

[image: image1]
Microbial Community Analyses of the Deteriorated Storeroom Objects in the Tianjin Museum Using Culture-Independent and Culture-Dependent Approaches
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In the storeroom C7 of the Tianjin Museum, one wooden desk and two leather luggages dated back to Qing dynasty (1644-1912 AD) presented viable microbial contamination. The aim of the present study was to investigate microbial communities responsible for the biodeterioration of storeroom objects using a combination of culture-independent and culture-dependent methods as well microscopic techniques. Scanning electron microscopy (SEM) revealed that the microflora on three storeroom objects were characterized by a marked presence of Eurotium halophilicum. Real-time quantitative polymerase chain reaction (qPCR) analysis proved that fungi were the main causative agents behind the biodeterioration in this case. Fungal internal transcribed spacer (ITS) amplicon sequencing documented the presence of two main fungi — Eurotium halophilicum and Aspergillus penicillioides. Molecular identification of fungal strains isolated from the surfaces and the air of the storeroom were most closely related to Chaetomium, Aspergillus, Penicillium, and Fusarium, showing discrepancies in fungal taxa compared to ITS amplicon sequencing. The most isolated bacterial phylum was Firmicutes, mostly Bacillus members. In addition, four biocide products — Preventol® D 7, P 91, 20 N and Euxyl® K 100 were selected to test their capability against fungal strains isolated from the surfaces. According to the susceptibility assay, Preventol® D 7 based on isothiazolinones was the most effective against fungal isolates. Findings from this study provided a knowledge about storeroom fungi, and exemplify a type of preliminary test that may be conducted before planning any biocide treatment, which may be useful to mitigate the fungal deterioration for further conservation of the museum.
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INTRODUCTION

Museums are institutions which collect and preserve a wide variety of historical objects, such as paintings, parchment, wood, paper, and rubber. All of these objects represent organic substrates that can well support fungal and bacterial growth if the requirements for growth and the environmental conditions turn suitable, which can cause aesthetical changes on the surfaces of objects, such as discoloration or biofilms, and can weaken the structure of materials until complete destruction occurs (Cappitelli et al., 2010; Sterflinger and Pinzari, 2012).

In museums, fungi play the most important role in biodeterioration, since, in comparison with bacteria, they can grow in environments with lower temperature and relative humidity. Typical fungal infections colonizing kinds of organic artifacts are often caused by species of slow-growing Ascomycetes such as genera Aspergillus, Penicillium, Cladosporium, Alternaria, Chaetomium, Eurotium etc. (Sterflinger and Piñar, 2013). Bacteria rarely exist on museum objects and their number increases significantly only when museum or library are damp, flooded or when the drying process of this type of material is too slow. Nevertheless, bacterial genera Bacillus, Staphylococcus, Pseudomonas, Virgibacillus, and Micromonospora have been still isolated from deteriorated parchments conserved in the Slovak National Library (Kraková et al., 2012). Microbial contaminations in environments depends not only on species-related properties but also on climatic conditions, such as temperature, humidity and ventilation (Sterflinger, 2010).

The detection and identification of microorganisms associated with biodeterioration are the first necessary step for understanding the effects of microorganisms on cultural heritages objects. Traditionally, the methodology was the application of cultivation methods or microscopy, which was useful for knowing the physiological characteristics of pure isolated strains and for the development of metabolic studies. However, these classical methods are known to have many disadvantages (e.g., only a small proportion microorganism could be isolated) that lead to an underestimation of the composition of the colonizing microflora (Ward et al., 1990). In the last decades, culture-independent methods such as denaturing gradient gel electrophoresis (DGGE) and clone library have been developed and widely applied to study microbial communities on biodeteriorated cultural materials (Hugenholtz and Pace, 1996; Laiz et al., 2003; Pangallo et al., 2015; Piñar et al., 2015b). Notwithstanding these methods based on molecular techniques have offered a deeper insight and understanding of microbial communities over traditional cultivation methods, the fact that its expensiveness, time consuming and heavy workload should not be overlooked. In recent years, next-generation sequencing (NGS) techniques have been developed to characterize microbial community structure in many fields, and also begin to becomes available in the field of conservation and restoration to study microorganisms involved in the biodeterioration of cultural heritage (Shokralla et al., 2012; Gutarowska et al., 2015; Adamiak et al., 2017; Liu et al., 2017). Another method that is broad-coverage, sensitive and specific is real-time quantitative polymerase chain reaction (qPCR), which have been widely used for microbial quantification in environmental sciences (Zhang and Fang, 2006; Kim et al., 2013). Nevertheless, only very few researchers applied it in the cultural assets studies.

