
1 

 

Title:  1 

ND-YAG laser irradiation damages to Verrucaria nigrescens 2 

Running title 3 

LASER DAMAGE TO Verrucaria nigrescens  4 

 M. Speranza1*, M. Sanz2, M. Oujja2, A. de los Rios1, J. Wierzchos1, S. Pérez- Ortega1, M. 5 

Castillejo2 and C. Ascaso1* 6 

1Museo Nacional de Ciencias Naturales, MNCN-CSIC, Serrano 115 bis, 28006 Madrid, Spain 7 

2Instituto de Química Física Rocasolano, CSIC, Serrano 119, 28006 Madrid, Spain 8 

*Corresponding authors. Mailing address:  9 

Dept. Environmental Biology, National Museum of Natural Sciences, Spanish National Research 10 

Council (CSIC), Serrano 115, 28006 Madrid, Spain. 11 

Phone: (34) 917 452 500 ext: 981010 and 981040. Fax. (34)-915 640 800.  12 

e-mail: msperanza@mncn.csic.es; ascaso@mncn.csic.es 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

*Manuscript
Click here to view linked References

http://ees.elsevier.com/ibb/viewRCResults.aspx?pdf=1&docID=2805&rev=1&fileID=86378&msid={024D9B54-04B7-40DD-A8E1-984AD2423A08}
Piluka
Cuadro de texto
Postprint del artículo publicado en: International Biodeterioration and Biodegradation 84: 281–290 (2013)



2 

 

Abstract 24 

Epilithic and endolithic microorganisms and lichens play an important role in stone 25 

biodeterioration. The structural and physiological damage caused by nanosecond pulsed laser of 26 

1064 nm from Nd:YAG laser to Verrucaria nigrescens lichen as well as to endolithic algae and 27 

fungi were investigated in the present study. Ultrastructural laser effects on lichen and endolithic 28 

microorganisms were study without disturbing the relationship between lichen and lithic 29 

substrate by taking lichen-containing rock fragments and processing both together. SEM-BSE, 30 

LT-SEM and FM were used to determine cell integrity and ultrastructure, which reflect 31 

microorganism viability. Photobiont vitality was determined using a PAM chlorophyll 32 

fluorescence technique. The lichen thalli were completely removed by irradiation with 5 ns 33 

pulses at a fluence of 2.0 J/cm2 with no stone damage as showed by Micro-Raman spectroscopy. 34 

The fungal and algal endolithic cells located below were completely destroyed or presented a 35 

high plasmolysis degree resulting from heating their microenvironment. The lichen and 36 

endolithic mycobiont near the irradiated zone were also damaged. Algal photosynthetic damage 37 

prevents fungal survival and lichen viability. This is the first report of laser removal and 38 

inactivation of lichen and lithic microorganisms, and thus provide an environmentally-friendly 39 

and efficient method to control stone biodeterioration.  40 

 41 
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1. Introduction 46 

Diverse groups of microorganisms such as heterotrophic bacteria, cyanobacteria, free-living algae 47 

and fungi are responsible for biodeterioration in stones used to construct heritage buildings and 48 

monuments (Caneva et al., 2008). Lichens, a symbiotic association of a fungus (the mycobiont) 49 

and a photosynthetic partner, usually an alga and/or cyanobacteria (the photobiont), are also 50 

common colonizers of monumental stone. These biological agents can colonize the surface of the 51 

lithic substrate (epilithic colonizers) as well as the internal zone of the stone (endolithic 52 

colonizers), where they develop complex interactions with the mineral substrate (Ascaso et al., 53 

1998a; Ascaso et al., 1998b; Ascaso et al., 2002; Caneva et al., 2008). Both types of colonizers 54 

play an important role in stone biodeterioration, being responsible for several chemical and 55 

physical processes that enhance weathering reactions (Ascaso et al., 1998a; De los Ríos and 56 

Ascaso, 2005). The presence of endolithic microbial forms and their relationship with weathering 57 

effects on stone was proven by using different in situ microscopy techniques (Ascaso et al., 58 

1998a; Ascaso et al., 2002). 59 

Current control of lichens and microorganisms involved in stone biodeterioration processes 60 

includes chemical and physical treatments (Caneva et al., 2008; Doehne and Price, 2010; 61 

Scheerer et al., 2009). However, in spite of the great diversity of protocols currently in use in the 62 

field of stone conservation, methods to control biodeterioration have proven their technical and 63 

environmental limitations (Alakomi et al., 2006; Bartolini et al., 1999; Caneva et al., 2008; 64 

Doehne and Price, 2010; Scheerer et al., 2009). In this sense, further research is necessary on the 65 

effects on the substrate and the efficiency of physic methods to control stone-deteriorating 66 

microorganisms (Scheerer et al., 2009). Furthermore, chemical methods have limitations as 67 

biocide’ low substrate penetration, certain side effects such as irreversible stone damage and/or 68 
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low retention in stone that often limit their action (Caneva et al., 2008; Doehne and Price, 2010). 69 

