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  Summary 

 Bio fi lm-forming cyanobacteria are widespread inhabitants of 
exposed stones in archaeological and historical sites and 
caves. Outdoors, these phototrophic bio fi lms are adapted to 
all types of stress imposed by growth at the air-rock interface 
and have developed the capacity to tolerate excess solar 
radiation, extreme temperatures and desiccation at different 
latitudes. Indoors, the typology of the cave or the characteristics 
of con fi ned environments strongly select the microbial 
community according to light availability and air humidity. 
Interactions of cyanobacteria with rocky substrata serving as 
the source of mineral nutrients are based on the adhesion 
mechanisms and metabolic processes that allow the develop-
ment of these bio fi lms. Both types of subaerial phototrophic 
community include cyanobacteria that support associated 
populations of heterotrophic populations of mostly very 
specialized species. The distribution of particular cyanobacterial 
taxa on monuments in urban or agricultural areas is related 
mostly to climatic conditions and the position and orientation 
of the hard surface with respect to water availability and 
air circulation. 

 The chapter provides an overview of the more recent 
studies on free-living subaerophytic cyanobacteria causing 
discolouration and erosion of lithic faces. Emphasis is on the 
biodeterioration of artworks due to physical and chemical 
processes caused by the growth of epilithic and endolithic 
organisms. The methods used for studying cyanobacterial 
communities on rocks and buildings of historic and artistic 
value are summarized, with the focus on conservation issues. 
Study techniques which are non-invasive of the underlying 
substrata are essential and it is important to identify the 
biodeteriogens responsible for the damage.  
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    11.1   Cyanobacteria in Subaerial 
Phototrophic Bio fi lms 

 Cyanobacteria successfully colonize almost all illuminated 
environments, including some of the most hostile for life 
(Stal  2007  ) . Rocks exposed to the atmosphere are inhabited 
by extremophilic cyanobacteria that play a basic role as pri-
mary producers in a variety of subaerial habitats such as 
cliffs and pinnacles of dry and humid regions (Pentecost and 
Whitton  2000 ; Chap.   10    ), hot and cold deserts (Wynn-
Williams  2000 ; Vincent  2007  )  and caves (Hoffmann  2002  ) , 
and might contribute to the future colonization of other plan-
ets (Grilli Caiola and Billi  2007  ; Billi  2012 ) . 

 The colonization of rocks is due to lithophytic cyanobac-
teria growing as epiliths on surfaces and endoliths within the 
substrata, where they can reach a few millimetres below sur-
face (Golubic et al.  1981  ) . Their typically patchy distribution 
on solid substrata is due to local inhomogeneities of rock 
structure, such as differences in porosity, and other environ-
mental differences in their microhabitats. Subaerial lith-
ophytic cyanobacteria form phototrophic bio fi lms, 
surface-associated microbial communities with signi fi cant 
environmental and human impact. These multispecies con-
sortia are built by photoautotrophic cyanoprokayotes (with 
associated microalgae) and chemoorganotrophs (het-
erotrophic bacteria and fungi) spatially organised in complex 
assemblages from different functional groups. Subaerial 
phototrophic bio fi lms are embedded in exopolymeric matri-
ces, which mediate adhesion of the microbial communities 
to the underlying substrata (Karsten et al.  2007 ; Chap.   18    ). 
Because cyanobacteria can both photosynthesize and in 
many cases  fi x atmospheric nitrogen, they are primary colo-
nizers of rocks and important lithobiont components of stone 
bio fi lms and can also enter into symbiosis with fungi and 
other phototrophs (Chap.   23    ). 

 The morphology, chemistry, physiology and ecology of 
naturally occurring phototrophic bio fi lms are as diverse as 
their constituent microorganisms. While the structure, growth 
dynamics and physiology of heterotrophic bio fi lms have 
been studied extensively, phototrophic bio fi lms have until 
recently received less attention, the best described being 
cyanobacterial mats (Stal  2000 ; Chap.   4    ). Similarly to aquatic 
microbial communities, cyanobacteria in subaerial bio fi lms 
generate energy and reduce carbon dioxide and atmospheric 
nitrogen, providing organic matter and oxygen to heterotro-
phs. This photosynthetic activity fuels processes and conver-
sions in the bio fi lm community as a whole, including the 
degradation of organic compounds and the release of inor-
ganic carbon, nitrogen and phosphorus required by the pho-
totrophic fraction. 

 Variously coloured, blue-green, grey, brown, violet or 
black strips on natural rocks are caused by the growth of 

cyanobacteria and have long been known as “Tintenstriche” 
(Jaag  1945 ; Chap.   8    ). Epilithic bio fi lm-forming cyanobacte-
ria discolour natural rocks, buildings and monuments on 
which they grow not only because of their chlorophyll, phy-
cobiliproteins and carotenoids, but in many cases also 
UV-screening compounds, such as the yellow-brown scy-
tonemins and the red to blue gloeocapsins (Chap.   19    ). The 
latter pigments, which aid survival under extreme solar expo-
sure, can enhance markedly the visibility of cyanobacterial 
bio fi lms on rock surfaces. In contrast, endolithic cyanobacte-
ria experience diminished solar radiation, because they 
occupy cracks and  fi ssures or de fi ned layers within the rock 
that reduce incident light down to as little as 0.001% surface 
irradiation (Friedmann and Ocampo-Friedmann  1984 ; Büdel 
 1999 ; Chap.   10    ). 

 An epilithic bio fi lm typically consists of a consortium of 
microorganisms resistant to variable stresses (poikilotoler-
ant) from diverse taxa, including bacteria, cyanobacteria, 
algae, mosses, ferns, fungi and lichens. Lithobionts exposed 
to the atmosphere experience much harsher and more vari-
able conditions than those in soil or water. The poorly buff-
ered subaerial environment results in communities restricted 
in diversity and biomass (Gorbushina and Broughton  2009  ) . 

 The metabolic activity of subaerial bio fi lms is sustained 
by their ability to retain water through the secretion of com-
pounds that protect the cells from  fl uctuating light and water 
conditions and chelate nutrients for the growth of the enclosed 
microbial community. Generally, bio fi lms are composed by 
microbial cells, extracellular polymeric substances or secre-
tions (EPS), biogenic and inorganic particles, and multiva-
lent cations. Microbial strategies for adhesion to stone 
surfaces are based on the production and secretion at the cell 
surface of mucilaginous compounds. EPS is secreted by the 
microorganisms as glycocalyx, sheath or envelope, and acts 
as an adhesive that allows cells to stick to the substratum, 
and to form multispecies bio fi lms. Cyanobacterial capsules 
and sheaths are structured investments that form an integral 
component of the cell, whereas EPS loosely attached to the 
cells or exuded freely in the environment is termed mucilage 
(or slime) (Stal  2010  ) . 

 Exposure to high solar radiation and substantial 
 fl uctuations in the availability of water restrict survival and 
growth of subaerial lithobionts. In arid environments, dew, 
fog, and sparse rain are the only sources of humidity. In 
extreme hot and cold deserts, dew condensation or melting 
snow provide organisms with suf fi cient water, whereas rock-
inhabiting bio fi lms of temperate regions bene fi t from a tem-
porary or regular supply by rainwater (Büdel et al.  2008, 
  2009  ) . Even then, extreme temperatures accelerate water 
loss through evaporation or freezing (Wynn-Williams  2000  ) . 
The scarcity of water in subaerial environments also imposes 
salt stress, and the production of osmolites by cyanobacteria 
is used as a mitigation strategy to protect proteins and pre-
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vent  desiccation-induced damage in combination with sheath 
 pigments and cytoplasmic mycosporines (Billi and Potts 
 2000,   2002  ) . High concentrations of sugar alcohols can accu-
mulate inside cells to avoid excess water loss under drought 
conditions, providing compatible solutes and rapidly avail-
able respiratory substrates (Karsten et al.  2007  ) . In the cryp-
toendolithic desert  Chroococcidiopsis , the disaccharides 
trehalose and sucrose-6-phosphate have been shown to accu-
mulate in response to osmotic stress, but data are lacking as 
to whether or not desiccation has a similar effect (Grilli 
Caiola and Billi  2007  ) .  Chroococcidiopsis  and  Nostoc  spe-
cies can dry without dying, a phenomenon known as anhyd-
robiosis, that allow cyanobacteria to escape the harsh outside 
climate inside porous rocks where they survive in a dry, met-
abolic state for prolonged periods. Even though the strategies 
underlying the ability of anhydrobiotic cyanobacteria to cope 
with prolonged desiccation are not fully understood, it seems 
probable that there is an interplay between protection and 
repair mechanisms (Billi  2009,   2011  ) . 

 The morphology and diversity of subaerial cyanobacteria 
adapted to the lithobiontic life includes both unicellular 
 Synechococcus  only a few microns in diameter and 
 fi lamentous forms with trichomes more than 30  m m wide. 
Over a hundred species have been recorded that belong to all 
subsections and orders of cyanobacteria. Hoffmann  (  1989  )  
reviewed much of the information available then about litho-
biontic algae in subaerial habitats using the terminology for 
microenvironments proposed by Golubic et al.  (  1981  ) : epi-
lithic, chasmoendolitic, cryptoendolithic and euendolithic. 
However, the diversity of lithobionthic cyanobacteria in sub-
aerial bio fi lms is relatively little understood, and most taxa 
described so far are still considered to be cosmopolitan, with 
only a few rare or endemic species (de los Rios et al.  2007 ; 
Uzunov et al.  2007  ) . 

 The identi fi cation of cyanobacteria associated with sur-
faces is usually dif fi cult, because most taxa exhibit few mor-
phological features. However, their taxonomy and systematics 
is progressing as a result of the sequencing of 16S rRNA and 
other genes in combination with the analysis of cytomorpho-
logical characters (Wilmotte  1994 ; Wilmotte and Herdmann 
 2001  ) . The taxonomy of over 150 genera and 1,500 species 
listed under the International Code of Botanical Nomenclature 
has been subject to various revisions aimed to de fi ne genera 
as more homogeneous taxonomic groups mainly on the basis 
of ecological, morphological, and ultrastructural characters 
(Komárek and Anagnostidis  1998,   2005 ; Komárek  2010 ; 
Komárek and Hauer  2010  ) . Currently the orders of the phy-
lum Cyanobacteria/Cyanophyta correspond to the  fi ve sub-
sections accepted by the International Code for Nomenclature 
of Bacteria mostly on the basis of biochemical and genetic 
features. Therefore, most researchers are now applying a 
polyphasic approach that combines phenotypic and genetic 
studies grouping sequences with more than 95% into the same 

genus and 97.5% similarity into operational taxonomic units 
(OTUs) or phylotypes that may correspond to one (or more) 
species clearly distinct from others (Rajaniemi et al.  2005 ; 
Foster et al.  2008 ; Zakhis et al.  2008  ) . The use of this approach 
is providing new insights on the species richness of subaerial 
communities, where there are many records for new cyanobac-
terial species and phylogenetic results support the establish-
ment of new genera (Rindi  2007 ; Bruno et al.  2009  ) . 

