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ADVANTAGES

OF
MOLECULAR
APPROACHES
VERSUS
OTHER
TECHNIQUES: RELIABILITY OF RESULTS

Gerard Muyzer
Kluyver Laboratory for Biotechnology, The
Netherlands
An inventory of biodiversity counted only
4000 of bacterial species compared to
more than 950.000 of insect species
(Hammond, 1992). One of the reasons for
this huge difference is the difficulty in the
species concept for bacteria (see RossellóMora and Amann [2001] for a review). But
another is certainly the inability to isolate
most of the bacteria from the environment.
For a long time microbiologists noticed a
strong discrepancy between the number of
bacterial cells observed microscopically and
the number of colony forming units (CFU)
after plating on agar (Staley and Konopka,
1985). In the best case, only 25%
culturability could be obtained, but for
most environments less than 1% of the
observed bacteria was isolated (Amann et
al. 1995). This failure in culturing bacteria
may has several reasons, such as the
inability to mimic the environmental
conditions in the laboratory by which these
bacteria flourish in their natural habitat, or
the presence of a large fraction of viablebut-non-culturable bacteria.
First with the help of methods from the
field of molecular biology it became
possible to study the diversity and species
composition of microbial communities
without isolating the bacteria. In these
methods the 16S rRNA gene was used as a
molecular marker. Carl Woese (1987) was
the first to recognize that rRNA sequences
could be used as evolutionary markers to
classify Life. Comparative analysis of 16S
rRNA sequences grouped all organisms in 3
domains, the Bacteria, the Archaea, and
the Eukarya. It was Norman Pace and coworkers
who
used
this
sequence
information for the first time in an
ecological context (Olsen et al. 1986).
Probes were designed and used in a variety
of methods for the specific detection of
bacteria in environmental samples. A
breakthrough was the application of the
polymerase chain reaction (PCR) to amplify

16S rRNA coding genes from genomic
DNA isolated from mixed microbial
populations (Giovanonni et al. 1990).
Subsequently, the mixture of genes was
cloned in a suitable vector, and transferred
to E. coli cells that were plated on agar.
Sequencing of the cloned inserts from this
'clone library' revealed the presence of
many different bacteria that never had
been isolated in pure cultures (see
Hugenholtz et al. [1998] for a review).
Apart from the cloning approach, the
microbial diversity was also studied using
genetic fingerprinting techniques, such as
denaturing gradient gel electrophoresis
(DGGE) of PCR-amplified gene fragments
(Muyzer, 1999). The principle of the
method is based on the difference in
melting behaviour of DNA fragments with
different basepair sequences. A mixture of
DNA fragments, such as those obtained by
the enzymatic amplification of DNA from a
microbial community, is electrophoresed in
polyacrylamide gels containing a linear
gradient of DNA denaturants, i.e. a mixture
of urea and formamide. The different DNA
fragments
will
melt
at
different
concentrations of denaturants and will
therefore halt at different positions in the
gel. Additional information about the
identity of the community members is
obtained after sequencing of excised bands
or by hybridisation analysis of the DGGE
pattern with taxon-specific probes. DGGE
analysis of PCR-amplified 16S rRNA gene
fragments has been used to determine the
diversity of Bacteria (e.g. Schäfer et al.
2001), Archaea (e.g. Vetriani et al. 1999),
and Eukarya (e.g. Diez et al. 2001) in
samples from various habitats.
By using these molecular methods and 16S
rRNA as a molecular marker it became
clear that microbial diversity is enormous,
and that the number of bacterial species is
far greater than the 4000 described
species. However, how reliable are the
results obtained with the molecular
methods? How good is the 16S rRNA as a
phylogenetic marker? Starting with the last
question, Ludwig and Schleiffer (1999)
have showed that phylogenetic trees made
from sequences of other genes, such as
those coding for the 23S rRNA, the
elongation factor Tu, and the F1F0-
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ATPase, had similar topologies as the tree
made from 16S rRNA sequence data. They
concluded that 16S rRNA is a good and
reliable
molecular
marker
to
infer
phylogenetic relations between bacteria.
Regarding the reliability of results obtained
by the molecular approach, similar results
on microbial diversity, and the presence of
unknown bacterial species were obtained in
different studies using different PCR
primers, different protocols, and genomic
DNA isolated from different habitats.
These results were supported by studies
using culture techniques. For example,
Brinkhoff et al. (1998) isolated several
Thiomicrospira strains with nearly identical
16S rRNA sequences from a coastal
sediment of the German Wadden Sea. In
addition, Sass et al. (1998) isolated 32
strains of sulfate-reducing bacteria from
sediments of an oligotrophic lake. Another
good example is the study published by
Dunbar et al. (1997). They were able to
isolate a total of 159 bacterial strains that
were
capable
of
degrading
2,4dichlorophenoxyacetate (2,4-D) from one
gram of soil using two different culture
methods, i.e. enrichment in liquid batch
cultures and direct plating. Genetic
fingerprinting of these isolates using repPCR demonstrated 30 distinct populations.
Regarding these findings, it can be
concluded that the results obtained with
the molecular approach are indeed reliable,
i.e. microbial diversity is enormous, and
most bacteria have not been isolated in
pure culture, meaning that the ca. 4000
described species are just the tip of the iceberg.
At the moment, however, a more intriguing
question is raising, namely: what is the
ecological role of this diversity? To answer
this question current research is focussing
on the activity of individual populations
under different environmental conditions.
One of the methods to do this is the
combined use of microautoradiography and
fluorescent in situ hybridisation (e.g. Lee et
al. 1999). Microbial communities are
incubated with a radio-labelled substrate,
such as [3H]glucose. At different incubation
times sub-samples are taken and fixed in
paraformaldehyde. Subsequently, whole
cell hybridisation is performed using

