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Amylolytic and proteolytic bacteria in the historical manuscripts can consume vegetable and animal based surface
coating substances and adhesives which are found on the raw paper as a protective layer. Therefore, the presence of these
bacteria in the historical manuscripts may pose a risk to the integrity of them. Moreover, the presence of bacteria showing
enzymatic activities may cause a more serious threat to the deterioration of the historical manuscripts. In this study, it was
mainly aimed to detect bacteria having all 3 enzymes together, amylase, caseinase and gelatinase, in the historical
manuscripts. For this purpose, 10 historical manuscripts in the Siileymaniye Manuscript Library were screened for bacteria
capable of producing amylase, caseinase and gelatinase enzymes and then the isolates found to produce all of these enzymes
were identified by molecular methods. The obtained 85 bacterial isolates, 64%, 79%, and 53%, respectively, showed
amylase, caseinase, gelatinase activity. Twenty-seven isolates (32%) were found to produce all of these 3 enzymes. Among
these bacteria, amylase showed the highest hydrolysis ability in terms of enzyme index value. The bacteria were mainly
included in the Bacillus genus belonging to the Firmicutes phylum (81%). The bacterial species with the highest hydrolysis
zones for all 3 enzymes belonged to the genus Bacillus. The results may indicate that historical manuscripts using starch as
surface coating and adhesive may be more susceptible to microbial damage, especially by the Bacillus genus.
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Introduction

Libraries are environments rich in organic material
that microorganisms can easily colonize and benefit.
As a matter of fact, bacteria belonging to
Actinobacteria, Bacteroidetes, Firmicutes and
Proteobacteria phyla were reported in the historical
manuscripts. These bacteria were predominantly
Bacillus, Stenotrophomonas, Staphylococcus and
Microbacterium species' and specialize in the
production of hydrolytic enzymes. The release of
hydrolytic  extracellular  enzymes,  aggressive
metabolic products, may increase material loss and
create a significant threat to the deterioration of
especially the historical manuscripts in libraries.” If
proper storage conditions in terms of relative
humidity and temperature are not provided for paper-
based historical manuscripts, permanent deterioration
may occur in the manuscripts caused by
microorganisms. These damages can be observed in
the forms of spots of different colors on the paper or a
cottony appearance on the paper due to wear.
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Paper used in historical manuscripts (books,
documents, prints, etc.) is a substrate usually obtained
by pulping fibers of different origins and drying them
in sheets, and mechanically processed using animal
and vegetable adhesives, minerals and salts. The most
common ingredient in paper, especially historical
paper, is cellulose. Historical papers usually contain
90-99% cellulose fibers as a basic structural element.
Cellulose consists of long linear chains of glucose.
The polymer chains that make up cellulose are
parallel to each other and form fibrils by connecting
to each other through hydrogen bonds. Animal and
vegetable-based surface coating substances (starch,
egg yolk etc.) and adhesives (gelatin, casein, starch)
were used in the production and/or restoration of
historical papers. Among the most commonly used
protein-based adhesives are gelatin and casein.

Some materials used in the production stage of
paper such as surface coating substances, adhesives,
ink etc. can be a source of nutrients for
microorganisms.” Consumption of these substances by
microorganisms can cause physical, chemical and
aesthetic changes in historical manuscripts.* One of
the microbial deterioration ways of historical papers is
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the consumption of animal and vegetable-based
surface coating substances and adhesives as nutrients
by microorganisms.” Starch is a mixture of two
different polysaccharide fragments (amylose and
amylopectin) obtained from plants and is hydrolyzed
by the enzyme amylase. Hydrolysis of protein and
polysaccharide-based adhesives by the proteolytic and
amylolytic activities of microorganisms may cause
deterioration in the integrity of manuscripts.” Starch is
a homopolymer of glucose, like cellulose. However,
starch consisting of amylose and amylopectin can be
easily hydrolyzed by amylase, while hydrolysis of
cellulose with crystalline structure is typically carried
out by a cellulase complex with the participation of 3
different  enzymes  (endo-B-glucanase, exo-f3-
glucanase and B-glucosidase) and this structure is also
highly resistant to hydrolysis by heterotrophs.
Microorganisms prefer sugars that can be broken
down more easily and quickly. Therefore, most of the
bacteria such as Bacillus, Pseudomonas and
Clostridium may exhibit the ability to produce
amylase rather than cellulase. Amylase enzymes,
which are known to show high stability over a wide
range of pH and temperature, can quickly remove the
adhesive properties of starch on the manuscript
surfaces and lead to the deterioration of the integrity
of the manuscript. Animal based surface coating
substances and adhesives can be broken down by
proteases. Proteases are classified according to their
optimum pH and subtilisin is an alkaline protease that
is frequently encountered in Bacillus species. Most
alkaline proteases are non-specific and easily
hydrolyzeany peptide bond. Protease enzymes can
decrease the adhesive properties of protein-based
materials on the manuscript surfaces and lead to the
deterioration of the integrity of the manuscript.”