Therefore, short-term applications must be repeated (deCruz et al., 2005). Scanning electron 70 

microscopy in back-scattered electron mode (SEM-BSE) technique showed that in some cases 71 

biocide action to control epilithic and endolithic microorganisms was limited when applied either 72 

alone or combined with mechanical pretreatments (Cámara et al., 2011; De los Rios et al., 2011). 73 

In recent decades chemical biocides were banned because of toxicity-related environmental and 74 

health hazards (European-Comission-Regulation, 2007; SCENIHR, 2009). Consequently, these 75 

more restrictive environmental regulations have led to a growing need for safe, efficient, and 76 

cost-effective treatments to remove and control microorganisms and lichen that avoid the 77 

disadvantages involved by traditional management of stone biodeterioration processes(European-78 

Comission-Regulation, 2007).  79 

Laser irradiation is used as a successful procedure to control human pathogenic microorganisms 80 

such as pathogenic bacteria, keratinophilic, and dermotophitic fungi (Burns et al., 1993; 81 

Manevitch et al., 2010; Smijs and Schuitmaker, 2003; Vural et al., 2007). Laser treatment could 82 

be used for antifouling purposes, causing mortality to biofilm-forming microorganisms 83 

(Nandakumar et al., 2002; Nandakumar et al., 2004). In the field of cultural heritage, laser 84 

cleaning is a well-established technique because it provides fine and selective removal of 85 

superficial deposits and encrustations such as biological and black crust(Cooper, 1998; Gomoiu 86 

et al., 2006; López et al., 2010; Marakis et al., 2000; Maravelaki-Kalaitzaki et al., 2003; Oujja et 87 

al., 2005; Potgieter-Vermaak et al., 2005; Pouli et al., 2008; Tornari et al., 2006). Nowadays, 88 

portable laser cleaning systems can remove contaminants from substrates with no surface 89 

damage, thus being a great solution for many conservation projects. These systems allow a cost 90 

effective use of laser technology to conserve large objects such as buildings or large sculptures 91 
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(Pouli et al., 2011). However, despite the widespread use of lasers in conservation, few laser 92 

cleaning studies have been focused on the removal of biodeterioration agents such as epilithic 93 

lichen and fungi from stone (deCruz et al., 2009; deCruz et al., 2005; Sarantopoulou et al., 2006; 94 

Speranza et al., 2011). Furthermore, most of these researches mainly rely on the 95 

chemical/physical aspects of the processes (deCruz et al., 2009; deCruz et al., 2005)or the 96 

irradiation of fungi previously isolated from deteriorated stone parts and cultured in artificial 97 

media that differed greatly from the stone substrate (Sarantopoulou et al., 2006).  98 

In this work, we study the degree of structural and physiological damage to mycobiont and 99 

photobiont cells from Verrucaria nigrescens thalli as well as fungi and algae inside the stone 100 

caused by nanosecond pulsed laser of 1064 nm from Nd:YAG laser. To the best of our 101 

knowledge, this is the first study on the effect of laser on lithic microorganisms growing on the 102 

surface and inside the stone.  103 

2. Material and methods 104 

2.1. Samples collection, chlorophyll a fluorescence (ChlaF) measurements, and selection of vital 105 

lichen thalli 106 

Lichen thalli on dolostone were collected from the Redueña quarry (917 m above sea level; N 40° 107 

47.66´; O 3° 33.25´, Madrid, Spain). Verrucaria nigrescens thalli were identified according 108 

Clauzade and Roux (1985), and Nimis and Martellos (2008). 109 

In order to select V. nigrescens thalli with active photobiont, ChlaF measurements were taken in 110 

the field as previously described (Schroeter et al., 1999; Tretiach et al., 2010). The potential 111 

maximal photosystem II quantum yield (Fv/Fm= variable fluorescence/maximal fluorescence) is 112 
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an indicator of lichen vitality and was determined with MiniPAM (Walz, GmbH,FRG) in fully-113 

hydrated and dark-adapted thalli (Tretiach et al., 2007). Dolostone samples with healthy V. 114 

nigrescens thalli were taken to the laboratory and kept under controlled low-humidity conditions 115 

for 24 hours. Samples with V. nigrescens epilithic thalli and endolithic colonization were selected 116 

for laser treatment using a stereomicroscope. Before laser irradiation (a maximum of 72 h after 117 

sample collection), Chla F measurements were repeated to ensure lichen vitality. 118 

2.2. Laser laboratory treatments 119 

Laboratory laser irradiations were performed on the selected hydrated stone samples (fourteen 120 

zones), colonized both by V. nigrescens and endolithic colonization, using a Q-switched 121 

Nd:YAG (neodymium-doped yttrium aluminum garnet) laser (Quantel Brilliant B) that delivered 122 

pulses of 5 ns full width half maximum (FWHM). The unfocussed laser beam was directed to the 123 

surface of the sample with the help of mirrors. Irradiation was performed at the fundamental 124 

wavelength (1064 nm) with a fluence of 2.0 J/cm2 at a 10 Hz repetition rate, delivering 100 125 

pulses in an area of ca. 0.5 cm2. Pulse energy was measured by a joulemeter (Gentec ED-200). 126 

