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4.1. Métodes de microscopia aplicats a la recerca dels

cianobacteris

Es revisen técniques adequades per I'examen microscopic dels
cianobacteris. S’inclou la microscopia electronica de rastreig (SEM), la
microscopia electronica de transmissié (TEM) i la microscopia de rastreig laser
confocal (CSLM). Es presenten avantatges i exemples de cadascuna d’elles. La
combinacié d’aquestes técniques proporciona eines eficients per a la
identificacié i la caracteritzacid dels cianobacteris. Amb el seu Us es pot
comprovar la seva presencia i viabilitat i definir la citomorfologia i I'estructura
tridimensional de les comunitats que formen. Aquestes técniques sén
complementaries i permeten la descripcio fisica i fisioldgica dels cianobacteris i

les comunitats que constitueixen.

Els resultats detallats d’aquest capitol s’inclouen en el seglient article:

Microscopy methods applied to cyanobacteria. Limnetica (2004), 23 (1-
2): 179-185.
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Microscopy methods applied to research on cyanobacteria

M. Herndndez Mariné, E. Clavero & M. Roldin
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ABSTRACT

Several techniques for microscopic examination of cyanobacteria were reviewsd, These inchuded trunsmission electron micros-
copy (TEM), sconning electron microscopy (SEM) nnd conforn] baser scanning muicroscopy (CLSM). Advantages and exam-
pes of individaal technisgues are presented. Their comirnation provides an effickent way for determining the presence and via-
bility of cyanobacterin, characterization of wmxa, observation of cytomorphology nnd definition of -1 structure within
coammzm b,

Keywords: cynnobacteria, transmission clectron microscopy, scanning electron microseopy, laser scanmmg, mecroscopy

RESUMEN

Se revisan fenicar parg el examen microscdploo de las clanobacterfas, S Inclipen e microseapin clectranica de barrida
(SEM), Ia micrescopia @lectrinten de trmrmision (TEM) ¢ e miemseopln de baeeido Liser comfecal (CLSM), Se presenton
virmbariin v efemplis de cada unae de las tdenicas. Su combiracion proporciona ferramientar gficiemes para la identificactdn y
eanscrerizaciin de las clanobactertas, Con sy nzo se prede comprabar yu presencia y viaiilided y definie b citemorfoloeis v
o wewdrrectiern Ericdimenovionel de Lo comunidaddes que fivmoan.

Prdatirary clave: clanobarteriay, micmscopia electrinien de bareido, microscapin slecirnica de irkamisio, sicmscapie de

Barrido [dyer confoenl

INTRODUCTION

Cyanobacteria are abundam throughout the world
and contribute significantly to global primary
productivity from which picoplanktonic marine
and sndland terrestnal components account for a
lurge proportion (Garcin-Pickel ef al. 2003), The
advent of the electron microscopy (history
reviewed by MeMullan, 1995) revealed that blue-
green algae were baclerin, presenting a well-
defined submicroscopic organization with a lack-
ing membranc-bound organclles. Their cells are
surrounded by o more or less defined exopolysae-
charide covering and a cell envelope of Gram-
nepative type. Pores of different sizes, orderly
arranged or not, perforute the cell wall. What dif-
ferences them from other prokaryotes is their abi-
lity to perform oxygenic photosynthesis, localized

Limnwissa TI1-Th T8 156 (30045
oA eddim Expaiols de 1 Iogin, Masdrld. Spain ISEN: 02 13-E400

in the thylakoid membranes, Thylakoids consist
of a double unit membrane enclosing an intrathy-
lakoidul space and their arrangenent is charaote-
ristic of groups of strains. Thylakoids support two
membrane-bound protein complexes, photosys-
tem 1 (PS1) and photosystem 11 (PSIT), which con-
tain ehlorophyll-binding. subunits functioning as
an internal amtenna. In addition, there are rows of
phycobilisomes on the Urylakoid membrane that
et ns peripheral antenna systems,

The microscopy techniques most frequently
used to determine the diversity of microorga-
msms in lerms of morphology, ecology and
physiological adaptations include, scanning
electron microscopy (SEM), transmission clee-
tron microscopy ( TEM) and confocal laser scan-
ning microscopy (CLSM), apart from the elassi-
cal light microscopy.
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We illustrate a few practical examples, among
the great varicty of these technigues, to survey
gyvunobacteriol specimens and to determinge their
intrinsic features. Protocols may require modifi-
cationg according 1o orpanism characteristics.

SCANNING ELECTRON MICROSCOPY
(SEM)

S5EM is used to examine surface topology and
distribution of specimens as well as relationship
among organisms al a high magnification.

Conventional SEM preparation techniques
include air drying; chemical fixation followed
by eritical point deying or [reeze fixation fol-
lowed by freeze-drying and eritical point dried.
A peneral overview of them is found in
Gioldstem et al. (1951) and Hyatt (1989).

A standard procedure includes chemical fixa-
tion with 2% glutaraldehyde (1,5-glutar-di-alde-
hyde) in o 0.1 M cacodylate buffer overnight,
dehydratation in ethanol and entical point dried.
The conductivity of biological material may be
increased by the impregnation of the whale mate-
rial with heavy metal salts, Afterwards, speci-
mens are placed on stuby and couted with carbon
or gold sputtered. For samples prone to collapse
when submerged in liquid medium, a prefixation
in acrolein vapour followed by addition of osmi-
um tetroxide vapour resulls in adequale preserva-
tion of the three- dimensional structures
{Hermnindez-Manné er af., 2001), Small stones ar
flters moy also be mounted on the stubs with o
biadhesive tape and coated.

Clean samples or calcareous investmenis
work well und the procedure is especially help-
ful for caleite erystals deposited on sheaths or
any outer surface (Fig. 1), However, as biologt-
cal material, eyancbacteria tend to be suscepti-
hle o dehydration. Sheaths and mucilaginous
outer layers may be condenzed or blurry the sur-
face of the specimens, Examples of the above
protocols are shown in Figure 1,

Oither twpes of 5EM (not shown) overcome
some of the processing meonvemenees of conven-
tional SEM. For example, Envirommental

Scanning Flectron Micrascopy allows the obser-
vation of fresh samples at low magnification with-
out modification or prepuration (Ura & Albertano
20013, On the other hand, low temperature scan-
ning electron microscopy (LTSEM), allows the
observation of criofractured samples without fur-
ther process or alteration (Ascaso ef ol. 2002),

TRANSMISSION ELECTRON
MICROSCOPY (TEM)

TEM provides morphological information about
the size, shape and arrangement of organelles
ingide the ceclls and the relotionship among
microorganisms i arcas a lew nanometers
diameter. A beam of electrons is focused through
the sample, producing a map of light and dark
arcas, which depends on the disposition of heavy
metils absorbed selectively in the sample.
Chemical fixation is the most widely used
method to preserve biological specimens for
TEM. General fxation and embedding methods
have been described elsewhere (Hayat, 1989,
Bettare] or al., 2000). Samples must be in excel-
lent conditions prior fixation and their ionic
strength tuken into account, unless the observa-
tion of some kind of damage is wanted. For non
galine samples 2% glutaraldehyde in 0,1 M
cacodylate buffer and post-lixation with 1%
osmium tetroxide in the same buffer yield
acceptahle results. Saline samples, that have
higher osmolality, may be fixed with o mixture
of 2% glutaraldehyde and variable concentration
of formaldehyde solution, according to the
osmaolarty of the medium or the salinity. Next
steps re dehydration, embedding i resin, and
gectioning. Sections are stained with heavy me-
tals ex, with 2% urny| scetate and lead citrate,
Sometimes the chemical fixation is unsatis-
factory, This is mainty revealed by a collapsed
cytoplasm. In such a case, or when immunocy-
tochemical und microanalytical studics must be
performed, a rapid freeze fixation followed hy
freeze substitution that replaces cellular water at
low temperatures is helpful (Quintuna, 1994,
Porta ¢ al., 2000). Both methods are appropri-
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ale to localise chemicals or organules at the sub-
collular level, using ¢yvtochemical stains,
Examples of cell wall layers and porefields,
exopolysacchonde covering und sheath structure,
cellular division behaviour, intercellular relation-
ships and thylakoid arrangemaent, using the above
described protocols, are shown in Figure 2.

CONFOCAL LASER SCANNING
MICROSCOPY (CLSM)

CL5M is a tool for 3-D localization of fuores-
cent orgumisms or items dyed with fluorcseent
labels, The technique provides an efMicient way
to determine the presence, the viahility and the
spatial orgamization of speeific organisms. I
olfers the possibility for non-invasive opticul
sectioning by substracting out-of-focus planes
of the tmage. It allows the in sfre observations,
thut 15, W exumine the surface and the in depth
structure of the sample with minimal prepara-
tion and without disturbing the structure (Neu &
Lawrenee, 1997; Roldan er al., 2004),

Advantages are the inherent speeificity and
sensitivity of fluorescent probes and labelling
protocols (Havgland, 199%), CLSM has become
i standard ool and its capobilities and use for
hiological applications are summarized else-
where (Pawley, 1995), We used a combination
of natural pigment Nuorescence and Nuores-
cence probes for imaging the i site 3D strue-
ture of cyanobacteria and their extracellular
polymerie substances (EPS),

The CLSM equipments provide series of thin
aptical sections of the sample, Optical sections
are 20 images obtamed at different intervals (2
step) along the optical axis, The & profile is
ohtaingd by setting the start position above the
sample and the stop position below the layers of
interest, CLSMs are equipped with dilTerent
lasers and detection channels. Laser light
sources are monochromatic and the most usual
include argon (488 and 514 nm), argon-krypton
(488, 568, and 647 nm), helium-neon (543, 396,
and 633 nmj, and ulraviolet (UY)-argon (351-
364 nm) excitution loser benms,

Sumples must be fluorescent to be observed in
the CLSM. The cyanobacterial photosynthetic
pigments, chlorophyll @ and phycobilins, have
an inherent fluoreseence ot 543 and 633 om
excitation and 390-800 nm emission, To targe
ather specific elementz many fluorescent dyes
and lubels can be used, We use Hoechst 33258
o focalize nuclecids, in living or death cells,
that fluoresce in hlue when excited by ultravio-
let light (351 und 364 nm) and SYTOX Green 5-
T020 thot Muoresee in green when exeited by
blue light (488 nm). SYTOX Green has a high
affinity for nucleic acids, but cannot cross the
membranes of the living cells which must be
fixed before observation, Either glutaraldehyde
in 0.2 M cacodylate baffer (pH=7.2) or 4%
paraformaldehyde in phosphate buffered saline
(FBS) solution 0,15 M (pH=7.4) may be used
for fixation, However, glutaraldehyde must be
used with caution due to its inherent fluores-
cenee in u wide range of wavelengihs,

EPS are revealed with the carbohydrate recop-
niging lectin  Concanavalin-A (Con-A  from
Canavalio  enstformis) or  Whest  Germ
Agglutinin (WGA from Trncem vilgards), both
noed to e conjugated with a fluorophore such ag
Alexa Fluor 488, among other lubels (o)l fluores-
cenl staing from Molecular Probes, Inc. Leiden).
To avoid interference or overlapping of labals
thar fluoresce in the same wavelengths of pig-
ments, sumples are (it fised and then they e
discolowred with a 3;1 mixture of ethannl and
glacial acetic acid and rinsed in distitled water.

