
 

 

 

Facultat de Farmàcia 
Dept. de Productes Naturals, Biologia Vegetal i Edafologia 

 

 

Caracterització de biofilms fototròfics 
d’ambients hipogeus 

MÒNICA ROLDÁN MOLINA

2008

U
UNIVERSITAT DE BARCELONA 

B



Resultats



Resultats  

 86



Capítol 4 

 

 

 

 

                                                            Capítol 4 
Resultats

 4.1. Mètodes de microscòpia aplicats a la recerca dels  

  cianobacteris.  89 

 4.2. Fluorescència de biofilms i anàlisi d’imatge en l’estudi   

    de monuments hipogeus.  99 

4.3. Identificació de pigments en cèl·lules individuals  

   procedents de biofilms fototròfics mitjançant  

   espectrofotometria confocal.  119 

4.4. Morfologia de biofilms fototròfics en baixa il·luminació.  

   El cas de l’avenc de Puigmoltó.  127 

4.5. Distribució de biofilms fototròfics en cavitats   147 

 4.6. Per què n’hi ha un creixement exuberant de  

   microorganismes fototròfics en els ambients hipogeus?.  173 

 4.7. Els polisacàrids produïts per cèl·lules necrídiques porten a  

    terme l’adherencia dels hormogonis al substrat. 187 

 4.8. Pot influir la llum verda en les propietats de la  

   fluorescència i l’estructura dels biofilms fototròfics?.  201 

4.9. La influència de la llum verda en l’ultraestructura dels  

  cianobacteris: la seva aplicació en ambients de baixa  

  il·luminació.  209 

 4.10. L’eficàcia dels biocides i els tractaments de neteja en els  

  treballs de restauració de monuments hipogeus.  233 

 

 87



Resultats  

 

 

 

 

 88



Capítol 4 

4.1. Mètodes de microscòpia aplicats a la recerca dels 
cianobacteris

 

 
Es revisen tècniques adequades per l’examen microscòpic dels 

cianobacteris. S’inclou la microscòpia electrònica de rastreig (SEM), la 

microscòpia electrònica de transmissió (TEM) i la microscòpia de rastreig làser 

confocal (CSLM). Es presenten avantatges i exemples de cadascuna d’elles. La 

combinació d’aquestes tècniques proporciona eines eficients per a la 

identificació i la caracterització dels cianobacteris. Amb el seu ús es pot 

comprovar la seva presencia i viabilitat i definir la citomorfologia i l’estructura 

tridimensional de les comunitats que formen. Aquestes tècniques són 

complementàries i permeten la descripció física i fisiològica dels cianobacteris i 

les comunitats que constitueixen. 

 

Els resultats detallats d’aquest capítol s’inclouen en el següent article: 

Microscopy methods applied to cyanobacteria. Limnetica (2004), 23 (1-
2): 179-185. 
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4.2. Fluorescència de biofilms i anàlisi d’imatge en l’estudi de 
monuments hipogeus 

La caracterització de l’arquitectura dels biofilms, així com la interacció 

entre els microorganismes i les superfícies a les quals s’adhereixen, ha estat 

escassament estudiada, malgrat que és fonamental per resoldre problemes 

associats al biodeteriorament i per escollir mètodes de control i eliminació 

adequats. La combinació del CSLM amb diferents sondes fluorescents va 

proporcionar informació detallada de la composició i l’estructura dels biofilms, la 

seva morfologia i el metabolisme cel·lular dels seus components. Es va utilitzar 

el microscopi de rastreig làser confocal per estudiar biofilms fototròfics 

aerofítics que es desenvolupaven en superfícies il·luminades artificialment  en 

monuments hipogeus, com les catacumbes romanes, concretament les 

Catacumbes de Domitilla i St. Callistus (Roma, Itàlia). La fluorescència natural 

de les clorofil·les i les ficobiliproteïnes va ser utilitzada per conèixer la 

distribució en fondària de les microalgues i els cianobacteris que són 

fotosintètics. Es van efectuar tincions dobles per determinar la relació entre els 

pigments, els àcids nucleics i els EPS. Els àcids nucleics van ser marcats 

específicament amb el fluorocrom Hoechst 33258. Les substàncies 

polimèriques extracel·lulars (EPS o mucílag) van ser marcades amb la lectina 

Concanavalina A (Con-A), d’ampli espectre, conjugada amb el fluorocrom Alexa 

488 (Molecular Probes, Inc). La Con-A és una lectina que s’uneix als residus de 

carbohidrats �-D-mannosa i �-D-glucosa amb alta especificitat. Atesa la riquesa 

dels diferents substrats sobre els quals es desenvolupen aquests biofilms, es 

van detectar altres components autofluorescents, com el carbonat càlcic. Per 

aquesta raó, en alguns casos es va utilitzar el canal de reflexió per visualitzar 

superfícies externes, partícules minerals i/o beines calcificades.  

Els diferents tipus d’imatges tridimensionals van permetre caracteritzar 

l’estructura dels biofilms. Les projeccions “Extended” eren molt útils per 

comparar biofilms. Aquest tipus de reconstrucció mostrava la distribució 
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espacial dels microorganismes, els EPS i el substrat respecte als eixos x, y i z, 

així com la disposició i la morfologia dels microorganismes, el que permet 

observar l’estratificació i la porositat del biofilm. Les projeccions en perspectiva 

mostren les característiques de la superfície de la mostra, tant del biofilm com 

del substrat. 

La informació aportada pel CSLM complementa la de les tècniques 

microscòpiques clàssiques. El seu major avantatge és l’observació de l’interior 

de mostres intactes. EL CSLM permet l’anàlisi de l’estructura a partir de la 

visualització tridimensional i simultània d’elements específics en l’interior dels 

biofilms causant la mínima perturbació: molècules (DNA), estructura 

(superfícies, matriu...) i propietats (creixement i senescència). La tècnica de 

representació tridimensional, usant diferents algoritmes per al processament 

d’imatges digitals, ha permès obtenir la descripció de l’estructura dels biofilms i 

una visió més realista i fidel, gràcies a la informació conjunta obtinguda 

mitjançant reconstruccions 2D i 3D. També va ser possible l’avaluació de la 

disposició espacial dels microorganismes creixent sobre materials, informació 

útil en els estudis de biodeterioració.  

  

Els resultats detallats d’aquest capítol s’inclouen en el següent article: 

Biofilms fluorescence and image analysis in hypogean monuments 
research. Arch. Hydrobiol./Suppl. Algological studies (2004), 111: 
127-143. 
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4.3. Identificació de pigments en cèl·lules individuals
procedents de biofilms fototròfics mitjançant
espectrofotometria confocal 
 

Es presenta un nova tècnica d’imatge per a l’anàlisi de pigments 

fotosintètics presents a una sola cèl·lula en mostres gruixudes vives i intactes. 

Aquesta tècnica es basa en un microscopi de rastreig làser confocal acoblat a 

mètodes espectrofotomètrics. La capacitat espectral del microscopi confocal 

permet mesurar el senyal de fluorescència emès d’una àrea seleccionada de la 

mostra, rastrejat en tot el rang d’emissió a través d’un conjunt de passos 

d’emissió prèviament seleccionats. Les possibilitats i les limitacions d’aquesta 

tècnica varen ser estudiades utilitzant pigments purs, cultius d’un cianobacteri i 

una alga verda i biofilms naturals procedents d’ambients hipogeus. Els 

espectres dels pigments purs es correlacionaren bé amb els espectres 

publicats dels pigments extrets. Espècies pertanyents a diferents grups 

filogenètics, com Cyanobacteria, Bacillariophyta o Chlorophyta, van presentar 

una morfologia  i unes propietats de fluorescència dels seus pigments 

característiques que en permetien la discriminació respecte d’altres grups 

filogenètics. Així mateix foren separades les espècies de cianobacteris amb 

ficoeritrina i sense. Aquesta nova tècnica permet: 

(i) Analitzar el senyal fluorescent procedent d’un sol píxel o d’un 

conjunt. 

(ii) Analitzar de forma directa els pigments fluorescents pertanyents a 

una sola cèl·lula en mostres gruixudes. 

(iii) Establir simultàniament la relació entre l’anàlisi de pigments in vivo, 

la morfologia de l’espècimen i la localització tridimensional a 

l’interior de la comunitat microbiana intacta.   

