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Summary. Microorganisms play critical roles in every kind of habitat on Earth,
including those constructed by humans. Thus, our cultural heritage is affected by
microbial colonization. While classical microbiological methods based on culturing
procedures have provided important, but limited information on the microbial
diversity of natural samples, novel molecular techniques have been extremely valu-
able in unraveling the diversity of microbiota involved in the biodeterioration of
our monuments and artworks. The knowledge gained from these approaches has
allowed the design of strategies for conserving and protecting monuments for the
benefit of future generations. This review describes the state-of-the-art of the appli-
cation of molecular methods to the analysis of cultural assets, and provides near-
future perspectives on the subject. [Int Microbiol 2005; 8(3):189-194]
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Application of molecular
nucleic acid-based techniques
for the study of microbial
communities in monuments
and artworks

Introduction

Monuments and works of art are exposed to the effects of
physical, chemical, and biological factors. The latter includes
damage caused by microorganisms in a process referred to as
biodeterioration. Identifying the microorganisms involved in
biodeterioration is the first and a very necessary step for under-
standing the effects of microorganisms on cultural assets. The
second step is elucidating the functional properties of these
microorganisms and their role in biodeterioration. The third
and final step is to use the accumulated information to devise
strategies to conserve and protect monuments and works of art
from microbial colonization and its consequent effects.

Until recently, the only information available on microor-
ganisms inhabiting cultural assets came from the use of clas-
sical microbiology methods. However, those methods, based
on the cultivation of microorganisms, detect only a minor
fraction (less than 1%) of the total number of microbial com-
munities [9,14,29]. There are multiple reasons for this bias:
The growth requirements of many species of microorganisms
are unknown. In addition, a large fraction of microorganisms

in natural communities are at inactive stages of their life
cycle, and thus carry out very limited metabolic activity in
their environment at a specific time. Several studies have
proposed solutions involving culture-independent techniques
to solve the problem of detecting these types of microorgan-
isms in natural samples [5,14,29].

Molecular biology techniques have been successfully
used for the detection of microorganisms in their environ-
ments. Such techniques are based on the detection of nucleic
acids, as every microorganism holds unique sequences,
which allows the differentiation of microorganisms within
complex microbial communities. The results of thid kind of
molecular surveys have revealed that the microbial diversity
on Earth is much greater than previously believed based on
culturing methods [14,16,29]. As a consequence, current
knowledge of microbial diversity thriving on monuments has
moved away from the classical vision that only a few micro-
bial species can grow on cultural assets. On the contrary, an
enormous microbial diversity threatens our cultural heritage
and we need to understand its significance in order to design
appropriate strategies for controlling microbial colonization
of cultural assets.
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In this review, we will discuss current molecular tech-
niques that are used in microbiological studies of our cultur-
al assets. Novel methodologies and standard molecular proto-
cols that facilitate the detection of microorganisms on cultural
sites are described, including specific examples of the applica-
tion of these techniques to protect our cultural heritage.

Molecular detection of microorganisms

Generally, the first step in the molecular detection of
microorganisms consists of extracting nucleic acids from col-
lected samples. In studies of monuments and artworks, the
samples are very small (often less than 1 mg), which makes
analyses difficult. Most molecular strategies used in the field
have followed the basic protocol outlined in Fig. 1 and pre-
viously described [26]. The detection of microorganisms is
mainly based on the sequences of the small subunit (16S for
prokaryotes and 18S for eukaryotes) ribosomal RNA (rRNA)
genes. This is a universal gene present in every living organ-
ism. The existence of complete DNA databases for rRNA
genes guarantees optimal identification of the microorga-
nisms detected through their sequences and the possibility of
carrying out phylogenetic analysis with their closest rela-
tives. rRNA genes are highly conserved and contain a level
of divergence that allows microorganisms to be unambigu-
ously differentiated.

