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ABSTRACT

Anthropization of Palaeolithic caves may cause cave microbiota dysbiosis and promote the development of microbial stains on
cave walls. In certain cases, chemical biocides have been used to mitigate rock alterations, but this may exacerbate microbiota
unbalance. Here, we tested this model by metagenomics, using black stains that threaten art conservation in Lascaux Cave. Thus,

we evidenced a wide range of microbial taxa differing between black stains and neighbouring unmarked surfaces. Genes for

synthesis of melanin and carotenoid pigments were more prevalent in black stains and were identified in reconstructed genomes

for fungi (as expected) and bacteria. The presence of genes for degradation of aromatic compounds supports the hypothesis
that recycling of chemical biocides favoured melanin-producing microorganisms. These findings extend previous predictions
by revealing a wider range of microorganisms, potential biotransformations favouring pigment synthesis, as well as microbial
interactions influencing microbial dynamics during cave wall alterations.

1 | Introduction

Microorganisms drive biodeterioration processes that may af-
fect parietal art in caves subjected to excessive tourism (Martin-
Sanchez et al. 2015), as found in Lascaux (France), where
anthropization has changed environmental and microbiota con-
ditions (Bastian et al. 2009; Bontemps et al. 2022). In Lascaux,
chemical biocides including benzalkonium chloride (BAC) were
used to treat microbial alterations, which promoted further mi-
crobiota unbalance (Martin-Sanchez et al. 2015).

In Lascaux, metagenomics of recent alterations termed dark
zones evidenced enhanced pigment biosynthesis potential com-
pared with healthy surfaces nearby, whereas genes for degra-
dation of aromatic compounds (such as BAC) were prevalent in
both conditions (Bontemps et al. 2024). However, black-stain

alterations (i.e., stains of black colour documented in relation to
black melanized fungi) are more widespread than dark zones (i.e.,
zones of darker shade than on unmarked surfaces around, but
without the black colour of black stains, (Bontemps et al. 2022)),
and they are documented also in the Cave of Bats (Spain; Urzi
et al. 2010), Etruscan tombs (Italy; Isola et al. 2021) and Driny
Cave (Slovakia; Ogoérek et al. 2016). In Lascaux, they are typ-
ically attributed to melanin-producing pigmented fungi such
as Ochroconis lascauxensis (Martin-Sanchez et al. 2012), based
on isolation of such fungi coupled with cloning-sequencing or
metabarcoding approaches (Martin-Sanchez et al. 2015; Alonso
et al. 2023).

The assessments to date point to a likely scenario for black stain
formation (Bontemps et al. 2022; Martin-Sanchez et al. 2012).
However, does microbial diversity documented by PCR-based
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metabarcoding correctly reflect the microbiota particularities of
black stains? Melanin has been evidenced in fungal isolates, but
which biosynthetic processes are involved in situ, and in which
microorganisms? Which other metabolic pathways might also
be implicated to yield substrates for melanin synthesis, and what
is the contribution of past chemical treatments? Certain micro-
organisms (i.e., Pseudomonas) isolated outside black stains in-
hibit pigmented fungi in vitro (Alonso et al. 2023), but what is
the significance of microbial inhibition to control black stain
expansion?

Here, we tested the hypotheses that (i) metabarcoding and
metagenomics would give convergent diversity findings, (ii)
genetic pathways for melanin synthesis would be prevalent in
black stains, (iii) melanin synthesis is potentially fueled by deg-
radation products of the chemical biocides previously used and
(iv) pathways involved in the synthesis of antimicrobials should
occur, particularly outside black stains. Thus, we investigated
microbial communities in black stains versus unmarked sur-
faces by metagenomics coupled with genome-resolved metage-
nomics (i.e., metagenome-assembled genomes).