fluorescently-labelled
oligonucleotide
probes targeting the 16S rRNA to identify
the bacteria. Thereafter, the specimen is
covered with a photographic emulsion.
Development of the photographic emulsion
results in the presence of silver grains in
the close vicinity of the cells that had
consumed the radio-labelled substrate. By
using this approach, Cottrell and Kirchman
(2001) demonstrated that high-molecularweight dissolved organic matter, such as
chitin and proteins, were mainly consumed
by members of the Cytophaga-Flavobacter
division, while amino acids were mainly
consumed by alpha-proteobacteria.
Another recently published method to
distinguish active from inactive populations
is the incubation of microbial assemblages
with substrates that are labelled with
stable isotopes followed by densitygradient centrifugation of the extracted
DNA and molecular analysis. Radajewski et
al. (2000) used this approach to study
methanol-utilizing bacteria in soil. They
incubated a soil sample with 13CH3OH, and
centrifuged the extracted genomic DNA in
a gradient of CsCl to separate the 'heavy'
(13C) DNA from the 'light' (12C) DNA.
Subsequently, the different DNA fractions
were analyzed by PCR, cloning and
sequencing. The results indicated that
members
belonging
to
the
alphaproteobacteria, and the Acidobacterium
division were assimilating the methanol.
A third approach to determine the activity
of individual populations is gene expression
analysis. Wawer et al. (1997) used DGGE
of PCR products obtained from genomic
DNA and mRNA to determine the
expression of the [NiFe] hydrogenase gene
in Desulfovibrio populations present in
wastewater treatment reactors. They
showed that out of the 4 Desulfovibrio
populations that were present in the
reactor, only one strain was stimulated by
addition of hydrogen, which is the
substrate for the [NiFe] hydrogenase.
However, expression analysis is not limited
to one or a few genes. With the release of
whole genome sequences of different
bacteria
(see
for
http://wit.integratedgenomics.com/GOLD/
an overview) and the rapid development of
microarray technology, it is now possible to
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analyse the expression of thousands of
genes in parallel (Ye et al. 2001).
The
last
decade
of
research
in
environmental
microbiology
was
an
exciting period. It was dominated by the
development and use of molecular
biological methods to determine bacterial
diversity and the structure of microbial
communities.
The
coming
decade,
however, will even be more thrilling.
Research will focus on ecological role of
microbial diversity. The revolutionary
developments in Life Sciences, such as
whole genome sequencing and DNA
microarrays will boost the field of
environmental microbiology like molecular
biological techniques did before. For the
first time it will now be possible to
determine the role of individual populations
in complex mixtures of microorganisms by
studying the expression of genes encoding
enzymes that play a key role in the cycling
of chemical elements, such as carbon,
nitrogen and sulfur. However, it must be
emphasized that only a polyphasic
approach, in which concepts and methods
from
different
disciplines, such
as
microbiology, ecology, molecular biology,
and genomics, are combined, will reveal
the role of microbial diversity in maintaining
ecosystem Earth.
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OVERVIEW ON EXISTING MOLECULAR
TECHNIQUES WITH POTENTIAL INTEREST
IN CULTURAL HERITAGE

Juan M. Gonzalez
Instituto
de
Recursos
Naturales
Agrobiología, CSIC, Sevilla, Spain

