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Tintenstrich communities (TCs) mainly comprise Cyanobacteria developing on 
rock substrates and forming physical structures that are strictly connected to the 
rock itself. Endolithic and epilithic bacterial communities are important because 
they contribute to nutrient release within run-off waters flowing on the rock 
surface. Despite TCs being ubiquitous, little information about their ecology and 
main characteristics is available. In this study, we  characterized the bacterial 
communities of rock surfaces of TCs in Switzerland through Illumina sequencing. 
We investigated their bacterial community composition on two substrate types 
(siliceous rocks [SRs] and carbonate rocks [CRs]) through multivariate models. 
Our results show that Cyanobacteria and Proteobacteria are the predominant 
phyla in this environment. Bacterial α-diversity was higher on CRs than on SRs, 
and the β-diversity of SRs varied with changes in rock surface structure. In this 
study, we provide novel insights into the bacterial community composition of 
TCs, their differences from other lithic communities, and the effects of the rock 
substrate and structure.
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1 Introduction

Bacteria colonize different substrates in extreme locations (e.g., glaciers, deserts, and deep 
oceans) (Swan et al., 2011; Hodson et al., 2008; Connon et al., 2007). Similarly, bare rocks are 
in extreme environments due to being oligotrophic, frequently desiccating and presenting 
high-temperature shifts. Despite lithic habitats representing the oldest terrestrial surface, 
knowledge about life on rock is still limited (Büdel and Friedl, 2021). Bacteria are the main 
colonizers of this environment, but archaea, algae, fungi, and lichens also play an important 
role in these communities (Gorbushina, 2007). Organisms adapt different strategies to survive 
in such environments, for example, the production of extracellular polymeric substances 
(EPSs) is a typical characteristic of both bacteria and fungi. EPSs provide protection against 
desiccation and, due to their adhesive properties, retain nutrients and promote biodeterioration 
(Gorbushina, 2007).

Bacteria and lichens form biofilms named Tintenstrich (from German “ink stripes”) 
communities (TCs), which are named after the dark color change of rock surface. TCs develop 
on rock surfaces with intermittent water runoff on different types of rock (Figures 1a,b) 
(Lüttge, 1997). TCs are mainly composed of free-living Cyanobacteria and cyanolichen (Büdel 
and Friedl, 2021; Lüttge, 1997; Porembski et al., 2000) and they cause a change in rock color, 
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while the surface three-dimensional (3D) morphology of the rock 
habitat remains essentially unchanged. Typically, TCs form contiguous 
communities that are smooth as bare rock and become slippery when 
wet because of gelatinous sheaths of Cyanobacterial cells. TCs can also 
be  fragmented among other structures, such as bryophytes and 
epilithic lichen associated with green algae or Cyanobacteria (Büdel 
and Friedl, 2021).

The main known properties promoting the development of TCs 
are the water retention capability of the rock (Büdel and Friedl, 2021), 
sun exposure (Mezzasoma et  al., 2021; Lai et  al., 2024), and the 
composition of the rock (Choe et  al., 2018). TCs occur in both 
anthropic and natural environments: they develop on sculptures and 
architectural works (Gaylarde et al., 2012) and on newly exposed rocks 
after glaciers retreat (Haeberli et al., 2019). TCs play an important role 
in rock weathering and biogeochemical cycles both directly on the 
rock and “down valley,” where inorganic nutrients are released as a 
consequence of bioweathering through water flowing on the surfaces 
of TCs (Büdel and Friedl, 2021; Antony et al., 2012).

The relationship established between these bacterial communities 
and the rock substrate itself is strong. Three categories of communities 
are normally recognized: (i) epilithic bacteria, which colonize the 
external surface; (ii) hypolithic bacteria, which stay on the ventral 
surface of rocks (i.e., beneath pebbles); and (iii) endolithic bacteria, 
which develop a few millimeters deep inside the rock, where light can 
still penetrate and photosynthetic microorganisms can still perform 

photosynthesis. The endolithic communities can occupy different 
microhabitats inside the rock: fissures and cracks (chasmoendoliths), 
preexisting cavities and pores (cryptoendoliths), and actively penetrate 
the rock substrate (euendoliths) (Marlow et al., 2015).

These microenvironments allow the instauration of a certain 
variability on an apparently homogeneous rock substrate and drive 
different taxa to colonize different parts according to their metabolisms 
and characteristics (Büdel and Friedl, 2021; Khomutovska et al., 2021). 
Versatile metabolisms and resistance to high stresses are good 
characteristics that are selected for certain strains in this type of 
habitat. The majority of abundant bacterial phyla described in 
endolithic communities are Cyanobacteria, Actinobacteriota, and 
Proteobacteria. They colonize different types of rocks and survive 
different environmental conditions in aquatic and terrestrial 
environments (Khomutovska et  al., 2021). They fulfill important 
ecological roles as they are involved in nutrient cycles, performing 
nitrogen fixation, completing the sulfur cycle, and releasing acids that 
decrease pH, provoking mineral dissolution from the rock (Sajjad 
et  al., 2022). All these metabolisms are likely responsible for soil 
formation (Mergelov et al., 2018).

