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Abstract

Eight out of forty six Streptomyces strains from mural paintings at the Tell Basta and Tanis
tombs were exposed to increasing doses (5, 10, 15, 20, 25kGy) of gamma irradiation. These
strains varied in their resistance profile. S. canarius was the most resistant to gamma
irradiation doses, as it was totally eliminated at 25kGy, whereas S. chibaensis and S.
albidofuscus resisted to 20kGy and S. ambofaciens resisted 15kGy. The other strains under
investigation showed a lower resistance to gamma irradiation. Tricyclazole (5, 7, 10 ug/mL)
inhibited melanin production after gamma irradiation at doses lower than lethal dose.
Gamma irradiation with the previous doses enhanced the chitinease activity of irradiated
Streptomyces strains, but S. canarius was the exception. No color change was observed either
for pigments or for binding media, after gamma irradiation at the same doses.
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Introduction

Most of the paintings in ancient Egyptian tombs were carried out by using the tempera
technique, where pigments were mixed with binding media, such as arabic gum, animal glue
and egg yolk [1]. Mural paintings suffer from chromatic alteration and disfiguration with
biopigments, due to the growth and colonization of Streptomyces [2]. Due to the healthy and
environmental hazards imposed by application of biocides and other chemical substances to
both conservators and treated cultural heritage objects, so gamma irradiation could be used as a
safe and clean alternative agent in eliminating or reducing the number of Streptomyces
deteriorating cultural heritage objects in general [3].

Gamma irradiation was used since the 1960s for the sterilization of archives without
reducing the tensile strength of paper or causing color change [4-7]. Gamma irradiation has
many advantages qualifying it to be a good alternative means in the sterilization of deteriorated
cultural heritage objects. It has as high penetrating power inside monuments, for several mms
where Streptomyces develop, so it can reduce or eliminate any pathogenic microorganisms
colonizing mural paintings. On the other hand, it produces no hazardous traces or secondary
radioactivity [8-11], attractive in cost [12], has a short intervention time and is a non-toxic
practice for conservators [13].
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The efficacy of sterilization, or its reducing the number of pathogens colonizing cultural

heritage objects by using gamma irradiation, should depend on the determination of the
appropriate doses or lethal dose (LD) [14], because using lower doses may cause Streptomyces
to produce more metabolites as acids, enzymes and pigments, which may harm the irradiated
cultural heritage objects. Moreover, using higher doses may destroy the molecules of those
objects [15].

Determination (LD) is an important parameter for using gamma irradiation in preserving
cultural heritage, as is a useful tool for quantitative evaluation of the growth activity of microbial
cells, and to prevent occurrence of color change of paintings. This (LD) depends on the initial
level of contamination, the radio sensitivity of contaminating flora and age of colonizing
Streptomyces [16].

The effect of gamma irradiation on the colonizing Streptomyces should depended on
several factors, such as the number and type of microorganisms in the microbial community,
their ability for irradiation resistance and the water content of the irradiated objects [16].
Schoneman and Dickson [17] used a 25kGy gamma irradiation dose in the sterilization of
deteriorated wood artifacts, but that dose significantly affected the humid wood chemistry,
which did not happen with the dry samples. In that regard, Mc Namara et al. [18] reported that
lower doses of radiation in wet soils eliminated microbial population more than in other soils,
due to the releasing of free radicals that have an inhibitory effect on irradiated Streptomyces
isolates, due to the synergetic effect of both direct and indirect effect of gamma irradiation.