Reflection image (grey channel, cxcilation al
482 nm and emission at 480-490 nm) was
emploved to visualise the external surfaces, min-
eral particles and other compounds, which had a
different refroctive index fiom arganic matter,

The different optical series can be processed
to obtain 2 single compound image (512 x 512
pixel series ond 24 bytles per pixel) by means of
different algorithms fram the microscope soft-
ware (Leica) and Imars software package
{Bitplune AG, Zurich). In the Tigure 3 we present
images of o single optical sections and others
processed by means of the following algo-
rithms: 1) Maximum intensity projection: (wo-
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dimensional compound image that integrates
the maximum fluorescence intensities of each x,
y pomnt of all the optical seres along the z-axis.
i) Extended focus: the imoge is divided mio
three frames that represent the maximum inten-
ity projection for the x-v, x-# and y-# planes,
i1} Simulated (uorcseence processing (SFP): a
three-dimensional simulation that enhonees the
fluorescence of surface layers and embosses all
channels, as if they were illuminated from an
obligue angle (Messerli ef al., 1993),

Extended focus imoges of unmodified stone
fragmeants (Fig. 3i), built with the maximum
intensity projections of the x=y, x-z, and y-x
plunes, evidenced gross spatial distribution of
microorganisms, FPS and substratum, but also
the dispogition of microorganisms (e g erected
vs. prosirote [laments) exhibiting the stratifica-
tion of the biofilm,

These micrascopy techniques (SEM, TEM
and CLSM) complemented each other 1o build a
complete phivsical and physiwological description
of the cyanobacteria and the communities they
constitute,
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4.2. Fluoresceéncia de biofilms i analisi d’imatge en I’estudi de

monuments hipogeus

La caracteritzacié de I'arquitectura dels biofilms, aixi com la interaccio
entre els microorganismes i les superficies a les quals s’adhereixen, ha estat
escassament estudiada, malgrat que és fonamental per resoldre problemes
associats al biodeteriorament i per escollir métodes de control i eliminacié
adequats. La combinacié6 del CSLM amb diferents sondes fluorescents va
proporcionar informaci6 detallada de la composicié i I'estructura dels biofilms, la
seva morfologia i el metabolisme cel-lular dels seus components. Es va utilitzar
el microscopi de rastreig laser confocal per estudiar biofilms fototrofics
aerofitics que es desenvolupaven en superficies il-luminades artificialment en
monuments hipogeus, com les catacumbes romanes, concretament les
Catacumbes de Domitilla i St. Callistus (Roma, Italia). La fluorescéncia natural
de les clorofil-les i les ficobiliproteines va ser utilitzada per coneéixer la
distribucié6 en fondaria de les microalgues i els cianobacteris que sén
fotosintétics. Es van efectuar tincions dobles per determinar la relacié entre els
pigments, els acids nucleics i els EPS. Els acids nucleics van ser marcats
especificament amb el fluorocrom Hoechst 33258. Les substancies
polimériques extracel-lulars (EPS o mucilag) 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 a-D-mannosa i a-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 calcic. Per
aquesta rad, en alguns casos es va utilitzar el canal de reflexié per visualitzar
superficies externes, particules minerals i/o beines calcificades.

Els diferents tipus d’'imatges tridimensionals van permetre caracteritzar
I'estructura dels biofilms. Les projeccions “Extended” eren molt utils per

comparar biofilms. Aquest tipus de reconstrucci6 mostrava la distribuciod
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espacial dels microorganismes, els EPS i el substrat respecte als eixos x, y i z,
aixi com la disposici6é i la morfologia dels microorganismes, el que permet
observar I'estratificacio i la porositat del biofilm. Les projeccions en perspectiva
mostren les caracteristiques de la superficie de la mostra, tant del biofilm com
del substrat.

La informacié aportada pel CSLM complementa la de les técniques
microscopiques classiques. El seu major avantatge és I'observacié de l'interior
de mostres intactes. EL CSLM permet l'analisi de I'estructura a partir de la
visualitzacio tridimensional i simultania d’elements especifics en linterior dels
biofilms causant la minima perturbacié: molécules (DNA), estructura
(superficies, matriu...) i propietats (creixement i senescéncia). La técnica de
representacié tridimensional, usant diferents algoritmes per al processament
d’'imatges digitals, ha permés obtenir la descripcié de I'estructura dels biofilms i
una visi6 més realista i fidel, gracies a la informacié conjunta obtinguda
mitjangant reconstruccions 2D i 3D. També va ser possible I'avaluacié de la
disposicié espacial dels microorganismes creixent sobre materials, informacio

util en els estudis de biodeterioracio.

Els resultats detallats d’aquest capitol s’'inclouen en el segient article:

Biofilms fluorescence and image analysis in hypogean monuments
research. Arch. Hydrobiol./Suppl. Algological studies (2004), 111:
127-143.
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L Algological Studies 111 127143 Suttgart, Fehroary 2004

Biofilms fluorescence and image analysis in
hypogean monuments research

By Manica RoLpan!, Ester CLavierol, Susanna Casmen and
Magiona HERNANDEZ-MARINE!

Flniversital de Barcelona, Facullal de Farmdicia, Barcelona, Spain
*Bervers Clentificotéenies, Universitat de Barcelona, Barcelona, Spain

With 20 figures und 1 table in the text

Abstract: Confocel Laser Scanning Microscopy (CLSM) was used 1o investigate agro-
phytic phototrophic biofilms hriving on ariificially illominated surfaces in Roman
hypogean monuments, particularly the St Callistus and Dontilla Cotacomis (Rome,
Ituly), Phototrophic organizms were visualized by their in vive pigment Muorescence,
whereis extrapolymeric substances (EFS) and DNA structures of both phioto- and het-
ertrophic microorganisms wene revealed respectively with the carbolydmie reeognising
lectin Concanavalin-A conjupated with the flusrophore Alexs Fluor 488 and the e
rochoome Hoechst 33258 Iubels. Inherem fluorescences other than pigment fluorescence
such as CoC0y flusiescence of the substrutum were also detected, Distribution: of
microorganisms and EPS in biofilms and their relanonship with sobstistunm wies evi-
denced with the application of diverse Kinds of image analyzes. Detailed localization of
cerfam strueiies or tuxs was achieved with the examinaton of gallery images, On the
otbeer hand, particular image analyses enlighlencd one or severul partinl aspects of the
biofilm heterogeneity. Extended focus images bullt with the masimam intensily projec-
Loy of the x=y, x=z, und y=2 planes were beat 1o compare among biofilms and o reveal
their porosity and strutification, ID-reconstructions of biofilms as perspective Images
gave an account of the surface charctenistics such as moughness or covernge of the sub-
struium surface. Topographic reconstruction was used o measure geometrical and hio-
Jogical heterogeneity purameters like sumple thickness or surface roughness. What makes
CLAEM o powerful is the abilily 1o anlyse samples with minimul preparstion and non-
disturbing architectural ohservation, the use of multiple excitation aml delection wive-
lengths ot different depths of focus. and the large pool of digital image processing algo-
rithing with which one cun cifectively mrget specific clements in the biofilm sample, such
as molecules {ep. DNA aml prgments), strocture {e.g. surfaces, matrix, sheaths and fils-
ments) and properties (e.g. stage of cell division, growth and senesoence), with the cupi-
bility 1o fully visualise them all in 3D image.

Keywords:  Biofilms, Roman Catscombs, Confocal laser scanning  microscopy
(CLSM), cvanobacteria, Con-A, BPS, hypogean environments, Hoechst
X3258, AD-image sruewre of biofllms.

0342-1 1231 50-127 5 4.25
O 2004 12, b serinait et Virlagalnuc b g, 1570176 Siuligan
Algological Studies 111 = Arch. Hydrobiol, Suppd. 150

101



Resultats

128 M. ROLDAN et al.

Introduction

In the past decade the study of biofilms has emerged as a powerful new approach
far the research of microorganisms. Tt has been established, by direct ohservation
of natural habitats, that a mulb-species community can persist piloched o surfuces
in a relatively complex and coordinated manner (LaweeEncE et al, 1991), The
microorganisms building a biofilm wre cmbedded within o matix formed by their
own, which constimes a protected mode of growth easing survival in hostile envi-
ronments (CosTERTON et al. 1999, Woyrenny 2000 and references therein).

In the special ease of hypogean monuments, biofilms are acrophytic (living on
air}, that is, they grow attached to the interfoce airfsurface, playing an important
roske in the erosion of several substrata. Phototrophic organisms are the main com-
ponents of these structured communities, when light is available (LawreNce et al.
1991, Danm & CANgVA 1990, Orteaa et al, 1993, GOMEZ-ALARCON ¢t al, 1995,
ALRERTANG ef al, 1994, HErnANDEZ-MaRNE et al, 20013

Up to pow most of the methodological approaches to study microbial com-
munities on stone monumaents have dealt with the quantification and identifica-
tiom of the different Lypes of microorganisms whereas the biofilm wehitecture has
been poorly swudied, mainly by scanning and rransmission electron microscopy
(Urzt & Avsermano 2001). However, as these techniques require sample Jeby-
dration and fixation, they do not allow non-distorbing architectural observation
(TIavEY et al, 2000,

Recent advances in microscopy, especially in confocal lnser scanning
microscopy (CLIM) and molecular technigques, facilitate the examination of such
communities (LAWRENCE & NEU 1999 und references theremn). CLSM, due wils
optical sectioning features, high spatial resolution and minimal sample manipu-
lation, is o very powerlul wol for the non-destructive study of thick biological
samples (Carower et al, 1992, Lavrent et al. 1994), CLSM has been suecess-
fully applied to different aspects of microbinl ecology, such as spatial aminge-
ment, composition and the properties of different types of biofilms (Lawkescs et
al. 1991, WoLraaroT et al. 1994, Nev & Lawrence 1997), However, CLSM
techniques have been mostly addressed to aquatic biofilms and sessile communi-
ties responsible for bacterial infections (CosTERTON et al. 1999), whereas aero-
phytic biofilms have been scarcely studied.

In the frame of a European project that focuses on the contral, prevention and
monitoring of cyanebacteri dominated commumities thil couse damage o rock
surfaces in Roman hypogea (CATS), we studied the biofilms formed in the St
Callistus and Domitilla Catacombs, The main objective of this work was 1o devel-
op a protocal for obtaining the maximum information on the spatial organisation
of specific organisms, the distribution of exopolymer components, the inlerac-
tiong of biofilms with the colonised surfaces toward, eventually, control of biofilm
development,
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Material and methods

Our biofilm samples come from atificially lluminated sufaces in Roman bypogean
menuments. in particular the Su Callistus and Domitilla Cancombs (Rome, Italy).
Fragments of biofilms were obtained by detaching from severnl substratn {plaster, bricks,
frescoes and tufa) and, rarely, they were taken together with small pieces of their support,
The samplez were collected on March 2001 and maintained on a 2 mm layer of BG1
medivm (Rireka 1988) ot o 10% mutrient concentrtion, solidified with agar (1%,
Merck). This setup kept the samples alive and protected the biofilm architeciune.

Preparation and staining of material

Undamaged hiofilm fragments were transferred 1o microcapsules or onto cavity micro-
scope slides, Mucleic acids were apecifically smined with the DNA-selective dye Hoechst
33258 (0,008 pune) (Sigma-Aldnich), EPS were lubelled with the browd-spectrum carbo-
hydrate recognizing lectin Concanavalin-A eonjugated with the feorophone Alexn Fluor
288 (Con-A, Molecular Probes, Inc.) at a final concentration 0.8 mM. The samples were
ingnhitled uf the sume time in Con-A and Hocchst 33258 solution for 40 min at 16°C and
darkness. Afier staining, the samples were wished 3 limes with phosphate bufTered saline
(PBS) solution 0,15 M adjusted pH of 7.4, which was finally drained.