The selected laser fluence was just below the stone ablation threshold and determined in previous 127 

experiments evaluating 19 laser irradiation conditions (Speranza et al., 2011). Immediately after 128 

irradiation, the colonized-stone samples were prepared for observation under the 129 

stereomicroscope and electron microscopy. 130 

2.3. Stereomicroscopic observations  131 

Morphological changes produced in the lichenized microorganisms as well as in endolithic 132 

microorganisms after irradiation were observed with a Leica S8APO stereo-microscope equipped 133 

with a Leica EC3. The images were taken at different magnifications using LAS EZ software. 134 
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2.4. Fluorescence microscopy 135 

Fluorescence microscopy (FM) was used to assess vitality of lichen symbionts after the different 136 

treatments. The preparations were observed using a Zeiss AxioImager D1 fluorescence 137 

microscope (Carl Zeiss, Jena, Germany) Plan-Apochromat 63×/1.40 oil-immersion objectives. A 138 

CCD Axiocam HRc Rev 2 Zeiss camera and Carl Zeiss AxioVision 4.7 software were used to 139 

capture and record fluorescence signals. Fragments were taken from sound lichen thalli, and 140 

lichen thalli next to the irradiated cleaned surface were gently separated from the rock surface 141 

using a sterile blade. After short fixation (2 h at 4 ºC) in 2.5% glutaraldehyde, they were stained 142 

with the SYTOX Green dead cell stain (S-7020, Molecular Probes). The SYTOX Green dye is a 143 

simple and quantitative dead-cell indicator, a high-affinity nucleic acid stain that penetrates only 144 

cells with damaged plasma membranes (i.e., dead cells) (Wierzchos et al., 2004). The original 145 

solution containing 5 mM SYTOX Green in anhydrous DMSO was water diluted 1:100 and 146 

added to fragmented lichen thallus. After 10 min counterstaining at room temperature, small 147 

pieces of lichen thallus deposited on slides were examined by fluorescent microscopy using sets 148 

of filters: for eGFP (Zeiss Filter Set 38; Ex/Em: 450-490/500-550 nm) and rhodamine (Zeiss 149 

Filter Set 20; Ex/Em: 540-552/567-647 nm). Signals from both channels were recorded: a green 150 

signal (blue excitation; 38 filter set) that reveals nuclear DNA structures in damaged algal and 151 

fungal cells, and a red emission signal (green excitation; 20 filter set) that reveals red auto-152 

fluorescence emitted by the chlorophyll of algal phycobiont cells. To obtain 3D images, 15 153 

sections (0.5 m between them) were recorded by Z-stack capture and  multichannel image 154 

acquisition. The obtained images were 3D reconstructed using software package AXIOVISION 155 

4.7 and represented as maximum intensity projection (MIP) images. 156 
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2.5. Scanning electron microscopy 157 

To determine the laser effect at cytological level, the structure of the epilithic lichenized 158 

microorganisms and the microorganisms found in the endolithic zone were examined before and 159 

after laser irradiation by different scanning electron microscopy techniques. Control and 160 

irradiated stone (five and seven samples respectively), colonized by lichen and microorganisms 161 

were processed for SEM-BSE observation according to a method introduced by Wierzchos and 162 

Ascaso (1994). Laser irradiated samples included: the cleaned stone surface area (removed lichen 163 

thalli) and the neighboring areas containing apparently healthy V. nigrescens thalli. Briefly, the 164 

stone samples covered by V. nigrescens and containing endolithic microorganisms were cut 165 

transversely and fixed with 3.25% glutaraldehyde in 0.05 M cacodilate buffer, and subsequently 166 

stained using a 1% OsO4 solution in 0.025 M cacodilate buffer. After fixing, the samples were 167 

dehydrated in a series of ethanol solutions, embedded in LRTMWhite resin, and fine-polished after 168 

polymerization. The fine-polished surfaces of the stone sample cross-sections were carbon coated 169 

and finally examined using a DMS 960 Zeiss SEM equipped with a four-diode, semiconductor 170 

BSE detector at ICA-CSIC facilities (Madrid, Spain). Control and irradiated stone surfaces 171 

colonized by V. nigrescens (four samples of each type) were air dried, carbon coated, and 172 

observed using a DMS 960 Zeiss SEM in secondary electron mode (SE).  173 

2.5.3. Low temperature scanning electron microscopy (LTSEM) 174 

Lichen thalli (three irradiated and two non-irradiated) were examined using the LTSEM 175 

technique (De los Ríos and Ascaso, 2005). Small sample fragments were mounted using OCT 176 

(Optimal Cutting Temperature) compound (Gurr), and mechanically fixed onto the specimen 177 

holder of the cryotransfer system (Oxford CT1500). Subsequently, the samples were plunge-178 
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frozen into subcooled liquid nitrogen, and then transferred to the preparation unit. There, the 179 

frozen specimens were cryofractured and etched for 2 min at -90C. After ice sublimation, 180 

sample surfaces were gold sputter coated and then transferred onto the cold stage of the SEM 181 

chamber. Fractured surfaces were observed under a DSM960 Zeiss SEM microscope at -135C. 182 

