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Abstract

Santa Lucia alle Malve (SLM) is a unique rupestrian heritage site, entirely carved into
limestone. This monument, which was a church in the ancient settlement of Benedictine nuns
over a millennium ago in southern Italy, holds exceptional value not only from an architectural
and cultural perspective but also in terms of its microbial ecology. Until now, the specific
microbiota of this site had remained unexplored. In this study, the bacterial community
inhabiting the interior walls of Santa Lucia alle Malve was investigated using a metagenomic
approach, alongside the isolation and comprehensive characterization of cultivable strains from
various sampling sites. Both methodologies consistently revealed a dominance of spore-
forming bacteria from the phylum Bacillota, particularly the genus Bacillus. Notably, most of
the cultivable strains belonged to the Bacillus cereus sensu lato group and the Bacillus.
licheniformis clade. Despite the high genetic similarity among these microorganisms, each
strain exhibited a unique set of phenotypic traits, highlighting the potential complexity of the
SLM metabolome. Additionally, two isolates were identified as Bacillus thuringiensis,
entomopathogenic bacteria with possible applications in biological pest management. Finally,



Staphylococcus warneri, a human skin commensal found in the church, suggests human
influence on the microbial landscape.

Introduction

Historical monuments such as buildings, statues, or archaeological sites are important and
remarkable parts of human cultural heritage. As reminders of human civilization's long and
complex history, these objects are often used for recreation and serve as important tourism
destinations in many regions, thus generating substantial income. The historical lithic
monuments are created from various stone formations, including marble, granite, plaster,
limestone, sandstone, and others. Despite the usual first impression that these structures can
last eternally, they are gradually but inevitably degraded.'*

Various living organisms, such as bacteria, algae, fungi, and lichens, can colonize cultural
heritage.> All these life forms may be responsible for biodeterioration (or bioweathering) .
However, the detection of organisms on cultural monuments does not necessarily prove that
they are modifying the structure or aesthetic properties of the materials. However, estimating
the microbial community on lytic heritage is a rational first step and a necessary starting point.
The bioreceptivity (the susceptibility of a structure to colonization by living organisms) of
various materials used in the creation of architectural structures is unequal and depends on their
physicochemical properties and environmental conditions.>® Limestone is believed to be one
of the most vulnerable lithic materials to bacterial colonization and degradation processes
caused by microorganisms,’ Yet this material is characicristic of numerous remarkable
cultural heritage sites worldwide. Therefore, innumerabie attempts have been made to assess
the biotic composition of limestone-made lytic heritage, including archaeological sites,
temples, cathedrals, cemetery gravestones, and other similar structures.>!*'® The limestone
structures studied to date are free-standing and made of quarried limestone blocks; moreover,
the samples were usually taken froin outer walls. However, some of the most characteristic and
unique limestone cultural heritage monuments — the rock-excavated Rupestrian dwellings —
have not yet been asscssed for their bacterial community composition. Such rare and
outstanding structures are abundant in the European city of Matera, located in southern Italy,
and include thousands of buildings that once served as churches, houses, shops, or workshops.

The city of Matera is situated on one side of a gorge within the extensive hilly system known
as 'Murgia Materana', specifically in the upper part of the right flank of the Gravina canyon,
intersected by the river Gravina. This region is characterized geologically by a rocky block of
upper Cretaceous limestones arranged in horizontal layers and a surface covered with tuff. The
abundance of bioclastic and lithoclastic calcarenites deposited throughout Murgia Materana
facilitated human settlements, given the ease with which this lithic material could be worked.
Rupestrian settlements, dating back to the Paleolithic era, have evolved, sometimes undergoing
numerous significant transformations.'%-?

The Sassi di Matera ("sassi" meaning "stones" in Italian) is a Rupestrian heritage site divided
into three districts: Sasso Barisano, Sasso Caveoso, and Civita. Renowned for their historical
and architectural significance, the Sassi's Rupestrian structures have been designated as a
UNESCO World Heritage Site since 1993, and in 2019, Matera was named the European
Capital of Culture '*?°, Two main categories of Rupestrian churches emerged in Matera,
distinguishable by building techniques: those entirely carved into the rocky wall and those
excavated in caves with added architectural elements such as facades and bell towers.



