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Microbiological methodologies allow understanding the causes that lead to the
development of a certain microbial community colonizing an artistic surface, to
characterize its composition and describe its role in the deterioration of the constituent
materials. Metagenomics allows identifying microbial communities directly in their natural
environments, bypassing the need for isolation and cultivation of individual species,
thus providing a more comprehensive picture of the biodiversity present on a surface
compared with standard cultivation methods. Furthermore, molecular analyses require
small amounts of material, favoring the preservation of the artistic surface during
sampling. Here, we verified the suitability of a protocol consisting in DNA extraction with
micro-invasive sampling, using adhesive tape, PCR amplification with universal primers
[bacteria (16S), fungi (ITS), and Viridiplantae (18S)], and amplicon sequencing by Oxford
Nanopore Technologies (ONT) in the hypogeum of Basilica di San Nicola in Carcere
Church (Rome, Italy). Sequence data were analyzed with a bioinformatic pipeline
customized for pinpointing cultural heritage spoiling organisms, named “AmpLIcon
SequencIng Analysis” (ALISIA). These data were integrated with traditional microbiology
techniques that allowed the isolation of cultivable bacteria; three species were also
characterized through their capability of biofilm formation and antibiotic resistance.
Further, Fourier-transform infrared spectroscopy (FTIR) spectroscopy was performed to
characterize the main products present on the masonry surface providing indications
on the type of decay present. This novel biological workflow represents a powerful
opportunity to investigate the microbial colonization of artistic surfaces aimed at
implementing preservation strategies of cultural heritage from bio-spoilage.

Keywords: nanopore, bioinformatic, microbial community, artistic surfaces, non invasive approach

INTRODUCTION

Cultural heritage (CH), such as statues, books, paintings, and frescoes, may be frequently
exposed to the effects of physical and chemical deterioration. Moreover, microorganisms may
interact among them and with the surface, establishing a real ecosystem with trophic chains and
microbiological successions (Caneva and Salvadori, 1989). Biological interaction with the CH
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may be an important cause of biodeterioration (Sterflinger and
Piñar, 2013). Microorganisms, in fact, carry out micro- and
macrosurface decoesidation processes causing physical damage
and activate chemical degradation processes due to the emission
of primary and secondary metabolism products and assimilation
processes that can occur with or without the production of
extracellular enzymes (Pinna and Salvadori, 2005). The aesthetic
damages are among the most obvious and often compromise
the readability of the work. They are due to the precipitation
of mineral phases or to the presence of biofilms, which may
have different thickness, microstructure, and color. The color
depends on the type of biocenosis, the stage of development
and the growth phase of the microorganisms involved, and
the eventual endo-pigments produced (Warscheid and Braams,
2000). Adopting microbiological methodologies in order to
understand the causes that lead to the development of a
certain microbial community, identifying its composition, and
describing its role in the deterioration of the constituent materials
are the first important and necessary steps for understanding
the effects of microorganisms on CH. The identification of
certain microorganisms on the surface of an artistic object does
not link them directly as responsible for deterioration. In fact,
some microorganisms might derive from secondary colonization,
and therefore, their activity is addressed to organic substances
released in the environment by death and lysis of pioneer species
(Radaelli et al., 2004). Thus, the reconstruction of the succession
of populations on the surface is the only way to understand
the role of each identified species in the deterioration process
(Caneva et al., 2008). Furthermore, a microbiological point of
view allows identifying and developing strategies to manage
the growth of biodeteriogens and to study fitting prevention
strategies through a better knowledge of the growth-limiting
nutrients and the dynamics of biological aerosol diffusion for
the conservation and protection of monuments and artworks
(González and Saiz-Jiménez, 2005; Caneva et al., 2008).

Microbial diversity can be explored mainly through two
distinct approaches: isolation and direct cultivation or indirect
molecular analysis. Microorganisms’ isolation and cultivation
is the traditional method for exploring the microbial diversity,
however, it is estimated that only 0.1 up to 3.0% of
the environmental bacteria and up to 70% of fungi (with
huge variability depending upon the genera) are cultivable
using standard cultivation methods (Amann et al., 1995;
Hanson et al., 2016).