The majority of representative bacterial phylum of TCs are 
Cyanobacteria, a group of poikilo-tolerant microorganisms that 
colonize bare rock surfaces due to their metabolic properties, for 
example, their ability to perform photosynthesis, to fix carbon and 
nitrogen, to produce pigments protecting them from UV radiation 

FIGURE 1

Examples of contiguous TCs on carbonate rock (CRs) (a) and siliceous rocks (b). Examples of fragmented TCs scattered among green–algal lichen 
communities on CRs (c) and siliceous rock (SRs) (d).
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and, under extreme conditions, to transform in akinetes (spore-like 
dormant cells) (Stanier and Cohen-Bazire, 1977). They are a 
photoautotrophic bacterial phylum that can colonize many different 
extreme environments and that can provide organic carbon and 
nitrogen for heterotrophic taxa (Franzetti et al., 2017).

The majority of the studies conducted on Cyanobacteria focused 
on toxin-producing blooms in aquatic environments (Dittmann et al., 
2015), soil crusts (Beraldi-Campesi and Retallack, 2016), and on 
glaciers, where Cyanobacteria are regarded as pioneer colonizers 
(Anesio et al., 2017). However, the role of Cyanobacteria on rock 
surfaces, such as TCs, has been overlooked thus far. While few studies 
described bacterial communities on rock surfaces using both 
molecular and microscopic approaches, with a special focus on 
Cyanobacteria (Mezzasoma et al., 2021; Sajjad et al., 2022; Tang et al., 
2012; Rott et al., 2021; Sigler et al., 2003), similar knowledge about 
TCs is not available.

The ecology of TCs was first described in 1945 by the Swiss 
biologists Jaag (1945) and Lüttge (1997). TCs are both epilithic and 
endolithic communities, but no further information exists about these 
important structures. In addition, other organisms (e.g., Gasteropoda) 
can spend part of their life on TCs, actively feeding on Cyanobacteria 
and cyanolichens and hence directly connecting them to the whole 
trophic network (Fröoberg et al., 2011).

In this article, we aim to answer three main questions:

 • What are the main factors driving lithic bacterial community 
composition and α-diversity?

 • Are there differences related to the rock substrate composition, 
light exposition, or elevation?

 • Does the composition of TCs differ from other rock communities?

2 Materials and methods

2.1 Sampling design and samples collection

A total of 209 rock samples were collected in Switzerland in 19 
sampling areas (Figure 2; Supplementary Table S1) with sterilized 
hammer and chisel. At least three replicates were collected per study 
site. Sampling areas were selected to obtain a similar sample number 
of carbonate rocks (CRs) and siliceous rocks (SRs). Some of the 
sampling areas were previously reported in the literature on endolithic 
bacteria (Sigler et al., 2003; Jaag, 1945).

Samples were collected by removing the rock with contiguous 
smooth TCs when present (Figures 1a,b). If contiguous TCs were 
unavailable, rock samples with fragmented TCs scattered among 
bryophytes and epilithic lichens were collected (Figures 1c,d; referred 
to as fragmented TC). Exposition, elevation, and fragmentation were 
registered. Fragmentation is used as a factor variable, which indicates 
how and if the rock presents classic contiguous TCs. We categorized 
fragmentation in detail as a three-level variable as follows: level 1 
being contiguous TCs with the same 3D morphology of the rock itself 
and no evident growth of green–algal lichens and bryophytes 
(Figures 1a,b), level 2 where TCs were highly fragmented and scattered 
among the dominating green–algal lichens and bryophytes 
(Figures 1c,d), and level 3 as a condition in-between the previous two 

where TCs formed a macroscopically visible mosaic with bryophytes 
and epilithic lichens. Samples were stored at −20°C until processing.

2.2 DNA extraction and sequencing

DNA was extracted from rock pieces scratched from the surface 
(approximately from the first 3–4 mm) with the help of a sterile chisel 
and of a handheld rotary power tool (Dremel 8,220–1, Bosch Power 
Tools B.V. 2021, Netherlands). The DNA extraction was performed 
from 0.25 g of lyophilized scratched rock with the DNeasy PowerSoil 
Pro Kit (QIAGEN, Hilden, Germany), using two metal beads in a 
sterile 2-ml Eppendorf instead of the PowerBead Pro Tube provided 
in the DNeasy PowerSoil Pro Kit, and adding a 2-min vortexing in dry 
conditions as a first step. The other steps were performed according to 
the manufacturer’s instruction (protocol dated May 2019). A first 
polymerase chain reaction (PCR) was performed on the V4–V5 
hypervariable region of the 16S ribosomal RNA (rRNA) to check for 
DNA quality and inhibition using the original DNA and both 1:10 and 
1:100 dilutions. The PCR mixture was composed of 7.5 μL of 
JumpStart™ REDTaq® ReadyMix™ (Merck KGaA, Darmstadt, 
Germany), 0.75 μL of each primer 10 μM [515F and R926 (Sun et al., 
2013)], 4.5 μL of Milliq water, and 1.5 μL of DNA. The PCR program 
was as follows: 3 min of initial denaturation at 95°C, 28 cycles of 45 s 
at 95°C, 45 s at 50°C, and 90 s at 72°C, and a final extension of 5 min 
at 68°C. PCR was performed using the KAPA HiFi Hotstart ReadyMix 
(Roche, Basel, Switzerland) and 10 μM of the two primers 515F and 
806R to amplify the V4 hypervariable region of the 16S rRNA, for a 
final volume of 2 × 20 μL per sample. The primers were modified using 
Illumina adapters, a shift, and a linker, following the guidelines of 
Kozich et al. (2013) for 515F and Caporaso et al. (2012) for 806R. The 
PCR program was as follows: 3-min initial denaturation at 95°C; 
28 cycles of 45 s at 95°C; 45 s at 58°C; and 45 s at 72°C, and a final 
extension of 5 min at 72°C. The PCR products were sent to the NGS 
Platform of the Institute of Genetics at Bern University (Bern, 
Switzerland), for sequencing with the MiSeq Illumina platform 
(Illumina, Inc., San Diego, CA, USA) using a 2 × 250-bp 
paired-end protocol.

