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Abstract

The frescoed Annunziata Oratory chapel in Riofreddo (Italy), a unique testimony to the
pontificate of Martin V, sheds light on the trade routes of Ninfa in the first half of the
15th century. Despite having undergone several restorations in the past (the most recent
in the 2010s), the Oratory presents serious conservation issues. At first glance, there are
no evident signs of biological colonization; rather, the most obvious damage is attributed
to detachments and saline efflorescence. Biological colonization at several points was
identified using various diagnostic field and laboratory techniques such as ATPase point
analysis, field stereoscopy in visible and UV light, culture-based and molecular approaches,
Raman spectroscopy, and SEM analysis, biological colonization at several points was iden-
tified. The characterization of salt efflorescence was carried out using ion chromatography
analysis. The presence of bacteria, fungi and algae, which are also linked to saline efflo-
rescence, was observed. A clear correlation between the biological colonization and salt
efflorescence composition was highlighted by our results, as well as the potential sources
of microorganisms and salts via the capillary rise of groundwater. This early diagnostic
approach regarding the presence of lithobionts and salt efflorescence demonstrates the
complex interplay between environmental factors and microbial colonization, which can
lead to biodeterioration processes.

Keywords: ATPase analysis; frescos; alteration phenomenology; salt efflorescence

1. Introduction

In conservation science, fresco deterioration is a well-documented and extensively stud-
ied issue [1-9]. The main conservation challenges affecting fresco paintings are largely
attributable to their intrinsic material properties, such as the composition and thickness of the
mortar layers (i.e., “arriccio” and plaster) and the chemical nature of the pigments [1,2,10,11].

Deterioration phenomena in monuments typically involve both structural and su-
perficial alterations and often manifest at the interface between the substrate and surface
materials, occurring across the macro-, meso- and microscales. These processes can result
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from physical, chemical or biological factors, which are influenced by microclimatic condi-
tions, the overall conservation state of the environment, and the properties of the substrate.

Among these, salt crystallization is recognized as one of the most aggressive degrada-
tion processes affecting porous stone materials at cultural heritage sites. The growth of salt
crystals generates internal mechanical stress, leading to several visible deterioration effects,
including surface flaking, cracking, layer detachment, pigment alteration, efflorescence,
sub-efflorescence and crust formation on the surface. These mechanisms can induce an
irreversible loss of the original material [12,13]. Salts may be present due to the original
construction materials or may originate from external sources, including groundwater
transported via capillary rise, depending on the pore size distribution and wetting behav-
ior of the materials. Additionally, airborne pollution, such as particulate matter, marine
aerosols, and atmospheric contaminants, can deposit on the surfaces and progressively
penetrate into the porous matrix [14-16].

In addition to their direct mechanical and chemical effects, soluble salts may also
promote the colonization of specific biodeteriogenic microorganisms, including bacteria,
fungi, and algae [17]. Therefore, the quantitative determination of both anions and cations
is critical for assessing the chemical degradation risk and for understanding and preventing
microbially induced deterioration [18].

The scientific literature reports several data on the main biodeterioration phenom-
ena, detailing their characterization and primary composition. Bacterial genera of the
phylum Actinomycetota, Bacillota and Pseudomonadota, and fungi classes including Sor-
dariomycetes and Eurotiomycetes, are among the most frequently encountered. Despite
being typically sheltered in indoor environments, mural paintings can also host photoau-
totrophic organisms. In fact, cyanobacteria (e.g., Cyanophyceae) and green algae (e.g.,
Trebouxiophyceae and diatoms) have been documented under certain conditions [9,19-29].

As previously noted [30,31], microbial communities colonizing frescoes often display
slow metabolic activity and may remain dormant for extended periods. Nevertheless, their
biodeteriorative potential—including biomineralization, secretion of chelating or acidic
compounds, and mechanical penetration by hyphae—remains a significant risk to the
material integrity of artworks [20,31,32].

This study aimed to identify biological colonization affecting frescoes that are not
visible to the naked eye and to assess the potential correlation between characterized salt
efflorescence and microbial growth on the painted surfaces of the Annunziata Oratory
(Riofreddo, Italy), through a multidisciplinary diagnostic campaign. The investigation
began with non-invasive in situ analyses conducted with the support of MOLAB, the mobile
laboratory of the E-RIHS research infrastructure (https://www.e-rihs.it/en/laboratori-
mobili/, accessed 30 March 2025), to determine the main lithobionts and soluble salts
involved aimed to a correct conservation strategy.

2. Materials and Methods
2.1. “Oratorio dell’ Annunziata” Chapel

The Oratory of the Annunziata in Riofreddo, built in the early 15th century in eastern
Lazio (Figures 1 and 2a), preserves one of the few surviving fresco cycles from that period

in this region. Commissioned by Antonio Colonna around 1422, the frescoes belong to the
broader artistic revival promoted by Pope Martin V Colonna (1417-1431).
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Figure 1. Study site. Geographical placement of the Riofreddo country in the Latium region.

or7

5

Figure 2. Study site. (a) Outdoor view of the entrance, (b) fresco of “Oratorio dell’Annunziata”
chapel, and (c) sampling area on the fresco. S;—Sy;: areas of ATP measurement, stereo microscope
observation, and sampling. Ss represents the control site on pure salt efflorescence.