An eighth-century, fully carved-in-stone Rupestrian SLM church in the “Sasso Caveoso” area
was selected for this research due to its cultural value and architectural features, which are
highly representative of the local area. This UNESCO heritage site served Benedictine nuns
from the 8th to the 16th century, first as a church and then as a monastery. Later, this monument
was transformed into a house, then a store, and eventually became a deconsecrated church.
Today, it attracts tourists, with an annual visitation of 34,000 (the number of visitors was
provided by the Tourist Cooperative Society of Matera “Oltre L'Arte”
https://www.oltrelartematera.it/). Some of the most valuable features attracting visitors to SLM
are the intricate frescoes covering the inner surfaces of the Rupestrian building. However,
despite its historical and cultural richness, the internal surfaces of the structure exhibit
noticeable deterioration, particularly in terms of biodeterioration (see Fig. 5). Autotrophic
organisms, including algae, lichens, bryophytes, and mosses (e.g., Grimmia pulvinata and
Tortula muralis identified in the vicinity of a water leak from the ceiling), colonize the internal
walls, confirming the high humidity present in the internal environment. Evident limestone
discolourations suggest the presence of microorganisms, such as fungi or bacteria, likely
thriving due to water infiltration and limited exposure to daylight.

This paper describes the variability of bacterial communities inhabiting the inner walls of the
Santa Lucia alle Malve (SLM), an ancient church located in the heart of Matera.?! This
structural pearl in Matera exemplifies Rupestrian architecture with its limestone excavation,
frescoed interiors, and notable deterioration, highlighting the 1aportance of researching SLM
microbiota.

We employed two alternative approaches to identiiy and characterize the bacteria inhabiting
the monument: a metagenomic study of the entire microbial community and the
phenotypic/genotypic identification oi cultivable bacteria from the sampling sites.
Additionally, we devoted considerable attetition to revealing the abundance of phenotypic traits
exhibited by cultivable bacteria that overgrow the SLM walls. Finally, the presence of
entomopathogenic B. thuringiensis strains in SLM is discussed. This study aims to emphasize
the importance of undeistanding microbial colonization for the conservation of cultural
heritage sites and highiight the potential ecological roles of bacteria in biodeterioration and
bioprotection processes.

Results

Metagenomic analysis

Metagenomic analysis was performed on material collected from four sampling sites within
the inner walls of the SLM. In total, 3,355,934 high-quality reads were included in downstream
analyses. The mean number of reads per sample was 838,984, whereas the median number of
reads per sample was 794,003. Rarefaction curves with 95% confidence intervals indicated that
the sequencing depth was sufficient to recover the full community structure (Supplementary
Figure S0).

The presented metagenomic analysis is the result of sequencing and analysis of the 16S rRNA
V4 region. Among marked bacteria, more than 99% belonged to the phylum Bacillota (Fig.
2a). The most predominant genus within this group is Bacillus, followed by Viridibacillus,
Paenibacillus, and Lysinibacillus (Fig. 2b). Apart from Bacillota, the marginal representation



(0.2%) of other phyla was also noted, namely Pseudomonadota, Actinomycetota, Bacteroidota,
and Cyanobacteriota.

Phenotypic characterization of cultivable bacterial strains

Seven bacterial strains exhibiting diverse colony morphologies were isolated from the
sampling sites (Fig. 3) from the inner stone walls of SLM, including: a) sampling site 1 —
strains SLM1.1, SLM1.2, SLM1.4, SLM1.5; b) sampling site 2 — SLM?2.9; ¢) sampling site 3
— strain SLM3.12; sampling site 4 — strain 4.15. These isolates underwent comprehensive
phenotypic characterization. All examined strains were found to be Gram-positive. Notably,
isolate SLM1.1 was the only staphylococcus-shaped strain, while the remaining isolates were
rod-shaped, with vegetative cells varying in size (2.0—4.0 um in length and 0.7-1.5 pm in
width). Scanning electron microscopy (SEM) images of vegetative cells and light microscopy
images of Gram-stained bacteria are presented in Supplementary Fig. S1.

