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Abstract: Petroglyph sites exist all over the world. They are one of the earliest forms of mankind’s
expression and a precursor to art. Despite their outstanding value, comprehensive research on
conservation and preservation of rock art is minimal, especially as related to biodeterioration. For
this reason, the main objective of this study was to explore the factors involved in the degradation of
petroglyph sites in the Negev desert of Israel, with a focus on biodegradation processes. Through
the use of culture-independent microbiological methods (metagenomics), we characterized the
microbiomes of the samples, finding they were dominated by bacterial communities, in particular
taxa of Actinobacteria and Cyanobacteria, with resistance to radiation and desiccation. By means of
XRF and Raman spectroscopies, we defined the composition of the stone (calcite and quartz) and the
dark crust (clay minerals with Mn and Fe oxides), unveiling the presence of carotenoids, indicative
of biological colonization. Optical microscopy and SEM–EDX analyses on thin sections highlighted
patterns of weathering, possibly connected to the presence of biodeteriorative microorganisms that
leach the calcareous matrix from the bedrock and mobilize metal cations from the black varnish for
metabolic processes, slowly weathering it.

Keywords: petroglyphs; Negev desert; biodeterioration; nanopore sequencing technology;
metagenomics; analytical techniques

1. Introduction

Rock art, in the form of petroglyphs and pictograms, is found worldwide and has
an undoubtedly immense value as it is considered one of the first forms of expression
of ancient societies and the prehistoric precursor to art [1–4]. As part of the natural
landscape, petroglyphs are constantly exposed to anthropogenic and natural weathering
processes [5–7], but despite this, knowledge regarding preservation and conservation of
this valuable cultural heritage is limited.

Although there is considerable research and published work focusing on the physical
state of rock art sites worldwide [7–9], research focusing on the role of biological agents
in the deterioration of rock art is still minimal. Nevertheless, physical and chemical
weathering processes initiated by stone-dwelling microorganism (biodeterioration) can

Appl. Sci. 2022, 12, 6936. https://doi.org/10.3390/app12146936 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12146936
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7881-8572
https://orcid.org/0000-0002-1970-9656
https://orcid.org/0000-0003-1284-0616
https://doi.org/10.3390/app12146936
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12146936?type=check_update&version=1


Appl. Sci. 2022, 12, 6936 2 of 24

play a significant role in the degradation patterns of the stone [10]. Biodeterioration includes
surface alterations by crusts and pigments that can change the color of the surface [11],
physico–chemical disintegration of the stone material, and dissolution of the lithic substrate
by inorganic and organic acids [12]. For example, hyphal growth and biofilm development
can cause physical disruptions and cracks in stone materials, while the release of acids can
dissolve carbonates, such as limestone, as well as quartz, causing mineral leaching [13]. All
these processes contribute to weakening the stone matrix.

In the Negev desert of Israel, the majority of petroglyph sites are spread throughout
the Negev central highlands and offer a window into the life and culture of desert people
who inhabited the region since prehistoric times [14]. The petroglyphs are considered to
be from 3000 BCE [15] and include figurative images (zoomorphic and anthropomorphic),
geometric shapes, symbols and inscriptions. The engravings are carved through a dark
crust, the so called desert or rock varnish, which coats the local Eocene and late Cretaceous
limestone rocks [16]. Desert varnish is defined as a thin (10–200 µm), dark coating highly
enriched in manganese that forms on exposed rock surfaces in arid and hyper-arid environ-
ments. It is composed of clay minerals and amorphous silica (~70%) in a matrix of poorly
crystallized manganese (Mn) and iron (Fe) oxides and hydroxides [17–19]. Despite the
fact that geochemical aspects of rock varnish have been thoroughly investigated [19–24]
and it is believed that its primary source of material is airborne dust, there is an ongoing
debate about the exact process of formation and specifically whether or not microorganisms
are involved in this process [5,25,26]. In a recent study, Lingappa et al. [27] proposed a
new hypothesis for varnish formation. They state that Cyanobacteria accumulate man-
ganese as a nonenzymatic antioxidant system and that, consequently to the cells death, the
manganese-rich residue left behind is oxidized to generate the manganese oxides present
in the varnish.

Cyanobacteria are often reported as one of the dominant phyla present in rock varnish,
along with Actinobacteria, Proteobacteria, Bacteroidetes and Chloroflexi [16,28]. In fact,
despite the harsh environmental conditions, microbial studies revealed a broad spectrum of
stone-dwelling microorganism associated with desert varnish [29,30]. Just as it is not fully
understood the role played by the microorganisms in the formation of the rock varnish,
it is also uncertain if and how the microbial community influences the weathering of the
stone. In fact, the literature available about this topic is very limited. A few studies report
serious damage in numerous rock art sites due to lichen colonization [31,32]. Nir et al. [33],
with a study combining scanning electron microscopy (SEM) and metagenomic sequencing
methods, suggest that the stone surface of petroglyphs in the Negev desert is colonized
by a complex microbial and lichen community with the biochemical potential to induce
biodeterioration. Despite these studies, comprehensive research on deterioration of rock
art panels, particularly by microorganisms, is still needed.

For these reasons, the aim of the present study was to investigate the potential micro-
bial involvement in the weathering of petroglyph sites through a multi-analytical approach
based on culture-independent microbiological methods (metagenomics) to investigate the
microbiome associated with the petroglyph panels, and on microscope observation and
physico–chemical methods to analyze the lithic substrate.

2. Materials and Methods
2.1. Study Location and Sampling

Two petroglyph sites in the Negev desert were considered for this study (Figure 1a,b):
one is located in the central highlands, close to the ruins of the ancient city of Avdat (N
30′′47′10◦; E 34′′46′20◦), and the second one is in the west highlands close to the community
settlement of Ezuz (N 30′′48′5◦; E 34′′28′30◦).
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Figure 1. Map of the Negev desert indicating the location of the two petroglyph sites (a); view of the
rock art site in Ezuz with examples of rock engravings (b); image of a sampling point (c); and the
sample observed by stereomicroscope (6×) (d).

Both areas are considered an arid climatic zone. The annual temperature in this region
ranges between −3.5 ◦C in winter and 40 ◦C in summer (Israel Meteorological Service, Sde
Boker station), while precipitation ranges from 90 to 100 mm, mostly during the winter
season [34,35]. There are about 200 nights of dew/year, providing abundant liquid water
for microbial lithobiontic colonization in this desert [36].

Sampling was carried out during winter (February and March) 2021. In these months,
meteorological measurements were implemented with an in situ monitoring system (sit-
uated at Carmey Avdat farm, about 100 m from the petroglyph sites) to define local
environmental factors. The monitoring system contained a Campbell CR6 data logger
(Campbell Scientific Inc., Logan, UT, USA) with sensors for air temperature (◦C), air relative
humidity (RH), and rock surface temperature (thermocouples). In addition, it can also
measure the amount of rain received in the area. The data are recorded every 15 min
and every whole hour. Thus, it was found that the air temperature from January–April
2021 ranged from a minimum of 1.9 ◦C to a maximum of 38.5 ◦C, with daily temperature
fluctuation up to 20 ◦C, and the area received 22.5 mm of rain (Supplementary Figure S1a,b).
Additionally, previous measurements revealed that the average rock surface temperature
was relatively higher than the average air temperature, reaching up to 56.3 ◦C in summer.