In this study, an impressive example of microbial deterioration in the Tianjin Museum is documented and analyzed. In September 2016, visible signs of biodeterioration were observed on the surfaces of the storeroom objects. As a basis for the further preservation of these artifacts, it was necessary to analyze the microflora colonizing these storeroom objects. To this end, samples from biodeteriorated objects were analyzed by SEM and qPCR to reveal the nature of the microflora, and then microbial communities were assessed using the amplicon sequencing techniques. In addition, culture-dependent approaches were conducted in order to complement the data obtained by amplicon sequencing. Finally, four biocidal products were selected to test their effectiveness against fungal strains isolated from the storeroom objects.

MATERIALS AND METHODS

Description of the Studied Site

The Tianjin Museum can be traced back to a predecessor of the same name founded in 1918, making it one of the oldest museums in China. Today the Tianjin Museum’s diverse collection includes over 200,000 objects and a 200,000-volume library, making the museum an institution that melds culture and history. In 2008 it was recognized as a first-grade Chinese museum. Work on the new Tianjin Museum building began in 2008, designed by the Architectural Design Department of South China University of Technology. It was completed and opened to the public in 2012. This modern building has five split-level floors above ground and one basement floor, giving an expansive sense of space.

All storerooms of Tianjin Museum are in the basement. Out of 49 storerooms, storeroom C7 is one of the largest storerooms, with 238.9 m2. The temperature (T) is 22±2°C and relative humidity (RH) is 58.1±5% in this storeroom. Three artifacts—one wooded desk (number: 2010-kou-21-6) and two leather luggages (number: 2010-kou-23-1, 2010-kou-23-2) from Qing dynasty (1644-1912 AD) are presenting viable microbial contamination in the storeroom (Figure 1).
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FIGURE 1. Sampling sites for microbiological analyses on the surface of three objects showing visible microbial contamination. (A) Sample FD on a wooden desk. (B,C) Detail of sample PX1 and PX2. Visible signs of biofilm were present on the two luggage; BF, bright field. EMI, epifluorescence microscope images. In the bright filed, lots of fungal conidiophores and spores were observed. In the epifluorescence microscope images, the presence of a green fluorescence indicated the viability of microbial cells.



Media

In order to isolate microorganisms from the deteriorated objects (FD, PX1 and PX2), two media were prepared: Malt Extract Agar (MEA) medium supplemented with 50 μg/mL chloramphenicol to avoid bacterial growth and Trypticase Soy Agar (TSA) medium supplemented with 100 μg/mL nystatin to avoid fungal growth; The potato dextrose agar (PDA) medium was used for susceptibility testing.

Sampling

(I) Samples for microscopic analysis was obtained using double sided carbon adhesive tape. In brief, a strip of carbon adhesive tape is gently attached to the surface of three objects (refered to FD, PX1 and PX2) and then taken to the laboratory. Collected samples were divided into two aliquots for optical and scanning electron microscopy (SEM).

(II) In the same sampling points, samples for amplicon sequencing and qPCR were taken by minimal-invasive sampling techniques using sterile scalpels. There samples were scraped off from the surfaces showing visible mycelia and then taken to the laboratory in an ice box for subsequent analyses.

(III) The Petri dishes (9 cm in diameter) containing MEA and TSA media were opened and some areas showing visible mycelia were streak-inoculated in the agar surface by using sterile cotton bud. Afterward these Petri dishes were brought to the laboratory for isolation and cultivation of microorganism.

Microscopic Analysis

The viability of microbial communities colonizing surface of storerooms objects was assessed by fluorescein diacetate (FDA) staining. Adhesive tape samples were stained with a FDA solution (20 mg of FDA in 1 mL of dimethyl sulfoxide, then diluted with phosphate buffered saline solution to 20 μg/ml) for 20 min of incubation in the dark at 20°C, then observed by Nikon Eclipse 80i epifluorescent microscope (blue excitation wave length, 450–490 nm). Active structures were assessed by the presence of a greenish fluorescence emanating from the cytoplasm of spores and hyphae, due to the liberation of fluorescein by enzymatic (hydrolytic) cleavage.

