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Microbiological characterization of frescos in four different locations (Collegio degli Augustali, Casa del Colonnato
Tuscanico, Casa dello Scheletro and Casa del Gran Portale) of excavation sites of Herculaneum was carried
out. The use of infrared thermography allowed detecting sample points on frescos with greatest moisture not
visible to the naked eye, resulting in structural damage. The microclimatic conditions provided perfect habitat for
bacteria and fungi, particularly of spore forming and mould. In fact, heterotrophic bacteria were prevalent in all
wall paintings monitored (ranging from 18 ± 2 CFU 100 cm-2 to 68 ± 4 CFU 100 cm-2), whereas fungi were also
detected but at lower levels (ranging from 9 ± 2 CFU 100 cm-2 to 45 ± 3 CFU 100 cm-2). Cultural–based method
allow us to identify by 16S and 26S rRNA partial sequence analysis heterotrophic microorganisms belonging to
different genera of Bacillus and Aspergillus, Penicillium and Fusarium together with the unusual genera as
Microascus and Coprinus. By using this approach, Bacillus-related species (B. cereus/B. thuringiensis group,
B. simplex/B.muralis group, B. megaterium and B. subtilis) were isolated in all sample points analysed with the
exception of the Casa dello Scheletro in which Micrococcus luteus/Arthrobacter sp. group and Streptomyces
fragilis were found. DGGE analysis of PCR amplified V3 region of rDNA from DNA directly recovered from
frescos samples, enabled identification of bacterial species not identified using culturable technology as those closest
related to Microbacterium group, often associated with Brevibacterium, Streptomyces and Stenotrophomonas.
Combination of culture-dependent and independent methods provided better microbiology characterization of
heterotrophic microbiota present on the surface of ancient frescos of this important archaeological site.
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Introduction
Herculaneum was badly damaged by an earthquake in 62
and in 79 A.D. It was buried by a mud avalanche following the
eruption of Vesuvius, which since hardened into tufa rock and formed

