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Abstract

Archives and libraries all over the world suffer from biodeterioration of writings caused by microorganisms, especially fungi. With
traditionally used culture-dependent methods, only a small amount of effectively colonising organisms is detected. Restoration and
maintenance of written cultural heritage is therefore problematic due to incomplete knowledge of the deterioration agents.

In the present study, culture-independent molecular methods were applied to identify fungal communities colonising paper samples of
different composition and age. Nucleic-acid-based strategies targeting the internally transcribed spacer (ITS) regions, which are nested in
the nuclear rDNA repeats, were selected to investigate the fungal diversity on paper. The ITS regions possess a high variation among
taxonomically distinct fungal species and even within the species.

With this aim, several molecular biological methods were optimised for working with paper materials. Here, we introduce a DNA
extraction protocol, which allowed the direct extraction of PCR-amplifiable DNA from samples derived from different kinds of paper.
The DNA extracts were used to amplify either the ITS1 or ITS2 region by using different fungi-specific primer sets. The ITS-amplified
regions were subsequently analysed by denaturing gradient gel electrophoresis (DGGE). Conditions for DGGE analysis, gradient,
voltage, and running time, were established to accurately discriminate different fungal species in complex communities. Pure fungal

strains were used to constitute a marker for further comparative investigations of historic papers.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In addition to presenting environmental concerns,
microorganisms are responsible for the biodeterioration
of cultural objects in the arecas of art and writing. They
often cause degradation of objects such as paintings, stone,
wood, paper, masonry, leather, parchment, glass and
metal, and cinematographic films (Cappitelli and Sorlini,
2005; Abrusci et al., 2005). The chemical and structural
nature of the substratum, as well as environmental
conditions such as moisture, temperature, pH, and light,
are the significant parameters affecting quantity and
quality of microbial colonisation on works of art (Saiz-
Jimenez, 1993).
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One type of deterioration found on cultural properties
made of paper, and on books, is called foxing, the brown
spots that appear to be caused by airborne fungi (Arai,
2000). It has also been suggested that contamination can
occur during paper-making or book preparation, in
addition to being caused by airborne fungi. Archives and
libraries from all over the world suffer from biodeteriora-
tion phenomena, but with the traditionally used culture-
dependent methods, only a small amount of effectively
colonising microorganisms is detected and a relatively large
amount of sample is needed. Restoration and maintenance
of written cultural heritage is therefore problematic
because of the incomplete knowledge of deteriorative
organisms or agents. For correct conservation, it is
important to identify the complete microbial community
colonising art objects, using non-destructive sampling, or
sampling that needs only small amounts of material.
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There are several works describing bacterial commu-
nities involved in the degradation of art objects (Schaber-
eiter-Gurtner et al., 2001). However, the fungal flora
responsible for the biodeterioration of such objects is not
yet well described. There are very few works focusing on
the investigation of the fungal flora responsible for the
biodeterioration of paper materials by applying molecular
techniques (Di Bonaventura et al., 2003a, b).

It has been estimated that only about 5% of fungal
species involved have been accurately described owing to
culture limitations, misidentifications in culture collections,
and unexplored habitats (Hawksworth and Rossman,
1997). With classical cultivation or microscopic methods,
species such as the cellulolytic Chaetomium spp., Penicil-
lium spp., Aspergillus spp., Eurotium spp. or Trichoderma
spp. (Szczepanowska and Cavaliere, 2000; Corte et al.,
2003), could be detected on paper material. Other strains
frequently found as contaminants in archives and libraries
are Paecilomyces variotii, Myrothecium verrucaria, Stachy-
botrys atra, and Fungi Imperfecti (Deuteromycetes)
(Florian and Manning, 2000).

Molecular approaches have been developed for the
assessment of microbial diversity in complex communities
(Gonzalez and Saiz-Jimenez, 2005). Methods based on
DNA analysis can reveal fungal diversity in ecosystems,
and offer the potential benefits of highly sensitive and rapid
detection (Saad et al., 2004). The molecular identification
of fungi to species level has been based mostly on the use of
variable ribosomal-DNA (rDNA) internally transcribed
spacer (ITS) regions. The non-coding ITS region consisting
of ITS1, the 5.8S rDNA and ITS2, should produce a highly
sensitive assay as the target sequence for amplification,
because of its high copy number in the fungal genome as
part of tandemly repeated nuclear rDNA. These regions
benefit from a fast rate of evolution, which results in higher
variation in sequence between closely related species, in
comparison with the more conserved coding regions of the
rRNA genes. As a consequence, the DNA sequences in the
ITS region generally provide greater taxonomic resolution
than those from coding regions (Anderson et al., 2003;
Lord et al., 2002). Additionally, the DNA sequences in the
ITS region are highly variable and might serve as markers
for taxonomically more distant groups.

