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• High-throughput sequencing is shedding
new light on the cave microbiota.

• Cave exploration at a finer taxonomic level
is needed to assess microbial endemism.

• Bacteroidetes and Nitrospirae might serve
as bio-indicators of cave anthropization.

• Tourism may cause significant shifts in the
microbiota of Paleolithic caves.

• Tourism-related microbial alterations re-
quire further research attention.
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Microorganisms colonize caves extensively, and in caves open for tourism theymay cause alterations onwall surfaces.
This is a major concern in caves displaying Paleolithic art, which is usually fragile and may be irremediably damaged
bymicrobial alterations. Therefore, many caves were closed for preservation purposes, e.g. Lascaux (France), Altamira
(Spain), while others were never opened to the public to avoid microbial contamination, e.g. Chauvet Cave (France),
etc. The recent development of high-throughput sequencing technologies allowed several descriptions of cave micro-
bial diversity and prompted the writing of this review, which focuses on the cavemicrobiome for the three domains of
life (Bacteria, Archaea, microeukaryotes), the impact of tourism-related anthropization on microorganisms in Paleo-
lithic caves, and the development of microbial alterations on the walls of these caves. This review shows that the mi-
crobial phyla prevalent in pristine caves are similar to those evidenced inwater, soil, plant andmetazoanmicrobiomes,
but specificities at lower taxonomic levels remain to be clarified. Most of the data relates to Bacteria and Fungi, while
other microeukaryotes and Archaea are poorly documented. Tourismmay cause shifts in the microbiota of Paleolithic
caves, but larger-scale investigation are required as these shifts may differ from one cave to the next. Finally, different
types of alterations can occur in caves, especially in Paleolithic caves. Manymicroorganisms potentially involved have
been identified, but diversity analyses of these alterations have not always included a comparison with neighboring
unaltered zones as controls, making such associations uncertain. It is expected that omics technologies will also
allow a better understanding of the functional diversities of the cave microbiome. This will be needed to decipher
microbiome dynamics in response to touristic frequentation, to guide cave management, and to identify the most ap-
propriate reclamation approaches to mitigate microbial alterations in tourist Paleolithic caves.
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1. Introduction

Karsts correspond to particular landscapes formed on carbonate rocks
(limestone, dolomite, marble, etc.) or evaporites (gypsum, etc.) and that
are characterized by the development of an extensive underground drain-
age network (Bakalowicz, 1999; Engel and Northup, 2008). Water infiltra-
tion through carbonate rocks is instrumental in CO2-mediated chemical
dissolution of limestone and dolomite, and it may result in the formation
of karstic caves (Cuezva et al., 2012). On one hand, karstic caves are char-
acterized by the corrosion and/or erosion processes at the origin of the
karstification phenomenon. On the other hand, they are also typified by
the subsequent carbonate precipitation taking place depending on the be-
havior of underground water, and leading to the formation of speleothems
such as stalactites and stalagmites (Perrette et al., 2000).

Karstic caves display particular environmental conditions, character-
ized by darkness, high level of relative humidity (near saturation), stable
temperatures (Bastian and Alabouvette, 2009; Cuezva et al., 2009; Pasić
et al., 2010) and elevated CO2 concentrations (Banerjee and Joshi, 2013).
Levels of minerals are high (Barton and Jurado, 2007; Bastian et al.,
2010) but caves are oligotrophic regarding organic matter (Cañveras
et al., 2001; Cuezva et al., 2009; Jurado et al., 2010), with typically less
than 2 mg of total organic carbon per liter (Barton and Jurado, 2007).
Most organic carbon in caves originates from the surface and makes its
way into the endokarst via water percolation through plant root channels
and cracks in the epikarst (i.e. the overlying rock), air flows transporting
minute organic particles and gaseous organics, or animal dejections e.g.
bat guano (Saiz-Jimenez and Hermosin, 1999; Barton and Jurado, 2007;
Cuezva et al., 2009; Pasić et al., 2010; Vanderwolf et al., 2013). Caves
may also represent heterogeneous systems because of the nature and sur-
face properties of the various internal rock layers, the architecture and con-
nectivity of the cave (Cañveras et al., 2001; Nehme, 2013), as well as
airflow and climatic exchanges with the outside atmosphere (Russell,
1998; Banerjee and Joshi, 2013). Outside conditions impactmost on the en-
trance zone of caves (Banerjee and Joshi, 2013), and thus climatic fluctua-
tions within caves depend on the distance to the entrance, as well as
epikarst thickness (Cuezva et al., 2009).

Despite the particular, apparently unfriendly environmental conditions
prevailing in caves (Schabereiter-Gurtner et al., 2002; Cuezva et al., 2009),
these underground ecosystems appear to host a broad range of microorgan-
isms (Engel and Northup, 2008; Saiz-Jimenez, 2012) and current high-
throughput sequencingmethods have started to document the extent of mi-
crobial diversity in caves (Pfendler et al., 2018; Alonso et al., 2019;
Thompson et al., 2019). Bacteria, Archaea and microeukaryotes typically
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coexist within microbial communities in all ecosystems, and caves are no
exception to this. This microbial world can play significant roles in caves,
starting from the modulation of geochemical processes responsible for
cave formation (Jurado et al., 2010). Indeed, microorganisms are involved
in the karstification process through chemical weathering (by releasing or-
ganic acids), biological physical weathering (by fungal growth-mediated
breaking down and mechanical dislodging of loose limestone particles)
and enzymatic weathering (by the production of carbonic anhydrase en-
zymes) (Lian et al., 2011; Hou et al., 2013). In addition, microbial activity
might contribute to the formation of various mineral constituents in caves,
including moonmilk, saltpeter, mineral precipitates, etc. (Northup, 1997;
Cañveras et al., 2001; Brannen-Donnelly and Engel, 2015). Finally, micro-
organisms play a key role in the production and turnover of organic matter
(Barton and Northup, 2007; Jurado et al., 2010; Garcia-Anton et al., 2013).
Microbial activities may be of particular importance in certain Paleolithic
caves, where excessive tourism has enhanced organic C inputs facilitating
thus microbial proliferation, which might threaten artwork quality
(Cañveras et al., 2001; Bastian et al., 2010; Martin-Sanchez et al., 2012a).

This review deals with the microbial ecology of karstic caves, with a
focus on tourist Paleolithic caves for which conservation issues represent
a challenge. The processes of microbial colonization in caves are described,
along with the resulting microbial diversity expected in caves. The impact
of tourism on the microbiota of Paleolithic caves is then reviewed, includ-
ing its consequences in terms of microbial proliferation and alteration of
cave surfaces and Paleolithic art.

2. Processes of microbial colonization in caves

2.1. Microbial entry into caves and adhesion to cave surfaces

Caves represent underground and enclosed environments, but they are
connected with the surrounding environment present outside the cave
(Garcia-Anton et al., 2013; Hershey and Barton, 2018; Morse et al.,
2021). Thus, microorganisms may enter in caves and karst ecosystems fol-
lowing passive dissemination by infiltrating water (Dupont et al., 2007;
Davis et al., 2020) or air currents (Engel and Northup, 2008; Cuezva
et al., 2009; Vanderwolf et al., 2013). Concerning air dissemination,
Fungi are probably largely transported as spores, whereas Bacteria are
more likely to enter caves as cells adhering to dust particles (Dupont
et al., 2007; Chen et al., 2009; Garcia-Anton et al., 2013). Biotic vectors
may also be involved, especially incoming humans or animals such as
arthropods (Barton and Jurado, 2007; Dupont et al., 2007) and bats
(Vanderwolf et al., 2013). In the case of tourist caves, humans might
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constitute the most important factor favoring microbial arrival. Arthropods
can differently promote the dispersion of Bacteria (Scheu and Simmerling,
2004), Archaea (Moissl-Eichinger and Huber, 2011) and Fungi (Thimm
et al., 1998) by carrying these microorganisms on their bodies or hosting
them in their gut (Thimm et al., 1998). Therefore, most microorganisms
present in caves were considered, at least in earlier studies, to have been
transported there, which means they have often been regarded as not rep-
resenting a cave-specific microbiota (Keswick et al., 1982; Palmer, 1991;
Cunnigham et al., 1993; Northup et al., 1994; Rusterholtz and Mallory,
1994; Gorbushina, 2007; Herzog Velikonja et al., 2013). For instance, in
Lascaux Cave, this allochthonous status has been proposed for the faculta-
tive entomophilousGeosmithia species (Bastian et al., 2009b). However, ev-
idence also points to the occurrence of microorganisms as intrinsic cave
inhabitants (Schabereiter-Gurtner et al., 2004). The Schneider-Racoviță
classification of underground species as trogloxenes, troglophiles or
troglobionts (troglobitic) according to their preferred habitat and origin
(s) (Mammola, 2019) is little implemented yet for microorganisms
(Snider et al., 2009; Zhang et al., 2018), but this concept deserves attention
as it might prove useful as well to characterize the status of microbial spe-
cies. The main process(es) leading to the entry of allochthonous microor-
ganisms into caves varies according to cave specifics. In Altamira Cave,
gaseous phase exchanges with the outside atmosphere matter most
(Cuezva et al., 2009; Saiz-Jimenez et al., 2011; Garcia-Anton et al., 2013),
whereas in Lascaux Cave the arthropods are thought to play a larger role
(Bastian et al., 2009b; Bastian et al., 2010).