a stratum of approximately 12-18 m of rocky lava. It is a prime
example of an archaeological site in which the biodeterioration is
due to the rapid change in physical conditions when a soil layer is
removed from long-buried objects of art. During excavation, the first
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damage is caused by man and then by the change in environmental
conditions, such as light, moisture and temperature, which encourage
the growth of microbial biodeterioration agents. Since, during the
biodeterioration process, the organisms involved are usually a
selection of those occurring in the soil, results from soil analysis may
be relevant to deterioration studies (Gorbushina and Krumbein,
2000; Dornieden et al., 2001; Walsh, 2001). The frescos represent
a variety of ecological niches where primary colonization is due to
photoautotrophic and chemolithoautotrophic microorganisms,
followed by secondary colonization due to heterotrophic bacteria
that obtain nutrients from various sources (metabolites of autotrophic
bacteria, airborne organic contamination, animal faeces and organic
compounds in the paint layers themselves). Microbial-induced
deterioration processes cause structural as well as aesthetic damage
to wall paintings such as the discoloration of materials, the formation
of crusts on surfaces and the loss of material (Sarro et al., 2006).
Traditionally, the study of microflora which causes this
biodeterioration, was based on classical cultivation methods, that
were mainly useful to study the physiological potential of
microorganisms but do not provide information on all microbial
communities to be found in excavated artefacts.
Indeed, many studies using culture-independent techniques,
which cultivate microorganisms from different environments, may
often represent only minor components of the microbial community
as a whole. It is generally accepted that cultivation methods recover
less than 1% of the total microorganisms present in environmental
samples (Ward et al., 1990; Amann et al., 1995). Hence microbial
investigations based only on cultivation strategies cannot be regarded
as reliable in terms of reflecting the microbial diversity present in
objects of art. Damage is also known to have been caused by
restoration techniques, which in many cases have proved
unsuitable. Therefore to ensure proper restoration and conservation
it is essential to identify the complete microbial community. Without
this information, current restoration efforts can conceivably have the
opposite effect, i.e., stimulate microbial growth, and thereby
accelerate the deterioration process (Bianchi et al., 1980; Rolleke
et al., 1996). Therefore an inventory of the existing microorganisms
associated with damage to the paintings is a prerequisite for including
biodecay as an integral part of the restoration process. Wagner et
al. (1994) demonstrated that conventional microbiological efforts
can fail to isolate all microorganisms present in natural samples.
DNA-based techniques used to identify microorganisms have
revealed only a smaller fraction of bacteria isolated from artworks
(Giovannoni et al., 1990; Ward, et al., 1990; Rolleke et al., 1996).
Bacterial identification using molecular techniques, especially
those including the sequencing of genes coding for ribosomal 16S
rRNA, is very important to study bacterial communities found on
artefacts. One such method is Denaturing Gradient Gel
Electrophoresis (DGGE) of PCR-amplified gene fragments coding
for rRNA (Muyzer et al., 1993) that allows the separation of partial
16S rDNA amplified fragments of identical length but different
sequence due to their different melting behaviour in a gel system
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containing a gradient of denaturants. As a result, a band pattern is
obtained, which reflects the complexity of the microbial community.
The use of this method prevents the cultivation of microorganisms
before identification when the DNA is extracted directly from the
original fresco material and is then amplified by PCR for
identification.
The aim of this study was to investigate heterotrophic
microbiota of four houses at archaeological excavation site in Italy.
For this purpose the molecular approach was adopted, using
culture-based and culture-independent techniques, including the
amplification of 16S rDNA, analysis of the bacterial community by
PCR-DGGE and sequence analyses.
Materials and Methods
Site description and sampling: Investigations were carried
out at four different houses in archaeological site of Herculaneum
on the Bay of Naples, Italy. Table 1 summarises sampling points
(A1, A2, CT4, CT5, CS6, CS7, GP8, GP9) at the four houses and
description of damage. For the identification of sampling points,
together with the observation of the alterations present on the wall
paintings, was employed the infrared thermography (infrared
camera IR FlexCam™, TVS- 700). This allowed the detection of
the areas with higher moisture, recognised as heat loss by the
infrared scanning of wall. Sampling was performed according to
Italian legal procedures ( DL 3/80) using sterile swabs (10 x 10
cm2) or, if possible, sterile tweezers by tearing out surface material.
The samples were suspended in 9 ml of physiological solution,
refrigerated at 4oC and immediately transported in the laboratory
for the analysis. This suspension was considered as first dilution
and used for microbiological enumerations or direct isolation of
microbial DNA.
Culture-dependent Method
Microbiological analysis: Total aerobic heterotrophic bacteria,
actinomycetes, ammonia-oxidizing, nitrite-oxidizing, sulphuroxidizing, ammonifiers and free nitrogen-fixing bacteria were detected
at 28oC in liquid and agar media according to Italian law (DL Normal
9/88). Moulds were counted on malt extract agar (MEA) plates
(Oxoid) supplemented with chloramphenicol (0.002 gl-1) and DRBC
Agar (Oxoid). All tests were carried out in triplicate. Microbiological
data were expressed as CFU or MPN 100 cm-2.
Phenotypic characterisation: Isolated colonies of bacteria and
mould were randomly isolated from the counting plates on the basis
of their colony-morphology (dimension, edge, colour, elevation,
consistency), purified by streaking in the same growth medium and
differentiated by assessing their micro-morphology (phase-contrast
microscopy) and biochemical characteristics (Gram-stains, KOHlysis and catalase activity) for bacteria.
16S rDNA partial sequence of bacterial isolates:
Representative isolates from different groups obtained after
