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Evaluation of a Parchment Document, the 13th Century Incorporation
Charter for the City of Krakow, Poland, for Microbial Hazards
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The literature of environmental microbiology broadly discusses issues associated with microbial hazards in archives, but these
publications are mainly devoted to paper documents. There are few articles on historical parchment documents, which used to
be very important for the development of literature and the art of writing. These studies present a broad spectrum of methods
for the assessment of biodeterioration hazards of the parchment document in question. They are based on both conventional
microbiological methods and advanced techniques of molecular biology. Here, a qualitative analysis was conducted, based on
genetic identification of bacteria and fungi present on the document as well as denaturing gradient gel electrophoresis profiling
and examining the destructive potential of isolated microbes. Moreover, the study involved a quantitative and qualitative micro-
biological assessment of the indoor air in the room where the parchment was kept. The microbes with the highest destructive
potential that were isolated from the investigated item were Bacillus cereus and Acinetobacter lwoffii bacteria and Penicillium
chrysogenum, Chaetomium globosum, and Trichoderma longibrachiatum fungi. The presence of the B. cereus strain was particu-
larly interesting since, under appropriate conditions, it leads to complete parchment degradation within several days.

he incorporation charter for the city of Krakow, issued on 5

June 1257, is one of the oldest and most valuable documents
stored in the National Archives in Krakow, Poland. It is also one of
the oldest incorporation charters in the collections of the Polish
national archives. It was a legal document that incorporated Kra-
kow under the Magdeburg rights. It granted the city the character
of a municipality with its self-government and judicial privileges.
As a historical document, it is a monument of developing admin-
istration, diplomacy, and the culture of that time. The incorpora-
tion charter was written in Latin on a thick parchment, the size of
which makes it one of the greatest ducal documents. The lapse of
time, however, has left traces on the document. One can notice
numerous cracks, breaks, and parchment defects. However,
thanks to conservation and the appropriate conditions under
which it has been stored, the document has been preserved in a
good condition to the present day (1, 2). It is currently stored in
the headquarters of the National Archives in Krakow in a specially
designed packaging made of acid-free paper. In 2014, the incor-
poration charter for the city of Krakow was placed in the National
Register of the Memory of the World UNESCO program, the
main goal of which is undertaking actions aimed at saving, exhib-
iting, and preserving world heritage documents for contemporary
and future generations.

The problem of microbial hazards of archival items is broadly
addressed in the literature (3—-7). Collections of written docu-
ments are a particular type of cultural heritage object, since they
are carriers of broadly understood historical and cultural knowl-
edge. Documents and other archives are usually made of organic
materials, such as paper, parchment, and leather. Parchment, be-
ing the first material to carry writing, has played a crucial role in
the development of culture and diplomacy. Historical parchment
documents are rich sources of information, not only for history
and culture but also for technology. Parchment was made of var-
ious types of hide, usually of goat, calf, or sheep. During its pro-
duction, chemical agents exposed the dermis, which consisted
mainly of type I collagen. Moreover, the surface layer of collagen
was degraded, which led to the formation of gelatin, a polypeptide
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with a composition similar to that of collagen. As a result of these
technological processes, the parchment product consisted of the
inner collagen layer, with its typical fiber arrangement, and exter-
nal gelatin layers (8-10). As with other materials that carry writ-
ing, such as paper and leather, parchment is subject to the process
of biodeterioration (3, 5, 11-13). This process consists of the mi-
crobial enzymatic degradation of the organic components of these
materials, which in the case of parchment is mainly collagen and
in the case of paper is mainly cellulose (13, 14). Under favorable
conditions, microbes capable of biodeterioration can settle onto
historical objects and into environments in which they are col-
lected and stored (15). If they grow actively, they can cause
changes on the surface of documents, such as discolorations or
stains, and can weaken the structure of the material and increase
its brittleness until complete destruction occurs (3, 16-19). In
discussions of the microbial hazards of cultural heritage objects,
filamentous fungi and actinobacteria are the most important mi-
crobes, since, in comparison with bacteria, they are capable of
growing actively in environments with lower temperature and rel-
ative humidity. Fungi that are most commonly isolated from ar-
chival and museum environments (both from the air and from
the objects) include strains of the Alternaria, Aspergillus, Cla-
dosporium, Chaetomium, Penicillium, Phoma, Stachybotrys, and
Trichoderma genera (20). Microbial activity in an environment
depends not only on species-related properties but also on exter-
nal factors, such as temperature, humidity, pH or light exposure
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(21-23), ventilation pollutants (such as ozone and volatile organic
compounds), and particulate matter (e.g., PM2.5 and PM10) (24).
Recently, conservators, archivists, and museologists have empha-
sized the need for prevention and appropriate protection of his-
torical objects rather than for renovation or reconstruction (13).
The basis for the implementation of appropriate remedial mea-
sures is detailed research aiming at the identification of a potential
microbial hazard. That is why, apart from conventional microbi-
ological methods, researchers also apply advanced techniques of
molecular biology. This is dictated by certain limitations of tradi-
tional research methods, such as limited possibilities offered by
microbial culture-based techniques, their accuracy in identifying
microorganisms, and the long time needed to conduct such stud-
ies (4, 25, 26).