Once entered in the cave, microorganisms might colonize and prolifer-
ate on the surfaces available. The establishment of microorganisms on cave
walls requires adhesion to the wall surface (Cuezva et al., 2009). The most
studied adhesionmechanism in Bacteria and Fungi is the secretion of extra-
cellular polysaccharides (Gorbushina, 2007; Zucconi et al., 2012), leading
to biofilm formation and facilitating adhesion for additional microorgan-
isms like Cyanobacteria and other Bacteria, Fungi and microalgae
(Riding, 2000). In the case of Fungi, hyphae can also penetrate directly
into microporous wall surfaces (Sterflinger, 1998; Kumar and Kumar,
1999; Gorbushina, 2007), thereby promoting colonization of these rock
materials (Stupar et al., 2014). Microclimatic conditions may modulate
adhesion conditions, as condensation on walls forms clouds of water micro-
particles (named hydroaerosols) that support adhesion for microorganisms
carried by air particles (Cuezva et al., 2009; Garcia-Anton et al., 2013). In
turn, microbial adhesion to rock surfaces may facilitate biotransformations
of minerals that provide nutriments or energy (Riding, 2000), as well asmi-
crobial growth (Cuezva et al., 2009).

2.2. Microbial growth and establishment in caves

Once microorganisms interact with cave surfaces, the particular micro-
climate and resource availability on rock surfaces will determine the possi-
bilities of microbial growth and colonization (Gorbushina, 2007; Cuezva
et al., 2009). Although themajority of cavemicroorganisms do not function
as autotrophs (Laiz et al., 1999; Simon, 2019; Bastian et al., 2009a), photo-
synthesis takes place in tourist caves where artificial lights are operated,
and consequently chemoautotrophy may play an important role by provid-
ing organic matter (Cañveras et al., 2001; Barton and Jurado, 2007; Barton
and Northup, 2007). Overall, oligotrophic conditions on rock surfaces lead
to low growth rates (Portillo and Gonzalez, 2010), where the availability of
organic carbon is often limiting (Stomeo et al., 2009). In such cases, inputs
of organic matter into the cave (through infiltrating water, air-borne parti-
cles, human inputs, incoming fauna or flooding by subterranean streams in
certain cases; Cañveras et al., 2001; Morse et al., 2021) will play an impor-
tant role (Jurado et al., 2010; Garcia-Anton et al., 2013). Experimental anal-
ysis of sterilized rock tablets placed in Altamira Cave showed that bacterial
and fungal colonization, based on visible growth and scanning electron mi-
croscopy, needed several months (Jurado et al., 2009). In certain cases
where nutrients are not limiting, cave conditions promote microbial prolif-
eration andmay lead to the formation of stains, as reported in Lascaux Cave
(Bastian et al., 2010), or visible colonies as described in Altamira Cave
3

(Schabereiter-Gurtner et al., 2002; Portillo et al., 2008). Rather than
forming single microcolonies, Fungi, algae and Bacteria are likely to coexist
(Gorbushina, 2007), often in mixed biofilms (Schabereiter-Gurtner et al.,
2002; Portillo et al., 2008).

Microbial interactions taking place in caves remain largely undocu-
mented. Cave oligotrophy probably leads to strong competition for sub-
strates among microorganisms (Bhullar et al., 2012). This competition is
probably assisted by the release of antimicrobial secondary metabolites,
and both microorganisms with antimicrobials production ability (Ghosh
et al., 2017) and antibiotic resistance traits (Bhullar et al., 2012) can be
isolated from caves. Yet, species coexistence within cave microbial commu-
nities raises the possibility that even positive interactions, such as coopera-
tion and mutualism, are also taking place (Barton and Jurado, 2007). Due
to the presence of light, lichens may often be found near the entrance of
certain caves (Roldán and Hernández-Mariné, 2009). Bacterial
chemoautotrophs have been suggested to interact with heterotrophic mi-
croorganisms in various caves (Cunnigham et al., 1993; Vanderwolf et al.,
2013). Indeed, it is likely that a large number of microorganisms rely on or-
ganic substrates (carbon and energy sources) provided by other microbial
community members (Barton and Jurado, 2007; Barton, 2006), as in
other types of environments.

Once established in caves, microorganisms may be remobilized and
spread further, but probably across shorter distances than during initial ar-
rival of external microorganisms into these underground ecosystems. Wind
currents within Altamira Cave are thought to favor formation of Bacteria-
containing aerosols from condensed water present on rock surfaces in the
cavity, thereby enhancing bacterial spread (Garcia-Anton et al., 2013). In
Lascaux, arthropods such as collembola are likely to disseminate cave Bac-
teria and Fungi, specifically those associated with black stains, i.e. patches
on rock surfaces with a black visual appearance and attributed to the pro-
duction of fungal melanin (Bastian et al., 2010). Therefore, certain areas
within caves might also serve as microbial reservoirs, both for indigenous
and allochthonous microorganisms, with the possibility of subsequent re-
colonization processes from one cave area to the other (Engel, 2010; De
Mandal et al., 2016).

3. Microorganisms typically present in caves

The structure of cave microbial communities is rather stable in time
(Tomczyk-Żak and Zielenkiewicz, 2016; Alonso et al., 2018) but it can
vary according to (i) local conditions, such as the type (Jones and
Macalady, 2016) and heterogeneity (Cuezva et al., 2009) of mineral or
organic surfaces, and (ii) many specific physicochemical factors including
pH, nutrient availability, etc. (Engel, 2010; De Leo et al., 2012). Caves
are thought to be colonized by highly-specialized microorganisms
(Schabereiter-Gurtner et al., 2002; Bastian and Alabouvette, 2009; De Leo
et al., 2012), and both culture-dependent and culture-independent methods
have evidenced that Bacteria and Fungi inhabiting karstic caves are very di-
verse (Schabereiter-Gurtner et al., 2002; Barton and Northup, 2007; Jurado
et al., 2010; Alonso et al., 2019). Culture-independent methods especially
with the advent of high-throughput sequencing are now providing an ex-
haustive view of microbial richness and diversity, and also facilitate the in-
ventory of Archaea and non-fungal microeukaryotes, so far neglected in
most investigations (Table 1, Fig. 1). Functional traits of these microorgan-
isms have been reviewed by Vanderwolf et al. (2013), Tomczyk-Żak and
Zielenkiewicz (2016), and Joshi and Chettri (2019). Physiologically-active
members of the cave microbiota have been specifically targeted, but this
was done in a limited number of studies (e.g. Portillo et al., 2008, 2009).

3.1. Bacteria in caves

Data obtained across a broad range of caves, especially using culture-
independent methods, indicate that the bacterial community is largely
dominated by Proteobacteria and Actinobacteria (Table 2) (Cañveras et al.,
2001; Cuezva et al., 2009; Saiz-Jimenez, 2012; Diaz-Herraiz et al., 2014;
Dhami et al., 2018; Zhu et al., 2019). The high abundance of Proteobacteria



Table 1
Mean, minimal and maximal relative abundance (%) of phyla retrieved in the microbiome of non-anthropized caves with culture-dependent approaches. Minimal and max-
imal abundances of phyla, number of caves and number of countries are calculated without considering the null values. Hyphens are usedwhen no data is available. Archaea
are not included as they are not readily amenable to cultivation. Non-fungal microeukaryotes (Amoebozoa, Stramenopiles, Alveolata, Chlorophyta) have hardly been investi-
gated and are not shown.

Phyla Relative
abundance (%)

Number of caves
(where evidenced)

References

Min Max Mean

Bacteria
Proteobacteria 2.4 41.1 22.4 7 Adetutu et al., 2012; Barton, 2015; Griffin et al., 2014; Herzog Velikonja et al., 2013; Northup et al., 2003;

Schabereiter-Gurtner et al., 2004
Actinobacteria 11.6 95.1 35.7 6 Adetutu et al., 2012; Barton, 2015; Griffin et al., 2014; Northup et al., 2003; Schabereiter-Gurtner et al., 2004
Chloroflexi 1.2 1.2 0.2 1 Schabereiter-Gurtner et al., 2004
Acidobacteria 16.5 16.5 7.9 2 Herzog Velikonja et al., 2013; Schabereiter-Gurtner et al., 2004
Bacteroidetes 4.9 6.3 4.5 6 Barton, 2015; Griffin et al., 2014; Herzog Velikonja et al., 2013; Novakova et al., 2005; Schabereiter-Gurtner

et al., 2004
Firmicutes 5.0 37.9 10.2 4 Adetutu et al., 2012; Barton, 2015; Northup et al., 2003
Gemmatimonadetes – – – – –
Planctomycetes – – – – –
Nitrospirae 15.5 15.5 1.9 1 Northup et al., 2003
Verrucomicrobia – – – – –
Cyanobacteria – – – – –
Other taxa 1.2 93.7 14.4 3 Adetutu et al., 2012; Novakova et al., 2005; Schabereiter-Gurtner et al., 2004
Unidentified taxa 0.1 0.1 0 1 Schabereiter-Gurtner et al., 2004