2.6. Micro-Raman spectroscopy analyses 183 

Micro-Raman spectroscopy was used to detect possible structural and chemical changes on 184 

irradiated areas. Raman analyses were carried out using a Thermo Fischer DXR Raman 185 

microscope (West Palma Beach, FL 33407, USA), whose point and shoot spatial resolution 186 

capability was 1m. The spectra were taken with 4 cm-1 resolution and 20-s exposure using the 187 

10x objective of the confocal microscope (spot size 2 m). A laser emitting at 532 nm with 10 188 

mW power was used as an excitation source. OMNIC 1.0 software package was used for system 189 

operation. 190 

3. Results 191 

All photobiont from lichen thalli used for laser irradiation were photosynthetically active in the 192 

field and under the laboratory conditions, Fv/Fm values ranging between 0.60-0.79. The small 193 

dark brown crustose thallus of V. nigrescens showed the typical aspect of this epilithic lichen 194 

(Fig. 1A-B). V. nigrescens produces no substance responsible for stone darkening, but the natural 195 

color of the dolomite stone is masked by the thalli and, as a consequence, the substrate looks 196 

rather dark (FIG. 1A-B). 197 

Stereomicroscope examinations proved that treatment conditions were very effective in removing 198 

V. nigrescens thalli (Fig. 1A). The laser irradiated area had been cleaned, and the fungi that 199 
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composed the lichen basal layer had been efficiently removed (Fig. 1A, C and D). Although 200 

green colour from algae is clearly visible on the surface by stereo microscopy (Fig. 1C),  201 

remnants composed by severely damaged algal and fungal cells could be observed on the 202 

dolostone surface by SEM-SE (Fig. 1 D-E).  203 

These remnants are mainly formed by broken and empty fungal hyphae that showed altered cell 204 

walls (Fig. 1E). Several laser cleaned areas, as shown in Figures 1A and D, were analyzed using 205 

micro-Raman spectroscopy. The micro-Raman spectra of the dolomite stone acquired in control 206 

and stone areas colonized by V. nigrescens thalli before and after irradiation are shown in Figure 207 

2, and Table 1 lists the bands observed, together with their corresponding assignments. The 208 

spectrum of the V. nigrescens control thalli (non irradiated) presents the characteristic bands of 209 

disordered and graphitic carbon, centred at 1340 and 1580 cm-1 respectively, which are related to 210 

the presence of organic compounds. When V. nigrescens thalli are irradiated, the spectra of the 211 

laser cleaned areas display the characteristic bands of calcium carbonate, as it can be observed in 212 

the dolomite control sample, which correspond to the vibration modes of the free CO3
2- ion of 213 

calcium carbonate. These bands are attributed to lattice vibrations at 175 and 299 cm-1, and to in-214 

plane bending and symmetric stretch modes at 727 and 1097 cm-1, respectively. The spectrum 215 

also displays bands assigned to the hydrocarbons present in the dolomite stone at 1440 cm-1 (
s
 216 

(C-O) +  (C-C) vibration mode), 1615 cm-1 (
a
 (C-O) vibration mode), and 1744 cm-1 (ν(C=O) 217 

stretching).  218 

In general, irradiated stone showed similar aspect to the control, and fissures, fractures or 219 

porosity changes were not observed in the irradiated surface or internal zones of the stone (Fig. 3 220 

A, C,E; Fig. 4 A-D and Fig. 5A-D) when observed by SEM-BSE and SEM-SE. The anatomy of 221 
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the epilithic lichen thalli and the cytology of photobiont and mycobiont, and the microorganisms 222 

in endolithic zones before and after laser irradiation were examined by SEM-BSE and LTSEM 223 

(Fig. 3-5). Thin to moderately thick V. nigrescens thalli of 50 to 250 µm, including the basal 224 

layer, were observed on the superficial layer of the dolostone (Fig. 3A). A typical thallus presents 225 

a poorly differentiated upper cortex of variable width composed of thick, densely packed fungal 226 

cells (2.5-3.0 µm), a photobiont layer formed by green algae (6.0-9.0 µm in diameter), and 227 

mycobiont cells (3.0-6.0 µm in diameter) (Fig. 3B). The mycobiont hyphae showed several small 228 

lipid globules occupying a substantial portion of the protoplast volume (Fig. 3B). In Fig. 3A and 229 

C the medullary region can be seen, with abundant hyphae of 7-12 µm in diameter that have 230 

expanded through fissures reaching deep stone areas (up to 200 µm). The cells of fungal hyphae 231 

were entirely occupied by lipids (oil cells). As lipids are very osmiophilic when inside a cell 232 

previously treated with osmium, a strong signal due to the lipids' osmium uptake is detected 233 

(Fig. 3C box). Other fungal clusters near the lichen thallus also showed high cytoplasmatic lipid 234 

content (Fig. 3D).  235 

Laser irradiation left empty spaces in the dolomite surface that correspond with the spaces 236 

occupied by the lichen thalli before treatment. These can reach 80 µm from the surface (Fig. 3E 237 

asterisks). The microorganisms found in endolithic zones were also altered by laser surface 238 

irradiation as shown by SEM-BSE analyses (Fig. 3 E-F and Fig. 4). Most fungal cells near the 239 

stone surface were completely destroyed (Fig. 3 E arrows) or showed high plasmolysis degrees 240 