All the tested strains, except SLM1.1, formed endospores when cultivated on the sporulation
medium (Fig. 2). Moreover, strains SLM2.9 and SLM3.12 produced characteristic crystals
associated with the sporulation process, which is characteristic of most Bacillus thuringiensis
strains. These crystals are typically composed of insecticidal Cry and/cr Cyt proteins. After
amido black staining, these parasporal crystals were visible in the light microscope (Fig. 3, g
and 1) as dark purple to black objects. These crystals are visible in the corresponding SEM
pictures as spherical/irregular (Fig. 2 h and j) structures accompanying bacterial endospores.

In the next part of this study, the biochemical and physiological traits of the tested isolates have
been determined. The strains were oxidase-negative, catalase-positive, and did not produce
sulfides when cultivated in a semisolid SIM medium for 24 hours at 30°C. All except SLM1.1
and SLM2.9 were motile. Strains SLM 1.2, SLM1.4, SLM1.5, SLM2.9, and SLM4.15 reduced
nitrates. However, strain SLM2.9 showed a weak positive reaction. These results are
summarised in Supplemerntary Table S1. Four API kits (BIOMERIEUX) were used to assess
the biochemical propeities of the isolates comprehensively. The coccus-shaped strain SLM1.1
was tested using the API Staph. A positive reaction was observed in tests assessing the
utilization of D-glucose, D-fructose, D-mannose, D-maltose, D-trehalose, D-mannitol, and D-
saccharose, as well as the production of acetyl-methyl-carbinol, arginine dihydrolase, and
urease. After comparison with the Apiweb database (API Staph v5.0), these results suggest that
the SLM1.1 is S. warneri (ID = 99.2%). The remaining Gram-positive rod-shaped strains were
tested using the API 50 CH with CHB Medium, API 20 NE, and API ZYM. These strains were
assessed for almost 90 biochemical, physiological, and enzymatic traits. These results are
reported in Supplementary Table S2 (API 50 CHB with CHB/E Medium), Supplementary
Table S3 (API20 NE), and Supplementary Table S4 (API ZYM). The strains studied displayed
substantial differences in phenotypic traits. The most similar were SLM2.9 and SLM3.12, with
differences only in motility and a few enzymatic activity tests. Strain SLM1.2 exhibited
significantly different assimilation and enzymatic behaviors compared to the other strains, as
indicated by the results of 14 tests. The test results were analyzed using the Apiweb database
(API Staph v5.0 and API CHB50 v4.1). Strains SLM1.4, SLM1.5, and SLM4.15 were
identified as Bacillus cereus with a probability ranging from 80.8% to 96.6%, while isolates
SLM2.9 and SLLM3.12 were identified as Bacillus mycoides with a probability of 89.1% to
95.5%. Strain SLM1.2 was designated as Brevibacillus non-reactive by the Apiweb



application; however, many contradictory results were observed, suggesting that the correct
species may not yet be included in the Apiweb database. The results of phenotypic
identification using Apiweb are summarized in Table 1.

It should be noted that in most cases, the identification of cultured strains using the apiweb™
tool is approximate at best. For example, the two strains identified as Bacillus mycoides are, in
fact, Bacillus thuringiensis, as determined by the formation of parasporal crystals (Fig. 4) and
the absence of rhizoid-type growth on the medium (data not shown). Also, other identification
results (such as “Brevibacillus non-reactive" and “Bacillus cereus 2”) are somewhat vague and
not precise. Therefore, the method, including the usage of the apiweb™ tool, is not
recommended for the identification of Bacillus species. The reason for this may be limited or
outdated data on the phenotypic reactions of Bacillus strains in the commercial database, which
is primarily used for clinical strains.

16S rRNA gene sequencing

To identify the cultivable isolates by genotyping, the bacterial 16S rRNA genes were amplified
and sequenced (Supplementary File S1). The alignment of seven sequences shows that 16S
rRNA genes are identical in SLM1.5 and SLM4.15 strains and 2.9 and 3.12 isolates (Fig. 4).
Isolates SLM1.2 and SLM1.4 cluster together, while SLM1.1 is genetically most distant to all
the others.