 Marked variations in environmental parameters can lead 
to time-dependent dynamics of subaerial microbial commu-
nities and to the establishment of different micro-habitats at 
different times. Early studies on the in fl uence of humidity 
showed the presence of a characteristic epilithic cyanobacte-
rial association on exposed limestone rocks of the Dinaric-
Alps ( Scytonema-Gloeocapsetum ) that could be replaced by a 
different one in shaded areas ( Aphanocapsa-Chroococcetum ), 
while increased humidity supported the growth of various 
assemblages at high ( Tolypothricetum byssoideae ,  Dichothri-
cetum gypsophilae ,  Calothricetum parietinae ) or low light 
conditions ( Schizotricetum heu fl eri, Schizothricetum lar-
daceae, Hydrocoleetum homoeothrichii ) (Golubic  1967  ) . 
Phylogeny and biogeography of rock-inhabiting microbes in 
subaerial communities is showing their similarity on differ-
ent continents and the cosmopolitan distribution of some 
rock settlers (Gorbushina and Broughton  2009  ) . This may 
also apply to epilithic and endolithic cyanobacteria inhabiting 
similar habitats in other geographical areas (Sigler et al.  2003 ; 
Taton et al.  2006  ) .  

    11.2   The Monument Environment 

 During the  fi rst half of the nineteenth century there were 
already reports on biological growths on rocks and monu-
ments, such as by A.V. Humboltd, Charles Darwin and J.C. 
Ehrenberg (Adhikary  2000b  ) . Subsequent accounts of suba-
erial lithophytic cyanobacteria documented their wide occur-
rence throughout the world during the past century. Subaerial 
cyanobacterial bio fi lms commonly develop on or within 
man-made surfaces as on any solid mineral substratum 
exposed to the atmosphere, and are ubiquitous at all latitudes 
on monuments and buildings, but particularly abundant in 
warm temperate and tropical regions (Ortega-Calvo et al. 
 1993 ; Tripathy et al.  1997,   1999 ; Gaylarde and Gaylarde 
 2000 ; Ortega-Morales et al.  2000 ; Tomaselli et al.  2000 ; 
Pattanaik and Adhikary  2002a ;    Crispim et al.  2003 ; Crispim 
and Gaylarde  2005  ) . 

 In cultural heritage studies, epilithic cyanobacterial 
assemblages are usually described as patinas, stone alterations 
and crusts when they are obvious to the naked eye (Figs.  11.1 , 
 11.2 , and  11.3 )  ( Urzì et al.  1992  ) . As mentioned above, the 
discolouration is due to cyanobacterial and eukaryotic algal 
pigments. The extracellular pigments may not only protect 
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against high visible and UV irradiance (Roy et al.  1997 ; 
Adhikary  2004  ) , but perhaps also help protect against desic-
cation and temperature stresses (Fleming and Castenholz 
 2007  ) . The settlement and persistence of multispecies 
bio fi lms on exposed rocks relies on their ability to face high 
solar radiation, repeated cycles of desiccation and rewetting, 
prolonged desiccation, temperature  fl uctuations and nutrient 
limitations (Gorbushina  2007  ) .    

 The diversity and the deteriogenic activity of epilithic and 
endolithic cyanobacterial communities depend on the avail-
ability of light, water, carbon and other nutrients to sustain 
microbial metabolism that in turn causes the irreversible 
transformation and biomineralisation of substrata. Endolithis 
may be growing in cracks and pores and boring into rocks, 
although this might be obscured by super fi cial algal growths, 
and consequently overlooked (Pentecost  1992  ) . Most of the 

  Fig. 11.1     Phototrophic bio fi lms on outdoor monuments in the 
temperate climate of Rome, Italy:  ( a ) Colonization of organic nutrient 
enriched rock surfaces and porous mortar layers of a Roman wall on the 
posterior of the Pantheon temple; ( b ) Black strips on a marble statue 

and ( c ) spots on one column at the  Terme di Diocleziano  in a heavily air 
polluted area of the city. Note the growth of cyanobacteria on the wall 
in the shaded area    behind the column, where humidity is high       
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relatively few reports on endolithic cyanobacteria on buildings 
describe the presence of coccoid cyanobacteria (Saiz-Jimenez 
et al.  1990 ; Ortega-Morales et al.  2005  ) . Diverse bacterial 
communities in limestone of Maya archeological sites have 
shown that the endolithic community is distinctly different 
from the communities on limestone surfaces due to the 
in fl uence of the physical and chemical properties of the cal-
careous stone materials (McNamara et al.  2006  ) . It is, how-
ever, not yet clear to what extent taxonomic diversity 
in fl uences the weathering, nor the quantitative differences 
between damage caused by endoliths compared to that by 
epiliths at the same site. 

 Large seasonal variation of UV radiation and low maxi-
mum values are characteristics of high latitudes, while low 

latitudes impose stronger exposure that elicites cell responses 
to survive the damaging effects of UV radiation similar to 
high altitude exposed sites (Castenholz and Garcia-Pichel 
 2000  ) . In monuments, stone surfaces at different heights usu-
ally harbour different cyanobacterial communities, with the 
less desiccation-tolerant species developing close to the 
ground where humidity and nutrients are high, while poikilo-
tolerant taxa colonize high and more exposed levels. 

 The most important limiting factor for the growth of pho-
totrophs is light, the intensity and quality of which depend on 
the location and speci fi c architectural features of the monu-
ment. The average intensity of light reaching a surface on a 
sunny day ranges from 1,000 to 2,000  m mol photon m −2  s −1  at 
mid-day. Light is the driving energy that sustains phototroph 

  Fig. 11.2     Discolouration patterns on surfaces:  ( a ) The Bernini’s 
Elephant statue in the Rome city center (Italy) ( b ) Façade of St Boniface 
church in Brussels with black sulphated crusts and photrotrophic 
bio fi lms in more humid areas. Differently coloured strips are present 

on the most exposed and dry upper part of the façade; ( c )  Terme di 
Diocleziano  and ( d ) Trevi’s fountain in Rome (Italy) with subaerial 
growth of cyanobacteria on marble in sun sheltered areas and constant 
wetness       
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development, and appropriate irradiance values or prolonged 
lighting periods support extensive growth of photosynthetic 
microorganisms. However, light absorption and scattering at 
the surface can differ markedly depending on the type of 
rock. The presence of airborne particles and bio fi lm of vari-
ous thickness readily attenuate light within the community 
and most cyanobacteria, that are usually adapted to low pho-
tosynthetic photon  fl ux densities, are often photoinhibited. 
When available wavelengths vary, cyanobacteria can adjust 
their light harvesting pigments to optimize light absorption. 
These photobiological features are at the basis of the accli-
mation processes of phototrophic bio fi lms and are re fl ected 
by their photosynthetic performance and hence growth. 

 Subaerial microbial communities are hold together and to 
the substratum by the EPS produced by the phototrophic and 
heterotrophic component. As a result characteristic microen-
vironments are originated, which allow the survival of EPS-
embedded microorganisms in harsh environments (Stal 
 2000  ) . EPSs are polyelectrolytes of high molecular weight 
made by polysaccharides (up to 90%), proteins and nucleic 

acids, that contribute to trapping water. These compounds, 
present as gels in capsules and sheaths or solubilised into 
the mucilaginous bio fi lm matrix, are synthesized by one or 
more of the microbial groups present within the bio fi lm 
and contribute to the initial stages of bio fi lm formation 
and to the subsequent co-aggregation and stabilisation of a 
multispecies community (Rickard et al.  2003  ) . EPS also 
actively participate in the weathering process by contributing 
to the binding of solubilized minerals (De Philippis and 
Vincenzini  1998 ; Pereira et al.  2009  )  and several studies 
have reported on the high contents of chelating uronic acids 
and sulphated groups of the heteropolysaccharides produced 
by cyanobacteria on lithic faces of archaeological sites 
(Albertano and Bellezza  2001 ; Bellezza and Albertano  2003 ; 
Bellezza et al.  2005  ) . 

 Colonization and growth of cyanobacteria and associated 
microorganisms accelerates weathering and soiling of rocks 
(Warscheid and Braams  2000 ; Gaylarde and Morton  2003  ) . 
Phototrophic and heterotrophic microorganisms cause bio-
decay and biotransformation of rock substrata while carrying 

  Fig. 11.3     Discolouration of Hindu temples in Bhubaneswar, Orissa, 
India:  ( a ) The complex of Lingaraj temples and ( b ) close-up of sand-
stone with carvings completely covered by dry cyanobacterial bio fi lms; 

( c ) Exterior of one temple at the Khandagiri cave colonized by black 
bio fi lm strips on rock       
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out normal metabolic activity (Urzì  2004 ; Gorbushina  2007  ) . 
Bioerosion of archaeological and artistic lithic surfaces by 
microbial communities colonizing monument surfaces has 
been observed in many geographical areas and there has 
been an increasing concern about the possible damage to the 
cultural heritage caused by microbial activities. This has 
stimulated a considerable number of studies in more recent 
years (Ortega-Calvo et al.  1995 ; Ciferri  1999 ; Crispim and 
Gaylarde  2005 ; Ortega-Morales  2006  ) . Nevertheless, the 
deterioration mechanisms of the large range of rock types 
with different mineralogical characteristics and the varying 
weathering responses under different climatic and environ-
mental conditions are still far from fully understood. Like all 
materials, rock is subject to inexorable deterioration, espe-
cially if exposed to the weather. Air pollution is one of the 
major factors responsible for depositing chemical substances 
and biological agents on outdoor stone surfaces (Zanardini 
et al.  2000 ; Nuhoglu et al.  2006  ) . 

 Pigment formation can have undesirable masking effects 
on the undelaying work of art. The chemical interactions of 
pigments with constituents of the substratum, trace metals 
and pollutants can further alter the mineral composition of 
the stone. Variously pigmented patinas with patchy distribu-
tion due to non-homogeneous growth appear on lithic faces 
or  fi ssures and cracks or beneath the surface, depending on 
the conservation state of artefacts. The various microhabitats 
within a single monument can be colonized by different 
phototrophs, because of environmental constraints on the 
phenotypic expression of forms adapted to particular 
ecological niches. 

 Another important, but largely neglected, aspect of the 
ecology of monuments is the impact on humans of active 
biomolecules produced by cyanobacteria and associated 
microorganisms. Exposure to toxins is possible by inhalation 
of the aerosolized cells and molecules. The few reports about 
this deal with the risks to human health of short- and 
long-term inhalation effect of toxic volatile compounds 
produced by biodeteriogenic actinobacteria (Salkinoja-
Salonen et al.  2003  )  and toxigenic airborne cyanobacteria 
(Kumar et al.  2007  ) . 

 The development of phototrophs results in physical and 
chemical damage due to time variable external loadings in 
conjunction with environmental moisture, heat, freeze-thaw 
action, shrinkage, chemical and biological dissolution and 
corrosion. A recent overview of issues related to biodeterio-
ration and conservation of cultural properties around the 
world provided insights on the interactions between stone 
and microorganisms, the way they can enhance or retard the 
overall rate of degradation, and outlined the predominance of 
bacterial endoliths in calcareous and siliceous stone monu-
ments (Scheerer et al.  2009  ) . Other authors have discussed 
the threats to a wide range of heritage materials and monu-
ments by biological and chemical agents of decay and 

brought together contributions from the  fi eld of plant biology 
related to the biodeterioration, emphasising correlations 
between deterioration processes, organisms and environ-
ment, and describing case studies in various environmental 
and climatic conditions and diverse geographic settings (May 
et al.  2008 ; Caneva et al.  2009  ) .  