Tape samples were coated with gold and viewed using a scanning electron microscope (FEI Quanta 200). Images were obtained at magnifications between 1.0 k× and 2.0 k×, and at 15.0 kV for imaging.

Isolation and Identification of Microorganisms

These Petri dishes containing MEA and TSA media were incubated at 28°C for 5–30 days depending on the growth of microorganisms. Colonies showing different morphology and appearance were transferred to fresh plates to obtain further pure isolates.

DNA extraction of pure strains isolated from the surfaces and the air was performed using the CTAB method (Möller et al., 1992). Molecular identification of fungal strains was performed by amplification of ITS, 28S rRNA and RNA polymerase II largest subunit (RPB1) gene (White et al., 1990; Hofstetter et al., 2007; Vilgalys, 2018). In the case of bacterial identification, 16S rRNA gene was used (Muyzer et al., 1993). The primer sequences were summarized in Supplementary Table S1. PCR reaction mixtures consisted of a total volume of 50 μL containing 2 μL of genomic DNA, 5 μL of 10× Reaction Buffer, 4 μL of 2.5 mM dNTP mix, 2 μL of 10 μM forward primer, 2 μL of 10 μM reverse primer, 0.5 μL of 5 U/μL Transtaq-T DNA polymerase (TransGen Biotech, China), and ddH2O to 50 μL. The PCR reaction programs were summarized in Table S2. PCR products were detected by electrophoresis in 1% agarose gels and were purified using a AxyPrep PCR Clean Up Kit (Axygen, United States).

The purified PCR products were sequenced by GENEWIZ (Beijing, China). The sequences obtained were analyzed using the National Center for Biotechnology Information (NCBI) BLAST program1.

Studies of Airborne Communities

Airborne microorganisms were collected at two sites of storeroom C7 near the deteriorated objects. Air sampler ZR-2050 (Junray, China) with a rate flow 100 L/min was used for air sampling. Three replicates of 100 L of air was taken on Petri dishes with MEA and TSA at each site. Afterward these Petri dishes were brought to the laboratory for incubation at 28°C for 4–7 days. The viable microbial concentrations were calculated as colony forming units per 1 m3 (CFU/m3). The isolation and identification of microorganisms were performed according to the methods mentioned above.

Amplicon Sequencing

DNA Extraction

DNA extraction of collected samples (FD, PX1 and PX2) was performed using the MoBio PowerSoil® DNA Isolation Kit (Mo Bio Laboratories, United States) following the manufacturer’s protocol. After DNA extraction, the DNA yield and purity (A260/A280 ratio) were assessed using the BioDrop μLite PC Spectrophotometer (Cambridge, United Kingdom). DNA of each sample were divided into two parts; one part was used for amplicon sequencing, while the other were used for qPCR.

PCR Amplification

Fungal communities were studied by amplifying internal transcribed spacer 1 (ITS1) fragments using primers ITS5-1737F/ITS2-2043R, while bacterial communities were investigated by amplifying 16S rRNA gene V4 regions with primers 515F/806R combined with adapter sequences and barcode sequences (Caporaso et al., 2011; Degnan and Ochman, 2012) (Supplementary Table S2). Amplifications were carried out in a 50 μL mixture including 25 μL of Master Mix (2X), a 0.5 μM final concentration of the forward and reverse primers, 10 ng of template DNA and nuclease-free water to 50 μL. The PCR conditions were 98°C for 1 min, followed by 30 cycles of 10 s at 98°C, 30 s at 50°C for 16S rRNA gene amplification or 55°C for ITS region amplification, and 30 s at 72°C, with a final extension of 5 min at 72°C.

To visualize PCR amplification success, an equal volume of 1X loading buffer (containing SYBR green) along with PCR products were loaded on a 2% agarose gel. Samples with amplicon bands in the range of 400–450 bp were chosen for further analyses. PCR products from different samples were pooled with equal molar amount. Then, mixture PCR products was purified with Qiagen Gel Extraction Kit (Qiagen, Germany).

Library Preparation and Sequencing

The purified amplicons were prepared for Illumina sequencing by constructing a library using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States) following the manufacturer’s recommendations. The final library concentrations and quality were checked using a Qubit@ 2.0 Fluorometer (Thermo Scientific) and an Agilent Bioanalyzer 2100 system, respectively. Lastly, the library was sequenced on an Illumina Hiseq2500 PE250 platform.