The iconographic program includes the Annunciation (behind the altar), the Crucifix-
ion (above the entrance), Christ in glory with Evangelists and Doctors of the Church (in the
vault), and painted draperies on the side walls (Figure 2b). The authorship of the frescoes
remains debated. Scholars such as Ramadori [33] and Di Calisto [34] suggest attributions
ranging from an anonymous Roman painter to Arcangelo di Cola da Camerino, a follower
of Gentile da Fabriano, or an International Gothic artist. The generic term “Master of Ri-
ofreddo” is commonly used. In 2002, Paolo D"Achille [35] proposed attributing the frescoes
to artists close to Pietro di Domenico, who was known for frescoes in the Roman church of
Sant’Agnese fuori le mura. Furthermore, Bruno Toscano (1988) [36] included the Oratory
in his studies on the artistic geography of trade routes near Ninfa in the 15th century [37].
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Despite restorations in 1901-1903, the 1940s, 1970s, and the 2010s, the chapel now
faces serious conservation issues due to rising damp. Its proximity to a river and changes
in the last century to the road are also important factors.

2.2. Non-Invasive Field Investigations

To preliminarily assess the presence and spatial distribution of biological colonization
on painted surfaces, a suite of non-invasive diagnostic techniques was applied in situ. The
investigative approach integrated adenosine triphosphate (ATP) bioluminescence measure-
ments with USB-portable digital microscopy operating under both visible and ultraviolet
(UV) illumination. The combined use of these methodologies was used for the identifica-
tion of areas exhibiting potential biological activity, which were subsequently selected for
targeted sampling aimed at salt efflorescence characterization and microbiological analysis.

2.2.1. Portable Digital Microscopy Under Visible and UV Light

Microscopic surface examination was performed using a USB-portable digital microscope
(Dino-Lite Edge Digital Microscope AM4115T-CFVW, Dino-Lite Europe/IDCP B.V., Almere,
The Netherlands) with a magnification setting of 50x. The device is equipped with both
white-light and 365 nm UV illumination sources. The latter excitation wavelength is known
to induce autofluorescence used to biological structures due to the characteristic emission
spectra of these compounds. Field observations were conducted on areas exhibiting different
alteration/deterioration patterns observed in the field during the measurements.

2.2.2. ATP Bioluminescence Measurements

The ATP (adenosine triphosphate), a key molecule in all living organisms that provides
energy for cell metabolism with an amount that is related to biomass, was measured. Its
measurement does not distinguish between the different types of microbes. ATP was measured
in relative light units (RLU) using a bioluminometer (3M™ Clean-Trace™ NG Luminometer,
3M lItalia Srl Pioltello (MI)) and its specific swabs (3M Clean-Trace Surface3M™, 3M Italia
Srl Pioltello (MI)) [38]. For each sampling point, a standardized analyzed area of 4 cm?
was defined to obtain comparable data, and the read values were expressed as RLU/cm?.
Measurements were conducted following preliminary microscopic observations, targeting
areas exhibiting distinct surface alteration features—namely, salt efflorescence, red spots,
white turf-like encrustations, pink discoloration, as well as dark green, light green, and black
pigmentation (Table 1). A measurement was also performed on a control area, affected by salt
efflorescence, that did not exhibit visible signs of biological colonization (Ss). The selected
ATP measurement sites are shown in Figure 2c and Table 1 and are labelled as “S”.

Table 1. Alteration phenomenology, ATP values and biological identification: (-) analysis not per-
formed; (n.i.) No evidence of isolation was observed.

Alteration Atp Values . Accession Identity

Phenomenology Samples Rlu/Cm? Isolate Closest Relative(S) Number o,
S 50 - - - -
Salt Sap - - 3 - -
efflorescence Ssp - - - - -
Sep 141 - - - -
Red spot S1o0 238 - - - -

. ) 30,542 A Parengyodontium album MH860502.1 99.11

White turf S 8019 B (Limber) C.C.T sang et al. 99.65

s C CBS:368.72 MH860302.1 =
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Table 1. Cont.
Alteration Atp Values . Accession Identity
Phenomenology Samples Rlu/Cm? Isolate Closest Relative(S) Number %
Sua 476 - ni. - -
Ssa 14,933 - n.i. - -
1 Rhizobium tropici CIAT 899T NR_102511.1 99.93
Micrococcus yunnanensis
2 YIM 65004T NR_116578.1 99.07
Micrococcus aloeverae AE-6T NR_134088.1 99.27
Pink Priestia megaterium
e, 15,569 3 ATCC 14581T NR_117473.1 99.86
4 Mlcrobacter%um flavescens NR_029350 98.70
strain 401
Arthrobacter parietis
5 LMG 22281T NR_042252.1 99.71
Noviherbaspirillum suwonense
6 5410S-62T NR_133798.1 98.36
S3 20,275 - Eps - -
Dark green
S; 2027 - EPs - -
Hard Black So 6913 - EPs - -
Light Green S 17,003 - Chlorella sp. - :

satellite bacteria

2.2.3. Samples Collection

Samples (“S”) were collected from all areas previously analyzed by ATP measurements
(Table 1). A total of fifteen samples were obtained from different areas of the fresco
(Figure 2), with the aim of characterizing both biological colonization and salt composition
(Table S1). At sampling points 4, 5, and 6, duplicate samples—designated “a” and “b”"—
were collected to distinguish between zones exhibiting both salt efflorescence and pink
discoloration and those exhibiting only salt efflorescence. Specifically, sample “a” was taken
from the area showing both pink discoloration and salt efflorescence, while sample “b” was
collected from the adjacent area showing only salt efflorescence. Only ion chromatography
analysis was performed on duplicate “b” samples. In addition, a sample of pure salt
efflorescence (labelled Ss) was collected from the fresco surface as control both for ATP
measurements and characterized by ion chromatography analysis. The samples were
collected in selected areas using a sterile swab, and a few samples were obtained from the
surface using a lancet by gently scratching the surface to collect the powder of biological
colonization and salts. Small samples were collected at the sampling point where surface
detachment was identified; small samples were collected.

