig. 1 The Sorcerer’s cave (Saint-Cirq-du-Bugue, Dordogne, France): a entrance (white arrow); b sampling areas 1, 2 and 3; c enlarged view of the
sampling area no. 2 showing gypsum efflorescences. Credit photo: LRMH
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represented by 2 phylotypes belonging to the archaeal family,
Nitrososphaeraceae. One of them dominated the library and
presented as closest cultured representative: Nitrososphaera
viennensis strain EN76 (99.4% of clones, 95.8 to 96.3% se-
quence similarity, SS); and as closest Candidatus organism:
Candidatus Nitrosocosmicus oleophilus strain MY3 (99.4 to
100% SS). The second one presented as closest cultured rep-
resentative: Nitrosopumilus maritimus SCM1 strain SCM1
(0.6% of clones, 96.2% SS).

Fungal diversity

ITS sequences mainly belonged to the phylum Ascomycota
(Table 2), with most represented family being the
Cordycipitaceae (66.7% of clones). Cordycipitaceae were rep-
resented by 2 phylotypes, one being affiliated with Isaria
fumosorosea strain BCMU PF01 (51.9% of clones, 99.8 to
100% SS), and the other related to Engyodontium album iso-
late MC_A31 (14.8% of clones, 95.5 to 95.6% SS). The sec-
ond most abundant OTU belonged to the Mycosphaerellaceae
family, being distantly related to Pseudocercosporella sp.
09CT02 (18.5% of clones and 92.9 to 93.1% SS). The fourth
most abundant OTU belonged to the Cladosporiaceae family
and corresponded to Cladosporium pulvericola CPC: 22403
(6.2% of clones, 100% SS). Three other ascomycotal families
were recovered in the library, each representing 2.5% of clones
that had sequence identities between 92 and 95% with their
closest relative in Genbank, namely the Ophiocordycipitaceae,
Diatrypaceae and Teratosphaeriaceae. Finally, Basidiomycota
were represented by one clone belonging to the Polyporaceae

family closely related to Trametes hirsuta isolate BHI-F579a
(1.2% of clones, 99.8% SS).

Discussion

This study aims to improve the understanding of biological
phenomena associated with the formation of gypsum efflores-
cences on the walls of the French Sorcerer’s prehistoric cave.
We have previously shown that these areas of gypsum efflo-
rescences harbour a variety of bacterial communities and a
dense subjacent biofilm (Lepinay et al. 2018). We continued
the investigations of the microbial communities living in these
zones of efflorescence by analysing Archaea and fungi.

Concerning Archaea, all the clones belonged to the phylum
Thaumarchaeota, a phylum, previously referred to
“mesophilic Crenarchaeota”, being proposed by Brochier-
Armanet et al. (2008). Thaumarchaeota have been detected
by molecular studies in many subterranean habitats (Takei
et al. 2001; Northup et al. 2003; Chelius and Moore 2004;
Legatzki et al. 2011; Miller et al. 2012; Ortiz et al. 2013;
Barton et al. 2014; Anda et al. 2017) and in many different
environments, such as seawater (e.g. Church et al. 2003),
freshwater sediments (e.g. Schleper et al. 1997) and soils
(e.g. Ochsenreiter et al. 2003). All known ammonia-
oxidizing archaea (AOA) belong to Thaumarchaeota and
Thaumarchaeota are receiving much attention regarding their
ability to proliferate in environments with low nutrient avail-
ability (Martens-Habbena et al. 2009; Pester et al. 2011; Ortiz
et al. 2014). This phylum can represent the main source of

Table 1 Assignment of archaeal 16S rDNA sequences to their closest cultured representative

OTU Representative clones* % of
clones**

RDP family*** Closest cultured
representative
(percentage
similarity)

Closest Candidatus
organism
(percentage similarity)

