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Abstract

:

The Salón de Reinos, a remnant of the 17th century Palacio del Buen Retiro, was built as a recreational residence under the reign of Felipe IV between 1632 and 1640 and was the main room for the monarch’s receptions. This Salón owes its name to the fact that the coats of arms (shields) of the 24 kingdoms that formed Spain in Felipe IV’s time were painted on the vault, above the windows. In addition, the ceiling shows an original decorative composition. The painted ceiling and window vaults showed deterioration evidenced by fissures, water filtration, detachments of the paint layer, and black stains denoting fungal colonization related to humidity. Ten strains of bacteria and 14 strains of fungi were isolated from the deteriorated paintings. Their biodeteriorative profiles were detected through plate assays. The most frequent metabolic functions were proteolytic and lipolytic activities. Other activities, such as the solubilization of gypsum and calcite and the production of acids, were infrequent among the isolates.
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1. Introduction


The earliest known examples of wall paintings are found in Crete and in Egyptian tombs. The Etruscan necropolis of Tarquinia, included in the UNESCO World Heritage list, contains a large number of decorated tombs, the oldest of which date from the 7th century BC. Examples of extraordinary Roman wall paintings are found in the magnificent Villa dei Misteri (1st century BC) in Pompeii. The late medieval period and the Renaissance are examples of the noticeable use of wall paintings, particularly in Italy, where most churches display this type of decoration.



Wall paintings can be affected by various problems—environmental pollution, excessive humidity, water seepage from the ceilings, and poor quality of materials and construction methods—all contributing to the deterioration of the murals. In wall paintings, different phenomena can be observed; the most common include cracks, detachment of the painted surface, efflorescence formation, color changes and growth of films of microbial origin.



In the initial stages of colonization, the growth of microorganisms in a wall painting causes only aesthetic damage, as little or no alteration of the painted surface occurs. Subsequently, the cells and hyphae penetrate the paint layer, and the chemical attack results in pitting, peeling, cracking and loss of paint. To this damage is added that caused by microbial metabolites, which alter the original color and sometimes produce red, green or black pigmentations [1,2,3,4,5].



Deteriorated wall paintings contain a variety of hygroscopic salts, including carbonates, chlorides, nitrates and sulfates, which form efflorescences on their surfaces. This means that, in many cases, efflorescence deposits in murals mimic the conditions found in extreme habitats, favoring the growth of halophilic microorganisms. Due to its deteriorating effect, saline efflorescence in wall paintings is a common problem and can create micro-niches with a salt concentration high enough to allow the growth of halophilic Archaea, as demonstrated by Piñar et al. [6] in two deteriorated wall paintings subjected to different environmental and climatic conditions: the Chapel of Herberstein Castle (Austria) and the Tomb of Servilia in the Necropolis of Carmona (Spain).



Of particular importance is the colonization and growth of bacteria in wall paintings. Gorbushina et al. [7] studied the deterioration of the wall paintings in the church of St. Martin in Germany. In these paintings, the authors isolated numerous species of Arthrobacter, Bacillus and related genera (Paenibacillus, Gracilibacillus, Salibacillus), producers of spores, in addition to Staphylococcus and Nocardioides.



However, the most frequent and conspicuous biodeterioration phenomenon is the colonization of wall paintings by fungi, since they generally produce black or green colored patinas. In modern wall paintings from La Rábida Monastery, Spain, the most abundant fungus was Cladosporium sphaerospermum, followed by Engyodontium album, recently transferred to the novel genus Parengyodontium album [8] and Aspergillus versicolor. Less frequent were Acremonium charticola, Alternaria alternata, Botrytis cinerea, Cunninghamella echinulata, Phoma glomerata, etc. [9]. In addition, the mite Tyrophagus palmarum was found in the paintings, feeding on bacteria and fungi.



Karpovich-Tate and Rebrikova [10] investigated the biodeterioration of wall paintings at the Pafnutii-Borovskii Monastery, Russia, finding that Parengyodontium album comprised 90% of the fungi isolated from the deteriorated stone, while Cladosporium sphaerospermum accounted for 65% of the total isolates from the painted surfaces.



Gorbushina and Petersen [11] studied various wall paintings in Germany and found Acremonium spp., Cladosporium spp., Verticillium spp., Aspergillus sydowii, Aureobasidium pullulans, Parengyodontium album, Scopulariosis brevicaulus, Beauveria sp. and Chrysosporium sp. The walls commonly included springtails, mites, flies and spiders. Arthropod remains were frequently found in all investigated locations, and most of them were colonized by fungi. In fact, most of the available data suggest that fungi in wall paintings are related to arthropods [12]. Entomopathogenic fungi, in particular Parengyodontium album, are common on wall paintings from different countries [7,9,10,11,12].