(Fig. 3E box and F).  241 

Fungal cytoplasm looked sponge-like and the lipid bodies could only be distinguished in some 242 

cells (Fig. 3 F). Free fungi on the surface and endolithic colonization forms were also observed in 243 
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split longitudinal sections of the dolostone using the SEM-BSE technique (Fig. 4A top box). In 244 

these samples, algal and fungal cell clusters were also frequently found randomly distributed in 245 

deep areas of the dolomite stone (Fig. 4A lower box). Fungi on the stone surface were removed 246 

by laser irradiation and the endolithic clusters were also severely affected (Fig. 4B). A similar but 247 

weaker effect was also observed in clusters of phototrophic and heterotrophic microorganisms in 248 

deeper stone areas, down to 1000 µm under the cleaned dolostone surface (Fig. 4C and D).  249 

Laser irradiation also affected lichen thalli and microorganisms near cleaned areas (Fig. 5). The 250 

cell damage severity observed depends on the localization of lichen thalli from the laser 251 

irradiated zone. First, on the border of the cleaned areas, lichen thalli were observed to apparently 252 

keep their integrity (Fig. 5A). However, their algal and fungal cells had been strongly affected, as 253 

these cells were empty and only conserved their walls (Fig. 5A). Second, thalli with intermediate 254 

damage stages were detected near this area (Fig. 5B). In this case, in the lower part of the thalli 255 

some fungal cells with cytoplasm and lipid bodies remain altough with evident signs of damage 256 

(Fig. 5C). The endolithic mycobiont hyphae as well as fungi and algal cell clusters under the 257 

thalli (Fig. 5B box) were also affected by the laser irradiation applied in the neighbouring cleaned 258 

area. Laser-produced structural damage was evident when compared to control thalli observed by 259 

SEM-BSE (Fig. 5D) and further confirmed by LTSEM (Fig. 5E and F). 260 

Fungi and algae from control V. nigresecens thalli with well-defined cell walls and cytoplasmatic 261 

content could be observed by LTSEM (Fig. 5E). Some ultrastructural cell details in lichen 262 

photobionts such as the chloroplast which often occupy most algal cell volume were also 263 

observed by LTSEM in the control sample (Fig. 5E box). However, lichen thalli close to the 264 



13 

 

cleaning zone that showed some apparent macroscopic integrity were actually formed only by 265 

algal and fungal cell walls, as their cytoplasms had been totally destroyed (Fig. 5F).  266 

In addition to the SEM-BSE and LTSEM results, fluorescence microscopy confirms that laser 267 

irradiation also affected lichen thalli localized near cleaned areas. V. nigresecens thalli control 268 

(Fig. 6A) and thalli in the border area and near irradiated areas (Fig. 6B) were stained with the 269 

SYTOX Green Live/Dead dye. The red emission signal reveals autofluorescence signal emitted 270 

by chlorophyll in algal phototrophic cells, while the green emission signal comes from the 271 

SYTOX Green stained nucleic acids of photobiont and mycobiont cells with damaged plasma 272 

membranes (arrows in Fig. 6B). While most algal cells in the control sample showed no green 273 

signal (Fig. 6A), almost all algal cells from lichen thalli near the irradiated area reveal SYTOX 274 

Green stained nucleic acids signal from cells with damaged plasma membranes (Fig. 6B). 275 

4. Discussion 276 

Nd:YAG laser treatment under the irradiations conditions used (1064 nm, 5 ns) was effective at 277 

removing V. nigrescens hydrated active thalli producing no chemical changes in the irradiated 278 

stone surface, as observed by micro-Raman, SEM-BSE, and SEM-SE analyses. V. nigrescens is a 279 

crustose epilithic lichen that is reportedly a widespread species on limestone heritage buildings 280 

and monuments throughout Europe (Blazquez et al., 1995; Nimis and Martellos, 2008; Smith et 281 

al., 2010) and also colonizes extensive areas of the Redueña dolostone quarry face (Madrid, 282 

Spain) (Cámara et al., 2011). In addition, severe cellular damage was produced not only in the 283 

endolithic mycobiont hyphae and neighbouring lichen thalli but also in fungi and algae deep in 284 

the stone. Although identification of these microorganisms inside the stone was not carried out 285 

because it was not the main aim of the present work, these microorganisms showed similar 286 
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morphologies to those previously detected by SEM-BSE and identified by molecular biology in a 287 

nearby Redueña quarry face (Cámara et al., 2011). 288 

The Fv/Fm values measured in the photobiont microorganisms in the laboratory were consistent 289 

with the range of values registered in other crustose lichens(Schroeter et al., 1999; Tretiach et al., 290 