Fungi
Ascomycota 5.5 96.1 94.9 5 Adetutu et al., 2011; Belyagoubi et al., 2018; Jacobs et al., 2017; Novakova et al., 2005; Vaughan et al., 2011
Basidiomycota 1.9 7.6 2.5 3 Adetutu et al., 2011; Jacobs et al., 2017; Novakova et al., 2005; Vaughan et al., 2011
Zygomycota 2.6 2.6 1.8 3 Belyagoubi et al., 2018; Jacobs et al., 2017; Novakova et al., 2005; Vaughan et al., 2011
Chytridiomycota – – – – –
Mucoromycota 2.7 2.7 0.5 1 Novakova et al., 2005

Other situations
Other micro-eukaryotes 0.2 5.0 1.1 3 Adetutu et al., 2011; Belyagoubi et al., 2018; Vaughan et al., 2011
Unidentified
micro-eukaryotic taxa

– – – – –
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may be partly due to their ability to degrade a wide range of organic com-
pounds and for certain taxa to catalyze metal transformations, whereas
Actinobacteria members are involved in biomineralization processes (De
Leo et al., 2012; Tomczyk-Żak and Zielenkiewicz, 2016). Other phyla iden-
tified through high-throughput sequencing methods include Acidobacteria
(some of them involved in dissimilatory iron reduction), Firmicutes (for
which growth on various organic compounds is documented) and
Nitrospirae (a metabolically diverse, generally aerobic phylum but with
the ability for anaerobic reduction of sulfate), which are also abundant in
caves, as well as Gemmatimonadetes, Planctomycetes (some of them capable
of anaerobic ammonia oxidation coupled with nitrate reduction),
Verrucomicrobia and Cyanobacteria whose members are not recovered by
conventional laboratory cultivation methods (Tomczyk-Żak and
Zielenkiewicz, 2016) (Table 1). These phyla were shown to be abundant
in many caves from Australia, China, Spain and the USA (Barton and
Jurado, 2007; Bastian and Alabouvette, 2009; Adetutu et al., 2012; Ortiz
et al., 2014; Yun et al., 2016). The 11 main phyla gather the vast majority
of bacterial sequences, whereas 8.3% of the sequences shown in Fig. 1a cor-
respond to the rarest phyla, so far hardly documented. Fluctuations in the
relative abundance of phyla in the eight cave conditions shown in Appendix
S1 (Table S1) are quite substantial, especially when comparingwith the sta-
lactites (which represent specific physico-chemical properties; Ortiz et al.,
2014; Zepeda Mendoza et al., 2016) of Cave Herrenberg and the floor of
Cave Buraco da Sopradeira, located in a semi-arid region (e.g.with a differ-
ence of 14% for Proteobacteria) (Marques et al., 2019). Indeed, different
bacterial communities can be evidenced when comparing different caves
(Saiz-Jimenez, 2012; Alonso et al., 2019; Zhu et al., 2019) or different con-
ditions within a cave (Schabereiter-Gurtner et al., 2002; Cuezva et al.,
2009; Yun et al., 2016; Dhami et al., 2018; Alonso et al., 2018).

The comparison of caves (little or not anthropized) with soil, aquatic,
soil, plant and metazoan ecosystems evidences similarities in terms of the
main bacterial phyla present (Fig. 1a), which denotes the ecological success
4

and adaptability of these phyla across contrasted environments (Prescott
et al., 2018). However, one can also wonder to which extent microorgan-
isms from these types of ecosystems might be connected to cave
microbiomes. In this context, the above finding may also be an indication
of the occurrence of metapopulations and microbial dissemination into
caves, involving soil above caves, water infiltration into caves (for example
via rhizosphere channels through the epikarst), and microbial carriage by
arthropods or mammals (cited above). Thus, the composition of the bacte-
rial community of karstic caves in limestone, dolomite ormarble rock layers
(Bakalowicz, 1999; Rusznyák et al., 2012; Alonso et al., 2019; Marques
et al., 2019; Wiseschart et al., 2019) may be close to that of calcareous
soils (Fig. 1a). Even though caves are inhabited by metazoa, the composi-
tion of cave communities is more distant from those of metazoan ecosys-
tems, as caves display a higher abundance of Gemmatimonadetes,
Nitrospirae, Acidobacteria, Chloroflexi and Planctomycetes, and a lower abun-
dance of Bacteroidetes (Fig. 1a). This is compatible with the proposed status
of Bacteroidetes as bio-indicators of anthropization, whereas the Nitrospirae
phylum is associated with limited anthropization (Castro et al., 2002;
Herrmann et al., 2015; Alonso et al., 2019).

3.2. Archaea in caves

The archaeal community (which is not readily recovered by labora-
tory cultivation) of non-anthropized caves is mainly composed of
Thaumarchaeota and Euryarchaeota on the basis of culture-independent
data (Tables 1, 2) (Ortiz et al., 2014; Carmichael et al., 2015; Alonso
et al., 2019). The Thaumarchaeota phylum represents more than 70% of
the archaeal sequences in non-anthropized caves (Table 2, Fig. 1b) and lit-
erature reported its involvement in CO2 fixation and ammonia oxidation
(Ortiz et al., 2014). The Crenarchaeota phylum is also retrieved in caves,
representing about 10% of the archaeal sequences. These Archaea are
mostly documented as thermophilic (Bonch-Osmolovskaya et al., 2018)



Fig. 1. Heatmap of major phyla affiliated with (A) Bacteria, (B) Archaea and (C) microeukaryotes in the microbiome of non-anthropized caves and water, soil, plantae and
metazoan microbiomes, based on data from selected publications. Criteria considered for selection of these publications included (i) the combined analysis of different
domains of life (ideally bacteria, archaea as well as micro-eukaryotes), (ii) the use of separate primer sets for bacteria and archaea, and (iii) the same types of sequencing
technologies to facilitate comparisons. Sequences were retrieved in the Results sections or Supplementary data of research articles, or in sequence databases (e.g. RDP
classifier, Greengenes, 119 SILVA, 123 SILVA, 123.1 SILVA, UNITE 7.0, etc.). These sequences were affiliated according to the best hit obtained by BLASTn against
Nucleotid collection (nr/nt) and the relative abundance of phyla was calculated. Heatmaps were generated using R (v.4.0.2) software with ggplot2 package (Wickham,
2016). The color intensity in each cell denotes the relative abundance the corresponding phylum, after [log2(x + 0.01)] transformation: phyla of average abundance are
shown in medium turquoise blue, whereas dominant phyla are in dark blue/grey and poorly abundant phyla in light turquoise blue. A 0 value is shown for visual clarity
when relative abundance of sequences is 0%. White cells are used when data is not available. The asterisks indicate micro-eukaryotic phyla corresponding to fungi. See
Appendix S1: Table S1 for further information on the experimental conditions that are included in the comparison. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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and historically included the mesophilic Crenarchaeota (Schleper et al.,
2005; Tomczyk-Żak and Zielenkiewicz, 2016), now recognized as the
Thaumarchaeota phylum. The role and activity of the archaeal microorgan-
isms in natural ecosystems is still mysterious, especially in caves (De
Mandal et al., 2016; Hershey and Barton, 2018; Alonso et al., 2019).
Some differences in archaeal communities can be evidenced when compar-
ing different caves. The Crenarchaeaota were absent from some caves in
France (Allas, Mouflon, Pilier, Reille; Alonso et al., 2019), Thailand
(Manao-Pee; Wiseschart et al., 2019) and China (Heshang; Yun et al.,
2016), but represented the most abundant phylum in Lechuguilla cave
(New Mexico) (Northup et al., 2003). This finding is probably due to taxo-
nomic shortcomings in earlier, pioneering work carried out at a time where
the Thaumarchaeota were still included within the Crenarchaeota.
5

Archaeal community composition in caves is distinct from that of the
metazoan microbiome shown in Fig. 1b. Indeed, Euryarchaeota are
particularly abundant in metazoa (about 30% of sequences) while rep-
resenting <10% of archaeal sequences in caves. This may be related to
the anaerobic conditions prevailing in gut systems, where methane
production by Euryarchaeota may take place (Liu and Whitman, 2008).
The archaeal community composition of non-anthropized caves resem-
bles that of plants (Fig. 1b), which raises the possibility that some
Archaea could originate from the rhizosphere of plants growing above
caves, after entry into the caves by water infiltration through the
porosity adjacent to the root (microbial dissemination in caves is
described above). Such a possibility would need to be assessed
experimentally.

Image of Fig. 1


Table 2
Mean, minimal and maximal relative abundance (%) of phyla found in the microbiome of non-anthropized caves with culture-independent method. Minimal and maximal
abundances of phyla, number of caves and number of countries are calculated without considering the null values. Hyphens are used when no data is available.

