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        Abstract



        Bacteria can live either as free planktonic cells in bulk solution, or as sessile cells attached to a surface. In addition to their attachment status, sessile bacteria are part of sessile communities termed biofilms. A biofilm can be defined as a microbial community attached to a solid surface composed of cells organized as microcolonies embedded in an organic polymer matrix of microbial origin. Thus, a biofilm is made of microbial cells and extracellular polymeric substances. The biofilm mode of life provides several advantages to microorganisms including resistance to environmental stresses, increased communication and genetic exchange between cells. Microbial biofilm development can be observed on virtually all kinds of stone monuments such as castles, caves, churches/cathedrals, fountains, temples, tombs/catacombs, etc., and can be associated with problems of conservation. Several types of autotrophic and heterotrophic microorganisms are usually observed on stone monuments such as bacteria, fungi, algae and lichens. The European standard EN15898 defines the main general terms used in the field of conservation of cultural property such as alteration, deterioration, weathering, treatment and cleaning. The term biodeterioration is not defined in the EN15898 standard, but can be defined as “any undesirable change in the properties of a material caused by the vital activities of organism”. The biodeterioration of stone materials corresponds to an aesthetic action (production of pigments), to a biochemical action (stone dissolution or salt crystallization driven by cell metabolism) and to a physical action (mechanical pressure during growth). This review has two main objectives: to summarize the actual knowledge about basics of microbial colonization and biodeterioration of stone monuments and to realize a quantitative and qualitative analysis of publications in scientific journals on this topic.
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      1. DEFINITIONS


      Bacteria can live either as free planktonic cells in bulk solution, or as sessile cells attached to a surface. Antonie van Leuwenhoek was the first scientist to observe sessile bacteria described as aggregates of ‘animalcules” living at the human tooth surface. In addition to their attachment status, sessile bacteria are part of sessile communities termed biofilms. Since the pioneer study of Antonie van Leuwenhoek, much has been accomplished in understanding the specifics of the biofilm lifestyle. A biofilm can be defined as a microbial community attached to a solid surface composed of cells organised as microcolonies embedded in an organic polymer matrix of microbial origin. Thus, a biofilm is made of water, microbial cells and extracellular polymeric substances (EPS). Many EPS are highly hydrated but most of the water is not directly bound to the EPS [1, 2]. EPS comprise both charged (i.e. positive or negative) and uncharged (i.e. neutral) biopolymers. All major classes of biological macromolecules, i.e., polysaccharides, proteins, nucleic acids, and lipids can be part of the biofilm matrix. Although extracellular polysaccharides have been considered for a long time as the major structural components of the matrix, particular proteins named functional amyloids are now known to reinforce the robustness of the matrix and extracellular DNA (eDNA) can play an important role in the establishment of the biofilm structure [3-5]. The stability of the matrix is based on weak physicochemical bonds between the EPS components such as hydrogen bonds, weak electrostatic and ionic interactions, van der Waals interactions and the entanglement of the long biopolymers [6]. The EPS matrix has rheological properties of a gel, giving the ability of biofilms to deform in response to mechanical stress [7].


      The matrix can be considered as the “house of the biofilm cells” in which they can organize their life [8]. Indeed, the matrix is a reservoir of a wide spectrum of extracellular enzymes that act as an external digestion system, which enables microbial cells to degrade molecules and solids. Furthermore, biofim is an area in which all the cells and matrix debris are recycled to allow microbial growth and metabolism. The biofilm mode of life provides several advantages to the microorganisms: resistance to environmental stresses (drying, biocides, nutrient deficiency, flux forces, etc.), increased communication and genetic exchange between microorganisms. Microbial biofilm development can be observed on almost any solid surface in which sufficient moisture is available in nature (mucosal surface, bottom of rivers and lakes, soils, surface of rocks etc.), and in artificial and industrial environments (cooling towers, water filtration membranes, food industry, prostheses and implants, etc.). Several review articles have been previously published about biofilms [9-14]. Multispecies biofilm development is a complex and highly regulated developmental process involving different successive steps: adsorption of organic and inorganic molecules and ions to the surface to give a conditioned surface; initial reversible attachment of pioneered microorganisms; irreversible attachment of microorganisms, formation of microcolonies, production of organic matter and EPS, and secondary heterotrophic colonizers recruitment by co-adhesion; development of clonal mosaics within the multispecies biofilm, EPS matrix development and maturation; and active dispersion. The different stages of biofilm formation on stone are shown in Fig. (1).


