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Abstract: Portugal’s architecture reflects a rich history influenced by Roman, Moorish, Neoclassical
and Romantic styles, with the 20th century marked by Art Deco and colonial influences. Regional
styles vary, with white-painted buildings commonly experiencing color changes due to biofilm forma-
tion. Visually striking are the red-colored biological patinascommon in the coastal areas. A survey of
120 historical buildings affected by bio-colonization helps to understand the reasons for the patinas’
growing, which beyond natural factors, is often linked to construction defects. A characterization of
four samples utilizes Next-Generation Sequencing (NGS) to identify the microorganisms composing
the red biofilm, while the SEM-EDS, FTIR-ATR and XRD techniques provide further insights into
the biofilm and substrate features. The comprehensive data of biochemical characterization indicate
a wide variety of microorganisms, including bacteria and fungi, some of which exhibit potential
as producers of a UV-tolerant red/yellow pigment (carotenoid) responsible for the macroscopic
coloration of bio-colonization.

Keywords: Next-Generation Sequencing; rural landscape; building pathology; commercial painting;
relative humidity; climate; bio-deterioration

1. Introduction

Bio-colonization is a slow and constant process that affects all types of building
materials [1,2]. It can induce biodeterioration or any modification, generally superficial, due
to the activity of living organisms. Primarily, the consequences of biological colonization
are chromatic alterations, patinas, stains and crusts.

In buildings, especially in outdoor environments, the main organisms responsible for
bio-colonization are superior plants, lichens, bacteria, fungi and algae.

Studies on the characterization of superior plants’ monument biodeteriogens are quite
common in the literature because their growth causes damage due to the pressure exerted by
roots [3,4]. On the contrary, biological patinas, particularly lichen and mosses, confer to the
monuments a romantic antique aspect and beauty. Although their disruptive action against
the stone substrate is known, this type of building pathology is often tolerated as evidence
of the signs of time [5]. In addition, lichens and mosses do not induce structural damage by
compromising the stability of the building [6]. Lichens derive from the symbiosis between
a fungus and an alga or cyanobacteria. Their bio-decay action is given by the secretion of
lichen acids (e.g., usnic, C18H;607; gyrophoric, Co4H;9Ox0; pulvinic, C1gH1205) [7,8]. The
latter probably have an antibacterial and repulsive function against herbivorous animals [9].
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Acid-secreted substances are chelating binders which act through the formation of complexes
with metal cations from the growing substrate [5,10].

The biocorrosion process caused by lichens operates over an extensive timescale,
ultimately contributing to the pedogenesis of the rocky substrate on which they grow [11].

Some fungi such as Aspergillus and Penicillium and bacteria such as Bacillus and
Pseudomonas are known for their ability to produce oxalic acid during their metabolic cycle.
This acid could interact with the calcium present in rocks, particularly limestones, forming
calcium oxalate (CaC,y0Oy4) [12].

Bio-decay also occurs due to the action of sulfuric acid (H,SO4) produced by colonizing
microorganisms such as bacteria (e.g., Acidithiobacillus, Sulfolobus, Desulfovibrio) and fungi
(e.g., Penicillium, Aspergillus).

Sulfuric acid especially reacts with carbonate substrates (e.g., limestones, marbles,
marls) and mortars. H,SO4 can create sulfate-based crusts (e.g., Gypsum CaSOy4-2H,0,
or Mirabilite Na;SOy4-10H,0) [13]. They can precipitate inside the pores of the stone and
recrystallize, exerting a crystallization pressure that favors the disintegration of the stone.

The nitric acid (HNOg3) expelled by nitrifying bacteria (e.g., Nitrobacter, Nitrospina,
Nitrospira) leads to the dissolution of the limestone and the formation of nitrate salts (e.g.,
Nitratine, NaNO3) [14]. In addition to the purely chemical aspects, some microorganisms
develop hyphae (filaments) that penetrate the micropores of the stone, causing fractures
or detachment. The identification of the microbiota colonizing stone building materials of
contemporary and ancient cultural heritage, as well as their relationships between climate
and substrate, is the research subject of several scientific studies and projects [15,16].

Microbial activities are governed by thermo-hygrometric conditions [17]. Generally,
biofilm formation, community composition and species assortment are mainly influenced
by water availability. Studies have indicated that alterations in phototroph biomass may
occur in response to changes in water availability [18]. Subsequent investigations have
identified moisture as a potential key factor. Although a direct relationship was not
observed, researchers have hypothesized that biofilm distribution may be influenced by
the temporal occurrence of moisture and the resulting transient wetting events, as well as
the duration of these events [19].

Any significant variation in the thermo-hygrometric features and the atmospheric
concentrations of SOx NOy, CO,, CO and particulate matter can modulate the development
of biological communities [17].

