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Abstract Biodeterioration of construction materials is still a major challenge that conservator-restorers face, especially in historic
monuments with high cultural value. Natural stone is highly susceptible to deterioration through physical, chemical, and biological
ways, whereas biological proliferation may potentiate both chemical and physical deterioration. The composition of the colonizers
and their proliferation are highly dependent on climatic parameters like temperature and humidity, which are distinct from place to
place. The present work proposes the execution of an innovative methodology that enables the determination of the susceptibility
of natural stone to biocolonization, a parameter denominated as biosusceptibility. The study aims to contribute to the creation of
models by predicting their deterioration even before the objects’ manufacture, promoting the sustainability of one of the most
valuable natural resources. The methodology proposed here was performed on limestones, marbles and slates—exploited in the
Portuguese territory—by using colonizing strains typically found on stones exposed to the Mediterranean climate. The results have
demonstrated that the stones with higher porosity are less susceptible to epilithic colonization and, consequently, with a moderate
alteration of their aesthetic appearance. However, the metabolic activity determined in these stones is higher, which indicates that
biocolonization will cause more severe damage to their structure in the future. The first significant changes on the stones’ matrix were
assessed one year after the inoculation, using cutting-edge technology of 3D surface micro-reconstruction. Due to its relevance in
natural stone deterioration processes, the inclusion of the biosusceptibility information in technical brochures is strongly encouraged.

1 Introduction

Natural stone, due to its excellent physical-chemical and aesthetic properties, has always been one of the most preferred natural
construction materials of the most prestigious buildings, monuments, or artefacts. Its exploitation is traditionally associated with
European countries, which continues to be a reference model in this sector, where it combines competence with creativity, investing
in new technologies to improve the quality of its products and services. To maintain its competitiveness in this field, it is important to
create additional tools that enable the development of predictability models, namely through building information modelling (BIM)
protocols. On the other hand, it is of utmost importance to apply these supporting tools to preserve stones that are part of our heritage
[1].

Despite the physical and chemical properties that characterize natural stone as a building material par excellence, it is a substrate
susceptible to deterioration mechanisms like any other natural material, triggered either by extrinsic [2-5] and/or intrinsic factors
[6-8]. The current bibliography refers to several studies conducted in laboratories, which relate physical (e.g. UV light, temperature,
humidity) [9-11] and chemical (e.g. SO, action) [10, 12] factors to deterioration of stone. However, there has been a lack of
laboratory studies that enable to mimic the effects of deterioration on stone mediated by microorganisms, a process denominated
biodeterioration. The biodeterioration of natural stone, a subject that was neglected for several years, is now considered one of the
major factors leading to its physical and chemical deterioration (Fig. 1), either by the action of the filamentous hyphae [13—15] or
products excreted by the colonizers (i.e. pigments, acids) [16, 17]. The development of biofilms on the surface of the stone also
promotes an evident aesthetic alteration [16, 18-21], denigrating eventual sculpted details and natural patterns of the stone itself,
namely colour and texture.

Biosusceptibility or bioreceptivity was defined by Guillitte in 1995 [22], and it refers to the susceptibility of a material to biological
deterioration caused by macro- or microorganisms such as fungi, algae, lichens and bacteria. Natural stone is a material susceptible
to biological colonization due to its porous nature and the presence of organic compounds that can act as nutrients for microbial
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Fig. 1 Aesthetic and structural
alterations of a historic sculpture
made of limestone from the
sixteenth century, co-promoted by
microbial activity [16]

growth [23-25]. Currently, fungi are the microorganisms that are considered to have the most physical decohesion effects on these
materials, since their development can lead to cracking and spalling [26, 27]. Fungi hyphae can penetrate deep into natural stone,
which can weaken the structure of the stone and make it more susceptible to further deterioration. The formation of biofilms by
fungi can also trap moisture and nutrients that can accelerate the growth of other microorganisms.

The formation of biofilms is a process that can naturally occur relatively quickly, and their development strongly depends on the
substrate characteristics and the environmental conditions. This study aims to encourage the inclusion, in catalogues and brochures,
of the parameter biosusceptibility, which describes the resistance of stones to biological deterioration.

2 Materials and methods
2.1 Selection of the lithotypes

Different lithotypes currently exploited in the Portuguese territory took part in this study, namely limestones, marbles, and slate.
The denomination of each selected lithotype and its relevant characteristics are presented in Table 1. The stones were selected based
on their high potential for building applications and conservation-restoration interventions.

