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ABSTRACT 27 

Ceramic roof tiles are extremely common building materials that are subjected to the 28 

natural phenomenon of biodeterioration, which initially modifies the tile surface and 29 

ultimately causes its destruction. The bacterial diversity of the visible biofilm responsible for 30 

biodeterioration has been previously examined. In contrast, the early stages of tile 31 

colonization and pioneer biofilm growth on these surfaces have been poorly explored. To 32 

investigate these pioneering stages of bacterial tile colonization, we combined imagery and 33 

conventional culture-based approaches, as well as Illumina-based high-throughput 34 

sequencing methods to examine samples collected from unexposed new tiles and tiles that 35 

were subjected to few-months outdoor exposure. In all the samples, we observed a 36 

pioneering biofilm including a significant bacterial diversity, on both new materials and 37 

those subjected to slight exposure, with a total of 279 and 411 different OTUs detected, 38 

respectively. This pioneer diversity was dominated by Proteobacteria (more than 50% of the 39 

total bacterial diversity) and, at the genus level, by Sphingomonas and the genus 1174-901-40 

12 related to the Beijerinckiaceae. Interestingly, the major patterns of the observed bacterial 41 

diversity remained similar between samples collected from unexposed and exposed tiles. 42 

Collectively, these data clearly indicate the need to focus on the pioneer colonizing bacteria 43 

that form the initial biofilm on building materials, which can subsequently lead to mature 44 

biofilm formation and visible biodeterioration. 45 

 46 

Keywords: Ceramic roof tiles; Biodeterioration; Pioneer biofilms; Bacterial diversity; Illumina-47 

based High-throughput sequencing.  48 
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1 INTRODUCTION 49 

Ceramic tiles are traditionally used as building materials. The first tiles were hand molded 50 

with dried earth and had a canal-like shape (semicylindrical) (Viollet-le-Duc, 1854). Currently, 51 

ceramic tiles are produced industrially, but the traditional canal-like shape has been 52 

retained. The use of these tiles remains extremely widespread. For example, clay tiles cover 53 

74% of French roofs (FFTB, 2015). Tiles are commercially available in a wide range of colors 54 

and shapes, presenting very different chemical compositions and being produced by very 55 

diverse manufacturing processes (Fassier, 2009). Similar to many other types of building 56 

materials (bricks, glazed tiles, stones, and concrete) (Saiz-Jimenez, 2001; Warscheid and 57 

Braams, 2000), ceramic tiles are exposed to rain, wind, hail, snow, frost, substantial 58 

temperature variations, pollution, and other extreme environmental conditions (Coutinho et 59 

al., 2015). Therefore, ceramic tiles undergo natural degradation, including 60 

biodedeterioration (Guiamet et al., 2013; Warscheid and Braams, 2000). The latter 61 

corresponds to vital activities that occur on tiles, such as cell proliferation (i.e., colonization 62 

by microorganisms and biofilm formation) and production of acids by diverse types of 63 

microorganisms, and cause degradation of the material (Guiamet et al., 2013). Tiles are 64 

particularly prone to biodeterioration because of their high porosity (between 19% and 30%, 65 

with pores ranging in size from 6 to 7 µm) that makes them one of the most porous building 66 

materials (Fassier, 2009; Gazulla et al., 2011). This susceptibility of tiles to colonization by 67 

organisms is also called bioreceptivity (Miller et al., 2012). 68 

The major disadvantage of roof tile biocolonization is the resulting unsightly appearance, as 69 

the biofilm can be pigmented and can change the color of the roof (Di Martino, 2016). For 70 

example, dark or green spots may appear, and the roof may turn darker. In the long term, 71 

other adverse effects are observed, as biodeterioration weakens ceramic tiles by forming 72 
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deep cracks and increasing the porosity of the tiles (Berdahl et al., 2008; Coutinho et al., 73 

2015). This weakness promotes erosion and wear on the roof due to bad weather and favors 74 

colonization by larger organisms such as lichens, plants or bryophytes. Tile damage can also 75 

lead to loss of structural and thermal insulation, loss of drainage capacity or solar reflectance 76 

(Berdahl et al., 2008; Pena-Poza et al., 2018). Biodeterioration of tiles is therefore the result 77 

of biocolonization by a wide variety of micro- and macroorganisms, such as bacteria, fungi, 78 

microalgae, plants, bryophytes and lichens (Barberousse et al., 2006; Coutinho et al., 2015; 79 

Fassier, 2009; Ortega-Calvo et al., 1995; Warscheid and Braams, 2000). Only the “green part” 80 

of the bacterial diversity (i.e. cyanobacteria) present on roof tiles have been extensively 81 

studied. 82 

Cyanobacteria were described as primary colonizers of clay tiles (Gazzano et al., 2013) in 83 

studies that relied on culture-based diversity inventories (Barberousse et al., 2006; Coutinho 84 

et al., 2013; Crispim et al., 2003; Hauer et al., 2015; Macedo et al., 2009; Nowicka-Krawczyk 85 

et al., 2014). Among the most frequent cyanobacterial species identified on building 86 

materials were Aphanocapsa sp., Calothrix sp., Chroococcus sp. and Synechococcus sp. 87 

(Hauer et al., 2015; Macedo et al., 2009). In contrast, the diversity of heterotrophic bacteria 88 

on building materials remains very poorly studied. To date, only a few works have focused 89 

on the cultivable diversity of these bacteria (Krakova et al., 2015; Urzì et al., 2010), revealing 90 

the potential importance of Arthrobacter agilis, Bacillus sp., Paenibacillus sp., Pseudomonas 91 

sp. and Rhodococcus sp. (Krakova et al., 2015; Urzì et al., 2010) as pioneer organisms. 92 

All these organisms colonize tiles by forming biofilms, which allow bacteria to grow under 93 

extreme conditions, such as those that occur on the tops of roofs (Flemming et al., 2016; 94 

Flemming and Wingender, 2010; Mayer et al., 1999). The classic pattern of biofilm 95 

development is as follows: biofilm growth is initiated from planktonic (i.e., free-living) 96 
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bacteria (Siboni et al., 2007), which adhere to a surface and form microcolonies before the 97 

development of a mature biofilm that is embedded in extracellular matrix (ECM), composed 98 

notably of polysaccharides, proteins and extracellular DNA (Flemming and Wingender, 2010; 99 

Molin and Tolker-nielsen, 2003). The environment created by the ECM allows not only 100 

improved tolerance and resistance to stress factors, such as the presence of antibiotics, 101 

heavy metals or biocides in the environment, but also improved resistance to desiccation. 102 

Moreover, the ECM improves the supply and storage of nutrients via the capture of 103 

resources by sorption and degradation of these resources by extracellular enzymes in the 104 

surrounding environment. Therefore, in biofilms, organisms have access to nutrients that 105 

they could not use outside these biofilms and to microenvironments that are very favorable 106 

for their growth (Flemming and Wingender, 2010). Thus, the formation of a mature biofilm 107 

from a pioneering biofilm leads to colonization by macro-organisms and is a crucial step in 108 

biodeterioration processes. 109 

However, there is a distinct lack of studies that focus on the crucial initial steps of pioneer 110 

biocolonization, which determines the conditions for further steps of biofilm development. 111 

Indeed, a large majority of current studies focus on advanced cases of biodeterioration, with 112 

visible colonization and numerous green or dark spots. Thus, mostly mature biofilms have 113 

been studied on building materials, with a focus on the algal diversity present on these 114 

surfaces (Coutinho et al., 2013; Di Martino, 2016; Hallmann et al., 2013; Krakova et al., 2015; 115 

