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MOLECULAR TECHNIQUES APPLIED TO THE
TAXONOMY OF BLACK MERISTEMATIC FUNGI

F. De Leo, C. Urzì
University of Messina, Italy
Black meristematic fungi are the most harmful
microorganisms associated with monument
biodeterioration. They are commonly isolated
from monuments and rock surfaces in the
Mediterranean Basin exposed to the sun as well
as from dry and cold climates associated to
specific alterations (Urzì et al. 2000a). The
term meristematic fungi defines the specific
pattern of growth of these fungi especially
when they grow in a stressed or extreme
environment.
Meristematic
growth
is
characterized by the production of swollen
isodiametric cells with thick cell walls, in which
melanin is usually deposited.
Since the fungi isolated from stone and
monuments surfaces present characteristics
comparable to those of fungi isolated from
deserts rocks described by Staley et al. (1982)
also the term of "microcolonial fungi" (MCF)
was applied for them. Another common term is
"Black yeast", used to describe black fungi that
have yeast-like stages of reproduction as well
as a meristematic pattern of growth.
Three main patterns of biodeterioration due to
meristematic black fungi can be described (Urzì
et al. 2000b):
a) intercrystalline growth, in which they
grow following the weakest parts along
marble crystals; this modality of
colonization usually brings to the
detachments of crystal;
b) biopitting in which the fungal colonies
grow preferentially in the cavities;
c) growth in already formed cracks and
fissures. Badly preserved marbles are
prone to be easily colonized by fungi
that penetrate in the cracks, often
producing a deepening of the fissures.
When horizontal fissures occur in the
subsurface colonies have a higher
chance to expand more than in the
surface itself.
Since their first isolations, large numbers of
stone-inhabiting fungal strains were collected
and it was recognized that they share some
common morphological features that do not
allow microbiologists to identify them very
easily, especially using classical approaches.

Current methods of identification of fungi are
based primarily upon microscopic morphology.
Microscopic techniques are generally useful
when applied to Hyphomycetes, but become
less rewarding with meristematic fungi, which
lack pronounced diagnostic features.
For diagnostic aims, emphasis is placed upon
characters of conidiophores, conidia and
conidial ontogeny. However, without welldefined reproductive structures, the recognition
down to the species level is hardly possible. In
fact, the morphology of meristematic-growing
fungi (including some black yeasts) is difficult
to define, due to the fact that many species are
highly pleomorphic, having anamorph life cycles
with widely divergent types of propagation.
Some species present meristematic growth as
only type of reproduction, consisting of
isodiametrically
dividing
cells
and
endoconidiation that do not allow recognition
and delimitation of taxa (de Hoog et al. 1999).
Due to the fact that the first attempt of
identification is based on the morphological
characteristics and on the comparison between
the strains of already known genera,
morphology
gives
only
a
presumptive
identification at genus level. Additional
techniques are thus needed. Physiological
characteristics,
such
as
nitrogen
and
carbohydrate assimilation tests, range of
growth at different temperature and proteolytic
activity are useful in the identification of fungi.
Diagnostic keys based upon biochemical and
physiological tests that are successfully applied
to the identification of black yeasts, however,
cannot be successful for the black meristematic
fungi isolated from stone due to the extreme
metabolic versatility and by poor biomass
production.
However,
these
techniques,
unsuitable for routine diagnostics, may help to
delimit
individual
species
taxonomically
(Wollenzien et al. 1997; De Leo et al. 1999).
Molecular methods
A wide range of molecular methods have been
currently applied in the study of biodiversity of
meristematic black fungi. Depending on the aim
of the study, PCR (Polymerase Chain Reaction)
based techniques as well as partial or complete
DNA sequencing were widely used. RFLP
analyses of amplified Small Subunit ribosomal
gene (SSU, 18S rDNA) and Large Subunit
ribosomal gene (LSU, 5.8S rDNA and
interspacers ITS1, ITS2) were applied to
2
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descriptions of new species (Wollenzien et al.
1997; Sterflinger et al. 1997; De Leo et al.
1999).
Complete sequencing of SSU (18S rDNA)
(Sterflinger et al. 1999), and LSU genes (5.8S
rDNA and interspacers ITS1 and ITS2) (de
Hoog et al. 1999) were recently applied to
phylogenetic studies and to clarify the
taxonomic position of meristematic black fungi
and black yeasts, which are supposed to
belong to the class of Ascomycetes.
Morphologically very similar meristematic fungi
can be phylogenetically distant. In fact,
Sterflinger
et
al.
(1999)
found
that
meristematic black fungi have a close affinity
with at least three different orders of
Ascomycetes: Chetothyriales, Dothideales, and
Pleosporales.
Capnobotriella
renispora,
supposed to belong to the order Capnodiales
(Sugiyama
and
Amano,
1987)
and
Sarcynomices petricola, that previously was
supposed to be related to the family of
Herpotrichiellaceae (order of Chaetothyriales)
(Wollenzien et al. 1997), were found to cluster
within the order of Dothideales.
About 25 genera of meristematic black fungi
have been described until now. Following the
current taxonomical classification, four lines of
relationship within the Ascomycota have been
suggested for them (Sterflinger et al. 1997).
The family of Herpotrichellaceae (order
Chaetothyriales). In this family species of
Exophiala Charmichael and S. petricola
Wollenzien et al. were included (Wollenzien et
al. 1997).
The family of Dothideaceae (order Dothideales).
In this Family some epiphytic species
occasionally isolated from rocks are included
as: Trimmatostroma abietis, Aureobasidium
pullulans, Hortaea werneckii.
The
family
of
Capnodiaceae
(order
Capnodiales). C. renispora isolated from a tile
(Titze and de Hoog, 1990) belongs to it.
The
family
of
Pleosporaceae
(order
Pleosporales). A human pathogenic fungus
Botryomyces caespitosus, closely related to
Alternaria (this latter frequently found on the
stones, Wollenzien et al. 1995) is included in
this family.

