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Abstract 

Epilithic bacteria play a fundamental role in the conservation of cultural heritage (CH) 

materials. On stones, bacterial communities cause both degradation and bioprotection 

actions. Bronze biocorrosion in non-burial conditions is rarely studied. Only few studies 

have examined the relationship between bacteria communities and the chemical 

composition of patinas (surface degradation layers). A better comprehension of bacterial 

communities growing on our CH is fundamental not only to understand the related decay 

mechanisms but also to foresee possible shifts in their composition due to climate change. 

The present study aims at (1) characterizing bacterial communities on bronze and marble 
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statues; (2) evaluating the differences in bacterial communities’ composition and 

abundance occurring between different patina types on different statues; and (3) providing 

indications about a representative bacterial community which can be used in laboratory 

tests to better understand their influence on artefact decay. Chemical and biological 

characterization of different patinas were carried out by sampling bronze and marble 

statues in Bologna and Ravenna (Italy), using EDS/Raman spectroscopy and MinION-

based 16SrRNA sequencing. 

Significant statistical differences were found in bacterial composition between marble and 

bronze statues, and among marble patinas in different statues and in the same statue. 

Marble surfaces showed high microbial diversity and were characterized mainly by 

Cyanobacteria, Proteobacteria and Deinococcus-Thermus. Bronze patinas showed low 

taxa diversity and were dominated by copper-resistant Proteobacteria. The copper biocidal 

effect is evident in greenish marble areas affected by the leaching of copper salts, where 

the bacterial community is absent. Here, Ca and Cu oxalates are present because of the 

biological reaction of living organisms to Cu ions, leading to metabolic product secretions, 

such as oxalic acid. Therefore, a better knowledge on the interaction between bacteria 

communities and patinas has been achieved.   

 

Keywords: Climate change; High throughput sequencing; Cultural heritage; Corrosion; 

Copper alloys; Biodeterioration 
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1. Introduction 

The conservation of outdoor cultural heritage (CH) materials (i.e., bronze and marble) is 

significantly influenced by both abiotic and biotic factors. Abiotic factors include pollutants 

and atmospheric depositions (Spezzano, 2021; Tidblad et al., 2016; Watt et al., 2009) and 

all climatic and meteorological parameters (Brimblecombe, 2003; Sabbioni et al., 2010; 

Spezzano, 2021), such as fluctuation of temperature (Kong et al., 2016; Liu et al., 2015; 

Samie et al., 2007; Toreno et al., 2018), sunlight exposure and intensity, wind, relative 

humidity (Liu et al., 2015) and wetting time (Cole et al., 2007). Biotic factors include all 

living organisms (e.g., bacteria, fungi, lichens) growing on cultural heritage materials.  

The interaction between abiotic and biotic factors (Toreno et al., 2018; Vidal et al., 2019) 

leads to the formation of characteristic layered degradation products on the material 

surface, the so-called “patina” (Scheerer et al., 2009). This patina could have protective or 

not protective properties towards the original surface, depending on its chemical and 

biological composition and physical characteristics. Concerning stones, the ICOMS 

glossary defined the term “patina” as: “chromatic modification of the material, generally 

resulting from natural or artificial ageing and not involving in most cases visible surface 

deterioration” (V. Vergès-Belmin et al., 2008). For sake of clarity, in this paper, both for 

stones and metals, we call “patina” any surface modification of the original substrate. 

 

1.1. Patinas on bronze 

Concerning outdoor bronze artefacts, the patina generally shows a two-layer structure 

depending on the exposition to the rain. Indeed, patinas not exposed to runoff, show the 

inner layer constituted by Cu I and Sn IV oxides with enrichment in Sn products and 

chlorides, while the external layer is mainly composed of Cu II salts, oxides, chlorides and 

sulfates of Cu and Pb (Chiavari et al., 2010). The wide range of patina colours (e.g., pale 

green, black and dark green) and the chemical composition have been extensively 
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investigated and related to atmospheric composition as well as to the action of rain and 

microclimatic conditions (Bernard and Joiret, 2009; Bernardi et al., 2009; Brimblecombe, 

2003; Cao and Xu, 2006; Chiavari et al., 2015, 2010; Graedel et al., 1987; Nassau et al., 

1987). Picciochi et al., (2004) reported the formation, on bronze, of different compounds 

depending on urban or marine atmospheres. The former induces the formation of cuprite 

(Cu2O), brochantite (Cu4SO4(OH)6) posnjakite (Cu4(SO4)(OH)6·(H2O)), atacamite 

(Cu2Cl(OH)3) and paratacamite (Cu3(Cu, Zn)(OH)6Cl2), while the marine atmosphere 

promotes only cuprite, atacamite and paratacamite. 

The origins of brochantite and posnjakite could be ascribed to the sulfur compounds 

coming mainly from atmospheric deposition, while atacamite and paratacamite occur as a 

chloride corrosion product on bronze artefacts (de Oliveira et al., 2009; Picciochi et al., 

2004). 

Specifically, in outdoor quaternary bronze statues, the areas exposed to rainfall are 

characterized by a pale green patina. This patina consists of two-layer structures: the 

external layer is relatively enriched in Sn by comparison to Cu, Pb and Zn, with a high 

concentration of atmospheric elements; the inner layer is brown and compact and 

characterized by a lower concentration of atmospheric elements and higher Cu 

concentration than the external one (Chiavari et al., 2007). 

 

1.2. Patinas on marble 

Concerning outdoor marble artefacts, patina formation is mostly influenced by how 

rainwater wets the surface. Two areas may be distinguished clearly, white and black. The 

former is exposed to water runoff and appears white due to cyclic washing out of deposits 

and deterioration products eventually formed; it is mainly composed of calcium carbonate, 

with the possible presence of magnesium carbonate (in the case of dolomitic marbles) 

(Brimblecombe, 2003; Camuffo et al., 1982). Conversely, black areas form on surfaces 
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protected from direct rain runoff. This condition favours the sulfation of the surface, with 

the formation of a crust mainly composed of gypsum and able to trap black carbonaceous 

and metal atmospheric particles (Camuffo et al., 1982). An important type of marble patina 

is the one composed of oxalate, specifically, Ca-oxalate, known for its material 

consolidating capacity, and very common among calcareous stone surfaces. Indeed, on 

marble, it can form a uniform and thick layer composed of mainly both whewellite 

(CaC2O4·H2O) and weddellite (CaC2O4·2H2O) (Monte, 2003; Perez-Rodriguez et al., 

2011). It origins from both atmospheric deposition and biological activity, especially by 

fungi (Gadd et al., 2014). 

1.3. Role of biotic factors: biodegradation and bioprotection 

Microbial ecology applied to cultural heritage material is getting increasing attention since 

several studies have pointed out that the activity of bacteria is responsible not only for 

degradation and soiling but also for the protection of CH materials (Joseph, 2021; 

Scheerer et al., 2009; Viles and Cutler, 2012). Until now, most of the research has focused 

on biological communities on stone, while evidence from bronze artefacts is scarce (Cutler 

and Viles, 2010; Lamenti et al., 2019; Scheerer et al., 2009; Warscheid and Braams, 

2000). In the case of bronze, to our knowledge, only few studies have been performed, 

preferentially related to buried artefacts (Ghiara et al., 2019; Piccardo et al., 2013), or to 

biopatination methods for improving conservation (Joseph, 2021) or to antimicrobial effects 

of copper and copper alloys (Chang et al., 2021a, 2021b). 

 

1.3.1. Biodegradation 

In the case of metals, microorganisms’ colonization may favour corrosion when anodic or 

cathodic reactions, or even both, are accelerated. Acidic metabolites can promote both 

cathodic and anodic reactions, by providing H+ subsequently reduced at the cathode and 
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enhancing metal dissolution at the anode. Moreover, the acceleration of corrosion may be 

due also to a decrease in pH with the consequent higher solubility of corrosion products 

(Videla and Herrera, 2009). Specifically, in anaerobic or waterlogged burial environments, 

the presence of microorganisms, such as sulfate-reducing bacteria is associated with 

corrosion via the copper sulfide formation, which in turn may be oxidized to brochantite 

(Muros and Scott, 2018). 