The aim of this study was to determine the microbial hazards
concerning one of the most important parchment documents
stored in the National Archives in Krakow by examining micro-
bial contamination on the parchment, determining the destruc-
tive activity of microbial isolates, and analyzing environmental
conditions. Since the incorporation charter for the city of Krakow
is a unique document, conventional methods were supplemented
with advanced techniques of molecular biology in order to obtain
more detailed information about the microbiological condition of
the parchment in question. The microbiological analysis of the
incorporation charter for the city of Krakow presented in this
study was carried out in connection with ongoing comprehensive
research of the document, including historical, conservation, and
technological aspects, for better protection of such a unique doc-
ument.

MATERIALS AND METHODS

The investigation involved a parchment document from the 13th centu-
ry—the incorporation charter for the city of Krakow (Fig. 1). The parch-
ment was tanned on both sides and has been partially glued with patches
of parchment and paper during conservation. The size of the document is
505 mm high by 470 mm wide, with a pleat 74 mm high. It has certain
defects on its upper half and left side. The parchment is creased and
cracked vertically and horizontally through the center of the document. It
was initially stored in a locked metal box. Subsequently, it was kept in a
wooden and glass cabinet. Currently, it is stored in specially prepared
packaging of acid-free paper in the storeroom of the National Archives in
Krakow. The storeroom is situated on the first floor of a historical tene-
ment, which has housed the National Archives since 1887. The room
stores various collections, including paper documents (manuscripts,
notes, old prints), parchments, leather bindings, and wax seals. Sampling
for microbiological tests was conducted twice within a 3-month period in
the autumn and winter.

Temperature and relative humidity monitoring. The indoor climate
of the storeroom where the incorporation charter for the city of Krakow is
kept is constantly monitored, and temperature and relative humidity
readings are taken twice daily (at 8 a.m. and 3 p.m.; Thermohygrometer
MAX-MIN, Viking AB, Sweden). The analysis of the temperature and
relative humidity changes was conducted from 8 October 2014 to 8 Oc-
tober 2015.

Microbiological analysis. Samples for microbiological tests were col-
lected with sterile swabs and FungiTape (ThermoFisher, USA). In the
laboratory, the material was cultured on culture media for fungi (malt
extract agar [MEA] and Sabouraud glucose agar [SGA]) and bacteria
(Trypticase soy agar [TSA]). Moreover, the material was also obtained via
spontaneous contamination of sterile parchment and paper samples
placed on the document for the period of 3 months. Following contami-
nation, these samples were incubated on SGA, MEA, and TSA media as
well as on Weary & Canby medium without sucrose in order to isolate
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microbes with proteolytic properties. Because the document was glued
with fragments of paper during conservation, microbes with cellulolytic
properties were isolated with the use of Czapek Dox agar without sucrose.
The media were incubated at a temperature of 28°C = 2°C for 4 weeks and
observed periodically. Microorganisms were then isolated until pure cul-
tures were obtained and identified.

Molecular identification of fungi and bacteria. Fungal DNA was iso-
lated with the use of a commercial NucleoSpin plant II kit (Macherey-
Nagel GmbH & Co. KG, Germany). Fungal growth was collected with a
sterile scalpel from a 5- to 6-day culture conducted on the MEA medium
and homogenized using a Minilys homogenizer (Bertin Technologies,
France). The subsequent stages of isolation were conducted in accordance
with the manufacturer’s protocol. Bacterial DNA was extracted from 48-h
cultures on broth agar using a bacterial and yeast genomic DNA purifica-
tion kit (Eurx, Warsaw, Poland) in accordance with the enclosed protocol.
Microbial identification was conducted on the basis of a sequence analysis
of a fragment of the 16S rRNA gene in bacteria and the internal tran-
scribed spacer (ITS) in fungi. PCR was conducted using 25 pl of a reaction
mixture consisting of 1.5 wl of DNA matrix, 0.4 pmol of each primer
(Table 1) (Genomed, Warsaw, Poland), 200 pl/liter of each deoxynucleo-
side triphosphate (ANTP; Sigma-Aldrich, St. Louis, MO, USA), 2 U of Taq
DNA polymerase (Invitrogen, Thermo Fisher Scientific), 1X polymerase
buffer, and 1.5 mmol of MgCl,. The PCR conditions depended on the pair
of starters used. For primers U968 and L1401, the reaction program was as
follows: initial denaturation at 95°C for 5 min, 34 cycles of denaturation at
95°C for 305, annealing at 58°C for 1 min, and extension for 1 min at 72°C,
as well as a final extension at 72°C for 10 min. In the case of fungal iden-
tification, ITS1 and ITS4 primers were used (Table 1). The amplification
was conducted according to the following program: initial denaturation at
95°C for 5 min, 34 cycles of denaturation at 94°C for 50 s, annealing at
56°C for 50 s, and extension for 50 s at 72°C, as well as a final extension at
72°C for 10 min.

The PCR products obtained were separated by electrophoresis in an
agarose gel with a concentration of 1.8% and visualized under UV light
using a SimplySafe dye (Eurx, Poland).

The products obtained were purified and sequenced (Genomed, War-
saw, Poland). Based on the nucleotide sequence obtained, species identi-
fication was conducted using the NCBI database and the Basic Local
Alignment Search Tool (BLAST) for DNA sequence analysis (http://blast
.ncbi.nlm.nih.gov/Blast.cgi).