However, Coniosporium species, found to be
common inhabitant of rock and monuments,
does not belong to any of the above mentioned
families. Recent papers (Sterflinger et al. 1999)
have demonstrated that they cluster as sister
clade of the Herpotrichiellaceae family and they
probably represent a new hitherto undefined
order of the Ascomycetes.
It is yet underestimated the number and variety
of the species that colonize the stone
monuments; for example recently was
described a new species (De Leo et al. in press)
belonging to the genus Pseudotaeniolina (P.
globosa) that appear for the first time among
the meristematic black fungi isolated from
stone monuments.
Thus, currently available molecular data reveal
that this subdivision not always correspond
with the morphological descriptions of genera,
and a new taxonomic system for the
meristematic fungi is required.
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MOLECULAR TECHNIQUES APPLIED TO THE
TAXONOMIC STUDY OF CYANOBACTERIA
LIVING ON STONE MONUMENTS

G. Lamenti1,
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Phototrophic biocoenosis
Microorganisms living on stone monuments are
represented by a rather large number of genera
and “species” in the microbial consortia
(Anagnostidis et al. 1983; Ortega-Calvo et al.
1995; Pantazidou and Theoulakis, 1997). The
occurrence of phototrophic microorganisms has
been recognised very frequently and they are
mainly referred to cyanobacteria, green
microalgae and diatoms (Ortega-Calvo et al.
1993;
Tomaselli
et
al.
2000a).
The
development of these microorganisms gives
rise to coloured patinas and incrustations which
contribute to deteriorate stone surfaces
(Dornieden et al. 1999; Lamenti et al. 2000).
Cyanobacterial taxonomy
Cyanobacteria are a single phylogenetic branch
within the domain Bacteria (eubacteria).
Nevertheless they are classified on the basis of
their morphology. Despite the fact that their
morphology is complex, when compared to
most other microbes, the use of morphological
characteristics does not necessarily result in a
phylogenetically reliable taxonomy (Giovannoni
et al. 1988; Wilmotte, 1994). The use of
phenotypic and genotypic characteristics in
cyanobacterial taxonomy was pioneered by
Stanier and collaborators (Stanier et al. 1977;
Rippka et al. 1979). The taxonomic system of
Rippka et al. (1979), based on 178
cyanobacterial pure cultures of the Pasteur
Culture Collection, recognised 22 genera
subdivided in five taxonomic subsections. The
system, reported by Castenholz (1989) in the
"Bergey’s Manual of Systematic Bacteriology",
has been reviewed in the last edition
(Castenholz, 2001) were more than 60 formgenera are reported.
Molecular methods used in cyanobacterial
taxonomy
Over the recent years, techniques based on
sequences of rRNA genes, which are
functionally constant and composed of highly
conserved as well as more variable domains,
have become the most widely used methods