2 | Materials and Methods

2.1 | Sampling, DNA Extraction
and Quantitative PCR

Lascaux Cave is located in Périgord, France (N 45°03'13.087”
and E 1°1012.362"). We focused on the Nave room, where black
stains started in 2006 (Figure S1). Stains that developed from
January 2019 on were sampled in 2020 (Figure S1). Three black
stains and three unmarked limestone surfaces nearby (i.e., three
biological replicates each; the six spots were 5-15cm from one
another) were sampled with sterile scalpels (using <1cm?) and
placed into liquid nitrogen. Total DNA was extracted using the
FastDNA SPIN Kit for Soil (MP Biomedicals, Illkirch, France)
(see Supporting Information). The numbers of bacterial 16S
rRNA genes, archaeal 16S rRNA genes, and microeukaryotic
18S rRNA genes were estimated by quantitative PCR (qPCR)
(Supporting Information).

2.2 | Metabarcoding

Microbial composition of altered and unmarked surfaces in
Lascaux Cave was determined using metabarcoding with
Illumina MiSeq (2x300bp, chemistry v3), as described in
Bontemps et al. (2023) (Supporting Information). Briefly, reads
were quality filtered (i.e., no Ns, expected size) and clustered
into OTUs using SWARM (Mahé et al. 2014), which uses a local
clustering threshold (rather than a global clustering threshold)
and an aggregation distance of 3.0. Chimeric, low abundance
(<0.005%) and contaminant OTUs were discarded from the
dataset. Taxonomic affiliation was performed using both RDP
Classifier and BLASTn (Zhang and Madden 1997) against the
138.1 SILVA database (Quast et al. 2013) for Bacteria, Archaea
and Eukaryotes, which was automated in the FROGS pipeline
(Escudié et al. 2018). Samples were randomly resampled to
the lowest number of sequences retrieved per sample, that is
127,994, 11,353 and 210,384 sequences for bacterial 16S rRNA

genes, archaeal 16S rRNA genes and eukaryotic 18S rRNA
genes, respectively (Table S1).

2.3 | Metagenomic Library Preparation,
Sequencing and Analysis

Three metagenomic libraries were constructed for limestone
samples and three others for black stains, using NEBNext
Ultra DNA Library Prep Kit (fragment size ~350bp, Illumina,
San Diego, USA) according to the manufacturer's recommen-
dations. Sequencing was performed by Genewiz company
(Germany) using Illumina NovaSeq 6000 system 2X150bp.
Adapter sequences were removed from the metagenomic data
on the instrument and sequence data were exported in FASTQ
files. Datasets were quality filtered using Trimmomatic (Bolger
et al. 2014) with default settings. All metagenomes were then
pooled and co-assembled using MEGAHIT (Li et al. 2015).
Reads were mapped against contigs using Bowtie to estimate
coverage (Langmead and Salzberg 2012). Assembly quality
was evaluated using prinseq (Schmieder and Edwards 2011)
and presented in Table S2. Gene prediction was achieved using
Prodigal and rRNA was detected using barrnap (https://github.
com/tseemann/barrnap), before classification using RDP classi-
fier (Wang et al. 2007). The latest versions of KEGG (Kanehisa
and Goto 2000), MetaCyc (Karp et al. 2002) and COG (Galperin
et al. 2021) databases (April 2022) were used for functional an-
notation. To allow sample comparisons, metagenomes were nor-
malised to the lowest number of sequences (151,801,037 reads;
Table S1).

In addition, reconstruction of genomic bins was performed,
using the two binning algorithms MetaBAT-2 and Maxbin
2.0 (Kang et al. 2019; Wu et al. 2014) and contigs longer than
2000bp. Redundant bins obtained from both binning algo-
rithms were identified and removed using DAS Tool (Sieber
et al. 2018). The completeness and contamination level of the
combined genomic bins were then evaluated using CheckM for
prokaryotic bins (Parks et al. 2015) and Busco for microeukary-
otic bins (Simao et al. 2015). Only bins with a contamination
level under 5% and completeness above 75% were analysed and
represented using ‘circlize’ package in R software (Gu 2022).
Genetic composition of bins was then explored using KEGG
(Kanehisa and Goto 2000), MetaCyc (Karp et al. 2002) and COG
(Galperin et al. 2021) databases, based on genes identified in
the co-assembly. Metabolic pathways in which 75% of the genes
were present were considered and represented using ‘circlize’
and ‘CircleHeatmap’ packages in R software (Gu 2022). A total
of 31 bins with >75% completeness and <5% contamination
levels were reconstructed from metagenomes of Lascaux Cave
(Table S3). The most represented lineages in reconstructed bins
were Alphaproteobacteria (9 different bins), Actinomycetota (4
bins), Bacteroidota (4 bins) and Gammaproteobacteria (4 bins)
(Figure S2).