In wall paintings, certain ecological conditions prevail, such as a low concentration of carbon sources, variable-to-high humidity levels and, generally low temperatures. Under these conditions the growth of microorganisms is possible, in most cases forming a biofilm or microbial film composed of many species of bacteria, archaea, fungi, etc. [13,14,15,16].



The possible carbon sources in wall paintings are protein-type binders, such as casein, animal glue, egg, etc., and some pigments, as well as synthetic polymers used for preservation. The destructive activity of microorganisms in the paint film is not limited to its surface, but penetrates deep into the layer of paint and plaster, and its destructive effect can be even more intense in the deeper layers than on the surface.



The use of binders by microorganisms as a nutritional source leads to deterioration and, consequently, to the detachment of pigment particles, devoid of any binding effect. This process was reported by Piñar et al. [6], who noticed the damage caused during restoration of the Chapel of Herberstein Castle, Austria, with 14th century frescoes. Around 1580, the frescoes were covered with plaster for a few hundred years. Restoration works were carried between 1942 and 1949, and the plaster layer was removed. In this restoration, the paints were fixed with casein-water (1:10), and casein was also added to the mortar for consolidation. Fungal growth started only five days after the application of casein, and the ceiling had to be cleaned again. However, after this restoration, the chapel was abandoned and used as a warehouse until the mid-1990s. At the beginning of the 21st century, the paintings showed considerable microbial growth, including loss of consistency in many areas as well as severe discoloration, with the formation of saline efflorescences and pink pigmentation due to microbial attack. This is an example of how erroneous restoration protocols can damage wall paintings. Therefore, it is of the utmost importance to know the biodeteriorative activity of the microorganisms isolated from mural paintings in order to decide which treatments can be safely used in restoration.




2. Materials and Methods


2.1. Historic Overview of Salón de Reinos


On 25 July 2021, UNESCO added the Paseo del Prado and Buen Retiro, a landscape of Arts and Sciences (Madrid, Spain) to the World Heritage List. This Paseo includes avenues, fountains, gardens and many buildings, a few of them dedicated to the arts and sciences: Museo Nacional del Prado, Museo Nacional Centro de Arte Reina Sofía, Museo Thyssen-Bornemisza, Museo Nacional de Antropología, Museo Naval, and Museo Nacional de Artes Decorativas.



The Museo Nacional del Prado is a museum campus composed of several buildings. Two of them, Casón del Buen Retiro and Salón de Reinos, are remnants of the 17th century Palacio del Buen Retiro. This palace was built as a recreational residence under the reign of Felipe IV, between 1632 and 1640. The palace was seriously damaged during the War of Independence (1808–1812), and part of the ruined palace was demolished in 1816–1819, under Fernando VII. Other palace buildings were demolished in 1868, except the Casón del Buen Retiro, an old ballroom and party hall, and the Salón de Reinos, the main room for the monarch’s receptions. A program to expand the Museo Nacional del Prado integrated this Salón, used as an Army Museum from 1841 to 2005, into the museum properties.



In the 17th century, the Salón de Reinos housed famous paintings (Velázquez, Zurbarán, and others), now deposited in the Museo Nacional del Prado. The Salón, a room 34.6 m long, 10 m wide and 8 m high, owes its name to the fact that the coats of arms (shields) of the 24 kingdoms that formed Spain in Felipe IV’s time were painted on the vault, above the windows (Figure 1).



The conservation of Salón de Reinos was poor (Figure 2). The painted ceiling and window vaults showed deterioration evidenced by fissures, water filtration (Figure 2B), detachments of the paint layer (Figure 2C,D) and fungal colonization related to humidity (Figure 2D,E). Other issues include the urgency of the design and construction of the Salón, the use of low-quality materials and, above all, the different uses and adaptations of the building over 400 years, with rehabilitation interventions that caused scratching and hiding of the paintings in the walls and repainting of the ceiling (Figure 2A).



While the original decorative composition on the ceiling was preserved almost entirely, on the walls the decoration was covered by plastering. The scratching of all the wall surfaces to apply a new plaster caused damage to a large number of the compositional elements as well as physical deterioration of the pictorial layers and the gilding.