 

 

 

 119



Resultats  

Els resultats detallats d’aquest capítol s’inclouen en el següent article: 

Non invasive pigment identification in living phototrophic biofilms by 
confocal imaging spectrofluorometry. Appl. Environ. Microbiol. (2004), 
70 (6): 3745-3750 
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4.4. Morfologia de biofilms fototròfics en baixa il·luminació. El 
cas de l’avenc de Puigmoltó 
 

Les cavitats càrstiques constitueixen un ambient molt especialitzat amb 

una distribució disjunta i cosmopolita. Es tracta d’ambients estables 

caracteritzats per temperatures uniformes durant tot l’any, humitat constant i 

il·luminació escassa, especialment a les zones més profundes. Només es 

coneix la distribució i els requeriments ecològics d’algunes de les espècies que 

habiten en aquests ambients. Els microorganismes fototròfics que viuen a 

l’entrada de les cavitats també es troben, en general, en hàbitats terrestres 

aerofítics, com monuments.  

La present memòria es va iniciar amb l’estudi de biofilms que es 

desenvolupen a l’avenc càrstic de Puigmoltó, a la costa est de la Península 

ibèrica, amb els objectius següents: (1) determinar l’estructura dels biofilms 

fototròfics referent a la composició d’espècies i a la forma de creixement i (2) 

determinar-ne la distribució espacial en funció de les condicions ambientals. Els 

biofilms fototròfics que cobreixen la superfície calcària de l’avenc es van 

examinar mitjançant microscòpia òptica, de rastreig làser confocal, electrònica 

de rastreig i de transmissió. Els biofilms es desenvolupen a la superfície del 

substrat, aparentment organitzats segons un gradient decreixent d’il·luminació i, 

generalment presentaven un gruix inferior a 150 μm. No es van observar ni 

creixement endolític ni casmoendolític. A la part superior de l’avenc, els biofilms 

formen un cinturó discontinu de color verd clar format principalment per 

Scytonema julianum i formes cocals envoltades per grans quantitats d’EPS. A 

la part inferior de l’avenc, per sota de 5 m, els biofilms presenten una distribució 

en mosaic sobre el substrat suau i porós i molt pocs organismes van ser 

capaços de créixer sota condicions estables de temperatura i humitat però amb 

llum decreixent. Scytonema ocellatum va ser l’espècie dominant junt amb 

protonemes de molses i el líquen Macentina stigonemoides. La fase inicial de 

colonització per part dels cianobacteris filamentosos es va portar a terme 
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mitjançant hormogonis amb l’evidència que eren necessaris per a la unió inicial 

a la superfície els extrems recoberts de mucílag o restes de cèl·lules 

necrídiques amb substàncies polimèriques extracel·lulars que funcionaven com 

agent adhesiu. 

Els resultats detallats d’aquest capítol s’inclouen en el següent article: 

Phototrophic biofilm morphology in dim light. The case of the Puigmoltó 
sinkhole. Nova Hedwigia, Beih. (2001), 123:237-253. 
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4.5. Distribució de biofilms fototròfics en cavitats (Garraf, 
Espanya)

La distribució dels biofilms, la diversitat dels organismes fototròfics i la 

seva relació amb les condicions ambientals es van estudiar a tres cavitats del 

massís càrstic del Garraf (Barcelona, NE Espanya). Es van identificar 63 

tàxons: 28 Cyanobacteria  (42,8 % Chroococcales, 21,4 % Oscillatoriales, 

7,1 % Nostocales i 28,6 % Stigonematales), 11 Chlorophyta , 16 Bacillariophyta 

i 8 líquens. Són noves cites en cavitats: Aphanothece caldariorum Richter, 

Asterocapsa sp., Gloeocapsa caldariorum Rabenhorst, Chroococcus ercegovicii 

Komárek & Anagnostidis, Calothrix parietina (Nägeli) Thuret, Achnanthes 

curtissima H. J. Carter, Amphora pediculus (Kützing) Grunow, Gomphonema 

clavatum Ehrenberg, Navicula bryophila J. B. Petersen, Tryblionella hungarica 

(Grunow) D. G. Mann, Simonsenia delognei Lange-Bertalot, Chlorella 

minutissima Fott & Nováková, Muriella terrestris J. B. Petersen i Ctenocladus 

circinnatus Borzí. 

Les dades ambientals es van obtenir a les tres cavitats, mesurant la 

temperatura, la humitat relativa i la llum, i es va observar un clar gradient des 

de l’entrada fins a una certa profunditat on les condicions romanen constants. 

Encara que el patró microclimàtic va ser similar a les tres cavitats estudiades, la 

profunditat a la qual es van estabilitzar les condicions abiòtiques va ser diferent 

a cada cavitat, ja que aquestes presentaven característiques estructurals 

diferents. Globalment, es van distingir tres nivells diferents:  

a) Nivell de l’entrada: el microclima estava molt influït per l’exterior. La 

llum atenuada i els factors abiòtics van fluctuar al llarg de l’any. A les 

pedres seques molt il·luminades, les colònies de microflora eren molt 

riques, amb una abundància especial de biofilms mucilaginosos 

compostos d’algues i cianobacteris, típic d’hàbitats terrestres aerofítics 

o atmofítics. La comunitat dominada per Scytonema julianum va créixer 

 147



Resultats  

en àrees protegides de la pluja. Trentepohlia spp i líquens crustacis, 

que tenien aquesta alga com a fotobiont, eren molt abundants.     

b) El nivell intermedi presentava oscil·lacions de temperatura i humitat 

moderades i poca llum (25-0,5 mV) sense esdevenir un factor d’estrès. 

Els biofilms estaven formats per una barreja d’espècies. Els 

cianobacteris van ser el grup dominant, ocasionalment barrejats amb 

algues verdes i diatomees. L’abundància dels biofilms disminueix amb 

el decreixement de la irradiància. 

c) Nivell profund (<1 mV) fins a l’extinció total de la llum, amb factors 

abiòtics estables (10ºC i 100 % d’humitat relativa). Només algunes 

espècies van ser capaces de colonitzar aquesta zona de poca 

il·luminació. La presència de restes d’organismes i beines buides va 

incrementar-se amb la il·luminació decreixent, i amb excepció de 

Geitleria calcarea i Loriella osteophila, els cianobacteris i les algues van 

ser fortament colonitzades per bacteris i fongs filamentosos. 

Les estratègies protectores contra la dessecació i la irradiació 

desapareixien gradualment de l’entrada al fons: biofilms formats per 

cianobacteris cocals mucilaginosos i de color fosc es van tornar més prims amb 

la disminució de la llum i gradualment van ser substituïts per biofilms formats 

per cianobacteris filamentosos calcificats amb beines transparents que 

produïen taques blanques a les parets. Els líquens crustacis van ser substituïts 

per altres de tal·lus leprós, com Botryolepraria lesdainii i Macentina 

stigonemoides. Els biofilms es van distribuir en mosaic en els avencs, mentre 

que a les coves es distribuïen en forma de cinturons més o menys continus. 

Les diferències en la disponibilitat de l’aigua i la duresa del substrat podrien 

explicar les variacions en la composició de les espècies i la distribució en 

mosaic. 

 
Els resultats detallats d’aquest capítol s’inclouen en el següent article: 

 
Distribution of phototrophic biofilms in cavities (Garraf, Spain). Nova
Hedwigia Beih (2004), 78 (3-4): 329-351. 
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4.6. Per què hi ha un creixement exuberant de
microorganismes fototròfics en els ambients hipogeus?
 

Els organismes formadors de biofilms tenen un gran interès en el 

context de la degradació del patrimoni cultural. Particularment, els ambients 

hipogeus exposats a la llum artificial són colonitzats per comunitats 

microbianes, les quals en deterioren les parets i els frescos. Per descobrir les 

estratègies que els biofilms fototròfics utilitzaven per desenvolupar-se en 

aquestes condicions es van estudiar, a les Catacumbes romanes de St. 

Callistus i Domitilla, l’estructura tridimensional d’aquestes comunitats i les 

espècies que els formaven. Els principals organismes van ser cianobacteris 

filamentosos amb beina i les molses. L’estructura dels biofilms era heterogènia, 

especialment en gruix, densitat i composició d’organismes, però podien ser 

classificats en funció dels principals organismes que els formaven. Es va 

observar una diversitat decreixent en els biofilms fototròfics a baixes 

irradiàncies. Els biofilms a més baixa il·luminació estaven formats únicament 

per filaments erectes de Leptolyngbya sp.  Llevat d’aquest biofilm, la 

composició dels organismes no estava clarament relacionada amb un gradient 

decreixent d’il·luminació. Malgrat això, els biofilms procedents de mostres sota 

escassa il·luminació van ser porosos i formats per cianobacteris filamentosos 

erectes. Leptolyngbya sp., l’espècie més ubiqüista, conté un alt nombre de 

ficobilisomes i els seus hormogonis presenten un moviment lliscant que permet 

la colonització del substrat. Aquests mecanismes poden jugar un paper 

important per desenvolupar-se sota condicions de baixa il·luminació a les 

Catacumbes.  