The stone samples were collected from similar rock types (limestone covered with
desert varnish) in close proximity to the petroglyphs using a hammer and chisel previously
sterilized with 70% ethanol (Figure 1c,d). Seven sampling points were chosen, and from
each one different slabs of rock surface, about 3 cm × 3 cm in size, were taken and placed
in sterile plastic bags (Table 1). For each sampling point, part of the slabs was transferred
to the Ben Gurion University of the Negev, Be’er Sheeva, Israel where Raman and XRF
analysis were done, and part to the microbiology laboratory of the Academy of Fine Arts
of Vienna, Austria, where the rest of the analyses were performed.
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Table 1. List of samples collected at the two petroglyph sites with brief description.

Sample Petroglyph Site Brief Description of the Crust

AV1 Avdat Very dark crust covering a reddish layer
AV2 Avdat Very dark crust covering a reddish layer
AV3 Avdat Thinner black crust, intermixed with reddish layer
EZ1 Ezuz Very dark crust covering a reddish layer
EZ2 Ezuz Very dark crust covering a reddish layer
EZ3 Ezuz Dark crust covering a reddish layer
EZ4 Ezuz Orange thick crust

Six of the samples (AV1, AV2, AV3, EZ1, EZ2, EZ4) were prepared as polished pet-
rographic thin sections. The samples were vacuum-impregnated with epoxy resin from
Struers, Denmark. For better visualization of the porosity of clear minerals, the resin was
dyed with a blue dye (EpoBlue from Buehler GmbH, Düsseldorf, Germany). After im-
pregnation, the samples were cut into thin sections, mounted on glass slides and polished
to approximately 30 µm in thickness. The samples were left uncovered for analysis by
transmitted and reflected light optical microscopy and SEM–EDX.

2.2. DNA Extraction, Whole Genome Amplification (WGA), Library Preparation and Sequencing

To assess the composition of the stone microbiome, genomic DNA was extracted from
4 samples using the FastDNA SPIN Kit for soil (MP Biomedicals, Illkrich, France) following
the instruction of the manufacturer. For each sample, two DNA extractions with 0.5 g of
crushed stone were performed, and the obtained DNA was pooled to proceed with the
library preparation. DNA yields were quantified using a Qubit 2.0 fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA) with the Qubit dsDNA HS Assay Kit. The “Premium
whole genome amplification protocol” available in the online Oxford Nanopore community
was followed to perform the WGA and library preparation. All reactions for the WGA
were executed in a BioRad C 1000 Thermal Cycler. The REPLI-g Midi Kit (Qiagen, Hilden,
Germany) was employed, which uses innovative multiple displacement amplification
(MDA) technology. Library preparation was performed following all the steps described
by Piñar et al. [37], using the Ligation Sequencing Kit 1D SQK-LSK109 and the Flow cell
Priming Kit EXP-FLP001 (Oxford Nanopore Technologies, Oxford, UK).

Once the library was prepared, the MinKNOW™ software 21.02.2 (Oxford Nanopore
Technologies, Oxford, UK) was used to perform quality control of the flow cells (SpotOn
Flow cell Mk I R9 Version, FLO-MIN 106D) prior to priming and loading of the DNA library.
Sequencing was performed in the MinIon Mk1C device for 48 h.

2.3. Sequence Analysis

The latest version of high accuracy basecalling of the fast5 files was conducted
with Guppy basecalling software (Oxford Nanopore Technologies, Limited) v5.0.11 +
2b6dbff using the dna_r9.4.1_450bps_hac model. The acquired reads were filtered to obtain
Q scores > 9 and to remove adapter sequences (120 bases trimmed at 5′ and 3′ ends). The
shortest 5% of all reads were also removed from the analysis. After filtering, the median
quality scores were between 13.1 and 13.5, representing a mean error rate of 4.9%. To com-
pensate for the remaining error rate, classification was performed with a more conservative
value for the minimum length of partial hits (50).

Taxonomic classification was carried out using Centrifuge v1.0.4 (Johns Hopkins Uni-
versity CCB, Baltimore, MD, USA) with a custom database containing reference genomes
for Bacteria, Archaea and Fungi retrieved from NCBI. For Bacteria and Archaea, genomes
with complete genome status, and for Fungi, genomes with the complete and draft genome
indication were chosen. Addition of draft genomes for Fungi was selected due to their
somewhat larger and more complex genomes resulting in a low number of complete
genome entries. In addition to the default parameters, the minimum length of partial hits
was set to 50, and k, the number of distinct primary assignments per read, was set to 1.
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Relative abundances were calculated for all genera with a read count abundance of more
than 0.5% in at least one sample and used for the clustered heatmap, which was generated
with the R package pheatmap. All data are available at the NCBI BioProject PRJNA847191.

2.4. Optical Microscopy (OM)

For preliminary observation of the samples, a stereomicroscope (Wild M650, Heer-
brugg, Switzerland) with magnification up to 40× was employed. The system was
equipped with a digital camera connected to a computer, and AmScopeX software al-
lowed acquisition of images at different magnifications.

Detailed morphological analysis of the sample surfaces and observations of thin
sections were performed using a VHX-6000 digital microscope (Keyence, Osaka, Japan).
Observations were completed with plane polarized light (PPL), cross polarized light (XPL)
or with normal transmitted light. The microscope has an LED light source (5700 K). With
this microscope, it is possible to obtain fully focused images of uneven surfaces by a
depth composition function, which also allows the creation of a 3D image with 3D height
information. The pictures were recorded using a VH-Z20 objective with a magnification
range from 20× to 200× and a VH-Z100 objective with a magnification range from 100× to
1000×. Measurements of features of interest were performed directly with the microscope
software.

2.5. X-ray Fluorescence (XRF)

The stone slabs were examined with a portable ELIO spectrometer (XGLab, Milan,
Italy) equipped with a rhodium (Rh) X-ray tube with a maximum power of 4 W at 50 kV
and a silicon drift chamber detector (SDD) with a thin beryllium window. The X-ray beam
had a diameter of about 1 mm. The analyses were carried out in air; therefore, elements
with atomic number lower than silicon (Si) cannot be detected. The measurements were
performed on the crust of the samples and on the bedrock, positioning the stone slab in
such a way that only the contribution of the rock was measured. The time of acquisition
was set at 60 s, the excitation voltage was 40 kV, and the tube current was 60 µA. The results
were elaborated using Elio Software v1.6.0.29.

With a Dremel tool, the black varnish, the orange layer and the bedrock of one sample
were separated, and the loose powders were analyzed with a wavelength dispersive
(WDXRF) spectrometer Axios (1 kW) with SuperQ version 5 software (PANalytical B.V.
Almelo, The Netherlands). The special software Omnian, based on the fundamental
parameter method, was used for quantitative analysis. All elements (from fluorine onwards)
that could be identified by the method were summed and normalized to 100%.