The ceiling was subject to repainting that covered almost its entire surface (Figure 2A). These patches, although they appeared as a homogeneous stratum, had different chronologies in the 19th and 20th centuries. At the beginning of the 20th century, a general repainting of the entire ceiling was carried out; tempera was used mainly for its application, and occasionally a greasy temper inside the shields was applied. The repaints were dated “14 April 1912”.



Beneath the repainting, there was a deteriorated and detached original surface (pictorial layer and gilding) with an often significant degree of powder and detachment in the coats of arms or wide gaps due to different textures (Figure 2A). The natural aging of the pictorial layer was manifested mainly in the ceiling gilding, where the polymerization of the oils used in the glazes contributed to the generalized micro-exfoliation observed in large areas. In addition, on the ceiling paintings and on the repaintings, a thick dark layer of dust, a consequence of environmental pollution, appeared adhered to the surfaces.



Therefore, it was decided that Salón de Reinos needed rehabilitation and adaptation to meet modern museum requirements, and an international contest for project designs was launched in 2016. This was won by Foster + Partners and Rubio Arquitectura.



An unpublished study of Ágora Restauraciones de Arte, S.L., Madrid, for the Museo Nacional del Prado, provides information on Salón de Reinos mortars and paintings. The report stated the presence of a coarse mortar of gypsum and clays and fine-grained gypsum plasters, with binders of animal glue, linseed oil, pine resin, sandarac and turpentine of Venice. The paintings were made of gold leaf (gilding), a mixture of cobalt and azurite glaze or natural lapis lazuli (blue color), and red lead (red color). The binders are excellent nutrient sources of carbon and nitrogen for microorganisms. This indicates the need to carry out a detailed study on the microbial populations and the possible use of the components of the mortars and paintings before carrying out a restoration.



This paper reports on the biodeterioration of Salón de Reinos before the restoration. The aims were focused on the isolated microorganisms and their ability to degrade cultural heritage materials and products commonly used in restoration works.




2.2. Sampling


The samples studied were located in the ceiling of Salón de Reinos (Table 1 and Figure 2). Sampling was restricted due to the protection of the monument, and only <500 mg from three samples were available for the study.




2.3. Isolation of Culturable Microorganisms


The samples (<500 mg per sample) were homogenized in sterile saline solution (0.9% NaCl w/v) and inoculated into culture media such as Tryptone-Soy Agar (TSA) for bacteria and Malt Extract Agar (MEA) for fungi. The plates were incubated at 28 °C for 24–72 h to allow the growth of bacteria, and at 25 °C for 4–5 days for fungi. Individual colonies with different color, size, border shape, and texture were isolated and inoculated in TSA and MEA, respectively. Once the cultures were obtained from the colonies, the purity of each isolate was confirmed microscopically. The bacteria were conserved at −80 °C in cryovials (Microbank), and the fungi were preserved at 4 °C on MEA slants until studied.




2.4. DNA Extraction and Amplification


The extraction of DNA from the strains was carried out from bacterial biomass and fungal mycelia. The biomass was transferred to a 1.5 mL Eppendorf tube containing 500 µL of the TNE extraction buffer (10 mM Tris–HCl, 100 mM NaCl, 1 mM EDTA; pH 8) and 2 and 4 mm glass beads. The mixture was homogenized using a stirrer (Fast Prep–24), applying two cycles of 45 s at a speed of 4.5 m/s. The proteins were removed by adding 50 µL of sodium dodecyl sulfate (10% w/v) and 70 µL of proteinase K (10 mg/mL), and the mixture was incubated at 50 °C for one hour. DNA was purified with 750 µL phenol–chloroform–isoamyl alcohol (25:24:1). The mixture was centrifuged at 8000 rpm for 5 min. The supernatant obtained was subjected to further purification with 450 µL of chloroform–isoamyl alcohol (24:1). Centrifugation was repeated under identical conditions, and the supernatant was collected. DNA precipitation was performed by adding 50 µL of 3 M sodium acetate (pH 5.2) and 1 mL of absolute ethanol. To promote precipitation, the mixture was incubated at −20 °C for 30 min and centrifuged at 13,000 rpm for 10 min. The precipitate was washed with ethanol (70%) and allowed to dry at room temperature. Finally, the precipitated DNA was then dissolved in 100 µL of sterile ultra-pure water.



The resulting DNA concentration in the extraction products was quantified using a Qubit 2.0 fluorimeter (Invitrogen), following the manufacturer’s instructions. The products were stored at −80 °C until use.



