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Investigate the role of fungal communities associated with a
historical manuscript from the 17" century in biodegradation
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Herein, the deteriorating aspects of a historical manuscript (papers and leather bookbinding) dated back to the 17" century were
evaluated with reference to the role of the associated fungal communities. The deterioration signs were investigated using visual
assessment, SEM, ATR-FTIR, XRD, color changes, and pH values compared with control. Data showed that the most deterioration
aspects were represented by the dust, dirt, erosion, stains, bores, weakness, missed parts, decreasing in paper crystallinity, shifting
of wavenumbers of cellulosic band, and changing of color and pH. The dependent-culturable technique showed that thirteen
fungal strains were associated with historical manuscript and identified using traditional and molecular methods as Aspergillus niger
(three isolates), A. fumigatus (two isolates), A. quadrilineatus (three isolates), Penicillium citrinum (two isolates), and P. chrysogenium
(three isolates). These fungal strains showed high efficacy to secretion various hydrolytic enzymes including cellulase, amylase,
gelatinase, and pectinase which play a critical role in biodeterioration.

npj Materials Degradation (2022)6:88; https://doi.org/10.1038/s41529-022-00296-4

INTRODUCTION

Historical manuscripts, books, and cultural heritages are consid-
ered the great national wealth of all countries worldwide. These
materials in archives, museums, and libraries suffer from various
degradation aspects caused by microbial attacks or chemical and
physical degradations'. Environmental conditions, storage, che-
mical composition, and physical properties of manuscripts are
considered the main factors that can detect the quantity and
quality of microbial colonization??. The microbial attack, especially
by fungi, can be responsible for the damage of organic
components of papers and leather binding of the historical
manuscript®.

Fungi play an important role in the biodeterioration of cultural
heritage such as historical paper, and leather bookbinding, due to
their massive enzymatic activity and ability to grow at low values
of nutrient source®™’. Different types of fungi were isolated from
historical paper manuscripts such as Chaetomium spp., Penicillium
spp., Aspergillus spp., Eurotium spp., Paecilomyces spp., Stachybo-
trys spp., Myrothecium spp., and Trichoderma spp.®°. Fungi can be
producing collagenases (proteases) enzymes that have a major
role in the degradation of collagen through its hydrolytic
activity'®. Also, it can be producing different types of cellulase
enzymes that decompose the main components of paper.
Besides these enzymes, amylase, xylanase, and gelatinase
enzymes have a critical role in the biodegradation of paper
constituents®. The production of extracellular enzymes, as well as
the hyphae due to fungal growth, can exert mechanical pressure
on the paper and cause weakness'". It should be mentioned that
acids either produced by fungi or obtained from air pollutants,
play an important role in the degradation process of the historical
manuscript'>13,

In the last, the researchers focused on the degradation of
archeological manuscript caused by chemical, physical, and
mechanical methods and neglected the degradation caused by
microorganisms, especially fungi. Therefore, it should be noted
that the study of fungi and their efficacy in producing

decomposing enzymes are very important factors for conservators
to know the conditions of preservation of paper manuscripts and
leather bookbindings within libraries and archives. It is also an
important step that precedes the conservation treatment to give
the possibility for a conservator to determine the appropriate
materials and method of treatment which will be used'*'>,

This study aims to estimate the deterioration aspects of a
historical manuscript dated back to 1663 AD and deposited at Al-
Azhar Library, Cairo, Egypt with reference to the role of the fungal
community isolated from the historical manuscript (paper and
leather bookbinding) in biodeterioration development. To achieve
this goal, different analysis tools including visual observation,
Scanning Electron Microscopy (SEM), Attenuated Total Reflectance
Fourier Transform Infrared (ATR-FTIR), X-Ray Diffraction (XRD),
color changes, and pH values were used to investigate the
deterioration aspects compared with a control (Whatman paper
No. 1 for paper and Vegetable-tanned goatskin for leather). Also,
isolation and identification of various fungal strains associated
with deteriorated historical paper and leather bookbinding by
traditional and molecular methods were achieved. The role of
these fungal strains in the production of various extracellular
hydrolytic enzymes including cellulase, amylase, pectinase, and
gelatinase was assessed.

RESULTS AND DISCUSSION
Evaluation of deterioration aspects

The obtained results showed that there were some aspects of
deterioration that appeared on the surface of leather binding and
paper sheets of the manuscript under study. These aspects could
be due to individual or combination factors. Moisture, tempera-
ture, and sunlight often play critical roles in the degradation of
leather and paper as well as change their characteristics. Air
pollutants (such as sulfur dioxide, nitrogen oxides, etc., and their
transformation into acids), as well as dust also play a major role in
the degradation process of the components of the studied
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manuscript. It can be added that the deterioration by micro-
organisms, especially fungi, is present in the various components
of the manuscript with the assistance of physical and chemical
factors in addition to other factors. These factors alone or in
combination affected all the characteristics that were conducted
in this study. As a result of the various deterioration factors
mentioned above, the mechanism of deterioration occurs by
oxidation, hydrolysis, or by their combination. Moreover, the
deterioration aspects are investigated by visual observations, SEM,
ATR-FTIR, XRD, color index, and pH value as shown below.

Visual assessment

The leather binding of the historical manuscript understudy
suffered from various deterioration aspects as shown in Fig. 1. The
common aspects are hardness and loss of flexibility, erosion of the
tanning material, loss of different parts, the presence of dust, and
stains that are derived from different sources, i.e. pollution or
contamination with fungi. Moreover, the presence of some labels
that stick by pressure-sensitive tape can be considered one of the
main deterioration aspects of the leather binding. Also, color
heterogeneity (some parts are dark and others are less dark) and
shrinkage were noticed.