Fungal diversity analysis. The diversity analysis of fungi found on the
surface of the incorporation chapter was conducted with the use of PCR-
denaturing gradient gel electrophoresis (PCR-DGGE). This method ob-
tains the genotypic structure of a biocenosis based on the analysis of dif-
ferences in selected genomic sequences. The nested-PCR technique,
which consists of two PCRs, was applied for the amplification of the fungal
ITS1 region. In the first PCR, ITS1F and ITS4 primers were used, and the
amplicons obtained were used as a matrix for the second PCR, which was
conducted with the use of ITS1IF-GC (ITSIF with a GC tail) and ITS4
primers (Table 1). Both the composition of the mix and the reaction
conditions were compliant with the procedure designed in previous re-
search (31).

The obtained PCR products underwent electrophoresis in a concen-
tration gradient in a DCode universal mutation detection system (Bio-
Rad, Hercules, CA, USA). The amplicons with a GC tail were separated in
8% polyacrylamide gel (acrylamide-to-bisacrylamide ratio, 39.5:1) con-
taining 30% to 60% of the denaturation factor (urea). Following electro-
phoresis, the gel was dyed in SYBR green (1:10,000, Invitrogen). The band
pattern (fingerprint) obtained was visualized under UV light and photo-
graphed. The densitometric analysis, attesting to the concentration of the
products obtained, was conducted using Image J (National Institutes of
Health, USA). The Shannon biodiversity index was calculated. It expresses
the diversity of microbial genotypes in an investigated environment,
which in this study was the surface of the document (32).
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FIG 1 The incorporation charter, front and back, for the city of Krakow. The image was made available by the National Archives in Krakow.

Identification of prevailing genotypes based on a DGGE profile.
Based on the DGGE profile obtained, assays of the prevailing taxons pres-
ent on the object were conducted. The selected DGGE fingerprint bands
were excised with a sterile scalpel. Subsequently, they were suspended and
vortexed in water for molecular biology analysis (Sigma-Aldrich). The
repeated reamplification of the excised products was conducted under the
same conditions as the first amplification. The entire volume of the PCR
product was placed on the gel, and electrophoresis was conducted. The
band obtained was excised with a sterile scalpel again, and the genetic material
was extracted and purified with the use of the commercial GelElute kit (Sig-
ma-Aldrich). The product obtained underwent sequencing.
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Bioluminescence analysis. The bioluminescence test consists of the
measurement of a bioluminescence level. Its formation results from the
ATP released by biological matter, including microbes. Samples for inves-
tigation were collected with wet swabs from two sites on the surface of the
parchment, limited within a template of 25 cm?. Subsequently, they were
measured in a Hy-Lite2 system (Merck, Darmstadt, Germany), and the
result was expressed in relative light units (RLU).

Verification of the biodeterioration potential of isolates. In order to
evaluate the biodeterioration potential of microorganisms isolated from
the surface of the document, it was analyzed how capable these microbes
were to enzymatically degrade parchment based on verification of their
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TABLE 1 Primers used for microbial identification in molecular tests

Microbial Hazard of Parchment Documents

Primer Sequence Region Reference(s)
Fungal primers
ITS1F 5"-CTTGGTCATTTAGAGGAAGTAA-3' ITS1 27
ITS1F-GC 5'-CGCCCGCCGGCGGCGGCGGGCGGGGCGGGGGCA- ITS1 27
CGGGGGGCTTGGTCATTTAGAGGAAGTAA-3'
ITS1 5'-TCCGTAGGTGAACCTGCGG-3' ITS1 28,29
1TS2 5'-GCTGCGTTCTTCATCGATGC-3’ ITS1 28
1TS4 5'- TCCTCCGCTTATTGATATGC-3’ ITS1 28,29
Bacterial primers
U968 5'-AACGCGAAGAACCTTAC-3' 16S rRNA gene 30
L1401 5'-CGGTGTGTACAAGACCC-3' 16S rRNA gene 30

abilities to overgrow on parchment. Pure microbial cultures were used to
prepare suspensions which were placed onto sterile parchment samples
with a surface area of 4 cm?. Prior to this, the parchment samples were
sterilized by incubation in 3% H,O, for 1 h at room temperature. Next,
they were rinsed in sterile water for 5 min in accordance with the proce-
dure proposed by Strzelczyk and Karbowska-Berent (33). The inoculated
parchment samples, placed on a mineral medium (Weary & Canby), were
incubated at 28°C = 2°C for 30 days and observed periodically. Bacterial
and fungal growth was observed both macroscopically and microscopi-
cally (stereomicroscope, scanning electron microscope [SEM]). The pro-
teolytic properties of microbial strains were verified in a gelatin test.

SEM. Parchment samples with visible microbial growth were fixed in
3% glutaraldehyde (CAS no. 111-30-8) in 0.2 M cacodylic buffer for 24 h
at 4°C. Subsequently, they were dehydrated in ethanol in a range of con-
centrations (10%, 25%, 50%, 75%, 90%, 96%) for 20 min in each con-
centration and in 100% ethanol four times for 30 min (33). These samples
were then gold sputtered and analyzed under a microscope (model S-4700
field emission SEM; Hitachi, Tokyo, Japan).

