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Abstract
In recent years, there has been an exponential growth in the use of digital media for data storage and the creation of museums, libraries and digital archives. In particular, Compact Discs Recordable (CD-R) have become one of the most used tools for archiving documents related to cultural heritage. Many authors have investigated only the CD longevity, but very few studies have focused on their biological deterioration. The aim of this work was to examine the CD-R biodeterioration following two ways: (1) search badly preserved CD-R, showing clear degradation spots and verify that it is fungal deterioration; (2) fungal inoculation tests on blank CD-R to verify their bioreceptivity. The analysis of a badly preserved CD-R showed clear degradation spots, highlighting, after cultural and molecular analysis, the presence on the surface of three different fungi: Chaetomium globosum, Trichoderma atroviride e Coniochaeta sp. For the in vitro inoculation tests we used conidia suspensions of Cladosporium cladosporioides and Penicillium chrysogenum, and we observed the growth for 6 months. At the end of experiment, both fungi colonized the CD-R surface with hyphae and mycelia clearly visible, causing also loss of material and fractal structure presence. For the CD-R use as cultural heritage archiving, the correct storage is an essential phase and, in light of the results obtained, it will be necessary not only to consider the environmental factors (temperature, relative humidity) but also the biological deterioration caused by airborne fungi. Therefore, effort needs to be taken to regularly monitor temperature and relative humidity and it is essential to periodically conduct cleaning of optical media.
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Introduction
One of the main problems facing the world of cultural goods is that of being able to preserve and transmit all kinds of artifacts. In particular, books, parchments, etc. are kept in libraries and archives or thematic museums. This, however does not ensure them infinite conservation because, being made of organic plant and/or animal materials can be subject to deterioration by physical (light, heat, moisture), chemicals (air pollution) and biological agents (bacteria, fungi, insects) [1].
Furthermore, they can be permanently at risk of theft, robbery, man-made destruction and natural disasters such as hurricanes, earthquakes, floods, etc.
It is the duty of all who deal with the preservation of cultural heritage, to implement the best possible methods to avoid losses and to maintain a better environment for storage and to prevent all types of damage, allowing the cultural good to to be preserved for as long as possible.
Recently, photographic documents, magnetic and optical media such as Compact Discs Recordable (CD-R) have gained the upper hand by steadily stabilizing throughout the world as a means of conservation, thanks also to the progress of technology. Indeed, many new institutions such as museums have been created, digital libraries and archives, which could increase significantly in the future [2].
The reliability of optical memories depends on many factors: their linkage to the quality of the media used and the burning process employed, the environmental conditions, handling and the passage of time [3].
Optical media work best within a specific range of temperature and relative humidity conditions. If kept in cooler temperatures and less humid environment and are not subject to sudden environmental fluctuations, they can reach great longevity. Exposure to light and moisture influences the longevity of optical media too, causing a degradation that is different depending on the type of support.
Among the most common causes of digital material deterioration (including CD-R), are high temperature and relative humidity, air pollution (dust carrying bioaerosol and biological agents), poor ventilation conditions of storage its.
The need to investigate the longevity of the information stored on the CD-R is based on ISO 18927-2002 [4], which concerns methods for estimating the life expectancy. The methodology provides a technically and satistically sound procedure for obtaining and evaluating accelerated test data. It is about an accelerated artificial ageing test under extreme conditions of temperature (+80 °C) and relative humidity (85%) [5]. Subsequently, many research groups published their results on the evaluation of the estimated longevity value, accelerating ageing to multiple values of temperature and relative humidity to ensure a duration of over 30 years [6, 7].
Of the physical and chemical degradation of these devices, four mechanisms are acknowledged: delamination, oxidation, corrosion and dye degradation. The degradation of the dye is also accelerated by exposure to light, in particular sunlight or artificial sources of ultraviolet light [8].
However, both CD-R producers and researchers who study the durability of these media in historical and artistic archiving have never considered biological deterioration as a major problem.
In 2001, a unique fungus reported as a Geotrichum-type fungus, was isolated from the surface of a deteriorate CD [9]. The growth of this fungus was accompanied by the presence of fractal-like structures on the alveoli of a CD spiral and the destruction of the aluminium zones. Their in vitro tests showed that this fungus was able to solubilize the aluminium present in the reflective layers of CD and to degrade the polycarbonate support as well as the phthalocyanine dye layer [10].
In recent years, the use of digital media for data storage and CD-R has also spread to archiving documents related to cultural heritage. Their study to date, has covered only much the chemical-physical deterioration mechanism and the duration of their life, through a series of tests as accelerated aging test to find a right way for their maintenance [3, 6, 7].
At present, there are no studies on the biological deterioration of CD-R; the only exception is the work of Romero et al. [10] who conducted a molecularly identification of a Geotrichum-type fungus on such types of media.
The aim of this work was to examine the CD-R biodeterioration following two ways:	(1)
search badly preserved CD-R, showing clear degradation spots and verify that it is fungal deterioration;

 

	(2)
fungal inoculation tests on blank CD-R to verify their bioreceptivity.

