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Abstract 

 

The most prominent historical buildings in Belém do Pará (Northern Brazil) have 

modernist stained-glass windows, which were commissioned from Europe since the end of the 

19th century. Some of them present biodegradation; however, there is no information about the 

microbial activity on them. The present work is focused on the biodeterioration by fungi on 

some of these Modern stained-glass windows. The fungal communities were collected, isolated 

and then identified by means of molecular methods. Additionally, a laboratory-based 

biodeterioration experiment was carried out to assess the fungal activity on replica glass 

samples with three different chemical compositions. The replica samples were inoculated with 

a four-fungal species mixture and incubated under optimal growth conditions for 5 months. 

Optical microscopy, µ-PIXE, SEM-EDS and FTIR-ATR were performed to evaluate the 

biodeterioration of the soda-lime silicate glasses. This multidisciplinary approach showed that 

the inoculated spores (Aspergillus arenarioides, Fusarium oxysporum, Hortaea werneckii, and 

Trichoderma longibrachiatum) were able to form substantial mycelia in all replica glass 

samples. The main alterations observed were small crystals, hyphae fingerprints and a slight 

decrease on the glass surface smoothness. Despite the aforementioned damages, the soda-lime 

silicate glass compositions showed high resistance against the inoculated fungal species.  

 

 

Keywords: Biodeterioration, fungal identification, stained-glass windows, tropical 

climate 
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1. Introduction 

The role of microorganisms in glass deterioration has been largely discussed during the 

last decades, mainly in European stained-glass windows (Drewello and Weissmann, 1997; 

Gorbushina and Palinska, 1999; Drewello et al., 2000; Rodrigues et al., 2014). The microbial 

colonization on glass windows is related to the climate and to a high concentration of air 

pollutants, among other factors. The main effects of biogenic attack on historical glass, include 

etching, pitting, leaching, discoloration, glass degradation, formation of gel layers, and intense 

soiling on the original glass surface, as reported in the literature (Drewello et al., 2000; 

Lombardo et al., 2005; Piñar et al., 2013; Rodrigues et al., 2014; Shirakawa et al., 2016). Most 

of these effects induce the loss of transparency, which directly affects not only the stained glass 

aesthetics, but also its iconographic function (Carmona et al., 2006). 

Fungi are one of the most common organisms responsible for the glass surface changes, 

according to several publications (Kerner-Gang, 1968; Perez y Jorba et al., 1980; Callot et al., 

1987; Krumbein et al., 1991, 1993; Kaiser et al., 1994; Piñar et al., 2013). It has been observed 

that fungal communities are more complex than it was previously estimated (Schabereiter-

Gurtner et al., 2001), because they are able to acquire the elements needed for growth from the 

glass itself (Marvasi et al., 2009). The fungal species commonly identified belong to the genera 

Aspergillus, Cladosporium, Trichoderma, Penicillium, Chaetomium, Aureobasidium, 

Eurotium, Phoma, Scopulariopsis, and Rhizopus (Drewello and Weissmann, 1997). Moreover, 

it was observed that glass samples inoculated with fungi presented significant chemical and 

morphological changes on their surface in a short period of time (Gorbushina and Palinska, 

1999; Rodrigues et al., 2014). 

Studies focused on biodeterioration of stained-glass windows in a tropical climate are 

almost inexistent, even when they are exposed to adverse conservation conditions (A. Corrêa 

Pinto et al., 2018a). This is the case of the stained-glass windows in Latin America, where the 

majority of the published studies were focused on the history and the iconography of the panels 

(A. Corrêa Pinto et al., 2018a). 

Fungal activity is significantly higher in tropical places because the temperature uses to 

be above 25 °C and the relative humidity between 80 - 100 % (Drewello and Weissmann, 1997). 

These conditions create the perfect environment for microbial growth. According to the 

literature, even resistant glasses can lose their transparency when are exposed during a month 

to the rainy season in a tropical weather (Jones, 1945; Rodionova and Razumovskaya, 1972). 

Moreover, a study conducted on photovoltaic panels in São Paulo (Brazil) (Shirakawa et al., 
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2015) evidenced the presence of fungi from the genera Aureobasidium, Cladosporium, 

Dothideomycetes and Pestalotiopsis as the major constituents of the sub-aerial biofilm grown 

on their surface.  

