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HIGHLIGHTS

» The dominant fungi isolated and
identified from the display and
storage atmosphere in the Sohag
National Museum were Aspergil-
lus flavus, Trichoderma sp., and
Penicillium duclauxii.

» The identified fungi affected the
physical, chemical and mechani-
cal properties of archaeological
linen textiles.

» The most dangerous fungal
strains affect all properties stud-
ied was Aspergillus flavus.

ARTICLE INFO

GRAPHICAL ABSTRACT
- BTG

Article History:

Received: 29 September 2020
Revised: 22 October 2020
Accepted:31 October 2020
Available online: 21 December
2020

ABSTRACT
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Microorganisms are one of the most dangerous
damage factors that threaten archaeological cel-
lulosic textiles such as cotton and linen. This re-
search presents a detailed study of the effect of
fungi that have been isolated from the display
and storage environment of Sohag National Mu-
seum on the mechanical, physical and chemical
properties of archaeological linen textiles. The
study used the potato Dextrose Agar, PDA. Nu-
tritional medium in conducting microbial surveys
of the museum display and storage environment;
the result of the survey was the presence of three
fungal strains, Aspergillus flavus, Trichoderma
sp. and Penicillium duclauxii, which dominated
the display and storage atmosphere in the muse-
um.
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The study evaluated the effect of these fungal strains on the linen textiles. Measurement of
mechanical properties (tensile strength and elongation), change of color using the CIE Lab
system and the use of Fourier transform infrared spectroscopy (FTIR) were used for the
evaluation process. The results of this study found that the most dangerous fungal strain that
affect both mechanical, physical properties and chemical composition was strain of Aspergil-

lus flavus.

1. Introduction

This study focuses on the effect of microor-
ganisms isolated from the atmosphere of the
exhibition and the museum storage of Sohag
National Museum on the mechanical, physi-
cal and chemical properties of archaeological
linen textiles. Organic museum collections
are damaged by microorganisms as a result
of multiple reasons and contributing factors,
among which are the display conditions (i.e.
temperature, relative humidity, and light)
within museums, as well as the display
methods since having a proper display sys-
tem within museums preserves museum col-
lections as well as presents them in an ar-
chaeological and scientific form which great-
ly benefits visitors and researchers; however,
this is not the case in most museums and ex-
cavations where storage and display condi-
tions are inappropriate. Each of the previous
factors plays a significant role in the deterio-
ration cycle of organic monuments within the
museums. These factors combined cause se-
vere damage to the collections until they
reach a state of weakness and fragility. This
usually leads to the destruction and loss of
these collectibles [1]. Microorganisms attack
textiles, which results in rapid degradation of
textile fibers. Microorganisms pose a threat
to textile materials at all stages of its manu-
facture; from obtaining raw material from
farms to storage and transportation stages of
the final product, where under favorable
conditions for the growth of these organisms,
their impact on textile fibers and materials is
greater and faster [2]. The attack of microor-
ganisms is destructive to historical textiles
since such organisms remain latent for very
long periods within the material of the fabric
and during which microbes work to repro-
duce.Microbial damage can occur in collect-
ibles that appear to be in a good condition
and exist under controlled surrounding con-
ditions; that is free of any pollutants, chemi-