Phyla Relative abundance
(%)

Number of
caves
(where
evidenced)

References

Min Max Mean

Bacteria
Proteobacteria 2.8 94.5 43.3 27 Alonso et al., 2019; Barron et al., 2010; Carmichael et al., 2015; D'Auria et al., 2018; De Mandal et al., 2017; De Mandal

et al., 2016; Epure et al., 2014; Lü et al., 2018; Marques et al., 2019; Zepeda Mendoza et al., 2016; Ortiz et al., 2014; Pasić
et al., 2010; Porter et al., 2009; Rusznyák et al., 2012; Wiseschart et al., 2019; Yun et al., 2016

Actinobacteria 0.6 90.1 18.1 18 Barron et al., 2010; D'Auria et al., 2018; De Mandal et al., 2017; De Mandal et al., 2016; Marques et al., 2019; Zepeda
Mendoza et al., 2016; Ortiz et al., 2014; Pasić et al., 2010; Rusznyák et al., 2012; Wiseschart et al., 2019

Chloroflexi 0.7 24.0 5.1 19 Alonso et al., 2019; Barron et al., 2010; Carmichael et al., 2015; D'Auria et al., 2018; De Mandal et al., 2016; Epure et al.,
2014; Lü et al., 2018; Marques et al., 2019; Zepeda Mendoza et al., 2016; Ortiz et al., 2014; Pasić et al., 2010

Acidobacteria 0.7 23.0 4.7 23 Alonso et al., 2019; Barron et al., 2010; Carmichael et al., 2015; D'Auria et al., 2018; De Mandal et al., 2017; De Mandal
et al., 2016; Epure et al., 2014; Lü et al., 2018; Marques et al., 2019; Zepeda Mendoza et al., 2016; Pasić et al., 2010; Porter
et al., 2009; Ortiz et al., 2014; Rusznyák et al., 2012; Yun et al., 2016

Bacteroidetes 0.9 26.0 4.6 15 Alonso et al., 2019; Barron et al., 2010; Carmichael et al., 2015; D'Auria et al., 2018; De Mandal et al., 2017; De Mandal
et al., 2016; Lü et al., 2018; Marques et al., 2019; Zepeda Mendoza et al., 2016; Pasić et al., 2010; Rusznyák et al., 2012;
Wiseschart et al., 2019; Yun et al., 2016

Firmicutes 0.9 34.0 4.3 17 Alonso et al., 2019; Barron et al., 2010; D'Auria et al., 2018; De Mandal et al., 2017; Epure et al., 2014; Lü et al., 2018;
Marques et al., 2019; Zepeda Mendoza et al., 2016; Ortiz et al., 2014; Rusznyák et al., 2012; Wiseschart et al., 2019; Yun
et al., 2016

Gemmatimonadetes 0.6 24.5 3.9 15 Alonso et al., 2019; Barron et al., 2010; D'Auria et al., 2018; De Mandal et al., 2017; Epure et al., 2014; Lü et al., 2018;
Marques et al., 2019; Pasić et al., 2010; Porter et al., 2009; Rusznyák et al., 2012; Wiseschart et al., 2019; Yun et al., 2016

Planctomycetes 0.6 23.0 3.5 18 Alonso et al., 2019; Barron et al., 2010; Carmichael et al., 2015; De Mandal et al., 2016; Zepeda Mendoza et al., 2016; Ortiz
et al., 2014; Pasić et al., 2010; Porter et al., 2009; Rusznyák et al., 2012; Wiseschart et al., 2019; Yun et al., 2016

Nitrospirae 0.9 17.8 3.3 13 Alonso et al., 2019; De Mandal et al., 2017;Epure et al., 2014; Lü et al., 2018; Ortiz et al., 2014; Pasić et al., 2010; Rusznyák
et al., 2012

Verrucomicrobia 0.5 7.0 0.6 7 Carmichael et al., 2015; Lü et al., 2018; Pasić et al., 2010; Rusznyák et al., 2012; Yun et al., 2016
Cyanobacteria 0.5 2.0 0.2 5 Alonso et al., 2019; Lü et al., 2018; Zepeda Mendoza et al., 2016; Ortiz et al., 2014
Other taxa 0.7 32.7 5.3 22 Alonso et al., 2019; Barron et al., 2010; Carmichael et al., 2015; D'Auria et al., 2018; De Mandal et al., 2017; De Mandal

et al., 2016; Epure et al., 2014; Lü et al., 2018; Marques et al., 2019; Zepeda Mendoza et al., 2016; Ortiz et al., 2014; Porter
et al., 2009; Rusznyák et al., 2012; Wiseschart et al., 2019

Unidentified taxa 0.5 46.0 3.3 11 Alonso et al., 2019; Barron et al., 2010; De Mandal et al., 2016; Zepeda Mendoza et al., 2016; Rusznyák et al., 2012

Archaea
Thaumarchaeota 40.0 97.0 71.2 8 Alonso et al., 2019; Carmichael et al., 2015; Ortiz et al., 2014; Wiseschart et al., 2019; Yun et al., 2016
Euryarchaeota 2.4 60.0 13.3 9 Alonso et al., 2019; Carmichael et al., 2015; Northup et al., 2003; Vaughan et al., 2011; Wiseschart et al., 2019; Yun et al.,

2016
Crenarchaeota 6.0 91.0 10.8 2 Northup et al., 2003; Ortiz et al., 2014
Woesearchaeota 1.63 11.6 2.8 4 Alonso et al., 2019
Other taxa 0.5 1.3 0.3 3 Alonso et al., 2019; Ortiz et al., 2014; Yun et al., 2016
Unidentified taxa 18.0 18.0 2.0 1 Alonso et al., 2019; Ortiz et al., 2014

Fungi
Ascomycota 32.2 100 54.1 12 Alonso et al., 2019; Epure et al., 2014; Man et al., 2018; Zepeda Mendoza et al., 2016; Rusznyák et al., 2012; Wiseschart

et al., 2019; Zorn, 2014
Basidiomycota 2.6 45.1 10.1 11 Alonso et al., 2019; Man et al., 2018; Zepeda Mendoza et al., 2016; Rusznyák et al., 2012; Wiseschart et al., 2019; Zorn,

2014
Zygomycota 2.4 16.2 2.9 6 Alonso et al., 2019; Man et al., 2018; Rusznyák et al., 2012; Zorn, 2014
Chytridiomycota 1.2 6.4 0.6 2 Alonso et al., 2019
Mucoromycota 0.1 2.4 0.2 3 Alonso et al., 2019; Wiseschart et al., 2019

Non-fungal microeukaryotic phyla
Amoebozoa 0.6 22.9 3.2 5 Alonso et al., 2019; Ortiz et al., 2014
Stramenopiles 0.9 17.7 3.2 6 Alonso et al., 2019; Zepeda Mendoza et al., 2016; Ortiz et al., 2014
Alveolata 0.7 12.5 2.3 5 Alonso et al., 2019; Zepeda Mendoza et al., 2016; Ortiz et al., 2014; Wiseschart et al., 2019
Chlorophyta 1.4 13.0 1.7 3 Zepeda Mendoza et al., 2016; Ortiz et al., 2014; Wiseschart et al., 2019

Other situations with microeukaryotes
Other taxa 2.1 48.0 12.1 11 Alonso et al., 2019; Man et al., 2018; Zepeda Mendoza et al., 2016; Rusznyák et al., 2012; Wiseschart et al., 2019; Zorn,

2014
Unidentified taxa 5.0 21.0 6.2 7 Man et al., 2018; Zepeda Mendoza et al., 2016; Zorn, 2014
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3.3. Fungi and other microeukaryotes in caves

The microeukaryotic community in non-anthropized caves is predomi-
nantly composed by the fungal phylum Ascomycota (about half the available
sequences) (Zepeda Mendoza et al., 2016; Man et al., 2018; Alonso et al.,
2019; Wiseschart et al., 2019), a highly diverse phylum involved in the
decay of organic substrates and in intimate relations with animals, plants
and other Fungi (Northup et al., 2003). Within Ascomycota, Fusarium spp.
were the only species documented by both cultivation and molecular
methods in Doña Trinidad Cave (Stomeo et al., 2009). The next prevalent
phylum is the Basidiomycota (important for degradation of polymers e.g.
6

cellulose) (10%), which is less adapted to oligotrophic conditions compared
toAscomycota (Vanderwolf et al., 2013) (Tables 1, 2, Fig. 1c). Different fungal
communities can be found in different caves (Alonso et al., 2019; Zhang and
Cai, 2019), or when comparing different conditions and substrates within a
cave (Man et al., 2018; Zhang and Cai, 2019). For example, the fungal phy-
lum Zygomycota represented about 16% of all microeukaryotes in weathered
rocks at Heshang Cave (China) (Man et al., 2018) vs only 2% on the floor of
Manao-Pee Cave (Thailand) (Wiseschart et al., 2019). However, non-fungal
taxa present in the cavemicroeukaryotic community have rarely been consid-
ered, and their ecological importance remains largely undocumented. To
date, there have been few studies of protists in non-anthropized caves
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(ZepedaMendoza et al., 2016). Alonso et al. (2019) described protist taxa in a
larger investigation of the microeukaryotic community in four pristine caves
in France (Allas, Mouflon, Pilier and Reille), where fungal taxa were more
abundant than protists.