Ma et al., 2015; Maresca et al., 2017; Tomaselli et al., 2000; Urzì et al., 2010; Warscheid and 116 

Braams, 2000). Even though some studies have focused on the diversity of pioneer 117 

cyanobacteria present on building materials (Barberousse et al., 2006; Hallmann et al., 118 

2013), the overall diversity of bacteria has hardly been studied (Krakova et al., 2015; Urzì et 119 

al., 2010) by either culture-based or culture-independent approaches. 120 



 7 

To fill this gap, this study aims to characterize the existence of a pioneering biofilm on new 121 

and few exposed ceramic roof tiles (i.e. clay tiles), with a focus on heterotrophic bacterial 122 

colonization during the early colonization stages. These stages occur before the appearance 123 

of green or dark spots, before the biofilms become visible on the tiles and cause cracking, 124 

and before the increase in porosity promotes increased colonization by other organisms. To 125 

fully depict the pioneering bacterial diversity of clay tile biofilms, we combined imagery and 126 

culture-based investigations with state-of-the-art Illumina-based high-throughput 127 

sequencing methods based on non-exposure and 5 or 8 months of exposure. 128 

 129 

 130 

2 MATERIALS AND METHODS 131 

 132 

2.1 Sampling strategy. 133 

Pioneer biofilms were sampled on 3 different types of commercial ceramic roof tiles that are 134 

commonly available in the French market and were named T1, T2 and T3 in this study. These 135 

tiles were sampled without exposure (new commercial products) and after slight outdoor 136 

exposure for 5 or 8 months at two commercial and industrial exhibition sites located in 137 

France. The site of exposure (site n°1) was located in Aquitaine. At this location, tiles were 138 

exposed with a north orientation, for 8 months. The second site of exposure (site n°2) was 139 

located in Burgundy. At this location, tiles were exposed with a south/southwest orientation, 140 

for 5 months.  The environmental data to characterize both sites were also collected (Table 141 

1) The T1 tiles had a black engobe with water-repellent coating; the T2 tiles had a red 142 

engobe with a water-repellent coating; and the T3 tiles had a pale red engobe but no water-143 

repellent coating. These three different types of tiles were chosen to know (i) if the chemical 144 
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composition and the color of the tile could affect the bacterial colonization. For example, the 145 

color could influence the temperature of the tile, as a black tile will heat up more in summer 146 

than a lighter tile. and (ii) if the water-repellent coating protects tiles against biological 147 

colonization. This coating is designed to reduce the water permeability of the tile and 148 

therefore, by reducing the water available to microorganisms, might slow down biological 149 

colonization (Urzì and De Leo, 2007). 150 

Biofilms from all the types of tiles (either new or after slight exposure to the outdoors) were 151 

collected in triplicate (i.e. tree tiles of each type were sampled), and for each tile, 4 15 cm x 152 

10 cm areas were sampled. First, the tiles were gently washed with distilled water before 153 

sampling. Then, the tiles were sampled using 2 different methods. (i) Two areas on each tile 154 

were scraped with a sterile scalpel (Urzì et al., 2010), producing a biofilm and tile powder 155 

that were transferred into a sterile tube containing 10 ml of saline water (9 g.L-1 NaCl). This 156 

suspension was then mixed for 15 s at maximum speed. (ii) Two other areas on each tile 157 

were sampled using a sterile swab previously soaked with a buffer solution (saline water (9 158 

g.L-1 NaCl) + 1% Triton X-100), a methodology adapted from Grice et al., 2009. This swab was 159 

rubbed for 30 s on the tile and placed in a sterile tube with 5 mL of saline water (9 g.L-1 160 

NaCl). The samples were then vortexed for 30 s at a maximum speed and stored at 4°C until 161 

use. 162 

 163 

2.2 Negative controls preparation 164 

For 2.3 to 2.7 experiments, negative controls were prepared with sterile tiles. These ones 165 

were autoclaved and systematically included in the experimental procedures. For all 166 

fluorescent microscopic approaches, an unstained sample was systematically observed for 167 

each type of tile to confirm the specificity of the selected fluorescent probes. 168 
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 169 

2.3 Scanning Electron Microscopy and Energy Dispersive X-ray spectrometry.  170 

SEM and EDS were conducted to characterize the presence of a pioneering biofilm on the 171 

studied tiles by direct observations and analyses of elementary composition (carbon in 172 

particular). For each type of tile, a small sample (the same as used for fluorescence 173 

microscopy) was studied, at the University of Montpellier, Platform MEA, using a SEM (FEI 174 

Quanta FEG 200) instrument at an operational acceleration voltage of 15kV and under low 175 

vacuum (3.76e-1 Torr). Images were obtained using the backscattered electron detector 176 

(BSED). Chemical analysis was done using Energy Dispersive X-ray spectrometry (EDS), 177 

aluminium (Al) was labelling in yellow, silicon (Si) in red (the two major components of tile) 178 

and carbon (C) was labelled in green. 179 

 180 

2.4 Samples staining 181 

Samples staining was conducted to detect the presence of microbial DNA and biofilm matrix 182 

in the studied pioneering biofilms using fluorescent macroscopy, confocal laser scanning 183 

microscopy (CLSM) and two-photon microscopy. For each type of tile, a small sample 184 

(around 2 cm x 2 cm) was labeled with SYTO 9™ (DNA intercalant, green, Invitrogen™) and 185 

FilmTracer™ SYPRO™ Ruby Biofilm Matrix Stain (Polysaccharide labelling, red, Invitrogen™). 186 

Tile samples were immersed in the FilmTracer™ SYPRO™ and incubated for 30 minutes, in 187 

the dark at room temperature. After incubation, tile samples were rinse 3 times with ultra-188 

pure water. Then, tile samples were incubated in the dark for 15 min with SYTO 9 (10µM) at 189 

room temperature and rinse 3 times with TBS (Domenech et al., 2016). 190 

 191 
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2.5 Fluorescence microscopy and macroscopy 192 

All samples were preliminary observed under a CLSM (Confocal SP8-X Leica) with 10X or 20X 193 

magnification (Neu and Lawrence, 2014; Schlafer and Meyer, 2017) (Data not shown). 194 

Samples were then observed under a CLSM (confocal LSM880 Zeiss) with a 20X air objective, 195 

a fluorescent macroscope (AZ100 Nikon) with a 4X air objective and a zoom 8X, and a two-196 

photon microscope (MVX10 FV1000, Olympus) using a 25X water immersion objective. 197 

Moreover, CLSM was associated with surface imaging of the tile by using the reflected light 198 

on the ceramic.  Images were analyzed with Fiji software (Rueden et al., 2017; Schindelin et 199 

al., 2019).  200 

 201 

2.6 Evaluation of bacterial density by flow cytometry.  202 

Flow cytometry was used to measure bacterial cells abundances in the sampled pioneering 203 

biofilms. For each type of tile, one 15 cm x 10 cm area was scraped with a sterile scalpel into 204 

a sterile tube containing 1mL of saline water (9 g.L-1 NaCl) filtered at 0.2µm. Samples were 205 

filtered at 20µm (to remove the larger particles that could clog the cytometer). 200µL of 206 

bacterial cells were stained with 1µL of SYBR® Green I (1:100 dilution in DMSO, Lonza) and 207 

were incubated at least 15 min in the dark at room temperature (Hammes et al., 2008). 208 