The city of Belem do Pará (01° 27’ 21” S, 48° 30’ 16” W), Northern Brazil, is located 

next to the equatorial line, on the edge of the Guajará Bay. According to the Köppen-Geiger 

climatic classification (Peel et al., 2007), the city is situated in a region without air-dry seasons, 

with high-temperature values (27 - 32 °C), a relative humidity over 80 % and high rainfall 

(Cabral, 1995; Castro, 2009; Carvalho, 2013; De Carvalho and Szlafsztein, 2018). These 

environmental conditions are very dangerous for the conservation of 19th-century stained-glass 

windows from the most important historical buildings (e.g. churches, mausoleums, museums). 

The aim of this study was to characterize the fungal community growing on modern 

stained-glass windows from three buildings in Belém do Pará (Museu do Estado do Pará, Britto 

Pontes mausoleum, and Basílica Santuário de Nazaré), Brazil, located in a tropical 

environment, and to assess the effects of the biodeterioration on historically accurate glass 

reproductions from the mentioned stained-glass windows.  

 

2. Materials and methods 

2.1. Stained-glass windows and sites description 

The selection of the stained-glass windows was made accordingly to the following 

criteria: a) different distance of the buildings to the Guajará Bay (Suppl. Fig. S1), b) different 

provenance of the panels, and c) different chronology. 

The characterized panels came from: 

1) Museu do Estado do Pará (MEP), located in Cidade Velha neighbourhood. It has 

four articulated stained-glass windows in its stairwell, probably produced by Société Artistique 

de Peinture sur Verre (France) at the beginning of the 20th century. 

2) Britto Pontes Mausoleum (BPM), situated in Guamá neighbourhood. It has two 

panels produced by A Renascença studio (Portugal), possibly in the late years of the 19th 

century. 

3) Basílica Santuário de Nazaré (BSN), situated in Nazaré neighbourhood. It has a set 

of 56 panels produced by the Champigneulle studio (France) at the beginning of the 20th 

century.  

Buildings and panels have been deeply described in Corrêa Pinto et al. (2015). 
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2.2. Belém do Pará and its environment 

The geographical proximity of Belém do Pará to the equatorial line ensures similar 

temperature and relative humidity values throughout the year (Cabral, 1995; A. M. Corrêa Pinto 

et al., 2018b). In this area, there are only two defined seasons during the year: a) the winter, a 

rainy season which occurs from December to May, when humidity and cloudiness levels 

increase; b) the summer, a dry season from June to November, when the brightness level 

increase (Cabral, 1995; Bastos et al., 2002; Pantoja, 2016). 

Even when two seasons were observed in this place, temperature and humidity are 

almost constant. The annual average temperature is around 27-32º C; while the relative 

humidity ranges from 70 to 92 %. Furthermore, it has been shown that urbanized areas are 

linked to higher temperatures, which act as heat islands (Cabral, 1995; Silva and Travassos, 

2008; Castro, 2009; Carvalho, 2013; De Carvalho and Szlafsztein, 2018). This is the case of 

Cidade Velha, Guamá and Nazaré neighborhoods, where are located the buildings selected to 

this work. 

2.3.Manufacture and µ-PIXE analysis of glass reproductions 

According to the chemical composition of historical samples, three different types of glasses 

were reproduced in the laboratory following the traditional production technique. The 

Composition 1 (C1) glass was similar to the sample from the Museu do Estado do Pará, the 

Composition 2 (C2) glass was similar to the sample from the Britto Pontes Mausoleum, and the 

Composition 3 (C3) glass was similar to the sample from the Basílica Santuário de Nazaré 

(Table 1). The replica glasses were analysed by µ-PIXE using an Oxford Microbeams OM150 

type scanning nuclear microprobe setup that includes a 160 eV resolution SDD X-ray detector. 

The analysis was performed in a vacuum chamber and a 700 keV proton beam to detect light 

elements such as the sodium. The use of a 2 MeV proton beam and a 50 µm thick Mylar foil in 

front of the detector allowed determining trace heavy elements composition while preventing 

detector irradiation damage. Quantitative analysis was performed with the GUPIX software 

(Campbell et al., 2010).  