phenotypic characterisation were submitted to 16S rDNA partial
sequence. DNA isolated by InstaGeneTM Matrix (Bio-Rad
Laboratories, Hercules, CA) according to the supplier’s
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recommendations, was stored at -20oC until analysis. 5 ml of DNA
(approximately 50 ng) were used as template for PCR assay.
Synthetic oligonucleotide primers described by Weisburg et al.
(1991), fD1 (5’-AGAGTTTGATCCTGGCTCAG-3’) and rD1 (5’AAGGAGGTGATCCAGCC-3’) were used to amplify the 16S rRNA
gene. PCR mixture and conditions were performed as previously
reported (Blaiotta et al., 2002). The amplification was carried out in
a PTC-100 thermocycler (M J Research Inc.). The presence of
PCR products was ascertained by agarose (1.5% w/v) gel
electrophoresis, at 100V for 2 hr, purified by using a QIAquick gel
extraction kit (Qiagen S.P.A., Milan) and sequenced by using the
primer fD1 (Weisburg et al., 1991). The DNA sequences were
determined by the dideoxy chain termination method by using the
DNA sequencing kit (Perkin-Elmer Cetus, Emeryville, CA) according
to the manufacturer’s instructions. The sequences were analysed
by MacDNasis Pro v3.0.7 (Hitachi Software Engineering Europe
S. A., Olivet Cedex, F) and compared to the GenBank nucleotide
data library using the Blast software at the National Centre of
Biotechnology Information (Altschul et al., 1997) in order to determine
their closest phylogenetic relatives.
Sequencing D1/D2 region of 26S rDNA of fungal isolates:
Fungal genomic DNAs were isolated by using DNAZOL Reagent
(Invitrogen) according to the supplier’s recommendations. Synthetic
oligonucleotide primers described by O’Donnel (1993), NL1
(GCATATCAATAAGCGGAGGAAAAG)
and
NL4
(GGTCCGTGTTTCAAGACGG) were used to amplify the D1/D2
region of 26S rDNA. The 50 µl PCR reactions containing 50 ng
template DNA, 2.5 mM MgCl2, 0.25 mM of each dNTP, 0.2 µM of
each primer, 2.5 U Taq polymerase (Invitrogen) and 1X Buffer
(Invitrogen), were carried out in a MyCycler thermocycler. The
following program was applied: 5 min at 95oC, 30 cycles of 1 min at
95oC, 45 s at 55oC and 1 min at 72oC and a final extension at 72oC
for 7 min.
PCR products were purified by using a QIAquick gel
extraction kit (Qiagen S.P.A., Milan) and sequenced by using the
primer NL1. The DNA sequences were determined, analysed and
compared to the GenBank nucleotide data library as above
described.
Culture-independent Method
DNA isolation from samples: For DNA isolation from samples
directly collected from frescos, 2 ml of surface material suspension
were removed and centrifuged at 14000 x g and the pellet was
washed with 2 ml of SE buffer (25 mM EDTA, 75 mM NaCl, pH
8.00). The pellet was then resuspended in 500 ml of buffer ET (100
mM EDTA, 10 mM Tris, pH 8.00) and 50 µl of Lysozyme (50 mg ml-1)
were added. The mixture was incubated at 37oC for 1 hr. After
addition of 3 ml of Pronase E (10 mg ml-1) and 40 µl of SDS solution
(25%) incubation was extended for 0.5 hr at 37oC. One vol. of
ammonium acetate 5M was then added and the mixture was
incubated at –20oC for 30 min. After incubation, the sample was
centrifuged at 14000 x g at 4oC for 30 min. The supernatant was
captured and one vol. of isopropanol was added. The mixture was
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then centrifuged at 14000 x g at 4oC for 30 min. Finally, the pellet
was air-dried and resuspended in 100 ml of 10 mM Tris-HCl, pH
8.00. The resulting purified DNA was stored at –20oC until use.
Amplification of the16S rRNA V6-V8 region: PCR primers
V6F (5’-AACGCGAAGAACCTTAC-3’) and V8R (5’CGGTGTGTACAAGACCC-3’) (Nubel et al., 1996) were combined
to amplify the segment of eubacterial 16S rDNA from nucleotide 968
to nucleotide 1401, respectively (Escherichia coli numbering). A
GC-clamp was added to the forward primer according to Muyzer et
al. (1993). A touchdown PCR was performed in which the annealing
temperature was decreased from 63 to 54oC at a rate of 1oC every
cycle followed by 25 additional annealing cycles at 53oC. A
denaturation step of 94oC for 1 min was used, and extension was
performed at 72oC for 1 min; a final extension step at 72oC for 5 min
ended the amplification cycle. 5 µl DNA (50 ng), 20 picomoles of
each primer, 5 nmol of each deoxyribonucleoside triphosphate, 50
nM of MgCl2, 5 µl of 10x buffer and 0.5 U of Taq DNA polymerase
(Invitrogen) were combined with H2O to a volume of 50 µl.
DGGE analysis: PCR-amplified segments of 16S rDNAs were
analyzed by DGGE according to Muyzer et al. (1993) by using a
Bio-Rad DCode Universal Mutation System (Bio-Rad Laboratories,
Richmond, CA). Samples were loaded in a 0.8-mm polyacrylamide
gel to (7% [wt/vol] acrylamide-bisarylamide [37.5:1] by using a
denaturant gradient from 25 to 50% and100% denaturant gradient
was 7 M urea plus 40% [wt/vol] formamide) increasing in the direction
of electrophoresis. Electrophoresis was performed at a constant
voltage of 200V and a temperature of 60oC.
Sequencing of DGGE bands: DGGE bands were excised from
the gel with sterile scalpel, transferred into 20 µl of sterile water and
incubated overnight at 4oC to allow diffusion of the DNA. 2 µl of the
eluted DNA was used for re-amplification by using the PCR conditions
above described. The PCR products obtained were checked by
DGGE; DNA amplified from swabs samples was used as control.
The products that migrated as a single band and at the same position
with respect to the control were purified and sequenced. The DNA
sequences were determined and analysed as above reported.
Microclimatic conditions: The excavation site of Herculaneum
is sited in the western part of Campania (Italy) on the bay of Naples.
Microclimatic parameters (temperature and relative humidity) were
monitored every hour in summer (from 10.00 a.m. to 6.00 p.m.) on
sampling days. At each site, ambient temperature (ET, oC) and
relative humidity (RH, %) were measured at indoor locations by
using a Microclimatic Station BABUC (LSI, Milan, Italy). All data
were elaborated by Info GAP software (v 2.0.5.; LSI- LASTEM).
Statistical analysis: Statistical treatment of data by mean and
standard deviation (SD) was performed.
Results and Discussion
Sampling, microbiological analysis and microclimatic
conditions: The sampling points were chosen on the basis of their
historical importance, of the visibility of alteration and of the
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Table - 1: Description of sampling places of wall paintings in four different houses in Ercolano’s excavations
Houses