In the case of stones, it has been estimated that bacteria, together with fungi and plants 

(Scheerer et al., 2009) are responsible for 20–30% of deterioration (Wakefield and Jones, 

1998). Biodeterioration can occur through several mechanisms, described in detail in the 

following, namely biofilm formation, discolouration, metal oxidation/reduction, salting and 

physical damage, and corrosion induced by inorganic and organic acids (Scheerer et al., 

2009).  

Biofilm formation  

The biofilm originates from microbial cells bounded within the extracellular polymeric 

substances (EPS), which generally include polysaccharides, pigments, proteins, 

glycoproteins, lipopolysaccharides, lipids, glycolipids, fatty acids and enzymes (Prieto et 

al., 2020; Toreno et al., 2018). Their main role is to alter the water transport and retention 

by changing the capillary water transport, vapour diffusion and wettability, due to the 

capacity of EPS to act as a buffer for the cells thus decreasing or delaying water 

evaporation (Schröer et al., 2022). This results in increased cell resistance to drought 

periods. However, these wetting and drying cycles, with consequent expansion and 

contraction, weaken the mineral lattice and enhance the dirty appearance of the substrate 

(i.e., soiling and pigments accumulation) (Viles and Cutler, 2012).  

Discolouration 

The discolouration is the result of pigments contained within or released by the 

microorganisms (mainly cyanobacteria) living in the biofilm, such as photosynthetic 
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pigments like chlorophyll, carotenes and melanin, and atmospheric particles trapped in 

EPS (Gaylarde, 2020a; Dias et al., 2020; Viles and Cutler, 2012). Different levels of 

pigmentation are determined by environmental factors such as light intensity and 

wavelength, nutrient availability, and temperature. Indeed, cyanobacteria contribute to both 

yellow-brown colour patina (Macedo et al., 2009) and to the more common black areas in 

subtropical and tropical areas (Ortega-Morales et al., 2019; Scheerer et al., 2009). 

Discolouration induces both aesthetic and structural problems since it changes the 

appearance of the substrate and colour changes and thus also influencing sunlight 

absorption. This leads to an increase in mechanical stress related to heating/cooling and 

wetting/drying cycles (Scheerer et al., 2009). Physical damage due to water uptake and 

increasing pressure within fissures is also due to the penetration of microorganisms, such 

as cyanobacteria, into the stone (Scheerer et al., 2009). 

Metal oxidation/reduction  

Stones are subjected to oxidation/reduction of metals present in them. In non-burial 

conditions, oxidation prevails. The oxidation with the migration of oxidized metals is 

responsible for discolouration and surface alteration stimulating the patina formation. The 

role of these patinas can be either protective or degradative as it changes the water 

retention thus weakening the inner stone (Schröer et al., 2021). Specifically, in marble, 

bacteria can oxidize lots of metals, in particular, Fe, Mn and Pb. Indeed, on marble 

bacteria capable to oxidize iron (Bams and Dewaele, 2007)  and lead (Cantisani et al., 

2019) were detected. The lead oxidation on marble is responsible for red discolouration for 

the minium (PbO4) formation (Schröer et al., 2021). 

Salting and physical damage  

The involvement of bacteria in the salting process, due to the excretion of acids reacting 

with the stone, is responsible for subsequent physical damages, such as blistering, flaking, 

cracking, scaling, and granular disintegration. The salting process is also responsible for 
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the increase in the production of EPS and biofilm density with associated degradative 

consequences as reported by Scheerer et al. (2009). 

Corrosion  

An important biodeterioration mechanism to which also bacteria contribute is solubilisation 

via secretion of inorganic or organic acids originated by metabolic processes (Scheerer et 

al., 2009). The most common inorganic acids found on stone materials are carbonic, 

sulfurous, sulfuric, nitrous and nitric acids. These acidifying compounds react with the 

stone forming water-soluble products and leading to its dissolution (Sand et al., 2003; 

Scheerer et al., 2009). Carbonic acid is responsible for the degradation of calcareous 

stones, by the so-called karst effect (Lipfert, 1989). The most common organic acids are 

oxalic, citric, acidic, gluconic, malic, succinic acid, amino acids, nucleic acids and uronic 

acids. They contribute to stone solubilisation via both salt formation and complexation 

(Scheerer et al., 2009). Polyfunctional organic acids may show both solubilization and 

consolidation action in relation to the substrate chemical composition. For instance, oxalic 

acid enhances the dissolution of siliceous rocks, while on calcareous stones it leads to 

calcium oxalate formation, resulting in a protective action (Andreolli et al., 2020; 

Daskalakis et al., 2013; Salinas-Nolasco et al., 2004; Scheerer et al., 2009). Finally, 

bacteria increase their organic acid production during high-stress conditions (Scheerer et 

al., 2009). 

 

1.3.2. Bioprotection 

On metals, microorganisms can exert a protective action because of the consumption of 

oxygen through aerobic respiration, formation of EPS protective layers or biocompetition 

between corrosive and non-corrosive species (Albini et al., 2017; Joseph, 2021; Joseph et 

al., 2012; Videla and Herrera, 2009; Kip and van Veen, 2015).   
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On stones, bacteria metabolism products, such as EPS, may cause consolidation of the 

substrate (Daskalakis et al., 2013; Joseph, 2021; Ortega-Villamagua et al., 2020; Scheerer 

et al., 2009). It is the consequence of mineral precipitation. Indeed, they can produce a 

wide variety of minerals, including silicates, phosphates, sulfides, oxides, and above all 

carbonates, since they are common biominerals produced by many bacteria inhabiting 

stone communities (Boquet et al., 1973). The precipitation process takes place thanks to 

favourable conditions of pH, calcium concentration, dissolved inorganic carbon 

concentration and the availability of nucleation sites. Indeed, the increase in alkalinity and 

the use of their cells as nucleation sites are two common ways to promote mineral 

precipitation (Hammes and Verstraete, 2002; Schröer et al., 2021; Stocks-Fischer et al., 

1999). It is notable to mention that the CaCO3 precipitation may be mostly stimulated, also 

for bioconsolidation, via promoting photosynthesis, urea hydrolysis, sulfate reduction, and 

degradation of amino acids, as reported in (Schröer et al., 2021) and in (Baumgartner et 

al., 2006; Dupraz et al., 2009; Erşan et al., 2015; Hammes et al., 2003; Rodriguez-Navarro 

et al., 2003). Specifically, Daskalakis et al. (2013) found that Pseudomonas, Pantoea and 

Cupriavidus have a biomineralization ability by inducing calcium carbonate precipitation. 

 

1.4. Influence of climatic factors and future climate change on biotic factors 

The growth of bacterial communities is influenced by climatic conditions, bioreceptivity and 

nutrition (Guillitte, 1995; Scheerer et al., 2009; Viles and Cutler, 2012). Specifically,  

Gladis-Schmacka et al. (2014) stated that the occurrence of biofilms on outdoor materials 

is mostly determined by climatic conditions, especially humidity, so macroclimate seems to 

be more important than the material substrate. The nutrient supply comes from the 

substrate as well as from atmospheric depositions to which pollutants contribute 

significantly (Zanardini et al., 2000). In fact, SO2 and N-compounds stimulate, respectively, 

the growth of sulfur-oxidizing (e.g., Thiobacillus spp.) and nitrifying (e.g., Nitrosomonas 
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spp. and Nitrobacter spp.) bacteria with the production of sulfuric and nitric acid (Dakal and 

Cameotra, 2012), accelerating the corrosion and dissolution of the underlying material.  

In this multi-parameter context, the changes taking place in the climate and in the 

atmospheric composition (Monks et al., 2009; Pachauri et al., 2014; Spezzano, 2021) must 

also be considered. Indeed, climate and air quality are closely connected (Monks et al., 

2009; Seinfeld and Pandis, 2016; von Schneidemesser et al., 2015). Variations in UV 

level, water availability, time of wetting, frequency of extreme events and, as already 

mentioned, the nutrient supply affect the structure and function of the microbial biota living 

on CH surfaces. This, in turn, leads to biological community structure modification, with 

possible biodeteriogenic or bioprotective effects (Gladis-Schmacka et al., 2014; Ramirez et 

al., 2010; Viles and Cutler, 2012). 