On the other hand, molecular approaches are not linked
to this limit and thus allow obtaining a more comprehensive
picture and a realistic view of the biodiversity present on the
surface. Furthermore, by repeating molecular analysis at different
moments in time, it is also possible to retrieve important
information regarding the history of successive colonization.
Another advantage of the use of cultural-independent molecular
methods is the significant reduction in the quantity of material
that these methods require for sampling. This is an important
aspect to consider when working on artistic objects in order
to preserve their integrity. Metagenomics is the application
of modern genomics techniques to the study of communities
of microbial organisms directly in their natural environments,

bypassing the need for isolation and lab cultivation of individual
species (Hugenholtz, 2002; Rappé and Giovannoni, 2003).
Within the molecular techniques, next generation sequencing
(NGS) metagenomics-based methods represent a minimally
invasive and powerful opportunity to investigate the microbial
communities, composition, and functional diversity that may be
present on artistic surfaces or in different environments from soil
to human gut (Gutarowska et al., 2015). Nonetheless, molecular
analysis investigation methods should preferably be supported
by cultural-dependent methods, which allow the study of the
physiology and metabolism of the isolated microorganisms and
understanding of their potential role in biodeterioration (Qi-
Wang et al., 2011; Otlewska et al., 2014).

This work aims at identifying by molecular methods, namely
ONT sequencing, the microbiological composition of the
hypogeum of one of the most characteristic Roman monuments
for architectural and historical formation: the Basilica di San
Nicola in Carcere Church, in Rome. The structure incorporates
three temples and a medieval tower transformed into a bell tower.
The Church shares the basement and part of the structures with
three Roman temples below; its location near the Tiber River
has made it vulnerable since its first construction in 1128 AD.
Indeed, the high level of humidity present in the masonries made
necessary the periodic reconstruction of its frescoes, which in the
last version date back to the XIX century.

Micro-invasive sampling of the hypogeum involving the use
of adhesive tape was performed; due to the low recovery of
materials, we inserted a PCR amplification step of the total
DNA extracted, using universal primers for three kingdoms,
16S for bacteria, ITS for fungi and 18S for Viridiplantae.
We then used a metagenomics approach for sequencing the
amplicons through ONT and analyzing the output data with
a customized bioinformatic pipeline. Parallel, from the same
area of sampling, microbial and chemical characterizations were
performed. Specifically, cultivable bacteria were evaluated, and
three isolates were analyzed in terms of antibiotic resistance and
biofilm formation ability, in order to highlight the importance of
a combined approach to investigate biodegradation phenomena.

MATERIALS AND METHODS

Sampling for the Molecular Analysis and
Bacteria Isolation
In this study, two different approaches were used in order to
investigate the presence of microorganisms on CH surfaces:
isolation of microorganisms for the nanopore sequencing
analysis and isolation of cultivable bacteria for Fourier-transform
infrared spectroscopy (FTIR) analysis. For the sequencing
analysis, biological material was collected using a non-invasive
or micro-invasive sampling technique for CH and using adhesive
tape (Urzí and De Leo, 2001). This non-invasive sampling
technique allows collecting enough biological material, without
affecting the integrity of the CH. The adhesive tape sampling
method was used for collecting samples in Basilica di San Nicola
in Carcere Church in Rome for metagenomics analysis along the
hypogeum wall of the church. Samples collected (n = 6) were
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pooled in two samples (Samples 1 and 2) and stored in 50 ml
sterile tubes at −20◦C until the DNA extraction procedures. In
the cases of isolation of cultivable bacteria and FTIR analysis,
cotton swabs were utilized for sampling very near the area
where adhesive tape sampling was performed. Cotton swabs were
pressed firmly over the surface of the wall and then placed in
sterile tubes containing 2 ml of Nutrient Broth (NB). Successively,
samples were incubated in the laboratory at 30◦C for 24 h and
plated on NB agar plates. Plates, further incubated at 30◦C for
24 h, allowed the isolation and purification of morphologically
different colonies. Bacterial isolates were then identified at the
molecular level by the amplification of 16S rDNA.

DNA Extraction and rDNA Amplification
Genomic DNA extraction was performed using the C-TAB
III extraction method as described in Scala et al. (2017),
with some modifications. Adhesive tape used for collecting
the samples was grounded in liquid nitrogen in the presence
of polyvinylpolypyrrolidone. The first step of extraction was
performed in a 50 ml tube in presence of 1.5 ml of C-TAB I, 1.5 ml
of SOL2A, and 15 µl of Proteinase K (20 mg/ml) and incubated
at 55◦C at 250 rpm overnight. After this first step, the extraction
was performed as protocol. Total DNA extract was resolved by
electrophoresis in agarose gel (1%).

