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Abstract

The damaging of buildings and monuments by biological contamination is a cause of serious
concern. Biocides based on chemical toxic compounds have been used to mitigate this
problem. However, in the past decade many of the most effective biocides have been banned
due to their environmental and health hazards. Therefore, proper remediation actions for
microbiologically contaminated historic materials based on environmentally safe solution is
of vital importance. Bacillus species are emerging as a promising alternative for built
heritage treatment. They produce a great diversity of secondary metabolites with biological
activity, well known to possess antagonistic activities against many fungal pathogens. In
order to evaluate the antifungal activity of the novel biocides produced in our laboratory by
cultures of selected bacterial strains, liquid interaction assays using four biodeteriogenic
fungi were achieved, revealing a nearly 100% of inhibitory capacity to fungal proliferation.
To confirm their effective safe toxicological properties, in vivo tests using two different
biological models were performed. The lyophilized supernatant of the Bacillus culture broth
showed no lethality against brine shrimp and also no toxicological effects in Swiss mice
through administration of acute dose of 5000 mg/kg by oral gavage. In fact, the bioactive
compounds were no lethal at the tested dose unlike Preventol® (commercial biocide) that
induced acute toxicity with 10 times minor concentration dose administrated in the same
conditions. Therefore, the new bioactive compounds that suppress growth of biodeteriogenic
fungi on historical artworks, presenting at the same time no toxicity against other living
organisms, constituting an efficient  and green safe solution for
biodegradation/biodeterioration treatment of Cultural Heritage.
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Introduction

The damaging of buildings and monuments by biological contamination is a cause of
serious concern. Biological growths are a potential cause of long term decay, caused by
physical and chemical damage of building materials [1]. The prevention of microorganism
colonization in Cultural Heritage assets as well as the development of appropriate treatment
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measures for contaminated objects is a challenge for restorers, museum curators and architects
[2, 3]. This has implications for the techniques of cleaning and conservation of objects but also
consequences for the occupational safety and health of restorers. Biocides based on chemical
toxic compounds have been used to mitigate these problem. However, in the past decade many
of the most effective biocides have been banned due to their environmental and health hazards
[4].

Many authors have used several products having biocide characteristics, in order to
eliminate the biodeteriogenic organisms that have developed on stone monuments or rock sites
[5-7]. These products are commercially available both as active principle or formulates and
cover a wide range of chemical classes, from very simple inorganic compounds such as Na
and Ca hypochlorite to very complex organic ones such as the Quaternary Ammonium
Compounds [8, 9]. However, the chemical biocide commonly used, act through toxic
mechanism exhibiting numerous pharmacological activities toward a number of specific
cellular targets, including damaging or inhibiting the synthesis of cell walls and affecting
DNA or RNA, proteins or metabolic pathways [10]. Therefore, developing proper remediation
actions for microbiologically contaminated historic materials based on environmentally safe
solution is of vital importance.

Bacillus species are emerging as a promising alternative for built heritage treatment
and rehabilitation due to its capacity to produce a great diversity of secondary metabolites
with biological activity. In fact, some strains of Bacillus subtilis and Bacillus
amyloliquefaciens have been referred to produce antifungal lipopeptides [11-13] such as
surfactin, fengycin and iturin. These compounds act as amphiphilic membrane-active
biosurfactants with potent antagonistic activities against many fungal pathogens [14]. Due to
their low molecular weight, this lipopeptides are capable of changing the physical and
chemical properties of interfaces, increasing the surface area from non-soluble hydrophobic
growth substrates and the solubility of hydrophobic substances, which have interference on the
microorganism’s adherence and detachment from surfaces [1]. Clinical trials on humans and
animals have also shown iturin A to be a valuable drug due to its broad antifungal spectrum,
low toxicity and low allergic effect [15-17]. The nontoxic mechanism of action of these
amphiphilic cyclic biosurfactants are therefore directly related with unique features, high
biodegradability, non-harmful and environmentally friendly characteristics.

For that reason, the present paper was envisaged to evaluate the effective safe
toxicological properties of the new bioactive compounds produced in our laboratory by
Bacillus sp. liquid cultures using two different biological models. Simultaneously, the
potential antifungal capacity was tested against biodeteriogenic fungal strains isolated from
biodegraded Cultural Heritage assets in order to clarify the effectiveness of this new
alternative to the production of novel green biocides.