2.6. Scanning Electron Microscopy Coupled with Energy Dispersive X-ray Spectroscopy
(SEM–EDX)

Small slabs of the stone samples and the thin sections were analyzed by SEM FEI
Quanta 200 scanning electron microscope (SEM) combined with an EDX Ametek Octane
Pro system. The stone slabs were placed on a sulfur-free carbon adhesive glued onto an
aluminum stub. SEM images of the examined surfaces were obtained in low vacuum
mode, without the need of a conductive coating, with a secondary electron LFD detector for
morphological analysis of the stone slabs or a dual backscattered electrons (BSE) detector
for analysis of the thin sections, at 20 kV voltage, an average working distance of 10 mm
and a chamber pressure between 70 and 90 Pa. EDX analyses were performed to gain
chemical information about areas of interest both as punctual measurement and elemental
maps. For punctual measurements, the acquisition time was set at 50 s.

2.7. Micro-Raman Spectroscopy

Micro-Raman spectroscopy was used on the untreated stone slabs to study both the
mineralogical and biological components of the crust and associated rock substrate. The
measurements were done with a confocal Horiba LabRam HR Evolution (Kyoto, Japan),
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equipped with a Syncerity CCD detector (deep-cooled to –60◦ C, 1024 × 256 pixels). The
excitation source was a 532 nm laser with power on the sample between 0.5 and 5 mW.
Laser power was kept particularly low (>1 mW) on the black crust since some iron minerals
are easily transformed when heated up by the laser.

The laser was focused with a 50× LWD objective (Olympus LMPlanFL-N, NA = 0.5)
to a spot of about 1.3 mm. The measurements were taken using a 600 g mm−1 grating and
a 100 mm confocal hole. Spectral acquisition times were between 3 and 40 s, with variable
accumulations from 1 to 10. The spectra were baseline corrected and denoised directly with
the instrument’s software (LabSpec 6, v6.5.1.24, Horiba, Kyoto, Japan). Further processing
of the Raman spectra, such as normalization, was performed with OPUS 7.5 spectroscopy
software by Bruker. Identification of the compounds was done either by comparison to
spectra obtained with Raman spectral databases (KnowItAll Informatics Systems 2021,
RruffTM Project [38] and Pigments Checker Raman Database [39]) or by comparison with
Raman spectra in literature.

3. Results
3.1. Metagenomic Analysis
3.1.1. DNA Yield and Sequencing Analysis

Four sequencing runs were carried out, each in an independent nanopore flow cell
loaded with a DNA library prepared from each stone sample. The total reads generated per
sequencing run ranged from 1,240,915 to 3,329,384, with total yields between 5.1 to 15.7 Gb.
After a first filtering, the total reads per run ranged from 1,080,553 to 2,885,034, and about
2% of the analyzed reads in each sample were phylogenetically assigned. In addition, the
mean length of the DNA fragments sequenced was 4678 Kb with an average quality score
of 13.2. Details about the sequencing data are summarized in Supplementary Table S1.

3.1.2. Microbiomes of the Stone Samples

The results of the analyzed reads of the DNA sequencing data that could be phyloge-
netically assigned revealed a similar distribution of superkingdoms among the investigated
samples (Figure 2), showing a microbiome dominated by bacteria, with a lower proportion
of eukaryotes and a very small proportion of archaea. More specifically, samples AV1
and EZ4 showed the highest relative abundance of bacterial communities (92% and 98%,
respectively), while the microbiomes of samples AV3 and EZ1 showed higher propor-
tions of eukaryotes (29 and 35%, respectively). A very small fraction of identified reads
was assigned to archaea, which represented less than 1% of the total microbiome of all
the samples.

3.1.3. Bacterial Communities

Analysis of the bacterial communities, which dominated over the eukaryotic com-
munities, revealed six main phyla, namely Cyanobacteria, Actinobacteria, Proteobacteria,
Bacteroidetes, Firmicutes and Deinococcus-Thermus, representing together on average 98% of
the total bacteria, in addition to some other phyla, each representing less than 0.5% of the
total bacterial community and marked as “others” in Figure 3.

The most dominant phylum was Actinobacteria (54–61.5% of bacteria), with the excep-
tion of sample Ezuz 1, which showed a massive dominance of the phylum Cyanobacteria
(68% of bacteria) and a lower proportion of Actinobacteria (14% of bacteria). The second
most abundant phylum was Cyanobacteria in samples Avdat 1 and Avdat 3 (26–39% of
bacteria), while in sample Ezuz 4, Cyanobacteria represented only 0.6% of the bacterial
community. The phylum Proteobacteria was present with a relative high abundance (21%
of bacteria) in Ezuz 4 and with lower proportions in the other samples (1–9%), followed
by the phyla Bacteroidetes (6–16% of bacteria) and Firmicutes (0.5–2%). The last two phyla
accounted for less than 0.5% in sample Avdat 1. The phylum Deinococcus-Thermus was
identified in very low proportions in all the samples, reaching more than 0.5% only in
samples Avdat 3 and Ezuz 4 (0.5–0.8% of bacteria).
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Figure 2. Relative abundance of bacteria, eukaryotes and archaea in the microbiomes of the four
samples analyzed.

Figure 3. Relative abundance of bacterial communities at the phylum level (cutoff 0.5%).

In Supplementary Figure S2, the relative abundance of the bacterial communities at
the class level is presented, while all the genera representing more than 0.5% of the total
microbiome in each of the samples are summarized in the form of a heatmap in Figure 4.
The heatmap shows the relative abundance of each genus in each sample, highlighting
differences and similarities between them.
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Figure 4. Heatmap displaying the relative abundance (%) of the total microbial community (bacteria
and fungi) at the genus level in each sample; the genera represent an abundance greater than 0.5% in
at least one sample.

Within the phylum Actinobacteria, the dominant class was Rubrobacteria, with all the
members identified belonging to the Rubrobacter genus, present with a very high relative
abundance (35–58% of total reads) in all the samples and a lower abundance in Ezuz 1
(8% of total reads) (Figure 4). Members of the class Actinomycetia were detected in all the
samples with low relative proportions (0.6–4% of bacteria), but Streptomyces was the only
genus present with more than 0.5% relative abundance in samples Avdat 1 and Avdat 3
(Figure 4).

Cyanobacteria were the second most represented phylum within the bacteria and the
one with the highest biodiversity, except in Ezuz 4 where no genus of cyanobacteria was
significantly abundant (above 0.5% of total reads). Inside this phylum, in samples AV1, AV2
and EZ1, members of the order Nostocales were detected, such as the genus Nostoc, which
was present with a relatively high abundance in samples AV1 and EZ1 (~10% of total reads)
but was also relatively abundant in AV3 (4% of total reads); the genus Calothrix, present
with a relative low abundance (1–2% of total reads), and the genera Richelia and Anabaena
were found solely in sample EZ1. Other members of the Nostocales, such as the genera
Fischerella, Tolypothrix, Rivularia, and Nodularia were also identified, but contributed less
than 0.5% of the total reads. Among the Oscillatoriales, the genus Crinalium, was the most
abundant (2–4% of total reads), followed by the genus Allocoleopsis (0.5–2% of total reds)
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and the genus Oscillatoria, present only with low abundance in samples AV3 and EZ1 (~0.6%
of total reads). Members of the order Synechococcales were identified in low proportions
only in two samples, being the genus Synechocystis only present in AV1, and the genus
Synechococcus only present in EZ1. Whitin the order Chroococcales, the genus Gloeocapsa
was the only one well-represented in all the samples, with high relative abundance in EZ1
(9% of total reads) and lower proportions in samples AV1 (5% of total reads) and AV3
(2% of total reads). In addition, the genus Chroococcidiopsis (order Chroococcidiopsidales)
was identified in AV1, AV3 and EZ1 in similar proportions (~1% of total reads), while
Leptolyngbya (order Pseudanabaenales) was detected only in sample EZ1 (2% of total reads)
and in lower proportion in AV1.