cal damage factors and physical pressures
[3]. The prevention of microbial damage due
to improper display or storage in museums,
which promote fungal growth, is one of the
major problems in the maintenance and
treatment of archaeological textiles [4]. Mi-
crobial damage to archaeological textiles
leads to color change, staining, distinct odor,
and rot as a result of the secretion of these
organisms as volatile compounds, in addition
to the occurrence of enzymatic and mechani-
cal degradation resulting from the activity of
the growth of fungi [5]. The innate damage
to textiles also works to change the proper-
ties of textiles such as a change of tensile
strength and durability, in addition to the fact
that some fungi contain colored materials
that spot and stain textile collectibles. More-
over, these stains contain chemicals that
cause damage to archaeological textiles even
with the death of these fungi. Accordingly,
maintaining valuable textiles requires the
removal of such stains, given that the chemi-
cal changes resulting from the activity of
such microorganisms lead to a strong de-
crease in the tensile strength of the fabrics
and occurrence of a total and partial destruc-
tion of the fibrous material. Furthermore,
mold from this fungal growth is also ex-
tremely harmful to those working in these
museums, sometimes leading to serious dis-
eases [4], [6]. Cellulosic fibers from cotton
and linen are considered one of the most sus-
ceptible textile fibers to the attacks of micro-
organisms, but this does not exclude expo-
sure of protein textiles such as wool and silk
to such a risk. The mold may also grow on
industrial fibers such as nylon and polyester
if these fibers are soiled or due to the pres-
ence of processing materials which create a
nutrient-rich environment suitable for the
growth of these microorganisms [7]. Bacteria
and fungi destroy textiles and fibers, but the
damage from bacteria is much more harmful
to fibers. Among the most significant bacte-
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rial strains which deleteriously affects tex-
tiles and their materials are the following
species: Cytophaga, Micrococcus, Bacte-
rium, Bacillus, Cellulobacillus, Pseudomo-
nas, Sarcina, while the most damaging and
harmful fungi strains to fabric materials pre-
sent in the air and soil are: Aspergillus, Peni-
cillium, Alternaria, Cladosporium, Fusari-
um, Trichoderma [8,9]. Many researchers
were interested in monitoring fungal strains
that dominated the archaeological linen tex-
tiles found in the Coptic Museum and the
Egyptian Museum in Cairo, and the monitor-
ing showed the most dominant strains are as
follows, respectively: Aspergillus, Penicilli-
um, Chaetomium, Alternaria, Trichoderma
virida. The ability of textiles to absorb and
restore their moisture content from the sur-
rounding environment with the nature of
their organic components makes them the
most sensitive to the damage caused by mi-
croorganisms. There are many reasons why
textiles are more sensitive to microbial
growth processes, among which is that tex-
tile materials are a suitable food source for
these microorganisms due to their organic
nature. Moreover, the huge changes that may
occur in the properties of textiles as a result
of natural aging processes make them more
sensitive to microbial damage [10]. Microor-
ganisms convert carbohydrates with large
insoluble molecules into soluble substances
by breaking these molecules into smaller
soluble units caused by Exoenzymes pro-
duced by these microorganisms and then di-
gested by the Endoenzyme which produced
within the microbial cell [11]. Natural poly-
mers such as cellulose, starch, and protein
are completely degraded by enzymes pro-
duced by microorganisms such as cellulase
decomposes cellulose enzymes, amylase de-
composes starch, and a protease enzyme de-
composes proteins. The degradation of these
polymers results in new substances that rep-
resent the vital component of microbial cell
food for microorganisms, while industrial
polymers are almost very stable in the envi-
ronment and are not exposed to such enzy-
matic degradation by microorganisms [12].

2. Materials and methods

2.1. Samples and chemicals

e Raw linen produced by The Egyptian
Textile Industries Company (Dintex) in
Cairo.

e Potato dextrose agar (PDA) produced by
(HIMEDIA REF) company used as the
nutritional medium of the fungi.

2.2. Microbial survey for the exhibition
and storage environment of Sohag
National Museum

In this part, microflora of the textile exhibi-
tion and storage halls of Sohag National Mu-
seum was isolated in order to identify the
most dominant fungi in the atmosphere of
the museum’s exhibition and storage halls.
The nutritional medium of the fungus, Potato
dextrose Agar (PDA) which consists of 4.0g
Potato Starch, 20g Dextrose, 15g Agar, pro-
cessed in 1000ml distilled water was chosen
[13]. The culture media was then sterilized in
the plant disease laboratory in the Faculty of
Agriculture of the University of Sohag with
the Autoclave device. The culture media was
poured and the antibiotic Magnabiotic 1200
mg was added upon casting to prevent the
growth of bacteria on the medium used. The
culture medium was then poured in Petri
dishes that were transferred to the museum.
A microbial survey was conducted in the
display and storage halls of the museum. The
microflora process was carried out by expos-
ing 2 Petri dishes containing culture medium
in the textile display halls of the museum and
exposing a number of other Petri dishes in
the storage halls of the National Museum of
Sohag. Fig. 1 shows the microflora sampling
process of the display and storage environ-
ment of Sohag National museum.

2.3. Processing of raw linen samples,
cultivating isolated fungal strains
and microscopy of the fiber surface

In this part, samples of raw linen fibers pre-
pared and processed by the Egyptian Textile
Industries Company "Dintex" in Cairo, were
washed repeatedly with hot water and soap to
get rid of impurities, processing materials
and starch that can be found on the fibers.
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Then, the fibers were left to dry at room
temperature. Upon the completion of the
processing phase, linen was cut into 15 cm x
3 cm samples in preparation for mechanical
and physical tests and chemical analyses.
This was followed by the cultivation stage
which involved cultivating the fungal strains
of fungi that have been isolated and purified
from the microbial study that was carried out
on the galleries and storage of the Sohag Na-
tional Museum. This stage was carried out as
follows:-