The obtained 16S rRNA sequences were also aligned wiih data deposited in the GenBank
database,?? using the BLAST tool. Strain SLM1.1 was identitied as Staphylococcus warneri,
which aligns with the result obtained using phenotypic identification. The remaining strains
were assigned to the genus Bacillus; however, the exact species identification is not
unequivocal because of identical 16S rRNA gene sequences in closely related Bacillus species
(Table 1). In the case of SLM 1.5, 2.9, 3.12, and 4.15, the genotypic approach indicates equal
similarity to B. cereus sensu lato, described as “a group of bacteria displaying close
phylogenetic relationships but a high ecological diversity”.?* These results align with the
phenotypic approach, which identifies these four isolates as "Bacillus cereus" or "Bacillus
mycoides" - also membeis of the B. cereus sensu lato group. In the case of SLM 1.2 and 1.4,
the comparison of 16S rRNA shows their similarity to three species within the B. licheniformis
clade: B. haynesii, B. licheniformis, and B. sonorensis.

Discussion

The surface of all lithic cultural architecture is covered by organisms representing various
taxonomic and ecological groups.

Literature research has highlighted how the biodiversity of species populating lithic heritage
contributes to the biodeterioration process of stone.?*2° However, microorganisms, despite
their potential role as agents of biodeterioration, can also be used positively for the conservation
and restoration of cultural heritage, thanks to their "dual activity." Recent studies have reported
that some microorganisms are also capable of producing biocalcite, which can help consolidate
stone surfaces.!>27-2?

It should not be underestimated that the abundance of specific microbes associated with lithic
heritage can threaten the health of tourists (who are usually continuous in the city of Matera,
with peaks in influx during the months of June-August and the Christmas and Easter holidays)



and the personnel responsible for maintaining the artifacts. It is therefore clear that human
activity (including improper management of the asset) and microclimatic conditions favorable
to proliferation (high humidity, temperature, lack of ventilation) are factors that should not be
underestimated.

To accurately assess the potential impact of the biocoenosis of lithic monuments on surface
biodeterioration, bioconsolidation, or human health, the primary task is to identify the
organisms that inhabit a cultural monument. Considering the above, this work aimed to detect
and characterize the prokaryotic communities inhabiting the interior walls of SLM, a rock-
hewn church designated a UNESCO World Heritage Site.

The results of this study demonstrate the dominance of bacteria from the phylum Bacillota on
the internal walls of SLM, a Rupestrian church designated as a World Heritage site. This
dominance drew our attention to this group. The metagenomic approach and the culture-
dependent part of the study suggest that most of the microbiota are represented by the genus
Bacillus. Additionally, one S. warneri strain has been isolated. The prevalence of Bacillus
species may be due to the specific environmental conditions (which are very similar across all
sampling sites within the church) and the ability of the bacteria to produce endospores, which
are dormant forms that allow bacteria to survive unfavourable conditions, such as low nutrition.
This finding is in line with studies suggesting that the carbonate stoue (like the one constituting
the SLM walls) is favourable for the settlement of spore-forming bacteria.'#3°

The genotypic approach showed that the Bacillus species isolated in SLM are closely related.
Strains SLM1.5, 2.9, 3.12, and 4.15 form a separate clade (Fig. 4), and their 16S rRNA gene
sequences are more than 99.9% identical. Moreover, the sequences are similar between strains
SLM1.5 and 4.15 and between strains SIL.M2.9 and SLM3.12. Also, the isolates SLM1.2 and
SLM1.4 are genetically identical (>99.8% identity of their 16S rRNA). This observation
suggests a low diversity of Bacillus strains inhabiting the internal walls of SLM. However,
despite the high similarities depicted in the genotypic approach of the study, the phenotypic
characterization revealed the unique nature of the isolates, i.e., each one has a distinct
phenotypic profile (Supplementary Tables S1, S2, S3, and S4). This diversity of physiological
and morphological traits reflects the potential complexity of metabolomes in the bacterial
communities inhabiting the internal walls of SLM.