 

Els resultats detallats d’aquest capítol s’inclouen en el següent article: 

Why there is such luxurious growth in the hypogean environments?. 
Arch. Hydrobiol. 148/ Algological studies  (2003), 109: 229-240. 
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4.7. Els polisacàrids produïts per cèl·lules necrídiques porten 
a terme l’adherència dels hormogonis al substrat 

A la majoria de cianobacteris filamentosos, els hormogonis són una 

forma transitòria d’aturada del creixement que serveix per la dispersió a curtes 

distàncies, l’adhesió i el subsegüent establiment de biofilms. Els mecanismes 

que intervenen en aquesta adhesió són complexos, incloent interaccions no 

específiques i propietats  determinades pels organismes i per les condicions 

ambientals. 

L’objectiu va ser l’estudi de la formació de substàncies mucilaginoses 

que intervenen en els primers passos dels processos d’adhesió dels 

hormogonis. Es van estudiar biofilms aerofítics, vius i intactes, procedents 

d’hàbitats amb escassa il·luminació, mitjançant el microscopi electrònic de 

transmissió i de rastreig làser confocal marcant el DNA i les substàncies 

polimèriques extracel·lulars. Els biofilms estaven formats principalment per 

Leptolyngbya spp. i Scytonema spp. En aquests cianobacteris filamentosos, el 

primer aspecte visible de la diferenciació dels hormogonis va ser la formació de 

cèl·lules que ajudaven al trencament del tricoma, anomenades necridia. La 

investigació revelà canvis en aquestes cèl·lules. Inicialment, presenten un 

increment de la intensitat de fluorescència i de la producció de polisacàrids 

intracel·lulars. El trencament del tricoma i l’alliberament dels hormogonis van 

ser causats per la desintegració d’aquestes cèl·lules necrídiques, que a l’últim 

pas només mostraven fluorescència de les substàncies polisacarídiques. Els 

extrems polisacarídics semblen actuar com a mecanismes d’adhesió, com una 

goma d’enganxar al començament de l’adhesió de l’hormogoni al substrat. Per 

tant, podem postular que la colonització d’hàbitats per cianobacteris 

filamentosos és eficient perquè els hormogonis i el seu extrem adhesiu hi estan 

implicats. Malgrat això, són necessaris més estudis per comprendre la 

importància de les restes de cèl·lules necrídiques i la seva contribució en la 

colonització de nous hàbitats. 

 187



Resultats  

 

Els resultats detallats d’aquest capítol s’inclouen en el següent article: 

 

Adherence of hormogonia to substrata is mediated by polisaccahrides 
produced by necridic cells. Arch. Hydrobiol./Suppl. Algological
studies (2005), 117: 1-11. 
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4.8. Pot influir la llum verda en les propietats de la 
fluorescència i l’estructura dels biofilms fototròfics? 
 

La il·luminació artificial pot alterar els monuments hipogeus induint la 

formació de  biofilms fototròfics que causen biodeterioració i/o alteració estètica 

de les superfícies. Nosaltres examinem l’efecte de la llum blanca (WL) o verda 

(GL) en biofilms formats per Gloeothece membranacea (Cyanobacteria) i  

Chlorella sorokiniana (Chlorophyta), totes dues espècies presents en hàbitats 

de baixa il·luminació, amb l’objectiu d’avaluar el potencial de la llum verda per 

prevenir el creixement del biofilms fototròfics. 

Es va utilitzar el microscopi de rastreig làser confocal espectral per 

examinar fotopigments, DNA i polisacàrids extracel·lulars (EPS) i les sèries 

obtingudes utilitzades per realitzar l’anàlisi quantitativa de l’estructura dels 

biofilms. Es van mesurar les característiques de la fluorescència i la mida de 

l’aparell fotosintètic de cèl·lules individualitzades. 

Sota llum verda (GL), les dimensions de les regions dels til·lacoids van 

ser significativament més petites en ambdues espècies que en llum blanca. 

L’aparell fotosintètic de cèl·lules en GL presenta significativament menys 

intensitat de fluorescència mitjana (MFI, acrònim de l’anglès) en ambdues 

espècies, així mateix la densitat d’EPS en biofilms formats per G. 

membranacea és menor que en els de llum blanca. Mentre que aquests efectes 

van ser moderats per G. membranacea per l’adaptació cromàtica, C. 

sorokiniana va patir gran estrès sota llum verda. La resposta dels biofilms a la 

llum verda comprèn diferències en la fluorescència dels pigments, el gruix dels 

biofilms i el biovolum, així com simplificació de la seva estructura 

tridimensional, si comparem amb els biofilms sota llum blanca (WL). Els 

resultats suggereixen que la llum verda contribueix al decreixement de la 

diversitat específica i, per tant, pot esdevenir una estratègia eficient  per 

controlar el desenvolupament dels biofilms fototròfics en monuments hipogeus 

il·luminats artificialment.
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Els resultats detallats d’aquest capítol s’inclouen en el següent article: 

 

Does green light influence the fluorescence properties and structure of 
phototrophic biofilms? Appl. Environ. Microbiol. (2006), 72 (4): 3026-
3031. 
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4.9. La influència de la llum verda en la ultraestructura dels 
cianobacteris: aplicació en ambients de baixa il·luminació
 

L’objectiu d’aquest estudi va ser avaluar el potencial de la llum verda (GL) 

per prevenir el creixement de biofilms fotosintètics en ambients hipogeus, que són 

normalment il·luminats amb llum blanca artificial (WL). Es va comparar la 

morfologia i la ultraestructura de l’espècie aerofítica Gloeocapsopsis magma, 

aïllada de la cova turística de Collbató (Catalunya, Espanya), en cultius de dos 

mesos d’edat sota llum verda i llum blanca. A més, es van examinar cultius de sis 

mesos d’edat sota llum blanca per distingir els efectes causats per llum verda dels 

provocats per senescència. Les cèl·lules procedents d’ambients naturals contenen 

alts nivells de ficoeritrina. Les beines de les cèl·lules sota llum verda no eren 

estratificades, mentre que les de llum blanca presentaven una clara estratificació. 

Les cèl·lules sota llum verda van ser significativament més llargues que les 

cèl·lules sota llum blanca de la mateixa edat, però més petites que les cèl·lules de 

sis mesos d’edat sota llum blanca. Respecte a l’ultraestructura, les cèl·lules sota 

llum verda contenen només alguns til·lacoids distribuïts a l’atzar i grànuls de 

cianoficina dispersats pel citoplasma. Les cèl·lules sota llum blanca contenen 

grups de til·lacoids paral·lels que formen dues meitats. 

Els cultius de llum blanca de dos i sis mesos d’edat pràcticament no 

difereixen en nombre i disposició dels seus til·lacoids. Encara que Gloeocapsopsis 

magma exposada a llum verda sobreviu a la natura i en cultiu, la pèrdua de 

pigments i el desequilibri de la seva ultraestructura revelen que aquest organisme 

està al límit de la seva adaptació a aquestes condicions. Actualment, estem 

explorant aquesta informació per desenvolupar tractaments efectius per controlar 

el creixement dels biofilms en àrees del patrimoni cultural.  
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Els resultats detallats d’aquest capítol s’inclouen en el següent article: 

 
The influence of green light on cyanobacterial fine structure: 
Applicability for dim environments.  Arch. Hydrobiol. / Algological
studies (2008), en premsa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 210



Capítol 4 

THE INFLUENCE OF GREEN LIGHT ON CYANOBACTERIAL FINE 

STRUCTURE: APPLICABILITY FOR DIM ENVIRONMENTS 

 

Mònica Roldán1 & Mariona Hernández-Mariné2

1 Universitat Autònoma de Barcelona, Bellaterra, Spain. 
2Universitat de Barcelona, Barcelona, Spain. 

With 4 figures 

 

Abstract

The purpose of this study was to evaluate the potential of green light (GL) for 

preventing biofilm growth in hypogean environments, which are normally 

illuminated with artificial white light (WL). The morphology and ultrastructure of an 

aerophytic Gloeocapsopsis magma, isolated from the Collbató tourist cave 

(Catalonia, Spain) was compared in two-month old cultures grown under either GL 

or WL. In addition, six-month old cultures grown under WL were examined to 

distinguish those effects caused by GL from those caused by senescence. The wild 

cells contained high levels of phycoerythrin. The sheaths of GL cells were not 

clearly layered, in contrast to those of WL cells. GL cells were also significantly 

larger than WL cells of the same age, but smaller than the six-month old WL cells. 

Moreover, the GL cells contained only a few randomly distributed thylakoids and 

cyanophycin granules dispersed throughout the cytoplasm, whereas the WL cells 

contained clusters of parallel thylakoids that formed two halves. The two-month 

and six-month old WL cultures did not differ either in the number or disposition of 

their thylakoids.  Although G. magma exposed to GL survived in nature and in 

culture, the loss of pigments and unbalanced fine structure for this organism clearly 

reveal the limits of its adaptation. We are currently exploiting this information to 

develop new and more effective treatments to control biofilm growth in areas of 

cultural patrimony.  