    11.3   Outdoor Monuments 

    11.3.1   Overview 

 Microbial colonisation depends on liquid water, that is only 
periodically available in the form of rain, dew, or condensa-
tion of atmospheric humidity. Therefore, the EPS is of great 
importance for epilithic and endolithic cyanobacteria, as it 
retains water and acts as osmoprotectant, nutrient reservoir 
and toxicant chelator. Although atmospheric pollution is 
generally recognised as a signi fi cant physico-chemical fac-
tor in the deterioration of cultural properties, biodeteriora-
tion caused by cyanobacteria has rarely been analysed in 
relation to air pollutants. In the presence of atmospheric 
pollution and a humid environment, calcareous rock is 
transformed into hydrated calcium sulphate (gypsum, 
CaSO 

4
 ·2H 

2
 O). This should be removed from surfaces, as 

hygrometric  fl uctuations lead to dissolving and crystalizing 
processes and subsequent mechanical stress. In areas shel-
tered from the rain, gypsum embeds mineral and smog par-
ticles, leading to the formation of the so-called black crusts 
that represent chemical alteration and aesthetic dis fi gurement 
(McNamara and Mitchell  2005  ) . Ortega-Calvo et al.  (  1994  ) , 
studying the effect of black crusts on  Gloeothece  sp., 
showed that when gypsum was removed from the rock sur-
faces of Seville cathedral and added to a mineral salt 
medium, the surface dissolved slowly, releasing sulphate 
that was progressively incorporated into the cyanobacterial 
sheath and used for its growth. 

 Sedimentary rocks have been extensively used in the con-
struction of monuments and historical buildings. Since the 
 fi rst reports in the 1960s on biodeterioration of stone art-
works by phototrophic organisms (Raistrick and Gilbert 
 1963 ; Lefèvre et al.  1964  ) , a large number of studies has 
already assessed the occurrence of cyanobacteria and algae 
on sedimentary stone materials and cave walls from cultural 
heritage. However, the effect of weathering by subaerial 
cyanobacterial communities has only seldom been quanti fi ed 
in nature, though the few calculations made on limestone 
reported rates between 0.5 and 3 mm/100 years along with 
exfoliation and pitting of stone surfaces (Pentecost and 
Whitton  2000  ) . 

 Cyanobacterial bio fi lms have been found on limestone 
and sandstone man-made surfaces of very different types and 
mineral composition. Floristic records have been reported 
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for the sandstone of Hindu temples and monuments in various 
part of India (Pattanaik and Adhikary  2002a,   b  )  and Angkor 
temples in Cambodia (Lan et al.  2010  ) , marbles in Italy 
(Tomaselli et al.  2000  ) , granite in Serbia (Grbič et al.  2010  ) ; 
terracotta at Bishnupur temples in West Bengal and brick 
walls in Tamil Nadu, India (Pattanaik and Adhikary  2002b  ) . 
Several authors summarized the extant knowledge about taxa 
recorded for different, mostly limestone, mineral substrata, 
providing relatively detailed lists (Ortega-Calvo et al.  1991 ; 
Adhikary  2000b ; Kovácik  2000 ; Uher et al.  2005 ; Macedo 
et al.  2009  ) . 

 The cyanobacterial component of organisms visible in 
bio fi lms over a unit area has been reported to range roughly 
from 17% to 35% for European versus 25–66% for Latin-
American monuments (Gaylarde and Gaylarde  2005  ) . 
However, quantitative data on biomass for monuments are 
scarce, making it dif fi cult to compare with natural communi-
ties in other subaerial environments; the diversity of methods 
for expressing the value per unit area adds to the problem. 

 The development of bio fi lms on lithic faces is closely 
related to the environmental humidity necessary for micro-
bial growth. Porosity and hygroscopicity of materials, capil-
lary water absorption and relative humidity strongly 
in fl uence water availability for the phototrophs, so calcare-
ous substrata are colonized more easily than granite. A sur-
vey of the literature on biodeterioration, followed by 
experimental studies using microscopy and genetic methods 
(ARDRA), led Tomaselli et al.  (  2000  )  to recognize different 
species associations from different types of environment: 
 Chroococcus minor, Myxosarcina   concinna ,  Gloeocapsa 
biformis ,  Pleurocapsa  and  Scytonema  species with calcare-
ous lithotypes;  Phormidium tenue ,  P. autumnale  and 
 Microcoleus vaginatus  with siliceous rocks;  Nostoc punti-
forme ,  N. muscorum ,  Chroococcidiopsis  and  Leptolyngbya  
species with frescoes and plasters.  Gloeocapsa alpina  iso-
lated from a Portuguise church and inoculated on limestone, 
granite and white marble to test the bioreceptivity of the dif-
ferent materials, grew on carbonate, but not silicate, sub-
strates (Miller et al.  2006  ) . Sometimes a particular organisms 
is especially important in a particular region, such as 
 Gloeocapsa novacekii  on sandstone monuments in Belgrade 
(Serbia) (Grbič et al.  2010  ) . Other studies have emphasized 
the importance of factors other than the chemical composi-
tion of the substrate. Barberousse et al.  (  2006a  ) , using mul-
tivariate analysis, concluded that precipitation, hygrometry, 
thermal amplitude, distance from the sea and proximity to 
vegetation were the major factors in fl uencing the distribu-
tion of phototrophic bio fi lms on building facades in France. 
An assessment of data for monuments in European 
Mediterranean countries (45 case studies, 1976–2009) con-
cluded that the occurrence of cyanobacteria on the main 
lithotypes (marble, limestone, travertine, dolomite, granite, 
sandstone, terracotta) was only secondarily related to the 

lithotype, the main factors being porosity, roughness and 
permeability of the surface (Macedo et al.  2009  ) . Overall, 
the majority of literature does not indicate that cyanobacterial 
populations on exposed surfaces of outdoor monuments are 
distinctive according to mineral type, but this must be 
viewed with caution, because so many studies are based on 
insuf fi ciently critical taxonomic identi fi cation. The need for 
this to be more accurate is made clear by Kaštovsky et al. 
 (  2010  )  in their revised checklist of cyanobacteria for the 
Czech Republic (392 species). In an assessment of common 
to rare aerophytic epilithic forms on four types of rock envi-
ronment (wet walls, granite and sandstone, calcareous ,  ser-
pertine and ultrabasic), taxon speci fi city was evident for 
surfaces with higher water availability versus dry ones, and 
for acidic versus basic ones, although  Aphanothece caldari-
orum  proved an exception (Table  11.1 ). Most of the taxa 
recorded on outdoor monuments have also been reported 
from natural environments, so literature about the latter can 
provide further helpful information e.g. Uzunov et al. 
 (  2007  ) .   

    11.3.2   Temperate and Mediterranean Climates 

 At latitudes above the tropics, most accounts for cyanobacte-
ria on outdoor monuments have come from Europe. These 
include bio fi lms on marble statues and fountains in Tuscany 
(Tomaselli et al.  2000 ; Cuzman et al.  2010  ) , archaeological 
sites, churches and historic buildings in France, Greece, Italy, 
Serbia, Spain, Ukraine, Turkey, Belgium, Germany, Ireland 
and Sweden (Ortega-Calvo et al.  1993 ; Adhikary  2000b ; 
Darienko and Hoffmann  2003 ; Kovácik  2000 ; Macedo et al. 
 2009 ; Grbič et al.  2010  )  .  Tomaselli et al.  (  2000  )  made a lit-
erature survey to quantify the relative importance of taxa. 
 Phormidium  was the most widespread genus (seven species, 
 P. autumnale  and  P. tenue  the most frequent), with the next 
most important being  Nostoc  (six species, mostly  N. puncti-
forme ),  Microcoleus  (four species, mostly  M. vaginatus ) and 
 Plectonema  (four species, mostly  P. boryanum ). Values for 
building facades in France (Barberousse et al.  2006b  )  gave 
 Cyanosarcina parthenonensis  (28%),  Chroococcus lithophi-
lus  (21%),  Gloeocapsa sanguinea  (15%) for coccoid species, 
and  Calothrix pulvinata  (21%),  Leptolyngbya foveolarum  
(18%) and  Phormidium corium  (13%) for  fi lamentous spe-
cies. The unsightly effect of dark-coloured stains in 
Renaissance and Baroque cloisters of the Santo Domingo 
College (Orihuela, Alicante, S-E Spain), was due to 14 epi-
lithic species with Chroococcales and Oscillatoriales the 
most important (Sánchez-Antón and Asencio-Martínez 
 2007  ) .  Chroococcus  and  Tolypothrix  showed the highest 
species diversity, while  Pseudocapsa  was the most frequent 
genus. Of the 37 genera and 96 species listed by Macedo 
et al.  (  2009  ) , the most widespread taxa on all substrata 
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were  Chroococcus, Gloeocapsa  and  Phormidium,  with 
 Chroococcus minor ,  Gloeocapsa biformis  and  Phormidium 
foveolarum  the most frequent species.  Pleurocapsa minor  on 
marble associated with fountains was also one of the most 
frequently recorded taxa, whereas other forms of  Pleurocapsa  
and also  Scytonema  on Mediterranean monuments remain 
unidenti fi ed to the species level. 

 Fountains and nymphaea are characterized by having 
some areas continuously or sporadically wetted by running 
water, while others are always dry. The presence or absence 
of water, its physical and chemical features and the exposure 
to direct or shaded sunlight all in fl uence phototroph distri-
bution (Pietrini and Ricci  2009  ) . A recent overview on the 
biological patinas that developed in fountains in Italy and 

Spain compared the biodiversity of the different biotopes 
in relationships to water availability, light exposure, and 
lithotypes (Cuzman et al.  2010  ) . Using microscopy com-
bined with automated ribosomal RNA intergenic spacer 
analysis and the principal component analysis of obtained 
pro fi les, the authors identi fi ed 32 cyanobacteria showing 
a precise match of molecular phylogeny data and morpho-
logical identi fi cation of cyanobacterial isolates, that separated 
in four clusters according to the microenvironmental condi-
tions of each fountain. Species of  Chlorogloea ,  Chroococcus , 
 Pleurocapsa  and  Phormidium  were the most common 
colonizers of wet spots along with  Calothrix  and  Nostoc , 
whilst  Chroococcidiopsis  occurred in dry areas (Cuzman 
et al.  2010  ) .  

