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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Lowly- and highly-weathered samples 
harbor k-strategist microorganisms and 
reduced α-diversity. 

• Lowly- and highly-weathered samples 
host bacteria with a positive or neutral 
impact on the stone. 

• Moderately-weathered samples exhibit 
diverse microhabitats, selecting for r- 
strategist bacteria. 

• Moderately-weathered surfaces show 
increased α-diversity and specialist 
microorganisms. 

• Bacteria in moderately-weathered sam-
ples negatively impact the stone.  
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A B S T R A C T   

Rock art paintings represent fragile ecosystems supporting complex microbial communities tuned to the lithic 
substrate and climatic conditions. The composition and activity of these microbial communities associated with 
different weathering patterns affecting rock art sites remain unexplored. This study aimed to explore how 
bacterial communities adapt their ecological strategies based on substrate weathering, while also examining the 
role of their metabolic pathways in either biodeterioration or bioprotection of the underlying stone. SEM-EDS 
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Stone weathering degrees 
Ecological strategies 

investigations coupled with 16S rRNA gene sequencing and PICRUSt2 analysis were applied on different 
weathered surfaces that affect southern Ethiopian rock paintings to investigate the relationships between the 
current stone microbiome and weathering patterns. The findings revealed that samples experiencing low and 
high weathering reached a climax stage characterized by stable microenvironments and limited resources. This 
condition favored K-strategist microorganisms, leading to reduced α-biodiversity and a community with a pos-
itive or neutral impact on the substrate. In contrast, moderately-weathered samples displayed diverse micro-
habitats, resulting in the prevalence of r-strategist bacteria, increased α-biodiversity, and the presence of 
specialist microorganisms. Moreover, the bacterial communities in moderately-weathered samples demonstrated 
the highest potential for carbon fixation, stress responses, and complete nitrogen and sulfur cycles. This bacterial 
community also showed the potential to negatively impact the underlying substrate. This research provided 
valuable insights into the little-understood ecology of bacterial communities inhabiting deteriorated surfaces, 
shedding light on the potential role of these microorganisms in the sustainable conservation of rock art.   

1. Introduction 

Rock art, which encompasses various forms of painting and 
engraving on natural rock surfaces, is a practice that predates recorded 
history by many millennia. It is a powerful testimony to the creativity 
and agency of our ancestors and represents a significant archive of their 
past (Gallinaro et al., 2018). However, given its age and vulnerability to 
the unpredictable and ever-changing conditions of nature, rock art re-
quires careful preservation and protection measures to ensure its sur-
vival for future generations. 

Despite being considered a harsh environment, the lithic surfaces 
that host paintings and engravings can be colonized by subaerial bio-
films (SABs), complex communities of microorganisms at the mineral-air 
interface that are embedded in a self-produced extracellular polymeric 
matrix (Villa and Cappitelli, 2019; Zerboni et al., 2022). SABs are finely 
tuned ecosystems that interact with and adapt to their specific substrate 
and external environment (Villa et al., 2016). As a result, they play a 
critical role in the micro-scale processes that occur on lithic surfaces, 
both in terms of preservation and deterioration of rock art. For many 
years SABs have been identified as key players in stone monuments 
deterioration. Their presence has been linked to various detrimental 
effects, including physical and chemical changes, e.g., encrustation, 
corrosion induced by biogenic acids, complexation and release of cat-
ions, secondary mineralization and (re)crystallization, as well as inter-
nal stress and delamination (Liu et al., 2020). So far, the identification of 
even a single one of these mechanisms on a deteriorated surface is suf-
ficient to attribute the biodeteriogenic effect to the biofilm. However, 
SABs can also provide bioprotection. This represents the other side of the 
coin, where biofilms offer physical protection through the formation of a 
patina or the biomineralization of minerals, as well as chemical benefits 
as the precipitation and crystallization of salts within the stone matrices 
(Liu et al., 2022). Thus, SABs exhibit a dual nature, both potentially 
contributing to deterioration processes and offering protective qualities 
that help mitigate the impact of environmental stresses on stone surfaces 
(Favero-Longo and Viles, 2020; Pinna, 2014; Zerboni et al., 2022). 

Therefore, the overall impact of a SAB on a lithic surface should be 
regarded as the interplay between diverse biological processes taking 
place on the underlying substrate. These processes can either amplify or 
mitigate the potentially detrimental effects of the SAB, thereby deter-
mining its net impact on the stone. A detailed understanding of the 
metabolic processes of SABs is essential to the study of rock art, as it can 
shed light on both the preservation and deterioration of these unique 
cultural artifacts. 

Despite the substantial research and published work available on the 
chemical and physical state of rock art sites worldwide (Andreae et al., 
2020; Cañaveras et al., 2022; Huntley et al., 2021; Macholdt et al., 
2019), there is still a notable lack of investigations focusing on how 
microbial community influences the underlying stone or vice versa. 
Over the past two decades, research on SABs that inhabit rock art has 
primarily focused on analyzing the structure of the microbial commu-
nity (Gonzalez et al., 1999; Nir et al., 2019a, b; Portillo et al., 2009; 
Roldán et al., 2018; Schabereiter-Gurtner et al., 2004; Wu et al., 2020). 

Up to now, only a limited number of studies have investigated the role of 
SABs in the deterioration or protection of rock art. Recently, researchers 
have characterized the microbiome of black coatings associated with 
petroglyphs from the Negev Desert and the underlying stone to explore 
potential mineral-microbial interactions (Nir et al., 2022; Rabbachin 
et al., 2022). The results strongly indicate the predominance of micro-
organisms belonging to the Bacteria domain (96 %) within the SAB 
communities, followed by Archea (3 %) and Eukarya (1 %). Their 
involvement was attributed to several processes, including the leaching 
of the calcareous matrix from the underlying bedrock, interactions with 
silicon grains present in the limestone, and the disintegration of the 
black coating through the mobilization of metal cations (Nir et al., 2022; 
Rabbachin et al., 2022). However, to the best of our knowledge, no 
previous study has characterized the microbial communities on rock art 
across weathering gradients and assessed the combined effect of their 
metabolic activities on the lithic substrate. 

The hypothesis that drove this study posited that various lithic 
niches, formed by differing degrees of stone weathering, harbored 
distinct microbial communities that exerted unique influences on the 
underlying substrate. Thus, this study had a twofold goal: i) to gain new 
insights into the ecological strategies adopted by the bacterial commu-
nities based on the degree of stone weathering observed in rock paint-
ings; ii) to understand how the overall predicted metabolic pathways of 
the bacterial communities contribute to either the biodeterioration or 
bioprotection of the underlying substrate. To achieve our research goal, 
we collected stone samples from two distinct rock art sites in southern 
Ethiopia that exhibited different patterns of weathering (Gallinaro and 
Zerboni, 2021a). Both sites showcase bedrock outcrops characterized by 
a diverse array of surface weathering and coatings, encompassing a 
comprehensive spectrum of processes that impact the surfaces of rocks. 
These processes include the disaggregation and exfoliation of rock sur-
faces, the formation of neoformed minerals, and the occurrence of 
whitish efflorescence. The coexistence of such a diverse range of phe-
nomena on the same bedrock, subjected to identical climatic conditions, 
provided us with a unique opportunity to compare the taxonomic and 
functional trends of the associated bacterial communities. In this 
context, the type and intensity of weathering processes on the substrate 
emerged as the primary (macro)variable influencing the bacterial 
community ecology. 

Here, we employed a synergistic approach, combining scanning 
electron microscopy with energy dispersive spectroscopy (SEM-EDS) to 
comprehensively characterize the weathered stone samples, while also 
utilizing high-throughput 16S rRNA gene sequencing to analyze the 
bacterial community and predict their metabolic pathways. Our study 
was primarily centered around three key objectives: 

i) Clustering rock art samples based on the level of weathered sur-
faces, aiming to identify different lithic niches that can influence 
the structure and function of the associated bacterial 
communities. 
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ii) Investigating variations in taxonomical groups along different 
weathered surfaces, providing insights into the selection of spe-
cific taxa in response to the diverse substrate conditions.  

iii) Predicting the metabolic pathways involved in energy flow 
(carbon fixation), biogeochemical cycles (nitrogen, sulfur, and 
phosphorus), stress resistance, and various minerals-cell in-
teractions (such as metal uptake/regulation, calcite precipitation, 
and oxalate degradation). Through these predictions, we not only 
identified bacterial ecological strategies associated with specific 
levels of stone weathering but also, assessed the collective impact 
of the bacterial community on the underlying substrate. 

Our work offers valuable insights into the poorly understood ecology 
of bacterial communities inhabiting deteriorated surfaces, shedding 
light on the potential impacts of SABs on the sustainable conservation of 
rock art. 

2. Materials and methods 

2.1. Site description and sampling 

The open-air rock art shelters under consideration are in the Yabelo 
woreda of southern Ethiopia, which is part of the Borana Zone within the 
Oromia Region. The area is situated approximately 600 km south of 
Addis Ababa. The region has a semi-arid climate with a bi-modal rainfall 
pattern and experiences an average annual rainfall range of 400–700 
mm. The mean annual temperature of the area is around 19 ◦C, with 
minimum temperatures of approximately 9 ◦C and maximum tempera-
tures of around 27 ◦C. The region’s altitude ranges from 450 to 2500 m 

asl, resulting in a high seasonal variability (Coppock, 1994; Sutter, n.d.). 
The local geological bedrock primarily comprises granite intrusions and 
granitic gneiss from the Adola Belt formations, as described by (Clark, 
1945). The landscape in the area has been shaped by intense tropical 
weathering, resulting in a distinct alternation of inselbergs, piles of 
boulders, tors, and large isolated boulders of granite/metagranite. 
Additionally, solutional weathering has played a crucial role in the 
creation of numerous rock shelters along rocky slopes. 

