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Abstract: This study focused on the identification of the filamentous fungi associated with soapstone samples exposed to outdoor
conditions and the biocidal effect of gamma radiations on isolated fungal populations in Minas Gerais State in Brazil. Two soapstone
blocks were placed outdoors under tropical environmental conditions for 12 months. A total of 9 filamentous fungal populations were
identified on their surfaces, namely Acremomium (cf.) alternatum, Alternaria alternata, Aspergillus fumigatus, Calcarisporium (cf.)
arbuscula, Cladosporium cladosporioides, Curvularia lunata, Epicoccum nigrum, Fusarium equiseti and Penicillium citrinum. The
gamma radiation assay was then carried out as a test of biocidal action by exposing all fungal populations to the ionizing radiation.
The results showed that only the C. cladosporioides species was resistant to this biocidal agent, since it was able to increase its
population post exposure. Scanning electron microscopy images identified the microbial colonization on the soapstone blocks and the
stone elementar composition was analyzed by energy dispersive X-ray spectrometry. After treatment, there was no structural and
aesthetic alteration in the soapstone samples, and evidencing that gamma radiation can be used as a biocidal agent. However, the
resistance of the black fungal population indicates caution in the choice of gamma irradiation as biocidal treatment.
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1. Introduction The major component in soapstone is talc, with

. . . . . varying proportions of magnesite, carbonate,

During the colonial period in the State of Minas . . o .

. . . . amphibole and opaque chlorite, with its gray coloring
Gerais, Brazil, geological specimens such as . ) o )
. . varying according to the distribution of the constituent
soapstone (steatites) were used as important ) .
) . ] minerals [4]. When weathered, they are brownish
architectural elements, in church and palace coverings, . . . .
. . owing to oxides and iron hydroxides, and have
fountains, ornamental and mainly sculptural . . .
. . . macroscopic pores and cavities resulting from
architectures [1], especially in Baroque and Rococo )
. o carbonate leaching [5].
art forms [2]. The soapstone was used mainly in pieces o T .

] ) . ] Ionizing radiation is an alternative to commonly
with finer and delicate carvings, such as medallions, o ) o
) T . used biocidal treatment. Gamma irradiation of
images, sculptures and came in different shades owing S L ) .

o o ) ] L materials is used for sterilization and is often applied
to the variations in its mineralogical composition [3]. . . )
to materials for hospital use and in the food and
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soapstone proposed in this work is unpublished, and
therefore, there are no descriptions in the literature. A
high-energy radiation can cause ionization where it is
absorbed and can remove electrons from its orbitals in
atoms or molecules, hence termed ionizing radiation
[6]. When an ionizing radiation is absorbed by a
biological material, it can act directly on critical
targets in the cell. Nucleic acid molecules that are
ionized and excited can lead to biological changes and
even cell death. This explains the direct effect of
radiation, which is the dominant process when dry
spores of microorganisms are irradiated [7].

The use of stone in the construction of monuments
and sculptures has had some consequences over time,
like the appearance of patinas [8] such as black films
or biofilms [9]. These patinas have been identified in
granite substrates [10-12], marble [13], all over the
world, like Italian stone monuments [14] and
historical monuments in Brazil [15-17].

In addition to factors related to the microbial action
on the stone surface, environmental conditions, such
as temperature, relative humidity, osmotic variation
and nutritional conditions, influence the prevalence of
microorganisms in the colonized area [18]. For this
reason, alternative research on biocidal action, such as
the use of gamma radiation instead of chemical agents,
is extremely relevant in order to avoid the impact of
chemical agents on the environment and on stony
historic monuments.
of the
filamentous fungi isolated from soapstone blocks

Herein, the results identification of
before and after exposure to gamma irradiation were
reported. Chemical and microscopy analyses were
performed to investigate the interactions between
microorganisms and the soapstone surface of
dimensional soapstone, as seen in blocks from Minas

Gerais, Brazil.
2. Material and Methods
2.1 Sample Collection and Fungal Isolation

Two soapstone blocks of 5 x 5 cm® were exposed to

outdoor tropical conditions for 12 months. Sample
collections were made twice: the first was before the
exposure to gamma radiation, and the second after
gamma irradiation. A sterile spatula was used to
obtain pulverized material from the surface of the
stone blocks. The material was then placed in sterile
Petri dishes and subsequently closed and transported
to the Mycology Laboratory at Federal University of
Minas Gerais for processing (Fig. 1).