2.3. Laboratory Investigations

To investigate the biotic component associated with the painted surfaces and its
potential relationship with salt efflorescence, a combination of microscopic, culture-based,
and molecular techniques was employed. Given the exploratory nature of this study and
the need to obtain viable isolates for further characterization, a culture-dependent approach
was prioritized. Not all samples were investigated using the same analytical techniques
(see Table S1), as the choice of method depended on the nature of the sample and the
specific objectives of the analysis. This selective approach was adopted to achieve either



Appl. Sci. 2025, 15, 8762

6of 21

morphological or molecular characterization—or both—depending on the relevance and
condition of each sample.

2.3.1. Optical and Scanning Electron Microscope

The alteration phenomena identified as “dark green (Ss, Sy), red spots (S1p), and light
green (S11)” (see Table 1) were recognized through morphological analysis performed using
an optical microscope with a 100x oil immersion objective (Olympus BX41, Olympus Cor-
poration, Tokyo, Japan), equipped with a Zeiss digital camera (Carl ZeissCo., Oberkochen,
Germany), following the procedures described in UNI 10923 [39] and applying the ana-
lytical keys provided by Guiry and Guiry [40]. Additional observations were performed
using a stereomicroscope Zeiss Axio Zoom V16 (Carl ZeissCo., Oberkochen, Germany)
equipped with a Zeiss Axiocam 503 color camera (Carl Zeiss Co., Oberkochen, Germany).
To investigate the morphological details at higher resolution, SEM analyses were conducted
on fractured samples: Sg,, Sy, Sy, S109, and Sy;. All samples were sputter-coated with
gold under vacuum using a K550 unit (Emitech Technologies Ltd., Kent, UK) and subse-
quently observed with a scanning electron microscope SEM Philips 505 (Philips, Rochester,
NY, USA).

2.3.2. Isolation of Bacterial and Fungal Strains

Four different culture media were used for cultivation analysis, two for photosynthetic
microorganisms and two for heterotrophic microorganisms: BG-11 and Bold Basal Medium
(BBM) (Sigma-Aldrich, Merck S.p.A., Milan Italy), Tryptic Soy Broth Agar (TSA), and
Reasoner’s 2A agar (R2A). Considering that surface patinas are exposed to atmospheric
oxygen, inoculated plates were incubated aerobically at room temperature for 30 days.
Culture-based analysis was performed on the alteration phenomena identified as “white
turf (Sy, Sg), pink discoloration (S4a, Ssa, Sea), dark green (S3), and light green (S11)” (see
Table 1).

Molecular identification of each bacterial isolate (S4a, S5a, Sea) Was performed as pre-
viously described [41]. The 16S rRNA full-length gene was amplified with primer pairs
27f (5" AGAGTTTGATCMTGGCTCAG 3’) and 1492 r (5’ CGGTTACCTTGTTACGACTT
3’). The Forward and Reverse sequences obtained from the amplicons of each 16S rRNA
gene were manually merged, resulting in approximately 1400 nucleotide (nt) length se-
quences. BLASTn [42] was used on the NCBI RefSeq database to identify the closest relative
species for each isolate and to determine the number of variable sites within their 16S
rRNA sequences. Molecular identification of fungal isolates (S, and Sg) was performed as
previously described [43]. To amplify the ITS barcode region, the universal primers ITS4 (5'-
TCCTC CGCTTATTGATATGC-3')/ITS5 (5'-GGAAGTAAAAGTCGTAACAAGG-3') were
used. PCR reactions were performed using BioMix (BioLine, Luckenwalde, Germany). In
each 25 pL reaction solution, 5 pmol of each primer and approximately 40 ng of template
DNA were added. Amplifications were carried out using MyCycler™ Thermal Cycler
(Bio-Rad Laboratories, Munich, Germany), applying the following protocols: (ITS) initial
denaturation step for 3 min at 95 °C, 35 cycles of 95 °C for 30 s, annealing at 55 °C for 30 s,
extension at 72 °C for 32 s, followed by a final extension at 72 °C for 5 min. Sequences were
performed by Macrogen (Milan, Italy) and assembled using ChromasPro v.1.41 (Technely-
sium, Southport, Queensland, Australia). Similar searches were performed using BLASTn
(NCBI, National Center for Biotechnology Information), excluding from the comparison
“uncultured /environmental sample sequences” and referring mainly to CBS collection
strains, preferably to ex-type strains.

The accession number (s) for our nucleotide sequences have been provided by GenBank:
for pink alteration (Sg,) PV466827 (isolate 1); PV466828 (isolate 2); PV466829 (isolate 3);
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PV466830 (isolate 4); PV466831 (isolate 5); PV466832 (isolate 6); white turf alteration PV470090
(isolate A); PV47009 (isolate B); PV470092 (isolate C).

2.3.3. Raman Spectroscopy

Raman spectroscopy was employed to identify pigments produced by isolated colonies
(Sea—isolates 1, 3, and 5), as well as directly on micro-samples (Ss,, Sea, S7, S10, S11) collected
from green or pink-stained areas. Raman spectra were acquired using a B&W Tek micro-
Raman spectrometer (Newark, DE, USA), equipped with a 785 nm laser source (nominal
power 300 mW). The backscattered light was dispersed by an 830 lines/mm grating, and
the Raman signal was detected by a silicon CCD sensor thermoelectrically cooled to —5 °C.
The nominal spectral resolution is approximately 5 cm~!. Spectral acquisitions in the range
of 1500-3200 cm~! were performed using 20 x and 40x objectives. For each sampled point,
50 accumulations were collected, with integration times ranging from 3 to 10 s, depending
on the response and structure of the individual sample. The laser power was optimized for
each examined specimen to optimize the signal while avoiding sample degradation. All
measurements were collected after automatic subtraction, referred to as “dark,” to remove
any interference from the instrument, substrate, or external light sources. Origin software
8.5 (OriginLab Corporation, Northampton, MA, USA) was used for treatment analyses,
including baseline correction and smoothing.