Spectrophotometric quantification was performed using
a ThermoScientific NanoDrop spectrophotometer, and DNA
purity was assessed through the evaluation of 260/280 and
260/230 absorbance ratios. PCR amplification was performed
on about 50 ng of DNA of each sample using rDNA kingdom-
specific primers; 27 For (5′-GAGATTTGATCCTGGCTCAG-3′)
and 1495 Rev (5′-CTACGGCTACCTTGTTACGA-3′) primers
were used for the bacteria rDNA 16S region (Lane, 1991);
ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-
TCCTCCGCTTATTGATATGC-3′) primers were used for the
fungi rDNA 18S region (Glass and Donaldson, 1995); and
EUK-A (5′-ACCCTGGTTGATCCTGCCA-3′) and EUK-B
(5′-TGATCCTTCTGCAGGTTCACCTAC-3′) primers were
used for the Viridiplantae rDNA 18S region (Medlin et al., 1988).
Amplification was performed by using Taq polymerase (Bioline),
and the PCR products were verified through gel electrophoresis
in agarose gel (1%).

Amplicon Sequencing
Amplicon sequencing was performed on PCR products deriving
from the rDNA amplification belonging to bacteria, fungi, and
Viridiplantae present in the total DNA extracted from adhesive
tape. PCR products were sequenced through Oxford Nanopore
Technologies (ONT) by a MinION sequencer. A total amount of
200 ng using a ratio of 1:1:1 for 16S, ITS, and 18S PCR product
was used for sequencing. Rapid barcoding of PCRs was carried
out following the protocol released by ONT (SQK-RBK004).

A customized bioinformatic pipeline called “AmpLIcon
SequencIng Analysis” (ALISIA) was used in order to pinpoint
CH spoiling organisms. ALISIA uses BLASTn version 2.8.1+
(Camacho et al., 2009) following a few steps: (i) Each read is
analyzed and associated to a single taxon. (ii) Final output is
divided into the three analyzed kingdoms: bacteria, Viridiplantae,

and fungi. (iii) Reads are filtered by matching length in order
to remove eventual sequencing artifacts following these criteria:
700–1,500 bp for bacteria reads, 250–2,000 bp for Viridiplantae
reads, and 500–1,200 bp for fungi reads (Medlin et al., 1988;
Lane, 1991; Glass and Donaldson, 1995); moreover, the reads
were selected by e-value ≤ 1·10−6, length of alignment ≥80%,
and percentage of identical matches ≥85% because of the high
error rate of the ONT MinION sequencer (Tyler et al., 2018). (iv)
Lastly, a virtual gel, representing the density of the sequenced
reads, was drawn in R version 3.6.1 (R Core Team, 2018) and
using the package ggplot2 version 3.2.0 (Gómez-Rubio, 2017) in
order to emulate a DNA electrophoretic run for comparison.

Isolation and Characterization of
Bacterial Strains
Different bacteria were isolated from the hypogeum wall in
Basilica di San Nicola in Carcere Church, in Rome. Molecular
characterization of the isolated bacteria was performed
by DNA extraction according to Bergkessel and Guthrie
(2013) and the amplification of a region of approximately
1,400 bp from the 16S rRNA gene using the primers F8
(5′-AGAGTTTGATCCTGGCTCAG-3′) and R1492 (5′-
GGTTACCTTGTTACGACTT-3′). The PCR reaction was
performed utilizing Taq DNA polymerase from Accuzyme
DNA Polymerase (Bioline). BMR Genomics (Padova, Italy)
sequenced the amplified region, and the obtained sequences
were analyzed with the BLAST database. The bacterial species
used in this work were Paenibacillus pabuli IP3 (accession
number: MN493858), Kocuria rhizophila IP5 (accession number:
MN493859), Bacillus licheniformis IP7 (accession number:
MN493860), and Stenotrophomonas maltophilia IP9 (accession
number: MN493861).

Bacterial strains isolated from hypogeum surfaces were grown
in NB at 30◦C.

Antibiotic Susceptibility Tests
Antibiotic susceptibility tests were performed according to
Schifano et al. (2019). Overnight cultures of the different bacterial
cultures (100 µl) were spread onto NB agar plates. Then,
antibiotic disks were placed on plates, which were incubated for
24 h at 30◦C. The zones of inhibition were measured from the
center of the disk and recorded.

Biofilm Formation Assay
The biofilm formation assay on the plastic surface was performed
as described in Zanni et al. (2017) with some differences. Briefly,
each well was filled with 200 µl of NB broth and a concentration
of each bacterial stain of 1·107 cell/ml, in triplicate. Wells without
bacteria were utilized as controls. Next, plates were incubated
at 30◦C for 24 h, and Crystal Violet assay was performed. The
experiment was repeated three times with three replicates for
each treatment. For biofilm formation on glass, 1·107 cells/ml of
each bacterial strain were separately inoculated in 3 ml of NB,
put in a 35 mm Petri plate with a sterile cover slide, and then
incubated at 30◦C. After 24 h, cultures were gently removed,
washed twice with sterile water, and stained using SYTO9
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staining (Kit 7012, Invitrogen, Mount Waverley, Australia) for
15 min at room temperature in the dark. Stained cells were
observed under a Zeiss Axiovert 25 fluorescence microscope.