      Table 11.1    Valid names of common and rare aerophytic cyanobacterial species reported as epiliths (or chasmo-endoliths*) on rocky substrata in 
the Czech Republic (Data adapted from Kaštovsky et al.  2010  )    

 Wet walls  Granite and sandstone  Calcareous rocks  Serpentine and ultrabasic rocks 

  Aphanocapsa muscicola    Aphanothece caldariorum    Aphanocapsa parietina    Aphanothece caldariorum  
 Aphanothece  bullosa    A. saxicola    Aphanothece castagnei    Chroococcus spelaeus  
  Chroococcus cohaerens    Chr. turgidus    Calothrix parietina    Entophysalis atroviolacea  
  Chr. helveticus    Chr. various    Chlorogloea novacekeii    Gloeocapsa alpina  
  Cyanosarcina huebeliorium    Cyanothece aeruginosa    Chl. microcystoides    G. compacta  
  Gloeocapsa punctata    Dichothrix orsiniana    Chondrocystis dermochroa    G. novacekii  
  G. rupicola    Gloeocapsa bituminosa    Chroococcus ercegovicii    Gloeocapsopsis 

chroococcoides  
  Gloeothece palea    G. fuscolutea    Chr. pallidus    Gl. dvorakii  
  Glo. tepidariorum    G. haematodes    Chr. spelaeus    Gl. pleurocapsoides  
  Leptolyngbya angustissima    G. kuetzingiana    Chr. turicensis    Hassallia byssoydea  
  L. carnea    G. reicheltii    Chr. various    Scytonema crustaceum  
  L. cataractarum    G. sanguinea    Dichothrix gypsophila    Stigonema panniforme  
  L. cebennensis    Homoeothrix janthina    Entophysalis atroviolacea    St. tomentosum  
  L. compacta    Microchaete brunescens    Gloeocapsa aeruginosa  
  L. edaphica    Scytonema mirabile    G. alpina  
  L. foveolarum    Stigonema hormoides    G. biformis  
  L. hennigsii    St. informe    G. compacta  
  L. subtilissima    St. minutum    G. nigrescens  
  Merismopedia minima    G. novacekii  
  Microcoleus subtorulosus    G. rupestris  
  M. vaginatus    G. violacea  
  Nostoc calcicola    Gloeocapsopsis chroococcoides  
  N. microscopicum    Gl. dvorakii  
  N. punctiforme    Gl. pleurocapsoides  
  Oscillatoria rupicola    Gloeothece con fl uens  
  Phormidium kolkwitzii    Glo. rupestris  
  P. papyraceum    Hassallia byssoydea  
  P. rimosum *   Leptolyngbya gracillima  
  P. schroeteri    Phormidium rimosum * 
  P. violaceum    Rivularia haematites  
  Pseudophormidium tenue    Scytonema crustaceum  
  Scytonema hofmanni    S. drilosiphon  
  S. myochrous    Tolypothrix bouteillei  
  Symploca muralis    T. elenkinii  
  Sy. muscorum  
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    11.3.3   Tropical Climates 

 Kumar and Kumar  (  1999  )  provided an overview of general 
biodeterioration problems in tropical climates and mentioned 
cyanobacteria as one of the main biodeteriogenic groups of 
organisms. In the case of Latin America, most surveys of 
cyanobacteria in bio fi lms on historical buildings have been 
made at archaeological sites on Mexico (Gaylarde et al. 
 2001 ; Ortega-Morales et al.  2000 ; McNamara et al.  2006  )  
and Brazil, though some have also been investigated in 
Argentina, Bolivia and Peru (Gaylarde and Gaylarde  2000  ) . 
Ortega-Morales  (  2006  )  concluded from the literature that 
Pleurocapsales were the main colonizers at the Mayan site of 
Uxmal in Mexico, but  Synechocystis ,  Gloeocapsa  and 
 Xenococcus  were generally the dominants elsewhere on 
monuments in Latin America, accompanied by  Lyngbya , 
 Plectonema  and  Nostoc.  Ramírez et al.  (  2010  ) , who studied 
buildings at Palenque, another archaeological site in Mexico, 
described the three-dimensional structure and distribution on 
rock, stucco and concrete of photosynthetic microorganisms 
in the bio fi lms dominated by the desiccation-tolerant 
 Scytonema guyanense  and  Asterocapsa divina,  that occupy 
respectively dry and more shaded-humid habitats. 
Cyanobacterial diversity was higher at bio fi lm surfaces under 
low sunlight and prolonged wet conditions than those 
exposed to full solar radiation. This led them to discuss the 
implications for the development and persistence of pho-
totrophic species able to withstand temporal heterogeneity 
resulting mainly from the alternating wet and dry seasons. 
The more vulnerable species seemed to grow in the bottom 
layer of the bio fi lm, their persistence depending on the abil-
ity to tolerate the annual desiccation period, whereas species 
on top probably took advantage of fast growth rates under 
favourable rainy conditions. 

 Reports on cyanobacteria on Asian monuments include a 
few for Cambodia (Lan et al.  2010  ) , Korea (Fusey and Hyvert 
 1964 ; Tripathi et al.  2007  ) , Iran (Mohammadi and Krumbein 
 2008  ) , and most extensively in India (Roy et al.  1997 ; 
Tripathy et al.  1997 ; Adhikary  2000a,   b    ; Pattanaik and 
Adhikary  2002b  ) . A total of 30 species belonging to 13 dif-
ferent genera were reported by Tripathy et al.  (  1999  ) ; their 
detailed account described seven species of  Tolypothrix  
along with  Gloeocapsopsis dvorakii ,  Lyngbya corticola, 
Phormidium truncicola  and  Plectonema puteale  as the major 
components of crusts and tufts on Indian stones. Species of 
 Gloeothece ,  Chroococcidiopsis ,  Myxosarcina ,  Plectonema , 
 Calothrix ,  Nostoc ,  Chlorogloeopsis ,  Fischerella  and 
 Hapalosiphon  appeared in the enrichment culture as minor 
components of the bio fi lms. A study by Pattainak and 
Adhikary     (  2002  )  identi fi ed 46 cyanobacterial taxa at Indian 
archaeological sites and caves in Orissa, Maharashstra, 
Karnakata, Uttar Pradesh, Tamil Nadu, Delhi and West 
Bengal. These phototrophic communities showed a marked 
capacity to tolerate the extreme environmental conditions 

thanks to the stability of their chlorophyll  a , ability to grow 
in the dark, production of heat-shock proteins, scytonemin 
and mycosporin-like aminoacids (Roy et al.  1997 ; Adhikary 
 2000a,   b  ) . In a study by Pattanaik et al.  (  2004  )  the scytonemin 
was suf fi cient to cause a dark pigmentation of the stone, 
while heat-shock proteins supported resistance to tempera-
tures >60°C. 

 More recently, some of the thousand sandstone temples in 
the Golden triangle of Orissa, N-E. India, which date back to 
the eighth to twelfth centuries (AD), have been investigated to 
understand the processes which have led to changes in stone 
microhabitats since the 1990s. These have been caused largely 
by a combination of unsuitable conservation strategies and 
the effects of climate change, which together have led to the 
modi fi cation of the microbial communities described above 
and increased corrosion of the sandstone. The following are 
some of the studies relating to cyanobacteria. 

 These architectural complexes have an extensive cover 
formed by two main types of cyanobacterial bio fi lm. This is a 
stable black or brownish crust during the dry season (Fig.  11.3 ) 
and a thick blue-green bio fi lm during the monsoon period. 
The latter bio fi lm survives the extended period of drought, 
temperature and high radiation stress in a vegetative state and 
metabolic activity revives soon after rewetting (Adhikary 
 2004  ) . Among the 57 taxa reported for building facades in 
India only  Scytonema pseudoguyanense  and  Gloeocapsa kue-
tzingigiana  thrive on sandstone during the period of extreme 
temperature and desiccation (Lakshmi and Adhikary  2008  ) . 
However, variations were detected in the type of coccoid and 
 fi lamentous species during a 3-year study, with an increase of 
the total number of phototrophic taxa particularly during the 
monsoon season. The most extensive alterations of the lithic 
faces were still due to bio fi lms of  Tolypothrix  and  Lyngbya  
during the dry season (Fig.  11.4 ), while samples collected 
during the rainy season showed an almost stable number 
of cyanobacterial taxa, but also a few eukaryotic algae 
(S.P. Adhikary   , personal communication).  

  Tolypothrix   byssoidea  (Adhikary and Satapathy  1996  )  is 
one of the most common cyanobacteria on exposed surfaces 
of Hindu temples thanks to its scytonemin and mycosporin-
like amino-acids absorbing UV radiation, together with a 
range of heat-shock proteins (Adhikary  2000a, b ; Pattanaik 
et al.  2007  ) . The analysis of bio fi lm matrices, cyanobacte-
rial and bacterial capsules revealed the abundance of com-
pounds acting in the protection from water limitation and 
dangerous radiation. The heteropolysaccharides extracted 
from some isolates were shown to have a high af fi nity for 
bivalent metal cations, i.e. calcium, magnesium and iron, 
suggesting their ability to actively contribute to weakening 
the mineral substrata. Eleven to 12 neutral and acidic sugars 
were detected in the slime secreted by these  strains, two of 
which showed 98% sequence similarity of the 16S rRNA 
gene to a strain of  Chroogloeocystis siderophila  (Rossi et al. 
 2012 ). 
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 Büdel et al.  (  2004  )  reported a different weathering mech-
anism in South African sandstone formations, where the 
cryptoendolithic  Choocoocidiopsis  sp ., Nostochopsis lobata  
and  Trichocoleus  cf . sociatus  induced weathering by substrate 
alkalization due to positive net photosynthesis coupled to a 
pH increase to 9.5–10.5, values high enough to solubilize 
silica. As a result of deprotonation of Si-O-H bonds, the 
upper rock part was loosened and then eroded away by wind 
and water  fl ow. Intermittent swelling of the EPS during water 
uptake also played a role in the  fi nal loosening of rock  fl akes. 
This special type of ‘exfoliation’ seems to be widely distrib-
uted in Africa and other continents and probably affects 
sandstone monuments around the world.   

    11.4   Caves and Other Subterranean Sites 

    11.4.1   The Cave Environment 

 Caves with rock art are widespread in several countries in all 
continents. Many cavities occur at various depths in a cave 
system due to the continual seepage and  fl ow of water through 

the deposits, while underground rivers may eventually carve 
their way through a mountainside, creating openings and 
entrances to the outside. Caves are usually in connection 
with the outdoor environment, and thus subjected to climatic 
and microclimatic shifts. The most common caves are solu-
tional caves, called limestone caves for the common type of 
soluble rock in which they form. Limestone caves are wide-
spread all over the world and can range from a few metres to 
many kilometres in length and depth. Weak carbonic acid 
reacting with the chemicals in the rock, dissolves and erodes 
away the limestone as the water  fi ltered into the underlying 
depths of sediments. Sandstone, also known as arenite, is a 
sedimentary rock of clastic origin composed mainly of sand-
sized minerals or rock grains, mainly quartz and/or feldspar. 
Depending on the types of mineral component, some sand-
stones are resistant to weathering, while others are more fri-
able. Sandstone caves are shallow caves that form at the base 
of cliffs, carved out by water and wind. The water loosens 
the natural cement holding the sand particles together, then 
the moving water, while wind carries away the sand grains. 

 Large hollow limestone cavities and smaller sandstone caves 
formed over thousands of years have become colonized by a 

  Fig. 11.4     Cyanobacterial bio fi lms on Hindu temples:  ( a ,  b ) 
Abundant development of bio fi lms on the walls during the monsoon 
period leads to the formation of black crusts during the dry season; 

( c ) Severe exfoliation and erosion of sandstone caused by the detachment 
of bio fi lms; ( d ) Dried cyanobacterial crusts in a sheltered area       
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range of specialised organisms, including cyanobacteria. 
The natural cave environment is usually characterised by 
high relative humidity, although dry caves are also known, 
stable temperature throughout the year and light gradients 
provided by solar radiation at the entrances or penetrating 
through holes in the ceilings (Pentecost and Whitton  2000 ; 
Hoffmann  2002  ) . 