2.3 Bioinformatic and statistical analyses

Demultiplexed reads were clustered in amplicon sequence variants 
(ASVs) with DADA2 (Callahan et al., 2016) following the pipeline 
reported at: https://benjjneb.github.io/dada2/tutorial.html, modifying 
only the truncation lengths which were of 230 and 150 for forward 
truncations and reverse truncations, respectively. ASVs were 
taxonomically classified using the SILVA database, keeping only the 
taxa attributed with a minimum confidence value of 0.8 (Yilmaz et al., 
2014). Singletons (ASVs present in one sample only) were removed 
from the database to avoid inflation of the variance explained by 
multivariate tests (Borcard et al., 2011).

α-diversity was investigated through the number of ASVs, the 
Shannon diversity index (Shannon, 1948), the Gini inequality index (Gini, 
1912), the Chao I index, and the Simpson index, which was calculated on 
a dataset rarefied to 4,155 sequences per sample; this number is slightly 
less than the lowest number of sequences in a sample.
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β-diversity was investigated on a non-rarefaction dataset where 
ASV numbers were transformed with the Hellinger distance (De 
Cáceres et  al., 2010). β-diversity was investigated through the 
Canonical Correspondence Analysis (CCA) of the ASVs’ 
abundances transformed with the Chi-square distance used as 
predictors—northness [cos(aspect)], eastness [sin(aspect)], 
elevation, and the interaction between rock type (CR or SR) 
and fragmentation.

Post-hoc tests (Tukey’s method) were used to assess pairwise 
differences in the structure of bacterial communities between rock 
and levels of fragmentation, correcting p-values with the false 
discovery rate (FDR) method using the Benjamini–Yekutieli 
procedure (Benjamini and Yekutieil, 2001). Variation partitioning was 
used to quantify the variation of community structures according to 
the same variables used in the CCA. The majority of abundant phyla 
and orders were also investigated through generalized linear models 
(GLMs) with a poisson distribution corrected for overdispersion and 
correcting p-values using the same FDR procedure as above. The 
majority of abundant taxa were those that, when summed up, 
represented more than 80% of the community’s ASVs. The multipatt 
R function of indecspecies was used on the majority of abundant 
genera to investigate indicator species in TCs, correcting p-values with 
the FDR method using the Benjamini–Yekutieli procedure. Indicator 
genera were investigated considering all the ecologically significant 
groups of the three levels of the variable level of fragmentation. 
We considered all the fragmentation levels as ecologically significant 
in combination with the rock type, fitting them along a 
fragmentation gradient.

Shared ASVs were investigated to describe the bacterial 
communities in samples collected from contiguous TCs of CRs and 
SRs, merging those from the same rock wall. Analyses were performed 
using R 4.2.1 (R Core Team, 2022) with the VEGAN, 
BIODIVERSITYR, MULTTEST, INDICSPECIES, and MULTCOMP 
packages. Shared ASVs among contiguous CR TC samples and among 
contiguous SR TC samples were investigated following the 
conservative assumption that they strictly represent TCs, providing 
data about the core community of these structures without too much 
noise. ASVs resulting in interesting indicator genera were blasted on 
the National Center for Biotechnology Information (NCBI) database.1

3 Results

We collected 92 CR samples and 117 SR samples from a total of 
19 sampling areas. The CR samples had an elevation range of 
500–2,930 m a.s.l. with a median of 2,000 m a.s.l., of which 35 samples 
were from contiguous TCs, 30 samples were mainly fragmented rocks, 
and 27 samples were both contiguous TCs and fragmented rock 
surface. SR samples had an elevation range of 370–3,500 m a.s.l. with 
a median of 2,105 m a.s.l., of which 48 samples were contiguous TCs, 
40 samples were mainly fragmented rocks and 29 samples were both 
contiguous TCs and fragmented rock surface.

1 https://www.ncbi.nlm.nih.gov/

FIGURE 2

Map of 19 sampling areas in the Swiss Alpine region at different elevations (color bar), different substrates of either CRs (blue circles, n  =  12) or siliceous 
rock (SRs) (red circles, n  =  9). Replicates were taken with different light exposition (north and south facing, not shown), adding up to a total of 92 
carbonate rock (CR) samples and 117 siliceous rock (SR) samples.
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The number of sequences per sample ranged between 4,156 and 
181,806. The majority of abundant phyla in descending order were 
Cyanobacteria, Proteobacteria, Actinobacteriota, Chloroflexi, and 
Planctomycetota (Figure 3).

At the order level, the majority of abundant orders, listed in 
descending relative abundance, were Cyanobacteriales, 
Acetobacterales, Sphingomonadales, Solirubrobacterales, 
Rhizobiales, Isosphaerales, Cytophagales, Thermomicrobiales, 
Gemmatales, Blastocatellales, Ktedonobacterales, Leptolyngbyales, 
Burkholderiales, Caulobacterales, Rhodobacterales, Rubrobacterales, 
Frankiales, Pseudomonadales, Propionibacteriales, 
Pseudonocardiales, Chitinophagales, Armatimonadales, 
Deinococcales, Pyrinomonadales, Tistrellales, Tepidisphaerales, 
Gemmatimonadales, Chthoniobacterales, Gaiellales, Chloroflexales, 
Kallotenuales, Abditibacteriales, Gloeobacterales, Microtrichales, 
Bacillales, Thermosynechococcales, Vicinamibacterales,  
uzebyales, Micrococcales and Kineosporiales (Supplementary  
Figure S1).

