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Abstract Cultural heritage constitutive materials can
provide excellent substrates for microbial colonization,
highly influenced by thermo-hygrometric parameters. In
cultural heritage-related environments, a detrimental
microbial load may be present both on manufacts surface and
in the aerosol. In this study, bacterial and fungal colonisation
has been investigated in three Sicilian confined
environments (archive, cave and hypogea), each with
peculiar structures and different thermo-hygrometric
parameters. Particular attention has been paid to
microorganisms able to induce artifacts biodeterioration and
to release biological particles in the aerosol (spores, cellular
debrides, toxins and allergens) potentially dangerous for the
human health (visitors/users). Results provided information
on the composition of the biological consortia, highlighting
also the symbiotic relationships between micro
(cyanobacteria, bacteria and fungi) and macro-organisms
(plants, bryophyte and insects). The results of this integrated
approach, including molecular biology techniques, are
essential for a complete understanding of both microbial
colonization of the cultural objects and the potential
relationship with illness to human.
Keywords Aerobiology, Bioaerosol, Biodeterioration,
Healthcare, Preventive Conservation

1. Introduction
The indoor air can be considered a dynamic system, in
which particles of vary origin are transported, transferred,
and displaced from one environment on the other [1, 2].
It is well-known that bacterial cells and cellular
fragments, fungal spores and related metabolic products are
dispersed in the airborne influencing humans and cultural

heritage [3-5]. Moreover, the pollutants (e.g. sulfur and
nitrogen oxides, ozone, particulates) transported by air flow
can accelerate the deterioration of cultural assets, also
influencing the metabolic activity of microbial colonisers
[4]. Generally, indoor air contains a complex mixture of
microorganisms (fungi, bacteria, viruses) and related
organic compounds (endotoxins, metabolites, toxins,
microbial fragments), along with non-biological particles
(dust, organic and inorganic gases). The bioaresol
contributes from 5 to 34 % of total indoor air pollutants, are
different in size (20 nm to > 100 µm) and composition [2,
5].
Cultural heritage environments (libraries, archives,
museums, storage depositories, hypogea, etc.) are
frequently in old or monumental buildings (including
cellars, basements, and attics) and only a small number can
be considered specifically designed for housing cultural
heritage. In these environments, an inappropriate ventilating
or air-conditioning systems may cause fluctuations of
temperature and relative humidity. If the microclimate
parameters are not stable, biological particles can evolve in
a potential threat to objects and humans [6-11]. The
exposure to some microorganisms, in particular
Staphylococcus sp., thermophiles actinomycetes or mycetes,
such as Aspergillus, Alternaria, Penicillium, Aureobasidium
may induce illness as rhinitis, sinusitis, asthma or alveolitis
in humans. Such microorganisms are the most commonly
genera isolated from libraries/archives and museums
environments [12]. In particular, the exposure to fungal
bioaerosol, consisting of spores, hyphal fragments and
volatile fungal metabolites (VFMs), may result in serious
respiratory infections in immunocompromised individuals
and can cause bronchial irritation and allergy (allergic
asthma, allergic rhinitis, allergic sinusitis, broncho
pulmonary mycoses, and hypersensitivity pneumonitis)
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[13].
Therefore, for an appropriate management of all the
potential risks due to bio-pollutants in indoor environments,
must be considered: i) the type of location, building and
geographical collocation of the cultural heritage-related
environment; ii) that people (visitors/users) represent for
indoor environments a relevant source of microbial air
contamination (through the skin, the hair or when people
cough, snooze, talk); iii) how stable are the microclimate
parameters such relative humidity (RH), temperature,
including lighting and airflow [14-17].
The monitoring of microbial contamination both on
works of art surface and in the surrounding air represents
the basis for a proper conservation strategy, in order to
gather information to identify specific hazard that should
thus lead to a prompt intervention providing a proper
conservative action.
In this study, as effort for the standardization of
monitoring protocols, the microbial colonisation of both
manufacts and environmental bioaerosol was analysed
through an interdisciplinary approach in three different
cultural sites in Sicily (Italy). So far, several researches
have proved that molecular biology is extremely useful also
in the field of conservation of cultural assets [18-21].
Interest in assessing microbial air contamination has
particularly increased over the last years, in relation to the
potentially harmful effects related to microbial systems that
can be amplified by the presence of many other compounds
[22-27]. In this study, the microbial consortia were revealed
and identified in three different Sicilian confined
environments,
with
peculiar
structural
features,
microclimates and uses: the Diocesan Historic Archive,
Palermo (documentary funds) [28], the Sibilla Antrum,
Marsala (frescoes) [29] and the Saints Cave, Licodia Eubea
(mural paintings) [30]. The microorganisms colonising the
aerosol were sampled by active method and identified by an
integrated approach using Optical and Confocal Laser
Scanning Microscopy (OM, CLSM), in vitro culture,
amplification of genomic DNA target sequences (PCR),
sequencing, and sequence analyses [31-33]. The results of
this investigation were useful to implement sampling and
diagnosis procedures, allowing a rapid identification of
microbial taxa, also in complex consortia. Considering that
the system human /artefact/ environment is a dynamic
system, the characterization and potential correlation
between surface and aerosol microorganisms allows to
perform an adequate preventive strategies in order to reduce
the potential negative effects on both works of art and
human health.