      [image: ]
Fig. (1)


      Different successive steps in the development of multispecies biofilm on stone. Yellow, brown and dark small circles: organic and inorganic molecules and ions. Single and double green circles: pioneering autotrophic colonizers, i.e. cyanobacteria and algae, respectively. Blue cells: secondary heterotrophic colonizers, i.e. bacteria and fungi.


      During biofilm development, a complex 3D structure is built in which different cells occupy distinct environments. The physicochemical environment is even heterogeneous within a biofilm due to the existence of several gradients, such as pH-value, redox potential and ionic strength [15]. Depending on its location in the biofilm, each microorganism has to adapt to a particular microenvironment as a more or less high concentration of oxygen, a more or less access to light and / or nutrients. Thus, there is heterogeneity in cellular activity within the biofilm: living but inactive bacteria inhabit some areas. Among the highly diverse biofilms of the human oral microbial biota, different Streptococci species have developed specific properties for colonizing the different oral sites subjected to constantly changing conditions, for competing against competitors and for resisting external aggressions (host immune system, physicochemical shocks, and mechanical frictions) [16]. In addition to the heterogeneity in the microbial diversity, there are also differences in constitution of the matrix between different zones of a biofilm (Fig. 2). At the bottom of the biofilm, in close contact to the solid surface, bacterial cells are embedded in a matrix containing high eDNA concentrations, in addition to proteins and polysaccharides that stick the biofilm on the surface. In the core of the biofilm, channels of water carrying ions, nutrients and oxygen cross the biofilm matrix containing high concentrations of EPS, mainly polysaccharides and proteins. In the biofilm detachment area, microbial enzymes digest the EPS matrix and release the cells that can regain expression of flagella and colonize new surfaces through motility.
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Fig. (2)


      Heterogeneity between different areas of a mature biofilm.


      Biofilm formation can be seen as an evolutionary step between unicellular non specialized organisms and multicellular organisms made of different kinds of specialized cells. The biofilm mode of life needs cell-cell communication systems for the regulation of multicellular behavior. These cell-cell communication systems are based on quorum sensing (QS) signal molecules termed autoinducers (AI) [17]. AI are small diffusible signal molecules produced proportionally to the population density of the producing organism. Beyond a threshold in AI, the cells sense the signal molecule allowing the whole population to initiate a concerted action. This results in phenotypic shift from planktonic to biofilm and in increased resistance to antimicrobial agents inside the biofilm. QS systems based on a variety of AI signal molecules, exist for gram-negative and gram-positive bacteria (Fig. 3). Homoserine lactones, quinolones, cyclic dipeptides, fatty acid esters and cyclic thiolactone are examples of AI molecules reflecting signal diversity [17]. Production and detection of most autoinducers are restricted to organisms within species. A particular autoinducer family called autoinducer-2 (AI-2), corresponding to cell-cell communication molecules, all derived from a common precursor (4,5-dihydroxy-2,3-pentanedione), is produced and detected by a wide variety of bacteria [18]. Thus, AI-2 may enable interspecies communication. AI molecules have been detected in biofilms formed on rocks in streams indicating that QS signalling may be involved in stone colonization of artworks and monuments [19]. Other signalling molecules can be involved in multicellular behaviour related to the biofilm mode of life such as ammonia and indole [20, 21].
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Fig. (3)


      Examples of Auto Inducer signal molecules produced by gram-negative or gram positive bacteria.


      One of the most important features of biofilms is their decreased sensitivity to antimicrobial agents [22]. The decreased sensitivity of sessile microbial cells to antimicrobial agents is lost when bacteria are removed from a biofilm and tested as planktonic cells indicating that it is directly related to the biofilm mode of life [23]. This biofilm tolerance to antimicrobial agents is multifactorial [24]: diffusion limitation of some antibiotics, slow metabolism of certain subpopulations, biofilm specific phenotype, large persister cell populations inside biofilms that neither grow nor die in the presence of microbicidal antibiotics, QS action and activation of the general stress response.