For the identification of bacteria, the 16S rRNA gene was amplified, and for fungi, the ITS region was between the small and large subunit of ribosomal RNA, 18S rRNA and 28S rRNA (ITS1 and ITS2, respectively). The primers 616F (5′–AGA GTT TGA TYM TGG CTC AG–3′) [17] and 1522R (5′–AAG GAG GTG ATC CAG CCG CA–3′) [18] were used for bacteria, and the primers ITS1 (5′–TCC GTA GGT CCT GAA GCG G–3′) and ITS4 (5′–TCC TCC GCT TAT TGA TAT GC–3′) described by White et al. [19] were used for fungi.



Each PCR reaction was run in a final volume of 50 µL. The reaction mixture consisted of 5 µL of 10X reaction buffer [750 mM Tris–HCl (pH 9), 500 mM KCl, 200 mM (NH4)2SO4], 2 µL of 50 mM MgCl2, 0.5 µL of each 50 µM primer (Invitrogen Life Technologies), 5 µL of deoxyribonucleotide mix (dNTPs) (Bioline GC Biotech, Alphen aan den Rijn, The Netherlands), 2 mM each, 0.25 µL of Taq polymerase enzyme (5 U/µL) (Biotools M&B Labs, Madrid, Spain), and 10–20 ng of template DNA; the reaction volume was completed with sterile ultra-pure water. All samples were run in duplicate, and two negative controls, containing sterile ultra-pure water replacing template DNA, were included for each batch of reactions. The PCR reactions were performed in an iCycler thermal cycler (Bio-Rad, CA, USA). The PCR protocol used for the 16S rRNA gene region consisted of the following steps: 2 min of initial denaturation at 94 °C; 35 cycles composed of 20 s at 94 °C, 20 s at 55 °C, and 2 min at 72 °C; followed by a 10 minute final extension at 72 °C. The protocol used for the amplification of the ITS regions consisted of 2 min of initial denaturation at 95 °C; 35 cycles consisting of 1 min at 95 °C, 1 min at 50 °C, and 1 min at 72 °C; followed by a 5 min final extension at 72 °C. To confirm the positive result of the PCR amplifications, horizontal SeaKem agarose gel electrophoresis (FMC Bioproducts, Rockland, ME, USA) was performed at 1% (w/v) with TAE 0.5X buffer (20 mM Tris, 10 mM glacial acetic acid, 0.5 mM EDTA).




2.5. DNA Sequencing


The PCR products corresponding to the bacterial and fungal strains were sequenced in duplicate at Secugen (CIB–CSIC, Madrid), with an ABI 3700 capillary sequencer (Applied Biosystems, Foster City, CA, USA) using the same primers as for PCR. The sequences obtained were edited with the BioEdit 7.2.5 program [20], establishing the consensus sequences for each strain analyzed. Homology searches of the sequences were performed using the BLASTn algorithm [21]. The fungal sequences were compared with the existing sequences from the National Center for Biotechnology Information (NCBI) databases, Standard Nucleotide and ITS Reference Sequence, and the fungi were identified according to the best matches. However, the ITS marker alone for identification does not discriminate at the species level in certain fungal genera such as Aspergillus and Penicillium, and it may be necessary to sequence one or more protein-coding genes to obtain a more precise identification at the species level [22]. The bacterial sequences were also compared using the NCBI Standard Nucleotide database and the EZBioCloud 16S database [23], which assigns the closest cultivated type species. All sequences were deposited in the NCBI GenBank database (http://www.ncbi.nlm.nih.gov/genbank/, accessed on 23 August 2021).




2.6. Biodeteriorative Activity of the Isolates


The strains were tested in different culture media to know their potential mortar and paint biodeterioration. Table 2 details the culture media tested for the analyses.



Mortar deterioration was tested for solubilization of gypsum and calcite (CaS and GyS media). Binder deterioration was tested by means of casein and gelatin hydrolysis (CH and GH media). The degradation of oils was tested with the lipolytic activity (LH medium). The production of acid or alkali (AAP medium) was also qualitatively measured. All tests were carried out in triplicate at 28 °C for bacteria and 25 °C for fungi for 1 week.





3. Results and Discussion


A total of 10 strains of bacteria and 14 of fungi were isolated. Table 3 shows the identification of the bacteria isolated from the paintings and dust, and Table 4 shows the identification of fungi.



3.1. Ecology of Bacterial Isolates


The abundance of strains of the genus Bacillus and bacteria phylogenetically related to that genus (Cytobacillus, Peribacillus, Priestia), which produce spores, as well as the species Streptomyces thinghirensis, was remarkable. Most of these species were not previously found on wall paintings (e.g., Priestia aryabhattai, Bacillus tequilensis, Bacillus paralicheniformis, Priestia endophyticus) but on plants and soils [27,28,29,30,31]. The habitat of Streptomyces thinghirensis is also the soil rhizosphere [32]. The possibility of the transport of spores by the air should not be excluded, given the proximity of Salón de Reinos to the Retiro Park and Botanical Garden.