Conventionally, radiation effects have been explained using target theory, and according
to this, lethal effects of ionizing radiation, are expressed in the surviving irradiated cells due to
direct absorption of radiation energy [16], but mortality action of gamma irradiation may
attribute to the indirect action through releasing the free radicals that contribute to the
destruction of microbial cells as following [14]:

H,O0 — H,0" + ¢ (primary cation)
H,0* — H" + HO- (free radical)
e + H" — H- (free radical atom)

Many publications report that the appropriate dose for the sterilization of Streptomyces
colonizing cultural heritage objects ranges from 20 to 25kGy. Katusin-Razem et al. [19] used
gamma irradiation in the sterilization of Streptomyces sp. colonizing a wooden statue and found
that a dose of 25kGy was the common dose for the sterilization of most streptomyces isolated
from cultural heritage objects, without any change in appearance, but Petushkova et al. [20]
irradiated Streptomyces and Arthrobacter isolated from the Church of the Virgin’s Birth,
Ferapontovo, Russia and found that the lethal dose (LD) for most of these microorganisms was
17kGy, without any color change in paintings.

In addition to that, gamma irradiation has some disadvantages, since it is not suitable for
the treatment of large and immovable objects, due to the lack of facilities, its short term efficacy
and it can not prevent Streptomyces from recolonizoffing the irradiated objects. To overcome
this problem, gamma irradiation should be used in combination with biocides, as it was reported
that gamma irradiation in combination with biocides, such as Catamine AB and Sulfonol,
enhanced the antimicrobial activity of gamma irradiation considerably, due to the synergetic
effect of both gamma irradiation and biocides [21].

Moreover, gamma irradiation may be used in combination with antibiotics, as Abel
Haleim et al. [22] did by using gamma irradiation in combination with commercial antibiotics
and found that gentamycin and spiramycin were the most effective in killing most of tested
Streptomyces.

Gamma irradiation lower than the lethal dose at 22.5kGy increase the protolytic activity
of Aspergillus flavus, A. terrus, A. niger, Alternaria sp. and Penicillium sp. isolated from the
mummy of Sequenenrec (18" dynasty) in the Egyptian Museum, Cairo, with 60 % [14], So this
enzymatic activity involve significantly in deterioration of irradiated objects.
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Gamma irradiation caused irradiated cells to produce a melanin pigment as a protective
pigment, a defense mechanism, thus causing the foxing of irradiated cultural heritage objects. A
melanin inhibitor, 1,8 - dihydroxynaphthalene (DHN), in ethanol was used to reduce or to block
the melanin production caused by sterilization by using gamma irradiation [22].

The purpose of this work is to isolate and identify Streptomyces samples taken from
mural paintings in ancient Egyptian tombs, by using the 16S rDNA sequence method and to
determine the appropriate doses of gamma irradiation for the sterilization of these
strains,without causing color change of pigments or chromatic alteration of the irradiated
objects.

Materials and Methods

Isolation and Identification of Streptomyces

Eight out of forty-six samples were collected from Tell Basta and Tanis, 80 km southeast
of Cairo, in June 2008, by using sterile cotton swap, from yellow, red, black, blue parts of
paintings and from the stone surface in the investigated tombs (Fig. 1). These samples
represented different deterioration symptoms of color change and scaling. Samples were
cultured onto starch-nitrate-agar plates (agar 20g; starch 20g; KH,PO, 1g; MgSO, 0.5g; NaCl
0.59; KNOj3 2g and CaCO; 3g / L distilled water) and incubated for 45 days at 30°C.

Fig. 1. Isolation of Streptomyces locations, (a) Ceiling of tomb Oserkon I1. Tanis (b) Eastern
wall of cnh h3f., Tell Basta (c) Eastern wall of tomb of lhy, Tell Basta. (d) Eastern wall of
tomb Cnh m b3st, T.B. (e) blue color from tomb of Ihy, Tell Basta (f) Limestone saturated

with sodium chloride from tomb of Ist, Tell Basta
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Streptomyces samples were identified morphologically and biochemically, according to
the identification keys devised by Kampfer [23] and confirmed by the 16S rDNA sequence
method.