Keywords: Biofilms, cave, Confocal scanning laser microscopy, CSLM, 

cyanobacteria, EPS, green light, hypogean environments, pigments.  
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Introduction
 

Photosynthetic organisms are often implicated in the degradation of cultural 

heritage sites (LEFEVRE 1974, ALBERTANO et al. 2005, GROBBELAAR 2000, 

HERNÁNDEZ-MARINÉ et al. 2003, HOFFMANN 2002, ORTEGA-CALVO et al. 1995). 

Artificially illuminated subterranean environments, in particular, are colonized by 

microbial communities that cause undesirable changes in the properties of 

materials, ultimately leading to grave economic and social consequences for 

cultural patrimony. The microorganisms together with the extracellular polymeric 

substances (EPS) that they produce form a three-dimensional arrangement 

called biofilm (COSTERTON et al. 1999, ROLDÁN et al. 2003, 2004a, CRISPIM & 

GAYLARDE 2005). Biofilms manifest as green or dark patina due to the colored 

sheaths and constituent pigments of the building organisms (ALBERTANO 1993, 

ARIÑO et al. 1997, GORBUSHINA & PALINSKA 1999, LAMENTI et al. 2000, LEWIN 

2006, SAIZ-JIMENEZ 1997, TOMASELLI et al. 2000). Surface deterioration in 

natural or man-made sites results from biofilm production of acidic/alkaline 

conditions (ALBERTANO et al. 2000, ASCASO et al. 2002, BÜDEL et al. 2004, 

CRISPIM et al. 2003), physical penetration into the substratum (GAYLARDE & 

MORTON 1999, KUMAR & KUMAR 1999, WARSCHEID & BRAAMS 2000), or through 

repeated shrinking and loosening of surface adhered EPS during drying and 

rewetting cycles (de los RÍOS et al. 2004, ORTEGA-CALVO et al. 1995).  

Controlling biodeterioration in caves should start with preventive 

measures to minimize conditions that favor the growth of lamp-microflora 

(ALBERTANO et al. 2005, GROBBELAAR 2000). Unfortunately, traditional chemical 

treatments are ineffective in the long term against biofilms (KUMAR & KUMAR 

1999). Hence there is an ever-increasing interest in alternative strategies for 

preventing and minimizing biofilm development. In the case of illuminated 

indoor archaeological or historical sites such as catacombs or tourist caves, 

biofilms are composed of cosmopolitan, well-adapted, low-diversity 

communities in which cyanobacteria are the main building group (ALBERTANO et 

al. 2003, 2005, GARBACKI et al. 1999,  ORTEGA-MORALES et al. 2000, ROLDÁN et 
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al. 2003, CRISPIM & GAYLARDE 2005). The survival of these biofilms under 

varying light conditions depends on structural, behavioral, physiological and 

chemical factors (RICHARDSON et al. 1983), including several types of light-

harvesting pigments, each of which collects photons from a narrow range of the 

spectrum (RICHARDSON et al. 1983, GANTT 1990, TANDEAU DE MARSAC 2003). 

Cultures of photosynthetic cyanobacteria have been widely studied, and the 

metabolic and growth responses to monochromatic light have been well 

characterized. Monochromatic green light (GL) has been observed to affect the 

pigment composition (ALBERTANO et al. 2005, GANTT 1980, MULLINEAUX 2001, 

SUETSUGU & WADA 2003, TANDEAU DE MARSAC et al. 1988), three-dimensional 

organization, EPS and fluorescence properties of biofilms (ROLDÁN et al. 2006). 

However, the effects of monochromatic light on the fine structure of biofilm 

organisms is less understood (ALBERTANO et al. 2003, 2005).  

Suggested methods for limiting biofilm growth in illuminated sites 

include the use of very low intensity light, and/or monochromatic light that 

doesn’t support photosynthesis (ALBERTANO & BRUNO 2003, FAIMON et al. 2003, 

GROBBELAAR 2000, ROLDÁN et al., 2006). 

During an intervention intended to clean biofilms and prevent 

subsequent biofilm growth in cave surfaces using biocides and monochromatic 

light, we found resilient colonies of a cyanobacteria that fit the description of 

Gloeocapsopsis magma (BRÉBISSON) KOMÁREK et ANAGNOSTIDIS (KOMÁREK & 

ANAGNOSTIDIS 1999). As part of the CATS project (ALBERTANO et al. 2003) we 

have studied the potential of GL for preventing biofilm growth in hypogean 

environments (ROLDÁN et al. 2006) that are normally illuminated with artificial 

white light (WL). We chose green wavelengths because they are barely used by 

phototrophic microorganisms, yet are in the range of human vision and produce 

minimum distortion of human color perception. We report here an evaluation of 

the differential effects of commercial GL and WL lamps on the fine structure and 

viability of the aforementioned cyanobacteria.  

 

 213



Resultats  

Materials and methods 

Samples were collected in the Collbató tourist cave in Montserrat (Catalonia, 

Spain) on 3 March 2004. A green patina was observed on a stalactite (4a GL) 

that had been exposed to GL for one year. From this patina were isolated 

mucilaginous colonies of Gloeocapsopsis magma. Similar colonies were 

identified from plots on the same stalactite, in zones that were simultaneously 

submitted to GL and a biocide treatment (Preventol®). The cave features 

relative micro-environmental stability throughout the annual cycle: the mean 

value of the air temperature was 14.7º C, with an annual variation of 4.1º C; the 

mean value of the stone temperature was 15.5 º C, with an annual variation of 

1.2º C; the mean ambient humidity was high (RH 90-99.9%) in the sampling 

zones; and the mean ambient CO2 concentration was 588.2 ppm.  

Growth  conditions 
 

Gloeocapsopsis magma was grown and maintained in agarized BG11 (RIPPKA 

et al. 1988) at 19-22 ºC under a dark/light cycle of 12:12 hours of either GL 

(Narva LT 18 W / 017 green TT, Narva, Czech republic) or WL (Chiyoda F 15 S 

daylight, Chiyoda Corporation, Japan). The strain was maintained in the above 

culture conditions for one year before the onset of the study. The respective 

emission spectra of the lamps were measured with a LICOR Li-1800 (Lincoln, 

NE, USA) spectroradiometer. The spectral emission of the white fluorescent 

lamps was characterized by two maximum peaks in the ranges from 600 to 620 

nm and 520 to 540 nm (blue-green/green), and included shoulders in the 

ranges from 435 to 500 nm (blue), 580 to 590 nm (yellow) and 625 to 750 nm 

(red regions), the most significant of which was at 544 nm (green). The 

commercial green lamp exhibited a major peak in the green region of the 

spectrum, with an emission maximum in the range from 520 to 560 nm and 

different shoulders in the ranges from 425 to 440 nm (violet), 480 to 490 nm 
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(blue), 570 to 590 nm (yellow) and 610 to 630 nm (orange) (ROLDÁN et al. 

2006).  

Microscopy techniques 

The samples were imaged using a Zeiss Axioplan equipped with an MRc5 

AxioCam photomicrographic system. Cell culture measurements (e.g., cell 

diameter) were made based on the optical images. The data used represent the 

mean ± SE from n=22 cells from the different fields examined. The results for 

each species were processed with a One-Way ANOVA model. Epifluorescence 

observations were made using a green filter (� excitation : 546- nm, � barrier: 

580 nm) to visualize pigment autofluorescence.  

We used TEM to explore the differences in fine structure between two-

month old cultures grown under either GL or WL. We also compared the 

differences in fine structure between two-month old and six-month old WL 

cultures. Cells were cryofixed at high pressure (HPF), and then cryosubstituted 

at –93 ºC using 0.5% uranyl acetate in pure methanol (stored over molecular 

sieves) for 72 h. The temperature was then increased at a rate of 5ºC per hour 

to -50ºC. The samples were transferred to methanol at the same temperature (-

50ºC) and rinsed three times over 2h. Embedding in HM20 resin and ultraviolet 

polymerization at -50ºC for 48 h were then performed. The blocks were then 

warmed to and kept at 22 ºC for 24h. Thin sections were cut on a Reichert 

Ultracut-E microtome, and placed on slot copper Formvar grids coated with 

carbon. The sections were contrasted with uranyl acetate and lead citrate, and 

viewed using a Hitachi H800MT transmission electron microscope operating at 

100 kV. 