Other bacilli (Bacillus cereus, Bacillus frigoritolerans) were commonly found in wall paintings [7,33,34,35,36,37,38]. Cytobacillus oceanisediminis was previously found in caves and mines [39,40].



The abundance of bacteria from the genus Bacillus and other related genera (Paenibacillus, Gracilibacillus, Salibacillus) on wall paintings is not new, since previous research reported their presence and isolation from the deteriorated wall paintings in the church of St. Martin in Germany [7]. The unique presence of spore-forming bacteria in the wall paintings was noticeable. The dominance of bacilli may be due to their ability to survive for a long time as spores, since in periods of favorable conditions (humidity), small populations of bacilli produce a high number of spores, using these favorable conditions for further growth. These spores tend to germinate rapidly in culture media.



Laiz et al. [38] isolated 11 species of Bacillus, four of Paenibacillus, three species of Staphylococcus, two of Micrococcus and Cellulomonas, and one of Streptomyces and Arthrobacter from the mural paintings located in Servilia tomb, Necropolis of Carmona, Spain. Most of these strains presented a facultative oligotrophic behavior coincident with the limitation of nutrients in the mural paintings.



Tomassetti et al. [35] investigated the Tomba degli Scudi in Tarquinia, Italy, after receiving a conventional treatment with Preventol. Subsequently, a number of bacteria and fungi were isolated from the walls, including Bacillus frigoritolerans, Bacillus simplex, Fictibacillus barbaricus, Fictibacillus phosphorivorans, and Bacillus cereus, as well as an unidentified fungus. Two of these bacteria match those found in the Salón de Reinos. The authors concluded that the treatment was not totally effective, since a few spores remained active and were able to grow in laboratory culture media.




3.2. Ecology of Fungal Isolates


The deterioration of wall paintings by fungi is a subject that has occupied the attention of restorers and microbiologists, even more than the biodeterioration induced by bacteria. For this reason, there is abundant literature on the topic, which reflects the harmful effects of the colonization of frescoes and wall paintings in churches, monasteries, tombs, and catacombs [6,7,9,10,11,34,35,36,37].



Penicillium chrysogenum is one of the fungi most frequently isolated in wall paintings, and obvious signs of biodeterioration have been found on the surface of paintings [9,41,42,43]. Therefore, their abundance in the Salón de Reinos paintings is not surprising.



The cosmopolitan genus Alternaria is made up of multiple saprophytic and pathogenic plant species. Woudenberg et al. [44] considered Alternaria angustiovoidea to be a synonym for Alternaria alternata, based on the study of the genome and comparison of the transcriptome and molecular phylogenies. Alternaria alternata is widespread on wall paintings [36,41,43].



The remaining fungi from Table 4 (Cladosporium xylophilum, C. macrocarpum, Penicillium fuscoglaucum, Mucor racemosus, Stagonosporopsis lupini) were commonly isolated from plants and foods [45,46,47,48,49], and Botryotrichum domesticum from a house [50]. As far as we know, no reports on their presence on wall paintings have been published, other than for C. macrocarpum [41,51].




3.3. Metabolic Activities of Bacterial and Fungal Isolates


Trovão and Portugal [5] described the importance of using plate assays for identifying the deteriorative abilities of microorganisms in order to evaluate the potential risks to mural paintings. The isolation of microorganisms and plate assays are widely used by microbiologists in deterioration studies to provide insight into their attack on different types of materials [5,14,26,52,53,54,55]. Table 5 presents the metabolic activities of the isolates and their role in the hydrolysis of gelatin, casein, and lipids, the solubilization of gypsum and calcite, and acid production (Figure 3).



The most conspicuous activities, with a greater number of positive strains, were the hydrolysis of casein and lipids, and to a lesser extent, the hydrolysis of gelatin and the production of acids and alkalis.



The activity of Penicillium chrysogenum stands out, with six out of seven strains hydrolyzing casein, in addition to the Penicillium fuscoglaucum strain. All the other fungal strains were negative for casein hydrolysis. Among the bacteria, five out of the nine Bacillus strains also hydrolyzed casein, as well as Cytobacillus oceanisediminis, Streptomyces thinghirensis, and Stagonosporopsis lupini.