16S rDNA Sequencing

Total DNA was extracted from eight isolated colonies of Streptomyces [24]. The gene
coding for 16S rRNA was amplified from each colony by PCR, with universal primers: forward
primer (F27), 5-AGAGTTTGATCCTGGCTCAG-3' and reverse primer (R1492), 5'-
GGTTACCTTGTTACGACTT-3") [25, 26]. These primers bind to universally conserved
regions and permit the amplification of an approximately 1500bp fragment. The PCR
amplification was carried out in a Gene-Amp PCR system 9600 thermocycler (Perkin Elmer).
The amplification conditions were as follows: 94°C for 10min and 35 cycles of denaturation at
95°C for 30s, annealing-extension at 56°C for 1min, 72°C for 1min and an extension at 72°C for
10min. Presence and yield of specific PCR products (16S rRNA gene) were monitored by
running 1% agarose gels. Then PCR product was cleaned up by using a GeneJET™ PCR
Purification Kit (Fermentas).

Amplified DNA fragments were partially sequenced at GATC Biotech AG (Konstanz,
Germany) by using an ABI 3730xI DNA sequencer, using forward primer (F27). The 16S rDNA
sequences which were determined in the present study were stored on the NCBI web server
(www.ncbi.nlm.nih.gov). Sequence analysis and comparison to published sequences was made
by using the Basic Local Alignment Search Tool (BLAST) program
(http://lwww.ncbi.nlm.nih.gov/blast) [27].

Determination of theAppropriate Gamma Irradiation

To investigate the resistance profile of the Streptomyces samples to gamma irradiation,
three replicate spore suspensions in saline solution (0.9% NacCl), from freshly prepared cultures
of Streptomyces, were exposed to radiation. The spore suspensions (10°spores/mL) were
subjected to increasing doses of gamma-irradiation (5, 10, 15, 20, and 25kGy) inside the
irradiation chamber of a gamma cell 220 equipment (National Center for Irradiation Researches,
Nisr City, Cairo). A Cobalt-60 source, with an average dose rate of 1.4Gy/s was used as
radiation source [28]. The irradiated spores were plated onto starch-nitrate-agar plates and
incubated for 7 days at 30°C. The D,, values were calculated, as the survival of the cells was
quantified by determining the number of colony forming units (cfu) at different dilutions [29].
The data were normalized to the survival of control samples.

The Effect of Gamma Irradiation on the Chitinease Activity of Irradiated Streptomyces

To study the enzymatic activity of Streptomyces before and after exposure to increasing
gamma irradiation doses (5, 10, 15, 20 and 25kGy), Streptomyces isolates were cultured onto
starch-nitrate-agar plates, free carbon source and incubated for 7 days at 30°C and the biofilm of
Aspergillus japonicus, the most dominant fungi in the investigated tombs, was used as sole
carbon source and incubated at 30°C for the same period.

Using Melanin Production Inhibitors

To overcome the problem of melanin production during and after irradiation, melanin
inhibitors, such as tricyclazole, were used. Streptomyces samples were cultured on liquid starch-
nitrate agar medium . Erlenmeyer flasks, containing 250mL, were prepared, each with 50mL of
medium supplemented with tricyclazole, (5-Methyl-1,2,4-triazolo[3,4-b]benzothiazole)
provided by Sigma, in three concentrations (5, 7, 10pug/mL), dissolved in dimethylsulfoxide
(DMSO) and incubated at 30°C for 7 days [30].

The Effect of Gamma Irradiation on Different Pigments

Different pigments (azurite, hematite, cinnabar, limonite, carbon black, calcium
carbonate, malachite, red lead, lead carbonate and gypsum) were mixed with different binding
media (arabic gum, egg yolk, animal glue) on gypsum discs and were exposed to the same doses
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of gamma irradiation. The comparisons of all pigments before and after irradiation were
expressed as values in the grey scale. Visual observations were made to document other
phenomena such as cracks, blisters, and scaling or flaking of the paint.

Results

The rDNA sequences of the Streptomyces samples identified in this study with similarity
more than 98% and could be closely related to species of S. albidofuscus, S. ambofaciens, S.
canaries, S. chibaensis, S. coelicolor, S. corchorusii, S. nigrifaciens, S. parvullus and the
accession numbers were included in Table 1.