Briefly, cells were counted by flow cytometry (CytoFlex, Beckman Coulter) for 60 sec at a 209 

flow rate of 60 µL.min-1, at the Oceanological Observatory of Banyuls sur Mer, Platform 210 

BIOPIC. Polycarbonate beads (1.002 μm, Polyscience Europe) were used to normalize cell 211 

fluorescence and light scattering values. Cell density was calculated by removing the blank 212 

(saline water filtered at 0.2µm). 213 

 214 
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2.7 In-situ analysis of dehydrogenase activity.  215 

This technique aims to characterize the presence of viable cell in the sampled pioneering 216 

biofilms. These assays were performed only on T2 and T3 tiles, due to the black engobe of 217 

T1. Briefly, analysis of dehydrogenase activity (revealing cell viability (Gong, 1997) was 218 

performed on unexposed tiles following the protocol described by Warscheid et al., 1990. 219 

Tile samples were covered by PBS (Thundyil et al., 2013) containing 0.2% of Tetrazolium Red 220 

(2,3,5-triphenyl tetrazolium chloride) and incubated in the dark for 24h at 25°C. After 221 

incubation, samples were dried 1h at 60°C and pictures were taken (Warscheid et al., 1990). 222 

Another negative control was done, tile samples were incubated in PBS only for 24h in the 223 

dark at 25°C.  224 

 225 

2.8 Isolation of bacterial strains by culture-based techniques. 226 

To depict the bacterial diversity colonizing clay tiles, we conducted isolation and 227 

characterization of bacterial strains. The isolation of bacterial strains on tiles followed 228 

routine and previously described protocols used to isolate strain on building materials 229 

(Puškárová et al., 2016; Urzì et al., 2016). Briefly, for each sample, 100 µL of the solution 230 

collected previously was inoculated on Petri dishes containing R2A culture medium (BD 231 

Difco) (Puškárová et al., 2016; Urzì et al., 2016) with 100 mg.L-1 cycloheximide (Urzì et al., 232 

2016) and 4 mg.L-1 benomyl (Lage and Bondoso, 2012) or solid BG11 culture medium (BG11 233 

50× (Sigma Aldrich) supplemented with 15 g.L-1 agar) (Rippka et al., 1979; Urzì et al., 2016) 234 

with 100 mg.L-1 cycloheximide (Urzì et al., 2016). Both culture media were supplemented 235 

with sterile red ceramic roof tile powder (15 g.L-1) or left untreated. Cultures were 236 

maintained at 25°C in the dark for cultures on R2A and under continuous light for cultures 237 

on solid BG11 until isolation and identification. 238 
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 239 

2.9 Identification of isolated microbial strains. 240 

After, bacterial strains were isolated on solid medium, a single colony was transferred to a 241 

liquid culture medium (same media as the solid culture without tile powder) and identified 242 

using routine protocols based on sequencing of the 16s rRNA genes (Blanchet et al., 2017). 243 

Molecular identification of heterotrophic bacteria started with the preparation of a cellular 244 

pellet that was obtained from 1 mL of liquid culture after centrifugation (10 000×g, 3 min). 245 

Then, the genomic DNA was extracted using the Wizard Genomic DNA Purification Kit 246 

(Promega) following the manufacturer’s instructions for gram-positive bacteria. 247 

Molecular identification of cyanobacterial strains started with the preparation of a cellular 248 

pellet, which was obtained from 1 mL of liquid culture and resuspended in 10 µL of ultra-249 

purified water. The genomic DNA was then extracted using the WB120028 CloneSaver card 250 

in 96-well format (FTA card technology, Whatman). After incubation of the CloneSaver card 251 

for 1 hour at room temperature, a small disc was punched out and washed 3 times for 5 min 252 

with TE buffer (Whatman).  253 

PCR amplification of (i) bacterial 16s rRNA gene fragments was performed using the primer 254 

pair 27F (5’-AGRGTTTGATCMTGGCCTCA-3’; 10 µM) and 1492R (5’-255 

TACGGYTACCTTGTTAYGACTT-3’; 10 µM) and (ii) cyanobacterial 16s rRNA gene fragments 256 

was performed using the primer pair 106F (5’-CGGACGGGTGAGTAACGCGTGA-3’; 10 µM) 257 

and 1313R (5’-CTTCACGTAGGCGAGTTGCAGC-3’; 10 µM). Briefly, the PCR protocol consisted 258 

of a denaturation step of 5 min at 95°C; 30 cycles of denaturation (95°C for 15 s), annealing 259 

(55°for bacterial 16S and 60°C cyanobacterial 16S for 15 s), and elongation (72°C for 15 s); 260 

and a terminal elongation step of 10 min at 72°C. All details of this protocol were previously 261 

published in Leboulanger et al., 2017. 262 
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All DNA amplification reactions were checked by migration of a genomic DNA aliquot on a 263 

1% agarose gel. Then, the PCR products were purified with the Agencourt AMPure XP Kit 264 

following the manufacturer’s instructions. The sequencing reaction was performed using the 265 

BigDye Terminator technology (Nimagen) with the following protocol: 30 cycles of 266 

denaturation (95°C for 10 s), annealing (50 or 60°C for 5 s depending on the previous PCR), 267 

and elongation (55°C for 2 min 30 s). The PCR products obtained were cleaned using the 268 

Agencourt CleanSeq Kit following the manufacturer’s instructions. Sanger sequencing was 269 

carried out with the AB3130xl 16 capillary Sanger sequencer (Applied Biosystems) on the 270 

Bio2Mar platform (http://bio2mar.obs-banyuls.fr/fr/index.html). 271 

The 16s rRNA gene sequences were cleaned on Snap Gene Viewer 3.3.3 software, and 272 

phylogenetic affiliation was assessed on EZBioCloud (http://ezbiocloud.net/). A phylogenetic 273 

tree was constructed in MEGA7 by following the K2+G+I model (Kumar et al., 2016). The 274 

phylogenetic tree was constructed using FigTree1.4.3 software 275 

(http://tree.bio.ed.ac.uk/software/figtree/). All sequences of the identified strains have 276 

been submitted to GenBank and have accession numbers MK207390 to MK207433 (Table 277 

S1) and maintained in the Banyuls Bacterial Culture Collection (BBCC). 278 

 279 

2.10 Evaluation of the biofilm-forming capacity of isolated and identified strains. 280 

A pre-culture of each identified strain was performed in 6mL of R2B. When the cultures 281 

reached an optical density (O.D.) of 0.8. Each strain was deposited in a 96-well microplate in 282 

triplicate, diluted 1/100 in R2B; as well as a negative control containing only R2B. The 96-283 

well microplate was incubated for 48 hours at 25°C and in the dark. After 48 hours of 284 

incubation, the O.D. at 640nm was measured to control bacterial growth. A crystal violet 285 

assay was performed to identify strains able to form biofilm, following protocols described in 286 

http://tree.bio.ed.ac.uk/software/figtree/
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Blanchet et al., 2017. To achieve this goal, the culture medium was gently removed from the 287 

96-well microplate to avoid damaging the biofilm, and the wells were rinsed with PBS. Then, 288 

crystal violet (0.2%) was added to the wells and the microplate was incubated for 15 minutes 289 

in the dark. Afterwards, the wells were rinsed 4 times with ultra-pure water, before adding a 290 

discoloration solution (10% acetic acid, 50% ethanol). Finally, the O.D. was measured at 291 