y

Molecular Biology has provided with
important techniques for studying cultural
heritage and some of them might be of
potential interest for the study and analysis
of cultural assets. Molecular techniques
complement more classical methods in the
study of microorganisms and the fusion of
these strategies is likely to result in a better
understanding of the number, activity, and
function of microorganisms in our cultural
heritage.
Currently, there are large number of
methods in use for the analysis of
microorganisms on cultural assets, mostly
involving cell counting and biodiversity
analysis. Among these techniques the
molecular
methods
attract
special
attention. Molecular Biology allows for
culture-independent
studies
of
the
microorganisms in a sample. Microbial
culturing is always problematic since most
microorganisms in any sample either are in
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dormant physiological stages or are unable
to grow on the provided culture medium.
Besides,
molecular
techniques
take
advantage of the specificity provided by
the nucleic acid sequences and these
methods are being developed during the
last years, mainly in fields like the health
sciences. Some of these methods can be
easily
adapted
to
the
study
of
microorganisms in cultural heritage and
their use is expected to experience a great
increase in the next few years (Table 1).
Molecular techniques allow studying
microorganisms from their DNA, RNA, and
proteins. From the DNA, one can identify
specific genes or microbial species. Since
the quantity of RNA in a cell is proportional
to its metabolic activity, the RNA provide
with functional information based on the
nucleic acid sequence. Proteins can also be
used for functional studies and can be
detected from their amino acid sequence,
by using antibodies, and by direct activity
measurements with enzyme assays.
DNA amplification is required to obtain high
numbers of DNA fragments of interest from
the tiny samples we have to analyze. Both
DNA and RNA can be utilized since reverse
transcriptase can be used to synthesize
DNA from RNA. It is not widely known that
there are different available techniques for
DNA amplification: PCR (polymerase-chain
reaction), LCR (ligase-chain reaction), and
RCA
(rolling-circle
amplification).
At
present, PCR is by far the most used
method for DNA amplification. There are
continuous
improvements.
Taq
DNA
polymerase was the original thermostable
polymerase, today there are several
polymerases commercialized; for example,
Pfu
polymerase
provides
high
3´proofreading activity so the number of
errors during amplification is lower than
with Taq polymerase. Today, it is common
the use of polymerase blends consisting in
combining polymerases to obtain the best
characteristics from each of them. Also,
several companies offer antibodies anti-taq,
so that the taq polymerase is kept inactive
until the antibody denatures during the first
denaturing step of the PCR, in this way the
synthesis of unspecific product previous to
the thermal cycling of the PCR is avoided.
Other improvements are the use of

compounds to enhance the reaction or
avoid inhibition; examples are the use of
PVP, betaine, DMSO, PEG and many
others. Other advances include multiple
PCR and long PCR. Multiple PCR permits
the amplification of
different
DNA
fragments in the same reaction with
different primer pairs. Long PCR allows the
amplification of long DNA fragments; 50
Kb can easily be amplified using long PCR
techniques.
Table 1. Perspective of use of molecular techniques in
cultural heritage studies, most common current or
potential applications, and increase of usage as an
expected trend from a short- (S), medium- (M), or
long- (L) term.
Technique
DNA
RNA
Proteins
PCR
LCR

In use?
Yes
Rare
Rare
Yes
No

RCA

No

PCR enhancers
Molecular beacons
PNA

Yes
No
No

Multiplex PCR
Long PCR
DGGE
TGGE
t-RFLP
SSCP
DNA library
construction
Cloning

No
No
Yes
Yes
Yes
No
Yes

DNA Sequencing
FISH (microscopy)
FISH (flow
cytometry)
FISH/MAR
Quantitative PCR

Yes
Yes
No
No
Rare

Quantitative RT-PCR

Rare

Yes

Most common Current
or Potential Application
Bacterial identification
Gene expression
Activity through enzyme assays
DNA amplification
Detection of sequences and
species
Detection of sequences and
species
Avoid PCR inhibitors
Use as DNA probes
Improve properties of DNA
probes
Multiple reactions in a tube
Retrieving long DNA fragments
Community profiles/Biodiversity
Community profiles/Biodiversity
Community profiles/Biodiversity
Community profiles/Biodiversity
Community profiles/Biodiversity

Usage
trend*
S
S
M
S
M

Step previous to DNA
sequencing
Aimed to bacterial identification
Species-specific detection
Automated detection of species

S

M
S
M
M
M
M
S
S
S

S
S
M

Web-based
bioinformatics
Computer
programming
Molecular Databases
Genomics
Functional Genomics
Proteomics
DNA Microarrays

Yes

Counting and activity of species
Relative quantification of
species
Quantification of gene
expression
Homology searches

M
S

Rare

Author-specific requirements

L

Yes
No
No
Rare
No

S
L
M
M
M

Sample microarrays
Genetic Engineering

No
Rare

Reporter genes (e.g.,
GFP)

No

Homology searches
Pathway analyses
RNA-based differential analyses
Differential protein analyses
Quantifying multiple genes and
species
High-throughput analyses
Experimental gene expression
studies
In situ gene expression analyses

S
S

L
S
S

* S, short-term; M, medium-term; L, long-term; -, increase of
usage is not expected.