This research characterizes very common red biological patinas found on buildings
in southern and coastal Portugal, commonly known as “Trentepohlia’, a genus of filamen-
tous green algae of chlorophyte family. As we will observe in the results, the patina
under investigation is biologically much more complex, with chlorophyte making up
only a small portion.

The biofilm under study is typically located in white-painted buildings whose color is
due to various reasons related to culture, climate and local tradition.

In addition to providing a clean, uniform appearance, white paints also help reflect
sunlight, reducing heat absorption and keeping interiors cooler.

Furthermore, the Moorish presence in Portugal, which dominated parts of the Iberian
Peninsula until the 13th century, strongly influenced architectural traditions, including the
use of white varnish. In the past, the white color of Portuguese houses was obtained by the
whitewashing technique. It refers to a traditional technique, often seen in Mediterranean,
Colonial, and rural areas, where the exterior walls are coated with a thin layer of whitewash
(a mixture of lime, water, and sometimes other materials like chalk).

Today, whitewashing has fallen into disuse, with synthetic white paints being used
instead.

The difference between these two finishes is remarkable.

Lime paints are ideal for ecological projects or historical restorations due to their
natural breathability, traditional aesthetics, and low environmental impact, although they
require constant maintenance.
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Modern synthetic paints are cheaper and more resistant to weathering; however, they
can limit the breathability of surfaces and have a negative environmental impact. Unlike
lime, they have less biocidal properties.

This is why the white modern buildings in these areas, depending on their location,
orientation, and climate conditions, only maintain their white appearance for 2-3 years
and after that, the paint is affected by black, green and especially red biological patinas
(Figure 1). The latter has always aroused interest in the local population, especially due
to the strong red color that, on a white surface, points out a notational color distance
(CIE76) A, = ~60, a considerable value if compared to the human limit detection, attested
at around 5 [20]. According to our observations and compared to other green or black
biofilms, the red patina has considerable bio-colonizing potential with the ability to cover
entire buildings in a few years.

Figure 1. The four buildings affected by biological patina and the objects of this study: (a,b) Ancient
train station (Montijo, Portugal) and red patina affecting the building. (c,d) Old grinding factory and
red patina affecting the building (Arraiolos, Portugal). (e,f) Snapshots of red biological patina affecting
an ancient private house in Alcochete (Portugal). The building is not shown for privacy reasons,
(g/h) Ancient aqueduct (Evora, Portugal) and relative red patina.
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The presence of this type of biological patina, even if situated outdoors, can affect the
interior environment of the house by diminishing the walls’ ability to manage rainwater
runoff, retaining moisture, and reducing the breathability of the building envelope. As a
result, the indoor environment becomes more humid by promoting the growth of indoor
biological patinas, some of which can be harmful to health.

In this study, a high-throughput sequencing approach was performed on these red
patinas to identify the composing microorganisms.

Scanning Electron Microscopy (SEM) was used to characterize the substrate. Fourier-
Transform Infrared Spectroscopy (FTIR) was selected as the methodology able to detect the
patina composition and the eventual organic substance secreted.

Diagnosing the building envelope helps to identify the causes of patina growth, which
is often linked to both construction defects and environmental factors. This problem is
underscored by the annual global financial losses and health issues caused by the biological
deterioration of stone buildings and structures [21].

2. Materials and Methods
2.1. Materials

The field survey and building pathology analysis were conducted on 120 buildings,
most of them located within the historic centers of Sesimbra, Alcochete, Montijo, Alcdger do Sal,
Setiibal, Fdtima, Caldas da Rainha, Evora, and Arraiolos. As part of these historic centers, the
facilities are protected to preserve their historical, artistic, and environmental significance.
From this group of 120 buildings, four of them, which present historical and architectural
importance, and which present sampleable traces of biofilm, were selected for further study
(see Table 1 and Figure 1).

Table 1. Sampling information about the red collected patinas.

Sample Building Information Coordinates Growing Wall
Substrate Exposition of
Sampling Point
L1 Ancient train station (Montijo) 38°42'6.58" N Lime rendering with NNE
Year: 1908 8°58'16.13" O traces of synthetic
Last painting’s year: 2008 white varnish
L2 Old grinding factory (Arraiolos) 38°43/21.75" N Synthetic white NNW
Year: 1900-1920 7°59'5.05" O varnish
Last painting’s year: 2009
L3 Ancient private house (Alcochete) N/A Synthetic white NNW
Year: 1895 varnish
Last painting’s year: 2010
L4 Ancient aqueduct (Evora) 38°36'41.88" N Lime rendering with NNW
Year: 1873-1879 7°57'1.95" O traces of synthetic
Last painting’s year: Unknown white varnish

The first selected building is the ancient train station of Montijo, originally called
Aldegallega, which was a railway interface of the Montijo Branch. Having started operating
in 1908, the Montijo Branch had a length of 10.6 km and in 1927 was integrated into
the Companhia dos Caminhos de Ferro Portugueses (Lisbon, Portugal) with the intention of
transporting goods and passengers [22]. Traffic on the branch was suspended in 1989,
mainly due to economic reasons [22].