2.3.4. Ion Chromatography Analysis

Prior to the analysis, the samples were dried in an oven at 60 °C for 24 h and then
weighed using a Sartorius microbalance. The samples were placed in 20 mL vials containing
5,10, or 20 mL (depending on the weight of the sample) of deionized water and shaken
for 1 h to ensure the complete extraction of ionic compounds. The resulting solution was
filtered using a 0.45 pm filter and analyzed via ion chromatography (IC). The analysis was
performed using an ICS1000 Thermo-Fisher instrument (Sunnyvale, CA, USA). Cations,
Na* (sodium), NHz* (ammonium), K* (potassium), Mg?* (magnesium), and Ca* (calcium)
were determined using column ION PAC CS12A-4 mm, pre-column ION PAC CG12A-
4mm, and CSRS-ULTRA-4mm suppressor. Methane sulfonic acid in isocratic mode was
used as the eluent (20 mM, flow rate of 1.2 mL/min). Anions, F~ (fluorine), CI~ (chloride),
NO, ™ (nitrite), NO3 ™~ (nitrate), SO42~ (sulphate), C,042% (oxalate), and PO,3~ (phosphate)
were determined using column AS11-4 mm, pre-column AG11-4 mm, and ASRS-ULTRA 4
mm suppressor. Potassium hydroxide, generated by ECG40 EGC Il KOH Thermo-Fisher
in gradient mode (from 10 to 60 mM), was used as the eluent. All samples (51-S11, Sap,
Ssp, Sgp and Ss) were investigated with respect to their specific alteration phenomenology
(Table S1).

3. Results
3.1. Characterization of Biological Colonization

As summarized in Table 1, the bioluminometric survey revealed varying ranges of ATP
values corresponding to the different alteration patterns identified during field observations
using the USB-portable microscope (Figure 3).
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Figure 3. Stereofield images of sampling points.

The control sample (Ss), composed of only salt efflorescence with no visible biological
colonization, exhibited an ATP value of 97 RLU/cm? and was used as the baseline reference.

Higher ATP values, starting from 2026 RLU/cm?, were recorded in samples associated
with visible alteration phenomena, including salt efflorescence (S;, Sg), pink discoloration
(Ssa, Sea), light green areas (S11), hard black spots (Sg), and dark green areas (S3, S7). These
findings indicate a significant biological colonization linked to the observed alteration
patterns. Conversely, moderately elevated ATP values, ranging from 238 to 476 RLU/cm?,
were found in samples Sy and Sy, suggesting a limited degree of biological activity. The
ATP values in sample S; were comparable to those in the control (Ss), confirming the
absence of detectable biological contamination.

Notably, no evident microbial growth was detected in sample Ss, using culture-based
methods, whereas optical microscopy revealed no microbial structures in samples S; and
Sg. Nevertheless, scanning electron microscopy (SEM) analyses conducted on Sg,, Sy,
and Sg revealed morphological features of extracellular polymeric substances (EPS) on
the surface of the samples (Figure 4(aj,b1,c1)), suggesting microbial metabolic activity.
However, morphological and molecular analyses of the samples exhibiting the highest ATP
values (ranging from 8019 to 30,542 RLU/cm?) enabled the identification of a diverse set
of microorganisms associated with distinct alteration patterns (Figure 3). These included
Fungi (Ascomycota) in S, and Sg, Bacteria (Proteobacteria, Actinobacteria, Bacillota and
Pseudomonadota) in Sga, and green algae (Chlorophyta) in S1; (Table 1).

The alteration phenomenon known as “white turf” (S,, Sg) was found to be caused by
an extensive colonization of Parengyodontium album, a chemoorganotrophic fungal species
that relies on environmental nutrients for its development. This species is ubiquitous and
is frequently detected on monuments, such as churches, cathedrals, and monasteries [44].

The formation of a pink patina (S4, S5, Sg) was recognized using the field stereomi-
croscope. The pink alteration (Sg,) shows a wide composition of soil bacterial strains,
commonly associated with the rhizosphere of higher plants [45-49]. Notably, these microor-
ganisms have also been reported on various wall paintings [50-54].
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Figure 4. Morphological analysis through microscopic observation. Field stereomicroscope images
Samples Sg,, Sy, S and S13, respectively, in (a-d); SEM images of the same samples in (aj—c3,d3,ds);
stereomicroscope Zeiss Azio Zoom image of S11 (d1); fresh slides 100 x magnification of S11 in (dy).

In detail, in S¢, isolate number 1, the presence of Rhizobium tropici, a nitrogen-fixing
Gram-negative bacterium, which can establish symbiosis is here recognized in free-living
form [45]. In Sg, isolate number 2 Micrococcus yunnanensis and M. aloeverae species are
reclassified as later heterotypic synonyms of Micrococcus luteus, a Gram-positive coccus that
is catalase-positive, oxidase-variable, and strictly aerobic [55], forming yellow colonies with
tolerance to NaCl of 6-8% and 5-12% (w/v), respectively. In Sg, isolate number 3, Priestia
megaterium strains have a cell width greater than 1 um and can undergo sporulation. It is

particularly interesting due to its unusual physiology, useful enzymes and products, and
its wide range of ecological habitats [56]. In Sg, isolate number 4, Microbacterium flavescens
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is Gram-positive, non-motile, soil aerobe bacterium, forming pale yellow colonies, and
showing a tolerance to 5-10% of NaCl [57]. In Sg, isolate number 5, Arthrobacter parietis cells
are Gram-positive, short rods and cocci (diameter 0.8-1 um) occurring in pairs or clusters.
They are non-motile and do not form endospores. Colonies are yellow—orange, round with
entire margins, of low convexity, opaque, and smooth. The optimal temperature for growth
is 22-30 °C. Growth occurs in a medium with 15% NaCl [54].