Two isolates obtained in this study (SLM2.9 and SLM3.12) were identified as B. thuringiensis
species based on their ability to produce parasporal crystals during sporulation. The crystal
formation is a distinctive and discriminating feature upon which B. thuringiensis can be
distinguished from other closely related, genetically indistinguishable bacteria within the B.
cereus group (also known as Bacillus cereus sensu lato), namely: B. anthracis, B.
bingmayongensis B. cereus (sensu stricto), B. cereus biovar anthracis, B. cytotoxicus, B.
gaemokensis, B. manliponensis, B. mycoides, B. pseudomycoides, B. toyonensis, B.
weihenstephanensis and B. wiedmannii.?>*' The identification of SLM2.9 and SLM3.12 as B.
thuringiensis is supported by comparing their phenotypic traits with the Apiweb™ database
and 16S rRNA sequencing. Both approaches indicate species within the B. cereus sensu lato
group (Table 1). B. thuringiensis is commonly considered pathogenic to different invertebrate
groups, such as insects or nematodes. The toxicity of B. thuringiensis towards invertebrates is
attributed to the biocidal activity of Cry and Cyt proteins present in the parasporal crystals.??
This bacterium has been isolated from various sources, including soil, phylloplane, dead
insects, food products, and mammalian guts, among others. To the best of our knowledge, this



is the first isolation of B. thuringiensis from such a characteristic environment as the internal
limestone surfaces of a Rupestrian church. Previously, various Bacillus spp. bacteria have been
reported from stone buildings.?” Noteworthy is that B. thuringiensis constituted a significant
percentage of isolates obtained from the samples (two out of seven). Crystals with specific
shapes display biological activity against certain groups of invertebrates. For example,
bipyramidal crystals are typically found in lepidopteran-active B. thuringiensis strains, whereas
spherical (ovoid) crystals contain proteins that are active against dipteran insects.*’=* Also, it
is worth considering why B. thuringiensis entomopathogens can be observed in SLM, though
it is an environment where insects are scarcely found (LS personal communication). Although
seemingly peculiar, our observation aligns with the work of Martin and Travers,* who found
that the abundance of insects at a sampling site does not predict the presence of B. thuringiensis,
and vice versa. The bacterium has been discovered in invertebrate-scarce environments.
Additionally, B. thuringiensis has been observed to cause epizootic outbreaks very rarely.
Therefore, the results presented in this paper contribute to the discussion by proposing an
alternative, "insect-independent” life cycle of B. thuringiensis, for example, a plant symbiont
role.?'37 The coexistence of B. thuringiensis and the abundance of autotrophic organisms, such
as mosses identified as G. pulvinata and T. muralis in SLM sampling sites, could be a trail
worth following to test the theory mentioned above.

Identifying unequivocal species was impossible for the remaining Bacillus strains obtained
from SLM samples. However, two isolates (SLM1.5 and SI.M4. 15) are likely also members of
B. cereus sensu lato, based on their phenotypic and genotypic characterization. As summarised
previously, certain bacteria within this group (namely some strains of Bacillus cereus sensu
stricto) can be pathogenic towards mammals (incinding humans), causing diarrheal and emetic
syndromes,’! they are mostly considered opportunistic pathogens.®® Also, many avirulent
strains of B. cereus are noted - these microbes may act as plant symbionts (similar to closely
related B. thuringiensis discussed above), i.e., promoting plant growth. Furthermore, the role
of B. cereus as an animal syinbiont cannot be excluded.?' The remaining two of the Bacillus
strains characterized in this study (SLM1.2 and SLM1.4) show a high degree of genetic
similarity with B. licheniformis, B. haynesii, and B. sonorensis — closely related, non-
pathogenic species within the B. licheniformis clade *. However, comparing the phenotypic
traits between the reference strains**#! and SLM1.2/SLM 1.4 isolates suggest that the latter may
be different biotypes or even novel species within the B. licheniformis clade.

Apart from the six Bacillus isolates characterized in this work, the S. warneri strain (SLM1.1)
was also detected in SLM. S. warneri usually occurs as a harmless human skin commensal.*>#3
This species cannot produce endospores; thus, it is much less resistant to adverse environmental
conditions than the Bacillus species. Since S. warneri’s growth outside the human body is
rather unlikely, its presence on stone surfaces may be transient, and we can speculate that it
may be linked to people visiting the SLM church. The fact is that during visits, tourists can
unintentionally bring with them and diffuse many microorganisms, such as algae, fungi, or
bacteria.*%.