Microbiological analysis of air. In order to get to know the environ-
ment in which the investigated object was stored, a simplified qualitative

and quantitative analysis of microbes present in the indoor air of the
archival storeroom was conducted. To do this, air was collected with a
MAS-100 Eco sampler (Merck) with an airflow rate of 100 liters/min for 1
min. In order to specify the count of bacteria in the air, TSA was used. For
fungi, three types of media were used: MEA, SGA, and dichloran glycerol
agar (DG18). The samples were incubated at 28°C = 2°C for 72 h for
bacteria and for 14 days for fungi, with periodical observations and isola-
tions of dominant strains. The prevailing microbial strains were identified
genetically according to the procedure described above.

RESULTS

The physical parameters of the indoor climate are very important
from a microbiological hazard point of view, since uncontrolled
significant changes can lead to rapid microbial development. The
highest temperature was noted in the summer (27°C), and the
lowest was noted in the winter (11.5°C) (Fig. 2). The measure-
ments showed relatively large temperature fluctuations (annual
amplitude, 15.5°C) depending on the outdoor temperature. The
relative humidity parameter seemed to be more stable. The high-
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FIG 2 Changes of the indoor climate parameters (temperature and relative humidity) in the National Archives in Krakow, where the incorporation charter is

stored.
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TABLE 2 Identification of bacterial isolates

Bacterial isolate

Accession no. (% similarity)

Acinetobacter lwoffii
Bacillus sp.

Bacillus cereus

Bacillus licheniformis
Bacillus megaterium
Bacillus pseudomycoides
Bacillus subtilis

Kocuria kristinae
Massilia sp.
Micrococcus luteus

Micrococcus yunnanensis
Pseudomonas psychrotolerans
Pseudomonas stutzeri
Paenibacillus amylolyticus
Paenibacillus fonticola
Paenibacillus sp.
Paenibacillus xylanilyticus
Staphylococcus warneri
Staphylococcus epidermidis
Staphylococcus capitis
Staphylococcus hominis

KP282795.1 (99)
JQ359106.1 (99)
EU111736.1 (100)
FJ976557.1 (99)
KJ126921.1 (99)
KR063200.1 (99)
KP010381.1 (99) (4 isolates)
KF322132.1 (99)
KJ999603.1 (99)
KP261839.1 (98) and KM874397.1 (99)
(2 isolates)
KP893295.1 (99)
LC040947.1 (99)
JN613328.1 (99)
LK391509.1 (98)
JN638424.1 (99)
EF156930.1 (100) (2 isolates)
JX035945.1 (99)
KR059861.1 (99)
KP282762.1 (99)
JF302671.1 (99)
JQ734768.1 (99) (2 isolates)

est value of 67% was noted in the autumn, and the lowest (33%)
was noted in the winter. The difference in relative humidity was
probably caused by the usage of heaters during the winter (Fig. 2).

Molecular identification of microorganisms. Double sam-
pling and the application of various sampling techniques as well as
appropriate selection of culture media enabled 27 bacterial and 15
fungal isolates to be obtained from the surface of the document.
The results of bacterial identification, conducted on the basis of
the analysis of the conserved 16S rRNA gene region sequence, are
presented in Table 2. The prevailing bacterial species included
those of the Bacillus genus (n = 9 isolates; Bacillus cereus, Bacillus
licheniformis, Bacillus megaterium, Bacillus pseudomycoides, Bacil-
lus subtilis), the Paenibacillus genus (n = 5isolates), and the Staph-
ylococcus genus (n = 5 isolates). The air relative humidity in the
storage room, examined for the period of conducting research, did
not exceed 67%; according to the literature, the value of this pa-
rameter is not sufficient to enable active bacterial growth, but
bacteria can stay in an inactive form. The identification of fungal
species was made on the basis of the noncoding ITS region se-
quence (Table 3). Of fungal microflora, the predominant species
belonged to the Penicillium genus (Penicillium chrysogenum, n = 6

TABLE 3 Identification of fungal isolates

Fungal isolate Accession no. (% similarity)

JN624884.1 (100)

HM776412.1 (99)

LN714526.1 (99)

HG530327.1 (99) and GU138648.1 (99)

AF444449.1 (100)

KF999008.1 (99) (2 isolates),
JF731255.1 (99) (3 isolates), and
JX139710.1 (100) (1 isolate)

AY373909.1 (99)

KP281710.1 (99) and KP281708.1 (99)

Alternaria tenuissima
Aspergillus fumigatus
Bjerkandera adusta
Chaetomium globosum
Cryptococcus sp.
Penicillium chrysogenum

Penicillium decumbens
Trichoderma longibrachiatum
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FIG 3 DGGE fingerprint showing fungal community structure on the surface
of the document. The DGGE profile is shown in two repetitions, lanes 1 and 2.
Arrows indicate the dominant genotypes.

isolates; Penicillium decumbens, n = 1 isolate). Isolated and as-
sayed microorganisms, both fungi and bacteria, make up the mi-
croflora that is typical of archives (3-5, 18, 20, 22).