In this study, culture-independent molecular methods
were applied to investigate fungal communities colonising
paper material of different age and quality for the first
time. Pure fungal strains were used to artificially infect
different kinds of paper, which were subsequently used to
compare and optimise established molecular biological
methods for working with this kind of material.

Here we introduce a DNA extraction protocol, which
allowed the direct extraction of PCR-amplifiable DNA
from samples derived from different kinds of paper. The
DNA extracts were used to amplify either the ITS1 or ITS2
regions, which were subsequently analysed by denaturing
gradient gel electrophoresis (DGGE). Conditions for PCR,
such as the use of different fungi-specific primer sets, as

well as for DGGE analysis, such as gradient, voltage, and
running time, were established to accurately discriminate
different fungal species in complex communities. In
addition, pure fungal strains were used to constitute a
marker for further comparative investigations of historic
papers.

2. Materials and methods
2.1. Preparation of samples

The optimisation of DNA extraction protocols to obtain PCR-
amplifiable DNA from paper materials was performed with the following
set of materials: (a) pure fungal colonies obtained from strains known to
be involved in paper, wood, and cellulose biodeterioration; (b) samples of
model-paper inoculated with suspensions of spores from single fungal
strains or mixtures in known proportions; (c) paper samples with naturally
occurring fungal infections; (d) paper samples with 20-year-old inocula
and naturally occurring infections, selected in order to verify the chemical
and physical changes in fungal nucleic acids on paper during time, and the
effects on molecular diagnosis.

2.1.1. Fungal strains and growth conditions

The following four fungal strains, provided by the Institut fiir
Holzforschung, Vienna, Austria, were used as marker strains: Alternaria
alternata (BAM Berlin DSM 62010-VAL-RL06), Aspergillus versicolor
(EMPA St.Gallen Nr.517), Chaetomium globosum (Messehalle Hannover)
and Cladosporium cladosporioides (BAM Berlin DSM 62121-VdL-RL06).
In addition to the aforementioned strains, fungal strains considered to be
frequently associated with library material deterioration had been utilised
20years ago to inoculate paper strips, and this was repeated more recently.
Aspergillus terreus Thom (strain no. 3) was obtained from the ATCC
culture collection, Aspergillus hollandicus (Anam.: of Eurotium amstelo-
dami, (Mangin) Thom and Church) and Eurotium chevalieri L. Mangin
from the culture collection of the Istituto Centrale per la Patologia del
Libro (ICPL), Rome, Italy, and were isolated from deteriorated paper
materials. Additionally, Penicillium rubrum, Byssoclamys fulva, and
Aspergillus niger, from the same collection, were used for inoculation 20
years ago.

For DNA extraction, the strains were grown on malt-peptone agar at
27°C until vigorous growth was observed, prior to their harvest. The
strains utilised for the inoculation of paper samples were grown on MEA
(malt extract agar) for 7 days at 25°C. The spore suspensions were
obtained by gently scraping the surface of the 7-day-old cultures with a
swab, washing it with 30 mL of H,O containing 0.02% Tween 80 (Merck-
Schuchardt, Hohenbrunn, Germany) and filtering through a sterile cotton
cloth to remove impurities.

2.1.2. Artificial inoculation of paper material

Preparation and inoculation of paper materials was performed at the
ICPL. Three types of paper with different composition, depending on the
origin of the fibres and chemical treatments undergone during the
manufacturing process, were used in this study (Table 1). Whatman paper
is considered as a model because of its standard composition and
manufacturing and its high level of availability in laboratories all over the
world, although it is not used as writing material.

