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The identification of microorganisms involved in biodeterioration/biodegradation process is determinant
to understand their effects on cultural assets, and furthermore, it is a crucial step to define an efficient
strategy to protect monuments and artworks from microbiological recolonisation, in order to promote
its preservation.

The renaissance mural paintings from the garden of the Inquisition Palace in Evora, classified by
UNESCO as World Heritage, were analysed in order to find the microbial population involved in the
biodeterioration process, and, to assist and develop an efficient intervention, by biocides application to
control the propagation of microbial communities responsible for biodegradation.

The biocides tested revealed good inhibition results against the microbial communities isolated from
the paintings, whose action spectrum was noticeably enlarged when the application was carried out com-
bining two different commercial biocides.

In vitro antifungal assays performed with new natural biocompounds revealed efficient inhibition
capacity, suggesting the potential of these compounds to be used as a great and safe alternative to the
chemical compounds usually used on cultural assets microbial treatments.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction of these agents with physico-chemical properties of the materials

is considered central to understand the long term deterioration

Biodeterioration/Biodegradation of Cultural Heritage is the
result of interactions between living organisms, material support
and environmental conditions (Nuhoglu et al., 2006; Capodicasa
etal., 2010). The biological activity of microorganisms like bacteria,
fungi, algae and lichens, contributes to the deterioration of cultural
assets, particularly if they are exposed to open air. The interaction
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(Ripka et al., 2006; Herrera and Videla, 2009; Wiktor et al., 2009;
Mihajlovski et al., 2017), due to the ability to obtain different ele-
ments (calcium, aluminium, silicon, iron and potassium) essential
for their metabolism, by bio-solubilisation of the materials
(Nuhoglu et al., 2006; Karaca et al., 2015).

In mural paintings, the development of diverse organisms is
supported by humidity, light, alkaline pH values and the presence
of organic and inorganic nutrient sources (Altenburger et al., 1996).
In addition, the natural porosity of these paintings makes their sur-
faces receptive to microbial spores and vegetative cells transported
by airborne particles (Saarela et al., 2004; Milanesi et al., 2009),
allowing their proliferation.

Fungi are among the most harmful organisms associated to
biodeterioration of organic and inorganic substances (Wiktor
et al., 2009; De Leo and Urzi, 2015). The destructive potential of
these microorganisms is the result of mechanical and chemical
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processes, caused by mycelia penetration inside the plaster of the
painting resulting in loss of cohesion and detachment of the paint
layer, as well as paint discolouration due to the metabolic products
excreted in the surface (Altenburger et al., 1996; Rélleke et al.,
1996; Berner et al.,, 1997; Herrera et al.,, 2004; Milanesi et al.,
2006; Imperi et al., 2007).

Given the several agents that can induce alterations in the
paintings, their safeguard is a widespread problem of global rele-
vance (Tomaselli et al., 2000). Therefore, it is crucial to develop effi-
cient approaches to detect potentially harmful or destructive
microorganisms, and strategies to conserve and eliminate their
contamination. If procedures are taken to prevent microbial
growth, biodegradation can be avoided (Gurtner et al., 2000; de
los Rios et al., 2009; Wang et al., 2011).

Thus, for studying deterioration of artistic materials induced by
environmental and biological agents, and thereafter proceed to a
conservation-restoration, it is necessary the detailed knowledge
of the materials originally employed by the artist (Milanesi et al.,
2009; Wiktor et al., 2009). On the other hand, biocides application
are a very important step to prevent and/or control microbial
growth/re-colonisation for one acceptable period of time (Urzi
and De Leo, 2007; Fonseca et al., 2010; de los Rios et al., 2012).
However, its application requires attention to chromatic alter-
ations, changes in water absorption capacity, permeability and sur-
face tension (Tretiach et al., 2007).

Treatments with biocides should be tested on a small scale
(in vitro test), but preferentially on the affected monument to
determine their effectiveness against microorganisms, since some
studies indicate that the biocides efficacy can be reduced signifi-
cantly in the case of in situ applications compared to the sensitivity
of microorganisms observed in laboratory experiments (de los Rios
et al., 2012). Furthermore, artworks exposed to open air, usually,
suffer recolonisation after treatment (Nascimbene and Salvadori,
2008), thus development of preservation processes are urgent.

In this work, the biodeterioration of the 16th century renais-
sance mural paintings from Casas Pintadas located in the garden
of the Inquisition Palace in Evora (Portugal), classified as World
Heritage by UNESCO, was investigated and mitigation treatments
were asserted.

The paintings exhibited in Casas Pintadas (Fig. 1) show mytho-
logical and exotic scenes decorating a cloister and a small chapel.
This space is all that remains of the Noble House belonging to Sil-
veira Henriques family, Masters of the Horse of the kings D. Afonso
V and D. Jodo II. However, in the past they have been attributed to

General view Sampling process

Vasco da Gama (Portuguese navigator), fact that has been proved
to be a legend. The paintings in the cloister, of a great historical
and artistic value, combine exoticism, originality and evocative
power, constituting an iconic national and international mural
composition (Caetano and de Carvalho, 2014), whose safeguard is
imperative.

Thus, the investigation of this iconic mural paintings was per-
formed with the main purposes of: i) characterisation of the mate-
rials used, ii) microbial community assessment, iii) mitigation
strategies development and iv) investigation of new safe biocides,
in order to promote the safeguard of this cultural heritage asset

2. Material and methods
2.1. Sampling process

The sampling process (Fig. 1) was performed on representative
areas of the paintings, and, in areas with significant contamination
and alterations signs, under the coordination of a Conservator-
Restorer, using micro-invasive and non-invasive methods.