Biodiversity analysis of fungi on the surface of the document.
Since fungi play the major role in the process of biodeterioration
of cultural heritage objects, mainly because of lower requirements
concerning temperature and relative humidity and due to their
destructive potential, an additional genetic analysis of fungal bio-
diversity was conducted. The PCR-DGGE method, which enables
the creation of a genetic profile for the investigated environment,
was used for this purpose. The advantage of this method is the
ability to obtain information about the genotypic diversity of mi-
crobes present on the object without the need to conduct micro-
bial cultures. The fact that the culture stage can be omitted is of
crucial significance, since only a slight percentage of microbes can
be cultured in laboratory settings. Based on the analysis, the bio-
diversity level was determined to be 2.12 according to the Shan-
non index. Moreover, 5 dominant genotypes were found on the
surface of the document (Fig. 3).

The bands for dominant genotypes were excised from the
DGGE profile and sequenced following reamplification and puri-
fication. The identification of dominating genotypes revealed the
presence of previously identified fungal strains of the Aspergillus
fumigatus species (HM776412.1; 98%) and Penicillium chrysoge-
num species (KF999008.1; 99%). However, it also enabled the
identification of previously undetected species of Cladosporium
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(KF293973.1, 98% similarity) and Aspergillus (JQ388268, 99%
similarity). The DGGE profile also enabled determination of a
nonculturable strain of the Alternaria genus (HQ845239.1, 99%
similarity).

Bioluminescence analysis. The bioluminescence analysis of
the tested parchment and of the inner surface of the packaging in
which the document is kept measured 450 RLU for the document
and 56 RLU for its packaging in the first sampling and 440 RLU
and 48 RLU, respectively, for the second sampling. The biolumi-
nescence level was stable both on the parchment and on its pack-
aging, and it was 10 times greater on the document than on the
packaging.

Verification of the biodeterioration potential. The proteo-
lytic properties of isolated and assayed microbes were verified in a
gelatin test, the results of which are presented in Table 4 for bac-
terial isolates and in Table 5 for fungal isolates. Of 27 bacterial
isolates tested, 60% of strains demonstrated the ability to degrade
gelatin. For fungi, the test was positive in 80% of the strains exam-
ined. Considering the fact that gelatin is made of the same protein
sequence as collagen, and that the only difference lies in the lack of
the fibrillar structure, the ability of microbes to liquidate gelatin
becomes a significant parameter. For the purpose of further veri-
fication of the microbial potential to degrade the protein material,
the ability of microbes to grow on contemporary parchment was
tested.

The highest growth potential among bacteria was noted in spe-
cies of the Bacillus genus, particularly in 2 isolates (B. subtilis, B.
cereus), in Acinetobacter lwoffii, and in one species of the Paeniba-
cillus genus. The B. cereus isolate was characterized by particularly
intensive development. Its biodeterioration activity was so high
that, after only 7 days, the parchment showed numerous bright
areas attesting to its defects (Fig. 4c and d). Moreover, the consis-
tency of the parchment changed as well. It turned into a gluey
substance, which prevented its fixation for an SEM analysis. The
investigated bacterial strains of the Acinetobacter Iwoffii, Bacillus
subtilis, and Paenibacillus isolates also demonstrated high destruc-
tive potential, the evidence of which was material defects caused
by bacterial growth (Fig. 4e through j). In the case of these mi-
crobes, however, the degradation process was considerably
slower, and it started at the edges of the material. The SEM analysis
of the surface of the parchment samples enabled the nature of the
bacterial activity and the changes caused by the bacteria to be
investigated in greater detail. Fig. 5 shows unaltered parchment
surface (Fig. 5a) and the change of structure under the influence of
Acinetobacter Iwoffii, the intensive growth of the isolate, and the
uncovering and degrading collagen fibers (Fig. 5b through d), as
well as the slower biodeterioration caused by the B. subtilis species
(Fig. 5e to f). For molds, as many as 10 of 15 investigated isolates
demonstrated the ability to grow actively on parchment. Certain
strains rapidly colonized parchment. Their growth could be ob-
served as soon as after 14 days of incubation. In the case of Asper-
gillus fumigatus, the growth was observed from the 7th day of
culture. The strains of Penicillium decumbens, Trichoderma longi-
brachiatum (1 isolate), and Penicillium chrysogenum (1 isolate)
needed 3 weeks to colonize the material. The most intensive
growth was observed for strains of the following species: P. chryso-
genum, T. longibrachiatum, A. fumigatus, and Chaetomium globo-
sum (Fig. 6). The surface and structural changes caused by fungi
progressed much more slowly than those caused by bacteria. Fig-
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TABLE 4 Bacterial growth on parchment and gelatin test results

Growth” on parchment at day:

Bacterial isolate 7 14 21 30 Gelatin test

Acinetobacter lwoffii ++ ++ +

Bacillus sp. - - - - +

Bacillus cereus ++ ++ +

Bacillus licheniformis - —

Bacillus megaterium - - - - +

Bacillus - - - - +
pseudomycoides

Bacillus subtilis
Isolate 1
Isolate 2
Isolate 3 +
Isolate 4 + + +

+/- o+ + ++
+/- o+ + +

++
++

+ o+ + o+

Kocuria kristinae - - = - -
Massilia sp. - - - - -

Micrococcus luteus
KP261839.1 (98%)  — - - - +
KM874397.1
(99%)
Isolate 1 — - - - —
Isolate 2 - - - - -

Micrococcus - — — — —
yunnanensis

Pseudomonas - - - — +
psychrotolerans

Pseudomonas stutzeri - - — _ _

Paenibacillus +/= + + + +
amylolyticus

Paenibacillus fonticola

Paenibacillus sp.
Isolate 1 - - - — +
Isolate 2 - + +

Paenibacillus - - — — _
xylanilyticus

Staphylococcus - — - — -
warneri

Staphylococcus -
epidermidis

Staphylococcus capitis - - - - -

+/- o+ + +

Staphylococcus
hominis
Isolate 1 - - - - +
Isolate 2 - - - - -

@ —, no growth; +/—, growth only on the sample edges; +, growth on the surface; ++,
intensive growth with sample structural changes.

ure 5g and h are SEM images of the growth of P. chrysogenum and
C. globosum, respectively.