 Caves have always been natural attractions for man and the 
remarkable mural paintings on the walls of Lascaux caves, in 
southern France (Lefèvre  1974 ), and the Altamira caves, in 
northern Spain, witness the presence of prehistoric men and 
their artistic ability. Numerous prehistoric caves, which have 
been naturally closed for thousands of years, have been discov-
ered in the last two centuries, and then opened to the public 
with dramatic consequences on the cave microclimate 
(Gonzalez et al.  1999  ) . Stones and mural paintings in caves and 
other hypogeal environments (crypts, tombs, etc.) frequently 
suffer from biodeterioration (Figs.  11.5  and  11.6 ), and the 
scarce literature on this topic is at last starting to increase, 
though slowly (Urzì et al.  2010  ) . This includes not only 
cyanobacteria, but new chemoorganotrophic bacterial species.   

 In general, high values of humidity along with light 
conditions, and probably also nutrient input, appear to be the 

most important factors allowing growth of phototrophs 
here (Albertano et al.  2009 ; Pietrini et al.  2009  ) . Caves are 
usually oligotrophic environments, where primary produc-
tion depends on well-established autotrophic communities, 
both chemoautotrophic and photoautotrophic. However, 
cyanobacterial exudates and cell debris along with inputs of 
organic matter from above ground may support the growth of 
several chemoorganotrophic microbes. 

 The transport of viable cells to underground sites is due 
to air currents, water  fl ow and contamination by animals and 
humans. Colonizing microorganisms are usually distributed 
on the mineral surface layer, but a few develop beneath it or 
actively bore into the mineral substrata. Chasmoendolithic 
cyanobacteria were observed in a cave in S-E. Spain 
(Asencio and Aboal  2000a  ) , while monospeci fi c assem-
blages formed by  Chlorogloea  sp. or mixed populations of 
 Chroococcus spelaeus  associated with  Aphanocapsa 
muscicola ,  Chroococcus turgidus ,  Gloeocapsa biformis  and 
 Leptolyngbya gracillima  were found inside a limestone 
cave in Greece (Lamprinou et al.  2009  ) . Pleurocapsalean 
endoliths occur on the salted-ceiling of a limestone tunnel at 
the Edzna pyramid in Yucatan, Mexico (Ortega-Morales 
et al.  2005  ) . 

  Fig. 11.5     Indoor development of phototrophic bio fi lms:  ( a ) Roman 
frescoes at the Domus aurea and ( b ) wall paintings at the St. Domitilla 
catacombs of Rome (Italy) dis fi gured by the presence of thick bio fi lms; 

( c ) Patchy distribution of cyanobacterial colonies on top of the wall 
and ceiling of a corridor and ( d ) on the vault of an “ arcosolium”  all 
occurring on plaster in close proximity to lamps       
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 In general, phototrophic communities colonize surfaces at 
the entrances, but most can be found inside tourist caves, 
where light allows the growth of cyanobacteria, green algae, 
diatoms and lichens (Roldán et al.  2004, 2006  ) . These asso-
ciations known as ‘lampen fl ora’, develop in natural and 
arti fi cial caves around lighting sources (Dobat  1998  ) . Since 
humidity is usually high and temperature stable, the light 
energy drives microbial communities towards autotrophy 
that in turn supports associated heterotrophs. The photosyn-
thetic communities that inhabit the caves are mainly epilithic 
on the surface of rocks speleothems, stalactites and stalag-
mites, that provide them with a variety of ecological niches 
(Roldán and Hernández-Mariné  2009 ). 

 Similarly to caves, phototrophic bio fi lms develop inside 
hypogeal archaeological sites on lithic faces near arti fi cial 
light sources and in areas adjacent to entrances or openings to 
the surface, such as wells and air vents. These regions show a 

range of microclimatic conditions, re fl ecting the transition 
from the outdoor environment to the in fl uence of the constant 
humidity, temperature and poor air circulation of the inner 
regions.  Much also depends on the size and architecture of 
the hypogea. In the outdoor-indoor transitional areas, pho-
totrophic communities include saxicolous lichens, which are 
absent in the deepest parts (Roldán and  Hernandez-Mariné 
 2009 ). Several studies have reported or reviewed the presence 
of abundant populations of cyanobacteria in caves of Australia, 
Belgium, China, Croatia, France, Israel, Italy Hungary, 
Slovenia, Spain, UK and USA (Abdelahad and Bazzichelli 
 1988 ; Abdelahad  1989 ; Hoffmann    1989 ; Garbacki et al. 
 1999 ; Pentecost and Whitton  2000 ; Smith and Olson  2007 ; 
Mulec et al.  2008 ). Although few studies have attempted to 
quantify biomas, Mulec et al. ( 2008 ) showed that the maxi-
mum concentration of chlorophyll a per unit area of 
lampen fl ora bio fi lms in Slovenian karst caves was slightly 

  Fig. 11.6     Cyanobacterial bio fi lms on different lithotypes indoors:  
( a ) Tufa rock at the Catacomb of Priscilla, Rome; ( b ) Brick wall in 
St. Domitilla catacombs, Rome; ( c ) Wall paintings inside the Ocean’s 

 cubiculum  at St. Callistus catacombs, Rome; ( d ) Limestone at the Cave 
of Bats Zuheros, Cordoba, Spain       
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higher (2.44 µg cm -2 ) than that of the epilithic assemblages at 
the cave entrance (up to 1.71 µg cm -2 ). Comparisons of values 
for the cyanobacterial contribution to phototrophic diversity 
in caves gave remarkably similar values in Belgium (54%) 
and Germany (55%) to those in Slovenia (51%) (Mulec et al. 
 2008 ).  The extensive studies of Slovenian karst caves reported 
a total of 197 cyanobacterial species. 

In a study of the lampen fl ora of caves in Moravia, Czech 
Republic, about 20 cyanobacteria species contributed to 31% 
of the phototrophic diversity at one site (Poulíčková and 
Hašler  2007 ). Beltrán and Asencio ( 2009 ) showed that among 
the thirteen epilithic and chasmoendolithic cyanobacteria 
colonizing the walls of L’Aigua cave, S-E Spain, the propor-
tion were 54% Chroococcales, 23% Oscillatoriales and 23% 
Nostocales.  Calothrix elenkinii, Gloeothece con fl uens  and 
 Hormothece cylindrocellulare  were observed for the  fi rst time 
in caves, along with chasmoendolithic growths of  Aphanothece 
saxicola, Gloeothece con fl uens  and  Pleurocapsa minor . The 
values for the Gelada Cave were 77% Chroococcales, 14% 
Oscillatoriales, 4.5% Nostocales and 4.5% Stigonematales 
(Martınez and Asencio  2010  ) . Of the 22 species identi fi ed, 
the most common were  Asterocapsa divina ,  Leptolyngbya 
leptotrichiformis  and  Scytonema julianum . A decrease of 
Chroococcales and increase of Oscillatoriales from the 
entrance to the end of the cave has also been observed in 
caves of Israel (Vinogradova et al.  1998 ,  2009  ) .  

    11.4.2   Light 

 The characteristically extremely low values for photosynthetic 
photon  fl ux density (PPFD) of caves and other underground 
archaeological and historical sites (Table  11.2 ) can be changed 
when energy is introduced in the environment as occurs when 
lighting systems are installed. Variable regimes of natural and 
arti fi cial light, temperatures and air humidity have been 
recorded in caves in France (Leclerc et al.  1983  ) , Italy 
(Albertano and Urzì  1999 ; Hernández-Mariné et al.  2003  ) , 
Slovenia and Spain (Asencio and Aboal  1996,   2000b  ) . At the 
L’Aigua cave mentioned above, cyanobacterial growth 

occurred within speci fi c ranges of  fl uctuation of PPFD and 
relative humidity (Beltrán and Asencio  2009  ) . In the Gelada 
Cave the availability of light was the primary stress factor, fol-
lowed by humidity, lack of nutrients and temperature (Martınez 
and Asencio  2010  ) . Changes in local air currents caused by 
warming in the proximity of lamps can also favour microbial 
growth. Mulec and Kosi  (  2009  )  showed the in fl uence of light-
ing on relative humidity in Slovenian caves with falls from 
95% to 73% at 20 cm from a lamp, while temperature could 
increase by 8°C at 50 cm from a light source.  

 The depth to which phototrophic bio fi lms extend into the 
cave interior depends on the light gradients and, more pre-
cisely, on the amount of light at various wavelengths avail-
able for primary production (Albertano and Bruno  2003  ) . In 
spite of the restricted emission in the visible part of the spec-
trum of the lamps used for lighting, numerous troglophilic 
cyanobacteria have adapted to the particular light conditions 
and contribute most of the phototrophic biomass (Table  11.3  
and Fig.  11.7 ). The light available for photosynthesis in the 
inner part of caves and hypogea is usually restricted to peri-
ods when visitors are present and the cyanobacterial species 
composition is mostly determined by the available light 
(Albertano  1993  ) . In the catacombs of Rome, the illuminated 
areas supporting phototrophic growth usually extend to 
around 1.0 m from the lamp. Although the  fl oristic composi-
tion was not related clearly to decreasing irradiance, there 
was a trend for phototroph diversity to decrease under lower 
irradiances, with the bio fi lms at the lowest PPFD being 
uniquely built by erect  fi laments of  Leptolyngbya  (Hernández-
Mariné et al.  2003  ) .   

 Caves and other types of con fi ned environment open to 
the public increasingly suffer due to the increases in air tem-
perature, relative humidity and carbon dioxide concentra-
tion. The visitor in fl ux also favours the condensation of 
water, mostly on vaults and the upper part of walls and in 
turn this all favours photosynthetic carbon  fi xation (Pulido-
Bosch et al.  1997 ; Sanchez-Moral et al.  2005  ) . The presence 
of atmospheric pollutants from urban and industrial emis-
sions, namely CO 

2
  and NO 

x
 , might enhance the growth of 

bio fi lms. Microbial diversity in caves can also be greatly 

   Table 11.2    Some recorded ranges (min and max values) of the environmental conditions that supported the development of lithobiontic subaerial 
populations of cyanobacteria in caves and other archaeological underground sites of the Mediterranean area with different stone substrata   

 Location and substratum  PPFD ( m mol m −2  s −1)   Temperature (°C)  Air humidity (RH%)  References 

 Leontari cave, Attica, Greece – L  0.0001–0.64  11–17.5  77–91.5  Lamprinou et al.  (  2009  )  
 Koutouki cave, Attica, Greece – L  0.02–0.035  15.7–16.5  92.3–95.1  Lamprinou et al.  (  2011  )  
 Gelada cave, SE Spain – L  0.001–0.06  5.4–18  55–95  Martınez and Asencio  (  2010  )  
 L’Aigua cave, SE Spain – L  0.3–(1,254)  15–29.4  24.7–81.5  Beltrán and Asencio  (  2009  )  
 Cave of Bats, Zuheros, SW Spain – L  0.05–3.8 (18)  8.2–14.4  54–93.8  Urzì et al.  (  2010  )  
 Catacomb of St. Callistus, Rome, Italy – P  0.01–0.15  18–20  94–95  Albertano and Bellezza  (  2001  )  
 Catacomb of St. Domitilla, Ipogeo dei 
Flavi, Rome, Italy – T 

 0.05–2  17–22  87.5–97.6  Cadel and Albertano 
(unpublished) 

 Catacomb of Priscilla, Rome, Italy – T  0.2–0.6  16.5–17  99.0–99.9  Albertano and Urzì  (  1999  )  

   L  limestone,  P  wall paintings,  T  tufa rock. Values in brackets refer to the entrance areas  