LCR uses a thermostable DNA ligase to
ligate two oligonucleotides. If the sequence
around the ligating site does not match,
there is no ligation; if the sequence
matches, the oligonucleotides will be
ligated and this double oligo can be used as
template leading to the exponential
production of double oligos than can be
easily detected. This reaction requires four
5
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oligonucleotides; two of them need to be
5´-phosphorylated since it is a requirement
for the ligation to occur. LRC can be used
to discriminate sequences with differences
of as low as a single nucleotide.
RCA does not require the use of a
thermocycler since it is performed at a
single temperature (30ºC). RCA uses
bacteriophage Phi29 DNA polymerase
which has an important property for this
technique named strand displacement. This
polymerase is able to displace the strand of
DNA just synthesized so that it can
continue synthesizing DNA from the
template. The DNA template must be
circular so if it is not, one should ligate it
into a circular DNA template. This method
with an appropriate primer design can be
used to discriminate different sequences
varying in a few nucleotides. Common PCR
inhibitors appear to have little effect on
RCA.
Other area of development is new DNA
labeling and detection methods. Recently,
highly
fluorescent
dyes
are
being
commercialized. An example is SYBR Green
I which shows high fluorescent only when
binds double-stranded DNA. An elevated
number of fluorescent dyes are being
introduced
for
sequencing
reactions
(BigDye family), for DNA and RNA labeling
(Cy5, Cy3), and many others (FAM, ROX,
TAMRA, and many more) generally used
for probe labeling.
Other strategies for probe design and
labeling are the molecular beacons and
PNA (peptide-nucleic acids). Molecular
beacons are used for labeling DNA probes;
a fluorescent dye is repressed by putting
physically together a quencher with the
fluorescent dye, when the probe binds to
the target DNA fragment the quencher and
dye separate and high fluorescence
emission can be detected. The PNA are
synthetic analogues to DNA with the
backbone of sugar-phosphate replaced by a
chain of N-(2-aminoethyl)-glycine linked
with amide bonds. PNA are of great
interest for DNA or RNA probe construction
since they are more specific than
complementary strands of DNA and the
temperature of hybridization can be greatly
increased.

Biodiversity or microbial community profiles
are being used in cultural heritage studies
on microorganisms to analyze the presence
of diverse microbial species in a sample.
Different techniques are available for this
purpose, such as DGGE (Denaturing
Gradient
Gel
Electrophoresis),
TGGE
(Temperature Gradient Gel Electrophoresis),
t-RFLP (Terminal Restriction Fragment
Length Polymorphism), SSCP (Single
Strand Conformational Polymorphisms), or
cloning and sequencing. DGGE is the most
used profiling technique in cultural heritage
studies.
Basically,
these
profiling
techniques require a DNA extraction
followed by DNA amplification and the
amplified products are then processed for
the specific technique to be used and run
following a specific gel electrophoresis
protocol.
Results
are
analyzed
by
visualizing the resulting bands or peaks
corresponding to the amplified products.
Each technique has its pros and cons and
investigators have their own preferences.
These techniques can be complemented
with cloning and sequencing in order to
identify the bands to specific microbial
species by comparison with information
obtained from DNA databases.
FISH (Fluorescent In Situ Hybridization) is a
technique attracting great interest in the
last years, and permits the visualization of
specific microbial cells in complex
communities. By FISH one can detect
specific genes using an oligonucleotide
probe generally labeled with fluorescent
dyes. The labeled cells can be visualized
under a microscope or using a flow
cytometer. In the last years, FISH has been
combined with the uptake of radiolabelled
substrates and microautoradiography in a
pretty complete method, FISH/MAR, that
allows counting and activity measurements
of specific microorganisms.
Quantification of DNA and RNA is now
possible utilizing quantitative, real-time PCR
techniques. The amplification of DNA (or
RNA) is monitored during the thermal
cycling and different DNA concentrations
will reach a DNA concentration threshold at
a distinct number of cycles, which is used
for estimating the initial DNA template
concentration in each sample relative to
another sample. If an absolute estimation
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of DNA concentration is required, one can
prepare a calibration curve with reactions
of known DNA concentrations. This
technique shows high accuracy and
expands for up to 5 orders of magnitude.
Other alternatives for the quantification of
DNA are also available such as MostProbable
Number-PCR
(MPN-PCR),
competitive PCR, or the use of FISH and
flow cytometry.

profiles of genes of interest for specific
pathways of importance in cultural
heritage. Proteomics open the door to
similar studies based on proteins. In
proteomics, researchers generally perform
2D-gels to visualize the proteins expressed
in a sample or by a microorganism.
Differential analysis allows detecting the
proteins expressed at different levels under
two distinct conditions.

Bioinformatics are of great importance
when applying advanced molecular biology
methods. A number of pieces of software
are everyday used for alignments,
phylogenies, or database search for
mentioning a few cases. The importance of
DNA databases is critical since we
constantly refer to them for the
identification of the microorganisms whose
sequences have been detected in our
studies. Generally, the most commonly
used gene for identifying bacteria is the
16S ribosomal RNA. There are databases
of DNA, ribosomal RNA gene sequences,
protein sequence and structure, genomes
and expression profiles.

A step forward would be the construction
of microarrays of samples. These sample
microarrays would contain large number of
samples (by the thousands) that could be
analyzed, for instance, through FISH
techniques for the detection of specific
microorganisms or the expression of
specific genes.