Confoeal Laser Scanning Microscopy

Two different CLSMs were used: |, TCS4D Leica Confocal Scanning Microscoape
eyuipped with three ArKr 75 mV lasers and two detection channels; the wavelengths of
the excitation lasers were 488 noy, 368 nm and 674 nm. Imnges were ncquired in two
channels simultaneously, red channel for pigment fuoeacence and green channel for
EFS labelled with Con-A. The reflection image (grey channel, excitation at 488 nm and
emission ot 4803490 wm) wis employed w visunlise the external surfnces, mineral porti-
cles and other compounds, which had & different refractive index from organic malter,
2, TCS-51"2 Leien Confocal Scanning Microscope equipped with four laser beams and
three delection chuonnels; wavelengihs of ke excitation lasers were in the UV Ar (351 nm
and 36 nmy), hlue Ar (458, 476, 488 ), green Ar (514 nm); green HeNe (543 nm) omd
red HeMNe (633 nm), Images were poquired in the three channels simoltaneously (red
channel for pigment fluoreseence, blue channel for nucleic acids Hoechst 33258 label and
green channel for the labelled EPS), The Leica TCS-SP2 combines confocal microscopy
with spectrophotometric detection. A prism in the beam path splits the light emined foom
the specimen into jts spectral components, A slit with two movable mirrored plates,
placed divectly in front of the plotomuliiplier of esch detector, allows for 2 wavelength-
specific selection of the fluarescent signals out of the overall spectrom; in the system (he
detection bandwidth can be changed o fit a specific emizsion and thus minimise erosstalk
wmionig Muworophores. Somples were observed  with the following lenses: x10 (0.4
Numerical Aperture or NAY, x20 (0.7 NA), x40 (1, 25-0.75 NA), x63 (1,32 NA) and x 100
{1,4-0.7 NA) Plan Apochromat ofl Immersion abjective,

Image acquisition was performed with the software pockoge delivered with the mstro-
ments; Leica TCS-4D and TCS-5P2 Confocal Software. These equipments provide series
af thin oplical scetions of the sumple. We acquired optical seetions in both x=y and x-z
planes. The optical sections ane 203 images oblained at diflerent imtervals (2 step) along
the optical axis, The image sire was 512 x 512 pixels with 8-hit greyscale (the intensity
of sach pixel was set to 255 levels of grey),

The 2 profile was obdained by seiting the storl position pbove the somple and the slop
position below the layers of interest. Tha thickness of the sample was estahlished as the
distunce from the uppermost w the lowest positon of inherent pigment Muorescence, The
maximnem depth that could be memsured was 1666 pm for the TCS-400 pod 2,00 mm for
the TCS-5P2.
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Image analyvsis and processing
Image analyses were performed using the Imaris software package (Bitplane AG,
Zirich) und the Leicn Conlocal software (LCS). A 3-D image is processed voxel-
by-voxel (pixel in 303), The different optical series were processed to obtain u sin-
gle compound image (512 x 512 pixel serics and 24 bites per pixel) by means of
different algorithms:

) Maximum intensity projection:  two-dimensional compound image that
integrates the maximuom fluorescence intensities of each .y point of all the opti-
il series along the z-uais.

2} Gallery: wo-dimensional compound imoges consisting on o series of
selected sections, ordered correlatively from the top to the bottom of the acquisi-
rion.

3) Perspeutive image: the series of optical sections obtained along the sample
depth are stacked to generate a 3-13 representation, which can be visualised from
any desired angle. Two basic algonithms are used for this kind of reconstruction
(Have P M. & Warm, AL H. 1991, Casral et al, 1994): raytrace and perspective
projection. The 3-D representations can coneern selected depth subregions or the
whaole depth of the sample,

4) Extended focus: the image is divided into three frames that represent the
maximum intensity projection for the x-y, x-2 and y-z planes.

5 Simulated Nuorescence processing (SFP): a three-dimensional simulation
that enhances the fluarescence of surface layers and embosses all channels, as if
they were illuminuted from an oblique angle (Messeri et al, 1993),

&) Topographic reconstruction: from each of the x-y- sampling points, the
one with the center of muss of intensities is displayed in a map, which gives infor-
mation on the characteristics of the surface. We chose the red channel to observe
thee surfuce of pigment Muorescence. Figures are shown in a false colour scale that
represents depth from red to violet, Variation in the colour indicated irregularity
of the surfuce. The image can be rotuted around the x, y or z axis. Measores of
thickness and roughness of hiofilms were obtained from these images. Roughness
wiis caleulated us anthmetic average and root mean square of the profile ordinates
within the measured section (R, and Ry respectively) by means of the LCS pro-
grum.

A
Ri= ;IZ{.I’. yidA withZ{x, vl =& =2 (h
1 .
Ry= n J"Z’.‘:. yidA with Zifx, y) = # -2 (]
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Results

The illuminated tufy and plaster surfaces were irregularly covered by hiofilms,
compozed of mixed organisms and EPS. Identified taxa ane listed in HErNANDEZ -
MARINE et al. 2003,

We made simultaneous and sequential acquisition of images, using the range
of excitation wavelengths deseribed above und selective cmission flters,

Observation al 543 and 633 nm excitution and S-S0 nm emission (red channel)

The photosynietic pigments, chlorophylls and phycobilins, of the phototrophic
orgamizms fluoresce in red ar this setting so that neither staining nor coupling 1o
fluorescent probes is necessary. Fig, | shows the maximum intensily projection
of pigment fluorescence. The orpanism respansible of the hiofilm structure was
the filamentous Sevteremia jrlianim (MESEGH ex AL B. FRANK) RICITTER, and lew
thin filaments of Leprolynghya sp. erept over them (Fig. 1).

Observation al 351 and 364 nm excliation and 400—480 nm emission (blue channel)

The Muorophore Hocchst 33258 stained DNA both in living and dead cells
(Fig. 2).

The stuge of cell division could be ascertained by means of the size and shape
of nueleaids, For example (Fig. 2 dividing cells of cyanobacterial flaments were
recognized by their hourgluss shaped nueleoids, whereas interphase cells had cen-
tered nuclecids. The intensity of blue fluorescence was variable, depending on
cell dnd sheath conditions, Low blug intensity may represent low penctration of
the MNuorophere into the cells (e.g. thick sheathed cells) but also cells that had
already lost most of their nucleic acids (e.g. dead cells), High blue intensily meant
ensy penetrution (e.g. thin sheathed or senescent cells).

Oiservation ot 485 nm excliation and 490=-543 nm emission (preen channel)

Con-A labelled acidic polysaccharides of the extrapolymeric mateix. Their disri-
butiom was heterageneous and limited, appearing as green points, spols, musses
and tubes, sometimes clearly defined and sometimes diffuse (Fig, 3).

Multiple chunnels

The vverluy of the red. blue and green channels, via combination of two or all
three together, reveals additional information (Figs 4100, For better understand-
ing the deseription in the text s presented as combinations of two channels,
ulthongh some images are overlays of three channels (Figs 4-7, 9-10),
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Figs 1-4. CL53M micrographs. Muximum intensity projection of 33 x-y optical sections
(e step = 041 pm). 20017 pm toly] thickness of @ biofilm of Scytomema julianm,
Legtodynglva sp. and beterotrophic micrargamsms in SL Callistus, 1| = PF localisation
(chloraphyll o and phyeohiling) inside the cells. Note Leptelvabva sp. filanients {arrow-
head), 2 = NA stain, Note division of nucleoids (arrowhead). 3 = EPS. 4 = Overay of the
three chunnels shown in Figs 1-3. Three-chennel muximum intensity projection showing
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Pigment flusrescence of phottrophic microorganisms coupled to Hoechst 33258

Bath phototrophic and heterotrophic orgamsms were visualised and could be dis-
tinguished by their coloration. The former presented both red and blue fluones-
cance, while the latter fluoresced only in the blue chiumel. The state of the pho-
todrophic organisms wiis bener perceived with this dichotomy than using the blue
channel alone. Cells with high blue intensity and low suto-fluorescence indicited
that the easy penetrution of the flucrophore was due 1o senescence. Some termi-
nal cells were blue fluorescent but without pigment fluorescence (Fig.4). On the
other hand, eells with high red Muorescence and ongoing division figures indicat-
ed active growth. Actively dividing and post-divisional cells, like those forming
hormogonia or in apical areas, were shorter (Fig. 5). Post-divisional disposiion
of nucleic acids in different levels were visualised inside Chroococcalean cells
(Fig.T).

Combination of pigment Muorescenee and Con-A

Thig combination correlates the non-bomogenecus distnbution of photetrophic
orgamsms with EPS (Fig. 4). The cyanobacterial outer mucilaginous envelopes
were irregularly distributed, according to species or o the condition of the spec-
imen. EPS wis also observed to remain for a long time after the producing ongan-
1sms had died, In filamentous cyanobacteria the sheath could be thin or thick,
even around the sume tnchome (Fig, 8). Strong green fluorescent dashes were
bound (o the hormogonia as mucilage apical pads (Figs 4-6) in Leprolyngbya sp,
andd Seytonema fulianim.

Combinution of Con-A und Hoechst 33258

EPS was irregulurly distributed in the biofilms and, occasionally, was present in
cell-free areas,

the apical pads (smull arrow), terminnl cells of Scyronemea fuffanum with blue Muores-
cence (large armw) and colonies of bactern (omowhesd). Unless specified, colour allo-
cation in the figures is red for pigment Muorescence (PR, bloe for nucleic aoids (NA)
and green for Con-A lectin-stained extracellular polymeric substances (EPS). [Scale har
= |10 pom, |

Fig. gl'l'hrm-chmnml maxanum inlensity projection (PE, EPS and NA) of 31 x-y opti-
cal sections (2 step = (.3 pm). Seylenema fulinnun and Leptolymptye spoin 81 Callistus,
Apical pads (arrowheads) displayed a strong Con-A fluorescence. 9 um total thickness
of the biofilm.| Scale bar = 10 pm,

Fig. 6. Theee-channel maxomum inlensily projection (PF, EPS and NA) of 109 x-y opti-
cal sections (2 step = 0.4 pm). Seyionera feliernm and helerstrophic microorgunisms in
St Callistus. 5. filfanom exhibits apical pads (armowhead), Heteratrophic micmongon-
isms {bactens and actinobacteria) were also evidenced by NA (small arrow). Some hac-
teria, which nueleoids were lnbelled with Hoechst 33258, were embedded in EPS (long
arraw). 20,7 pm total thickness of the biofilm. [Scale bur = 10 pm. |
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Fig. 7. Three-chennel maximum intensity projection (PE, EPS and NA) ol 55 x—y opti-
enl sectiony (2 step = (L3 pm) showing the spherical NA inside Chrooeoccalean cells
[Scale bar = 10 pm.|

Fig. B. Two-chunnel image of PF pnd EP'S eregted by the Sumuluted Fluorescence Process
(SFP) method of 46 x-y. optical sections (2 sfep = 099 pm) n Domitille, Note
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Observation at 488 nm excitation and 480-495 nm emission (prey channel)
in combinution with other channels

The grey channel evidenced thickness of caleified sheaths, in this case around
Seytonema juliamem (Fig, ). Coupled to pigment fluorescence it discriminates
empty calcified sheaths from caleified live filamens, Con-A labelled sheaths and
EPS debris covering flaments, coleified sheaths and substruium were also viso-
alised,