Sampling points

Collegio degli Augustali

A1
A2

Casa del Colonnato Tuscanico

CT4

Casa dello Scheletro

CT5
CS6

Casa del Gran Portale

CS7
GP8
GP9

identification of areas with higher moisture. This latter was obtained
by using infrared thermography that, through the radiometric video
rate infrared camera, allowed us to detect the points of greatest
moisture not visible to the naked eye, resulting in structural damage.
An example of the thermal infrared image of an internal view of the
sacello (Casa dello Scheletro) is showed in Fig. 1, in which dark
blue colour was recognised as dense rising moisture (26.2oC).
The description of sampling points on wall paintings in the four
different houses in Ercolano’s excavation are listed in Table 1. With
some exceptions, the most common type of alteration was
discoloration, often associated to detachment of the painting layer.
Heterotrophic bacteria were prevalent in all wall paintings
monitored, whereas fungi were detected at lower levels. In general
the wall paintings sampling showed level of total heterotrophic
bacteria ranging from 18 ± 2 CFU 100 cm-2, detected in the sample
GP8 of the Casa del Colonnato Tuscanico, to 68 ± 4 CFU 100 cm-2,
counted in the Collegio degli Augustali (sample point A1) and Casa
del Gran Portale (sample point GP9). The moulds were enumerated
from 9 ± 2 CFU 100 cm-2, of the Collegio degli Augustali (sample point
A2), to 45 ± 3 CFU 100 cm-2, detected in the Casa dello Scheletro
(sample point CS6) and Casa del Gran Portale (sample point GP9).
The presence of heterotrophic microorganisms, the first colonizers of
moist frescos and building materials (Karpovich-Tate and Rebricova,
1990; Garg et al., 1995) could explain, as previously observed
(Pepe et al., 2010), the diffusion of discolouration detected in all wall
paintings analysed. In fact, they excrete organic acids with
biocorrosive action thus contributing to the discoloration of the painted
surface. Moreover, a large variety of heterotrophic bacteria are
commonly found on inorganic substrata containing traces of organic
material but do not exhibit pigmented cells (Sorlini et al., 1987;
Tomaselli, 2003; Tiano and Tomaselli 1989). No functional groups
(sulphur-oxidizing, ammonifiers, ammonia-oxidizing, nitrite-oxidizing
and free nitrogen fixing) as well as actinomycetes, were detected in
the sample points analysed by cultural method.
In the houses examined the daily average temperatures
ranged between 17 ± 1.0 (at 6.00 pm) and 25 ± 1.3oC (at 2.00
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Description of damage
Discoloration, detachment and green-grey stain on the left wall of the
fresco showing Hercules with Juno and Minerva
Discoloration and detachment on the left wall of fresco showing Hercules
with Juno and Minerva
Discoloration and detachment on the central wall of the fresco showing
Apollo with harp
Detachment on the right wall of the fresco showing winged muse
Heavy discoloration and detachment on the central wall of the fresco
showing a peacock
Brown biofilm and efflorescence from mosaico in the niche of “sacello”
Brown dry crust on the fresco on the central wall showing friezes with
armour
Discoloration and detachment on the bottom frieze of the left wall