Bioinformatic Analyses

Paired-end reads were assigned to samples based on unique barcodes and then trimmed of barcode and primer sequences. Paired-end reads were merged using FLASH v. 1.2.7, and the resultant sequences were used as raw tags (Magoč and Salzberg, 2011). Quality filtering of raw tags to obtain high-quality clean tags was performed according to the QIIME v. 1.7.0 quality control protocol (Caporaso et al., 2010). Fungal tags were compared with the Unite database v. 20140703, bacterial tags were compared to the SILVA Gold database v. 20110519 using the UCHIME algorithm v. 4.1 to detect chimaera sequences, and sequences flagged as chimaeras were then removed (Edgar et al., 2011). The resultant high-quality sequences were used for further analyses. OTU clustering analysis was performed using the Uparse software v. 7.0.1001 (Edgar, 2013). Sequences with ≥97% similarity in nucleotide identity were assigned to the same OTUs (Operational Taxonomic Units). Representative sequences for each OTU were then used for taxonomic annotation. For each representative fungal sequence, BLAST analysis was performed against the Unite database v. 20140703 in QIIME v. 1.7.0 to taxonomically annotate OTUs (Kõljalg et al., 2013). For bacterial OTUs, the Greengenes database2 was used with the RDP classifier v. 2.2 algorithm for taxonomic annotation (DeSantis et al., 2006).

Phylogenetic Analysis

The isolated fungi and main OTUs were analyzed using the Molecular Evolutionary Genetics Analysis (MEGA, v. 7.0) software (Kumar et al., 2016) and aligned together with references sequences obtained from GenBank database using the Clustal W program included in the MEGA v. 7.0. Phylogenetic tree was conducted using the MEGA v. 7.0 based on the neighbour-joining method (Saitou and Nei, 1987). Confidence in tree topology was estimated using the bootstrap method (1,000 bootstrap replicates). The tree was visualized and edited using FigTree v. 1.4.3 software (Available at: http://tree.bio.ed.ac.uk/software/figtree/, accessed on 6 April 2018).

Quantitative Real-Time PCR

Fungal contamination was estimated quantifying the total amount of fungal DNA by qPCR using the primers NL1f/LS2r targeted on 28S rRNA gene (Bates and Garcia-Pichel, 2009). The total biomass of bacterial DNA was quantified by qPCR using the primers Eub338/Eub518 targeted on 16S rRNA gene (Fierer et al., 2005). Standard curves were constructed by plotting the logarithm values seven serial decimal dilutions of genomic DNA in three replicates versus the threshold cycle (Ct) values generated from qPCR analysis. Genomic DNA of Fusarium solani and Escherichia coli was used as standard template for fungal and bacterial quantification, respectively.

The qPCR was performed in a StepOnePlusTM Real-Time PCR Systems by using the Roche FastStart Universal SYBR Green Master (Rox). Each 20 μL reaction contained 1 μL of DNA template, 2 μL of 10 μM fungal primers NL1f/LS2r or bacterial primers Eub338/Eub518 (Supplementary Table S1), 10 μL SYBR Green mix and 7 μL H2O. The cycling program consisted of an initial denaturing step at 95°C for 10 min, followed by 40 cycles of 95°C 15 s, 60°C 1 min for fungal primers NL1f/LS2r or 40 cycles of 95°C 15 s, 54°C 30 s, 72°C 20 s for bacterial primers Eub338/Eub518. A melt curve analysis was constructed by increasing the temperature from 60°C to 95°C.

Susceptibility Testing

The susceptibility of isolated fungi to four biocides (Supplementary Table S3) was tested by disk diffusion method. In brief, the plates containing PDA medium were inoculated with a spore suspension of the tested fungi, then five paper disks (6 mm in diameter) loaded with 30 μL 0.5% biocide were laid on the plates and incubated at 28°C for 7 days. The diameter of the inhibition zones excluding the disk was measured in centimeter. Duplicate tests were carried out for all biocide products.

Nucleotide Sequence Accession Number

The nucleotide sequences of strains have been deposited in the DDBJ/GenBank/EMBL database under the accession numbers MH169231- MH169238, MH171483-MH171491 for fungal ITS sequences, MG818932-MG818941 for fungal isolates and MG818942-MG818946 for bacterial isolates. The raw data generated from amplicon sequencing has been deposited into the NCBI Sequence Read Archive (SRA) database under the accession numbers SAMN08364417∼SAMN08364420.