Unexpected Muorescence

The sheaths of Fischerefla sp. (Fig. 100 and some terminal cells of Scyonema
Julianien (Fig. 4) showed fluorescence in biue light (excitation at 351 and 364 nm
and emission at 400180 nm). CaCOy presented o weak and diffuse fluorescence
ar 305-515 nm (green channel, Fig. 11) and red channel (380-800 nm, dan not
shown) when excited at 488 nm. 1t was ohserved on plaster and fresco substrata
but also an cyanohacterin calcified sheaths or debris in untreated samples. The
unexpected Muorescence was helplul o reveal the colonisution of calcified sub-
struta by phototrophic organisms (Figs 11, 120,

Gallery
Az an example of gallery a sample 203 pm deep, growing on o base of plaster and
wfa was chosen, This gallery consists of compound fmuges [rom the red and
green chunnels (Fig.13). Each optical section details the particular depth at which
it was imaged, The upper lefl sections (0- 22.5 pm deep) show scattered red Gl-
aments of cyanobacteria and some green spots. At deeper levels (22.5-45 um
deep) the number of red filaments increases and green spots become higger. The
hackground of the images changed from black (emply space) Lo dull green (inher-
ent fuorescence of plaster). Filamentous cyanobacteria were concentrated at the
left and upper right zones of the images. Both zones appear move crowded ol
deeper levels (45-52 pm deep) und then (67.5-90 pm deep) become striped yel-

Leptedyngtrve sp. Gluments either sheathed (ueow) or unsheathed (arrowhead), 45.5 pm
total thickness of the biofiln. [Scale bar = 10 pm. |
Fig. 9, Three-channel SFP (PF, EPS and reflection) of 41 x-y optical sections (x siep =
052 puin). Seytenrema foltarnm in Domitille, EPS wos present recovering subsirztn and at
greyish calcified sheaths (arow). The living Glament red Deonescence) presented an
uinchment pad m one side (arrowhead). 200 pm total thickness, [Scale bar = 10 pm.]
Fig 10, Three-dimerstonnl extended focus projections in -y, 1=z and y-z views of 51
(step = 0.4 pm) hilinear interpolated x-y CLSM sections in (e z-direction of the biofilm,
Fischerella ap. in Domitilla, in this case blue colour comespands to an inhesent Muores-
tl':l.;;mc '-il' the sheaths (oorow), 20 pm waal thickness, T = surfuce of sample. [Scale bar =
i,
Flgs 11=12. sz optical thin section (confocal spectral imagingd of cyanobacterm) FF and
inherent fuereseenee of substratm (green) in St Callistus. These views show the inher-
ant Muorescence of substritum, withoot stain, [Scale bar = 10 pm. ]
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Fig. 13, Gullery of double-fluorescence: PF and EPS (strong green, arrow) of filamen-
tons cyanobocterin m Domitilla. In wddition the dull green inherent fleorescence of plas-
ter is revealed (arrowhead). 20 representative images of 81 x—y optical sections (2 step =
2.5 pm). 203 pm total thickness, T = surface of the biofilm

Fig. 14. 3D perspective projection in the ray-tracing method of 81 x—y optical sections
(z step = 2.5 um) shown in Fig. 13, Selected regions from top, middle and battom levels,
Each level has a particular microbial composition (filamentous cyanobacteria) and
mucilnge sbundance, 8- The surface level of the biofilm (0=27 =y optical sections) is
comiposed by phototrophic filements ond microbinl aggregates embedded in EPS. b -
The middle level (27-54 x- ¥ aptical sections) corresponds (o the zone in which PF and
EPS was higher, also inherent Moorescence of plaster was observed, © = Al the botiom
level (54-81 x—y optical sections) phototrophic microorganisms suerounding plasier
irregularities were evidenced. 203 pm 1otal thickness of the hiafilm.
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low zones surmounded by red filaments as a resull of the juxtaposition of fluores-
cenece from the two channels. At this same level (67.5-90 um deep) the green
spots of upper images are substituted by black spoces. The amount of black
spaces increases in subsequent images (105-135 pm deep) and the yellow zones
are darker and more reddish. These spaces devoid of fluorescence correspond 1o
U tufa substratum, Sections at deeper levels (142.5-203 pm) contained progres-
sively less fluorescence (not shown),

Imuge anulysis and processing

Application of diverse analvieal packages helped to extract different information
froom the same serial sections,

Perspective imnge

The reconstruction of the biofilm in Fig. 13 m vanous 3D-subregions displayed
better evidence of the gross shape and the strtification of the sample (Fig. 14 a—c),

Cyanobacterial filaments were entangled, both at the biofilm surfuce (Fig. 14u)
and inside the biofilm (Fig, 14h), The irregularity of the wfa hase was visualized
as spaces devoid of fluorescence among colonised plaster (yellow zones) in the
lowest subregion (54-81 pm deep, Fig. 14¢) and as mounds covered by plaster
that emerged at the medion subregion (27-54 um, Fig. 14b). The Glamentous
biofilm covered the surface of the substramum moulding on its irregolarities (red
filaments around the plaster mounds) but also colonising the inside of the plaster
layer.

The relationship biofilm-substratum was also evidenced in o perspective imuge
including all optical sections (Fig.15). In this case, a thin hiofilm moulded on a
strongly rough substratum. The roughness of the substrutum was ostensible due
to its inherent green fluorescence.

Extended focus

Extended focus evidenced the differential distribution in depth of the microor-
gamsms in the biofilm. The architecture of the biofilm in Fig. 16 was sustained
by entangled filaments of Leprelynghya sp. (main frame, x-y plane), On the right
hand side i the man frume vanouos thick-sheathed Glosothece sp. cells were
anached to the basic structiure, on the left Glaeathece sp, cells devoid of sheath
appeanred solated, Maximum intensity projectioms of the y-2 and x-2 plancs
(right and lower frames) revealed that thick sheathed cells were mainly concen-
truted on the wp of the biofilm while unsheathed cells were mainly al the bottom.

Simulated Nuorescence processing (SF

Using shadow imaging, specialised cells (Fig. 17), small nucleoids and thin fila-
ments (0.3 pm) stained with Con-A (Fig. 18) were evidenced, For the Glumentous
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Fig. 15, 3D Perspective projection of the unuged volume, Two-chunnel (PF and EPS) of
159 x-v optical sections (z slep = 248 pm). 395 pm todad thickness of (he biofilm.
Epilithic phototrophic microcrganisms {in red) moulded on strongly irregular subsiratum

{1 green), Lones with sieep slope are less colonised. [Scale bar = 50 pm. [Fig. 16. Three
dimensionil extended focus projections in K=y, x=2 and y=-¢ views of 27 (z step = 0.83
pm) hilinear inferpolated x-y CLSM sections in the e-direction of the biofilm, Biofllm
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species present in the catacombs, trichome hreakage and hormogonia formation
wits hielped either by cells that disiniegrte without specialised changes in struc-
ture or by neeridia. Mecridia increased their pigment Nuorescence while becom-
ing concave (Fig, 17).

Topographic reconsiruction

Topographical images (Figs 19, 200 of the biofilms shown in Figs 14 and 15 were
compared, Roughness and ather characteristics of the biofilms from these wopa-
graphicul images are given in Tuble 1. The wverage roughness (Rg) was highest in
one biofilm from St Callistus (Csclée) (Figs 14 and 18) than in snother from
Damitilla (Cd13d) (Figs 15 and 193 The Ry was also superior in the case of
Caclbe, us well us the ratio A'fA.

Discussion

The use of o non-invasive ool gs the CLSM has become indispensable in studies
of the distribution of microorganisms and biodeterioration where the microbial
relationships, tridimensional structure and pattern of attachment to substratum
should be preserved (Meu & Lawrines 1997, Lawrence & Neu 1999), The
observation of pigment auto-fluorescence in vive allowed us to localise pho-
{otrophic organisms but also helped in their identification by recognising vanous
features such as planes of division in aggregates, branching-types or localisation
ol specml cells. The combination of two labels for either nueleie acids or EPS
together with pigment auto-flucrescence allowed us o properly characterise the
biofilms of the Catscombs with their different orguamisms whether photo- or hel-
erotrophic.

composed of Leprolyaghya sp. and Chroococcales with sheath (arrow) in St Callisms.
22,41 pm thickness, T = surface of biofilm, [Scale bar = 10 um.]

Fig. 17, Two-chunnel image of PF and reflection (grey) cremted by the Simuluted
Fluorescence Process (SFF) method of 92 x—y oplical sections (¢ step = 0,3 pm). Note a
necridic cell (arow) and debris of the sheah (arowhesd) of Sevionema sp. 22,74 pm
total thickness, [Scale bar = 10 pm.]

Fig. 18, Three-chanmel SFP imoge (PF, NA and EPS) of 103 x-y optical sections (¢ slr,g
=004 pm), Kiofilm rom Domitilla, compesed of 5 fafienen and Leptedvaglva ap. 40,
pm total thickness. |Scale bar = 10 pm.]

Figs 19=20. Topographic reconstruction of PF. Figures are shown in a false colour scule
{ht represents toinl depth from red (o violey, Ireguluniies in the surfoce ere reflected in
colour changes, 19 - Biofilm from 81 Collistus. 15% x-v optical sections (2 step = 248
pm ) cormespanding to the Fig. 15, The strong variation in colour indicated strong irmego-
larity of the surface. 395 pm total thickness. 20 = Biofilm from Domitilla, 81 x=y optical
sections (2 step = 2.5 pm) corresponding o Figs 13 and 14, The evenness in colour
reflects the uniformity of the surfsce. The thin biofilm i almeost homogeneously mould-
ing on U regolar plaster surfave (green) except for small wants, represented in red, 203
pm total thickness.
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Table 1, Roughness and thickness values of the biofilms from CD13d and Cic 160
shown in Figs, 14 and 15 as calculated from the topogruphic reconstruction of pig-
ments fluorescence,

Crelbe Cdi3d
Thickness [pm] 395 203
R, [pm) 11881 zz..uq
[pm) 156,40 10,45
ﬁq[mm?] 2.24 1.4
A [mm2] 41.73 6.0
Ratio A'MA 18.62 2,68

A = Area of the acquired image: A'= Area of the toial surface of the pigments Muores-
cenee

The capability of Con-A (o bind o diverse polysoccharides such as dextran,
glveogen, mannose and amylopectin (GorosTes et al. 1965), has been success-
fully opplied to reveal munnose rich protein layers present on the walls of acti-
nohacteria (Gan et al. 1997), germinating eonidia of filamentous fungi (BRUL el
wl, 1997, BoureTT et al. 1998) and alginate in bacterial biofilms (Govan 1990,
STraTHMARN ef al. 2002, Therefore, the application of this wide-spectrum EPS
lubel ensured we were observing the EPS from the various possible sources of the
Catacomb biofilms. When coupled to pigment sulo-fluorescence, Con-A revealed
the form, organisation and thickness of external mucilaginous envelops around
phototrophic microorganisms and by this way we oblained further information to
identify them and characterize their physiological state. Shape and position of
EPS is charscteristic for various species and genera of cyanobacteria (KoMmArRER
& AnaanosToins 1998), but also relmed to the ability of eyanobactena to modu-
lote the response 1o external factors (ALBERTANO & BELLEZZA 2000} nutrient lim-
itations and water stress may reduce or inerease the quantity of released polysac-
charides in ngueous environment (NicoLaus et al. 1999, ne Panees et al. 1991)
besides light-related stress reduces the polysucchanide release in diatoms but his
not been proved in cyanobacteria (pE Winner et al. 1999). On the other hand, the
combination of DNA (blue channel) and EPS (green channel) discriminated the
EPS located around organisms from EPS isolated remains (localised versus sel-
dom).