It can be concluded that the most deterioration aspects
mentioned above can be attributed to the uncontrol surrounding
environmental conditions. Compatible with the obtained results,
Larsen showed that the most deterioration in the vegetable-
tanned leather is due to an uncontrolled environment'S. He also
reported that the mechanisms of deterioration of vegetable-
tanned leathers are due to the hydrolytic and/or oxidative
damage. The hydrolytic damage can be attributed to which
the acidic air pollution with SO, and NO,, whereas the oxidative
damage is due to the different factors such as heat, light, and
oxidative contaminants'®. Carsote et al. proved that the fluctua-
tion between relative humidity (RH) and temperatures leads to the
shrinkage of vegetable-tanned leather fibers'’.

Leathers are an organic material that contains many nutrients
enhancing the growth of microorganisms. Besides, the chemical
and structural nature of the substrate as well as environmental
conditions is significant parameters affecting the quantity and
quality of microbial colonization that impairs esthetic and
functional properties. In the current study, the preservation
conditions especially RH (60%) and temperature (27°C) are
suitable for enhancing the growth of fungi, actinomycetes, and
bacteria that are considered a major biodeterioration sources of
leathers as reported previously'®. The attack of leathers by
different microbial species is controlled by different factors such
as RH, temperature, nutrients existing on the materials, light,
moisture content, pH, osmotic pressure, surface properties, and
the concentrations of O, and CO, in the surrounding
environment'®,

On the other hand, the papers of the historical manuscript
under study suffer from various deterioration aspects. Among
these aspects, is the presence of bores of different sizes in
different areas of paper sheets, which may be because of insects.
Weakness of the paper sheets missed parts, especially in the
corners, some stains, tear, deformation of the surface, yellowing of
the papers, and brittleness were also observed (Fig. 1). The
discoloration of paper can be attributed to the formation of
chromophores from the degradation of one or more components
of paper®®. During the oxidation or photooxidation of papers
formed from pure cellulose such as cotton fibers, carbonyl, and
carboxylic groups are formed from the hydroxyl groups on the
anhydrous-glucose units. The formation of both aldehyde and
ketone groups on carbon atoms C-2 and C-3 in the anhydrous-
glucose units are responsible for the yellowing of cellulose during
aging?. The yellowing is often one of the early signs of the aging
and deterioration of the papers. Depending on the nature of the
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papers and conditions of storage, the yellow color may eventually
turn to brown and hence the paper become brittle as it reaches
the later stages of aging?'.

As a result of the high use of the library and archival documents,
the wear and tear (as a form of physical or mechanical
degradation) are accumulated, leading to the damage of paper
and becoming unfit for use. Papers with low polymerization
degree (DP) have a low fold endurance and low tensile strength
and hence become brittle and difficult to handle as reported
previously??. Therefore, it could be assumed that there is an
association between DP and the occurrence of physical changes
associated with mechanical properties over a given number of
challenges (e.g. tear, loose sheets, missing pieces, and folds that
result in breaks).

Interestingly, the color change of papers can be also attributed
to contamination by microorganisms as reported previously. In
our recent study, fungi and bacteria isolated from archeological
papers dating back to the 17" century were responsible for
producing red-brownish foxing spots?>. The poor aeration
conditions, RH, and temperature encourages the growth of
colored mold strains such as Epicoccum sp. and Monoascus sp.
as well as actinobacteria that produce purple spots>24,

Scanning Electron Microscope (SEM)

The surface morphology, as well as the colonization of microbial
strains to leather binding and historical papers, was investigated
using SEM analysis. As shown in Fig. 2A, the surface morphology
of the vegetable-tanned leather (control) was smooth, and the
grouping of coarse, and fine follicles were also easily recognized.
In contrast, the grouping of the coarse follicles of the historical
vegetable-tanned leather sample was distorted and not easily
recognized (Fig. 2B). Moreover, the surface of the historical leather
sample was coarse and non-homogeneous. It was clear that the
surface of the historical sample suffered from deterioration
compared with the control. These deterioration symptoms can
be attributed to the action of microbes, the environmental
condition, or the handling of visitors or workers with the
manuscript which lead to the destruction of the surface in some
areas®. In the current study, the penetration, accumulation, and
adhering of dust with the leather fibers were also noticed, which
lead to the disappearance of the grain surface pattern in a large
space of the surface. Ebsen et al. mentioned that the deterioration
of historical leather surfaces may be due to the effect of soil
contents during its deposition in the burial environment, handling
during its life, and after excavation; dirt; folding, etc?®. They also
said that the degree of surface deterioration can prevent the
identification of animal types, because of the loss of the grain
surface pattern features.

On the other hand, Fig. 2C showed that the Whatman fibers are
twisted, convoluted ribbon-like structures with a somewhat
furrowed surface randomly overlapped over each other and
appear as strong and broad. These features are mainly for cotton
fibers as mentioned before?”. By comparing the fibers of historical
papers with the control, can be concluded that it is identical to
cotton fibers (Fig. 2D). Also, the presence of microbial growth
distributed among the cotton fibers as short rods (bacteria) or
globes shape (fungal growth) were noticed as reported pre-
viously?®, Moreover, some features of the fibrous structure of the
cotton fibers in the historical papers were lost in some areas. This
is possibly due to improper handling of the paper pages during
reading. It was also noted that the width of each fiber was less
than the width of the control fiber sample. The weakness of the
fibers was also noticed. The surface of the paper also shows that
the manuscript suffers from severe damage, which may be due to
poor storage.
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Fig. 1 Some deterioration aspects that were noticed in the papers and leather binding of a historical manuscript under study dated back to

the 17" century deposited at Al-Azhar Library, Cairo, Egypt.