One of the shelters here considered, situated in close proximity to the 
town of Yabelo and named Dhaka Kura (Crow’s Rock, therefore referred 
to as Yabelo site Yab-6 (here labeled as Y) is part of a group of rock 
shelters developed into granitic rocks and is still actively used by local 
herders for animal grazing (Fig. 1A-C). The rock paintings in this shelter 
depict an assortment of geometric shapes and a range of domestic and 
wild animals on the stone walls. South of Yabelo, the Borema site Bor-1 
(here labeled as B) is another rock shelter that features prehistoric 
paintings on low-grade metamorphic rock (Fig. 1A-B,D). These paintings 
depict a variety of subjects including camels, anthropomorphic figures, 
and wild fauna in black and white. Unfortunately, this site has suffered 
severe damage from modern graffiti made of charcoal and chalk that has 
covered some of the original paintings. The preservation of these pre-
historic paintings is a cause for concern as they are gradually becoming 
less visible due to the loss of pigments and exfoliation of the rock sub-
strate, while the formation of crusts is also hindering their visibility. 

A crucial task in rock art research is to select a sampling protocol that 
minimizes the risk of damaging the paintings and engravings. We 
addressed this challenge by collecting small samples from rock surfaces 
displaying the same types of alteration or damage as seen on the 
paintings. These samples were taken from the edge of the panels, well 

Fig. 1. (A) Position of the study region in Ethiopia and (B) location of the main rock art sites of the area, including Yab-6 (Y-samples) and Bor-1 (B-samples). (C) Yab- 
6 rock shelter; the arrow indicates the position of sample Y1. (D) General view of the Bor-1 rock shelter. 
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away from the actual artwork. To collect the samples, we used a sterile 
scalpel or small chisel and placed them into sterile containers to preserve 
their integrity. Then, the samples were subdivided into smaller sub- 
samples: one for the molecular investigation and the other for the 
mineralogical analyses. For molecular analyses, the samples were stored 
in DNA/RNA Shield (Zymo Research) solution to preserve genetic ma-
terial at ambient temperature. In total, we selected four samples from 
the Yabelo site and three from the Borema site. The selection was based 
on careful observation of the type and rate of rock decay at each site, and 
aimed at providing a broad characterization of the weathering processes 
affecting the rocks. By using this approach, we obtained representative 
samples that provided valuable insights into the nature and extent of 
rock decay at both sites. We have provided pictures and concise yet 
informative descriptions of each sampling point in Fig. 2 and Table 1, 
respectively. The description includes details about the local visual 
aspect of the rock surface, and the extend of ongoing weathering at each 
site. By reporting this information, we aim to provide readers a 
comprehensive understanding of the specific conditions prevailing at 
each sampling location. 

2.2. Thin section petrography and SEM-EDS 

To prepare the collected rock samples for analysis, we first consoli-
dated them in resin, then cut the resulting block perpendicular to the 
surface and polished it. We then manufactured thin sections that were 
mounted on glass slides using the protocol described in Zerboni (2008). 
We used an optical petrographic microscope (Olympus BX41) equipped 
with a digital camera (Olympus E420) to conduct a preliminary inves-
tigation of the micromorphology of the rock coatings in the thin sec-
tions. We examined the samples under both plane-polarized light (PPL) 
and cross-polarized light (XPL). This allowed us to obtain a detailed look 
at the internal structure of the samples and gain insights into the mineral 
composition and texture of the rock coatings. Next, we coated the thin 
sections with carbon and examined them using a JEOL JSM-IT500 

scanning electron microscope (SEM) coupled with energy-dispersive 
X-ray analysis (microprobe, EDS) to conduct a chemical characteriza-
tion of the samples. We used an accelerating voltage of 20 kV for this 
analysis. Besides the analysis of carbon-coated samples, we also 

Fig. 2. The internal part of the Yabelo (upper part) and Borema (lower part) rock shelters showing the position of sampling points. The insets are details of each 
sampling point. 

Table 1 
Sampling points and their conditions as assessed by visual inspection.  

Sample 
ID 

Site Position Type and degree of rock decay 

Y1 Yab- 
6 

Block outside the 
dripline of the rock 
shelter 

Granite block at the ground level, and 
displaying a moderate degree of decay 
due to granular disaggregation. 

Y5 Yab- 
6 

Internal wall of the 
rock shelter 

Granite rock wall in the lower part of 
the rock shelter, nearby hyrax nest, 
covered by a yellowish, bright coating. 

Y7 Yab- 
6 

Internal wall of the 
rock shelter 

Granite rock wall of the rock shelter 
displaying a moderate to high degree of 
decay due to exfoliation. 

Y8 Yab- 
6 

Internal wall of the 
rock shelter 

Granite rock wall of the rock shelter 
displaying a moderate to high degree of 
decay due to exfoliation. 

Y9 Yab- 
6 

Internal wall of the 
rock shelter 

Upper part of the granite rock wall of 
the rock shelter displaying a moderate 
to high degree of decay due to 
exfoliation; in the same area evidence 
of occasional water flow. 

B1 Bor- 
1 

Internal wall of the 
rock shelter 

Granite rock wall of the rock shelter 
displaying a reddish, continuous 
coating on the rock and an overlapping 
whitish layer. 

B2 Bor- 
1 

Internal wall of the 
rock shelter 

Granite rock wall of the rock shelter 
displaying a reddish, almost 
discontinuous coating on the rock and 
an overlapping whitish layer. 

B7 Bor- 
1 

Internal wall of the 
rock shelter 

Granite rock wall of the rock shelter 
displaying a moderate degree of decay 
due to exfoliation; the rock surface is 
covered by an almost continuous 
reddish coating.  
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conducted additional observations on gold-covered samples to obtain 
high-resolution images as suggested by Gallinaro and Zerboni (2021b). 
Elemental concentrations measured by EDS were reported as oxide 
weights normalized to 100 %. 

2.3. DNA extraction and sequencing 

Genomic DNA was extracted using the PowerBiofilm DNA Isolation 
Kit (MoBio Laboratories Inc., Carlsbad, CA, USA), following the manu-
facturer’s instructions. We conducted high-throughput sequencing 
analysis of the bacterial 16S rRNA gene’s V3-V4 region, using the MiSeq 
platform (Illumina) with v3 chemistry to generate 2 × 300 paired-end 
reads. The primers CS1_341F and CS2_806R were used for the amplifi-
cation (Rapin et al., 2017). 

Raw sequencing data were processed and analyzed using QIIME2 
(Bolyen et al., 2019) and DADA2 to pre-process, quality filter, trim, de- 
noise, pair, and model the reads. Chimeric sequences were detected 
using the consensus method (Callahan et al., 2016), and the remaining 
sequences were clustered into Amplicon Sequence Variants (ASVs). 
Taxonomic assignments were performed using a Naïve-Bayes classifier 
trained on the SILVA database (Quast et al., 2013). The sequence data 
generated in this study have been submitted to NCBI under the Bio-
Project ID: PRJNA988025. 

2.4. Functional gene prediction 

To predict the functional abundance of key bacterial genes mostly 
related to rock and coating interactions, energy flow, and nutrient 
cycling we utilized PICRUSt2 (Phylogenetic Investigation of Commu-
nities by Reconstruction of Unobserved States), which is a software 
package that infers metagenome functional content from 16S rRNA 
sequencing data (Douglas et al., 2020). Functional gene predictions 
were calculated from KEGG-Orthology (KO) using the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG). The enzyme data (EC numbers) 
and metabolism pathways of each metabolism were manually assigned 
based on the KEGG and BRENDA databases. 

The functional genes associated with carbon fixation (pathway 
ko00710), nitrogen (pathway ko00910), and sulfur metabolisms 
(pathway ko00920) were identified based on Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database. The functional genes related to 
organic P mineralization and inorganic P dissolution were selected 
based on the work of Liang et al. (2020) and Luo et al. (2020). The 
functional genes related to rock interaction were selected based on the 
phenomena described by Liu et al. (2020), e.g., for biosynthesis of 
siderophores, metal uptake/regulation, oxalate production and degra-
dation, calcite precipitation, and inorganic acid production. The com-
plete list of the genes investigated is reported in Table S1. 

We used the following equation to normalize the gene abundance 
(x’) belonging to the same functional group (Luo et al., 2020): 

x′ =

∑n
n=1

(

xi∑i

i=1
xi

)

ni
; i, n = 1, 2, 3,…  

where xi is the individual gene abundance of the samples, i and n indi-
cate the numbers of samples and genes studied, respectively. 

To assess the impact of SABs on the underlying substrate, we selected 
a subset of metabolic processes that by current literature are considered 
to have negative or positive effects on the stone (Table 2). Subsequently, 
we calculated the sum of the normalized gene abundances for each level 
of weathering. These values were then used to determine the potential 
neutral, deteriorative, or protective role of the biofilm as follows: 

SAB’s role =Sum of negative metabolic processes
/Sum of positive metabolic processes 

A ratio larger than 1 indicates that SABs play a deteriorative role. 
Values around 1 indicate a neutral impact. Conversely, values <1 sug-
gest that bioprotection is the prevalent phenomenon on the stone. 

2.5. Data analyses 

Multi packages of R software were used to perform the statistical 
analyses (R Core Team, 2021). Rarefaction curves were generated using 
a non-normalized table of ASVs. Alpha-diversity indexes, including 
Richness, Shannon index, and Evenness, were calculated using multiple 
R software packages. To compare the bacterial community β-diversity, 
the Bray-Curtis distance was calculated and ordinated with the Principal 
Coordinate Analysis (PCoA) at the ASV level using the XLSTAT software. 

The r/K selection theory was utilized to explain how bacteria adapt 
and optimize their fitness for survival across various weathered surfaces. 
In pursuit of this, we calculated the ratios between the sum of the 
normalized reads corresponding to K-strategists (Acidobacteriota, Acti-
nobacteriota, and Firmicutes) and the sum of normalized reads corre-
sponding to r-strategists (Proteobacteria, Bacteroidota, and Chloroflexi) 
for each level of weathering. 