2.4 | Statistical Analyses
Rarefaction curves, a-diversity and -diversity analyses were

done as described (Bontemps et al. 2023). Student ¢-tests and
Wilcoxon tests were performed using ‘stats’ package in R
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FIGURE1 | Abundance, diversity and community structure in unmarked surfaces and black stains of Lascaux Cave. Data are shown for bacteria
(A), archaea (B), microeukaryotes (C) and the total community (D) by shotgun metagenomics. Microbial abundance (QPCR) is shown in A-C, diver-
sity (Shannon H’ and Chao-1 indices), the distribution of the most abundant classes (i.e., consisting in > 0.01% of total normalised sequences; samples
UN1 to UN3 and BS1 to BS3 from left to right) and Non-metric MultiDimensional Scaling (NMDS; based on Bray-Curtis dissimilarity) of microbial
communities in A-D. Copy nb/ng: Gene copy number/ng ADNg in sample. Significance of Student ¢-tests: (ns), not-significant; (*), p<0.05; (**),

p<0.01; (***), p<0.005. Aci, Acidobacteriota; Act, Actinomycetota; Amo, Amoebozoa; Api, Apicomplexa; Asc, Ascomycota; Bac, Bacteroidota; Bas,

Basidiomycota; Bde, Bdellovibrio; Cer, Cercozoa; Chl, Chloroflexota; Dep, Dependentiae; Dic, Dicosoa; Muc, Mucoromycota; Myx, Myxcoccota; Nem,

Nematozoa; Pla, Planctomycetota; Pro, Pseudomonadota (formerly Proteobacteria); Un, Unidentified; Ver, Verrucomicrobiota; Zoo, Zoopagomycota.

(Oksanen et al. 2024), to test differences (p <0.05) in diversity
index and metabolic classes between different sampling zones
(unmarked surfaces vs. dark zones). The radar plot was per-
formed using ‘plotly’ package (https://plotly-r.com). Enrichment
plot was made using the ‘enrichplot’ (Yu and Hu 2022) and ‘fcros’
(https://r-packages.io/packages/fcros/fcrosMod) packages in R
and p value was estimated by a hypergeometric distribution.

3 | Results and Discussion
3.1 | Community Composition

Metagenomics expanded the range of bacterial diversity docu-
mented inblack stainsand unmarked surfaces, as Actinomycetia,
Sphingobacteria, Chitinophagia, Betaproteobacteria were iden-
tified only by metagenomics (Figure 1). Black stains and un-
marked surfaces differed, confirming metabarcoding data also
showing those differences (Figure 1).

The highest variation in relative abundance of classes was
found for bacteria (85.5% of metagenomic sequences; Table S1),
that is Gammaproteobacteria (—42.8% in black stains com-
pared with unmarked surfaces), Alphaproteobacteria
(+24.9%), Actinomycetia (+17.0%), Sphingobacteriia (—7.3%),
Deltaproteobacteria (+4.0%) and Chitinophagia (+2.6%), fol-
lowed by fungi (0.7% of metagenomic sequences), that is
Eurotiomycetes (+0.47%) and Sordariomycetes (—0.4%). Among
Gammaproteobacteria, Pseudomonas counter-selection was
already documented (Alonso et al. 2023). We obtained one
Pseudomonas bin from black stain (with 209 metabolic path-
ways) and another one from unmarked surface (118 pathways)
(Figures S2 and S3; Table S3), pointing to contrasted ecologi-
cal adaptations. Community modifications took place without
major change in size, based on qPCR of bacterial 16S rRNA
genes (2.7+4.3x10'? and 3.7+2.6x10'2 gene copies/ng total
DNA; p=0.13; Figure 1A) and microeukaryotic 18S rRNA genes
(5.0+3.6x10° and 7.3+2.4x 10° copies/ng total DNA; p=0.42;
Figure 1C) for respectively black stains and unmarked sur-
faces, but archaeal 16S rRNA genes showed lower copy number
(p=0.001) in black stains (1.5+1.8x10° vs. 5.1+2.8%x 107 cop-
ies/ng total DNA; Figure 1B).