Materials and Methods

Microorganisms and culture conditions

The strains of Bacillus sp. CCMI 1051, CCMI 1052 and CCMI 1053 were isolated
from healthy Quercus suber in the south of Portugal and identified according with
morphological, physiological and biochemical characteristics and by 16S rDNA sequence
analysis (accession number AY 785773, AY785775 and AY 785774, respectively) [11]. Cells
were maintained on Nutrient Agar (HIMEDIA) slants and stored at 4°C. The fungal cultures
were maintained on malt extract agar (MEA, HIMEDIA) slants and used as test
microorganisms. The strains Penicillium sp., Alternaria sp., Mucor sp. and Fusarium
oxysporum were isolated from biodegraded mural paintings and belonging to the laboratory
collection (HERCULES-Biotec laboratory, Evora University).
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Bioactive compounds production

The Bacillus sp. CCMI 1051, CCMI 1052 and CCMI 1053 cells were inoculated in 100
mL of Nutrient Broth (HIMEDIA) medium. The liquid cultures were incubated for 72 hours at
30°C in an orbital shaker at 150 rpm (IKA KS 4000 I control). After 48 hours (stationary-
phase) of culture growth, the bacterial cells were removed from the culture by centrifugation
(1,000 x g for 10min at 4°C) fouled by membrane filtration (0,2 um) and the supernatant,
culture broth (CB) maintained at -20°C for further analysis. The new active compounds
produced by Bacillus CCMI 1051, CCMI 1052 and CCMI 1053 strains was quantified by LC-
ESI-MS (LCQ Advantage ThermoFinnigan mass spectrometer, Zorbax Eclipse, C18 column)
and will be designated by CB1, CB2 and CB3, respectively.

Antifungal assay

In order to evaluate the antifungal activity of the biocides produced a diffusion disk
assays and an interaction in liquid medium assay were performed [18]. A fungal spore
suspension of biodeteriogenic fungal strain in test was prepared suspending loopfuls of hyphae
and spores in SmL of 0.9% NaCl solution. The spore suspension was obtained through a serial
dilution and adjusted to 10°CFU/mL. A mixture composed by SmL of malt extract, 0.5mL of
10°CFU/mL of spore suspension and 5mL of CB was incubated at 28°C for 24h using an
orbital shaker at 125rpm. One millilitre of each interaction mixture was plated, by
incorporation in 20mL of Cook Rose Bengal agar (HIMEDIA), and the Petri dishes were
incubated at 28°C for 24-48h. In the antifungal interaction assay, the relative inhibition
growth were determined by counting the number of CFU (colony forming units) against a
blank test (%) of the same fungus in the absence of the Bacillus sp. supernatant [11, 19].

The Fungal spore suspensions prepared were also incorporated in MEA at 45°C in Petri
dishes. Filter paper discs (Macherey-Nagel 827 ATD) impregnated with 20uL of Bacillus CB,
after cells removal were placed on the agar and the Petri dishes were incubated at 25°C for 24—
48h. In the disc diffusion assay the inhibition level were determined by measure the diameter
of the inhibition halo around the paper disc in the presence of bioactive compounds produced
[20].

Acute toxicity assessment

Toxicity in Artemia salina

The toxicity of the lyophilized supernatant of the Bacillus CB and three commercial
chemical biocides Preventol® (2-Phenylphenol, Lanxess, Leverkusen, Germany), NEW
DES® (4-(2-phenylethoxy)-quinazoline, Helios Group, Vicenza, Italy) and Panacide®
(Dichlorophen, BCM, Hillsborough, USA) was evaluated using Artemia salina test kit
(Artoxkit MTM, Microbiotest). All the compounds were tested in a range of concentrations of
1000-0.1pg/mL in order to stablish lethal concentrations (LCsp). A solution of sea water
(Artoxkit MTM, Microbiotest) was used as negative control and the potassium dichromate
(100 mg/ mL) as a positive control [21].

Acute toxicity in Swiss mice

The acute toxicity assay was performed using Swiss mice (Mus musculus). The LDs,
was evaluated through the up and down protocol (OECD 425), according to the guidelines of
the Organization for Economic Co-operation and Development [22].