540nm. Strains with O.D. > 1.5 were considered to form a high level of biofilm (++), those 292 

with 1.5 ≥ O.D. ≥ 0.5 were considered to form biofilm (+), and those with O.D. < 0.5 were 293 

considered as non-biofilm forming strains (-). 294 

 295 

2.11 Extraction of total DNA for Illumina MiSeq-based high-throughput sequencing. 296 

Tubes containing samples (scraped or swabbed) were centrifuged (15 min, 10 000×g, 25°C), 297 

and then, the supernatant was removed. The pellet was resuspended in the lysis solution of 298 

the Quick DNA Fungal/Bacterial Miniprep Kit (Zymo Research) and transferred into the 299 

BashingBead lysis tubes from the kit. The kit was used in accordance with the 300 

manufacturer’s instructions with the addition of beta-mercaptoethanol to the genomic lysis 301 

buffer for a final dilution of 0.5% (v/v) as recommended. The manufacturer’s instructions 302 

were followed with the exception of the first step, where vortexing was replaced with the 303 

use of the FastPrep-24 5G homogenizer (2 times, 45 s, 6 m.s-1) (MP Biomedicals) (Coutinho 304 

et al., 2013; Jroundi et al., 2015). Finally, the extracted DNA was quantified with a Quantus 305 

fluorometer (Promega) using the Picogreen Low program. 306 

 307 
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2.12 Identification of bacterial communities with Illumina-based high-throughput 308 

sequencing. 309 

Illumina-based high-throughput sequencing of 16s rRNA gene fragments was performed 310 

using MR DNA (Shallowater, TX, USA; http://www.mrdnalab.com). Briefly, the V4 variable 311 

region of the 16s rRNA gene was amplified with the PCR primers 515R/806F, which included 312 

a barcode on the forward primer. A 30-cycle PCR was conducted using the HotStarTaq Plus 313 

Master Mix Kit (Qiagen, USA) under the following conditions: 94°C for 3 min, followed by 28 314 

cycles of 94°C for 30 s, 53°C for 40 s and 72°C for 1 min, after which a final elongation step at 315 

72°C for 5 min was performed. After amplification, PCR products were checked by 2% 316 

agarose gel electrophoresis to determine whether amplification had been successful and 317 

measure the relative intensities of the bands. Multiple samples were pooled together in 318 

equal proportions based on their molecular weights and DNA concentrations. Pooled 319 

samples were purified using calibrated Ampure XP beads. Then, the pooled and purified PCR 320 

products were used to prepare the DNA library by following the Illumina TruSeq DNA library 321 

preparation protocol. Sequencing was performed on a MiSeq following the manufacturer’s 322 

guidelines. 323 

The obtained FASTQ files (BioProject ID: PRJNA506643, accession numbers: 324 

SAMN10465566 to SAMN10465585) were analyzed with QIIME (1.9.1) (Caporaso et al., 325 

2010), USEARCH v11 (Edgar, 2018, 2010) and the Brazilian Microbiome Project scripts (Pylro 326 

et al., 2014). Using QIIME, the mapping files were validated to ensure correct formatting. 327 

The barcodes were extracted from the FASTQ files, and those files were demultiplexed. 328 

Using USEARCH v11 and the scripts published by the Brazilian Microbiome Project, quality 329 

filtering based on the characteristics of each sequence was performed to remove any low-330 

quality or ambiguous reads. Then, the files were concatenated and dereplicated. Chimeras 331 
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were identified and removed; the sequences were denoised, and the zero-radius operational 332 

taxonomic units (ZOTUs) were defined with the unoise3 command from USEARCH v11 333 

software (Edgar, 2016). Then, a representative sequence of each ZOTU based on 97% 334 

similarity of the 16s rRNA gene sequence, named operational taxonomic units (OTU), was 335 

selected and taxonomically assigned based on the Silva 132 database (Quast et al., 2013; 336 

Yilmaz et al., 2014). The representative sequences were aligned and filtered before the 337 

production of a table of OTUs, and sequences affiliated with chloroplasts and mitochondria 338 

were removed from the table according to previously published studies (Bokulich et al., 339 

2017). Bacterial communities were analyzed for taxonomic composition using the command 340 

summarize_taxa_trough_plots.py. Alpha diversity indexes (observed richness, Chao 1, and 341 

Shannon diversity index) were calculated and statistically analyzed with the Phyloseq R 342 

package (1.26.0) on RStudio (1.1.463) with R 3.5.0. Venn diagrams were created from the 343 

table.biom (obtained during bioinformatic data processing) corresponding to each category 344 

of interest (tile type and exposure) and using the following website: 345 

http://bioinformatics.psb.ugent.be/webtools/Venn/. Samples were processed according to 346 

tile type and weathering step. 347 

In addition, in order to extract sub-specific information from our dataset,  the FASTQ files 348 

were also analyzed with the R package DADA2 (Divisive Amplicon Denoising Algorithm) 349 

(1.10.0) (Callahan et al., 2016). This methodology rely on a statistical modeling approach to 350 

denoise raw sequencing reads and to infer the abundance of “biological variants”.  First, the 351 

set of Illumina-sequenced paired-end FASTQ files from which the barcodes/adapters, were 352 

removed by the sequencing platform were demultiplexed and split by sample with QIIME 353 

(1.9.1) before being analyzed using the online pipeline published by the authors of the 354 

DADA2 R package (https://benjjneb.github.io/dada2/tutorial.html). The end product of this 355 
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pipeline is an amplicon sequence variant (ASV) table, a higher-resolution table compared to 356 

the OTU table previously obtained, and which records the number of times each amplicon 357 

sequence variant was observed in each sample. In this approach, the taxonomic assignation 358 

process was based on the Silva 132 database. Finally, the obtained data were represented 359 

with the phyloseq (1.26.0) and ggplot2 (3.1.0) R packages on RStudio (1.1.463). All data from 360 

the DADA2 analysis are presented as supplementary data and supplementary figures S3 to 361 

S6. 362 

 363 

3 RESULTS 364 

 365 

3.1 Evaluation of the presence of a pioneering biofilm  366 

The presence of a pioneering biofilm was evidenced combining different imaging techniques 367 

on unexposed tiles (Figure 1). First, under SEM, dark spots could be seen (white circle and 368 

arrows, Figures 1A, 1B, SEM). They appeared blurred, like a matrix (Figure 1B, SEM). With 369 

retro-diffused imaging, these dark spots appeared richer in light elements than the rest of 370 

the tile, probably due to the presence of carbon and organic matter. EDS was achieved to 371 

confirm that dark spots were effectively richer in carbon than the rest of the tile (Figures 1C, 372 

1D, EDS). In this sense, these dark spots appeared to be the first evidence of the presence of 373 

a pioneering biofilm on all sampled tiles.  Then, several fluorescent microscopy approaches 374 

were combined (CLSM and two-photon microscopy) to observe the presence of cells and 375 

matrix on those tiles (Figure 1) and to confirm the existence of such pioneering biofilms . On 376 

tiles, clusters of cells were  shown up in green (SYTO9) (Figure 1E, fluorescent macroscopy). 377 