2. Materials and Methods
2.1. Environments
Three different cultural heritage environments (Figure 1)

have been selected to reveal microbial colonization
(bacteria, fungi, cyanobacteria) both in aerosol and on
artifacts stored/exposed inside.
Diocesan Historic Archive (Figure 1, blue dot). Ancient
building in the city center of Palermo (urban environment),
converted since 1945 in Archive. The archive is
characterized by reduced indoor-outdoor air exchange,
stable thermo-hygrometric parameters and a limited fruition
of users.
Sibilla Antrum (Figure 1, red dot). A hypogeal
environment (400 B.C.), closed to the sea cost of Marsala
(Trapani), where airborne particulate was mainly introduced
and moved by visitors. The thermo-hygrometric parameters
of the environment were quite stable: high RH (75-90%)
and low temperature (15-19°C).
The Saints Cave (Figure 1, orange dot). A cave confined
environment (XII-XIV sec.) in Licodia Eubea (Catania)
landscape where a spread biological colonization was
revealed. The cave environment is strongly influenced by
surrounding countryside, day-night cycles and seasonal
variations in temperature and RH values (15-30°C;
29-73%).

(Image from Bing Maps, http://www.bing.com/mapspreview?cc=it)
Figure 1. The three sampling cultural environments located in Sicily
(Italy). The Saints Cave, Alia (orange dot); Sibilla Antrum, Marsala (red
dot); Diocesan Historic Archive, Palermo (blue dot).

2.2. Sampling Strategies
2.2.1. Aerosols
In all environments, active sampling (in twice) was
performed in order to detect fungal and bacterial cells and
spores.
For active sampling a portable AirPort MD8 sampler
(Sartorius) with a flow rate of 100L/min, equipped with
sterile disposable gelatin filter was used; this filter maintains
the viability of the collected microorganisms and it is
completely water-soluble [32]. After sampling, one filter was
utilized for in vitro culture, laying it onto solid culture media.
The second filter was dissolved in 1X TE solution (10 mM
TRIS-HCL pH7.5/1 mM EDTA) and utilized for the direct
extraction of microbial genomic DNA for molecular biology
investigations.
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2.2.2. Artwork surfaces
The artworks analysed:
a) Diocesan Historic Archive (DHA), paper documentary
funds;
b) Sibilla Antrum (SA), frescoes;
c) Saint Cave (SC), mural painting.
As showed in Table 1, in relationship to manufacts
constitutive materials and biological colonization, samplings
were carried out following different criteria: i)
micro-fragments of biofilm from frescoes/mural painting
surface were collected by sterile scalpel; ii) sterile swabs or
H+ Nylon Amersham-membrane fragments. Membranes
fragments (2×4 cm) were put in contact with investigated
surfaces pressing for 30 seconds.
Table 1. Samplings in the investigated environments.
Environments
Artworks
Surface sampling
tools