Streptomyces varied in their resistance profile to doses of gamma irradiation. 5kGy did
not affect all Streptomyces isolates, but S. coelicolor, S. corchorusii, S. nigrifaciens, S. parvullus
were Killed totally at doses of more than 5kGy. Nevertheless, S. ambofaciens could withsatnd up
to 15kGy, but S. albidofuscus and S. chibaensis could survive up to 20kGy, Furthermore, S.
canarius Was an exception and could resist up to 25kGy (Fig. 2). Thus, the doses from 20-
25kGy were suitable for the sterilization of most Streptomyces colonizing cultural heritage
objects.

Table 1. Phylogenetic affiliation of inoculated strains
(Homology of 16S r DNA and similarity in comparison with NCBI Data)

N. Location Homology Similarity enter Authors’ accession number
approximately genes 16S r DNA
(%)
4 Azurite blue, tomb of Ihi, Tell Basta. S. albidofuscus 99 Later name is S. pyridomyceticus

Banklt1507621 JQ625331

7 Yellow color of Southern wall of S. ambofaciens 99 Banklt1507642 JQ625332
Ankh h3 f tomb.

9 Blue color, ceiling burial tomb of S. canaries 99 Banklt1507650 JQ625337
Oserkon 11, Tanis.

11  Black color, tomb Ankh h.f, Tell S. chibaensis 100 BanklIt1507649 JQ625336
Basta.

46  Red color, tomb Ankh m b3st, Tell S. coelicolor 99 Banklt1507648 JQ625335
Basta.

10  Limestone, tomb of Oserkon II, Tanis. S. corchorusii 98 BanklIt1507647 JQ625334

12 North wall, tomb of Ist, Tell Basta. S. nigrifaciens 98 Later name is S. flavovirens

Banklt1507149 JQ625330
8 Yellow color of Southern wall of S. parvullus 99 BankIt1507645 JQ625333

Ankh h3 f tomb.

N
a
]

N
|
]
1
]
|
1
|
|
1
]
]

=
a1
|

Efficacy of gamma irradation doses

o
(@] 4] =
Il Il
Q) —

O & @ o & X o |B5kGy
& & X E FFE S mioke
& ‘\'?’0 ré& & ?>\0 (\o ‘\'279 o y
&S LS & O 15 kGy
X L0 T o
> S99 Y
&% o 2 % o O 20 kGy
B 25 kGY

Fig. 2. Effect of doses of gamma irradiation on the survival of Streptomyces cells.
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Our results indicated that an exposure of S. albidofuscus to 20kGy of gamma irradiation
caused the morphogenesis of irradiated spores (Fig. 3) and irradiation changed the aerial
mycelium of S. chibaensis (Fig. 4), whereas the exposure of streptomyces to gamma irradiation
doses lower than the lethal dose (LD) caused morphological changes in the architecture of
spores and induced mutation. In figure 5 we can observe that the exposure of S. canarius to
gamma irradiation enhanced the production of the protective pigment of melanin.

Fig. 5. Reduction of colonies and melanin production of S. canaries after gamma irradiation:
(a) control, (b) irradiated cells.

Melanin pigment production may cause the disfiguration and staining of paintings,
especially if this pigment is endolithic in nature and to overcome this problem, tricyclazole was
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used as a melanin inhibitor. Our results indicated that using tricyclazole in alcoholic solution
with different concentrations (5, 7, 10ug/mL) inhibited the melanin production of Streptomyces
colonizing irradiated cultural heritage objects.

We found that gamma irradiation at doses lower than the lethal dose (LD) (5-10kGy)
enhanced the chitinease enzyme activity of the Streptomyces strains (Fig. 6), so the irradiated
Streptomyces could decompose the melanized biofilm of Aspergillus japonicus better than the
non irradiated cells.