Pigment fluorescence analysis: Lambda-Scans 

To identify pigment signatures used by intact, living samples, we used a 

fluorescence-based technique (ROLDÁN et al. 2004b) for analysis of the 

fluorescent pigments from a single cell. The spectral profile was obtained by 
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confocal scanning laser microscopy (CSLM), using the 488 nm line of an argon 

laser in combination with spectrofluorometric detection (Leica TCS-SP2 Leica 

Microsystems, Manheim, Germany). Each stack was obtained by scanning the 

same x-y optical section using a bandwidth of 20 nm for the emission 

( �coordinate of an x-y- �data set). Mean Fluorescence Intensity (MFI) of the x-

y- �data sets was measured using Leica Confocal Software, version 2.0. The 

data used represent the mean ± SE from n=20 cells from three fields examined. 

 

Results

Light microscopy

Cultures grown in WL. The colonies of Gloeocapsopsis magma grown in WL 

were bluish-green, rounded or hemispherical, and composed of small groups of 

cells enveloped by colorless, firm-layered sheaths. The WL cells (2.53 ± 0.07μm 

x 2.85 ± 0.07 μm) were rounded, subspherical, irregularly divided in various 

planes, and, after division, were either irregular in outline or polygonal (Fig. 1 a-

c). The thickness of the sheaths appeared to depend on the position of the cell 

within the colony, whereby the thinnest sheaths were those of the cells located 

at the colony extremities. When stained with methylene blue, siblings became 

visibly surrounded by a layered, compact sheath which covered individual cells 

or cell couples (Fig. 1c). Binary fission occurred via a constrictive pinching 

mechanism in which all cell envelope layers grow inwards, thus displacing 

thylakoid membranes. Under epifluorescence microscopy, the chromatoplasm 

gave a brilliant red response divided into two halves (Fig. 1b). An area in the 

cell center that was devoid of pigment fluorescence corresponded to a nucleoid 

region. Cells from six-month old cultures were irregularly sized (Fig. 1d) —with 

some reaching 18 μm in diameter—and had light-orange sheaths. 

Cultures grown in GL. Colonies grown in GL were yellowish and 

amorphous. The GL cells (4.07 ± 0.11 μm x 4.63 ± 0.14 μm) had the same 

shape and division pattern as the WL cells, but were significantly longer and 

 216



Capítol 4 

wider (Fig. 1 e-g). ). The differences in cell size between GL and WL cells were 

statistically significant, notably in cell width (F1, 42 = 164.99, P< 0.0001) and 

length (F1, 42 = 129.53, P< 0.0001). 

Methylene blue staining revealed that the GL cells were embedded in 

less-defined mucilage than were the WL cells. The colonies were heavily 

populated by bacteria. The thylakoidal region was not clearly seen. 

Epifluorescence microscopy revealed weak and irregular fluorescence (Fig. 1f). 

Nearly all GL cells contained granules, and some of them had up to ten, large 

granules (Fig. 1g). 

 

Pigment fluorescence analysis: Lambda-Scans 
 

The photosynthetic pigments in intact single cells from wild material fluoresced 

strongly distributed in two ranges (Fig 2 a). The excitation wavelength at 488 

nm, absorbed essentially by phycoerythrin, produced a strong in vivo emission 

at 572 to 590 nm, indicating that the cells contained high levels of this pigment. 

Chl a fluoresced less intensely than did other pigments, in the range of 659.3 to 

666.4 nm. Moreover, all pigments had lower MFI in GL than in WL (data not 

shown).   

Transmission electron microscopy

Fine structure of G. magma was characterized by TEM (Figs. 2 b-d, 4 and 5). 

Cultures grown in WL. The WL cells were enveloped by two clearly 

differentiated layers: a fibrous, web like inner layer (ca. 250 nm thick), and a 

less-defined outer layer (Figs. 2 b-c and 3a). The cell wall had a thin (ca. 10 nm) 

peptidoglycan layer (Fig. 3 a-b). Sections parallel to the division plane revealed 

clusters of thylakoids parallel to the cell wall (Figs. 2c and 3a). Adjacent 

thylakoids were separated by 77.4 ± 5.8 nm, as measured from lumen center to 

lumen center (Fig. 3a). Transversal sections revealed that the thylakoid-

containing region was centered about the nucleoid and perpendicular to the cell 

wall (Fig. 3b), and exposed thylakoid-free spaces close to division plane. This 
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arrangement, which we refer to here as a “coffee bean” motif, delineates the 

two halves that were observed by optical and epifluorescence microscopies 

(Fig. 1 a-c). Electron-dense, hemidiscoidal (12.2 ± 0.25 nm in diameter) (Fig. 

4a) or star-shaped phycobilisomes (Fig. 4b) were observed along the thylakoid 

lamellae, depending on the slice orientation. The cytoplasm contained distinct 

carboxisomes (Fig 3d). Lipid or cyanophycin granules were rarely observed.  

Cultures grown in GL. The GL cells were enveloped by sheaths that 

were not clearly layered (Figs. 2d and 3 c). The cell walls appeared identical to 

those of the WL cells. The GL cells only contained a few, randomly distributed 

thylakoids (Figs 2d, 3c and 4c). There were some phycobilisomes and many 

glycogen granules in the cytoplasm between the thylakoids (Figs. 3c and 4c). 

No carboxisomes were observed.  Large cyanophycin granules were recorded 

in each section (Figs. 2d, 3c and 4c).  

 

Discussion
 

We used optical microscopy and TEM to explore the differences between two-

month old cultures grown under either GL or WL. We also compared the 

differences between two-month old and six-month old cultures grown 

exclusively under WL to distinguish effects caused by long-term exposure to GL 

from those caused by senescence.

At the light microscopy level, the three types of cultures differed in cell 

size and color, and sheath layering and thickness.   

The sheaths in GL cells were thicker than those of WL cells, but not 

layered, suggesting that production and composition of EPS are affected by the 

wavelength of ambient light (DE PHILIPPIS & VICENZINI 1998). Variability in width 

and consistence of the sheath have also been reported in other cyanobacteria 

grown under different light wavelengths (ALBERTANO 1991) in unfavo rable 

conditions of temperature and light intensities (HERNÁNDEZ-MARINÉ et al. 2001, 

ROLDÁN et al. 2004a, WILMOTTE 1988) or under similar light conditions to the 

present work for Gloeothece membranacea (ROLDÁN et al. 2006).   

 218



Capítol 4 

 GL cells were larger than WL cells of the same age, but smaller than 

the six-month old WL cells. The six-month old WL cells were viable and grew 

nearly to the sizes reported for the species in the wild (KOMÁREK & 

ANAGNOSTIDIS 1999). Cell size was dependent on the relative position of the cell 

within the colony. Cell size apparently varies to a great degree with 

simultaneous environmental controls such as light intensity and nutrients 

(SUNDA & HUNTSMAN 1997), or culture conditions (GARCIA-PICHEL et al. 1998).  

The observation of larger cell sizes for GL cultures of Gloeocapsopsis 

magma is in contradiction with studies on Gloeothece membranacea, which are 

reported to have smaller cell sizes when grown in GL than when grown in WL 

(ROLDÁN et al. 2006). This apparent contradiction may stem from the 

differences in GL exposure time for the organisms in each study: in our study, 

G. magma was exposed to GL for over two years (one year in the cave, one 

year in culture, plus two months), whereas the study on G. membranacea only 

implied two months of exposure.  Moreover, GL cells of G. magma were 

characterized by large cyanophycin granules, indicating a tendency to 

accumulate caused by an inability to divide rapidly (HAUSCHILD et al. 1991) and 

a partial loss of thylakoids. These are characteristics of heterotrophic cultures 

kept in total darkness (OHKI & GANTT 1983) or in darkness with a daily pulse of 

WL (ZSÍROS et al. 2002).  

The structure of the phycobilisomes of G. magma in WL was similar to 

that of the phycobilisomes of GL-acclimated Phormidium sp. C86 after 

complementary chromatic adaptation (OHKI & FUJITA, 1992). The dimensions of 

the phycobilisomes were smaller than those isolated from either the 

aforementioned GL-adapted Phormidium sp. C86 (OHKI & FUJITA, 1992) or from 

Tolypothrix, which can undergo chromatic adaptation to GL (OHKI et al. 1985). 

We also observed shorter thylakoid separation for G. magma than that reported 

for Synechocystis (PINEVITH et al. 2000). The larger phycobilisome size agrees 

with that reported for GL-adaptation (OHKI & FUJITA 1992). However, due to 

differences in techniques among our study and others studies, our 
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measurements for phycobilisomes cannot be precisely compared with published 

measurements. 

The pigment spectra of G. magma illustrate that phycoerythrin 

substantially contributes to the light-harvesting capabilities of cells in the wild. A 

high content of phycobiliproteins allows the cyanobacteria to grow over long 

periods at various irradiances or at wavelengths different than those of the 

natural habitats (ALBERTANO 1991, ALBERTANO et al. 2005, BRUNO & ALBERTANO 

1999).