The CCA showed that all the variables included in the model were 
significant in explaining the variance of the bacterial community 
(Table 1; Figure 4; see also Supplementary Figure S2, which shows the 
same plot as Figure 4 with a focus on selected sampling sites (Piora 
Valley and Weisshorn) where both CRs and SRs were found).

FIGURE 3

Relative abundance of bacterial phyla expressed as the percentage of sequences for the different conditions (fragmentation and type of rock, CRs, 
carbonatic rocks; SRs, siliceous rocks; TCs, Tintenstrich communities). Phyla, whose abundance was <1%, were grouped in “Other_Phyla”.

TABLE 1 Canonical correspondence analysis (CCA) of variance of 
bacterial amplicon sequence variants (ASV) abundance according to the 
interaction of fragmentation and rock type (CR or SR), elevation, 
northness, and eastness.

Variable df Variance F p

Fragmentation and rock type 2 0.569 1.289 0.001

Elevation 1 0.585 2.652 0.001

Eastness 1 0.280 1.270 0.002

Northness 1 0.330 1.496 0.001

Residuals 200 44.577

F8,200 = 1.661, p = 0.001, R2
adj = 0.025.
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The variation partitioning revealed that the interaction between 
the type of rock and the fragmentation explained the majority of the 
variance (0.2%), also the elevation explained part of the variance 
(0.1%), while eastness and northness did not explain a part of the 
variance significantly different from zero. Post-hoc tests on the 
interaction between rock and fragmentation revealed that the bacterial 
community changed significantly among all the comparisons 
(|t200| ≥ 1.208, PFDR ≤ 0.046) except between contiguous CRs and 
contiguous CR with fragmented rock surface (|t200| = 0.949, PFDR = 1).

The analyses on the α-diversity showed that the number of 
ASVs, Gini index, Shannon index, Simpson index, and Chao I index 
did not change with the elevation (F8,200 ≥ 3.402, PFDR ≥ 0.0636), 
eastness (F8,200 ≥ 0.0272, PFDR = 1), northness (F8,200 ≥ 0. 01, 
PFDR ≥ 0.473), fragmentation level (F8,200 ≥ 0.204, PFDR ≥ 0.083), and 
the interaction between rock and fragmentation (F8,200 ≥ 0.176, 
PFDR ≥ 0.151). Significant differences were detected only among rock 
types (F8,200 ≥ 13.613, PFDR < 0.001) for all indices, ASV number, 
Shannon index, Simpson index, and Chao I index were higher in CR 
samples than in SRs. In contrast, the Gini index was lower in CRs 
(Figure 5).

The GLM results of the majority of abundant phyla and orders 
showed that only Actinobacteriota (F2,200 = 7.214, PFDR = 0.0108) 
(Supplementary Figure S3e) and their order Solirubrobacterales 
(F2,202 = 8.481, PFDR = 0.0183) (Supplementary Figure S4) changed with 
the interaction between fragmentation and rock type. No phylum 
changed according to fragmentation (F2,200 ≥ 0.179, PFDR ≥ 0.859). Still, 
at the order level, Cyanobacteriales changed (F2,202 = 6.871, 
PFDR = 0.019) (Supplementary Figure S5), resulting in more abundant 

in contiguous TCs and less abundant in the presence of predominantly 
fragmented rock.

Cyanobacteria, Actinobacteriota, Chloroflexi, and 
Planctomycetota changed with the rock substrate (F1,200 ≥ 8.666, 
PFDR ≤ 0.0103) (Supplementary Figures S3a–d). At order level 
Acetobacterales, Sphingomonadales, Solirubrobacterales, 
Rhizobiales, Isosphaerales, Thermomicrobiales, Gemmatales, 
Ktedonobacterales, Leptolyngbyales, Burkholderiales, 
Caulobacterales, Rhodobacterales and Rubrobacterales changed 
according to rock type (F1,202 ≥ 8.002, PFDR ≤ 0.0231) 
(Supplementary Figure S6). In particular, on SRs, there were more 
Cyanobacteria and Chloroflexi and at order level Leptolyngbyales and 
Ktedonobacterales (belonging to Cyanobacteria and Chloroflexi 
phyla, respectively) and Acetobacterales belonging to the phylum 
Proteobacteria. On CRs instead, there were more Actinobacteriota 
and two orders belonging to this phylum (i.e., Solirubrobacterales 
and Rubrobacterales), Planctomycetota and two orders belonging to 
this phylum (i.e., Isosphaerales and Gemmatales), five orders 
belonging to the phylum Proteobacteria (i.e., Rhizobiales, 
Sphingomonadales, Burkholderiales, Caulobacterales, and 
Rhodobacterales), Cytophagales belonging to the phylum 
Bacteroidota, and finally the order Thermomicrobiales belonging to 
the phylum Chloroflexi.