Paper strips of 2 x 6 cm of the three different paper types were exposed
to UV light for 45min on both sides to eliminate airborne fungal and
bacterial cells from the surface prior to inoculation. The spore density used
for inoculation of paper strips was defined for each fungal strain by optical
microscopy in a Thoma Chamber. A defined volume of each spore
suspension was diluted with Sabouraud Broth (DIFCO, Becton Dick-
inson, Heidelberg, Germany) in order to perform the inoculation with a
comparable number of spores. Paper samples with single-strain inocula
contained 3500spores/100 pL. Mixtures with different proportions of
spores were used to inoculate paper strips. The strips were inoculated with
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Table 1
Paper types with fungal infections

Paper type Composition pH Inoculation Natural alterations
Whatman ICHR paper for Pure cellulose 5.4 Single: Aspergillus hollandicus Recent 20 years ago
chromatography Cat. No.
3001 917
Aspergillus terreus
Eurotium chevalieri
Mixed: 1:1:1
3:1:1
3:3:1
20 y ago: Chaetomium globosum
Aspergillus niger
Penicillium rubrum
Byssoclamys fulva
“Freelife vellum” from 80% recycled fibres, 7.2 Single (as above) Recent
Fedrigoni Mills (Italy), long- 15% cellulose chlorine
life type (according to ISO free, 5% cotton fibres
CD 9706)
“Old mill” ivory from 100% cellulose fibres 6.9 Single (as above) Recent

Fedrigoni Mills (Italy),
uncoated long-life type

100 pL of broth with fungal spores distributed in 8 dots, and were
incubated for 10 days at 27 °C and 75% relative humidity (saturated NaCl
solution) each in S0 mL polystyrene vials. The incubation was performed
in a thermostatic cell, and a sensor was used to register the relative
humidity (Hygrolog-D Rotronic AY-Swiss).

2.2. DNA extraction from paper material

Two different methods were tested for the extraction of fungal DNA
from paper materials of different age and quality: (A) DNA was extracted
directly from paper by using the FastDNA Spin Kit for Soil (Qbiogene,
Illkirch, France). The protocol of the manufacturer was slightly modified.
About 10-20 mg (0.5-1 cm?) paper was placed in the Multimix2 tissue tube
with the appropriate buffer and then processed on a bead-beater twice for
I min, with 1 min intervals on ice. The PPS reagent and the binding matrix
solution were applied to the supernatant; the suspension was transferred
to the provided spin filter and centrifuged at 13,000rpm for 1min
following the instructions of the manufacturer. DNA was washed twice
with 500 uL of the SEWS-M solution and eluted from the binding matrix
with 100-150 uL DNase/Pyrogene Free Water. (B) DNA extraction was
done following the protocol previously described by Schabereiter-Gurtner
et al. (2001). Briefly, this method combines enzymatic (lysozyme and
proteinase K) and mechanical steps (freeze and thaw cycles) in the
presence of cetyltrimethylammonium bromide (CTAB).

DNA crude extracts were used directly for PCR amplification analysis
or were further purified prior to PCR amplification with the QIAamp
Viral RNA mini kit (Qiagen, Hilden, Germany) following the instructions
of the manufacturer. The final elution step was repeated three times with
80 uL of 80 °C preheated ddH,O (Sigma Aldrich, St. Louis, USA).

2.3. DNA extraction from pure fungal cultures

DNA was isolated from fresh mycelia taken from the surface of plate
cultures. The method is based on that of Jasalavich et al. (2000), using
CTAB in the presence of B-mercaptoethanol. The mycelia was further
processed mechanically with glass beads (0.1-2mm) in a bead-beater and
with two cycles of freeze-thawing (2min at 95°C, 2min at —20°C, 2min
at 95 °C), followed by organic extractions and isopropanol precipitation of
DNA. The DNA yield was visualised in a 1% agarose gel.

2.4. PCR amplification of extracted DNA

All PCR reactions were performed in a Robocycler (Stratagene, La
Jolla, USA) using PCR Master Mix (Promega, Mannheim, Germany).
Fragments of about 300 bp in size, corresponding to either the ITSI or
ITS2 region of the ribosomal-DNA ITS region, were first amplified with
the primer pairs ITS1 forward and ITS2 reverse, or ITS3 and ITS4,
according to White et al. (1990). Primer pair EF3RCN (Lord et al., 2002)
with the reverse primer I'TS4 (as above) was also tested. All reactions were
carried out in a 25-uL volume containing 12.5pmol of each primer and
1.5-2.5uL DNA as template, following the manufacturer’s instructions
for PCR Master Mix. The thermocycling program was as follows: 5min
denaturation at 94 °C, followed by 30 cycles of 1min denaturation at
94 °C, 1 min annealing at 60 °C, and 1 min extension at 72 °C. Five minutes
at 72 °C were used as a final extension step.