Male albine Swiss mice (40 + 5g), with two months of age, were used. The animals
were randomly divided into five groups, each one with three animals and were fasted 24 hours
before testing, with water ad libitum. Samples of CBs and Preventol® biocide were orally
administered, with the aid of a gastric probe, at a concentration of 5000 mg/kg for the
supernatant and 200 to 1000mg/kg for Preventol® D 7, using distilled water as the vehicle.
Group 1, the negative control, was administrated only with the vehicle (distilled water). Group
2, 3 and 4 were administrated with CB1, CB2 and CB3, respectively. The group 5 was
administered with 2-Phenylphenol referred to throughout as Preventol® D 7, acting as a
positive control group (Fig. 1).
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Acute toxicity in Syviss mice

Negative New Biocides Comercial Biocides
comtral (5000 mg'Kg) (200-1000 mg'Kg)

L&ml_mz L(iroups
CB1

Prevestol® D 7

| | Group3

chz

| | Group4
CB3

Fig. 1. Schematic representation of the acute toxicity assay on Swiss mice.

Additionally, a pharmacological screening was performed in order to observe the
behaviour and activity of the animals at 0, 1, 2, 4, 6 and 24h after oral administration. Tests
were based on: reflexes (pineal, corneal, posture, ipsilateral anterior and posterior), motor
activity (catalepsy, traction) and behaviour observation (aggression, passivity and fear).

The animals were kept under observation for 15 days [22], and during these time were
acclimated under controlled temperature (23 + 1°C), 12h light/12h dark, during which time
they had free access to food and water ad libitum [23, 24].

All the experimental animals’ procedures were following by a Competent Researcher,
according the Recommendations of the General Direction of Veterinary (Order 1005/92,
October 23) and the Federation of European Laboratory Animal Science Associations
(FELASA) (n° 020/08).

Results and discussions

Antifungal activity of bioactive compounds

The supernatants of Bacillus sp. liquid cultures were tested against the biodeteriogenic
fungal strains isolated from biodegraded mural paintings: Penicillium sp., Alternaria sp., Mucor
sp. and Fusarium oxysporum The results of the antifungal activity assays show a higher
inhibited capacity against Penicillium sp. mainly with the bioactive compounds from CB 2 and
CB 3 (Fig. 2). Mucor sp. was the less inhibited fungi, however their inhibition release 76%
when in interaction with supernatants of Bacillus sp. CCMI 1051 cultures (Fig. 3).

- < o
Fig. 2. Antifungal activity of new biocides against Penicillium sp. using paper disk diffusion assay:
A- Control; B- In the presence of 10uL of supernatant of culture after cells removal.
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Fig. 3. % of inhibition growth resulted from interaction assays between biodeteriogenic fungi and Bacillus sp. cell-free
cB. I Penicillium sp.; === Alternaria sp.; 3Mucor sp.; EZZZFusarium oxysporum

Particularly high antagonistic activity nearly to 100% was detected for all bacillus cell-
free supernatant of cultures, against Fusarium oxysporium, Penicillium sp. and Alternaria sp.
The heritage biodeteriogenic fungi tested can be inhibited in the presence of the new
compounds produced by bacterial cultures, showing the great potential of this biotechnological
approach applied to heritage context.

Toxicological evaluation

The toxicity of the bioactive compounds in the lyophilized supernatant of Bacillus
strains CB were evaluated in vivo using two different biological models. The brine shrimp
Artemia salina was used as a standard test for determination of LCsy and a test of acute
toxicity was performed in Swiss mice for the determination of LDsy (OECD guidelines) [22].

For Artemia salina model the lyophilized supernatant of the Bacillus CB showed a low
toxicity with mortality values less than 3,5% at a concentration of 1000 pg/mL (Fig.4). The
negative control, seawater, caused no mortality and potassium dichromate (K,Cr,0O;) caused
95.5% of mortality at 100mg/mL.
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Fig. 4. % of Artemia salina mortality for bioactive compounds produced and commercial biocides.
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The three commercial chemical biocides Preventol® D 7, NEW DES® and Panacide®
were tested in the same conditions in order to access and compare the level of toxicity with the
natural bioactive compounds produced (Table 1). This assay allows to evaluate the potential of
lethal effect in a living organisms and also provides the basis for further analysis with more
representative biological models. The results reveal that Preventol® D 7 cause 50% of
mortality with a concentration of 5.07 + 0.35ug/mL, showing a higher toxicity than NEW
DES® (34.53 £+ 4.70pug/mL) and Panacide® (LCsy of 257.48 + 8.54pug/mL). Therefore, the
toxicity of the bioactive compounds produced was evaluated in mammals using Preventol® D
7 as positive control and Swiss mice as model. CB1, CB2 and CB3 did not show lethality
according to OECD guidelines [22], with LDs, values greater than 5000mg/Kg. Additionally,
pharmacological screening was conducted in Swiss mice, based on tests reflexes (pineal,
corneal, posture, ipsilateral anterior and posterior), tests of motor activity (catalepsy, traction)
and observation of behavior (aggression, passivity and fear). The animals showed normal
motor, cognitive and sensorial behavior during the first 24 hours of the assay, revealing also
no signs of toxicity. In the other hand, Preventol® D 7 used as positive control, evidence the
death of all animals in the group treated with 1000 and 500mg/Kg. However, the same result
do not occur with the group administrated with 200mg/Kg, where the animals showed a
normal motor, cognitive and sensorial behavior. Consequently, the LDs, value of Preventol®
D 7 is set between 200 and 500mg/mL..

