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Abstract: The recent global warming started at the end of the 19th century, causing an increase in the
average temperature of Earth and posing environmental, social, economic, and cultural repercussions.
Much tangible cultural heritage is composed of natural stones, which decay due to the combination
of chemical, physical, and biological factors. Biodeterioration leads to a loss of the performance
requirements and socio-economic value of stone building materials. In the future, the dynamics of
biodeterioration will hypothetically vary. This study aims to shed light on this variation by comparing
biodeterioration under historical climatic conditions (1995–2014) with a future scenario defined by
the IPCC SSP5-8.5 for the reference period 2080–2099. The material tested is Pedra de Ançã (PA),
a candidate for World Heritage Stone. Climatic chambers were used to simulate the historical and
predicted environmental conditions. The scope of this investigation is to understand the growth
dynamic of the biodeteriogen Rhodotorula sp. and to study the morphological and aesthetic variations
of stone surfaces. Biochemical and micro-topographic analyses highlighted the metabolic activity of
the population proliferating under distinct environmental conditions, revealing better adaptability of
Rhodotorula sp. and higher biocorrosion in the historical climate status with respect to the future.

Keywords: limestone; Pedra de Ançã; global warming; world heritage stone; carbon dioxide; relative
humidity; shared socio-economic pathways; building pathology

1. Introduction

The base principles of stone chemical–physical weathering under historical [1] and
future climatic conditions in the Mediterranean climate area [2] and the subarctic environ-
ment [3] have already been investigated from various authors. Research carried out so far
on stone biodeterioration mainly concerns historical or actual environmental conditions and
their impact on stone decay [4–7]. Understanding biodegradation dynamics, particularly
under future climatic conditions distinct from the present, is a topic insufficiently addressed
in the literature. Regarding the anticipated shifts in atmospheric CO2 concentrations due
to climate change, some research has shown that exposure to higher than ambient levels
of CO2 can enhance photosynthesis with a fertilizing effect on photosynthesizing stone
biodeteriogen organisms (algae, cyanobacteria, and superior plants) [7]. Some superior
plants are classified as biodeteriogens, and changes in active tissue quality (wider C/N
ratio) and their effects on community dynamics have been discovered [8,9].

However, not all biodeteriogen microbes and plants respond equally to an increase
in atmospheric CO2 [10–12]. Regarding microbes, no differences have been recorded for
Anabaena sp. [13], Gloeotrichia natans [10], Nannochloropsis gaditana, and Nannochloropsis
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maculate [11]. As mentioned above, an overall increase in CO2 produces an increase in
biomass and lipids in microorganisms such as Chlorella sp. [14] and cyanobacteria [15].

By contrast, algal and lichen communities do not respond to CO2 enrichment [16,17].
Regarding superior plant, an overall increase in available CO2 leads to a stronger response
of fast-growing herbaceous species than slower-growing species [8]. Other observations
have stabilized a threshold above which plants are CO2-saturated, and no increases in
productivity have been observed [12,18].

In the abovementioned research, stone biodeteriogen communities have been exposed
to arbitrary CO2 concentrations that do not correspond or are outdated from realistic climate
change scenarios. This research, instead, proposes the use of up-to-date generation-five sce-
narios (shared socio-economic pathways, SSPs) formulated by the Intergovernmental Panel
on Climate Change (IPCC) in 2021. SSPs indicate that CO2 global average concentrations
by 2100 will range from 393 to 1135 ppm for the lowest (SSP1-1.9) and highest (SSP5-8.5)
emission scenarios, respectively [19], contrary to the present-day CO2 atmospheric concen-
tration, which is around 420 ppm.

A variation in other atmospheric anhydrides such as SO2 and its effects on stone
biodeteriogens are not yet completely understood. Some researchers point out that for some
microorganisms, an amount of SO2 higher than the atmospheric background (commonly
20 < SO2 < 125 µg/m3) may have a beneficial effect. This has been recorded in certain fungi
(e.g., Penicillium sp., Embellicia sp.) and bacteria (e.g., Brevibacillus sp., Streptoverticillium
sp.) [20]. Additionally, heterotrophic microflora could be the first colonizers of stone
materials exposed to a SO2-bearing atmosphere [21]. When the SO2 concentration is much
higher than the atmospheric background, some biological microorganisms, such as lichens,
with rare exceptions, can be negatively affected [22]. In any case, the emissions of SO2 are
going to decline due to policies directed at reducing pollution, especially in urban areas
through the disposal of thermic engines in vehicular traffic [23].