Furthermore, the irradiation of pigments (limonite, hematite, malachite, azurite,
vermillion, calcium carbonate, lamp black, lead carbonate and gypsum plaster) with the lower
dose (5kGy) and the higher dose (25kGy) caused neither chromatic alteration nor scaling of
those pigments (Fig. 7). No effect on the different binding media of animal glue, arabic gum or
egg yolk was noticed.

Finally, it was observed that test tubes containing spore suspension and exposed to the
previous doses were turned into grey color.

Fig. 7. Color change of pigments after irradiation: (a) Control, (b) 5kGy, (c) 25kGy, (1) gypsum plaster,
(2) limonite, (3) hematite, (4) malachite, (5) azurite, (6) vermillion, (7) calcium carbonate, (8) lamp black.
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Discussions

All identified isolates were attributed to the Streptomyces genus, whereas Streptomyces
represent the highest percentage among the microbiota of microorganisms colonizing cultural
heritage objects, the typical and first colonizers and considered an indicator for advanced stage
of deterioration [20].

Streptomyces varied in their resistance profile to doses of gamma irradiation, since a dose
5kGy did not affect all Streptomyces samples, but S. coelicolor, S. corchorusii, S. nigrifaciens,
S. parvullus were Killed totally at doses above 5kGy. Nevertheless, S. ambofaciens could resist
up to 15kGy, but S. albidofuscus and S. chibaensis could survive up to 20kGy. Furthermore, S.
canarius Was an exception and could survive up to 25kGy. Thus, we concluded that doses from
20-25kGy were suitable for the sterilization most Streptomyces colonizing cultural heritage
objects. That was in agreement with the results obtained by Pointing et al. [31] who used a dose
of 20kGy for the inactivation of wood biodeterioration agents. Also, Katusin-Razem and Braun
[19], reported that the dose of 25kGy was commonly used for the sterilization or reduction of all
viable forms of bacterial cells. Furthermore, it was pointed out that a dose above 20kGy was
required for the inactivation of microorganisms colonizing wood objects [32]. Moreover,
Severiano et al. [11], mentioned that doses of 15-20kGy were used in the disinfection of
microorganisms colonizing deteriorated wood without any remarkable change in appearance
and the same dose was used in the sterilization of microorganisms contaminating some Peruvian
paintings dated back to the 17" century [33]. Our results indicated that Streptomyces varied in
their resistance profile to gamma irradiation even between closely related strains, as different
strains had different levels of radiosensitivity to gamma irradiation [34].

We found that the exposure of S. albidofuscus to 20kGy of gamma irradiation caused the
morphogenesis of the irradiated spores and changed the aerial mycelium of S. chibaensis,
whereas the exposure of streptomyces isolates to gamma irradiation doses lower than lethal dose
(LD) caused morphological changes in the architecture of spores and induced mutation. These
results confirm the results of prevous relevant studies [35].

From the current results we could observe that lethal dose of the most Streptomyces
isolates was high (15-20kGy), this in agreement with Sweiha [36] since Streptomyces as the
most resistant genus of actinomycetes due to sporulation as another defense mechanism.

Gamma irradiation has an inhibitory effect on irradiated streptomyces cells, after
exposure to doses above 15kGy and it was reported that gamma irradiation caused damages to
the DNA of cells, through ionization, by inducing mutation, single and double strand DNA
breakages, and even the death of the cell. This effect was a result of the radiolysis of the cellular
water in the irradiated objects, which generated active oxygen species, free radicals and
peroxides [29, 35, 37]. This damage may have occurred as a direct effect of gamma irradiation
through the absorbance of the high electromagnetic energy of gamma radiation by the targeted
microorganisms [11].

Our results indicated that the exposure of S. canarius to gamma irradiation lower than the
lethal dose enhanced melanin production, which acts as a protective agent against adverse
environmental conditions, such as hypersalinity, radiation and heavy metals, because melanin
acts as a shield between the cell and its often hostile surroundings, so the surface of the hyphae
exposed to radiation becomes highly pigmented [38, 39].