 

 

 

 

 



 6 

Table 1: Chemical composition of replica glass samples analyzed by µ-PIXE. 

Oxides components  

(wt. %) 

Replica Compositions 

C1 C2 C3 

Na2O 17.64 15.82 11.16 

MgO 0.08 0.31 0.28 

Al2O3 2.13 6.67 3.91 

SiO2 69.15 67.05 65.67 

P2O5 - 0.23 - 

K2O 0.46 1.00 0.91 

CaO 7.03 7.85 8.95 

TiO2 0.04 0.13 0.10 

V2O5 0.20 0.04 0.18 

Cr2O3 0.02 0.01 0.16 

MnO - - 0.03 

Fe2O3 0.09 0.35 0.40 

CuO - 0.01 0.23 

ZnO - - 0.04 

SnO2 0.39 0.38 0.59 

PbO 2.42 0.08 5.56 

 

To prepare the glass reproductions, pure laboratory reagents were used as raw materials. 

The following oxides and carbonates were used: Na2CO3, MgCO3, Al2O3, SiO2, P2O5, NaCl, 

K2CO3, CaCO3, TiO2, V2O5, Cr2O3, MnO2, Fe2O3, CuSO4, ZnCO3, SnO, BaCO3, and Pb3O4. 

The different compounds were mixed for 1h in a shake-mixer to ensure its homogenisation. 

Each replica glass was melted in a ceramic crucible, in an electric furnace, at 1400 ºC (Dwell: 

24 h). The glasses were blown in a crown (fire polished), annealed approximately at 600º C and 

slowly cooled for 6 h. Samples (~ 2  2  0.2 cm3) were, then, cut from the crown using a 

diamond point. This procedure permits to prepare replica glasses similar to historical ones, as 

traditional off-hand glass tools and techniques are used. In addition, the replica glass surface 

was fire polished, instead of mechanically polished, to mimic the surface characteristics of the 

original ones (Rodrigues et al., 2014). This methodology was also used in other glass 

deterioration studies (Rodrigues et al., 2014, 2018, Palomar et al., 2018, 2019). 

2.4. Biological sampling 

Samples of natural biofilms were collected in all the selected stained-glass windows 

from the three buildings. The biofilms were collected from their inner surface using a sterile 

swab into a sterile Eppendorf tube. Swabs were previously wetted in sterilized water in order 

to enable the removal of organic and inorganic matter deposited on the glass. The samples were 

collected for culture procedures and further molecular biology analyses. 
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2.5. Fungal isolation and identification by molecular techniques 

Fungal communities were inoculated into Petri plates containing Sabouraud Dextrose 

agar (SDA) and Lactritmel agar (LA) using a sterile loop and incubated at 26° C, under 12:12 

h light:dark cycles for 7 days.  

After incubation, colonies were transferred to fresh Czapek Dox Agar medium for 

vigorous fungal growth. Pure cultures were used for molecular identification. Total DNA 

acquisition was accomplished following Najafzadeh et al. (2010) protocol. Approximately 1 

cm2 was extracted from the colonies with more than 14 days of incubation and transferred to a 

2 mL Eppendorf tube containing 400 μL of 1X TE lysing buffer (pH 9.0) and glass beads. The 

mixture was vortexed for 1 min. Then it was added 120 μL of SDS (10 %) and 10 μL of 

Proteinase K and fungal material was incubated at 55° C for 30 min. After incubation, the 

material was vortexed again for 3 min.  

Subsequently, 120 μL of NaCl (5 M) was added to the mixture and incubated for 60 min 

at 55° C. Then the material was vortexed for 3 min. After the addition of 700 μL of 

Phenol:Chloroform:Isoamylalcohol (25:24:1), the solution was mixed by hand for 5 min and 

then centrifuged at 4° C, for 5 min, at 14 000 rpm. The supernatant was transferred to new 

Eppendorf tube containing 255 μL of 5 M NH4-acetate, carefully mixed by inverting, incubated 

for 30 min on ice water and centrifuged again for 5 min at 4° C at 13 000 rpm. Finally, after 

discarding the supernatant, the pellet was washed with 1 mL of ice cold 70 % ethanol and 

centrifuged again in the previous conditions. After drying at room temperature, DNA was re-

suspended in 80-100 μL 1X TE buffer.  