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-
FTIR)

ATR-FTIR analysis became a vital tool in the conservation field. It
gave more details about the chemical stability of paper
components. The changes in the chemical structure of the
historical paper compared to the cotton fibers (Whatman paper)
can be identified by using Fourier transform infrared (FTIR)
spectroscopy. FTIR was used to identify the functional groups of
the investigated material, which is shown by the intensity of peak
absorbance?’.

As shown the collagen in control and historical leather samples
is characterized at the wavenumber 3294 and 2921 cm~" for the
control sample, and the band at 3276cm™' and the band at
2921 cm™" for the historical vegetable-tanned leather (Fig. 3A).
The mentioned bands are referred to the amide A, and amide B,
which are associated with the stretching of peptide N-H groups
involved in inter-chain hydrogen bonding. The absorbance
intensity at the mentioned bands was approximately the same.
The Amide | band appeared at 1633cm™" for the vegetable-
tanned leather sample (control), and at 1631cm™' for the
historical leather sample. The absorbance intensity for the control
and historical samples was approximately the same (0.089). The
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amide | at the band mentioned above is primarily caused by the
stretching vibrations of the peptide carbonyl group (C=0)
coupled weakly with C-N stretching and N-H bending®. It is
sensitive to local order and its exact position is determined by the
backbone conformation and the hydrogen-bonding pattern
within the protein molecule. The amide Il band at 1546 and
1543 cm™" for the control and historical vegetable-tanned leather
sample respectively was associated with N-H bending and C-N
stretching vibration. The intensity of the last two bands was
approximately the same. The amide Il bands at 1237 and
1238 cm~' for the control and historical samples respectively
were associated with N-H in-plane bending and CH, wagging
vibration of glycine backbone and proline side chain. The intensity
of the amide Ill bands was approximately the same. The results
proved that the collagen bands of historical vegetable-tanned
leather shifted to a lower value compared to the vegetable-tanned
leather (control). This may be due to the oxidation of the
hydrolysis process resulting from a combination of deterioration
factors in surrounding environmental conditions (physical, chemi-
cal, and biological factors) as mentioned above.

On the other hand, the significant difference between the
Whatman paper (control sample) and the historical sample was

npj Materials Degradation (2022) 88
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Fig. 2 SEM for historical leather binding and papers compared with control samples. A Is a leather sample (control), B is the historical
leather, C is Whatman No. 1 (control), and D is the historical paper. The arrows refer to microbial growth.

shown (Fig .3B). The cellulose paper appeared at the wavenumber
region from 3000-3700cm~'. The distinct regions of cellulose
structure, which belong to O-H vibrations appeared at the
wavenumber at 3332.39 and 3290.69cm~' for the Whatman
paper (control), and at 3332.78 and 3291.21 cm™" for the historical
paper sample. It was noticed an increase in the wavenumbers and
the absorbance intensity of the historical sample. The wavenum-
ber at the regions from 2700 to 3000cm~' belongs to C-H
stretching vibrations. The distinct band of C-H appeared at
2899.88 cm ! for the control sample, and at 2898.20 cm ' for the
historical sample, which its absorbance intensity increased
compared to the control sample. The band approximately at
1700 cm™" for the historical sample mentioned to C = O stretch-
ing vibration of carbonyl group, which may be due to the
oxidation process of historical sample. The bands at 1644.62 and
1643.63 cm™" for the control and historical samples respectively
also referred to H-O-H deformation vibration, and also referred to
O-H in-plane bending vibration of adsorbed water which was
broad in the control sample compared to the historical sample,
which was stronger than the control, indicated the loss of more
water. The bands at the wavenumbers between 1248 to
1580 cm™! referred to C-O-H and CH, bending vibrations. The
absorbance bands at these wavenumbers of the historical sample
increased compared to the control. The results also showed that
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the bands at wavenumbers between 900 to 1160 cm ™" referred to
various C-O stretching, C-O-C, and C-C-O bending vibrations. The
wavenumbers and absorbance intensities at these bands
increased in the historical sample compared to the control sample.
There are functional groups that are related to cellulose
structure. The band at 1427 cm~" referred to H-C-H and O-C-H
in-plane bending vibrations. The band at 1360 and 1369 cm™" for
the control and historical samples referred to C-H deformation
vibration. The band at 897 and 896 cm ™" for control and historical
samples respectively belongs to C-O0-C, C-C-O, and C-C-H
deformation modes and stretching vibration. The band approxi-
mately at 662 cm™" referred to the C-OH of plane bending mode.
The absorbance intensities bands at wavenumbers mentioned
above increased than the control. It can be said that the increase
in the band intensities of the historical sample indicated cellulose
oxidation and hydrolysis processes. The oxidation or hydrolysis
processes may due to the effect of physical and chemical factors
mentioned above on the manuscript studied. These results were
confirmed by Munajad et al., who proved that heat aging can lead
to the loss of adsorbed water of cellulose fibers by the oxidation
process, and the deterioration increased with time3'. Also, the
band at wavenumber in the range of 1400 and 1800cm™’
signifies the hydrolysis and oxidation of the paper cellulose®2.
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Fig. 3 ART-FTIR chart of historical leather and papers compared
to control. A Is the ART-FTIR of historical and control leather, B is the
ART-FTIR of historical paper and Whatman paper (control).