Advances
in
genomics,
functional
genomics and proteomics are introducing a
large number of possibilities and strategies
for the analysis of microorganisms from
cultural assets. Genomics deals with the
structural analysis of DNA sequences,
which
can
be
used
for
multiple
comparisons and in the search of
information
corresponding to certain
metabolic pathways of interest, for
instance, for the conservation of our
heritage. Functional genomics deals with
the functional analysis, generally based on
RNA, of microorganisms by studying cellwide, gene expression profiles. Functional
genomics can be of great interest for the
study
of
gene
expression
of
microorganisms causing damage to specific
cultural
assets
and
the
variability
corresponding to different environmental
conditions. Generally, functional studies
use DNA microarrays or DNA chips to
analyze thousands of genes on a
microslide. The DNA chips can contain
many species-specific probes for the
identification of high number of bacteria or
a large number of protein-encoding gene
probes for obtaining gene-expression

Genetic engineering also provide with novel
opportunities for cultural heritage. Novel
cloning vectors and techniques, for
instance, allow cloning specific proteins
fused to reported genes such as the GFP
(green Fluorescent Protein). These reported
genes permit to easily know where that
gene is expressed and quantify its
expression since fluorescence can be easily
measured.
Some of the above-mentioned techniques
can be successfully applied to cultural
heritage studies. Most of these methods
are expected to be increasingly used in the
next few years (Table 1). Hopefully,
throughout the next years, we will expect
a continuous and increasing funding from
European programs into Molecular Biology
projects on Cultural Heritage.

CONFOCAL
LASER
SCANNING
MICROSCOPY AND IMAGE PROCESSING
FOR
ANALYSIS
OF
AEROPHYTIC
BIOFILMS IN CULTURAL HERITAGE

M.
Hernández-Mariné,
Clavero and M. Roldán

E.

Facultat de Farmàcia, Universitat
Barcelona, Barcelona, Spain.

de

Aerophytic biofilms are formed by
microorganisms and by the extracellular
polymeric substances they produce and, in
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contrast to aquatic biofilms, the hollow
spaces among organisms are air filled. The
organisms succeed on the interface airsubstratum forming a three-dimensional
arrangement in which the attachment to
the supporting surface is as important as
obtaining water and nutrients. The
organisms that build the biofilms and their
fixation to the substratum play an
important role in the deterioration of many
important pieces of art. Special cases are
hypogean monuments such as catacombs
where, if illuminated, the biofilms are
formed
by
both
phototrophic
and
heterotrophic microorganisms.
Up to now, most of the methodological
approaches to study microbial communities
on stone monuments have dealt with the
quantification and identification of the
different types of microorganisms, in
contrast the biofilm architecture has been
poorly studied, mainly using techniques
that modify architecture such as scanning
and transmission electron microscopy (Urzi
and Albertano, 2001; Davey et al. 2000).
Recent advances in microscopy, especially
confocal laser scanning microscopy (CLSM)
and molecular techniques, facilitate the
examination
of
biofilm
communities
(Lawrence and Neu, 1999, and references
therein).
In the CLSM a laser beam-illuminates the
object and creates images of very thin
optical sections through the specimen, thus
avoiding out of focus fluorescence. High
spatial resolution and minimal sample
manipulation makes the CLSM a very
powerful tool for the non-destructive study
of thick biological samples (Cadwell et al.
1992; Laurent et al. 1994). Therefore,
CLSM has become indispensable in studies
of the distribution of microorganisms and
biodeterioration, in which the microbial
relationships, three-dimensional structure
and pattern of attachment to substratum
should be preserved (Neu and Lawrence,
1997;
Lawrence
and
Neu,
1999).
However, CLSM techniques have been
mostly addressed to aquatic biofilms and
sessile
communities
responsible
for
bacterial infections (Costerton et al. 1999).
Only recently, these same techniques were
applied to biofilms grown on stones and

works of art, obtaining a more realistic and
faithful vision of biofilm structure by means
of several 3-D representation techniques
(Hernández-Mariné et al. 2003; Roldan et
al. submitted).
CLSMs usually include argon (488 and 514
nm), argon-krypton (488, 568, and 647
nm) helium-neon (543, 596, and 633 nm),
and
ultraviolet-argon
(351-364
nm)
excitation laser beams. With this wide
range of excitation wavelengths several
molecules
such
as
photosynthetic
pigments, or labelled extracellular polymeric
substances (EPS) and nucleic acids, can be
visualized
without
overlapping
fluorescences.
Image acquisition is commonly performed
with the software packages delivered with
the instruments. The equipments provide
series of thin optical sections of the sample
in either x-y or x-z planes. Optical sections
in x-y planes are 2-D images obtained at
different intervals (z step) along the optical
axis. Later, with additional software
packages (IMARIS, Bitplane, A. G. and
LCS, Leica Confocal Software), the optical
series are processed to obtain a single
compound image, which will provide
different features for the characterisation
of the biofilms depending on the algorithm
applied for reconstruction. Here we show
three of the various types of compound
images that can be obtained.
1) Maximum intensity projection (Figs. 14): two-dimensional compound image that
integrates the maximum fluorescence
intensities of each x,y point of all the
optical series along the z-axis. The
photosynthetic pigments, chlorophylls and
phycobilins of the phototrophic organisms,
with an inherent fluorescence at 590-800
nm (red channel) when excited with 543
and 633 nm wavelengths, are shown in
Fig. 1. A single standard method to target
other specific elements in the biofilm
samples is not available although many
stains, fluorescent probes and labels can be
used. In this case (Figs. 2-4), the
fluorophore Hoechst 33258 that stains
DNA in both living and dead cells (351 and
364 nm excitation and 400-480 nm
emission, blue channel) (Fig. 2) and the
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broad-spectrum carbohydrate recognizing