The second building taken into consideration is the old grinding factory in Arraiolos
built between 1900 and 1920 [23]. The building stands in the center of the town of Arraiolos
and is today only partly used for feed production. In the past, it had several uses, although
it was initially used for grinding grain.
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For the third building under study, no information is available other than the construc-
tion date of 1895.

The Agueduto da Prata in Evora, inaugurated on 28 March 1537, was constructed in
just six years under the supervision of royal architect Francisco de Arruda, commissioned
by King Joao III [24]. Spanning approximately 18 km, it originally transported water from
the Herdade da Prata in the Arraiolos municipality to Evora, likely following the path of
an ancient Roman aqueduct. After sustaining damage during wars, it was reconstructed
between 1873 and 1879 [24]. Today, the aqueduct, still over 18 km long, brings water from
the nearby village of Graga do Divor.

Following the construction, all four buildings underwent numerous renovations and
were repainted several times using contemporary paints, often of low quality.

In the buildings, biological samples and the respective substrate were extracted at
an elevation of about one meter from the ground by using sterile plastic scrapers. The
samples were placed in sterile containers and stored at a constant temperature of 4 °C
until further processing.

In addition to the patina, paint substrate fragments of approximately 4 cm? in size
were collected.

2.2. Methods
2.2.1. SEM-EDS, FTIR-ATR, XRD Analysis and Field Survey

For the elemental characterization of substrates, a SEM S-3700N VP (Hitachi, Tokyo,
Japan) with Bruker Xflash Quantax Compact Plus 630M detector (Bruker, Billerica, MA,
USA) was utilized.

For the mineralogical analysis of the substrate, an AXS D8 Discover XRD (Bruker,
Billerica, MA, USA) with a CuK« source, operating at 40 kV and 40 mA, and a Lynxeye
1-dimensional detector were used. Scans were performed from 3 to 75° 26, with 0.05° 26
step, and 1 s/step measuring time by point. Diffract-Eva software version 6 from Bruker
with the PDF-2 mineralogical database (International Centre for Diffraction Data—ICDD)
was used to identify the peaks.

The color measurements of the patinas were carried out by a portable DataColor Check
Plus II spectrophotometer (DataColor, Lawrenceville, NJ, USA) and are reported according
to the CIE L*a*b* color space.

Analysis by Infrared Spectroscopy was performed with the help of an Alpha spec-
trometer, from Bruker Optics (Ettlingen, Germany), with the Total Attenuated Reflection
(ATR) module. The OPUS version 6.5 Bruker® software was used for the processing and
treatment of the spectra. IR spectra were traced in the region with a scale between 4000 and

375 cm ™!, with 128 scans and a spectral resolution of 4 cm~!.

2.2.2. High-Throughput Sequencing (HTS)

To evaluate the microbial population in the samples from the four selected locations
(L1, L2, L3, and L4), environmental DNA (eDNA) was extracted using the NZYSoil gDNA
Isolation Kit (NZYTech, Lisboa, Portugal), following the manufacturer’s protocol. The
extracted DNA was quantified via spectrofluorimetry using the QuantiFluor® One dsDNA
System (Promega, Madison, WI, USA) and a Quantus™ fluorometer (Promega, Madison,
WI, USA).

After DNA extraction and quantification, the samples were used to amplify the ITS2
region for eukaryotes and the 16S rDNA V3-V4 subunit for prokaryotes. The analytical
procedure followed previously established methods for studying microbial diversity in
environmental samples [25,26].

All analyses were performed in triplicate. Heatmaps were generated using data normal-
ized by the total sum scaling (TSS) method in MicrobiomAnalyst [27]. Samples were grouped
based on type, allowing for the visualization of patterns and similarities across groups. TSS
normalization was applied to ensure comparison among samples by adjusting the relative
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proportions of abundances. This approach highlights specific variations between sample
types, illustrated by the differences in color intensity on the heatmap.

3. Results and Discussion
3.1. Building Pathology and Climatic Context Associated with the Patina

This section will show some of the 120 case studies of buildings affected by the red
biofilm.