Chemical Characterization by FTIR
Analysis
The chemical analysis of the efflorescence present on the
hypogeum of the church was performed by infrared spectroscopy
with a Fourier-transform infrared spectrometer (FTIR, Vertex
70, Bruker Optik GmbH, Ettlingen, Germany) equipped with
a single-reflection Diamond ATR cell, a standard MIR source
(HeNe), and a room temperature DTGS detector. The ATR-FTIR
spectra were recorded with 256 scans in the mid-infrared range
(400–4,000 cm−1) at a resolution of 4 cm−1.

RESULTS

ALISIA
PCR amplifications were performed on the two sampling pools
(Samples 1 and 2) derived from the hypogeum of Basilica di San
Nicola in Carcere Church (see section “Materials and Methods”)
in order to investigate the presence of organisms belonging to
bacteria, fungi, and Viridiplantae using, respectively, specific
rDNA 16S, ITS, and 18S region primers (see section “Materials
and Methods”). Electrophoresis agarose gel verified the presence
and the length of amplification products for all three regions
investigated. Both genomic DNA from Sample 1 and Sample 2
provided amplicons with each kingdom-specific primer: (i) ITS
(fungi), one for Sample 1 at ∼600 bp and two separate bands at
∼600 and ∼900 bp in Sample 2; (ii) 18S (Viridiplantae), both
samples resulted as positive to a single band ∼1,800 bp; and
(iii) 16S (bacteria), single band in both samples at ∼1,500 bp
(Figure 1A). However, in every PCR run, a light smear could
be identified near the bands of the expected size; this possibly
indicated the presence of the DNA of several microorganisms.
ONT MinION sequencing was assessed to rapidly classify the
PCR amplicon products: the run produced ∼6 Mb of data
(∼100 k reads) and ∼11 Mb of data (∼190 k reads) respectively
for Samples 1, 2. A customized bioinformatic pipeline called
ALISIA was used in order to pinpoint CH spoiling organisms.
The sequenced reads were analyzed following four basic steps
described in section “Materials and Methods.” In the first two
steps, 94,353 reads for Sample 1 and 155,506 reads for Sample
2 were assigned to a taxon (∼80% of the total reads). In the
third step, 21,597 reads corresponded to the bacteria kingdom,
47,729 to fungi, and 5,571 to Viridiplantae for Sample 1, while
in Sample 2, 34,803 reads corresponded to bacteria, 36,176 to
fungi, and 1,055 to Viridiplantae (Figure 2), however, 19,456
reads for Sample 1 and 83,472 reads for Sample 2 corresponded
to the Metazoa and Protista kingdoms, or virus or matched with
unknown organisms. Interesting, 69,056 reads belonged to the
Metazoa kingdom in Sample 2. In fact, the EUK-A and EUK-B
primers could have amplified portions of rDNAs belonging to
this kingdom (Hugerth et al., 2014). Further analysis will bring
to light the convolution of the found species (Table 1). In the
last ALISIA steps, a virtual gel was drawn using the density of

the reads assigned to a specific kingdom in order to emulate, and
in this case compare, a real PCR electrophoretic gel. The virtual
gel shows a similar pattern of read length distribution compared
to the real agarose PCR gel for both fungi and bacteria lanes,
however, in the virtual gel Viridiplantae lanes, the reads were
distributed along the Sample 1 lane, while a very low number
of reads of Sample 2 were found (respectively 2,026 and 304
reads), showing a different pattern compared to the real agarose
PCR gel (Figure 1B). Within these reads, ∼94 and ∼150 k were
associated to a single taxon. In bacteria, “uncultured bacteria” was
the most abundant association found in the NCBI database for
both Samples 1 and 2 (∼1,000 reads, 28.68% of total bacterial
reads for Sample 1; ∼2,000 reads, 32.06% of total bacterial reads
for Sample 2), however, in both samples, Nesterenkonia was
the most abundant genus found (1,666 reads and 812 reads
corresponding to 40.80 and 11.30% respectively for Samples 1
and 2) (Table 1). Although also in fungi, in both samples,∼4,000
reads (respectively 4 and 3% of the total reads for the analyzed
samples corresponding to respectively 49.13 and 65.29% of the
total fungal species found in the samples) were assigned to an
uncultured fungus, in Sample 1, the most abundant fungal taxon
found was Capnobotryella spp. (695 reads, 7.82% of total fungal
reads), a genus already found on monument surfaces (Sert et al.,
2007); while in Sample 2, the most abundant fungal taxon found
was Parastagonospora forlicesenica (1,589 reads, 22.66% of total
fungal reads) (Table 1). The most abundant plant species found
were Parietaria judaica and Platanus occidentalis respectively in
Samples 1 and 2 (374 reads and 51 reads corresponding to 18.26
and 15.84% of the total Viridiplantae reads found). However,
the second most abundant taxon in Sample 2 was “embryophyte
environmental sample” (27 reads, 8.39% of the total Viridiplantae
found in the sample) (Table 1).