For DGGE analysis, a nested PCR was performed in a total volume of
100 uL (2 x 50 pL reaction size), each with 3.5ulL of PCR product from
the first amplification as template DNA. The same forward and reverse
primers were used, with a 37-base GC-clamp attached to either 5'-end of
the forward primer, to stabilise the melting behaviour of the DNA
fragments (Muyzer et al., 1993). The cycling scheme was as follows: 5 min
denaturation at 94°C, followed by 35 cycles of 1 min denaturation at
94 °C, 1 min annealing at 58 °C for ITSI-GC primer or 62 °C for ITS2-GC
primer, 1 min extension at 72 °C with a final extension step at 72 °C. PCR
products were analysed by electrophoresis in a 2% (w/v) agarose gel.

2.5. Denaturing gradient gel electrophoresis (DGGE)

For the genetic fingerprint of the amplified ITS regions, 50-100 pL of
PCR products containing the GC-clamp were precipitated with 96%
ethanol at —20 °C overnight, resuspended in 15 pL double-distilled H,O,
and separated by DGGE. Gel electrophoresis was performed as previously
described (Muyzer et al., 1993) in 0.5 x TAE (20 mM Tris, 10 mM acetate,
0.5mM Na,EDTA; pH 7.8) with 8% (w/v) acrylamide gels containing a
gradient of denaturants in a D-GENE-System (Bio-Rad, Munich,
Germany). The gradient of denaturants, as well as running conditions,
was optimised in this study and is given in the results section. After
completion of electrophoresis, gels were stained in an ethidium bromide
solution and documented with a UVP documentation system (Bio-Rad
Quantity-One, Munich, Germany).
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2.6. Preparation of a reference marker for DGGE analysis

A marker containing ITS1-GC or ITS2-GC PCR products, derived
with primers ITS1-GC/ITS2 and ITS3-GC/ITS4 from seven different
fungal strains, was designed to allow comparative analyses of DGGE
patterns from different gels, and as a quality control of the gel run. One
hundred pL PCR product from each species was pooled, precipitated in
96% ethanol at —20 °C, and then resuspended in 50 pL. ddH,O. Fifteen pL
were used as marker for DGGE analysis. The reference species used were:
A. alternata, C. globosum, C. cladosporioides, A. hollandicus, E. chevalieri,
A. terreus, and A. versicolor.

2.7. SEM microscopy

SEM pictures of paper material with and without fungal colonisation
were taken by a LEO 1450 VP from the Carl-Zeiss Electron Microscopy
Group (Jena, Germany).

3. Results

3.1. Optimisation of DNA extraction protocols from fungal-
infected paper samples and evaluation of their efficiency by
PCR amplification

From paper material, DNA was extracted following two
different protocols—the DNA extraction protocol de-
scribed by Schabereiter-Gurtner et al. (2001) and the
commercial kit FastDNA Spin Kit for Soil with modifica-
tions, as described in the materials and methods section. A
further purification step using the QIAamp Viral RNA
mini kit was carried out with the crude DNA extracts
obtained from both DNA extraction methods to compare
the PCR-amplifiability after a second purification step.

Both protocols (with and without the extra purification
step) were tested for all three different types of paper (see
Table 1). Each batch of paper samples consisted of several
inoculated paper strips containing different mixture pro-
portions of the selected fungal spores. In addition, each
batch of paper samples included an incubated, non-
inoculated paper as negative control.

DNA extraction efficiency was tested via fungal-specific
PCR amplification of the minimal content of fungal DNA
on the inoculated paper. The fungal specific primer pairs
EF3RCN/ITS4, ITS1/ITS2, and ITS3/ITS4 allowed DNA
of pure fungal strains to be amplified using these specific
primer sets, whereas bacterial DNA from different
phylogenetic groups, used as control for fungal specificity
of the primer sets, was not amplified. No amplification was
observed in any of the non-inoculated paper strip controls,
excluding contamination during extraction procedure, as
well as the amplification of plant material.