The majority of abundant phyla changed with elevation 
(F1,200 ≥ 5.549, PFDR ≤ 0.0444) (Supplementary Figure S7), and also 
seven of the majority of abundant orders (namely, Cyanobacteriales, 
Solirubrobacterales, Rhizobiales, Gemmatales, Ktedonobacterales, 
Burkholderiales, and Frankiales) changed with elevation 
(F2,202 ≥ 11.482, PFDR ≥ 0.00761) (Supplementary Figure S8). In 
particular, a decrease with elevation resulted in the following: 
Cyanobacteria and their order Cyanobacteriales, Chloroflexi and their 
order Ktedonobacterales, and Planctomycetota and their order 
Gemmatales and finally the order Rhizobiales. On the contrary, 
Proteobacteria and their order Burkholderiales and Actinobacteriota 
and their orders Solirubrobacterales and Frankiales increased with 
higher elevation.

Proteobacteria (F1,200 = 9.610, PFDR = 0.0253) 
(Supplementary Figure S9) and their order Burkholderiales 
(F1,202 = 16.76, PFDR = 0.00387) were the only taxa changing 
with eastness.

Plantomycetota was the only phylum that changed with northness 
(F1,200 = 8.935, PFDR = 0.0359) (Supplementary Figure S9). At order level, 
Isosphaerales belonging to Plantomycetota, Acetobacterales and 
Rhizobiales belonging to the phylum Proteobacteria, and 
Ktedonobacterales belonging to the phylum Chloroflexi also exhibited 
changes with northness (F1,202 ≥ 9.442, PFDR ≤ 0.038) 
(Supplementary Figure S10). Indicator species analyses revealed that 
on CRs, no indicator genera were identified in areas where both 
contiguous TCs and fragmented rock surfaces were present, nor when 
combining data from contiguous TCs alone and fragmented rocks. On 
the other hand, on SRs, no indicator genera were detected in the 
fragmented rock areas (Table 2). All the seven ASVs classified as the 
genus YB-42 were subsequently blasted on the NCBI, and they all had 
the best match with the strain Chroakolemma pellucida 719.

Finally, we evaluated the shared bacterial ASVs in contiguous TC 
samples, dividing these samples into two big groups, CRs and SRs. The 
results showed that 39 ASVs were shared among contiguous CR TC 
samples. At the genus level, 20 of these ASVs were unclassified, while 

FIGURE 4

Biplot from the canonical correspondence analysis (CCA) on 
bacterial amplicon sequence variants (ASV) abundance on 
fragmentation, rock type, elevation, northness, and eastness. Each 
data point represents one sample. The fragmentation is indicated by 
different colors (black  =  contiguous TCs, purple  =  both contiguous 
TCs and fragmented surface, light blue  =  fragmented rock surface). 
The arrow indicates the increase in elevation. Squares indicate CR 
samples, and circles SR samples. The percentage of variance 
explained by each axis and its significance (***p  <  0.001) is reported. 
rM is the Mantel correlation coefficient between the Chi-square 
distance between samples and the Euclidean distance between the 
corresponding symbols in the graph. Values close to one indicate 
that the graph correctly represents the distance between samples.
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the others included Acidiphilium, Psychroglaciecola, PMMR1, 
Candidatus Udaeobacter, Fimbriiglobus, Hymenobacter, 
Pseudonocardia, Rubrivirga, Solirubrobacter, Sphingomonas, and 
Truepera (Supplementary Table S2). In SRs, no shared ASVs were 
detected among contiguous TCs.

4 Discussion

This study describes the lithic bacterial communities of 
alpine areas of Switzerland, with a novel focus on TCs using a 
metabarcoding approach. Overall, our results show that  
bacterial communities vary according to rock substrate,  
elevation, and exposition and TCs differ depending on the 
rock substrates.

4.1 TCs host unique communities 
compared to other rock morphologies

Our results show that Cyanobacteria and Proteobacteria are 
the predominant phyla of rock bacterial communities. This is 
consistent with the current knowledge of bacterial lithic 
communities and TCs (Lüttge, 1997; Jaag, 1945; Louati et  al., 
2020; Porembski et al., 2000). The only exceptions were reported 

for sandstone in Antarctica, where Proteobacteria and 
Actinobacteriota were the majority of predominant phyla, while 
Cyanobacteria were under-represented (Coleine et al., 2019). A 
second study reported communities with only one Cyanobacterial 
phylotype on sandstone (Mezzasoma et al., 2021; Coleine et al., 
2019). Cyanobacteria were also under-represented (Choe et al., 
2018) in travertine samples of the Arctic, and the authors suggest 
that this may be the effect of the rock’s chemical composition. 
Our data can neither confirm nor reject these results because 
we excluded sandstone in the sampling design and no travertine 
is present in our sampling region (Geologischer Atlas Der 
Schweiz 1:25000, 1930).

TCs hosted different communities than other rock morphologies, 
and exposition, elevation, fragmentation, and rock substrate 
contributed to the variation of the communities. These variables are 
intrinsically related to water availability on the rock, known to affect 
the microbial community. The samples within Weisshorn and Piora 
Valley areas including both rock types, clustered separately along the 
y-axis of the CCA, suggesting that the rock substrate can have a 
stronger effect than geographic location. This is consistent with 
previous results (Brewer and Fierer, 2018) showing that differences in 
the tomb’s communities changed according to the geographic area and 
the substrate (limestone or granite). The CCA analyses show that the 
variance explained by the axes is low but significant, probably due to 
the high within-sample variability. Similarly, it has already been 

FIGURE 5

Boxplots of the amplicon sequence variants (ASV) number (a), Shannon index (b), Gini index (c), Chao I index (d), and Simpson index (e) in relation to 
the rock substrate (blue  =  CRs, gray  =  SRs). The thick lines represent the median, boxes upper and lower limits the 25th and the 75th percentiles, 
respectively, whiskers the data points beyond the 5th percentile (lower whisker) and the 95th percentile (upper whisker), and open circles represent the 
outliers.
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reported that microenvironmental characteristics drive the 
community composition (e.g., rock microarchitecture) (Khomutovska 
et al., 2021).