X-Ray Diffraction analysis (XRD)

It is known that native cellulose is partially crystalline. The cellulose
molecules are arranged in fibrils within the fiber cell wall which
have both amorphous and crystalline regions*3. Data presented in
Fig. 4 showed that the crystallinity of the Whatman paper sample
was 81.68%, whereas the crystallinity of the historical paper sample
was 47.54%. In general, the crystallinity degree of Whatman is high
because it contains >95% cellulose content®>, The obtained data
revealed a significant decrease in the crystallinity of the historical
paper as compared with the control. This decrease can be
attributed to the effect of various deterioration factors such as
the continuous rising in temperature and the decrease in moisture
content, which leads to the destruction and damage of the
amorphous areas of cellulose. Also, the presence of microorgan-
isms helps the papers to cake and fossils>*>°, The obtained results
were compatible with those stated that the crystallization of
cellulose decreased in the dry environment, or when water was
removed from the cellulose material®®. Sandy et al. reported that
the crystallinity of cellulose can increase due to increasing the
moisture and acid hydrolysis3,

Measurement of color change

The color change of the historical manuscript (leather binding and
papers) was assessed according to the chromatic scale CIELAB
(Fig. 5A, B). As shown, the lightness (L*) of vegetable-tanned
leather (control) was 79.15, but for the historical leather binding
was 38.56 (Fig. 5A). The decrease in lighting in the historical
sample was 51%. The a* value for both the control and historical
leather was redder. The a* value of the historical sample increased
with percentages of 71% compared to the control sample. The
results also showed that the b* value was more yellow. The b*
value of the historical sample increased with percentages of 58%
than the vegetable-tanned leather sample. There are also strong
changes in the total color difference of the historical sample
(48.28) compared to the control. The heat and aging time is
considered the main reason for the change in the color values (L,
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Fig. 4 Measurment of the crystallinity values. X-ray diffraction
analysis for detect the crystallinity degree of a historical paper
compared to a control (Whatman No. 1).

a, and b values) and total color difference (AE)*”-8, The increase of
AE >3 is considered to be a very strong color change as reported
previously®®. In the current study, the AE of the leather binding
was 48 which indicated that the historical manuscript understudy
suffered from a strong change in the total color difference.

Data represented in Fig. 5B showed that the lightness (L* value)
of the control sample (Whatman paper) was 94.68, and it
decreased to 68.9 for the historical paper sample. The reduction
in the L* value of the historical sample was 27%. The a* value of
the historical sample increased more than the control sample and
was redder. The increase in the historical sample was 92 compared
to the control sample. The b* value of the control sample was 3.9
and for the historical sample was 32.2. This indicated that the
historical sample was more yellow and increased with percentages
of 88% more than the control sample. The results showed that
there was a strong change in the total color difference in the
historical sample (39.91). Matsuo et al. proved that the color
changes during natural aging could be mainly explained as mild
thermal oxidation*®. Moreover, the heat aging process changed
the color values and total color value of the paper artifacts as
reported previously*'. The aging process leads to the darkness of
a color, which increased with increasing the aging time*?.

According to the obtained results, high the total color
difference (AE) observed for the historical paper was 39.91 and
this value was too high compared to the control Whatman paper.
The color changes could be due to the production of pigments
and organic acids by fungi. Moreover, the microbial attack also
causes multi-colored spots and white films®. Interestingly, Mohie
et al. reported that the highest color change (AE) was recorded for
paper inoculated with fungal strain Aspergillus niger'®.

Measurement of pH value

The measurement of pH value was extremely important for
evaluating the state of preservation of historical paper and leather
binding. It indicates the chemical stability of the historical
manuscript components towards natural aging as well as
environmental deterioration factors?>.

The results graphically in Fig. 6 showed that the pH value of
control (Whatman paper) was 7.5, whereas this value was
decreased to an acidic level (5.5) for the historical paper, which
confirmed that the historical manuscript suffers from several
deterioration aspects. The decrease in the pH value of paper may
be due to one or more of the following factors*3:

® Preservation conditions: the uncontrolled preservation condi-
tions can be changing the pH value. In the current study, the
historical manuscript was preserved in uncontrolled condi-
tions.

® Precipitation of air pollutants such as SO, and NO, as a result
of high temperature and high RH leads to the formation of
acids, ultimately degrading cellulose chains. The acid
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hydrolysis reaction leads to the cracking of cellulose chains
into short chains and the formation of glucose and the
continues in this reaction causing decomposition and
degradation of paper.

® The natural aging of cellulose can lead to the generation of

acids, such as formic acid, lactic acid, and oxalic acid.

® The acidity of paper can be increased due to the decomposi-

tion of paper constituents, especially if they are stored in
conditions that are not overly warm or humid.

On the other hand, the pH value of the vegetable-tanned leather

sample was 4.1, and the historical leather binding sample was 3.2.
It was clear that there is a strong decrease in the pH value of
historical leather. The reduction in the pH value of historical leather
may be due to the pollutants in the surrounding environment, the
manufacturing process of the leather by adding excess acids
during the tanning process, or by enzymes or acids produced by
microorganisms that infected the manuscript understudy.
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Fig. 5 Measurement of color changes for a historical manuscript
under study. A is color change values of historical leather compared
with control, B is the color change values of historical paper
compared with Whatman No. 1 (control).