2.2 Obtaining the microbial isolates

Three different eukaryotic strains were selected to inoculate the stones. These fungi were previously isolated from natural stone
exposed outdoor and exhibiting aesthetic alterations [16, 29]. The strains obtained (Table 2) were characterized and sequenced through
Sanger method and using the Basic Local Alignment Search Tool (BLAST) at the National Center for Biotechnology Information
(NCBI) database. The strains Cladosporium sp. and Phoma sp. belong to the phylum Ascomycota, and the strain Schizophyllum sp.
belongs to the phylum Basidiomycota, whose have been extensively associated with the colonization of stone-constructed buildings
and artefacts [20, 21, 29-31].

Fresh cultures of these isolates were prepared in slants using Malt Extract Agar culture medium (malt extract, glucose, and
peptone) and grown for 4 days at 28 °C. The cells were therefore placed in a sterilized physiological saline medium (0.9% w/v),
obtaining a solution with 2 x 107 cells/mL. For this purpose, the cells were counted in a Neubauer chamber supported by an optical
microscope.

2.3 Preparation of the natural stone mock-ups

Natural stone blocks were supplied by companies of the ornamental stone sector. The mock-ups used to execute the experiment
were prepared (1.5 x 1.5 x 1.5 cm) with a DISPLAN-TS precision saw and therefore autoclaved in polypropylene bags at 110 °C
for 25 min to be able to control the further development of the cells.

2.4 Experimental setup
After sterilization, the specimens were inoculated with 1 x 10 cells of each strain in each stone mock-up, depositing several drops

on its surface. After the inoculation, the stone mock-ups were placed in an Aralab Fitoclima 600 climatic chamber at constant
temperature and relative humidity of 28 °C and 90%, respectively. One mock-up of each lithotype was incubated without cell
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Table 1 Description of the lithotypes used for the biosusceptibility assessment
Commercial name Petrography and classification according to Chemical composition Open porosity (%)

Folk [28]

Rosal Dunas Carbonate rock with recognizable depositional Ca0 55.73%; MgO 1.35%; SiO; 0.69%; K,0 12.3
(limestone) grain-supported texture. It is characterized by 0.11%; Nay0 0.09; Al,O3 0.06%; Fe, O3
a strong presence of bioclasts, peloids and 0.05%; TiO7 0.02%;
some oolites (bio-ool-pelsparite) LOI* 43.70%
Moca creme Carbonate rock with recognizable depositional Ca0 55.63%; MgO 1.24%; SiO; 0.75%; K,0 8.5
(limestone) grain-supported texture. It is characterized by 0.10%; Nay O 0.08; Al,03 0.09%; Fe, O3
a strong presence of bioclasts, peloids and 0.07%; TiO 0.01%;
some oolites (bio-ool-pelsparite) LOI 43.44%
Alpinina Limestone rock with micritic mud-supported Ca0 54.81%; MgO 1.20%; SiO; 0.89%; K,0 0.7
(limestone) matrix. Presence of subparallel recrystallized 0.11%; Nay O 0.07; Al;03 0.10%; Fep O3
sparite veins with openings from 0.1 mm up 0.05%; TiO7 0.01%;
to 5 mm and variable spacing LOI43.79%
(Pelbiomicrite-sparite)
Creme JPL Calcitic marble with homeoblastic granoblastic ~ CaO 55.81%; MgO 1.71%; SiO; 1.21%; K>O 0.2
(marble) interlobate texture. Strongly isotropic and 0.15%; Nay O 0.08; AlpO3 0.19%; Fey O3
oriented texture with MGS = 1.5 mm. Grain 0.43%; TiO 0.01%;
boundary shape (GBS) mainly curved and LOI 42.66%
secondarily straight
Rosa JPL Calcitic marble with homeoblastic Ca0 55.22%; MgO 1.52%; SiO; 1.10%; K,0 0.2
(marble) semi-polygonal granoblastic texture. Strongly 0.17%; Nay O 0.09; Al,03 0.09%; Fe, O3
oriented and isotropic with MGS = 2 mm. 0.26%; TiO7 0.01%;
GBS of mainly straight and secondarily LOI43.27%
curved type
Brecha St. Anténio Bioclastic dolomite-calcite limestone, with Ca0 51.54%; MgO 1.12%; SiO; 3.12%; K,0 4.7
(limestone) sparite and recrystallized zones (Biosparite) 0.16%; Nay O 0.05; AlpO3 1.41%; Fey O3
2.34%; TiO7 0.07%;
LOI 40.98%
Ardésia Valongo Very fine-grained metamorphic rock with Ca0 0.44%; MgO 3.72%; 1.2
(slate) porphyrooid-lepidoblastic texture SiOj 45.05%; K70 3.96%; Nay O 1.42; Al,O3

31.71%; Fep 03 8.60%; TiO, 1.43%;
LOI 5.81%

*LOI: Loss of ignition at 1060 °C

inoculation to function as a control specimen. The assays were performed in triplicate. Every week, 50 pL of Malt Extract culture
medium was added to the mock-ups by depositing it as drops.