3.2 | Melanin Synthesis Potential

The black shade of the stains is attributed to melanin from pig-
mented fungi (Ochroconis, Exophiala, Acremonium, etc.) (De la
Rosaetal. 2017; Martin-Sanchez et al. 2012). Analysis of the 9822
genes (KEGG orthologues) evidenced by metagenomics showed

that metabolic genes or pathways for synthesis of melanin (or
its precursors) were more prevalent in black stains, as found
with dark-zone alterations (Bontemps et al. 2024). Specifically,
tyr genes (tyroninase) were identified only in black stains and in
bins from black stains (Figures 2 and S2; Table S4).

The L-3,4-hydroxyphenylalanine (L-dopa) degradation path-
way was found in four bins affiliated to bacteria (Actinomycetia
class, Bacteroidota phylum and Chitinophaga genus) or the fun-
gus Exophiala. L-Tyrosine is converted to L-dopa and L-dopa
to dopaquinone, dopaquinone spontaneously forming the eu-
melanin precursor L-dopachrome (Solano 2014). Accordingly,
melanins were evidenced in black stains by chemical anal-
ysis (performed as in Bontemps et al. 2024). Melanins can be
produced both by bacteria and fungi (Ischia et al. 2013; De la
Rosa et al. 2017), but we reveal here that bacteria in Lascaux's
black stains have the potential to synthesise melanin. Also,
the melanin-producing fungus Exophiala was more abundant
in black stains than in unmarked surfaces based on 18S rRNA
metabarcoding. Overall, this strengthens the hypothesis that
genetic pathways for melanin synthesis are prevalent in black
stains, thereby extending the range of microorganisms poten-
tially involved.

3.3 | Biocide Degradation Potential

Previous studies on Lascaux isolates have pointed out that mel-
anin synthesis was likely stimulated by the degradation of aro-
matic biocides, which had probably favoured melanin-producing
microorganisms. As in dark zones (Bontemps et al. 2024), genes
and pathways for the degradation of aromatic compounds were
found inside and outside black stains in the present work. They
were more prevalent in black stains and concerned for exam-
ple genes for the degradation of aminobenzoate (69,113 genes in
stains vs. 41,386 outside; p=0.003), polycyclic aromatic hydro-
carbons (15,777 vs. 8099 genes; p=0.004) and styrene (29,052 vs.
12,713 genes; p=0.0002) (Figure 3), which may be useful for the
metabolism of the melanin precursor catechol.

When considering bins, genes for xylene degradation were
only found in bins (two affiliated with Actinobacteriota and
one with Ascomycota) from black stains (Figure S2). Genes xy-
IEFJK and todGHI of the catechol degradation pathway were
identified only in Alphaproteobacteria (Hyphomicrobium) and
Actinobacteriota bins from black stains. The catechol degrada-
tion III pathway and catechol degradation to 3-ketoadipate path-
way were found in three bins, that is two Alphaproteobacteria
reconstructed from both surface conditions (Phyllobacterium
and Bradyrhizobium) and one Ascomycota from black stains

40f 8

Environmental Microbiology Reports, 2025


https://plotly-r.com
https://r-packages.io/packages/fcros/fcrosMod

tetracycline

Antiotic biosynthesis phenazine-I-carboxylate
. fosfomycin

vibriobactin

dine |
Siderophore biosynthesis p:::r:;)a:ﬂen

bacillibactin
formaldehyde oxidation |

formaldehyde oxidation Il
formaldehyde oxidation Il

Formaldehyde utilization formaldehyde oxidation IV
formaldehyde oxidation V

formaldehyde assimilation |
formaldehyde assimilation Il
Carotenoid biosynthesis zeaxanthin