In conclusion, the bacterial community inhabiting the internal walls of the Rupestrian church,
known as SLM, has been unveiled through metagenomic analysis. The predominance of
Bacillota, primarily the genus Bacillus, has been observed in this environment. The culture-
dependent part of the study has fully confirmed the substantial overrepresentation of Bacillus
spp. - the isolated strains belong to the closely related B. cereus sensu lato group or B.



licheniformis clade. However, despite the high genetic similarity of the isolates, they show
significant differences in their phenotypic features, suggesting a rich metabolome in the SLM
lytic architecture. Interestingly, entomopathogenic strains of B. thuringiensis are also present
among the obtained isolates. The study also identifies S. warneri, a human skin commensal,
likely introduced by visitors, underscoring the impact of human activity on the microbial
landscape of cultural heritage sites. In any case, the composition of the SLM bacterial
community does not indicate any severe microbiological hazards to visitors. Overall, the
research underscores the importance of understanding microbial colonization and its
implications for preserving and managing historical monuments. Future studies should explore
the potential biocidal and bioprotective roles of these microbial communities and their
interactions with other biotic and abiotic factors to develop effective strategies for preserving
such invaluable cultural heritage.

Conclusion

This study reveals the microbial diversity inhabiting the internal limestone surfaces of the Santa
Lucia alle Malve Rupestrian Church. The dominance of Bacillus species, particularly those
within the B. cereus sensu lato group and B. licheniformis clade, highlights the potential role
of spore-forming bacteria in biodeterioration and bioprotection. The presence of B.
thuringiensis and S. warneri highlights both the ecological comiplexity and the human influence
on the microbial landscape. These findings underscorc the importance of microbial
characterization for effective conservation strategies and suggest future research directions to
investigate microbial interactions and their implications for the preservation of cultural
heritage.

Materials and methods

Sampling

The sampling was conducted in May, a period with a moderate influx of tourists. This choice
was motivated by Matera's touristic importance and the uniqueness of its Sassi, which attract
large numbers of visitors.

The month of May was characterized by a mild and pleasant climate, typical of the spring
period, with mild temperatures and a relatively low number of rainy days, as reported in Fig.
1.

Samples were collected from the surfaces of inner limestone according to the Italian Cultural
Heritage Ministry's Recommendation No. 3/1980 by scraping off the material into sterile tubes
using a scalpel and touching the surfaces with sterile, dry swabs. Collected samples were
marked as SLM1/2/3/4, SLM indicating their origin from SLM, and numbers indicating the
sampling site inside the church, as shown in Fig. 6.

It should be noted that the church (*lat/lon 40°39'47.69"N / 16°36'44.79"E ) consists of a single
space divided into multiple areas only by natural limestone beams.

Samples were stored in laboratory-controlled conditions ,without additives until they were used
for analysis.



Bacterial strain isolation

The material obtained from four sampling sites (SLM1-4) was used to isolate viable, cultivable
bacteria. Bacterial strains were isolated by suspending collected sample material in 500 pL of
sterile Ringer's solution (MERCK, Italy), vertexing for 10 minutes, and pipetting a 100 pL
aliquot into 5 mL of Plate Count Broth (PCB; 0.5% tryptone (SIGMA-ALDRICH, (MERCK),
Germany), 0.25% yeast extract MICROBIOL S.R.L, Italy), 0.1% glucose (SIGMA-ALDRICH
(MERCK) Germany), pH 7.0). After 24 h of incubation at 30°C, the bacteria were streaked
onto Plate Count Agar (PCA; PCB supplemented with 1.5% agar (MICROBIOL S.R.L., Italy))
and further incubated at 30°C for 7 days. The isolation procedure was designed to recover a
qualitative representation of the cultivable bacterial microbiota, rather than to provide an
exhaustive quantitative assessment of isolate abundance at each site and thus, from the total
pool of colonies obtained across all four sites, seven single bacterial colonies, representing
various morphologies (shape, size, margin, and appearance), were transferred to sterile PCA
plates to obtain pure cultures. Isolated strains were named according to their sampling sites
(e.g., SLMI1.1 and SLM1.2, indicating two strains isolated from sampling site 1). The strains
were stored in laboratory-controlled conditions at -80°C in 20% glycerol (SIGMA-ALDRICH
(MERCK), Germany), until they were used for analysis.