Fungal isolations and identifications

The fungal communities associated with the deteriorated historical
manuscripts (leather binding and papers) was isolated. Thirteen
fungal isolates designated as AZ.1 — AZ.13 were isolated from
deteriorated collected samples and subjected to the traditional
identification based on cultural and microscopic examination. Data
revealed that the obtained isolates were belonging to the division
Ascomycota. Six fungal isolates (AZ.1 - AZ.6) were isolated from
leather binding whereas the remaining isolates (AZ.7 - AZ.13) were
obtained from deteriorated papers (Table 1, Fig. 7). The traditional
identification reveals that the fungal isolates AZ-1, AZ.4, and AZ.11
were identified as Aspergillus niger, whereas isolates AZ.2, AZ.3, and
AZ6 were identified as A. quadrilineatus. The fungal isolates AZ.5
and AZ7 were identified as A. fumigatus. The Penicillium spp.
isolated from deteriorated papers belonging to P. citrinum for
isolate AZ.8 and AZ.9, whereas isolates AZ.10, AZ.12, and AZ.13
were identified as P. chrysogenium.

According to the obtained data, the most common fungal species
associated with the historical manuscript were Aspergillus spp. with
percentages of 61.5% of the total obtained strains followed by
Penicillium spp. with percentages of 38.5%. Among Aspergillus spp.,
the A. niger and A. quadrilineatus were represented by equal
percentages (37.5%) followed by A. fumigatus which is represented
by 25%. Interestingly, P. chrysogenium was the most common
Penicillium spp. isolated from the historical manuscript with
percentages of 60% (from the total of Penicillium spp.) followed by
P. citrinum with percentages of 40%. The traditional fungal
identification showed that all fungal strains associated with leather
binding were Aspergillus spp. whereas the most common fungal
strains obtained from deteriorated historical papers were belonging
to Penicillium spp. (Table 1). Compatible with the current study, 20
fungal isolates were obtained from old manuscripts dated back to
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Fig. 6 Measurement of the pH values. The pH values of the papers
and leather binding of a historical manuscript compared to control.

Table 1. Isolation and traditional identification of fungal communities associated with the historical manuscript (papers and leather bookbinding).
Fungal code Source of isolation Identified as. Fungal code Source of isolation Identified as.

AZ1 Leather bookbinding Aspergillus niger AZ8 Paper Penicillium citrinum

AZ.2 Leather bookbinding Aspergillus quadrilineatus AZ9 Paper Penicillium citrinum

AZ3 Leather bookbinding Aspergillus quadrilineatus AZ.10 Paper Penicillium chrysogenium
AZ4 Leather bookbinding Aspergillus niger AZ11 Paper Aspergillus niger

AZ5 Leather bookbinding Aspergillus fumigatus AZ.12 Paper Penicillium chrysogenium
AZ6 Leather bookbinding Aspergillus quadrilineatus AZ.13 Paper Penicillium chrysogenium
AZ7 Paper Aspergillus fumigatus

npj Materials Degradation (2022) 88

Published in partnership with CSCP and USTB



A. Fouda et al.

I s e LS it

D4
‘

Fig. 7 Morphological and microscopic examination of various fungal strains associated with a historical manuscript (papers and leather
bookbinding growing on CYA media). A Is A. niger, B is A. fumigatus; C is A. quadrilineatus; D is P. citrinum, and E is P. chrysogenium. 1 is a fungal
colony; 2 is a reverse colony; 3 and 4 are bright filed microscopes (X = 800).

the 19" century. These fungal isolates were subjected to
morphological and cultural identification which revealed that the
most common fungal isolates were belonging to Aspergillus spp.
with percentages of 45% followed by Penicillium spp. with
percentages of 35%, Eurotium sp. with a percent of 5%, and Mycelia
sterilia (does not form a distinguishing structure to identify the
genus level) with percentages of 15%*. On the other hand, the
fungal strains isolated from a historical manuscript dated back to the
17t century were identified using traditional methods such as A.
niger and A. flavus associated with historical papers, and A. niger, A.
terreus, and A. flavus associated with leather bookbinding®. Six
fungal isolates were obtained from the leather binding of a historical
manuscript dated back to the 18™ century and identified using
traditional methods such as A. tamarii, A. fumigates, Cladosporium
cladosporioides, Fusarium poae, Eurotium chevalieri, and Wallemia
sebi*. The fungal community associated with 79 deteriorated
manuscripts collected from Astan Quds library, Iran were belonging
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to Aspergillus spp. and Penicillium spp. based on morphological and
cultural characteristics*’.

The molecular identification based on amplification and
sequencing of ITS genes were used to confirm traditional
identifications. Therefore, we select one isolate from each genus
to identify using the molecular technique. The fungal isolates
designated as AZ.4, AZ.5, AZ.6, AZ.8, and AZ.10 confirmed their
identification using ITS sequence analysis. The ITS sequence
analysis showed that the selected fungal isolates were similarly to
A. niger (closest accession number: LC195003), A. fumigatus
(closest accession number: NR121481), A. quadrilineatus (closest
accession number: NR131289), P. citrinum (closest accession
number: NR121224), and P. chrysogenium (closest accession
number: NRO77145) with similarity percentages of 99.09, 99.34,
99.09, 98.77, and 99.27% respectively. Therefore, the five selected
fungal strains were identified as A. niger AZ.4, A. fumigatus AZ.5, A.
quadrilineatus AZ.6, P. citrinum AZ.8, and P. chrysogenium AZ.10
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Fig. 8 Phylogenetic tree of five selected fungal strains based on ITS sequences analysis compared with NCBI reference sequences. MEGA
6 was used to achieve the analysis, which used the neighbor-joining approach with a bootstrap value (1000 replicates).

(Fig. 8). The obtained sequences were deposited in GenBank
under accession numbers ON527887, ON527888, ON527889,
ON527890, and ON527891 for AZ.4, AZ5, AZ.6, AZ.8, and AZ.10
respectively.