It is found on surfaces with high water content from run-off, condensation, humidity,
or hygroscopic materials and sufficient time of wetness. Its colonization is consistent, and
after removal, it regrows, creating distinctive red streaks that stain clean walls. In the
survey of the 120 buildings, red biofilms were mainly found on walls facing NW and NNW,
the directions of the prevailing winds (Figure 2a,b). Along Portugal, NW winds (Nortada)
are common from May to September and are responsible for the transport of humidity from
the sea, especially in coastal areas. This is one of the first reasons linking patina growing to
wind direction. Other potential reasons could involve the microorganisms within the patina
positioning themselves strategically toward wind direction to optimize spore dispersion,
thereby enhancing their ability to colonize new areas.

(a) NNW

WSW

Figure 2. (a) Cardinal exposition of the wall stained by the red patina. A total of 120 buildings located
in the villages of Sesimbra, Alcochete, Montijo, Alcacer do Sal, Setubal, Fatima, Caldas da Rainha, Evora
and Arraiolos were considered for the observations; (b) direction and frequency of the winds in the
study areas.

As regards Figure 2a, SE-exposed walls are slightly prone to colonization. This only
happens when tall adjacent buildings cast their shadow on the patina during a significant
portion of the year. Red bio-colonization grows on overhanging surfaces and does not affect
surfaces with deposits of copper oxides. These are generally due to rainwater leaching of
copper elements such as anchors and epitaphs. It is already known how copper oxides act
as a bio-inhibitor [28].

The climate and the moisture content of the air are crucial for the growth of the red
patina. In coastal areas, where humidity is highest, about 60% of buildings that have been
painted from more than 2-3 years with synthetic varnish show signs of bio-colonization.
In inland areas with lower humidity rates, bio-colonization is practically absent or in
percentages of less than 1% of the buildings.

In addition to synthetic varnishes, this colonization can easily be detected on lime-
stones and marbles utilized in local vernacular architecture [29]. The patina is also respon-
sible for different types of building pathologies and indicates different causes of damage.
The most representative are as follows:

Red streaks: They appear in walls subjected to seepage and direct wetting from
rainwater. These stained streaks appear primarily due to the vertical runoff growth of
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colonies forced by gravity (Figure 3a). The staining process occurs as the pigmented cells
of the algae embed and adhere to the surface, resulting in lasting marks.

water and uniform
for  materials
generating

oliferation

Figure 3. Practical cases of bio-colonization as markers of building pathologies: (a,c,d) private houses,
(b) old grinding factory (Arraiolos), sampling location of the specimen L2.

Diffuse patinas on plasters and renders: These appear as widespread and homogeneous
colonization on the whole surface, both for diffuse runoff and for the natural hygroscopicity
of the materials (Figure 3b,c). A complete bio-colonization like the one shown in Figure 3c
can occur after about 10 years from the last painting.

Infiltrative phenomena due to construction defects such as wrong slopes of the sill,
lack of sealant, etc., could be responsible for biofilm formations (Figure 3d).

Ghost effect, ghosting or thermal tracking: Ghosting consists of the outline of the block-
work shown through the render as a result of penetrating dampness from the underlying
masonry with different wettability properties and thermal conductivity, generating struc-
tural thermal bridging [30]. Dry areas typically experience greater heat dispersion, such as
in reinforced concrete structures. Consequently, surfaces in these areas tend to be warmer,
facilitating quicker evaporation of water and moisture and thereby preventing mold for-
mation. Conversely, thermally insulated areas do not promote rapid water evaporation,
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allowing for the buildup of moisture and facilitating mold growth and other biological
activities [31], (Figure 4a,b).

Seepage water

Seepage water, l

!

Seepage +
Istagnant water g ki
N S =Seepage + l
Seepage + stagnant water
stagnant water X R

Figure 4. Practical case of bio-colonization as markers of building pathologies: (a,b) private buildings,
(c) colonnade at Fatima’s sanctuary.

Ghosting can be considered as a chromatic alterations in facades able to highlight,
positively or negatively, the structural frame and building component [32].

Others: colonization induced by wetting due to rain splashing and stagnant water
(Figure 4c).

3.2. Chemical and Macroscopic Characterization of Patina and Substrate

The four bio-colonization samples have a characteristic red color whose intensity is
based on the thickness of the biofilm. During the early stages of growth, when thickness
is of less than 0.5 mm, the patina has a pinkish color, in which the red-regulating
component (a*) in the CIE L*a*b* color space is around 5. With thicknesses larger than
1 mm, an a* component of around 10 is achieved. In the case of thicker and older bio-
colonization, the red color is noticeable and the a* component can draw values above 20.
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Normally, the patina starts having a pink color in the early stages of growth where the
L-component is also relatively high (up to 70) and reaches a darker burgundy color with
an L-component of about 20 in about 10 years. Biofilms can be mechanically removed by
rubbing with the finger. After this operation, the patina changes color, leaving a yellow
powder on the fingers.