Preliminary in situ X-ray fluorescence spectrometry and colori-
metric analysis were performed in order to select the areas for
samples collection. Microsamples (10 samples with less than
1 mm?) for chromatic layers characterisation were removed using
a small chisel, near paint losses or cracks to avoid further damage,
to allow a full characterisation of the paintings materials and sup-
port mortars.

For microbiological assays, samples were collected under semi-
aseptic conditions with sterile swabs and scalpels, placed in a sus-
pension of transport MRD medium (Maximum Recovery Diluent,
Merck), until utilisation.

2.2. Material characterisation

Paintings microsamples collected were incorporated in polye-
ster resin (Epofix Fix) and polished to allow cross-section analysis.

Optical microscopy observations were carried out in a Leica
DM2500 microscope in reflected light and dark field mode and dig-
itally recorded by a Leica DFC290 HD photo camera, enabling
stratigraphy analysis and pigment morphology.

To allow microstructural characterisation of the paint layers
and elemental composition (point analysis and 2D mapping), the
paint cross-sections were used as such or coated with Au-Pd (Balz-
ers Union SCD 030) and analysed with a HITACHI 3700N variable

Fig. 1. Mural Painting of Casas Pintadas located in the garden of the Inquisition Palace (Evora, Portugal) with some sampling process details.
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pressure scanning electron microscope (VP-SEM) coupled with a
Bruker XFlash 5010 energy dispersive X-ray (EDX) spectrometer
with an accelerating voltage of 20 kV.

2.3. Analysis of biological contamination on mortars

Mortar microfragments were coated with gold (Balzers Union
SCD030), and analysed by Scanning Electron Microscopy with an
accelerating voltage of 10-20 kV in secondary electrons mode, to
evaluate the microbial proliferation.

2.4. Microorganisms isolation and characterisation

Samples collected for microbiological studies were mechani-
cally shaken for 1h, and after serial dilutions (10! to 10> mL)
were prepared and inoculated (100 pL), under aseptic conditions,
in NA (Nutrient Agar), for bacteria isolation, in MEA (Malt Extract
Agar) and CRB (Cook Rose Bengal) for filamentous fungi isolation,
and, in YPD (Yeast Extract Peptone Dextrose Agar) for yeast
growth. The cultures were incubated at 30 °C for 24-48 h, and at
28 °C for 4-5 days, to allow bacterial and fungal development,
respectively. After this period, the plates stayed in incubation at
the same temperature to detect slow microbial development. The
several colonies developed were picked up to obtain pure cultures,
and then stored at 4 °C.

The microbial population was characterised based on macro-
scopic features of the colonies, and, in micro-morphology of the
reproductive structures, that were observed in the optical micro-
scope Leica DM 2500P, and the images were acquired with the dig-
ital camera Leica DFC290HD. Their identification was also
performed, as described on Rosado et al. 2013a,b, sequencing the
16S rDNA or ITS region for bacterial or fungal isolates, by capillary
electrophoresis using the ABI PRISM 3730 xl sequencer (Applied
Biosystems) with the Kit BDT v1.1 (Applied Biosystems). The
nucleotide sequences were aligned with those retrieved from the
GenBank (NCBI) databases for the homology analysis using the
BLASTN program (Rosado et al., 2013a).

2.5. Antimicrobial activities

The antimicrobial activity of three commercial biocides, namely
Preventol PN® (1% and 0.1%) [sodium 2, 3, 4, 5, 6-
pentachlorophenplate], Panacide® (1% and 0.1%) [4-chloro-2-[(5-c
hloro-2-hydroxyphenyl)methyl] phenol] and Linquad® (1% and
0.1%) [Alkylbenzyldimethylammonium chloride], compounds sol-
uble in water, were evaluated against the predominant fungi iso-
lated, under sterile conditions. The commercial compounds were
tested at different concentrations against the several fungal iso-
lates (Aspergillus, Cladosporium, Penicillium) from Casas Pintadas
by agar incorporation method (Caldeira et al., 2011).

Cultures of each microorganism were prepared in Malt Extract
Agar (MEA) slant and incubated at 28 °C for 7 days. Fungal spore
suspensions were prepared by adding a loopful of hyphae and
spores in 15 mL of NaCl 0.85% solution. The suspension was filtered
by sterilised triple gauze and incorporated (10° CFU/mL) in MEA at
45°C. Sterile filter paper discs with 12.6 mm of diameter
(Macherey-Nagel 827 ATD) were placed on agar and impregnated
with 20 puL of biocide. The Petri dishes were incubated at 28 °C
for 4-5 days. Antimicrobial activity was evaluated accordingly to
the inhibition halo developed around the disc. The assays were
performed in triplicate.

2.6. In situ biocides application

Preventol PN®, Panacide® and Linquad® were applied in the
mural painting of Casas Pintadas (combined applications) firstly

in slab mortars (3 x 3 cm) to evaluate possible colour alteration.
After confirming no chromatic alteration induction, the com-
pounds were applied by spray in small areas (10 x 10 cm) and
finally in all affected zones. After these experimental applications,
the paintings were subjected to a conservation intervention pro-
cess, together with a combined application of these biocides to pre-
vent recolonisation.

2.7. Testing green alternative biocides

The use of biocides to control and prevent the monuments to
biological damage is widespread (limited by Biocidal Products
Directive (BPD) https://echa.europa.eu/), however chemical treat-
ments often involve considerable amounts of potentially danger-
ous and even toxic compounds (Young et al., 2008; Maxim et al.,
2012; Sterflinger and Pinar, 2013; Urzi et al., 2016). To overcome
the problem associated to the toxicity of several commercial com-
pounds, green alternative solutions based on biosurfactant
lipopeptides produced by Bacillus sp. have been performed in our
laboratory by Silva et al. (Caldeira et al., 2008; Silva et al., 2015;
Silva et al,, 2016). Thus, three of these ecological biocompounds
(3mg/mL) denominated BEVOTECH-11, BEVOTECH-14 and
BEVOTECH-16, and, a positive control Mycostatin® (Nystatin
4000 Ul/mL) known by their antifungal properties, were evaluated
against the same fungal isolates used with the chemical com-
pounds, following the same procedures described in the topic
2.5, in order to find effective and ecofriendly solutions that pre-
vent biodeterioration/biodegradation of cultural assets. Relative
inhibition percentage was calculated using as reference the posi-
tive control Mycostatin®.