Since the main chemical component of paper is
cellulose, it is assumed that cellulolytic species are
typically responsible for the deterioration of paper. As
a matter of fact, studies on the deterioration of the
historical manuscripts  generally focused on
cellulolytic bacteria.”’ However, there is an important
point that in order for microorganisms to reach the
cellulose fibers of the paper, the surface coating (such
as starch) and additives (casein, gelatin) on the upper
layer of the paper must be hydrolyzed by amylolytic
and proteolytic microorganisms. Therefore, the
presence of amylolytic and proteolytic bacteria in the
historical manuscripts may pose a serious risk to the
integrity of them. Moreover, the consumption of these
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structural elements by these bacteria may facilitate
cellulolytic bacteria to use cellulose. But it has been
realized that studies on amylolytic and proteolytic
bacteria in historical manuscripts are limited.

The Siileymaniye Manuscripts Library in Istanbul
is an important library that contains historical
manuscripts. Although, today, ideal conditions are
provided in the new generation storage areas for the
manuscripts in the library, there are some
manuscripts damaged in the past due to many
reasons (fire, flood, improper storage and
transportation, etc.). These manuscripts may harbor
bacteria to cause further damage by breaking down
the vegetable (starch) and/or animal (gelatin and/or
casein) adhesives as the protective layer of the raw
paper in the manuscripts with their extracellular
enzymes. Moreover, the presence of bacteria
showing all of these enzymatic activities may pose a
more serious threat to the deterioration of the
historical manuscripts. Therefore, in this article, it
was aimed to screen the amylase, gelatinase and
caseinase enzymes of the isolates from historical
manuscripts deteriorated in differently in the
Siileymaniye Manuscripts Library, and to identify
the bacterial isolates having all 3 enzyme activities
together by molecular methods.

Materials and Methods

Sampling Procedure

Ten  different  biodeteriorated  historical
manuscripts (M1, M2, M3, M4, M5, M6, M7, M8,
M9, and M10) were selected from the archive of the
Stileymaniye = Manuscript  Library  (Istanbul,
Tiirkiye, according to observable biodeterioration
signs, such as paper discoloration (in different
shapes, colors, sizes), and texture changes (Fig. 1).

Samples from the deteriorated areas of each
manuscript were collected with sterile nitrocellulose
membrane filters (NCM) (Sartorius AG, Gottingen,
Germany) a non-destructive sampling method. Firstly,
47 mm in diameter (corresponding to an area of 17.34
cm®) -NCM filters were moistened with sterile PBS-
Tween 20 (Sigma-Aldrich, MO, USA) and gently
pressed on the surface of the manuscript for 30 s.*
Then membrane filters were placed directly on culture
plates in aseptic conditions. All samples were
immediately transported to the laboratory. During the
sampling process, the temperature, and the relative
humidity of the storage room of historical manuscripts
were recorded as 18°C and 50%, respectively.
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Fig. 1 — Historical manuscripts from which samples were taken

Bacterial Isolation

Reasoner's 2A (R2A) medium was used for
isolation of aerobic mesophilic heterotrophic bacteria
(AMHB) from the biodeteriorated historical
manuscripts. NCM filters sampled were placed
directly onto R2A wunder sterile condition and
incubated at 28°C for 7 days.” The inoculations were
performed in triplicate and all media contained
cycloheximide (50 mg'mL™") to inhibit fungal growth.
After incubation, all isolates were screened through
colony morphology, Gram staining and microscopic
morphology. Pure cultures of the isolates were
obtained by sub-culturing in R2A and maintained on
R2A slants at 4°C for further studies and stored in
glycerol suspension for bio-conservation.

Extracellular Enzymes Analysis

The bacterial isolates were inoculated in Luria-
Bertani (LB) broth. After incubation overnight at
28°C, 5 pL of fresh bacterial culture was inoculated
on enzyme-specific media to detect extracellular
enzymatic activity for amylase, caseinase, and
gelatinase.