Thaumarchaeota

OTU-ARC-01 SC-Arc-09 (MK607017);
SC-Arc-30 (MK226534);
SC-Arc-47 (MK607019);
SC-Arc-64 (MK607018);
SC-Arc-69 (MK607020);
SC-Arc-95 (MK607021);
SC-Arc-B2-12 (MK607022);
SC-Arc-B2-35 (MK607023);
SC-Arc-B2-56 (MK607024);
SC-Arc-B2-74 (MK607025)

99.4%
(171/172)

Nitrososphaeraceae
(100%)

Nitrososphaera
viennensis
strain EN76
(95.8 to 96.3%)

Candidatus
Nitrosocosmicus
oleophilus strain MY3
(99.4 to 100%)

OTU-ARC-02 SC-Arc-54 (MK226535) 0.6%
(1/172)

Nitrososphaeraceae
(100%)

Nitrosopumilus
maritimus SCM1
strain SCM1
(96.2%)

-

*Number in brackets indicates the GenBank accession number

**In parentheses: ratio between the number of clones of the corresponding OTU and the total number of clones

***Bacterial family determined using the Naïve Bayesian Classifier from the RDP project website. The confidence threshold is 80%
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nutrient in closed or semi-closed environments, e.g. caves
(Hathaway et al. 2014).

The library we reached was dominated by Thaumarchaeota
of the Nitrososphaeraceae family and was closely related to
genera Nitrososphaera and Nitrosopumilus. Members of the
Nitrososphaeraceae family are AOA that derive energy from
the oxidation of ammonia to nitrite that can be a source of
nitrogen for other organisms in close and semi-close environ-
ments, such as the Sorcerer’s cave. Unlike rosy saline efflo-
rescences found in many subterranean environments
(reviewed by Piñar et al. 2014), the archaeal diversity associ-
ated with gypsum efflorescences did not correspond to the
halophilic archaeal genera Halococcus, Halobacterium and
Halalkalicoccus. Our most abundant Thaumarchaeota se-
quence showed similar percentage > 99% with Candidatus

Nitrosocosmicus oleophilus strain MY3, a Candidatus organ-
ism retrieved from contaminated soils. No archaea with met-
abolic functions associated with sulphur cycling were detect-
ed, showing that Thaumarchaeota were not directly involved
in the formation of gypsum efflorescences. Meng et al. (2017)
showed a high occurrence of AOA closely related to genera
Nitrososphaera, Nitrosopumilus and Nitrosotalea on Angkor
monuments. AOA may play an important role in the biodete-
rioration of Angkor monuments by nitrogen cycling and nitric
acid production.

The Cordycipitaceae family was the most represented
fungal family in the cave. Fungi from this family are partic-
ularly known to have a significant negative impact on global
human and animal health (Menzies and Turkington 2015).
The most abundant OTU recovered in the library was related

Table 2 Assignment of fungal ITS sequences to their closest cultured representatives and closest sequence matches

OTU Representative clones* % of
clones**

Fungal family Closest cultured
representative
(percentage
similarity)

Closest
sequence match
(percentage
similarity)***

Ascomycota

OTU-FUNG-01 SC-ITS-04 (MK590248); SC-ITS-14
(MK590250); SC-ITS-28 (MK590251);
SC-ITS-38 (MK212376); SC-ITS-42
(MK590252); SC-ITS-48 (MK590253);
SC-ITS-49 (MK590254); SC-ITS-58
(MK590258); SC-ITS-74 (MK590260)

51. 9%
(42/81)

Cordycipitaceae Isaria fumosorosea
strain BCMU
PF01 (99.8 to
100%)

-

OTU-FUNG-02 SC-ITS-02 (MK590246); SC-ITS-50
(MK212378); SC-ITS-76 (MK590261)

18.5%
(15/81)

Mycosphaerellaceae Acrodontium
crateriforme
strain CPC 11509
(91.3 to 91.5%)

Pseudocercosporella
sp. 09CT02
(92.9 to 93.1%)

OTU-FUNG-03 SC-ITS-39 (MK212377); SC-ITS-57
(MK590257); SC-ITS-79 (MK590262)

14.8%
(12/81)

Cordycipitaceae Engyodontium
album isolate
MC_A31
(95.5 to 95.6%)