 




The methodologies used to achieve these purposes considered microscopy (optical and SEM), culture techniques and molecular investigations using rDNA sequencing.
Materials and methods
CD composition
A CD is a circular disc of 12 cm in diameter and of 1.2 mm thick. It is constructed of three or four main functional layers. It is composed of a polycarbonate plastic substrate, is exposed to a stream of vaporized aluminum, which forms the reflective layer, and is then coated with a protective acrylic layer. A label can be added onto the acrylic if desired.
A CD is shiny on the bottom side and dully on the upper side that usually has a label.
The shiny side is the important part; this reflects the laser that is used to read the device. Data is encoded by the transitions between pits and lands of the polycarbonate [3, 8].
Analysis of a badly preserved CD showing clear degradation spots
A CD (Verbatim) with signs of clearly visible deterioration spots was found in a home library (Fig. 1). After stereomicroscope observation, the CD was dissected into three parts at the signs of deterioration and the fragments were placed in Petri capsules containing MEA (Malt Extract Agar) wich is a specific culture medium for fungi.
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Fig. 1Detail of the damaged CD. Visible deterioration spots on upper side of the CD


The capsules were then placed in a thermostatic cell at 25 °C, and observed every day. After about 10 days, fungal growths were detected in all three CD portions and fungi sample collected were used for molecular analyses in order to identify them.
For DNA extraction we used CTAB (cethyltrimethylammonium bromide) micropreparation method [11] using before, both the freezing and thawing method.
After extraction, the DNA was amplified with specific primers for fungi: ITS1F 5′CTTGGTCATGAGAAGTAA3′/ITS45′CAGGAGACTTGTACACGGTCCAG3′ [12]. The PCR reaction was performed on a PTC-100 Thermal Cycler (MJ Research Inc. Watertown, MA, USA) using PCR Master Mix (Bioline Inc. Boston, MA, USA). The reaction was carried out in a 25 µL volume containing 0.5 pmoL of each primer, 1 µL of MgCl2, 10 µL of buffer Master mix and 1 µL Dna as template. The thermocycling program was as follows: 3 min denaturation at 94 °C, followed by 35 cycles of 30 s denaturation at 94 °C, 1 min annealing at 55 °C, and 45 s extension at 72 °C. 10 min at 72 °C were used as a final extension step.
The samples, after purification, were sequenced at BMR Genomics in Padova (Italy) following the preparation protocol suggested by the same company.
Sequences were edited and assembled using BioEdit software [13], and sequence identity was determined using the BLASTn algorithm available through the National Center for Biotechnology Information (NCBI, http://​www.​ncbi.​nlm.​nih.​gov/​) against the NCBI nucleotide collection.
Fungal inoculation tests on blank CD-R
Fungi used for in vitro tests were selected based on literature research in archives and libraries and in the field of polycarbonate deterioration [14–17]. Many fungi have been already present in the stock culture in the Plant Biosystematic Laboratory of the University of Calabria and of these, two have been chosen: Cladosporium cladosporioides and Penicillium chrysogenum.
The two fungi were growth on Malt Extract Agar at 25 °C for 7 days. The conidia suspensions were obtained by gently scraping the surface of the agar plates with a plastic swab and stored at 0.05% NaCl and the conidia concentration was valuated by a Thoma counting chamber (22.96 × 106 conidia/mL for Cladosporium cladosporioides and 14.96 × 106 conidia/mL for Penicillium chrysogenum).
For laboratory tests the CD was carefully dissected using a Dremel rotary tool and then autoclaved. The incubation was performed at room temperature in a Petri dish divided in two parts by a separating septum, so as to have the chosen sample on one side and distilled water on the other, to keep the high humidity level constant (Fig. 2).
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Fig. 2Inoculum points of the two fungi on both sides of the CD. Cc (Cladosporium cladosporioides), Pc (Penicillium chrysogenum), 1 (upper side), 2 (bottom side)