In order to screen for amylolytic activity, the
bacterial isolates were cultured on starch agar (SA).
After incubation at 37°C for 24 hours, the medium
was stained with Gram's iodine. The presence of
amylase-producing isolates was detected with the
formation of a clear zone around the colony.'""'?

In order to determine the proteolytic activities of
bacteria, the abilities to produce both caseinase and
gelatinase enzymes were investigated. The bacterial
isolates were cultivated on skim milk agar (SM-agar)
and gelatin agar (GA) to detect caseinase and
gelatinase activities, respectively.”” SM-agar and GA
plates were incubated at 30°C for 4 day and 28°C for
48 hours, respectively. Proteolytic species were

determined by the formation of a clear zone around
the colony at the end of incubation periods.”"*

All tests were performed in triplicate. Photographs
of bacterial isolates showing enzymatic index values
were taken, colony diameters and zone diameters
were measured using the ImagelJ program and the
enzymatic index was calculated using the formula
below:"

colony diameter + zone diameter
colony diameter

Enzymatic index =

Molecular Identification

For molecular identification, the bacterial isolates
that were capable of synthesizing all of 3 enzymes
(amylase, caseinase, and gelatinase) were selected.

The isolates were inoculated in fresh LB Broth and
incubated at 28°C for 24 h. Genomic DNA was
extracted from the cell pellet using a PowerSoil®
DNA Isolation Kit (Mo Bio Laboratories Inc.,
Carlsbad, CA, USA) as described by the
manufacturer. The quality of the extracted DNA
samples was checked on 1.0% agarose gel
(Invitrogen, Carlsbad, CA, USA) stained with GelRed
(Biotium, Hayward, CA. USA). All genomic DNA
samples were stored at —20°C for further processes.

Bacterial 16S rDNA gene fragments were
amplified from the genomic DNA of pure bacterial
isolates  using universal primers, 27F (5'-
AGAGTTTGATCCTGGCTCAG-3") and 1495R (5'-
CGGCTACCTTGTTACGACTT-3".'" PCR
amplifications were performed in 50 pL mixtures
containing 1 pL bacterial genomic DNA, 0.76 pLof
each primer, 22.48 pL nuclease-free water (Qiagen,
Germany), 25.0 pL Taq Master Mix (Qiagen,
Germany), and thermocycling was performed in a
T100 thermal cycler (Bio-Rad Laboratories Inc.,
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Hercules, CA, USA) under the following conditions:
initial denaturation at 95°C for 5min, 34
amplification cycles (denaturation at 95°C for 5Ss,
annealing at 59°C for 60 s, and an elongation step at
72°C for 105 s), and final elongation step at 72°C for
10 min.The quality of the PCR products was checked
on 1.0% agarose gel (Invitrogen, Carlsbad, CA, USA)
stained with GelRed (Biotium, Hayward, CA. USA).

The PCR products were purified and sequenced by
a commercial company (Eurofins Genomics,
Constance, Germany). The determined DNA
sequences were aligned by Clustal X software.'® The
resulting multiple sequence alignment was edited by
GeneDoc software.!” Afterwards, the consensus
sequences obtained from the both strands were
compared with the sequences stored in the GenBank
database using the National Center for Biotechnology
Information (NCBI) Basic Local Alignment Search
Tool (BLAST®)  (http://blast.ncbi.nlm.nih.gov/
Blast.cgi).”® Sequence similarity threshold values,
currently proposed to classify bacterial isolates, were
considered.”'

Statistical Analysis

SPSS 20.0 program was used to determine the
normality of the distribution of the enzymatic index
values and the Kruskal-Wallis test was used to
determine whether there was a significant difference
between the enzymatic index values of 3 independent
enzymes.

Results and Discussion

The Isolates

Eighty-five bacterial isolates differing in terms of
macroscopic and microscopic properties were
obtained from the samples. Ninety-two point nine
percent of these isolates are Gram positive. Most of
these isolates (74.1%) had bacillus shape, while the
others were in coccus (21.1%) and coccobacillus
(4.8%) morphology. Bahjat and Younis-Sherif
reported that 46 of 49 bacteria isolated from historical
documents were Gram positive and had bacillus
morphology. Gram positive bacteria have a cell wall
consisting of a thick layer of peptidoglycan, which
makes them resistant to harsh physicochemical
conditions.** In addition, some Gram positive bacillus
shaped bacteria, such as Bacillus, can survive much
longer than vegetative cells by forming endospores
under harsh environmental conditions.” Also, Gram
positive bacteria have a high potential to degrade
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various biopolymers.** For these reasons, Gram
positive bacteria may be widely isolated from organic
matter-rich extreme habitats.