2.5 Analytical methodology

2.5.1 Macroscopic and microscopic recording

The macroscopic and microscopic appearance of the stone mock-ups and the viability of the grown cells were evaluated at 15, 30,
and 60 days after inoculation. The stone mock-ups were observed under a HIROX-01 digital microscope coupled to a NPS Confocal
White Light system to record the macroscopic aspect and to perform 3D surface micro-modelling. The 3D micro-modelling using
the NPS Confocal White Light System was performed on a 1 x 1 mm surface area, scanning 1000 lines with 200 um s~! scanning
speed. In each period, the stone mock-ups were removed from the climatic chamber under aseptic conditions and observed in the
digital microscope.

2.5.2 Cell viability

Cell viability was determined through the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), pre-
viously described by Mosman [32]. This is a colourimetric method used to quantify the viable cells present in a solution, which is
based on the reduction of MTT (yellow-coloured substance) to formazan (blue-coloured substance), through the action of dehydro-
genases. Thus, the metabolic activity of the cells is evaluated through the quantification of formazan, which concentration is directly
proportional to the dehydrogenases’ activity. In this case, the value of the metabolic activity index corresponds to the slope of each
trend line. Higher slope values mean a higher cell viability index.

In each period, after observing the stone mock-ups in the digital microscope, they were placed in Falcon tubes with 3 mL of
saline solution, where the cells were extracted for 24 h at 150 rpm.
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Table 2 Characterization of the fungal isolates used for the biosusceptibility study

Macroscopic features Microscopic features Closest related type strain on basis of 18S rRNA gene and ITS

Cladosporium sp.

Phoma sp.

Schizophyllum sp.

After the extraction, the solution obtained for each stone mock-up was transferred to Eppendorfs and kept at 4 °C overnight.
The metabolic activity study was performed according to the procedure following described. 200 L of solution was transferred to
a microtube and 300 WL of MTT reagent (0.5 mg/mL) was added, followed by incubation for 4 h at 37 °C in the dark. After the
incubation, the solution was centrifuged for 10 min at 10,000 rpm and the supernatant was discarded. 350 pLL of DMSO/ethanol (1:1,
v/v) was added to dissolve the purple formazan crystals, followed by new centrifugation for 10 min at 10,000 rpm. The absorbance
was measured at 570 nm on a ThermoScientific MultiskanGo plate reader, using 200 L of solution placed in a reading plate.

2.5.3 Colourimetry experiments and determination of C.F.U.

After 60 days of inoculation, the colour of all stone mock-ups was measured using a DataColor CheckPluslII portable spectropho-
tometer with a measuring aperture of 5 mm. The colour was determined at 3 different points on the inoculated surface by measuring
the parameters of the CIELAB colour space. This measurement aims to determine the total difference in colour (by calculating the
AE) of each lithotype caused by the biological colonization, using the formula: AE = ((AL)? + (Aa)? + (Ab)?)2, where AL =
L*60days — L*t0days: A2 = a*t60days — @*t0days; Ab = b¥i60days — b*t0days-

The colony forming units (C.F.U.) of each solution were also determined in this period. For this, 100 pL of each solution was
inoculated by inclusion in Malt Extract Agar culture medium placed in a Petri dish. After solidification, the plates were incubated
for 5 days at 28 °C. This experiment was performed in triplicate.
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Fig. 2 Aesthetic effects promoted
by the inoculation of
Cladosporium sp. on the surface
of Brecha St. Anténio at a tOd and
b t60d, and Creme JPL at ¢ tOd e
d t60d

2.6 Assessment of structural alterations

The structural alterations of the stones were assessed 1 year after the inoculation using 3D surface micro-reconstruction technology.
These surface reconstructions were performed using a Scanning Electron Microscope HITACHI S-3700N through the four quadrants
of the backscattered electron (BSE) detector. The surface of each stone was analysed without any preparation step, operating the
SEM at 20 keV accelerating voltage, 40 Pa chamber pressure, and 10 mm working distance. The 3D models were built and processed
using the software MountainsMap® 7.