DHA
documentary
found
swab
membrane

SA
Frescoes
scalpel

SC
Mural
painting
scalpel
membrane

In vitro culture
Sabouraud and Nutrient Agar (Difco) plates seeded by
sterile swab, Nylon membrane fragment or Gelatin filter
have been incubated at 30°C for 5-7 days (fungi) or 16-48
hours (bacteria) [33-35].
2.4. Microscopy Analysis
The morphology of both bacteria and fungi isolated
colonies was observed by stereomicroscope (Wild-M1B,
14X). In particular, conidiophores and conidia fungal
structures were examined, after Lugol’s iodine staining, by
Optical Microscope (Leica, 40X ).
Biofilm micro-fragments from Saint Cave were analysed
by CLSM (Olympus FV 300 - Argon, 488.0nm, He-Ne,
543.5nm), exploiting their self-fluorescence property [36].
2.5. Molecular Investigation
Microbial genomic DNA was extracted from: i) aerosol
biological particles collected by gelatin filters; ii) surfaces
biological particles collected by Nylon membrane fragments;
iii) fungi and bacteria colonies isolated on Sabouraud and
Nutrient Agar. To extract microbial genomic DNA, the
GeneJET Genomic DNA Purification kit (Fermentas)
protocol was properly modify in relation to the samples
characteristics (for fungi colonies or biofilm, the incubation
was extended up to 12 hours at 60°C).
2.5.1. Polymerase Chain Reaction (PCR)
Genomic DNA molecules were utilized as template for in
vitro amplification (PCR) of target sequences (bacterial
16S-rDNA gene or Internal Transcribed Sequence - rDNA,
specific for bacteria or fungi). Each PCR reaction mixture
consisted of:
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microbial genomic DNA (40 ng);
1X Reaction Buffer;
10 μM Forward primer;
10 μM Reverse primer;
2.5 mM dNTP mix;
5 mM MgCl2;
2 Us of Taq DNA polymerase (Invitrogen).

The PCR amplification profiles were: 1 cycle of
denaturation at 95°C for 5 min, followed by 30 cycles of:
denaturation at 94°C for 1 min, annealing at 52°C up to 58°C
for 1 min, extension at 72°C for 2 min. A final extension step
(72°C for 5 min) was added to ensure that all PCR products
were full-length.
Primers:
1) Cyanobacteria 16S rDNA primers: Cy27F1 and
Cy408R (annealing, 55°C) [37], or new primers
CYAN-ROB-F and CYAN-ROB-R (annealing,
58°C).
2) Bacteria ITS-rDNA primers: ITS F and ITS R
(annealing, 52°C) [38].
3) Fungi
ITS-rDNA primers:
ITS1–Fs:
5’CTTGGTCATTTAGAGGAAGTAA- 3’ and ITS4
(annealing, 55°C) [38].
PCR products were resolved by electrophoresis on 2%
Agarose gel. Nucleotide composition was determined by
MWG Operon Sequencing Service, sequences comparison
was performed by BLAST platform [37-39].
2.6 Microclimate parameters
Thermo-hygrometric parameters (temperature and
relative humidity) were measured, in the all environments,
by portable Rotronic HygroPalm (HP22) and by HOBO
U-12 006 Data Logger. Monitoring was performed
following the Italian Standard UNI 10829 [40] and during
one year.
Table 2. Environmental thermo-hygrometric parameters.
Environments

DHA

SC

SA

Relative Humidity
(%)

60-65

29-73

75-90

Temperature (°C)

18-22

15- 30

15-19

3. Results and Discussion
3.1. Identification of Microbial Taxa
3.1.1. Aerosols
Culturable and non-culturable microorganisms were
identified combining in vitro culture, microscopy analysis
and molecular investigations (qualitative data).
Quantitative microbial concentrations was only estimated
referring to culturable fungi and bacteria colonies as Colony
Forming Units /air volume (CFU/m3 ).
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Investigation results point out the presence of Penicillium
spp. and Aspergillus spp. (Figure 2), besides Alternaria spp.
(Figure 3) in both Diocesan Historic Archive and Saint Cave
environments.