The observed biofilms  were very thin and sparse. Nevertheless, CLSM of the fluorescent dye 378 

associated with reflection imaging of the tile allowed to show more precisely the location in 379 
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a 3D-scale of the cell clusters in green (SYTO9) (Figures 1F, CLSM). Cells were also frequently 380 

observed in the anfractuosity of the tile (Figures 1F, CLSM). Finally, two-photon microscopy 381 

combining DNA dye in green (SYTO9) and matrix dye in red (FilmTracer™ SYPRO™) evidenced 382 

that clusters of cells were surrounded and embedded in a matrix (Figures 1G, 1H, two-383 

photon microscopy). Also, the plot Z-axis profiles of SYTO 9™ staining (Figure 1I) and 384 

FilmTracer™ SYPRO™ staining (Figure 1J) showed that the maximum of fluorescence was 385 

located at 46µm from the surface of the tile for the SYTO9 and that the thickness of the 386 

matrix ranged between 10 and 126µm. Those profiles reinforced the images evidencing that 387 

cells were embedded in a biofilm matrix. These techniques were completed by TTC assays 388 

and flow cytometry measures (Supp. Data). 389 

 390 

3.2 Evaluation of biofilm growth 391 

For each type of tile, total extracted DNA was quantified (Figure 2). Total extracted DNA 392 

corresponded all DNA present on the tiles and therefore to the biofilm as a whole, including 393 

heterotrophic bacteria but also all other colonizing microorganisms. A significant increase in 394 

the amount of DNA collected was systematically observed after the exposition of tiles. For 395 

T1 tiles, an average of 97 pg.cm-2 (±88) and of 688 pg.cm-2 (±378) of DNA were extracted 396 

before and after 8 months exposure, respectively. Similarly, for T2 tiles and T3 tiles, 397 

respectively 7.5 pg.cm-2 (±4.6) and 5.7 pg.cm-2 (±6) of DNA were extracted before exposure, 398 

while 149.8 pg.cm-2 (±3.3) and 143.6 pg.cm-2 (±33.1) of DNA were extracted after 5 months 399 

exposure. In addition, the capacity of isolated strains to form biofilm was evaluated using a 400 

classical crystal violet-based assay (Table 2). It revealed that 12 of the 41 isolated and tested 401 

strains were able to form a large biofilm. Two of these strains were isolated on unexposed 402 
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tiles; 2 strains were isolated on tiles exposed 5 months and 8 strains isolated on tiles 403 

exposed 8 months (Table 2). 404 

 405 

3.3 Bacterial diversity among cultivated and isolated strains from unexposed tiles (new 406 

tiles). 407 

 408 

3.3.1 Culturable bacterial diversity from unexposed tiles (new tiles). 409 

A total of 9 strains were isolated from new and unexposed tiles and identified based on their 410 

16s rRNA gene sequences (Table 3). Only bacteria present on the T1 tiles could be isolated, 411 

and all of these bacteria were affiliated with the phylum Firmicutes under the genus Bacillus. 412 

The potential species identified were B. safensis (100.00% and 99.88% 16s rRNA similarity 413 

with the closest known isolate), B. circulans (100.00%) and B. simplex (99.88%). 414 

 415 

3.3.2 Culturable bacterial diversity from exposed tiles. 416 

More bacterial strains (37 strains) were isolated, cultured and identified from the exposed 417 

tiles than from the unexposed ones (Table 3). These strains were assigned to 5 different 418 

phyla, including Firmicutes (8 strains), Cyanobacteria (2 strains), Bacteroidetes (1 strain), 419 

Proteobacteria (8 strains) and Actinobacteria (18 strains). In addition, there were some 420 

common potentially identified species between the different types of tiles, including Bacillus 421 

simplex (2 strains), Rhodococcus corynebacterioides (4 strains), Arthrobacter agilis (2 strains) 422 

and Mesorhizobium alhagi (4 strains). All these strains presented at least 98.58% 16s rRNA 423 

gene similarity with the closest known isolate. As noted above, 2 strains of phototrophic 424 

microorganisms (cyanobacteria) were isolated on T1 tiles and identified as being closely 425 
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related to the cyanobacterial clone 3GSG3R_K29 (accession number: JX127188, 99% 16s 426 

rRNA gene similarity) (Hallmann et al., 2013). 427 

 428 

3.4 Diversity of bacterial phyla and species identified by Illumina-based high-throughput 429 

sequencing on unexposed tiles. 430 

 431 

3.4.1 Diversity of the bacterial phyla identified on unexposed tiles. 432 

The bacterial diversity observed on all the unexposed tiles was very similar regardless of the 433 

type of sampled tile (Figure 3). Indeed, the 3 types of tiles were largely colonized by 434 

Proteobacteria, which represented between 40 and 70% of the total observed OTU (97% of 435 

16s rRNA gene similarity) diversity (Figure 3). The Alphaproteobacteria class was dominant 436 

and represented more than 50% of the Proteobacteria colonizing tiles (Supplementary 437 

Figure S1). The OTUs affiliated with Actinobacteria represented between 8 and 15% (on 438 

average 11.3 +/- 3.7); Firmicutes were between 9 and 13% (on average 11.5 +/- 2.2); and 439 

Bacteroidetes were between 3 and 12% (on average 7.2 +/- 4.3) (Figure 3). Among the slight 440 

differences that were observed between the different types of collected tiles, notably, it was 441 

possible to identify some sequences related to Deinococcus-Thermus (also named [Thermi]) 442 

from both T2 and T3 tiles (8% of the OTUs). In contrast, only 0.5% of the OTUs were 443 

identified as Deinococcus-Thermus from T1 tiles. 444 

 445 

3.4.2 Diversity of bacterial species identified on new (unexposed) tiles. 446 

Our results show that the unexposed new tiles were colonized by large consortia of 447 

phylogenetically diverse bacteria, with 97% 16s rRNA gene similarity. A total of 145 OTUs 448 

(97% of 16s rRNA gene similarity) were identified on T1 tiles, 294 OTUs on T2 tiles and 290 449 
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OTUs on T3 tiles. Very few OTUs represented more than 1% of the total number of 450 

sequences. In fact, only 19 clustered OTU sequences represented more than 1% of the 451 

sequences for T1 tiles, 17 OTUs for T2 tiles and 20 OTUs for T3 tiles (Figure 4). Nevertheless, 452 

these few OTUs represented a large proportion of the bacterial diversity present on 453 

unexposed tiles: 70% of the bacteria identified on T1 tiles, 55% on T2 tiles and 68% on T3 454 

tiles. 455 

Only 8 OTUs belonging to 3 different phyla were common to the 3 types of tiles. These OTUs 456 

were affiliated with Corynebacterium sp. (Actinobacteria), Staphylococcus sp. (Firmicutes), 457 

Streptococcus sp. (Firmicutes), the genus 1174-901-12 related to the Beijerinckiaceae 458 

(Alphaproteobacteria), Methylobacterium sp. (Alphaproteobacteria), Sphingomonas sp. 459 

(Alphaproteobacteria), Acidiphilum sp. (Alphaproteobacteria), and Acinetobacter sp. 460 

(Gammaproteobacteria). Notably, these 8 OTUs represented a large proportion of the 461 

bacterial diversity on the colonized tiles, constituting between 26% and 41% of the bacterial 462 

diversity identified on the 3 types of tiles. 463 

 464 

3.5 Diversity of bacterial phyla and species identified by Illumina-based high-throughput 465 

sequencing on exposed tiles. 466 

 467 

3.5.1 Diversity of the bacterial phyla identified on tiles exposed to the outdoors. 468 

The exposed tiles also showed colonization by similar major bacterial phyla (Figure 3) 469 

despite exposures at different sites and under different climatic conditions (Table 1). Site n°1 470 

is located in an area of oceanic climate with reduce marine influences. This site is very 471 

humid. Site n°2 is located in an area of semi-continental climate, a less humid area but with 472 

a lot of fog in winter and heavy rainfall in spring (the seasons during which the tiles were 473 
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exposed) (Table 1). All the exposed tiles were mainly colonized by Proteobacteria (between 474 