In high-latitude regions, biological activity and biomass accumulation are expected to 

increase due to the rise in temperature and precipitation. Conversely, in low-latitude 

regions, a decline in precipitations coupled with temperature increase is expected to 

reduce biological activity and biomass accumulation (Gómez-Bolea et al., 2012). Besides, 

CO2 increase, up to 700-1000 ppm within 2100 in the worst scenarios (Pachauri et al., 

2014; Solomon et al., 2007), will foster the growth of phototroph organisms. These 

changes will lead to a shift in the community’s structure. Cyanobacteria are expected to 

replace green algae where hotter and drier conditions will occur, becoming more important 

in CH materials degradation as reported by Gaylarde (2020), and Prieto et al. (2020). 

Moreover, CO2 enrichment and water scarcity will promote colour change of biofilm on 

stone (Prieto et al., 2004). In addition, some studies (Kemmling et al., 2004; Prieto et al., 

2004; Tourney and Ngwenya, 2014) reported an increase in EPS production with water 

availability decrease, thus the low-latitude regions will experience higher biodegradation 

through a higher EPS production. 
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2. Research aim 

Understanding the diversity and structure of microbial communities is therefore 

fundamental in conservation science, allowing us to (1) obtain more complete information 

on deterioration mechanisms, (2) monitor the conservation state, and (3) understand their 

possible evolution in the context of climate change. 

Nevertheless, until now no studies have assessed the differences in microbial community 

composition between different areas on the same material exposed outdoors, especially in 

the case of bronze surfaces.  

A wider and deeper knowledge of biological communities on real outdoor artefacts will also 

allow for the inclusion of representative biological agents, in addition to the chemical and 

physical ones, in the set-up of accelerated ageing tests, which play a key role both in 

degradation mechanism studies and in protective treatment assessment.  

Based on the above, the present work aims at providing an insight into the composition 

and structure of bacterial communities living on bronze and marble, through the 

development of a method that combines the non-invasive sampling requirement typical of 

CH artefacts, with the rapidity and high identification effectiveness of the metabarcoding 

sequencing of 16S rDNA gene, via Minion, which is a fast method to characterize the 

bacterial communities as already shown in (Grottoli et al., 2020). 

For this purpose, we: i) characterized bacterial communities on bronze and marble CH 

surfaces (investigating selected outdoor artefacts); ii) evaluated the influence of the 

chemical composition of the material substrate on the bacterial community; and iii) 

provided indications on a representative bacterial community to be included in laboratory 

ageing tests for simulating the biological effects. 
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3. Materials and methods 

3.1.  Study sites and statues  

To characterize microbial communities and chemical profiles of different types of patinas, 

marble and bronze statues were sampled in two cities in northern Italy (Po Valley): 

Bologna and Ravenna, the latter being close to the Adriatic Sea. The two locations show 

comparable air quality and climatic conditions. As summarized in Fig. 1 and Table 1, two 

marble and one bronze statues were sampled in Bologna (in the Monumental Cemetery of 

Certosa) and one bronze statue in Ravenna: 

• “Pompeo Legnani” (Bologna, 1913), marble 

• “Gaetano Simoli” a.k.a. “Fabbro” (Bologna, 1895), marble 

• “Trentini Monument” (Bologna, 1924), bronze 

• “Alfredo Oriani” (Ravenna, 1899), bronze 

3.2. Sampling 

For each statue, different types of surface altered layers (patinas) were sampled, as 

shown in Fig. 2 and Table 1. A distinction was made between “unsheltered” (i.e., directly 

exposed to rainwater runoff) and “sheltered” areas (i.e., where rainwater runoff does not 

occur).  

The patinas from Pompeo Legnani come from the marble basement of the bronze relief. 

Specifically, the green patina of “Pompeo Legnani” was chosen to compare marble areas 

affected by percolation of copper ions leached from the overlying bronze relief with other 

marble areas not affected by copper percolation. Each patina was chosen since it shows 

specific colour and degradation pattern: for marble, most of the sample surfaces show 
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discolouration with colours ranging from white to yellow and black, for bronze, the colour 

varies from black to green to pale green.  

To collect bacterial communities growing on each patina, sterile cotton swabs moistened 

with 100µL of sterile nuclease-free water were used to rub approximately 25 cm2 of the 

surface. The frame used for the sampling is shown in Fig. 2, and it was sterilized with 

bleach before each sampling. For each statue and patina, two replicates were collected. 

Swabs were immediately placed in sterile 1.5 mL Eppendorf tubes and stored in dry ice 

while in the field, then at -20°C until DNA extraction. Sampling for chemical-mineralogical 

characterization of the patinas was performed using a chisel. 

Figure 1. Statues sampled in Bologna (the first three) and in Ravenna (the last one), Italy. 

The number stands for the patina type: “Pompeo Legnani”, 1=black (unsheltered), 2=green 

basement (unsheltered), 3=white (unsheltered); “Gaetano Simoli” a.k.a. "Fabbro", 1=black 

(sheltered), 2=black (unsheltered), 3=white (unsheltered), 4=yellow (unsheltered); “Trentini 

Monument”, 1=pale green (unsheltered), 2=black (sheltered), 3=dark green (sheltered); (d) 

“Alfredo Oriani”, 1=green (unsheltered), 2=pale green (unsheltered), 3=black (sheltered). 

Pompeo Legnani Fabbro Trentini Monument Alfredo Oriani

1 2

2

3

1

4
3

1

23

2

1

3
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Figure 2. Examples of patina types sampled, with the frame used for sampling (white 

rectangle). Above the marble patinas, below the bronze patinas.  

Table 1. Sampled Statue’s name, material, patina type and location 

Material Location Statue Patina colour 

Marble 

Bologna 

Pompeo Legnani 

Black (unsheltered) 

White (unsheltered) 

Green basement 

(unsheltered) 

Gaetano Simoli 

a.k.a. Fabbro 

Black (unsheltered) 

Black (sheltered) 

White (unsheltered) 

Yellow (unsheltered) 

Bronze 

Trentini 

Monument 

Pale green (unsheltered) 

Dark green (sheltered) 

Black (sheltered) 

Ravenna Alfredo Oriani 

Pale green (unsheltered) 

Green (unsheltered) 

Black (sheltered) 

Black sheltered

Dark green shelteredBlack shelteredPale green unsheltered

Green basementBlack unsheltered Yellow unshelteredWhite unshelteredBlack unsheltered

Green unsheltered

Trentini Monument
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Black sheltered Pale green unsheltered
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3.3. Chemical-mineralogical characterization of the patinas  

Mineralogical characterization of the sampled patinas was performed by Raman micro-

spectroscopy (Renishaw Raman Invia Spectrometer configured with a Leica DMLM 

microscope). The exciting source was an Ar+ ion laser (514.5 nm), with settings optimised 

to avoid sample degradation and obtain a satisfying S/N ratio (laser power Pout=1.5mW, 

accumulation time t=10s, number of scans n=4), despite the high fluorescence. For this 

reason, a baseline subtraction was necessary, carried out by Renishaw WiRE2.0 software. 

Raman identifications were done by comparison with spectra of pure standards contained 

in the online RRUFF Project Raman spectra database (Database of Raman Spectroscopy, 

X-ray Diffraction and Chemistry of Minerals) and/or with the cited bibliography. 

Chemical composition was analysed by scanning electron microscopy (SEM, Zeiss EP 

EVO 50) equipped with an Energy Dispersive Spectroscopy (EDS) microprobe (Oxford 

Instruments INCA X-act Penta FET® Precision [z>4 (Be), resolution 129eV (MnKa @ 

2500cps)]) with INCA Microanalysis Suite Software (version 4.15- issue.18 service pack 

5). The analyses on patina powders were carried out at EHT 20keV in High Vacuum (~10-4 

Pa) conditions.  

 

3.4. Biological characterization of the bacterial communities 

Microbial DNA was extracted using the E.Z.N.A.® SOIL DNA KiT (Omega Bio-Tek) 

inserting the cotton swab inside the first tube provided by the manufacturer. Similar kits, 

(e.g., Fast DNA SPIN Kit for Soil (MP Biomedicals, Illkrich, France) were already used to 

extract the DNA from different sources, such as marble, stone, and metal (Piñar et al., 

2019; Sanmartín et al., 2015). DNA extractions from negative controls based on laboratory 

aerosol (Eppendorf opened on the workbench during the extraction procedure) were 

conducted at the end of each extraction following the same procedure as the real samples. 

http://creativecommons.org/licenses/by-nc-nd/4.0
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DNA yield was assessed using the Qubit dsDNA HS Assay Kit with a Qubit 2.0 fluorometer 

(Invitrogen).  