    


    
      2. NATURE OF THE MICROORGANISMS COLONIZING STONE MONUMENTS


      The European standard EN15898 defines the main general terms used in the field of conservation of cultural property [25]: an alteration is defined as any change in condition, beneficial or not, intentional or not; deterioration corresponds to gradual change in condition that reduces significance or stability; weathering is an alteration due to exposure to outdoor environment; a treatment is a direct action carried out on an object; cleaning corresponds to removal of unwanted material from an object. The term biodeterioration is not defined in the EN15898 standard but has been defined as “any undesirable change in the properties of a material caused by the vital activities of organism” by Hueck [26]. The microorganisms colonizing the stone monument surface are divers. They can be distinguished according to their location on or in the stone. The microbial colonizers are called epilithic when they are located on top of the rock. Microorganisms living inside the rock within cracks and fractures, or in the pore space of sandstone or granites are termed endolithic [27, 28]. Microorganisms colonizing in the depths of the stone can occupy different ecological niches. They are called chasmoendolithic and cryptoendolithic when they live in pre existing fissures and cavities, respectively, and euendolithic when they live in internal zones made by organisms which are themselves capable of actively penetrating the rock substrate [28]. Several types of epilithic and endolithic microorganisms are usually observed on stone monuments [29].


      Microorganisms that play a potential role in biodeteriorative processes are autotrophic and heterotrophic bacteria, fungi, algae and lichens [29-36]. Phototrophic microorganisms, i.e. microalgae, cyanobacteria and lichens are considered as the pioneering colonizers of the outdoor surface of stone monuments in humid as well as in semi arid and arid environments [37-39]. The phototrophic metabolism facilitates the growth of these microorganisms in oligotrophic environments such as stone, forming coloured patinas and incrustations [34]. Moreover, Cyanobacteria can extract and mobilize ions like calcium and potassium from artworks materials for their own nutrition [40]. Lichens are highly resistant to extreme temperature and desiccation, which allow them to easily grow on stone surface. Once installed, cyanobacteria and algae support the growth of heterotrophic organisms such as bacteria and fungi through cells metabolism and cells death [41]: living cyanobacteria and algae synthetize extracellular organic matter and dead cells release cellular constituents that form a nutrient source for heterotrophic microorganisms. Let’s take the example of an arid or semi arid environment where filamentous cyanobacteria are the first colonizers by taking advantage of their high resistance to desiccation [39]. The cells spread over the surface, thanks to the mobility of their trichomes, and can even enter the first few millimetres of the material if the porosity of the stone is sufficient. Empty sheaths, released during gliding movements of the trichomes, contribute to increased water retention properties of the stone surface. This makes the surface suitable for colonization of less drought resistant algae. At this stage, the biomass forms surface network of filaments where heterotrophic microorganisms are able to grow by degrading the organic material produced by primary cells conducting a more complex microbial community. The slimy surfaces of this biofilm favour the trapping of environmental particles (pollen, spores, abiotic particles). The mixing of these particles, together with components derived from the mineral surface and cellular debris, into the biofilm layer, gives rise to complex crusts and patinas. Among bacteria, in addition to photoautotrophes, chemolithoautrotrophs (sulfur oxidizing and nitrifying bacteria), chemoorganotrophs (sulfur-reducing bacteria), and chemoheterotrophs (actinomycetes) are common stone monuments colonizers. Actinomycetes species can form close association with cyanobacterial partner inside biofilms formed in Roman catacombs [42, 43]. In these particular biofilms, proteolytic bacteria and gram-negative slime forming bacteria are also present both from biofilm and air samples. Actinobacteria are widely distributed on stone monuments because of their filamentous growth and their ability to use a large range of nitrogen and carbon sources [42]. Chemoheterotrophic bacteria are mainly present in humid environments and form biofilms within the pores of stone materials; in arid and semi arid environments their occurrence is limited. Archaebacteria are less often described from monuments but this may be from the fact that they have been only rarely sought [44-47]. Halophilic archae such as Halococcus and Halobacterium have been described in association with areas of the formation of salt efflorescence on the wall surfaces.