45 and 57% of all OTUs (97% of 16s rRNA gene similarity) (on average 51 +/- 5.8), 475 

Actinobacteria (between 6 and 14%, on average 11 +/- 4.3) and Bacteroidetes (between 8 476 

and 13%, on average 8.7 +/- 3.4). After exposure, the T1 tiles showed a much lower 477 

percentage of Firmicutes than the unexposed tiles (9% versus 0.2%). The T1 tiles also 478 

exhibited significant colonization by cyanobacteria (7.5% of total OTUs), whereas these 479 

bacteria constituted only between 0.3 and 1.1% of all the OTUs observed on the T2 and T3 480 

tiles. Despite differences in exposure conditions, compositions and colors, the tiles appear to 481 

be colonized by very similar bacterial phyla. Alphaproteobacteria was present in abundance 482 

(approximately 50% of the Proteobacteria) on all the types of tiles. However, this proportion 483 

varied slightly from tile to tile (on average 30% +/- 7). The abundance of 484 

Gammaproteobacteria did not vary much (on average 21% +/- 6). Deltaproteobacteria were 485 

present at a very low percentage (between 0.2 and 0.7%, on average 0.4% +/- 0.3). 486 

 487 

3.5.2 Diversity of bacterial species identified on tiles exposed to the outdoors. 488 

Similar to unexposed tiles, the short-term exposed tiles were also colonized by large 489 

bacterial consortia. On T1 tiles, 201 OTUs (97% of 16s rRNA gene similarity) were identified, 490 

323 OTUs on T2 tiles and 364 OTUs on T3 tiles. Of all these OTUs identified, only a few 491 

constituted more than 1% of the total sequences: 17 OTUs on T1 tiles, 17 on T2 tiles, and 20 492 

on T3 tiles (Figure 5). However, as seen before exposure to the outdoors, these few OTUs 493 

represented a large proportion of the diversity, constituting 82% of the total diversity 494 

present on T1 tiles, 52% on T2 tiles and 48% on T3 tiles. Among these abundant OTUs, 495 

Hymenobacter sp. (Bacteroidetes) and Sphingomonas sp. (Alphaproteobacteria) were 496 

common to all the types of tiles. Furthermore, a substantial proportion of Cyanobacteria on 497 
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T1 tiles was reported (Figure 5A), comprising exclusively OTUs affiliated with 498 

Chroococcidiopsaceae (also known as Chroococcidiopsidaceae). 499 

 500 

3.6 Comparison of bacterial diversity between unexposed and exposed tiles. 501 

 502 

Alpha diversity indexes (Chao1, Shannon and observed richness) were calculated for the 503 

different types of tiles and exposure conditions studied (Table 4). Bacterial diversity was 504 

confirmed to be high on all the types of tiles studied and under all exposure conditions. The 505 

total observed richness was between 150 and 353 (on average 261 +/- 80); the Chao1 index 506 

was between 265 and 423 (on average 343 +/- 68); and the Shannon index (H) was between 507 

5.4 and 7.2 (average: 6.1 +/-1.0) (Table 4). However, no significant difference could be 508 

shown between any type of diversity index and any type of tile or exposure condition 509 

(nonparametric t-test using Monte Carlo permutations to calculate the p-value; p-value > 510 

0.05). However, Bray-Curtis based nMDS (Non-metric multidimensional scaling) analysis of 511 

our different samples showed two distinct groups: tiles exposed 0 and 5 months on one side 512 

and tiles exposed 8 months on the other (Supplementary Figure S3). In the long term, the 513 

bacterial diversity on tiles could therefore change. 514 

When considering the total observed diversity in our samples, we identified 452 different 515 

OTUs (97% of 16s rRNA gene similarity). A large fraction of this diversity did not vary 516 

substantially from sample to sample. In fact, a total of 181 OTUs were common to all sample 517 

types examined in this study, representing 40% of all the observed OTUs (Figure 6). New 518 

unexposed tiles shared 92% of their OTUs with exposed tiles (after 5 months and 8 months). 519 

Unexposed T1 tiles presented 145 identifiable OTUs, while a total of 201 OTUs were 520 

identified on exposed tiles (Figure 7A). Among these OTUs, 121 were shared between 521 
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unexposed and exposed tiles, representing a large proportion of the total diversity. In fact, 522 

unexposed T1 tiles shared 83% of their diversity with exposed T1 tiles. The exposed T1 tiles 523 

therefore shared 60% of their diversity with the unexposed T1 tiles. After exposure, 524 

Firmicutes, Acidobacteria and Armatimonadetes presented decreased proportions 525 

compared to the whole community, while Bacteroidetes, Cyanobacteria and Deinococcus-526 

Thermus exhibited increased abundances, as described previously. 527 

The unexposed T2 tiles had 294 identifiable OTUs, while 323 OTUs were identified on the 528 

exposed tiles (Figure 7B). Of these OTUs, 230 were shared between the exposed and 529 

unexposed tiles. Indeed, the unexposed T2 tiles shared 78% of their diversity with the 530 

exposed T2, and the exposed T2 tiles shared 71% of their diversity with the unexposed T2 531 

tiles. After exposure, Acidobacteria, Actinobacteria, Bacteroidetes and Deinococcus-Thermus 532 

represented a decreased proportion of the community as a whole, while the proportion of 533 

Verrucomicrobia increased, as described above. 534 

On unexposed T3 tiles, 290 OTUs were identified, while 364 OTUs were identified on 535 

exposed T3 tiles (Figure 7C). Of these OTUs, 248 were common to both exposed and 536 

unexposed tiles, representing a large proportion of the total diversity. In fact, the unexposed 537 

T3 tiles shared 86% of their diversity with the exposed T3 tiles. After exposure, 538 

Betaproteobacteria, Bacteroidetes and Deinococcus-Thermus represented a decreased 539 

proportion of the community as a whole, while the proportion of Actinobacteria increased. 540 

 541 

 542 

4 DISCUSSION 543 

Biological colonization of clay roof tiles is a problem for both building owners and tile 544 

manufacturers. Disruption of these biofilms constitutes an important scientific challenge and 545 
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has economic value. Biocides such as quaternary ammonium compounds or isothiazolinones 546 

as well as water repellents are currently used to combat this colonization (Urzì and De Leo, 547 

2007; Zhang et al., 2015). However, these solutions are costly, and the impact of these 548 

materials on human health and the environment remains poorly understood (Zhang et al., 549 

2015). In addition, after these treatments, all types of building materials are rapidly 550 

recolonized by microorganisms, which can be resistant to these treatments (Urzì and De Leo, 551 

2007). Such recolonization is rapid, and a few months is frequently sufficient to induce 552 

visible growth (Coutinho et al., 2015; Pozo-Antonio et al., 2016; Urzì et al., 2016; Urzì and De 553 

Leo, 2007). 554 

To date, most studies have focused on the "green" portions of the biofilms present 555 

on ceramic tiles or other types of building materials, i.e., cyanobacteria and algae 556 

(Barberousse et al., 2006; Crispim and Gaylarde, 2005; Hauer et al., 2015; Macedo et al., 557 