For fungi, the amplification of the internal transcribed spacers (ITS) 1 and 2 flanking 

the 5.8S ribosomal RNA gene was performed using forward primer ITS1 (5’-

TCCGTAGGTGAACCTGCGG-3’) and reverse primer ITS4 (5’-TCCTCC GCT 

TATTGATATGC-3’) as described by White et al., (1990). Electrophoresis of amplification 

products was performed on 1 % (w/v) agarose gels, stained with SyBR ™ Safe (Invitrogen, 

Carlsbad, California, USA) and visualized under UV light. The purification of amplified 

products was performed with Purelink PCR® Purification Kit (Invitrogen, Carlsbad, California, 

USA) following the manufacturer’s protocol. The amplicons were sequenced using the ABI 

3130/3130XL Genetic Analyzer (Applied Biosystems/Hitachi, Foster City, California, USA). 

Pairwise sequence alignment was performed in the GenBank database 

(http://www.ncbi.nlm.nih.gov/BLAST/ ). Nucleotide sequences are also deposited at GenBank 

database. 
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2.6. Glass biodeterioration experiment 

2.6.1. Inoculum preparation 

Four fungal strains collected from historical stained-glass windows and identified by 

DNA-based analysis were used. They were plated on Potato Dextrose Agar (PDA, Oxoid, UK) 

and incubated at 27° C for 30 days to enable their growth. For inoculum preparation, the spores 

were harvested by pipetting sterile 0.05 % Tween 80 (Panreac) on the surface of the colonies 

and collecting the suspension. The concentration of spore suspension for each fungal species 

was determined with a haemocytometer and adjusted to 1 x 106 spores/ mL. A mixed inoculum 

composed of all the four species was created to simulate a real case scenario. Aliquots of the 

inoculum from each single species, with the same concentration as previously mentioned, were 

added to a sterile flask followed by vortexing. The viability of the species was determined by 

plating each individual inoculum on PDA (Sequeira et al., 2017). 

2.6.2. Glass inoculation 

A set of nine replica samples from each glass composition (3 inoculated + 3 for 0.05 % 

Tween 80 + 3 for control) were incubated for 5 months. The replica glass samples were 

positioned in glass Petri dishes with sterilized distilled water at the bottom, separated by a net, 

in order to avoid the direct contact between the glass and the water (Fig. 1).  

 

 

Figure 1: Experimental design of the work: a) The Petri plate containing the inoculated samples 

of all compositions; b) The Tween control samples; c) The control samples. 

A total of 3 Petri dishes were used to place the samples: one for inoculated samples of 

all compositions, one containing the samples inoculated only with 0.05 % Tween 80 (Panreac), 

and the last one containing all the control samples. Since the spores were inoculated in the 

samples with 0.05 % Tween 80, a control set sample of Tween 80 was used as control, in order 

to identify the alterations caused by this medium in the glass surface. The Petri dishes, the net, 
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and the glass samples were sterilized by dry heat at 170° C for 1 h before the inoculation. The 

distilled water was autoclaved at 120° C for 20 min. All the samples sets were kept under the 

same conditions (28° C, 75-95 RH %, without light). 50 µL of a mixed inoculum, described in 

the previous section, was pipetted on the surface of the glass samples. Control samples were 

not inoculated. After 5 months of incubation, inoculated and control samples were analysed 

through several techniques. 

2.6.3. Characterization of glass samples  

Several techniques were performed to characterize the replica glass samples before and 

after the laboratory-based biodeterioration experiment concerning the morphological and 

chemical alterations on the glass surfaces. Samples were observed after incubation, before and 

after the soft wet cleaning procedure. It was used a cotton swab embedded in a water:ethanol 

(1:1) solution for this procedure. 

2.6.3.1. Optical microscopy 

Optical microscopy was performed using a light microscope (Axioplan 2, Zeiss) used in the 

reflection mode, bright field equipped with a digital camera (Nikon DMX) to observe samples 

surfaces before and after the cleaning procedure. 

