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Abstract

:

Underground ecosystems are one of the most inhospitable places for microorganism development and function. Therefore, any organic matter located in these areas can stimulate fungal growth. The main purpose of this study was to find the best solution to effectively preserve (without relapses) paleolithic bones of cave bear (Ursus spelaeus) exhibited in cave without any negative influence on the cave environment. To achieve this aim, unambiguous identification of fungal species and its susceptibility tests toward fungicidal preparations were performed. Fungi were identified based on phenotypic tests and the internal transcribed spacer (ITS) region analysis. The antifungal activity of three preparations (Pufmax, Boramon and Devor Mousse) was evaluated by microdilution assay (protocol M38-A2) and spot tests assay. Phenotypic and molecular research showed that bones were colonized by 11 fungal species: Absidia glauca, Aspergillus fumigatus, Chrysosporium merdarium, Fusarium cerealis, Mortierella alpina, Mucor aligarensis, M. plumbeus, Penicillium chrysogenum, P. expansum, Sarocladium strictum and Scopulariopsis candida. All of the tested preparations were the most active against C. merdarium. In turn, M. plumbeus, M. aligarensis, M. alpina and A. glauca were the least susceptible. The highest antifungal activity was shown for Pufmax (minimum inhibitory concentration (MIC) and minimal fungicidal concentration (MFC) values were in the range of 0.16–0.63% and 1.25–2.50%, respectively). The lowest fungicidal effect was observed for Boramon (MICs and MFCs in the range of 2.5–10% and 5–20%, respectively). Devor Mousse and Pufmax preparations showed fungicidal activity at the concentrations in the range of 1.25–5%. Susceptibility profiles were also confirmed based on spot tests assay. Our study allows for unambiguously identifying isolated fungi and assessing their susceptibility to commercially available fungicides, to prevent fungal outbreak.
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1. Introduction


The number of fungal species strictly belonging to Kingdom Fungi is estimated at 2.2–3.8 million, meaning that actually about 97% of the species remain undescribed [1]. Kingdom Fungi is highly diversified, and many species are able to colonize extreme environments where other organisms are unable to grow or even survive [2,3].



Such inhospitable environments can certainly include caves, which primarily due to their specific microclimate, especially low temperatures, but also lack of necessary nutrients and sun light resulting in oligotrophic conditions and are completely unattractive ecological niches to fungi [4,5,6,7]. Although light seems to be irrelevant for fungi, except about 100 species representing different taxa of fungi [8], lack of organic matter and low temperature sufficiently inhibits the spore germination and development of mycelium [9].



However, some of fungi are psychrophilic, psychrotrophic or eurythermal, allowing them to be an important part of such ecosystems [10]. For such species, low temperature is not a limiting factor, especially in a situation of high relative humidity, which in caves is always very high and most often close to 100% [11], which is also true in Niedźwiedzia Cave, where the average annual air temperature and relative humidity persist at the level of approximately 6 °C and 98% [12].



Because the cave environment is extremely oligotrophic, bats and other small vertebrates and invertebrates are important reservoirs of fungi and a source of nutrients for fungal growth after they die as recently reviewed by Nováková et al. [13]. So, it is not difficult to infer that the dead bodies of these animals become extremely attractive to them. So far, many species of fungi specializing in the colonization of skeletons and other remains of dead cave animals have been described. This issue was also reviewed recently [13].



The presence of a major or minor amount of organic matter in caves can be the result of not only its supply and accumulation by water and air movements rich in bioaerosol [14], but as it was mentioned can be associated with permanently, periodically or transiently living small vertebrates and invertebrates [14,15]. Bats [15] and Collembola [16] are considered important vectors of fungi, and bats are also a major source of organic matter [14]. Moreover, both together play an important role in spreading fungal propagules across the cave [14,15,16].



Recently, more and more attention has been paid to the role of the growing number of tourists each year, who may often be the cause of the so-called fungal outbreaks, known even from Lascaux cave [17]. Excess of visitors can not only have a negative impact on the microclimate of the cave but also these people unknowingly may spread fungal spores across the cave [15,16,17]. It is well known how fungi and other microorganisms can get into caves. Air and water are important for dispersion of fungal propagules, but any viable fungal elements can be also spread by small vertebrates (rodents, bats, etc.), invertebrates and recently more and more often by humans [18,19]. Tourists may have strong impacts on increasing fungal colonization that often results in fungal outbreaks [19,20,21]. This situation would be dangerous for both the cave environment and visitors due to the ease with which fungal propagules can randomly disperse through the cave. The most common fungi in caves belong to the genera Aspergillus, Penicillium, Mucor, Fusarium, Trichoderma and Cladosporium [5].