16S sequencing libraries were generated using the 16S Barcoding Kit (SQK-16S024) from 

Oxford Nanopore Technologies (ONT), Oxford, UK, following the manufacturer’s 

instructions. 10 ng of DNA were employed for PCR amplification, where 30 PCR cycles 

were chosen instead of 25 to increase reaction yield. The entire PCR process was 

composed of initial denaturation at 95°C for 1 min, denaturation at 95°C, annealing at 55°C 

and extension at 65°C for 30 cycles, followed by a final extension at 65°C for 1 min. 

Negative PCR controls were also included for each batch of PCRs. Targeted samples 

were pooled in equimolar ratios and about 82 fmol of the pooled sample were loaded onto 

a MinION flow cell (R10.3, FLO-MIN111). The flow cell was placed into the MinION for the 

sequencing and controlled using ONT’s MinKNOW 4.3.12 (Oxford Nanopore 

Technologies, Oxford, UK) software. The Nanopore technology was chosen since it is 

getting frequently used in CH conservation (Pavlovic et al., 2021), especially for the 

characterization of microbial communities on walls and stone (Adamiak et al., 2018a, 

2018b; Grottoli et al., 2020; Piñar et al., 2020a) and painting (Piñar et al., 2020b).  

It allows to immediately sequence directly in the laboratory for real-time (Grottoli et al., 

2020; Magi et al., 2017; Nygaard et al., 2020; Piñar et al., 2019, 2020a) of the long-reads 

16S rRNA amplicon V3 and V4 hypervariable regions of the 16S rRNA gene (Pyzik et al., 

2021). The use of long-reads 16S rRNA amplicon in Nanopore MinION brings the 

accuracy in taxa identification to ~95 %(Santos et al., 2020). 

The base-called data (fastq) were further processed using the 16S-workflow available in 

the cloud-based data analysis platform EPI2ME (Piñar et al., 2020a) with “Fastq 16S 

Analysis” and the average quality of about 85%, for demultiplexing. The reads were 

clustered at MOTU (Molecular Operational Taxonomic Unit) level (based on EPI2ME, here 

output MOTUs are ranked at the species level). 

http://creativecommons.org/licenses/by-nc-nd/4.0
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The relative abundance of each species within each sample was calculated, and the 

species were sorted in descending order by relative abundance retaining only the species 

with a relative abundance higher than 0.1 %. The relative species abundance of the two 

replicates per patina and statue was averaged to get the abundances per patina type. The 

species abundance per material was obtained by averaging the species abundance of 

each patina of the same material. For graphical representation, the species were then 

collapsed to phylum and genus levels, since the first represents the biggest group below 

the superkingdom of bacteria, while the genus level comes above species. For statistical 

analysis, we worked at the species level (see below). The species abundance table and 

the associated taxonomic table are available under request.  

 

3.5. Data analysis 

To estimate alpha diversity, the species abundance table was rarefied at the number of 

sequences of the sample with the least sequencing depth (n. reads = 1,690, “Fabbro” 

sheltered replicate 2). Data were rarefied using the “rarefy_even_depth” function in the 

“Phyloseq” library (we defined a random number of seeds to 15, R environment) 

(McMurdie and Holmes, 2013) 2,177 MOTUs were removed because they are no longer 

present in any sample after random subsampling. 

Alpha diversity was assessed for both materials (bronze and marble) and patina types. 

The following diversity indices were calculated on rarefied untransformed data: total taxa 

richness (S), Margalef’s index (d), Shannon’s index (H’) and Pielou’s index (J). The 

Margalef index (Margalef, 1958) estimates the total number of species but incorporates 

also the total number of individuals (N) to adjust for the fact that within a larger number of 

individuals, more species may expect to be found, the Shannon index takes into account 

for both richness and evenness, while Pielou’s (Pielou, 1966) estimates the species 
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evenness. We calculated mean values and standard errors for each of these metrics for 

each material and patina type.  

Differences in alpha diversity indexes and microbial community structure between 

Materials (fixed factor, 2 levels: marble and bronze) and Patina (fixed factor, 7 levels, 

nested within Materials) were statistically tested by performing univariate and multivariate 

permutational analyses of variance (PERMANOVA) with PERMANOVA+ (Anderson et al., 

2008) in PRIMER v.7 (Clarke and Gorley, 2015). To perform PERMANOVAs, we created 

euclidean distance matrixes on untransformed data for each alpha diversity index; while 

for multivariate analysis a Bray-Curtis similarity matrix on the fourth-root transformed 

abundance data were made. Due to the unbalanced sampling design, we used type III 

sum of squares and unrestricted permutation of the raw data with 9999 permutations. 

When the factor Patina was found to be statistically significantly different, a pairwise a 

posteriori comparison was performed using the Permutation test of Monte Carlo due to the 

low number of possible permutations. 

Variability in the bacterial community structure among samples was displayed by 

unconstrained ordination plots using the principal coordinate analysis (PCO), based on 

Bray-Curtis’s distance matrix calculated from the fourth-root transformed MOTU 

abundance data.  

All the analyses were performed using R statistical software (Version 4.1.1) (R Core Team, 

2021  unless otherwise specified.  

4. Results  

4.1. Chemical-mineralogical characterization of the patinas  

Results of EDS analyses of the bronze patinas on the “Trentini monument” and “Alfredo 

Oriani” are reported in Table 2 (Supplementary material, (SM)), together with those of the 

marble basement subjected to percolation of soluble corrosion compounds leached from 
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the bronze relief of “Pompeo Legnani”. S, Cl, O, C, Si, Ca and Al are the main 

environmental elements present in the bronze patinas, with a higher concentration of Cl in 

the statue located in Ravenna (closer to the sea). Copper concentration in the green part 

of the marble basement of “Pompeo Legnani” shows a comparable value to those of pale 

green patinas on bronze (12.4 vs 12.6-13.5 wt%). 

The ex-situ Raman analysis reveals the presence of similar mineralogical composition in 

the same patina type from different statues.  

The bronze patinas analyzed are (i) unsheltered pale green (ii) and sheltered black or (iii) 

sheltered dark green. The results are reported in Fig. 3c and Table 3. 

Specifically, concerning bronze patinas, each one shows the presence of copper oxides, 

carbon, and organic compounds. Besides, as expected, and in agreement with EDS, the 

unsheltered pale green patina shows mainly the presence of basic sulfate compounds 

(brochantite, Cu4(SO4)(OH)6 and antlerite (Cu3(SO4)(OH)4) in both statues. Also, in the 

“Alfredo Oriani” statue (Ravenna), covellite (CuS) is present together with brochantite. It is 

worth noting that in the unsheltered pale green patina of “Trentini Monument” (BO) Raman 

spectrum of carotenoids was found, with intense bands around 1155 cm-1 and 1515 cm-1, 

due respectively to the C-C and C=C stretching of the polyenic chain, and their overtones 

and combination bands (Schulz et al., 2005). This finding is consistent with biological 

analysis results. Concerning the sheltered dark green patinas, while the statue in Bologna 

shows the presence of antlerite, anglesite (PbSO4) and hydrocerussite (Pb3(CO3)2(OH)), 

the statue in Ravenna, much closer to the sea, shows mainly atacamite (Cu2Cl(OH)3), 

according to the higher concentration of Cl detected by EDS, and only traces of sulphates 

and cuprite.  

From an analytical point of view, the attribution of Raman spectra was performed 

considering that the mineral brochantite is well defined by the bands at 3400, 3561-3583 

cm
− 1

, in the OH− stretching region, and by the peaks in the lower wavenumber region at 
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238, 390, 450, 482, 510, 590-607-622, 973 cm-1 (Martens et al., 2003) (Fig. 3). Antlerite 

shows peaks for both statues at 415, 478, 600, 987, 1079, 3489 and 3580 cm−1. Atacamite 

shows peaks around 125-145, 356, 840-905-975, 3352-3440 cm
− 1

 (Hayez et al., 2004). 