Thermo-hygrometric conditions regulate microbial activities, but their modifications
due to climate change and its outcomes on biodeteriogen communities are not sufficiently
explained. In general, water availability and humidity are the main factors determining
biofilm formation, community composition, and, especially, the assortment of species.
Some authors have demonstrated that a change in the biomass of phototrophs can happen
in response to water availability [24]. Further investigations have found that moisture
could be a key factor. Although no direct relationship has been observed, these researchers
hypothesized that biofilm distribution may depend on the temporal distribution of moisture
and, possibly, transient wetting events [25].

The significance of microorganism colonization on stone surfaces has resulted in a
substantial amount of literature examining the mechanisms and rates of the physicochem-
ical degradation of stones in both laboratory and field settings [26–30]. The biological
colonization of a stone surface is contingent on intrinsic stone characteristics, such as min-
eral composition, texture, porosity, and permeability, in addition to the abovementioned
environmental factors [26]. The bioreceptivity of limestone extract from phototrophic micro-
organisms has been linked to effective porosity, capillary and water absorption, water vapor
permeability, surface roughness, stone pH, and chemical composition [27]. Another study
demonstrated the correlation between the quantification of the surface roughness of stones
and the colonization by epilithic organisms, carried out using non-destructive techniques
for three distinct types of limestones. It was concluded that a higher surface roughness is
linked to enhanced microbial colonization [26].

This paper introduces the biodeterioration dynamics of Rhodotorula sp. yeast on
limestone by simulating historical (1995–2014) and future climatic conditions (2080–2099)
in a humid tropical climate (Figure 1a). Rhodotorula sp. is an important and very common
pathogen for natural stones, mortars, and paints [31,32].

The choice of tropical climate was essentially made for two reasons:

(i) It affects highly populated areas with considerable building density.
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(ii) Thanks to the high average annual temperature and humidity, the tropical humid
climates clearly offer ideal conditions for the growth of stone colonizers.

The research questions of this research are the following:

(i) Will climate change favor or reduce the growth of Rhodotorula sp. on limestone substrates?
(ii) Given the escalating levels of atmospheric CO2 and temperatures, is there an antici-

pated change in the biodegradation caused by Rhodotorula sp.?

In this research, the physical biodegradation of the stone surface, usually observed in
2D photography, was evaluated by three-dimensional LIDAR Nano Point Scanner (NPS)
modeling [4]. The NPS is an innovative non-contact confocal 3D profile meter measuring
altitude in real time, for profile or surface scanning [4]. It is characterized by a measurement
range from 0 to 1400 µm. The NPS technique was used to evaluate the interaction between
the substrate and the biofilm. Biocolonization affects the rock surface by increasing its
roughness. Consequently, this change in topography allows nutrients and water to be
simply retained and enhances microbial growth.

The significance of this paper is supported by the annual global financial loss and
human diseases due to biological damage to stone building materials and structures [33].
Hence, it is crucial to determine the predicted stone biodegradation, taking into considera-
tion the climate change challenges that urban communities must necessarily face.

Stone Materials Biodeterioration Due to Rhodotorula sp. Yeast

Construction materials, particularly stones, are commonly colonized by microbial
populations, whose development is strongly connected with the climatic conditions and
the substrate’s chemical composition [34]. Among the several types of colonizers, it is
generally consensual that eukaryotic strains, including algae, yeasts, and filamentous fungi,
represent the most serious threat [35]. Their proliferation and capacity to secrete metabolites
may induce both aesthetic and micro-structural alterations by compromising the raw
characteristics of stone. Typical examples of metabolites are carotenoids, natural pigments
that are part of the class of tetraterpernoid compounds derived from highly unsaturated
isoprenes. These bioactive compounds, which may induce yellow, orange, pink, and red
hues [36], are mostly produced by filamentous fungi and yeasts, but also bacteria, algae,
and lichens [37]. Their main functions are the harvesting of light energy, protection against
oxidative damage, and stabilization of certain pigment–protein complexes. Rhodotorula sp.,
through its metabolic activity, is a yeast that produces reddish-pink carotenoids, and its
deleterious action has been reported in previous studies [38].