Uncultured fungus
clone
RS-Apr-ITS37
(99.9 to 100%)

OTU-FUNG-04 SC-ITS-13 (MK590249); SC-ITS-55
(MK590256)

6.2%
(5/81)

Cladosporiaceae Cladosporium
pulvericola CPC:
22403 (100%)

OTU-FUNG-05 SC-ITS-30 (MK212379) 2.5%
(2/81)

Ophiocordycipitaceae Thyronectria
asturiensis strain
MA3 (92.5%)

-

OTU-FUNG-06 SC-ITS-44 (MK212380) 2.5%
(2/81)

Diatrypaceae Eutypa consobrina
culture-collection
CBS: 122678
(95.1%)

-

OTU-FUNG-07 SC-ITS-33 (MK212381) 2.5%
(2/81)

Teratosphaeriaceae Teratosphaeria
knoxdaviesii strain
CBS 122898
(94.7%)

Uncultured fungus
clone
RS-Apr-ITS18
(99.3%)-

Basidiomycota

OTU-FUNG-08 SC-ITS-52 (MK590255) 1.2%
(1/81)

Polyporaceae Trametes hirsuta
isolate BHI-F579a
(99.8%)

Uncultured fungus
clone S98 (100%)

*Number in parenthesis indicates the GenBank accession number

**In parentheses: ratio between the number of clones of the corresponding OTU and the total number of clones

***The “-” indicates that the closest sequence corresponds to the one of the closest cultured representatives
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to the entomophilous fungi, I. fumosorosea, a pathogen of 7
insect orders (Humber and Hansen 2005). Entomophilous
fungi are the most abundant fungal phylotypes in the
Lascaux cave, where they may have an important ecological
role (Bastian et al. 2009; Martin-Sanchez et al. 2015). Isaria
fumosorosea was identified as a facultative oligotrophic spe-
cies able to adapt to particular conditions of caves by Jiang
et al. (2017). Martin-Sanchez et al. (2015) described the
presence of entomophilous fungal phylotypes in caves,
which may be due to cave-dwelling arthropods feeding on
fungal mycelia and disseminating their spores in their excre-
ment during their movements, and by their bodies acting as
a support for the attachment of spores. Moreover, as
I. fumosorosea is used as a microbial insecticide to control
several pests around the world (Zimmermann 2007a, b,
2008; Gurulingappa et al. 2011), its abundance in the cave
could also be the consequence of the air circulation into the
cave. The second most abundant Cordycipitaceae phylotype
is distantly related to Engyodontium album a widespread
species that can also be harmful to the health of humans
and mammals (Siegel and Shadduck 1990; Goettel et al.
2001; Nucle Tucker et al. 2004; Balasingham et al. 2011).
Interestingly, this phylotype has already been retrieved from
areas of gypsum crystallization on the walls of a decorated
shelter located only some kilometres from the Sorcerer’s
cave (Lepinay et al. 2017).

The second most represented OTU corresponded to an un-
c u l t i v a t e d Ps eudo c e rco s po re l l a s p . f r om th e
Mycosphaerellaceae family.Mycosphaerellaceae include thou-
sands of species of phytopathogenic fungi (Aguilera-Cogley
et al. 2017). An OTU related to Pseudocercosporella sp. pre-
viously identified in the air of the carbonate cave located in
China’s ShuangheNational Geographic Park is well adapted to
these oligotrophic conditions (Jiang et al. 2017).

The next most represented OTU was the cultivated
Cladosporium pulvericola species, already recognized as in-
habitants of caves. Indeed, Pusz et al. (2015) showed that
Cladosporium spp. were the dominant fungi of the internal
atmosphere of the Jarkowicka cave in Poland.

All other ascomycotal OTUs had similar percentages <
96% with any other existing Genbank sequence and thus
corresponded to fungal species never previously recovered
in any other environment. These phylotypes belonged to 4
different families: the Ophiocordycipitaceae, a family of par-
asitic fungi (Sung et al. 2007); the Diatrypaceae, a family
related to wood decay (de Almeida et al. 2016);
Teratosphaeriaceae, rock-inhabiting fungi (Ruibal et al.
2008); and the previously described Cordycipitaceae.