Amplification of target genes. Samples collected from
cultural assets are highly limited in size, which makes many
forms of analyses difficult, if not impossible to carry out. In the
basic molecular protocol, specific target genes (rRNA genes) are
PCR-amplified in order to obtain a large number of copies of these
DNA fragments [30]. The PCR technique requires two gene-spe-
cific primers and is carried out through 25–35 thermal cycles con-
sisting of a denaturation step, annealing of the primers, and exten-
sion of the newly synthesized DNA fragment. Currently available
primers are able to target every class of microorganism within a
microbial community, such as Bacteria, Archaea, or Eukarya, or
the range of microorganisms to be detected can be restricted to
group-specific amplifications. Common primer pairs used for the
amplification of 16S rRNA from the Domain Bacteria are 27F
(5′-AGAGTTTGATYMTGGCTC AG) and 1522R (5′-AAGGA
GGTGATCCAGCCGCA) [21]. The 16S rRNA genes from the
Domain Archaea can be satisfactorily amplified using the primer
pair 20bF (5′-YTCCSGTTGATCCYGCSRGA) and 1492bR
(5′-GGYTACCTTG TKWCGACTT) [21]. The 18S rRNA gene
from the Domain Eukarya could be specifically detected using
the primer pair EukA (5′-AACCTGGTTGATCCTGCCAGT)
and EukB (5′-TGATCCTTCTGCAGGTTCACCTAC) [6]. The
use of these primer pairs permits the detection and distinction of
the three domains of life. Similarly, the sequences of microbial

group-specific primers, e.g. for sulfate-reducing bacteria [4],
nitrate-reducing bacteria [22], and methanotrophs [13], are
available in the literature, and these primers can be applied in
monitoring our cultural assets.

Community fingerprinting. PCR amplification prod-
ucts can be processed to construct a rRNA gene library or to
obtain a microbial community fingerprint. In the latter, the
amplified rRNA genes from different microorganisms result
in different electrophoretic patterns of migration. As a conse-
quence, the microbial community of a sample can be charac-
terized by its electrophoretic profile, which produces a so-
called microbial community fingerprint. This allows the
microbial diversity in each analyzed sample to be easily visu-
alized and compared to the fingerprint from other samples,
sites, or temporal series [9].

Currently, there are several methods to obtain microbial
community fingerprints from natural samples. For studies of
monuments and artworks, the technique most often used is
denaturing gradient gel electrophoresis (DGGE) [9]. Other
techniques, such as analysis of terminal restriction fragment
length polymorphisms (t-RFLP), have been frequently used
in molecular surveys of microbial communities in ecological
studies. DGGE analysis has been previously described in detail
[20]. Briefly, it requires previous amplification of a specific
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Fig. 1. Outline of a standard protocol for the molecular survey of microbial com-
munities residing on cultural assets. Recent improvements commented in the text
are boxed.
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portion of the 16S (or 18S for eukaryotes) rRNA genes. These
DNA fragments are then separated in a chemical denaturing
gradient (formed by urea and formamide) and then amplified
with a set of one of the following primers: 341F-GC (5′-tail-
CCTACGGGAGGCAGCAG) and 518R (5′-ATTACCGCG
GCTGCTGG) [20] for Bacteria; 344F-GC (5′-tail-ACGGGG
CGCAGCAGGCGCGA) and 518R for Archaea [24]; and
Euk1209F-GC (5′-tail-GCAGGTCTGTGATGCCC) and
Uni1392R (5′-ACGGGCGGTGTGTRC) for Eukarya [6].
Primers 341F-GC, 344F-GC and Euk1209F-GC have a 40-bp
GC-rich tail (5′-CGCCCGCCGCGCGCGGCGGGCGGGG
CGGGGGCACGGGGGG), which is required to stabilize the
migration of the DNA fragments during DGGE [9,20].