The vast majority of fungal species isolated from caves probably have an origin from outside environment [5,22]. However, such fungi as Acaulium caviariforme, Aspergillus baeticus, and Aspergillus thesauricus have been found only in caves or mines [5,6], and it is worth considering if they can be called troglobitic fungi. It should also be noted that the number of fungal propagules and species diversity clearly decreases during the winter, as well as moving away from the entrance deeper into the cave [23].



Fungi are capable of producing and secreting secondary metabolites that can diffuse into the rocks in caves and break down, contributing to bioweathering [24]. The presence of fungi in such environments could also have upregulating influence on cave microbiome composition and is always a challenge for preservation of museum exhibits and archaeological materials like paleolithic bones or paintings telling about the natural history of these places [20,21,25,26]. Undoubtedly, among the etiological factors of biodeterioration, microfungi pose the greatest threat to these objects [27]. Looking for the causes of biological corrosion, it is necessary to identify the causative agent. A faultless answer to this question can only be obtained agent by proceeding in accordance with Koch’s rules established in 1884 and still in force in medicine and microbiology [28].



In this work we present a complete case report describing successfully resolved problems connected with fungal colonization of cave bear (Ursus spelaeus) bones. A comprehensive approach to the situation included unambiguous species identification, based on both traditional as well as molecular techniques, and determination of susceptibility profiles of all the strains isolated toward commercially available fungicides. Results of our study allowed preventing fungal outbreak in the cave, maintaining the underground ecosystem, protecting valuable museum exhibits against biodeterioration for the future and ensuring health safety for visitors.




2. Materials and Methods


2.1. Study Area


The objects of the study, collected in January 2017, were nine bone specimens of Ursus spelaeus exhibited for tourist and located on the route for visitors in the Niedźwiedzia Cave (Kletno, Poland). Each of the suspected bones were collected aseptically using sterile gloves and placed separately into the sterile polystyrene boxes (all of them gamma sterilized). On the same day all the boxes were transferred to the laboratory for further studies. On the day of collection, the bones were damp and on the surface of some of them the growth of mycelium was visible. Full characteristics of the Niedźwiedzia Cave from which the bones were collected with data related to geographical location are given elsewhere [12,29]. Herein, it is worth mentioning that the average annual air temperature and relative humidity are on the level of approximately 6 °C and 98%, respectively [12,29]. In the context of paleolithic bones that were the subject of the study, it seems important to know that Niedźwiedzia cave is opened six days per week. Daily admission time of the cave for tourists is 8 h 30 min, which approximately translates into the total time of bones illumination. For two months, in winter, the cave is completely closed to visitors. The daily limit of visitors is 360 people on weekdays and 450 people on Saturdays and non-working days. The admissible annual number of visitors may not be higher than 87,000 people [29].




2.2. Chemicals


Among commercially available antifungal preparations taken under consideration were Boramon concentrate (Altax, Poland), Devor Mousse (Peintures et chimies, France) and Pufmax (Cherub Laboratorium, Poland). All of the antifungal chemicals have been approved for use in European Union countries [30,31,32]. Moreover, all of them as declared by the producers are strong fungicidal preparations and are recommended to fight molds, and white, and brown rot fungi, causing biodeterioration of various technical materials. The first two contain benzalkonium (C8-C16) chloride (C22H42ClNO, Mw = 372.02 g∙mol−1), which is a representant of quaternary ammonium salts in concentrations of 33% and 5%, respectively [30,31]. Additionally, the second one is enriched with the fungicide, 2-Octyl-2H-isothiazol-3-one (C11H19NOS, Mw = 213.34 g∙mol−1) at a final concentration of 2.5% [30]. Pufmax contains sodium hypochlorite (NaClO, Mw = 74.44 g∙mol−1) at final concentration 4.8%. In the product safety data sheet, it is well-established that the active component is completely biodegradable and recommended as a fungicide, which additionally removes dark stains (such as related with mycotoxins activity) from some technical materials [32]. Stock solutions for susceptibility testing were prepared by mixing original preparations with nanopure water in ratios: 1:9, 1:0 and 1:0, respectively. All the concentrations of tested preparations within this work are considered and expressed as a percentage concentrations (w/v, weight to volume ratio) or as concentrations by weight (µg∙mL−1) of biologically active compound. All chemicals used in the experiments were, if not stated otherwise, purchased from Sigma-Aldrich (Poland) and were of analytical grade.