2009). Many algal and cyanobacterial species have been identified in these studies, such as 558 

Chlorella sp. (Coutinho et al., 2015), Klebsormidium sp. (Macedo et al., 2009; Vázquez-Nion 559 

et al., 2016), Chroococcus sp. and Synechococcus sp. (Hauer et al., 2015; Macedo et al., 560 

2009). In contrast, only a few studies examined the presence of heterotrophic bacteria or 561 

fungi, and these studies were not focused on ceramic roof tiles. Such studies usually rely on 562 

culture-based approaches to examine prokaryotic diversity (Krakova et al., 2015; Urzì et al., 563 

2010; Vázquez-Nion et al., 2016). The use of high-throughput molecular approaches provides 564 

new and interesting insights into bacterial diversity, and we also focused on early steps of 565 

colonization, at which stage bacterial diversity is more likely to play a key role in biofilm 566 

settlement (Siboni et al., 2007). 567 

Our study showed that a pioneering biofilm was present on new and few exposed 568 

tiles. Thus, even before outdoor exposure, microorganisms colonize the tiles in more or less 569 
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developed and voluminous patches. Combining different and complementary technical 570 

approaches, (CLSM, fluorescent macroscopy, two-photon microscopy, SEM, EDS, TTC assays, 571 

flow cytometry) we revealed that this pioneering biofilm was present and composed of 572 

viable cells. Indeed, we observed dark spots using SEM composed of carbon, as revealed by 573 

an EDS analysis. Complementary observations based on fluorescent macroscopy, confocal 574 

microscopy and two-photon microscopy highlighted the presence of DNA and of a thick 575 

matrix as dyed using green and red fluorescent compounds. An heterogeneity (in terms of 576 

fluorescence and aspect) of the observed matrix was also found. Such heterogeneity could 577 

be explained by the high diversity of colonizing bacteria and the diversity of biofilm 578 

producers, which was confirmed by testing the capacity of isolated strains to produce (or 579 

not) biofilm using a classical crystal violet assay. Nevertheless, all our data collectively depict 580 

the presence of a pioneering biofilm on new and few exposed tiles. 581 

Our study revealed that the ceramic roof tiles were colonized by a wide diversity of 582 

heterotrophic bacteria. From a total of 452 different OTUs identified (97% of 16s rRNA gene 583 

similarity), 379 OTUs were detected and identified on unexposed tiles, and 411 OTUs were 584 

detected on tiles exposed to the outdoors for 5 or 8 months. All the major phyla were found 585 

to be colonizers of ceramic roof tiles. In addition, a high subspecific diversity was detected 586 

with a total of 3 943 ASVs or "biological variants". Moreover, the diversity indexes (Chao1, 587 

Shannon (H), observed OTUs) were quite high, even on new tiles, also revealing the 588 

importance of bacterial diversity during the first steps of clay tile biological colonization. 589 

Interestingly, this significant bacterial diversity was detected on all the tiles studied. 590 

Our study clearly indicates that Sphingomonas sp. and the genus 1174-901-12 related to the 591 

Beijerinckiaceae (assigned by BLAST as uncultured bacterial RNA by 16S rRNA partial 592 

sequencing; clone: B0610R003_F24 (accession number: AB657476)) were the most common 593 
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OTUs found on all the types of studied tiles during the early steps of tile colonization. 594 

Interestingly at the subspecific-level, the ASVs assigned to the genus 1174-901-12 595 

(Beijerinckiaceae) was the most commonly found ASVs on all the types of tiles. To the best 596 

of our knowledge, the family Beijerinckiaceae has never been previously identified on tiles 597 

via culture-based methods, which was not the case for the bacterial genus Sphingomonas 598 

depicted in Coutinho et al. (2015). We propose here the use of these microorganisms as 599 

prokaryotic models of pioneering bacteria for the study of biofilm development on building 600 

materials. Our result provides new insights into the importance of bacterial diversity in the 601 

development of biofilms responsible for tile biodeterioration. 602 

Interestingly, the observed total bacterial specific and subspecific diversity was 603 

relatively similar between tiles despite differences in exposure conditions (as revealed by 604 

Table 1) and tile composition, as shown by the calculated diversity indexes. Indeed, the same 605 

phyla were detected on tiles at rather similar percentages, with a predominance of 606 

Proteobacteria, which represented approximately 50% of the bacterial diversity on each 607 

type of tile. Taxonomic analysis at the OTU level (97% of 16s rRNA gene similarity) revealed 608 

that the tiles were mainly colonized by Alphaproteobacteria, representing approximately 609 

30% of the bacterial diversity on each tile. Also, an important pattern of tile colonization is 610 

that heterotrophic bacteria predominate over Cyanobacteria. However, cyanobacterial 611 

colonization was slightly different between tiles. Indeed, this phylum represented less than 612 

2% of the bacterial diversity on most of the tiles studied, except on T1 tiles, where 613 

cyanobacteria represented approximately 7.5% of the total bacterial diversity. Interestingly, 614 

T1 tiles were exposed from summer (extreme conditions: high temperatures and high UV 615 

intensity, no rainfall) to winter (low UV intensity, frost), with more unfavorable growth 616 

conditions compared to T2 and T3 tiles, which were exposed from winter to spring (higher 617 
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temperature, medium UV intensity, rainfall but no extreme conditions). Such observations 618 

indicated that the “green” portion of tile biodeterioration should not lead to the exclusion of 619 

the very significant diversity of non-green organisms when modeling pioneering biofilms. 620 

Our study also provided new insights into the bacterial diversity of colonized clay tiles 621 

after only a few months of outdoor exposure. Interestingly, the T2 and T3 tiles presented 622 

almost identical colonization profiles either in OTUs and ASVs based analyses, comprising 45-623 

55% Proteobacteria, 13-19% Firmicutes, 6-13% Actinobacteria and 6-8% Bacteroidetes. The 624 

T1 tiles, which were subjected to different exposure conditions compared to T2 and T3 tiles, 625 

presented a slightly different type of colonization profile. Even though the T1 tiles were 626 

largely colonized by Proteobacteria, similar to the T2 and T3 tiles, these tiles were colonized 627 

by Cyanobacteria and hardly colonized by Firmicutes. Interestingly, the T2 and T3 tiles were 628 

distinguished by differences in coating, i.e., with the presence and the absence, respectively, 629 

of a water-repellent cover and two different types of engobes. However, the T2 and T3 tiles 630 

were subjected to exactly the same type of outdoor exposure. Our results show that these 2 631 

types of tiles shared 276 OTUs from a total of 323 OTUs and 364 OTUs, respectively. This 632 

result indicates that these tiles shared approximately 80% of the colonizing bacterial 633 

diversity. Additionally, the diversity indexes were not significantly different between these 2 634 

types of tiles. Thus, the chemical composition of ceramic tiles did not appear to have an 635 

important impact on the colonizing bacterial diversity. Further sampling and comparison will 636 

have to be conducted to confirm this important observation. In addition, after exposure, the 637 

T2 and T3 tiles showed colonization by original bacteria such as SAR11 and Vibrio sp. which 638 

are aquatic bacteria. Previous studies have shown that this type of bacteria has already been 639 

found in the atmosphere, fog or rainwater (Dueker et al., 2012; Gandolfi et al., 2013; Hu et 640 

al., 2018; Woo et al., 2013). The presence of these original bacteria could therefore be 641 
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explained by the heavy rainfall in April and May on site 2. Similarly, the presence of SAR11 642 

on unexposed T1 and T3 tiles could be explained by its storage in a wet or rainy area. 643 