 

http://creativecommons.org/licenses/by-nc-nd/4.0


21 
© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license  http://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

500 1000 1500 2000 2500 3000

Raman shift / cm-1

0

50000

100000

150000

200000

C
ou

nt
s

1580

1516

Black patina, sheltered: gypsum + wedellite

1350
1056-1190

1004

14741008

962-1004

1156

867

Black patina, unsheltered: carotenoid + carbon

1187-1210

1629-1643

1674

630-683
482

Yellow patina unsheltered: carotenoid

1522

1261
1157

868 Yellow patina unsheltered: phycocyanin1404

1596-1600

500 1000 1500 2000 2500 3000 3500 4000

Raman shift / cm-1

0

1000

2000

3000

4000

5000

6000

7000

8000

C
ou

nt
s

973

Greenish Marble Basement: devillina
3560-3600

1130

992

412-440-600

1610

1484-1510

3489-3580
3450

3390

550238 838

Greenish Marble Basement: brochantite + moolooite

390-482-507-605

135-190

545

1085 1456

1683

3440-3470

172-195

277

Greenish Marble Basement: Ca-Cu oxalate + calcite

a)

500 1000 1500 2000 2500 3000 3500 4000

Raman shift / cm-1

0

1000

2000

3000

4000

C
ou

nt
s

390-417-

450-483-510
590-607

PG: brocantite + antlerite + carbon

1590
1360

1075

974-987
3489

3382-3400

1509

1289

1153

959-1002

3561-3583

PG: carotenoid

2981-30162296
2653

DG: anglesite + hydrocerussite + carbon
1590

1360
1049

980

610440

987-1049-1079

15901360*neon

3489-3580

415, 478, 600
DG: antlerite + hydrocerussite + carbon

c)

b)

http://creativecommons.org/licenses/by-nc-nd/4.0


22 
© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license  http://creativecommons.org/licenses/by-nc-nd/4.0/ 

Figure 3.  

Raman spectra: (a) greenish marble basement for "Pompeo Legnani” and “Alfredo Oriani” 

statues; (b) marble statue “Fabbro” (BO): black sheltered, black unsheltered and yellow 

unsheltered patinas; (c) bronze statue “Trentini Monument” (BO): Pale Green (PG) and 

Dark green/black (DG). 
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Table 3. Mineralogical composition of patinas on bronze and marble (*in bronze patinas, 

copper oxides are always present, even if not indicated in the table). 

Material Statue's name Patina colour 
Mineralogical 

composition* 

Marble 

Pompeo Legnani 

(BO) 

White (unsheltered) Calcite, quartz and anatase 

Black (unsheltered) 
Calcite, carbon and 

carotenoids 

Green (basement) 

Calcite, devilline, and traces 

of moolooite, antlerite and 

anatase 

Fabbro (BO) 

Black (unsheltered) 
Calcite quartz, carotenoids 

and phycocyanin traces 

Black (sheltered) 
Gypsum, carbon and 

weddellite traces 

White (unsheltered) Calcite and carotenoids 

Yellow (unsheltered) 
Calcite, carbon,carotenoids 

and phycocyanins 

Bronze 

Trentini 

Monument (BO) 

Pale green 

(unsheltered) 

Brochantite, antlerite, carbon 

and carotenoids 

Dark green 

(sheltered) 

Antlerite, anglesite, 

hydrocerussite carbon and 

organic substances 

Black (sheltered) 

Anglesite, hydrocerussite 

antlerite, carbon and organic 

substances 

Alfredo Oriani 

(RA) 

Pale green 

(unsheltered) 

Brochantite, covellite and 

carbon 

Black (sheltered) 

Atacamite, carbon and 

organic substances and 

traces of sulfate 
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Raman analyses of marble statues (Fig. 3a,b; Table 3) show the common presence of 

calcite in all patina types, in particular in “unsheltered” samples, together with quartz, 

anatase, silicates and carbon, which becomes predominant in black areas.  

On the sheltered black areas, as expected, gypsum is identified, with the main peak of the 

SO4
2- stretching at 1008 cm-1, together with weddellite, the dehydrate Ca-oxalate, with its 

characteristic band of the C=O oxalate at 1474 cm-1 (Frost, 2004). On marble patinas 

exposed to the sun, carotenoids are present. Only on the green basement and white area 

of “Pompeo Legnani” carotenoids are not detected.  

Furthermore, on black unsheltered and yellow patinas in the “Fabbro” marble statue, 

Raman spectroscopy shows the presence of structures similar to phycocyanins (Szalontai 

et al., 1994), that have the light-harvesting function in cyanobacteria.  

The analyses performed on the marble basement (Fig. 3a) of the “Pompeo Legnani”, 

where greenish stains are present due to the leaching of bronze patina on the marble 

surface, show the presence of copper salts like brochantite, antlerite (traces) and the Cu-

oxalate, moolooite (Cu(C2O4)*0.4H2O) (Frost, 2004). Moreover, salts in transformation due 

to the interaction with calcium carbonate are detected. Specifically, the basic hydrated 

calcium and copper sulphate, devilline (CaCu4(SO4)2(OH)6·3(H2O)), is found. Devilline is a 

product formed by the interaction between copper sulphates like brochantite or antlerite 

and calcite and is characterized by Raman peaks at 412, 440, 992, 1133, 3560-3600 cm-1. 

A similar process occurs on “Alfredo Oriani” marble basement (not reported in Table 3), 

where Raman bands at 172-195, 545, 1456, 1683, 3440-3470 cm-1 could reasonably be 

ascribed to an intermediate species between pure Ca-oxalates (weddellite or wewhellite) 

and Cu-oxalate (moolooite).  
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4.2. Biological characterization of the bacterial communities 

4.2.1. DNA extraction 

All Samples with DNA quantification higher than 10ng are shown in Table 4 (SM). On 

bronze, only the unsheltered pale green and green patinas allow for successful DNA 

extraction, while in the sheltered black and dark green sheltered patinas, the DNA is not 

detectable. On marble, the two patinas (green and white areas) present below the bronze 

relief of “Pompeo Legnani”, thus affected by the percolation of bronze corrosion products, 

did not reveal enough environmental DNA to proceed with the biological analysis, so in this 

statue, DNA was analysed only in the black area (zone 1 shown in Figure 1).  

4.2.2. Taxonomic composition 

Detected contamination was negligible in negative controls, in fact, these samples 

contained less than 14 reads. On average 19,45318,623 reads are assigned to bacterial 

taxa living on marble and 83518605 to bronze statues ones.  

Bacterial communities living on bronze and marble surfaces show statistically significant 

differences in terms of composition and structure (Figure 6, Table 5, SM), indeed the 

bacterial communities on bronze are characterized by 8 phyla and 30 genera, vs. 9 phyla 

and 69 genera found on marble statues (Fig. 4a, b).  

Bronze patinas show a high abundance of Proteobacteria (90%) followed by 

Cyanobacteria (7%), while the marble patinas show a bacterial community mainly 

composed of Cyanobacteria (67%), followed by Proteobacteria (19%) and Deinococcus-

Thermus (10%).  

At the genus level, the bacterial community colonizing the bronze surfaces is mainly 

composed of Methylobacterium (90%) (Proteobacteria), with the other genera having an 

abundance of less than 3%. Conversely, the bacterial community growing on marble is 

composed of different genera of Cyanobacteria: Aliterella (18%), Gloeocapsopsis (12%) 
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and Truepera (5%), and Proteobacteria: Methylobacterium (12%), Sphingomonas (6%), 

Rubellimicrobium (3%) and Roseomonas (3%).  

 

Fig. 4. Bacterial taxonomic profile and relative abundance in Bronze and Marble statues at 

the phylum level (a) and at the genus level (b). Only abundant taxa included (>0.1% of 

a)

b)
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total relative abundance). The term “Other” includes all genera with an abundance of <3 

%. The histograms are drawn using the R software (Version 4.1.1) ggplot2 package. 

From the characterization carried out on the biofilm on the different patina types: the patina 

with the highest average number of reads is the Green patina from the “Alfredo Oriani” 

statue (mean n. reads = 67,560  89,868), while the lowest average number of reads is 

observed on the black sheltered patina belonging to the “Fabbro” (mean n. reads = 48,618 

15,023). Unsheltered bronze patinas show in common the presence of copper-resistant 

Proteobacteria, while on the marble ones higher diversity is present. 

Specifically, the biofilm living on bronze surfaces shows higher taxa diversity on the 

“Alfredo Oriani” than on the “Trentini Monument” patinas, especially for pale green ones 

(Fig. 5a, b). Indeed, they show a presence of Cyanobacteria above 10% on the “Alfredo 

Oriani” statue, while these bacteria are almost absent on the pale green patina of the 

“Trentini Monument” (Fig. 5a, b). 