2.3. Visual Inspection with Direct Microscopical Examination


The bones were visually inspected immediately after delivery to the laboratory. Collected bones both with and without visible traces of biodeterioration were placed in new sterile, non-pyrogenic, polystyrene boxes covered by parafilm. At the bottom of the box were sterile gauze pads moistened by sterile nanopure water, to obtain the conditions very similar to the slide culture technique incubation [33]. The boxes with bones were incubated in the dark two weeks at temperature set up at 20 ± 1 °C. Direct microscopic examination of bone scrapings was performed to show the presence of mycelial elements inside of dead bone tissue. Bone scrapings were rubbed using both sterile surgical scalpel and drill to obtain samples from deeper layers of bone. It should be mentioned that after taking swabs to set up cultures, each time before bone scrapings were rubbed using both sterile surgical scalpel and drill the bone surface was wiped with 70% ethanol to avoid any contaminations from surface. Microscopic preparations for direct examinations were prepared in dimethyl sulphoxide (DMSO) with 10% KOH, both from POCH (Gliwice, Poland) as clearing fluid [34].




2.4. Culture Conditions


For culture media inoculations the biological material containing fungal propagules was rubbed from bone surfaces using sterile cotton swabs. From each of the ten places on bone (both from parts with and without visible growth of molds) samples were taken. For each bone sample plating was made in three independent replications. Streak plate technique and serial dilution isolation method [28,35] were used for isolation into pure culture. For primary isolation three rich media were inoculated: BHI (brain heart infusion agar, Merck KGaA, Darmstadt, Germany), YPD (yeast extract peptone dextrose agar, Sigma, Saint Louis, MO, USA) and SDA (Sabouraud 4% dextrose agar, Merck KGaA, Germany) supplemented with chloramphenicol (50 µg∙mL−1) and gentamicin (100 µg∙mL−1) were used to provide the opportunity to isolate all cultivable fungi. The plates were incubated aerobically at 10, 20 and 30 ± 1 °C for 7 up to 28 days to provide breeding conditions and for cultivation slowly-growing psychrophilic and/or psychrotrophic fungi. Colonies that appeared on the media were sub-cultured on PDA (potato dextrose agar, Biocorp, Warszawa, Poland) and SDA media, then isolates were purified by the single spore technique [36]. In case of all the strains for which the optimal growth rate was observed at 10 ± 1 °C, the ability to grow at 5 ± 1 °C was also assessed (using all the mentioned above culture media). Such proceedings were particularly important given that the average temperature in the Niedźwiedzia Cave is around 6 °C [12]. To evaluate the macro- and micromorphology of the fungus cultured in greater detail, slide cultures [33] were performed on PDA, Czapek-Dox agar (Biocorp, Warszawa, Poland), CYA (Czapek yeast autolysate agar: 30.0 µg∙L−1 sucrose, 15 µg∙L−1 agar, 5.0 µg∙L−1 yeast extract, 3.0 µg∙L−1 NaNO3, 1.0 µg∙L−1 K2HPO4, 0.5 µg∙L−1 KCl, 0.5 µg∙L−1 MgSO4·7H2O, 0.01 µg∙L−1 FeSO4 7H2O) and MEA (malt extract agar, Biocorp, Warszawa, Poland) were examined after 7–21 days of incubation at 20 ± 1 °C. The fungal strains were identified based on relevant taxonomic literature focused on particular genera [37,38,39,40,41,42,43,44,45,46,47,48]. Slides were dyed with LPCB (lactophenol cotton blue, Sigma, Saint Louis, MO, USA). Photomicrographs were taken with Axio Image.M1 (Zeiss, Göttingen, Germany) and the macroscopic ones with a Nikon Coolpix.




2.5. In Vitro Susceptibility Testing


Susceptibility testing of fungal strains isolated from Ursus spelaeus bones toward commercially available antifungal preparations (Pufmax, Boramon and Devor Mousse) was performed based on CLSI (Clinical & Laboratory Standards Institute) reference method, microdilution assay (protocol M38-A2) [49] with slight modifications. Additionally, for comparison, a second protocol for susceptibility testing using the compound serial dilution technique [49] was included. Both protocols were carried out at 20 ± 1 °C instead of 35 °C, as recommended in the original protocols [49,50] since some of the isolates are psychrophilic with optimal growth temperature between 15–20 °C. Concentrated solutions of fungicides (stock solutions) were 5-fold diluted with standard liquid RPMI 1640 medium (Roswell Park Memorial Institute, containing L-glutamine, 2% glucose, without sodium bicarbonate, Sigma, Saint Louis, MO, USA) buffered using 0.165 M MOPS (morpholinepropanesulfonic acid, Sigma, Saint Louis, MO, USA) to obtain the final pH 7.0. The concentrations of the solutions prepared in this manner were two times higher than required for the test.