Finally, one clone corresponded to the Basidiomycota spe-
cie, Trametes hirsuta. Basidiomycota are often found in caves;
however, they were in lower abundance and diversity than
Ascomycota (Vanderwolf et al. 2013; Zhang et al. 2017).
This may be explained by the scarcity of nutrient-rich

substrates in caves, such as plant debris and animal excre-
ments (Vanderwolf et al. 2013; Zhang et al. 2017).

Conclusion

This study highlighted that gypsum efflorescences damaging
the walls and the engravings of the French Sorcerer’s cave
harbour several archaeal and fungal phylotypes. Analyses in-
dicated the dominance of ammonia-oxidizing archaea belong-
ing to the Nitrososphaeraceae archaeal family and the ento-
mophilous member of the Cordycipitaceae fungal family.
Equivalent results were obtained from other cave environ-
ments not associated with gypsum efflorescences (Northup
et al. 2003; Chelius and Moore 2004; Bastian et al. 2009;
Legatzki et al. 2011; Miller et al. 2012; Ortiz et al. 2013;
Martin-Sanchez et al. 2015). With the exception of the 2 most
abundant Cordycipitaceae phylotypes, most of the other ar-
chaeal and fungal phylotypes had similarity percentages be-
low 97% with their closest cultured representatives. This
showed that they correspond to yet uncultured microorgan-
isms. Effort to characterize the physiology of these microor-
ganisms is needed to gain more insight into their roles and
behaviour in this particular ecosystem.

Acknowledgements We thank Jean-Max Touron (owner of the
Sorcerer’s Cave) and Jean-Christophe Portais, who allowed us access
and sample the cave. We thank Alexandre François and Mareva Sandou
for the technical assistance. The final manuscript has been improved by
BioMedES UK (www.biomedes.biz).

Funding This study was funded, in part, by a grant from the Labex
Patrima and by a financial support of the “Ministere de la Culture et de
la Communication”. This work was supported by the French minister of
culture and communication and by the foundation PATRIMA.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Research involving human participants and/or animals N/A

Informed consent N/A

References

Aguilera-Cogley VA, Berbegal M, Català S, Brentu FC, Armengol J,
Vicent A (2017) Characterization of Mycosphaerellaceae species
associated with citrus greasy spot in Panama and Spain. PLoS One
12(12):e0189585

Anda D, Krett G, Makk J, Márialigeti K, Mádl-Szőnyi J, Borsodi AK
(2017) Comparison of bacterial and archaeal communities from dif-
ferent habitats of the hypogenic Molnár János Cave of the Buda
Thermal Karst System (Hungary). J Cave Karst Stud 79:113–121

1076 Ann Microbiol (2019) 69:1071–1078

http://www.biomedes.biz


Balasingham S, Chalkias S, Balasingham A, Saul Z, Wickes BL, Sutton
DA (2011) A case of bovine valve endocarditis caused by
Engyodontium album. Med Mycol 49:430–434

Barton HA, Jurado V (2007) What’s up down there? Microbial diversity
in caves. Microbe 2:132–138

Barton HA, Giarrizzo JG, Suarez P, Robertson CE, Broering MJ, Banks
ED et al (2014) Microbial diversity in a Venezuelan orthoquartzite
cave is dominated by the Chloroflexi (Class Ktedonobacterales) and
Thaumarchaeota Group I.1c. Front Microbiol 5:615

Bastian F, Alabouvette C, Saiz-Jimenez C (2009) The impact of arthro-
pods on fungal community structure in Lascaux Cave. J Appl
Microbiol 106:1456–1462

Benson CA, Bizzoco RW, Lipson DA, Kelley ST (2011) Microbial di-
versity in nonsulfur, sulfur and iron geothermal steam vents. FEMS
Microbiol Ecol 76:74–88