Biodegradation due to Rhodotorula sp. is commonly found in indoor environments,
affecting a wide variety of lithologies and other construction materials worldwide. Some
examples of biofilms are shown in Figure 1b–f where pink spots can be detected on granites,
synthetic varnishes, and limestones. The microbial communities found in these envi-
ronments often consist of other carotene-producing microorganisms, and Rhodotorula sp.,
although it may be present, is not generally the most common and abundant.

In addition to stones, Rhodotorula sp. have also been isolated from deep igneous
aquifers, 200–400 m below the surface in the Baltic Sea and from deep ice cores of Greenland
glaciers at extraordinary depths of 2000 m [38].



Heritage 2023, 6 7730Heritage 2023, 6, FOR PEER REVIEW    4 
 

 

 

Figure 1.  (a) Worldwide diffusion of  tropical climate  [39]  (Af =  tropical rainforest climate, Am = 

tropical monsoon climate, As = tropical savanna climate with dry summer, Aw = tropical savanna 

climate with dry winter); (b,c) colonization of Rhodotorula sp. on granitic substate; (d) colonization 

of Rhodotorula sp. on synthetic varnish (Ca–Ti-bearing); (e) colonization of Rhodotorula sp. on lime-

stone. Photos taken by Fabio Sitzia. 

2. Materials and Methods 

2.1. Materials 

The limestone selected as a substrate for the inoculations is commercially known as 

Pedra de Ançã (PA). It is a Portuguese lithotype from Bajocian–Bathonian (Lower Jurassic) 

geological period  [40], mainly used  in ancient vernacular architecture as well as other 

lithotypes of the Mediterranean area [41]. It presents some geological facies characterized 

Figure 1. (a) Worldwide diffusion of tropical climate [39] (Af = tropical rainforest climate,
Am = tropical monsoon climate, As = tropical savanna climate with dry summer, Aw = tropical
savanna climate with dry winter); (b,c) colonization of Rhodotorula sp. on granitic substate;
(d) colonization of Rhodotorula sp. on synthetic varnish (Ca–Ti-bearing); (e) colonization of Rhodotorula
sp. on limestone. Photos taken by Fabio Sitzia.

2. Materials and Methods
2.1. Materials

The limestone selected as a substrate for the inoculations is commercially known as
Pedra de Ançã (PA). It is a Portuguese lithotype from Bajocian–Bathonian (Lower Jurassic)
geological period [40], mainly used in ancient vernacular architecture as well as other
lithotypes of the Mediterranean area [41]. It presents some geological facies characterized
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by differences in workability, hardness, and porosity [42]. The facies utilized in this research
is the most porous, soft, and workable. Due to these features, it is suitable for use in
various architectural elements. PA limestone has been used since the occupation of the
Portuguese territory by the Romans and has been exported for architectural purposes in
different continents. PA is a candidate for World Heritage Stone designation, through
the Geoscience Department of the University of Coimbra (Portugal). This stone is often
subjected to chemical–physical decay and biodeterioration, which was one of the main
reasons for its selection.

PA limestone was characterized using the following technological tests: (i) compressive
strength, (ii) thermal conductivity, (iii) volume heat capacity, (iv) thermal diffusivity, (v)
Leeb D hardness (HLD), and (vi) P wave speed (m/s). All these properties were measured
in cubic specimens of 5 × 5 × 5 cm. Specimens of 1.5 × 1.5 × 2.5 cm were employed to
measure the real, bulk, and solid density; effective porosity; closed porosity; and immersion
coefficient. Vapor permeability specimens had 2.5 × 2.5 cm dimensions with a variable
thickness (t), ranging from 3 to 5 mm.