A mixture of 1 mg of the pulverized material
collected in 9 mL of saline solution was subjected to
serial dilutions between 10" and 107 with 0.85%
saline solution supplemented with 0.001% Tween 80.
The prepared samples were plated on Czapek Dox
Agar (Difco Laboratories, Detroit, MI, USA) by the
spread plate method and incubated for 14 days at
27 °C [15]. Fungal colonies were isolated and
identified by slide culture and visualization with light
microscopy followed by DNA sequencing. CFUs
(Colony Forming Units) were counted, and
subcultures were made of any morphologically
distinct colony observed in each sample. Long-term
preservation of fungi was carried out at -80 °C in
cryotubes with sterile 15% glycerol.

2.2 Fungal Identification

DNA extraction from filamentous fungi followed
the protocol from Godinho, V. M., et al. [19]. The ITS
(Internal Transcribed Spacer) region was amplified
with the universal primers ITS1 and ITS4 [20]. The

(A) B)
Fig. 1 Soapstone blocks (A and B) of dimensions 50 x 50
mm exposed outdoor in tropical conditions for 12 months
before the gamma radiation assay.
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amplification of ITS region was performed as
described by Ferreira, M. C., et al. [21].

The amplicon was purified using the ExoSAP-IT
PCR Clean-up kit (GE, Healthcare, Sunnyvale, CA,
USA) according to the manufacturer’s instructions.
The bands purified were sequenced in a Sequenciator
DNA Analyzer (Applied Biosystems, Carlsbad, CA,
USA). The obtained sequences were analyzed with
SeqManP with Lasergene software (DNASTAR Inc.,
Madison, WI, USA), and a consensus sequence was
obtained using Bioedit v. 7.0.5.3 software (Carlsbad,
ON, Canada). To achieve species-rank identification
based on ITS, the consensus sequence was aligned
with all sequences from related species retrieved from
the NCBI (National Centre for Biotechnology
Information) GenBank database using BLAST
(Nucleotide Basic Local Alignment Search Tool) [22].

2.3 Gamma Irradiation Assay

The sensitivity of macromolecules to radiation is
proportional to their molecular weight [23], and for
the disinfection of filamentous fungi, a dose of 3 to 8
kGy is required [7]. The soapstone samples were
exposed to gamma radiation for 97 minutes at rate
6,218.8 Gy/h at 10 cm. Stone samples were collected

again after exposure.

2.4 SEM (Scanning Electron Microscopy) and EDS
(Energy Dispersive X-Ray Spectroscopy)

SE (Secondary Electron) images obtained by SEM
were used to evaluate the structural composition of the
fungal community before gamma irradiation
exposition. EDS is a relevant tool in the study of
microscopic characterization of materials. The use of
this tool in conjunction with BSE (Backscattered
Electron) better
characterization. EDS detector installed in the SEM

vacuum chamber measures the energy associated with

images allows petrographic

the characteristic electrons transitions to determine
which chemical elements are present in the sample.
The samples were prepared with carbon coating and
analyzed (Jeol 6360LV-Thermoloran).

3. Results
3.1 Chemical Characterization of Soapstone

The EDS analysis showed a similar pattern for the
distribution of the chemical elements that made up
both soapstone blocks (blocks A and B) (Fig. 2). In
relation to block A (Fig. 3), the following elements
were detected: ¢C, sO, 12Mg, 13AL 14Si, 50Ca, 2Cr,
2sMn and ,¢Fe. The analysis of block B showed the
same chemical components, except for the absence of

Fig. 2 BSE images from the surface of soapstone blocks analyzed by EDS: block A (Ieft) and block B (rlght)
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Fig. 3 X-ray fluorescence spectrum showing the chemical elements in soapstone block A.