The biofilm occurring on marble surfaces (patinas) shows fewer differences in bacteria 

composition within the same statue, but some differences occur between the statues; 

indeed, the two marble statues present two well-differentiated bacterial communities. 

Concerning the “Fabbro” statue, the yellow patina shows a bacterial community primarily 

composed of 85% Cyanobacteria, 6% of Deinococcus-Thermus and 6% of Proteobacteria. 

Within Cyanobacteria, the most abundant genera are Aliterella, Dapisostemon, 

Gloeocapsopsis and Truepera. The white area shows a following composition: 

Cyanobacteria 57%, Proteobacteria 24% and Deinococcus-Thermus 17%, the genera 

most represented are Anabaena, Gelocapsosis and Truepera (Cyanobacteria), 

Deinococcus (Deinococcus-Thermus) and Rubellimicrobium (Proteobacteria). The black 

area in shadow condition shows the following bacteria composition: Cyanobacteria 85%, 

Proteobacteria 7% and Deinococcus-Thermus 4%, where Anabaena, Dapisostemon, 
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Gelocapsosis and Truepera (Cyanobacteria) and Rubellimicrobium (Proteobacteria) are 

the most abundant genera. Concerning the black area (not sheltered) under sunlight 

conditions, its bacterial community is composed of Cyanobacteria 83%, Proteobacteria 

and Deinococcus-Thermus 4%, with the most abundant genera belonging to 

Cyanobacteria phylum: Aliterella, Dendronalium, Dapisostemon, Glocapsosis, Nostoc and 

Truepera. Therefore, on the whole marble “Fabbro” statue, the Cyanobacteria Aliterella, 

Gloeocapsopsis and Truepera represent the most abundant genera with an abundance 

greater than 20%, 10% and 3% respectively.  

The black area of “Pompeo Legnani” differs from those of the “Fabbro” statue for the 

greater abundance of Proteobacteria genera and lower presence of Cyanobacteria 

genera. Indeed, it shows the presence of Proteobacteria for at least 60%, followed by 

Cyanobacteria (26%), Deinococcus-Thermus (9%) and by Bacteroidetes. At the genus 

level Roseomonas, Sphingomonas and Methylobacterium (Proteobacteria) represent more 

than 17%, 12% and 11%, respectively. Other important genera are Truepera 

(Deinococcus-Thermus) with ~9%, Gloeocapsopsis with ~9% and Noviherbaspirillum 

(Proteobacteria) with ~ 6%. 
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Figure 5. Bacterial taxonomic profile and abundance of the patina at the phylum level (a) 

and the genus level (b). Only abundant taxa included (>0.1% of total relative abundance). 

The term “Other” includes all genera with an abundance of <3 %. The distribution 

histogram is drawn based on R software (Version 4.1.1) ggplot2 package. Codes of the 
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analysed sculptures: A O (Alfredo Oriani), F (Fabbro), P L (Pompeo Legnani), T M 

(Trentini Monument). 

4.2.3.  Alpha diversity 

All four diversity indexes show that marble statues host a higher and more significantly 

diverse bacterial community compared to bronze patinas (Fig. 6, Table 5 SM). No 

significant differences are observed between the bacterial communities growing on 

different patina types within the same material, marble or bronze. Indeed, on the bronze 

patinas, all the diversity indexes show similar results between pale green patina and green 

patina (Figure 6, SM) and these values are always lower than those of marble patinas. 

Within the marble patinas, those with the highest diversity are the black area of “Pompeo 

Legnani” and the black area of “Fabbro” in sheltered and shadowed conditions (Figure 6, 

SM).  

4.2.4. Bacterial community structure 

The PERMANOVA and the PCoA reveal significant differences between the bacterial 

community structure of bronze and marble statues and between patinas within each 

material (Table 6 SM, Figure 7). Within Bronze patinas, the bacterial communities are not 

statistically different both in terms of species richness and abundance (p = 0.19, Table 6 

SM). Nevertheless, within marble samples, statistically, significant differences are 

observed between the black area of “Pompeo Legnani” compared to all the other patinas 

and between the unsheltered black area directly exposed to the sun and white unsheltered 

patinas (Table 6 SM). Besides, the two replicates belonging to the same patina type 

always show homogeneity among them. 
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Figure 7. Principal coordinate analysis plot (PCO) based on a Bray-Curtis distance matrix 

calculated from the fourth-root transformed OTU abundance data of the bacterial 

community of the different materials and patinas. B= Bronze, M= Marble. Note that the two 

uppermost tringles stand for the patinas of the “Pompeo Legnani” statue, the others of 

marble for the “Fabbro” statue. 

 

5. Discussion 

For the first time, to our knowledge, we characterize the bacterial communities on bronze 

and marble artefacts in outdoor conditions and on their associated patinas, using a 

combination of a non-invasive sampling method and metabarcoding approach. 

Differences in DNA concentration and in the bacterial community structure are clearly 

observed between marble and bronze statues. The lower quantity of eDNA and the lower 
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taxa richness observed in the bronze patinas are likely related to the biocidal effect of 

copper and lead alloying elements. This was particularly evident for the sheltered black 

and dark green bronze patinas, where the microbial community characterization was not 

possible due to very low eDNA. This can be ascribed to the fact that in unsheltered areas, 

where biological activity was found, the runoff condition leads to the significantly lower 

biocidal activity of Cu and metal ions, due to: (i) the fast flow of rainwater which reduces 

the contact time between the surface and the solution enriched in metal ions, thus 

reducing the activity of Cu ions towards bacteria community; (ii) the solar radiation and 

higher temperatures that induce faster drying. In sheltered areas and where the surface 

geometry allows to maintain the surface wet or in stagnant condition for longer times, 

higher Cu ions concentration is likely attained in the wet period, thus hindering the growth 

of the biological community. Therefore, free copper ions within the bronze patinas could 

act as a key factor in the colonization of bacteria and in their diversity, due to their well-

known antimicrobial effect (Altimira et al., 2012; Chang et al., 2021a, 2021b; Molteni et al., 

2010; Quaranta et al., 2011). 

All the marble patinas were characterized by rich and diverse bacterial communities, 

except for the greenish and white areas in the marble basement of "Pompeo Legnani" 

where low concentrations of DNA were detected. This gives us further evidence of the 

detrimental influence of copper and alloying metals leaching from the bronze statue on 

bacterial communities. Moreover, in both areas, no carotenoids were detected (Tab. 3) 

confirming the absence of the phototrophic bacteria community. In these greenish areas, 

intermediate species between pure Ca-oxalates (weddellite or wewhellite) and Cu-oxalate 

(moolooite) were detected by Raman analysis. The influence of Cu ions on biological 

communities can be also inferred by the presence of oxalates in these areas. In fact, the 

occurrence of oxalates can be ascribed to the reactions of toxic copper ions towards both 
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bacteria, which later died, and/or other living organisms, mostly lichens and fungi (Frank-

Kamenetskaya et al., 2021; Joseph, 2021), still not analyzed. 

Carotenoids were undetectable also in the white area of the basement, where the low DNA 

concentration does not allow for the characterization of the bacterial community. The 

related EDS analyses (Tab. 2 SM) showed that this area is reached by leached Cu ions; 

while in the Black area of the “Pompeo Legnani” statue, where both carotenoids and a 

high abundance of Proteobacteria bacteria were observed, Cu was not detected, even if 

Proteobacteria are well known to be copper-resistant. Considering that the runoff 

conditions are the same throughout all the marble basements, this difference between 

black and green/white areas seems ascribable to the biocidal role of Cu leached by rain 

and reaching only the green/white areas. Further analyses are necessary to confirm this 

hypothesis. 

Our findings highlight less alfa diversity in bacterial communities growing on bronze 

statues than on marble statues. This is firstly due to the chemical features, especially the 

copper cations concentration and release, which detrimentally affect bacteria community 

structure and growth (Chang et al., 2021b, 2021a), as previously stated. Secondly, the 

physical characteristics of bronze (i.e., lower porosity and roughness than marble) hinder 

water retention, which is fundamental for biological growth.  