By using the DNA extraction protocol described by
Schabereiter-Gurtner et al. (2001), only paper C gave
amplifiable material without a further purification step.
PCR products from papers A and B could be obtained only
when this DNA extraction protocol was applied in
combination with the QIAamp Viral RNA mini kit (data
not shown). In contrast, the bead-beating homogenisation
of the FastDNA Spin Kit proved to be more efficient for

fungal DNA extraction from infected paper material. It
resulted in pure DNA for direct use in PCR analysis,
without the need for a second purification step, for all three
different kinds of paper materials tested, independently of
the primer set used. When this protocol was used in
combination with the QIAamp Viral RNA mini kit as a
second purification step, no differences in PCR amplifia-
bility were observed from the first eluent of purified and
non-purified DNA. A decrease in the intensity of PCR
products obtained from the consecutive second and third
eluents, according to their presumed DNA content, was
observed, as shown in Fig. 1. Consequently, the FastDNA
Spin Kit for Soil was selected for further experiments
without the need of an extra time-consuming purification
step. For DGGE analysis, a nested PCR with primers
containing a GC-clamp was carried out, as mentioned in
the materials and methods section. Some differences could
be observed, depending on the primer pair used. Primer
pair ITS1-GC/ITS2, amplifying the ITS1 region, produced
specific PCR products, whereas amplification using the
primer pair ITS3-GC/ITS4, for the ITS2 region, resulted in
unspecific PCR products, which could not be eliminated by
changing PCR conditions, such as number of cycles,
annealing temperature, or amount of template (data not
shown).

3.2. Optimisation of conditions for DGGE analysis

To establish the optimal DGGE running conditions for
the fungal DNA fragments, a “‘time travel” experiment was
arranged, in which the marker mixture of PCR products
derived from genomic DNA of seven different fungal
species, 1.e., 4. alternata, C. globosum, C. cladosporioides,
E. chevalieri, A. terreus, A. hollandicus, and A. versicolor,
was applied to a denaturing gradient gel containing a
gradient of 20-60% of denaturants and run with a voltage
of 200 V. The marker was loaded every 30 min over a total
time of 6.5h to get a variety of time points in one gel. The
optimal running time of the gel was determined as the time
necessary to achieve the migration of the seven DNA
fragments as independent single bands. As shown in Fig. 2,
the fragments could not be separated as single bands for
the first 60 min. After this time, they started to separate
from each other due to the denaturing conditions within
the gel; the molecules were partially melted and slowed
down. After ~7h the maximum resolution of the three
fragments was achieved for both ITS1 and ITS2 region
analysis. In parallel, a time travel experiment keeping a low
voltage of 100V for 14h was tested (data not shown).
Results showed a better resolution of bands as when using
200V and 7h; therefore we used these conditions for
further experiments.

For optimisation of the denaturing gradient, the
concentration of denaturants was varied in subsequent
experiments to obtain more accurate fungal fingerprints.
Gradients of 30-50% and 30-60% were set for DGGE
analysis of the ITS1 and ITS2 region, respectively.
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Fig. 1. PCR amplification of DNA extracted from infected papers by using the FastDNA Spin Kit for Soil with and without a further purification step
with the Qiagen Viral Kit. PCR was performed with the primer pair ITS1/ITS2. Lane 1: 1kb marker; lane 2: paper A not purified; lanes 3—5: purified paper
A eluents 1-3; lane 6: paper B not purified; lanes 7-9: purified paper B eluents 1-3; lane 10: paper C not purified; lanes 11-13: purified paper C eluents 1-3;

lane 14: PCR negative control.

30 120 240

390

(A)

30 120 240 390

(B)

Fig. 2. Time travel experiment for the ITS1 and ITS2 regions. Ethidium bromide-stained DGGE separation pattern of fungal specific PCR fragments
derived from the ITS1 (A) or the ITS2 (B) region. A mixture of PCR products obtained from Alternaria alternata, Chaetomium globosum, Cladosporum
cladosporioides, Eurotium chevalieri, Aspergillus terreus, Aspergillus hollandicus, and Aspergillus versicolor was applied every 30 min over a total of 6.5h.

Both gels were run at 200 V with a gradient of 20-60% urea and formamide.

3.3. Creation of a fungal DN A reference marker for DGGE
analysis

Seven different fungal strains (see Section 2.6) were selected
for the creation of a fungal DNA reference marker for DGGE
analysis. Three of them, namely A. terreus, A. hollandicus, and
E. chevalieri, were the strains used to inoculate the paper
strips. DNA extraction from pure fungal cultures was
performed using the CTAB method, as described in the
materials and methods section. PCR-amplifiable DNA could
be extracted from all seven fungal strains without further need
for purification or dilution (data not shown).