Brochier-Armanet C, Boussau B, Gribaldo S, Forterre P (2008)
Mesophilic Crenarchaeota: proposal for a third archaeal phylum,
the Thaumarchaeota. Nat Rev Microbiol 6:245–252

Chamley H (2003) Weathering of prehistoric rock-art caves. In: Chamley
H (ed) Geosciences, Environment and Man. Elsevier Science Ltd,
Amsterdam, pp 396–400

Chelius MK, Moore JC (2004) Molecular phylogenetic analysis of ar-
chaea and bacteria in Wind Cave, South Dakota. Geomicrobiol J 21:
123–134

Church MJ, DeLong EF, Ducklow HW, Karner MB, Preston CM, Karl
DM (2003) Abundance and distribution of planktonic archaea and
bacteria in the waters west of the Antarctic peninsula. Limnol
Oceanogr 48:1893–1902

de Almeida DAC, Gusmão LFP, Miller AN (2016) Taxonomy and mo-
lecular phylogeny of Diatrypaceae (Ascomycota, Xylariales) spe-
cies from the Brazilian semi-arid region, including four new species.
Mycol Prog 15:1–27

Delluc B, Delluc G, Guichard F (1987) La grotte ornée de Saint-Cirq
(Dordogne). Bulletin de la Société préhistorique française 84:364–
393

Ettenauer J, Sterflinger K, Piñar G (2010) Cultivation and molecular
monitoring of halophilic microorganisms inhabiting an extreme en-
vironment presented by a salt-attacked monument. Int J Astrobiol 9:
59–72

Gantner S, Andersson AF, Alonso-Sáez L, Bertilsson S (2011) Novel
primers for 16S rRNAbased archaeal community analyses in envi-
ronmental samples. J Microbiol Methods 84:12–18

Goettel MS, Hajek AE, Siegel JP, Evans HC (2001) Fungi as biocontrol
agents: Progress, problems and potential. In: Butt TM, Jackson C,
Magan N (eds) Fungi as biocontrol agents: progress problems and
potential. CABI Press, Wallingford, p 347

Gurulingappa P, McGee P, Sword GA (2011) In vitro and in planta com-
patibility of insecticides and the endophytic entomopathogen,
Lecanicillium lecanii. Mycopathologia 172:161–168

Hathaway JJM, Sinsabaugh RL, De Lurdes M, Dapkevicius NE, Northup
DE (2014) Diversity of ammonia oxidation (amoA) and nitrogen
fixation (nifH) genes in lava caves of Terceria, Azores, Portugal.
Geomicrobiol J 31:221–235

Humber RA, HansenKS (2005) Catalog of isolates. ARSEFUSDA-ARS
collection of entomopathogenic fungal cultures, Ithaca, NY. http://
arsef.fpsnl.cornell.edu. Accessed Sept 2018

Jarrell KF, Walters AD, Bochiwal C, Borgia JM, Dickinson T, Chong JP
(2011) Major players on the microbial stage: why archaea are im-
portant. Microbiology 157:919–936

Jiang JR, Cai L, Liu F (2017) Oligotrophic fungi from a carbonate cave,
with three new species of Cephalotrichum. Mycology 8:164–177

Karnay G, Aujoulat N, Konik S, Mauroux B, Pluchery E, Turq A (1999)
Notice explicative de la feuille Le Bugue à 1/50000. In: BRGM (ed)
Carte géologique de la France à 1/50000. Service géologique na-
tional, p 86

Kemp PF, Aller JY (2004) Estimating prokaryotic diversity: when are
16S rDNA libraries large enough? Limnol Oceanogr Methods:
114–112

Krakova L, De Leo F, Bruno L, Pangallo D, Urzì C (2015) Complex
bacterial diversity in the white biofilms of the catacombs of St.
Callixtus in Rome evidenced by different investigation strategies.
Environ Microbiol 17:1738–1752

Laiz L, Miller AZ, Jurado V, Akatova E, Sanchez-Moral S, Gonzalez JM,
Dionísio A, Macedo MF, Saiz-Jimenez C (2009) Isolation of five
Rubrobacter strains from biodeteriorated monuments.
Naturwissenschaften 96:71–79