The phylum Proteobacteria was present in all the samples, with Gammaproteobacteria
class being the most abundant in samples AV1, EZ1 and EZ4. Inside this class, members
of the order Moraxellales were detected, such as the genus Acinetobacter, which accounted
for over 18% of the total microbiome of EZ4 but was below 0.5% of total reads of the other
samples. The genus Psychrobacter was instead identified in significant proportion only in
sample EZ1 (Figure 4).

In contrast, members of the class Alphaproteobacteria were more abundant in sample
AV3, with the genus Brevundimonas representing 4% of the total reads. Within this class, the
genus Mesorhizobium was only significantly represented in sample EZ1.

The phylum Bacteroidetes was well-represented in all the samples except AV1, in
which this phylum was below 0.5% of the bacterial reads. Whitin this phylum, the class
Cytophagia was the most abundant, with the genus Adhaeribacter being present in AV3, EZ1
and EZ4 (0.7–1.5% total reads) and the genus Hymenobacter only significantly identified in
samples AV3 and EZ4. Interestingly, the Pontibacter genus was detected with a relative high
abundance (12% of total reads) in sample EZ4 but did not account for more than 0.5% of
the total reads in the other samples (Figure 4). The Chitinophagia class was present with
more than 0.5% of bacterial reads only in samples AV3 and EZ1. Inside this class, only the
genus Filimonas accounted for more than 0.5% of the total reads and was exclusively in
sample EZ1.

The phylum Firmicutes was represented in samples AV3, EZ1 and EZ4 with members
of the Bacilli class, but each of the identified genera within this class contributed less than
0.5% of the total reads.

Finally, the phylum Deinococcus-Thermus was only significantly represented in AV3
and EZ4 with the class Deinococci, but no genera accounted for more than 0.5% of the
total reads.

3.1.4. Eukaryotic Communities

Eukaryotic communities were mainly present in samples AV3 and EZ1 and only rep-
resented a low proportion of the microbiome of samples AV1 and EZ4. The eukaryotic
sequences were affiliated with the fungi kingdom, in which the phylum Ascomycota rep-
resented more than 98% of the total fungi reads, with the phylum Basidiomycota around
1%. The phylum Mucoromycota was present only in two samples with very low relative
abundance, less than to 0.1%.

The relative abundance of fungal communities at the class level is reported in Supple-
mentary Figure S3. Within the phylum Ascomycota, the Dothideomycetes class was dominant
in samples AV1, EZ1 and EZ4 with a very high relative abundance (42–58% of fungi) and
accounted for 19% in sample AV3. The classes Sordariomycetes, Leotiomycetes and Euro-
tiomycetes were represented in all the samples with similar proportions, ranging from 7 to
17% of the total fungi, followed by the class Pezizomycetes, which contributed between 1 and
6% of the total fungal reads. The class Lecanoromycetes was well-represented in sample AV3
(21% of fungi) and in lower proportion in AV1 and EZ1 (1 and 7%, respectively). Finally,
the class Orbiliomycetes was only significant in sample AV3 (0.6%).

The phylum Basidiomycota was mainly represented by the Agaricomycetes class, present
with low relative abundance (~0.6% of fungi) in samples AV1, AV3 and EZ4.
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Differently from the bacterial communities, which clearly showed the dominance
of some genera, fungal communities revealed very high biodiversity but no dominant
taxa, with most of the genera accounting for less than 1% of the total microbiome of each
sample. Nevertheless, in samples AV3 and EZ1, a few genera contributing with higher
proportion were detected (Figure 4). In sample AV3 the genus Letharia (class Lecanoromycetes)
represented 6% of the total reads, while the genus Tuber (class Pezizomycetes) and the genus
Pseudogymnoascus (class Leotiomycetes) accounted for 1.3% of the total microbiome. In
sample EZ1, the genera Alternaria (class Dothideomycetes), Lachnellula (class Leotiomycetes),
Letharia (class Lecanoromycetes) and Metarhizium (class Sordariomycetes) were present with
a relative abundance of around 2.5%, while the genera Diplodia (class Dothideomycetes),
Talaromyces (class Eurotiomycetes) and Verruconis (class Dothideomycetes) made up between 1
and 1.9% of the total reads.

3.2. Digital Optical Microscopy

The samples collected from the petroglyph sites were first studied under the mi-
croscope without any preparation to gather an overview of their physical characteristics
(microscope images of the samples are reported in Supplementary Figure S4), while mi-
croscope observation of thin sections allowed us to evaluate different aspects such as the
thickness of the varnish, the possible presence of weathered areas in the bedrock, and
where visible, the penetration of microorganisms in the stone.

Six of the rock samples (AV1, AV2, AV3, EZ1, EZ2, EZ3) collected from the petroglyph
sites are coated with a black crust (Supplementary Figure S4a), the so-called desert varnish.
It has been observed that underneath the thin black outer layer, a bright reddish layer is
present, which is intermixed with the stone grains (Supplementary Figure S4b). The black
varnish has a compact, shiny appearance, but when observed under microscope, the surface
is not homogeneous and presents reddish and white patches. Indeed, in the highest points,
the black layer is missing and the orange layer or the white rock are exposed. In the lowest
points (depressions) an accretion of brownish material is visible, with an accumulation of
dust grains in the micro-basins. The appearance of the black crust can vary from sample
to sample and be thinner and/or more intermixed with the reddish layer (Supplementary
Figure S4c). In addition, the black crust does not occur homogeneously throughout the
same sample, and different stages of weathering of the outer black layer can be observed.
Sample EZ4 differs from the others and is covered by an orange crust (Supplementary
Figure S4d). In some areas of sample EZ4, it appears that traces of the black varnish are
present. Finally, the presence of cyanobacterial aggregates was extensively detected in the
samples (Supplementary Figure S4e,f).

The thin sections showed that the limestone bedrock of all the samples mainly consists
of microfossils of foraminifera, bryozoans, diatoms and turritella. Samples AV1, AV2, AV3,
EZ1, EZ2 and EZ3, which are characterized by the black coating, presented similar features.

The black varnish has a variable width, ranging from about 20 µm in the thinnest areas
to about 130 µm in the thickest parts (Figure 5a), but never exceeding 150 µm. The reddish
layer is not homogeneously distributed and is present only in some areas. What is clearly
visible in all samples is a weathered area underneath the varnish. In Figure 5b–e, examples
of this phenomenon are shown. The zones below the black varnish appear to be moderately
to heavily weathered, and grains of the bedrock have been leached, leaving behind a very
porous area with an average depth of about 800 µm but that can also reach about 1.8 mm,
as observed in sample EZ3 (Figure 5c), which shows different layers of weathering. In the
porous weathered areas, it can be noticed that the cavities and pores close to the surface
are coated by the dark crust (see also Supplementary Figure S5). In other areas, beneath
the black coating, the bedrock is heavily weathered, and the stone appears completely
fragmented into small particles with loose arrangement (Figure 5d). In these areas it can be
observed that the shells of the fossils seem to be more resistant to the weathering processes
and remain almost intact, while the softer stone matrix is leached. In sample AV1, mixed
with the loose grains of the weathered stone, we observed a granular brown material.
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Aggregates of cyanobacteria colonized this area, as is well-illustrated in Figure 5e. It can be
noticed that in this zone, the black varnish appears completely fragmented and detached
from the bedrock, and in some areas is no longer present.