1
Fig. 1. Pigment Fluorescence (PF) localisation
(chlorophyll a and phycobilins) inside the cells
(red) in Scytonema julianum and heterotrophic
microorganisms from St. Callistus Catacomb

lectin Concanavalin-A conjugated with the

3
Fig. 3. Con-A lectin-stained extracellular
polymeric substances (EPS), in green.

4
2
Fig. 2. DNA stain (blue). Note division of nucleoids
(arrowhead).

fluorophore Alexa Fluor 488 (Con-A,
Molecular Probes, Inc.; 488 nm excitation
and 490-543 nm emission, green channel)
that labels EPS (Fig. 3) were used. The
overlay of the red, blue and green channels
is shown in Fig. 4. With the above setting
we
determined
several
biological
heterogeneities: microbial diversity of
species and their spatial distribution,
differences in activity (growing cells,
extracellular polymeric substances, dead
cell, etc.).
Both
phototrophic
and
heterotrophic
organisms were visualised and could be
distinguished by their coloration. The
former presented both red and blue
fluorescence, while the latter fluoresced
only in the blue channel. On the other
hand, cells with high red fluorescence and

Fig. 4. Overlay of the three channels shown in
Figs 1-3. S. julianum exhibits apical pads
(arrowhead).
Heterotrophic
microorganisms
(bacteria and actinobacteria) were evidenced by
DNA stain (short arrow) and some bacteria were
also embedded in EPS (long arrow). 20.7 µm
total thickness of the biofilm.

ongoing division figures indicated active
growth. The outer mucilaginous envelopes
of
microorganisms
were
irregularly
distributed, according to species or to the
condition of the specimen.
2) Perspective image (Fig. 5) is a 3-D
representation generated by the stack of
the optical sections obtained along the
sample depth. It can be built with the
whole sample or selected subregions and
can be visualised from any desired angle.
This type of image especially evidenced the
distribution of microorganisms in relation to
the substratum.
3) Extended focus (Fig. 6): the image is
divided into three frames that represent the
maximum intensity projection for the x-y,
x-z and y-z planes. Vertical sections
9
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through the biofilm are shown in the right
and lower frames. Such images evidenced
gross
spatial
distribution
of
microorganisms, EPS and substratum, but
also the disposition of microorganisms (e.
g. erected vs. prostrate filaments),
exhibiting the stratification and porosity of
the biofilm.

5
Fig. 5.- Scytonema julianum from St. Callistus. 3D
Perspective projection of three channels (PF, DNA
and EPS) constructed with 99 x-y optical sections
(z step = 0.5 µm). 49.50 µm total thickness of
the biofilm.

6

T

Fig. 6.- Scytonema julianum and Leptolyngbya
sp. biofilm from St. Callistus Catacomb. Threechannel (PF, NA and EPS) extended focus
projections in x-y, x-z and y-z views of 51 (z
step = 0.4 µm) bilinear interpolated x-y CLSM
sections in the z-direction. 20.35 µm thickness
of biofilm. T = surface of biofilm. Scale bar =
10 µm.

multiple
excitation
and
detection
wavelengths at different depths of focus,
with which one can effectively target
specific elements in the biofilm sample,
such as molecules (eg. DNA and pigments),
structure (eg. surfaces, matrix, sheaths and
filaments) and properties (eg. stage of cell
division, growth and senescence). A
complete description of the biofilm
structures is also possible assembling
together the information obtained by the
several 2-D and 3-D image reconstructions.
Acknowledgements
This work was supported by EU
Programme Energy, Environment and
Sustainable Development in the frame of
CATS Project, contract EVK4-CT-200000028. The authors also acknowledge Dr.
S. Castel and Miss. R. García from the
Scientific and Technical Services of the
University of Barcelona, for their helpful
assistance with the CLSM.
References
Caldwell D.E., Korber D.R., Lawrence J.R. (1992). Imaging of
bacterial cells by fluorescence exclusion using scanning
confocal laser microscopy. J. Microbiol. Meth. 15: 249261.
Costerton J.W., Stewart P.S., Greenberg E.P. (1999).
Bacterial biofilms: a common cause of persistent
infections. Science 284: 1318-1322.
Davey M.E. and O'Toole G.A. (2000). Microbial biofilms: from
ecology to molecular genetics. Microbiol. Mol. Biol. Rev.
64: 847-867.
Hernández-Mariné M., Clavero E., Roldán M. (2003). Why
there is such luxurious growth in the hypogean
environments.
Arch.
Hydrobiol./Suppl.
Algological
studies. (In press).
Laurent M., Johannin G., Gilbert N., Lucas L., Cassio D., Petit
P., Fleury A. (1994). Power and limits of laser scanning
confocal microscopy. Biol. Cell 80: 229-240.
Lawrence J., Neu T.R. (1999). Confocal Laser Scanning
Microscopy for Analysis of Microbial Biofilms. Method
Enzymol. 310: 131-144.
Neu T.R., Lawrence J.R. (1997). Development and structure
of microbial biofilms in river water studied by confocal
laser scanning microscopy. FEMS Microbiol. Ecol. 24: 1125.
Roldán M., Clavero E., Hernández-Mariné M. Biofilms
fluorescence and image analysis in hypogean monuments
research. Arch. Hydrobiol./Suppl. Algological studies.
(Submitted).
Urzi C., Albertano P. (2001). Studying phototrophic and
heterotrophic
microbial
communities
on
stone
monuments. Method Enzymol. 336: 340-355.