Both the upper and bottom sides of the CD-R were used for inoculation three drops of 5 µL and 7 µL of conidic suspension of Penicillium chrysogenum and Cladosporium cladosporioides.
The samples were monitored every day for 6 months with a stereomicroscope and an optical microscope and were collected the acquired images.
SEM analysis was performed on the CD upper and bottom side. The scanning electron microscope used for SEM analysis is a Field Emission Gun (FEG) Cold FEI Quanta 200 F/Philips with an EDX microanalysis system with a crystal detector Si/Li, EDAX GENESIS 4000. Samples were fixed to an aluminium stub and coated with a thin film of gold in a Sputter Coater (Q150T ES - QUORUM TECHNOLOGIES).
Results
Analysis of a badly preserved CD showing clear degradation spots
The three fragments of CD placed for about 2 weeks in Petri capsules showed several colonies that were collected and subjected to further molecular analysis.
On fragments CD1 and CD2 grew only one different fungal colony, which surrounded the whole piece and also spread on the ground, while two colonies grew on third fragment, one of which to a greater extent around the entire CD fragment (CD3a) and the other much smaller towards the upper edge (CD3b) (Fig. 3).
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Fig. 3Fungal growth in MEA, on the three CD (CD1, CD2 and CD3) fragments


The PCR analysis produced four fragments of the ribosomal DNA, whose sizes varied between 571 and 603 bp. All fragments were sequenced, deposited in GenBank and subjected to BLAST analysis.
The ribosomal DNA sequences of samples CD1 and CD3b (accession number MW073465) showed 100% identity with several sequences deposited in GenBank of Chaetomium globosum; the sequence of sample CD2 (accession number MW073467) showed 100% identity with those of Trichoderma atroviride; the sequence of sample CD3a (accession number MW073470) showed 99–100% identity with the ITS region of several species of genus Coniochaeta such as C. ligniaria and C. hoffmannii.
Fungal inoculation tests on blank CD-R
On the upper side, after about ten days both fungi colonized the inoculation point with hyphae development (Fig. 4a). After 2 months the fungal mycelium was in expansion (Fig. 4b) and after 3 months the development of the conidiophores with their sporulation was visible (Fig. 4c and d). After 6 months of incubation, the fungal mycelia with hyphae covered the whole surface (Fig. 4e), and the hyphae and conidiophores were visible also on the edges (Fig. 4f). Furthermore, the loss of material on the surface was clearly visible (Fig. 4g, h), and subsequently the surface became transparent in some areas meaning that the layers of the CD have been almost completely degraded (Fig. 4i). Moreover, optical microscopy and SEM analyses showed the presence of fractal structures (Fig. 4j–l).
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Fig. 4CD upper side. a Hyphae; b mycelium; c–e conidiophores and hyphae on surface; f hyphae and conidiophores on the edges; g–i loss of material on the surface; j–l fractal structures


On the bottom side, colonization of the two fungi was much rapid. Only after 1 day after inoculation, hyphae grew and quickly covered the entire surface of the CD (Fig. 5a). Both mycelia and conidiophores (Fig. 5b and c) were evident towards the end of the first month at the inoculation points and continued to grow over the entire surface (Fig. 5d and e). The transparent areas with loss of material were evident from the first month.
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Fig. 5CD bottom side. a Hyphae; b, c–e mycelia and conidiophores; f, g surface deteriorated; h–l fractal structures