Sample clusters (B1; B2; Y5 low/absent weathering; B7; Y1 moderate 
weathering and Y7; Y8; Y) high weathering) were compared to study 
ASV-habitat relationship with the multinomial species classification 
method (CLAM), using the ‘vegan’ package and the function ‘clamtest’ 
in R (Chazdon et al., 2011; Pedrinho et al., 2020). The CLAM method 
classifies ASVs as generalists (taxa able to thrive in a wide variety of 
environmental conditions and resources), specialists (taxa that can 
thrive only in a narrow range of environmental conditions and require 
specific resources) for a given weathering level, or too rare to be defined. 
In this way, it was possible to examine the underlying ecological factors 
leading to the differential distribution of ASVs between weathering 
gradients. 

The principal component analysis (PCA) was conducted on the 

Table 2 
List of the metabolic processes selected as potentially involved in negative and 
positive impacts on the underlying stone according to current literature. The list 
of potential positive metabolic processes also includes those that may counter-
balance the effects of the negative processes.  

Potential negative metabolic processes 
Nitrification Production of inorganic 

acid 
Liu et al., 2020; Zanardini 
et al., 2019; Zhang et al., 
2019 

S oxidation Production of inorganic 
acid 

Li et al., 2018; Liu et al., 
2020; Ren et al., 2017 

Siderophore synthesis Alteration of rock 
structure 

Wild et al., 2022 

Oxalate degradation Removal of protective 
layer and alkalinization 

Liu et al., 2022 

Metal uptake Alteration of rock 
structure 

Nir et al., 2022 

Inorganic P dissolution Alteration of rock 
structure and 
acidification 

Tian et al., 2021 

Organic P 
mineralization 

Acidification Tian et al., 2021  

Potential positive metabolic processes 
Denitrification Nitrate removal process Ding et al., 2022 
Dissimilatory nitrate 

reduction 
Nitrate removal process Ding et al., 2022 

Assimilatory nitrate 
reduction 

Nitrate removal process Ding et al., 2022 

Dissimilatory sulfate 
reduction 

Sulfate removal process Qian et al., 2019 

Assimilatory sulfate 
reduction 

Sulfate removal process Qian et al., 2019 

Biomineralization Protective layer Gadd et al., 2014 
Oxalate biosynthesis Protective layer Hernanz et al., 2007 

Burgos-Cara et al., 2017  
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correlation matrix using the XLSTAT software to explore the relationship 
between specific functional activities and the varying degrees of 
weathered surfaces. Subsequently, the first two principal components 
(PCs) were plotted to visually depict the obtained results. 

3. Results and discussion 

3.1. Characterization of the stone weathering profiles 

The condition of the rock surface at each sampling point revealed a 
range of distinct decay processes and varying overall degrees of deteri-
oration for each sample. We have observed the development of coatings 
in certain cases, while weathering has resulted in exfoliation or granular 
disaggregation of the rock support in other samples. Table 3 provides a 
comprehensive summary of the primary indicators of rock decay for 
each sample, along with our attempt to estimate the intensity of these 
processes. Additionally, the table includes the presence of specific 
minerals or chemical compounds, based on both EDS chemical analyses 
and SEM images. Some areas of the rock surface exhibit no signs of 
mechanical weathering (absent/low weathering), while in other areas, 
these processes intermittently affect the rock surface (moderate weath-
ering), or occur continuously along the entire rock surface (high 
weathering). Based on the abovementioned criteria, samples Y5, B1, and 
B2 exhibit the lowest degree of weathering, followed by samples Y1 and 
B7. On the other hand, samples Y7, Y8, and Y9 exhibit the highest level 
of decay. 

In Table 4, we presented a subset of elements that are highly indic-
ative of biological activity at the rock surface, as previously described in 
Dorn (1998) and Zerboni (2008). Specifically, we focused on Ca, which 
is associated with the presence of biogenic oxalates, phosphates, or Ca- 
sulfates; S, which is a marker of sulfates and may indicate the decom-
position of organics; P, which is linked to the occurrence of phosphates; 
Fe, which indicates the precipitation of Fe-bearing oxides or hydroxides; 
and K and Cl, which are often found together in KCL spheroids that are 

associated with the decomposition of organics or excrements (see Gal-
linaro and Zerboni, 2021b). In Table 4, we did not include the mea-
surement of high quantities of C and N due to the complexity of their 
analysis. For instance, in the case of carbon-coated samples, an excess of 
C can be inferred but not accurately quantified. Furthermore, additional 
identification of chemical compounds and neoformed minerals, likely 
biomineralized, was performed through SEM imaging (Fig. 3). 

Based on the results of EDS chemical analyses and SEM imaging, we 
were able to identify several neoformed minerals in each sample, as well 
as biological remains such as filamentous structures. Among the most 
abundant minerals, we observed gypsum in a variety of crystal shapes 
and Ca-oxalates, which were occasionally found as well-formed euhe-
dral crystals, rounded crystals after weathering, or as crusts covering the 
rock minerals. 

The analyses on sample Y1 were carried out by examining both the 
outer and inner parts of the decaying surface. Specifically, we focused on 
the inner part of the rock surface, where decay products tend to accu-
mulate along intergranular discontinuities, up to a depth of approxi-
mately 150 μm. Our findings reveal the presence of phosphates (as 
determined by Ca and P concentrations) and Ca-oxalates (identified 
visually) in the inner part of the surface. In contrast, the outer part of the 
coating displayed a lower concentration of phosphates. In addition, we 
detected occasional increases in the concentration of Fe in the same 
samples. These increases were interpreted as the result of the in-situ 
formation of Fe-oxy/hydroxides, possibly due to biomineralization 
after the decay of Fe-bearing rock-forming minerals. 

The interpretation of chemical data obtained from the decaying 
surface of sample Y5 is complex, as the composition of the surface 
coating is likely influenced by the underlying rock-forming minerals. 
However, SEM imaging has provided evidence for the presence of 
organic features, including organic crusts. In these locations, chemical 
analyses have revealed an increase in the concentration of C and N. 

Upon examination of sample Y7, we observed alternating concen-
trations of Ca from the surface to the near-surface portion of the decay 

Table 3 
Weathering degrees (absent/low (− ), moderate (+), or high (++)) and the occurrence of minerals and 
chemical compounds in each sample, which was based on SEM imaging and EDS analyses. The abundance of 
compounds was rated as absent (− ), low-medium (+), or high (++). 

Sample 

ID

Degree of 

weathering

Ca-

oxalates

Ca-

Phosphates

Gypsum Fe-oxy-

hydroxides

K and Cl 

compounds

Organics 

(C and/or 

N)

Y1 + + ++ - + - +

Y5 - + - - + + ++

Y7 ++ ++ - - - + -

Y8 ++ ++ - - - - -

Y9 ++ + ++ - + + +

B1 - + + ++ + - -

B2 - + - ++ - - -

B7 + ++ + + + - -
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belt. These observations suggest the occurrence of Ca-oxalates, which 
were visually identified as subrounded aggregates or occasionally crusts 
in SEM imaging. In addition, we observed portions of the decay belt 
where rock-forming minerals were dotted or coated with K and Cl-rich 
features. These features may be related to the presence of urine resi-
dues or KCl aggregates. 

Our analyses of sample Y8 revealed a large concentration of Ca, as 
well as high values of C. These observations suggest the common pres-
ence of Ca-oxalates within the sample. SEM imaging confirmed the 
presence of these minerals, which were identified as euhedral crystals or 
crusts. 

The investigation of sample Y9 revealed a complex pattern of 
mineralogical variation related to weathering. At the surface, we 

observed the presence of phosphates, while below the phosphate-rich 
decay belt, we noticed an increase in Ca-oxalates. Further down, in 
the innermost part of the decay belt (at depths >200 μm), we found 
phosphates along planar discontinuities in the rock. We also observed 
occasional concentrations of Fe-bearing minerals in sample Y9, which 
we attributed to the in-situ formation of Fe-oxy/hydroxides. The EDS 
analyses of this sample indicated high levels of C, likely related to the 
occurrence of oxalates and organic matter. Interestingly, we also 
detected occasional concentrations of K and Cl at the very surface of the 
sample. These features may be related to urine residues or KCl spheroids, 
which we occasionally detected under SEM imaging. 

The analyses conducted on the whitish crusts of samples B1 and B2 
indicate that they primarily consist of gypsum. The SEM images reveal 
the presence of gypsum crystals with various shapes. Although occa-
sional occurrences of phosphates were noticed in B1, they were not 
observed in B2. On the other hand, SEM images of the gypsum crust in 
B2 revealed the occasional presence of Ca-oxalate crystals coating the 
surface. 

Sample B7 showed a variable concentration of elements, which 
suggests the presence of multiple minerals. Some beam points exhibit 
the occurrence of gypsum, while others are enriched in phosphates. A 
high concentration of Ca in some points indicates the presence of Ca- 
oxalates, which are also visible in the SEM images. The oxalates 
exhibit varying degrees of decay, with some crystals being well- 
preserved and others appearing as microcrystalline or discontinuous 
crusts a few microns thick. 