3. Results and discussion
3.1. Material characterisation

The material characterisation of mural paintings is an important
step to understand an artist technique allowing a deeper knowl-
edge on the pigments and mortars used and providing also crucial
parameters for the conservation/restoration process and conse-
quently contributing to its preservation.

In this work, the strategy adopted started with in situ analysis
which provided a global information about the mural paintings
under study, thus allowing the careful selection of the collection
points for the analytical and biological analysis.

These paintings showed a simple colour pallet composed by red,
yellow, brown, blue and black pigments/shades (Fig. 1). Strati-
graphic analysis of the cross sections, by optical microscopy and
scanning electron microscopy enabled the characterisation of these
pigments.

Microanalysis by SEM-EDX of the red areas showed that red
ochre is the pigment responsible for this colouration.

Ochre are composed by clay minerals (aluminosilicates)
enriched in iron oxides and hydroxides, goethite (FeO(OH)) and
hematite (Fe,O3) (Gil et al., 2007). These compounds are easily
identified by SEM-EDX by the concomitant presence of aluminium,
silicon and potassium in their composition (Fig. 2A). Hematite
(Fe;03) is the responsible for the red colour of these pigments
although these may also contain other chromophores in their com-
position, such as goethite (FeO(OH)) and manganese dioxide
(MnO,) that confer orange and brownish nuances (Gil et al,
2009). Both on the upper painting as on the grotesque frieze, red
ochres were used alone or in conjunction with bone black, a black
pigment obtained from the burning of bones, and identified by the
presence of calcium (Ca) and phosphor (P).
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Fig. 2. SEM micrograph in back-scattered mode and EDX 2D elemental maps of a cross-section from red (A), yellow (B) and blue (C) areas from Casas Pintadas.

Like the red areas, yellow and brown colours were obtained
with clay-based earth pigments, whose composition is similar to
the red ochre, however the type and proportion of the iron com-
pound present is different. In the yellow ochre, the chromophore
responsible for the colour is mainly goethite, an iron oxohydroxide
(FeO(OH)) compound (Fig. 2B). On the other hand, the brownish
shades can be explained by the presence of manganese oxides,
organic matter or others clay minerals (e.g. smectite).

On the background of the grotesque frieze, currently dark bluish
grey is observed, however, no chromophore was identified. The
absence of blue pigment particles in the samples analysed by opti-
cal microscopy and scanning electron microscopy, the detection of
animal black and yet the presence of red and yellow ochres in the
adjacent areas seem to indicate the possible use of an optical blue
(Ashok, 1993).

In the black areas of the painting, the presence or absence of
phosphor revealed the application of bone black or charcoal,
respectively. Both pigments are produced by calcination of organic
matter (bones and wood).

3.2. Microbiological study

To assess the biodegradation of Casas Pintadas, samples from
areas with noticeable signs of alteration were analysed. This
approach involved a detailed study in order to characterise the bio-
logical agents that promote degradation of the murals and to
understand their propagation in the deteriorated areas. Thereby,
mortar microfragments were observed by SEM (Fig. 3) which con-
firmed microbiological contamination, showing the capacity of
microorganisms to thrive in the paintings. It was possible to
observe the proliferation of fungal hyphae on the surface and by
the microstructure of the mortars, fact that may explain the
detachment and cracking observed in some areas of the painting
(Fig.3A-D).

In Fig. 3B-D is evident the micellar structures of the filamentous
fungi, forming a biofilm on the surface of the mortar, covering
some areas of the paint, which can induce alterations due to the
metabolic activity of the microorganisms or colour acquisition
from the development of the microorganisms in the surface of
the walls. Biofilms are biological deposits of a highly hydrated
gel of extracellular polymeric substances containing microbial cells
and inorganic detritus that can drastically change the physico-

chemical characteristics of the environment in contact with the
structural material and generally increase its aggressiveness
(Herrera et al., 2004; Harding et al., 2009; Zucconi et al., 2012),
being dramatic for the structure and aesthetical aspect of the
artworks.

Once detected microbial proliferation in the mural paintings of
Casas Pintadas it was necessary to characterise this population, in
order to identify the harmful microorganisms in the degradation
process and the areas with the greatest contamination levels.

The microbiological study allowed the isolation and characteri-
sation of several bacterial strains such as cocci and bacilli Gram-
positive and Actinomycetes sp., yeast strains and filamentous fungi
of the genera Aspergillus, Cladosporium and Penicillium; microor-
ganisms frequently associated to mural paintings alteration (Garg
et al., 1995; Gorbushina et al., 2004; Sterflinger, 2010; Zucconi
et al, 2012; Rosado et al., 2013b, 2014). This characterisation
(Table 1) was based on macro- and micromorphological features
of each microbial isolates, being the identification of the fungal
strains complemented with ITS region sequencing. These results
showed high microbial contamination in the paintings surface, fact
that can be correlated with the damages observed, whose dissem-
ination affects the visual appearance of the paintings. Furthermore,
highly contaminated areas showed higher degradation levels, due
to fungal proliferation, as it was possible to detect by SEM analysis.
Indeed, the biodeterioration of these paintings were due to the
presence both of heterotrophic and phototrophic microorganisms
but the latter were not considered in this study, but are being mon-
itored actually.