Extracellular Enzymatic Profiles of the Isolates

The ability of 85 isolates to produce amylase,
caseinase, and gelatinase enzymes, which are
supposed to be effective enzymes that contribute to
the deterioration of manuscripts, were investigated.’
Eighty-two (96%) of the bacterial isolates showed
extracellular enzymatic activity. Similarly, Krakova et
al® reported that all 16 bacteria isolated from
historical paper samples showed hydrolytic enzyme
activity. However, Raeisnia et al*® estimated that
64% of the bacteria isolated from an 11th century
manuscript produced extracellular enzymes.

While 32% (27 isolates) of the isolates had the
ability to produce all of 3 enzymes (amylase,
caseinase, and gelatinase), the number of isolates
showing any 2 of the enzyme activities was 35% (30
isolates) (Fig. 2a-2b). Many bacteria were able to
produce more than one enzyme.”**’ The co-operation
of more than one enzyme can facilitate the hydrolysis
process™ and can lead to accelerate the process of
manuscript degradation. Therefore, the detection of
bacteria capable of producing more than one
hydrolytic enzyme is important for future studies in
terms of taking prevention to slow down the
biodegradation of manuscripts. Also, the number of
isolates showing only one enzymatic activity was
29% (25 isolates) (Fig. 2). In addition, the most
synthesized enzyme by the isolates was caseinase
(79%), followed by amylase (64%) and gelatinase
(53%) was detected. Alves et al. also reported the
same results which caseinase.”’

The amylolytic, caseinolytic, and gelatinolytic agar
assays of 85 bacterial isolates are given in Table 1.
Enzymatic index values of the bacterial isolates in
SA, SM-Agar, and GA were found to be in the range
(a) (b)

= Number of isolates showing
all 3 enzymatic activities

® Nurrber of isolates showing
any 2 enzymatic acfivities

Number of isolates showing
any 1 enzymatic activities

® Number of isolates showing
none of the enzymatic
activities studied

Fig. 2 — The (a) percentage and (b) the numerical representations
of enzymatic profiles of bacterial isolates; (A) amylase,
(C) caseinase and (G) gelatinase enzymes
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Isolate Sample
code

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30
S31
S32
S33
S34
S35
S36
S37
S38
S39
S40
S41
S42
S43
S44
S45
S46
S47
S48
S49
S50
S51
S52

code

M1
M1
M1
M3
M3
M3
M4
M4
M4
M5
M3
M10
M5
M5
M9
M10
M1
M1
M2
M2
M2
M2
M2
M2
M2
M3
M4
M4
M4
M5
M5
M5
M7
M6
M8
M8
M8
M8
M8
M9
M10
M10
M10
M10
M4
M1
M5
Ml
M1
M2
M3
M3