4.2 TCs on CRs show a higher diversity

Regarding α-diversity, the results showed that both richness and 
evenness are higher on CRs than on SRs. This result is consistent 
with the fact that the nutrients in CRs are more limited to calcium 
carbonate (Kinzel, 1983), leading subsequently to lower competition 
as the result of a more oligotrophic environment, and a similar 
result was already reported in Svalbard lithic communities (Choe 
et al., 2018). Furthermore, CRs are more subjected to bioerosion 
and rock weathering, and therefore they are a more ephemeral 
substrate where this dynamicity may obstruct the instauration of a 
few specific bacterial populations that need more time to develop 
(Büdel and Friedl, 2021; Lerman and Meybeck, 1988). The 
respiration of endolithic lichens and all the other microorganisms 
inhabiting the rock substrate increases CO2 concentrations forming 
H2CO3 that subsequently decreases pH and promotes ion leaching 
(Gorbushina, 2007). As CR is a particularly dense substrate, 
bioweathering is also a survival strategy adopted by the communities 
to colonize the inner layers and avoid the epilithic environment 
where different stressors are stronger (e.g., UV radiation) (Weber 
et al., 2011). Bioweathering is caused by only a subset of the total 
community, but other taxa can still take advantage of it. Contrary 
to CRs, SRs are more resistant to rock weathering. Different 
materials of both mineral and biological origin can consequently 
accumulate on SR surfaces, forming microlayers that can act as 
traps where nutrients can accumulate. Indeed, these microlayers 
often present EPS that have adhesive properties keeping the 
microorganisms together, promoting their inclusion in the 
substrates and also the retention of water and nutrients 

(Gorbushina, 2007). Finally, CR is also more porous and this can 
lead to higher water retention, promoting the development of 
different bacterial populations (Chen et al., 2023). No differences in 
α-diversity indices were detected according to exposition 
or elevation.

4.3 Unstable (CR) and stable (SR) rock 
environments host different taxa

GLMs revealed that Actinobacteriota changed according to the 
interaction between fragmentation and rock substrate. Their relative 
abundance was constant on CRs, while there was a reduction related 
to decreased fragmentation on SRs. Actinobacteriota are a ubiquitous 
phylum colonizing extreme environments and have already been 
reported to occur in the lithic substrate (Coleine et al., 2019; Zhang 
et al., 2014). Analogously, their order Solirubrobacterales also changed 
with the interaction between rock type and fragmentation, but not 
much information is available to explain this trend.

Changes in fragmentation were observed in TCs. In particular, on 
contiguous TC, the order Cyanobacteriales had a higher relative 
abundance, confirming that Cyanobacteria are enriched on TCs. This 
order provides information about filamentous and non-filamentous 
Cyanobacteria (e.g., Nostoc and Gloeocapsa) and is coherent with 
previous results (Mihajlovski et  al., 2017). When examining the 
cyanobacterial sequences in contiguous TCs alone, the majority 
(60.74%) were classified at the family level as Chroococcidiopsaceae, 
followed by Nostocaceae (11.71% of the sequences). These 
observations are consistent with the fact that both filamentous and 
non-filamentous Cyanobacteria are involved in TC formation, with a 
predominance of non-filamentous ones. This aspect is not surprising 
since, even if the majority of the known cyanobionts are filamentous, 
there is evidence that unicellular cyanobionts exist and may 
be underestimated due to technical difficulties in their study (Jung 

TABLE 2 Results of analysis for indicator genera for different levels of fragmentation and/or different rock substrates and their ecologically relevant 
combinations for TCs.

Fragmentation
Rock

CR SR

Contiguous TCs Paracoccus, Lawsonella, Dolosigranulum Streptococcus, Tepidimonas, Cohnella

Both contiguous TCs and fragmented rock surface n.d. JG30a-KF-32

Contiguous TCs and both contiguous TCs and fragmented 

rock surface
n.d. YB-42

Fragmented rock surface n.d. n.d.

Fragmented rock surface and both contiguous TCs and 

fragmented rock surface
n.d. Bradyrhizobium, Bryocella, Acidisoma, Acidicaldus

All levels
Rubellimicrobium, PMMR1, Oceanicella, MIZ36, 

Lysobacter, OM27 clade
Rubritepida

All rock samples are contiguous TCs Acinetobacter, Sporosarcina, Haemophilus

All rock samples contiguous TCs and both contiguous TCs 

with fragmented rock surface
Herpetosiphon, Stenotrophomonas

All samples

Acidiphilium, Sphingomonas, Spirosoma, Aliterella, Fimbriiglobus, Solirubrobacter, Rubrobacter, Blastocatella, 

Pseudonocardia, Synechococcus PCC-7502, Aurantisolimonas, Rhizobacter, Kribbella, Chlorogloea SAG-10-99, 

Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium

n.d., indicator genera were not detected.
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et al., 2024). Furthermore, there is no match with our results of the 
indicator genera analysis, where no genera belonging to this order are 
reported for all contiguous TC samples. The lack of indicator genera 
may suggest more differentiation according to the rock type and other 
environmental variables at the lowest taxonomic levels.