33111 Monuments and Caves

   Table 11.3    Some of the cyanobacterial species recently reported for subterranean sites of the Mediterranean area   

 Species  References 

  Aphanocapsa muscicola   Lamprinou et al.  (  2009  )  
  Aphanocapsa parietina   Roldán and Hernández-Mariné  (  2009  ) , Urzì et al.  (  2010  )  
  Aphanothece saxicola   Beltrán and Asencio  (  2009  ) , Martınez and Asencio  (  2010  )  
  Asterocapsa divina   Aboal et al.  (  2003  ) , Martınez and Asencio  (  2010  )  
  Calothrix elenkinii   Beltrán and Asencio  (  2009  )  
  Chlorogloea microcystoides   Imperi et al.  (  2007  )  
  Chroococcidiopsis doonensis   Asencio and Aboal  (  2000a  ) , Lamprinou et al.  (  2009  )  
  Chroococcus lithophilus   Imperi et al.  (  2007  )  
  Chroococcus minor   Tomaselli et al.  (  2000  ) , Macedo et al.  (  2009  )  
  Chroococcus spelaeus   Lamprinou et al.  (  2009  ) , Martınez and Asencio  (  2010  )  
  Chroococcus turgidus   Lamprinou et al.  (  2009  )  
  Chroococcus westii   Martınez and Asencio  (  2010  )  
  Cyanobacterium cedrorum   Martınez and Asencio  (  2010  )  
  Cyanosaccus aegeus   Martınez and Asencio  (  2010  )  
  Cyanosaccus atticus   Martınez and Asencio  (  2010  )  
  Cyanostylon gelatinosus   Albertano and Bellezza  (  2001  )  
  Cyanostylon microcystoides   Martınez and Asencio  (  2010  )  
  Eucapsis terrestris   Albertano and Bellezza  (  2001  )  
  Fischerella maior   Albertano and Urzì  (  1999  )  
  Geitleria calcarea   Abdelahad and Bazzichelli  (  1988  ) ,   Ariño et al.  (  1997  )  
  Gloeocapsa alpina   Urzì et al.  (  2010  )  
  Gloeocapsa biformis   Asencio and Aboal  (  2000a  ) , Imperi et al.  (  2007  ) , Lamprinou et al.  (  2009  ) , Martınez and Asencio  (  2010  )  
  Gloeocapsa kuetzingiana   Imperi et al.  (  2007  )  
  Gloeocapsa nigrescens   Martınez and Asencio  (  2010  )  
  Gloeocapsa novacekii   Martınez and Asencio  (  2010  )  
  Gloeocapsa rupestris   Imperi et al.  (  2007  )  
  Gloeocapsopsis magma   Roldán and Hernández-Mariné  (  2009  )  
  Gloeocasa rupicola   Martınez and Asencio  (  2010  )  
  Gloeothece con fl uens   Beltrán and Asencio  (  2009  )  
  Gloeothece membranacea   Albertano and Bellezza  (  2001  ) , Bellezza and Albertano  (  2003  )  
  Gloeothece rupestris   Imperi et al.  (  2007  )  
  Herpyzonema pulverulentum   Hernández-Mariné and Canals  (  1994  ) , Albertano et al.  (  2003  )  
  Hormothece cylindrocellulare   Beltrán and Asencio  (  2009  )  
  Iphinoe spelaeobios   Lamprinou et al.  (  2011  )  
  Leptolyngbya carnea   Martınez and Asencio  (  2010  )  
  Leptolyngbya gracillima   Asencio and Aboal  (  2000a  ) , Albertano and Bellezza  (  2001  ) , Lamprinou et al.  (  2009  )  
  Leptolyngbya leptotrichiformis   Martınez and Asencio  (  2010  )  
  Leptolyngbya  sp. Green  Bruno et al.  (  2009  )  
  Leptolyngbya  sp. Red  Bruno et al.  (  2009  ) , Martınez and Asencio  (  2010  )  
  Loriella osteophila   Albertano et al.  (  2003  ) , Bellezza et al.  (  2005  )  
  Loriellopsis cavernicola   Lamprinou et al.  (  2011  )  
  Myxosarcina   Abdelahad  (  1989  )  
  Phormidium molle   Asencio and Aboal  (  2000a  ) , Lamprinou et al.  2009 , 
  Pleurocapsa minor   Beltrán and Asencio  (  2009  ) , Martınez and Asencio  (  2010  )  
  Pseudocapsa dubia   Imperi et al.  (  2007  ) , Lamprinou et al.  (  2009  ) , Martınez and Asencio  (  2010  )  
  Scytonema julianum   Pietrini and Ricci  (  1993  ) , Aboal et al. (  1994  ) , Ariño et al.  (  1997  ) , Albertano and Urzì  (  1999  ) , 

Lamprinou et al.  (  2009  ) , Roldán and Hernández-Mariné  (  2009  ) , Martınez and Asencio  (  2010  )  
  Scytonema ocellatum   Albertano and Urzì  (  1999  )  
  Symphyonema cavernicolum   Asencio et al.  (  1996  ) , Martınez and Asencio  (  2010  )  
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affected by biocidal treatments in combination with other 
factors resulting from human activity.  

    11.4.3   The Organisms and Their Response 
to the Environment 

 In addition to the  fl oristic information included in the reports 
mentioned above, there are a number of other detailed accounts 
of cyanobacteria adapted to extremely low PPFD values. 
These include ones about wall paintings in Italy (Nugari et al. 
 2009  )  and Malta (Zammit et al.  2011a  ) , sinkholes and caves in 
Spain (Hernández-Mariné et al.  2001 ; Asencio and Aboal 
 2001,   2004 ; Roldán et al.  2004 ; Uher et al.  2005 ; Urzì et al. 
 2010  ) , Greece (Lamprinou et al.  2009  ) , Israel (Cor and Dor 
 1999  )  and Kentucky, USA (Smith and Olson  2007 ). 
Subterranean sites are revealing previously undescribed forms, 
such as  Leptolyngbya  species (Bruno et al.  2009  )  and several 
Stigonematales (Asencio et al.  1996 ; Lamprinou et al.  2011  ) . 
The latter include  Iphinoe spelaeobios  gen. nov., sp. nov, in 
two Greek caves,  Loriellopsis cavernicola  gen. nov., sp. nov. 
in a cave in Catalonia, and  Symphyonema cavernicolum  sp. 
nov in Alicante, Spain. Different OTUs have also been 
described from the palaeo-Christian catacombs of St Agatha 
and St Paul at Rabat in Malta and trees have been constructed 
using 16S rRNA gene sequences as a step towards clarifying 
their taxonomic position (Zammit et al.  2010  ) . 

 Observations on the ultrastructure of chasmoendolithic 
 Chroococcidiopsis ,  Cyanosarcina ,  Leptolyngbya ,  Phormidium  

and  Pseudocapsa  in cave cyanobacteria in the Murcia 
region of S-E. Spain (Asencio and Aboal  2004  )  showed 
wide sheaths, a well developed thylakoid system and 
examples of the all the most widely known cell inclusions 
(carboxysomes, glycogen and cyanophycin granules, lipid 
globules, polyphosphate and poly- b -hydroxybutyric bodies). 
During a study on the morphological and ultrastructural 
variability of a red  Leptolyngbya  species from a site in Rome 
and  Rhabdogloea brasilica  from Brazilian caves using a 
temperature – light cross-gradient system, the values for both 
light and temperature optima were found to differ than those 
recorded  in situ  (Albertano and Kovacik  1996 ; Azevedo 
and Kováčik  1996  ) . One remarkable feature of the red 
 Leptolyngbya  strain VRUC 135, very recently described as 
 Oculatella subterranea  gen. nov., sp. nov (Zammit et al. 
 2012 ), is its phototactic activity and the presence of an eye-
spot like structure made of carotenoid globules and rhodop-
sin-like pigment at the tip of the apical cell (Albertano et al. 
 2000a  ) . This complex photoreceptive structure may have an 
evolutionary importance since it resembles that observed in 
chloroplast of green  fl agellates. 

 Physiological adaptations of cyanobacteria to light limita-
tion in caves and hypogea have seldom been studied. 
However, Mulec et al.  (  2008  )  reported a general increase of 
chlorophyll  a  and phycobiliprotein contents with decreasing 
light, features which are widely applicable to cyanobacteria 
in general. The light saturation values for cyanobacteria in 
culture range between 50 and 100  m mol photon m −2  s −1 , with 
the typical compensation point at about 5–6  m mol photon 

  Fig. 11.7     Epilithic bio fi lm 
structure:  ( a ) Coccoid and 
 fi lamentous cyanobacteria with 
different morphologies and 
various auto fl uorescence due 
to the photosynthetic pigments 
provide a picture of the 
phenotypic diversity within 
bio fi lms as shown in confocal 
laser scanning microscopy by 
bi-channel extended-focus 
projection images ( section mode ) 
that allow lateral view in XZ 
( b ) and YZ ( c ) of the community 
layering. Bar = 40  m m       

 



33311 Monuments and Caves

m −2  s −1 . Nevertheless the latter values are higher than PPFD 
values measured at most sites, as has been shown for a 
 Phormidium  sp. living in the Frasassi caves, Italy, where the 
irradiance needed to compensate for respiration, 13  m mol 
photon m −2  s −1 , exceeded the available light, 6–10  m mol 
 photon m −2  s −1  (Giordano et al.  2000  ) . Nevertheless, pho-
totrophic bio fi lms have been found on the frescoes of the 
Domus aurea in Rome at PPFD <0.05  m mol photon m −2  s −1  
with a phycobiliproteins: chlorophyll  a  ratio >4 (Albertano 
and Grilli Caiola  1989  ) . Most phototrophic bio fi lms in 
Roman catacombs develop at <2  m mol photon m −2  s −1  
(Albertano and Urzì  1999 ; Albertano and Bellezza  2001  ) . 
Amperometric measurement with oxygen microelectrodes 
generally showed high photosynthetic ef fi ciency, photoinhi-
bition at >200  m mol photon m −2  s −1  and con fi rmed low pho-
tosynthetic maxima and high respiration rates, possibly due 
to the heterotrophic associated bacteria (Compagnone et al. 
 1999  ) . These bio fi lms, in culture at PPFD ten times those  in 
situ,  showed sheath thickening and a reduced amount of gly-
cogen in dominant green  Leptolyngbya  species;  fi lamentous 
bacteria were closely associated with the cell wall of the 
cyanobacterium (Albertano et al.  1991  ) . Photosynthetic light 
saturation values <60  m mol photon m −2  s −1  have been mea-
sured in most of the strains isolated from the Domus aurea 
and catacombs of Rome including the red ex  Leptolyngbya  
(Oculatella subterranea) species after acclimation of cultures 
to PPFD <10  m mol photon m −2  s −1  (Bruno and Albertano 
 1999  ) . These strains possessed high number of phycobili-
somes and thylakoids, and high phycobilin to chlorophyll 
ratios (between 10 and 17) (Bruno and Albertano  1999  ) . 
Adaptation to cave habitats also includes the ability to use 
organic sources and grow hetetrophically (Adhikary  2002  ) . 
 Scytonema coactile , isolated from the twilight zone of an 
Indian cave and studied under different light – dark regimes, 
could use several exogenous sugars for heterotrophic and 
photoheterotrophic growth (Lakshmi et al.  2008  ) ; there was 
no requirement for protein induction before growth could 
occur in the dark.  