Lavoie KH, Northup DE, Barton HA (2010) Microbe–mineral interac-
tions: cave geomicrobiology. In: Jain SK, Khan AA, Rai MK (eds)
Geomicrobiology. Science Publishers Enfield, New Hampshire, pp
1–45

Legatzki A, Ortiz M, Neilson JW, Dominguez S, Andersen GL, Toomey
RS, Pryor BM, Pierson LS, Maier RM (2011) Bacterial and archaeal
community structure of two adjacent calcite speleothems in
Kartchner Caverns, Arizona, USA. Geomicrobiol J 28:99–117

Lepinay C, Mihajlovski A, Seyer D, Touron S, Bousta F, Di Martino P
(2017) Biofilm communities survey at the areas of salt crystalliza-
tion on the walls of a decorated shelter listed at UNESCO World
cultural Heritage. Int Biodeterior Biodegradation 122:116–127

Lepinay C, Mihajlovski A, Touron S, Seyer D, Bousta F, Di Martino P
(2018) Bacterial diversity associatedwith saline efflorescences dam-
aging the walls of a French decorated prehistoric cave registered as a
World Cultural Heritage Site. Int Biodeterior Biodegradation 130:
55–64

Macalady JL, Lyon EH,KoffmanB, Albertson LK,Meyer K, Galdenzi S,
Mariani S (2006) Dominant microbial populations in limestone-
corroding stream biofilms, Frasassi cave system, Italy. Appl
Environ Microbiol 72:5596–5609

Martens-Habbena W, Berube PM, Urakawa H, de la Torre JR, Stahl DA
(2009) Ammonia oxidation kinetics determine niche separation of
nitrifying archaea and bacteria. Nature 461:976–979

Martin-Sanchez PM, Miller AZ, Saiz-Jimenez C (2015) Lascaux Cave:
an example of fragile ecological balance in subterranean environ-
ments. In: Engel AS (ed) Microbial life of cave systems. Walter de
Gruyter GmbH & Co KG, Berlin, pp 279–301

Meng H, Luo L, Chan HW, Katayama Y, Ji-Dong Gu JD (2016) Higher
diversity and abundance of ammonia-oxidizing archaea than bacte-
ria detected at the Bayon Temple of Angkor Thom in Cambodia. Int
Biodeterior Biodegradation 115:234–243

Meng H, Katayama Y, Gu JD (2017) More wide occurrence and domi-
nance of ammonia-oxidizing archaea than bacteria at three Angkor
sandstone temples of Bayon, Phnom Krom and Wat Athvea in
Cambodia. Int Biodeterior Biodegradation 117:78–88

Menzies J, Turkington T (2015) An overview of the ergot (Claviceps
purpurea) issue in western Canada: challenges and solutions. Can
J Plant Pathol 37:40–51

Miller AZ, Hernández-Mariné M, Jurado V, Dionísio A, Barquinha P,
Fortunato E, Afonso MJ, Chaminé HI, Saiz-Jimenez C (2012)
Enigmatic reticulated filaments in subsurface granite. Environ
Microbiol Rep 4(6):596–603

Northup DE, Barns SM, Yu LE, Spilde MN, Schelble RT, Dano KE,
Crossey LJ, Connolly CA, Boston PJ, Natvig DO, Dahm CN
(2003) Diverse microbial communities inhabiting ferromanganese
deposits in Lechuguilla and Spider Caves. Environ Microbiol 5(11):
1071–1086

Nováková A (2009) Microscopic fungi isolated from the Domica Cave
system (Slovak Karst National Park, Slovakia). A review. Int J
Speleol 38:71–82

Nucle Tucker DL, Beresford CH, Sigler L, Rogers K (2004)
Disseminated Beauveria bassiana infection in a patient with acute
lymphoblastic leukemia. J Clin Microbiol 42:5412–5414