The inoculum suspensions in case of all the filamentous fungi were prepared in sterile RPMI 1640 medium or in saline solution (0.85% NaCl), accordingly to the protocol [49,50], respectively. All the tested strains were subcultured on PDA and incubated at temperature set up at 20 ± 1 °C) until mature colonies were obtained. For this reason, inocula of each strain were prepared from 3- to 14-day-old cultures grown on PDA. Colonies of the tested strains were covered with 10 mL of sterile 0.85% NaCl with Tween 80 to prevent conidia aggregation at final concentration of 0.025%. Each suspension was prepared by gently swabbing the surface with the sterile swab wetted in saline. Finally, the mixture of conidia and hyphal fragments was transferred to a new sterile tube. This mixture was shaken for 20 s and then kept for 15 to 20 min for sedimentation of heavy hyphal fragments, and the upper homogeneous suspensions were collected. Each time, inoculum suspensions were adjusted spectrophotometrically to optical density OD600 nm equal to ~0.125. Prepared in this way inoculum suspension was ready to use in the compound serial dilution technique. In the microdilution assay, to obtain final proper inoculum, suspensions ranged from 0.5 × 104 to 4.5 × 104 CFU·mL−1 according to CLSI protocol and such homogenous suspensions containing mostly conidia were diluted 1:50 using RPMI 1640 medium. Each time, inoculum size was confirmed by colony counts after plating (100 µL) on PDA medium from serial dilutions of the inoculum suspensions. Standardization of inoculum suspensions was also performed based on conidia or spores depending on species, counted in haemocytometer chamber. Standardized inoculum suspensions of several strains were added in a volume of 100 μL to each microwell of 96-well microtiter plate. All the plates were incubated aerobically at temperature set up at ~20 ± 1 °C with horizontal shaking (200 rpm). For quality control, each time a reference strain Aspergillus fumigatus ATCC MYA-3626 was checked for susceptibility toward amphotericin B (Sigma-Aldrich, Poznań, Poland). Each time when the MIC (minimal inhibitory concentration) value for this drug (1 µg∙mL−1) was achieved, the performed experiment was valid.



In the case of the second protocol which was used in this study, the susceptibility tests were performed in SD (synthetic dextrose) medium (0.67% yeast nitrogen base w/o amino acids, 2% dextrose), instead of RPMI1640 medium, according to the subject literature [50]. The appropriate volume of tested antifungal preparation was added to 25 mL of the dissolved and cooled SD medium. The whole volume was mixed and poured into a 90 mm diameter Petri dish. Onto the surface of plates with SD medium supplemented with antifungal preparations 5 μL of prepared inoculum suspension (as described above) was centrally spotted. Inoculated plates were incubated aerobically at temperature set up at 20 ± 1 °C).



The final concentrations of antifungal preparations tested by broth microdilution bioassay were in the range of 0.02–25% of the concentration of working solution. For susceptibility tests performed based on spot tests, SD plates were prepared with final concentrations of tested antifungal preparations in the range of 0.05–5% of the concentration of working solution.



In the microdilution assay, MIC value was defined as the lowest concentration of antifungal preparation that completely inhibited the fungal growth. MIC values were always determined relative to negative control (sterile RPMI1640 medium) and were ≤ 0.0, calculated based on optical density (OD) measurements at 600 nm in the Asys UVM 340 (Biochrom Ltd., Cambridge, UK) microplate reader. It was also checked visually. The MFC (minimal fungicidal concentration) values were determined as described elsewhere [51] with some modifications described earlier [52]. Both the MICs and MFCs were read after 72-h of incubation at 20 ± 1 °C. All susceptibility tests were performed in triplicate. Only if two replications showed identical results was the fungal strain given the final MIC/MFC value of the antifungal preparation tested. MIC values from spot tests were determined as the lowest concentration of antifungal preparation which completely inhibited growth, and this was evaluated visually. Growth inhibition percentage was calculated based on colony diameter measurements for those present on SD medium with tested concentration of fungicide and on plates free of antifungals (positive control). According to this protocol [50], only the MIC value could be determined.




2.6. Molecular Identification


To confirm classical (phenotypic) species identification, molecular speciation was performed. This involved genomic DNA extraction from fresh 3–10-day-old specimens (depending on fungal species), according to CTAB (cetyl trimethylammonium bromide) method [53] and PCR product sequencing of rDNA gene cluster obtained with ITS1/4 pair of primers. The concentration and purity of isolated genomic DNA was measured on a UV–VIS microspectrophotometer (NanoPhotometer®NP80, Implen GmbH, München, Germany). Amplification of DNA was performed in a 50 μL reaction mixture using the 2-fold concentrated PCR mixture containing a Taq polymerase (0.1 U∙μL−1), dNTP mix (0.5 mM of each), MgCl2 (4 mM) (A&A Biotechnology, Poland), 0.25 μM of each primer, ITS1: 5`-TCCGTAGGTGAACCTGCGG-3` and ITS4: 5`-TCCTCCGCTTATTGATATGC-3` (Genomed, Poland), described elsewhere [54] and 100 ng of genomic DNA as template. Amplification was performed in the BIO-RAD T100™ thermal cycler (Bio-Rad, Berkeley, CA, USA) for 35 cycles. After initial denaturation for 5 min at 94 °C, each cycle comprised 30 s denaturation at 94 °C, 30 s annealing at 55 °C, 45 s extension at 72 °C with a final extension for 7 min at 72 °C at the end of 35 cycles. Obtained PCR products were separated on agarose gel (2%), visualized by UV light using automated gel imaging instrument, the Gel Doc EZ System (BIO-RAD), purified from gel using Gel-Out Concentrator kit (A&A Biotechnology, Gdańsk, Poland), diluted to concentration equal to 50 ng∙µL−1 and sequenced by the Sequencing Service at Macrogen (The Netherlands, http://dna.macrogen.com/eng/).