16S rRNA gene sequencing

According to the manufacturer's instructions, the bacterial DNA was extracted from the pure
culture stains using the Bacterial & Yeast Genomic DNA Purification Kit (EURx, Poland) and
subsequently quantified spectrophotometrically at 260 nm. The 16S rRNA gene was amplified
in a PCR reaction using fDI (AGAGTTTGATCCTGGCTCAG)* and 1DI1
(GACGGGCGGTGTGTACA)*7*8 primers. PCR mixtures contained ~60 ng of bacterial DNA,
0.25 uM of each primer, and OptiTag PCR Master Mix (EURX, Poland) diluted according to
the manufacturer's instructions. After an initial 3-minute denaturation at 94°C, 28 amplification
cycles were carried ont, consisting of 25 seconds denaturation at 94°C, 30 seconds annealing
at 54°C, and 1 minute clongation at 72°C, followed by a final elongation step of 7 minutes at
72 °C, PCR products were separated by electrophoresis in a 1.5% agarose gel. Amplicons were
purified using EPPiC Fast (A&A BIOTECHNOLOGY, Poland) and subjected to Sanger
sequencing with BigDye 3 chemistry and a Genetic Analyzer 3130xl (APPLIED
BIOSYSTEMS, USA) according to the manufacturer's protocols. The phylogenetic tree was
inferred using MEGA 7.0.20 software® with the Neighbour-Joining method, and the
evolutionary distances were computed using the Maximum Composition Likelihood method.
A search set based on BLAST?? with the "rRNA/ITS database" was used, and the obtained
sequences were aligned to determine the closest known relative species.

Metagenomic analysis

The hypervariable V4 region of the 16S ribosomal RNA (rRNA) gene was amplified from
samples collected in SLM to assess bacterial community composition. PCRs were carried out
using  double-indexed  V4F  (CGATCAGCAGCCGCGGTAATA) and V4R
(ATGGACTACCAGGGTATCTAA) primers®' fused with dual-indexed adapters for
sequencing in the lon Torrent system (THERMO FISHER SCIENTIFIC, USA). All PCRs were
performed in duplicate, each with a final volume of 10 ul containing Hot FIREPol DNA



polymerase (SOLIS BIODYNE, Tartu, Estonia), 0.25 uM of each primer, and 1 pul of template
DNA. The following thermal program was used: 95°C (12 min), then 30 cycles of 95°C (15 s),
50°C (1 min), 72°C (30 s), and final incubation at 72°C (5 min). The reaction without a DNA
template and with blank DNA extraction was used as a negative control. Sequencing was
performed using the Ion PGM Hi-Q View Sequencing Kit (THERMO FISHER SCIENTIFIC,
USA) and Ion 318 chip (THERMO FISHER SCIENTIFIc, USA) on the lon Torrent PGM
system according to the manufacturer's protocol.

Bioinformatic analyses were performed as described elsewhere.>? Briefly, raw sequence data
were pre-filtered using Ion Torrent Suite 5.10.1 to remove polyclonal and low-quality reads.
Sequences <200 bp were excluded in Geneious R11.1.5 (BIOMATTERS LTD., Auckland,
New Zealand). Low-quality bases were trimmed using Trimmomatic3® v0.39 and FASTX-
Toolkit.>* Reads were then demultiplexed and primer-trimmed in Geneious RI11.1.5.
Operational taxonomic units (OTUs) were clustered from 4,214,541 reads at 97% similarity
using USEARCH?® v11.0.667 and denoised into zero-radius operational taxonomic units
(ZOTUs). Singletons (<10 reads) and chimeras were removed using the default settings in
UCHIME25¢ v4.2.40. The remaining ZOTUs were taxonomically assigned against the SILVA
SSU rRNA database (https://www.arb-silva.de/) using ARB for small subunit ribosomal
RNAs>7 v138. The UNCROSS2°® algorithm was used to remove ZOTUs detected in control
samples from the dataset.