Table 1 — The hydrolytic abilities of eighty-five bacterial isolates

Starch agar Skim milk agar Gelatine agar
ZD CD Amylase ZD CD Caseinase ZD CD Gelatinase
(mm) (mm) El (mm) (mm) El (mm) (mm) EI
1642+ 1.13 8.51+1.65 1.98 2378+ 1.25 13.34+0.91 1.78 21.14 +£0.78 7.33+0.69 2.90
10.64+0.75 5.33+0.36 2.00 2243 +1.43 12.52+0.29 1.79 30.14+0.28  15.88+3.33 1.96
21.54+2.25 6.16+£0.97 3.53 2334+1.02 11.25+0.79 2.08 2276 +2.14  11.85+2.05 1.94
24.10+0.33  7.74+£0.66 3.13 41.50+4.20 34.12+2.56 1.22 2230+ 1.44 9.44 +1.09 2.38
12.79+1.20 6.24+0.68 2.08 21.35+0.47 8.98+0.26 2.38 18.38 + 1.81 9.42 +0.54 1.95
20.59+2.27 6.25+0.62 3.30 37.53+£2.05 26.12+ 2.82 1.45 24.15 +0.61 7.78 £0.58 3.11
20.29+0.84 6.54+0.16 3.10 1536+0.82 11.34+0.68 1.36 12.26 +0.47 7.23+0.26 1.70
13.09+1.13  7.31+0.80 1.81 21.54+1.69 13.24+1.00 1.64 24.56 +2.10 9.86+0.77 2.51
31.06+1.30 6.28+0.36 4.96 19.42+0.70  9.81+£0.20 1.98 15.15+1.54 7.73 £0.31 1.97
19.07+0.61 7.77+0.85 2.47 2848 +1.21 15.07+0.71 1.89 22.60+2.40  10.10+0.64 2.24
22.04+0.56 8.59+0.57 2.58 3524+4.19 16.12+3.35 2.21 25.18+1.36 9.45+0.85 2.67
20.24+2.21 5.20+0.50 3.89 2429+225 1526+0.77 1.59 20.21 £ 0.64 7.04+0.74 2.90
15.61 +0.94 5.93+0.34 2.63 2740+ 1.08 24.50+1.80 1.12 25.65+1.01 9.61+0.58 2.68
2526+0.46 5.99+0.49 424 30.00+0.11 15.06 +1.37 2.00 21.15+0.67 10.12+0.13 2.09
22.07+0.50 6.23+0.18 3.55 25.82+1.05 12.03+1.03 2.16 23.03 +0.12 8.98 +0.53 2.57
23.69+0.51 6.53+0.42 3.63 29.21+1.09 13.92+0.51 2.10 27.43 +0.21 10.32+0.33 2.66
2643 +1.34 10.44+0.29 2.53 27.72+0.77  20.94 +0.60 1.32 — — —
12.12+291 4.79+0.63 2.53 — — — — — —
15.59+0.56 7.87+1.15 2.00 33.05+6.94 20.66+5.70 1.62 — — —
15.44+0.62 9.69+0.38 1.60 31.18+2.80 20.37+4.59 1.57 — — —
35.89+0.67 16.98+0.22 2.11 5497+2.84 16.50+0.74 3.34 32.69+0.79 11.22+0.31 2.92
32.68+0.24 6.93+0.38 4.72 35.11+020 11.24+0.61 3.13 29.14 +0.66 7.86+0.17 3.71
19.58+0.09 9.46+0.39 2.07 30.14+2.55 1539+1.16 1.96 — — —
13.64+0.31 6.32+0.21 2.16 29.29+10.46 13.80+2.11 2.09 — — —
1522+0.69 7.72+0.82 1.98 30.09+5.63 17.28+2.96 1.74 — — —
— — — 29.59+0.50 18.30+1.46 1.62 — — —
46.06 £1.57 7.84+0.08 5.87 2622 +7.34 12.58+3.41 2.20 — — —
34.00+0.86 17.19+0.86 1.98 25.08+0.23 14.98 £2.46 1.70 — — —
26.62+0.43 10.03+0.47 2.66 2341+1.34 15.88+0.38 1.47 — — —
47.13+£2.59 13.60+0.45 3.47 4340+4.82 34.00+2.76 1.29 3291 +0.68 24.41+0.45 1.35
16.59+0.66 9.12+0.09 1.82 20.75+1.83 15.14+0.39 1.37 — — —
15.04+0.81 5.67+0.32 2.66 21.11+1.44 883+048 2.39 — — —
2447 +5.05 10.26+2.36 2.40 18.04+0.57 10.49+0.50 1.72 — — —
42.88+1.66 11.64+0.55 3.69 5429+4.88 27.53+0.83 1.97 34.17+0.40 1556+ 1.31 2.20
18.66 +0.85 5.87+0.05 3.18 — — — — — —
31.17+1.38 15.88+£0.24 1.96 — — — 35.61+1.65 25.66+1.05 1.39
43.11+1.28 13.05+0.42 3.31 19.94+0.77 18.19+1.04 1.10 3294+1.09 15.78+0.95 2.09
41.22+1.99 11.76 +0.67 3.52 2231+1.60 14.24+0.75 1.57 2091+ 1.06 12.36+0.53 1.69
— — — 37.73+2.14 8.64+0.16 4.37 — — —
— — — 40.27+1.93 13.30+0.53 3.03 20.52 +0.93 7.98 +0.36 2.57
30.75+0.20 17.28+0.97 1.78 35.65+1.07 18.12+0.79 1.97 27.70+1.14  15.05+0.81 1.84
— — — 24.79+0.76 11.70 £ 0.15 2.12 21.58 +£0.36 9.66+0.72 224
3334+0.63 17.23+0.41 1.94 41.70+0.48 19.12+0.61 2.18 27.53+0.14 15.78+0.43 1.75
12.89+0.62 7.41+0.30 1.74 27.65+0.62 14.26+0.42 1.94 16.57 +1.82 8.27£0.56 2.00
30.76 £4.03 7.94+0.24 3.87 4550+3.35 29.75+1.18 1.53 1436 +2.14 8.42+0.85 1.70
26.08+2.94 6.99+0.43 3.76 42.68+1.50 22.77+0.31 1.87 2538+1.67 1524+0.78 1.67
— — — 17.33+0.44 10.65+0.71 1.63 — — —
— — — 29.08+0.47 9.63+0.24 3.02 23.92+0.82 7.89+0.33 3.03
— — — 28.87+1.04 21.33+0.50 1.35 2457+191  13.73+5.38 1.95
— — — 28.71+1.82 21.27+1.29 1.36 — — —
— — — 28.71+1.17 2642+ 1.11 1.09 18.45+1.69 10.71+0.85 1.73
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Table 1 — The hydrolytic abilities of eighty-five bacterial isolates (contd.)
Isolate Sample Starch agar Skim milk agar Gelatine agar