2.7. Data Analyses


The PCR products sequences were analyzed using BioEdit Sequence Alignment Editor (http://www.mbio.ncsu.edu/bioedit/bioedit.html) and they were compared with those deposited in the GenBank of the National Center for Biotechnology Information (NCBI, Bethesda, city, MD, USA) using the BLAST algorithm (http://www.ncbi.nlm.nih.gov/).



The data were subjected to statistical analysis using the Statistica 13.3 package (StatSoft Polska Sp. z o.o., Kraków, Poland). For this purpose, we used one-way analysis of variance (ANOVA) and the Tukey HSD (honest significant difference) test at α ≤ 0.05. Prior to ANOVA, the percentage data were transformed to Bliss [55] angular degrees by applying the formula y = arcsin (value%) − 0.5. After transformation, the variance was approximately constant, allowing ANOVA to compare particular components [55]. Additionally, the results of susceptibility tests were presented as the mean ± SD from of at least three independent experiments (three replicates).





3. Results


Visual inspection with direct microscopical examination of bones allowed us to show that many exhibits bore visible traces of biodeterioration (cavities and crumbling bone fragments). After incubation of the bones under temperature set up at 20 ± 1 °C mycelium was visible on all samples even to the naked eye (Figure 1). Direct examination of the bone scrapings (collected using surgical scalpel) treated with dimethyl sulphoxide (DMSO) with 10% KOH showed the abundance of hyaline hyphae and lack of dark hyphae. Among observed mycelial elements regularly both septate hyphae as coenocytic hyphae were present. Many of them were wide (2–3 µm) and of irregular shape. The observed micromorphology of hyphae resembled non-dermatophyte species (Figure 2). As was expected, direct examination of the powdered bones (prepared using drill) did not show any fragments of hyphae (data not shown).



We isolated a total of 11 fungal species from the bones (Table 1). Macromorphology of colonies growing on different media (Figure 3) and micromorphology of fungal structures documented during the microscopic observations of LPCB stained preparations (Figure 4) were consistent with what we observed during the direct microscopical examination of the bone scrapings, both presence of coenocytic as regularly septated hyphae. For four of eleven isolates, coenocytic hyphae and the fastest growth rate were observed. Together with microscopic observations, this allows us to classify these fungi as Mucoromycotina. Four of eleven isolates finally identified as F. cerealis, M. aligarensis, M. alpina and C. merdarium were able to grow well at a temperature of 5 ± 1 °C (data not shown).



All the isolates which were identified based on traditional, phenotypic methods were confirmed by molecular methods. The size of obtained PCR products were in the range of 504–648 bp (Table 1). Results of molecular identification were completely consistent with those obtained by traditional methods. All the nucleotide sequences obtained with primers ITS1 and ITS4 together with the corresponding sequences to which these showed the closest match are deposited in Genbank under accession numbers in Table 1. In all of the BLAST analysis done the E values were zero (0.0) and percent of query cover and identity were in the range of 96.0–100% and 94.71–100%, respectively.



Generally, results of susceptibility tests obtained based on both methods allows us to conclude that the highest statistically significant antifungal activity was observed for Pufmax, except for MFC values (statistically similar effectiveness with Devor Mousse) and for the concentration of 1% fungicides in the spot tests method (all three tested preparations completely inhibit growth of all of eleven isolates) (Table 2 and Table 3). The MIC and MFC values determined based on microdilution assay for Pufmax were in the ranges of 0.16–0.63% and 0.63–2.50%, respectively. In turn, Devor Mousse preparation showed slightly less antifungal activity than Pufmax but significantly higher than observed for Boramon. MIC and MFC values for this compound ranged from 0.31–2.50 and 1.25–5%, respectively (Table 2). Boramon showed less antifungal activity against all fungal isolates compared with the other two preparations. MIC and MFC values were in the range of 2.5–10 and 5–20%, respectively (Table 2). It is worth noting that Devor Mousse and Pufmax preparations have a strong fungicidal effect in concentrations ranging from 1.25% to 5% and from 1.25% to 2.50%, respectively. These concentrations are much lower than those recommended by the manufacturers in commercially available preparations. Generally, the mean MIC and MFC values of Pufmax preparation in case of all fungal strains were equal to 0.47 and 2.1, respectively, and were ~2.7/1.6-fold lower than the mean MIC/MFC values of Devor Mousse and 12.1/5.63-fold lower than the mean MIC/MFC values determined based on microdilution assay for Boramon (Table 2).