Ann Microbiol (2019) 69:1071–1078 1077

http://arsef.fpsnl.cornell.edu
http://arsef.fpsnl.cornell.edu


Ochsenreiter T, Selezi D, Quaiser A, Bonch-Osmolovskaya L, Schleper C
(2003) Diversity and abundance of Crenarchaeota in terrestrial hab-
itats studied by 16S RNA surveys and real time PCR. Environ
Microbiol 5:787–797

OrtizM,Neilson JW, NelsonWM, Legatzki A, ByrneA,YuY,WingRA,
Soderlund CA, Pryor BM, Pierson LS 3rd, Maier RM (2013)
Profiling bacterial diversity and taxonomic composition on
speleothem surfaces in Kartchner Caverns, AZ. Microb Ecol
65(2):371–383

Ortiz M, Legatzki A, Neilson JW, Fryslie B, Nelson WM, Wing RA et al
(2014) Making a living while starving in the dark: metagenomic
insights into the energy dynamics of a carbonate cave. ISME J 8:
478–491

Pester M, Schleper C,Wagner M (2011) The Thaumarchaeota: an emerg-
ing view of their phylogeny and ecophysiology. Curr Opin
Microbiol 14(3):300–306

Pigeaud R, Berrouet F, Bougard E, Paitier H, Pommier V, Bonic P (2012)
La grotte du sorcier à Saint-Cirq-du-Bugue (Dordogne, France):
nouvelles lectures. Bilan des campagnes 2010 et 2011. PALEO,
Revue d'archéologie préhistorique 23:223–248

Piñar G, Ettenauer J, Sterflinger K (2014) “La vie en rose”: a review of
the rosy discoloration of subsurface monuments. In: Saiz-Jimenez C
(ed) The conservation of subterranean cultural heritage. CRC Press,
Taylor & Francis Group, London, pp 113–124

Porca E, Jurado V, Žgur-Bertok D, Saiz-Jimenez C, Pašić L (2012)
Comparative analysis of yellow microbial communities growing
on the walls of geographically distinct caves indicates a common
core of microorganisms involved in their formation. FEMS
Microbiol Ecol 81:255–266

Pusz W, Ogórek R, Knapik R, Kozak B, Bujak H (2015) The occurrence
of fungi in the recently discovered Jarkowicka Cave in the
Karkonosze Mts. (Poland). Geomicrobiol J 32:59–67

Reitschuler C, Lins P, Wagner AO, Illmer P (2014) Cultivation of
moonmilk-born non-extremophilic Thaum and Euryarchaeota in
mixed culture. Anaerobe 29:73–79

Reitschuler C, Spötl C, Hofmann K, Wagner AO, Illmer P (2016)
Archaeal distribution in Moonmilk deposits from Alpine caves and
their Ecophysiological potential. Microb Ecol 71:686–699

Riquelme C, Hathaway JJM, Dapkevicius M d LNE, Miller AZ, Kooser
A, Northup DE, Jurado V, Fernandez O, Saiz-Jimenez C,
Cheeptham N (2015) Actinobacterial diversity in volcanic caves
and associated geomicrobiological interactions. Front Microbiol 6:
1342

Ruibal C, Platas G, Bills GF (2008) High diversity and morphological
convergence among melanised fungi from rock formations in the
Central Mountain System of Spain. Persoonia 21:93–110

Saiz-Jimenez C (2015) The microbiology of show caves, mines, tunnels,
and tombs: implications for management and conservation. In:
Engel AS (ed) Microbial life of cave systems. Walter de Gruyter
GmbH & Co KG, Berlin, pp 231–261

Saiz-Jimenez C, Cuezva S, Jurado V, Fernandez-Cortes A, Porca E,
Benavente D, Cañaveras JC, Sanchez-Moral S (2011) Paleolithic
art in peril: policy and science collide at Altamira Cave. Science
334:42–43

Saiz-Jimenez C, Miller AZ, Martin-Sanchez PM, Hernandez-Marine M
(2012) Uncovering the origin of the black stains in Lascaux Cave in
France. Environ Microbiol 14:3220–3231