    11.4.4   Calci fi cation in Subterranean Sites 

 Deposition of calcium carbonate on cyanobacterial  fi laments 
has been frequently observed in subterranean sites.  Scytonema 
julianum  is one of the calcifying species able to mobilize 
calcium ions from mineral substrata, as are  Geitleria calcarea , 
 Herpyzonema pulverulentum  and  Loriella  sp. (Hernández-
Mariné and Canals  1994 ; Ariño et al.  1997 ; Hernández-
Mariné et al.  1999  )  and some  Leptolyngbya  and  Fischerella  
spp. (Albertano  1997 ) (Fig.  11.8 ).  

  Scytonema julianum  can form an extensive cover on lithic 
faces with a grey-greenish crusty or powdery surface altera-
tions; it prefers rocks that are rich in calcium carbonate, but 

never wet. The areas colonized are usually well protected 
from air currents and characterized by high relative humidity 
(72–100%) and PPFD up to 8  m mol photon m −2  s −1 . Since it 
was  fi rst reported in the Roman Catacombs of Rome in 1992 
(Ortega et al.  1993  ) , it has been found on the Roman mortars 
of the Carmona necropolis, Spain (Ariño et al.  1997 ), in the 
rock church of Matera, Italy (Pietrini and Ricci  1993  ) , and in 
several natural caves and archaeological hypogea (Albertano 
and Urzì  1999 ; Garbacki et al.  1999 ; Tomaselli et al.  2000 ; 
Cañaveras et al.  2001 ; Sanchez-Moral et al.  2005 ). In the 
sheath of  S. julianum  both acidic (glucuronic and galactur-
onic acids) and sulphated polysaccharides have been shown 

  Fig. 11.8     Cyanobacterial communities in low light habitat: 
( a ) Light microscopy of a bio fi lm fragment), with phycoerithryn-rich 
and calcifying  fi lamentous species; ( b ) Confocal laser scanning micros-
copy of a  S. julianum  (calcite in green) and thin  Leptolyngbya  (pink) 
dominated community from St. Domitilla catacombs in Rome (Italy). 
Bars = 20  m m       
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by cytochemistry, and further con fi rmed by chromatography 
and circular dichroism (Albertano and Bellezza  2001 ; 
Bellezza et al.  2005  ) , wilst  S. ocellatum  and  Fischerella 
maior  isolates lacked glucuronic acid (Bellezza et al.  2006  ) . 
The sheath of  S. julianum  in samples from Roman catacombs 
appeared to be organised in a thick dif fl uent outer layer rich 
in acidic polysaccharides and impregnated by calcite crys-
tals, and an inner dense layer with a complex substructure 
(Fig.  11.9 ) (S. Cadel and the author, unpublished data). 
Negatively charged carboxylic and  sulphated groups and 
positively charged glycoproteins made up the outer mucilage 
in which triradiate calcite crystals (Hoffmann  2002 ; Ariño 
et al.  1997  )  and anastomosing crystals (Aboal et al.  1994  )  
could be observed. The crystals at the sheath surface proba-
bly undergo a repeated calci fi cation/decalci fi cation process 
depending on changes in pH, CO 

2
  species and calcium con-

centration (Riding  2006  ) . Similarly, incrustation of calcite 
on  Geitleria calcarea  may be controlled by the organism 
itself (Pentecost and Whitton  2000  ) . Indeed, photosynthesis 
linked alkalization has been measured using potentiometric 
microsensors within cyanobacterial bio fi lms during illumi-
nation with pH shifts above neutrality, suf fi cient to induce 
precipitation of carbonates (Albertano et al.  2000b  ) . 
Precipitation of mineral particles on cells can lead epilithic 
strains to become endolithic (Asencio and Aboal  2001  ) .  

 The preference for calcareous substrata is well docu-
mented also for  Loriellopsis cavernicola  (previously reported 
as  Loriella  sp. by Hernández-Mariné et al.  1999  )  in Spanish 
caves (Lamprinou et al.  2011  ) . However, PPFD values sup-
porting the development of  Loriella osteophila  in Roman 
catacombs (Fig.  11.9a ) were lower, 0.05–2  m mol photon 
m −2  s −1 , than for  S. julianum , which inhabits more illuminated 

  Fig. 11.9     Calcifying 
cyanobacteria:  ( a ) Scanning 
electron microscopy view of the 
true-branching  fi laments of 
 Loriella  with mineralised sheath; 
( b ) Transmission electron 
microscopy view of a 
longitudinal section of 
 Scytonema julianum  showing 
calcite crystals deposited within 
the outermost sheath layer ;  
( c ,  d ) Details of the by-layered 
sheath in cross-section after 
cytochemical stain to evidence 
the presence of polysaccharides 
throughout the sheath thickness 
( c ) and glycoproteins ( d ) in the 
innermost part. Bars = 5  m m 
( a ), 1  m m ( b – d )       
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areas in the catacombs of St Domitilla in Rome (Table  11.2 ). 
 Loriella  also secretes a bilayered sheath characterized by 
complex polysaccharides, carboxylic and sulphated groups 
and glycoproteins, which are positively charged (S. Cadel 
and author, unpublished data), and similarly to  Loriellopsis , 
both the inner and outer sheath layers are densely covered by 
crystals in shape of acinose granules or little sticks 
(Hernández-Mariné et al.  1999  ) . 

 The presence of carboxylic and sulphated groups and 
glycoproteins positively charged in the capsular polysaccha-
rides of the red  Leptolyngbya  species and  Fischerella maior  
(Bellezza et al.  2003,   2005  )  adds further support to the 
suggested role of EPS in calcium accumulation in the 
sheath, which can favour the mineralisation processes in 
combination with the photosynthetic accumulation of 
OH −  (Riding  2006  ) .   

    11.5   Colonization of Stone 

 Monuments can be considered as pristine environments that 
soon after their creation (as well as after each cleaning inter-
vention) are exposed to several biophysical and biochemical 
processes that start with the adhesion of epilithic and endo-
lithic organisms. Because of the autotrophic nature and eco-
logical role of photosynthetic microorganisms, cyanobacteria, 
microalgae, mosses and lichens play a particular role in the 
deterioration of stone surfaces. 

 Passive dispersal of viable cyanobacteria and algae by 
means of water, air and other organisms is therefore a prereq-
uisite to establish an active population at a particular site. In 
subaerial environments most microorganisms are transported 
by air and settle on surfaces where they can grow into bio-
logical patinas, the bio fi lms, where suitable conditions are 
suitable. Airborne cells and spores of microorganisms 
together with pollens and other biological particles attach to 
the exposed surfaces. Since Round (1981, as quoted in 
Kumar et al.  2007  ) , remarked that there was no information 
on transport mechanism of algae, their dispersal mechanisms 
has occasionally received attention. The review by Kumar 
et al.  (  2007  )  about airborne algae reported 32 cyanobacterial 
species and gave an outline of the environmental factors 
that control aerosolization and transport, along with the 
biogeographical implications. The authors indicated that 
repeated cycles of drying/wetting favour the exfoliation of 
phototrophic bio fi lms during the dry period and the transport 
of airborne cyanobacterial cells spores from the soil by 
ascending currents to the atmosphere at distances up to 
10 km. In con fi ned environments the limited air circulation 
favours an increase of particle concentration and the chances 
of settlement on surfaces. 

 Bio fi lm development starts when microorganisms adhere 
to a surface, though adhesion mechanisms vary depending 

on the organism and substrate. The successful development 
of a species is determined by the nature and properties of 
mineral constituents of the substratum, its pH, salinity, water 
content, texture and porosity, and by environmental factors 
as temperature, relative humidity, light conditions, atmo-
spheric pollution levels, wind, and rainfall. Prieto and Silva 
 (  2005  )  assessed potential bioreceptivity of granite varieties 
before exposure to speci fi c environmental conditions, by 
measuring intrinsic rock properties such as abrasion pH, bulk 
density, open porosity and capillary water. All these proper-
ties were used to evaluate differences in the rock/water inter-
actions, and hence in the bioreceptivity of granite to 
cyanobacteria during a 2-months experiment in growth 
chambers. Restoration treatments can favour microbial colo-
nization when carried out without the appropriate methods 
and microbiological knowledge, since they may involve the 
use of inorganic (even water) or organic compounds that can 
support the growth of autotrophs or heterotrophs (Bastian 
and Alabouvette  2009  ) . 

 As soon as microorganisms grow and divide, EPS secre-
tion provides them with a protective highly hydrated matrix, 
which contributes to an increase in the bulk volume of the 
bio fi lm. This dynamic community can then spread across 
surfaces and incorporate other microorganisms. The pro-
duction and composition of EPS seem to be remarkably 
variable depending on the microorganisms and nutritional 
conditions. 

 Gliding hormogonia and photoreception, as in red 
 Leptolyngbya  (Oculatella subterranea) species, allow effec-
tives colonization of rock substrata. Motility and phototaxis 
have important roles in success under the low light condi-
tions of the catacombs (Albertano et al.  2000a,   b  ) . 
Furthermore, the ability to secrete sheath-forming EPS rich 
in polysaccharides allowing adhesion can provide the 
strength suf fi cient to adhere to surfaces, as shown for sub-
aerophytic green algae (Karsten et al.  2007  ) . Alternatively, 
mucilage pads resulting from the lysis of necridic cells can 
remain attached to  Scytonema  hormocytes and act as extra-
cellular spots for adhesion (Hernández-Mariné et al.  2001  ) . 
Six years after restoration of the marbles of the statues in 
the Boboli Gardens, Florence, Italy, Lamenti et al.  (  2000  )  
calculated a bio fi lm cover of 3 × 10 4  cells cm −2 , these con-
sisting of a green alga and associated cyanobacteria. 
Laboratory studies on colonisation of stone by cyanobacte-
ria have shown that in some cases appropriate culture con-
ditions may allow reconstruction of natural communities 
from monuments to compare their capacity to colonize dif-
ferent lithotypes (Miller et al.  2006  ) . Multidimensional and 
multispecies mathematical models, based on the theory of 
mixtures, are also developing to describe the cyanobacte-
rial bio fi lm formation and the time evolution of live and 
dead cells and EPS on monument surfaces (Clarelli et al. 
 2009  ) .  



336 P. Albertano

    11.6   Interactions with Chemoorganotrophs 

 Although phototrophs are usually the  fi rst colonizers of bare 
rocks, the establishment of heterotrophic communities is 
possible without the pioneering participation of phototrophs, 
and may in turn sustain the subsequent growth of photosyn-
thetic populations. In this case, organic matter naturally pres-
ent in sedimentary rock (perhaps 0.2–2%), airborne particles, 
organic vapours, excreted metabolites and decaying biomass 
are used by the heterotrophs along with synthetic or natural 
organic substances from previous restoration treatments 
(Warscheid and Braams  2000  ) . 