      Fungi include unicellular ovoid and multicellular filamentous microorganisms. As chemoheterotrophic organisms, fungi are not able to use minerals of the stone or atmospheric CO2 as nutrients but grow on the organic matter produced by other microbial stone colonizers and deposits of organic matter of birds excretes, decayed leaves and aerosols [36]. Stone inhabiting fungi living in moderate or humid climate are different from fungi living in arid and semi-arid environments. In moderate or humid climates, hyphomycetes (Alternaria, Cladosporium, Epicoccum, Aureobasidium and Phoma) that form hyphal networks (mycelia) in the porous space of the stones are mostly present [48]. In arid and semi arid environments, black yeasts and microcolonial fungi are mostly colonizing monuments on and inside the stone often in close association with lichens [49].


      Lichens are symbionts of fungi and algae or fungi and cyanobacteria [50]. Lichens are capable of living in extreme temperature and desiccation in environmental conditions more efficiently than fungi, algae or cyanobacteria alone [51]. Like fungi, their growth is favoured by waste material of the birds. Lichens secrete a large range of substances that can be involved in the extraction of nutrients from the mineral surface of stone [52, 53].


      Quantification and characterization of the sessile biomass colonizing stone are essential prerequisites to ensure the diagnosis of biodeterioration processes and to implement control strategies and appropriate treatments. From the point of view of Sterflinger & Piñar, it is necessary to complement the taxonomic data of the analysis of microbial communities on art works by studying the physiological activity of the various microbes on and in materials in order to get a deeper understanding of biodeterioration processes, to be able to monitor the effect and success of antimicrobial treatments and to develop alternative and non toxic treatment methods, in order to stop or to slow down the biodeteriorative action of the microorganisms [54].

    


    
      3. CONSEQUENCES OF COLONIZATION OF STONE MONUMENTS


      
        3.1. Bioprotection


        Depending on the situation (climate, type of stone etc.) and on the type of microorganism, the microbial colonization of stone monuments can result in the protection or deterioration of buildings [55-57]. Endolithic organic matter associated with lichens colonization can provide waterproofing to the stone and act as a sulfate contamination barrier [58]. Thus, endolithic lichen can induce bioprotection of carboniferous limestone by a passive ‘umbrella’ or ‘thalline shielding’ effect [55, 59]: hyphal binding of the rock surface and subsurface appears only to retard, but do not prevent the dissolution of the calcareous substrate [60]. This bioprotection effect depends upon the metabolic activity of the microorganism and thus is subjected to seasonal variations. Lichens colonizing the stone also protect the surface from wind erosion and reduce thermoclastic damaging due to intermittent solar radiation [61]. Seaweeds significantly modify microclimate at the stone surface with a reduction of thermal maxima and damping of short term fluctuations in temperature and relative humidity. Canopy forming macroalgae moderate the surface weathering environment, via a stabilizing effect on microclimate, reducing the efficiency of mechanical breakdown associated with fluctuations of temperature and moisture.

      


      
        3.2. Biodeterioration


        Discoloration of the stone surface (greening, blackening, etc.), mainly due to photosynthetic microorganisms (algae, cyanobacteria and lichens), is the most obvious biodeterioration. Cyanobacteria are Gram-negative photosynthetic prokaryotes that occur in both filamentous and coccoid forms. The cyanobacteria on the walls of historic buildings appear to be ecologically remote from aquatic species, forming a particular group [62]. They have a distinct advantage over many other organisms on the outdoor surfaces of monuments in the tropics, thanks to their high resistance to desiccation and to high levels of UV irradiation [63, 64]. Resistance to UV is due to the production of photosynthetic pigments that are also directly responsible for the stone surface discoloration [37]. Algal greening is a common feature in temperate climates [35]. Algal biofilms are capable of reducing the ingress of moisture that likely has a bioprotective action [38]. Nevertheless, previous works have associated the presence of cyanobacteria and algae with physical biodeterioration processes [39]. In addition to discoloration, lichens contribute to deterioration of stone monuments by different mechanisms. They produce carbonic acid by transforming the CO2 produced during respiration and release highly corrosive metabolites such as organic carboxylic acids (like oxalic acid), polyphenolic compounds and chelating compounds that can dissolve the stone [65, 66]. Lichens attach and penetrate into the pores, cracks and fissures of the stone, leading to mechanical damages [67].