3 Results and discussion

The main scope of the present study is to contribute to the implementation of a tool that will enable the evaluation of a parameter
that measures the resistance of natural stone against biodeterioration, denominated as biosusceptibility. To achieve it, three different
microbial strains were applied to substrates that typically compose architectural projects, and their proliferation and effects were
measured using a multi-analytical methodology.

3.1 Macroscopic and microscopic appearance

Photographic recording enabled to monitor the microbial growth and the aesthetic integrity of the stones. This was also performed
for the control specimens, which remained unaltered during the experiments (data not shown). 15 days after the inoculation, it was
already possible to observe microbial proliferation, indicating that the inoculated populations are settling and attaching to the surface
of the stones. 60 days after the inoculation, an intense formation of biofilms was observed, especially in the metamorphic rocks
(Fig. 2). This fact may be related with their low porosity and, consequently, low capacity to absorb moisture and nutrients [33],
promoting a microbial proliferation that is essentially epilithic. This phase indicates that the inoculated population are likely adapted
to the atmospheric conditions, as well as to the substrate where they are growing. The biofilm formation has a protective function,
and it is a mechanism that assures the trap of nutrients. However, all stones demonstrated to be susceptible to microbial growth on
the surface, as it became perceptible with the reconstructions obtained through confocal microscopy. The colour changed and the
commercial finish was lost due to a change of texture (Fig. 3). This process known as biodeterioration involves several physical
transformations that alter the appearance and properties of the stone. Besides some chemical transformations may also occur due to
the release of pigments that can impart different hues to the stones’ surface, in this case, it seems that the discolouration observed is
essentially due to the colour of the microbial colonizers and their cell debris. Additionally, an increase in the roughness of natural
stone surfaces may favor water and nutrient retention, leading to a cause-effect cycle. This was rapidly achieved on some lithotypes
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Fig. 3 Structural effects promoted by the inoculation of Schizophyllum sp. on the surface of Arddsia Valongo at a, b tOd and ¢, d t60d and Rosal Dunas at
e t60d. Reconstructions were performed with NPS confocal white light system. The roughness increased significantly after the microorganisms’ proliferation

since only 60 days were needed. Despite being a methodology that promotes accelerated growth of microorganisms, these effects
will be unavoidably felt on these materials applied on exposed buildings or artefacts [24, 34, 35] if no intervention occurs to promote
its preservation.
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Fig. 4 Graphical representation of the metabolic activity of the cells from the different strains, proliferating on the surface of the stone mock-ups. a Cla-
dosporium sp., b Phoma sp., ¢ Schizophyllum sp., and d controls

Table 3 The microbial activity Sample Cladosporium sp. Phoma sp. Schizophyllum sp. Controls

indexes were calculated until

60 days after the inoculation. The Rosal Dunas 52 % ]0—3 43 x 10—3 6.8 x 10—3 9.0 x 10—5

metabolic activity index is given 3 3 3 )

through the slope of the Moca creme 3.0x 10 2.5x 10 3.0x 10 1.0x 10

corresponding trend line Alpinina 2.0x 107 1.6x 1073 1.8x 1073 6.0x107°
Brecha St. Anténio 9.0x 107 1.7x 1073 12x1072 2.0x 1075
Ardésia Valongo 1.0x 107 6.0x 107 8.0x 107 4.0x107
Creme JPL 40x 107 2.6x 1073 6.0x107* 6.0 x 1075
Rosa JPL 2.0x 1074 3.0x 1074 6.0 x 1074 1.0x 104

3.2 Metabolic activity and structural alteration

The MTT assay has enabled to determine in which lithotypes have acted a higher metabolic activity [29]. Unlike the biofilms’
formation previously discussed, the lithotypes that demonstrated a higher metabolic activity index were Rosal Dunas, Moca Creme
and Brecha St. Anténio (Fig. 4 and Table 3), which are characterized to be limestones with high open porosity (Table 1). These
results suggest that these lithotypes are more susceptible to endolithic colonization. Due to this physical property, porous stones
have a greater capacity to retain moisture and nutrients in their pores, which triggers cell proliferation within their matrixes. An
endolithic proliferation by fungi will imply the sporulation of hyphae [36] inside the pores of the stone. This expansion can cause the
stone to crack or split, particularly if the stone has pre-existing fissures or weaknesses. In the worst scenarios, this expansion leads
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Fig. 5 Structural alterations caused by the development of Schizophyllum sp. on the surface of Rosal Dunas. 3D surface micro-reconstructions at (a, b,
¢) t60d and at (d) t360d through SEM and confocal microscopy, and the software MountainsMap® 7