Concerning the inoculation and the following climatic chamber exposition test,
6 specimens with 2 × 2 × 1 cm dimensions were used. Two sets of specimens were used.
The first set consisted of 3 inoculated specimens that were subjected to the historical
climatic context. A second set of 3 inoculated specimens were subjected to a predicted
climatic context. Three non-inoculated control specimens were added to each set.

2.2. Methods

The mineralogical composition of the stone was identified by X-ray diffraction with a
Bruker D8 Discover diffractometer (Bruker Company, Karlsruhe city, Germany). The CuKα

radiation tube operated at 40 kV and 40 mA. The XRD peaks were measured between 2◦

and 75◦ 2θ, with 1 s counting time per point. The Powder Diffraction Database (PDF-ICDD,
International Centre for Diffraction Data) using Bruker EVA software (version V7.5.0 32 bit)
was used to identify the crystalline phases.

Hardness was measured using a portable tester (Leeb D EQUOTIP, Proceq), with the
wireless software platform EQUOTIP LIVE (version 3.1.4). The instrument was indirectly
verified, according to the ISO16859-2 standard.

Measurements of the P wave speed (Vp) were carried out using a portable PUNDIT
PL200 PROCEQ.

The thermal conductivity coefficient, volume heat capacity, and thermal diffusivity
were measured using an ISOMET 2114 thermal effusivity meter.

The point load index (Is50) was determined with a point load tester (Controls D550).
During the water vapor permeability test, the EN 15803:2010 standard was followed [43].
Compressive strength (σC) was assessed by uniaxial compression testing in accordance

with the EN 1926: 2006 standard on cubic specimens (50 mm side) [44]. The employed
instrument was an EL200 hydraulic press produced by PEGASIL (1200 kN capacity). The
remaining physical features, such as real, solid, and bulk density, were measured with the
help of a Quantachrome ULTRAPY1200e pycnometer.

Rhodotorula sp. was previously isolated near the Mosteiro de Alcobaça (Portugal,
39◦32′ N–8◦58′ W) from natural stone exposed to an outdoor environment. Following the
isolation, the yeast was characterized and sequenced (Table 1, Figure 2) [45]. The access
number on GenBanck is CCLBH-F7L3 OR802143.

Table 1. Characterization of the Rhodotorula sp. yeast isolate used in this study.

Closest Related Type
Strain on Basis of ITS Family Class Phylum

Rhodotorula mucilaginosa Sporidiobolaceae Microbotryomycetes Basidiomycota
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Figure 2. Microscopic features of Rhodotorula mucilaginosa (400×magnification).

Fresh cultures were prepared in slants using Yeast Extract Peptone Dextrose (YEPD)
culture medium (yeast extract, dextrose, and peptone) and grown for 4 days at 28 ◦C. The
cells were placed in a sterilized physiological saline medium (0.9% w/v). Each limestone
mock-up was inoculated with 200 µL of this cell-suspension solution corresponding to
8 × 107 cells.

The first set of limestone specimens was placed for 90 days in an
ARALAB FITOCLIMA 600. This was programmed with a fixed temperature of
26.5 ◦C, 74.9% relative humidity, and an atmospheric CO2 concentration of about 420 ppm.
The data of temperatures represent the annual averages (period 1995–2014) of the Paraiba
region (Brazil, coordinates 7◦09′ S–36◦49′ W), which was selected as a reference and is
mainly affected by a humid tropical climate (Figure 3a).

The years between 1995 and 2014 were selected as the historical period because this
time span is used as the basis for climatic projections by the Climate Change Knowledge
Portal [46].

Regarding the relative humidity, no data were available for the entire Paraiba district.
For this reason, the average annual relative humidity of the capital city Joao Pessoa (period
1995–2014) was used. The climatic data of T and rH are available on the INMET website [47].
The atmospheric concentration of CO2 during the historical period from 1995 to 2014 is
regarded as representative of the levels in the year 2023. It was measured using a portable
CO2 EXTECH CO22O.

It is essential to emphasize that despite the observed period of meteorological data
spanning from 1995 to 2014, during which the atmospheric CO2 concentration was about
378 ppm, the climatic chamber, unfortunately, lacked the capability to replicate an environ-
ment with a lower CO2 concentration than the historical ambient level (about 420 ppm).
This concentration, in fact, represented the lower limit of the chamber.