pm). The Collegio degli Augustali showed the highest value of RH
(72 ± 2.8%) that decreased (from 49 ± 2.0 to 53 ± 2.1) in all other
sites. These microclimatic values demonstrated that the environmental
conditions detected provide perfect habitat for potential growth of
heterotrophic bacteria and mould spore-forming that can survival
for a long time on mural paintings.
Culture-based method: On the basis of the phenotypic
characteristics a total of 48 bacteria and 23 mould isolates, were
differentiated in eight and nine groups, respectively (data not shown).
From one to three representative isolates of each group were
chosen for genotypic identification by 16S rRNA or 26S rRNA partial
sequence analysis. The results regarding the identification of bacteria
and moulds associated with damage of paintings are summarized in
Table 2.
Bacillus-related genera were found in all sample points
analysed with exception of the sample CS6 (Casa dello Scheletro)
in which Micrococcus luteus/Arthrobacter sp. group coexisted with
Streptomyces fragilis because its resistance to the exoenzymes
excrete by streptomycetes (Karpovich-Tate and Rebrikova, 1990).
The genus Arthrobacter and Micrococcus sp. are commonly
detected on frescos (Karpovich-Tate and Rebrikova, 1990; Rölleke
et al., 1996; Gonzalez et al., 1999; Gurtner et al., 2000; Heyrman
and Swings, 2001; Suihko et al., 2007) whereas Streptomyces
fragilis was isolated, to our knowledge, for the first time from frescos.
In particular, Micrococcus sp., previously isolated from biofilm in
Roman catacombs (Saarela et al., 2004) and from wall paintings in
the Servilla Tomb in the Carmona necropolis (Heyrman and Swings,
2001), is able to damage the glue and the binder of frescos (Bassi
et al., 1986). The genus Arthrobacter is responsible for the lead
oxidation of pigments (Ciferri, 1999).
The type of the Bacillus species detected was variable. In
the Collegio degli Augustali were found B. cereus and B.
thuringiensis (sample point A1) and B. megaterium the species
Geobacillus stearothermophilus (100% identity) (sample point A2).
Strains closely related to B. megaterium and B.cereus/B.
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3
1

2
1
1
1
3
1

2
1
2
1

Casa del Colonnato Tuscanico (CT4)

Casa del Colonnato Tuscanico (CT5)

Casa dello Scheletro (CS6)

Casa dello Scheletro (CS7)

Casa del Gran Portale (GP8)

Casa del Gran Portale (GP9)

Bacillus subtilis (100%)
Microascus cirrosus/ Kernia geniculotricha/ Kernia hippocrepida (97%)

Bacillus subtilis (99%)
Microascus cirrosus (98%)

Bacillus simplex/Bacillus muralis (99%)
Penicillium chrysogenum/ Penicillium paneum/ Penicillium aethiopicum/
Penicillium griseofulvum (100%)

Micrococcus luteus/ Arthrobacter sp. (99%)
Streptomyces fragilis (100%)
Microascus cirrosus (98%)
Coprinus aokii (99%)

Bacillus megaterium (100%)
Aspergillus versicolor/ Aspergillus puniceus/ Aspergillus ivoriensis/ Aspergillus
protuberus/ Aspergillus ustus/ Aspergillus multicolor/ Aspergillus aeneus/
Emericella variecolor/ Emericella spectabilis (98%)