Thus, the high biological contamination together with the out-
door location of these paintings, exposed to variations of tempera-
ture, humidity and luminosity during the day and over the seasons
of the year, seems to be related with the chromatic alterations,
cracking and detachment of some areas of the paintings (Garg
et al, 1995; Ciferri, 1999; Gorbushina and Petersen, 2000;
Milanesi et al., 2006; Guiamet et al., 2011). Since the paintings
are in an outdoor environment and subject to extreme humidity
due to the harsh winters in this location and taking into consider-
ation that the biological attack is strongly influenced by water
availability (Guiamet et al., 2013), it is determinant to take into
account these important factors on a conservation strategy.

In this way, to ensure the longevity of the intervention and to
avoid the fast recolonisation, remediation strategies were envis-
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Fig. 3. SEM micrograph of mortar microfragments, evidencing biofilms formation (A-D), Actinomycete filaments (A), filamentous fungi and hyphae proliferation (B-D) in the

surface of the mortar and the penetration of these microorganisms in depth.

aged. Therefore, in this way biocide tests were performed to con-
trol efficiently the microbial proliferation.

3.3. Biocides application

The use of biocides to treat mural paintings is very important to
prevent the proliferation of microorganisms as already reported by
other authors (Blazquez et al., 2000; Warscheid and Braams, 2000;
Ascaso et al., 2002; Domenech-Carbo et al., 2006; Urzi and De Leo,
2007; Moreau et al., 2008; Fonseca et al.,, 2010; Gaylarde et al.,
2011; de los Rios et al., 2012; Maxim et al., 2012; Pinna et al,,
2012; Speranza et al., 2012).

To determine the efficacy of different biocides to inhibit the
growth of the microorganisms which are developing on the paint-
ings, laboratory tests, using commercial compounds and natural
biocompounds, were carried out against high cell concentration
of fungal strains, previously isolated from the mural paintings of
the Casas Pintadas. The results of the antifungal activity are sum-
marised in Table 2 and analysed according to the inhibition halo
formed in the solid cultures.

Among the commercial compounds tested, Preventol PN® 1%
was the most efficient agent for inhibiting the development of all
the fungal isolates, promoting almost total inhibition for majority
of these microrganisms. This compound has hydrophilic and
hydrophobic chemical groups, able to disrupt the cell membrane
structure of the microorganism, causing leakage of intracellular
materials (Ascaso et al., 2002) and consequently their death.

In the case of Panacide® compound, the inhibition induced was
satisfactory for all the microorganisms tested, being less effective
for fungi of the genus Cladosporium, however inhibits considerably
their growth. The compound Linquad® produced satisfactory
results, however showed lower inhibition capacity than the other
biocides tested. The majority of the fungal isolates were inhibited
with more efficiency by Preventol PN® 1%, followed by Panacide®

and then Linquad®. At the concentration 0.1% the biocides Pana-
cide® and Linquad® did not present inhibition capability.

Due to the toxicity of Preventol PN®, less concentrated solutions
were tested, however with Preventol PN® 0.1% their inhibitory
capacity decreases considerably.

According to these results, mixtures of biocides, composed by
the most effective compounds, should be employed in artworks
treatment, to allow an effective microbiological elimination and
avoid a quick recolonisation (Gaylarde et al., 2011; Bruno et al.,
2014).

This strategy was applied in this work and the results showed
that the biocides have the ability to inhibit the growth of all iso-
lated fungi, promoting good inhibition results particularly with a
combined application of Preventol PN® and Panacide® in the mural
paintings of Casas Pintadas (Fig. 4).

The information obtained on the material characterisation and
microbiological identification were integrated on the intervention
plan, executed to rehabilitate the mural paintings of Casas Pintadas.
During the conservation-restoration process, painting layers were
fixed, holes were filled and some areas were retouched. One has
to take into consideration that after the conservation-restoration
process it is important to control and prevent possible recolonis-
tion. Therefore, preventive conservation measures were taken
and presently a long term in situ monitoring is ongoing that
encompasses weekly measures of temperature and relative humid-
ity in the paintings area, and monthly photogrametry/photo-
graphic assessment and collection of possible neoformation
products (salts) and microorganisms.

The biocides considered in this work were able to eliminate and
control microorganisms development. In situ application of bio-
cides in these paintings did not promote chromatic alterations nei-
ther mortar damages (data not shown).

Despite the inhibitory capacity of these chemical compounds, it
is necessary to find alternative solutions due to their toxicity to
humans and environment. To solve this problem, several studies
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Table 1
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Table 2

483

Effect of commercial compounds against different fungal strains isolated from Casas Pintadas (Z1LA - Cryptococcus sp.; Z1LB - Unidentified yeast; Z1F2 - Unidentified fungus;
Z3F2 - Aspergillus sp.; ZAF2 - Cladosporium sp.; Z4AF4 - Aspergillus niger; Z5F1 - Penicillium sp.).

Inhibition halo (mm)

Z1LA Z1LB Z1F2 Z3F2 ZAF2 ZAF4 Z5F1
Preventol 0.1% 278+1.7 25.7+3.9 18.7£3.1 229+25 212+14 272+15 20.2+5.0
Preventol 1% 503 +0.6 - 359+1.2 433+29 44.7+0.8 457 +1.2 40.6+4.0
Panacide 24.7+£0.6 27515 30315 40.3+0.6 373+38 22715 22.0+0.0
Linquad 31.7+29 33.0+2.0 26315 343+0.6 31315 16.0£1.0 19.7 £ 0.6

are being performed in the development of green solutions which
are eco-friendly and without negative effects on the environment
or human beings. Biotechnological based compounds, obtained

by bacterial cells of the genera Bacillus are being used on growth
inhibition studies, which can be a great alternative for cultural her-
itage safeguard mitigation strategies, due to the capacity of these
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Fig. 4. Details of the mural paintings of Casas Pintadas, before and after treatment with biocide and conservation-intervention process, and the current aspect of the paintings.

microorganisms to produce a great diversity of secondary metabo-
lites with antagonistic action against many fungal strains (Silva
et al., 2015).