The cultivation medium selected was an air-
tight glass box that was first sterilized using
ethyl alcohol, followed by heat sterilization
using a Bunsen burner. After the sterilization
stage, the samples were sterilized using the
Autoclave to ensure that they are free of any
microbial activity. The samples were then
placed inside the sterile glass box and
sprayed with distilled water. Three fungal
strains were brought in and each fungus was
transferred to the samples using an inocula-
tion needle and then placed in the glass box.
Samples were placed in a sterile Petri dish
and incubated at a temperature of between
25-28 °C for 7-14 days [14]. The following
image (Fig. 2) shows the process of inoculat-
ing raw fungal strains onto linen samples
inside the glass box, which was used as an
alternative to the laminar flow device which
is used in the isolation, identification, purifi-
cation and cultivation of fungus.

2.4. Evaluation of the effect of fungal
growth on linen textile samples by
tests and analyses:-

The process of evaluating the effect of the
fungal growth of fungi isolated from the at-
mosphere of display and storage areas of the
National Museum of Sohag on raw linen
samples relied on a series of mechanical and
physical tests, in addition to chemical anal-
yses as follows:

2.4.1. Mechanical test (Elongation and
maximum force)

The measurement of tensile strength and

elongation of experimental samples was con-

ducted at the National Institute of Standards

(NIS) in Giza. The measurement process was

carried out using a US Tinius Olsen device
with strength of 5kN. Test conditions were
under 25°C and 65% relative humidity, the
distance between the jaws of the device was
5 cm, and the dimensions of the samples
were 3 x 15 cm. The measurement was done
according to international standards (ASTM
D503506 (2008) standard test method for
breaking force and elongation of textile fab-
rics (strip method).

2.4.2. Measurement of color change
with the CIELAB system

The measurement of the values of color
change of linen samples infected with fungi
was measured at the National Institute of
Standards in Giza using OPTIMATCH 3100.
Total color change (AE*) of fungal infected
linen samples was calculated according to
the following equation:

AE* = {(AL*)? +(Ab¥)? +(Aa*)?}"? [14, 15,
16].

2.4.3. Fourier transform infrared spec-
troscopy (FTIR)

The analysis of samples was carried out by
the infrared spectrometer to identify func-
tional groups of the samples. Sample prepa-
ration involves grinding the sample in the
form of powder, adding potassium bromide
KBr and then performing further grinding.
The powder is then compressed to make a
transparent disc by placing the sample in a
hollow ring half an inch in diameter and ap-
plying pressure for at least two minutes. The
sample was then immediately placed in the
device to avoid contamination or steam ab-
sorption [16].

3. Results and Discussion

3.1. Microbial survey (Microflora) of
the exhibition and storage environ-
ment of Sohag National Museum-

The Microscopic and cultural characteristics
of the isolates were observed. The fungal
isolates belong to the genera Aspergillus sp.,
Trichoderma sp., and Penicillium sp. The
fungal species were identified and character-
ized based on their morphological characters
and microscopic analysis using taxonomic
guides and standard procedures [17]



Fig. 1. Microbial surveys of the display and storage environment at the Sohag
National Museum.

Fig. 2. The process of cultivating fungal strains on raw linen samples at
the Organic Archaeology laboratory of the Faculty of Archaeology Sohag
University.
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at the Microbiology Department, the Nation-
al Institute of Oceanography and Fisheries,
Red Sea branch, Egypt. The results of the
microbial survey of fungi found in the galler-
ies and the museum storage of the National
Museum of Sohag showed the existence of
three fungal strains dominated the exhibition
and storage environment. These fungal
strains have been represented in the exhibi-
tion halls in three types of fungi, namely 6

SEM microscopy showed the rapid spread
and growth of fungal conidia on raw linen
samples as evident in the following images:-
Examination of the infected samples using
the stereoscopic microscope as in Fig. 4, and
the SEM as in Fig. 5 show a significant dis-
tortion in the morphology of flax fibers as a
result of the rapid and increasing growth of
isolated fungal strains.

strains of Aspergillus flavus, one strain of 3.3. The effect of fungal growth on the

Trichoderma sp. and one strain of Penicilli-
um duclauxii. Moreover, 11 fungal strains of
the museum'’s storage environment were rep-
resented in three types of fungi, namely 4
strains of Aspergillus flavus, 4 strains of
Trichoderma sp. and 3 strains of Penicillium
duclauxii. The dominant fungi were confined
to the display and storage environment of
three fungal strains, namely Aspergillus fla-
vus, Trichoderma sp, and Penicillium du-
clauxii. The following images (Fig. 3) show
the fungal strains that dominated the atmos-
phere of display and storage in the museum
after being purified.