for identification, classification, and phylogeny
of cyanobacteria (Wilmotte, 1994). At the end
of 1998, 171 16S rRNA genes were sequenced
from cyanobacteria which served as the
backbone for modern cyanobacterial taxonomy.
Giovannoni et al. (1988), Wilmotte (1994), and
Turner (1997) have published the evolutionary
relationships
among
cyanobacteria.
The
restriction fragment length polymorphism
(RFLP) technique is based on the analysis of
patterns obtained after digestion of amplified
ribosomal genes by restriction enzymes.
Moreover, other methods have been used
besides the direct comparison of DNA
sequences. During the last few years, a battery
of DNA-directed typing methods has been used
for PCR-based genomic fingerprinting of
cyanobacteria (e.g. RAPD, Random Amplified
Polymorphic
DNA;
ARDRA,
Amplified
Ribosomal DNA Restriction Analysis). In
addition, fingerprints have been generated with
primers corresponding to the repetitive
extragenic
palindromic
(REP)
and
enterobacterial repetitive intergenic consensus
(ERIC) sequences, and to the long and short
tandemly repeated repetitive (LTRR and STRR)
sequences. Cyanobacterium-specific primers
have been developed to identify cultured and
natural samples. This method has been named
"Specific PCR identification" or "Diagnostic
PCR" (e.g. primers for phycocyanin, Neilan et
al. 1995).
Large differences in DNA base composition
reflect the fact that strains are not closely
related, whereas similar guanine and cytosine
(G+C) percentages give no information about
genotypic
relationships,
therefore
the
taxonomic value of this method at the species
level is low (Wilmotte, 1994). The species
should be delineated according to DNA-DNA
hybridisation studies. For strains of the same
species at least 70% hybridisation is needed.
Protein-coding genes have been sequenced and
probed. They can be used for identification and
classification, but not for phylogeny, since they
are not universally distributed and essential
among bacteria (Woese, 1987). Thus different
molecular methods gave different taxonomic
information (Vandamme et al. 1996).
Although it is premature to treat the taxonomy
of cyanobacteria on a phylogenetic basis, as
mentioned in new Bergey’s Manual of
Systematic Bacteriology (Castenholz, 2001),
the 16S rRNA sequence analysis were
congruent to the taxonomic arrangement of
4
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sections II, III and IV defined by Rippka et al.
(1979). On the contrary, members of the
“orders”: Chroococcales, Pleurocapsales, and
Oscillatoriales
do
not
form
coherent
phylogenetic lineages but instead are dispersed
throughout the phylogenetic tree.
A preliminary study of biodiversity of
cyanobacteria on stone monuments
The molecular approach to the taxonomy of the
cyanobacteria living on stone monuments was
firstly applied on several cyanobacterial strains,
isolated from various microbiocoenosis, and
reference strains from culture collection using
the technique of ARDRA. Preliminary data
obtained showed that this technique is a good
method for biodiversity and phylogenetic
studies (Tomaselli et al. 2000b). The
sequencing for rRNA genes of some of the
cyanobacterial
strains
isolated
from
monuments, which is in progress, once the
sequences will be submitted to sequence
databases and compared, could be also used to
design probes for in situ detection of a
particular target. The availability of a database
of
reference
strains,
indicator
of
biodeterioration, and the use of improved
molecular methods could help in recognising
organisms in their natural habitats, and so
make easier to monitor the most dangerous
organisms, once established, and to set up
suitable probes for their in situ identification.
Conclusions
The molecular approach is decisive for future
evaluations in cyanobacterial taxonomy. Even if
the stable phenotype features are in conformity
with molecular studies. It is necessary to tend
to the definition of the concept of species,
which is always more or less conventional, and
now in cyanobacteria unclear. It can be
designated as “evolutionary and phenotypically
natural
units
among
cyanoprokaryotes”,
recognizable in nature and/or in culture
(Komárek, 2000). The current situation could
improve if the definition of cyanobacterial
species changes into a more ecologically sound
concept (Ward,1998) but this is not likely to
happen any time soon, as it would require large
combined efforts of the characterization of
cultures and natural populations.
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BIOFILM
3-D
STRUCTURE
CYANOBACTERIA IN CATACOMBS

M. Roldán, E.
Hernández-Mariné

Clavero,

OF

M.