Figure 5. Pictures of the petrographic thin sections acquired with the Keyence digital microscope
in transmitted light: (a) detail of the black varnish and of the reddish layer underneath it of sample
AV1; (b–d) examples of the weathered area occurring beneath the black coating in samples EZ1, EZ3
and AV2; (e) weathered area colonized by cyanobacteria aggregates in sample AV1; (f) detail of the
orange crust of sample EZ4.

A different situation was observed in the thin section of sample EZ4. The orange crust
is very porous and reaches a thickness greater than 1 mm. Interestingly, underneath the
orange layer, no weathered area was observed. The bedrock looks undamaged till the
boundary with the crust. Here, the stone seems to gradually merge into the orange layer
(Figure 5f).

3.3. X-ray Fluorescence Spectroscopy (XRF)

Preliminary analysis performed with the portable XRF showed that the dominant
elements of the black varnish (samples AV1, AV2, AV3, EZ1, EZ2, EZ3) are Fe, Mn and Si,
with lower counts of K, Ca and Ti, thus in agreement with the composition described in
the literature, i.e., clay minerals mixed with iron and manganese oxides. In sample EZ4,
which does not have the black crust but presents instead a thicker orange crust, Mn shows
much lower counts or, depending on the spot of analysis, is not present at all. Fe presents
high counts, while Ti, K, Ca and Si are detected with low counts. The bedrock is mainly
composed of Ca and Si.

To better understand the composition of the different layers (white bedrock, black
coating and orange layer beneath it) the powders obtained from each layer of sample AV1
were analyzed with WDXRF, and the results are reported in Table 2.
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Table 2. XRF data (%) of the three layers of sample AV1.

Elements * Black Varnish (%) Reddish Layer (%) Bedrock (%)

Mg 1.1 1.1 2.0

Al 8.4 7.0 3.2

Si 66.1 73.4 48.9

P 1.1 0.5 0

S 1.0 0.3 0.1

K 1.1 1.1 0.4

Ca 8.3 9.9 40.9

Ti 0.6 0.5 0.1

Mn 3.1 0.8 0.1

Fe 8.0 4.7 1.2

Ba 0.3 0 0
* Only the main elements are shown.

The results confirmed that the black varnish is rich in Fe and Mn with a high content
of Si and lower of Ca and highlighted the presence of light elements (not detectable with
the portable XRF) such as Mg, Al, P and S in the sample. Mg is present in higher amounts
in the bedrock, while Al, S and P showed the highest percentages in the black varnish,
followed by the reddish layer. Low amounts of Ti and Ba were also detected in the black
and reddish layers; the latter being present only in the black varnish. While Mn is mostly
present only in the black coating, Fe is present in higher amounts also in the reddish layer,
which seems to be composed mainly of Si and lower percentages of Ca, Al, K and Mg. In
the bedrock, in addition to the presence of Ca and Si, low percentages of Mg, Al and Fe
were also detected.

Because of the difficulty in accurately separating the layers, some elements might
show a higher percentage due to contamination coming from the adjacent layer.

The distribution of the elements in the samples is further discussed in the following
section.

3.4. Scanning Electron Microscopy Coupled with EDX Microanalysis (SEM–EDX)

SEM–EDX was initially used for observation of the stone slabs without any preparation
to detect the presence of microorganisms both in the crust and in the bedrock. On the
black coating, no biological colonization was detected, but at the transversal section of
the samples, putative bacteria (coccoid shape) were revealed (Figure 6a), occupying the
microcavities close to the surface beneath the black layer. In other areas of the samples,
cyanobacterial biofilms were detected (Figure 6b). In addition, on the surface of sample
EZ4, fungal hyphae were observed (Figure 6c).

Observation of surface morphology was also performed by SEM–EDX, and punctual
analyses were carried out to locally characterize the elemental composition of the black
crust, which exhibits strongest maxima of Si and Al, followed by Fe, Mg and Mn and in
lower proportions Ca, K and Ti, thus confirming the results of XRF analysis. The black
coating observed from the external surface shows a structure with mounds and depressions,
where the upper parts appear smoother and more compact while the lower parts appear
more crumbled. EDX performed on different points revealed that Mn is present in higher
amounts on the more compact parts, while in areas that appear more crumbled, the peak of
Mn is lower or not detected at all.
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Figure 6. SEM images in secondary electron mode showing putative bacteria in the microcavities of
the stone (a), a cyanobacterial biofilm (b) and fungal hyphae (c).

Examination of the black varnish in the petrographic thin sections revealed a clear
micron-size laminated pattern (Figure 7a) with a curved shape and oriented parallel to the
surface. This micro texture is defined as a stromatolite structure and is typical of desert
varnish [17,19,27]. Mappings of the elemental composition of the black crust revealed that
Mn and Fe are not homogeneously distributed, but their content varies in the different
layers of the coating. Specifically, we observed that the upper part of the varnish is Mn-
depleted, along with the part in contact with the bedrock, while an accumulation of Mn is
present in the central area. Other elements such as Al, Mg and K are equally distributed
throughout the crust. In addition, accumulation of detrital particles was observed in the
depressions of the outer layer. These particles were mostly composed of clay minerals
(Si, Al, K, Mg and Fe), while the Mn-rich material that characterizes the varnish is only
present in the coating itself (Supplementary Figure S5). Surprisingly, no calcium was
detected in the rock beneath the crust, but only silicon, which was in contrast with the
results of XRF analyses. Therefore, a more thorough analysis of the bedrock was carried
out through EDX punctual measurements, which revealed that the bedrock is composed of
a calcitic matrix with lower content of Mg in which silicate grains and silicified microfossils
are embedded. Interestingly, backscattered images of the thin sections (sample AV1 is
reported as an example in Figure 7b) showed that the bedrock is not homogeneous and,
in the areas corresponding to the porous weathered zones previously observed with the
optical microscope, the calcitic matrix (light grey) is missing except for sporadic grains,
and only the silicate component (dark grey) is left. This phenomenon is clearly illustrated
in Figure 7c, where elemental mapping of the weathered area of sample EZ3 is reported.
Mg is present only in the intact bedrock (and in the black varnish on the surface), while in
the weathered layer in contact with it we observed an initial leaching of Ca, which then
disappears completely in the upper layer, leaving a very porous zone. In this area we
observed only the silicate component, which seems to be homogeneous throughout the
sample. In the upper layer Al, K, Mg, Fe and Mn are distributed in the black crust, thus
along the edges of the pores and on the surface of the sample (Supplementary Figure S5).
In this area, barium sulphate was also detected (bright white grains in the backscattered
image of Figure 7c) but mostly concentrated towards the surface of the sample (maximum
of 400 µm depth).
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Figure 7. SEM–EDX analyses on petrographic thin sections: (a) SEM image in backscattered electron
mode and EDX elemental mapping (Mn, Fe and Si) of the black varnish; (b) SEM image in backscat-
tered electron mode of the thin section of sample AV1 showing the lack of Ca in the upper part of
the sample and a heavily weathered area at the bottom; (c) SEM image in backscattered electron
mode with EDX elemental mapping (Si, Ca and Mg) of the weathered area of sample EZ3 (additional
elemental mappings of the area in the dashed box in Supplementary Figure S5).