Experimental strategies. The need to identify microor-
ganisms or to visualize and compare the complexity of micro-
bial communities will determine the most appropriate experi-
mental strategy. Microorganisms forming a given microbial
community in a sample are usually identified through cloning
and sequencing of the amplified PCR products obtained from
the studied samples [7]. The products are cloned into adequate
vectors, screened, and then sequenced. A homology search of
the sequence against DNA databases provides information on
the taxonomic and phylogenetic lineage of the microorganism
corresponding to that sequence. The most commonly used
homology search algorithm is Blast [1], which is available
online at the US National Center for Biotechnology Infor-
mation [http://www.ncbi.nlm.nih.gov/BLAST/].

Sequencing and visual analysis of microbial diversity pro-
vides key information on the composition of microbial com-
munities thriving on cultural assets. Once some of the mem-
bers of a given microbial community have been detected, in
situ identification procedures, such as fluorescent in situ

hybridization (FISH), can be used to detect specific microbial
groups [2]. FISH has been recently applied in biodeterioration
studies [17]. Recent advances introduced by our group to
improve the above-described experimental approaches are
presented below.

Recent strategies for molecular survey
of microorganisms involved in the bio-
deterioration of cultural assets

As briefly noted above, in the conservation of artworks and
monuments, the size of the sample that can be studied is
extremely small, and the use of non-destructive techniques is
encouraged whenever possible [27,28]. These restrictions have
led to the development of novel, highly sensitive methods for the
amplification of DNA fragments. While standard PCR can be
carried out with a minimum amount of template DNA, natural
samples often contain inhibitory substances (e.g. humic acids)
that negatively affect the reaction. Recently, a two-step proce-
dure for amplifying DNA fragments from natural samples was
tested [10] (Fig. 2). In the first step, a multiple-displacement
amplification (MDA) reaction is carried out. This novel pre-
PCR amplification strategy consists of a non-specific amplifica-
tion using random hexamers and φ29 DNA polymerase. The
reaction is carried out at a constant temperature of 30ºC and gen-
erates non-specific genomic amplification products. In the sec-
ond step, DNA generated in the first step serves as template for
a PCR reaction using 16S-rRNA-specific primers, a thermos-
table DNA polymerase, and standard thermal conditions (see
above). This procedure results in the amplification of 16S rRNA
gene fragments from natural samples at concentrations 10-fold
lower than used in standard PCR amplifications [11]. In addi-
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Fig. 2. Development of a two-step
amplification procedure and inser-
tion into the basic protocol for the
molecular analysis of microbial
communities from cultural heritage
samples. (A) Modification of the
standard protocol to accommodate a
two-step amplification procedure.
(B) Multiple-displacement amplifi-
cation (MDA) using random hexa-
mers, a constant amplification tem-
perature, and φ29 DNA polymerase.
(C) PCR amplification using rRNA
-specific primers, thermal cycling
conditions (denaturation, annealing,
and extension), and a thermostable
DNA polymerase. The pre-PCR
DNA product obtained during the
first step (MDA reaction) is the tem-
plate used during the second step
(PCR amplification).
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tion, amplification can be carried out at concentrations of PCR
inhibitory substances that are at least 10-fold higher than those
completely inhibiting standard PCR amplifications. Thus, the
two-step procedure greatly improves the molecular detection of
microorganisms using minute samples, even if they contain a
high proportion of PCR-inhibiting compounds.

After successfully obtaining the desired PCR products,
microorganisms forming the studied microbial community
must be identified. This is done by constructing a 16S rDNA
library and then following a generally time-consuming
screening process to select different clones while avoiding
replicated copies. Scientists are not usually interested in identi-
fying all of the microorganisms in complex microbial commu-
nities, but rather in a few that are most representative of a spe-
cific process. This can readily be done by comparative DGGE
analysis of several samples [9]. Furthermore, compared to the
standard procedure, which calls for the analysis of individual
clones, savings in labor and costs of up to 90% can be gained by
processing the clones in groups [8]. The clones are initially
organized in sets (generally 10 clones per set), which are then
PCR-amplified and analyzed by DGGE (Fig. 3). Once a set that
includes the clone of interest is detected, clones forming this set
are analyzed individually. Finally, the selected clone is
processed for sequencing and analyzed as described above.