Universitat de Barcelona, Spain
Roman catacombs are hypogean monuments
that preserve very valuable material of the
history of the early Christians (1st to 9th
centuries). The environmental conditions of
these catacombs are relatively invariant and
predictable, high environmental humidity (RH
90-99%), low and constant temperature (16-19
°C) and low illumination provided by the lamps
set for the display to the public (Albertano and
Urzi 1999). Under these conditions of high
humidity
and
warm
temperature,
microorganisms grow on the frescoes and walls
of the catacombs developing in yellow to blue
or dark green patinas that disgust curators and
public visiting the works of art. Such patinas
not only present an anaesthetic appearance but
they can contribute to the deterioration of the
murals (Ortega-Calvo et al. 1993 a, b). Patinas
are the macroscopic visualization of complex
structured
communities,
called
biofilms,
constituted by microorganisms aggregated and
sustained by a self-synthesized extracellular
matrix of polymeric substances (EPS). In
contrast to the general concept of biofilms,
biofilms from catacombs develop in aerial
conditions - not aquatic- and are built by
phototrophic and heterotrophic microorganisms.
Selected fragments of the biofilms growing on
the walls of Domitilla and San Callistus
catacombs were studied by means of
spectroscope
fluorescence
microscopy,
confocal laser scanning microscopy (CLSM),
scanning (SEM) and transmission electron
microscopy (TEM). Rock chips for SEM were
processed with an acrolein-osmium fixation
technique (Hernández-Mariné et al. 2001).
Chemical fixation and preparation for TEM was
made according to Hernández-Mariné (1996).
Pigment autofluorescence, nucleic acids and
EPS of unfixed samples were examined with
CLSM using the stains specified in HernándezMariné et al. (2002). Two different CLSM
devices were used: TCS-SPII Leica Confocal
Scanner Microscope equipped with four Ar-Kr
laser beams with excitation wavelengths in the
UV (351 nm and 364 nm; Ar), blue (488 nm;
Ar), green (514 nm and 543 nm; Ar/HeNe) and
red (633 nm; Ar/HeNe) ranges and three

detection channels. And TCS Leica Confocal
Scanner Microscope with three laser ArKr 75
mV with excitation wavelengths at 488 nm,
568 nm and 674 nm and two detection
channels. Optical sections of biofilms were
collected separately in multi-channels as Zseries (3D imaging), in order to map the spatial
distribution of fluorescence of pigments, DNA
and EPS in the samples (Hernández-Mariné et
al. (2002).

1

T
Fig. 1. Thick biofilm from St. Callistus Catacomb
formed by erected filaments of Leptolyngbya sp.
Two-channel (pigment fluorescence and EPS)
extended focus projections in x-y, x-z and y-z views
of 50 x-y optical sections (z step = 1.47 µm). 73.5
µm total thickness. CLSM micrograph.

Phototrophic patinas developed on any
illuminated surface of the catacombs (plaster,
fresco, tufa, bricks or mortar), being continuous
next to lamps and becoming distributed in
patches at lower irradiances. Although some
patinas could be sporadically exposed to
dripping water, water availability was related to
the porosity of the substratum. Patinas were
integrated by different models of biofilms.
Biofilms differed in thickness, viability, density
and organism composition. Viability, as
revealed by pigment fluorescence and DNA
figures, was very variable in the studied
biofilms, existing healthy and senescent
biofilms
even
in
neighbouring
areas.
Filamentous eubacteria (actinobacteria), though
widespread, were particularly abundant in
senescent biofilms. Despite the strong
heterogeneity, a relatively small number of
photosynthetic organisms were found to be
responsible for the development of the
catacombs biofilms. Therefore, biofilms could
be classified as regards their main phototrophic
6
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microorganisms,
namely,
sheathed
cyanobacteria as Leptolyngbya sp. -but also
Phormidium sp. and Fischerella sp.- calcified
cyanobacteria
as
Scytonema
julianum
(Meneghini ex Frank) Richter, mosses and
Chroococcales, which biofilms were specially
localised on bricks and mortars. Diatoms,
almost exclusively represented by Diadesmis
gallica W. Smith, were widespread in the
sampling points but only contributed to the
biofilms as accompanying organisms and
furthermore, they were usually found in a
senescent state.

et al. 1991; De Beer and Kühl 2001;
Christensen et al. 1989; Stewart et al. 1995).