Microbiological analysis of air. The quantitative analysis of
microorganisms in the indoor air of the National Archives in Kra-
kow revealed the presence of bacteria at the level of 405 CFU/m”>
and of fungi at the level of 43 CFU/m’. The dominating fungi were
those of the Penicillium, Cladosporium, and Trichoderma genera,
and the prevailing bacteria belonged to the Micrococcus and Paeni-
bacillus genera (Fig. 7).
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TABLE 5 Fungal growth on parchment and gelatin test results

Growth” on parchment
at day:
Fungal strain 7 14 21 30 Gelatin test
Alternaria tenuissima - - - - -
Aspergillus fumigatus + + + + +
Bjerkandera adusta - - - - -
Chaetomium globosum - + + + +
HG530327.1 (99%)
Chaetomium globosum - - - — -
GU138648.1 (99%)
Cryptococcus sp. - - + + +
Penicillium chrysogenum
KF999008.1 (99%)
Isolate 1 - - + + +
Isolate 2 - + + + +
Penicillium chrysogenum
JE731255.1 (99%)
Isolate 1 - - - + +
Isolate 2 - - - - +
Isolate 3 - - + + +
Penicillum chrysogenum - - - - +
JX139710.1 (100%)
Penicillium decumbens - - - + +
Trichoderma longibrachiatum - - - + +
KP281710.1 (99%)
Trichoderma longibrachiatum - + + + +

KP281708.1 (99%)

“ —, no growth; +, growth on the surface.

DISCUSSION

The most important stage in the estimation of microbial hazards,
based on which remedial measures can be implemented to coun-
teract the deterioration process, is the determination of microbial
diversity on a given object and in the environment in which the
object is stored. This entails the identification of individual micro-
bial strains (34). In these studies, fungal isolates collected with
various sampling methods (swab, spontaneous contamination,
FungalTape) were assayed on the basis of the analysis of the ITS
region sequence. A molecular analysis of this region enables spe-
cies identification of most fungi with very high accuracy (34). The
analysis conducted in this study revealed the presence of fungal
species on the surface of the document. There were, among others,
microbes of the Penicillium, Aspergillus, Trichoderma, Alternaria,
and Chaetomium genera. According to literature reports, the fun-
gal profile obtained constitutes a typical microflora of parchment
documents (5, 6, 18, 35, 36). The dominating fungal isolates ob-
tained from the surface of the document included P. chrysogenum,
which has also been isolated by Krakova et al. (36), and C. globo-
sum, previously reported by Mesquita et al. (18) and Strzelczyk
(21). Moreover, A. fumigatus and Bjerkandera adusta isolates, de-
scribed in the studies conducted by Krakova et al. (36), were also
isolated. Particular attention should be paid to a xerophilous
strain of Penicillium decumbens, which has not been isolated from
parchment documents before but has been found in archival en-
vironments (37). The fungal genotype diversity analysis using the
PCR-DGGE method supplemented the qualitative investigations.
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DGGE fingerprints, which present the structure of microbial com-
munities in the storage environment of cultural heritage objects
and on the objects themselves, have been applied in numerous
microbiological studies before (20, 22, 26, 38, 39). Apart from
demonstrating the genotypic structure of an environment, this
method enables the identification of strains that are nonculturable

1 mm

1 mm

FIG 4 Bacterial growth on parchment. (a and b) Without bacterial growth; (c
and d) B. cereus; (e and f) A. Iwoffii; (g and h) B. subtilis; (i and j) Paenibacillus
sp. Macroscopic images were taken with a Sony Cybershot digital camera (a, c,
e, g, 1); photos were taken with a Moticam 2300 3.0M digital camera with a
stereoscopic magnifying glass (30X) (b, d, f, h, j).
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FIG 5 SEM microphotographs of bacterial and fungal growth on the parchment. (a) Parchment surface without microbial growth; (b to d) the structure changed
by A. Iwoffii; (e and f) growth of B. subtilis; (g) growth of P. chrysogenum; (h) growth of C. globosum.

in laboratory settings (20) and also, in the phylogenetic studies,
provides interesting information about the community of micro-
organisms present in the environment or on a historical object
(5-7). In the investigation of the incorporation charter for the city
of Krakow, a DGGE profile was created which served as a basis for
determining the biodiversity level of fungal genotypes and for
identifying strains that had not been isolated in culture. The iden-
tified taxons included other strains of the Cladosporium genus,
which have been isolated in numerous quantities in parchment
studies (18), the Aspergillus genus, and a nonculturable strain of
the Alternaria genus.