Sanchez-Moral S, Luque L, Cuezva S, Soler V, Benavente D, Laiz L,
Gonzalez JM, Saiz-Jimenez C (2005) Deterioration of building

materials in Roman catacombs: the influence of visitors. Sci Total
Environ 349(1-3):260–276

Schleper C, Holben W, Klenk HP (1997) Recovery of crenarchaeotal
ribosomal DNA sequences from freshwater-lake sediments. Appl
Environ Microbiol 63:321–323

Siegel J, Shadduck J (1990) Safety of microbial insecticides to verte-
brates: humans. In: Laird M, Lacey LA, Davidson EW (eds)
Safety of microbial insecticides. CRC Press, Boca Raton, pp 102–
112

Stahl DA, Amann R (1991) Development and application of nucleic acid
probes in bacterial systematics. In: Stackebrandt E, Goodfellow M
(eds) Nucleic acid techniques in bacterial systematics. Wiley,
Chichester

S un g GH , Sung JM , Hywe l - J o n e s , S p a t a f o r a ( 2 007 )
Ophiocordycipitaceae. Stud Mycol 57:35

Takei K, Moser DP, DeFlaun M, Onstott TC, Fredrickson JK (2001)
Archaeal diversity in waters from Deep South African gold mines.
Appl Environ Microbiol 67:5750–5760

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTALW: improving
the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight ma-
trix choice. Nucleic Acids Res 22:4673–4680

Vanderwolf KJ, Malloch D, McAlpine DF, Forbes GJ (2013) A world
review of fungi, yeasts, and slime molds in caves. Int J Speleol 42:
77–96

Vasanthakumara A, DeAraujoa A, Mazurekb J, Schillingb M, Mitchell R
(2013)Microbiological survey for analysis of the brown spots on the
walls of the tomb of King Tutankhamu. Int Biodeterior Biodegrad
79:56–63

Wright ES, Safak Yilmaz L, Noguera DR (2012) DECIPHER, a search-
based approach to chimera identification for 16S rRNA sequences.
Appl Environ Microbiol 78:717–725

Wu Y, Tan L, Liu W, Wang B, Wang J, Cai Y, Lin X (2015) Profiling
bacterial diversity in a limestone cave of the western Loess Plateau
of China. Front Microbiol 6:244

Yarza P, Richter M, Peplies J, Euzeby J, Amann R, Schleifer KH, Ludwig
W, Glöckner FO, Rosselló-Móra R (2008) The all-species living tree
project: a 16S rRNA-based phylogenetic tree of all sequenced type
strains. Syst Appl Microbiol 31:241–250

Zhang ZF, Liu F, Zhou X, Liu XZ, Liu SJ, Cai L (2017) Culturable
mycobiota from karst caves in China, with descriptions of 20 new
species. Persoonia 39:1–31

Zhou J, BrunsMA, Tiedje JM (1996) DNA recovery from soils of diverse
composition. Appl Environ Microbiol 62:316–322

ZimmermannG (2007a) Review on safety of the entomopathogenic fungi
Beauveria bassiana and Beauveria brongniartii. Biocont Sci Technol
17:553–596

Zimmermann G (2007b) Review on safety of the Entomopathogenic
fungus Metarhizium anisopliae. Biocont Sci Technol 17:879–920

Zimmermann G (2008) The entomopathogenic fungi Isaria farinosa (for-
merly Paecilomyces farinosus) and the Isaria fumosorosea species
complex (formerly Paecilomyces fumosoroseus): biology, ecology
and use in biological control. Biocont Sci Technol 18:865–901

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

1078 Ann Microbiol (2019) 69:1071–1078


	Characterization...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Site description and sampling
	DNA extraction and purification
	PCR amplification of fungal ITS and archaeal 16S rDNA genes
	Clone libraries
	Sequence analysis
	Nucleotide sequence accession numbers

	Results
	OTU richness and its reliability
	Archaeal diversity
	Fungal diversity


	Discussion
	Conclusion
	References