The microeukaryotic community of non-anthropized caves is largely
similar to those in the other ecosystems compared (Fig. 1c). TheAscomycota
are prevalent in caves, but they are also prevalent in soils worldwide
(Schoch et al., 2009). The non-fungal groups Amoebozoa and Alveolata are
often found in soil and water, respectively (Antranikian et al., 2017;
Sauvadet et al., 2010; Xiong et al., 2018), a feature shared by karst environ-
ments which are also hydro-geological systems, with a well-developed un-
derground drainage network (Bakalowicz, 1999; Engel, 2010).

3.4. Endemic features of the cave microbiome

Overall, themainmicrobial phyla prevalent in pristine caves are similar to
those evidenced in other ecosystems, especially water and soil. However, the
situation is not as clear when considering lower taxonomic levels (Saiz-
Jimenez, 2012), and many microorganisms typical of caves are thought to
be limited to underground environments (Engel, 2019). For instance, evi-
dence was found for a new cave-adaptedmethane-oxidizing bacterial species
from the genus Methylomonas (Kumaresan et al., 2018). Regarding fungi,
many species have only been reported in caves (Zhang et al., 2018), such as
the Ochroconis species O. anellii, O. anomala and O. lascauxensis (Martin-
Sanchez et al., 2012b; Giraldo et al., 2014; Samerpitak et al., 2015), the
Mortierella species M. rhinolophicola, M. multispora and M. yunnanensis, and
Neocosmospora pallidimors (Karunarathna et al., 2020). However, the absence
of these species outside caves remains to be clarified. The bat pathogen
Pseudogymnoascus destructans is believed to have evolved from a cave-
endemic Pseudogymnoascus species (Hershey and Barton, 2018). Additional
endemic taxa might be identified with a more detailed appraisal of the rare
cave biosphere (Hershey and Barton, 2018). At intra-species levels, the de-
scriptions of cave-adapted genotypes (or strains) in fluorescent Pseudomonas
(Hershey and Barton, 2018; Turrini et al., 2020) and Streptomyces lavendulae
or related species (Gosse et al., 2019) point towards endemic distributions.
UV resistance is thought to be counter-selected in troglobitic bacteria
(Snider et al., 2009).

Even thoughmicroorganisms from other environments can be transferred
into caves, where they may represent environmental contaminants rather
than endemic cave inhabitants (Vanderwolf et al., 2013; Davis et al., 2020;
Morse et al., 2021), they are confronted to strong Darwinian selection once
in caves (Hershey and Barton, 2018). Therefore, microbial communities in
cavemaydisplay taxa common to those fromother environments, but present
at very different population levels. Thus, higher abundances in caves have
been highlighted for e.g. the bacterial phyla Acidobacteria and Nitrospira,
the class Deltaproteobacteria and the Betaproteobacteria families
Oxalobacteraceae, Methylophilaceae and Comamonadaceae (Schabereiter-
Gurtner et al., 2002; Ivanova et al., 2013), as well as the fungal class of
Sordariomycetes (50–60% of sequences in caves vs<10% in soils ormetazoa;
Alonso et al., 2018; Ziganshina et al., 2018; Zheng et al., 2019) or the fungal
genus Alternaria well present underground (Man et al., 2018). On this basis,
data point mostly to the occurrence of specializedmicrobial communities en-
demic to caves (Ivanova et al., 2013; Hershey and Barton, 2018; Engel, 2019;
Davis et al., 2020; Morse et al., 2021) rather than cave-endemic microbial
taxa per se, but further microbial diversity descriptions are needed for a
more robust appraisal.

4. Tourist Paleolithic caves and effects of contemporary anthropization
on microorganisms

4.1. Tourist Paleolithic caves

Paleolithic caves represent a very particular kind of underground systems.
They are caves harboring archaeological artwork, which is thought to date
from the end of the Middle Paleolithic (the Middle Paleolithic lasted from
300,000–200,000 to 50,000–30,000 years Before Present (BP)) and
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especially the Upper Paleolithic (50,000–30,000 to 12,000–10,000 years BP)
(Mohen and Taborin, 2009). In these caves, parietal artwork includes engrav-
ings, drawings, paintings and sometimes carvings, which are present on the
walls and ceiling of the cavities.

Caves that were subsequently used for artwork started to form long
(millions years) before humans started their exploration. Cave formation
took place during the Cretaceous (145–66million years BP) or the Neogene
(23–2.6million years BP), as illustrated in Fig. 2 for the Large Cave (Grande
Grotte) of Arcy-sur-Cure (France), Chauvet Cave (France) and Cave of
Altamira (Spain). Perhaps the time of formation of these caves, their geo-
logic history and ancient biological events (e.g. their mode of frequentation
by animals in the distant past) are important factors that would need to be
considered to understand their legacy for the ecology of current microor-
ganisms and microbial adaptation to pristine cave conditions.

During the second half of the Lower Paleolithic (the Lower Paleolithic
lasted from around 3 million years to 300,000 years BP), prehistoric men
occupied caves, mainly at their entrance (Cauche, 2009) as they provided
a protected environment. In certain caves, human occupation extended
over 200,000 years, as in the caves of Arcy-sur-Cure (Fig. 2) (Baffier and
Girard, 1997). Hundreds of caves have been decorated. Human traces left
in these caves (e.g. bones, objects and parietal art) can be analyzed using
various techniques (14C dating, thermoluminescence, optically stimulated
luminescence, uranium-thorium radiometry, etc.) (Sauvet, 2015), allowing
to date the artwork of the caves of El Castillo (Spain), Altamira (Spain),
Chauvet (France), Tito Bustillo (Spain), Lascaux (France) and Magura
(Bulgaria) at about 41,000, 36,000–13,000, 33,000, 20,000, 18,000 and
10,000 years BP, respectively (Glory, 1964; Hoyos et al., 1998; Valladas
et al., 2005; Pike et al., 2012; Biot, 2013; Ivanova et al., 2013). Landslides
blocking the entrance terminated human presence in certain caves. Chauvet
Cave was frequented by humans during the Aurignacian (43,000–
29,000 years BP) until a first landslide, and then during the Gravettian
(33,000–21,000 years BP) till a second landslide dated 13,000 years BP
caused the closure of the cave, which was rediscovered in 1994
(Le Guillou, 2005).

The history of human presence after the Paleolithic is poorly docu-
mented. During antiquity, the Romans and the Greeks used certain caves
for thermalism,made pilgrimages and practiced religious and funeral activ-
ities in caves (Verde, 2000). In the Middle Ages, the caves served as refuges
during wars or epidemics (Cigna et al., 2013). The earliest descriptions of
caves date back to Roman times and later the Renaissance (Biot, 2006;
Cigna, 1993; Cigna et al., 2013; Cigna, 2016). The first tourist visits to a
cave, i.e. for the sake of pleasure and recreation, might have taken place
3100 years BP in Turkey (Cigna et al., 2013). Tourism as we know it now-
adays, i.e. with the commercial provision of services, started in Vilenica
Cave (Slovenia) at the beginning of the 17th century (Cigna et al., 2013).
Thus, natural caves have been opened to tourists for 400 years (Pfendler
et al., 2018). A show cave (also called tourist cave or public cave) is a
cave that has been made accessible to the public for guided visits (Cigna
et al., 2013; Cigna, 2016; Cigna and Burri, 2000). In France, 80 under-
ground cavities have been developed as show caves for touristic purposes
from 1919 to 2005 (Biot, 2006, 2013). Nowadays, more than 800 caves
worldwide are open to the public (Fig. 3) and 250 million tourists visit
them each year (Cigna, 2016; Pfendler et al., 2018). Caves attract tourist at-
tention for concretions (stalactites and stalagmites), underground lakes
and/or prehistoric artwork. The majority of decorated caves dating from
the Paleolithic are found in western Europe (especially France and Spain)
(Fig. 3). Some of them are now classified as United Nations Educational,
Scientific and Cultural Organisation (UNESCO) World Heritage Sites, such
as Lascaux (in 1979), Altamira (1985) and Chauvet (2014).

4.2. Anthropization of Paleolithic caves related to tourism

The opening of Paleolithic caves for tourism can modify strongly envi-
ronmental conditions prevailing in these underground systems. The result-
ing alterations that were observed can be problematic for preservation of
artwork, and this forced many caves to close for preservation purposes



Fig. 2. Timeline of selected prominent Paleolithic caves open for tourism (Arcy-sur-Cure, France), formerly open (Altamira in Spain and Lascaux in France), or never open for
tourist visits (Chauvet, France). Key geological processes, human occupations and modern events are indicated.
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(Fig. 3). This is in particular the case of the emblematic caves of Lascaux
(more than 100,000 visitors per year in the early 1960s, closed in 1963)
and Altamira (more than 170,000 visitors per year in the 1960s, closed in
2002) (Figs. 2 and 3). Many Paleolithic caves are closed to the public, yet
45% of them are still open for visits (Fig. 3, Appendix S2: Table S2)
(Ministère de la Culture et de la Communication, 2020).