Table 1 Fungal species colonizing the soapstone and the CFU/mL obtained before exposure to gamma radiation. Blocks A
and B were outdoor exposed for 12 months under tropical conditions in Brazil.

Species of filamentous fungi Top BLAST search results Similarity CFU/mL Block A CFU/mL Block B
Acremomium (cf.) alternatum AB693789.1 95% 50 40

Alternaria alternata KT280009.1 99% 114 -

Aspergillus fumigatus DS499594.1 99% 267 50
Calcarisporium (ct.) arbuscula KC800713.1 95% 21 -

Cladosporium cladosporioides KF619558.1 100% 253 57

Curvularia lunata DQ836800.1 100% - 46

Epicoccum nigrum IN578611.1 99% - 85

Fusarium equiseti KJ412506.1 99% - 27

Penicillium citrinum NR121224.1 100% 102 89

CFU/mL = Colony Forming Unit.

manganese: ¢C, 3O, 12Mg, 13Al, 1451, 2Ca, Cr and
26F€.

3.2 Effect of Gamma Radiation on the Fungal Species

Colonizing Soapstone Blocks

Table 1 shows the species of filamentous fungi
colonizing primary soapstone before the gamma
irradiation. After exposure to gamma radiation, a new
the

parameters described, including the techniques of

collection was performed following same
culture, isolation and fungal identification. Table 2
shows the effect of gamma irradiation on the fungal
species that had colonized the soapstone block.

Exposure of the two blocks to gamma radiation

caused a biocidal effect on 88.89% of the pioneer
microbial communities. The only fungal species
surviving the irradiation was C. cladosporioides.

An inherent characteristic of this species is the
production of dark and black dyes, which may have
functioned as a protection factor against the gamma
radiation, thereby allowing its survival. The CFU/mL
after exposure to gamma radiation revealed a high
population of C. cladosporioides; however, there was
an observed decrease in the diameter of the colonies in

Petri dishes (data not shown).
3.3 Characterization of Fungal Populations by SE

SE images showed a region of irregular surface on
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Table 2 Fungal species colonizing the soapstone and the CFU/mL obtained after exposure to gamma radiation. Both blocks
were outdoor exposed for 12 months under tropical conditions in Brazil.

Species of filamentous fungi Top BLAST search results Similarity CFU/mL Block A CFU/mL Block B
Acremomium (ct.) alternatum - - - -

Alternaria alternata - - - -
Aspergillus fumigatus - - - -
Calcarisporium (cf.) arbuscula - - - -
Cladosporium cladosporioides KF619558.1 100% 844 190
Curvularia lunata - - - -
Epicoccum nigrum - - - -
Fusarium equiseti - - - -

Penicillium citrinum - - - -

CFU/mL = Colony Forming Unit.

Fig. 4 SE images of soapstone blocks with fungal colonization: block A (Al, A2, A3, A4) and block B (B1, B2, B3).

both blocks that was colonized by filamentous fungi . .
. 4. Discussion

(Fig. 4). Fungal structures such as spores, hyphae and

mycelia were observed on the soapstone blocks before The susceptibility of fungi and spores to gamma

exposure to gamma radiation. radiation has been established in the literature. There
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are some studies showing the effects of ionizing
radiation on filamentous fungi [6, 24, 25]. However,
few studies are associated with the preservation of
cultural and geological heritage, making this work an
innovative tool in this area. This type of ionizing
radiation produces changes that directly affect
microbial DNA, in addition to the interaction of
energy with the water molecules present in the organic
substrate, leading to the formation of free radicals
[26].

Saleh, Y. G., et al. [27] studied the resistance to
ionizing radiation of some filamentous fungi such as,
Alternaria, Aspergillus, Cladosporium, Curvularia,
Fusarium and  Penicillium species. Alternaria
alternata, Curvularia lunata, Curvularia geniculata
and C.

resistance to the effects of radioactivity.

cladosporioides showed relatively more

Studies indicate that fungal spores from soil are
eliminated (> 99%) when irradiated at an intensity of
10 kGy [28], which justifies the definition of this
value for these soapstone tests. However, this value
was not enough to eliminate the population of C.
cladosporioides. This was the only species resistant to
the exposure of gamma radiation. In addition, some
strains have the metabolic capacity to produce black
dye, such as melanin. This biopolymer is a type of
black pigment that accumulates inside the mycelium
and protects against UV rays and ionizing radiation
[29]. Some authors have associated the radioresistance
of some microorganisms with the melanization
process of their cells [30].