Therefore, in this work and to envisage a future alternative
application, three different natural biocompounds, produced in
our laboratory (Silva et al., 2015, 2016), were tested in vitro against
the fungal population present on the mural paintings of Casas Pin-
tadas and encouraging results were obtained.

All the new natural biocompounds tested revealed inhibition
capacity of the different fungal strains (Fig. 5) present in the paint-
ings of Casas Pintadas. The biocompound BEVOTECH-11 was the
most efficient inhibitory agent, forming in some cases higher
inhibition levels than Preventol 0.1% (Z1F2), Panacide (Z1LA) and
Linquad (Z4F4) (Table 2). However, the biocompounds
BEVOTECH-14 and BEVOTECH-16 promoted also good results,
and BEVOTECH-14 seems to be more efficient for Z1LB than
BEVOTECH-11 and BEVOTECH-16 (Fig. 5). These biocompounds
showed large spectra of fungal inhibition, displaying inhibition
levels and evidencing that they can be a natural alternative to
the commercial chemical compounds. Furthermore, these novel
biocompounds are harmless and handling safe, acting by nontoxic
mechanisms and hence could represent a new approach in this
field (Silva et al., 2016).

The present promising results prompt the use of this novel bio-
cides in future monitoring research programs for microbiological

140

120 1

100 I

HH
—

80 s

60 I

Relative Inhibition (%)
H

20 A

Z1LA Z1LB Z1F2 Z3F2 Z4F2 Z4AF4 Z5F1

Fungal strains

Fig. 5. Antifungal activity of the biocompounds (M- Mycostatin®; B - BEVOTECH-
11; W - BEVOTECH-14; O- BEVOTECH-16) against different fungal strains isolated
from Casas Pintadas (Z1LA - Cryptococcus sp.; Z1LB — Unidentified yeast; Z1F2 -
Unidentified fungus; Z3F2 - Aspergillus sp.; ZAF2 - Cladosporium sp.; Z4F4 -
Aspergillus niger; Z5F1 - Penicillium sp.). Mycostatin® was used as positive control.

growth control, due to their inhibition efficiency, non-harmful
and ecofriendly characteristics (Silva et al., 2016), to evaluate their
effectiveness for the control of microbial population on Cultural
Heritage assets.
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4. Conclusions

Several microorganisms like bacteria, yeast and fungi were
identified on the frescoes of Casas Pintadas, however the main con-
tamination agents isolated were filamentous fungi of the genera
Aspergillus, Cladosporium and Penicillium.

The microbial population detected is responsible for the
biodegradation of the mural paintings in Casas Pintadas and may
have an important role on the overall degradation process. Due
to a wide microbial diversity present in these paintings it was nec-
essary to develop combined application of biocides to prevent effi-
ciently their proliferation. The greatest efficacy against fungi was
obtained for formulations with Preventol PN® and Panacide®
which were used by the conservation team on the treatment of
these paintings.

Alternative safer biocides were investigated and novel biocom-
pounds isolated from bacteria’s cultures showed effective inhibi-
tion levels, representing a groundbreaking and environmentally
safe alternative to the commercial toxic compounds, encouraging
their future application on biocontaminated cultural assets to pre-
vent their recolonisation.

In conclusion, to efficiently eliminate and control the develop-
ment of the microorganisms actively involved in the biodegrada-
tion process it is crucial to have a deep knowledge of the decay
processes and remediation solutions before the conservation-
restoration intervention, and, on the other hand to develop pre-
ventive monitoring programs to ensure the longevity of the
intervention and the safeguard of the artwork.

Conflict of interest
The authors have no conflict of interest to declare.
Acknowledgements

The authors wish to thank the support of the conservators Alice
Cotovio and José Pestana from Mural da Histéria and Fundagdo
Eugénio de Almeida, owner of the building. The authors gratefully
acknowledge the following funding sources “ColourStone — Colour
of commercial marbles and limestone: causes and changings (AL
T20-03-0145-FEDER-000017)" and “MEDUSA - Microorganisms
Monitoring and Mitigation-Developing and Unlocking novel Sus-
tainable  Approaches (ALT20-03-0145-FEDER-000015)", co-
financed by the European Union through the European Regional
Development Fund ALENTEJO 2020 (Regional Operational Pro-
gramme of the Alentejo).

References

Altenburger, P., Kdmpfer, P., Makristathis, A., Lubitz, W., Buss, HJ., 1996.
Classification of bacteria isolated from a medieval wall painting. J. Biotechnol.
47,39-52.

Ascaso, C., Wierzchos, J., Souza-Egipsy, V., de los Rios, A., Rodrigues, ].D., 2002. In situ
evaluation of the biodeteriorating action of microorganisms and the effects of
biocides on carbonate rock of the Jerénimos Monastery (Lisbon). Int. Biodeter.
Biodeg. 49, 1-12.

Ashok, R., 1993. Artist’s Pigments: A Handbook of their Story and Characteristics.
Oxford University Press, London.

Berner, M., Wanner, G., Luhitz, W., 1997. A comparative study of the fungal flora
present in medieval wall paintings in the chapel of the castle herberstein and in
the parish church of St Georgen in Styria, Austria. Int. Biodeter. Biodeg. 40, 53—
61.