The extracted DNA was subsequently amplified with
primers ITS1-GC/ITS2 and ITS3-GC/ITS4 and the resulting
ITS-amplified fragments were used to create an internal
reference marker for DGGE analysis of the ITS1 and ITS2
region, respectively (Fig. 3). DGGE of PCR fragments
amplifying the ITS1 region resulted in reproducible clear
single bands for each fungal strain (Fig. 3A). In contrast,
DGGE analysis of PCR fragments amplifying the ITS2 region
led to multiple bands for single strains and, therefore, to an
overestimation of fungal strains (Fig. 3B). A discrimination

between A. hollandicus and E. chevalieri strains was not
possible in any case. Even by changing running conditions
and/or denaturing gradients, no differences in the melting
behaviour of these two fungal strains could be observed.

To correlate the consecutive order of the amplified fungal
ITS regions in our marker with their phylogenetic identity,
the marker and the DNA of the individual fungal strains were
run together in one gel (Fig. 3). DGGE revealed the
consecutive order of the fungal strains in our marker as
being: A. alternata, C. globosum, C. cladosporioides, A.
hollandicus, E. chevalieri, A. terreus, and A. versicolor for
the ITSI region DGGE marker, and A. alternata, A. terreus,
C. cladosporioides, A. hollandicus, E. chevalieri, C. globosum,
and A. versicolor for the ITS2 region marker. The creation of
this marker allowed the identification of the inoculated strains
in our samples, as well as the comparative analysis of DGGE
patterns obtained from different gels.

3.4. DGGE analysis of naturally altered paper samples

Once the molecular strategy for working with fungal
strains on paper materials was optimised, the next step was
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(A)

Fig. 3. Fungal DNA marker for DGGE analysis: (A) DNA amplified with primer pair ITS1-GC/ITS2. (B) DNA amplified with primer pair ITS3-GC/
ITS4. Gels were run for 14h at 100V in gels containing a denaturing gradient of 30-50% for the ITS1 region or 30-60% for the ITS2 region.
Nomenclature for both A and B. Lane 1: marker: mixture of all seven fungal strains; lane 2: Chaetomium globosum; lane 3: Aspergillus hollandicus; lane 4:
Cladosporum cladosporioides; lane 5: Eurotium chevalieri; lane 6: Alternata alternaria; lane 7: Aspergillus versicolor; lane 8: Aspergillus terreus.

5-G F-K
1 23 455234535

ITS2

5S-G F-K
1 2 3 45 2 3 4 5 1

Fig. 4. DGGE analysis of different naturally infected paper types: a comparison between two types of DNA extraction methods and amplified-ITS target
regions: (A) fingerprints of the amplified-ITS1 region on a gel with a denaturing gradient of 30-50% urea and formamide. (B) Fingerprints of the
amplified-ITS2 region on a gel with a denaturing gradient of 30-60%. Both gels were run over 14h with 100 V. Nomenclature counts for both. S-G
indicates the extraction of DNA according to Schabereiter-Gurtner et al. (2001) whereas F-K stands for the use of the FastDNA Spin Kit for Soil DNA
preparation. Lane 1: marker mixture; lane 2: paper A; lane 3: paper B; lane 4: paper C; lane 5: paper A naturally infected 20 years ago.

to test the established methodology for paper samples
naturally infected or artificially inoculated 20 years ago (see
Table 1). DNA extraction from infected paper samples was
performed by using the two protocols tested in this study,
as described in the materials and methods section.

To compare both methods, DNA extracts from all
samples were used to amplify both the ITS1 and ITS2
regions, shown to be all PCR-amplifiable using either the
ITS1 or ITS2 primer sets. Further DGGE analyses in
30-50% denaturing gels for ITS1-GC and 30-60%
denaturing gels for ITS2-GC were carried out as mentioned

above. Fig. 4 shows the DGGE fingerprints of paper
samples naturally infected with fungal strains. DGGE
profiles were different depending on the DNA extraction
method. Using the DNA extraction protocol developed by
Schabereiter-Gurtner et al. (2001), some dominant bands
were completely absent, indicating that this lysis method
was not suitable for fungal spores. In addition, as already
observed for the fungal DNA fragments contained in our
DGGE marker, only the fungal amplified ITS1 region
fragments led to reproducible single bands on the DGGE
fingerprints (Fig. 4A), whereas fingerprints obtained from
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fungal amplified ITS2 region fragments produced no clear
band patterns, with many weak bands (Fig. 4B). This let us
to conclude that further experiments to investigate complex
fungal communities on naturally infected paper samples
will be based on the combination of the FastDNA Spin Kit
for Soil DNA extraction protocol, followed by PCR
amplification of the ITS1 region and the subsequent
analysis of the resulting fragments by DGGE.