Our cultivation approaches revealed the presence of bacteria that were previously 644 

identified in various studies. Indeed, the strains Arthrobacter agilis, Bacillus simplex, 645 

Rhodococcus corynebactroides and Rhodococcus facians, which were identified based on 646 

their 16s rRNA gene sequences, were previously isolated from the walls of Paleolithic caves 647 

(Urzì et al., 2010), catacombs (Krakova et al., 2015; Urzì et al., 2010), ceramic tiles (Coutinho 648 

et al., 2015), and bricks (Coutinho et al., 2015). Such observations provide support and 649 

strength to our sampling methods. From a wider perspective, this knowledge of the 650 

pioneering bacterial diversity of colonized tiles provides insights for identification of new and 651 

innovative targets to combat the early biofilms that develop on clay roof tiles. The most 652 

abundant bacteria identified in this study, such as Sphingomonas sp. or members related to 653 

the Beijerinckiaceae, are known to exhibit very diverse physiological activities that could 654 

affect tile deterioration process. These bacteria are able to grow under a wide range of 655 

conditions, exhibiting growth between 15 to 55°C and at pH values between 3 and 14 656 

(Rosenberg et al., 2014). Many Sphingomonas species are known to produce 657 

exopolysaccharide compounds that are involved in biofilm formation (Pollock, 1993) and are 658 

also known to degrade xenobiotic and recalcitrant compounds (Bending et al., 2003), leading 659 

to potential resistance against some treatments (Rosenberg et al., 2014). Sphingomonas 660 

species are also known to be closely associated to filamentous cyanobacteria, as they could  661 

play a role in nitrogen assimilation (Urzì et al., 2010). Moreover, Beijerinckiaceae-related 662 

genera are known to produce acids that could potentially play a key role in the 663 

biodeterioration of tiles (Rosenberg et al., 2014; Urzì et al., 2010). In addition, 664 

Staphylococcus, Streptococcus and Corynebacterium were identified among the dominant 665 
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OTUs. The presence of these bacteria might be due to human manipulations (manufacture, 666 

storage, installation of tiles on roofs). Such observation suggests that human manipulation 667 

might play an important role in the formation of pioneering biofilms on tiles. Indeed, this 668 

type of bacteria has already been found on tiles with much longer exposures (Jardak et al., 669 

2017).  670 

Collectively, our results highlight the presence of a pioneer biofilm developing on new 671 

and few outdoor exposed tiles. We depict a significant diversity of the bacteria that colonize 672 

roof tiles as pioneer organisms. These results provide new insights into the biofilm 673 

settlement dynamics that are responsible for roof tile biodeterioration. 674 

 675 
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 910 

 911 

 912 

7 TABLES (LEGENDS) 913 

Table 1: Environmental data collected at the sites of tiles exposition. 914 

Table 2: Biofilm-forming capacity of isolated strains based on a crystal violet assay. (++) high 915 

biofilm-forming (+) biofilm-forming. 916 

Table 3: Cultured bacterial strains with their identification (based on 16SrRNA gene analysis), 917 

isolation medium and origin. 918 

Table 4: Alpha diversity estimates for the 3 types of ceramic roof tiles studied (mean ± 919 

standard deviation; number of sequences per sample rarefied to 13 618). 920 

 921 

8 FIGURES (LEGENDS) 922 

Figure 1: Evaluation of the presence of a pioneering biofilm on unexposed tiles: (A, B) SEM 923 

images, white arrows and circle: dark spots rich in light elements; (C, D) EDS analysis – red: 924 

Si, yellow: Al, green: C, white arrows and circle corresponded to the dark spots of 1A and 1B; 925 

(E) Fluorescent macroscope image – green: SYTO9; (F) CLSM image – green: SYTO9; (G, H) 926 

Two-photon microscopy images – green: SYTO9 / red: FilmTracer™ SYPRO™ (G) max 927 
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intensity, (H) 3D-view of the biofilm slice; (H,I) Plot Z-axis profile of the staining with SYTO9 928 

(H) and FilmTracer™ SYPRO™ (I) of the 3D-view (H). 929 

Figure 2: Quantity of extracted DNA on each tile and for each type of exposure, in picograms 930 

per square centimeter of tile. 931 

Figure 3: Bacterial diversity at the phylum level observed on the 3 types of ceramic roof tiles 932 

and determined by Illumina-based high-throughput sequencing. Twenty-one different phyla 933 

colonize the 3 types of tiles. Only the phyla representing more than 0.5% of total sequences 934 

on at least one type of tile were considered. 935 

Figure 4: Bacterial diversity at the OTU level (97% of 16s rRNA gene similarity) determined by 936 

Illumina-based high-throughput sequencing on unexposed roof tiles. Only OTUs identified as 937 

being present at greater than 1% are named with their family in parentheses. (A) Tiles T1. (B) 938 

Tiles T2. (C) Tiles T3. 939 

Figure 5: Bacterial diversity on exposed roof tiles at the OTU level (97% of 16s rRNA gene 940 

similarity) determined by Illumina-based high-throughput sequencing. Only OTUs identified 941 

as being present at greater than 1% are named with their family in parentheses. (A) Tiles T1. 942 

(B) Tiles T2. (C) Tiles T3. 943 

Figure 6: Venn diagram representing shared OTUs (97% of 16s rRNA gene similarity) as a 944 

function of the exposure undergone by the tiles; all types of tiles are combined in this 945 

analysis. 946 

Figure 7: Venn diagrams representing shared OTUs and rings representing bacterial diversity 947 

at the OTU level (97% of 16s rRNA gene similarity) on Tiles T1 (A), Tiles T2 (B) and Tiles T3 (C) 948 

tiles. Rings color code represents the different phyla of the OTUs representing more than 1% 949 

of total sequences (corresponds to Figures 4 and 5).  950 

 951 
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9 SUPPLEMENTARY MATERIALS (LEGENDS) 952 

Table S1: Accession number and closest relative species corresponded to isolated and 953 

identified bacterial strains maintained in Banyuls Bacterial Culture Collection. 954 

 955 

Supplementary Figure S1: (A,B) TTC assays based observations : the red coloration induced 956 

by the positive TTC test was difficult to observe due to the red color of the tiles and to the 957 

presence of colored engobe. This is why this test was achieved to complete flow cytometry 958 

data, (C, D) flow cytometry. 959 

Supplementary Figure S2: Diversity of Proteobacteria on the 3 types of ceramic roof tiles as 960 

determined by Illumina-based high-throughput sequencing. 961 

Supplementary Figure S3: Bray-Curtis based non-metric multidimensional scaling (NMDS) 962 

plot of all samples analyzed in this study.  963 

Supplementary Figure S4: Bacterial diversity at the phylum level on the 3 types of ceramic 964 

roof tiles determined by Illumina-based high-throughput sequencing and DADA2 package 965 

analysis.  966 

Supplementary Figure S5: Venn diagram representing shared ASVs as a function of the 967 

exposure undergone by the tiles; all types of tiles are combined in this analysis. 968 

Supplementary Figure S6: Bray-Curtis based non-metric multidimensional scaling (NMDS) 969 

plot of all samples analyzed in this study using the DADA2 package analysis. 970 

Supplementary Figure S7: ASVs representing more than 1% of total sequences at least in one 971 

sample, splitted by phylum and type of tile. 972 