L-dopachrome biosynthesis
Melanin precursor L-dopa degradation

Aromatic compounds degradation

Quter circle

Compeltude  Taxonomic affiliation

o Actinomycetota
§>90% I Bacteroidota
E>80%_90% Chlamydia

[ Gemmatimonadota
B Alohaproteobacteria
B Betaproteobacteria

[1>75%-80%

[ Deltaproteobacteria
I Gammaproteobacteria
mm Verrucomicrobiota

I Unclassified Bacteria

\- Ascomycota

FIGURE 2 | Key metabolic pathways identified in reconstructed genomic bins. Six metabolic classes are represented: Antibiotic biosynthesis,
Siderophore biosynthesis, Formaldehyde utilisation, Carotenoid biosynthesis, Melanin precursor metabolism and Aromatic compounds degradation.
Colours in the outer circle represent the taxonomic affiliation of the bins. Details of genomic bins (ID, completeness, contamination, taxonomy and

coverage) are presented in Table S4.

(Figure 2). The catechol meta-cleavage pathway converts ben-
zoate into catechol, whereas the catechol ortho-cleavage path-
way produces succinyl-CoA and acetyl-CoA, necessary for
biosynthesis of DHN-melanin (Solano 2014). The formation
of catechol-melanin can involve a disproportionation reaction

between catechol and a benzoquinone (produced by catechol
oxidase or degradation of 2,4,6-trichlorotoluene, as observed
here in the Pseudomonas spelaei bin), generating radical semi-
quinones. Spontaneous reactions generate aromatic bipheno-
lic dimers or diphenylene-dioxide-2,3-quinone, resulting in a
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catechol-melanin polymer (Nicolaus 1968). Therefore, the hy-
pothesis that genes for aromatic compound degradation would
be well present both in and outside black stains proved correct.

3.4 | Antagonistic Potential

We considered genes and metabolic pathways involved in the
synthesis of antimicrobial compounds that might inhibit pig-
mented microorganisms on unmarked surfaces. Phenazine
biosynthesis genes were less abundant in black stains than on
unmarked surfaces (8950 vs. 77,907; p=0.009) (Figure 3), but
phenylpropanoid biosynthesis was more represented in black
stains (1410 vs. 304 genes; p=0.04). Pathways associated with
the biosynthesis of antibiotics or pyoverdine were detected in
>20 bins across both surface conditions (Figures 2 and S2).
Therefore, in contrast to our hypothesis, biosynthesis pathways
for antimicrobials were found not only in bins from unmarked
surfaces but also in bins from black stains.

4 | Conclusions

Here, metagenomics revealed that (i) microbial community
differed between black stains and unmarked surfaces, in-
cluding for taxa poorly recovered by PCR, (ii) pigmented
microorganisms included also bacteria, (iii) the genetic po-
tential existed to convert biocide residues into melanin and
(iv) microbial dynamics might be influenced by antimicrobial
compounds on both surfaces. These features present simi-
larities with findings obtained from dark-zone alterations

(Bontemps et al. 2024), suggesting that subtle variations in
microbial diversity, genetic potential for pigment synthesis,
biocide residue degradation and antagonism ability can lead
to contrasted types of surface alterations. Understanding the
formation of the various alterations due to overtourism is cru-
cial for protecting Palaeolithic heritages, in Lascaux and other
anthropized caves.

Author Contributions

Z.B. contributed to sampling, acquired data, interpreted results, wrote
the manuscript, and prepared figures and tables; D.A. acquired data;
Y.M.-L. obtained funding, managed the project, designed the exper-
iments, contributed to sampling, interpreted results, and revised the
manuscript; M.H. interpreted results and revised the manuscript.

Acknowledgements

We thank S. Géraud, J.C. Portais, M. Mauriac (DRAC Nouvelle
Aquitaine) and D. Henry-Lormelle (restorer team) for information
and help, M. Bashoun, G. Comte and S. Michalet (UMRS5557 Ecologie
Microbienne) for melanin analysis and Lascaux Scientific Board for use-
ful discussions. Funding was provided by DRAC Nouvelle Aquitaine
(Bordeaux, France).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study (metabarcoding and
metagenomics) are openly available in the NCBI public database under

6 of 8

Environmental Microbiology Reports, 2025



Bioproject PRINA860536. Considering metagenomic data, bin files are
available in FigShare https://doi.org/10.6084/m9.figshare.20626854.v1.