4. Discussion

Paper has been the main material for recording cultural
achievements all over the world, and its microbial
degradation is one of the most unappreciated and serious
reasons for damage to library and archival materials.
Fungal communities have been investigated with PCR-
DGGE in different ecological systems such as grass, wheat,
wood, soil (Smit et al., 1999; van Elsas et al., 2000; Vainio
and Hantula, 2000), and historical church window glass
(Schabereiter-Gurtner et al., 2001). Furthermore, the study
of fungal communities colonising objects of art made of
paper by using PCR amplification of the ITS of the nuclear
ribosomal RNA genes has been already described (Di
Bonaventura et al., 2003a, b). In this work, samples from
fungal spots on Tiffany’s drawings were removed and
DNA was isolated from these fungal spots. ITS regions
were amplified and the PCR products were cloned,
sequenced and compared to existing ITS sequences of a
large database of fungal species.

In this study, we focused on establishing a reliable and
fast molecular strategy to investigate complex fungal
communities on paper-based art objects. The major
challenge of this study was to recover DNA directly
extracted from paper materials suitable for PCR amplifica-
tion of fungal-specific sequences. We compared two
different DNA extraction protocols routinely used in our
laboratory for direct DNA extraction from art objects, i.e.,
wall paintings, stone-works and glass, as well as from soil
samples. The modified DNA extraction protocol described
in the materials and methods section, based on the
commercial FastDNA Spin Kit for soil, has the advantage
that it is at least five times faster than previous methods
described for DNA extraction from soil samples. The
protocol includes an extra purification step for removing
PCR inhibitors, which results in very pure, colourless
DNA, suitable for cloning and PCR amplification. The
protocol used for DNA extraction of art samples described
by Schabereiter-Gurtner et al. (2001) has been developed
on the basis of an existing protocol from Zhou et al. (1996).
This modified extraction protocol, in combination with a
method to purify the DNA, allowed successful DNA
extraction from small sample amounts. In most extraction
protocols, the DNA used for further DGGE analysis is re-
covered by phenol-chloroform extraction and precipitation
by alcohol. These two steps raise the risk of contamination
during the extraction procedure and impede extraction of
DNA from tiny sample amounts. This problem could be

minimised by passing the cell lysate through silica-gel
membranes. We chose the QIAamp Viral RNA Mini Kit
(Qiagen) because, according to the manufacturer, it
removes PCR inhibitors. Furthermore, it contained carrier
RNA, which facilitates the recovery of small amounts of
DNA. From each sample, three DNA eluents were tested
for PCR-amplifiable DNA using primers targeting the
ITS1 and ITS2 regions.

Our results showed that, for pure fungal strains existing
predominantly as mycelia, a combination of enzymatic and
mechanical steps for DNA extraction, as performed in the
protocol described by Schabereiter-Gurtner et al. (2001), is
a useful tool. However, for paper materials containing
myecelia as well as spores, it proved to be ineffective in spore
lysis. As already observed by Saad et al. (2004) for the
analysis of fungal communities in biofilms on paint
coatings, DNA yield and quality varies greatly depending
on the complexity of the microbial community and the
DNA extraction protocols employed, particularly when
dealing with fungal spores instead of mycelia. Spore
characteristics may affect the procedure of cell wall
disruption, which then directly affects the final quality of
DNA released (Vainio and Hantula, 2000). In contrast, the
optimised commercial FastDNA Spin Kit for Soil protocol
showed the best results for the DNA extraction from fungal
strains, even those containing thick cell walls, as well as
from spores (Kuske et al., 1998; Hughes et al., 2001).
Furthermore, this method had the advantage of being less
time-consuming and needing no extra purification step,
resulting in a convenient method to extract fungal DNA
from communities colonising paper material. Also, a small
amount of sample (about 5-10 mg) produced an amplifiable
amount of DNA, which fulfils the requirement that objects
of cultural heritage not be further destroyed.