        Black fungi are the main agents of biopitting of granite, calcareous limestone and marble [68]. Biopitting is a kind of stone erosion that is the result of chemical (acid attack) and/or mechanical (penetration in the stone) actions of microorganisms, depending on the type of rock. The penetration allows the access of water and nutrients inside the stone, which facilitates the deep colonization of stone by bacteria and thus triggers biochemical attack [31]. In addition to stone pitting, black fungi colonization also induces dark discolorations of stone, in crusting the surface with melanin and imparting a dark, blackish brown appearance to the rock surface [69, 70]. In moderate or humid climates, hyphomycetes are the dominant fungi on rocks while in arid and semiarid climates, black yeasts and microcolonial fungi dominate [71]. Fungi biodeterioration can be difficult to treat because fungi are able to survive chemical treatments [69].


        The production of inorganic and organic acids by fungi and bacteria represents a significant part in biodeterioration processes in corrosive aggressiveness of the stone [72, 73]. Indeed, sulfur oxidizing and nitrifying bacteria are major sulfuric acid and nitric acid producers, respectively [74, 75]. The sulfur oxidizing bacteria usually live as biofilm communities on mineral surfaces [76, 77]. Many microorganisms produce carbon dioxide as an end product of their metabolism that contributes to acid attack monuments and to the formation of CaCO3. The inorganic acid attacks also promote the formation of calcium nitrate and gypsum. The crystal growth of salts in the porous structures of stone undergoes damage of the material due to phase changes [78]. By fermentative processes, most bacteria and microscopic fungi produce organic acids that act as complexing agents of metal ions, conducing to stone corrosion through direct and indirect actions.


        Beyond the type of microorganism, the formation of biofilm in itself is a factor of biodeterioration. Indeed, the EPS matrix plays a crucial role in the phenomenon of biodeterioration [79]. EPS can produce mechanical stresses on the stone through the pores of the mineral structure [80] and modify water circulation within the material and its sensitivity to temperature variations [81]. EPS can trap air particulate pollution conducing to a black colour on the surface of monuments in urban environments [30]. Several biofilm and cellular components such as anionic exopolymer, peptides and sugars acids are metal ions chelators that participate in dissolving ions out of the minerals inducing corrosion in them [79, 82, 83]. Other cellular components such as phospholipids, have an emulsifying action that participates in the biodegradation of insoluble compounds such as pyrite [84].

      

    


    
      4. BIOTREATMENTS OF STONE MONUMENTS


      Chemoheterotrophic bacteria such as Bacillus cereus and Myxococcus xanthus can participate in the consolidation of rock and plaster by enhancing calcium carbonate precipitation through passive and active processes [85, 86]. Microbial carbonate precipitation (MCP) can be used to repair calcareous monuments [87] and for crack repair in concrete [88]. MCP is determined by the concentration of dissolved inorganic carbon, the pH, the concentration of calcium ions and the presence of nucleation sites. Most of these factors are provided by the metabolism of the bacteria and the bacterial cell wall acts as a nucleation site [89]. Bacterial EPS mediate CaCO3 morphology and polymorphism [90]. In fact, microbial precipitation results from two different processes: biologically induced precipitation, where precipitation is facilitated by microbial activities; and biologically influenced precipitation, where precipitation is driven by passive interactions of EPS and the geochemical environment [91]. The fact that many EPS are highly hydrated represents an environment where ions and/or molecules can accumulate and reach concentrations higher than the overlying bulk phase [92].