The degradation of lipids is important in the Bacillus strains, of which six out of nine presented lipolytic activity, while only two out of the nine of Penicillium chrysogenum showed such activity, in addition to Penicillium fuscoglaucum and Botryotrichum domesticum. It should be noted that only the two strains of Bacillus paralicheniformis were capable of hydrolyzing gelatin.



Acid/alkali production was found in only five Bacillus strains. Calcite solubilization was very limited in the isolated strains and showed only in one strain of Penicillium chrysogenum and Penicillium fuscoglaucum. Gypsum solubilization was present in only three Bacillus strains.



Bacillus species generally produce enzymes such as lipases, proteases, xylanases, and others that allow for the breakdown of casein, gelatin, and lipids. Specifically, Bacillus cereus produces these types of enzymes. However, the strain isolated from Salón de Reinos does not possess these capacities, since it did not show hydrolytic activity against casein and lipids.



In light of the obtained data, the species with potential biodeterioration properties mainly belong to the genera Bacillus, Priestia, Cladosporium, and Penicillium, as described in other reports [2,3,4,5]. In addition, it should be noticed that airborne microorganisms, commonly isolated from plants, are able to use lipids and casein from mural paintings as nutrient sources and therefore represent a risk for mural paintings.




3.4. Cleaning and Biocide Treatment


When treating a biodeterioration, two different aspects must be taken into account: the elimination of the existing microorganisms and the prevention of new colonization.



The elimination of the effects of a biological attack is a delicate problem. If the growth is superficial, a mechanical cleaning and a soft biocide treatment should be effective. If the attack affected deep layers of the mural paintings, the fungal hyphae will be difficult to eliminate without affecting the painting, and for these situations an appropriate biocide is recommended.



The ideal biocide should have the following characteristics: broad spectrum of action at low concentrations, stability in solution, low vapor pressure to reduce evaporation, stability over time, and physical and chemical neutrality against the components of paints without action on the colors and texture of the paint.



One of the biocides most used by restorers and conservators in Italy [56,57,58] and also tested in Spain [59,60] is Preventol RI 80, based on a quaternary ammonium salt. It is active against a wide variety of bacteria, fungi, algae, and lichens on stones and building materials [57,59,61,62,63]. Nevertheless, quaternary ammonium salts have shown, in a few cases, to be unsuitable, such as in subterranean environments (caves with rock art paintings) with high and constant relative humidity (above 90%) [64,65]. However, these conditions are not present in the Salón de Reinos.



For the prevention of new biological attacks, an environmental control of the hall is needed. The main causes that favored the biodeterioration in the Salón de Reinos were the existence of fissures in the walls and water filtration that provoked the microbial growth. The restoration to be carried out will circumvent these problems.



Considering the variations due to the different compositions of the materials, the ideal conditions in which works of art (including wall paintings) should be preserved are a relative humidity of 40–65% and a temperature of 16–18 °C. These, or close, environmental conditions will prevent the growth and re-colonization of airborne microorganisms that can be deposited on the painted surfaces.



Bacteria need relative humidity >95% and fungi need 75–95%. In certain cases, some xerophilic microorganisms can grow at lower relative humidity. For this reason, the humidity limit in the Salón must never exceed values of 70% and the temperature must be maintained between 16 and 20 °C. If these conditions are maintained, the colonization and growth of microorganisms will be prevented. Once these conditions have been fixed, an additional precaution is the periodic cleaning of the painted surfaces (all this, of course, after the consolidation and restoration processes) to avoid the accumulation of dust particles and volatile and suspended organic matter as well as the deposition of airborne microorganisms.



As reported by Ágora, S.L., the microorganisms were eliminated using a protocol consisting of their mechanical removal with a natural bristle brush and the application of Preventol RI 80 at 0.5 % in demineralized water, which has a broad spectrum in low concentrations on bacteria, fungi, algae, and lichens. This biocide is effective because it interferes with the enzymatic processes of the cell and modifies the permeability of its membrane. However, the sensitivity to quaternary ammonium salts depends on the species tested [55]. The intervention at the Salón de Reinos was focused mainly on the areas of superficial fungal colonies, showing black stains, and in specific areas of the lintels of three windows that were blinded on the south side of the hall.



One of the treatments that wall paintings may require is fixing and consolidation. Regardless of the type of fixative product that is most suitable for the case, there are some whose use is not recommended at all, among them the traditional organic fixatives, made up of natural protein-based products such as albumin and casein. Restorations with casein tend to cause microbial growth in the short term, since a high number of bacteria and fungi use it as a nutrient source, as shown in Table 5. Therefore, an acrylic-based micro-emulsion was used [66,67,68].