Similarly, and in parallel, the second set of limestone specimens was placed for 90 days
in another climatic chamber, the ARALAB FITOCLIMA 300 EDTU. This was programmed
with a fixed temperature of 30.2 ◦C, 78.2% relative humidity, and about 1135 ppm of
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atmospheric CO2 to mimic the predicted atmospheric conditions of the SSP5-8.5 scenario
in the Paraiba region (period 2080–2099). The projections of temperatures are relative to the
Coupled Model Intercomparison Project (CMIP) 6 supporting the IPCC’s Sixth Assessment
Report [46] (Figure 3a,b).

The predicted CO2 atmospheric concentration was calculated using the MAGICC7
climate model and selected as about 1135 ppm (max. concentration predicted for the
year 2100).

For the average annual relative humidity in the period 2080–2099, the Copernicus
software projections [48], referred to the scenario CMIP 6, SSP5-8.5 in Paraiba territory, were
used. The climatic model CMCC-ESM2 at level 1000 hPa has been used for the projections.

In both climatic chambers, the internal light followed the natural dark/light cycles
with a maximum illuminance of 6 lx. Each mock-up received a weekly addition of 150 µL
of Yeast Extract Peptone Dextrose (YEPD) medium culture.

The climatic chamber settings are presented in Table 2.

Table 2. Average annual temperature, relative humidity, and CO2 atmospheric concentration of
historical and foreseen climatic conditions of the Paraiba region (Brazil).

Paraiba Region
(Brazil)

Historical Conditions
(Period 1995–2014)

Foreseen Conditions, CMIP 6, IPCC SSP5-8.5 Scenario
(Period 2080–2099 AD), Figure 3a,b

Average Annual
Temperature

Average
Annual
Relative

Humidity

CO2
Atmospheric

Concentration
Average Annual

Temperature
Average Annual

Relative
Humidity

CO2 Atmospheric
Concentration (ppm)

26.5 ◦C 74.9% ~420 ppm 30.2 ◦C 78.2% ~1135 ppm
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Figure 3. (a) Monthly average temperatures according to the historical period (1995–2014) and
SSP5-8.5 scenario (2080–2099); (b) foreseen atmospheric CO2 concentrations for different shared
socio-economic pathways (SSPs) projected by MAGICC7 climate model.

Three-dimensional models of the specimen surfaces were created using a Hirox-01
Digital Microscope equipped with a Nano Point Scanner (NPS). Each map of a 4 cm2 surface
was developed using 200 scanning lines (scanning speed of 2000 µm/s) and elaborated
with the help of MOUNTAINS 7.0 software.

The metabolic activity was determined by the reduction of MTT (3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide) by cell dehydrogenases. The MTT assay is a
colorimetric method that allows the determination of active cells based on their capacity to
reduce MTT (yellow compound) to formazan (purple compound), with the intensity of the
purple color being proportional to the number of viable cells. This protocol has successfully
been applied in similar studies [6], giving accurate and reliable data.
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At the end of the test, the specimens were removed from the climatic chambers
and photographed using the Hirox-01 digital microscope, and 3D surface models were
created. Each specimen was then placed in a 50 mL Falcon tube. Then, 3 mL of sterilized
physiological saline medium (0.9% w/v) was added, and the cells were extracted from the
surface. The MTT assay was performed according to Dias et al. [4]. Each specimen was
assessed in duplicate.

3. Results and Discussion

Pedra de Ançã (PA) is a micritic limestone and has geological characteristics in common
with many lithotypes globally used in architecture. This is the reason it was selected for the
assessment of the biodeterioration effect in the present research [49].