The backscattered image of sample AV1 (Figure 7b) shows that in the heavily weath-
ered area that lies at the bottom, where aggregates of cyanobacteria were extensively
detected by optical microscopy, the Ca and Si components of the bedrock seem to be
equally leached, and loosely arranged mineral particles are observed. Mapping of this area
indeed revealed that the mineral fragments in the proximity of the cyanobacteria cells are
mainly composed of Ca and Si, along with Mg-rich grains and other minerals such as Al,
Fe and K (Supplementary Figure S6).

Punctual EDX analysis of the orange crust of sample EZ4 showed that it is mainly com-
posed of Si, Fe, Al and K (as shown by XRF results), and a low proportion of Mn depending
on the point of analysis. The elemental mapping carried out on this sample revealed some
interesting results (Figure 8). We noticed that the distribution of the elements showed a
pattern similar to the one displayed in the weathered areas of the other samples: Ca and
Mg are detected only in the intact bedrock, while silicon is homogeneously distributed (in
the bedrock and in the orange crust). In addition, the map of silicon showed the presence
of silicified fossils in the orange layer. Aluminum is detected solely in the orange layer,
with a distribution similar to that in the surface layer of sample EZ3, i.e., more concentrated
along the edges of the pores, but in this case it appears more spread throughout the layer.
Iron is mostly present in the orange part and seems to be homogenously distributed, while
the mapping of Mn did not give a clear distribution.
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Figure 8. SEM image in backscattered electron mode and EDX elemental mapping (Si, Ca, Mg and
Al) of sample EZ4.

3.5. Micro-Raman Spectroscopy

Raman spectra acquired on the black varnish were quite complex. Depending on the
measurement spot, the spectra displayed different features confirming the heterogeneity
of the varnish composition. In many cases, the overall spectral profile matches well the
spectral features of the pigment burnt Sienna, which is a mixture of iron oxides, quartz
and aluminum oxides. An example is reported in Figure 9a—spectrum A, in which, more
specifically, the bands at 224, 291, 408 and 1322 cm−1 can be assigned to hematite (α-Fe3O4),
while the band around 670 cm−1 is diagnostic for magnetite (Fe2O3) [40]. In the region
between 500 and 700 cm−1, the peaks of the spectra acquired on the black varnish are not
well resolved and a broad band with shoulders is observed; therefore, clear assignment
of signals is challenging. In this spectral region, the characteristic peaks of Mn oxides are
found, so their presence could not be clearly identified. Nevertheless the peaks visible
at around 400 cm−1, at 502 cm−1 and at 574 cm−1 (Figure 9a—spectrum B) might be
assigned to birnessite or birnessite-like minerals [41], a manganese oxide often reported
in the literature as part of the desert varnish [19]. Quartz (sharp band at 465 cm−1) was
often identified in the spectra of the black varnish, and in some areas anatase (TiO2) (band
at 143 cm−1) and pseudobrookite (Fe2TiO5) were also detected.

The spectra obtained on the orange layer emerging from the black varnish (Figure 9a—
spectrum C) showed a spectral profile similar to the one of the orange crust of sample EZ4
(Figure 9a—spectrum D), showing characteristic features of iron oxides (bands around 220,
290 and 400 cm−1) and quartz (bands at 207 and 465 cm−1) at lower wavenumbers. In the
range from 1000 to 1800 cm−1, EZ4 presented a complex spectrum, with overlapping broad
bands that did not allow clear interpretation. The peaks in this range might be related to
organic pigments such as carotenoids combined with amorphous carbon (peaks at 1320
and 1600 cm−1).

The presence of carotenoids was clearly confirmed in a reddish area beneath the
black varnish (transversal section of the sample). Indeed, the Raman spectrum of the area
analyzed (Figure 9b) showed three sharp bands at 1000 cm−1, 1151 cm−1 and 1505 cm−1

typical of carotenoids, which are characterized by three main skeletal features: the stretching
of C=C in the region around 1520 cm−1, the stretching of C–C around 1150 cm−1 and the
bending of C=CH around 1000 cm−1 [42].
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Figure 9. (a) Normalized Raman spectra collected from the black varnish on two different spots (A,
B), on the orange layer emerging from the black varnish (C) and on the orange crust of sample EZ4
(D) compared with reference spectra of burnt Sienna (E) (Pigments Checker Raman Database [39]),
hematite (F) and magnetite (G) (RRUFF [38]) in the spectral range between 150 and 1700 cm−1.
(b) Normalized Raman spectra collected on the orange layer beneath the black crust (a) and on a spot
colonized by cyanobacteria (b) in the range from 900 cm−1 to 1700 cm−1, showing the characteristic
peaks of carotenoids.

On one sample, Raman spectra were acquired in a green area visibly colonized by
cyanobacterial aggregates. The spectral features of carotenoids were again identified but
with a shift in the wavenumbers (1002 cm−1, 1152 cm−1 and 1510 cm−1) compared to the
spectrum obtained on the reddish area (Figure 9b). The shift might indicate the presence of
a different type of carotenoid pigment in the green area. According to Jehlička et al. [42],
the position of the stretching band of the C=C group is diagnostic for the discrimination of
different carotenoids, and they assigned the band at 1506 cm−1 to the carotenoid pigment
bacterioruberin and the C=C signal at higher wavenumbers (1510 cm−1) to β-carotene. The
positions of the two bands correspond very well to the one shown in the Raman spectra of
carotenoids obtained in this study: 1505 cm−1 in the case of the orange spot and 1510 cm−1

in the case of the green spot. Despite this, attribution of the two spectra to one carotenoid
pigment rather than the other cannot be certain solely by Raman spectroscopy.

In addition, the signal of carotenoids on the green spot was detected along with
calcite (band at 1084 cm−1), while on the orange area anatase (band at 141 cm−1) was
also identified.

4. Discussion

The multi-analytical approach used in this study allowed us to characterize the mi-
crobiome of stones associated with petroglyph sites and, at the same time, to characterize
the lithic substrate, thus obtaining a deeper knowledge of possible mineral–microbial
interactions.

The microbiomes of the samples were generated using nanopore sequencing technol-
ogy, which has been employed in different studies in the cultural heritage field [37,43–45],
showing some advantages compared to next-generation sequencing methods. In fact, this
technology, which offers an easier workflow and much more affordable prices, when com-
bined with whole genome amplification (WGA) protocol allows simultaneous obtainment
of the real proportions of different groups of microorganisms (fungi, bacteria and archaea)
as a whole in a given sample, which was one of the first aims of this study.

The microorganism communities associated with rock varnish have been previously
studied to determine whether or not there is a connection between the varnish and the
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microorganisms inhabiting the stone. The results of our metagenomic study are consistent
with the findings reported in the literature [25,33], revealing a microbiome dominated
by bacteria, with lower proportions of eukaryotes, and archaea representing less than
1% of the total assigned reads. Within the bacteria, Actinobacteria and Cyanobacteria
were the most abundant phyla, followed by Proteobacteria and Bacteroidetes, as found
also by other authors in metagenomics studies on microbial communities of stones in
desert environments [16,27,30]. Notable is that sample EZ4, which does not present the
superficial black varnish, showed a different microbiome, in which the genus Rubrobacter
(Actinobacteria phylum) together with the genus Acinetobacter (Proteobacteria phylum) and
the genus Pontibacter (Bacteroidetes phylum) made up almost 90% of the total reads, while
Cyanobacteria represented less than 1%.