2010) These values fell within the range determined in the quarry face in the autumn season 291 

when V. nigrescens is metabolically active, and confirmed the photobiont vitality of the selected 292 

samples for laser irradiation experiments.  293 

Lichens show different sensibility to biocides related to thallus structure and physiological state, 294 

as well as to chemical biocide nature (Tretiach et al., 2010). The main problem detected during 295 

the biocide treatment of lichens encrusted in stone artworks was that considerable parts of the 296 

thalli still remained attached to the stone after several weeks of application of highly concentrated 297 

biocide with bristle brushes or poultices (Caneva et al., 2008; deCruz et al., 2005; Doehne and 298 

Price, 2010). In previous experiments, after biocide application, a mixture of dead and living 299 

microorganisms was found, these included living fungal forms in fissures and under dead lichen 300 

thalli, and lichen thalli areas of no biocide action (Cámara et al., 2011; De los Rios et al., 2011). 301 

In contrast, as shown in this and other works, laser cleaning produces complete lichen-thallus 302 

removal, even if lichen debris on the surface can be brushed away without affecting dolostone 303 

surface (deCruz et al., 2007; deCruz et al., 2009; Leavengood et al., 2000). In addition, if the 304 

considerable cell damage observed in lichen debris, as well as in the endolithic mycobiont cells 305 

and microorganisms in the deeper substrate areas is taken into account the possibility of stone 306 

recolonization from theses sources is rather low. The collateral damage produced in lichen thalli 307 

near cleaned areas is also important.  308 
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Laser application to lithic microorganisms and lichens without extracting them from their 309 

substrate have been scarcely studied (deCruz et al., 2007; deCruz et al., 2009; Leavengood et al., 310 

2000). In general, the biological component of stone crust, known as "biological crust", is poorly 311 

characterized, and commonly-used techniques enable no evaluation of laser-produced structural 312 

damage and vitality changes. In this sense, SEM-BSE microscopy allows assessing laser effect 313 

on lichen epilithic thalli and microorganisms in deep stone areas without extracting them from 314 

their microhabitat (Ascaso et al., 1998a; Ascaso et al., 1998b; Ascaso et al., 2002; De los Ríos 315 

and Ascaso, 2005; Wierzchos and Ascaso, 1994, 1996). SEM-BSE microscopy also provides 316 

information on cell-wall integrity and some ultrastructural aspects of lithic microorganisms that 317 

reflect their vitality in situ (Ascaso et al., 1998b; Ascaso et al., 2002; Cámara et al., 2011; De los 318 

Ríos and Ascaso, 2005; De los Rios et al., 2004; De los Ríos et al., 2010; De los Rios et al., 2011; 319 

Potgieter-Vermaak et al., 2005). In this way, the different degrees of laser-induced damage 320 

undergone by epilithic and endolithic microorganisms were determined.  321 

Laser effect on lithic microorganisms may depend on different factors, including cellular 322 

structure, chemical composition, and location in the stone Lichen thallus anatomy, the presence 323 

of a protective upper cortex, thick mycobiont cell walls, and intimate thallus-substrate 324 

relationship may represent certain additional difficulties for the laser cleaning procedure. Under 325 

our experimental conditions, laser ablation led to complete removal of V. nigrescens epilithic 326 

hydrated thalli. However, the upper cortex of a different crustose lichen, Diploicia canescens, 327 

was observed more resistant under the same laser irradiation conditions used for the removal of 328 

V. nigrescens (Speranza et al., 2011). Higher fluence is proven necessary for thallus removal in 329 

this case.  Even though Nd:YAG laser destruction of epilithic lichen and endolithic 330 

microorganisms cannot be unequivocally ascribed to specific physical/chemical mechanisms, 331 
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certain ideas based on previous research can however be pointed out. Laser-removal efficiency 332 

depends on light-material interaction, which is in turn related to wavelength, fluence, and the 333 

optical properties of the target such as light absorption and heat diffusion (deCruz et al., 2009; 334 

Siano, 2007). The influence of these factors during laser irradiation of Diploschistes scruposus (a 335 

grayish-white crustose lichen) had been proven in a recent study (deCruz et al., 2009). Moreover, 336 

the extent of laser cell damage depends on both fluence and time of exposure to laser light. In 337 

bacteria the laser effect could be enhanced by the presence of pigments (Manevitch et al., 2010; 338 

Maravelaki-Kalaitzaki et al., 2003; Vural et al., 2007). Therefore, a rapid heat transfer to lichen 339 

thalli could take place when V. nigrescens absorbs laser light, as described for other lichens and 340 

microorganisms (Cappitelli et al., 2007; deCruz et al., 2007). In this way, the local heating 341 

induced by laser irradiation at 1064 nm could also affect the thalli near cleaned areas. This 342 

phenomenon could be responsible for cytoplasm damage of photobiont and mycobiont cells, 343 

especially in the case of alteration of fungal lipid bodies. Although several authors report diverse 344 

morphology of lichen oil cells, their function still remains unknown (Gueidan et al., 2007; 345 

Kushnir, 1978; Pinna et al., 1998). Kushnir et al. (1978) state that oil hyphae do not occur in 346 

epilithic lichen. This fact is also supported by the interesting studies by Pinna et al. (1998). 347 

These authors describe oil-hyphae using SEM in secondary mode (SEM-SE), which allows 348 

observing the outside of the oil cells, and point out that true-oil hyphae occur beneath epilithic 349 

thalli only when these overgrow endolithic species. In our study, SEM in backscattered mode 350 