Substratum composition has to be taken into account when studying labelled
but intact field sumples. Inherent green Muorescence, that has been repaned for
calcified sheaths and calcium carbonate grains (DEcHO & Kawacuci 1999),
could mask or increase green fluorescence of Con-A labelled EPS.

Features for the characterisation of biofilm structure were obtuined from the
varions compound images of widimensional reconstruction, Diswribution of
microorganisms and EPS in biofilms and their relationship with substratum was
evidenced by the various kinds of compound images. Gallery images were adc-
quate for the careful examination of biofilms, allowing detailed localization of
certain structures or taxa. Fxtended focus images built with the maximum inten-
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sity projections of the x—y, s, and y-z planes were best o compure wnong
biofilins. Such images evidenced gross spatial distribution of microorganisms,
EPS and substratum, but also the disposition of microorganisms {e. g. crected vs.
prosirate filaments), averall, exhibiting the stratification and porosity of the
biofilm. Perspective images gave an sccount of surface characteristics such as
roughness or coverage of the substralum surface that could be quantified by
means of topographic reconstruction. Confocal Laser Scanning Microscopy is o
very versalile ol for the study of biofilm in sine. What makes CLSM so power-
fisl §s the obility to analyse samples with minimal prepanition or disturbance, the
use of multiple excitation and detection wavelengths at different depths of focus,
und the large pool of digital image processing algorithms with which one can
effectively target specific elements in the biofilm sample, such as moleeules (eg.
DNA and pigments), structure (eg surfaces, matrix, sheaths and filaments) and
properties (eg. stage of cell division, growth and senescence), with the capability
1o fully visualise them all in 30,
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4.3. Identificacio de pigments en cél-lules individuals
procedents de biofilms fototrofics mitjancant

espectrofotometria confocal

Es presenta un nova técnica d'imatge per a l'analisi de pigments
fotosintétics presents a una sola cél-lula en mostres gruixudes vives i intactes.
Aquesta técnica es basa en un microscopi de rastreig laser confocal acoblat a
meétodes espectrofotométrics. La capacitat espectral del microscopi confocal
permet mesurar el senyal de fluorescéncia emés d’'una area seleccionada de la
mostra, rastrejat en tot el rang d’emissié a través d’'un conjunt de passos
d’emissid préviament seleccionats. Les possibilitats i les limitacions d’aquesta
técnica 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. Espécies pertanyents a diferents grups
filogenetics, com Cyanobacteria, Bacillariophyta o Chlorophyta, van presentar
una morfologia i unes propietats de fluorescéncia dels seus pigments
caracteristiques que en permetien la discriminacié respecte d’altres grups
filogenétics. Aixi mateix foren separades les espécies de cianobacteris amb

ficoeritrina i sense. Aquesta nova técnica permet:

(i) Analitzar el senyal fluorescent procedent d’un sol pixel o d’un
conjunt.
(ii) Analitzar de forma directa els pigments fluorescents pertanyents a

una sola cél-lula en mostres gruixudes.
(iii) Establir simultaniament la relacié entre I'analisi de pigments in vivo,
la morfologia de l'espécimen i la localitzacié tridimensional a

I'interior de la comunitat microbiana intacta.
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Els resultats detallats d’aquest capitol s’'inclouen en el seglent 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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A new imaging technigque for the analysis of fluorescent pigments from a single cell is reported. It is based
on confocal scanning laser microscopy coupled with spectrofluorometric methods. The setup allows simulta-

tahlich :

neous of the relationships among
localization inside thick intact microbial assemblages.

t analysis in vivo, morphology, and three-dimensional

Phototrophic organisms produce a number of photosyn-
thetic pigments that act as photoactivated fluorescent markers
that switch on in response to light at a particular wavelength, A
fraction of the energy absorbed by pigments may be emitted
immediately at a longer wavelength, which is known as fluo-
rescence (7). Fluorescence allows the description of a complex
community in terms of physiological state (17), discrimination
among phylogenetic groups (8), quantification of biomass (2),
energy transfer, and cell evolution (4). Approaches to improve
the use of cellular fluorescence techniques with subsequent
localization of the organisms in two dimensions (2D) or 3D
(15, 10) have been reported.

Here we propose a new application of the confocal scanning
laser microscope (CSLM) coupled with a spectrofluorometric
detector. Confocal imaging spectrofluorometry provides simul-
taneous 3D information on photosynthetic microorganisms
and their fluorescence signatures within thick assemblages (as
in microbial mats, biofilms, etc.) because of their multiple
excitation wavelengths (h,,.s) and free detection of emitted
wavelengths. We report our results on pigments, pure cultures,
and biofilms from dim-light environments.

Pigments. The pure pigments chlorophyll @ (Chl a) and Chl
b, xanthophyll (Xant), R-phycoerythrin, allophycocyanin-XL
(APC-XL), and C-phycocyanin (C-PC), all obtained from Sig-
ma-Aldrich (St. Louis, Mo.), were used as controls. Pigment
solutions were set at a final concentration of 1 mg/ml, and
scans were done as described below.

Culture and biofilm preparation. Two cultures of Nostoc
humifi Carm. (G teria) and Muriellopsis sp. (Chlo-
rophyta) at distinet stages of growth (exponential phase, 1
week: stationary phase, 3 weeks) and three stratified aero-
phytic biofilms from dim habitats, BF1, BF2, and BF3, which
are described and identified elsewhere (6), were tested. The

* Corresponding author. Mailing address: Departament de Pro-
ductes Naturals, Biologia Vegetal i Edafologia, Universitat de Barce-
lona, Av. Joan XXIII s/n, E-08028 Barcelona, Spain. Phone: (34) 93
4024490, Fax: (34) 93 4035879, E-mail: hernande@ farmacia.far.ub.cs.

biofilms contained several photosynthetic phylogenetic groups
(Cyanobacteria, Chlorophyta, and Bacillariophyta).

CSLM. CSLM was performed with a Leica TCS-SP2 (Leica
Microsystems, Mannheim, Germany). The wavelengths of the
excitation lasers were in the UV Ar (351 and 364 nm), blue Ar
(458, 476, and 488 nm), green Ar (514 nm), green HeNe (543
nm), and red HeNe (633 nm) spectra. Each image sequence
(wavelength scans or lambda scan function of the system) was
obtained by scanning the same x-y optical section with a A step
size of 20 nm for emission wavelengths between 360 and 800
nm. The x, y, A data set was acquired at the z position at which
the fluorescence was maximal, and acquisition settings were
not altered throughout the experiments. The variation in in-
tensity of a particular spectral component, encoded with 8 bits,
is represented on the screen with a pseudocolor lookup table.
3D maximum-intensity projections were made with Imaris soft-
ware (version 2.7; Bitplane AG, Zirich, Switzerland).

Fluorescence analysis. The mean fluorescence intensity
(MFI) of the x-y-h data sets was measured with the Leica
Confocal Software, version 2.0. The region-of-interest (ROI)
function of the software was used to determine the spectral
signature of a selected area of the scanned image. For pigment
solutions, we analyzed ROIs of 1,000 wm? (10 regions). For cell
culture and biofilm analysis, ROIs of 1 pm?, taken from the
fluorescent thylakoid region inside the cell, were set in each
x-y-A stack of images. A patent application related to this
technology has been filed (no. 200302905, 27 November 2003,
Spain).

Lambda scans of N. humifusum (21 ROIs), Muriellopsis sp.
(50 ROIs), and biofilms (5 ROIs for each species in the bio-
film) were obtained for each A, in three independent exper-
iments. 3D plots—MFI to longer-wavelength emission versus
cell number—were obtained with Matlab 6.0 (Mathworks,
Inc.). The mean and standard error for all of the regions or
cells examined in each A, were calculated. The maxima of the
pigments corresponded to their dispersion range at the distinet
A

: Lambda scans of the pure pigments (Fig. 1 and 2) correlated
well with published spectra of extracted pigments (11, 13, 14).
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Vi

ections and spectral profiles were derived at A5 of 351, 488, 514, and 543 nm. (A) Pseudocolor confocal

1. CSLM images and lambda scans of N. humifusum in vivo, These optic
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All species had a Chl a fluorescence maximum at 680 to 690
nm, while those belonging to the same phylogenetic group,
Cyanobacteria, Chlorophyta, or Bacillariophyta, showed similar
spectra (Fig. 1 to 3) because of the presence of characteristic
pigments (8).

Fluorescence properties of single x-y-k sections of N. fumi-
Susum, corresponding to the emission peak (h,,.,), were ob-
tained for each pigment at each A (Fig. 1). From these
sections, the ROIs used to plot 3D and 2D spectral data (Fig.
1B and C) were obtained. The emission maximum of Chla was
observed at a 351-nm A, and showed a weak shoulder when
close to the phycobiliprotein fluorescence maximum at 663 =
1.5 nm (Fig. 1C) (4). The 488-, 514-, and 543-nm A, absorbed
essentially by C-phycoerythrin (C-PE), resulted in strong or-
ange fluorescence emission at 579 = 1.6 nm in vivo. These
results are consistent with those previously reported (12, 16,
15).

Muriellopsis sp. (Fig. 2) showed a prominent Chl a fluores-
cence peak at 696.5 * 2.4 nm when excited at any A, (Fig.
2C). This Chl a peak shifted (10 nm) to a longer wavelength
than generally reported for A_,.. This shift may be a result of
the interaction of the Xant lutein (5) with Chl a (1, 18). Fur-
thermore, the presence of Chl b affected the state of the long-
er-wavelength-absorbing forms of Chl a (3, 9).

3D maximum-intensity projections of three biofilms showed
the differential distribution in depth of the forming microor-
ganisms (Fig. 3A) and emission spectra (Fig. 3B). In biofilm
BF1, thin filaments of Leptolyngya sp. were horizontally ori-
ented on top of wide Scvtonema julianum (Fig. 3A). Both
cyanobacteria had a wide 6584 = 3-nm h,,,, emission peak
from the overlap of Chl @ and phycobiliproteins (Fig. 3B). In
addition, the emission peak (579.7 = 3.8 nm) of Leptolyngybya
sp., but not that of §. julianum, was attributable to the presence
of C-PE (Fig. 3B). In biofilm BF2, Diadesmis gallica (Bacilla-
riophyta) was mainly on the top of the biofilm while chroococ-
cal cyanobacteria formed a discontinuous bottom layer (Fig.
3A). The A, of D. gallica, at 676.2 = 5 nm (Fig. 3B), did not
coincide with the A, of the other groups because of the
presence of Chl ¢. The chroocoeei showed spectra similar to
those of Leptolyngybya sp. and N. humifuswm (Fig. 1 and 3).
Biofilm BF3 was also stratified, with a continuous upper layer
of Chiorella-like organisms and isolated colonies of Cyanosar-
cina parthenonensis in deeper parts (Fig. 3A). Their A,
matched those of the related groups Chilorophyta and Cya-
nobacteria, respectively (Fig. 1 to 3).