References

Alonso, L., T. Pommier, L. Simon, et al. 2023. “Microbiome Analysis in
Lascaux Cave in Relation to Black Stain Alterations of Rock Surfaces
and Collembola.” Environmental Microbiology Reports 15: 80-91.
https://doi.org/10.1111/1758-2229.13133.

Bastian, F., C. Alabouvette, V. Jurado, and C. Saiz-Jimenez. 2009.
“Impact of Biocide Treatments on the Bacterial Communities of the
Lascaux Cave.” Naturwissenschaften 96: 863-868. https://doi.org/10.
1007/s00114-009-0540-y.

Bolger, A. M., M. Lohse, and B. Usadel. 2014. “Trimmomatic: A Flexible
Trimmer for Illumina Sequence Data.” Bioinformatics 30: 2114-2120.
https://doi.org/10.1093/bioinformatics/btul70.

Bontemps, Z., D. Abrouk, S. Vernier, et al. 2024. “Microbial Diversity
and Secondary Metabolism Potential in Relation to Dark Alterations
in Paleolithic Lascaux Cave.” NPJ Biofilms and Microbiomes 10: 121.
https://doi.org/10.1038/s41522-024-00589-3.

Bontemps, Z., L. Alonso, T. Pommier, M. Hugoni, and Y. Moénne-
Loccoz. 2022. “Microbial Ecology of Tourist Paleolithic Caves.” Science
of the Total Environment 816: 151492. https://doi.org/10.1016/j.scitotenv.
2021.151492.

Bontemps, Z., M. Hugoni, and Y. Moénne-Loccoz. 2023. “Microscale
Dynamics of Dark Zone Alterations in Anthropized Karstic Cave Shows
Abrupt Microbial Community Switch.” Science of the Total Environment
862: 160824. https://doi.org/10.1016/j.scitotenv.2022.160824.

DelaRosa,J. M., P. M. Martin-Sanchez, S. Sanchez-Cortes, B. Hermosin,
H. Knicker, and C. Saiz-Jimenez. 2017. “Structure of Melanins From the
Fungi Ochroconis lascauxensis and Ochroconis anomala Contaminating
Rock Art in the Lascaux Cave.” Scientific Reports 7: 13441. https://doi.
0rg/10.1038/s41598-017-13862-7.

Escudié, F., L. Auer, M. Bernard, et al. 2018. “FROGS: Find, Rapidly,
OTUs With Galaxy Solution.” Bioinformatics 34: 1287-1294. https://doi.
org/10.1093/bioinformatics/btx791.

Galperin, M. Y., Y. I. Wolf, K. S. Makarova, R. Vera Alvarez, D.
Landsman, and E. V. Koonin. 2021. “COG Database Update: Focus on
Microbial Diversity, Model Organisms, and Widespread Pathogens.”
Nucleic Acids Research 49: D274-D281. https://doi.org/10.1093/nar/
gkaal0O18.

Gu, Z. 2022. “Circlize: Circular Visualization.” R package.

Ischia, M., K. Wakamatsu, A. Napolitano, et al. 2013. “Melanins
and Melanogenesis: Methods, Standards, Protocols.” Pigment Cell
& Melanoma Research 26: 616-633. https://doi.org/10.1111/pcmr.
12121.

Isola, D., L. Zucconi, A. Cecchini, and G. Caneva. 2021. “Dark-
Pigmented Biodeteriogenic Fungi in Etruscan Hypogeal Tombs: New
Data on Their Culture-Dependent Diversity, Favouring Conditions,
and Resistance to Biocidal Treatments.” Fungal Biology 125: 609-620.
https://doi.org/10.1016/j.funbio.2021.03.003.

Kanehisa, M., and S. Goto. 2000. “KEGG: Kyoto Encyclopedia of Genes
and Genomes.” Nucleic Acids Research 28: 27-30. https://doi.org/10.
1093/nar/28.1.27.