4. Conclusions


Three samples were studied: M1, dust obtained from the paint surface, and M2 and M3, microbial colonizations subjected to the influence of humidity. The results obtained are consistent with the nature of the samples. The dust sample shows an exclusive preponderance of species of the genus Bacillus among the bacteria, and a diversity of fungi, composed of the genera Penicillium, Cladosporium, Mucor, and Alternaria, with distribution consistent with the diversity of airborne fungal spores generally found in the air.



The two samples of black biofilms show different profiles, compatible with microbial colonization, in an advanced status in sample M3, an area favored by humidity. In this sample, a greater diversity is observed, both of bacteria (Bacillus, Cytobacillus, Streptomyces) and fungi (Penicillium, Mucor, Botryotrichum), which indicates a better development of the colonization, or a more advanced stage of deterioration. Sample M2 has intermediate characteristics, with the presence of Bacillus and only one species of fungus (Stagonosporopsis lupini).



The nature of the isolated microorganisms points to a high influence of airborne spores. Most isolated bacteria and fungi have their origin in plants—saprophytes or pathogens—consistent with the abundant vegetation in parks and gardens near the Museo Nacional del Prado (Retiro Park and Botanical Garden). Likewise, the presence of a few bacteria and fungi with biodeteriorative activities, previously detected in other murals and frescoes, is also noteworthy.
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Figure 1. Salón de Reinos, Museo Nacional del Prado, Madrid, Spain. (Left), as Army Museum. Photo J. Laurent y Cia. Archivo Ruiz Vernacci. IPCE, Ministerio de Cultura y Deporte. (Right), before restoration. Photo Juan Aguilar, Ágora S.L. 
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Figure 2. Salón de Reinos, Museo Nacional del Prado, Madrid, Spain. (A) Detail of the ceiling showing repaints. (B) Deterioration produced by a recent water leak. (C) Paint detachment in the ceiling. (D) Burgundy shield (sample M2) with fungal growth and painting detachments. (E) Detail of fungal growth in (D). Photos provided by Ágora S.L. 
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Figure 3. Metabolic activities of isolates. (A) Gelatin hydrolysis by Bacillus paralicheniformis. (B) Lipolytic activity by Priestia endophytica. (C) Casein hydrolysis by Priestia aryabhattai. (D) Calcite solubilization by Penicillium fuscoglaucum. 
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Table 1. Description and location of the samples studied.
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	Sample
	Description
	Location





	M1
	Surface dust
	S-3. Mexico shield



	M2
	Black stains
	S-4. Burgundy shield



	M3
	Black stains
	S-02. Between Galicia and Murcia shields
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Table 2. Culture media and metabolic activities analyzed.
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	Medium
	Composition *
	Analysis
	Reference





	GH
	TSA/MEA + 1% gelatin
	Proteolytic activity
	[24]



	LH
	1% Tween 80
	Lipolytic activity
	[25]



	CH
	Nutrient Casein Agar
	Proteolytic activity
	[26]



	CaS
	TSA/MEA + 1% CaCO3
	Calcite solubilization
	[24]



	GyS
	TSA/MEA + 1% CaSO4
	Gypsum solubilization
	[24]



	AAP
	Czapek-Dox broth
	Acid/Alkali production
	[26]







* TSA/MEA: TSA or MEA was used for testing bacterial or fungal strains, respectively.
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Table 3. Identification of bacteria isolated from Salón de Reinos.
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Samples

	
Accession Number

	
Strains

	
Identification and Accession Number (% Identity)






	
M1

	
MZ827450

	
MP1B-1

	
Priestia aryabhattai EF114313 (99.7%)




	
MZ827451

	
MP1B-2

	
Bacillus tequilensis AYTO01000043 (99.9%)




	
MZ827452

	
MP1B-3

	
Bacillus paralicheniformis KY694465 (99.7%)




	
M2

	
MZ827453

	
MP2B-2

	
Bacillus frigoritolerans AM747813 (99.7%)




	
MZ827454

	
MP2B-3

	
Bacillus paralicheniformis KY694465 (99.7%)




	
MZ827455

	
MP2B-4

	
Bacillus cereus AE016877 (99.6%)




	
M3

	
MZ827456

	
MP3B-1

	
Cytobacillus oceanisediminis GQ292772 (99.4%)




	
MZ827457

	
MP3B-2

	
Streptomyces thinghirensis FM202482 (99.6%)




	
MZ827458

	
MP3B-3

	
Priestia endophytica AF295302 (99.4%)