Results of susceptibility tests obtained based on spot tests method allow for observing similar tendencies as in the case of the microdilution assay method. However, there were statistically significant differences between the concentrations of the compounds, with the exception Pufmax (statistically similar effectiveness at 0.5% and 1% concentrations). This fungicide completely inhibited growth of all of eleven isolates at a concentration of 0.5%. The same effect was achieved for the other two compounds at a 2-fold higher concentration (Table 3). Similarly, it was observed in susceptibility tests performed based on microdilution assay that Devor Mousse preparation showed higher activity than Boramon (Table 3).



Overall, results of susceptibility tests obtained based on both methods show trends regarding the effectiveness of the tested fungicides against individual fungal species. Namely, all three tested preparations showed the highest activity against C. merdarium and the lowest against the strains such as M. plumbeus, M. aligarensis, M. alpina and A. glauca (Table 2 and Table 3). However, it should be emphasized that in many cases in statistical terms these fungi with other species formed groups that did not differ statistically. This is illustrated by the detailed statistical analysis presented in Table 2 and Table 3.




4. Discussion


Often valuable museum exhibits can be on display in caves related to their natural history or history of the cave’s discovery. These types of objects are particularly vulnerable if they come into the contact with soil or dust, which usually contain organic matter and are the source of microbial contamination for them [56]. A similar type of threat occurred in the case of prehistoric bones of Ursus spelaeus, which, in contact with soil and/or bat droppings, have been colonized by microfungi. Due to the wide range of different types of metabolites, including enzymes, organic acids and mycotoxins with destructive activity in relation to various types of materials, these organisms are considered the main factors of biodeterioration [57,58]. This phenomenon is manifested by the loss of the original properties of the material as a result of colonization by microorganisms, and, depending on the conditions and species spectrum, it can occur at different rates [59,60]. Practically, any material of natural origin can be the subject of microbiological corrosion, including that caused by fungi. Microfungi may even be etiological factors of bone biodeterioration, and to date, species capable of damaging their structure by secreting a rich spectrum of metabolites, including organic acids, have been described [13,61,62]. Fungi of the genus Penicillium, Aspergillus, Cladosporium, Alternaria, Aureobasidium, Ulocladium and Phoma, secrete into the colonized medium significant amounts of organic acids: citric, fumaric, oxalic and 2-ketogluconic [63,64]. These acids can lead to growth solubility of some bone components due to the formation of chelate compounds with metal cations: especially calcium, which is present in bones in the form of hydroxyapatites and calcium carbonate [62,65].



During our study of mold-colonized bones, eleven different species of fungi were isolated, among which were included: A. glauca, M. aligarensis, M. plumbeus, M. alpina, A. fumigatus, C. merdarium, F. cerealis, P. chrysogenum, P. expansum, S. strictum, and S. candida. The first four mentioned species belong to the subkingdom Mucoromycotina while the others are representants of Pezizomycotina among the subkingdom Dicarya [66]. Long-term studies performed by Alena Nováková et al. in 80 European caves and mines also showed on the surface of bones or other remains of dead animals living in such underground niches the presence of: C. merdarium, P. chrysogenum, M. plumbeus, Mortierella spp., Fusarium spp., and many species of the genera Aspergillus and Penicillium. Based on her experiences and literature reviews, she concluded that C. merdarium is the most frequently reported species from dead bats [13]. It should be underlined that many of the strains we isolated are able to produce metabolites, especially from the genus Penicillium and Aspergillus [63,67], which pose a real threat to the entire bone collection of various Pleistocene animals exhibited in the Niedźwiedzia Cave. Many of the isolated species of fungi grow actively under average annual temperatures prevailing in the cave, approximately 6 °C [12], and appear to be particularly dangerous biodeterioration factors. Based on our experiments, four of eleven isolates, M. alpina, M. aligarensis, F. cerealis and C. merdarium are psychrophilic or psychrotolerant, which is confirmed by the literature on the subject [68,69]. Pleistocene bones in themselves have no longer sufficient nutrient value for any microorganisms. Notwithstanding, under specific conditions like high humidity and presence of even trace amounts of organic matter on their surface (resulting from contamination), they can be colonized by fungi [70,71]. Fungal structures such as hyphae, fruit bodies, and spores are regularly found in archaeological bones [72]. In the case of the bones we examined, a lot of fragments of hyphae were visible in a direct examination only in the material scraped with a scalpel from the outer layers of the bone. The deeper material taken with a drill appeared to be free of fungal structures. This allows us to conclude about the shallow location of the mycelium and the actual scale of the threat from colonizing fungi.