Blazquez, A.B., Lorenzo, ]., Flores, M., Gémez-Alarcén, G., 2000. Evaluation of the
effect of some biocides against organisms isolated from historic monuments.
Aerobiologia 16, 423-428.

Bruno, L., Bellezza, S., De Leo, F., Urzi, C., 2014. A study for monitoring and
conservation in the Roman Catacombs of St. CRC Press, Callistus and Domitilla,
Rome (Italy).

Caetano, J.0., de Carvalho, J.A.S., 2014. Francisco da Silveira e as pinturas da
Galeria do seu jardim, AS CASAS PINTADAS EM EVORA. Fundacdo Eugénio de
Almeida, Evora, pp. 10-45.

Caldeira, A.T., Arteiro, J.M., Roseiro, ].C., Neves, ]., Vicente, H., 2011. An artificial
intelligence approach to Bacillus amyloliquefaciens CCMI 1051 cultures:
application to the production of anti-fungal compounds. Bioresour. Technol.
102, 1496-1502.

Caldeira, A.T., Feio, S.S., Arteiro, ].M., Coelho, A.V., Roseiro, J.C., 2008. Environmental
dynamics of Bacillus amyloliquefaciens CCMI 1051 antifungal activity under
different nitrogen patterns. J. Appl. Microbiol. 104, 808-816.

Capodicasa, S., Fedi, S., Porcelli, A.M., Zannoni, D., 2010. The microbial community
dwelling on a biodeteriorated 16th century painting. Int. Biodeter. Biodeg. 64,
727-733.

Ciferri, O., 1999. Microbial degradation of paintings. Appl. Environ. Microbiol. 65,
879-885.

De Leo, F., Urzi, C, 2015. Microfungi from deteriorated materials of Cultural
Heritage, In: S.K.,, MJ.K.a.D. (Ed.), Fungi from different substrates.. Science
Publishers, Press, pp. 144-158.

de los Rios, A., Camara, B., Garciadelcura, M., Rico, V., Galvan, V., Ascaso, C., 2009.
Deteriorating effects of lichen and microbial colonization of carbonate building
rocks in the Romanesque churches of Segovia (Spain). Sci. Total Environ. 407,
1123-1134.

de los Rios, A., Pérez-Ortega, S., Wierzchos, J., Ascaso, C., 2012. Differential effects of
biocide treatments on saxicolous communities: case study of the Segovia
cathedral cloister (Spain). Int. Biodeter. Biodeg. 67, 64-72.

Domenech-Carbo, M.T., Osete-Cortina, L., de la Cruz Canizares, ]., Bolivar-Galiano, F.,
Romero-Noguera, |., Fernandez-Vivas, M.A., Martin-Sanchez, 1., 2006. Study of
the microbiodegradation of terpenoid resin-based varnishes from easel painting
using  pyrolysis-gas  chromatography-mass  spectrometry and  gas
chromatography-mass spectrometry. Anal. Bioanal. Chem. 385, 1265-1280.

Fonseca, AJ., Pina, F., Macedo, M.F., Leal, N., Romanowska-Deskins, A., Laiz, L.,
Goémez-Bolea, A., Saiz-Jimenez, C., 2010. Anatase as an alternative application
for preventing biodeterioration of mortars: evaluation and comparison with
other biocides. Int. Biodeter. Biodeg. 64, 388-396.

Garg, K.L., Jain, KK., Mishra, A.K., 1995. Role of fungi in the deterioration of wall
paintings. Sci. Total Environ. 167, 255-271.

Gaylarde, C.C., Morton, LH.G., Loh, K., Shirakawa, M.A., 2011. Biodeterioration of
external architectural paint films - a review. Int. Biodeter. Biodeg. 65, 1189~
1198.

Gil, M., Carvalho, M.L,, Seruya, A., Candeias, A.E., Mirdo, J., Queralt, 1., 2007. Yellow
and red ochre pigments from southern Portugal: elemental composition and
characterization by WDXRF and XRD. Nucl. Instr. Meth. Phys. Res. A 580, 728-
731.

Gil, M., Green, R., Carvalho, M.L,, Seruya, A., Queralt, I., Candeias, A.E., Mirdo, J., 2009.
Rediscovering the palette of Alentejo (Southern Portugal) earth pigments:
provenance establishment and characterization by LA-ICP-MS and spectra-
colorimetric analysis. Appl. Phys. A 96, 997-1007.

Gorbushina, A.A., Heyrman, J., Dornieden, T., Gonzalez-Delvalle, M., Krumbein, W.E.,
Laiz, L., Petersen, K., Saiz-Jimenez, C., Swings, ]., 2004. Bacterial and fungal
diversity and biodeterioration problems in mural painting environments of St.
Martins church (Greene-Kreiensen, Germany). Int. Biodeter. Biodeg. 53, 13-24.

Gorbushina, A.A., Petersen, K., 2000. Distribution of microorganisms on ancient wall
paintings as related to associated faunal elements. Int. Biodeter. Biodeg. 46,
277-284.

Guiamet, P., Borrego, S., Lavin, P., Perdomo, I., Saravia, S.G., d, 2011. Biofouling and
biodeterioration in materials stored at the Historical Archive of the Museum of
La Plata, Argentine and at the National Archive of the Republic of Cuba. Coll.
Surf. B 85, 229-234.

Guiamet, P., Crespo, M., Lavin, P., Ponce, B., Gaylarde, C., de Saravia, S.G., 2013.
Biodeterioration of Funeral Sculptures in La Recoleta Cemetery, Buenos Aires,
Argentina. Pre and post-intervention studies. Coll. Surf. B 101, 337-342.