 Biodeterioration processes are rarely caused by a single 
group of microorganisms, and most often a synergistic effect 
on stone surfaces is achieved by the concomitant growth of 
phototrophic and heterotrophic populations. Bacteria and 
fungi can use the organic matter produced by phototrophs to 
release organic acids that dissolve the minerals of the sub-
stratum. Actinobacteria, microcolonial ascomycetous fungi 
and microscopic green algae are usually present in outdoor 
habitats, while spore-forming bacteria, troglobitic actinobac-
teria, diatoms and mosses form the subaerial bio fi lm adapted 
to low irradiance and high carbon dioxide (and other gases) 
concentrations. However, apart from the information on 
bio fi lms on stone monuments, little is still known about these 
associations. Scheerer et al.  (  2009  )  summarized data on the 
occurrence of previously unrecognized phototrophic bacteria 
related to  Chloro fl exus  and Ectothiorhodospiraceae in sam-
ples at the Mayan site of Uxmal, and gave a short account of 
the contribution of these and other microorganisms to stone 
deterioration, their degradative role by acid/alkali production 
and by chelation along with the presence of chemoautotro-
phs (sulphur oxidizers, nitrifying bacteria, ferrous and man-
ganous oxidizers). 

 In caves and con fi ned environments, almost nothing 
appears to be known about fungi and their interactions with 
free-living phototrophs (Jurado et al.  2009  ) , but different 
level of cyanobacterial association with bacteria have been 
observed  in situ  and in laboratory cultures. The adhesion of 
bacteria and penetration of actinobacteria into the mucilagi-
nous sheath surrounding the trichomes of  Leptolyngbya  and 
 Scytonema  has been frequently observed, suggesting the 
establishment of a distinct syntrophism (Albertano and Urzì 
 1999  ) . Strains of  Pseudomonas and Stenotrophomonas  
have been recorded as the dominant airborne bacteria in 
the catacombs of St. Domitilla and St. Callistus in Rome 
(Saarela et al.  2004  ) , and subsequently recognized in culture 
associations. Genome highly iterated octameric palindrome 
(HIP) sequences were used for PCR- fi ngerprinting of non-
axenic  Leptolyngbya  strains maintained in culture for 
11–20 years. These revealed the identity at genus and species 
levels of Gram-negative and Gram-positive bacteria from 

bio fi lms of the Roman catacombs from which the cyanobac-
teria had been isolated (Bruno et al.  2006  ) . Other studies 
have shown non-culturable Acidobacteria as a relevant 
microbial component associated with cyanobacteria in many 
cave habitats and hypogea, including catacombs (Zimmerman 
et al.  2005,   2006  ) . These cyanobacteria/bacteria relation-
ships are regarded as a mutual-bene fi cial associations, where 
bacteria bene fi t from organic substances released from 
cyanobacteria and in return remineralized inorganic nutrients 
and carbon dioxide that can be used by the phototrophs. 
The previously unrecognized diversity of these subterrane-
nean sites was also revealed by studies that allowed the 
detection of new species and the identi fi cation of several 
other taxa of bacteria associated with cyanobacteria (Urzì 
et al.  2008,   2010  and references therein). 

 Comparison of fresh and old collected bio fi lms from 
sandstone of the Bayon Temple in Angkor, Cambodia, showed 
that the bacterial community of old bio fi lm was very similar 
to the newly formed bio fi lm in terms of bacterial composi-
tion, but the eukaryotic communities were distinctly different 
between the two (Lan et al.  2010  ) . Microscopy of bio fi lms 
from hindu temples in India has shown that Pseudomonadaceae 
and  fi lamentous and rod-shaped actinobacteria are the most 
common heterotrophic prokaryotes associated with stress-
tolerant cyanobacteria. Together with the fungi  Aspergillus , 
 Cladosporium ,  Rhodorotula, Trichoderma  and  Ulocladium  
they may represent a constant component of those tropical 
communities (C. Urzì, personal communication).  

    11.7   Methods for Studying Biodeterioration 
of Cyanobacterial Bio fi lms 

 The measurement of physical, chemical and climatic condi-
tions in the microarea to be sampled, the recording of georef-
erenced coordinates and visual images of the position in the 
monument are the basic information needed to map subaerial 
bio fi lms on rocks and to understand the role they play in bio-
deterioration. In the  fi eld of cultural heritage the need for a 
multidisciplinary scienti fi c approach is particularly evident. 
Archaeologysts, restorators and conservators continuously 
interact with researchers of scienti fi c disciplines to set up 
dedicated methods, and discover and adapt new prevention 
and control measures for a speci fi c monument. 

 To cope with the need of preserving man-made surface 
during the sampling of bio fi lms, techniques which do not 
increase the damage to the underlying substratum are much 
preferred (Zammit et al.  2008  ) . Non-invasive techniques 
(NIT) for sampling are those which do not require a sample 
to be removed from the object and which essentially leave 
the object in the same state as before the analysis. Non-
invasive sampling is undertaken by the application of adhe-
sive tape strips (Gaylarde and Gaylarde  2000 ; Urzi and De 
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Leo  2001  )  and sterile humid paper  fi lters to the surface to 
ensure the removal of bio fi lm and cells only. Non-destructive 
techniques (NDT) are used for analyses, while respecting the 
physical integrity of the sample. In addition, the removal of 
low-invasive micro-samples (1 × 1 mm) including a portion 
of the underlying substratum, can sometimes be permitted to 
investigate the interaction of the bio fi lm with the underlying 
substratum. This type of sample can subsequently be pro-
cessed for structural and chemical analysis by non-destruc-
tive techniques using confocal laser scanning microscopy 
and environmental scanning electron microscopy coupled to 
Energy Dispersive X-Ray Spectroscopy (SEM-EDS), X-ray 
micro- fl uorescence ( m XRF) and X-ray micro-diffraction 
( m XRD) (Cuezva et al.  2009 ; Zammit et al.  2011b  ) . 

 The application of light and electron microscopy to the 
study of bio fi lm-forming microbial communities is com-
monly used in the visualization of cyanobacterial bio fi lms, 
providing the means to characterize structural interactions 
between species, and resolving ultrastructural details at a 
micro- and nanometer scale. A variety of microscopy tech-
niques (Fig.  11.7 ), are applied for the examination of micro-
organisms in the hypogean environment to assess their 
cytomorphological features and nutritional status (Albertano 
et al.  1991,   2003  ) . Light microscopy epi fl uorescence, confo-
cal laser microscopy scanning, and transmission electron 
microscopy allow to understand the organism relationships 
within the polymicrobial population and the interactions 
between mineral substrata and microorganisms by using 
micro-samples (Urzì and Albertano  2001  ) . 

 These studies include the assessment of microbial diver-
sity on surfaces. To improve conservation strategies relevant 
to the particular bio fi lm, with its structure and species, cul-
ture-dependent and culture-independent techniques are 
applied to study the genetic diversity of the bio fi lm. Because 
of the limitations of culture-based methods, molecular 
approaches such as those based on  fl uorescence in situ 
hybridization (FISH) techniques (La Cono and Urzì  2003  )  
and those involving ampli fi cation of the 16S rRNA gene as 
universal phylogenetic markers are widely used to retrieve 
essential information on the structure of the communities. 
Thanks to the small amount of sample required by these 
approaches, denaturating gradient gel electrophoresis 
(DGGE) and single strand conformation polymorphism 
(SSCP) can be used to unravel the high diversity that cultural 
methods could resolve only poorly, and have become essential 
to investigate the microbial aetiology of the biodeterioration 
of monuments and art objects (Gonzalez and Saiz-Jimenez 
 2005 ; Miller et al.  2008,   2009 ; Macedo et al.  2009  ) . 

 The convenience of combining 16S rRNA-based meth-
ods, i.e. ARDRA ampli fi ed rDNA restriction analysis and 
DGGE, with micro-Raman spectroscopy analysis for the 
identi fi cation of the aetiological agent(s) of a speci fi c micro-
bial-induced deterioration process on cave paintings has 

been reported by Hernanz et al.  (  2006  )  and Imperi et al. 
 (  2007  ) . In many conservation laboratories, Raman spectros-
copy has gained a leading position among standard tech-
niques in the investigation of pigments from art and antiquities 
by virtue of its non-destructive nature and its ability to pro-
vide molecular information on a micrometer scale along with 
its applicability to both inorganic and organic substances. 

 Various methodological approaches have been developed 
to standardize rules and protocols for cultural heritage 
(Fassina  2008  ) , along with speci fi c methods to investigate 
phototrophic bio fi lms on stone (Albertano  2003 ; Albertano 
et al.  2003 ; Urzì and Albertano  2001  ) . 

 Particularly important are the monitoring light detection 
and ranging (LIDAR) technique for the remote sensing of 
photoautotrophic biodeteriogens (Raimondi et al.  2009  )  and 
techniques based on the recording of visible light emission 
by portable spectroradiometry (Bruno et al.  2001 ; Albertano 
and Bruno  2003 ; Albertano et al.  2005  ) , and spectral 
 fi ngerprints (Roldán et al.  2004 ; Polerecky et al.  2009  ) . The 
latter are usually applied to study the role of the spatial orga-
nization of microorganisms in the ecological functioning of 
complex microbial communities and for non-invasive moni-
toring of changes in the spatial organization and/or composi-
tion of a microbial community in response to environmental 
factors. Other spectral imaging systems have been developed 
for minimally invasive identi fi cation, localization, and rela-
tive quanti fi cation of pigments in cells and microbial com-
munities. For pigment identi fi cation  in vivo  absorption and/
or auto fl uorescence spectra are used as the analytical sig-
nals in CLSM. 

 The increasing interest in non-invasive approaches of 
monitoring and assessing damage and biodecay processes 
has boosted the use of microsensors to study changes in 
composition of chemical species mobilized upon stone sur-
faces during microbial metabolism. The growth of cyanobac-
terial  fi lms can induce more or less pronounced variation of 
the chemical parameters that characterize a microhabitat, 
and might possibly cause deleterious deteriogenic effects on 
the substrata. Amperometric oxygen microsensors were 
applied to measure photosynthesis and respiration in pho-
totrophic bio fi lms that develop in Roman catacombs in order 
to record simultaneously curves of photosynthesis at increas-
ing irradiance (P/I) (Compagnone et al.  1999  ) , to measure 
phosphate concentration within bio fi lms (Calvo Quintana 
et al.  2004  )  and to apply potentiometric microelectrodes for 
the measurements of pH, K +  and Ca 2+  (Calvo Quintana et al. 
 2002  ) . A decrease of potassium concentration occurred dur-
ing light exposure in strains of  Scytonema julianum,  perhaps 
due to active uptake sustained by the photosynthetic activity. 
No appreciable decrease of soluble calcium due to the meta-
bolic activity was observed in natural and arti fi cial bio fi lms 
of the same species unless accumulation occurred in low 
active bio fi lms. 
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 A  fi nal comment has to be made on the general approaches 
adopted in avoiding cyanobacterial growth on lithic faces. 
Among physical methods, monochromatic lamps resulted 
the most effective in reducing bio fi lm development in Roman 
catacombs (Albertano et al.  2005,   2007  )  and in Spanish cave 
(Roldán and Hernández-Mariné  2008  ) . The established use 
of biocides, although with low toxicity, is still debated 
because of the unwanted effects on environment and human 
health, and in selecting microorganisms (Adhikary  2000a ; 
Urzì and De Leo  2007 ; Bastian and Alabouvette  2009 ; 
Cappitelli et al.  2009 ; Nugari et al.  2003, 2009  ) . In subter-
ranean sites, a suitable combination of physical and chemical 
approaches can represent the best solution, while alternative 
methods may be based on the development and application 
of nanocomposites (Rodea-Palomares et al.  2010  ) .      
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