The fact that GL colonies were yellowish, rather than blue-green, as in 

the case of WL colonies, the loss of fluorescence in long-term cultures, and the 

scarcity of thylakoids and phycobilisomes in the GL cells examined by TEM, led 

us to assume that GL had caused degradation of photosynthetic pigments, 

although the cultures were still able to grow and replicate. Therefore, 

complementary chromatic adaptation in which GL stimulates PE synthesis 

(OHKI & FUJITA 1992, PINEVICH et al. 2000, TANDEAU de MARSAC 1977) does not 

occur in cultures of G. magma. However, the low fluorescence of GL cells, and 

the fact that they lacked carboxisomes, which enhance the fixation of carbon 

dioxide by RuBisCO (CODD & MARSDEN 1984), suggest mixotrophic growth. 

Mixotrophic growth has been well studied for versatile cyanobacteria 

(SCHEENEGURT 1997). Indeed, the pigment spectra of other cyanobacteria have 

been reported to vary slightly in both mixotrophic and chemoheterotrophic 

cultures (SCHEENEGURT 1997). The organic compounds required for slow 

growth are most likely provided by bat excrement, which is ubiquitous in the test 

cave. 

Although G. magma exposed to GL survived in nature and in culture, it 

lost of pigments and had unbalanced fine structure, clearly revealing the limits 

of its adaptation. Having previously studied the potential of GL treatment for 

controlling biofilm growth in the Collbató cave, we have shown in this study that 

long-term exposure to GL has serious consequences for G. magma, a 

constituent of biofilms in the Cave. We are currently exploiting this information 
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to develop new and more effective treatments to control biofilm growth in areas 

of cultural patrimony. 
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Fig. 1. Optical micrographs of Gloeocapsopsis magma. a-c, e-g - Two-month old 

cultures. a-c - Few-celled colonies grown in WL. Note the halved chromatoplasma (small 

arrows). a - Light micrograph. b - Epifluorescence micrograph. c - Light micrograph after 

methylene blue staining. d - Irregularly sized cells from six-month old WL cultures. e-g - 

Few-celled colonies grown in GL. e - Light micrograph. f - epifluorescence micrograph. g 

- Light micrograph after methylene blue staining. [Bar:  10μm] 
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Fig. 2. a - Spectral profiles of wild cells of G. magma. The image represents the 

maximum autofluorescence emitted from PE (572 to 577 nm), PC (640 to 645 nm), APC 

(658 to 664 nm) and Chl a (679 to 684 nm) at an excitation wavelength of 488 nm. The 

data used represent the mean ± SE of n = 15 cells from three fields examined. MFI: 

mean fluorescence intensity, SE: standard error. b–d - Transmission electron 

micrographs of G. magma. b - Longitudinal thin section of a cell undergoing binary 

fission via a constrictive pinching mechanism in which all cell envelope layers grow 

inwards. c- Thin sections of cells from two-month old cultures grown in WL. Thylakoids 

arranged in clusters parallel or perpendicular to the cell wall.  d- Thin sections of cells 

from two-month old cultures grown in GL. Large decrease  in the number of thylakoids. 

[Bars: b 2 μm, c,d 1 μm]. 
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Fig. 3. Transmission electron micrographs of G. magma. a - Two-month old cells from 

cultures grown in WL. Section perpendicular to the thylakoid surface. A fibrous, web like 

inner layer (star) and a less-defined outer layer of the covering sheath are shown 

(asterisk). b - Six-month old cells from cultures grown in WL. Changes in thylakoid 

number or organization were minor. c - Two-month old cells from cultures grown in GL. 

Scarce thylakoids. The sheath was not clearly layered, and was thick and diffluent 

(asterisk). d - The carboxisomes in two-month old WL cells were usually large 8arrow). e 

- Typical cyanophycin granule in two-month old GL cells. [Bars: a,c 200 nm, b,d,e 500 

nm]. 
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Fig. 4. Transmission electron micrographs of G. magma. a,b - Two-month old cells from 

cultures grown in WL. a - Transversal sections of thylakoids showing phycobilisomes in 

face view (arrows).  b - Sections showing phycobilisomes in side view. The hatched 

pattern indicates the distribution of phycobilisomes on the thylakoid membrane (arrows). 

c - Two-month old cells from cultures grown in GL. Large phycobilisomes (white arrow) 

and glycogen granules (black arrow) were visible between the thylakoids. [Bars: a,c 200 

nm, b 500 nm]. 
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4.10. La eficàcia dels biocides i els tractaments de neteja en
els treballs de restauració de monuments hipogeus 

 

Per a l’estudi de comunitats microbianes en monuments, normalment 

s’utilitzen mètodes de cultiu tradicionals. Els mètodes més comuns inclouen el 

recompte de cèl·lules microbianes i l’aïllament i la posterior identificació de cultius 

purs en el laboratori. Aquests mètodes no només consumeixen molt de temps sinó 

que requereixen gran quantitat de material i és, per tant, de gran interès trobar 

metodologies ràpides. L’objectiu d’aquest article és avaluar l’eficiència de les 

tècniques de neteja utilitzant biocides i identificar un conjunt de metodologies 

econòmiques per al control de la restauració. S’han realitzat dos estudis diferents.  

Cas 1. Les coves de Collbató, Barcelona, Espanya. En aquest estudi s’han 

escollit diferents àrees d’estudi i cadascuna s’ha dividit en quatre quadrants. El 

quadrant A es va mantenir com a control per tenir una referència dels possibles 

efectes dels canvis ambientals en el creixement del biofilm durant un any. La resta 

de quadrants (B, C i D) van ser netejats utilitzant un raspall de dents amb etanol 

70 % per eliminar els microorganismes fotosintètics. Els quadrants C i D van ser 

tractats amb biocides (dues formulacions de clorur de benzoalconi). Paral·lelament 

es van avaluar els efectes de la il·luminació dels biofilms utilitzant exclusivament 

làmpades de llum blanca (WL) o de llum verda (GL) en zones properes de les 

mateixes característiques. Els resultats d’aquest estudi van demostrar que el clorur 

de benzoalconi redueix els nivells de fluorescència comparat amb els controls. A 

més, l’abundància de Scytonema julianum i altres espècies predominants van 

disminuir, excepte per a Nostoc punctiforme i Gloeocapsopsis magma, ambdues 

cobertes amb polisacaràrids extracel·lulars i amb pigments accessoris.  

Cas 2. Pintures murals de la Necròpolis de Carmona, Sevilla, Espanya. Es 

va realitzar una restauració que consistia en una neteja de la zona, un tractament 

amb benzoalconi i una consolidació. Els resultats van mostrar una alta similaritat 

en totes dues comunitats bacteriana i fototròfica, abans i després del procés de 

restauració. El tipus de seqüències clonades obtingudes de les bandes comunes 
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procedents de les dues comunitats abans i després del tractament corresponen als 

gèneres Chroococcidiopsis, Cyanidium, Cyanothece, etc. La majoria de 

seqüències obtingudes procedents de les comunitats bacterianes de les mostres 

investigades presenten homologia amb els microorganismes no cultivats. El 

conjunt de bacteris pertanyen als gèneres Propionibacterium, Arthrobacter, 

Rubrobacter, Micrococcus, Mycobacterium, Kibdelosporangium i Pseudonocardia 

(Actinobacteria); Nordella, Mesorhizobium i Phyllobacterium (Alphaproteobacteria); 

Salinisphaera i Stenotrophomonas (Gammaproteobacteria). 

L’ús correcte de metodologies en el camp de la conservació de 

monuments pot reduir sensiblement el risc inevitable de danyar les superfícies o la 

pedra, per intervencions conservatives, i conseqüentment pot dur a un 

decreixement en els costos de manteniment dels monuments. 

 

Els resultats detallats d’aquest capítol s’inclouen en el següent article: 

 

On the efficiency of biocides and cleaning treatments in restoration 
works of subterranean monuments. Science and Cultural Heritage in
the Mediterranen Area. Diagnostic and conservation experiences
and proposals for a risk map. Palermo Regione Siciliana Assessorato 
beni Culturali e Ambientali e Pubblica Istruzione. (2008), en premsa. 
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ON THE EFFICIENCY OF BIOCIDES AND CLEANING 
TREATMENTS IN RESTORATION WORKS OF 
SUBTERRANEAN MONUMENTS 

E. Akatova, M. Roldán1, M. Hernandez-Marine1, J.M. Gonzalez and C. Saiz-
Jimenez

Instituto de Recursos Naturales y Agrobiología, CSIC, Apartado 1052, 41080 
Sevilla, Spain 
1Departamento de Productos Naturales, Facultad de Farmacia, 08028 
Barcelona, Spain 

INTRODUCTION

The conservation of historical
buildings and monuments is a world-
wide problem but it is particularly
emphasized in Europe where
concentrate almost the 70% of these 
important witness of our cultural 
heritage. In addition, two countries,
Italy and Spain, are characterized for
having the largest European Cultural 
Heritage and face considerable
problems for their conservation.