Using DGGE, the microbial fingerprints of different com-
munities can be easily compared. In addition, by the end of
the screening procedure [8], the DNA bands from a communi-
ty fingerprint can be assigned to their corresponding microor-
ganisms. Recent improvements in molecular studies have
shown the advantages of RNA-based molecular analyses [7],
RNA-based analyses require the synthesis of a DNA (cDNA)

complementary to the RNA extracted from the studied sam-
ples. The cDNA is obtained by a reaction using an inverse
transcriptase and either a single 16S rRNA-specific primer or
a random-hexamers priming alternative [3]. In an RNA-
based approach, not only the presence of a species of
microorganism but also its metabolic activity [19] can be
determined, since the levels of RNA in a cell are proportio-
nal to the need of that cell for synthesizing proteins required
for metabolism. This type of microbial community survey
thus provides information on the fraction of the microbial
community actually involved in the metabolic activity of a
given sample. Consequently, microorganisms comprising that
community are the ones directly responsible for any biodete-
rioration processes occurring on the artwork under study. Figure
4 shows a comparative DGGE analysis of community finger-
prints based on DNA and RNA samples obtained from
microorganisms in Altamira Cave. RNA-based fingerprints
simplify the study, since the number of active microorganisms
is generally much lower than the total number of microorga-
nisms present in a sample. The drawback to RNA-based
molecular detection of microorganisms is that, since RNA is
very labile due to the omnipresence of RNases, the procedure
is complicated and requires the use of extremely clean facili-
ties and extra care in sample handling and amplification. 

Among the sequences obtained in molecular microbial sur-
veys, the generation of chimeric sequences has been frequently
reported [15]. Chimeras, or sequences with a chimeric origin,
are those originating from two different DNA templates, thus
representing non-existing microorganisms. Chimeras can lead
to false results and so controls for their detection should be
included in studies that evaluate biodeterioration of cultural
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Fig. 3. An outline of the screening strategy proposed by Gonzalez et al. [8]
for the selection of single clones from complex rRNA libraries. The exam-
ple compares a theoretical microbial community fingerprint obtained from a
natural sample with a set of ten clones in which the clone of interest (arrow)
has been identified. The individual bands correspond to the analysis of the
individual clones (clones number 1-10) included in the selected set. In this
example, the desired clone is clone 6, which would be selected for sequencing
and further analysis.
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Fig. 4. Comparative DGGE anal-
ysis of microbial community
fingerprints based on DNA and
RNA from the same sample
point. RNA-based analysis fo-
cuses on specific, active micro-
organisms, while DNA-based
analysis shows a biodiversity
too complex for reasonable in-
depth study. Microorganisms
identified from the RNA-based
analysis are reported, while the
bars on the right of the finger-
prints indicate microorganisms
identified from DNA-based
analysis. 



193INT. MICROBIOL. Vol. 8, 2005

assets. Recently, two novel procedures and computer programs
for this purpose have become available [11,15]. 

Homology searches and phylogenetic analyses permit the
identified microorganisms to be grouped according to simi-
larities in their sequences (mainly using their rRNA genes).
Since phylogenetically similar microorganisms tend to have
relatively comparable metabolisms, molecular detection is
generally used to infer the potential roles of microorganisms
in biodeterioration. This is often a valid alternative in the
absence of other sources of information; however, this infer-
ence implies certain risks since related microorganisms do
not always show similar metabolism.

Future strategies and perspectives

Strategies aimed at conserving and protecting artworks and
monuments are rapidly adapting molecular techniques for the
detection of microorganisms. While these techniques have
developed very quickly over the last few years, many prob-
lems nonetheless remain. For example, linking function to
phylogeny is a point of interest in molecular microbial sur-
veys [12], and novel approaches are being proposed [18];
however, they have not yet been applied to microorganisms
involved in the biodeterioration of cultural assets. Moreover,
while it is a common practice to infer phylogeny from func-
tion, and is an appropriate application when comparing high-
ly related microorganisms, it may be risky in microorganisms
with increasing divergence. 