3
Fig. 3. SEM. General aspect of Leptolyngbya sp.
biofilm
from
St.
Callistus
Catacomb.
The
polysaccharidic sheaths of the filaments are joined to
each other, sustaining the 3D structure of the
bundle. Scale bar = 10 µm.

2
T
Fig. 2. Thin biofilm from St. Callistus Catacomb
formed by prostrate filaments of Leptolyngbya sp.
Extended focus projections of pigment fluorescence
in x-y, x-z and y-z views reconstructed from 28 x-y
optical sections (z step = 0.47 µm). 13.16 µm total
thickness. T =surface of biofilm. CLSM micrograph.

Leptolyngbya-dominated biofilms were the
most widely distributed in the catacombs. They
were themselves very heterogeneous, being
either monospecific or mixed biofilms with
calcified
filamentous
cyanobacteria
and
Chroococcales. They also presented different
structures. Thick biofilms were formed with
erected filaments of Leptolyngbya sp. fixed to
the substratum and amorphous EPS at the
upper third (Fig. 1). In thinner biofilms,
filaments of Leptolyngbya sp. were coating the
substratum (Fig. 2). In this second kind of
structure, bundles of filaments (Fig. 3, 4) were
more frequently observed. The secretion of EPS
around trichomes was very irregular, from thin
(Fig. 4) to very thick in some filaments, forming
concentric layers (Fig. 4).
The common assumption that biofilms are flat
and homogeneous has been replaced by the
confirmation of biofilm heterogeneity (Lawrence

4
Fig. 4. TEM. Thin section of a Leptolyngbya sp.
bundle. Scale bar = 2 µm.

Biofilms from catacombs were evidenced to be
non-uniform
structures
characterized
by
thickness, EPS densities, composition, viability
and disposition of microorganisms by means of
the combination of several techniques, such as
LM, SEM, TEM and CLSM. This structure can
result from the interaction of different factors,
such as heterotrophic conditions, growth
conditions, age and species composition and
exchange with the surrounding environment.
The monitoring and improved knowledge of
biofilm structure and diversity of species will
lead to better understanding, interpretation and

7
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prediction of the effect that biofilms may have
on those special substrata.
Acknowledgements
This work was supported by EU Programme
Energy,
Environment
and
Sustainable
Development in the frame of CATS Project,
contract EVK4-CT-2000-00028. The facilities
of SEM, TEM and Confocal Microscopy
provided by the Scientific and Technical
Services of the University of Barcelona are
gratefully acknowledged.
References
Albertano P., Urzì C. (1999). Structural interactions among epilithic
cyanobacteria and heterotrophic microorganisms in Roman
hypogea. Microb. Ecol. 38: 244-252.
Christensen F.R., Kristensen G.H., Jansen J.L.C. (1989). Biofilm
structure –an important and neglected parameter in wastewater
treatment. Water Sci. Technol. 21: 805-814.
De Beer D., Kühl M. (2001). Interfacial microbial mats and biofilms.
In: B.P. Boudreau and B.B. Jorgensen (eds.): The Benthic
Boundary Layer. Oxford University Press, New York, pp. 374394.
Hernández-Mariné M. (1996). Electron microscopic characterization
of Microcoleus chthonoplastes Thur. (Cyanobacteria). Arch.
Hydrobiol. / Algol. Stud. 83: 347-365.
Hernández-Mariné M., Martinez G., Dominguez A., Fontarnau R.,
Cortadellas N. (2001). SEM studies of arborescent aerophytic
biofilms. Use of acrolein and osmium vapour impregnation. In:
Microscopy. Universitat de Barcelona, Barcelona, pp. 334-335.
Hernández-Mariné M., Clavero E., Roldán, M. (2002). Confocal laser
scanning microscopy and image processing for analysis of
aerophytic biofilms in Cultural Heritage. Coalition Newsletter 5:
7-10.
Lawrence J.R., Korber D.R., Hoyle B.D., Costerton J.W., Caldwell
D.E. (1991). Optical sectioning of microbial biofilms. J.
Bacteriol. 173: 6558-6567.
Ortega-Calvo J.J., Hernández-Mariné M., Saiz-Jiménez C. (1993a).
Cyanobacteria and algae on historic buildings and monuments. In: K.L. Garg, H. Arai and B. Rai (eds.): Recent Advances in
Biodeterioration and Biodegradation. 1-2. Calcutta, pp. 173203.
Ortega-Calvo J.J., Sánchez-Castillo P.M., Hernández-Mariné M.,
Saiz-Jiménez C. (1993b). Isolation and characterization of
epilithic chlorophytes and cyanobacteria from two Spanish
cathedrals (Salamanca and Toledo). Nova Hedwigia 57: 239253.
Stewart P.S., Murga R., Srinivasan R., Debeer D. (1995). Biofilm
structural heterogeneity visualized by three microscopic
methods. Water Res. 29: 2006-2009.