Statistical test. A parallel experiment to compare the MFIs
of species in culture at distinet A, was carried out. The
emission ranges used were 640 to 700 nm (351-nm A_,.), 555 to
605 nm (488-nm A..), and 380 to 620 nm (543-nm i)
Twenty-five replicates of each taxon, cach composed of 20
optical sections at a z step of 0.45 pm, were obtained. These
sections were processed by Metamorph image analysis soft-
ware to obtain a composite image in which the total fluores-
cence was quantified. Differences between the MFIs of species
in culture at different A_,.s were evaluated by two-way analysis
of variance (fixed factors) with statistical significance set to
0.05. When significant differences were observed, means were
compared by the least significant differences of Fisher's mul-
tirange test. The MFI was significantly different between spe-
cies (F,, 137 = 413.49, P < 0.0001) and between A5 (Fa 137 =
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14.57, P < 0.0001). The interaction term was also significant
(F, , = 99.65 P < 0.0001) owing to the different set of pig-
ments of each species. For MFI at a 351-nm A, which cor-
responds mainly to chlorophyll fluorescence, the results were
similar for N. Juemifusum and Muriellopsis sp. In contrast, for
MFI at 488- and 543-nm A__s, the outcome for N. humifusum

i

-

ApPpL. ENVIRON. MICROBIOL.

tensity of epilithic microalgae grown on arificial substrata. Appl, Environ.
Microbiol. 63:13 1325,

Bialek-Bylka, G, I.
phyll-protei p p
Photobiophys. 13:63-71.
Campbell, I, V. Hurry, A. K. Clarke, P. Gustafsson, and G, Oquist. 1995,
CI\Iumph\II fuorescence analysis of cyanobacterial photosynihesis and ac-

and J. 5. Brown. 1986, bpt.tll"‘i.ﬂp’\‘ of native chloro-
in polyvinyl aleohol films, Photobiochem.

was higher than that for Muriellopsis sp. The h.,.s used here
are reported to be the most suitable for detecting phycobilip-
roteins (8). The Cyanobacteria in field samples presented a
higher MFI for the range of 640 to 740 nm at any of the k.5
compared to Chlorophyta and Bacillariophyta (Fig. 3B). The
Cyanobacteria also showed a high MFI at A5 of 577 to 580
nm (Fig. 3B) because of the C-PE. We did not observe changes
in the A, of particular taxa—N. humifusum, S. julianum, or
C. parthenonensis—when they were covered by thick sheaths,
Lxupolymcrlc substances, or calcareous investments.

Ci The bination of CSLM with spectroflu-
orometry techniques provides a powerful tool that extends the
application fields of these two methodologies. This setup al-
lows (i) direct analysis for global and single fluorescent pixels
and their 3D localization in vivo, thus minimizing the artifacts
associated with a small sample size, and (ii) discrimination of
cells with particular fluorescence signatures within a colony
and correlation with morphology and individual cell states.
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EVE4-CT-2000-00028,
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Capitol 4

4.4. Morfologia de biofilms fototrofics en baixa il-luminacié. El

cas de I'avenc de Puigmolté

Les cavitats carstiques constitueixen un ambient molt especialitzat amb
una distribucié disjunta i cosmopolita. Es tracta d’ambients estables
caracteritzats per temperatures uniformes durant tot I'any, humitat constant i
illuminacié escassa, especialment a les zones més profundes. Només es
coneix la distribucid i els requeriments ecologics d’algunes de les espécies que
habiten en aquests ambients. Els microorganismes fototrofics que viuen a
'entrada de les cavitats també es troben, en general, en habitats terrestres
aerofitics, com monuments.

La present memodria es va iniciar amb l'estudi de biofiims que es
desenvolupen a l'avenc carstic de Puigmoltd, a la costa est de la Peninsula
ibérica, amb els objectius seglents: (1) determinar I'estructura dels biofilms
fototrofics referent a la composicié d’espécies i a la forma de creixement i (2)
determinar-ne la distribucié espacial en funcié de les condicions ambientals. Els
biofilms fototrofics que cobreixen la superficie calcaria de l'avenc es van
examinar mitjangant microscopia optica, de rastreig laser confocal, electronica
de rastreig i de transmissi6. Els biofilms es desenvolupen a la superficie del
substrat, aparentment organitzats segons un gradient decreixent d'il-luminacio i,
generalment presentaven un gruix inferior a 150 ym. No es van observar ni
creixement endolitic ni casmoendolitic. A la part superior de I'avenc, els biofilms
formen un cinturd discontinu de color verd clar format principalment per
Scytonema julianum i formes cocals envoltades per grans quantitats d’EPS. A
la part inferior de I'avenc, per sota de 5 m, els biofilms presenten una distribucio
en mosaic sobre el substrat suau i pordés i molt pocs organismes van ser
capagos de créixer sota condicions estables de temperatura i humitat perd amb
llum decreixent. Scytonema ocellatum va ser |'espécie dominant junt amb
protonemes de molses i el liquen Macentina stigonemoides. La fase inicial de

colonitzacié per part dels cianobacteris filamentosos es va portar a terme
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mitjangant hormogonis amb 'evidéncia que eren necessaris per a la unié inicial
a la superficie els extrems recoberts de mucilag o restes de cél-lules
necridiques amb substancies polimériques extracel-lulars que funcionaven com

agent adhesiu.

Els resultats detallats d’aquest capitol s’inclouen en el seglent article:

Phototrophic biofilm morphology in dim light. The case of the Puigmolto
sinkhole. Nova Hedwigia, Beih. (2001), 123:237-253.
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Algae and extreme environmenls

Phototrophic biofilm morphology in dim light. The case
of the Puigmolté sinkhole

Mariona HernAnDEZ-MarRINET: Monica RoLoan?: Esten CLavero!:
ANTON CanaLs! & XavieEr Arifo?

with 36 figures

Abstract: A study of sinkhole biofilms, in the East coast of the Therian peninsuls was wideriaken with
the following alms: (1) to determing the structure of phototrophic biofilms in terms of species compao-
sition and growth forms, and (2) to determine their spatial distribution 68 a fusction of environmenial
conditions, The phototrophic biofilm coating the limestome surface in the sinkhale was examined using
LM (Light Microscopy), SEM (Scanning Electron Microscapy), TEM (Tranwmission Electron M-
scopy ) and CLSM (Confocal Laser Scanning Microscopy), The biofilms develop on the substrale sur-
face, apparently organized following the decreasing irradiance. Endolithic or chasmoendolithic growih
was not ohserved, [n the uppermost part of the sinkbole, the biofilm formed a discontinwous light green
belt mauinly built up by Scvtonema fufiowen and cocooid forms surrounded by large amounts of EFS
Below 5 'm in depih, biofilm occurred in parches on soft and porous substrate and very few organisim
were able o grow along the whole gradient of conditions, Seytonema ocellatum was the prevalant spe.
cies together with the moss protoncmata and the lichen Macenting stigonemoides. The initial coloniea-
tion phuse of filamentous cyanoprokaryats was mediated by gliding hormogonia, with the evidence
indicating that pad tips or necridic cell remnants that funationed as a pasting agent wene regquined for
the initial surface amachment. Living photosynthetic biofilms an the walls of the sinkhole were setually
wery thin, always less than 150 um thick. In addition, filaments were loosely arranged and the space
between them empty, The main difference botween highly hydrated biofilms and sinkhole biofilms
seems (0 be related 1o the lack of a matrix, that is, EPS and water.

Key words: Cyanoprokaryota/Cyanobacteria, confocal laser scanning micrascopy, cave, lichen, alpae,
polysacchuride, lectin, fluorescence, hiofilm structure.

Introduction

Biofilms ure open systems of cells, exopolimeric material and extracellular spaces (Lawresch
et ol 19913, The bofilm [unctions primarily to protect the micro-organizms from hostle
environments and @x a trap for nutrient acquisifion (Mackay et al. T9569).
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1 Universitat Pompey Fabra, 1DEC, Balmes 132, E=U8008 Barcelona, Spain,

1438-8134/01/0123-237 § 4.50
22001 J. Cramar in dor Gobr. Bomimeger Verlsgsbuchhandiung, D-T0176 Stutgan
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Limestone caves and sinkholes are very specific environments with a greatly disjoing and
world-wide distribution. They usually have stuble temperatures throughout the year, constant
humidity and low lght particularly wwand the deepest cones, Sinkholes present a vertical,
gradual steatification of temperature and humidity, whereas light depends moinly on the walls®
irregularities (Hesrepo-Borcoson |986).

Phototrophic biofilms thrive on the walls, giving them a grey, dusty feel. The biofilms wre
muode of mosses and lichens together with microalgae and cyanoprokaryota as sigmificant
components (Garsackt et al, 1999, Hoprany 1989, Nexow 1996, Vinooranova ot al,
19498). Despite the extensive literuture dealing with phototrophic microorganisms in caves,
knowledge is incomplete and investigations of orgunisms and communily siiciune in re-
sponse o environmental conditions are scarce, The oceurrence, distribution and ecological
requirements are known for just a handful of species (AriRo et al, 1997, Coutt 1989, Faien-
MANN 1979, Garpacki et al, 1999, Hernasnez-MARINE et al, 1999),

A study of biofilms thriving in o limestone sinkhole in the Hast coast of the Ibenun pe-
minsuln was performed with the following aims: (1) 1o determine the structure of phototrophic
biofilms in terms of specics compusition wnd growth forms and (2} to determine their distri-
hution as a function of the environmentsl conditions.,

WMaterials and methods

The muterinl for study waos collected from a limestone sinkhole (Puigmolis, Gurmaf UTM
SITRFOTA17IA 16N, 1"52°00°W, near Barcelona) in the East coast of the Iberian Peninsula.
Caleite is the dominant mineral (93 %), both in the form of a soft substrate and of hard stone
hlocks, The sinkhole has an irregular mouth (Fig. 1) 101s 2 mon dinmeter at its opening and
descends sub-vertically down to 32 m. Air temperature was meusured by means of thermistors
(Grant, Cambridge), relative humidity by means of hygrometers (Vaisala, Helsinki) and pho-
tosyntheticully setive radiation (PAR) with a LICOR quantum photometer (Lincoln, Ne-
braska). All the probes were connected 1o a Squirrel Data Logger (CGrani, Cambridge) und
were logged every ten minutes, Averuge temperature, relative humidity and irrdiance were
measured from the cave entrance down 0 a depth of 20 m (07/10/99).

Samples were obtained by scrapping the substrates on two different survey days. On 07/
10/9sampling was performed from the entrance down o o depth of 25 m, in places where
colonisation by phototrophic microorganisms was evident, On 12-Mar-2000 samples were
collected following a transept, at intervals of 1m down to Sm and then every 2 m down 10 20
m. Cultures were grown on | % agarised (ADSA-MICRO) BGL (Riria, 1988)

Selected frugments of the biofilms growing on the sinkhole walls and coltures” were stud-
ied by means of LM (light micrescopy ], CLSM (Confocal Laser Scanning Microscopy), SEM
{Scanning Electron Microscopy) und TEM (Transmission Electron Microscopyl LM was
carried out with a NIKON Opiiphoi-2. Rock chips for SEM were submerged in liquid nitrogen
and freese-dried, then placed on stubs and gold sputtered, Specimens were viewed using a
HITACHI §-230) microscope. Chemical fixation and preparation for TEM was made accord-
ing to Hernasoez-Manit (HERsANnEz-Marig 1996), Thin seetions were viewed using a
HITACHI HE00 MT transmission electron microscope.

130



Capitol 4

Photatrephic biofilm morphology in dim light. The case of the Puigmolld sinkhole 238

T o
L]
0
e
™ & T |
- - e UM T
B =T INT |
w0 s |=le=TEXT
a0 [ = Al T
e B
il RAD EXT
i 0 o byl
20
'
10
¢ -WJ o
L T R T R T T T TR QP e e
depth (m) 2

Figs 1-2. 1 - Entranes: fo the Puigmoltd limestone sinkhole, 2 - Evolution of microclimatic parameiers.