Identification and Characterization of
Culturable Bacterial Strains
Since the most abundant reads found were ascribed to non-
cultivable microorganisms, we decided to proceed with standard
isolation techniques, taking the case of the culturable bacteria as
an example. The amplification of 16S rDNA of bacteria isolated
from the hypogeum revealed the presence of different genera:
Arthrobacter, Bacillus, Kocuria, Paenibacillus, Pseudomonas,
Staphylococcus, Stenotrophomonas, and Streptomyces. Among
them, four different isolates, P. pabuli IP3, K. rhizophila IP5,
B. licheniformis IP7, and S. maltophilia, IP9 were further
characterized. An antibiotic susceptibility test was performed
using 19 antibiotics involved in inhibition of cell wall synthesis,
protein synthesis, and nucleic acid synthesis. As reported in
Table 2, all bacterial strains resulted as resistant to aztreonam.
Moreover, S. maltophilia IP9 showed a higher resistance than the
other bacterial strains. It was resistant to 12 antibiotics, among
which were penicillin, erythromycin, and ampicillin. On the
contrary, B. licheniformis IP7 showed a low antibiotic resistance,
since inhibition zones were visible only in the case of tetracycline,
fosfomycin, and aztreonam. Since the biodeterioration process
is mainly caused by microorganisms’ capacity to aggregate and
produce an extracellular matrix able to protect them from
adverse conditions, biofilm formation of bacterial isolates was
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FIGURE 1 | Kingdom rDNA-specific PCR amplicon agarose gel and virtual
gel: (A) Electrophoretic gel (agarose 1%) shows three separate and different
PCR runs for both samples analyzed: ITS1-4 for fungi, 18S EUK-a/b for
Viridiplantae, and 16S for bacteria. Bioline HyperLadderTM 1 kb was used.
(B) Virtual gel showing the distribution of the reads per kingdom. Samples in
the both images are ordered as follows: Sample 1 and Sample 2.

evaluated on both plastic and glass surfaces. K. rhizophila IP5,
B. licheniformis IP7, and S. maltophilia IP9 showed a high
ability of biofilm production on both the two surfaces, while

P. pabuli IP3 resulted as being unable to aggregate on plastic and
glass (Figure 3).

FTIR-ATR Characterization of the
Efflorescence on the Hypogeum Wall
The formation of efflorescences is due to different phenomena,
such as stone weathering. Because of changes in temperature or
humidity, salts can precipitate on surfaces, causing a destructive
effect (Wilimzig, 1996). Salts deposited are composed of a
variety of different chemical compounds, including carbonates,
chlorides, nitrates, and sulfates. Salt efflorescences can be
observed in environments with high levels of humidity, where
they are generated by the action of nitrifying bacteria that convert
the organic compounds into nitrate salts (Castrillón Rivera
et al., 2019). Thus, studying these efflorescences could provide
a means for identifying at least the type of microorganisms
that are spoiling that specific CH. The IR spectra of the sample
showed the presence of typical vibration bands of calcium sulfate
hydrate, known also as gypsum (CaSO4 × 2H2O), centered
at 1,109, 669, and 596 cm−1, as well as the stretching and
deformation vibrations of the O–H bond of water at 3,525, 3,492,
and 3,401 cm−1 and at 1,692 and 1,627 cm−1, respectively. At
1,424 cm−1 is recognized the presence of calcium carbonate;
instead, the absorption at 1,343 cm−1 is due to the presence of
sodium and/or potassium nitrates. A band of silicates was present
at 1,032 and 1,006 cm−1. Gypsum is due to the presence of
sulfates in the masonries of the monument for capillarity rise of
water from the soil. A strong exchange of cations between the
CaCO3 (calcite) of the mortars with the sulfates diluted in the

FIGURE 2 | Bar plot of percentage of the three analyzed kingdoms for both samples. The reads assigned to the bacteria kingdom were 28.8 and 48.3% respectively
for Samples 1 and 2; the reads assigned to the fungi kingdom were 63.7 and 50.2% respectively for Samples 1 and 2; and the reads assigned to the Viridiplantae
kingdom were 7.4 and 1.5% respectively for Samples 1 and 2.
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TABLE 1 | The table shows percentage and raw number of reads of the three analyzed kingdoms for Samples 1 and 2.