In light of the facts described, bearing in mind not only the problem of biodeterioration of bones and other museum exhibits, but also the possible negative impact of these fungi on human and animal health, it was necessary to take effective measures to prevent fungal outbreak. It should be underlined that some of isolated strains of fungi are well known human pathogens like A. fumigatus [73], A. glauca [74] and S. candida [75]. In addition, molds, especially of the genus Aspergillus, Fusarium and Penicillium, can produce toxic compounds for humans and animals called mycotoxins, and their synthesis depends on the strain and biotic/abiotic conditions [76].



Species identification of cultivable organisms colonizing different technical materials, including museum exhibits based on both classical microbiological methods as well as molecular techniques, is crucial for choosing the proper methods of disinfection [27,28,77]. The type of material to which biocide will be applied is also important (e.g., structure, porosity and physicochemical properties) [27,77,78]. Moreover, equally important is to evaluate the susceptibility of isolated fungi toward commercially available fungicides to choose the best way of disinfection. How important it is, was the best demonstrated by the history associated with Lascaux cave [17]. Our research also confirms this.



While the Devor Mousse (5% concentration) preparation used here completely eradicated Fusarium solani, it turned out to be ineffective against black fungi of the genus Ochroconis and Exophiala [17]. In the pool of eleven fungal isolates, there was no representative of black fungi, which argued for the use of Devor Mousse, especially since this preparation showed the higher activity (lower MIC and MFC values) toward all isolates than observed for Boramon. Moreover, Devor Mousse contains not only a biologically active compound from the group of quaternary alkylammonium salts, but additionally fungicide, 2-octyl-2H-isothiazol-3-one [30]. Actually, the most numerous groups of compounds used as chemical inhibitors of biocorrosion are nitrogen compounds, including aliphatic amines such as N- (3-aminopropyl) -N-dodecylpropane 1,3-diamine and quaternary alkylammonium salts such as chloride didecyldimethylammonium [79]. Based on the literature [80,81] it is well-known that biocidal preparations containing quaternary alkylammonium salts or the newest quaternary ammonium surfactants [81], as active substances, are effective in limiting fungal population and cause no damage or physical changes on disinfected surfaces. Adsorption of these compounds on inanimate surfaces cause removal of water molecules and forming a monomolecular protective salt layer of alkylammonium, which protects the material against corrosion in the future. Quaternary alkylammonium salts are not reactive, which is why they adsorb on surfaces and do not induce any chemical reactions [80,81]. Considering the above, it was strongly recommended to use preparation from this group in the studied cave. The manufacturer of Pufmax declares a killing effect after only 15 min when using a working solution with a commercial concentration [32]. In turn, the same biocidal effect on different species of fungi in the case of Boramon preparation with working concentration (3.3%) is achieved after 6 h of exposure to this disinfectant [31]. It should be emphasized that Pufmax, although the most effective, has some side effects. Among the negative features of this product is the irritating smell from chlorine compounds (hypochlorite). In addition, the preparation is highly toxic to the environment, so it has to be prevented from release into the soil or water. In addition, just as important, due to the whitening properties of the preparation, its potential effect on the natural color and surface structure of bones should be considered [32].



According to Professor Fausta Gallo [82] from Central Institute for Book Pathology (Roma, Italy), to prevent the development of organisms responsible for the biodeterioration process it is necessary first of all to ensure appropriate environmental conditions to preserve different museum exhibits [83,84]. In this context, among the most important physical parameters are temperature and humidity [83,84], but these due to the specific microclimate in the cave cannot be stabilized and even this solution is not allowed because it can cause irreversible changes [85]. Moreover, it was described elsewhere that visitation can degrade the cave environment not only by introducing microbial propagules, which can be the source of contamination of bones, but also by raising temperature [21]. For this reason, to avoid similar problems in the future we proposed placing the bones in special sterile glass showcases, where it will be possible to maintain constant temperature and relative humidity parameters.