code  code ZD CD Amylase ZD CD Caseinase ZD CD Gelatinase

(mm) (mm) El (mm) (mm) EI (mm) (mm) EI
S53 M4 — — — 38.39+0.39 16.80+0.93 229  2381+1.83 10.93+0.46 2.18
S54 M4 - - - 36.29+1.30 1243+099 293 13.42 +0.69 6.38 £0.46 2.12
S55 M4 — — — 3432+195 10.81+0.49 3.18 28.56 +1.39 8.93+0.58 3.20
S56 M4 — — — 2349+3.44 11.98+0.23 1.96 13.66 £ 1.95 6.47+0.33 2.11
S57 M4 — — — 2829+1.72 15.02+4.28 1.98 23.15+0.95 8.76 £0.20 2.64
S58 M4 — — — — — — — — —
S59 M5 — — — 36.13+1.90 14.72+£090 246  26.71+0.77 8.70 £ 0.35 3.07
S60 M5 — — — — — — 24.59 +0.98 9.69 +£0.42 2.54
S61 M5 — — — 36.33+0.67 14.98+0.50 243 2821+0.52 10.75+0.24 2.63
S62 M5 26.86+0.80 12.81+1.32 2.11 — — — — — —
S63 M5 — — — 16.18+0.92 14.64+0.81 1.11 — — —
S64 M5 46.17+2.78 1632+154  2.83 46.84+1.23 28.16+0.61 1.66 — — —
S65 M5 12.58+0.54 8.05+0.31 1.56 — — — — — —
S66 M6 — — — 32.00+2.58 13.55+0.55 2.36 — — —
S67 M6 — — — 39.20+1.32 11.80+0.68 3.33 33.50+2.31 8.74+0.22 3.83
S68 M7 — — — — — — 20.83+£1.95 1352+1.23 1.55
S69 M7  21.52+0.68 9.88+1.41 2.20 — — — - - -
S70 M7 — — — — — — — — —
S71 M8 — — — 6.26+0.23  3.01+0.18 2.09 — — —
S72 M8 20.01+0.10 17.35+0.16 1.15 — — — — — —
S73 M8 14.11+0.45 7.66+0.68 1.85 — — — — — —
S74 M8 4230+1.80 15.36+0.13 2.75 55.07+3.10 27.37+0.59 2.01 — — —
S75 M9 — — — 3720+326 14.02+0.32  2.66 — — —
S76 M9 31.59+2.01 11.20+0.84 284 — — — — — —
S77 M9 2032+0.84 10.80+0.32 1.88 — — — — — —
S78 M9 21.12+0.13 8.35+0.53 2.54 — — — — — —
S79 M9 26.85+0.53 10.36+1.35 262  4024+1.72 21.63+0.05 1.86 — — —
S80 M9 20.86+0.88 7.94+1.10 2.65 — — — — — —
S81 M9 — — — — — — 5.62+0.97 2.97 £0.55 1.96
S82  MI10 — — — 19.58+0.59 10.32+0.32 1.90 — — —
S83  MI10 — — — 4756+ 1.14 30.95+2.03 1.54 — — —
S84 MI10 — — — 43.65+1.04 1724+022 253 3347+041 12.45+1.04 2.70
S85  MI10 — — — 3723 +3.74 9.23£0.52 4.04 — — —

CD: Colony diameter (mm)

ZD: Zone diameter (mm) (Colony diameter + hydrolysis zone)
EI: Enzymatic index

—: Zone formation did not occur

of 4.96-1.60, 4.37-1.54, and 3.83-1.35, respectively.
The hydrolysis abilities of the bacterial isolates in this
study were higher than those in other few studies.”®*
According to the results of the statistical analysis
performed among 27 bacteria showing all of 3
enzymes, it was determined that there was a
significant difference between amylase, caseinase,
and gelatinase index values. Amylase index values
were found to be significantly higher than caseinase
and gelatinase index values (p<0.01). The results may
indicate that historical manuscripts that use starch as a
surface coating and adhesive may be at greater risk of
microbial damage. Therefore, future studies are
needed to determine the biodegradative effect of each

enzyme of bacteria that can produce more than one
hydrolytic enzyme on manuscripts.