FTIR-ATR analysis was executed to identify the functional group characteristic of the

biological patina [33,34] (Figures 5 and 6, Table 2).

Sample L1 (Montijo)
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Figure 5. FTIR-ATR survey on biofilms from Montijo and Alcochete.
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Figure 6. FTIR-ATR survey on biofilms from Arraiolos and Fvora.
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Table 2. Summary of the main features of patinas and substrates, as shown in Section 3.2.

S . Biological Patina Paint Substrate
ample Information
Color FTIR-ATR Elemental Mineralogical
(CIE L*a*b*) Results Composition Composition
(Mass. Norm. %) (Wt %)
L1 Calcite C11.8 Calcite 100
Ancient train station (Montijo) Silicates 053.60
Year: 1908 Sulfates Mg 1.08
Last painting’s year: 2008 21%8%11* Organic compounds Ca 33.09
(cellulose and Na 0.17
carotenoids) Al10.29
Si0.44
50.17
C10.08
L2 Calcite C 8.08 Calcite 100
Old grinding factory (Arraiolos) Silicates 050.73
Year: 1900-1920 Organic compounds Mg 2.30
Last painting’s year: 2009 32*10*15* (cellulose and Ca 37.49
carotenoids) Na 0.24
Al10.29
5i0.88
L3 Calcite C7.88 Calcite 60,6
Ancient private house Silicates 048.11 Rutile 13
(Alcochete) Titanium oxides Mg 0.62 Gypsum 24.2
Year: 1895 Sulfates Ca29.21 Quartz 2.2
Last painting’s year: 2010 66*8*5* Organic compounds Ti12.34
(cellulose and Na 0.16
carotenoids) S50.37
Al10.50
5i0.81
L4 Calcite C4.04 Magnesian calcite
Ancient aqueduct (Evora) Silicates 05214 100%
Year: 1873 Sulfates Mg9.9
Last painting’s year: Unknown Titanium oxides Ca 23.86
Organic compounds Fe 1.46
4R*DD*DT7* (Cellulose and Ti 0.13
carotenoids) Cu0.53
S0.24
K0.33
50.37
Al2.74
Si 4.04

During sampling operations, it is very likely that some of the substrate was extracted
along with the patina.

Carbonate groups referring to portions of the substrate are visible in different wavenum-
ber ranges of frequencies (cm~!). Inorganic C-O bonds of calcite and magnesian calcite
related to the composition of the lime-based paintings are at about 1406-1426 cm ™. Their
position is approximately halfway between the typical wavenumbers for C=O double
bonds and C-O single bonds. Since the carbonate group in inorganic compounds is planar,
both in-plane and out-of-plane C-O bending vibrations occur. In general, the out-of-plane
bending appears between 869 and 875 cm ™!, and the in-plane bending can be detected at
around 702-705 cm 1.

The presence of quartz (Si-O-Si chains) is detected at 1199-1203 cm ™! frequencies
and the stretches at about 3699 cm ™!, 3610-3624 cm ™1, 899-915 cm ™! are indicative of the
presence of Na-Mg aluminosilicates or other hydrate-silicates (Si-OH stretch) [33,34]. These
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groups could refer to mineral additives of the substrate, mistakenly extracted along with
the patina, or dust deposited on the surface.

At518 cm !, 531-529 cm !, the frequency of Na-Al silicates [34] is also recognized.

Other inorganic compounds are present at 674 cm~! and 655-661 cm !, which are
the frequencies representing the gypsum [33]. Sulfates probably come from the marine
aerosols in the Montijo and Alcochete villages. Sulfation of the carbonate-based painting can
occur in the varnish of the Fvora aqueduct.

Titanium and Titanium oxide used as anti-microbial in the paintings is detected both
by SEM-EDS up to 12.34% (Alcochete, Table 2) and FTIR-ATR by the peaks at 3000 cm ™!,
2500-2600 cm !, 2200-2100 cm ! and 700 cm 1.

C=0 stretching regarding organic compounds is detected at 1791-1800 cm ! and
1733 cm~! [33]. These compounds can be associated with the organic components of
the paintings.

The compounds cellulose and (3-carotenoids are products of the metabolic activ-
ity of the microorganism. Cellulose is at about 3269-3274 cm~! (OH stretching), but it
can also be detected at 2919-2016 cm~!(C-H functional group), 1203-1151 cem ™! (C-C
stretching), 1024-1031 cm !, 912 cm~'-702 cm~! and 674 cm~! (C-OH/C-O-C stretching).
B-carotenoids’ infrared absorption frequencies can be determined at 2849-2855 cm~! (C-H
functional group), 1406-1426 cm ! regions, 912-899 cm !, 531-529 cm ! frequencies, and,
finally, in the range of 661-652 cm ™! [34,35].