Finally, the closest relative of isolate number 6 is Noviherbaspirillum suwonense. How-
ever, due to the low sequence identity (98.36%), the bacterium may belong to the genus
Noviherbaspirillum but may represent a previously uncharacterized species. N. suwonense is
a Gram-negative bacterium, aerobic, motile, mesophilic, and forms rod-shaped cells. It was
isolated from air samples collected in Suwon, Republic of Korea. The colonies on R2A agar
were convex, circular, and pale orange with entire margins. Growth occurs at 2% NaCl [58].

The samples from Sq; showed a light green alteration phenotype, and the morpho-
logical analysis by optical microscope identified the presence of Chlorella sp. Additionally,
optical images of the fractured samples suggest an endolithic growth (Figure 4(d;)), whereas
epilithic growth is visible where the painting layer is detached. Moreover, although the
cultural approach on BBM and BG-11 agar did not yield results, changing the culture
conditions (by exposing the Petri dishes for 48 h in a dark condition) allowed a wide
pink colonization to grow. Their molecular identification is ongoing. This result was
further confirmed by SEM analysis (Figure 4(d4)), in which the presence of bacterial cells
was visible.

The Raman analysis of cultures from the isolated colonies corresponding to Sg, isola-
tion numbers (3), (5) and S;1, characterized by a pink color, has revealed bands with features
typical of carotenoids, with characteristic bands corresponding to C=C stretching around
1520 cm™1, C—-C stretching near 1150 em~!, and C=CH bending near 1000 cm ™1 [59].

Carotenoids, present both in prokaryotes and eukaryotes, represent a diverse group of
compounds that are produced as metabolic by-products in various microorganisms and are
distinguished by a polyene skeletal backbone [60]. Among these, 3-carotene is frequently
detected in many microbial species. The Raman bands (Figure 5A) obtained on isolated
colonies Sg, (3) and (5) show peaks at 1527, 1157, and 1104 cm ! associable to B-carotene,
although the presence of a carotenoid mixture cannot be excluded [59]. No spectrum was
detected in the measurements performed on the isolated colonies corresponding to Sg,
number (1). In the case of isolated cultures S1; (found in the green sample as a potential
satellite bacterium), a different carotenoid, associable with bacterioruberin, is shown by the
Raman band (Figure 5A). Bacterioruberin is distinguished from {3-carotene by the length
of its conjugated chain. Specifically, the conjugated isoprenoid chain of bacterioruberin is
composed of 13 C=C units (compared to 11 in (3-carotene) [59,61]. This difference is noted
in the Raman spectrum, where the peak at 1506 cm ™! is attributed to the C=C stretching
band of bacterioruberin, and the bands at 1151 and 1003 cm™'are assigned to the C-C
and C-CH stretches, respectively (Figure 5A). Bacterioruberin is a red-orange xanthophyll
pigment responsible for the coloration observed in halophilic organisms and is considered
a key carotenoid in halophilic archaea [59,62].

Raman analysis directly performed on samples Sg,, S; and Ss,, where the presence
of an EPS matrix was pointed out by the SEM analysis, particularly in samples Sg, and
Sy (Figure 4(a1,b1)) reveals bands that could be associated with the macromolecular con-
stituents of the biofilms (Figure 5B). Biofilms are communities of microorganisms embedded
in a matrix composed of extracellular polymeric substances (EPS) [22]. In addition to wa-
ter, which is the major component of the biofilm matrix, EPS are primarily composed of
biopolymers such as polysaccharides, proteins, glycoproteins, nucleic acids, lipids, and
phospholipids [63]. The Raman results (Figure 5B) show a stretching band, in the symmetric
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COO™, at 1416 cm ™!, a shoulder band associated with the glycosidic ring breathing mode
at 1096 cm ™!, carboxylate stretching vibrations (symmetric stretching or C-O single bond
stretching vibration) at 1300 cm !, asymmetric carboxylate stretching vibrations at 1497
and 1647 cm ™!, and skeletal C-C, C-O stretching, and C—C-H, C-C-O bending modes at
941, 863, and 801 cm~!. These bands (labelled in Figure 5 as “P”) suggest the presence
of polysaccharide compounds [63,64]. Such compounds can be neutral macromolecules,
such as cellulose and dextran, although the majority are polyanionic due to the presence
of uronic acids (e.g., alginate and xanthan), acetyl groups (e.g., xanthan and gellan), or
ketal-linked pyruvate (e.g., xanthan) [63]. Moreover, the spectra also reveal the presence of
calcite with characteristic vibrational modes at 1087 cm~! (C-O asymmetric stretching),
712 em 1 (C-O symmetric stretching), and 282 cm! (out-of-plane bending) [65], as well as
gypsum, with the strongest Raman band at 1009 cm ! (symmetric stretch vibration mode
of the SOy tetrahedra), the peak at 1143 cm ! (asymmetric stretch vibration mode), and the
doublet at 416 cm~! and 495 cm~! (symmetric bending) [66]. Otherwise, no Raman bands
associated with polysaccharide compounds were detected in the measurement performed
on sample Sqg.
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Figure 5. Raman spectra of (A) cultures from the isolated colonies (Sg,) (3) and (5) and S11; (B) sample
of the substrate with evidence of biological colonization (Sg,, Ss,, Sy) (C = calcite; G = gypsum;
P = polysaccharide compounds).

3.2. Characterization of Soluble lons

The results of the determination of anions and cations, expressed as w% (percentage
of weight of each ion with respect to the total dry mass of the sample), are listed in Table 2.