(SEM-BSE) enabled us to observe lipids inside the cells, both in the control sample and the laser-351 

treated sample. We can perfectly describe cells with lipids (oil cells) belonging to the epilithic 352 

thalli, but it is difficult to say if there are true-oil hyphae or fungal cells with lipid inclusion 353 

(Gueidan et al., 2007; Kushnir, 1978; Pinna et al., 1998). SEM-BSE observations allowed us to 354 
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observe alterations in the lipidic integrity inside the cells of the laser-treated samples. In 355 

photobiont cells, damage to the photosynthetic system will also affect fungal survival and lichen 356 

viability.  357 

From a practical point of view, lichen mechanical removal is unadvisable in order to not promote 358 

stone disintegrations in some circumstance. In this case, induced thermal damage of thalli could 359 

be a useful strategy to stop lichen stone biodeterioration activity, especially if the severe 360 

cytoplasmatic damage observed in the endolithic mycobiont hyphae is taken into account.  361 

Moreover, certain resistance to the thermal laser effect was observed in mycobiont cell walls. The 362 

walls are responsible for the mechanical strength and thermal resistance of fungal cells (Osherov 363 

and Yarden, 2010).  Furthermore, microenvironment heating could be responsible for the severe 364 

damage observed in microorganisms in endolithic areas. Similar microenvironment heating 365 

processes are responsible for the inactivation and death of unexposed microorganisms such as the 366 

bacteria inside the dentine microcrystalline structure during Nd:YAG laser treatments (Goodis et 367 

al., 1993). A characteristic of such a laser system is that it reaches deeper stone areas of interest 368 

when compared to UV rays and xenon lamps used against microorganisms and lichen on stone 369 

that —in spite of their germicidal activity— also display poor penetration power (Doehne and 370 

Price, 2010; Goodis et al., 1993; Leavengood et al., 2000).  371 

5. Conclusion 372 

All results shown indicate that irradiation with a Q-switched Nd:YAG laser is a promising and 373 

environmentally friendly method to control lichen and microorganisms involved in stone 374 

biodeterioration. Although, further studies are needed to elucidate the specific physical/chemical 375 

mechanisms involved, the results obtained extend the traditional idea that laser irradiation can 376 
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only clean stone surfaces, thus proving an additional important laser effect related to the 377 

microbiota community involved in several deterioration mechanisms. The integration of SEM-378 

BSE, LTSEM, FM, and micro-Raman analyses constitutes an effective strategy to determine the 379 

optimal laser irradiation regime to control both stone integrity and biological damage. Field 380 

experiments of laser irradiation of lichen thalli in the quarry are currently in progress and allow 381 

us to evaluate different parameters such as the biological recolonization of cleaned and irradiated 382 

surfaces.  383 
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Figure legends 534 

Figure 1. Crustose thallus of V. nigrescens (white arrows in A and B) and areoles immersed 535 

perithecia and their ostioli (arrows in B). Laser cleaned areas (asterisks in A and D) with lichen  536 

thallus remains (black arrows in A, C-E). A and C: stereomicroscopy images; B and D: SEM-SE 537 

images; E: LTSEM image. 538 

Figure 2. Micro-Raman spectra of the control dolostone sample (A), and stone surface colonized 539 

by Verrucaria nigrescens before (C) and after laser irradiation (B). 540 

Figure 3. SEM-BSE images of V. nigrescens epilithic thalli and endolithic colonization of 541 

dolomite stone before (A-D) and after laser treatment (E-F).  542 
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Upper cortex (thin white arrows in A and C), photobiont layer and mycobiont hyphae (white 543 

asterisks in A and C), fungal cells with several lipid globules (black arrows in B) and algae 544 

(white open arrows in B), and lichen medullar region (thin black arrows in A and C) from a 545 

control V. nigrescens thalli. Strong signals produced by the OsO4 staining of cytoplasmatic lipids 546 

in fungal hyphae from vital lichen thalli (box in C) and in clusters of fungi localized in endolithic 547 

zones (D). Empty spaces in the dolomite surface after laser removal of lichen thalli (black 548 

asterisks in E). Microorganisms localized in endolithic zones near the surface and lichen medullar 549 

region were completely destroyed (thin black arrows). Other zones showed fungal cells with a 550 

high degree of plasmolysis (white boxes in E and detail in F).  551 

Figure 4. SEM-BSE images of fungal epilithic and endolithic colonization of dolomite stone 552 

before (A) and after (B-D) laser treatment. Free fungi (black arrows and upper box in A) and 553 

endolithic algal and fungal cells (white thin arrow and lower box in A) in control sample. 554 

Endolithic clusters near the stone surface damaged by the laser heat effect (B). Clusters of 555 

phototrophic and heterotrophic microorganisms (white thin arrow and box in C, and white thin 556 

arrows in D) from deeper stone zones (until 1mm) showed a weak laser effect. Empty spaces in 557 

the dolomite surface after laser removal of lichen thalli (black asterisks). fc: fungal cell; ac: algal 558 

cell. 559 

Figure 5. SEM-BSE (A-D) and LTSEM (E-F) images of lichen thalli and microorganisms 560 

localized near the laser cleaned areas. Lichen thalli next to the irradiated surface (white arrows in 561 