What makes CLSM so powerful is the
ability to analyse samples with minimal
preparation or disturbance, the use of
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Paleolithic painting microbiology deserves
attention, since it has been reported that
microorganisms
can
affect
painting
pigments. Caves represent nutrient-poor
ecosystems subjected to stable and low
temperatures and although providing
extreme environments for life, they are
inhabited by a variety of microorganisms.
However, few studies on cultivated
bacteria in caves have been conducted so
far. While these cultivation-based studies
most probably revealed just a very minor
and not representative part of cave
population,
culture-independent
identification
methods
allowed
the
detection of unexpected and unknown
bacteria and gave insight into a greater
bacterial taxonomic diversity in caves
(Engel et al. 2001; Holmes et al. 2001;
Northup et al. 2000; Vlasceanu et al.
2000). Recently, the combination of PCR
amplification of bacterial 16S rRNA genes
(16S
rDNA),
phylogenetic
sequence
analyses,
and
genetic
community
fingerprinting by denaturing gradient gel
electrophoresis (DGGE) was shown to be a
proper method to study the bacterial
communities on the valuable Paleolithic
paintings and on the rock surfaces near the
paintings in four Spanish caves of Altamira,
La Garma, Llonín, and Tito Bustillo
(Schabereiter-Gurtner et al. 2001, 2002a,
b, c).
Altamira
cave
(Santillana
del
Mar,
Cantabria, Spain) is known as the Sistine
Chapel of Quaternary Art. The famous

Polychromes Hall, discovered in 1879, is
decorated with a herd of bisons surrounded
by horses and deer (about 16,000 years
old). Altamira cave has been visited
extensively in the past and received up to
3,000 visitors per day in the 1970’s.
However, these visits resulted in severe
deterioration. Nowadays the cave is closed
for the public and visitors are derived to a
cave reproduction. Llonín cave, near the
village of Llonín (Asturias, northern Spain)
was adapted for local cheese storage and
maturation in 1957. Between 1987-1997
the cave was closed and only visited for
archaeological excavations. In the lower
part of the cave several primitive abstract
figures in red and black colour dating back
to the Magdalenian period are present
(estimated age 22,000-10,000 BC). La
Garma cave was discovered in 1995 under
a hill near the village of Omoño (Cantabria,
northern Spain) and is part of a complex
karstic system of galleries situated at
different heights and comunicating by
vertical chasms. The cave represents an
extensive paleolithic settlement with
paintings from the initial Upper Paleolithic
to the Magdalenian period. The valuable
paintings show horses, bisons, hinds, nonfigurative traces and hand prints. The cave
is closed and only accessible for
archaeological excavations. Tito Bustillo
cave (Ribadesella, Spain) contains valuable
Paleolithic paintings, which date back to
15,000-20,000 years. An extraordinary
collection of paintings can be found on the
Paintings Panel, situated in a hall near the
end of the cave. The panel presents
paintings showing horses, reindeers, red
deer stags, tectiforms, hinds and bovines.
Since 1969 the cave is open for the public.
In all four caves, rock wall surfaces,
speleothems, soils and even parts of the
Paleolithic paintings are covered by
conspicuous bacterial growth in the form of
round colonies of different colours (about
1-2 mm diameter) and patches. For
microbiological analyses, 14 samples
representing macroscopical colonies and
material
without
apparent
bacterial
colonization taken from the rock walls and
paintings were taken. Genomic DNA was
extracted without prior cultivation and the
bacterial communities were analyzed by
PCR, ribosomal clone libraries and DGGE
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community fingerprinting (SchabereiterGurtner et al. 2001). Figure 1 shows the
DGGE-fingerprints
of
the
bacterial
communities. For phylogenetic analyses of
individual bacterial members, 147 clones
were sequenced and compared with known
16S rDNA sequences listed in the EMBL
database.
Microorganisms
were
phylogenetically most closely related to
cultured
bacteria
(34%)
and
to
environmental 16S rDNA clones (66%),
showing the broad spectrum of unknown
and yet to be cultivated bacteria in caves.
The distribution of the phyla in the different
caves is shown in Table 1.