3.2. Taxonomy diversity and trends along the weathered samples 

The amount of recoverable DNA from an equivalent sample size was 
utilized as a rough estimation for biomass, indicating that samples with 
high and low degrees of weathering exhibited approximately four times 
less recoverable DNA compared to moderately weathered samples. 
Among the samples, Y1 and B7 (moderate weathering) showed the 
highest DNA concentration, with an average of 48.89 ± 8.85 ng/μL. In 
contrast, Y7, Y8, and Y9 (high weathering) samples yielded 11.96 ±
2.26 ng/μL, while Y5, B1, and B2 (low weathering) contained 7.59 ±
2.84 ng/μL. The 16S rRNA data set analyzed in this study encompassed 
109,326 reads, which were clustered into 524 amplicon sequence vari-
ants (ASVs). The rarefaction curves provided confidence that the 
sequencing depth was adequate for a comprehensive characterization of 
the bacterial communities (Supplementary Fig. S1). At present, we 
cannot establish whether these bacterial SAB communities played a 
significant role in the observed weathering patterns. However, this study 
provides a snapshot of the current colonization and serves as an initial 
step to uncover the putative deterioration or protection action of SABs 
inhabiting the investigated rock art paintings. The bacterial commu-
nities identified in the samples were classified into 18 different phyla, 
encompassing a total of 142 identified genera. Notably, the composition 
of bacterial communities varied across the samples, with prominent 
phyla including Actinobacteriota (reaching up to 43 % in sample Y8), 
Proteobacteria (reaching up to 45 % in sample B7), Deinococcota 
(reaching up to 51 % in sample Y9), Firmicutes (reaching up to 87 % in 
sample B1) and Cyanobacteria (reaching up to 11 % in sample Y1) 
(Fig. 4). The recent studies conducted by Nir et al. (2019a, 2019b) on 
SAB communities inhabiting the dark coating layer of petroglyphs in the 
Negev Desert revealed three main bacterial phyla—Cyanobacteria, 
Actinobacteriota, and Proteobacteria— which are consistent with our 
results. Actinobacteriota have been found to be the dominant phylum in 
oligotrophic environments such as lithic surfaces and desert soil, likely 
due to their ability for sporulation, wide metabolic range, competitive 
advantages through secondary metabolite synthesis, and multiple UV 
repair mechanisms (Mohammadipanah and Wink, 2016; Saadouli et al., 
2022). Proteobacteria are also considered significant members of bac-
terial communities in desert rocks and soil, particularly in nutrient- 
limited or dry/arid environments where they may play important 

Table 4 
Major elements of rock decay products that are crucial for interpreting biofilm 
formation and activity. The mean concentrations of these elements were 
detected on selected spots by EDS analysis and have been normalized to 100 % 
weight in oxides for accurate comparison.  

Sample ID Ca S P Fe K Cl 

Y1 (surface) 13.43 0.46 7.73 5.22 1.52 – 
Y1 (surface) 10.04 0.59 6.62 6.25 2.86 – 
Y1 (inner part) 33.93 1.53 25.47 1.21 0.84 – 
Y1 (inner part) 36.99 0.76 29.57 6.6 0.69 – 
Y1 (inner part) 41.13 0.75 33.62 1.97 – –  

Y5 (surface) 1.34 – 0.87 – 4.45 0.96 
Y5 (surface) 2.57 0.68 1.57 3.63 2.76 0.39 
Y5 (surface) 1.28 0.74 1.05 4.75 4.42 0.30 
Y5 (surface)        

Y7 (surface) 58.71 1.30 – – 2.23 0.59 
Y7 (surface) 52.68 – – – 1.29 0.42 
Y7 (surface) 69.27 – – – 2.63 0.66 
Y7 (near-surface) 39.00 2.07 – – 5.03 2.79 
Y7 (near-surface) 5.48 1.11 1.16 2.70 21.37 14.84 
Y7 (near-surface) 4.31 1.52 0.51 4.20 18.26 11.58  

Y8 (surface) 50.78 1.36 1.31 – 1.05 0.26 
Y8 (surface) 58.79 3.25 1.22 – 1.50 – 
Y8 (inner part) 72.44 2.46 1.23 – 1.05 – 
Y8 (inner part) 41.53 0.83 1.22 2.10 2.43 0.36  

Y9 (surface) 22.16 1.04 19.14 – 6.34 0.32 
Y9 (near-surface) 9.92 0.43 11.67 5.89 2.47 0.29 
Y9 (near-surface) 26.07 0.67 3.15 2.63 2.52 0.20 
Y9 (near-surface) 20.78 0.58 2.62 – 2.92 0.24 
Y9 (inner part) 9.20 1.03 5.87 1.45 4.18 0.30 
Y9 (inner part) 11.07 1.28 3.52 – 3.49 0.35 
Y9 (inner part) 42.29 1.28 38.98 – 0.82 0.53  

B1 (surface) 26.70 38.96 3.10 – 0.55 – 
B1 (surface) 32.42 49.17 – – – – 
B1 (surface) 33.69 48.89 – – – – 
B1 (surface) 17.35 21.48 7.67 5.41 1.75 0.53 
B1 (surface) 32.58 40.02 – 0.42 – –  

B2 (surface) 19.83 16.79 – – 0.27 – 
B2 (surface) 32.45 47.29 – – – – 
B2 (surface) 32.24 48.74 1.71 – – – 
B2 (surface) 25.90 40.03 – 0.37 0.32 – 
B2 (surface) 23.24 35.89 0.74 – 0.50 – 
B2 (surface) 20.53 1.60 0.80 – 0.84 0.84 
B2 (surface) 36.73 15.70 1.85 – 0.57 –  

B7 (surface) 26.45 0.52 0.22 1.09 – 0.44 
B7 (surface) 9.82 13.82 1.42 2.88 0.34 0.51 
B7 (surface) 31.91 5.12 15.75 – 0.35 1.06 
B7 (surface) 53.83 1.88 0.74 2.07 – 0.64 
B7 (surface) 44.05 0.54 0.57 2.07 0.77 0.66  
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functional roles in fixing carbon through a bacteriochlorophyll- 
dependent photosynthesis (Imhoff et al., 2018). Cyanobacteria are 
specifically associated with biogeochemical cycles related to nitrogen or 
carbon utilization and stress response (Murray et al., 2022; Yadav et al., 
2022). 

It is noteworthy that the phyla Deinococcota and Firmicutes were 
found only in low percentages within those samples (Nir et al., 2022; 
Rabbachin et al., 2022). Nevertheless, the presence of Deinococcota and 

Firmicutes in stone monuments and desert varnishes is remarkable, as it 
underscores the adaptation of microorganisms belonging to those two 
phyla to the challenging environmental conditions characteristic of rock 
art settings (Li et al., 2018; Northup et al., 2010; Sazanova et al., 2022). 
These microorganisms have demonstrated their resilience and ability to 
thrive in harsh conditions characterized by limited nutrient availability, 
aridity, high salinity, temperature fluctuations, and even radiation 
exposure (Filippidou et al., 2016; Jin et al., 2019). 

Fig. 3. Figure SEM. SEM pictures illustrate the main observed features of the samples. A) Well-preserved bipyramidal crystals of Ca-oxalate and interspersed bio-
logical remains (arrows) (sample Y7). B) A discontinuous crust of Ca-oxalates (arrows) on a quartz grain (sample Y8). C) A carpet of acicular gypsum crystals (sample 
B2). D) Gypsum appearing on the left as acicular crystals and on the right as a crust (sample B2). E) Concentrations of KCl spheroids (arrows) on a Ca-oxalate crust 
(Ca); acicular gypsum crystals are also present (sample Y8). F). Fungal hyphae (arrows) growing on crystals (sample Y7). 
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A principal coordinate analysis (PCoA) was performed at the bacte-
rial genus level to visualize similarities between communities across 
multiple samples. The principal coordinates (PCs), representing distinct 
portions of the observed data variability, were plotted to visually depict 
the compositional differences in the bacterial community among sam-
ples. The resulting PCoA plot accurately clustered the variations in 
bacterial community composition according to the distinct degrees of 
weathering identified in the geomorphological studies (Fig. 5). This 
observation aligns with previous studies, which have demonstrated that 
the microbial community structure is more strongly influenced by the 
chemical and physical properties of the lithic substrates, also implying 
the extent of weathering, rather than the prevailing climatic conditions 
(Brewer and Fierer, 2018; Gambino et al., 2021). Rocks provide habitats 
for microorganisms, and they also affect the microbial community 
structure (Meslier et al., 2018). Although Meslier et al. (2018) suggested 
that the chemical properties of the rock may not be an essential driver of 
community composition and diversity, the ability of microorganisms to 
use nutrients leached from rocks can affect the community composition 
in their niche. In addition, Cámara et al. (2008) suggested that the 
microstructure of the rock, such as the space available for colonization 

Fig. 4. Relative abundance of the dominant bacterial phyla (> 1 %) across the weathered samples.  

Fig. 5. β-diversity as a principal coordinate analysis (PCoA) plot based on Bray- 
Curtis dissimilarity. 
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and its physical structure, linked to water retention capabilities, can be a 
determinant of the potential bioreceptivity of lithic habitat. 

Based on the premise that varying degrees of weathering create 
distinct ecological niches for microorganisms, we employed the r/K 
selection theory to elucidate how bacteria adapt and optimize their 
fitness for survival across these surfaces. The r/K selection theory finds 
broad applicability in describing two distinct strategist types observed in 
numerous natural and artificial ecosystems (Sun et al., 2021; Vadstein 
et al., 2018; Yin et al., 2022). The unique characteristics of r-strategists 
and K-strategists are crucial factors in shaping their distribution across 
various ecological niches. R-strategists are typically well-suited for 
growing in unpredictable environments characterized by fluctuating 
resource availability, including frequent disturbances and intermittent 
periods of resource abundance and scarcity. These r-strategists, known 
as copiotrophs, thrive by consuming readily available fresh organic 
matter (Akob and Küsel, 2011). In contrast, K-strategists display 
exceptional adaptability to stable environments where resources are 
limited yet consistently accessible. These K-strategists, referred to as 
oligotrophs, possess the ability to utilize remaining polymerized sub-
strates, such as buried carbon, as sources of energy and nutrients (Akob 
and Küsel, 2011). This enables them to efficiently extract resources from 
low-energy environments. Taking into account the aforementioned 
considerations, the phyla Acidobacteriota, Actinobacteriota, and Fir-
micutes are typically classified as K-strategists, while Proteobacteria, 
Bacteroidota, and Chloroflexi are generally considered r-strategists 
(Chen et al., 2022; Fierer et al., 2007; Smith et al., 2022; Speirs et al., 
2019). In our study, we identified a significant trend whereby the ratio 
K- /r-strategists decreased as the degree of weathering reached the 
medium level. 