The percentage of soluble ions in the samples exhibited significant variation, with an
average of 20% and maximum and minimum values of 70% and 3.1%, respectively, for S;
and Sgp,. The composition of the samples also demonstrated considerable heterogeneity. The
sum of SO4%~ and Ca?* (calcium) in numerous samples represented the major components
of soluble ions, up to 97% for Sz and Sy1.

The average concentration of calcium was 7.2%, ranging from 0.65% to 22% in Sy, and
S, respectively. SO42~ showed an average concentration of 11% with a maximum in S;
(47%) and a minimum of 0.19% (S1). C1~ was present in all samples with an average of
1.0%, ranging from 2.7% to 0.18%, observed in Séa and S11, respectively. Na* was also
present in all samples, with an average of 0.35%, ranging from 0.090 to 0.83% observed in
510 and Sy,, respectively. NO, ™~ was present in only two samples: Sg and S;1. NO3 ™ was
present in all samples with an average of 0.23%, ranging from 0.81% to 0.093%, observed
for S; and S, respectively. The concentrations of Mg?* and K* were notably low in all
samples, as were the concentrations of C,04%~ and PO,3~. The concentration of oxalate
was extremely low, and it was not detected in all samples. The highest level was found at
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sample point 59, measuring 0.056%. F~ was present only in five sampling points (57-511)
with a maximum in Sg (0.69%).

Table 2. Ions weight percentage relative to the dry samples mass; n.d. = not detected.

S1 Sz S3 S4a Sy Ssa Ssp Sea Seb Sz Sg Sy S10 Sn
_ 0110+ 0064+ 069+ 0022+ 020+
F n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.006 0.003 0.04 0.001 0.01
a- 13+ 076+ 052+ 21+ 060+ 130+ 064+ 27+ 14+ 11+ 061+ 052+ 020+ 018+
0.1 0.04 0.03 0.1 0.03 0.06 0.03 0.1 0.1 01 0.03 0.03 0.01 0.01
NO,™~ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. Oég(foi n.d. n.d. Ot)l_éli
NO.— O8I+ 011+ 063+ 00%+ 006+ 010+ 0010+ 012+ 0092+ 073+ 020+ 036+ 014+ 014+
3 0.04 0.01 0.03 0.002 0.001 0.01 0.001 0.01 0.005 0.04 0.01 0.02 0.01 0.01
.. 019+ 029+ 18+ 056+ 31+ 43+ 032+ 76+
SO, oo B+1 4742 s & o5 05 o5 0% o 18+1 13+1 54403 2641
o2  nd 0.0067 g o o g 00075 o o 00079 o018+ 0056+ 00043+ 0050+
00003 006004 0g50s 0001 0.003 0.0002 0.003
_ 0028+ 027+ 0.010 £
PO43 nd. 0.001 0.01 nd. n.d. nd. nd. n.d. nd. 0.001 n.d. n.d. n.d. n.d.
Nat 036+ 024+ 010+ 083+ 020+ 075+ 024 0710 0310+ 0370+ 0200+ 0350+ 0090+ 0140+
a 0.02 0.01 0.01 0.04 0.01 0.04 0.01 0.036 0.016 0.019 0.010 0.018 0.005 0.007
NH,* n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
0025& 0046+ 0011+ 0130+ 0059+ 0190+ 0019+ 0290+ 00864 05304 01904 0230+ 0120+ 0260+
0.001 0.002 0.001 0.007 0.003 0.010 0.001 0.015 0.004 0.027 0.010 0.012 0.006 0.013
Mo2e 0070 005+ 0072+ 0031+ 0064+ 0036+ 0033+ 0052+ 0026+ 0040 007+ 0057+ 0007+ 0031+
g 0.004 0.003 0.004 0.002 0.003 0.002 0.002 0.003 0.001 0.002 0.001 0.003 0.001 0.002
Ca* 3L x1 w1 OfE Z1E 00RE 18 2o 0B0E 61k a1 a1 asx02 11
Totl% O w2 q0xa AF a8 395E Vi owxr 3E a1 osmz2 wxr HO0E pan

The results of the determination of anions and cations were converted to pEq to
establish the ionic balance (Figure 6a). Ioni c balance was calculated by subtracting the
total quantity of cations from the total quantity of anions, all measured in pEq. A negative
balance indicates a deficiency in one or more anions, that may not have been analyzed.
Assuming electro-neutrality in the solution, this deficiency was attributed to unmeasured
carbonate and bicarbonate [67]. The presence of carbonate as calcite was also detected by
Raman analysis.

The graph presented in Figure 6b demonstrates that the trends of calcium and sul-
phate are perfectly synchronized across all samples examined, suggesting that calcium
sulphate (CaSOy4, gypsum) was the primary component of the samples, as reported in other
studies [68]. Furthermore, a comparison between sodium and chloride ions revealed a
strong correlation (Figure 6c).

The analysis performed on a sample of pure salt efflorescence (labelled Ss) indicated
that the sample was primarily composed of sodium and sulphate, thereby identified as
NaSOy4 (sodium sulphate). This salt exists in two primary forms: thenardite (Na;SOy4)
and mirabilite (NaySO4-10H,O). Under specific environmental conditions [69], the latter
undergoes a volume increase of up to 400% [70], potentially leading to material damage.
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Figure 6. (a) Ionic balance, (b) trends of calcium and sulphate and (c) chloride and sodium of analyzed

samples in uEgs.