Bacillus megaterium (100%)
Penicillium vulpinum/ Penicillium coprobium/ Penicillium paneum/ Penicillium
dipodomyicola/ Pennicillium carneum /Penicillium concentricum/ Penicillium
griseofulvum/ Penicillium aethiopicum (98%)

Bacillus megaterium (100%)
Geobacillus stearothermophilus (100%)
Aspergillus versicolor (100%)

Bacillus cereus (100%)
Bacillus thurigiensis (100%)
Aspergillus melleus/ Aspergillus petrakii/ Aspergillus ostianus/
Aspergillus ochraceus (100%)
Fusarium oxysporum (100%)

Closest relative species (percentage identity)

DQ232747
AF275539/ AF275532/ AF275531

AY881642
AF275539

AJ628747/ AJ628748
U15475/ DQ339554/
U15471/ AF033468

DQ659431/ AF235113
AB184200
AF275539
AF041526

AY505510
EF652480/ EF652498/ EF652441/
FJ176897/ EF652492/ EF652477/
EF652474/ U29836/ EF652510

DQ105968
DQ339572/ DQ339559/ DQ339554/
DQ339570/ DQ339566/ DQ339561/
DQ339557/ U15471

AY505510
DQ118025
AJ937751

FJ614650

EU163266
AB363741
EF661426/ AF433104/ EF661422/ EF661420

Accession numbers

Partial sequence analysis of 16S or 26S rDNAs

*Representative bacteria isolates grouped by morphology of colonies, micro- morphology and physiological characteristics, chosen for the genotypic identification

1
1
1

1

3
1
1

No. of isolates*

Collegio degli Augustali (A2)

Collegio degli Augustali (A1)

Houses
(Sampling points)

Table - 2: Identification of heterotrophic bacteria and moulds isolated from wall paintings of Ercolano’s excavation by culture-dependent analysis
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B
B
A

B
B
B
C
B
B

Collegio degli Augustali (A2)

Casa del Colonnato Tuscanico (CT4)

Casa del Colonnato Tuscanico (CT5)

Casa dello Scheletro (CS6)

Casa dello Scheletro (CS7)

Casa del Gran Portale (GP8)

Casa del Gran Portale (GP9)

PCR-DGGE analysis

Microbacterium laevaniformans/M. kitamiense/M. chocolatum/M. aurantiacum (99%)

Microbacterium laevaniformans/M. kitamiense/M. chocolatum/M. aurantiacum (99%)

Microbacterium laevaniformans/M. kitamiense/M. chocolatum/M. aurantiacum (99%)
Stenotrophomonas maltophilia/Stenotrophomonas spp. (98%)

Microbacterium laevaniformans/M. kitamiense/M. chocolatum/M. aurantiacum (99%)

Microbacterium laevaniformans/M. kitamiense/M. chocolatum/M. aurantiacum (99%)

Microbacterium laevaniformans/M. kitamiense/M. chocolatum/M. aurantiacum (99%)
Streptomyces atratus/S. gelaticus/S. sanglieri/S. pulveraceus/S. naraensis/
S. nodosus subsp. asukaensis (100%)

Microbacterium laevaniformans/M. kitamiense/M. chocolatum/M. aurantiacum (99%)

Brevibacterium spp. (99%)
Microbacterium laevaniformans/M. kitamiense/M. chocolatum/M. aurantiacum (99%)

Closest relative species (percentage identity)

*Bands are named as indicated on the DGGE gel shows in Fig. 3.

D
B

Band*

Collegio degli Augustali (A1)

Houses
(Sampling points)

Table - 3: Identification, based on the Blast comparison in Gene bank, of the bands obtained by PCR-DGGE