In contrast, the highest ratio of K- /r-strategists was observed in 
samples characterized by a high degree of weathering. These findings 
highlight a distinct pattern where r-strategists dominate in moderately 
weathered surfaces, while K-strategists are more prevalent in highly 
weathered surfaces. Lithic substrates with a moderate degree of 
weathering still retain significant weathering potential and undergo 
rapid weathering rates. This combination gives rise to the formation of 
diverse and fluctuating microhabitats, characterized by heterogeneity. 
Our geomorphological analyses have confirmed the presence of varie-
gated and intermittent weathering processes within samples exhibiting a 
moderate degree of weathering, contributing to the development of a 
heterogeneous environment. These dynamic microhabitats, shaped by 
ongoing weathering processes, offer an ideal environment for r-strate-
gists, as they thrive in unstable microenvironments with varying 
resource availability (Cheng et al., 2018). However, it is difficult to 
ascertain whether the current bacterial communities contribute to the 
weathering processes or if they are merely present, taking advantage of 
the heterogeneous surface that provides a wide range of growth sub-
strates and conditions. Notably, our data indicated that samples dis-
playing a moderate degree of weathering had the highest α-diversity 
(Supplementary Table S2). This finding aligns with the well-established 
understanding that habitat heterogeneity significantly influences mi-
crobial community diversity (Walters and Martiny, 2020; Zhang et al., 
2020). Indeed, a heterogeneous environment plays a crucial role in 
shaping community composition by selectively filtering species from a 
species pool in diverse ways across local communities (Dini-Andreote 
et al., 2015). This selective process ultimately leads to the emergence of 
a high α-diversity (Dini-Andreote et al., 2015), highlighting the pro-
found influence of habitat heterogeneity on microbial communities. 

In contrast, high-weathering degree samples, as indicated by our 
findings, displayed uniform mechanical weathering, leading to a more 
homogeneous environment within a sample. Thus, extensively weath-
ered lithic substrates exhibited a more stabilized microenvironment 
with limited resource supplies. This stabilized and homogeneous envi-
ronment provides favorable conditions for the development of K-strat-
egists. In a recent study by Chen et al. (2022) an intriguing finding was 
reported regarding the weathering of carbonatite over time. It was 

observed that microbial taxa at the phylum level underwent a gradual 
transition from r-strategists to K-strategists, indicating a shift from 
copiotrophs to oligotrophs as the weathering process advanced. It was 
evident that samples with a high degree of weathering exhibited lower 
α-diversity when compared to those with a moderate weathering rate. 
This contrast in α-diversity can be attributed to the distinct effects of 
heterogeneous and homogeneous environments. While a heterogeneous 
environment selectively filters species in diverse manners, promoting 
higher α-diversity, a homogeneous environment filters species in a 
similar manner, resulting in lower α-diversity. Collectively, our findings 
reinforce the concept that habitat heterogeneity plays a crucial role in 
influencing bacterial diversity, as the observed patterns of r/K- 
strategists and α-diversity align with the niche variability present 
across the different weathered samples. This observation aligns with 
similar findings from surface soil and rock habitats in hot and cold de-
serts, where the physical environment’s role in niche filtering is crucial 
for microbial community assembly (Lee et al., 2016; Rolli et al., 2022). 

To identify family-level ASVs that displayed preferential associations 
with different degrees of weathering, we employed the CLAM test 
(Chazdon et al., 2011) for multinomial species classification. This 
method categorizes the ASVs into three distinct groups based on their 
distribution among samples: ASVs that exhibited a clear preference for a 
specific weathering degree (specialists), ASVs that showed no discern-
ible preference (generalists), and ASVs that were too rare to confidently 
classify (rare). Thus, we conducted a comparative analysis of niche oc-
cupancy across various samples by assessing the proportions of gener-
alist and specialist microorganisms (Fig. 6). This analysis involved 
determining the percentage of microorganisms that demonstrated a 
broad ecological range (generalists) compared to those with a narrower 
ecological range (specialists). Across all three degrees of weathering, we 
observed a higher proportion of specialist microorganisms compared to 
generalists. Remarkably, the percentage of specialist microorganisms 
reaches its peak in samples characterized by moderate weathering, 
demonstrating the highest level of specialization. 

In contrast, samples with low weathering exhibit the lowest per-
centage of specialist microorganisms. This finding underscores the 
adaptation of bacterial communities to specific abiotic conditions, 
indicating that a larger percentage of microorganisms have developed 
specialized traits tailored to thrive under particular weathering condi-
tions. The results provide compelling evidence for the heightened 
specialization of microorganisms as the weathering intensity progresses. 
The majority of bacteria associated with low weathering degrees were 
found to belong to the families Akkermansiaceae, Aerococcacee, Lac-
tobacillaceae, Staphylococcaceae, and Streptococcaceae. The families 
Bacillaceae, Brevibacteriaceae, Planococcaceae, Carnobacteriaceae, 
Clostridia, Planococcaceae, and Rubrobacteriaceae were found to har-
bor a significant number of ASVs favored by high weathering levels. On 
the other hand, the families Burkholderiaceae, Chroococcidiopsaceae, 
Intrasporangiaceae, Rhodobacteraceae, Saccharimonadales, and Xan-
thomonadaceae emerged as specialists associated with samples exhib-
iting moderate levels of weathering. 

3.3. Potential functional pathways in microorganisms across various 
weathering profiles 

In this research, we investigated the structure and predicted func-
tions of bacterial assemblages in SABs and examined their relationships 
with varying degrees of stone weathering that impact southern Ethio-
pian rock paintings. We also assessed the net impact of the bacterial 
communities on the underlying stone by analyzing the ratios between 
specific metabolic processes associated with biodeterioration (e.g., 
nitrification, metal uptake, oxalate degradation) and those that coun-
teract the biodeteriorative effects (e.g., denitrification, assimilatory and 
dissimilatory nitrate reduction) or play a protective role themselves (e. 
g., oxalate biosynthesis, calcite precipitation). The attribution of posi-
tive and negative effects has been done according to current literature. It 
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is worth noting that microbial deterioration has been extensively studied 
whereas biofilm protection studies are still in their infancy. 

The functional content was determined by analyzing marker genes 
associated with key element cycles, carbon fixation, stress response, and 
other relevant processes using PICRUSt2. PICRUSt is a predictive 
method that takes into account the phylogenetic tree and the distance to 
the closest functionally annotated reference microorganism. However, a 
significant limitation of PICRUSt arises when dealing with 16S se-
quences, as they may lack sequenced/annotated genomes of phyloge-
netically close relatives in the reference database (Langille, 2018). 
Furthermore, these genes may not undergo transcription or translation, 
thereby restricting the reliability of their annotated function (Das et al., 
2020). Consequently, the microbiome functions derived from PICRUSt 
should be considered as potential, requiring further validation through 
functional assays. Although our approach reflects potential rather than 
realized functional capacity, the obtained data provide valuable insights 
into the poorly understood metabolism of bacterial communities 
inhabiting southern Ethiopian rock art painting. We evaluated the 
importance of each metabolic pathway by using the relative abundance 
of predicted functional genes as a proxy (Please see Supplementary 
Table S1). The heatmap depicted in Fig. 7A illustrates the trends of 
predicted functional genes across the various samples, while the PCA 
plot presented in Fig. 7B highlights the specific functional activities 

associated with different degrees of weathered surfaces. Notably, the 
first axis of the PCA plot discriminates the primary metabolic activities 
observed in samples with low and moderate degrees of weathering, 
while the second axis represents the functional characteristics of bac-
terial communities residing in highly-weathered surfaces. 

3.4. Carbon fixation 

In oligotrophic environments, such as those represented by stone 
monuments and rock art, carbon fixation is a major challenge, particu-
larly in unpolluted areas. Of the 6098 predicted genes, 26 functional 
genes were associated with carbon fixation pathways in photosynthetic 
bacteria (from 0.7 % to 1 % of the whole data set) and 67 with carbon 
fixation pathways in prokaryotes (from 1.3 % to 1.9 % of the whole data 
set). 

Samples exhibiting moderate weathering degrees showed the 
greatest potential for carbon fixation compared to samples characterized 
by high and low weathering levels. The analysis confirmed that key 
genes involved in Calvin-Benson-Bassham (CBB) cycle, namely ribulose- 
1,5-biphosphate carboxylase/oxygenase (RuBisCO) large (K01601) and 
small (K01602) chain, were attributed to Cyanobacteria, Proteobacteria, 
and Actinobacteriota. Proteobacteria have the ability to undergo 
bacteriochlorophyll-based anoxygenic photosynthesis (Imhoff et al., 

Fig. 6. Multinomial species classification method (CLAM) test signifying the Absent/Low weathering (pink), Moderate weathering (orange), and High weathering 
(green). Generalist families are reported in blue. ASVs that were too rare to classify are shown in light gray. 
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Fig. 7. A) Heatmap profiles showing the functional categories of bacterial communities as predicted by PICRUSt2. B) PCA biplot showing the relationship among 
samples and the predicted metabolic functions. 
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2019). However, their role in carbon fixation is often overshadowed 
when compared to the more recognized cyanobacterial oxygenic 
photosynthesis. In samples with moderate weathering degrees, we 
inferred genes involved in bacteriochlorophyll synthesis (bchG and 
bchY,) as well as genes for the photosynthetic reaction center of the 
anoxygenic photosystem (pufM and pufL) associated with the Proteo-
bacteria phylum. 

Members of the phyla Proteobacteria and Actinobacteriota are che-
moheterotrophs that can also support carbon fixation by oxidizing at-
mospheric trace gases (Greening and Grinter, 2022). Our analysis 
predicted that both Proteobacteria and Actinobacteriota harbored genes 
for trace gas scavenging (e.g., carbon-monoxide dehydrogenase, coxL), 
and the electrons obtained from these oxidations were proposed to act in 
conjunction with RuBisCO to support carbon fixation through the CBB 
cycle (Ray et al., 2022). It has been demonstrated that soil microbial 
communities are capable of aerobically respiring carbon monoxide by 
using the enzyme carbon monoxide dehydrogenase, which is induced 
during carbon limitation and enhances survival in conditions of star-
vation (Cordero et al., 2019; Patrauchan et al., 2012). Several bacterial 
phyla have been found to scavenge atmospheric CO, including Actino-
bacteriota (King and Weber, 2007), Proteobacteria (King, 2003) and 
Chloroflexi (Islam et al., 2019). Furthermore, recent advancements in 
genomic research have led to the identification of putative CO dehy-
drogenase genes in an impressive range of 16 microbial phyla, further 
expanding our understanding of the widespread occurrence of this vital 
metabolic trait (Cordero et al., 2019). Biochemical studies have 
demonstrated that soils possess the capability to oxidize atmospheric H2 
and CO at rates that can theoretically meet the energy requirements of 
their microbial communities (Ji et al., 2017). Furthermore, studies 
conducted on pure cultures consistently indicate that scavenging of trace 
gases enables the survival of various heterotrophic aerobes when they 
experience organic carbon deprivation (Greening et al., 2015). Thus, 
atmospheric chemosynthesis is a globally-distributed phenomenon that 
spans cold and hot deserts worldwide, yielding far-reaching implications 
for the global carbon cycle and the survival of bacteria within envi-
ronmental reservoirs (Bay et al., 2021; Ray et al., 2022). 