3.3. Comparative Evaluation Alteration-Salt Composition

Principal Component Analysis (PCA) revealed that three principal components ac-
counted for over 70% of the total variance. Figure 7 presents the PCA biplot, which
illustrates the distribution of the samples in relation to the analyzed ionic components and
alteration phenomenology. The first principal component accounted for 35.59% of the total
variance, whereas the second PCA explained 22.53% of the total variance.
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On the x axis (PC1), a correlation was observed between Na* and Cl~ in the PCA
plot. This strong association suggests the presence of sodium chloride, as confirmed by
ion chromatography analysis, which is a common salt responsible for the degradation
of fresco surfaces. The significant correlation between Ca* and SO,2~ indicates the
potential formation of gypsum (CaSO4-2H;,0), a well-documented degradation process in
frescoes. This conclusion was supported by ion chromatography analysis. The clustering of
Ca?*, Mg?*, and PO,>~ suggests a shared geochemical behavior. The negative correlation
between Cl1~ and Ca?*/Mg?* implies that sodium chloride sources are independent of
calcium- and magnesium-rich mineral phases. A moderate correlation was observed
between NO; ~ and PO43~, whereas a strong correlation was identified between Cp042~
and NO, ™ and F~. K* appeared to be relatively independent of other ions. Considering
the samples distribution two group were identify, a group formed by Sy; (Light Green),
Sg (White Turf) and Sy (Hard Black) correlated C,042~ and NO,~ and F~ and a second
group formed by S4-S¢ (“a” and “b”), representative of pink patinas, which was strongly
correlated with NaCl.

On the y axis (PC2) a correlation related to the sampling area can be observed. In the
upper section of the graph S;-5S11 were associated in a cluster in relation to their position
in the right side of the altar. In this way S, results far from S8, even if have the same
microorganisms composition, resulting in different areas of the frescos (Figure 2c). S1-S3
samples were clustered in the low section of the graph being all sampled in the left area
of the frescos. S4—Sg samples were clustered separately in relation to their placement
underside the altar.

4. Discussion

The biological colonization affecting the frescoes in the “Oratorio dell’Annunziata” is
not immediately apparent at first glance. However, our diagnostic approach revealed the
widespread presence of lithobionts on the fresco surfaces and established a correlation with
the occurrence of salt efflorescence. Fieldwork, which involved the use of a bioluminometer
in conjunction with stereomicroscopic observations, led us to investigate areas that did
not initially show biological colonization. In this context, what initially appeared to be
only a salt efflorescence in the form of white turf was identified as biological colonization
primarily formed by P. album, a fungus known to be associated with various deterioration
problems in cultural heritage sites.

Moreover, our approach allows us to identify the main microorganisms responsible
for biodeterioration problems, paving the way for future preventive conservation strategies
and sustainable restoration interventions. This preliminary assessment of biodeterioration
issues represents the first step toward developing an ecological study of the microclimatic
conditions affecting the fresco and further investigating the variables contributing to its
deterioration through non-invasive instrumental techniques.

4.1. Correlation of Lithobionts with Salt Efflorescence

The presence of P. album is well documented and strongly correlated with soluble salt
efflorescence [44,71,72]. Additionally, P. album has been isolated from calcium salts such as
oxalate, carbonate, and chloride [44,73,74]. This organism is known for its ability to produce
various extracellular enzymes, such as protease, alpha-amylase, esterase, phosphatase,
lipase, and chitinase. The functionality of these enzymes under high salinity conditions may
account for the successful colonization of monuments affected by salt crystallization [44].

Our PCA results indicated an association between the white turf and NO3~ and NO, ™~
(Figure 7). Indeed, the correlation between C,04%~ and NO, may indicate organic matter
degradation or microbial activity. Oxalate is often associated with biological processes [75],
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whereas nitrite is an intermediate in the nitrogen cycle, particularly under reducing condi-
tions [76]. Moreover, fluoride is known to have antimicrobial properties. The source of this
ion can be attributed to the capillary rise of groundwater rich in dissolved salts from the
ground. The primary contributors to fluoride contamination in soil are industrial effluents,
natural weathering of rocks, and atmospheric deposition [77].

The occurrence of a pink discoloration in area S¢ is strongly associated with the devel-
opment of a complex halophilic bacterial community, consistent with previous observations
in salt-affected heritage environments [78-82]. These pinkish areas exhibited low CaSO;,
and high NaCl content, which, according to ion chromatography data, accounted for up to
72% of the total soluble salts (S44 Figure 6b,c and Figure 7). The origin of these salts can be
attributed to multiple sources, including the capillary rise of groundwater through porous
wall structures and subsequent evaporation-driven crystallization, as well as anthropogenic
inputs such as the seasonal application of road deicing salts [83]. The microbial strains
identified in these areas consistently exhibit halophilic adaptations, particularly to NaCl,
as reported in similar studies [45,48,54-56,58]. Most of these taxa are commonly found in
soil ecosystems, especially within rhizosphere communities of higher plants [45-49], sug-
gesting a likely pathway of colonization via water infiltration processes. Such infiltration
mechanisms have been previously recognized as effective vectors for microbial transport
in porous substrates [84—86], wherein cells may be transported by both the convection
of aqueous-phase organisms and the generation of new aqueous phases. An analogous
scenario was reported by Diaz-Herraiz [87], where rhizospheric microbial communities
from the surrounding environment were conveyed into the chamber of an Etruscan tomb,
re-establishing microbial colonization on painted surfaces post-cleaning. These findings
corroborate the hypothesis that environmental water fluxes and salt dynamics act synergis-
tically to facilitate microbial persistence and recolonization on wall paintings.