The bacterial community on bronze was characterized by the presence of the only phylum 

Proteobacteria, with the most abundant genus the facultative methylotroph and oxidase-

positive Methylobacterium, which also show taxa with characteristic carotene in their 

membrane (Rizk et al., 2020). The high abundance of this genus in bronze statues could 

be explained by its high tolerance to copper, as reported by Lejon et al. (2010) and Kunito 

et al. (2012), who found these microorganisms in soils contaminated by high 

concentrations of Cu. The genus Methylobacterium includes methylotrophic organisms 

able to metabolize methylated sulfur compounds, such as methanesulfonate CH3SO3
- from 
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atmospheric depositions (Sciare et al., 2003), releasing sulfur in the form of HSO3
- and 

HSO4
- (Kelly and Murrell, 1999; Moosvi et al., 2005). This may contribute to further 

degradation of the bronze substrate, by inducing the growth of sulphates on the patina 

(brochantite and anglesite), in addition to the environmental contribution from atmospheric 

SO2. Indeed, dimethylsulfide in the atmosphere is expected to increase with climate 

change (Gabric et al., 2004). 

No significant statistical differences were observed in the bacterial communities growing 

on the different bronze patinas. This may be the consequence of the general bacteria 

growth inhibition due to the high amount of copper in the bronze alloy, allowing only the 

growth of Cu-tolerating genera. Comparing the bronze statues in Ravenna and Bologna, 

no real biological differences were found, thus no microclimatic influence on bacteria 

community and structure was found in this work. 

Marble patinas are, indeed, characterized by bacterial communities similar to those 

observed in other CH materials or soil, since bacteria also come from the soil dust 

resuspension and aerosols (Coelho et al., 2021; Filomena Macedo et al., 2009; Gaylarde 

et al., 2007; Kunito et al., 2012; Li et al., 2016; Scheerer et al., 2009; Viles and Cutler, 

2012).  

The most common genera found on marble belong to Cyanobacteria, which generally get 

energy by photosynthesis and indeed show the presence of photosynthetic pigments 

(phycobiliproteins, range carotenoid proteins and chlorophyll) (Kay Holt and Krogmann, 

1981). 

Statistically significant differences in terms of bacterial communities were found between 

patinas belonging to different marble statues but also between patina types within the 

same marble statues. Within the “Fabbro” statue, statistical differences occur between the 

black area directly exposed to the sun (unsheltered) and the white one, while the 

comparison of “unsheltered black” and “sheltered black” in shadow condition patinas 
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indicates that exposure to sunlight does not induce statistically significant differences. 

Further research is needed to verify the possible influence of microclimate on microbial 

composition and structure. 

All the “Fabbro” patinas clustered together and were clearly differentiated by the black 

area belonging to “Pompeo Legnani”. Indeed, all patinas found in the “Fabbro” statue were 

characterized by a high abundance of Cyanobacteria which are known to be responsible 

for the discolouration and degradation of the statues (Macedo et al., 2009; Gaylarde et al., 

2007; Scheerer et al., 2009), while “Pompeo Legnani” black area shows a more complex 

and diverse bacterial community with a high abundance of Proteobacteria. This difference 

can be ascribed to the fact that the “Pompeo Legnani” black area grew on the marble 

basement close to the greenish stains resulting from copper percolation. Indeed, even if no 

Cu is detected by EDS (Tab. 2), this patina shows the highest abundance of Cu and heavy 

metal-resistant bacteria, such as Roseomonas, Sphingomonas and Methylobacterium (Li 

et al., 2021; Lopes et al., 2011; Santo et al., 2010; Xie et al., 2012). On the contrary, two 

genera inhibited by copper, cadmium and lead are not found on this patina: Aliterella and 

especially Anabaena (Laube et al., 2011).  

Therefore, considering these results, we can state that the composition and structure of 

the bacteria communities growing on both bronze and green marble patinas subjected to 

copper percolation are mainly regulated by the Cu and bronze alloying metals biocidal 

effect, favouring the presence of metal-tolerant genera. In particular, in the case of bronze 

patina, this selective effect leads to the presence of a very limited number of taxa.  

All detected bacterial communities, especially those growing on marble, were 

characterized by bacteria highly resistant to desiccation, high radiation level, wide and 

rapid temperature and moisture changes, advocating their capacity to survive under the 

ongoing climate change conditions (Adhikary et al., 2015; C. Gaylarde, 2020; Coelho et 

al., 2021; Crispim and Gaylarde, 2005; Dastager et al., 2008; Gaylarde et al., 2007; 
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Jroundi et al., 2020; Negi and Sarethy, 2019; Urzi, 2004). This is mainly valid for 

Cyanobacteria, which are expected to increase in abundance and dominate the bacteria 

communities on cultural heritage artefacts in temperate and Mediterranean Europe, as 

high temperatures and dry conditions increase (Gladis-Schmacka et al., 2014). 

Importantly, as Cyanobacteria may produce discolouring and above all structural damages 

by penetration resulting in boreholes, swelling and shrinking, and thus cracking, 

disintegration and detachment (Lamenti et al., 2019), their increase may result in 

increased biodeterioration (Scheerer et al., 2009; Viles and Cutler, 2012). Moreover, 

Proteobacteria seems to be favoured where conditions become drier, as already shown in 

a study involving a soil microbial community (Castro et al., 2010). 

To better understand the differences in the structure of bacterial communities on different 

patina types, as well as to investigate the specific effects that bacteria communities have 

on marble and bronze, both individually and in synergy with outdoor chemical and physical 

factors, artificial ageing tests in controlled conditions play a key role. They could also give 

information on possible evolutions of bacterial communities and their effects on the 

substrate, related to changing environmental conditions. The characterization performed in 

this study can help the formulation of a bacterial representative community to be included 

in ageing tests. Here, based on the average relative abundance of bacteria, we propose 

two communities: for marble patinas, this could be composed mainly of species belonging 

to the genus Aliterella, Gloeocapsopsis Truepera and Rubellimicrobium; while for bronze 

surfaces, the proposed bacteria community could be mainly composed of 

Methylobacterium. Finally, in the case of the ageing tests on marble artefacts close to 

bronze ones, the bacterial community should also include copper-resistant genera such as 

Roseomonas, Sphingomonas and Methylobacterium. 
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 Runoff or wet-dry (Bernardi et al., 2009; Chiavari et al., 2010) tests coupled with the use 

of selected bacteria communities are planned to verify the role of the sheltered or 

unsheltered exposure on their growth. 

6. Conclusions 

This study performed a characterization of epilithic bacteria communities living on different 

patinas on marble statues and for the first time also on bronze ones. Strong significant 

differences in bacteria composition between marble and bronze patinas and a less 

significant difference between patinas of the same material were found.  

Marble surfaces show a high microbial diversity characterized mainly by Cyanobacteria, 

Proteobacteria and Deinococcus-Thermus. Conversely, on bronze, patinas not exposed to 

runoff and supposed to stay wet for longer times, like black and dark green patinas, did not 

contain enough environmental DNA to characterize the communities. Bronze patinas 

exposed to runoff, like unsheltered pale green patinas, show bacteria communities with 

low taxa diversity and are dominated by copper-resistant Proteobacteria. The biocidal 

effect of copper is also confirmed by the analyses on the marble basement of a bronze 

relief, revealing that in the greenish areas, affected by the percolation of green copper 

salts, the bacterial community is absent. On the contrary, on the black marble area not 

directly subject to the percolation of the copper compounds, the bacterial community is 

present, but the closeness to green Cu-rich areas stimulates the development of copper-

resistant bacteria, such as those found in pale green bronze patina (e.g., 

Methylobacterium).  

Besides improving the knowledge of bacterial communities living in different areas of 

bronze and marble sculptures, this study can find applications in cultural heritage 

conservation since it allows us to propose representative bacterial communities to be 

included in ageing tests simulating environmental conditions, especially for the 
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Mediterranean and urban areas. The inclusion of currently bacteria communities in 

material tests simulating tropospheric conditions under climate change will allow to 

understand the future variation in the bacteria community's structure and in turn the effects 

of these changes on the material below.  

These outcomes are going to be integrated with future biological characterizations of both 

the overall epilithic community (i.e., fungi and algae) and in different environmental 

conditions, to combine climate and atmospheric composition changes, likely exacerbating 

the vulnerability of outdoor materials also via the biological actions.  
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Table 2. Chemical composition of patinas present over bronze and marble (wt%). The values are 

the average concentration of several points. BO= Bologna; RA= Ravenna. T M= “Trentini 

Monument”, A O=”Alfredo Oriani”, P L=”Pompeo Legnani” statue. 