MOLECULAR TECHNIQUES APPLIED TO THE
STUDY
OF
MICROBIAL
COMMUNITIES
COLONISING DIFFERENT LITHOTYPES

E. Zanardini1, P. Abbruscato1, M.
Realini2, L. Brusetti1, C. Sorlini1
1

DISTAM, University of Milan, Italy.
CNR Gino Bozza Center, Politecnico of Milan,
Italy
2

The atmospheric pollution is the cause of the
accelerated deterioration of the exposed
stoneworks, since the pollutants interact with
the carbonatic matrices damaging them,

sometimes seriously and irreversibly (SaizJimenez, 1995; Zanardini, 2000). Following the
chemical deterioration comes microbiological
deterioration,
caused
by
microorganisms
growing on the material surfaces.
Some authors recently demonstrated that
numerous
heterotrophic
microorganisms
present on the stonework can utilise, for their
growth, the airborne organic compounds
settled on the stone surface (Saiz-Jimenez,
1995, 1997; Zanardini, 2000). Pollutants,
present in the atmosphere of industrialised
areas and adsorbed by air particulate, can
deposit on the stone surfaces and can be in
strict physical contact with microorganisms
colonising the artworks. The interaction
between hydrocarbons in the particulate and
microorganisms on the surfaces as concurring
causes in stone alteration has been proposed in
previous studies (Saiz-Jimenez, 1995, 1997;
Zanardini, 2000). Among the heterotrophic
degradative microorganisms Pseudomonas,
Nocardia, Mycobacterium, Arthrobacter and
Bacillus species were reported in literature
(Saiz-Jimenez, 1997).
This research has been carried out on
specimens of Saltrio stone, Carrara and
Candoglia marbles, exposed for 13 years to the
polluted atmosphere of Milan. The test
specimens, directly exposed to the washing
away, showed alterations in the form of black
stains which were different in dimensions and
quantity in the three lithotypes; during the time
the stains appeared less evident showing a
homogeneous and uniform grey deposit.
In particular our aims were the study by
microscopic analyses of the distribution of the
black stains deposit on the surface and the
stone decay together with the analysis of the
microflora colonising the altered areas,
comparing these results to those obtained in
our previous study (Zanardini, 2000).
In order to verify and confirm the capability of
colonising heterotrophic microflora to grow
utilising aromatic pollutants, powder scraped
from stone surfaces was inoculated in mineral
medium added separately with six PAH
(acenaphtene,
anthracene,
phenantrene,
fluoranthene, naphthalene, pyrene) and the
research of genes encoding key enzymes
involved in the degradative pathways of
aromatic compounds was performed. A
molecular characterisation of cultivable gram
8
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positive rod PAH-degrading isolates was
performed by ITS. Moreover a preliminary study
of the microbial communities in the three
lithotypes was performed by DGGE analysis.
Stereomicroscopic observations evidenced that
the black deposit is in correspondence of the
micro-fractures of the stone and SEM analyses
showed a relevant chemical corrosion and
granular de-cohesion; moreover no bacteria
were visible probably because located in the
micro-fissures of the stone. By cultivation no
chemolithotrophic
and
photosynthetic
microorganisms were found confirming our
previous results. The heterotrophic bacterial
counts in the three lithotypes resulted lower on
the Carrara marble, 102 CFU/g of powdered
stone, while on Candoglia marble and Saltrio
stone resulted 105 CFU/g. The fungal counts
resulted negligible in Saltrio stone (<102
CFU/g) and around 103 CFU/g of stone in the
Carrara and Candoglia marbles. Fungal counts
resulted significantly lower compared to the
values obtained two years ago; this can be
explained with the disappearance of the black
stains that seems to be related to the presence
of a black fungal strain (Zanardini, 2000). With
regards to the preliminary results by DGGE
analyses no relevant differences in the
microbial communities were obtained by the
calculation of the Shannon diversity index; a
higher biodiversity was found in the Carrara
marble, while a lower in Saltrio stone, but
further investigations are needed.
Investigation carried out on heterotrophic
bacteria isolates from the two marbles showed
the presence only of gram positive bacteria,
while in Saltrio stone also gram negative
bacteria. Among the gram positive bacteria
Staphylococcus, Micrococcus and Bacillus
genera were identified by Gram staining,
oxidase, catalase, tests and a biochemical
characterisation using API Staph and API 50
CH Systems (bioMérieux).
The enrichment cultures on the six PAH
evidenced, after 30 days of incubation, that the
microbial consortia from all the lithotypes are
able to grow utilising most of the tested
compounds. Our previous work on the same
lythotypes demonstrated that the substrates
more used by the larger number of consortia
and isolates were aliphatic, like hexadecane,
dodecane and fatty acids, but also aromatic
compounds such as p-xylene (Zanardini, 2000).
From the consortia some isolates showed a