Altamira
Alt9 M

Llonín
M

C6

M

C7

Table 1. Distribution of clones within the major
phylogenetic groups of samples taken in four Spanish
caves containing valuable Paleolithic paintings
Number of 16S rDNA clones and their closest relation to the
major phylogenetic groups
Altamira Llonín
La
Tito
Garma
Bustillo
Proteobacteria
11
18
20
20
Green non-sulfur
1
1
3
bacteria
Planctomycetes order
1
1
Cytophaga/Flexibacter
2
2
2
1
/Bacteroides division
Acidobacterium
5
16
12
division
Low G+C Gram1
8
positive bacteria
Actinobacteria
1
6
11
4

La Garma
M

C8

M C9 C10 M C11 M C12 C13

Tito Bustillo
M

C4

M C3 C2 C5 M

C1

Fig. 1. Detail of the ethidium-bromide-stained 16S rDNA DGGE community fingerprints of samples taken in four
Spanish caves. DGGE allows the separation of a mixture of partial 16S rDNA amplicons according to their
sequences in polyacrylamide gels containing a gradient of denaturants. Each DGGE band represents a bacterial
taxon.

Gram-negative bacteria were the most
abundantly identified bacteria, from which
Proteobacteria dominated in all samples
(47%), followed by members of the
Acidobacterium division (22.4%). Bacteria
affiliated with the Proteobacteria were most
closely related to cultured and uncultured
members
of
the
Chromatiaceae,
Comamonadaceae, Ectothiorhodospiraceae,
Geobacteraceae,
Moraxellaceae,
Pseudomonadaceae,
Rhizobiaceae,
Rhodospirillaceae, Sphingomonas group,
Rhodocyclus group, Xanthomonas group
and to ammonia-oxidizers of the beta- and
gamma-Proteobacteria. Some thereof were
putatively
chemolithoautotrophic
proteobacteria related to sulfur-oxidizers, to
putatively iron-oxidizing bacteria, ammoniaoxidizers,
and
to
N2-fixing
chemoorganotrophic
bacteria.
Bacteria
affiliated with the Acidobacterium division

were uncultured bacteria from different
soils. The Acidobacterium division is a
recently described monophyletic phylum
with only three so far cultivated species. In
Llonín
cave, no
members
of
the
Acidobacterium division were identified.
The identification of members of the deepbranching Acidobacterium division in three
of the four caves represents the first
reports for subterranean environments. The
remaining bacteria were related to the
Cytophaga/Flexibacter/Bacteroides phylum
(4.8%), green non-sulfur bacteria (3.4%),
Planctomycetales (1.4%), low G+C Grampositive
bacteria
(Bacillus/Clostridium
group)
(6.1%),
and
Actinobacteria
(Actinosynnemataceae, Pseudonocardiaceae,
Micrococcaceae,
Nocardioidaceae,
and
Streptomycetaceae) (15%). The abundance
of Gram-positive bacteria was significantly
low in all four caves.
12
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The strong bacterial growth on the valuable
paintings is astonishing and alarming
—bacterial communities on wall paintings
have biocorrosive potential and may cause
irreversible damages. However, in general
the culture-independent approach allows
only
vague
statements
about
the
physiological
properties
of
identified
bacteria
and
the
ecological
and
biodeteriorative role they might play on
Paleolithic paintings.
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Forthcoming Activities
COALITION
Workshop:
Sustainable
Conservation: An European Concern
This workshop, the last of the Concerted
Action, will be held in Florence, Italy, on
November the 7th, 2002. This workshop
will consist in a round table held by the
following participants:
May Cassar (CSH, London)
Johanna Leissner (EC, Brussels)

Cristina Acidini (OPD, Florence)
Mauro Matteini (ICVPC, Florence)
Antonio Paolucci (Polo Museale Fiorentino,
Florence)
Domenico Valentino (BAPPSAD, Florence)
Daniela Pinna (LSSPSA, Bologna)
Umberto Baldini (UIA, Florence)
Rocco Mazzeo (Università di Bologna)
Roberto Franchi (Università di Urbino)
Paolo Bianchini (ST Opera del Duomo,
Florence)
Roberto Balzarotti (Phase, Bologna)
Lucia Nucci (ARI)
COALITION
Advanced
Course
on
Biodeterioration of the Cultural Heritage
During the days 8 and 9 of next November
an Advanced Course on Biodeterioration of
the Cultural Heritage will be held in
Florence,
Italy,
with
the
following
programme:
8 November 2002
8.30 Presentation - C. Saiz-Jimenez
SESSION 1 - BIODETERIORATION PROCESSES
9.00-10.00. On organic substrates - N. Valentin
10.00-11.00.On inorganic substrates - L.
Tomaselli
SESSION 2 – MODERN DIAGNOSTIC
TECHNIQUES
11.30-12.30 On isolates - J. Swings
12.30-13.30 Community analysis - S.. Roelleke
SESSION 3 - INTERVENTION PROCEDURES
14.30-15.30 Prevention - D. Pinna
15.30-16.30 Treatments - O. Salvadori
SESSION 4 – BIOREMEDIATION
17.00-18.00 Cleaning - C.Sorlini
18.00-19.00 Consolidating - P. Tiano
9 November 2002
SESSION 5 - BIOHAZARD IN RESTORATION
9.00-10.00 Air monitoring - M.P. Nugari
10.00-11.00 Allergenic, pathogenic and Toxicity
M. Salkinoja Salonen
SESSION 6 - – COALITION QUESTIONNAIRE

11.30-12.30 Illustration of the results C. Kyi
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