Table 1. LCs, of biocides tested.

Biocide LCs (ng/mL)
Preventol® D 7 5.07 £0.35
NEW DES® 34.53 +4.70
Panacide® 257.48 +£8.54
CB1 >>1000
CB2 >>1000
CB3 >>1000

Thus, the new bioactive compounds produced do not induce acute toxicity, motor,
cognitive or sensorial alterations at the tested dose, unlike Preventol® D 7 induced lethality
when administrated with a dose 10 times lower.

Conclusions

The new biocides produced by Bacillus sp. cultures are bioactive compounds which has
a great potential to suppress biodeteriogenic fungi growth on historical artworks. The absence
of toxicity against living organisms, namely mammals, constitute an efficient and green safe
promising alternative for biodegradation/biodeterioration treatment of Cultural Heritage.
Acknowledgements

The authors would like to thanks to IMAGOS project — Innovative Methodologies in

Archaeology, Archaeometry and Geophysics — Optimizing Strategies X LARES — Laboratorial
Archaeometric and Archaeological Research — Engaging Sciences for the financial support.

References

[1] T. Stein, Bacillus subtilis antibiotics: structures, syntheses and specific functions,
Molecular Microbiology, 56(4), 2005, pp. 845-57.

270 INT J CONSERYV SCI 7, SI1, 2016: 265-272



TOXICOLOGICAL ASSESSMENT OF NOVEL GREEN BIOCIDES FOR CULTURAL HERITAGE

[2] K. Sterflinger, Fungi: Their role in deterioration of cultural heritage, Fungal Biology
Reviews, 24(1-2), 2010, pp. 47-55.

[3] M.d.M. Lépez-Miras, 1. Martin-Sanchez, A. Yebra-Rodriguez, J. Romero-Noguera, F.
Bolivar-Galiano, J. Ettenauer, K. Sterflinger, G. Pifiar, Contribution of the Microbial
Communities Detected on an Qil Painting on Canvas to Its Biodeterioration, PLoS ONE,
8(11), 2013, paper no. e80198.

[4] M.E. Young, H.L. Alakomi, I. Fortune, A.A. Gorbushina, W.E. Krumbein, 1. Maxwell, C.
McCullagh, P. Robertson, M. Saarela, J. Valero, M. Vendrell, Development of a biocidal
treatment regime to inhibit biological growths on cultural heritage: BIODAM,
Environmental Geology, 56(3-4), 2008, pp. 631-641.

[5] C. Urzi, F. De Leo, Evaluation of the efficiency of water-repellent and biocide compounds
against microbial colonization of mortars, International Biodeterioration and
Biodegradation, 60(1), 2007, pp. 25-34.

[6] S. Scheerer, O. Ortega - Morales, C. Gaylarde, Microbial deterioration of stone monuments
- an updated overview, Advances in Applied Microbiology, 66, 2009, pp. 97-139.

[7] F. Bastian, C. Alabouvette, V. Jurado, C. Saiz-Jimenez, Impact of biocide treatments on the
bacterial communities of the Lascaux Cave, Naturwissenschaften, 96(7), 2009, pp. 863-
8.

[8] K. Hegstad, S. Langsrud, B.T. Lunestad, A.A. Scheie, M. Sunde, S.P. Yazdankhah, Does
the wide use of quaternary ammonium compounds enhance the selection and spread of
antimicrobial resistance and thus threaten our health?, Microbial Drug Resistance,
16(2), 2010, pp. 91-104.

[9] S. Buffet-Bataillon, P. Tattevin, M. Bonnaure-Mallet, A. Jolivet-Gougeon, Emergence of
resistance to antibacterial agents: the role of quaternary ammonium compounds—a
critical review, International Journal of Antimicrobial Agents, 39(5), 2012, pp. 381-
389.