2.6.3.2. Fourier Transformed Infrared Spectroscopy - Attenuated total reflectance (FTIR-

ATR) 

Inoculated and control samples were analysed before (t0) and after the incubation period (t5) 

by FTIR-ATR using a portable Agilent Technologies – 4300 Handheld FTIR, with diamond 

cell. Spectra were acquired in attenuated total reflectance mode with 4 cm-1 resolution in the 

spectral range of 4000 – 650 cm-1. Each spectrum was the product of 32 internal scans. 

2.6.3.3. Scanning electron microscopy-energy dispersive X-ray spectrometry (SEM-EDS) 

Colonized glass samples were analysed by SEM to assess the microbe-surface 

interactions. Biodeterioration patterns were evaluated after cleaning surface procedure. 

Samples were mounted on sample stubs, sputter-coated with gold/palladium, and examined on 

a Hitachi 3700 N scanning electron microscope (Hitachi, Tokyo, Japan) interfaced with a 

Quantax EDS microanalysis system (Bruker AXS GmbH, Karlsruhe, Germany). The Quantax 

system was equipped with a Bruker AXS XFlash Silicon Drift Detector (129 eV spectral 

resolution at full width at half maximum [FWHM] – Mn Ka). The operating conditions were: 
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secondary electron mode, 10 kV accelerating voltage, 10 mm working distance and 120 mA 

emission current.  

3. Results and discussion 

3.1.Identification of fungal strains by molecular techniques 

The identified fungal strains collected from the stained-glass windows from MEP, BPM 

and BSN buildings are displayed in Table 2. All the five isolated fungal species belonged to the 

phylum Ascomycota (Hortaea werneckii, Myrothecium inundatum, Fusarium oxysporum, 

Aspergillus arenarioides, and Trichoderma longibrachiatum). Surprisingly, there was no 

fungal genus predominance between the panels.  

 

Table 2: Phylogenetic affiliations of the ITS sequences obtained from the fungal strains isolated from the 

selected stained-glass windows. 

No Closest relative a 
Gene bank Accession 

number 

Similarity 

(%)/  

QC b (%) 

Buildings 

MEP BPM BSN 

1 Myrothecium inundatum KJ767119.1 MK024176 100/100  *  

2 Fusarium oxysporum MG272268.1  MK024177 100/100  *  

3 Aspergillus arenarioides NR_135460.1 MK024178 100/100   * 

4 Trichoderma longibrachiatum MK084475.1 MK024179 100/100   * 

5 Hortaea werneckii MH864374.1 MK024180 99/100 *   
a Closest relative obtained by comparison with NCBI database and corresponding accession number. 
b Query coverage  

 

Hortaea werneckii was the only species identified on MEP panel. It is a so-called black-

yeast which has an extremely halotolerant character to endure in hypersaline environments, 

according to Gostinčar et al., (2011). This high resistance allows its growth in nearly saturated 

salt solution, as well as without salt (Gunde-Cimerman et al., 2000; Kogej et al., 2007), not 

interfering with its normal enzymatic activity. In addition, H. werneckii is responsible for the 

synthesis of some soluble solutes, such as glycerol, erythritol, mannitol (Kogej et al., 2007; 

Gostinčar et al., 2011). If high amounts of the aforementioned metabolites are produced, it can 

lead to an increase of the humidity on the glass surface. 

Myrothecium inundatum and Fusarium oxysporum were identified on BPM panel. It is 

known that M. inundatum produces volatile organic compounds (VOCs), e.g. octane, acetic 

acid, ethanol, 1-butanol, and is also capable to decompose cellulose (Ahrazem et al., 2000; 

Banerjee et al., 2010). Regarding F. oxysporum, this species is considered a normal constituent 

of native soils and plants rhizosphere fungal communities (Gordon and Martyn, 1997; Fravel 

et al., 2003). F. oxysporum is able to secrete enzymes and metabolites during its colonization 
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process (Michielse and Rep, 2009), which can enhance the development of other 

microorganisms increasing the glass surface decay.  

Finally, in BSN panel, Aspergillus arenarioides and Trichoderma longibrachiatum 

were identified as colonizers of the glass surface. Aspergillus is considered by some authors as 

the most common genera found indoors (Amend et al., 2010; Visagie et al., 2014). 