RESULTS

Microscopic Observation

Optical microscopic observations of adhesive tape samples revealed the presence of fungal structures. Most of the morphological characteristics appeared as a mixture of spherical spores and fungal conidiophores, which were dominant compared to bacterial cells (Figure 1). The FDA assay conducted on samples FD, PX1 and PX2 showed the viability of the microbial community colonizing these storerooms items, as showed by the presence of a bright green fluorescence in the fungal conidiophores and spores.

All samples collected directly from storeroom objects using the adhesive tape technique examined under SEM, showed the presence of a main fungal species with characteristic structures. The fungus presents feature that allow its identification as Eurotium halophilicum. Typical “hairs” on the hyphae were pointed out by SEM observations (Figure 2 and Supplementary Figure S1). Conidial heads and ellipsoidal conidia with a variable size (5–8 × 5–9 μm) were visible. The shape, ornamentation and dimensions of these conidia were consistent with those of the anamorphous state of E. halophilicum, namely Aspergillus halophilicus (Samson and Lustgraaf, 1978).
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FIGURE 2. Scanning electron microscopy (SEM) images of E. halophilicum elements observed on sample FD. (A) Mycelium and conidia. (B) Details of typical haired conidial head. (C) Hydrated conidia. (D) Details of haired hypha.



Comparison of Fungal Biomass and Bacterial Biomass

To determine whether or not the fungi were mainly deteriorative agents of the storeroom objects, qPCR was carried out to quantify fungal and bacterial biomass. The standard curves for Fusarium solani and Escherichia coli showed correlation coefficients >0.98 and qPCR efficiencies >90% (Figures 3A,B). The concentrations of fungal DNA (0.31–4.72 ng/μL) were much higher than for bacterial DNA (0.01–0.09 ng/μL) in three samples (Figure 3C). This finding confirmed the high levels of fungal contamination.
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FIGURE 3. Quantification of microbial biomass of samples by qPCR. (A) Standard curve for F. solani quantification using fungal primers NS1f/LS2r. (B) Standard curve for E. coli quantification using bacterial primers Eub338/Eub518. (C) Comparison between fungal and bacterial load.



Microbial Diversity Characterized by Amplicon Sequencing and Cultivation Methods

An accurate study of the colonizing microorganisms is instrumental for the evaluation of the level of actual biological risk and to properly plan long-term preservation of thesis objects. Therefore, DNA was extracted from samples (FD, PX1 and PX2) for amplicon sequencing with specific primers targeting the fungal ITS regions and bacterial 16S rRNA gene fragments. The sample FD was for microbial isolation only because of the failure to construct a library of amplicon sequencing. ITS amplicon sequencing revealed that the overwhelming majority of the fungal taxa belonged to the phylum Ascomycota (99.11 and 99.97%) (Supplementary Figure S2). The fungal valid reads were assigned to 85 different operational taxonomic units (OTUs), of which 20 OTUs were annotated at the species level (Figure 4A and Supplementary Figure S3). Eurotium halophilicum was the most abundant fungi and accounted for 55.6 and 96.8% on two samples. Aspergillus penicillioides was the second most fungi on samples PX1 (29.0%) and PX2 (1.0%). Aspergillus pseudoglaucus comprised 2.7% in sample PX1, but only 0.02% in sample PX2. In addition, Talaromyces funiculosus were detected on samples PX1 (1.6%) and PX2 (0.83%). Xeromyces bisporus were detected on samples PX1 (0.02%) and PX2 (0.59%). Other fungal species only comprised the minute remainder.
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FIGURE 4. Distribution patterns of fungal (A) and bacterial (B) species in the two samples. Major fungi (C) and bacteria (D) isolated from the air.



The bacterial communities in the two samples were more diverse at the level of phyla than the fungal communities. The predominant phyla in PX1 were Proteobacteria (83.42%), Firmicutes (6.23%), Actinobacteria (6.21%) and Bacteroidetes (1.01%) (Supplementary Figure S2); however, Proteobacteria represented the largest single portion in PX2 (99.62%). At the species level, no single species dominated in bacterial communities and most of the microbes wasn’t identified (Figure 4B).

A total of nine fungal strains could be isolated and identified using molecular methods from three storerooms objects (Table 1, Supplementary Tables S4, S5 and Supplementary Figure S4). Originating from the sequenced isolates, 4 isolates were obtained from sample FD, 4 isolates from sample PX1 and 2 isolates from sample PX2. These isolated strains were most closely related to Penicillium spp., Aspergillus spp., Chaetomium spp., Fusarium sp., and Byssochlamys sp. Most of the isolated bacterial strains belonged to Pseudomonas sp. and Bacillus spp. (Table 1).