As mentioned above and indicated in Table 2, the substrate consists of synthetic white
paint. EDS analysis demonstrates a composition consisting predominantly of calcium
(23.86 < Ca < 37.49 Mass. Norm. %), oxygen (48.11 < O < 53.60 Mass. Norm. %) and carbon
(4.64 < C < 11.8 Mass. Norm. %). These indicate a substrate mainly composed of calcite
(CaCO3), as detected by XRD. At the Evora aqueduct, the substrate appears to be magnesian
calcite. Powder calcite is a pigment used to impart whiteness to the paint. It often happens
that sulfation processes involve older varnishes, leading to the formation of gypsum.

The presence of other elements, such as sodium, aluminum, silicon and potassium,
can be attributed to the paint and, with less probability, to render traces remnants on it. In
many cases, the paint is degraded with clear phenomena of disintegration and exfoliation
where small ‘stratigraphic windows’ show the underlying old paint or the rendering. This
commonly includes quartz-feldspathic sands.

3.3. Microbial Communities
3.3.1. Procaryotic Communities

Regarding the analysis of bacterial communities, the most abundant phyla detected
in the patinas concern proteobacteria (54%), actinobacteria (23%), firmicutes (10%) and
cyanobacteria (7%).

As observed in the results, the macroscopic red color of the biofilm could be attributed
to carotenoid pigments secreted by Rubrobacter, Arthrobacter, Rosemonas, Rubellimicrobium,
and Truepera (Figure 7). These pigments serve various functions, including protection
against harmful environmental factors such as UV radiation, oxidative stress, and competi-
tion from other microorganisms. Additionally, carotenoids are implicated in cell signaling,
biofilm formation, and nutrient acquisition, which are critical for microbial survival in
harsh environments.

Rubrobacter, predominant in L1 (Montijo) and L3 (Alcochete), is a genus known for
its thermophilic and radiation-resistant species, and it is commonly associated with ex-
treme environments, including high UV exposure and desiccation. Its ability to produce
carotenoids contributes significantly to its resilience in such conditions. Studies have shown
Rubrobacter species on cultural heritage sites, highlighting their role in biofilm formation
and pigmentation [36,37]. Similarly, Truepera, found abundantly in L1 and L3 samples, is
a radiation-resistant genus associated with pigment production. Its carotenoids protect
against oxidative damage and contribute to biofilm pigmentation, particularly in exposed
environments [38,39].
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Figure 7. Relative abundance (%) of the majority genera present in the Procaryotic population.

Present mainly in L3, Roseomonas is characterized by its pink-to-red pigmentation, and
it is frequently found in soil and water environments and occasionally in clinical settings.
The production of carotenoids in Roseomonas provides protection against environmental
conditions. Its ability to colonize surfaces and form biofilms suggests a role in the pink col-
oration observed on walls and stone materials [40,41]. Sphingomonas is another contributor
to pigmentation. It is commonly found in oligotrophic environments and forms biofilms
on diverse surfaces, including walls and stones [42].

Arthrobacter is widely distributed in soil, water, and air, and is known for its versa-
tility and adaptability to environmental stresses. The genus is also a prolific producer of
carotenoid pigments, which provide oxidative stress resistance and enhance its survival
in fluctuating environments [43,44]. Rubellimicrobium, typically found in soil, marine en-
vironments, paper mills, and air, is common in coastal zones and contributes to marine
biogeochemical cycles. This bacterium has also been documented on marbles, often in
association with Truepera, Aliterella, and Gloeocapsopsis, indicating its role in biodeterioration
and pigment production on stone surfaces [45].

The heat map for the prokaryotic populations (Figure 8) shows the top 58 abundant
genera in the bacterial communities of the L1, L2, L3, and L4 samples. The four samples
present distinct relative abundance profiles. The relative abundances of the genera Gp16,
GpXIIl, Actinomyces, Rubellimicrobium, GplV, Actinoplanes, Asticcacaulis, Solirubrobacter,
Planomicrobium, Salmonella, Nitrolancea, and Actinomycetospora are significantly higher
in sample L1 (Montijo). The relative abundances of the genera Clostridium_XI, Clostrid-
ium_sensu_stricto, Psychrobacter, Romboutsia, Pantoea, Exiguobacterium, Escherichia_shigella,
Erwinia, Arthrobacter, Massilia, Bacillus, Enterobacter, and Acinetobacter are significantly
higher in sample L2 (Arraiolos). The relative abundances of the genera Sphingobium,
Roseomonas, Sphingomonas, Chlorophyta, Heliothrix, and Brevundimonas are considerably
higher in sample L3 (Alcochete). The relative abundances of the genera Stenotrophomonas,
Pseudomonas, Kluyvera, Raoultella, Sanguibacter, Citrobactrer, Siccibacter, Luteimonas, Gem-
inicoccus, Euzebya, Promicromonospora, Buttiauxella, and Aquisphaera are significantly
higher in sample L4 (Evora).
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Figure 8. Heatmap analysis of the genera’s relative abundance of every genus level based on
the bacterial community 16s rDNA sequence, according to the average frequency of samples L1
(Montijo), L2 (Arraiolos), L3 (Alcochete) and L4 (Evora). Red and blue colors show the high and low
enrichment of a genus, respectively. The scale represents normalized abundance values, where
positive values indicate abundances above the mean and negative values indicate abundances
below the mean relative to the dataset. These differences are visually represented by the color
intensity on the heatmap.