Melanin pigment production may cause the disfiguration and staining of paintings,
especially as this pigment is exolithic in nature, and to overcome this problem, tricyclazole was
used as a melanin inhibitor. Our results indicated that by using tricyclazole in alcoholic solution
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with different concentrations (5, 7, 10pg/mL) inhibited the melanin production of Streptomyces,
as these concentrations inhibited the melanin production of most fungi colonizing limestone and
marble slabs [30]. Thus, melanin production by Streptomyces after gamma irradiation could be
inhibited by treating the deteriorated cultural heritage objects before irradiation with alcoholic
solution of tricyclazole, because tricyclazole interrupts the melanin synthesis pathway, without
being toxic to the irradiated Streptomyces, thus the resistance of Streptomyces to gamma
irradiation is reduced without killing these isolates [40]. With the pass of time, the efficacy of
tricyclazole was reduced, since it was reported that during log phase growth of Streptomyces, a
detoxification mechanism may be in place that tricyclazole becomes less effective in older
cultures [40], so the tricyclazole must be freshly applied.

Our findings indicated that gamma irradiation at doses lower than lethal dose (LD) (5-
10kGy) enhanced chitinease enzyme activity of Streptomyces strains, so the irradiated
Streptomyces could decompose the melanized biofilm of Aspergillus japonicus better than the
non irradiated cells, because decomposition of melanized spores of microorganisms is more
difficult than of non melanized ones [39]. Our results are similar to those obtained by Mahrous
[14] who performed the irradiation of Streptomyces sp. and Thermoactinomycetes vulgaris
isolated from the mummy of the King Sequenenrc, Egyptian Museum, Cairo, with doses lower
than the lethal dose (lower than 20kGy), which enhanced the proteolytic activity of these
irradiated cells with more than 60%, so the enzymatic decomposition of irrradiated cultural
heritage objects would be higher [42].

Furthermore, the irradiation of pigments (limonite, hematite, malachite, azurite,
vermillion, calcium carbonate, lamp black, lead carbonate and gypsum plaster) with the lower
dose (5kGy) and the higher dose (25kGy) caused neither chromatic alteration nor scaling of the
irradiated paintings. No effect on different binding media of animal glue, arabic gum or egg
yolk was noticed. The current results are similar to results obtained by Manea et al. [43], who
tested the different doses of gamma irradiation (11 and 24.5kGy) on different pigments [red lead
Pb3O,; lead white (PbCOj3),*Pb(OH),; chrome yellow (PbCrO,) and hematite (Fe,O3°H,0)].
Nevertheless, Negut et al. [44], mentioned that the FT/IR patterns of irradiated and non
irradiated pigment samples indicated that the exposure to increasing doses lead to chromatic
alteration in red lead, because the interaction of gamma irradiation with pigments may change
its chemical and physical properties. Moreover, it was reported that pigments on parchment
documents in Portugal were not changed when exposed to gamma irradation at doses of 20-
25kGy and there was no color change for collagen after irradiation at the same doses, but they
did not point out the specific types of pigment that did not change [3].

Moreover, the previous studies pointed out that exposure of cerussite (lead carbonate)
and HgS (vermillion) to gamma irradiation caused blackening of these pigments due to
transformation to -HgS by gamma irradiation [45, 46]. On the other hand, it was reported that
blackening of lead carbonate is a temporary effect, when the irradiation is stopped, the black
stains of lead carbonate progressively fades out and disappeared [47, 48].

Conclusions

From the results we conclude that Streptomyces were the most dominant deteriorating
agents of mural paintings. A dose 5kGy was not sufficient for killing all Streptomyces isolates,
but a dose 20-25kGy was sufficient for decontamination of the most Streptomyces. On one
hand, gamma irradiation lower than lethal dose enhanced melanin production and enzymatic
activity. On the other hand, tricyclazole (1010ug/mL) inhibited melanin production.
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