Phenotypic characterization

Following the manufacturer's instructions, the API galleries (BIOMERIEUX, France) were
used to determine the majority of bacterial phenotypic features. The following kits were used
in this project: API Staph (standardized test for the identification of the genera Staphylococcus,
Micrococcus, and Kocuria), API 50 CH with CHB/E Medium (standardized test for the
identification of genus Bacillus and related genera), API ZYM (standardized test for
semiquantitative analysis of bacterial enzymatic activities) and API 20 NE (standardized test
for the identification of non-fastidious, non-enteric Gram-negative rods). The results were
compared with those of an Apiweb database (BIOMERIEUx, France) to determine the species
of each isolate. According to the manufacturer's recommendation, Microbact Oxidase
Detection strips (OXOID, UK) were used to investigate cytochrome C oxidase activity.
Catalase activity tests, Gram stain reaction, and nitrate and nitrite reduction tests were
performed as elsewhere described,> except that liquid media were used instead of semisolid
media in the latter procedure. The motility of the bacteria and hydrogen sulfide production
were checked in a semisolid SIM medium (DIFCO, USA) after 24 h of incubation at 30°C.
Sporulation was assessed using methods previously described.®® Briefly, colonies were grown
for 24 h at 30°C on BHI medium (OXOID, UK). Subsequently, bacteria were plated on the
sporulation medium® and incubated for an additional 4 to 5 days. The collected
microbiological material was stained with amido black (POL-AURA, Poland) for 60 s and
carbolfuchsin (POL-AURA, Poland) for 20 s, and examined using a light microscope.
Additionally, both vegetative cells and biological material obtained through the sporulation
procedure were analyzed using a Zeiss Evo 40 Scanning Electron Microscope (SEM). Samples
were fixed in 2% glutaraldehyde (Polysciences, USA), buffered with 0.1 M sodium cacodylate
(POLYSCIENCES, USA), pH 7.2, air-dried, attached to stubs with double-sided sticky tape,
and coated with gold before being observed in the SEM.
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Figure legends
Fig.1. Climate parameters for Matera in May 2020

Fig. 2. The percentage of phyla constituting the microbial community within samples collected
in Santa Lucia alle Malve church.

Fig. 3. Light microscopic (left side) and scanning electron microscopic (right side)
observations of the strains post sporulation. a, b) SLM1.2; ¢, d) SLM1.4; e, f) SLM1.5; g, h)
SLM2.9; 1, j) SLM3.12; k, 1) SLM4.15. Red arrows indicate parasporal crystals characteristic
for B. thuringiensis strains.

Fig. 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.

Fig. 5. Macroscopic observation of Santa Lucia alle Malve church: a, b) frontal facade; c-f)
internal view showing moss and algae growth as well as deterioration of frescoes.

Fig. 6. Axonometry of Santa Lucia Alle Malve with sampling sites (SLM1-4) indicated. Arrow
shows main entrance to the structure.



Table 1: Genotypic and phenotypic identification of strains isolated in Santa Lucia alle Malve
rupestrian church.

.. . . Genotypic identification (closest
Phenotypic identification identified phylogenetic relatives)
Strain ID 16S
Species Probabilit Species sequence
p y (%) p identity
(%)°
. Staphylococcus
SLM1.1 Staphylococcus warneri 99.2 . 100
warneri
SLMI1.2 | Brevibacillus non-reactive | 97.9 | Bacillus c’izgsz‘”m’s >99.61
SILM1.4 Bacillus cereus 2 96.6 Bacillus licheniformis >99.67
clade
) Bacillus cercus sensu
SLM1.5 Bacillus cereus 2 96.3 ) 100
r-
. . Bacillus cereus sensu
SLM2.9 Bacillus mycoides 95.5 lato >99.79
o ) Bacillus cereus sensu
SLM3.12 Bacillus mycoides 92.3 lato >99.79
) Bacillus cereus sensu
SLM4.15 Bacillus cereus 2 80.8 lato 100

2 - the probability of correct identification according to the apiweb™ database

b - the percent identity between the 16S rRNA partial gene sequence of each tested strain and
the most closely related strains shown in the BLAST alignment results
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