This limestone has a mediocre hardness and can be easily degraded by weathering.
Its smooth finish can easily deteriorate due to an increase in roughness. This process
causes an increase in the surface permeability. At the same time, the greater roughness
reduces the rainwater runoff, leaving the surface humid for a long time. Additionally, the
effective porosity of PA ranges between 18.7 and 22.4% (Table 3). Water absorption for
total immersion at atmospheric pressure is sufficiently high, with imbibition coefficients
between 8.1% and 12.2%. The vapor permeability range is 1.8 × 10−11 < kV < 2.1 × 10−11

g/m·s·Pa, and the average gas-driven permeability has been evaluated as about 70 mDarcy.
Accordingly, PA absorbs large amounts of liquid solutions and allows the vapor to

easily permeate the stone. The wettability of the surface, due to the rapid increase in
roughness, is a key factor.

The retention of water in the stone, linked to all the above-mentioned physical features,
supports the growth of microorganisms.

Biochemically speaking, the stone does not have substantial nutritional properties as
it presents a simple mineralogy composed of 99% calcite and 1% quartz.

Table 3. Physical–mechanical features of PA limestone.

Physical–Mechanical Feature Range

Real density (g/cm3) 2.72 < ρR < 2.73
Bulk density (g/cm3) 2.05 < ρB < 2.17
Effective porosity (%) 18.7 < Φ0 < 22.4
Closed porosity (%) 0.54 < ΦC < 1.91

Total immersion coefficient (%) 8.1 < CIW < 12.2
Point load strength index (MPa) 1.62 < Is50 < 2.63

Compressive strength (MPa) 21.7 < σC < 24.4
Thermal conductivity (W/m·K) 1.64 < k < 1.78
Volume heat capacity (J/m3·K) 2.04 × 106 < s < 2.11 × 106

Thermal diffusivity (m2/s) 0.78 × 10−6 < α < 0.84 × 10−6

Leeb D hardness (HLD) 547 < LH < 604
Vapor permeability (g/m·s·Pa) 1.8 × 10−11 < kV < 2.1 × 10−11

P wave speed (m/s) 4850 < VP < 5102

As described in the methods section, PA limestone was inoculated and placed in two
different climatic chambers simulating the meteorological conditions of the historical period
(1995–2014) and the predicted period (2080–2099). The evaluation of the physical biodeteriora-
tion of the samples was performed using NPS micro-topographic maps. On the left side of
Figure 4, topographic maps relative to the sample surfaces at the initial stage (pre-aging) are
presented and, on the right, topographic maps of the final stage (post-aging) are shown.

Topographic dissimilarities can be detected in the post-aging maps and are traceable to
two types of positive morphologies: (1) When located in the border of the stone specimens,
these are mainly due to deposits of microorganisms and, at the same time, residual of the
culture medium. (2) When positive morphologies are in the central part of the specimen
surface, they can be due to partial swelling. This occurs when the biofilm dries out
and detaches from the stone surface. When this process happens, the biofilm removes a
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micrometric layer of stone. This type of alteration is well visible in specimens 1 and 3 (post-
aging) (Figure 4), with elevations of the positive morphologies ranging from 100 to 400 µm.
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Figure 4. On the left side, micro-topographic maps relative to the sample surfaces at the initial stage
(pre-aging); on the right, micro-topographic maps after aging simulating the historical (1995–2014)
climatic features of the Paraiba region. Positive morphologies are visible in the peripheral areas due to
the thickening of the biofilm and accumulations of residue due to the deposition of the culture liquid.

The swelling phenomenon also occurs, although to a lesser extent, in samples exposed
to the SSP5-8.5 scenario (Figure 5). In this circumstance, positive morphologies are visible
in the peripheral areas due to the thickening of the biofilm and accumulations of residue
due to the deposition of the culture liquid. The residues are visible in Figure 6, where the
RGB photos of the specimen surfaces in the post-aging phase are shown.

The results of the determination of metabolic activity by the reduction of MTT
(Figure 7) indicate that the growth of the selected strain Rhodotorula sp. was influenced
by the different environmental conditions. This variation should be mainly related to the
different levels of CO2. This is because the optimal growth temperature of this mesophilic
strain is generally considered to be between ~25 ◦C and ~30 ◦C (as in the historical and
predicted conditions). In addition, the reproduced relative humidities in both conditions
are very similar (74.9% vs. 78.2%). Thus, it was observed that the specimens subjected to



Heritage 2023, 6 7736

aging under a lower amount of CO2 showed a greater proliferation capacity of this specific
microorganism on the PA limestone substrate. Due to the similarity of T and rH between
historical and foreseen climates and the great CO2 difference, it is expected that microbial
growth will be mainly affected by this factor.