Furthermore, 27 bacterial isolates were obtained in the study,
which is twice the number of fungal isolates. This fact is consistent
with the results presented by Krakova et al. (36) in their study of
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parchment materials. Based on the analysis of the 16S rRNA gene
sequence, the most dominant groups of bacteria were the Bacillus,
Staphylococcus, and Paenibacillus genera, which is also consistent
with the literature (36, 39). The presence of Bacillus species on
parchment documents has also been described by Pinar et al. (6),
who performed phylogenetic identification of the bacterial com-
munity. However, the reports found in the literature on this sub-
ject contain less information about the species of bacteria than
about the species of fungi isolated from parchment documents.
This is probably the result of the lesser role of bacteria in microbial
hazards, particularly in terms of initiating biodeterioration. Nev-
ertheless, it must be emphasized that in particular situations, such
as heating or sewage system failures or flooding in the course of
disasters, when humidity favors bacterial development, the
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FIG 6 Fungal growth on parchment. (a and b) P. chrysogenum; (c and d) T.
longibrachiatum; (e and f) A. fumigatus; (g and h) C. globosum. Macroscopic
images were taken with a Sony Cybershot digital camera (a, ¢, e, g); photos
were taken with a Moticam 2300 3.0M digital camera with a stereoscopic
magnifying glass (40X) (b, d, f, h).

120
(%] s
100% = 405 cfu/m

40 -

Bacteria Fungi

growth of bacteria is rapid, and their destructive potential is much
greater than that of fungi. Such events took place, for instance, in
Florence in 1966, Petersburg in 1988, Poland in 1997 (21), and
Japan in 2011 (40). The isolated bacterial strains create the micro-
flora that is typical of archival collections (15, 35, 36) and other
historical and museum objects (29, 41). The microbiological pic-
ture of the object in question was supplemented by biolumines-
cence analysis, which showed an average level of organic contam-
ination on the surface of the document, compared with that of
other historical objects analyzed in the author’s own studies.
However, ATP assay gives more reliable results about the bacterial
community (7).

In order to explore the environment of the investigated docu-
ment, the microbiological analysis also involved the indoor air in
the room where the parchment is kept. The dominating microbes
were those of the Penicillium, Cladosporium, Trichoderma, Micro-
coccus, and Paenibacillus genera. The quantitative levels of mi-
crobes, both fungi and bacteria, in the air were within the norms
established by the Italian Ministry of Cultural Heritage, according
to which the levels of heterotrophic bacteria and fungi in the in-
door air of historical collection storerooms should not exceed 750
CFU/m” and 150 CFU/m”, respectively (11). They are also consis-
tent with research conducted in other Polish libraries and ar-
chives, where the concentrations of fungi in the air in the range of
19 to 86 CFU/m’ and of bacteria in the range of 123 to 712
CFU/m® were described (23).

The biodeterioration process of cultural heritage objects is af-
fected by various environmental factors, such as temperature, hu-
midity, UV light, and the presence of organic contamination.
Without a doubt, the condition of the object is of considerable
importance. However, the initiation and velocity of biodeteriora-
tion primarily depend on the destructive potential of microbes
that are present on the object. Usually, microbes initiate parch-
ment breakdown from simple proteins or tannins present on its
surface. The main structural material, i.e., collagen, is degraded in
later stages. The hydrolysis of collagen and other protein elements
can also lead to changes within nonorganic components, resulting
in stains and discolorations (41). In this study, the destructive
potential of isolated microbes was determined by the verification

100% = 43 cfu/m’

Bacterial dominant strain:

Micrococcus luteus (NC012803.1; 99%)
0 Paenibacillus sp. (NC013406.1; 98%)
W other species

Fungal dominant strain:

W Penicillium sp. (KI567452.1; 99%)
Cladosporium cladosporioides
(KF876823.1; 99%)

B Trichoderma viride (F1426393.1; 99%)
other species

FIG 7 Quantitative and qualitative analyses of the indoor air in the storeroom of the National Archives in Krakow.
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of their proteolytic properties and their ability to grow on parch-
ment. When both of these parameters were taken into account,
bacterial species of the greatest destructive potential were found to
be B. cereus, A. Iwoffii, B. subtilis, and one isolate of the Paeniba-
cillus genus. The destructive potential of these strains was so high
that macroscopic changes appeared even several days after the
inoculation of parchment samples, leading to complete destruc-
tion, as was the case with B. cereus. The results obtained suggest
that the enzymatic activity of B. cereus led to collagen degradation
under aerobic conditions. The SEM analysis revealed structural
changes as well as the uncovering and destruction of collagen fi-
bers induced by bacterial growth and enzymatic activity. Struc-
tural changes caused by the biodeterioration of parchment docu-
ments and identified using SEM analysis have been previously
described (5, 6). The greatest changes were observed for A. Iwoffii.
The microscopic image showed rapid growth of A. Iwoffii bacteria
and intense material degradation. The proteolytic properties of
Bacillus strains have already been described in the literature (29,
35, 36). Nevertheless, the level of their destructive potential is
surprising. It must be emphasized that species of the Bacillus genus
have strong cellulolytic properties, which make them a threat to
paper patches used to glue parchment documents and other paper
archives (35). Similarly, the remaining bacterial isolates, such as
Micrococcus luteus with proteolytic properties (42) or a Kocuria sp.
capable of degrading polymer materials (35), can play a role in the
destruction process. However, Pseudomonas psychrotolerans,
Paenibacillus amylolyticus, Paenibacillus fonticola, and Paenibacil-
lus xylanilyticus strains are rarely isolated from archival objects
and probably have not been reported as found on parchment doc-
uments. However, the P. psychrotolerans, P. amylolyticus, and P.
fonticola strains have proteolytic properties that have been dem-
onstrated in a gelatin test and confirmed in the literature, which
make them a potential threat to the investigated object (43-45).
Similarly, P. xylanilyticus is a bacterium that produces a broad
range of enzymes, including gelatinase, amylase, 3-galactosidase,
and xylanase, which is responsible for the breakdown of xylan, the
main component of hemicellulose in paper (46).