Molecular Identification of the Isolates

Since enzymatic activity results were used as a
preliminary evaluation criterion in the selection of
bacterial isolates for molecular identification, 27
isolates capable of synthesizing all of 3 enzymes were
identified. The 3 isolates (S45, S46 and S47) were
unidentified bacteria (11%) (Fig. 3). The 22 bacteria
(81%) were included in Firmicutes phylum (Table 2).
Additionally, 1 bacterium (4%) included in the
Proteobacteria and 1 bacterium (4%) Bacteroidetes
phyla were also found in the manuscripts (Fig. 3).
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Some studies on paper-based manuscripts were
reported that bacteria in the Firmicutes phylum were
predominant, while Bacteroidetes and Proteobacteria
members were in less amount.'*>*°

It was determined that 19 of 24 bacterial isolates
(S4, S5, S6, S7, S8, 89, S11, S12, S13, S14, S15, S16,

Unidentified

Proteobacteria, Pacteria

4% 11%

Bacteriodetes
4%

Firmicutes
81%

Firmicutes m Bacteriodetes m Proteobacteria
B Unidentified bacteria

Fig. 3 — Phylogenetic distribution of the amylolytic, caseinolytic,
and gelatinolytic bacteria obtained from historical manuscripts at
phylum level

S21, S22, S30, S34, S38, S42 and S44) belonged to
Bacillus genus in Bacilli class of Firmicutes phylum
with varying similarity rates (97-99%) (Table 2).
Savoldelli et al®' similarly stated that the most
detected bacterial genus in the historical documents
was Bacillus. Also, Bacillus genus bacteria were
frequently isolated from wall paintings, paintings,
paper-based works, etc.'"”*?° The fact that these
bacteria are common in historical documents as well
as in nature may be due to forming endospores,
having extracellular enzyme diversity and using
different catabolic reactions to obtain energy. It was
assumed that they are the dominant bacterial genus in
the historical documents, since they can survive for
many years with their spore form.*

It was detected that the S4 and S5 isolates were
related (99%) with Bacillus halotolerans and Bacillus
simplex, respectively. These bacteria were determined
in the historical documents.**** The S6 isolate shared
97% identity with Bacillus siamensis. The S11 and
S44 isolates showed identity (98% and 99%,
respectively) to Bacillus tequilensis. Gatson et al.*

Table 2 — Phylogenetic affiliations on 16S rRNA analysis of determined bacterial isolates

Sample Isolate no Closest BLAST® match and BLAST® accession number Similarity Phylum
code (%)

M1 S1 Priestia aryabhattai EAF36 (MG593997) 98 Firmicutes
S2 Priestia aryabhattai OA091 (KY622738) 98 Firmicutes
S3 Chryseobacterium sp. PCH55 (K'Y628873) 98 Bacteroidetes
S46 NA*

M2 S21 Bacillus subtilis JCM 1465 (NR_113265) 99 Firmicutes
S22 Bacillus subtilis JCM 1465 (NR_113265) 99 Firmicutes

M3 S4 Bacillus halotolerans SR36 (MH010392) 99 Firmicutes
S5 Bacillus simplex BD17-S24 (HF584831) 99 Firmicutes
S6 Bacillus siamensis LA084 (KY622204) 97 Firmicutes

M4 S7 Bacillus sp. P5-2 (MG827115) 99 Firmicutes
S8 Bacillus sp. JZHS21 (DQ658962) 98 Firmicutes
S9 Bacillus sp. JZHS21 (DQ658962) 99 Firmicutes
S45 NA*

M5 S10 Priestia aryabhattai SKC15 (MF000970) 98 Firmicutes
S13 Bacillus subtilis HHT-10 (HQ268531) 98 Firmicutes
S14 Bacillus mojavensis HQB1354 (MHO041231) 99 Firmicutes
S30 Bacillus wiedmannii FSL W8-0169 (NR_152692) 99 Firmicutes
S47 NA*