5. Conclusions


In summary, our studies allowed us to identify fungal species isolated from the bones of Ursus spelaeus and determine susceptibility profiles to three commercially available fungicide preparations. Based on the subject literature and results of susceptibility assay, it was possible to choose the optimal solution, i.e., recommended disinfection of bone surfaces with the use of Devor Mousse due to its high fungicidal activity confirmed in our study. The choice of this particular preparation is also argued by the possibility of excluding any negative impact on the bone surface structure, which could not be avoided by using Pufmax. We recommend carrying out the disinfection process three times, with intervals of several days between individual treatments, which will ensure that even the most resistant mycelium structures, such as spores, conidia, chlamydospores or arthrospores, have been eliminated. In order to avoid a similar problem in the future, it was also recommended that each new exhibit (bone) should pass microbiological tests and if necessary should be subjected to surface disinfection to exclude the presence of any microbial flora that could become a source of contamination for other exhibits. As it was mentioned, the soil and any organic debris including bat droppings present or applied with water to the interior of the cave constitute the main reservoir of fungi. Taking this into account, the possibility of bones’ contact with the ground should be eliminated. For this reason, it would be ideal to expose skeletons or individual bone elements in closed display cases. Finally, our recommendations allowed us to resolve a pressing problem and effectively secure priceless museum objects for the future.
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Figure 1. Macroscopically visible active growth of micromycetes on the surface of the bones of Ursus spelaeus exhibited in the Niedźwiedzia Cave, Kletno, Poland. All the photos taken after two weeks incubation of bones at 20 ± 1 °C under laboratory conditions (specified in Section 2). 
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Figure 2. Direct microscopic examination (in 10% KOH + DMSO) of powdered bone scrapings (collected using a surgical scalpel) affected by fungi. Scale bars 10 μm. 
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Figure 3. Macroscopic observations of 7- (A–I), 14- (K1–K4), 21- (C) and 28-day-old (K5) fungal culture, top and bottom view of a colony on various media at 25 ± 1 °C (1. Czapek yeast autolysate (CYA), 2. Czapek-Dox agar, 3. malt extract agar (MEA), 4. and 5. potato dextrose agar (PDA)) isolated from Ursus spelaeus bones in the Niedźwiedzia Cave, Poland: (A) Absidia glauca, (B) Aspergillus fumigatus, (C) Chrysosporium merdarium, (D) Fusarium cerealis, (E) Mortierella alpina, (F) Mucor aligarensis, (G) Mucor plumbeus, (H) Penicillium chrysogenum, (I) P. expansum, (J) Sarocladium strictum, (K) Scopulariopsis candida. Photos collected in column 5 show close up of surface growth of each of the eleven tested fungal strains. 
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Figure 4. Microscopic observations of 21-day-old fungal culture on PDA at 25 ± 1 °C isolated from Ursus spelaeus bones in the Niedźwiedzia Cave, Poland: (A) Absidia glauca, (B) Aspergillus fumigatus, (C) Chrysosporium merdarium, (D) Fusarium cerealis, (E) Mortierella alpina, (F) Mucor aligarensis, (G) Mucor plumbeus, (H) Penicillium chrysogenum, (I) P. expansum, (J) Sarocladium strictum, (K). Scopulariopsis candida. Scale bars: A1, A2, B2, F1 = 100 μm; C2, G2, H2 = 50 μm; F2, I2, K2 = 20 μm; B1, C1, D, E, G1, H1, I1, J1, J2, K1 = 10 μm. 






Figure 4. Microscopic observations of 21-day-old fungal culture on PDA at 25 ± 1 °C isolated from Ursus spelaeus bones in the Niedźwiedzia Cave, Poland: (A) Absidia glauca, (B) Aspergillus fumigatus, (C) Chrysosporium merdarium, (D) Fusarium cerealis, (E) Mortierella alpina, (F) Mucor aligarensis, (G) Mucor plumbeus, (H) Penicillium chrysogenum, (I) P. expansum, (J) Sarocladium strictum, (K). Scopulariopsis candida. Scale bars: A1, A2, B2, F1 = 100 μm; C2, G2, H2 = 50 μm; F2, I2, K2 = 20 μm; B1, C1, D, E, G1, H1, I1, J1, J2, K1 = 10 μm.
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Table 1. BLAST analysis of nucleotide sequences of PCR fungal products obtained in amplification reaction with ITS1 and ITS4 primers. All E values were 0.0.






Table 1. BLAST analysis of nucleotide sequences of PCR fungal products obtained in amplification reaction with ITS1 and ITS4 primers. All E values were 0.0.





	
Fungal Strains Isolated from

Ursus spelaeus Bones

	
Identity with Sequence

from GenBank




	
Identified Species

	
GenBank Accession No.

	
The Sequence Length (bp)

	
Query Cover (%)

	
Identity (%)

	
Accession






	
Absidia glauca

	
KY465754.1

	
607

	
96

	
94.71

	
MK690542.1




	
Aspergillus fumigatus

	
KY465755.1

	
551

	
100

	
99.64

	
LC333286.1




	
Chrysosporium merdarium

	
KY465756.1

	
539

	
99

	
97.40

	
KF225604.1




	
Fusarium cerealis

	
KY465757.1

	
504

	
99

	
100.00

	
MG979793.1




	
Mortierella alpina

	
KY465758.1

	
636

	
99

	
98.12

	
MG833809.1




	
Muc