A LEICA TCS 40 CLSM equipped with an ArKr lnser (75 mW) wiis used to produce
high-resolution images of autofluorescence, reflection, labelled nucleic acids and EPS. Nu-
cleie acids were specifically stained with SYTOX Green (Malecular Probes, Inc.) in samples
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previously fixed with 2.5 % glutaraldehyde in cocodilute bulTer. EPS was lubelled with the
carbohydreate recognizing lectin Concanavalin-A. FITC-conjugated Con A (Succ-Con-A, Mo-
lecular Prabes, Inc.) was nsed at a final concentration of 10 e mi=! o 30 g mi-, and samples
were nol washed, Sumples were observed either for autofluorescence and SYTOX flucres-
cence or for autolluorescence and Con-A Muorescence. In wddition, unstuined samples were
scanned in the retlection and fluorescent mode. The reflection images were obtained with
laser light of 488 nm and were used to examine the outer liyer for the presence of mineral
particles and caleified sheaths, Natural Muorescence of chlorophyllous pigments was exam-
med by exciting samples with o luser light of 568 nm and capturing the fluorescence emitted
at =590 nm. An excitation of 48¥ nm, and emission fluorescence of 320 nm were used for
the detection of both SYTOX and FITCconjugated lectun Conconavalin A, By design,
autofinorescence could not be detected at this setting, thus preventing interference with in-
duced fluorescence.

lmages were tuken with 205 and 63x objectives (numerical apertures 0,4 and 1,4 respec-
tively) and collected ns Z-series (30 imaging) in order o map the spatial distabution of
fluprescence in the samples. Images showing reflection, pigment Muorescence, nucleie acids
label, Con-A or combinations of these are presented in maximum intensity projection unless
stated otherwise, Qbservations on in-depth distribution of the arganisms were obtained from
undamaged frigments trmnsfermed w0 microcapsules. The thickness of the biofilm was estab-
lished using the distribution of natwral fluorescence of chlorophylous pigments as o marker.
Top and bomom were fixed ar the first and 1ast image showing fluorescence. Reconstruction
of pre-established series to obtain “lateral projections” was achieved by means of Imaris sof1-
ware (Bitplane AG, Ziirich),

‘I'o ensure accurate species tdentificution, CLSM, TEM and SEM images were cross-rel-
ercnced with LM images of identified phototrophic organisms,

Results

Environmental conditions

The evolution of microclimatic parimeters is presented in Figure 2. Temperuiure Muctuations
in the Puigmolid sinkhole were anenuated with respect to the cutside and, below 4.5 m depth,
temperature was nearly constant throughout the year, Humidity was above 80%: ar 4.5 m depth
and near the dew point at 10 m. The light o1 3 m was detectable at 5 p einstein m-2s1, whereas
at & m it was below the detection threshold of the mstrument (Fig. 23,

Species composition

A photosynthetic biofilm presenting an frregular distribution covered the walls of Puigmoltd
sinkhole ond formed belt-like biafilms hailt by few separate species. No seasonal variation
was observed, In the sumples scruped of the walls we identified six species of eyanoprokary-
olu [Aphanethece smithii Komarkova-LeaNerova el Croxvaera (Figs 3, 4), Geftlenia calea-
rir FriEmasy, Glosathece rupestrls (Lysosyve) Borser (Figs 5, 6), Mhormidiam ambigum
Fresy, Sevtanema fulfanum (Kire) Mesean, (Fig. 7), Sevionema ecellatm Lyson. (Figs 8,
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Figs 3-10. Light micrographs of phototrophic sinkhole organisms.

3 - Aphanothece smithii, 4 — A, smithif after staining with Methylene blue for mucilnge presentition,
illustrating the course of cell division. § = Leprolyngbyva =p. and Gloeorhece rupestris wilh visible on-
velopes around calls. Methylene blue staining. 6 ~ G, ripestriz, 7 - Biofilm from the eove moth mainly
composed by Scytovema fullanw, 8 - Blofilm from 10 m depth mainly composed by Seylonem
ecefletin. 9 — Part of a filament of £ ocellaten showing 2 erminal cell sl lnterally atiwched (armow)
and after settling of the isolated tip (arow head), 10 - Hantzsehio amplioocys. [Seale bar = 10 p. |
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Figs 11-22, Confocal leser seanning microgrmphis, Simalisneses sampling,

11-13 — Z series projection of Retrvolepraria fesdaini. 11 = Figment autofluonescence, 12 = SYTOX
Cireen labelling. 13— Two elumne] imaxumm itensity propection of fingal lyphse nuclous and termmpa)
bunches of algal colls. 14-16 - Unidentified eyanoprokaryota Coceoid 1, 14 - 7 series projection of

pigment autofluorescence, 18 — & series projection of Con-A labelling, 16 - Optical thin section illus
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N, vwae species of Bacillariophyta [iadesmis contenre (Gurus.) UG Mans, Hentzsclia am-
fhioxys (Fimexaera) Grusow (Fig.10)], five Chlorophyta [Cocoolsirys verracarioe (R.
Chopat) Viscuer, Klebsormidiom foceiden (KOTzING) SiLva, MaTTOx ef BLACKWELL, Lep-
foirg obeveta Visciex, Myrmecia sp., Trentepholia sp.] und iwo lichens [Boirvelepraria
lesdainii (HUR) Canais et al. (Figs 11=-13), Macenring siigoremoides A, Oraxci]. We also
observed moss protonemata, several thin filaments assipned 1o the genus Lepralynghva, one
unidentified cocenid eyanoprokaryota (Figs 15-17) and microbial non-photosynthetic cells
{Figs 17-19), L. phovata was observed both free-living and lichenized in M. stigonemaides,
Among the different organisms found only three filamentous cyanoprokaryota (6, calceareo,
& juliarem ond 8. ecellatom) had culeified sheaths, In G, caleares e cover wis composed
af small caloite needles radially orentated and embedided in the polysaccharide sheath, Both
Scytorema species presented caleite embeddings only on the sheath surface, in e form of
crystals on 8, fuléen und us gruiny crumbs on the thin sheath of 5. ecellatum (Figs 20-24).
Mouotile hormogonia of calcified filaments were separated from the main filament by means
of necridic cells or mucilaginous pads (Figs 25-27). In the case of 8. ocellamm, terminal cells
could also behave as hormagonia; when separated, they remained laterally attached for a
while (Fig, 9) and later grew and developed as any other independent juvenile filament when
attached o mature filaments (Figs 9; 24) or W any other organism or inorganic surface,

Spatial variation

The otilms developed on the substrate surface, apparently organized following the decreas-
img irradiance. Neither endolithic nor chasmoendalothic growth were ohserved. In the upper-
most part, from the threshold down 1o 5 m depth, the biofilm formed o discontinuous light
green belt, muinly composed of moss protonematy, the lichen Botryolepraria tesdanis and
green algne (mainly Trentepholio sp. and Myrmecia biatorellae), The most common digtom,
Dheelesrmiy contenta, was also found, on the biofilm surface. Cyanoprokaryvota occurred in
grey patches mainly built up by coceoid forms surrounded by large amounts of extracellular
polymeric substances (EPS). Gloeorfecs rupesiris (Flg. 5), Aplanaothece soithii (Fig. 4) and
one unidentified coceoid (Coceaid 1) were widespread only down to 4 m, and isolited spee-
imens with thinner sheaths or devoid of sheaths could be found down to 15 m. Seyionema
gindicerinm grew on all surfoces not dircetly exposed to long perdods of sunlight except on the
huardest calcarcows rocks. 8. julfanem and moss protonematn were entangled along with sub-
strute grains and with dintoms on wop. AL a depth of 3 m the lichen &, lesdainii outnumbered
all other organisms, forming dusty green patches on its own.

trating that pigment aumtofluorescence was discontinuous, and develaped only on the limestone mineral
particle’s surface. 17=19 - & gerics projection of Aphancthece smithil, 17 = Pigment autofluorescence.
18 = SYTOX Green labelling. 19 = Two-channel maximum intensity projection showing thit nuclecids
of bacterial cells were dyed with Sytox Green but did not exhibit pigment fluorescence (top lelt comer
ubove number), 20=22 = Scytomema ocellatun. 20 = Z series projection of pigment autofluorescence.
21 = £ serics projection in reflection mode showing the calelfied sheuths. 22 - Optical thin section
illustruting the separmtion between mineral particles and the photosynthetic [uver.
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Below 5 m the phototrophic biofilm was uneven: in some places it was well-developed
and in other places it was almost absent. Even in the places colonized by organisms the de-
limimation berween differant belrs was weak and the number of species declined rowards the
end of the sinkhaole, Transept samples from § to 15 m of depth revealed that the substrate was
irregular in hardness. Only few patches of phototrophic biofilm were found in these samples,
al 5w 10 m depth and always occurming on soft or porous substrutes, The species found at
these depths were present down (o the end although their abundance varied. The organisms
forming the hiofilm were long and thin moss protonemata, Macenting stigonemoides, Scy-
tement acellatim and Phormidivn ambiguen, In addition, diatoms, coccoid forms and oc-
casional filaments of Leptofymgbya ssp. grew on the entangled biofilm surface bult mainly
by 8 ecellarm and protonemata moss, The hard calcite areas of the walls were not colonized.

In the trunsept from 10 m down (o 15 m discontinuows patches covered extensive zones,
The violet penicillate thallus of Seyvronema ocellamm was the prevalent component of the
biofilm, entangled with Phormidivm ambiguum and Macentina stigonemoides, Below that,
the sheaths of eoceoid cyanoprokaryota and some flaments of 8. ecellamm and Phormidiem
amnbiguim were strongly colonized by adhering bacterin. TEM observation revealed disor-
gunized thylukoids in those organisms (Figs 32,33).

Creitleria calcarea was distributed in small patches down to 20 m depth, although no in-
stances were found in the path of the transept.

A variety of actinomicetes occurred throughout the biofilm, At 2.5 m they were yellow
and hidden under spongy material, whereas decper down in the sinkhole (al 15 10 25 m, the
deepest zone sampled) they were dusty and blue-grey. Despite their showing charseteristic
truils, it was not possible o identify which exact variety of actinomicetes they helonged 1,

The differential distribution of polysaccharide sheaths in colonies and filaments was stud-
fed through libelling of EPS with con-A lectin, in combination with natural fluorescence
images, Near the entrance, the colonies of coveotd forms were enrobed by EPS. Living col-
onies and the remains of sheaths coated the surface of sand, small caleite grains and muddy
soil, but did not penctrate inside the mineral (Figs 15-17), Hormogonia and filamentous forms
were irregularly sheathed. The sheaths of Sevtonema felianum were thicker than those of
Seytenen oeellatum and Phornidivem ambogum, Pad tips and the regions around necrdic
cells displayed stronger con-A Muorescenee than any other parl of the sheath, mdicating their
polysachuridic composition (Figs 25=27).

The presence of bacterial microcolonies with irregular distribution was found in images
eollected in the 2-channel mode, by overlaying pigment fluorescence and nucleic acid stain.

Nucleoids of bacterial cells were dyed with Sytox Green but did not exhibit pigment Q-
orescence unlike in the case of small cyanoprokaryola (Figs 17-19).