TABLE 1. Molecular identification of strains isolated from the surfaces and air.
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The fungal airborne loads were 86 ± 5 and 103 ± 35 CFU/m3 at two sites of storeroom C7. Cultural analyses of airborne communities showed the presence of fungi belonging in the genera Aspergillus, Penicillium, and Chaetomium (Figure 4C). The airborne loads for bacteria were about 233 ± 24 and 331 ± 59 CFU/m3. The most frequent taxa were Micrococcus luteus (56.29%), Pseudomonas sp. (28.14%), and Bacillus licheniformis (1.8%) (Figure 4D).

Biocide Susceptibility of Fungal Strains

Chemical methods such as application of biocides is an important method to control microbial deterioration. Based on this, four biocide products (Supplementary Table S2) were chosen to test their efficacy against fungal isolates.

Biocide susceptibility of major fungi isolated from surfaces in this study was tested by using the disk diffusion method. Both biocides were applied to inhibit the fungal growth on culture plates at described concentrations (0.5%). The concentration is significantly lower than this suggested in manufactures’ instructions of commonly used commercial products, in general at concentration 2%. Biocide products were more effective against TJM-F2 than against other strains. While almost no inhibition halo was observed for the use of the four products against TJM-F3 (Figure 5). In general, biocide product D 7, based on isothiazolinones, was the most effective against fungal isolates. Biocide products P 91 and 20 N, based on bronopol and isothiazolinones, had similar efficacy. Biocide K 100 combining methylisothiazolinone and benzyl alcohol was least efficient than the other products.
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FIGURE 5. Antifungal assays by disk diffusion method. The inhibition halo around the disk shows the effectiveness of biocides against fungal strains isolated from the surfaces. (A) TJM-F1. (B) TJM-F3. (C) TJM-F5. (D) TJM-F6. (E) TJM-F4. (F) TJM-F2. (G) The inhibition zone diameter. Vertical lines indicate standard deviation of three measurements.



DISCUSSION

A preliminary investigation was performed to assess the nature of the microflora colonizing storeroom objects. On that occasion the non-invasive sampling using adhesive tape strip was used for microscopic and viability assays as it offered the possibility of gaining information on microbial colonization as well as viability of microorganisms without causing damage to the surface. Three samples (FD, PX1 and PX2) were characterized by a marked presence of microorganisms, particularly fungi. Epifluorescence images revealed lots of fungal hyphae and spores were active.

qPCR techniques have been widely used for studying the levels of individual species and microbial quantification in medicine, agriculture and environmental sciences (Zhang and Fang, 2006). However, to the best of our knowledge, just a few studies successfully used qPCR to quantify microbial contaminations in cultural heritage materials. Martin-Sanchez et al. (2013) developed a qPCR protocol to detect and quantify Ochroconis lascauxensis in the Lascaux Cave in France, being this fungus the principal causal agent of the black stains threatening the Paleolithic paintings of this UNESCO World Heritage Site. The protocol required that microbial colonization should be due to a major or single fungus or bacterium (Martin-Sanchez et al., 2013). Ettenauer et al. (2014) developed a qPCR method to detect and quantify fungal abundance using the β-actin gene in five historical buildings materials. In our study, microbial contamination was estimated by qPCR using rRNA primers, confirming fungi are indeed the main causative agents behind the biodeterioration. In general, the qPCR methods targeting the rRNA regions were simple and rapid tools to quantify microbial abundance in cultural heritage materials.