AB004726/AJ717354/ AM181503/ AM182159

AB004726/AJ717354/ AM181503/ AM182159

AB004726/AJ717354/ AM181503/ AM182159
DQ109991/EF620453

AB004726/AJ717354/ AM181503/ AM182159

AB004726/AJ717354/ AM181503/ AM182159

AB004726/AJ717354/ AM181503/ AM182159
EU158345/EF654097/AB184811/AB184202/
AY094364/AB184808/AB184691/AB184497

AB004726/AJ717354/ AM181503/ AM182159

AB189329
AB004726/AJ717354/ AM181503/ AM182159

Accession numbers
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thuringiensis group were isolated from altered stone-works, frescos
and salt efflorescence, demonstrating also their halotolerance
(Daffonchio et al., 2000; Laiz et al., 2000,2003; Gorbushina et al.,
2004; Pepe et al., 2010). B. simplex/B.muralis group was detected
in the Casa dello Scheletro (sample point CS7). Bacillus muralis is
described as a novel species of the genus Bacillus, previously
detected in samples from wall paintings and monuments (Heyrman
et al., 2005; Pepe et al., 2010). B. megaterium and B. subtilis were
isolated as sole species in the Casa del Colonnato Tuscanico
(sample points CT4 and CT5) and Casa del Gran Portale (sample
points GP8 and GP9). Bacillus-related genera, generally isolated
from frescos (Sorlini et al., 1987; Karpovich-Tate and Rebrikova,
1990; Altenburger et al., 1996; Urzi and Realini, 1998; Heyrman
and Swings, 2001) and damaged archaeological sites such as
Roman catacombs (Saarela et al., 2004), are ubiquitous due to
their ability to produce spores and hence to grow rapidly on different
environments. Moreover, the presence of these microorganisms
on the surface of frescos is often associated to micro-fissuring,
detachment and discoloration of the paint layer due to production of
organic acids that have biocorrosive action, as in the case of
Herculaneum frescos analysed. In particular, potential slime-forming
B. subtilis (Pepe et al., 2003), isolated from ochre-to-brown spots,
was detected on frescos in the Casa del Gran Portale.
It was not found a dominant fungal genus in the different
sample points analysed as for bacterial isolates. In fact, some strains
closest related to Aspergillus (A.) melleus/ A. petrakii/ A. ostianus/ A.
ochraceus group, Fusarium oxysporum and A. versicolor were
isolated from sample point A1 and A2 in the Collegio degli Augustali.
In particular, Aspergillus versicolor, is reported as the species
generally associated to the deteriorated wall painting and often
included in listing of indoor fungi (Garg et al., 1995; Berner et al.,
1997; Gorbushina and Petersen, 2000; Gorbushina et al., 2004).
Aspergillus and Penicillium are the major deteriogens of painted
surfaces in temperate climes (Shirakawa et al., 2002). In fact,
they could be considered frequent visitors to the surfaces of the
Herculaneum houses located in the bay of Naples, near the sea,
since saline deposits may provide a suitable habitat for these
genera of fungi. In particular, Aspergillus versicolor is more resistant
to sodium chloride than other fungal species (Garg et al., 1995).
Mould strains closest related to different species of Penicillium and
Aspergillus/Emericella group were isolated in the sample points
CT4 and CT5, respectively, of the Casa del Colonnato Tuscanico.
in the Herculaneum houses were found on mural paintings of the
Casa dello Scheletro and Casa del Gran Portale (sample points
CS6, GP8 and GP9) unusual genera as Microascus sp., Coprinus
sp. and Kernia sp. In particular, the species Microascus cirrosus
and Coprinus aokii were not previously found from wall paintings.
Many of these chemoorganotrophic fungi have different deteriorating
activity includes biocorrosive action by biogenic organic acids
production, discoloration of stone surfaces, organic pigments
production and mechanical stress to stone structures by hyphal
growth (Garg et al., 1995; Warscheid and Braams, 2000). The use
of molecular methods as sequencing D1/D2 region of 26S rDNA
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allowed us to obtain the identification of fungal isolates at species
level, therefore, as group formed by numerous closest relative
species. This situation demonstrate the needing of improved of
methods and data banks for the analysis of fungal DNA, since
availability of basic information on fungal genes are yet limited
(Shirakawa et al., 2002).
Culture-independent method: The results regarding the
identification of bacteria associated with damage of paintings by
using culture-independent method are summarized in Table 3.
Generally, the fingerprints obtained by DGGE of all samples were
not complex; in fact, for each sample there were just one or two
dominant bands (Fig. 2). To each band was assigned a letter (A,
B, C and D) corresponding to a position on the DGGE gel. The