      Traditional treatments for black crust removal are based on chemical, mechanical (i.e., abrasive method) and laser treatments and steam cleaning [93-96]. Hydrofluoric acid, ammonium carbonate and chelating agents are common chemical reagents used for external stones cleaning [95].


      Different bacterial species have been used as biocleaning agents of cultural heritage. Desulfovibrio desulfuricans is efficient to remove the black patina containing large amounts of sulfates from artistic stoneworks, Desulfovibrio vulgaris with an inorganic or organic carrier (sepiolite, gel Hydrobiogel-97 or carbogel) can remove sulfates from marble, and Pseudomonas stutzeri can remove the nitrate pollutants deposited on stones [97-101]. Nevertheless, some of these treatments necessitate the immersion of stone surfaces in a liquid medium and the use of living bacteria as biocleaning agents can have deleterious effects due to the chemical reactions between bacterial metabolites and stone substrata provoking destabilization problems [101]. Major improvements of the use of viable bacteria as biocleaning agents for sulfate and nitrate removal have been published recently [102]. Indeed, the use of a combination of Pseudomonas pseudoalcaligenes and D. vulgaris cell cultures entrapped in a multilayer biosystem has been proved to be a fast, non toxic solution, which protects the restorers, the artwork and the environment. Several microorganisms can produce enzymes (amylases, cellulases, glucose oxydases, lipases and proteases) able to remove the patina and clean stone surfaces [103-105]. For example, a lipase based cleaning treatment is efficient in the black patina removal [104]. Biocleaning alone is highly time consuming in the presence of thick and compact crusts, thus it can be combined with a chemical treatment such as the use of a non ionic detergent [96, 106]. There is still a need of research about biocleaning treatments because information about their long term effectiveness and their possible adverse effects is lacking.


      Chemical treatments with biocides are currently used to control rock dwelling microorganisms. This common practice can have deleterious ecotoxicity effects and is sometimes inefficient. The application of biocides can provide organic carbon and nitrogen sources of nutrients for microorganisms inhabiting stone monuments since these biocides can be degraded by Pseudomonas sp. strains present on stone [107]. Moreover, fungi are known to resist chemical attack and, therefore, can resist biocides and other anti microbial treatments. Indeed, in the cave of Lascaux, France, successive waves of outbreaks of black fungi were observed after Benzalkonium chloride treatments. The inappropriate use of biocides can also lead to deleterious situations. Indeed, doses below in use concentrations of biocides can stimulate bacterial biofilm formation [108]. Recently, lichen secondary metabolites (LSM) have been successfully evaluated as potential natural biocides against rock dwelling microcolonial fungi, cyanobacteria and green algae [109]. LSM comprise aliphatic, cycloaliphatic, aromatic and terpenic components synthesized by lichen forming fungi [110]. Usnic acid, norstictic acid and parietin were shown to inhibit the growth of different species of microcolonial fungi (Coniosporium perforans, Coniosporium uncinatum, Coniosporium apollinis, and Phaeococcomyces-like sp.) and to induce decreases of intact cells with red chlorophyll epifluorescence onto coccoid cyanobacteria (Chroococcus minutus) and green algae (Scenedesmus ecornis). These results suggest that LSM could be used in restoration and conservation programmes against rock dwelling microorganisms. Potential limitations of the use of LSM as biocontrol agents in this context are that some LSM are poorly soluble in water, and are pigmented. Further experiments of the potential impact of LSM on physicochemical properties of stone materials must be carried out to validate their future use in the restoration and conservation of stone materials.
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Fig. (4)


    Evolution of the publications in scientific peer reviewed journals on different topics related to Biofilm formation on stone monuments in the bib-liographic sciencedirect database up to and including 2013.