Some species of Alternaria exhibit high resistance
when exposed to higher doses than 4 kGy [24]. This
fact led to the use of strains of A. alternata isolated
from the radioisotope-contaminated environment
around a Chernobyl nuclear reactor in Ukraine as a
model for the genetic study of resistance to gamma
radiation [31]. Analysis of the fungal microbiota in
samples collected around the Chernobyl reactor
revealed a predominance of black fungi [32].

Another study showed the effect of exposure to
gamma radiation associated with melanin, in which
melanized microorganisms were dominant in extreme
environments contaminated with radiation, such as at
Chernobyl, suggesting that the presence of melanin is
beneficial to their life cycle. Thus, ionizing radiation
could change the electronic properties of melanin to
favor the growth of melanized microorganisms [29].

Other study published [33] showed that
radiotrophic fungal species use melanin to convert
gamma and beta radiation to chemical energy for
growth.

Thus,
prevalence of C. cladosporioides population after

these data support the resistance and

radioactive exposure in this study.

The ionizing radiation assay could be an alternative
biocidal tool for the treatment of stone monuments.
However, it is necessary to verify if the fungal species
present is melanized or not, since radioactive exposure
can aggravate the colonization and the permanence of
melanized microorganisms on the stone surface.

In the present study, the species C. cladosporioides
showed resistance to gamma radiation, despite a
decrease in the diameter of the colonies. In addition,
the count of CFU/mL after the radioactive exposure

was higher, evidencing an increase in population.
5. Conclusions

The deleterious action of microorganisms on the
geological heritage and the scarce data on the
application of an innovative technology of biocidal
action was the motivating factor for this research.

An alternative biocidal method of treatment with
gamma radiation was proposed and was proven to be
efficient in the elimination of the majority of
filamentous fungal colonizers of stones. However,
gamma radiation should be used with caution, since a
deleterious effect was not observed for some species
of black fungi; instead, it had an opposite effect of
increasing the fungal population.



258 Biocidal Effect of Gamma Radiation on the Ecology of Filamentous
Fungal Populations Associated with Stone Deterioration

Acknowledgements

The authors wish to thank the Center of Microscopy
at the Federal

(http://www.microscopia.ufmg.br) for providing the

University of Minas Gerais
equipment and technical support for experiments
involving electron microscopy, Dr. Marcio Tadeu
CDTN/CNEM

Development

Pereira, (Nuclear  Technology

Center/National Nuclear  Energy
Commission) by the support for the experiments
involving gamma radiation, Dr. Marcos Paulo de
Souza Miranda, MPMG (Ministério Publico do Estado
de Minas Gerais), M.Sc. Célia Corsino and André
Luis de Andrade, IPHAN (Instituto do Patrimdnio
Artistico and CAPES

(Coordenagdo de Aperfeicoamento de Pessoal de

Historico e Nacional)

Nivel Superior).

References

[1] Silva, M. E., and Roeser, H. M. P. 2003. “Mapping of
Deteriorations in Historical Monuments of Soapstone in
Ouro Preto.” Brazilian Journal of Geosciences 33 (4):
331-8.

[2] Branco, H. D. C., and Santos, A. F. B. 1994. “Object

IDEAS-Investigations  into
against Environmental Attack on Stones 1: 45-61.

[3] Braga, M. D. 2010. “The Conservation of the Statue of
Christ the Redeemer, Rio de Janeiro, Brazil.” Murals,
Stone and Rock Art. Rio de Janeiro, 8.

[4] Boniek, D., de Oliveira, L. V. N., de Queiroz Ribeiro, N.,

Identification.” Devices

Paiva, C. A. O., Lana, U. G. P., dos Santos, A. F. B., et al.

2017.  “Effect of
Rock-inhabiting Fungal Communities from Brazilian

Environmental ~ Factors on
Soapstone Samples.” Journal of Environmental Science
and Engineering B 6 (2): 55-71.