Sample 1 Sample 2

Percent Reads Species Percent Reads Species

Bacteria

28.68% 1,171 Uncultured bacterium 32.06% 2,302 Uncultured bacterium

22.95% 937 Nesterenkonia sp. 7.10% 510 Nocardiopsis nanhaiensis

11.46% 468 Nesterenkonia xinjiangensis 6.96% 500 Nesterenkonia sp.

2.25% 92 Pseudonocardia sp. 5.35% 384 Aliihoeflea aestuarii

1.89% 77 Nesterenkonia suensis 4.40% 316 Luteimonas huabeiensis HB2

1.86% 76 Amycolatopsis albispora 3.34% 240 Pseudonocardia sp.

1.86% 76 Kibdelosporangium kanagawaense 2.24% 161 Uncultured Actinomycetales bacterium

1.84% 75 Prauserella sp. 1.99% 143 Lysobacter sp.

1.67% 68 Nesterenkonia aethiopica 1.96% 141 Pseudomonas putida

1.30% 53 Actinophytocola burenkhanensis 1.89% 136 Pseudonocardia autotrophica

Fungi

49.13% 4,365 Uncultured fungus 65.29% 4,578 Uncultured fungus

7.82% 695 Capnobotryella sp. 22.66% 1,589 Parastagonospora forlicesenica

6.47% 575 Devriesia sp. 3.76% 264 Uncultured Devriesia

3.93% 349 Passalora sp. 1.47% 103 Passalora sp.

3.26% 290 Capnodiales sp. 1.25% 88 Devriesia sp.

3.23% 287 Uncultured Ascomycota 0.66% 46 Capnobotryella sp.

2.47% 219 Uncultured sp. 0.66% 46 Neodevriesia lagerstroemiae

2.35% 209 Teratosphaeriaceae sp. 0.58% 41 Teratosphaeriaceae sp.

0.99% 88 Graphiola phoenicis 0.56% 39 Uncultured sp.

0.99% 88 N. lagerstroemiae 0.29% 20 Phlebiopsis gigantea

Viridiplantae

18.26% 374 Parietaria judaica 15.84% 51 Platanus occidentalis

5.37% 110 Trichilia emetica 8.39% 27 Embryophyte environmental sample

3.96% 81 P. occidentalis 6.83% 22 Platanus x hispanica

2.78% 57 Cupressus gigantea 4.66% 15 Juniperus recurva

2.73% 56 Panicum hallii 4.35% 14 C. gigantea

2.64% 54 Urtica angustifolia 4.35% 14 Platanus orientalis

2.59% 53 Citrus clementina 3.73% 12 P. judaica

2.29% 47 Selaginella moellendorffii 3.11% 10 Cupressus sempervirens

2.05% 42 Spondias tuberosa 3.11% 10 Pinus densiflora

1.95% 40 Urtica mairei 2.80% 9 Pinus taeda

The percentages indicate the number of reads of a single taxon over the total number of its kingdom reads.

water creates the condition to crystallize gypsum. The presence
of silicates is aswell justified by crystallization processes with
compounds deriving for capillarity rise of water from the soil.

DISCUSSION

Dealing with CH, the primary concern is that of the preservation
of the artistic surface. In this context, sampling must be
performed adopting the least invasive method possible and
collecting the smallest amount of material required for analysis.
The micro-invasive sampling through adhesive tape only causes
minimal damage to the superficial layer of the artistic object.
However, further investigations could be performed to assess if
the micro-invasive character of the method may be maintained
also in the case of highly fragile artistic surfaces.

Since this sampling method only allows sampling of the
surface of the artistic object, the microbiological components
that might have colonized the porous cavities are excluded. It
was observed that this sampling method allows the extraction
of quantities of DNA enough to carry out genomic analysis
without the need of previous amplification. Even so, the overall
quantity and quality of the extracted DNA was unsuitable for
NGS metagenomics shotgun analysis. To skip this bug, PCR
amplification of rDNA kingdom-specific regions allows us to
exponentially amplify DNA in order to be suitable for NGS
analysis. The use of the ONT MiniION sequencer allows quickly
sequencing samples directly in your laboratory for a rapid and
real-time analysis. More classic sequencing technologies require
a greater amount of time waiting for sequencing data. The
high number of reads related to the amplicons belonging to the
different organisms sampled by micro-tape in the hypogeum of
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TABLE 2 | Antibiotic susceptibility of the four different bacterial strains.