It was noted that the most dominant and pre-
sent fungal strains in the display and storage
environment in the museum is the fungal
strain of Aspergillus flavus , where 6 fungal
strains were isolated from the display envi-
ronment as well as 4 fungal strains from the
storage environment. It was noted that the
number of fungal strains isolated from the
storage environment was greater than the
fungal strains isolated from the halls of the
exhibition and this is may be due to the lack
of proper maintenance, as well as the poor
environmental conditions in the Museum
store (i.e. high relative humidity and warm
air) which create a climate suitable for the
growth of microorganisms.

3.2. Processing of raw linen samples,
cultivating isolated fungal strains
and microscopy of the fiber surface:

The samples were examined post the cultiva-
tion of fungal strains using a stereomicro-
scope and a Scanning Electron Microscope.
The following images show propagation and
staining samples with fungal strains.

mechanical, physical, and chemical
properties of linen fibers:-

3.3.1. Mechanical tests
strength and elongation):

The test of the mechanical properties of the
samples (i.e. tensile strength and elongation)
show the existence of a direct relationship
between the strength of the fiber tension and
its elongation as this is observed in the de-
crease in tensile rates directly followed by a
decrease in the elongation of the samples
compared to the standard raw linen sample.
The mentioned samples of raw experimental
linen infected with fungal strains isolated
from the display, and storage environment
recorded a decrease in the strength of the
tension and elongation of the samples as
shown in Fig. 6.

As a result of the growth of these fungal
strains, the imbalance in the tensile strength
and the elongation of linen samples, a strong
decrease in the samples is observed, as
shown in Fig. 6, where the fungal strain of
Aspergillus flavus was the most affected in
tensile and elongation testing of the samples
compared to the standard sample, the sample
of linen infected with Aspergillus flavus fun-
gus 26.4005 kg/f and elongation 1.076%
which is the lowest in the strength of the ten-
sion and elongation compared to the raw
sample. The standard sample strength was
54.1469 kg/f and was 1.813%. This indicates
the severe effect of the fungus on the me-
chanical properties of cellulose fibers, specif-
ically linen fibers.

(tensile



Fig. 3. The fungal strains that dominate the display and storage envi-
ronment of the Sohag National Museum: (a) Aspergillus flavus, (b)
Trichoderma sp (¢) Penicillium duclauxii. Images taken using a USB
light microscope

Fig. 4. Images taken using a stereo microscope showing the microbial growth
on the surface of raw linen samples, where (a) represents a raw linen sample
(10x) ,( b,c) represent a sample of linen infected with Aspergillus flavus (30x).

Fig.5. SEM images of the fungal conidia on raw linen samples, (a) raw linen
sample shows the characteristic goffer of flax fibers (500x), (b at 1000x, and
c at 1500x) a fungi-infected linen sample that clearly shows fungal conidia
and spores.
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3.3.2. Measurement of color change

with the CIELAB color system):-
The results obtained (Table 1) show changes
in the values of the L*, a*, and b* color co-
ordinates of the samples as a result of fungal
growth. Significant change in the value of
total color change (AE*) was observed for
the infected samples. It is clear from the table
that the most affecting fungal strains in terms
of color change are the samples infected with
fungal strain of Aspergillus flavus.

Table 1. The total color difference of linen
samples infected with fungi

n Sample AL*  Aa* Ab* AE*

Raw linen in-
fected with
1 Aspergillus =35
flavus
Raw linen in-
2 fected with
Trichoderma sp
Raw linen in-
fected with
3 Penicillium 303

duclauxii

033 436 691

-1.02 012 142 175

020 054 3.08

Fungal spots on the surface of the samples
also resulted in a change in the physical
properties of the samples, represented by
color changes. Table (1) illustrates the values
of color change of raw linen samples infected
with fungi Aspergillus flavus, Trichoderma,
Penicillium duclauxii, where the AL* values
refers to difference in the brightness axis L*
before and after fungal growth [18]. From
the results of the previous table, it is clear
that the AL* values for all samples indicate
the darkening of the samples, and the rates of
linen darkness were increased in samples
with fungal spots, particularly the sample
infected with Aspergillus flavus. As for the
Aa* values, they reflect the difference in the
red-green axis, where the negative Aa* value
indicates the shift of the sample towards a
more green color. On the other hand, the pos-