Among the fungi detected by ITS amplicon sequencing, the majority of fungi was Eurotium halophilicum, whose conidial state is Aspergillus halophilicus. E. halophilicum is an obligate xerophilic fungus with high tolerance to water stress. The minimum water activity for its germination and growth of this 0.675, and growth does not occur above 0.935. Because of its particular requirements, the fungus, described for the first time by Christensen et al. (1959), has been recovered from house dust and dry food in association with Aspergillus penicillioides and dust mites (Christensen et al., 1959; Hocking and Pitt, 1988; Abdel-Hafez et al., 1990; Xu et al., 2011). More recently, it has been associated with paper and books biodeterioration in museums, libraries or archives. Volumes from an archive of the University of Milan showed whitish-gray discoloration caused by E. halophilicum (Polo et al., 2017). Some niches in museums were often colonized by the fungus. These niches are characterized by scarce ventilation and the presence of a water vapor gradient after sudden drop of temperature or night–day thermo hygrometric cycles. These peculiar, often very local, conditions in usually dry environments seemed to promote the development of xerophilic and osmophilic fungal species (Michaelsen et al., 2010; Pinzari and Montanari, 2011; Montanari et al., 2012; Micheluz et al., 2015). Similar contamination patterns and microscopic characteristics detected in these cases suggested that E. halophilicum had a large distribution in the particular environment such as museums or libraries. Finding reported there were consistent with single species E. halophilicum contamination by ITS amplicon sequencing. However, molecular identification of isolates in this study did not allow the detection of the dominant fungus E. halophilicum. This result was partly expected as the cultivation of E. halophilicum on typical media is extremely difficult.

Another xerophilic fungus, A. penicillioides, was also frequently isolated from contaminated books and manuscripts. Already in 1978, A. penicillioides was associated E. halophilicum by Samson and Lustgraaf as cohabiting in house dust, probably due to the similar behavior and low water requirements of both these species (Samson and Lustgraaf, 1978). In particular, A. penicillioides are common deteriorative agents of organic and synthetic materials and are often associated with the damage of museum objects as they can secrete a wide variety of enzymes that degrade cellulosic materials and cause discoloration (Abe, 2010; Michaelsen et al., 2010; Principi et al., 2011). In addition to the fungus, Aspergillus had a significant proportion in the airborne microbial communities. In consideration of the fact that they significantly affect the conservation of museum items and the threat to employees of museums by forming mycotoxins or causing allergy diseases, the taxa should not be supposed to be in museums (Abe, 2010; Principi et al., 2011; Krijgsheld et al., 2013). Fusarium solani was also detected in the case. It is known to be deteriorative agents because of its damage to the wall paintings of Lascaux Cave (Martin-Sanchez et al., 2012). Therefore, these species also qualify as potential candidates as deteriorative agents of the stored objects.

Particular attention should be placed on the taxa Chaetomium globosum which was isolated from all sampling sites and the air by cultivation methods. The fungus is known to possess high cellulolytic activity and can efficiently destroy historical objects such as parchments, textiles, paintings, and wooden sculptures (Sterflinger and Piñar, 2013; Lech, 2016). In particular, Chaetomium globosum is a soft-rot fungi capable of degrading cellulose in the S2 layer of the secondary cell wall of wood (Pangallo et al., 2007). Thus the fungus must be regarded as posing a threat to the wooden objects.

With regard to bacteria, few surface strains were detected by 16S amplicon sequencing and cultivation methods. The most isolated bacterial phylum was Firmicutes, mostly Bacillus members, which were consistent with the literature associated the biodeterioration of paper heritage (Principi et al., 2011; Piñar et al., 2015a). However, the reports presented in the literature contained less information about the bacterial species than the fungal species recovered from paper documents. It could be the lesser role of bacteria in microbial contamination, particularly in terms of biodeterioration of cultural heritage materials.

The different results between amplicon sequencing and cultivation methods suggested that, using the amplicon sequencing, the species which were not abundant may not have been observed, as happened with Chaetomium sp. and Penicillium sp. However, these strains could be detected by cultivation methods. In contrast, the predominant fungal species, as identified by amplicon sequencing, may have been difficult to detect by cultivation only, as observed for the E. halophilicum and A. penicillioides. In general, NGS such as amplicon sequencing probably reveal the actual proportion of species present in the experimental system and provide a more realistic picture of the microbial communities, but the best choice may be the combination of traditional cultivation techniques and culture-independent methods for the detection of the whole microbial communities in mycology.

To control microbial deterioration, the application of biocides is one of the important means in cultural heritage materials (Allsopp et al., 2004). Commercial biocides, like Biotin® T and Preventol® RI 80, have been usually applied by conservators to control biodeterioration of cultural heritage (Fonseca et al., 2010; De los Ríos et al., 2012). However, one of the major concerns involved in the application of biocides is the absence of appropriate monitoring. The potential recolonization has not been monitored after the application of biocides. It is easy to understand that a biocide can exert a selective pressure on the microbial community, so the microbial community may develop resistant mechanisms or the microbial community may be replaced by new microbial community which might have even more greater harm to the cultural heritage (Mitchell and McNamara, 2010). One notorious case is the French Lascaux Caves in which a series of biocide treatments, including penicillin, streptomycin and kanamycin, were applied. These treatments triggered new microbial outbreaks such as white fungal strains (Fusarium) and melanized fungal strains (Ochroconis) (Martin-Sanchez et al., 2012). Moreover, lots of chemical biocides have been banned because of the environmental and health hazards in the past decade (Coutinho et al., 2016).