In the other samples (AV1, AV3 and EZ1), Cyanobacteria represented between 26
and 39% of the bacterial communities, with a rather high biodiversity. Cyanobacteria are
common photoautotroph bacteria inhabiting rocks in desert environments [29,46,47]; they
are considered primary producers with the ability to withstand stressful environmental
conditions due to their thick cell wall and the production of protective pigments such as
scytonemin and carotenoids, which protect them against photooxidative damage [16,48].
Among the cyanobacteria, the order Nostocales, a nitrogen-fixing family that contains several
pigment-secreting taxa, was dominant, with Nostoc spp. being the most abundant. The
order Nostocales was previously reported to be desiccation resistant [49] and radiation
tolerant and a dominant taxa in hypolith communities of the Atacama desert [50]. The
genus Crinalium (order Oscillatoriales) and the genus Gloeocapsa (order Chroococcales) had
relatively high abundance in our samples and are also known to be well adapted to
harsh environments [51,52]. Within the order Chroococcales, the extremely desiccation and
radiation resistant genus Chroococcidiopsis is often indicated as dominant in cyanobacterial
communities on stone in deserts [27,53,54]; however, in our study it represented only
around 1% of total reads.

Cyanobacteria, as many other microorganisms, can form biofilms, which have huge
weathering potential [55] and can cause both physical and chemical degradation of the stone.
The physical actions involve breaking of the surface and penetration of the microorganisms
between the grains of the rock with consequent decreases in grain cohesion, while chemical
actions include dissolution and chelating processes bringing chemical changes to the stone
substrate [56]. In our study, through optical microscopy and the use of SEM, we could
visualize areas of the samples with cyanobacterial biofilms that were heavily weathered. In
fact, associated with cyanobacteria aggregates, we observed disintegration of the rock, with
loose mineral fragments and consequent detachment of the black crust (Supplementary
Figure S6). Species of the genus Gloeocapsa, which was relatively abundant in our samples,
and of the genus Leptolyngbya, also detected in our metagenomic analysis but with lower
proportions, were, for example, found responsible for the formation of biofilms in historic
stone monuments, with resulting bioweathering of the lithic substrate [57].

Within the Actinobacteria, the genus Rubrobacter was very dominant in all the sam-
ples (as clearly visible in the heatmap of Figure 4). Rubrobacter spp. are often associated
with desert varnish and in general as a bacterium inhabiting stones in desert environ-
ments [16,58]. This genus is known to be highly resistant to many types of environmental
stress, such as exposure to gamma and UV radiation, desiccation, high temperature fluctua-
tions, low water availability and high levels of salts [59,60]. In fact, Rubrobacter spp. are
often reported to grow on walls and stone monuments rich in salts, causing the so-called
rosy discoloration due to the release of carotenoid pigments such as Bacterioruberin [61–63].

The genera Pontibacter, Hymenobacter and Adhaeribacter are also highly radiation resis-
tant bacteria [64] with the ability to synthesize carotenoids and indeed show pink to red
shades [65,66].

The eukaryotic communities were affiliated with the fungi kingdom, which was
mostly represented by the phylum Ascomycota. High biodiversity at the genus level
was observed, but each genus showed low proportion and no dominant taxa, except for
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a few genera contributing with slightly higher proportions, such as Letharia, Alternaria,
Lachnellula, Metharizium and Talaromyces. Most of the fungi detected are not stone-dwelling
species, but they are found ubiquitously in the environment and are probably deposited
on the stone as spores. In fact, we found little evidence that fungi are established on
the rock surface. Within the fungi detected in this study, only the order Chaetothyriales,
with Exophiala spp. and the genus Coniosporium, with the Coniosporium apollinis species,
might actually be established on the rock. The aforementioned fungi are in fact part of the
black fungi, or black meristematic fungi group, which have an extraordinary tolerance to
extreme environmental conditions and are known to inhabit stone surfaces in hot deserts
and moderate climates [67–69].

Previous studies mentioned the presence of fungi and lichens, such as Caloplaca sp.,
as a weathering agent of rock substrates due to the production of oxalic acid and conse-
quent formation of calcium oxalates that can facilitate the disintegration of the calcareous
matrix [33]. In this study, however, we could not detect the presence of calcium oxalates.
Further culture-dependent and culture-independent microbiological studies are being
carried out to have better insight of the fungal communities associated with the rocks of
petroglyph sites.

The characterization of the black crust through XRF and SEM–EDX analysis confirmed
that the varnish is composed of clay minerals and Fe and Mn oxides, as reported by
many studies [18,23,24]. Specifically, the varnish is highly enriched in Mn compared to
the windborne dust deposited in the micro-basins of the surface. This was proven both
by punctual EDX analysis, which showed that the crumbled parts of the surface (loose
material) have low Mn content compared to the compact surface of the varnish, and
SEM–EDX elemental mapping, in which it is clearly visible that the dust deposited in the
depressions of the crust is mainly composed of Al, K and Fe, while Mn is concentrated in
the actual varnish layer. Enrichment of Mn in the varnish layer by a factor of ~100 [19]
compared to its primary source of material, i.e., windborne dust, is one of the main points
of discussion in the literature, especially related to whether or not Mn enrichment is due to
abiotic [19,70,71] or biogenic factors [26,27,46].

Raman analysis allowed us to partially characterize the minerals present in the black
varnish. Identification of iron oxides was quite straightforward, and hematite and magnetite
were detected, consistent with the results of other Raman studies on rock varnish [72–74].
The identification of Mn oxides was more challenging, as also previously reported by
Malherbe et al. [72], who were not able to identify Mn oxides by Raman spectroscopy on
the rock varnish analyzed. Nevertheless, our results seem to indicate that birnessite-like
Mn oxides might be present, which are addressed as the most common Mn compounds
in desert varnish [19]. Interestingly, the Raman spectra of the orange layer of sample EZ4
and of the reddish layer emerging from the black crust of the other samples showed similar
spectral features, indicating the presence of iron oxides, a possible presence of Mn oxides,
and, at higher wavenumber, the peaks around 1320 and 1600 cm−1 suggested the presence
of carbon. Although it is believed that Raman spectroscopy cannot distinguish between
biogenic and abiotic sources of carbon, Malherbe et al. [72] address the possibility that the
graphitic carbon found on the desert varnish in their study might be the result of “highly
thermally process carbonaceous residues from living organisms”.

Raman spectroscopy also pointed out the presence of carotenoid pigments in the
samples, which are used by microorganism as protection against radiation, therefore in-
dicative of microbial activity. A wide variety of bacteria detected in this study are known to
synthesize carotenoids, for example the bacterioruberin from Rubrobacter spp., which might
be the source of the carotenoid pigment we detected on the reddish layer beneath the black
crust. We could also prove the presence of carotenoids directly on cyanobacteria aggregates,
in which the most common pigment is β-carotene. The Raman measurements to detect
biopigments were preliminary, and these results could be implemented in future studies.