Gurtner, C., Heyrman, ]., Pifiar, G., Lubitz, W., Swings, ]., Rolleke, S., 2000.
Comparative analyses of the bacterial diversity on two different
biodeteriorated wall paintings by DGGE and 16S rDNA sequence analysis. Int.
Biodeter. Biodeg. 46, 229-239.

Harding, M.W., Marques, L.L.R,, Howard, RJ., Olson, M.E., 2009. Can filamentous
fungi form biofilms? Trends Microbiol. 17, 475-480.

Herrera, LK., Arroyave, C., Guiamet, P., de Saravia, S.G., Videla, H., 2004.
Biodeterioration of peridotite and other constructional materials in a building
of the Colombian cultural heritage. Int. Biodeter. Biodeg. 54, 135-141.

Herrera, LK., Videla, H.A., 2009. Surface analysis and materials characterization for
the study of biodeterioration and weathering effects on cultural property. Int.
Biodeter. Biodeg. 63, 813-822.

Imperi, F., Caneva, G., Cancellieri, L., Ricci, M.A., Sodo, A., Visca, P., 2007. The
bacterial aetiology of rosy discoloration of ancient wall paintings. Environ.
Microbiol. 9, 2894-2902.

Karaca, Z., Oztiirk, A., Colak, E. 2015. Biofouling of marbles by oxygenic
photosynthetic microorganisms. Environ. Sci. Pollut. Res. 22, 11285-11289.
Maxim, D., Bucsa, L, Moza, M.L, Chachula, O., 2012. Preliminary antifungal
investigation of ten biocides against moulds from two different church

frescoes. Ann. RSCB XVII, 139-146.

Mihajlovski, A., Gabarre, A., Seyer, D., Bousta, F., Di Martino, P., 2017. Bacterial
diversity on rock surface of the ruined part of a French historic monument: the
Chaalis abbey. Int. Biodeter. Biodeg. 120, 161-169.


http://refhub.elsevier.com/S1018-3647(17)30736-X/h0005
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0005
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0005
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0010
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0010
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0010
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0010
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0015
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0015
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0020
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0020
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0020
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0020
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0025
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0025
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0025
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0030
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0030
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0030
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0035
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0035
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0035
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0040
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0040
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0040
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0040
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0045
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0045
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0045
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0050
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0050
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0050
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0055
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0055
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0065
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0065
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0065
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0065
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0070
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0070
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0070
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0075
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0075
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0075
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0075
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0075
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0080
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0080
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0080
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0080
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0085
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0085
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0090
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0090
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0090
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0095
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0095
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0095
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0095
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0100
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0100
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0100
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0100
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0100
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0105
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0105
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0105
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0105
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0110
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0110
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0110
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0115
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0115
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0115
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0115
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0120
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0120
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0120
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0125
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0125
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0125
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0125
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0130
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0130
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0135
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0135
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0135
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0140
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0140
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0140
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0145
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0145
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0145
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0150
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0150
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0155
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0155
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0155
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0155
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0160
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0160
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0160

486 T. Rosado et al./Journal of King Saud University — Science 29 (2017) 478-486

Milanesi, C., Baldi, F., Borin, S., Brusetti, L., Ciampolini, F., lacopini, F., Cresti, M.,
2009. Deterioration of medieval painting in the chapel of the Holy Nail, Siena
(Italy) partially treated with Paraloid B72. Int. Biodeter. Biodeg. 63, 844-850.

Milanesi, C., Baldi, F., Borin, S., Vignani, R., Ciampolini, F., Faleri, C., Cresti, M., 2006.
Biodeterioration of a fresco by biofilm forming bacteria. Int. Biodeter. Biodeg.
57, 168-173.

Moreau, C., Vergés-Belmin, V., Leroux, L., Orial, G., Fronteau, G., Barbin, V., 2008.
Water-repellent and biocide treatments: assessment of the potential
combinations. J. Cult. Herit. 9, 394-400.

Nascimbene, ]., Salvadori, O., 2008. Lichen recolonization on restored calcareous
statues of three Venetian villas. Int. Biodeter. Biodeg. 62, 313-318.

Nuhoglu, Y., Oguz, E., Uslu, H., Ozbek, A., Ipekoglu, B., Ocak, I., Hasenekoglu, i., 2006.
The accelerating effects of the microorganisms on biodeterioration of stone
monuments under air pollution and continental-cold climatic conditions in
Erzurum, Turkey. Sci. Total Environ. 364, 272-283.

Pinna, D., Salvadori, B., Galeotti, M., 2012. Monitoring the performance of innovative
and traditional biocides mixed with consolidants and water-repellents for the
prevention of biological growth on stone. Sci. Total Environ. 423, 132-141.

Ripka, K., Denner, E.B.M., Michaelsen, A., Lubitz, W., Pifiar, G., 2006. Molecular
characterisation of Halobacillus strains isolated from different medieval wall
paintings and building materials in Austria. Int. Biodeter. Biodeg. 58, 124-
132.

Rolleke, S., Muyzer, G., Wawer, C., Wanner, G., Lubitz, W., 1996. Identification of
bacteria in a biodegraded wall painting by denaturing gradient gel
electrophoresis of PCR-amplified gene fragments coding for 16S rRNA. Appl.
Environ. Microbiol. 62, 2059-2065.

Rosado, T., Gil, M., Caldeira, A.T., Martins, M., Dias, d.R., Carvalho, C.B., Mirdo, L.,
Candeias, J., A, E., 2014. Material characterization and biodegradation
assessment of mural paintings: renaissance frescoes from Santo Aleixo
Church, Southern Portugal. Int. J. Archit. Herit. 8, 835-852.

Rosado, T., Gil, M., Mirdo, J., Candeias, A., Caldeira, A.T., 2013a. Oxalate biofilm
formation in mural paintings due to microorganisms - a comprehensive study.
Int. Biodeterior. Biodegradation 85, 1-7.