The microbial composition analysis reveals that the samples from Alcochete and
Montijo group into one cluster, while those from Evora and Arraiolos form a distinct cluster.
This clustering likely reflects environmental and geographical factors influencing the
microbial communities.

Alcochete and Montijo are geographically closer, sharing similar coastal and estuarine
conditions, which may drive the selection of comparable microbial taxa adapted to such
environments. In contrast, Evora and Arraiolos, located inland, are subject to distinct envi-
ronmental pressures such as higher temperatures, lower humidity, and different substrate
compositions, fostering a unique microbial assemblage.

These results suggest that local environmental conditions, including climate, substrate
type, and human influence, play a critical role in shaping the microbial diversity.
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The presence of pigment-producing microorganisms highlights the complex mi-
crobial interactions within biofilms. These genera not only play a role in pigmentation
but also contribute to the biodeterioration of surfaces, particularly in environments
exposed to intense environmental stressors such as high UV radiation and fluctuating
humidity. Understanding the ecological and metabolic roles of these microbes can inform
conservation strategies for preserving cultural heritage and managing microbial growth
on architectural surfaces.

3.3.2. Eucarya Communities

The results show that the fungal population present in the collected biofilms belongs
mostly to the phyla Ascomycota (96%) and Chlorophyta (3%).

The analysis reveals differences in the relative abundances of fungal genera across
the samples (Figure 9). The genera Caloplaca, Flavoplaca, Rinodina, Trebouxia, Vermiconia,
Verrucaria, Incertomyces, and Lecania are dominant in sample L1 (Montijo). Among these,
certain genera like Caloplaca and Verrucaria are known to include lichen-forming species
capable of producing carotenoids and other pigments contributing to red or orange biofilm
pigmentation [46,47].
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Figure 9. Relative abundance (%) of the majority phyla present in the eukaryotic population.

In sample L2 (Arraiolos), genera such as Didymella, Megaspora, Brunneosporella, Phaeo-
physcia, Neodeuvriesia, Vishniacozyma, Mycosphaerella, and Calostilbe dominate. Genera like
Neodevriesia and Vishniacozyma are notable for their pigment production, including melanin
and carotenoid derivatives, which could contribute to variations in pigmentation [48,49].

For sample L3 (Alcochete), the genera Camarosporula, Devriesia, Capnobotryella, and
Readeriella are prevalent. Among these, Devriesia is particularly interesting due to its known
ability to produce pigments, which may include carotenoids with reddish hues.

In sample L4 (Evora), a wider range of genera are present, including Kazachstania, Al-
ternaria, Athothelium, Xenogliocladiopsis, Cylindrotrichum, Stibella, Coniosporium, Tetracladium,
Thelidium, Maasoglossum, Hirsutella, Polyblastia, Stemphylium, Acremonium, Ciphellophora, and
Cladosporium. Genera such as Alternaria, Cladosporium, and Stemphylium are notable for
producing secondary metabolites, including pigments, which can range from melanin to
carotenoid-like compounds [48,49].

In heatmap analysis (Figure 10), samples from Alcochete (L3) and Montijo (L1) form
a cluster, while Evora (L4) and Arraiolos (L2) group into another cluster. This clustering
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aligns with observations made in the bacterial communities discussed earlier in this ar-
ticle. The geographical proximity and environmental similarities between Alcochete and
Montijo, including coastal influences and higher humidity levels, likely contribute to the
shared microbial profiles [48]. Conversely, Evora and Arraiolos, located inland, experi-
ence drier conditions and different substrate compositions, which shape distinct fungal
communities [47,48].
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Figure 10. Heatmap analysis of the species relative abundance of every genus level based on the
eucarya community ITS2 sequence, according to the average frequency of samples L1 (Montijo), L2
(Arraiolos), L3 (Alcochete), and 14 (Evora). Red and blue colors show the high and low enrichment of a
genus, respectively. The scale represents normalized abundance values, where positive values indicate
abundances above the mean and negative values indicate abundances below the mean relative to the
dataset. These differences are visually represented by the color intensity on the heatmap.