    
      5. PUBLICATIONS IN JOURNALS ABOUT BIOFILM ON STONE MONUMENTS


      An analysis of the publications in scientific peer reviewed journals on the topic of Biofilm formation on stone monuments was conducted using the bibliographic science direct database (Fig. 4, Table 1). The research was restricted to articles published up to and including 2013. The keywords used were biofilm; biodeterioration ; stone and monuments ; biodeterioration and stone and monuments ; biofilm and biodeterioration and stone and monuments. The number of articles published on biofilms has increased dramatically since 2001, with the figures risen to over 4000 per year. The number of articles published on biodeterioration was lower but it has constantly been increasing since 2006.The number of articles published on stone monuments and its evolution over time was similar to biodeterioration. When the terms biodeterioration, stone, and monuments were associated, the number of publications found was greatly decreased. This tendency was further accentuated when adding the word biofilm. However, again, changes in the number of publications have been constantly increasing, especially since 2006. As shown in Table 1 presenting the top 5 publication titles and the top five publication topics, “International Biodeterioration and Biodegradation“ is the leading journal publishing studies about biodeterioration in general, and biodeterioration of stone monuments in relation with biofilm in particular. Among the top five journals publishing articles about biofilm, only the Journal of Hazardous Materials publishes articles about biodegradation. The other journals correspond to water treatment or biotechnology. The major topics corresponding to publications about biodeterioration on stone monuments give a good idea about the research subjects in this domain: black crust, lichen, microbial community, stone monuments, biodeterioration, rock surface and wall paintings. This bibliography is geared towards heritage preservation and many studies are descriptive in field studies. Presently, the published research about biofilms on monuments and stone biodeterioration is relatively marginal in the entire bibliography on biofilms.

    


    
      CONCLUSION


      There is a lot of research to conduct to develop the knowledge of the specificities of biofilms in the context of stone monument’s microbial colonization and biodeterioration. Biofilms on stone monuments represent a fantastic model to study the ecology of biofilms since the microbial biodiversity is very high in this context. Biofilms on stone monuments are made of heterotrophic, autotrophic, procaryotic, eucaryotic, and archaebacteria microorganisms. Part of these microorganisms is entirely dependent on other colonizers to survive and grow while others can use the stone material as a nutrient source. The interactions between these different types of microorganisms, the involvement of quorum sensing in the formation, the behaviour of biofilms on stone monuments and the long term behaviour of biotreated surfaces are still largely unknown.


      
        Table 1

        Publications listed in the full-text scientific database ScienceDirect up to and including 2013.



        
          
            
              	Keywords

              	Total Publications

              in Journals

              	Top Five Publication Titles

              	Top Five Topics
            

          

          
            
              	Biofilm

              	33,565

              	Water Research (2,379)

              Bioressource Technology (1,930)

              Water Science & Technology (729)

              Journal of Hazardous Materials (658)

              Desalination (614)

              	Pseudomonas aeruginosa (690)

              COD (606)

              Staphylococcus aureus (587)

              Biofilm formation (556)

              COD removal (463)
            


            
              	Biodeterioration

              	6,437

              	International Biodeterioration & Biodegradation (2,894)

              International Biodeterioration (304)

              Bioresource Technology (167)

              Transactions of the British Mycological Society (106)

              	USA (113)

              International biodeterioration (78)

              Service department (69)

              Essential oil (55)

              Customer service (51)
            


            
              	Stone Monuments

              	5,808

              	The Lancet (405)

              Journal of Archaeological Science (342)

              Journal of Cultural Heritage (322)

              Construction & Building Materials (189)

              Journal of the Franklin Institute (179)

              	Bronze age (68)

              Cultural heritage (58)

              Iron age (44)

              Medical news (39)

              National park (36)
            


            
              	Biodeterioration

              Stone

              Monuments

              	432

              	International Biodeterioration & Biodegradation (150)

              Science of the Total Environment (57)

              Journal of Cultural Heritage (36)

              International Biodeterioration (21)

              Building & Environment (18)

              	Black crust (10)

              Lichen (10)

              Wall painting (9)

              Building material (8)

              Cultural heritage (8)
            


            
              	Biofilm

              Biodeterioration

              Stone

              Monuments

              	140

              	International Biodeterioration and Biodegradation (74)

              Science of the Total Environment (24)

              Building & Environment (5)

              Journal of Cultural Heritage (4)

              Journal of Microbial Methods (4)

              	Microbial community (5)

              Stone monuments (5)

              Biodeterioration (4)

              Rock surface (4)

              Wall painting (4)
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