Antibiotic Paenibacillus pabuli Kocuria rhizophila Bacillus licheniformis Stenotrophomonas maltophilia
IP3 IP5 IP7 IP9

Vancomycin − (1.3 cm) − (0.8 cm) − (1 cm) − (0.5 cm)

Clindamycin + + − (0.6 cm) +

Cefalotin + + − (1 cm) +

Tobramycin − (0.7 cm) − (0.5 cm) − (0.7 cm) − (0.5 cm)

Ampicillin − (0.8 cm) − (0.9 cm) − (1.2 cm) +

Cefotaxime + + − (0.7 cm) +

Chloramphenicol − (0.6 cm) − (1 cm) − (1 cm) − (1 cm)

Tetracycline − (1.7 cm) − (0.8 cm) + − (0.5 cm)

Erythromycin − (1.5 cm) + − (0.5 cm) +

Amikacin − (1.1 cm) − (0.6 cm) − (0.9 cm) − (0.5 cm)

Oxacillin + + − (0.5 cm) +

Fosfomycin + − (1.1 cm) + +

Rifampicin − (1.2 cm) − (1.2 cm) − (1.5 cm) +

Gentamicin − (0.7 cm) − (0.7 cm) − (0.7 cm) − (0.4 cm)

Penicillin − (1 cm) + − (1 cm) +

Aztreonam + + + +

Carbenicillin − (0.4 cm) + − (0.7 cm) +

Basilica di San Nicola in Carcere Church have been decrypted
by tailoring a bioinformatic tool for this specific need: ALISIA.
ALISIA is a practical bioinformatic tool that allows you to
analyze quickly raw amplicon sequencing data from different
sequencing technologies, such as Illumina or ONT. The use
of ALISIA in CH metagenomics studies provides a clear and
immediate view of the microbiome present on the analyzed
CH. ALISIA revealed many species present in the microbiome
collected by the adhesive tape sampling method in the three
kingdoms. Despite the large number of species found, in both
the fungi and bacteria kingdoms, the most abundant reads were
assigned, by BLAST analysis, to uncultured microorganisms.
This can be attributed to the impossibilities and difficulties in
isolating microorganisms by traditional cultural methodologies
(Amann et al., 1995; Hanson et al., 2016). Thus, it resulted
as problematic to have confirmation of the reliability of these
taxonomic results.

Interestingly, ALISIA highlighted the presence of different
species of genus Nesterenkonia (Table 1). This genus, belonging
to the Micrococcaceae family, includes mesophilic moderate
haloalkaliphilic species (Stackebrandt et al., 1995). Even if this
genus was not found on the bacteria isolation, Kocuria, a
closely related genus (Stackebrandt et al., 1995), was isolated
and characterized by molecular analysis. Although there is a
mismatch between swab isolation bacteria species found and
ALISIA analysis, further investigations will be carried out in
order to improve ALISIA’s result accuracy in detecting the
microbiome present on a CH surface. In fact, it is difficult to
compare the high specificity that metagenomic analysis can reach
to isolation and cultivation of individual species. A functional
metagenomics analysis can be performed in order to find the
degradation molecular mechanisms involved in the analyzed CH,
completely skipping the identification step, acting directly on the
molecular process. Moreover, despite this being bacteria-centric

work, a wide number of fungal species, likely involved in CH
deterioration, were found. Nevertheless, a plus in the accuracy of
ONT and ALISIA could be suggested by results in 18S amplicon
sequencing: most of the plant species found are tree plants very
common in Rome, such as Platanus, Pinus, or Cupressus, or
herbaceous plants typical of cracks in rock faces: P. judaica. Very
likely, the DNA of these plants belongs to pollen deposited on
sampled wall surfaces. Metagenomic amplicon sequencing by
ONT MinION is revealed to be a fast tool to investigate the taxa
present on the surface of CH.

To investigate deeply on the bacterial composition of the
masonry of the hypogeum, cultivable bacteria were isolated.
While many of them were reported to be involved in
the formation of salt efflorescences such as the genera of
Bacillus, Kocuria, Paenibacillus, and Arthrobacter (Laiz et al.,
2000), Pseudomonas spp. resulted as being involved in calcite
production (Rivera et al., 2018). Among the isolates, three strains
were chosen as representatives to be further characterized, as
they belong to the Gram-positive P. pabuli, K. rhizophila, and
B. licheniformis and one to the Gram-negative S. maltophilia
species. All of them are involved in biodeterioration, as reported
in many works (Tarsitani et al., 2014; Saiz-Jimenez, 2017).
P. pabuli, besides the microbial corrosion of glass, is also
involved in biodeterioration of historic limestone buildings
(Marvasi et al., 2009; Skipper and Skipper, 2016); B. licheniformis,
instead, is a facultative anaerobe, and it has been identified
on deteriorated paintings (Capodicasa et al., 2010). Moreover,
Bacillus, Kocuria, and Paenibacillus spp. can grow in presence of
nitrate without oxygen on organic substrates and are reported
to be involved in salt efflorescence (Laiz et al., 2000). Indeed,
nitrifying bacteria oxidize ammonia to nitrite and nitrate ions,
which lead to nitric acid formation. This process causes stone
dissolution and formation of soluble nitrate salts, appearing as
efflorescence; this phenomenon is also triggered by humidity
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FIGURE 3 | Biofilm formation on glass or plastic surfaces. (A) Fluorescence microscope images of the different bacterial strains forming biofilm on glass. (B) Biofilm
formation ability of the bacteria on plastic. To evaluate statistical significance, a one-way ANOVA analysis with the Bonferroni post-test was used (different letters
indicate p < 0.05).