Rosado, T., Gil, M., Mirdo, ]., Candeias, A., Caldeira, A.T., 2013b. Oxalate biofilm
formation in mural paintings due to microorganisms - a comprehensive study.
Int. Biodeter. Biodeg. 85, 1-7.

Saarela, M., Alakomi, H.-L., Suihko, M.-L., Maunuksela, L., Raaska, L., Mattila-
Sandholm, T., 2004. Heterotrophic microorganisms in air and biofilm samples
from Roman catacombs, with special emphasis on actinobacteria and fungi. Int.
Biodeter. Biodeg. 54, 27-37.

Silva, M., Rosado, T., Teixeira, D., Candeias, A., Caldeira, A.T., 2015. Production of
green biocides for cultural heritage - novel biotechnological solutions. Int. J.
Conserv. Sci. 6, 519-530.

Silva, M., Salvador, C., Candeias, M.F., Teixeira, D., Candeias, A., Caldeira, A.T., 2016.
Toxicological assessment of novel green biocides for cultural heritage. Int. J.
Conserv. Sci. 7, 265-272.

Speranza, M., Wierzchos, J., De Los Rios, A., Perez-Ortega, S., Souza-Egipsy, V.,
Ascaso, C., 2012. Towards a more realistic picture of in situ biocide actions:
combining physiological and microscopy techniques. Sci. Total Environ. 439,
114-122.

Sterflinger, K., 2010. Fungi: their role in deterioration of cultural heritage. Fungal
Biol. Rev. 24, 47-55.

Sterflinger, K., Pinar, G., 2013. Microbial deterioration of cultural heritage and works
of art-tilting at windmills? Appl. Microbiol. Biotechnol. 97, 9637-9646.

Tomaselli, L., Bosco, G.L., Tiano, M., P, 2000. Biodiversity of photosynthetic micro-
organisms dwelling on stone monuments. Int. Biodeter. Biodeg. 46, 251-258.

Tretiach, M., Crisafulli, P., Imai, N., Kashiwadani, H., Hee Moon, K., Wada, H.,
Salvadori, O., 2007. Efficacy of a biocide tested on selected lichens and its effects
on their substrata. Int. Biodeter. Biodeg. 59, 44-54.

Urzi, C., De Leo, F., 2007. Evaluation of the efficiency of water-repellent and biocide
compounds against microbial colonization of mortars. Int. Biodeter. Biodeg. 60,
25-34.

Urzi, C, De Leo, F., Krakova, L., Pangallo, D., Bruno, L., 2016. Effects of biocide
treatments on the biofilm community in Domitilla’s catacombs in Rome. Sci.
Total Environ. 572, 252-262.

Wang, W., Ma, X., Ma, Y., Mao, L., Wu, F,, Ma, X,, An, L., Feng, H., 2011. Molecular
characterization of airborne fungi in caves of the Mogao Grottoes, Dunhuang.
China. Int. Biodeter. Biodeg. 65, 726-731.

Warscheid, T., Braams, J., 2000. Biodeterioration of stone: a review. Int. Biodeter.
Biodeg. 46, 343-368.

Wiktor, V., De Leo, F., Urzi, C., Guyonnet, R., Grosseau, P., Garcia-Diaz, E., 2009.
Accelerated laboratory test to study fungal biodeterioration of cementitious
matrix. Int. Biodeter. Biodeg. 63, 1061-1065.

Young, M.E., Alakomi, H.L., Fortune, I., Gorbushina, A.A., Krumbein, W.E., Maxwell, L.,
McCullagh, C., Robertson, P., Saarela, M., Valero, ], Vendrell, M., 2008.
Development of a biocidal treatment regime to inhibit biological growths on
cultural heritage: BIODAM. Environ. Geol. 56, 631-641.

Zucconi, L., Gagliardi, M., Isola, D., Onofri, S., Andaloro, M.C., Pelosi, C., Pogliani, P.,
Selbmann, L.,2012. Biodeterioration agents dwelling in or on the wall paintings of
the Holy Saviour’s cave (Vallerano, Italy). Int. Biodeterior. Biodegrad. 70, 40-46.


http://refhub.elsevier.com/S1018-3647(17)30736-X/h0165
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0165
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0165
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0170
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0170
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0170
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0175
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0175
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0175
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0180
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0180
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0185
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0185
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0185
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0185
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0185
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0190
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0190
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0190
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0195
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0195
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0195
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0195
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0200
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0200
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0200
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0200
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0205
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0205
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0205
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0205
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0210
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0210
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0210
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0215
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0215
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0215
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0220
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0220
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0220
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0220
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0225
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0225
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0225
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0230
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0230
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0230
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0235
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0235
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0235
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0235
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0240
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0240
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0245
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0245
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0250
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0250
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0255
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0255
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0255
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0260
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0260
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0260
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0265
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0265
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0265
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0270
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0270
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0270
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0275
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0275
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0280
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0280
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0280
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0285
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0285
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0285
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0285
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0290
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0290
http://refhub.elsevier.com/S1018-3647(17)30736-X/h0290

	Microorganisms and the integrated conservation-intervention process of the renaissance mural paintings from Casas Pintadas in Évora – Know to act, act to preserve
	1 Introduction
	2 Material and methods
	2.1 Sampling process
	2.2 Material characterisation
	2.3 Analysis of biological contamination on mortars
	2.4 Microorganisms isolation and characterisation
	2.5 Antimicrobial activities
	2.6 In situ biocides application
	2.7 Testing green alternative biocides

	3 Results and discussion
	3.1 Material characterisation
	3.2 Microbiological study
	3.3 Biocides application

	4 Conclusions
	Conflict of interest
	Acknowledgements
	References