The fungal microflora determined in this study can be a poten-
tial threat for the investigated object. Fungi of the Cladosporium,
Penicillium, Aspergillus, Trichoderma, and Chaetomium genera are
microbes with a high destructive potential, which has been shown
in the present study and in other studies conducted in archives and
museums by other authors (4-6, 13, 18, 35, 36, 39, 47). As for
bacteria, the SEM images document not only the superficial
growth of fungi on parchment, observed by light microscopy, but
also its degradation and structural changes. The most numerous
groups of isolates were fungi of the Penicillium genus, i.e., the
proteolytic species of P. chrysogenum and P. decumbens, which are
responsible for the destruction of leather (42). The considerable
majority of isolated fungi have proteolytic and cellulolytic prop-
erties. They can therefore play a significant role in the process of
enzymatic breakdown of organic materials (4, 29, 36). It is worth
noting that fungi also include species that are incapable of the
enzymatic breakdown of materials which were used to make his-
torical objects. Under appropriate humidity levels, the species de-
velop with the use of contaminants present on the surfaces of the
objects. Their activity results in various metabolites which con-
tribute to the chemical damage of the material. Moreover, the
growth itself can cause mechanical damage (20).

As has already been mentioned, microorganisms play an im-
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portant role in the degradation of archives, works of art, sculp-
tures, and other historical objects (40). The detection of microor-
ganisms, even those that may have a destructive influence on
objects on which they settle, is very important information for
conservators, archivists, and museologists. The disinfection of
historical objects is not always possible and is usually not recom-
mended due to the risk of damaging already weakened objects. In
such situations, information about the microbiological condition
of an object or collection is an indicator of further management.
In the majority of cases, preventive measures to improve storage
conditions are implemented in order to protect cultural heritage
objects from microbial hazards. It is essential to guarantee appro-
priate temperature and humidity in storerooms (41, 48). Accord-
ing to the recommendations of the International Federation of
Library Associations, the indoor temperature in archives should
range from 18°C to 20°C, and the humidity should be 50% to 60%.
The study presented here involved the analysis of changes of these
parameters within 1 year. It indicated high temperature fluctua-
tions. The humidity parameter was characterized by greater sta-
bility; it exceeded 60% only occasionally. A drop in humidity to
the level of approximately 35% is alarming, since a decrease below
35% can lead to damage to leather bindings and stiffening of
parchment documents (49, 50). It is worth emphasizing that cer-
tain xerophilous fungal species are capable of settling in environ-
ments with low humidity. They accumulate humidity while grow-
ing, thus creating a specific microclimate, enabling other fungi
and bacteria to develop (12). The microflora detected in this study
also includes fungi considered xerophilous, such as C. globosum,
P. chrysogenum, Trichoderma spp., or Aspergillus spp. (37). The
most important issue is that, despite age and technical conditions
of the historical tenement in which the storeroom is located, the
most important climate parameters are maintained at a satisfac-
tory level.

The microbes isolated from the incorporation charter also in-
clude fungi and bacteria that are potentially dangerous to human
health. These include Aspergillus fumigatus, a species with toxi-
genic properties that can cause systemic mycosis and other condi-
tions (51), and Staphylococcus epidermidis, which can cause skin
lesions that are difficult to heal and other systemic infections. The
information about the presence of pathogenic microorganisms is
important, considering the fact that the collections are looked
after by people (conservators, archivists, or museologists). Many
species that settle on cultural heritage objects and in their environ-
ments can have a negative influence on human health by the pro-
duction of toxins or the induction of respiratory diseases, allergies,
fungal infections, and many other troublesome and dangerous
conditions. Awareness of the fact that such microbes are present in
collections should make employees more sensitive and prompt
them to implement appropriate means of personal protection. In
such an environment, an important issue is the protection of both
archival collections and worker health, which sometimes is very
difficult to achieve (52-54).

The microbiological studies of the object and the environment
in which it is stored revealed fungal and bacterial microflora typ-
ical of archival items and other cultural heritage objects. Certain
bacteria and fungi found in this microflora are characterized by a
high destructive potential, which may constitute a risk of biode-
terioration of the investigated object. In order to protect such a
unique and valuable document, preventive actions should be un-
dertaken to guarantee appropriate inner climate conditions to
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prevent microbial development (e.g., permanent monitoring of
temperature and relative humidity, providing proper ventilation
with usage of air filters, passive removing of organic pollutants,
cleaning strategies, and packaging strategies) (50).
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