M6 S34 Bacillus mobilis MCCC 1A05942 (NR_157731) 99 Firmicutes

M8 S11 Bacillus tequilensis JW18 (KP126484) 98 Firmicutes
S38 Bacillus mobilis MCCC 1A05942 (NR_157731) 99 Firmicutes
S39 Pseudomonas chengduensis MBR (NR_125523) 99 Proteobacteria

M9 S15 Bacillus subtilis HC-2 (KP835201) 99 Firmicutes

M10 S12 Bacillus mojavensis HQB1354 (MHO041231) 98 Firmicutes
S16 Bacillus gaemokensis KK16B1_9 (KY344805) 97 Firmicutes
S42 Bacillus subtilis JCM 1465 (NR_113265) 99 Firmicutes
S44 Bacillus tequilensis 10b (NR_104919) 99 Firmicutes

NA*: The species could not be determined.
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isolated B. tequilensis from a 2000-year-old Mexican
shaft-tomb and reported that it was genetically closely
related to Bacillus subtilis. The S13, S15, S21, S22
and S42 isolates showed similarity (98-99%) with B.
subtilis. It was noticed that B. subtilis bacteria were
found in 4 of the 10 historical manuscripts studied. B.
subtilis  was also reported in archaeological
manuscripts, historical photographs, parchment
manuscripts, historical monuments and indoor air of
the library.****" B. subtilis was found to be the
bacterium with the highest casein hydrolysis ability in
the manuscripts.

The isolates S12 and S14 showed identity (98%
and 99%, respectively) with Bacillus mojavensis
which was detected in an 11th century manuscript.*®
The S16 and S30 isolates were related (97% and 99%,
respectively)  to  Bacillus  gaemokensis  and
Bacilus wiedmanni, respectively. The S34 and S38
isolates showed similarity (99%) with Bacillus
mobilis. B. gaemokensis, B. wiedmanni and
B. mobilis species were reported as members of the
Bacillus cereus group.”®*® Bacillus species adapt to
microclimate conditions of low temperature and high
humidity faster than other bacterial groups.”’ Among
the Bacillus isolates, B. wiedmanni and B. mobilis
species were found to have the highest hydrolysis
ability of starch and gelatin, respectively.

The S1, S2 and S10 isolates showed 98% identity
with Priestia aryabhattai, which is formerly known as
Bacillus aryabhattai and was reported to be isolated
from ancient Ola leaf manuscripts and the surface of
the skeletons exhibited in a museum.***!

The S3 isolate was closely related (99%) with the
Chryseobacterium genus included in the Flavobacteria
class of the Bacteroidetes phylum. Chryseobacterium
species, which are non-fermentative Gram negative rod
types with strong proteolytic activity, capable of
oxidizing many carbohydrates, are widely found in soil
and water.”” Although Chryseobacterium species are
known as rare human pathogens, they have been
reported to cause bacteremia, pneumonia, meningitis,
pyomyositis, and keratitis in hospital settings.*

The S39 isolate shared 99% identity with
Pseudomonas chengduensis, which belonged to the
Proteobacteria phylum, Gammaproteobacteria class
and Pseudomonas genus. Pseudomonas species are
Gram negative bacteria with opportunistic pathogenic
properties that can be found widely in nature with
different physiological characteristics.
Chryseobacterium and Pseudomonas species have
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also been detected in deteriorated library materials
and manuscripts.”?' P. chengduensis was found to be
able to hydrolyze casein and starch unlike the study of
Tao et al.* Since opportunistic pathogenic bacteria
can be found in the historical manuscripts, library
staff and wvisitors should contact the historical
manuscripts with gloves.

Conclusions

The data on the metabolic capacities of
microorganisms involved in the deterioration of
historical manuscripts could offer useful for their
preservation and conservation. The findings of this
study may serve as a foundation for experiments
aimed at eliminating bacteria that produce three
enzymes (amylase, caseinase, and gelatinase)
potentially threatening manuscript integrity.

The count of caseinolytic bacteria is higher than
that of amylolytic and gelatinolytic bacteria, but
amylolytic bacteria have a stronger hydrolysis ability.
This suggests that historical manuscripts with starch-
based surface coatings and adhesives might be at
greater risk of bacterial damage. Bacillus bacteria, due
to their prevalence and high hydrolysis capability,
could significantly contribute to manuscript
deterioration. Therefore, developing strategies to
prevent Bacillus colonization might be beneficial for
manuscripts  preservation.  Additionally, future
research could focus on bacteria-specific disinfection
treatment.
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