This clustering effect suggests that environmental factors such as humidity, tempera-
ture, and exposure to UV radiation strongly influence both fungal and bacterial community
structures. Additionally, the pigment-producing capabilities of these genera are likely
adapted to their respective environments, contributing to biofilm coloration and resilience
against environmental stresses.

The green algae Chlorophyta include a variety of species capable of synthesizing [3-
carotene pigment [50]. This is a carotenoid with antioxidant properties and a precursor of
vitamin A, and it is widely used in the food, pharmaceutical and cosmetic fields.

These algae are known for their ability to accumulate large amounts of 3-carotene
under solar irradiation [51]. Their production is a topic of great interest for both scientific
research and the biotechnology industry.

The observed differences in microbial profiles across samples are likely influenced
by a combination of substrate composition, environmental exposure, and microclimatic
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conditions. For instance, samples collected from lime-based substrates, such as L1 and
L4, tend to harbor genera like Rubellimicrobium and Truepera, which are known for their
adaptation to calcareous environments. In contrast, synthetic varnish substrates, as in L2
and L3, may select for genera better suited to lower porosity and the potential presence of
antimicrobial compounds. Furthermore, the higher moisture levels and prevailing winds
in NNW-exposed surfaces could explain the dominance of specific taxa adapted to such
conditions. However, the interplay of these factors remains complex, and additional studies
are needed to isolate their specific contributions.

Contrary to common belief, microbiological data have revealed that the patina un-
der study is not composed solely of Trentepohlia, but rather contains a diverse range of
microorganisms, with chlorophyte algae making up only a small fraction. Understanding
what kind of biological patina afflicts a building is crucial for several reasons. Each type of
biofilm can affect the material in different ways. Some microorganisms can cause direct
damage, such as surface decomposition or chemical alteration of the substrate. Knowing
the composition of the patina helps to choose the most suitable cleaning treatment to pre-
serve the integrity of the monument without further damaging it. In this case, the concept
of prevention, i.e., correctly identifying the type of biological growth, allows more targeted
preventive measures to be implemented. Localized biological patinas on external surfaces,
as in our case, allow for the monitoring of the building by highlighting pathologies such as
rising damp or accidental water leaks that may compromise its conservation.

4. Conclusions

This study provides a comprehensive characterization of red biofilms found on ancient
and contemporary buildings in southern Portugal, primarily on carbonate substrates coated
with synthetic white varnishes.

The first pink signs of the biofilm are visible in just 2-3 years after the last painting.
In 8-10 years, the patina, if not treated, could cover the entire affected wall. Over time, its
color increases in intensity based on the thickness of the colonization, reaching burgundy
and thicknesses greater than 2 mm. The findings reveal a diverse microbial community
structure, with significant variability in composition across samples. The red biofilm
coloration is attributed to carotenoid pigments produced by specific microbial taxa such as
Rubellimicrobium (sample L1) and Truepera (samples L2 and L4). However, their presence
in specific samples suggests that the overall pigmentation may result from cumulative
or synergistic contributions of other taxa or environmental factors. Additionally, the
observed differences in microbial community profiles—shaped by substrate properties
and environmental exposure (e.g., wall orientation and moisture levels)—highlight the
complexity of biofilm formation processes.

The distinct microbial profiles across samples emphasize the influence of local envi-
ronmental and material conditions on biofilm development. For example, samples with
synthetic varnishes (e.g., L2) exhibited different dominant microbial taxa compared to
those with lime-based substrates (e.g., L4). These findings suggest that targeted strate-
gies to mitigate biofilm formation should consider both microbial composition and the
environmental context. From a practical standpoint, this study underscores the need for
tailored biofilm management strategies. Mechanical removal using dry methods (e.g.,
spatulas) remains an effective approach, especially given the weak adherence of the biofilm.
Softwashing techniques with cleaning solutions formulated for microbial removal also
show potential, particularly for large-scale applications. For long-term prevention, regular
maintenance with biocidal treatments or the use of biocidal paints is recommended, though
the latter may pose environmental and cost challenges. Alternatively, the reintroduction of
traditional lime-based whitewashing offers a sustainable option for historic buildings, pro-
viding both breathability and some degree of biocidal activity. The variability in microbial
composition and pigmentation mechanisms across samples highlights the need for further
metagenomic analysis to fully understand the interactions between microbial communities,
environmental conditions, and substrate characteristics. This understanding will support
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the development of more effective and sustainable approaches to managing red biofilms
on architectural heritage.
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