Changes in taxa composition with rock substrate type were also 
observed. At the phylum level, Actinobacteriota and Planctomycetota 
were more abundant on CRs, while Cyanobacteria and Chloroflexi 
were more abundant on SRs. Actinobacteriota decrease in relative 
abundance on SRs and especially on fragmented rock surfaces, 
which can be the effect of the selective pressure due to the more 
stable environment (with SRs being a more stable substrate than 
CRs, and similarly fragmented surfaces on SR are more stabe than 
contiguous). Overall, 50.74% of the ASVs assigned to 
Actinobacteriota were unclassified. Among the classified genera 
belonging to this phylum, which were 71, the majority of abundant 
were Solirubrobacter (10.2%), Rubrobacter (10.1%), and 
Pseudonocardia (7%). All the other genera were less than 3% of all 
Actinobacteriota ASVs. Actinobacteriota are known to colonize 
rocks and can become dominant, especially on volcanic rocks 
(Cockell et  al., 2013). As Cockell et  al. (2013) emphasize, much 
information is still lacking at the lowest taxonomic levels due to the 
limits of culturing this phylum. Similar trends to Actinobacteriota 
were found for Planctomycetota, which are ubiquitous phyla 
inhabiting extreme environments.

The higher relative abundances of Cyanobacteria and Chloroflexi 
on SRs have different possible causes. First, Cyanobacteria are not 
only present as free-living bacteria, but also as cyanolichen, and our 
molecular approach cannot distinguish between these two groups. 
When scratching the rock samples, it was not possible to differentiate 
the biomass obtained from the rock between lichen and non-lichen 
material, partly because lichens can also grow as endoliths (Wong 
et al., 2010). Therefore, DNA was extracted from the whole rock 
surface. A similar result was observed by Purahong et al. (2021), who 
showed that Cyanobacteria diversity was negatively affected in 
highly disturbed areas. Chloroflexi are known to be involved in the 
formation of matrixes that allow the aggregation of external material, 
making them more likely on a more stable substrate (Speirs 
et al., 2019).

Differences with the rock substrate were observed at the order 
level as well. First, for the order Acetobacterales, the majority of the 
sequences of this order were classified as Acidiphilium at the genus 
level (48.8%). It was the far more abundant genus within this order 
(43.5% of the sequences were unclassified). The frequent classification 
of Acidiphilium is consistent with its higher relative abundance on SRs, 
a more acidic substrate, and, therefore, a more suitable environment 
for this genus (Rosenberg, 2013).

The abundance of Rhizobiales changed according to the rock 
substrate type, despite 58% of their sequences being unclassified. Their 
higher relative abundance on SR is consistent with the fact that SRs 
are a more stable environment where root systems can develop, which 
is known to represent a good substrate for the majority of the genera 
belonging to this order (Lemos et al., 2021).

The relative abundance of the order Gemmatales was higher on 
CRs. This order is chemoheterothrophic with an optimum growth pH 
typically being neutral-acidic (Dedysh, 2020). Therefore, these 
CR-inhabiting Gemmatales genera may be  more neutrophilic to 
colonize this rock type better than SR. Similar to their phylum 

Actinobacteriota, Solirubrobacterales were more abundant on CRs. 
This order is known to be present in the soil, and it positively correlates 
with the presence of nutrients but decreases with soil erosion (Qiu 
et al., 2021). Therefore, our results were rather unexpected since CR is 
more oligotrophic and more subjected to erosion and weathering 
phenomena (Büdel and Friedl, 2021; Lerman and Meybeck, 1988). 
Nevertheless, the CR erosion rate is slower than soil one; therefore, the 
two substrates may not be comparable.

Ktedonobacterales were of higher abundance on SRs, while they 
decreased with elevation and exposition. Their predominance on SRs 
is consistent with a previous discovery in a quartzite cave, where 
Ktedonobacterales were dominant in the first stage of orthoquartzite 
rock alteration (Ghezzi et al., 2021). At the order level, 66.17% of their 
sequences were unclassified, while the majority of abundant genus was 
1959–1 (32.4%).

The order Leptolyngbyales was also found to be more abundant 
on SRs, a result that is consistent with our analysis identifying the 
SILVA genus YB-42 from this order as an indicator cyanobacterium 
for TCs on SRs. Previous results, on the other hand, show that the 
order Leptolyngbyales is also present in sandstone and dolomite 
(Gaylarde et al., 2012; Sajjad et al., 2022; Tang et al., 2012; Sigler et al., 
2003) and is already known to be composed of rock biofilm-forming 
bacteria (Pecundo et  al., 2023). Therefore, this order may 
be compatible with the rock environment, and possible substrate-
specificity may occur at more specific taxonomic levels.

The order Caulobacterales was more abundant on CRs, and the 
majority of its sequences were classified at the genus level as PMMR1 
(77.6%). While not much information is available about this order, 
the presence of CR is consistent with the oligotrophic nature of 
Caulobacterales (Wilhelm, 2018). Rhodobacterales were more 
abundant on CR, and 82% of the sequences were classified at the 
genus level as Rubellimicrobium. This genus is found in both air and 
soil and is known for its tolerance to metals (Yin et  al., 2022; 
Rosenberg et al., 2014) and radiation. It has previously been detected 
as more abundant on CRs than on SRs in tombs, a trend thought to 
be  related to its neutrophilic characteristics (Brewer and 
Fierer, 2018).

Finally, Rubrobacterales were more abundant in CR samples, and 
all sequences were classified as Rubrobacter. This genus can tolerate 
radiation and desiccation (Albuquerque et al., 2014).