The isolation and identification of the various fungal commu-
nities in the libraries, museums, and archives not only to
investigate their role in biodeteriorations but also due to their
serious effects on the health of workers and visitors. Ferrandiz-
Pulido et al. reported that several fungi that colonize historical
papers can be considered a source of human diseases such as
allergy, dermal infections, respiratory diseases, and phaeohypho-
mycosis*®, Several fungal strains belonging to genera of Clados-
porium, Rhizopus, Aspergillus, Penicillium, and Scopulariopsis exist at
a high concentration in different libraries and museums and
counting the main sources of allergic respiratory infections?34°.
Various Aspergillus strains such as A. niger, A. flavus, A. terreus, A.
ustus, A. alliaceus, A. udagawae, A. quadrilineatus, and A. lentulus
are causing a wide range of diseases such as otomycosis,
cutaneous inflammatory, endocarditis, and aspergillosis°.

Enzyme activity

Fungi are considered the main degrading agents for historical
manuscripts through colonizing the fibers of the paper and
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producing hydrolytic enzymes such as cellulase, amylase, xyla-
nase, and pectinase, or through producing acids or pigments that
have a role in degradations®'2. In the paper industry, besides the
organic components (mainly cellulose), other additives such as
proteins, polysaccharides, gelatin, starch flour, and various
synthetic compounds are used to reduce the spread of ink and
increase the linkage between fibers>3. Fungi can be decomposing
the organic materials as well as other additives by secretion of
extracellular hydrolytic enzymes ultimately weakening and alter-
ing the structure of these materials®*. In the current study, the
activity of culturable fungal strains to secrete various hydrolytic
enzymes including cellulase, amylase, pectinase, and gelatinase
were investigated. Data analysis showed that the thirteen fungal
strains have the capacity to release cellulase, amylase, and
gelatinase with the various degree, whereas the fungal strain A.
niger AZ.6 (isolated from leather binding) and other fungal strains
isolated from historical paper have the capacity to secrete
pectinase enzyme (Fig. 9). Data analysis showed that the highest
cellulase activity was recorded for fungal strain AZ.13 with an
inhibition zone of 33.3 + 1.2 mm followed by fungal strains AZ.10,
AZ.11, and AZ.12 with inhibition zones of 19.0 + 3.6, 18.0 + 3.4, and
21.3+4.6 mm respectively (Fig. 9A). Interestingly, the cellulase
activity between fungal strains AZ.1 — AZ.8 was not significant
(p <0.001) with inhibition zones ranging between 7.3 £ 1.5 mm to
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Fig. 9 The enzymatic activity of different fungal strains isolated from a historical manuscript (paper and leather bookbinding). A Is
cellulase enzyme, B is amylase enzyme, C is gelatinase enzyme, and D is pectinase enzyme.

9.7 £ 1.6 mm. In our recent studies, P. chrysogenium and A. niger
were isolated from a historical manuscript dated back to the 17t
and 18™ centuries and selected as the highest cellulase
producers®>5, Out of 31 fungal strains isolated from a historical
manuscript collected from Medina of Fez, only nine fungal strains
showed cellulase activity®'. After the colonization of papers by
fungi, the hyphae penetrate the paper fibers causing physical
changes besides the accumulation of fungal metabolic products in
the fibers®.

Analysis of variance showed that the highest amylase activity
was recorded for fungal strains AZ.12 and AZ.13 with clear zones
of 223+ 1.5 and 21.7 £ 2.5 mm respectively, followed by fungal
strains AZ.7 and AZ9 with clear zones of 10.0+4.4 and
13.3+ 1.2 mm respectively (Fig. 9B). Moreover, all fungal strains
have the activity to secrete gelatinase enzymes with the highest
clear zones of 20.0 + 1.0 and 19.0 + 1.7 mm for fungal strains AZ.8
and AZ.9 respectively (Fig. 9C). Unfortunately, the fungal strains
AZ-1 to AZ5 do not exhibit any pectinase activity, whereas the
isolates fungal isolates AZ.10 and AZ.11 were the highest
pectinase producers with clear zones of 25.0+ 1.7 and 25.0+2.6
respectively (Fig. 9D).