Nevertheless, different strains of this genera were previously identified on historical glass as its 

major colonizers, e. g. A. fumigatus, A. restrictus, A. tamarii, A. penicilloides (Schabereiter-

Gurtner et al., 2001; Carmona et al., 2006). T. longibrachiatum was previously identified on 

mouldy building materials from Western Europe and Scandinavia (McMullin et al., 2017), and 

it is known to produce acetic acid (Djian et al., 1991). This result is also in concordance with 

data reported by Pereira et al., (2013), concerning the dominant anemophilus fungal genera 

occurrence in Nazaré neighbourhood (Brazil). 

It is important to highlight that Fusarium oxysporum, Myrothecium inundatum, Hortaea 

werneckii, Aspergillus arenarioides, and Trichoderma longibrachiatum have not been 

identified on stained-glass windows before. Nevertheless, studies on optical glass under tropical 

climate identified the presence of Aspergillus, Trichoderma, and Fusarium in its corrosion layer 

(Drewello and Weissmann, 1997), suggesting that these species are typical from the 

geographical area. Species of genera Cladosporium, Penicillium, and Alternaria, frequently 

cited as typical colonizers of historical glass (Drewello and Weissmann, 1997; Schabereiter-

Gurtner et al., 2001; Rodrigues et al., 2014), were not found in this research. This fact could 

also be related to the different chronology and location of the stained-glass windows analysed 

in this work. 

The low fungal diversity detected on the studied stained-glass windows is explained by 

the fact that culture methods were used before the molecular biology techniques were applied. 

Culture methods were used to obtain viable species and guarantee their survival during the 

laboratory-based biodeterioration experiment.  

3.2.Biodeterioration of the glass reproductions 

3.2.1. Optical microscopy 

In general, the replicated samples showed a smooth surface at the beginning of the 

experiment (Fig. 2 a, b, c), despite of few surface features that were inherited during the 

manufacturing process, mainly in glasses C2 and C3. At the end of five months of incubation, 

the inoculated glass samples showed several morphological alterations (Fig. 2 d, e, f), such as 

fungal fingerprints together with crystal formation. These crystalline substances were detected 
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by optical microscopy but their size was too small to be identified by µ-Raman spectroscopy. 

Few iridescent areas were also observed on the surface. They could be attributed to an initial 

glass deterioration mechanism. In addition, a decrease of surface smoothness and transparency 

could be observed by the naked eye in all the samples after the inoculation.  

 

Figure 2: Comparison of surface morphology on replica samples before the inoculation (t0): a) 

Sample from composition C1; b) Sample from composition C2; c) Sample from composition C3; and 

replica glasses after 5 months of incubation (t5): d) Well developed hyphae surrounded by small crystals 

(arrows) in sample C1; e) Corrosion spot at the top of the image and small crystal (arrow) in sample C2; 

f) Sample C3 showing few hyphae on the glass surface and a small isolated crystal (arrow). 

The fungi under investigation showed high affinity with the three glass compositions, 

in accordance with previous biodeterioration studies (Gorbushina and Palinska, 1999; 

Rodrigues et al., 2014). Although these samples were inoculated only with spores without any 

nutrients, some dense mycelia were able to grow on the inoculated glass surfaces. The inoculum 

was deposited in the middle of the samples, but at the end of the incubation period, fungal 

hyphae were not limited to this area but to the complete surface area, particularly in glasses C1 

and C2. It is known that fungal mycelia can induce mechanical destruction, resulting in tensile 

stress and cracks in the glass surface (Müller et al., 2001; Piñar et al., 2013). Furthermore, the 

biochemical processes induced by cell growth are the production of organic and inorganic acids, 

extracellular enzymes and metabolites, which lead to pH changes on glass surface (Callot et al., 

1987; Drewello and Weissmann, 1997; Müller et al., 2001). The decrease of pH by fungi can 

initiate the interchange between cations from the glass and the excreted metabolites, which can 

cause the weakening of the glass matrix making easily the penetration of the fungi inside the 

glass. 
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3.2.2. SEM-EDS 

SEM-EDS analyses complemented the understanding on the physical and chemical 

alterations of the inoculated glass samples. Hyphae fingerprints were almost imperceptible in 

samples with the composition C1 (Fig. 3 a). However, in some regions it was possible to 

identify etched patterns after the cleaning procedure (Fig. 3 b), which indicated that the process 

for fungi removal was effective. The sample from composition C2 showed imprints of fungal 

hyphae that covered the entire surface and also spores next to the area where the inoculum was 

deposited (Fig. 3 c).  