Microbial surveys carried out using molecular techniques
have revealed the enormous microbial diversity of our plan-
et. The long-held perspective classifying the living world into
five Kingdoms has evolved into a far more complicated per-
spective [31]. At present, 52 bacterial divisions (excluding
the Archaea) [23] have been discovered, 26 of which consist
of microorganisms detected only by molecular methods, with
no cultured representatives. Of those 52 divisions, 13 com-
prise less than five cultivated species. An example is the
Acidobacteria; although nearly a thousand sequences are
deposited in DNA databases, only three species have been
cultured and taxonomically described [14]. Considering that
cultivation is still required for studying the physiology and
metabolism of bacterial species, it is easy to understand the
need for complementary approaches. The combination of
molecular techniques and culturing methods facilitates the
study of natural microbial communities, including those
involved in the biodeterioration of artwork and monuments.

Developments mainly borrowed from biomedical sci-
ences, such as the use of DNA microarrays, are being incor-
porated into the analysis of microbial communities. For
example, 16S rDNA microarrays [25] containing nucleic acid
probes targeting most of the microbial species expected in a

sample allow the rapid detection of known microbial species.
Obviously, since sequence information from unknown
microorganisms cannot be incorporated into such microar-
rays; their usefulness is restricted [9]. 

Finally, in the last few years, studies aimed at assessing
biodeterioration of monuments and artworks have not only
been improved by incorporating techniques developed in
other scientific fields, they have also exported molecular
methods, such as those mentioned herein, which have appli-
cations in microbial ecology surveys and clinical analyses.
These novel approaches are improving our understanding of
microbial communities thriving on cultural assets which is
essential for the development of strategies for conserving our
cultural heritage.
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Aplicación de técnicas moleculares basadas
en ácidos nucleicos al estudio de comunida-
des microbianas en monumentos y obras de
arte

Resumen. Los microorganismos desempeñan papeles críticos en todo
tipo de hábitat de la Tierra, incluso en los que han sido construidos por los
humanos. Así, el patrimonio cultural también se ve afectado por la coloniza-
ción de microorganismos. Mientras los métodos clásicos de microbiología
basados en procedimientos de cultivo han proporcionado información
importante, pero limitada, de las muestras naturales, las nuevas técnicas
moleculares son muy valiosas para descubrir la diversidad de la microbiota
causante del biodeterioro de monumentos y obras de arte. El conocimiento
alcanzado con estos métodos ha permitido diseñar estrategias adecuadas
para la conservación y protección de monumentos, en beneficio de genera-
ciones futuras. Esta revisión describe la situación actual de la aplicación de
métodos moleculares al análisis de bienes culturales y aporta perspectivas
para un futuro próximo. [Int Microbiol 2005; 8(3):189-194] 

Palabras clave: técnicas moleculares · comunidades microbianas ·
patrimonio cultural

Aplicação de técnicas moleculares basadas
em ácidos nucleicos ao estudo de comuni-
dades microbianas em monumentos e obras
de arte

Resumo. Os microorganismos desempenham papéis críticos em todo tipo
de hábitat da Terra, inclusive aquelos que foram construídos pelos humanos.
Assim, o patrimônio cultural também se vê afetado pela colonização de
microorganismos. Enquanto os métodos clássicos de microbiologia basea-
dos em procedimentos de cultivo proporcionaram informação importante,
mas limitada, das amostras naturais, as novas técnicas moleculares são muito
valiosas para descobrir a diversidade da microbiota causadora do biodete-
rioro de monumentos e obras de arte. O conhecimento alcançado com estes
métodos permitiu desenhar estratégias adequadas para a conservação e pro-
teção de monumentos, em benefício de gerações futuras. Esta revisão des-
creve a situação atual da aplicação de métodos moleculares à análise de bens
culturais e contribui perspectivas para um futuro próximo. [Int Microbiol
2005; 8(3):189-194]
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