Kang, D. D., F. Li, E. Kirton, et al. 2019. “MetaBAT 2: An Adaptive
Binning Algorithm for Robust and Efficient Genome Reconstruction
From Metagenome Assemblies.” PeerJ 7: €7359. https://doi.org/10.7717/
peer;j.7359.

Karp, P. D., M. Riley, S. M. Paley, and A. Pellegrini-Toole. 2002. “The
MetaCyc Database.” Nucleic Acids Research 30: 59-61. https://doi.org/
10.1093/nar/30.1.59.

Langmead, B., and S. L. Salzberg. 2012. “Fast Gapped-Read Alignment
With Bowtie 2.” Nature Methods 9: 357-359. https://doi.org/10.1038/
nmeth.1923.

Li, D., C.-M. Liu, R. Luo, K. Sadakane, and T.-W. Lam. 2015.
“MEGAHIT: An Ultra-Fast Single-Node Solution for Large and
Complex Metagenomics Assembly via Succinct de Bruijn Graph.”
Bioinformatics 31: 1674-1676. https://doi.org/10.1093/bioinformatics/
btv033.

Mahé, F., T. Rognes, C. Quince, C. de Vargas, and M. Dunthorn. 2014.
“Swarm: Robust and Fast Clustering Method for Amplicon-Based
Studies.” PeerJ 2: €593. https://doi.org/10.7717/peerj.593.

Martin-Sanchez, P., A. Miller, and C. Saiz-Jimenez. 2015. Lascaux Cave:
An Example of Fragile Ecological Balance in Subterranean Environments,
279-302. De Gruyter. https://doi.org/10.1515/9783110339888-015.

Martin-Sanchez, P. M., A. Novakov4, F. Bastian, C. Alabouvette, and C.
Saiz-Jimenez. 2012. “Two New Species of the Genus Ochroconis, O. las-
cauxensis and O. anomala Isolated From Black Stains in Lascaux Cave,
France.” Fungal Biology 116: 574-589. https://doi.org/10.1016/j.funbio.
2012.02.006.

Nicolaus, R. A. 1968. Melanins. Hermann.

Ogorek, R., M. Dylag, and B. Kozak. 2016. “Dark Stains on Rock Surfaces
in Driny Cave (Little Carpathian Mountains, Slovakia).” Extremophiles
20: 641-652. https://doi.org/10.1007/s00792-016-0853-7.

Oksanen, J., G. L. Simpson, F. G. Blanchet, et al. 2024. “vegan:
Community Ecology Package.”

Parks, D. H., M. Imelfort, C. T. Skennerton, P. Hugenholtz, and G. W.
Tyson. 2015. “CheckM: Assessing the Quality of Microbial Genomes
Recovered From Isolates, Single Cells, and Metagenomes.” Genome
Research 25: 1043-1055. https://doi.org/10.1101/gr.186072.114.

Quast, C., E. Pruesse, P. Yilmaz, et al. 2013. “The SILVA Ribosomal
RNA Gene Database Project: Improved Data Processing and Web-Based
Tools.” Nucleic Acids Research 41: D590-D596. https://doi.org/10.1093/
nar/gks1219.

Schmieder, R., and R. Edwards. 2011. “Quality Control and
Preprocessing of Metagenomic Datasets.” Bioinformatics 27: 863-864.
https://doi.org/10.1093/bioinformatics/btr026.

Sieber, C. M. K., A. J. Probst, A. Sharrar, et al. 2018. “Recovery of
Genomes From Metagenomes via a Dereplication, Aggregation and
Scoring Strategy.” Nature Microbiology 3: 836-843. https://doi.org/10.
1038/541564-018-0171-1.

Simdo, F. A., R. M. Waterhouse, P. Ioannidis, E. V. Kriventseva, and
E. M. Zdobnov. 2015. “BUSCO: Assessing Genome Assembly and
Annotation Completeness With Single-Copy Orthologs.” Bioinformatics
31: 3210-3212. https://doi.org/10.1093/bioinformatics/btv351.