 

Figure 3: Figure 3: SEM images of: a) Hyphae residue on sample C1, b) Superficial etching on sample C1, 

c) Spores (white arrow) in the middle of fungi residue (dashed arrows) on sample C2; after cleaning 

procedure after 5 months of inoculation. 

 

It was not observed cracking on the tested samples, which suggested that the fungi did 

not strongly adhere to the glass surface. However, a rough halo surrounding hyphae fingerprints 

was detected in the samples with the composition C3 (Fig. 4 a) and C2 (Fig. 4 b). This latter 

one showed the alteration spread in larger areas of the surface, which could be attributed to the 

metabolites produced by the fungal activity during the experiment. The low alteration observed 

on the surface of the tested samples is in agreement with previous studies (Garcia-Vallès; et al., 

2003; Piñar et al., 2013), where it was showed that Na-rich glass compositions were hardly 

decayed.  
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Figure 4: Figure 4: SEM images of the morphological alterations produced on inoculated samples: a) 

Rough halo caused by hyphae activity on the surface of sample C3; b) Hyphae fingerprints and residues 

on the surface of sample C2. P1-P6: EDS microanalysis (Table 3). 

 

EDS analyses were performed in both compositions in order to identify the differences 

between the unaltered glass and the area previously covered by the hyphae (Table 3). The 

analyses of the area with fungal metabolites in sample C3 showed a slight depletion of CaO 

and a slight increase of SiO2. This suggested the formation of a silica-gel layer in these areas 

which could be related to an initial stage of the biocorrosion process (Gorbushina and Palinska, 

1999; Vilarigues et al., 2011). The increase of the roughness in the surface previously covered 

by the fungi was related to the chemical alteration of glass. This phenomenon was observed 

only in areas close to the place where the inoculum was deposited. Despite showing the same 

alteration but more spread, EDS analysis of the sample C2 indicated an atypical increase of 

calcium, which is probably related to the residues of the organic material from the hyphae 

(Drewello et al., 2000). A slight depletion of Al2O3 was also observed, which could be related 

to the leaching of aluminum from the glass surface. Some authors (Krumbein et al., 1991; 

Kaiser et al., 1996) already discussed that cations from elements such as aluminium, calcium, 

iron, potassium, magnesium or sodium are released from material and assimilated by the 

biomass. 
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Table 3: EDS microanalysis (wt. %) of the morphological alterations highlighted in Figure 3. (P1: pristine 

glass, P2: altered glass, P3: fungal residue, P4: pristine glass, P5: altered glass, P6: fungal residue) 

 

 

Regarding the different evolution of fungal biodeterioration, it was related to the 

chemical composition of the replica glass. The three replica glasses differed mainly in the 

amount of Na2O, Al2O3, and PbO. Composition C1 (MEP) and C2 (BPM) showed similar 

contents of Na2O and CaO, but C2 showed low concentration of P2O5. The amount of PbO in 

composition C3 (BSN) is higher than in the other replica samples. 

The replica glass C2 was the most damaged glass by fungal colonization. Contrary to 

C1 and C3, C2 glasses had P2O5 (0.2 wt. %) and a higher concentration of Al2O3 (6.7 wt. %), 

as displayed in Table 1. Phosphorus and aluminium are among a large number of elements that 

microbiota preferentially attack (Krumbein et al., 1991). Although it has been already discussed 

in the literature (Drewello and Weissmann, 1997), the incorporation of P2O5 and Al2O3 as glass 

network-forming in association with Ag2O results in a glass with microbiocide properties. 