So while four biocides tested in this study showed effectiveness against isolates in the laboratory analyses, further studies including human toxicity and respect to historic materials should be performed. In view of the fact that most artifacts in storerooms are in good condition, mechanical methods by hand or with tools such as scalpels or vacuum cleaners are recommended to mitigate current biodeterioration. Moreover, indoor climate is the most important factor for microbial growth. Steady environmental parameters (T 20 ± 2°C and RH 50 ± 3%) are recommended in museums. Slightly higher values (T 22 ± 2°C and RH 58.1 ± 5%) were observed in storeroom C7 and thus climate control should be adjusted below the recommended values. In addition, storeroom C7 is in a relatively confined space and lack of a dusting programmer, air-conditioning and poor ventilation, which increase the risk of fungal growth such as E. halophilicum in the case. Thus, the storeroom should be dusted regularly to prevent dirt from being nutritional substances for microorganisms and should improve insufficient condition.

CONCLUSION

We used conventional cultivation methods and modern molecular strategy (i.e., ITS amplicon sequencing and qPCR) as a tool to analyze microbial contamination in Tianjin Museum. The inhabiting members detected, mainly representatives of E. halophilicum and A. penicillioides, are the main cause of the biofilm on the surfaces of storeroom objects. These fungi, especially E. halophilicum, were also the main causative agents behind biodeterioration in other libraries from different countries. However, the fungus was difficult to isolate, even from contaminated surfaces with visible fungal growth. Therefore, further attempts to isolate E. halophilicum and study of its characteristics are required. The fungal isolates including Penicillium spp. Aspergillus spp., Chaetomium spp., Fusarium sp. and bacterial Bacillus members may be not directly responsible for the current biodeterioration, but these strains are known to could degrade organic materials and must be regarded as a threat to the storeroom objects. Base on biocide susceptibility assay, the active compound isothiazolinones was effective inhibiting the growth of fungal isolates. These data provide a valuable knowledge about storeroom fungi, and exemplify a type of preliminary test that may be conducted before planning any biocide treatment. However, considering possible negative impacts caused by the application of biocides, these treatments are a weaker option and not recommended in the current stage. Alternatively, mechanical methods combined with the control of environmental parameters could be conducted.
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FIGURE S1 | The presence of E. halophilicum structures on sample PX1 and PX2. Typical haired hypha, conidial head and conidia were observed on gold sputtered samples using SEM. (A–C) Sample PX1. (D–F) Sample PX2.

FIGURE S2 | Distribution patterns of fungal (A) and bacterial (B) phylum in the two samples.

FIGURE S3 | Neighbor-joining (NJ) phylogeny of OTUs based on ITS1 gene sequences (∼400 bp), comprising 20 identified OTUs and 42 reference strains. The Genbank number of sequences used in the construction of this phylogenetic tree is given in brackets. These results are consistent with the OTUs annotation.

FIGURE S4 | Neighbor-joining (NJ) tree of fungal strains based on ITS gene sequences (∼525–581 bp sequence used for each), including nine isolated fungi and 32 reference strains. The significance of each branch is indicated by the bootstrap percentage calculated for 1000 bootstraps. Strains TJM-F1, TJM-F5, and TJM-F8 belong to the genus Penicillium. Strains TJM-F2 and TJM-F9 are related to the genus Chaetomium. Strains TJM-F4 and TJM-F7 can be classified as the genus Aspergillus. Strains TJM-F3 and TJM-F6 belong to Fusarium and Byssochlamys, respectively.

TABLE S1 | Primer sequences used in this study.

TABLE S2 | PCR reaction programs.

TABLE S3 | Active principle of the four biocides used in this study.

TABLE S4 | Molecular identification of fungal strains based on 28S rRNA gene.

TABLE S5 | Molecular identification of fungal strains based on RPB1 gene.

FOOTNOTES

1 https://blast.ncbi.nlm.nih.gov/Blast.cgi

2 http://greengenes.lbl.gov
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