Figure 5. PCR products resolved by gel electrophoresis on 2% Agarose
gel. Saint Cave: 16S rDNA- PCR products: 1) Cyanobium spp. (420 bp); 2-3)
Chroococcus spp. (110 bp). 18-26S rDNA (ITS)-PCR-products: 4)
Penicillum spp. (850 bp); 5) Cladosporium spp. (800 bp); 6- 8) Penicillium
chrysogenum (850 bp). Marker Sharp Mass (M), negative control (C).

Figure 2. Penicillum spp. (A) and Aspergillus spp. (B) colonies on
Sabouraud media. Corresponding conidiophores structures (C-D) after
Lugol’s staining.

Combining in vitro culture (Sabouraud agar) and optical
microscopy analysis, fungi belonging to Cladosporium
genera were revealed in Sibilla Antrum environment (Figure
4). Molecular investigation performed by in vitro
amplification of 18-26S rDNA target sequences pointed out
the presence of Penicillium spp. (Figure 5, lane 4) and
Penicillium chrysogenum (Figure 5, lane 5), also confirming
Cladosporium spp. (Figure 5, lanes 6-8).

Considering the potential adverse health effects, particular
attention must be payed to Aspergillus, Alternaria and
Penicillium. These mycetes genera are ubiquitous and
present in air, surfaces, soil and plants, and are able to
produce toxins and asexual spores that may constitute human
allergens. Some Aspergillus species are pathogenic to
humans and animals and are responsible for clinical
manifestations. Particularly, A. niger is one of the most
common species associated with respiratory tract infections.
Inhalation of Alternaria spores can cause allergies and as
reported for A. alternata the exposure represents a risk factor
for asthma. The genus Penicillium may cause various events
associated with Sick Building Syndrome (SBS), such as
irritation of the eyes and respiratory tract, headache,
drowsiness, skin rash and itching of the skin [41-43].
Although less frequent than fungal, bacterial species
isolated from both the surface of artefacts and the aerosol in
cultural heritage environments are enough numerous
showing different pigmentation and metabolic activity
producing a complex secondary metabolisms pathways [44].
Moreover, spore-forming bacteria able to produce toxins
such
as
Bacillus
spp.,
B.
thuringiensis,
B.
weihenstephanensis were identified in the Saints Cave
environment.
3.1.2. Artwork Surfaces

Figure 3. Colonies of Alternaria spp. grown on Sabouraud media (left)
and the corresponding fungal structures after Lugol’s staining (right).

Figure 4. Cladosporium spp. colonies grown, after 5 days (A), 7 days (B)
at 30°C, on Sabouraud agar inoculated by Gelatin filter fragment utilized for
aerosol sampling in Sibilla Antrum; fragment dissolved after few minutes (it
is still visible the corresponding triangular shape, A).

Surfaces microbial contamination is closely linked to the
presence and concentration of microorganisms in the aerosol,
then microbial species can be found on artworks surfaces
[45]. This was true in Diocesan Historic Archive where
fungal colonisation by Aspergillus spp., Alternaria spp. and
Penicilium spp., revealed in the aerosol was confirmed on
paper documents by DNA-based investigation [20]. These
documents were also colonised by Bacillus simplex,
Bacillus flexus, Micrococcus spp., Micrococcus luteus,
Arthrobacter spp. (Table 3).
On Saints Cave fresco, Penicillium chrysogenum (F1) and
Aspergillus niger (F2) were revealed by microscopy
observations of both colonies (Figure 6 a, c) and conidia or
conidiophore structures morphologies (Figure 6 b, d).
Moreover, DNA-based investigation allowed the
identification of Chaetomium spp. and Scopulariopsis spp.
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Biofilms
Particularly in Saint Cave, a pigmented biofilm was
revealed in several fresco area. The microbial composition of
biofilm fragments were investigated by both CLSM
(Olympus FV 300) analysis and molecular investigation. A
plentiful colonization by cyanobacteria, showed in Figure 7,
was revealed and confirmed by molecular investigation.
PCR products and related sequences analysis identified
Cyanobium spp. (Figure 5- lane 1) and Chroococcus spp.
(Figure 5- lanes 2 and 3).
Figure 6. Saints Cave fresco. Isolated Penicillium chrysogenum (F1),
sub-culture (a) and Aspergillum niger (F2), sub-culture (c) colonies grew on
Nylon H+ fragments lying on Sabouraud agar medium. The corresponding
fungi structures were observed by optical microscopy (40X) after Lugol’s
staining (b, d).