The combination of microscope observations and SEM–EDX analysis on the petro-
graphic thin sections showed very interesting results. Optical microscopy unveiled the
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presence of weathered areas beneath the black crust, and SEM–EDX elemental maps re-
vealed that in these areas only the Si component of the bedrock is present while the Ca
and Mg matrix is missing. The same elemental distribution was observed in sample EZ4,
in which the orange layer was mainly composed of Si, also highlighting the presence
of silicified fossils widely present in the bedrock and the lack of the Ca matrix. These
observations brought us to the conclusion that the orange layer, rather than a different
kind of superficial crust, might be a weathered area of the bedrock similar to the ones
observed in the other samples, but in this case, the superficial black varnish is completely
missing. The typical elements normally detected in it, such as Al, K and Fe, are distributed
in the weathered area, including also a low proportion of Mn. These observations might
suggest that elements present in the black crust had been mobilized by microorganisms,
contributing to the slow degradation of the black varnish.

The lack of Ca in the superficial layers of rocks coated by the desert varnish was
previously observed by other authors [33,46], who attribute the calcite matrix deficiency
to dissolution actions by microorganisms. Biodeterioration of calcareous rocks due to
microbial colonization is a well-studied phenomenon [56,75–77], and acidification due to
the production of carbonic, sulfuric and nitric acids as byproducts of cell metabolisms has
been proposed as a possible cause of calcium carbonate dissolution [29,78]. In particular
Lian et al. [79] mention cyanobacteria genera such as Gloeocapsa, Nostoc and Oscillatoria as
able to degrade calcareous rocks. These cyanobacteria genera were all detected as part of the
bacterial communities by the metagenomic analysis carried out in this study. The presence
of microorganisms in the microcavities below the crust was detected by SEM analysis;
further, by means of Raman spectroscopy, we were able to identify carotenoid pigments
in the reddish layer below the dark coating, indicating biological colonization. Moreover,
extensive microbial colonization in the cavities and discontinuities of the rocks associated
with petroglyph sites through SEM–BSE was previously broadly studied by Nir et al. [33],
who identified a complex microbial community (cyanobacteria, heterotrophic bacteria,
free-living fungi and lichens) inhabiting the superficial layers of the rocks in which the Ca
matrix is no longer present.

Krumbein and Jens [46] state that cyanobacteria and fungi dissolve the carbonates
in limestone rocks to reach optimal living conditions such as temperature, humidity and
nutrient supply. Indeed, the interior of the rocks can be a suitable niche for microorganisms
to survive harsh condition due to better nutrient and water availability [54,55]. In the
case of stones covered with desert varnish, this might act as an extra shelter from the
extreme environmental conditions [16]. Moreover, Lang-Yona et al. [25] hypothesized
that some species might take advantage of the rich transition-metal coating, being able to
utilize the varnish minerals; they give as an example the use of Mn by cyanobacteria in
their photosynthetic apparatus. Moreover, the authors of this study report that they detect
enrichment in the metabolic process genes of microorganisms that relay on varnish-enriched
transition metals.

It is known that a wide variety of endolithic microorganism has the ability to mobilize
metal cations [55] and in particular iron [72] and manganese, which are key metals used by
microorganism for protection against UV radiation. Webb and Di Ruggiero [60] state that
the cellular accumulation of Mn by microorganisms might be a widespread mechanism
to survive oxidative stress, and they investigated Mn2+ function in Rubrobacter spp., sug-
gesting that Mn–antioxidant complexes are involved in radiation resistance, while a recent
study [80] on the radiation resistance of Deinococcus Radiodurans established the key role
played by intracellular Fe and Mn in oxidative protection of this microorganism.

In this study, Rubrobacter spp. were dominant in all of our samples, and especially in
sample EZ4, and might uptake both iron and manganese from the black crust. Moreover,
the genus Rubrobacter, as mentioned previously, is known to grow on stone monuments
with the ability to form biofilms and penetrate the porous rock, enhancing mechanical
damage through the detachment of mineral grains [62].
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These observations support the hypothesis that in sample EZ4, the black varnish might
have been degraded by microorganism, including the genus Acinetobacter (18% of total
reads of sample EZ4), which is reported to be able to solubilize Al, Si and Fe from rocks [58].

More and more recent studies seem to support the hypothesis that the black crust is
of biological origin [25,27,81–83] and is possibly produced by microorganisms to protect
themselves from the adverse conditions. In our study, patterns of weathering of the black
crust are observed, and this might be explained as a succession of biogeochemical cycles.
We hypothesize that what we observed in sample EZ4 (presence of a weathering layer
and lack of the black crust) might be a later stage of weathering compared to the other
samples. After an initial protective colonization, the microorganisms that are established
in the superficial layer of the rock, shielded by the black crust, leach the Ca matrix to
reach optimal living conditions. At this point, some species, for example Rubrobacter spp.,
might take advantage of the Mn and Fe and uptake the cations to survive oxidative stress,
leading to a very slow deterioration of the crust, which is also enhanced by the mechanical
detachment caused by weakening of the bedrock.

In support of this theory, we observed also a different microbial community in sample
EZ4 that could be explained in terms of microbial succession. Cyanobacteria, which are
the pioneering colonizers of the stone surface, although able to withstand a stressful
environment, need the protection of the black crust to survive the harsh desert conditions.
With the loss of the black crust, cyanobacterial communities are probably too exposed to
the extreme environmental conditions (high T, low water availability, high irradiation) and
thus gradually disappear, followed by the establishment of more resistant taxa, such as, in
the case of sample EZ4, Rubrobacter, Acinetobacter and Pontibacter.

5. Conclusions

Our results pointed out that:

1. most of the microorganisms detected by metagenomic analysis are taxa adapted to
live in harsh environmental condition such as the Negev desert, with a high resistance
to radiation and desiccation;

2. weathering of the stone beneath the black crust was associated with the potential of
the species detected to leach the calcareous matrix of the rock in order to find optimal
conditions of growth while being sheltered by the black desert varnish;

3. in sample EZ4, the orange layer is probably not a different kind of coating, but it
is actually a weathered area of the bedrock in which the black varnish is no longer
present; therefore, we hypothesize that this sample is in a later stage of weathering
compared to the others;

4. we acknowledge the possible microbial involvement in the origin of the crust, as
previously reported by many authors in the literature, and, on the other hand, what
we observe in our study are patterns of deterioration in the bedrock and in the black
varnish, feasibly connected to microbial action. The two hypotheses can be viewed in
terms of succession of biogeochemical processes and of microbial communities.

Further research is needed to better understand the mineral–microbial interaction;
therefore, the goal of future research will be to further explore the genome of microbial
communities inhabiting stones associated with petroglyph sites and get insight into func-
tional genes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app12146936/s1, Table S1: Details of the sequencing runs. Figure S1:
Charts of the meteorological measurements. Figure S2: Relative abundance of the bacterial commu-
nities at the class level. Figure S3: Relative abundance of the fungal communities at the class level.
Figure S4: 3D pictures of the stone slabs acquired with the Keyence digital microscope. Figure S5:
SEM–BSE image and digital OM picture of a detail of sample EZ3 with EDX elemental mappings.
Figure S6: SEM–BSE image and digital OM picture of a cyanobacteria colonized area with EDX
elemental mappings.
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