A) with empty algal and fungal cells that only conserved their walls (white asterisks in A). 562 

Fungal and algal cell clusters affected by the thermal laser (black thin arrows and box in B). 563 

Thalli from an intermediate localization (white arrows in B) showed evident fungal cell wall and 564 
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lipid body damage (detail in C) compared with control thalli (D). V. nigresecens hidrated control 565 

thalli (E) showing algal cells (ac) and chloroplast (c) (white open arrows and box in E). The 566 

complet laser destruction of algal and fungal cells can be observed (F) with some fungal lipid 567 

body debris (black empty arrows).  568 

Fig. 6. Fluorescence microscopy 3D reconstruction MIP images of SYTOX Green stained lichen 569 

symbiont cells from control lichen thalli (A) and from lichen thalli located in neighbor laser 570 

cleaned zones (B). Image A reveals red autofluorescence signal of algal (a) cells and green 571 

autofluorescence of fungal cells (f). Image B show red autofluorescence signal of algal (a) cells 572 

and green signal of nuclei of algal cells with damaged membranes (arrows). 573 

Table 1. List of the bands and the corresponding assignments determined by micro-Raman 574 

spectroscopy in the dolomite and Verrucaria nigrenscens thalli. 575 

Wavenumbers (cm‐1)   Vibrational assignment  Origin of bands  

1744    (C=O)   Hydrocarbons  

1615   a (C‐O)  Hydrocarbons  

1580   Graphitic carbon  Organic compounds  

1440   s (C‐O) +  (C‐C)   Hydrocarbons  

1340   Disordered carbon Organic compounds 

1097   Symmetric stretching of (CO3
2‐)  CaCO3, dolomite  

727  In‐plane bending of (CO3
2‐)  CaCO3, dolomite  

299   Lattice vibration of (CO3
2‐)  CaCO3, dolomite  

175   Lattice vibration of (CO3
2‐)  CaCO3, dolomite  

 576 

 577 

 578 



Figure 1. 

500 µm

BA 1 cm



50 µm



DC 200µm

20 µm

Arial font in all images  

E

Figure



Figure 2. 

 

3 1340si
ty Verrucaria1580

2
Verrucaria Irradiated

R
a

m
an

 I
nt

en
s

2000 1500 1000 500 0
0

1
Dolomite

1440
1615

1744
175

299

727

1097

N
o

rm
a

liz
ed

 

2000 1500 1000 500 0

Wavenumber / cm-1

Figure



Figure 3. 
200 µm 20 µm

*

A

200 µm 20 µm 20 µm

B

**

200 µm

C D

20 µm




E F

Figure



Figure 5. 

50µm

 

500µm

20µm

50µm10µm

A B

ac

10µm

D

10µm

C

c

E F

Figure



Figure 6. 

a

a

f

f

a

A

a

BB

Figure



 1

Madrid, December 19, 2011. 
 
Dear IBB-Editor: Dr. Christine Gaylarde  
 
Please find enclosed our manuscript to be considered for publication in the IBBS15 special 
issue  
Title:ND:YAG laser irradiation effects on epilithic and endolithic microorganisms 
 
Authors: M. Speranza, M. Sanz, M. Oujja, A. de los Ríos, J. Wierzchos, S. Pérez- Ortega, 
M. Castillejo and C. Ascaso 
 
The aim of the present study was to investigate whether endolithic and epilithic 
microorganisms are damaged at structural and physiological level by laser irradiation.  
 
Considering, the limitations of traditional methods to control lithic microorganisms and the 
inefficacy to control the endolithic microorganisms involved in internal physical and 
chemical stone damage, we decide to evaluate laser irradiation as an alternative. 
 
Laser is widely used in many countries to remove blacks crusts in monumental stone and, 
sometimes, also in natural stone. Furthermore, what happens with endolithic and epilithic 
microorganisms after the application of a laser treatment remains completely unknown in 
most cases. 
In relation with the advantages of the experimental design and microorganism laser-damage 
evaluation: 
 
We understand that the effect of laser as an altering agent of lithic microecosystems must 
be tested on non-disturbed microecosystems, instead of being tested on plate cultures or 
through any other method commonly used by microbiologists, as these cultures are not the 
real microorganisms we are working on. These experiments allowed us showing in situ for 
the first time that lithic microorganisms several micra inside the stone undergo severe 
thermal damage caused by laser when applied on the stone surface to remove epilithic 
microorganisms.  
Furthermore, the present results indeed contribute the first knowledge on the sensitivity of 
endolithic and epilithic microorganisms to laser irradiations according to microscopic and 
physiologic studies. 
Therefore, laser is a new environmentally-friendly tool to control the growth of endolithic 
microorganisms and a way to reduce biodeterioration in stone materials. 
 
 
My co-authors and I look forward to hearing from you soon. 
Yours sincerely, 
 
 
   Dr. Mariela Speranza      
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