These Ascomycetes, normally found in the soil and plant
debris, are contaminants of mouldy dump buildings that can
be associated with human diseases, such as keratitis,
mycosis, pulmonary infections.
Spore-forming bacteria were revealed in frescoes surface
of Sibilla Antrum (Bacillus spp.) and Saints Cave (Bacillus
spp., Terribacillus spp.) frescoes (Table 3) by using in vitro
culture and molecular investigations.

Figure 7. Biofilm imaging by Confocal Laser Scanning showing
cyanobacteria and microalgae.

Table 3. Fungi and bacteria in Diocesan Historic Archive (DHA), Sibilla Antrum (SA) and the Saints Cave (SC); bioaerosol (¤) or artworks surfaces (⊗).
DHA

Fungi

Bacteria

Aspergillus spp.
A. niger
Alternaria spp.
Cladosporium spp.
Penicillium spp.
P. chrysogenum
Scopulariopsis spp.
Chaetonium spp.
Arthrobacter spp.
Bacillus spp.
B. flexus
B. simplex
B. thuringiensis
B. weihenstephanensis
Micrococcus spp.
M. luteus
Terribacillus spp.

¤⊗
¤⊗
¤⊗
⊗
⊗
⊗
⊗

⊗
⊗

SC

SA

¤
⊗
¤
¤
⊗
⊗
⊗

¤
¤
¤

¤⊗

⊗

¤
¤
⊗
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4. Conclusions
In this work, we emphasize the use of multiple approaches
to outline the microbial contamination in indoor
environment of three Sicilian cultural sites and its role in
both artifacts deterioration and potential effects on
visitors/operators health. In order to detect and characterize
the microbial contamination, surface (swab, nylon
membranes) and aerosol samplings (active) were performed.
In each environment, specific microclimatic conditions
exist and, in accordance with appropriate conservation
protocols, they must be constantly monitored.
Microbiological monitoring in order to identify specific
risks for artefacts and operators/visitors must be also
performed. The collected information should thus lead to
timely intervention by implementing the appropriate
remedial action, setting reliable risk models for exposure to
microbial systems, in order to adequately address both
routine circumstances.
The spreading of stable and synergistic consortia of
microorganisms induced important transformations over the
artistic surfaces, led by the trigger of metabolic processes.
Particularly for Saint Cave environment, the nature of the
lithic substrates, characterized by soft, crumbly and porous
rocks, such as limestone or sandstone, as well as the
continuous indoor/outdoor air exchanges with the
countryside, enhances the growth of several microbial
strains.
Instead, the few number of microbial taxa isolated from
Sibilla Antrum environment it is probably due to the stable
environmental parameters and the reduced number of
visitors.
Finally, the bacterial and fungal taxa isolated in Diocesan
Historic Archive are strictly associated to the documentary
found constitutive materials (paper, parchment), the
occurrence of users and to an inefficient air ventilation.
The results of this study, besides performing a suitable
conservation strategy, may contribute toward the definition
of standardized methods for assessing the biological and
climate quality of indoor heritage environments, as
suggested by Pasquarella et al. [35]. It is therefore essential
to identify airborne biological particles to determine their
potential role in triggering the degradation of cultural
heritage and in the effects on the operators and visitors health,
considering that the system human/artefact/environment is a
dynamic system.
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