In certain cases, cave disturbance started even earlier than the imple-
mentation of tourism, i.e.with the initial opening of caves so far largely dis-
connected from the outside environment, sometimes following geologic
events such as landslides, etc. This can immediately cause major changes
in the cave, especially of climatic conditions (Bastian et al., 2010). In tourist
caves, some of the facilities to accommodate visitors were developed as
Fig. 3. Geographic location of 125 selected Paleolithic caves, with (i) their touristic statu
(‘Closed now’ / blue circles or ‘Closed now (NA)’ / dark blue circles), open for tourism (‘
per year (including for previously-open caves before they became closed ; ‘NA’means tha
size). More information on these caves is given in Appendix S2: Table S2. (For interpreta
version of this article.)
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early as in the 1630s for Vilenica Cave (Slovenia) (Cigna et al., 2013) and
the 1800s for the Large Cave of Arcy-sur-Cure (France) (Baffier and
Girard, 1997; Cigna et al., 2013). The soil surfaces of King Salomons Cave
(in Tasmania) and Lascaux Cave (in South-West France) were also exca-
vated to facilitate access (Russell and MacLean, 2008). Often, stairs and ar-
tificial light were installed (Dupont et al., 2007), and sometimes also
concrete pathways (Russell and MacLean, 2008), which can significantly
impact environmental conditions within caves. In Lascaux Cave,machinery
was installed in 1958 to limit water evaporation and condensation (Brunet
et al., 1987; Bastian et al., 2010), and equipment for climatic regulation of
the cave was replaced and modified in 1966 and in the early 2000 (Dupont
et al., 2007), prior to its phasing out in 2015. The visitors themselves can
s i.e. never open (‘Closed’ / red circles), now closed after having been open for visits
Open’ / green circles or ‘Open (NA)’ / dark green circles), (ii) the number of visitors
t data is not available and the corresponding circles were arbitrarily set to minimum
tion of the references to color in this figure legend, the reader is referred to the web

Image of Fig. 2
Image of Fig. 3


Fig. 4. Microbiome of Paleolithic caves open (or previously open) for tourism vs
pristine caves, based on selected data in Alonso et al. (2019). Heatmaps are
shown for major phyla affiliated with (A) Bacteria, (B) Archaea and
(C) microeukaryotes. These sequences were affiliated according to the best hit
obtained by BLASTn and the abundance of phyla was calculated. Heatmaps were
generated using R (v.4.0.2) software with ggplot2 package (Wickham, 2016). The
color intensity in each cell denotes the relative abundance the corresponding
phylum, after [log2(x + 0.01)] transformation: phyla of average abundance are
shown in medium turquoise blue, whereas dominant phyla are in dark blue/grey
and poorly-abundant phyla in light turquoise blue. A 0 value is shown for visual
clarity when relative abundance of sequences is 0%. White cells are used when
data is not available. The asterisks indicate micro-eukaryotic phyla corresponding
to fungi. See Appendix S3: Table S3 for further information on the experimental
conditions that are included in the comparison. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

Z. Bontemps et al. Science of the Total Environment xxx (xxxx) xxx
cause strong changes in cave microclimate, with an increase in tempera-
ture, CO2 concentrations (which can affect the chemical equilibrium of cal-
cite) and water vapor levels (Cañveras et al., 2001; Russell and MacLean,
2008; Bastian et al., 2009b; Diaz-Herraiz et al., 2014). In Tito Bustillo and
Altamira caves, water vapor exhaled by visitors resulted in condensed aero-
sols on cave surfaces (Cañveras et al., 2001; Espino del Castillo et al., 2018).
Therefore, these visitors can also bring organic matter and dust from the
outside on their shoes, or drop strands of hair and flakes of skin
(Cañveras et al., 2001). A tourist that became sick during his visit to
Castañar de Ibor Cave (Spain) raised organic carbon content of the cave sed-
iment from 0.10% to 0.28% where he vomited (Jurado et al., 2010).
Changes in temperature (often increases) were evidenced in several
frequented Paleolithic caves, e.g. ±0.20 °C in Tito Bustillo Cave, ±
0.25 °C in Altamira Cave (Cañveras et al., 2001) and +1.50 °C in Lascaux
Cave (Dupont et al., 2007) compared with original temperatures. As a re-
sult, ecological perturbation undergone by these show caves materialized
by multiple changes in environmental features, which was likely to impact
the structure and functioning of microbial communities.

The introduction of allochthonous nutrients in tourist caves may favor
the growth of heterotrophic bacteria, the development of new microbial
populations, and/or the inhibition of indigenous populations (Groth et al.,
1999; Bastian et al., 2009a; Bastian and Alabouvette, 2009; Espino del
Castillo et al., 2018; Wasti and Seelan, 2019). The microbial diversity of
anthropized and non-anthropized Paleolithic caves has been investigated
for the three domains of life using new generation sequencing techniques
(Alonso et al., 2019). This work showed a unique microbiota for the most
anthropized cave (Lascaux Cave), as well as a higher proportion of
Bacteroidetes (6.0% vs 0.1%) and the absence of Euryarchaeota and
Woesearchaeota in anthropized caves compared with pristine caves
(Fig. 4). Indeed, Bacteroidetes have been proposed as bioindicators of
human disturbance in tourist caves (Mulec et al., 2017; Espino del
Castillo et al., 2018). Certain visited caves may even represent a reservoir
of pathogens (reviewed by Saiz-Jimenez, 2012) e.g. Staphylococcus and
Escherichia coli (Espino del Castillo et al., 2018; Dhawi, 2020), likely linked
to human inputs. Specific microbiota modifications due to anthropization
may be expected at community level, with changes in species richness or
community structure (Ikner et al., 2007; Ager et al., 2010; Alonso et al.,
2019). In South-West France, cave anthropization resulted in lower species
richness and altered structure of prokaryotic communities on thewall of the
caves (Alonso et al., 2019) (Fig. 4). Impacts were stronger on the prokary-
otic communities rather than on eukaryotic communities, irrespective of
cave physicochemical properties (Ikner et al., 2007; Alonso et al., 2019).
However, fungal diversity might also be impacted, with higher tourism
level correlating with lower fungal species richness (Joshi and Chettri,
2019; Wasti and Seelan, 2019). Tourism impact on microorganisms might
be indirect, e.g. mediated by anthropization effects on cave fauna. In the
Grotta di Catellana (Italy), indigenous species of beetles initially observed
near the tourist trails were restricted to more remote parts of the cave
after a few years of exploitation, while the section visited became domi-
nated by mice feeding on visitors waste (Cigna, 1993). Non-native
vertebrates or invertebrates in caves might act as reservoirs of entomo-
pathogenic microorganisms, such as Mucor circinelloides found in rodent
droppings (Jurado et al., 2010) or Chrysosporium, Gliocladium and
Verticillium isolated from the corpses of crickets (Bastian et al., 2009b).

Overall, the assessment of anthropization effects has focused so far on
Bacteria and Fungi, and therefore these effects remain incompletely docu-
mented. In addition, a wider range of geological and climatic settings should
be considered in these assessments, including caves that have undergone dif-
ferent levels or types of anthropization, to establish the genericity of findings.

5. Microbial alteration of rock surfaces in tourist Paleolithic caves

5.1. Microbial alteration processes in Paleolithic caves

Cave biota imbalance following anthropization may cause microbial al-
teration of rock surfaces (Table 3), which can entail (i) excessive growth of
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microorganisms (resulting in colored stains), (ii) chemical reactions carried
out by microorganisms or facilitated by microbial constituents, and/or (iii)
mechanical alteration, often due to the rupture of rock substrates by Fungi
(Cañveras et al., 2001; Barton and Jurado, 2007; Cuezva et al., 2012; Stupar
et al., 2014; Pfendler et al., 2018).

Excessive growth of Archaea, Bacteria and microeukaryotes is one of the
main factor responsible for the degradations observed in caves (Cañveras
et al., 2001; Wang et al., 2010; Mihajlovski et al., 2019). This is well docu-
mented for ‘lampenflora’, an invasive and opportunistic community due to
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Table 3
Selected cases of microbial alterations documented in Paleolithic caves.

Alteration Color Cave Microbial process proposed Reference

Biofilm Green Many caves worldwide Growth of algae and other microorganisms Lefévre 1974; Baquenado Estévez
et al. 2019

Calcite veil Translucent Caves of Arcy-sur-Cure1 Precipitation of calcium carbonate which involved bacteria (Pseudomonas,
Bacillus and Myxococcus)

Chalmin et al. 2007

Opaque Caves of Arcy-sur-Cure, Lascaux
Cave1

Precipitation of calcium carbonate which involved bacteria (Pseudomonas,
Bacillus and Myxococcus)

Chalmin et al. 2007; Martin-Sanchez
et al. 2015

Efflorescence White Sorcerer's Cave1 Gypsum precipitation Lepinay et al. 2018
Stains White Cave of Altamira2, Lascaux

Cave
Growth of white fungi and perhaps also bacteria (Proteobacteria, Acidobacteria) Bastian et al. 2010; Portillo et al.