	
MZ827459

	
MP3B-6

	
Bacillus frigoritolerans AM747813 (99.7%)
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Table 4. Identification of fungi isolated from Salón de Reinos.
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Samples

	
Accession Number

	
Strains

	
Identification and Accession Number (% Identity)






	
M1

	
MZ827828

	
MP1B-4

	
Penicillium chrysogenum MF422150 (100%)




	
MZ827829

	
MP1B-5

	
Penicillium chrysogenum MF422150 (99.7%)




	
MZ827830

	
MP1H-1

	
Alternaria angustiovoidea MK910070 (100%)




	
MZ827831

	
MP1H-2

	
Cladosporium xylophilum MH863875 (100%)




	
MZ827832

	
MP1H-3

	
Penicillium fuscoglaucum NR163669 (100%)




	
MZ827833

	
MP1H-4

	
Mucor racemosus NR126135 (99.0%)




	
MZ827834

	
MP1H-5

	
Cladosporium macrocarpum NR119657 (100%)




	
MZ827835

	
MP1H-6

	
Penicillium chrysogenum MF422150 (100%)




	
M2

	
MZ827836

	
MP2H-1

	
Stagonosporopsis lupini NR160205 (98.3%)




	
M3

	
MZ827837

	
MP3B-5

	
Penicillium chrysogenum MF422150 (99.7%)




	
MZ827838

	
MP3H-1

	
Mucor racemosus NR126135 (99.0%)




	
MZ827839

	
MP3H-2

	
Penicillium chrysogenum MF422150 (100%)




	
MZ827840

	
MP3H-3

	
Penicillium chrysogenum MF422150 (100%)




	
MZ827841

	
MP3H-5

	
Botryotrichum domesticum NR169944(98.6%)
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Table 5. Microbial activities of bacteria and fungi isolated from Salón de Reinos.
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	Strain Reference
	GH *
	LH
	CH
	GyS
	CaS
	AAP





	Priestia aryabhattai, strain MP1B-1
	-
	+
	+
	-
	-
	+



	Bacillus tequilensis, strain MP1B-2
	-
	+
	-
	+
	-
	-



	Bacillus paralicheniformis, strain MP1B-3
	+
	-
	-
	-
	-
	-



	Penicillium chrysogenum, strain MP1B-4
	-
	-
	-
	-
	-
	-



	Penicillium chrysogenum, strain MP1B-5
	-
	+
	+
	-
	-
	-



	Alternaria angustiovoidea, strain MP1H-1
	-
	-
	-
	-
	-
	-



	Cladosporium xylophilum, strain MP1H-2
	-
	+
	-
	-
	-
	-



	Penicillium fuscoglaucum, strain MP1H-3
	-
	+
	+
	-
	+
	-



	Mucor racemosus, strain MP1H-4
	-
	-
	-
	-
	-
	-



	Cladosporium macrocarpum, strain MP1H-5
	-
	+
	-
	-
	-
	-



	Penicillium chrysogenum, strain MP1H-6
	-
	-
	+
	-
	+
	-



	Bacillus frigoritolerans, strain MP2B-2
	-
	+
	+
	+
	-
	+



	Bacillus paralicheniformis, strain MP2B-3
	+
	-
	-
	-
	-
	-



	Bacillus cereus, strain MP2B-4
	-
	-
	-
	-
	-
	-



	Stagonosporopsis lupini, strain MP2H-1
	-
	-
	+
	-
	-
	-



	Cytobacillus oceanisediminis, strain MP3B-1
	-
	-
	+
	-
	-
	-



	Streptomyces thinghirensis, strain MP3B-2
	-
	+
	+
	-
	-
	-



	Priestia endophytica, strain MP3B-3
	-
	+
	+
	+
	-
	+



	Bacillus frigoritolerans, strain MP3B-6
	-
	+
	+
	-
	-
	+



	Penicillium chrysogenum, strain MP3B-5
	-
	-
	+
	-
	-
	-



	Mucor racemosus, strain MP3H-1
	-
	-
	-
	-
	-
	-



	Penicillium chrysogenum, strain MP3H-2
	-
	+
	+
	-
	-
	-



	Penicillium chrysogenum, strain MP3H-3
	-
	-
	+
	-
	-
	-



	Botryotrichum domesticum, strain MP3H-5
	-
	+
	-
	-
	-
	-







* GH, gelatin hydrolysis; CH, casein hydrolysis; LH, lipolytic activity; GyS, gypsum solubilization; CaS, calcite solubilization; AAP, acid/alkali production.
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