Rhodotorula species, like many yeasts, are known for their CO2 tolerance and adapt-
ability to various environmental conditions [50]. However, while they can adapt to a wide
range of temperatures and relative humidity, extremely high CO2 concentrations may
induce stress in the cells, leading to atypical physiological responses and, consequently, a
decreased growth rate.

The genus Rhodotorula is made up of yeasts that are considered facultative aerobes.
However, their preference for aerobic environments may be due to their sensitivity to carbon
dioxide (CO2). High concentrations of CO2 can be inhibitory to the growth of some yeasts,
including Rhodotorula, since carbon dioxide can acidify the environment, inhibiting the growth
of microbes. Additionally, CO2 can affect the pH of the culture medium, making it more
acidic. Yeast typically thrives in environments with neutral or slightly alkaline pH [51].
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Figure 5. On the left, micro-topographic maps relative to the sample surfaces before aging; on the
right, micro-topographic maps after aging simulating the predicted (2080–2099) climatic features of
the Paraiba region. Positive morphologies (biofilm) are visible, even if they are less evident with
respect to the historical climatic conditions.
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Figure 6. RGB photographs of the limestone mock-up surfaces in the post-aging stage. The residue
of biofilm and residue of liquid culture with orange color are well documented.

However, it is important to bear in mind that the tolerance of Rhodotorula to CO2 can
vary between different species or strains. In addition, the growth environment and the
composition of the culture medium can influence Rhodotorula’s response to CO2. Therefore,
the exact reasons may vary and require more studies to be fully understood.
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Figure 7. Determination of cell viability in the specimens under study, through spectrophotometric
reading of the solutions at 570 nm (n = 6 measurements).

4. Conclusions

This study demonstrates the adaptation capacities of the Rhodotorula sp. biodeteriogen
in the historical and predicted climatic contexts of humid tropical climates. The material
tested as a substrate is Pedra de Ançã (PA), a candidate for World Heritage Stone. It is a
micritic limestone with petro-physical and mineralogical features predisposing it to biodete-
rioration. This pathology was mainly detected on the specimen set exposed to the historical
climatic conditions (i.e., T = 26.5 ◦C, rH = 74.9%, atmospheric CO2 ~ 420 ppm). The set of
specimens subjected to future climatic conditions (i.e., T = 30.2 ◦C, rH = 78.2%, atmospheric
CO2 ~ 1135 ppm) depicted less evident biofilm formation. Positive morphologies on the
specimen surface can be due to a partial swelling of the biofilm. This occurs when it dries
out and detaches from the surface of the stone, removing a micrometric layer of material.

The analysis of the cell viability for the two sets demonstrates how, for the same lime-
stone substrate, Rhodotorula sp. has a better growth capacity in conditions of historical CO2
atmospheric concentrations, temperature, and humidity. The key factor in this variance is
probably linked to the amount of future atmospheric CO2, which, compared to the histori-
cal one, undergoes an increase of ~715 ppm. Differently, small increases in temperature
and humidity would be irrelevant in conditioning the dynamics of biodecay. The crucial
processes of rain acidification, humidity, and moisture due to the increase in atmospheric
CO2 concentration could adversely affect the micro-environment of the stone substrate, the
biochemical functions of the microorganisms, and the acidity of the culture media. As a
result, the microbial activity of Rhodotorula sp. could be limited, and consequently, the cell
viability could be reduced.

The acquired information, therefore, demonstrates that based on the SSP5-8.5 scenario
(period 2080–2099), in humid tropical environments, the biodegradation dynamics due to
Rhodotorula would slow down on micritic limestones. Aesthetically, we would expect to see
biofilms characterized by a pinkish color less intense than that seen historically due to a
minor microbial density and consequently less production of carotenes.

Future studies should be carried out by involving and mixing different groups of
microorganisms, different climatic scenarios, and different substrates.
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