2008, 2009
Black Lascaux Cave, Cave of Bats2 Growth of black fungi Bastian et al. 2010; Urzi et al. 2010;

De Leo et al. 2012
Yellow Cave of Altamira, Pajsarjeva

Jama Cave3
Growth of bacteria (Xanthomonodales) Portillo et al. 2008; Pasić et al., 2010

Grey Cave of Altamira, Pajsarjeva
Jama Cave

Growth of bacteria (Thauera) Portillo et al. 2008; Pasić et al., 2010

Red Cave of Bats Unknown Urzì et al., 2010
Microbial
structure

Blue-black Driny Cave4 Growth of Penicillium glandicola Ogórek et al. 2016

Caves are located in France1, Spain2, Slovenia3, Slovakia4.
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the artificial lighting implemented in caves, which forms green stains in the
vicinity of light systems (Saiz-Jimenez, 2012). Lampenflora consist mainly
of Cyanobacteria and Chrysophyta (Stramenopiles), as well as Plantae mem-
bers especially algae (Chlorophyta) (Bastian et al., 2010; Baquedano Estévez
et al., 2019). Lampenflora are common in tourist Paleolithic caves, and in Las-
caux in the 1960s theywere termed the green disease considering their signif-
icant development (Lefèvre, 1974; Bastian and Alabouvette, 2009; Bastian
et al., 2010; Baquedano Estévez et al., 2019). At later times in Lascaux
Cave, other cases of microbial outgrowth occurred on cave surfaces and re-
sulted in the formation of problematic stains (Mauriac, 2014). Early 2001,
spectacular development of the white fungus Fusarium solani took place,
first in the entrance zone and later in most rooms of the cave (Bastian et al.,
2009b; Bastian et al., 2010). The resulting white stains corresponded to the
fungal mycelium itself. Towards the end of 2001 and especially a few years
later, black stains also appeared, in relation to the development of black
Fungi (Bastian et al., 2009b; Bastian et al., 2010; Alonso et al., 2018). This
time, the stains corresponded to the presence of back pigments (melanins)
synthesized by the fungi (De la Rosa et al., 2017) rather than the mycelia
themselves. Several black Fungi were identified from stains, including
Ochroconis lascauxensis (Sympoventuriaceae family), Acremonium nepalense
(Hypocreaceae family) and Exophiala castellanii (Herpotrichiellaceae family)
(Martin-Sanchez et al., 2012b; Alonso et al., 2018). Microbial diversity was
not markedly different inside vs outside black stains, and black Fungi were
also present outside of stains, highlighting the potential for new black stain
formation (Alonso et al., 2018). Black Fungi from the Hypocreaceae (i.e.
Acremonium species) and Teratosphaeriaceae families have been evidenced
in comparable settings corresponding respectively to tumulus walls in
Japan (Kiyuna et al., 2011) and a cave with medieval wall paintings
(Zucconi et al., 2012), whereas Streptomyces isolates from ancient Egyptian
paintings could produce black pigments (Abdel-Haliem et al., 2013). Surface
alteration resulting from microbial outgrowth has also been documented in
Altamira Cave, where yellow and grey stains that formed on walls displayed
microbial specificities (Saiz-Jimenez, 2012). For example, Xanthomonadales
(Gammaproteobacteria) were only found in yellow stains, whereas the prev-
alence of Thauera (Betaproteobacteria) was higher in grey stains than in yel-
low stains (Cañveras et al., 2001; Portillo et al., 2008). In the Sorcerer's cave
(Vézère Valley, France), natural crystallization of gypsum salt following cap-
illarity transport covered prehistoric artwork (Lepinay et al., 2018). However,
these saline efflorescences promoted the proliferation of halotolerant and/or
halophilicmicroorganisms, with the formation ofmicrobial pigments that led
to surface coloration (Lepinay et al., 2018; Mihajlovski et al., 2019).

In addition, cave wall alteration may also entail chemical reactions
catalyzed by microorganisms such as Bacteria (especially from the
Actinobacteria), which result in biotransformations of mineral surfaces in
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caves (Diaz-Herraiz et al., 2014; Tomczyk-Żak and Zielenkiewicz, 2016).
This possibility is particularly documented for calcium carbonate, with mi-
crobial dissolution of limestone as well as precipitation leading to the for-
mation of a calcite veil, but it may also concern other mineral
constituents. The dissolution of rocks by Bacteria and Fungi occurs through
the release of organic and mineral acids (Northup and Lavoie, 2001), e.g.
sulfuric acid produced from bacterial oxidation of iron, sulfur, or manga-
nese as documented in Lechuguilla and Spider caves in New Mexico. This
dissolution could also be done by secretion of extracellular enzymes, but
this has not yet been demonstrated to date (Sand, 1997; Northup and
Lavoie, 2001). Limestone dissolution can also implicate (micro)organisms
already acting by causing stain formation, as documented for lampenflora,
in relation to the production of carbonic acid during respiration
(Baquedano Estévez et al., 2019). Precipitation processes can be passive,
when a specific cellular activity solely directs the spontaneous nucleation,
growth, morphology and final location of a mineral, or active when bacte-
rial enzymes are involved or the metabolic activity of microorganisms
changes the pH or modulates redox transformations in the microenviron-
ment (Northup and Lavoie, 2001; Barton and Jurado, 2007; Lepinay
et al., 2018). In the large cave of Arcy-sur-Cure, two types of biogenic cal-
cites (translucent and opaque) were obstructing artwork on cave walls,
which involved bacteria thought to belong to Pseudomonas fluorescens,
Bacillus megaterium orMyxococcus xanthus (Chalmin et al., 2007). Whether
microorganisms were also involved in the formation of the white calcite
veil (termed white disease) that prompted closure of Lascaux Cave is not
clear.

Finally, cave wall alteration by microorganisms can also involve active
mechanical processes as certain microorganisms, during their growth, in-
duce a physical pressure capable of breaking up mineral particles (Lian
et al., 2011). This is particularly the case of Fungi, whose mycelium pene-
trates, envelops and cracks surface particles (Sterflinger, 1998; Kumar
and Kumar, 1999).

Different types of cave alterations have been investigated, but the com-
parisonwith neighboring, unaltered rock surface is often lacking (Fig. 5). In
addition, when culture-dependent approaches were used, Archaea could
not be recovered. In comparison with unaltered surfaces, black stains in
Lascaux did not display differences in the composition of bacterial and fun-
gal phyla, but differences were found at the genus level. In particular, the
fungal genera Ochroconis and Exophiala showed a higher abundance in
stains (respectively 26% and 37%, vs 1.1% and 0.2% of sequences outside
the stains) and the bacterial genus Pseudomonas a lower abundance
(0.01–0.11%, vs 34–63% of sequences outside stains) (Alonso, 2018).

Overall, considerable information is available on microbial alteration
that may take place in tourist Paleolithic caves. However, the role of



Fig. 5. Microbiome changes related to the occurrence of cave wall alterations in
Paleolithic caves. Heatmaps are shown for major phyla affiliated with (A) Bacteria
and (B) microeukaryotes. Sequences were retrieved in the Results section or
Supplementary data of research articles (see Table S4), or in sequence databases
(RDP classifier, 119 SILVA and 123 SILVA, 128 SILVA, UNITE v6, etc.). These
sequences were affiliated according to the best hit obtained by BLASTn and the
abundance of phyla was calculated. Heatmaps were generated using R (v.4.0.2)
software with ggplot2 package (Wickham, 2016). The color intensity in each cell
denotes the relative abundance the corresponding phylum, after [log2(x + 0.01)]
transformation: phyla of average abundance are shown in medium turquoise blue,
whereas dominant phyla are in dark blue/grey and poorly-abundant phyla in light
turquoise blue. A 0 value is shown for visual clarity when relative abundance of
sequences is 0%. White cells are used when data is not available. The asterisks
indicate micro-eukaryotic phyla corresponding to fungi. See Appendix S4:
Table S4 for further information on the experimental conditions that are included
in the comparison. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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microorganisms is not always well documented, and especially information
is scarce on the contribution of Archaea and non-fungal microeukaryotes,
which might play a key role in these alterations. High-throughput sequenc-
ing methods now available have started to be implemented to assess micro-
bial alterations, and this should help identify putative microbial actors. A
more thorough description ofmicrobial communities will also be important
if the aim is to understand microbial functioning leading to surface
alterations.