Solano, F. 2014. “Melanins: Skin Pigments and Much More—Types,
Structural Models, Biological Functions, and Formation Routes.” New
Journal of Science 2014: 498276. https://doi.org/10.1155/2014/498276.

Urzi, C.,F.De Leo, L. Bruno, and P. Albertano. 2010. “Microbial Diversity
in Paleolithic Caves: A Study Case on the Phototrophic Biofilms of the
Cave of Bats (Zuheros, Spain).” Microbial Ecology 60: 116-129. https://
doi.org/10.1007/s00248-010-9710-x.

Wang, Q., G. M. Garrity, J. M. Tiedje, and J. R. Cole. 2007. “Naive
Bayesian Classifier for Rapid Assignment of rRNA Sequences Into the
New Bacterial Taxonomy.” Applied and Environmental Microbiology 73:
5261-5267. https://doi.org/10.1128/AEM.00062-07.

Wu, Y.-W., Y.-H. Tang, S. G. Tringe, B. A. Simmons, and S. W.
Singer. 2014. “MaxBin: An Automated Binning Method to Recover
Individual Genomes From Metagenomes Using an Expectation-
Maximization Algorithm.” Microbiome 2: 26. https://doi.org/10.1186/
2049-2618-2-26.

Environmental Microbiology Reports, 2025

7 of 8


https://doi.org/10.6084/m9.figshare.20626854.v1
https://doi.org/10.1111/1758-2229.13133
https://doi.org/10.1007/s00114-009-0540-y
https://doi.org/10.1007/s00114-009-0540-y
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/s41522-024-00589-3
https://doi.org/10.1016/j.scitotenv.2021.151492
https://doi.org/10.1016/j.scitotenv.2021.151492
https://doi.org/10.1016/j.scitotenv.2022.160824
https://doi.org/10.1038/s41598-017-13862-7
https://doi.org/10.1038/s41598-017-13862-7
https://doi.org/10.1093/bioinformatics/btx791
https://doi.org/10.1093/bioinformatics/btx791
https://doi.org/10.1093/nar/gkaa1018
https://doi.org/10.1093/nar/gkaa1018
https://doi.org/10.1111/pcmr.12121
https://doi.org/10.1111/pcmr.12121
https://doi.org/10.1016/j.funbio.2021.03.003
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.7717/peerj.7359
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1093/nar/30.1.59
https://doi.org/10.1093/nar/30.1.59
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.7717/peerj.593
https://doi.org/10.1515/9783110339888-015
https://doi.org/10.1016/j.funbio.2012.02.006
https://doi.org/10.1016/j.funbio.2012.02.006
https://doi.org/10.1007/s00792-016-0853-7
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1155/2014/498276
https://doi.org/10.1007/s00248-010-9710-x
https://doi.org/10.1007/s00248-010-9710-x
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1186/2049-2618-2-26
https://doi.org/10.1186/2049-2618-2-26

Yu, G, and E. Hu. 2022. “Enrichplot: Visualization of Functional
Enrichment Result.” Bioconductor Version: Release (3.15). https://doi.
org/10.18129/B9.bioc.enrichplot.

Zhang, J., and T. L. Madden. 1997. “PowerBLAST: A New Network
BLAST Application for Interactive or Automated Sequence Analysis
and Annotation.” Genome Research 7: 649-656. https://doi.org/10.1101/
gr1.7.6.649.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

8of 8 Environmental Microbiology Reports, 2025


https://doi.org/10.18129/B9.bioc.enrichplot
https://doi.org/10.18129/B9.bioc.enrichplot
https://doi.org/10.1101/gr.7.6.649
https://doi.org/10.1101/gr.7.6.649

	Functional Characterisation of Microbial Communities Related to Black Stain Formation in Lascaux Cave
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Sampling, DNA Extraction and Quantitative PCR
	2.2   |   Metabarcoding
	2.3   |   Metagenomic Library Preparation, Sequencing and Analysis
	2.4   |   Statistical Analyses

	3   |   Results and Discussion
	3.1   |   Community Composition
	3.2   |   Melanin Synthesis Potential
	3.3   |   Biocide Degradation Potential
	3.4   |   Antagonistic Potential

	4   |   Conclusions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