It is now well recognized that 
microorganisms can be responsible 
for the destruction of monuments, 
buildings and cultural heritage assets, 
including the decay of concrete,
cement, stones, mural paintings,
woods, metals, glass, paper, etc. 

The study of microbial communities in
monuments is usually accomplished 
by using traditional culture methods.
Common methods include microbial
cell counting or isolation and
subsequent identification of laboratory
pure cultures. These methods are not 
only time-consuming but also have 
the disadvantage that relatively large 
amounts of sample material are 

needed. It is therefore of great interest 
to provide fast, straightforward 
methodologies, as conventional
microbiological methods are carried 
out by scientists using complex 
taxonomic and ecological
approaches.

However, it is believed that a very
small percentage of the extant
microorganisms have been 
discovered in individual ecosystems, 
and that culture methods are partially 
inadequate for studying microbial 
natural communities. In fact, studies 
based on 16S ribosomal RNA genes
showed a large number of community 
members which have never been
cultured (Ward et al. 1990;
Giovannoni et al. 1990).

The same scenario occurs with
microbial communities present in 
cultural assets where traditional
culture methods are biased by the
limitations imposed by the 
conservation of the work of art and
the very rare availability of often 
extremely small samples. Therefore, it 
can be assumed that most of the
microorganisms present in cultural 
assets remain undiscovered. This is
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of great importance, as most
restoration works apply conventional 
biocides which probably are not
suitable for the unknown and complex
microbial communities growing on 
and beneath the surfaces. Current
restoration efforts can have an
opposite effect, particularly if these 
measures use substrates which 
support the growth of microorganisms 
and, consequently, accelerate the 
deterioration process. Consequently
the introduction and dissemination of
molecular biology and biotechnology 
techniques in the whole
conservation/restoration process of
cultural heritage assets will represent
a significant advancement in this
particular field. 

Besides molecular culturing
strategies, microscopy can provide 
with direct examinations of
biodeteriorated monuments. The use 
of recently developed fluorescence 
microscopical techniques allows to 
specifically detect autofluorescence 
produced by phototrophic
communities involved in deterioration. 
This natural autofluorescence is 
produced by pigments which are a 
critical component of the
photosynthetic machinery in these 
phototrophic microbes. 

The purpose of this paper is to
evaluate the efficiency of cleaning
techniques by using biocides. The
goal is to identify and enhance the 
use of a set of methodologies
affordable for the control of restoration 
and biocide applications.

CASE STUDY 1. SALPETRE CAVES
OF COLLBATO, BARCELONA,
SPAIN

Photosynthetic microorganisms 
colonize aerophytic environments in a 
high variety of habitats forming
complex communities encased 
themselves in organic, polymeric 
matrices known as biofilms. Their 
microbial activity contributes to the 
alteration of materials, causes a 
mechanical deterioration on the stone
surface and enhances the loss of 
particles from the mineral structure. In
addition the dusty green color is 
considered aesthetically 
unacceptable.

The objective of our study was to
ensure cleaning techniques and if the
biocide concentrations were 
appropriate in an intervention 
proposed to clean affected surfaces in
the Salpetre caves of Collbató,
Barcelona, and to prevent subsequent 
biofilm growth by means of
environmental friendly techniques. 

Caves and other hypogeal 
environments are usually stable for 
humidity and temperature whereas
light is the main stress factor.
Because that, monochromatic light 
can be applied for control and
prevention of biofilm growth on stone.
(Albertano et al., 2005).

Material and methods 

The biocide essayed was the 
quaternary ammonium compound
benzalkonium chloride (BC) that has 
been recognized as a broad spectrum 
antimicrobial agent. The choice of BC 
as biocide was based on its relative
safety and efficacy as reported in the 
literature (Ascaso et al. 2002;
Bernardini 1993 Kumar and Kumar
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1999) and from our own experience
(unpublished data). 

We use both the commercially
available active principle (1‰) and the 
complex commercial organic
compound (Preventol R50, 2%).  To 
evaluate the potential inhibitory effect
of both formulations on a mixed 
biofilm and to quantify the fate of the
treatments when submitted to green
light, in situ quantitative assessment
of biocide effects were carried out.

To this end, two equivalent testing 
areas, with a relatively flat
topography, were selected inside the
Cave in Barcelona.  The substrate 
was a stalactite with clay impurities 
from decalcification. Each sarea was
divided into four vertically arranged
quadrants (Figures 1 and 2).

For each area, one quadrant, denoted
quadrant A, was maintained as a
control, to have a reference for the 
possible effects of environmental 
change on local biofilm growth during
the year. The three remaining 
quadrants (B, C and D) were cleaned 
using a synthetic brush embedded in 
70% alcohol/distilled water to remove 
photosynthetic organisms and to allow 
better penetration of biocidal products 
inside the substrata. Quadrants C and
D were then treated with the biocides. 
In addition we evaluated and
compared the effects of illuminating 
the biofilms using exclusively white 
light (WL) lamps in one of the
sampling zones and green light (GL) 
lamps (Roldán et al. 2006) in the 
other.

Small fragments of untreated
quadrants were removed before the 

cleaning and application of biocides.
One year after application, fragments 
of all the quadrants were also
collected for analysis.
Pigment fluorescence can be used as 
an indicator of photosynthetic 
processes in plants, algae and 
cyanobacteria (Eggert et al., 2006;
Tomaselli et al., 2002). Therefore,
epifluorescence biofilm-monitoring 
system was used to determine the 
efficacies of cleaning and biocide
formulations and simultaneous effect 
of GL against new biofilm 
colonization. The fluorescence
emission of photosynthetic pigments
(chlorophylls and phycobilins), excited 
at 546 nm and captured >590nm was 
directly recorded with a resolution of 
1272 x 1017 pixels, using a 
stereoscopic microscope Leica
MZFL3. Photographs were used for
computer-assisted quantification of
the cover to estimate the degree of
colonisation. IMAT software was used 
to measure fluorescence pixel by 
pixel. Data sets were exported into
Microsoft Excel for analysis. For each 
image the percentage of fluorescent
area (grey pixels in between 70 and
255) with respect to the total area was 
calculated. Several images for each of 
the sites and treatments were 
processed and the media obtained. 
From each area the average of total 
number of pixels of all images with 
fluorescence over the threshold of
grey is presented inside parenthesis. 
Differences among quadrants 
measured as average of all images 
from each fluorescent area were used 
for comparison. 

Results and discussion 

The stalactite community forming
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biofilms consisted primarily of
cyanobacteria and microalgae living
on the surface but also in fissures and 
between crystals (chasmoendoliths).
Moss protonemata was also present, 
depending on light availability.

Figure 1. Testing area maintained under 
white light during 12 months. Treatments
A to D as described in Material and 
methods. Note the decreasing of
fluorescence after biocide treatments. 

Testing area under white light
(Figure 1). The control quadrant was
covered (83%) by a blue-grey patina,
similar to the untreated initial
fragments. The main organisms were
the filamentous cyanobacteria 
Scytonema julianum and 
Leptolyngbya spp. and diatoms on
their surface, while small colonies of 

Nostoc punctiforme were identified 
inside the calcite. In the B quadrant 
the same organisms were observed
although impoverished (23%) and, in
addition, some moss protonema. The
cover of quadrants C (27%) and D 
(10%) was mainly built by Nostoc
minutissimum forming brilliant black-
green spots, indicating that this is the 
most resilient organism among those
that found in the cave biofilms. 
Cleaning (quadrant B) and both 
biocide treatments (quadrants C and 
D) prevented to a certain extend from 
biofilm recovering, compared to the
control (quadrant A). The change in 
formulation and the increasing in 
biocide concentration in quadrant D
produced a progressive reduction, but
no a total inhibition, of the biofilm
development and changes in the 
biofilms forming organisms. 
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Figure 2. Testing area maintained under 
green light during 12 months. Treatments
A to D as described in Material and 
methods. Note the almost absence of
fluorescence after biocide treatments. 

Testing area under green light
(Figure 2). The control quadrant was
covered (48%) by a grey patina 
consisting on remains of Scytonema
julianum and other filamentous 
cyanobacteria and a few colonies of
black fungi. Protonema had longer
and thinner filaments without
plastonemata except for a few widen 
terminal cells. On B quadrant (19%) 
were the same organisms as in A
although even scarce. On C (9%) and 
D (6%) quadrants colonization was 
limited and the fluorescent dots were 
caused by filamentous remains of
Scytonema julianum and by Nostoc
punctiforme and Gloeocapsopsis
magma.