good growth on the tested PAH among which
bacteria
belonging
to
Staphylococcus,
Micrococcus and Bacillus genera. The molecular
characterisation
of
gram
positive
PAH
degrading isolates by ITS analyses produced a
dendrogram that showed two main clusters
with four major subclusters. Some of these rod
bacteria identified as Bacillus species resulted
affiliated with the more restricted group of
“Bacillus cereus” by a PCR analyses using a
specific set of primers (Daffonchio, 1999).

Fig. 1. PAH degrading isolates dendrogram obtained
by UPGMA clustering method. ST-C1, ST-C2= gram
positive cocci isolated from Saltrio stone, identified
as Micrococcus sp. by Api System; CR-R1, CR-R2,
CR-R6 = gram positive rod isolated from Carrara
marble, identified as Bacillus licheniformis by Api
System; CR-R3, CR-R4, CR-R5 = gram positive rod
isolated from Carrara marble, not identified; CG-R1,
CG-R2 = gram positive rod isolated from Candoglia
marble, not identified; CG-R3 = gram positive rod
isolated from Candoglia marble, identified as Bacillus
cereus by Api System.

Moreover in this work the detection of the
genes encoding the cathecol 2,3 (C23O) and
1,2 (C12O) dioxygenase in the microbial
consortia present in the stone was performed
by PCR. These enzymes determine the cathecol
attack in meta and orto positions and are
involved in the degradative pathways of the
aromatic
compounds;
in
fact
many
hydrocarbons, including polycyclic aromatics,
are degraded via cathecol cleavage step. Set of
specific primers for the C23O gene (HallierSoulier, 1996) and for the C12O gene
amplification (Sei, 1999) were used.
Until now the results permitted to evidence
bands of the expected length, 280 bp for the
C12O in all three lithotypes. On the contrary no
signal was obtained for the cathecol 2,3
dioxygenase in any consortia; this was
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attributed to the fact that the set of primers
used gave only sequences producing significant
alignments with gram negative bacteria such as
Pseudomonas genus, while our communities
were prevalently composed by gram positive
bacteria. The presence of key genes involved in
the aromatic degradative pathways could
suggest that microorganisms may potentially
use the pollutants deposited on the stone
surfaces and support the hypothesis of the
heterotrophic microflora as first coloniser of the
stone.

Acidobacteria in Paleolithic painting caves

The main problem for heterotrophic bacteria as
primary colonisers of stones is the availability
of carbon sources for growth. The presence of
relatively high amounts of aromatic compounds
could guarantee carbon source availability only
if the bacteria harbour the metabolic pathways
for the compounds. The presence of key genes
of the degradation pathway could show that
microorganisms may potentially use the
pollutants on the surface. A molecular approach
to the biodeterioration study may supply very
useful information on the colonisation and
deterioration processes by evidencing the
metabolic functions of the microbial colonisers.

G. Piñar, C. Schabereiter-Gurtner, W. Lubitz &
S. Rölleke
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