These hydrolytic enzymes degrade macromolecules into small
units such as cellulase and amylase enzymes that degrade cellulose
and starch into glucose monomers. The pectinase and gelatinase
have the capacity to degrade various proteins such as fibroin,
collagen, and keratin that enter the silk, wool, and parchment
industry respectively>®. The obtained results imply the activity of
fungal strains associated with a historical manuscript (leather
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binding and paper) in the production of a wide range of enzymes,
which is important to understand the role of these strains in the
biodegradation of the manuscript under study. Under adequate
climate conditions especially relative humidity and temperature,
the fungal species attacks the surfaces of archeological manu-
scripts and grow and reproduction with high rates allows to
penetrate their components to cellulosic fibers and converted it to
the caked shape®?8. In the current study, the climate conditions
(60% RH and the temperature does not exceed 27 °C) encouraged
the growth and adaptation of fungi and it was suitable habitat for
the secretion of various active metabolites such as enzymes and
acids as reported previously®'. Besides the efficacy of isolated
fungal strains in producing a variety of enzymes, it is characterized
by their ability to the secretion of acidic metabolites as reported
previously. These acidic secretions are responsible for the acid
hydrolysis of historical papers. In preservation sites such as
museums and libraries, due to fungal hyphae penetrations, it
causes significant losses because of enzymatic degradation, acid
corrosion, and mechanical degradations®’. Papers and their
constituents are considered appropriate carbon sources for the
growth of various fungi with the prospect of pigment secretions
especially with uncontrolled environmental conditions (RH and
temperature). These pigments can cover the fungal spores or
release them on the surface of paper which leads to discolora-
tion®®. Borrego et al. reported that the fungal strains A. terreus,
A. niger, A. versicolor, A. ustus, Cladosporium sp., P. commune,
P. chrysogenum, and P. citrinum have the efficacy to decreasing the
pH value up to 4 through secretion of acidic metabolites'?
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The biodegradation caused by various fungal strains can be
passed through four stages, contamination, germination, develop-
ment, and degradation of the materials®®. The contamination can
arise from the air, touching the contaminated materials, transmis-
sion by vectors such as arthropods, or hyphal fragments that can
germinate forming a colony®®. Under appropriate conditions for
growth, the hyphae can germinate and develop into mature strains
that produce metabolites that enhance biodegradation. As a result
of these degradations, the mechanical strength of paper is lost or
weakened. Also, esthetic alterations due to the secretion of
pigments can be caused, leading to losses of materials, difficulty in
readability, and pieces of information. This study recommends the
necessity of moving the studied manuscript from its current poor
condition place to another controlled place from the conservation
point of view (controlling in temperature, relative humidity, light,
air pollution, microorganisms, etc.). Inspect reserve rooms and
manuscripts at regular intervals. Train personnel to inspect reserve
rooms and manuscripts regularly for mold, dust, insects, and
rodents. The study also recommends the necessity of conducting
various treatment processes for the manuscript, such as deacidi-
fication, disinfection, consolidation, etc, before transferring the
manuscript to its controlled environment.

METHODS

Historical manuscript used

The historical manuscript named “Kashf al-Ramz ‘an Khabaya al-
Kanz” dated back to 1074 AH, 1663 AD and preserved in Al-Azhar
Library, Cairo, Egypt was selected for isolation of fungal strains.
This historical manuscript was written in Arabic language using
carbon ink, containing two volumes, each one has a size (cm3) of
32 % 20 x 8 (length x width x height) and is composed of 570 paper
sheets with a brown leather binding with gilded geometric
decoration in the center and the corners. The second volume was
selected for the current study due to the presence of high
deterioration aspects. The preservation conditions were as follows:
temperature, 27 °C; relative humidity, 60 %; and the manuscript
was stored on iron shelves of iron cabinets that were tightly closed
in without an air condition system. Therefore, the ventilation in
the preservation site is poor. The deterioration aspects were
observed in the leather binding and paper sheets. It can be said
that the manuscript selected for the current study was susceptible
to fungal deterioration due to the preservation conditions
mentioned above. In addition, this manuscript, before it came to
its current storage place, it was preserved in the Al-Azhar Historical
Library in the Al-Azhar Mosque. The contents of this library were
exposed to harsh environmental factors that enhanced the
emergence of many deterioration aspects, especially fungal attack.
These factors were the exposure of the walls of the Al-Azhar
Historical Library to poor sanitation in the vicinity of the Al-Azhar
Mosque, the high level of groundwater, poor ventilation resulting
from storage in uncontrolled closed rooms, poor handling by
researchers, high humidity, and air pollution in Al-Azhar area. All
the previous factors had negative impacts on the quality of the
manuscript before it was transferred to the current library.

Preparation of paper samples (control)

Whatman paper No. 1 (24cm in diameter) made by Whatman
Company in England was used as a control to be compared with
historical paper. The main aim is to assess whether the
comparison illustrates patterns relative to various characteristics
between the control and archeological samples. A cylindrical
radius approx. (12 cm) was prepared according to Abdel-Nasser
et al.*3,
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Preparation of vegetable-tanned leather samples (control)

Vegetable-tanned (mimosa) goatskin samples were prepared
according to Abdel-Maksoud'?. The vegetable-tanned leather
samples were used as a control to be compared with the leather
binding of the historical manuscript in order to show the
differences between the properties of the two samples obtained
under different conditions.

Visual assessment

Visual estimation with the naked eye and using a digital camera
(Samsung camera 38MP, f/2.2 lens slot) is an important step to
describe the deterioration aspects of the historical manuscript
under study (paper and leather binding)?>6'62,

Scanning Electron Microscopy (SEM)

The investigation of the surface morphology of historical paper
and leather binding was done using SEM (Quanta 3D 200i made
by FEl, accelerated voltage of 20.00 kV, and a magnification range
of 250 to 2000X)%3. The SEM analysis was done in the Grand
Egyptian Museum - Conservation Center (GEM.CC), Cairo, Egypt.

ATR-FTIR

FT-IR analysis was achieved to study the chemical change in the
historical leather and paper compared to control samples®®. The
leather and paper samples were analyzed using Attenuated Total
Reflectance Fourier Transform Infrared (ATR-FTIR) spectra on a
Bruker Vertex 70 Platinum ATR scale with crystal diamonds in the
range 4000-400cm~', and resolution 4 at the Archeological
Research and Preservation Centre—Supreme Council of Antiqui-
ties—Muinistry of Tourism and Antiquities, Egypt.

X-Ray Diffraction Analysis (XRD)
The cellulose crystallinity of historical paper compared with
control (Whatman No. 1) was measured using XRD analysis
(Panalytical X, Pert pro-PW 3040/60—Scan axis: Gonio—Anode
material: Cu—Generator settings: 40 mA, 45 kV- Goniometer
radius: 240 mm) at the Grand Egyptian Museum—Conservation
Center (GEM.CC), Egypt. The crystallinity index was calculated
according to the following equation®:

looz — |
lays = ~2 "™ 5100 )

loo2

Where I¢,ys is the crystallization index, lgo2 is the intensity at a 26
value of 22.6° and l,, is the intensity at a 20 value of 19°.