Results from the study found that BC 
in both formulations was effective in 
reducing the levels of fluorescence, 
compared with controls. In addition, 
the abundance of Scytonema
julianum and other predominant 
species were significantly reduced, 
except for Nostoc punctiforme and
Gloeocapsopsis magma, both 
covered by extracellular
polysacharides and with accessory
pigments. In the original samples they 
were mainly restricted to the
subsurface. The presence of thick
polysacharidic sheaths might play an
important role in the resistance of 
both organisms to adverse abiotic 
conditions, including resistance to 
biocides. As the control quadrants
and treated quadrants were subjected

to the same seasonal influences the 
differences in their photosynthetic
coverage can only be attributed to the 
treatments. Moreover, the 
observations reported above suggest 
that GL lighting, instead of WL, could 
prevent the growth of photosynthetic 
organisms, even when biofilms were
composed of phycoerythrin-containing
cyanobacteria, as in this case. The
signs of retarded growth suggest that
GL is a treatment for preventing
photosynthetic biofilm growth in
artificially illuminated works of art. 

CASE STUDY 2. MURAL 
PAINTINGS, NECROPOLIS OF 
CARMONA, SEVILLA, SPAIN 

The Roman Necropolis of Carmona
(Seville, Spain) represents one of the 
most significant burying sites in 
Southern Spain used during the 1st

and 2nd centuries A.D. It was 
discovered at the 19th century. The 
Necropolis was formed by a large 
number of underground tombs
excavated in the rock, a highly porous
calcarenite, which is easily affected by 
weathering and processes of 
microkarstification.

Figure 3. Tomb of Postumio. Note the
deterioration of mural paintings and the 

239



abundance of efflorescences. 
Within this archaeological site is located 
the Tomb of Postumio which calcarenite 
was covered with mural paintings. Due to 
weathering and efflorescence formation,
salts crystallized on the surfaces, only
discrete areas of the paintings are 
preserved (Figure 3). 

Material and methods

Samples were taken from the same
efflorescence area in the Tomb of 
Postumio before (Z26) and after the 
restoration process (Z26C). The 
restoration consisted in cleaning,
treatment with BC and consolidation. 
The works were completed in May 
2005. Z26C sample was collected two
weeks after restoration. Samples 
were collected under aseptic
conditions into sterile tubes and were
preserved in the laboratory at -80ºC.

Small samples were used for DNA 
extraction. DNA was extracted using
the NucleoSpin Food DNA extraction
kit (Macherey-Nagel, Düren,
Germany) following the 
manufacturer´s recommendations.
DNA was preserved at 4ºC until 
processed.

Amplification of bacterial 16S rRNA 
fragments was performed by PCR
using the primer pair 616F (5’-AGA 
GTT TGA TYM TGG CTC AG) and 
907R (5’-CCC CGT CAA TTC ATT
TGA GTT T) from extracted DNA and 
616F (Gonzalez et al. 2003). To 
amplify 16S rRNA gene fragments
from Cyanobacteria the universal 
primer 106F (5'-CGG ACG GGT GAG
TAA CGC GTG A-3') and an
equimolar mixture of the reverse 
primers 781Ra (5'-GAC TAC TGG 
GGT ATC TAA TCC CAT T-3') and

781Rb (5'-GAC TAC AGG GGT ATC
TAA TCC CTT T-3') were used. 
ExTaq (Takara, Shiga, Japan) was
the DNA polymerase used for PCR,
following the manufacturer’s
recommendations. Thermal conditions 
for the amplification reaction 
consisted on the following steps: 95ºC
for 2 min; 30 cycles (unless otherwise
stated) of 95ºC for 15 s, 55ºC (60 ºC
for Cyanobacteria) for 15 s and 72ºC 
for 1 min; and 72ºC for 10 min. 

Fingerprinting of the microbial
communities was obtained by
Denaturing Gradient Gel 
Electrophoresis (DGGE) following the
method described by Muyzer et al.
(1993) and Gonzalez and Saiz-
Jimenez (2004). The primer pair used 
for amplification of DGGE suitable 
DNA fragments was: 341F-GC (5’- 
CC TAC GGG AGG CAG CAG and a
GC-rich tail attached at its 5’ end) and 
518R (5'-TGG TWT TAC CGC GGC 
GGC TGA-3') (Muyzer et al., 1993; 
Gonzalez and Saiz-Jimenez, 2005).

Amplification conditions were as
described above with the exception of
an extension step of only 30 seconds. 
Migration markers (Pseudomonas sp.,
Escherichia coli, Paenibacillus sp. and 
Streptomyces sp.) were used
throughout this study as reference for
locating the position of cloned
fragments in a microbial community 
fingerprint obtained by DGGE and 
facilitate sample comparisons. 

PCR products were purified by the 
PCR purification kit (JetQuick, 
Germany) and cloned using the 
TOPO-TA cloning kit (Invitrogen, 
Carlsbad, CA, USA). The 16S rRNA 
libraries obtained were used to
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identify the microbial components of 
the community. A previously
described screening method
(Gonzalez et al. 2003) was followed
with these libraries. Selected clones
were sequenced. 
Sequence data were edited using the
software Chromas, version 1.45
(Technelysium, Tewantin, Australia). 
Homology searches from the nucleic 
acid sequences were performed using
the Blast algorithm (Altschul et al.
1990) at the NCBI (National Center 
for Biotechnology Information;
http://www.ncbi.nlm.nih.gov/Blast/).
Sequences were checked for putative 
chimeras using Ccode as described 
by Gonzalez et al. (2005). 

Results and Discussion 

The results showed a high similarity
both between the bacterial
communities and phototrophic
communities before and after
restoration process.

Figure 4. DGGE analysis showing the
cyanobacterial communities before (Z26)
and after (Z26C) treatment and the 

migration of the identified cyanobacteria.

16S rDNA clone libraries revealed
phylogenetic information on individual 
microbial members present in the 
samples. Obtained cloned sequence
types of the common bands from the 
two communities were affiliated with 
the genera Chroococcidiopsis,
Cyanidium, Cyanothece, etc. (Figure 
4).

Cloned sequences obtained from 
bacterial communities were different
in Z26 and Z26C bacterial community. 
The bacterial community of the 
sample, taken before restoration 
treatment (Z26), contained bacteria 
phylogenetically related to
Actinobacteria, Alpha- Beta and 
Gamma-proteobacteria. The majority 
of sequences obtained from the
bacterial communities of the 
investigated samples presented
homology with uncultured
microorganisms. Among the bacteria 
detected in this study were members 
of the genera Propionibacterium,
Arthrobacter, Rubrobacter,
Micrococcus, Mycobacterium,
Kibdelosporangium, and 
Pseudonocardia (Actinobacteria);
Nordella, Mesorhizobium, and
Phyllobacterium
(Alphaproteobacteria); Salinisphaera
and Stenotrophomonas
(Gammaproteobacteria) (Figure 5). 
The presence of Actinobacteria has
been previously reported in numerous
studies constituting common
members of the bacterial community 
in subterranean monuments (Groth 
and Saiz-Jimenez, 1999; Laiz et al. 
2002). Since the Actinobacteria are
heterotrophic microorganisms, their
growth must be dependent on inputs 
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of organic matter into the tombs.

The results suggest that microbial 
communities were able to colonize the 
walls of the Tomb of Postumio shortly
after restoration, indicating that the 

biocide treatment was not effective,
probably due to inactivation by 
biodegradation (Patrauchan and Oriel, 
2003), and fast re-colonization of
microorganisms.

Figure 5. DGGE analysis of the bacterial communities before (Z26) and after (Z26C)
treatment and the migration of the identified bacteria in these samples.

CONCLUSIONS

The technique to evaluate
colonization of biofilms in situ, based 
in the fluorescence of pigments, 
includes the activity of the whole 
biofilm community under the real
environmental conditions.  The 
effectiveness of treatments for the 
control and prevention of deterioration
in dim habitats can be compared in a
simple, rapid, and versatile mode. 

DGGE analysis allows to monitor
changes in community structure, such
as those caused by treatments with 
biocides or any other treatment.

The benefit obtained from the
application of these techniques are: i) 
the minimization of sampling, and ii) 
the optimization of information in 
diagnostic studies on microbial 
contamination of cultural assets,
which illustrates the advantages of
using molecular techniques for
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diagnostic purposes.

The correct use of scientific 
methodologies in the field of 
conservation of monumental buildings
can sensibly reduce the inevitable risk
of stone damage due to empirical 
conservative interventions, and
consequently decrease maintenance 
cost. Besides, the incorrect or over
use of biocide products can lead to an 
unnecessary rise in maintenance 
costs.
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