fingerprints obtained from samples were very similar between
them and only the fingerprints of sample points A1, CT4 and CS7
contained extra different bands. The analysis by cultureindependent techniques allowed the detection of the genus
Microbacterium closely related (99% identity) to Microbacterium
laevaniformans/ Microbacterium kitamiense/ Microbacterium
chocolatum/ Microbacterium aurantiacum group (corresponding
to the band B in all sample points analysed. To the best of our
knowledge, this is the first report concerning the detection of
Microbacterium sp. in frescos, even if, it was isolated from the
deterioration of concrete (Nica et al., 2000), in the caves in Spain
(Groth et al., 1999) as well as in Roman catacomb, with sporadic
occurrence (Saarela et al., 2004). Moreover, the literature describes
the isolation of Microbacterium strains from environmental sources
and recently from clinical specimens (Funke et al., 1995). Since it
was detected from the DNA extracted directly from the original
fresco material, Microbacterium could represent the autochthonous
population contributing to the observed biodeterioration
phenomena. Taxonomically, the genus Microbacterium was
redefi ned by Col lins et al. (1983), who reclassif ied
‘‘Corynebacterium laevaniformans’’ as Microbacterium
laevaniformans (Funke et al., 1995). Recently was proposed to
combine the genera Microbacterium and Aureobacterium in a
redefined genus Microbacterium (Takeuchi and Hatano, 1998).
The genus Microbacterium was associated with other bacteria
identified as closely related to the genera: Brevibacterium sp.
(corresponding to the band D) in the Collegio degli Augustali
(sample point A1); Streptomyces (S.) sp. (corresponding to the
band A) in the Casa del Colonnato Tuscanico (sample point CT4);
Stenotrophomonas sp. (corresponding to the band C) in the
Casa dello Scheletro (sample point CS7). Gram-negative bacteria
belonging to the species Stenotrophomonas maltophilia, was
isolated from air and biofilm samples of the Roman catacombs of St.
Callixtus and St. Domitilla in Rome (Saarela et al., 2004).
Generally, all bacteria were identified at species level with
a high sequence identity with database entry (ranged from 99 to
100%), with exception of the Stenotrophomonas spp./
Stenotrophomonas maltophila group (98% identity).
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Fig. 1: Thermal infrared image by infrared scanning thermography, of an internal view of the sacello (Casa dello Scheletro) where dark Blue colour was
recognised as dense rising moisture
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Fig. 2: PCR-DGGE of 16S rRNA V6-V8 region profiles of nucleic acids extracted directly from the wall paintings of the four houses in the excavation site
of Herculaneum. Lane 1= sample point CP9; lane 2= sample point CP8; lane 3= sample point CS7; lane 4= sample point CS6; lane 5= sample point CT5;
lane 6= sample point CT4; lane 7= sample point A1; lane 8= sample point A2. The letter identified each band
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In accordance with previous studies (Gutner et al., 2000;
Laiz et al., 2003), the results obtained by PCR-DGGE analysis differed
from those obtained by conventional methods, since no band had the
same identification in 16S rDNA sequence analysis and, moreover,
the genus Bacillus was not found. This finding illustrates the intrinsic
limitation of DGGE analysis in visualizing only the predominant species
of a microbial community (Muyzer and Smalla, 1998) and the need of
combine cultural-dependent and independent methods. According to
Scheirlinck et al. (2008) and Iacumin et al. (2009), as far as the PCRDGGE outcomes are concerned, low number of bands was visualizing
indicating low bacteria species probably due to the length of time
spent by the houses under soil.
Microclimatic conditions detected in the four houses analysed
were suitable for bacteria and mould growth. Cultural–based method
allow us to identify heterotrophic microorganisms belonging to
different genera of Bacillus and Aspergillus, Penicillium and Fusarium
together with the unusual genera as Microascus and Coprinus.
Sequencing of the 16S ribosomal DNAs, selected on the basis of
DGGE profiling, enabled identification of bacterial species not
identified using culturable technology as those closest related to
Microbacterium group. Combination of culture-dependent and
independent methods provide better microbiology characterization
of heterotrophic microbiota present on the surface of ancient frescos,
even if, studies are necessary to better understand the role of the
bacteria and fungi on the microbial weathering such as this important
archaeological site.
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