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Abstract: Identifying the microbial community that lives on the lithic cultural 

heritage through phenotypic and genotypic approaches is fundamental for 

understanding the contribution of colonisers in biodeterioration and selecting the 

best cleaning solutions with environmentally-friendly products. This was done with 

the cultivable microbiota present on the internal walls of the Santa Lucia alle Malve 

(SLM) rock church, recognised by UNESCO as a World Heritage Site. The SLM 

church is located in the Sasso Caveoso area (Matera, South Italy), fully excavated in 

the limestone rock. Numerous frescoes cover the internal surfaces, but bacterial and 

fungal colonisation spoils its beauty. The results of this study clearly showed the 

predominance of bacteria of the phylum Firmicutes and precisely of the genus 

Bacillus, whose prevalence may be due to the specific environmental conditions and 

their ability to produce endospores. These dormant forms allow bacteria to survive 

in unfavourable conditions. The genotypic approach showed that the various 

Bacillus species isolated on the surfaces of the experimented church are closely 

related and similar but show a different phenotypic profile. This diversity of 

physiological and morphological traits reflects the potential complexity of the 

metabolomes present in the bacterial communities of the internal walls of the SLM 

and confirms the need to identify the colonisers correctly and proceed with a non-

temporary bio-cleaning. The results of bio-cleaning using Solanum nigrum extracts 

were effective, but the durability of the treatment has yet to be verified. 

Materials and methods  

The city of Matera is located a side of the gorge in a hilly system called ‘Murgia’, geologically 

constituted of a rocky block composed of upper cretaceous limestones arranged in 

horizontal layers, alternated with recently deposed red earth thin layers, and more anciently 

deposed blackish-brown earth layers. “Santa Lucia alle Malve” (SLM) church, located in the 

’Sasso Caveoso’ area of the Matera old town, was chosen for this research. It has been dated 

to the VIII century and is a part of the UNESCO heritage rupestrian churches. It is excavated 

in the rocky wall, and the inner surfaces appear decorated with several frescoes. (Fig. 1).   

The total bacterial community of biodeteriogens 
inhabiting SLM church walls was investigated with 
next-generation sequencing by the Ion Torrent™ 
technology. The 16S ribosomal RNA (rRNA) V4 
region gene was amplified with the scope to classify 
bacterial communities. PCR products were resolved 
via agarose gel and purified. DNA fragment length 
distribution was analysed using 2200Tape Station 
Bioanalyzer (Agilent Technologies). Library 
concentration was established using Qubit 2.0 
Fluorometer and Qubit dsDNA HS Assay Kit (Life 
Technologies). Then the library was diluted to 100 
pM and used for emulsion PCR using Ion PGM™ Hi-
Q™ View OT2 Kit. According to the manufacturer's 
protocol, Templated Ion spheres were sequenced 
using Ion PGM™ Hi-Q™ View Sequencing Kit and Ion 
318 chip on the Ion Torrent PGM system. The 
metagenomic data was analysed using 
Geneious v11.1.5.   

The material obtained from the sampling site was used to isolate viable, cultivable bacteria on 

Plate Count Agar (PCA). Single bacterial colonies representing various morphology (shape, 

size, margin, appearance, etc.) were transferred to sterile PCA plates to obtain pure cultures.    

The bacterial DNA was extracted, and the 16S rRNA gene was amplified in a PCR reaction using 

oligonucleotide primers fD1(5’ AGAGTTTGATCCTGGCTCAG 3’) rD1(5’ 

GACGGGCGGTGTGTACA 3’) using standard PCR conditions. The PCR products were 

subjected to Sanger sequencing using Genetic Analyzer 3130xl (Applied Biosystems). The 

phylogenetic tree was inferred using MEGA 7.0.20 software. Aiming to determine the closest 

known relative species of the analysed strains, the obtained sequences were aligned using 

BLAST with “rRNA/ITS databases” as a search set.   