For PCR analysis, the purity of the extracted DNA was
the main factor. Cellulose from native wood, used for
paper production from the beginning of the 19th century,
exhibits a lower degree of polymerisation (up to 10,000),
while the one from native cotton can reach up to 15,000. In
addition to cellulose fibres, paper can contain hemicellulose
(wood polyoses), lignin, and additives such as fillers,
pigments, and metal ions (Fellers et al., 1991). All these
components can act as inhibitors of PCR reactions, and
therefore their efficient removal contributes to optimal
results in DNA extraction from paper materials, as well as
for the PCR amplification of the extracted DNA. Our
results showed that, depending on the DNA extraction
method used, a further purification step could be needed
(as per the protocol described by Schabereiter-Gurtner et
al. (2001)) or not (as per the FastDNA Spin Kit for Soil) to
obtain reproducible PCR products from the crude DNA
extracts. Furthermore, it was possible to observe differ-
ences in the amplification of the extracted DNA depending
on the paper type. The three paper types tested in this study
were of different qualities, depending on their composition,
coating, and pH value. Our results showed that fungal
DNA extraction was more effective from paper type C
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(““Old mill” ivory from Fedrigoni Mills, Italy), an uncoated
long-life type made of 100% cellulose fibres, than from
paper type A (Whatman paper), or type B (Freelife
vellum), which is also a long-life type but made of 80%
recycled fibres, 15% cellulose chlorine free and 5% cotton
fibres and of a more alkaline surface pH. It can be
concluded that paper made from cellulose only leads to the
best results in PCR amplifiable DNA due to its greater
purity.

DGGE analysis carried out with amplified DNA
extracted from pure fungal strains cultures, as well as from
artificial and natural infected paper samples, revealed
differences when targeting either the ITS1 or ITS2 region
between the rRNA coding regions. When using the ITS2
region, multiple bands were visualised in the fingerprints
derived from single fungal strains. This fact can lead to an
overestimation of bands when working with unknown
natural complex microbial communities. In contrast, the
fingerprints obtained from the amplification of the ITS1
region showed unique bands for pure fungal strains
displaying a one-fungi—one-band pattern in DGGE. There-
fore, the amplification of this region was chosen for further
DGGE analysis. Sequence variation within the ITS1 region
is reported to be higher than in ITS2 for fungi such as
Aspergillus and Penicillium (Gaskell et al., 1997).

Analysis of naturally infected paper samples corrobo-
rated the results obtained with paper samples artificially
infected with pure fungal strains. Once more, the choice of
DNA extraction had an influence on the resulting fungal
community composition, as measured by DGGE analysis.
Not only was the presence/absence of DNA bands affected,
but their relative abundance in the total fingerprints was
affected as well; this was also found by de Lipthay et al.
(2004), Kozdroj and van Elsas, 2000, and Westergaard
et al. (2001) for soil communities.

The molecular strategy described here also proved
successful for the analysis of a 20-year-old paper. After
this time, it is not expected to have any more viable
material. This fact is also important because it allows the
detection not only of viable fungi, but also of formerly
active fungi, which could hence be responsible for the
biodeterioration, as in the case of foxing spots. Florian and
Manning (2000) proved that irregular fox spots in a 145-
year-old book were caused by no longer viable fungal
species, especially E. amstelodami, found randomly dis-
tributed on a page and throughout the book, and Eurotium
rubrum and Eurotium repens in combination with ink,
suggesting that irregular fox spots are an inherent feature
of the book paper of the 19th century. Kirkpatrick et al.
(1989) showed that modern paper can contain up to 10%
of fungal hyphae because lignin digesting fungi are used in
paper pulp for biological bleaching.

In conclusion, the bead-beating homogenisation of
samples showed best results in fungal DNA extraction
from paper materials of different compositions and ages. It
rendered a pure DNA able to be directly amplified without
the need for any extra purification step. By using this DNA

extraction protocol, we expect to obtain the highest
diversity of fungal sequences to be recovered from natural
samples, as reported for bacteria (de Lipthay et al., 2004).
However, the problem still remains that no single method
of cell lysis is appropriate for all fungi potentially
colonising paper-made art objects, and, therefore, the need
for further modifications cannot be ruled out. The PCR
amplification of the ITS1 region, followed by fingerprinting
discrimination of fungal sequences in DGGE analysis is a
reproducible and powerful technique for the visualisation
not only of viable fungi, but also of formerly active fungi,
which could have had an important role in paper
biodeterioration processes. If the detection of only viable
microorganisms is desirable, this could be overcome by
using RNA assays. The molecular strategy presented here
could be combined with the construction of clone libraries
and sequencing of resulting clones to obtain a detailed
phylogenetic identification of the individual members of
the fungal communities present on paper.
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