[5] Silva, M. E. 2007. “Evaluation of the Susceptibility of
Ornamental Rocks and Coatings to Deterioration—An
Approach Based on the Study of Monuments of the
Barroco in Minas Gerais.” Doctoral Thesis, Institute of
Belo Horizonte, Brazil, 131.

[6] Aquino, S. 2005. “Effects of Gamma Radiation on the
Growth of Aflotoxin-producing Aspergillus flavus and
the Use of Polymerase Chain Reaction (PCR) in Samples
of Artificially Master
Dissertation, University of Sdo Paulo, 83.

[7] Severiano, L. C. 2010. “Study of the Effect of Gamma
Radiation on Some Physical-Mechanical Properties of
Woods Used in Brazilian Artistic and Cultural Heritage.”

Inoculated Corn Grains.”

(8]

(9]

[10]

[11]

[15]

[17]

Master Dissertation, University of Sdo Paulo, 86.

Prieto, B., Aira, N., and Silva, B. 2007. “Comparative
Study of Dark Patinas on Granitic Outcrops and
Buildings.” Science of the Total Environment 381 (1):
280-9.

Delgado Rodrigues, J. 1996. “A Brief Introduction to the
Degradation and Conservation of Granitic Rocks.”
Conservation of Granitic Rocks: 1-12.

Begonha, A. J. 1997. “Weathering of Granite and
Deterioration of the Stone in Monuments and Buildings
of the City of Porto”. Doctoral Thesis, University of
Minho, 213.

Sterflinger, K., Krumbein, W. E., and Rullkotter, J. 1999.
“Patination of Marble Sandstone and Granite by
Microbial Communities.” Journal of the
Geological Society 150: 299-311.

Aira, N. 2007. “Dark Patinas on Granite Rocks: Genesis
Thesis,

German

and Composition.” Doctoral
Santiago de Compostela, 209.
Hallmann, C., Wedekind, W., Hause-Reitner, D., and

Hoppert, M. 2013. “Cryptogam Covers on Sepulchral

University of

Monuments and Re-colonization of a Marble Surface
after Cleaning.” Environmental Earth Sciences 69 (4):
1149-60.

Isola, D., Zucconi, L., Onofti, S., Caneva, G., De Hoog,
G. S., and Selbmann, L. 2016. “Extremotolerant Rock
Inhabiting Black Fungi from Italian Monumental Sites.”
Fungal Diversity 76 (1): 75-96.

Resende, M. A., Resende, G. C., Viana, E. M., Becker, T.
W., and Warscheid, T. 1996. “Acid Production of Fungi
Isolated from Stones of Historical Monuments in the
State of Minas Gerais, Brazil.”
Biodeterioration and Biodegradation 37 (1-2): 125.
Warscheid, T. 2000.
Protection of Cultural Artifacts against Biodeterioration.”
Of Microbes and Art: The Role of Microbial
Communities in the Degradation and Protection of
Cultural Heritage. Kluwer Academic Publishers,
Dordrecht, The Netherlands: 185-201.

Gaylarde, C., Ogawa, A., Beech, 1., Kowalski, M., and
Baptista-Neto, J. A. 2017. “Analysis of Dark Crusts on
the Church of Nossa Senhora do Carmo in Rio de Janeiro,
Brazil, Using Chemical, Microscope and Metabarcoding
Microbial
Biodeterioration and Biodegradation 117: 60-7.

Braams, J. 1992. “Ecological Studies on the Fungal

International

“Integrated Concepts for the

Identification Techniques.” International

Microflora Inhabiting Historical Sandstone Monuments.”
Doctoral Thesis, Oldenburg, 104.

Godinho, V. M., Furbino, L. E., Santiago, I. F., Pellizzari,
F. M., Yokoya, N. S., Pupo, D., et al. 2013. “Diversity
and Bioprospecting of Fungal Communities Associated

with Endemic and Cold-adapted Macroalgae in



[20]

(22]

(23]

(24]

(25]

[26]

Biocidal Effect of Gamma Radiation on the Ecology of Filamentous

259

Fungal Populations Associated with Stone Deterioration

Antarctica.” The ISME Journal 7 (7): 1434.