 

 
 
 

Material Patina C O Mg Al Si P S Cl K Ca Fe Cu Zn Pb 

 
 
 
 
 
 
 
 
 

 
Bronze 

Pale green 

unsheltered 

(BO, TM) 

 
 
21.3±5.5 

 
 

53.2±5.1 

 
 
0.2±0.1 

 
 
0.8±0.4 

 
 
4.3±5.0 

 
 
0.2±0.0 

 
 
2.2±0.8 

 
 
0.1±0.1 

 
 
0.2±0.2 

 
 

0.1±0.1 

 
 

0.9±0.7 

 
 
13.5±0.5 

 
 
0.8±0.2 

 
 

- 

Black 

sheltered 

(BO, TM) 

 
 
24.1±1.3 

 
 

53.5±0.8 

 
 
0.1±0.1 

 
 
0.5±0.0 

 
 
1.7±0.1 

 
 
0.2±0.0 

 
 
3.0±0.3 

 
 
0.3±0.0 

 
 
0.1±0.0 

 
 

0.1±0.1 

 
 

0.3±0.0 

 
 
14.2±0.6 

 
 
1.6±0.1 

 
 
0.1±0.0 

Pale green 

unsheltered 

(RA, AO) 

 
 
28.0±3.6 

 
 

53.5±2.4 

 
 
0.3±0.1 

 
 
0.8±0.2 

 
 
1.7±0.4 

 
 
1.0±0.2 

 
 
2.4±0.4 

 
 
0.4±0.1 

 
 
0.1±0.0 

 
 

0.2±0.0 

 
 

0.9±0.1 

 
 
12.6±2.0 

 
 

- 

 
 
0.1±0.0 

Black 

sheltered 

(RA, AO) 

 
 
25.3±5.3 

 
 

50.3±6.8 

 
 
0.2±0.1 

 
 
0.6±0.6 

 
 
1.8±0.6 

 
 
0.4±0.2 

 
 
3.0±0.4 

 
 
1.7±2.9 

 
 
0.1±0.0 

 
 

0.1±0.1 

 
 

0.4±0.1 

 
 
13.6±1.7 

 
 

- 

 
 
0.6±1.2 

 
 
 
 
 

Marble 

White 

 
(BO, PL) 

 
15.3±6.2 

 
57.2±10.3 

 
0.1±0.1 

 
0.1±0.1 

 
0.2±0.1 

 
- 

 
- 

 
- 

 
- 

 
26.8±16.6 

 
- 

 
0.3±0.2 

 
- 

 
- 

Black 

 
(BO, PL) 

 
24.7±0.5 

 
59.1±0.1 

 
0.2±0.0 

 
0.1±0.0 

 
0.6±0.1 

 
- 

 
- 

 
- 

 
0.1±0.0 

 
15.0 ±0.8 

 
0.1±0.0 

 
- 

 
- 

 
- 

Green 

basement 

(BO, PL) 

 
 
18.7±1.1 

 
 

58.9±0.9 

 
 
0.2±0.1 

 
 
0.6±0.1 

 
 
1.5±0.3 

 
 

- 

 
 
3.4±0.3 

 
 
0.4±0.1 

 
 
0.1±0.0 

 
 

3.6±0.2 

 
 
0.30±0.0 

 
 
12.4±0.8 

 
 

- 

 
 

- 
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Table 4. Indication of successful eDNA extractions per patina. YES: Patina sampled and DNA 
concentration 

 
>10 ng, Limit of Detection as minimum DNA quantity for PCR process (LoD=10 ng). 

 

Material Statue's name Patina colour eDNA Concentration 

 
 
 
 
 

Bronze 

 

 
Trentini Monument 

(BO) 

Pale green 
(unsheltered) 

YES 

Dark green 
(sheltered) 

< Limit of detection 

Black (sheltered) < Limit of detection 

 
 

Alfredo Oriani (RA) 

Pale green 
(unsheltered) 

YES 

Green (unsheltered) YES 

Black (sheltered) < Limit of detection 

 
 
 

 
Marble 

 

Pompeo Legnani 

(BO) 

Black (unsheltered) YES 

White (unsheltered) < Limit of detection 

Green basement < Limit of detection 

 
 

Fabbro (BO) 

Black (unsheltered) YES 

Black (sheltered) YES 

White (unsheltered) YES 

Yellow (unsheltered) YES 
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Figure 6. Boxplots represent the α-diversity indices in marble and bronze statues and in the different 

patinas (two replicates per sample). The boxplots indicate the median, 1st and 3rd quartile, and range 

(whiskers) of the data. α-diversity measures for bacterial communities at the species level. The range 

values in the y-axis are different between bronze and marble. The Black patina stands for the 

unsheltered black area from the Pompeo Legnani statue. 
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Table 5. Results of PERMANOVA analysis on a) taxa richness (S); b) Margalef index; c) Shannon 

index; d)  Pielou index. Ma = Materials, Pa = Patina. The bold font indicates significant value: P<0.05. df: 

degrees of freedom; SS: sum of squares; MS: mean sum of squares; P(perm): permutational P values. 

a) 

PERMANOVA 
table of results 

     

      Unique 

Source df SS MS Pseudo-F P(perm) perms 

Ma 1 22523 22523 13.108 0.0098 9835 

Pa(Ma) 5 5499.1 1099.8 0.64008 0.6758 9942 

Res 8 13746 1718.3    

Total 14 44650     

 
b) 

PERMANOVA 
table of results 

     

      Unique 

Source df SS MS Pseudo-F P(perm) perms 

Ma 1 407.68 407.68 13.107 0.01 9840 

Pa(Ma) 5 99.556 19.911 0.64013 0.6768 9953 

Res 8 248.84 31.105    

Total 14 808.25     

 
c) 

PERMANOVA 
table of results 

     

      Unique 

Source df SS MS Pseudo-F P(perm) perms 

Ma 1 9.2486 9.2486 24.251 0.0045 9832 

Pa(Ma) 5 0.78218 0.15644 0.4102 0.871 9939 

Res 8 3.0509 0.38136    

Total 14 14.088     

 
d) 

PERMANOVA 
table of results 

     

      Unique 

Source df SS MS Pseudo-F P(perm) perms 

Ma 1 0.25675 0.25675 24.675 0.0029 9848 

Pa(Ma) 5 0.019065 0.003813 0.36646 0.9142 9937 

Res 8 0.083241 0.010405    

Total 14 0.38801     
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Table 6. Results of multivariate PERMANOVA analysis on community structure in different patina in 

marble and bronze statues. Ma = Materials, Pa = Patina. The bold font indicates significant values: 

P<0.05. df: degrees of freedom; SS: sum of squares; MS: mean sum of squares; P(perm): 

permutational P values. 

Since the statistical significant effect of Patina, the pairwise comparison between patinas within Marble 

was performed. In the pairwise comparison, only significant results are shown. P (MC): permutational P 

values following Montecarlo correction. 

 

PERMANOVA table of results 
     

      Unique 

Source df SS MS 
Pseudo- 

F 
P(perm) perms 

Ma 1 17461 17461 16.267 0.0001 9951 

Pa(Ma) 5 14557 2911.5 2.7124 0.0048 9910 

Res 8 8587.2 1073.4    

Total 14 40571     

 
Within level 'M' of factor 'Material' 

     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   Unique  

Groups t P(perm) perms P(MC) 

Black unsheltered, Black 

sheltered 
0.982 0.6701 3 0.4651 

Black unsheltered, White 

unsheltered 
2.674 0.3301 3 0.049 

Black unsheltered, Yellow 

unsheltered 
1.032 0.6774 3 0.4329 

Black unsheltered, Black 3.539 0.3381 3 0.0253 

Black sheltered, White 

unsheltered 
2.661 0.331 3 0.0535 

Black sheltered, Yellow 

unsheltered 
0.962 0.6623 3 0.4718 

Black sheltered, Black 3.702 0.3332 3 0.0283 

White unsheltered, Yellow 

unsheltered 
2.757 0.3406 3 0.0506 

White unsheltered, Black 3.472 0.3297 3 0.0308 

Yellow unsheltered, Black 3.725 0.3349 3 0.0264 

 