8

itive Aa* value indicates the shift of the sam-
ple towards a more red color [19]. Table 1
shows that the sample of linen infected with
Aspergillus flavus has recorded the highest
value of change in the Aa* color coordinate
(i.e. Aa* = 0.33), where the value of Aa* for
the sample was 0.29. The Ab* value reflects
the difference in the yellow-blue axis, as the
positive Ab* value indicates the shift of the
sample towards a more yellow color, while
the negative Ab* value indicates the shift of
the sample towards a more blue color. Ac-
cording to the results listed in Table 1, the
yellowing of the samples infected with As-
pergillus flavus fungus increased, with a Ab*
value of 4.36, followed by the Trichoderma

infected linen sample with a Ab* value of

1.42. The table also shows an increase in the

total color change AE* for linen samples

infected with fungi, in particular the Asper-

gillus flavus sample with a AE* value of

6.91, followed by other samples infected

with fungi.
3.3.3. Fourier transform infrared

spectroscopy (FTIR)
The results obtained (Fig. 7) showed the

change in the infrared spectrum of the As-
pergillus flavus, Trichoderma sp., and Peni-
cillium duclauxii infected linen sample,
where the figure show the appearance of oxi-
dation and hydrolysis products of cellulose
fibers expressed in the spectral band 1900-
1500 cm™.

The FTIR spectrum of the raw linen sample
infected with Aspergillus flavus shows a de-
crease in the spectral band at 433.62 cm™ and
an increase in the spectral band at 1095.42
cm™, where the decrease and elevation in
these ranges reflect a decrease in the rate of
crystallization of cellulosic materials. The
emergence of the bands at 520.08 cm™ and
1381.42 cm™ reflects the depolymerization
process of the cellulose polymer, the process
in which the cellulose polymer is trans-
formed as a result of the breakup of existing
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bonds into units' monomers [20]. The in-
creased vibration intensity at the spectral
band 1900-1500 cmis a distinct range of
cellulose degradation products [21], as well
as the appearance of the 1633.17 cm™ band, a
distinct range that expresses vibration in the
water particles absorbed within cellulose [21]
and the following table (Table 2) shows vi-
bration in the spectral band 1900-1500 cm™.

Table 2. Vibration in the spectral band
between 1900-1500 cm™ sample of raw
linen infected with Aspergillus flavus fun-
gus.

Vibration in the spectral bands between
1900-1500 cm™ of raw linen sample in-
fected with Aspergillus flavus

1787.15 1644.15 1551.03 1501.14
1833.71  1660.77 1554.35 1511.12
1863.64 1713.98 1567.66 15211
1896.89 1730.61 1633.19 1543.4

1770.52  1637.49  1537.73

The appearance of the spectral band at
2921.18 cm™, which is a distinct range of
vibration in CH, associated with the appear-
ance of the carbonyl band, which expresses
the degradation and damage of cellulose ma-
terial [22], is also observed as the increased
intensity of vibration at the spectral range
3900-3600 cm™, which is a distinct range of
(OH) hydroxyl groups and the Table 3 shows
vibration in this range.

Table 3. Vibration in the spectral band
3900-3600 cm™ for the sample of raw linen
infected with Aspergillus flavus

Vibration in the spectral band between
3900-3600 cm™ for the sample of raw linen
infected with Aspergillus flavus fungus

3812.45 3709.36 3626.22
3849.03 3739.29 3631.52
3875.67 3752.59 3656.15
3898.92 3755.92 3676.11

3802.47 3686.08

Conclusion

The results of the study show the demanding
need to pay attention to the exhibition and
storage environment of the National Museum
of Sohag due to its poor display and storage
conditions. Such conditions include a favor-
able climate for the growth of microorgan-
isms (i.e. fungi) and in particular the storage
environment, as demonstrated by the results
of the analyses and tests carried out on the
study of the effect of microorganisms isolat-
ed from the display and storage environment
on the mechanical and physical properties as
well as the chemical properties of archaeo-
logical textiles. Results show that microor-
ganisms have caused significant damage to
the properties of linen represented by a de-
crease in the force of tensile and elongation
of the samples infected with fungal, especial-
ly those infected with Aspergillus flavus, and
the occurrence of many color changes in the
samples as a result of increased fungal
growth. The presence of such microorgan-
isms has resulted in a significant effect on
the chemical properties of linen samples.
Such damage is represented through an in-
crease in the oxidation and degradation of
cellulose as evident at the spectral range of
1900 — 1500 cm™ in the resultant FTIR spec-
tra. The presence of these fungi has also re-
sulted in a decrease in the rate of crystalliza-
tion of fiber forming cellulose.
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