White, T. J., Bruns, T.., Taylor, J. W., and Lee, S.J. W. T.

1990. “Amplification and Direct Sequencing of Fungal
Ribosomal RNA Genes for Phylogenetics.” PCR.
Protocols: A Guide to Methods and Applications 18 (1):
315-22.

Ferreira, M. C., Cantrell, C. L., Wedge, D. E., Gongalves,
V. N., Jacob, M. R., Khan, S., et al. 2017. “Diversity of
the Endophytic Fungi Associated with the Ancient and
Narrowly Endemic Neotropical Plant Vellozia gigantea
from the Endangered Brazilian Rupestrian Grasslands.”
Biochemical Systematics and Ecology 71: 163-9.
Altschul, S. F., Madden, T. L., Schaffer, A. A., Zhang, J.,
Zhang, Z., Miller, W., et al. 1997. “Gapped BLAST and
PSI-BLAST: A New Generation of Protein Database
Search Programs.” Nucleic Acids Research 25 (17):
3389-402.

Pollard, E. C. 1966. “Phenomenology of Radiation
Effects on Microorganisms”. Encyclopedia of Medical
Radiology 2 (2): 2-34.

Maity, J. P., Chakraborty, A., Saha, A., Santra, S. C., and
Chanda, S. 2004. “Radiation-induced Effects on Some
Common Storage Edible Seeds in India Infested with
Surface Microflora.” Radiation Physics and Chemistry 71
(5): 1065-72.

Aziz, N. H., Ferial, M., Shahin, A. A., and Roushy, S. M.
2007. “Control of Fusarium Moulds and Fumonisin B 1
in Seeds by Gamma-Irradiation.” Food Control 18 (11):
1337-42.

Braghini, R., Pozzi, C. R., Aquino, S., Rochl, O., and
Correa, B. 2009. “Effects of y-Radiation on the Fungus
Alternaria alternata in Artificially Inoculated Cereal

[27]

[28]

[29]

[30]

[31]

[33]

Samples.” Applied Radiation and Isotopes 67 (9): 1622-8.
Saleh, Y. G., Mayo, M. S., and Ahearn, D. G. 1988.
“Resistance of Some Common Fungi to Gamma
Irradiation.” Applied and Environmental Microbiology 54
(8): 2134-5.

Johnson, L. F., and Osborne, T. S. 1964. “Survival of
Fungi in Soil Exposed to Gamma Radiation.” Canadian
Journal of Botany 42 (1): 105-13.

Dadachova, E., Bryan, R. A., Huang, X., Moadel, T.,
Schweitzer, A. D., Aisen, P., et. al. 2007. “lonizing
Radiation Changes the Electronic Properties of Melanin
and Enhances the Growth of Melanized Fungi.” PloS One
2 (5): e457.

Pointing, S., Jones, E. B. G., and Jones, M. 1996.
“Radiosensitivity of Fungi Isolated From Waterlogged
Archaeological Wood.” Mycoscience 37 (4): 455.
Mironenko, N. V., Alekhina, I. A., Zhdanova, N. N., and
Bulat, A. S. 2000.
Gamma-Radiation Resistance and Genomic Structure in

“Intraspecific Variation in
the Filamentous Fungus Alternaria alternata: A Case
Study of Strains Inhabiting Chernobyl Reactor No. 4.”
Ecotoxicology and Environmental Safety 45 (2): 177-87.
Zhdanova, N. N., Vasilevskaya, A. L., Artyshkova, L. V.,
Sadovnikov, Y. S., Lashko T. N., Gavrilyuk V. I, et al.
1994. “Changes in Micromycete Communities in Soil in
Response to Pollution by Long-lived Radionuclides
Emitted in the Chernobyl Accident.” Mycological
Research 98 (7): 789-95.

Dadachova, E., and Casadevall, A. 2008. “lonizing
Radiation: How Fungi Cope, Adapt and Exploit with the
Help of Melanin.” Current Opinion in Microbiology 11
(6): 525-31.