 

To determine phenotypic features of the isolated strains, the following API galleries 

(bioMérieux) were used in this project: API Staph, API 50 CH with CHB/E Medium, API ZYM, and 

API 20 NE, according to the manufacturer's instructions. The obtained results were compared 

with an apiwebTM database (bioMérieux) to determine the species of each isolate. Sporulation 

and parasporal crystal production were assessed using methods described previously 

(Baranek et al., 2017; BioControl 62(5): 649-658) and examined using a light microscope. 

Additionally, both vegetative cells and biological material obtained via the sporulation 

procedure were checked by Zeiss Evo 40 scanning electron microscope (SEM).  

Results  
Metagenomic analysis  

Among marked bacteria, more than 99% belonged to the phylum Firmicutes (Figure 2). The 

most predominant genus within this group was Bacillus, followed by Viridibacillus, 

Paenibacillus, and Lysinibacillus (Fig. 2B). 

Culture-dependent analysis 
Seven strains featuring various colony morphology were isolated from the samples 

obtained from the inner stone walls of Santa Lucia alle Malve. The isolates were 

identified and subjected to complex phenotypic and genotypic characterisation. All 

examined strains are Gram-positive, and all except one formed endospores when 

cultivated on the sporulation medium.  Moreover, two strains (SLM2.9 and SLM3.12) 

produced characteristic parasporal crystals typical of the entomopathogenic 

bacterium Bacillus thuringiensis (Fig. 3). 

Figure 3. Light microscope (left side) and SEM (right side) observations of the strains post 

sporulation. A – SLM1.1; B - SLM1.2; C - SLM1.4; D - SLM1.5; E - SLM2.9; F - SLM3.12; G - - 

SLM4.15. Red arrows indicate parasporal crystals characteristic of B. thuringiensis strains.  

The bacterial 16S rRNA genes were amplified and sequenced. The alignment of seven 

sequences shows that 16S rRNA genes are identical in SLM1.5 and SLM4.15 and  2.9 

and 3.12 strains (Fig. 4). Isolates SLM1.2 and SLM1.4 cluster together, while SLM1.1 is 

genetically most distant from all the others. Despite the high genetic similarity, each of 

the seven isolated strains has a unique phenotypic profile, determined using API 

galleries. This reflects a potentially high diversity of microbial metabolome inhabiting 

the internal walls of the SLM rupestrian church.  

Figure 4. Phylogenetic tree based on 

partial 16S rRNA sequences of six 

Bacillus strains obtained during this 

study. S. warneri was used as an 

outgroup. Bootstrap values (based 

on 1000 replicates) are indicated at 

branch points. Bar - 0.01 nucleotide 

substitutions per site.  

In conclusion, the bacterial community inhabiting the internal walls of the SLM rupestrian church has been unveiled using metagenomic analysis. The predominance of 

Firmicutes, mainly genus Bacillus, has been shown in this characteristic environment. The culture-dependent part of the study has fully confirmed the apparent 

overrepresentation of Bacillus spp. - the isolated strains belong to closely-related Bacillus cereus sensu lato or Bacillus licheniformis clade. However, despite the high genetic 

similarity of the isolates, they show significant differences in their phenotypic features, suggesting a rich metabolome present In the SLM lytic architecture. Interestingly, 

entomopathogenic strains of B. thuringiensis are also present among the obtained isolates. Finally, the composition of the SLM bacterial community does not suggest any 

severe microbiological hazards to visiting people. However, aesthetic damage is evident. Green cleaning using natural extracts of wild plants has shown satisfactory results. 

For these results to persist over time, constant dedication and maintenance are required.  

Fig. 1. Sasso Caveoso and Santa Lucia alle Malve 

church in Matera (Italy) - location and general 

view.  

CONCLUSIONS 

Fig 2. Distribution of phyla (A) and 
genera (B) among bacterial 
community of SLM church. 

Graphic sources: oltrelartematera.it; Google Maps; vic15 http://dziedzictwounesco.blogspot.com; getyourguide.es) 
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Figure 4. Biocleaning by using  natural compounds: a) Solanum nigrum and Solamargine (the 

main component of the extract), b)  before the treatment, c) after 30 days from treatment 
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