5.2. Attempts to tackle microbial alterations in Paleolithic caves

Since microbial growth and functioning on cave walls may have a
deleterious impact on rock art paintings and engravings (Jurado et al.,
2010; Wang et al., 2010), various corrective actions have been
tested to curb microbial spread (Tiano, 2016). First, the most common cor-
rective action is the application of antimicrobial chemicals, such as biocides
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(e.g. formaldehyde, hydrogen peroxide, quicklime, benzalkonium chloride,
fungicides) or antibiotics (e.g. streptomycin, penicillin, polymyxin) (Dupont
et al., 2007; Bastian et al., 2009a; Jurado et al., 2010), and often different
chemicals are used together. In certain cases, treatments may be applied re-
peatedly (Dupont et al., 2007) or by alternating the types of products
(Langsrud et al., 2003; Bastian et al., 2009a). The use of antimicrobials in
caves has become increasingly controversial (Diaz-Herraiz et al., 2014),
as they may be used as growth substrates by certain microorganisms or
might promote the development of resistance mechanisms (Martin-
Sanchez et al., 2012a), thereby favoring microbial proliferation (Stomeo
et al., 2009), as developed below. Moreover, some of these chemicals
may be dangerous for humans, representing a health concern for staff and
visitors. Finally, certain biocides can have harmful effects on the mineral
surfaces themselves, by causing discoloration, oxidation/reduction of min-
erals, salt formation, exfoliation, etc. (Tiano, 2016). Second, climatic condi-
tions can be regulated to provide indirect microbial control, especially with
the physical modification of passageways or the installation of air-
conditioning systems (Dupont et al., 2007). Third, mechanical cleaning
with swabs or sponges is effective to remove microbial biomass, in particu-
lar with profuse fungal development (Jurado et al., 2010). Fourth, micro-
bial populations may be challenged with physical methods, such as UV
light (Borderie et al., 2014; Tiano, 2016). Fifth, the possibility of using mi-
crobial biocontrol agents, as tested in other cultural heritage sites
(ElHagrassy, 2019),merits to be investigated. Indeed, cave isolates with an-
timicrobial potential have been identified (Qin et al., 2017; Belyagoubi
et al., 2018; Rangseekaew and Pathom-Aree, 2019).

Chemical treatments and antibiotics, frequently used to curb microbial
outgrowth in caves, may not ensure efficient control in the longer term, as
some microorganisms have or develop means of resistance to these treat-
ments (Bastian et al., 2010). Therefore, the repeated use of biocides to con-
trol certain microbial populations might, in fine, favor the development of
other microbial populations and hence trigger additional and/or new alter-
ations (Stomeo et al., 2009). In Lascaux Cave, this is likely to have facili-
tated the development of the white fungus Fusarium solani and later of
blackmelanized Fungi (Martin-Sanchez et al., 2012a). The thick,melanized
cell wall of these Fungi (alongwith Extracellular Polymeric Substance (EPS)
production) confers tolerance to antimicrobial treatments (Zucconi et al.,
2012). The application of quaternary ammonium compounds against
algal-cyanobacterial biofilm on early Christian wall paintings in St Paul
Cave (Ephesus, Turkey) favored melanized Fungi (Sterflinger and Piñar,
2013).

Resistance to the biocide benzalkonium chloride, which has been largely
used in Lascaux Cave (Mauriac, 2014), is found in Gram-negative Bacteria
due to cell wall properties (Nagai et al., 1996) and biofilm formation
(Bastian et al., 2009a). Furthermore, some can use as carbon sources the bio-
degradation products of benzalkonium chloride, i.e. benzyldimethylamine,
benzylamine, benzaldehyde and benzoic acid (Patrauchan and Oriel, 2003).
Martin-Sanchez et al. (2012a) and Bastian et al. (2009a) highlighted diversi-
fied bacterial and fungal communities after biocide treatments in Lascaux,
using cloning-sequencing methods. Biocide treatments are thought to have
favored particular Bacteria, such as Ralstonia (biodegradation of xenobiotic
compounds) rarely present in pristine caves (Bastian et al., 2009a; Alonso
et al., 2018). Similarly, treatment with hydrochloric acid in the large cave
of Arcy-sur-Cure stimulated microbial formation of calcite on artwork
(Chalmin et al., 2007).

Microbial alterations in caves may be intensified by the activities of ar-
thropods that feed on microorganisms. These arthropods act as vectors for
microorganisms, such as entomopathogenic Fungi (e.g. Acremonium,
Beauvaria, Geomyces, etc.) (Greif and Currah, 2007). The best described
case is that of springtails (Collembola, Isotomidae) affiliated to Folsomia
candida, which are opportunistic troglophiles found in caves around the
world (Faddeeva-Vakhrusheva et al., 2017). They are mainly mycopha-
gous, but they also feed on Bacteria, algae and nematodes (Bastian et al.,
2009b; Bastian et al., 2010). Within Lascaux cave, these springtails are
highly prevalent in black stains, suggesting a relation with black Fungi
(Bastian et al., 2010; Alonso, 2018). Isotopic analysis indicated that
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Folsomia candida can consume melanized Fungi isolated from black stains
(unpublished data), whereas conidia from black Fungi are disseminated
by the springtail and develop in springtail feces (Bastian et al., 2010).

Therefore, it appears that many corrective actions implemented in
tourist Paleolithic caves had limited success, and in some cases they
were even instrumental in triggering a stronger microbial imbalance
and the development of additional alteration forms, as seen with the
use of chemical biocides in Lascaux (Bastian and Alabouvette, 2009;
Saiz-Jimenez, 2012; Martin-Sanchez et al., 2015). More sustainable ap-
proaches, minimizing disturbance and stress on the cave microbiome,
are needed to optimize conservation of cave heritage (Saiz-Jimenez
et al., 2011; Mauriac, 2014).

6. Conclusions

The use of new generation sequencing technologies has started to shed
new light on the cave microbiome, showing that the main microbial phyla
prevalent in other ecosystems also predominate in caves, i.e. Proteobacteria
for Bacteria, Thaumarchaeota for Archaea, and Ascomycota for Fungi. The
importance of microbial dissemination as a key driver accounting for mi-
crobial presence in underground systems is long recognized, but biodiver-
sity data also raise the possibility that certain cave microorganisms are
part of metapopulations established in aboveground environments (e.g. rhi-
zosphere, water, metazoan microbiota, etc.), which will need to be clarified
further. Despite common cave features and climatic stability, cave microbi-
ota appears to fluctuate significantly across caves or different locations
within a given cave, but the underlying factors are poorly documented.
This will also need to be investigated, and the development of sequencing
technologies should help address this issue, as well as enable a wider explo-
ration of the place of Archaea and protists, neglected so far, in caves. In this
context, sample contamination is a critical concern with high-throughput
sequencing, and it might have an impactwhen exploring the geographic or-
igin of cave microbiota members. SourceTracker (Knights et al., 2011),
which relies on a Bayesian approach to estimate the proportion of contam-
inants in community data, may be useful in future analyses of cave
microbiota.

Data available to date do not indicate that Paleolithic caves would ex-
hibit a distinct microbial community in comparison with other types of
caves, but existing information remains very limited and this needs to be
targeted at a larger geographic scale. In contrast, it emerges that cave
anthropization related to touristic operations can be a major factor modu-
lating microbial diversity, in caves that are Paleolithic or not. The compar-
ison of anthropized and pristine caves points to the identification of
potential bioindicator taxa, such as the Bacteroidetes (most abundant in dis-
turbed settings) and Nitrospirae (well adapted to pristine ecological condi-
tions), whose applicability needs to be tested in a broader range of
underground conditions. So far, the analysis of cave anthropization has
made incomplete use of ecological theories. For instance, mathematical
tools exist to analyze complex interactions within themicrobial community
and they could be used to determine whether community changes related
to tourism-related cave anthropization involve deterministic vs stochastic
processes. Quantification of these ecological processes was demonstrated
successfully in the case of subsurface aquatic microbial communities
(Stegen et al., 2012; Stegen et al., 2013), and they are promising to provide
novel insights into cave microbiota dynamics.

Paleolithic caves are fragile environments, with outstanding conserva-
tion issues regarding the preservation of ancient artwork. In several cases,
excessive frequentation of tourist Paleolithic caves resulted inmicrobial im-
balance, with the proliferation of particular organisms associated with al-
terations on rock wall surface. These alterations typically occur as
disconnected stains developing on walls, sometimes in the vicinity or di-
rectly on artwork. Various types of microorganisms have been evidenced
on stains, such as the Cyanobacteria Scytonema julianum in lampenflora
(Tito Bustillo), the Gammaproteobacteria Xanthomonadales in yellow stains
(Altamira), as well as the Ascomycota Fungi Fusarium solani in white stains
and pigmented Ascomycota Fungi in black stains (both instances in
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Lascaux). Microbiome analyses indicated that these black pigmented
Fungi were also present outside stains, but they were at levels insufficient
to cause visual alteration or perhaps they were not physiologically active.
This issue should be targeted in future research. Chemical treatments some-
times used to curb microbial outgrowth in tourist Paleolithic caves can
cause further microbiome imbalance and lead to new alterations (e.g.
black stains) implicating resistant microorganisms. Indeed, Lascaux Cave
displayed an unusual microbiome when compared with other anthropized
Paleolithic caves from the same region. However, little has been done so far
to document microbiome changes related to cave wall alterations, and a
wider assessment is needed.

Microorganisms play significant roles in cave dynamics, including in
tourist Paleolithic caves, but functional knowledge is much less devel-
oped than the level of taxonomic information and requires further
attention. It is therefore of prime importance to better understand the
functioning of the cave microbiome (Saiz-Jimenez, 2012), and
metagenomic/metatranscriptomic approaches should help fill this gap
by identifying key genes and the expression of microbial functions. In
the case of tourist Paleolithic caves, this could be particularly useful to
decipher the formation of microbial alterations and underpin the devel-
opment of sustainable cave management strategies compatible with the
constraints of Paleolithic art conservation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.151492.
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