After 6 months, the CD fragments were completely deteriorated on both sides, in fact the presence of fungi, especially Penicillium chrysogenum, can be perfectly observed on the two sides of the CD (Fig. 5f, g). The fractal structures appeared transparent after 2 months of incubation which was already evident under the stereomicroscope and even more evident in the SEM images (Fig. 5h–l).
Discussion
The analysis of a badly preserved CD showed clear degradation spots, highlighting the presence on the surface of three distinct fungi: Chaetomium globosum, Trichoderma atroviride e Coniochaeta sp.
For the in vitro inoculation tests with Cladosporium cladosporioides and Penicillium chrysogenum, both fungi were clearly visible on both CD sides.
The fungal attack of Cladosporium cladosporioides was rapid and the mycelium grew immediately. At the end of the experiment, the mycelia were growing up on both sides, causing also loss of material and fractal structure presence.
Penicillium chrysogenum was faster in growth on both sides with significant presence of mycelium and conidiophore structures. The entire bottom side was covered with the hyphae, and it showed many fractal structures. Penicillium chrysogenum contributed significantly to the physical destruction of the CD fragments, so much so that in some places the CD has become almost transparent.
In comparation to Penicillium chrysogenum, Cladosporium cladosporioides, a fungus known for the biodeterioration of photographic materials [18], showed a greater tendency to degrade the composition material of CD.
The CD-R is a form of digital media that can be encoded with digital data and is mainly composed of polycarbonate, usually poly (bisphenol A carbonate), a thermoplastic polymer of carbonic acid, consequently, biodeterioration of the CD is biodeterioration of the polycarbonate and in general plastic materials, polymers mainly made of carbon.
Plastics are chemically synthesized polymers that are difficult to degrade. Normally, plastic degradation is very slow process and it is influenced by various environmental factors (air humidity, temperature, pH, solar energy, polymer properties) [19]. Microorganisms such as bacteria and fungi are involved in the degradation of plastic materials [20].
Generally, biodeterioration of organic and inorganic materials including, also, polymers was defined by Hueck [21] as “any undesirable change in the properties of a material caused by the vital activities of micro- and/or organisms”.
This definition is associated with that of biodegradation, the process in which organic substances are broken down by living organisms [14]. This process involves enzymatic and non-enzymatic hydrolysis of microorganisms, especially bacteria, and fungi [15, 22]. At least two categories of enzymes are actively involved in biological degradation of polymers: extracellular and intracellular depolymerases [20, 23]. During degradation, exoenzymes from microorganisms break down complex polymers to smaller molecules, for example, oligomers, dimers, and monomers, that are smaller enough (water soluble) to pass the semi-permeable outer bacterial membranes and then to be utilized as carbon and energy sources [15, 24]. The process is called depolymerization and the complete polymer decomposition produces organic acids, CO2, CH4 and H2O [14, 24].
Currently, the studies carried out on CD-R and their deterioration have considered the mechanisms of chemical degradation, such as oxidation or corrosion and, although the mechanisms are well known, they can be accelerated by high temperature and relative humidity. A greater number of studies have concerned their life expectancy by carrying out longevity tests since natural deterioration can derive from storage environments and from temperature and humidity parameters [5–7] and large variations have been demonstrated for less than fifteen years (25 °C, humidity relative 50%) at 217 years (25 °C, 40% relative humidity) [25].
CD producers, however, have not troubled about their biological deterioration and just one research [9] ascertained the presence of Geotrichum–type fungi, probably Geotrichum candidum able to growing on a CD in tropical environmental conditions (around 30 °C and RH 90%).
They observed on the CD surface paths, which formed fractal structures and destruction of the pits and halls in the aluminum on the disc which, by light and scanning electron microscopy, revealed dendrite microstructures of aluminum–polycarbonate mixtures and the complete loss of the original information pits [9].
On CD inoculated in vitro with Cladosporium cladosporioides e Penicillium chrysogenum, deterioration of these material resulted in reduced transparency of the sample, staining and presence of fungal spores and hyphal fragments. After a long-term exposure the CD-R were covered by fungal hyphae, over the surface. We observed, as in the work of Garcia-Guinea [9] the presence of paths, which formed fractal structures, and destruction of the pits and halls in the aluminum on the disc.
On badly preserved CD the presence of Chaetomium globosum, Trichoderma atroviride and Coniochaeta sp. can be explained by the fact that all are involved in the degradation of lignin and cellulose, using the carbon of polycarbonate as a source of nourishment and energy. In fact, it is known that Chaetomium globosum produces cellulose enzymes and has the ability to degrade cellulosic materials and the production of these enzymes was found to depend on the growth substrate [26]. In addition, Trichoderma atroviride is a ubiquitous fungus and colonizes cellulosic materials, and shows ability in the efficient utilization of the substrate [27]. Lastly, several fungi in the genus Coniochaeta have great capacity to deconstruct lignocellulose by secreating lignocellulose-degrading enzymes into the media utilising different substrates as source of carbon and energy [28].
The presence of fungi both used in vitro and found on deteriorated CD is confirmed by the many works carried out both in the field of cultural heritage [1, 29, 30] and in the deterioration of plastic materials [15, 31, 32].
Conclusions
Heritage institutions traditionally have the responsibility of preserving the intellectual and cultural resources. Optical memories, in recent years, have been widely used for the preservation of digital documents over time, so much so that they were also employed in archivation (to the point that guidelines had to be formulated by the UNESCO/PERSIST Content Task Force). The aim of the Guidelines is to provide a starting point for libraries, archives, museums and other heritage institutions when drafting their own policies on the selection of digital heritage for long-term sustainable digital preservation [33].
Reliability of optical memories depends on the storage conditions. In this study the molecular biology techniques are important diagnostic tools, providing more knowledge on fungal species which attack CD and on their time of material degradation.
For correct storage of CD-R, it is necessary to understand if the presence of fungi can become a problem together with the action of environmental factors.
Therefore, not only the temperature and humidity conditions are important, but periodic cleaning of optical media is essential as well.
The long-term preservation of digital heritage is perhaps the most daunting challenge facing heritage institutions today. Developing and implementing selection criteria and collecting policies is the first step to ensuring that this vital heritage material is preserved for the benefit of current and future generations.
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