We also predicted key genes associated with the reductive citric acid 
cycle (Arnon-Buchanan cycle), the reductive acetyl-CoA pathway 
(Wood-Ljungdahl pathway), and the 3-hydroxypropionate bicycle 
across all samples. 

Collectively, the predicted metagenome data indicate that in samples 
with moderate weathering degrees, SAB communities have the greatest 
potential for carbon fixation through a combination of photosynthetic 
and chemosynthetic processes. The potential primary productivity 
observed in samples with moderate weathering degrees plays a vital role 
in supporting the substantial bacterial biomass and biodiversity 
observed within these samples. 

3.5. Nitrogen, sulfur, and phosphorus metabolisms 

As low-biomass microbial communities, stone microbiomes require 
the inherent ability to be self-sustaining, primarily through the efficient 
cycling of essential elements like nitrogen, sulfur, and phosphorus 
(Zanardini et al., 2019). 

Genes involved in six nitrogen metabolism pathways including ni-
trogen fixation, nitrification, denitrification, cammamox, assimilatory, 
and dissimilatory nitrate reduction pathways, were predicted in the 
metagenomes of the samples. Interestingly, only samples with moderate 
weathering degrees showed a complete nitrogen cycle. These samples 
harbor bacterial communities with the highest genetic potential for ni-
trogen fixation, nitrification, complete ammonia oxidation (camma-
mox), denitrification, and assimilatory nitrate reduction. In contrast, 
high and low-weathered surfaces completely missed genes for nitrifi-
cation, while retaining capacities for the cammamox process. Previous 
studies of SAB communities inhabiting deteriorated stone monuments 
have revealed the presence of nitrifying bacteria and archaea (Ding 

et al., 2021, 2022). The process of nitrification, which produces nitrate 
and potentially nitric acid, has been proposed as a contributing factor to 
the deterioration of stone materials (Liu et al., 2020; Zanardini et al., 
2019; Zhang et al., 2019). Moreover, two recent studies suggested that 
microorganisms associated with biodeterioration, such as nitrogen 
cycling-associated bacteria, exhibit insensitivity to antimicrobials or can 
even metabolize them (Ding et al., 2022; Wang et al., 2021). 

It is important to note that genes associated with nitrate removal 
processes, namely denitrification, assimilatory nitrate reduction, and 
dissimilatory nitrate reduction, were predicted in all samples exhibiting 
moderate degrees of weathering. This indicates that the bacterial com-
munity present on moderately deteriorated surfaces possesses the po-
tential capability to remove harmful inorganic acids generated by the 
activity of nitrifying bacteria. However, previous research has shown 
that the removal of nitrate is weak or undetectable on stone monuments, 
indicating that these microbial communities may not effectively elimi-
nate the accumulated nitrate (Ding et al., 2021, 2022). Furthermore, the 
process of dissimilatory nitrate reduction to ammonium serves not only 
to reduce the concentration of nitrate but also simultaneously supplies a 
constant flow of ammonia as a substrate for nitrifying microorganisms. 
The dissimilatory nitrate reduction to ammonia is an energy-yielding 
process that can retain the biologically useable NH4

+ in the system for 
further biological processes. This internal recycling of ammonia and 
nitrate plays a pivotal role in facilitating the accumulation of biomass on 
stone surfaces (Ding et al., 2021). Additionally, it contributes to the 
alteration of substrate properties, including dissolution, through 
biochemical reactions. In addition, nitrifying bacteria incorporate CO2 
into biomass that immobilizes on the stone surfaces (Ding et al., 2022). 
As a result, the immobilization of biomass leads to modifications in the 
physical properties of the stone, particularly in terms of porosity and 
water-holding capacity. These alterations subsequently are supposed to 
enhance degradation reactions impacting the rock and contribute to the 
diversification of the microbial diversity (Qian et al., 2022). 

By examining the predicted metagenomes, we found a network of 
sulfur compound conversions, which encompass assimilatory and 
dissimilatory sulfate reduction, sulfur mineralization, and sulfur oxida-
tion in all the samples. In the S cycle, the predominant gene in 
moderately-weathered samples aligns with the assimilatory sulfate 
reduction pathway and sulfur/thiosulfate oxidation processes by the Sox 
complex. Assimilatory sulfate reduction, commonly observed in 
numerous anoxygenic phototrophic bacteria, plays a crucial role in the 
biosynthesis of sulfur-containing compounds. This suggests that micro-
bial assemblages within moderate-deteriorated stone samples prioritize 
inorganic sulfur as a source for biosynthesis rather than an electron 
acceptor. By contrast, the predicted metagenomes of samples with high 
weathering degrees were mainly characterized by the dissimilatory 
sulfate reduction pathways, a key metabolic process used for energy 
conservation that produces sulfide. 

The Sox system is a multienzyme pathway responsible for catalyzing 
the oxidation of hydrogen sulfite, thiosulfate, elemental sulfur, and 
sulfite to form sulfur intermediates or sulfate. The ability to oxidize 
sulfur compounds is a characteristic observed in various phylogeneti-
cally diverse bacteria, including chemolithotrophic members belonging 
to the phyla Proteobacteria, Firmicutes, and Actinobacteriota (Friedrich 
et al., 2001; Kusumi et al., 2011). The presence of specific genes 
responsible for catalyzing sulfur oxidation in bacteria implies that their 
activity could potentially contribute to the generation of acidity, which, 
in turn, can impact the mineral formation and stability (Li et al., 2018; 
Liu et al., 2020; Ren et al., 2017). Sulfur-oxidizing bacteria that excrete 
sulfuric acid were the dominant group of microorganisms involved in 
exfoliate weathering of sandstone at the Angkor site (Ding et al., 2022; Li 
et al., 2008). 

In P-limited environments, such as lithic substrates, the ability of 
microbes to solubilize persistent phosphorus compounds play a crucial 
role in their adaptation and survival within these habitats. Microbes 
employ a set of enzymes derived from their metabolic processes to 
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release free orthophosphate from recalcitrant organic P forms. These 
enzymes include alkaline phosphatase (phoD), phytase (appA), phos-
phonatase (phnX), and C–P lyase (phnJ) (Liang et al., 2020). By utilizing 
these enzymes, microbes can break down complex organic P com-
pounds, liberating orthophosphate that can be readily utilized as a 
nutrient source. Furthermore, glucose dehydrogenase (gcd), inorganic 
pyrophosphatase (ppa), and pyrroloquinoline-quinone synthase (pqqC) 
are additional microbial enzymes involved in the solubilization of 
recalcitrant inorganic P forms (Liang et al., 2020; Luo et al., 2020). 
Altogether, these enzymes aid in the breakdown of complex organic and 
inorganic P compounds, enabling the release of available orthophos-
phate for microbial utilization. Samples with moderate weathering de-
grees showed the highest relative percentage of genes implicated in the 
inorganic P dissolution, while high-weathered samples are characterized 
by the capacity to mineralize organic P. In both cases, the bacterial 
communities displayed the potential role of affecting the rock structure 
and promoting its degradation over time through the transformation of 
phosphorus compounds (Tian et al., 2021). Additionally, inorganic 
phosphorus dissolution can affect rock by altering the pH of the sur-
rounding environment. Changes in pH can impact the solubility of other 
minerals present in the rock, leading to the formation of secondary 
mineral phases. In our study, members of the phylum Actinobacteriota 
were involved in the inorganic P dissolution. Actinobacteria, especially 
Streptomyces and Micromonospora, mineral phosphate-solubilizing have 
the ability to promote nutrient availability and cycling in soil ecosys-
tems (Farhat et al., 2015). 

3.6. Stress response, antimicrobial resistance, and interactions with 
minerals 

Almost nothing is known about the stress response in bacterial 
communities inhabiting rock art. This study has provided unique evi-
dence that reveals the presence of a variety of potential stress response 
pathways in SAB communities, spanning different niches. These path-
ways consist of specific genes and σ-factors that enable the bacteria to 
respond to various stressors, including osmotic, oxidative, heat shock, 
and nutrient stress. All samples analyzed in this study showed the 
signature of genes encoding stress resistance and damage repair mech-
anisms. Chaperone genes groEL and dnaK, along with the DNA repair 
gene recA, were predicted to be highly abundant in the bacterial com-
munities analyzed. Additionally, the relative abundances of catalase 
genes (katE and KatG) and the presence of the RpoS regulatory system 
further reinforce the prevailing understanding that microbial cells in hot 
desert environments primarily experience stress induced by radiation 
and desiccation, particularly those associated with oxidation processes 
(Jeong et al., 2016; Schellhorn, 2020). Notably, the samples exhibiting 
the highest genetic potential for stress response were found in relation to 
moderate weathering degrees, followed by samples with high weath-
ering levels, and finally, samples with low weathering levels. 

By contrast, high-weathered samples were those with the highest 
relative abundance of metal resistance genes. A recent work carried out 
by He et al. (2022) revealed that the microbiota present in stones har-
bors a wide range of antimicrobial resistance genes, including those 
associated with antibiotics, biocides, and metals. These findings 
emphasized that stones could serve as natural reservoirs of the resis-
tome, where antimicrobial resistance genes are acquired through species 
turnover and genetic element transfer (He et al., 2022). Therefore, the 
potential use of biocides to remove the rock microbiome should be 
carefully considered (Villa et al., 2020). 