to the disintegration of the stone [37, 38], leading to permanent loss of material which induces particular constraints on Cultural
Heritage artworks. Consequently, in the long term, structural deterioration will be stronger in more porous lithotypes. The 3D surface
micro-reconstructions have enabled a deep insight into the effects of stones’ biocolonization. Rosal Dunas is a lithotype rich in
oolites and peloids, which are small, spherical structures that form in shallow marine environments through the accumulation of
calcium carbonate around a nucleus. In this stone, it was possible to assess the detachment of some oolites and peloids from the
matrix of the stone since pits became visible on its surface (Fig. 5). This detachment was most likely mediated by the action of
the filamentous fungi through cement deterioration that holds these structures. Nevertheless, more data are needed to investigate if
the mechanism has involved chemical (e.g. dissolution through acids release) or/and physical (e.g. disruption by hyphae growth)
processes. This was a short-term effect that completely changed the physical appearance of the surface of the stone, which made
this lithotype not suitable for applications under specific conditions. The metabolic activity was also measured in non-inoculated
stone mock-ups, which worked as a control for the experiment.

The execution of this methodology makes it possible to establish that the microbial proliferation on the surface of the stones is
dependent not only on the substrate characteristics but also on the colonizing strain itself, which should be defined depending on
which climate the stones will be settled [39, 40].

The C.F.U. were determined 60 days after the inoculation (Table 4). It was found that limestones have the highest C.F.U. values,
most likely due to its greater capacity to retain moisture and nutrients, corroborating the results previously obtained. On the other
hand, the colour measurements showed that the biological colonization impute a significant colour change on the surface of the
stones, and the alteration of this physical parameter is more evident in the stones colonized by the strain Cladosporium sp.. This
may be directly related to the greater capacity of this strain to colonize carbonate and silicate substrates in an epilithic way [41, 42].

4 Conclusions

Biocolonization plays a key role in stone deterioration, and a detailed understanding of the process is required. The application
of the innovative methodology here presented enabled to determine which natural stone lithotypes would be most susceptible to
biological colonization using microbial strains of the phyla Ascomycota and Basidiomycota. Regarding these colonizing strains,
it was demonstrated that the stone lithotypes with a relatively high degree of open porosity are more susceptible to endolithic
proliferation. In contrast, lithotypes with a lower degree of open porosity (whether carbonate or silicate) are more prone to the
formation of biofilms on their surfaces. Besides less susceptibility to aesthetic alterations, endolithic colonization implies greater
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Table 4 Total colour difference Sample Cladosporium sp. Phoma sp. Schizophyllum sp.

(AE) induced on the stones by

each colonizing strain and C.E.U. AE C.EU. (CFU/mL) AE C.F.U. (CFU/mL) AE C.EU. (CFU/mL)

determination, 60 days after the

inoculation Rosal Dunas 13.03  29x10° 1158  1.1x10° 6.68 4.6 x 10*
Moca creme 3438  1.8x107 2049  1.5x 107 1922 1.8x107
Alpinina 3728  29x100 24.66  1.6x 107 2457 1.7x107
Brecha St. Anténio  15.57  3.0x 10° 6.35 8.8 x 10° 1057 2.1x 107
Ardésia Valongo 1444  75x10° 9.73 1.5x 107 5.84 1.8 x 107
Creme JPL 2873 62x10° 2892 7.5x10° 2699 6.1 x10°
Rosa JPL 2965 4.4x10° 2130  4.1x10° 2299 6.8 100

structural alterations of the stones’ matrix, as it became demonstrated with the 3D surface micro-reconstructions. It was not clear at
this point of the research if the chemical composition influences the proliferation of this type of microorganisms.

This study intends to contribute to a thoughtful consideration regarding the choice of the most suitable lithotypes in the execution
of a particular architectural project, allowing relevant economic impacts on the natural stone value chain and leading to adjusted
maintenance and conservation practices.

Encouraging the inclusion of “biosusceptibility”, as a parameter defined by the susceptibility of a building material to biological
colonization and deterioration, in product catalogues can promote the sustainable use of stone as a natural resource. This work has
important applications in the preservation of cultural objects, as it identifies suitable materials for specific projects. The achievements
of this study are a valuable contribution for industry associations, government agencies, and private companies, who should continue
to discuss its implications. In addition, the need for sustainable solutions with antimicrobial potential is emphasized, which can lead
to more effective preservation of these substrates over time.
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