[10] M.A. Ashraf, S. Ullah, I. Ahmad, A.K. Qureshi, K.S. Balkhair, M. Abdur Rehman, Green
biocides, a promising technology: current and future applications to industry and
industrial processes, Journal of the Science of Food and Agriculture, 94(3), 2014, pp.
388-403.

[11] A.T. Caldeira, S.S. Feio, J.M. Arteiro, A.V. Coelho, J.C. Roseiro, Environmental dynamics
of Bacillus amyloliquefaciens CCMI 1051 antifungal activity under different nitrogen
patterns, Journal of Applied Microbiology, 104(3), 2008, pp. 808-16.

[12] P. Das, S. Mukherjee, R. Sen, Antimicrobial potential of a lipopeptide biosurfactant
derived from a marine Bacillus circulans, Journal of Applied Microbiology, 104(6),
2008, pp. 1675-84.

[13] C. Leifert, H. Li, S. Chidburee, S. Hampson, S. Workman, D. Sigee, H.A. Epton, A.
Harbour, Antibiotic production and biocontrol activity by Bacillus subtilis CL27 and
Bacillus pumilus CL45, Journal of Applied Bacteriology, 78(2), 1995, pp. 97-108.

[14] A.L. Moyne, T.E. Cleveland, S. Tuzun, Molecular characterization and analysis of the
operon encoding the antifungal lipopeptide bacillomycin D, FEMS Microbiology
Letters, 234(1), 2004, pp. 43-9.

[15] A.J. De Lucca, T.J. Walsh, Antifungal Peptides: Novel Therapeutic Compounds against
Emerging Pathogens, Antimicrobial Agents and Chemotherapy, 43(1), 1999, pp. 1-11.

[16] R. Maget-Dana, F. Peypoux, lturins, a special class of pore-forming lipopeptides:
biological and physicochemical properties, Toxicology, 87(1-3), 1994, pp. 151-74.

[17] S. Yao, X. Gao, N. Fuchsbauer, W. Hillen, J. Vater, J. Wang, Cloning, sequencing, and
characterization of the genetic region relevant to biosynthesis of the lipopeptides iturin A
and surfactin in Bacillus subtilis, Current Microbiology, 47(4), 2003, pp. 272-7.

http://www.ijcs.uaic.ro 271



M. SILVA et al.

[18] M. Silva, T. Rosado, D. Teixeira, A. Candeias, A.T. Caldeira, Production of green biocides
for cultural heritage - Novel biotechnological solutions, International Journal of
Conservation Science, 6(SI), 2015, pp. 519-530.

[19] A.R. Podile, A.P. Prakash, Lysis and biological control of Aspergillus niger by Bacillus
subtilis AF 1, Canadian Journal of Microbiology, 42(6), 1996, pp. 533-8.

[20] A.T. Caldeira, J.M. Santos Arteiro, A.V. Coelho, J.C. Roseiro, Combined use of LC-ESI-
MS and antifungal tests for rapid identification of bioactive lipopeptides produced by
Bacillus amyloliquefaciens CCMI 1051, Process Biochemistry, 46(9), 2011, pp. 1738-
1746.

[21] C. Salvador, M. Martins, M. Candeias, A. Karmali, J.M. Arteiro, A.T. Caldeira,
Characterization and biological activities of protein-bound polysaccharides produced by
cultures of Pleurotus ostreatus, Journal of Agricultural Science and Technology A, 2,
2012, pp. 1296-1306.

[22] * * *, OECD Guideline for Testing of Chemicals, OCDE, 2001, pp. 1-26.

[23] T. Jayakumar, E. Ramesh, P. Geraldine, Antioxidant activity of the oyster mushroom,
Pleurotus ostreatus, on CCl-induced liver injury in rats, Food and Chemical
Toxicology, 44, 2006, pp. 1989-1996.

[24] Z. Lu, W. Tao, X. Zou, H. Fu, Z. Ao, Protective effects of mycelia of Antrodia camphorata
and Armillariella tabescens in submerged culture against ethanol-induced hepatic toxicity
in rats, Journal of Ethnopharmacology, 110, 2007, pp. 160-164.

Received: September, 24, 2015
Accepted: February, 25, 2016

272 INT J CONSERYV SCI 7, SI1, 2016: 265-272