We also investigated the genetic potential of the bacterial commu-
nities to interact with lithic substrates by examining genes involved in 
various processes such as oxalate formation and degradation (Liu et al., 
2020, 2022), calcite precipitation (Liu et al., 2020, 2022), metal uptake 
and regulation (Adamo and Violante, 2000; Nir et al., 2022), and syn-
thesis of siderophores (Varliero et al., 2021; Wild et al., 2022). The 
predicted metagenomes revealed that the oxalate degradation pathway 

was predominantly associated with high-weathered samples while ox-
alate biosynthesis was characterized mainly by low-weathered samples. 
Oxalate-rich coatings, often found in rock shelters, offer not only crucial 
opportunities for radiocarbon dating of associated rock art (Green et al., 
2021) but also protection of prehistoric paintings (Hernanz et al., 2007). 
Therefore, the removal of these coatings would not be desirable. The 
oxidation of oxalates by oxalotrophic bacteria leads to an increase in 
alkalinity, causing the surrounding environment to reach a pH of >9, 
thereby enabling the precipitation of calcite (Gadd et al., 2012). Thus, 
the oxidation and degradation of calcium oxalates can facilitate the 
formation of calcium carbonate, which, in turn, has the potential to 
further solidify and cement preexisting limestones by filling pores with 
recrystallized calcite (Gadd et al., 2012, 2014). Oxalate plays a pivotal 
role in complexing or precipitating metals as secondary biominerals, 
which can have dual consequences of mineral dissolution or metal 
immobilization. Additionally, oxalate exhibits metal-reducing proper-
ties, effectively reducing metals like Mn(IV) to Mn(II) (Ferrier et al., 
2022; Wei et al., 2012). Oxalates have been implicated in the mobili-
zation of various elements, including Fe, Si, Mg, Ca, K, and Al, from 
diverse rock formations such as sandstone, basalt, granite, calcareous 
rocks, and silicates (Gadd et al., 2014; González-Gómez et al., 2018). 
Thus, the oxidation and degradation of oxalates can have important 
implications for the speciation and mobility of heavy metals (Syed et al., 
2020), with consequences for the rock microbiome (Sazanova et al., 
2022). As a consequence, it is not surprising to observe the genetic po-
tential of heavy metal-tolerant microorganisms in samples with high 
weathering degrees. Signatures of genes involved in the uptake and 
regulation of metal ions can serve as indicators of processes related to 
the extraction and absorption of ions from rocks (Nir et al., 2022; Potysz 
and Bartz, 2022). These genetic markers may provide insights into 
material deterioration processes, as recently indicated in petroglyphs 
from the Negev Desert, Israel (Nir et al., 2022). The presence of genes 
associated with siderophore metabolism indicates the necessity for high 
siderophore production to facilitate the uptake of iron released during 
rock dissolution processes (Buss et al., 2007; Perez et al., 2016; Torres 
et al., 2014). Thus, the production of siderophores by bacteria is 
considered a key factor in enhancing the leaching of mineral elements 
(Potysz and Bartz, 2022). 

The assessment of metabolic processes that potentially influence the 
underlying stone (Table 2) aimed to gauge the overall impact of the 
bacterial community on the lithic substrate. Using the proposed equa-
tion ‘SAB’s role = Sum of negative metabolic processes/Sum of positive 
metabolic processes’, the potential net effect of the bacterial community 
was found to be protective on low-weathered surfaces (0.50), deterio-
rative on medium-weathered surfaces (1.43), and neutral on high- 
weathered surfaces (0.91). Hence, it appears that the bacterial com-
munity inhabiting lithic substrates with a moderate degree of weath-
ering retains the potential for a negative impact on the stone, indicating 
that the weathering process on these surfaces is likely ongoing. Recently, 
Liu et al. (2022) introduced the ‘relative bioprotection ratio’, defined as 
the ratio between the sum of natural weathering and the sum of 
biodeterioration. However, it was not clear how to quantify the natural 
weathering or the biodeterioration. In this paper, we presented the first 
attempt to quantify the role of biofilms by examining the co-occurrence 
of protection and deterioration through the predicted metabolic capa-
bilities of the bacterial communities. This approach allowed us to 
determine whether protection or deterioration predominantly in-
fluences the net effects. 

4. Conclusion 

In order to obtain a thorough comprehension of microbial processes 
and their influence on rock art conservation, it is vital to delve into both 
the structure and functions of the microbial ecosystem. Thanks to high- 
throughput molecular technologies and advanced bioinformatics tools, 
we are now able to predict the functional capabilities of microbial 

G. Mugnai et al.                                                                                                                                                                                                                                 



Science of the Total Environment 907 (2024) 168026

15

communities. 
This study presents the first comprehensive investigation of bacterial 

communities associated with southern Ethiopian rock art paintings. 
Through taxonomic and predictive functional analyses of SAB commu-
nities, we established a correlation between the bacterial microbiome 
found in rock paintings and the varying degrees of weathering observed 
in the lithic substrates. Moreover, for the first time, we conducted an 
analysis of the bacterial communities’ effect on the underlying stone. By 
carefully examining the interplay between negative and positive meta-
bolic processes, which have been recognized as biodeteriorative or 
bioprotective in prior research, we could discern the net impact of these 
communities on the substrate. 

The present study revealed that samples experiencing both low and 
high levels of weathering reached a climax stage, characterized by stable 
and uniform microenvironments with limited resource availability. This 
condition not only led to the predominance of K-strategist micro-
organisms—commonly known as oligotrophic bacteria— and reduced 
α-biodiversity but also fostered the selection of bacterial communities 
that exerted a positive or neutral impact on the substrate. In contrast, 
samples featuring moderately-weathered surfaces displayed diverse and 
fluctuating microhabitats, characterized by significant heterogeneity. 
This condition contributed to the selection of r-strategist bacteria, 
commonly known as copiotrophic bacteria. As a result, there was an 
increase in α-biodiversity and a higher percentage of specialist micro-
organisms compared to samples with low and high weathering degrees. 
From the metabolic point of view, the bacterial communities residing in 
moderately-weathered samples exhibited the greatest genetic potential 
for carbon fixation and stress responses. Additionally, these commu-
nities demonstrated a complete nitrogen and sulfur cycle and had the 
potential to negatively impact the underlying stone. Therefore, 
moderately-weathered surfaces are likely to retain substantial weath-
ering potential, and as the weathering intensity advances, they experi-
ence increased specialization of microorganisms. 

In conclusion, this study provides evidence that SABs on surfaces 
with different degrees of weathering host unique bacterial communities 
with distinct metabolic profiles. The metabolic functions play a critical 
role in fostering mineral-microorganism interactions and promoting the 
adaptability of bacteria within the diverse ecological niches shaped by 
the weathering processes. 

While DNA-based investigations primarily reveal the potential rather 
than the actual functional capacity, our data offer valuable insights into 
the metabolisms of bacterial communities colonizing rock art paintings. 
This research sheds light on the potential dynamics between bacterial 
ecology and stone weathering, a vital insight for developing effective 
conservation strategies that leverage the positive aspects of biofilms 
while addressing their negative consequences. Future works will be 
devoted to studying microbial community transcriptomes to identify the 
active members and metabolic processes of the stone microbiome. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2023.168026. 
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versità degli Studi di Milano. 

References 

Adamo, P., Violante, P., 2000. Weathering of rocks and neogenesis of minerals associated 
with lichen activity. Appl. Clay Sci. 16, 229–256. https://doi.org/10.1016/S0169- 
1317(99)00056-3. 

Akob, D.M., Küsel, K., 2011. Where microorganisms meet rocks in the Earth’s critical 
zone. Biogeosciences 8, 3531–3543. https://doi.org/10.5194/bg-8-3531-2011. 

Andreae, M.O., Al-Amri, A., Andreae, T.W., Garfinkel, A., Haug, G., Jochum, K.P., 
Stoll, B., Weis, U., 2020. Geochemical studies on rock varnish and petroglyphs in the 
Owens and Rose Valleys. California. PLoS One 15, e0235421. https://doi.org/ 
10.1371/journal.pone.0235421. 

Bay, S.K., Waite, D.W., Dong, X., Gillor, O., Chown, S.L., Hugenholtz, P., Greening, C., 
2021. Chemosynthetic and photosynthetic bacteria contribute differentially to 
primary production across a steep desert aridity gradient. ISME J. 15, 3339–3356. 
https://doi.org/10.1038/s41396-021-01001-0. 

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A., 
Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J.E., 
Bittinger, K., Brejnrod, A., Brislawn, C.J., Brown, C.T., Callahan, B.J., Caraballo- 
Rodríguez, A.M., Chase, J., Cope, E.K., Da Silva, R., Diener, C., Dorrestein, P.C., 
Douglas, G.M., Durall, D.M., Duvallet, C., Edwardson, C.F., Ernst, M., Estaki, M., 
Fouquier, J., Gauglitz, J.M., Gibbons, S.M., Gibson, D.L., Gonzalez, A., Gorlick, K., 
Guo, J., Hillmann, B., Holmes, S., Holste, H., Huttenhower, C., Huttley, G.A., 
Janssen, S., Jarmusch, A.K., Jiang, L., Kaehler, B.D., Kang, K.B., Keefe, C.R., Keim, P., 
Kelley, S.T., Knights, D., Koester, I., Kosciolek, T., Kreps, J., Langille, M.G.I., Lee, J., 
Ley, R., Liu, Y.-X., Loftfield, E., Lozupone, C., Maher, M., Marotz, C., Martin, B.D., 
McDonald, D., McIver, L.J., Melnik, A.V., Metcalf, J.L., Morgan, S.C., Morton, J.T., 
Naimey, A.T., Navas-Molina, J.A., Nothias, L.F., Orchanian, S.B., Pearson, T., 
Peoples, S.L., Petras, D., Preuss, M.L., Pruesse, E., Rasmussen, L.B., Rivers, A., 
Robeson, M.S., Rosenthal, P., Segata, N., Shaffer, M., Shiffer, A., Sinha, R., Song, S.J., 
Spear, J.R., Swafford, A.D., Thompson, L.R., Torres, P.J., Trinh, P., Tripathi, A., 
Turnbaugh, P.J., Ul-Hasan, S., van der Hooft, J.J.J., Vargas, F., Vázquez-Baeza, Y., 
Vogtmann, E., von Hippel, M., Walters, W., Wan, Y., Wang, M., Warren, J., Weber, K. 
C., Williamson, C.H.D., Willis, A.D., Xu, Z.Z., Zaneveld, J.R., Zhang, Y., Zhu, Q., 
Knight, R., Caporaso, J.G., 2019. Reproducible, interactive, scalable and extensible 
microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. https://doi. 
org/10.1038/s41587-019-0209-9. 