(Kumar and Kumar, 1999). Basilica di San Nicola in Carcere
Church, located near the Tiber River, is rich in humidity, favoring
the growth of microorganisms. Humidity can react with the
matrix of stones, inducing degradation, and especially may
cause dissolution of carbonates, solubilization of other elements,
and subsequently, erosion of the materials. Microorganisms,
together with these abiotic factors, use stone materials as a
substrate, contributing to the increase of deterioration and
the aesthetic damage (Sterflinger and Piñar, 2013; Dubey and
Jain, 2014). Indeed, it is known that the biodeterioration
process can be due to the production of inorganic acids like
nitrous and nitric acid and salts like nitrite and nitrate by
nitrifying bacteria (Mansch and Bock, 1998). Therefore, the
results of FTIR analysis, which highlighted the presence of
nitrate residues and gypsum on salt efflorescences, strongly
correlate with metabolism of Bacillus, Kocuria, and Paenibacillus
species isolated from the hypogeum wall (Laiz et al., 2000;
Castrillón Rivera et al., 2019) (Figure 4). In agreement, at
high humidity, soluble calcium carbonate is transformed into
calcium sulfate, namely gypsum, causing visible salt efflorescence
(Atlas et al., 1988).

Moreover, among the isolated bacteria, K. rhizophila IP5,
B. licheniformis IP7, and S. maltophilia IP9 were able to
form biofilm. This bacterial aggregation is the main cause of
biodeterioration, since microorganisms can resist adverse abiotic
conditions and many biocides and are also able to deteriorate
manufactures (Stewart, 2002; Dakal and Cameotra, 2012; Rivera
et al., 2018). This was confirmed by the antibiotic susceptibility
test that revealed several resistances for the different strains;
indeed, it has been reported that some resistance mechanisms are
common to both biocides and antibiotics (Scientific Committee
on Emerging and Newly Identified Health Risks [SCENIHR],
2009). In recent years, to solve problems linked to resistance
to biocides, new technologies have been developed to combat
biodeterioration and to restore stone buildings, using bacterial
metabolism. Microbially induced carbonate precipitation was
studied as a promising technology for the bioremediation of such
structures, thanks to the eco–friendly, self-healing, and highly
durable nature of these remedies. Furthermore, nitrate-reducing
aerobic and facultative anaerobic bacteria could be chosen for
their ability to remove nitrate crusts and efflorescences from
stone materials (Dhami et al., 2014; Romano et al., 2019).
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FIGURE 4 | Fourier-transform infrared spectroscopy (FTIR) spectra of sample from hypogeum in blue; in red, the reference (G = gypsum).

The combination of the metagenomic approach with the
traditional microbiology integrated with the powerful diagnostic
technique of FTIR spectroscopy might reveal new complex
structures of microbial communities that will help to establish
preservation and restoration strategies.

CONCLUSION

Preservation of CH is very difficult, and multidisciplinary
approaches are highly demanded. Abiotic- and biotic-derived
damages in CH mix continuously make the individuation of the
cause impossible or extremely difficult, as well as its removal.
For instance, efflorescence from a fresco could pave the way
for microbial colonization that, in turn, could activate other
chemical reactions transforming the materials. Thus, combined
strategies for monitoring damages on CH and finding their
cause are needed. This study proposes and tries validating a
workflow consisting in novel molecular approaches and standard
microbiological and chemical analysis. Notably, we here define an
intervention protocol for sampling, sequencing, and analysis of
the taxonomical composition of the microbiome on the surface
of the hypogeum of the Basilica di San Nicola in Carcere Church.
The overlap between the two approaches is feeble but present;
probably, the huge number of uncultivable microorganisms bias
the output and make the comparison with standard isolation
procedures difficult. Nevertheless, the new bioinformatic tool
here presented, ALISIA, could represent a fast and reliable
means for understanding the complex composition of the biotic
components of CH such as frescos, paintings, and statues,
allowing, where needed, a tailored intervention for restoring
the manufactures.
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