4.2. Potential Biodeteriorative Effect

The possible implications of the detected microbial communities on substrate deteri-
oration deserve careful consideration. Initially, discoloration is observed, manifesting as
white, yellow, and pink hues, accompanied by the formation of an exopolysaccharide (EPS)
matrix corresponding to the dark green and hard black alteration phenomena. R. tropici
is particularly known for its substantial EPS production; however, several aspects of this
organism’s growth and EPS production remain inadequately characterized, particularly
about the influence of environmental factors on EPS synthesis [88]. Similarly, M. yunnanen-
sis, M. aloeverae, P. megaterium, M. flavescens, A. parietis, and N. suwonense produce varying
amounts of EPS, depending on their specific environmental conditions. In this study, EPS
was also detected by Raman spectroscopy (Figure 5B) in correspondence with sample Sg,
(where R. tropici was detected), as well as in samples Ss, and Sy, further supporting the
observed findings. It is well documented that salts present in the substrata, in contact with
microorganisms, can enhance EPS production [22]. Additionally, it has been demonstrated
that the combination of salts and microorganisms, (e.g., moderately halophilic bacteria)
amplifies the deterioration effect, producing a more significant impact than the action of
either factor [22]. The detection of EPS is particularly important in the context of conser-
vation treatment, especially in biocide applications. The presence of an EPS matrix can
compromise the effectiveness of such treatments [89], highlighting the necessity of consid-
ering this factor in conservation strategies. Finally, although R. tropici is a nitrogen-fixing
bacterium, it also exhibits carbon metabolism, producing enzymes in free-living cells that
oxidize carbon compounds of various origins [90]. Additionally, the Micrococcus genus
is known for its proteolytic and fibrolytic properties [51], whereas P. megaterium has been
isolated from loamy or calcareous soils and described as a carbonatogenic strain capable of
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precipitating CaCOs3 [53,91,92]. Further investigations are essential to assess the specific
chemical or physical deterioration activities arising from their metabolic processes and
growth patterns. The current literature provides limited information, primarily focusing
on the identification of microbial colonizers rather than their potential role in biodeteri-
oration. Furthermore, Actinobacteria are known to harbor antimicrobial-resistant genes
(ARGs) [93], and recent studies have indicated that Actinobacteria and Proteobacteria
contribute, on average, to approximately 40% of antimicrobial resistance carrying contigs
(ACCs) in stone monuments [94]. Additionally, some bacterial strains exhibit antifungal
properties, suggesting that in the context of direct conservation treatments, it is crucial to
carefully evaluate the chemical properties of biocides and the spectrum of efficacy against
the selected microbial communities. This approach will help mitigate the risk of selecting
resistant bacterial strains or encouraging fungal spread [28,82].

However, it is important asses that in recent years, halophilic microorganisms and
their salt-tolerant enzymes have demonstrated considerable potential in the conservation
and restoration of cultural heritage, especially for cleaning mural paintings and other stone
artworks. In this regard, a system utilizing microorganisms or biocatalysts that can operate
across a broad spectrum of salinities may provide an ideal solution for removing unwanted
inorganic or organic materials from the surfaces of historical monuments and wall paint-
ings [95]. Moreover, EPS can enable biofilm cells to withstand higher concentrations of
biocides. The EPS matrix hinders or blocks biocides from reaching the target microorgan-
isms within the biofilm by limiting diffusion and/or through chemical interactions with
the EPS components. In such scenarios, a system based on microorganisms or biocatalysts
capable of functioning across a wide range of salinities could offer an optimal solution for
removing unwanted inorganic compounds (e.g., nitrates and sulphates) or organic matter
(e.g., protein residues, oils, and waxes) from the surfaces of wall paintings and historical
monuments [95].

Chlorella, a green alga well known as a biodeteriogen of calcareous surfaces [94,96-100],
has also garnered interest due to certain strains exhibiting halotolerance [101]. In our study,
the cultural approach and morphological analysis of the green light alteration attributed to this
alga suggest the possible presence of satellite bacteria [102] responsible for the observed pink
discoloration. Raman analysis performed on the culture where the pink coloration (Ss5) ap-
peared reveal the presence of bacterioruberin, a key carotenoid in halophilic bacteria [59]. The
detection of bacterioruberin further supports the notion that the observed pink discoloration
is associated with halophilic bacteria that thrive in salt-rich environments. However, it is
important to note that Raman spectroscopy does not allow for the identification of the specific
species detected, as the same carotenoid can be synthesized by multiple species. Therefore,
linking the pigment to a particular species necessitates the integration of culture-independent
microbial community analysis with Raman spectroscopy-based pigment identification [61].
According to Borisova et al. [102], in algae-bacteria communities, algae typically dominate,
comprising 70-99% of the total biomass and playing a cenosis-forming role. As autotrophic
organisms, algae release dissolved organic compounds, creating an ecological niche in which
specific bacterial populations can develop. The two unaltered samples, S; and Sy, which
lacked biodeteriogens, exhibited low weight percentages of soluble ions. In sample Sy, a
small percentage of SO4>~ was detected (Table 2. The interaction between soluble salts and
bacteria is complex, with results depending on the bacterial species, salt concentration, and
environmental conditions. Some salts may hinder and inhibit bacterial growth, whereas
others can support bacterial survival and facilitate essential functions. Our results highlight
the importance of preventive diagnosis, as it forms the foundation of a comprehensive and
effective conservation plan.
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5. Conclusions

This study, through the integration of field observations and laboratory-based analy-
ses, has demonstrated the presence of a non-visible biological colonization. Moreover, it
highlighted a clear correlation between biological colonization and the chemical compo-
sition of salt efflorescence affecting the wall painting of the “Oratorio dell’Annunziata”.
The use of a bioluminometer in this way demonstrated a good skill of this instrument
as mandatory tools to investigation of not clear biodeterioration problems, such as the
presence of Parengyodontium album in areas affected by the so-called “white turf” alteration.
The pink discoloration was attributed to a consortium of halophilic bacteria soil-derived.
Additionally, microscopic investigation confirmed the presence of Chlorella sp. growing as
casmo-endolithic in the fresco. These findings emphasize the critical role of early-stage di-
agnosis in identifying biological presence and their correlation with chemical deterioration
processes, which is essential for the development of effective and targeted preventive or
sustainable conservation strategies.
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