Brewer, T.E., Fierer, N., 2018. Tales from the tomb: the microbial ecology of exposed 
rock surfaces. Environ. Microbiol. 20, 958–970. https://doi.org/10.1111/1462- 
2920.14024. 

Burgos-Cara, A., Ruiz-Agudo, E., Rodriguez-Navarro, C., 2017. Effectiveness of oxalic 
acid treatments for the protection of marble surfaces. Mater. Des. 115, 82–92. 
https://doi.org/10.1016/j.matdes.2016.11.037. 

Buss, H.L., Lüttge, A., Brantley, S.L., 2007. Etch pit formation on iron silicate surfaces 
during siderophore-promoted dissolution. Chem. Geol. 240, 326–342. https://doi. 
org/10.1016/j.chemgeo.2007.03.003. 

G. Mugnai et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.scitotenv.2023.168026
https://doi.org/10.1016/j.scitotenv.2023.168026
https://doi.org/10.1016/S0169-1317(99)00056-3
https://doi.org/10.1016/S0169-1317(99)00056-3
https://doi.org/10.5194/bg-8-3531-2011
https://doi.org/10.1371/journal.pone.0235421
https://doi.org/10.1371/journal.pone.0235421
https://doi.org/10.1038/s41396-021-01001-0
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1111/1462-2920.14024
https://doi.org/10.1111/1462-2920.14024
https://doi.org/10.1016/j.matdes.2016.11.037
https://doi.org/10.1016/j.chemgeo.2007.03.003
https://doi.org/10.1016/j.chemgeo.2007.03.003


Science of the Total Environment 907 (2024) 168026

16

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P., 
2016. DADA2: high-resolution sample inference from Illumina amplicon data. Nat. 
Methods 13, 581–583. https://doi.org/10.1038/nmeth.3869. 
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Cañaveras, J.C., Sanz-Rubio, E., Sánchez-Moral, S., 2022. Weathering processes on 
sandstone painting and carving surfaces at prehistoric rock sites in southern Spain. 
Appl. Sci. 12, 5330. https://doi.org/10.3390/app12115330. 

Chazdon, R.L., Chao, A., Colwell, R.K., Lin, S.-Y., Norden, N., Letcher, S.G., Clark, D.B., 
Finegan, B., Arroyo, J.P., 2011. A novel statistical method for classifying habitat 
generalists and specialists. Ecology 92, 1332–1343. https://doi.org/10.1890/10- 
1345.1. 

Chen, J., Li, F., Zhao, X., Wang, Y., Zhang, L., Yan, L., Yu, L., 2022. Change in 
composition and potential functional genes of microbial communities on carbonatite 
rinds with different weathering times. Front. Microbiol. 13, 1024672. https://doi. 
org/10.3389/fmicb.2022.1024672. 

Cheng, Y., Hubbard, C.G., Zheng, L., Arora, B., Li, L., Karaoz, U., Ajo-Franklin, J., 
Bouskill, N.J., 2018. Next generation modeling of microbial souring – 
parameterization through genomic information. Int. Biodeterior. Biodegradation 
126, 189–203. https://doi.org/10.1016/j.ibiod.2017.06.014. 

Clark, J.D., 1945. Short notes on stone age sites at Yavelo, Southern Abyssinia. R. Soc. 
South Africa 31, 29–37. 

Coppock, D.L., 1994. The Borana Plateau of Southern Ethiopia: Synthesis of Pastoral 
Research, Development and Change, 1980–91 (Report). International Livestock 
Centre for Africa. 

Cordero, P.R.F., Bayly, K., Man Leung, P., Huang, C., Islam, Z.F., Schittenhelm, R.B., 
King, G.M., Greening, C., 2019. Atmospheric carbon monoxide oxidation is a 
widespread mechanism supporting microbial survival. ISME J. 13, 2868–2881. 
https://doi.org/10.1038/s41396-019-0479-8. 

Das, M., Ghosh, T.S., Jeffery, I.B., 2020. IPCO: inference of pathways from co-variance 
analysis. BMC Bioinformatics 21, 62. https://doi.org/10.1186/s12859-020-3404-2. 

Ding, X., Lan, W., Li, Y., Yan, A., Katayama, Y., Koba, K., Makabe, A., Fukushima, K., 
Yano, M., Onishi, Y., Ge, Q., Gu, J.-D., 2021. An internal recycling mechanism 
between ammonia/ammonium and nitrate driven by ammonia-oxidizing archaea 
and bacteria (AOA, AOB, and Comammox) and DNRA on Angkor sandstone 
monuments. Int. Biodeterior. Biodegradation 165, 105328. https://doi.org/ 
10.1016/j.ibiod.2021.105328. 

Ding, X., Lan, W., Yan, A., Li, Y., Katayama, Y., Gu, J.-D., 2022. Microbiome 
characteristics and the key biochemical reactions identified on stone world cultural 
heritage under different climate conditions. J. Environ. Manag. 302, 114041 https:// 
doi.org/10.1016/j.jenvman.2021.114041. 

Dini-Andreote, F., Stegen, J.C., van Elsas, J.D., Salles, J.F., 2015. Disentangling 
mechanisms that mediate the balance between stochastic and deterministic 
processes in microbial succession. Proc. Natl. Acad. Sci. 112, E1326–E1332. https:// 
doi.org/10.1073/pnas.1414261112. 

Dorn, (last) R.I., 1998. Rock coatings. In: Developments in Earth Surface Processes 6. 
Elsevier, Amsterdam.  

Douglas, G.M., Maffei, V.J., Zaneveld, J.R., Yurgel, S.N., Brown, J.R., Taylor, C.M., 
Huttenhower, C., Langille, M.G.I., 2020. PICRUSt2 for prediction of metagenome 
functions. Nat. Biotechnol. 38, 685–688. https://doi.org/10.1038/s41587-020- 
0548-6. 

Farhat, M.B., Boukhris, I., Chouayekh, H., 2015. Mineral phosphate solubilization by 
Streptomyces sp. CTM396 involves the excretion of gluconic acid and is stimulated 
by humic acids. FEMS Microbiol. Lett. 362, fnv008. https://doi.org/10.1093/ 
femsle/fnv008. 

Favero-Longo, S.E., Viles, H.A., 2020. A review of the nature, role and control of 
lithobionts on stone cultural heritage: weighing-up and managing biodeterioration 
and bioprotection. World J. Microbiol. Biotechnol. 36, 100. https://doi.org/ 
10.1007/s11274-020-02878-3. 

Ferrier, J., Csetenyi, L., Gadd, G.M., 2022. Fungal transformation of natural and 
synthetic cobalt-bearing manganese oxides and implications for cobalt 
biogeochemistry. Environ. Microbiol. 24, 667–677. https://doi.org/10.1111/1462- 
2920.15526. 

Fierer, N., Bradford, M.A., Jackson, R.B., 2007. Toward an ecological classification of soil 
bacteria. Ecology 88, 1354–1364. https://doi.org/10.1890/05-1839. 

Filippidou, S., Wunderlin, T., Junier, T., Jeanneret, N., Dorador, C., Molina, V., 
Johnson, D.R., Junier, P., 2016. A combination of extreme environmental conditions 
favor the prevalence of endospore-forming Firmicutes. Front. Microbiol. 7. 

Friedrich, C.G., Rother, D., Bardischewsky, F., Quentmeier, A., Fischer, J., 2001. 
Oxidation of reduced inorganic sulfur compounds by Bacteria: emergence of a 
common mechanism? Appl. Environ. Microbiol. 67, 2873–2882. https://doi.org/ 
10.1128/AEM.67.7.2873-2882.2001. 

Gadd, G.M., Rhee, Y.J., Stephenson, K., Wei, Z., 2012. Geomycology: metals, actinides 
and biominerals. Environ. Microbiol. Rep. 4, 270–296. https://doi.org/10.1111/ 
j.1758-2229.2011.00283.x. 

Gadd, G.M., Bahri-Esfahani, J., Li, Q., Rhee, Y.J., Wei, Z., Fomina, M., Liang, X., 2014. 
Oxalate production by fungi: significance in geomycology, biodeterioration and 
bioremediation. Fungal Biol. Rev. 28, 36–55. https://doi.org/10.1016/j. 
fbr.2014.05.001. 

Gallinaro, M., Zerboni, A., 2021a. Rock, pigments, and weathering. A preliminary 
assessment of the challenges and potential of physical and biochemical studies on 
rock art from southern Ethiopia. Quaternary International, Impacts of scientific 
approaches on Rock Art research: global perspectives 572, 41–51. https://doi.org/ 
10.1016/j.quaint.2020.05.056. 

Gallinaro, M., Zerboni, A., 2021b. Rock, pigments, and weathering. A preliminary 
assessment of the challenges and potential of physical and biochemical studies on 
rock art from southern Ethiopia. Quat. Int. 572, 41–51. https://doi.org/10.1016/j. 
quaint.2020.05.056. 

Gallinaro, M., Zerboni, A., Solomon, T., Spinapolice, E.E., 2018. Rock art between 
preservation, research and sustainable development—a perspective from southern 
Ethiopia. Afr. Archaeol. Rev. 35, 211–223. 
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