4.4 Taxa relative abundance changes with 
elevation and exposition

The abundance of Cyanobacteria, Chloroflexi, and 
Planctomycetota decreased with elevation, while the abundance 
of Proteobacteria and Actinobacteriota showed the opposite 
trend. We suggest that this is because the environment is less 
stable at higher elevations in Switzerland because of more durable 
snow-packs and extreme conditions. Furthermore, these phyla 
can also form biofilms and grow hyphae, which can provide more 
stability on substrates (Tomczyk-Zak et al., 2013; Wink et al., 
2017). Only Planctomycetota shows a different pattern from all 
other phyla, with a high peak in abundance at 2000 m a.s.l. 
(Supplementary Figure S7e). Regarding Proteobacteria and 
Actinobacteriota, previous results showed that they increase in 
light-inaccessible microhabitats (Lai et  al., 2024), but such 
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evidence did not result from our data. Conversely, the decrease 
of Rhizobiales with elevation may be  explained by the tight 
relation with root systems.

Proteobacteria and Planctomycetota also showed a significant change 
in abundance with eastness and northness, respectively, and they both 
slightly decreased with higher solar expositions. The order Acetobacterales 
also decreased with solar exposition, possibly related to the lower 
persistence of water on sun-exposed surfaces and, therefore, less 
bioleaching and acid rock drainage (Büdel and Friedl, 2021).

Burkholderiales (64.5% of the sequences were unclassified at 
genus level) and Sphingomonadales (54.6% of the sequences were 
classified as Sphingomonas) were not discussed in this article because 
they represent heterogeneous taxonomic groups, where it is not 
possible to identify specific metabolisms or ecological trends (Garrity 
et al., 2015; Balkwill et al., 2006).

4.5 Indicator genera characterize different 
levels of fragmentation, especially on CRs

The results about indicator genera revealed differences between CRs 
and SRs. On CRs, contiguous TCs and all CR samples were the only two 
groups with indicator genera. On the contrary, SRs had indicator genera 
for all the levels except for fragmented rock surfaces. These results may 
be interpreted as a higher β-diversity on SR. The indicator genus of TCs 
on SRs (both contiguous and with fragmented rock surfaces) resulted to 
be  Chroakolemma pellucida 719, a filamentous cyanobacterium first 
isolated in arid soils biocrust (Becerra-Absalón et al., 2018). Data about 
SR from the Pamir mountains revealed the presence of the family 
Leptolyngbyaceae (the one of Chroakolemma pellucida 719) in three 
samples out of eight, underlying that this bacterium cannot be found in 
all SR samples (Khomutovska et al., 2021).

All contiguous TCs of CR samples shared 20 ASVs, while no shared 
ASVs were detected among the samples of contiguous TCs of SR. This 
observation supports the hypothesis that CR has a lower β-diversity than 
SR. Furthermore, CR nutrients are limited to calcium carbonate; therefore, 
it is plausible that the total richness of the community is similar between 
sample sites since only genera with similar key functions and high 
adaptation can colonize such a nutrient-limited environment. The CCA 
showed that all CR samples cluster in a more restricted area (Figure 4) and 
the two fragmentation levels clustered similarly in CRs alone. On the 
contrary, a more spread distribution of the samples on SRs was found on 
the CCA biplot (Figure  4), and the community changed at all 
fragmentation levels. This spread in the samples is also consistent with the 
SR containing more different minerals, allowing higher community 
variability. More detailed information on the substrate composition may 
allow us to obtain more defined clusters.

Providing more data concerning these communities with a special 
focus on Cyanobacteria is important. Indeed, more than 2,425 secondary 
metabolites specifically produced by Cyanobacteria have been described, 
including those found in lichen symbiosis (Dittmann et al., 2015; Jones 
et  al., 2021; Janssen et  al., 2023; D’Agostino, 2023). Some of these 
metabolites are recognized as cyanotoxins in the water quality guidelines 
of the World Health Organization (2023), while many other metabolites 
demonstrate inhibitory effects on metabolite enzymes and other 
bioactivities (Janssen, 2019). While one study that investigated soil crusts 
did not detect cyanotoxin-producing genes (Dulić et al., 2022), their 
presence on the rock surface cannot be excluded, considering also the 

cyanobacterial biomass of endolithic and hypolithic environments has an 
average of 1.21 g/cm2 (Garcia-Pichel et al., 2003). Thus far, the majority of 
the studies on secondary metabolites producing Cyanobacteria have been 
conducted in aquatic environments. The prevalence of Cyanobacteria in 
TCs, emphasizes that the presence of cyanotoxin-encoding genes and 
other secondary metabolites from Cyanobacteria may be promising in the 
Swiss Alpine region.

5 Conclusion

This article provides the first molecular description of 
Tintenstrich bacterial communities. According to the fragmentation 
of TCs, these communities proved to change with the rock 
substrate. Cyanobacteria resulted in playing an important role in 
forming TCs, and α-diversity differences may be the result of the 
stability and the nutrients present in the different substrates. One 
cyanobacterial genus proved to be a good indicator of TCs on SRs. 
Still, the scarce knowledge of these environments does not allow 
obtaining a high resolution at the lowest taxonomic levels. More 
studies should focus on TCs since their ecological role and 
composition may be important when considered in the context of 
the lithic environments and the organisms interacting with them. 
In particular, monitoring TCs’ development and investigating both 
the active and the total bacterial communities may provide useful 
information to fully understand their dynamics.
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