However, without the silver, the biodeterioration still occurs. Our results are in agreement with 

that, since P2O5 and Al2O3 were incorporated as glass network-stabilizers. On the other hand, 

PbO inhibits the microbial growth (Drewello and Weissmann, 1997; Müller et al., 2001), and 

the PbO content on the composition C2 is almost nil (0.08 wt.%) in comparison to the C1 and 

C3 composition (Table 1). This explains the extension of damages produced by microbial attack 

in the glass surface. The chemical durability of silicate substrate is correlated to the presence 

of biologically essential elements and trace metals, higher concentrations of transition metals 

in glass results in a decrease of its durability (Drewello and Weissmann, 1997). In the replica 

samples, the amounts of transition metals are low and the growth-stimulating effect could not 

be enhanced. 

Control glass samples showed dark stains on the surface caused by the high relative 

humidity and temperature. Unlike the inoculated set, control samples did not present any crystal 

formation, leading to presume that this alteration was related to the fungal activity. 

Sample Analysis MgO Na2O 
Al2O

3 

SiO

2 
K2O CaO PbO 

C3 

P1 (pristine glass) -- 6.3 3.8 74.6 1.9 11.6 1.8 

P2 (altered glass) -- 6.7 3.1 76.9 2.3 9.9 1.2 

P3 (fungal 

residues) 
1.5 1.6 -- 30.8 -- 66.1 -- 

C2 

P4 (pristine glass) -- 11.1 6.3 71.6 2.6 8.4 -- 

P5 (altered glass) -- 11.2 5.4 72.6 -- 10.7 -- 

P6 (fungal 

residues) 
2.3 1.8 -- 6.3 -- 89.6 -- 
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3.2.3. FTIR-ATR 

FTIR spectra were similar before and after the laboratory-based biodeterioration 

experiment, which confirmed that the glasses were stable and suffered minor alterations after 

the test (Fig. 5). The sample from composition C1 showed a slight increase in the asymmetric 

stretching bands of SiO2, in transverse optical (TO) and longitudinal optical components (LO), 

and also the increase of SiO- symmetric stretching bands that could be related to an initial 

formation of hydration layer. This alteration was manifested in form of etched surface (Fig. 3 

b) and iridescence, as it was seen by the naked eye in the sample. 

 

Figure 5: Figure 5: Normalized FTIR spectra of the original replica samples (C1t0, C2 t0 and C3 t0), the 

inoculated replica samples after 5 months of incubation (C1t5, C2 t5 and C3 t5) and the non-inoculated 

replica samples after 5 months of incubation (C1control, C2 control and C3 control). Type of vibration: : 

stretching 
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As it has been previously demonstrated (Rodrigues et al., 2014; Palomar et al., 2017), 

relative humidity plays an important role in glass deterioration. Environmental fluctuations lead 

to the formation of cracks due to hydration and dehydration cycles (Hogg et al., 1998). 

Nevertheless, soda-lime silicate glass is commonly known by its stability in comparison with 

other historical glass compositions, such as potash-lime silicate, because their hydration process 

is long and slow (García-Heras et al., 2005; Piñar et al., 2013; Palomar et al., 2017). The 

chemical stability of the glass in a humid environment favoured the poor interaction between 

the inoculated fungi and the glass matrix since the higher supply of adsorbed water is required 

to make the glass more attractive for microbes (Drewello et al., 2000). 

 

4. Recommendations  

As result of this study, some recommendations for the conservation of stained-glass 

windows in a tropical environment are proposed: 

- Periodical cleaning shall be adopted in order to avoid fungal growth in the inner 

surface of the panels; 

- Preventive strategies such as the installation of protective glazing system, very 

widespread in Europe, shall be avoided, since it could change the thermo-

hygrometric cycles and accelerate the microbial growth. 

- Development of new sustainable cleaning methods for efficient fungal removal from 

the glass surface. 

 

5. Conclusions 

After five months of fungal inoculation the replica samples from modern stained-glass 

windows, dense mycelia were observed on the glass surfaces. The main physical and chemical 

alterations observed on the glass surfaces were iridescent stains, crystal formation, slight 

decrease of the surface smoothness, and hyphae fingerprints. Although fungi have clearly 

damaged the three different types of glass samples, soda-lime silicate compositions showed 

good resistance to fungal attack.  
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Supplementary Fig S1. The buildings with Modern stained-glass windows where the 

historical glass samples were characterized and their location within the city's districts. 

 