Measurement of color change

The color change and total color difference values of historic
leather and paper samples were analyzed using the CIELAB system
(portable spectrophotometer by Hunter Lab-Reston Virginia USA).
The CIE system has one channel to detect the lightness (L*) value
and two channels, one to measure the color change from red to
green (a*) and the second to measure the color change from
yellow to blue (b*). The total color difference (DE) was measured
according to the following equation®®”:

AE = \/ (BL)*+(Aa)*+(Ab)? @

Measurement of pH value

The pH values of the historical leather compared with control
samples were determined according to Wouters et al.%® with slight
modification. The leather samples were soaked in deionized water
for ~6 h. to allow the ions to transfer into the solution followed by
measuring the pH values using waterproof pH testers AD11 and
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AD12. The calibration of the testers was between 2 and 7, at
21-22 °C. Moreover, the pH values of historical paper compared
with control (Whatman No. 1) were evaluated using an Adwa AD
1030 pH/mV and temperature scale with a flat electrode. The pH
measurements were performed by placing the flat electrode onto
the surface of paper samples®.

Fungal isolation

The different fungal species that inhabitant the historical manu-
script was isolated either by using sterilized cotton swabs that
were pressed firmly over the deteriorated part or by collecting
deteriorated fragments. Either collected swabs or fragments were
inoculated in the Czapeck Yeast Extract broth (CYB) media
(containing g L~": sucrose, 30; NaNOs, 2; KH,PO,, 1; KCl, 0.5;
MgS0,4.7H,0, 0.5; FeS0O,.7H,0, 0.002; yeast extract, 5; Distilled H,0,
1L) supplemented with 500 mg L™ chloramphenicol (to suppress
the bacterial growth) and incubated under shaking conditions
(150 rpm) at 27 £2°C for 48 h”°, The purpose of this step is to
enhance the fungal growth that inhabitant the historical paper
before growing in solid media. At the end of the incubation
period, ~100 yL from the previous inoculated enrichment broth
media was streaked on Czapeck Yeast Extract Agar (CYA) plate
using a sterilized glass spatula and incubated at 27 +2°C. The
inoculated plates were checked daily to observe the fungal
growth which was reinoculated into a new plate for further
purifications. After that, the collected purified fungal species were
inoculated into a CYA slant and preserved in a refrigerator for
further study.

Fungal identification

The collected fungal species were undergone primary identifica-
tion based on the cultural and microscopic examination according
to standard keys for Aspergillus spp.”"”2 and Penicillium spp.”>7%,
The molecular identification based on the amplification and
sequencing of the ITS gene was achieved to confirm the primary
identification. The fungal genomic DNA was extracted based on
Gene Jet Plant genomic DNA purification Kit (Thermo) protocol.
The ITS gene region was amplified using PCR (polymerase chain
reaction) with extracted DNA as a template and ITS primers [ITS1
(5-TCCGTAGGTGAACCTGCGG-3) and ITS3 (5-TCCTCCGCTTATTGA-
TATGC-3)]7°. The PCR mixture (50 L) contained Maxima Hot Start
PCR Master Mix (Thermo), 0.5 uM of each primer, and 1L of
extracted genomic DNA. The PCR protocol was achieved using a
DNA Engine Thermal Cycler by Sigma Scientific Services Company
(Cairo, Egypt) under the following conditions 94°C for 3 min,
followed by 30 cycles of 94 °C for a half minute, 55 °C for a half
minute, and 72°C for 1min, followed by a final extension
performed at 72 °C for 10 min. The commercial sequencing was
conducted using ABI 3730 x 1 DNA sequencer at GATC Company
(Germany). The obtained ITS sequence was compared with those
deposited in the GenBank database using the NCBI BLAST
program, and the phylogenetic tree was conducted by bootstrap
analysis (1000 repeats).

Extracellular enzyme activity

The efficacy of the obtained fungal strains in producing different
extracellular enzymes, including amylase, pectinase, cellulase, and
gelatinase was assessed. Each purified fungal strain was inocu-
lated into mineral salt agar media (MSA) (containing g L™': KCl, 5;
NaNOs, 6; Mg50,.7H,0, 0.5; KH,PO,, 1.5; ZnSO,, 0.01; FeSO,, 0.01;
Agar, 15, Dis. H,0, 1 L) supplemented with a specific substrate. The
results were recorded as a diameter of a clear zone (mm) which is
calculated by subtracting the diameter of fungal growth from the
diameter of all clear zone. The activity of amylase, pectinase,
cellulase, and gelatinase enzymes was estimated by inoculating
the fungal strain on the MSA media supplemented with 1%
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soluble starch, pectin, carboxymethyl cellulose, and gelatin
respectively and incubated for 96 h at 25 +2 °C.

The results were recorded after flooding the inoculated plates
with iodine solution to examine the activity of amylase, pectinase,
and cellulase’®”7, whereas the acidic mercuric chloride was used
to examine the gelatinase activity’®. The experiment was achieved
in triplicates.

Statistical analysis

All the obtained data are represented as the means of three
independent replicates. Moreover, the collected data were
analyzed using ANOVA analysis by a statistical package SPSS
v17. The mean difference comparison between the treatments
was analyzed by the Tukey HSD test at P < 0.05.
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The data presented in this article is available upon request to the authors.
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