Imiiges of unstained samples were sconned in reflection and fluorescence for the presence
of mineral particles und are shown in maximem intensity projection (Figs 20=21), except for
Figure 22 which is an optical slice. In this one image the separation between mineral particles
and the photosynthetic layer indicated that in Scyvtonemia ocellanm the calcite cover was on
the sheath surface.
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Fige 23-24. SEM microgmmphs of Scyonenna ocellntum,

23— Hormogonia on e surfoce of o protonemuty moss, 24— Teenmal entt-off cell pttoehed oo nudure

filament. The sheath surface i covered with grany crumbs of caloite
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Figs 25-27. Confocal lnser scanning micrographs of Scyiomema ocelfarmm. Simultnncous sampling.
25 — ¥ serjes projection of plgment autoflucrescence. 26 — £ series projection with Con-A labelling. 27

Two-chunnel moximum intensity projection showing that pad tps (armow) displayed stronger Con-A
Muesrescence than any other part of the sheath.

Attachment

Mear the sinkhole entrance, colonial coceoid forms that were enclosed in large amounts of
EPS (Figs 15-19) were sticked by their whole palysuccharide sheath (Fig. 28) on both cal-
careus stenes und hard surfuces, Fillomentons forme, a3 well gy protonermats mosses and (he
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Flps 28-33, TEM microgrphs.

18 - Colomial Coccond 1, enclosed i EFS, appenred attnched (o the substmate along ther whole sheath,
29 — Muacenting stigonemotdes and Sevtonemg ovellatum aitsched o debos. 30 - Transversal section
of DHadesmds covetentn attached by o stalk, 31 = Phormrdeem genlugnm filamuent attiched Iy @ prach tape,
32 - Colomial Coccodd | closely adbered 1o some bocterial cells. 33 — Sheaths of Seytonene ocellutnn
colonized by bacteria,
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lichen Macenitng stigonemoides were thriving only on sofl limestone surfaces and debns
(Fig. 29). Diatoms presented a stalk (Fig. 30). The hormogonia of hoth Seveonema julianum
and Phormicliven ambigram were the only components of the Gloment thal were able 1o move,
The initial colonization phase was mediated by the actively gliding hormogonia, evidence
indicating that the ending tip pad was required for the initinl surface attachment. Tt functioned
ax 3 pastng agent, capable of anmaching to abiotic materials as well as other organiams, The
mature filaments of Sevtonema oceflatum und P, ambiguam were attached by pad lps or by
necridic cell remnants (Figs 29, 31). These structures were the only point of contact between
the nearly erect filaments and the wall surface. On the other hand, the moture Olaments of S,
Sulianum were attached by the sheath of two or three end eells that were dead and not covered
with caleite needles, Thin Leptedynbya-like Glaments growing on top of the biofilm had no
special attachment structures.

Biofilm's architecture

The combination of echnigues used, CLSM, SEM and TEM, reveals the 3-dimensional ar-
chitecture of the biofilms. In particular, the use of CLSM permitted the observation of intact
bigfilms, the form and arrangement of organisms and the differentiation between dead and
living cells. Since only living photosynthetic cells were fluorescent, pigment fluoréscence
offered a real picture of the thickness of the photosynthetic layer. Living photosynthetic bi-
ofilms on the walls of the sinkhole were actually very thin, Reconstruction from image se-
yuenves of fluorescent fragments of intact attached biofilms from 5 m depth down to 15 m
(horizontal thin sections cut through the biofilm from the wall's surface to the exterior),
showed that biofilms were always less than 150 pm thick (Figs 34-36). In addition, when
con-A labelling was employed the fillamens were found to be loosely arranged and the space
between the filaments was found 1o be empty.

Discussion

The phototrophic microorganisms that built the biofilm can be found in terrestrial, asrophytic
and atmophytic habitats or associated with lichens and mosses in coyplogamic crusts (BUDEL
1999, Evans & JoHANsEN 1999, Iouassen 1993, KovArex & AxaaxosTiis 1999, Ormeoa
et al, 1993). The observed assemblages are rather similar 1o the flora found in other Tow light
environments such as catacombs and tombs { ALsERTANG eral, 1993, AvssrTaso & Uke 1999,
Ario et al, 1997 as well as caves (Garpackt et al. 1999, Vinosranpova et al. 1998),

The biofilm present in the sinkhale was very thin and formed exclusively by epilithic
species, even near the entrance. This behaviour indicates stress due to low light, and otherwise
green algae and cyanoprokaryota would colonize pores and endolithic habitats (Asexcio &
Aroar 2000, Bere 1993), Below a depth of 5 m Glocothece rupestris, Aphanothece smithic
and Coccoid | appearcd mixed with the biofilm and presented cells that were isolatcd or in
small colonies nearly devoid of sheaths, which also indicates unfavourable growth conditions
(MNicoLaus et al, 1999), Light-related stress reduces biofilm thickness and species diversity.
Before its wial disappearance with depth, the phototraphic biofilm becontes lax and thin and
shows symploms of senescence, and in addition the sheaths of evanoprokaryotn and Leprosira
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Fig. M. Confocal luser scanning mucrographs. Simulianeous sampling of auoflooescence signal of
chlorophyll (363 nm excitation, 5% am mission) and SYTOX Green and Con-A (488 nm excitation
and 520 nm emission). Gallery of £ series projection of double-fluorescence images from 10 m dem
hinfilm, mainly compased of Seytamena ovellamm and Phoriaiun cnlipuim, 12 representative im-
ages of 54 (251 pm interval) from the surfuce of the biofilm (o the lust Muoreseent image. 1335 m total
thickness of the biofilm,
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ovobeta we colonized by bucterin und the lichen's fungal amd algal pariners split. With such
evident deliciencies, ceological microniches could only be occupicd by specific orpanisms
with a high degree of specialization. Amang these are Geltleria calearea and Scytonema
ocellatum. . calearea, as described in other dim light habitaes (Lecverc et al. 1983), seamed
adapred 1o thrive alone in the deepest zone, 8 ocellatun is widespread in acrophytic habitats
(Grrien 1932, Sant' Axsa 19843 with less avoilable water, It was able 1o accumulate an
antifungal secopdary metabolite (PaTrirsos & Bovis 1997), o guickly colonize with hormo-
gonin and cutting off of termingd cells, and was capible of dealing with the sinkhole habitat,
The culting off of the tips s nol exclusive to 5. ecellaim sinee it has also been deseribed in
other members of the Scytonematacese (Paspey & Miea 1972 and references herein).

Below 5 m, biofilms were not found in belts but in patches, and their distribution in the
transept samples was irregular in depth, indicating thm low photosynthetic active radiation
was anly one of the limiting stress factors, Assuming that air temperature and humidity were
constant inside the sinkhole, the setttement in patehes of llamentous cyanoprokaryota hinted
that biofilm organisms were dependent on other environmentol conditions, resulling in spe-
cific organizationnl features (ToLker-Nigwses & Movis 2000).

The wttachment of orgunisms (o the walls depends on the presence of polysaccharidic
substunees. Coccoid forms that colonize the sinkhole entrance possess the capacity to produce
enough EPS 1o adhere o hard surfaces and inftiae the colonfzation process. The ability of
Biafilms 1 thrive towards the deep dim light zones without seeping water was nearly restricted
1o the porous surfaces, protably enhancing water absorption. This could be due to limited
pelymeric substances, scarce on the filamentoos Torms (Scvienema scellatem or Phormidiom
ambrigann), o to the small adhesion surfece thet these Mlamentous Torms present, Both pos-
sibilities, added 1o the availubility of hygroscopic woter in porous substrates, could help in
the understanding of the unsiructured, patchy distribution that biofilms display in the deepest
wimes. On the other hand, the ability o utilize water vapour may be as low in these limited
biofilms as it iz in cryptoendolitic habitats were eyanoprokaryota photosynthesize at very high
matrix warer potentials (FaLMER & Friepmaxn 1990),

Calcified filaments of Scvionema vcellatum and Seyionema puliarem were not able w
attach. Caly hormogonia and terminal cells of 8. ocellatem could nitite o new Glument.
Con-A lectin labelling of EPS, in combination with pigment Nuoreseence, helps in the un-
derstanding of the attachment of phototrophic organisms (o the substrate (LawsEnch et al.
1991}, In fact, cyanoprokaryota are known o produce qualitatively and quantitatively differ-
ent EPS depending on the physiological state of the cells and from one strain to another
(Hesaoranm e al. 1993, Nieopaus et al, 1999), The strong signal shown by the pad tips of the
hormogonia, when labeled with con-A, indicates that the observed filaments moy secrele
severnl types of EPS. The polysaccharides forming the sheath could be used 1o retird water
loss, to trap nutrients or for ghding (Hoceyk 20000, wheress olhers, extruded by end cells
o 0% o result of neendie cell disintegrution, may be quite different and may help in the release
of hormogonin and in the attachment o the surfaces.

In intertidal systems, biofilms form proteetive environments in which single microorgan-
isms and microcolonies are immobilized in a common palymeric matrx (N 20000, Through
an extensive network of channels, pas and nutrient exchange is maintained in the film matrix
(Lawnrener etal, 1991}, The EPS matrix acts as a stabilizing anchor and possesses physical amd
chemical properties that contribute o protective effect o the cells from high irradionce (Sana-
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Fig. 35, Threo-dimensional extended foous image and orthogonal view of 54 (251 pm imterval) bilinear
interpolated x-y CLAM sections in 2-directions of the hiofilm, The extended focus x-y image was made
from the selected volume by collapsing the # direction. Orthogonal views are cute through selected
regions of intarest (arrowheads in the xy image]) in the z-direction, All three images weré made in the
contrast optimised avenge mode.

Fig. 36. Perspective projection of the imaged volume, The wirefrime box corresponds to the total sample
vislume and the thee armows Lo the reference axes (Z points down and Y points owarnds the reader,

TER 20000, afford organisms a potentinl for resiliency during periods of stress, and may en-
hunce the overall physiological activities (Diecno 2000). The maoin difference when comparing
highly hydrued biofilms and sinkhole biofilms seems (o be reloted 1o the lock of o matrix,
thus to water and EPS. The influx of nutrients, transfer of waste and establishment of micro-
environmental conditions (Lawrence et al, 1991) must be very different with empty space in
hetween the hiological constituents. The combination of external enviranmental conditions
and interactions umong the organisms thriving in cove-like environments makes it a special
habitat thal deserves better understanding.
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4.5. Distribucié de biofilms fototrofics en cavitats (Garraf,

Espanya)

La distribucié dels biofilms, la diversitat dels organismes fototrofics i la
seva relacio amb les condicions ambientals es van estudiar a tres cavitats del
massis carstic del Garraf (Barcelona, NE Espanya). Es van identificar 63
taxons: 28 Cyanobacteria (42,8 % Chroococcales, 21,4 % Oscillatoriales,
7,1 % Nostocales i 28,6 % Stigonematales), 11 Chlorophyta , 16 Bacillariophyta
i 8 liqguens. Son noves cites en cavitats: Aphanothece caldariorum Richter,
Asterocapsa sp., Gloeocapsa caldariorum Rabenhorst, Chroococcus ercegovicii
Komarek & Anagnostidis, Calothrix parietina (Nageli) Thuret, Achnanthes
curtissima H. J. Carter, Amphora pediculus (Kutzing) Grunow, Gomphonema
clavatum Ehrenberg, Navicula bryophila J. B. Petersen, Tryblionella hungarica
(Grunow) D. G. Mann, Simonsenia delognei Lange-Bertalot, Chlorella
minutissima Fott & Novakova, Muriella terrestris J. B. Petersen i Ctenocladus
circinnatus Borzi.

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 I'entrada fins a una certa profunditat on les condicions romanen constants.
Encara que el patrdé microclimatic va ser similar a les tres cavitats estudiades, la
profunditat a la qual es van estabilitzar les condicions abiotiques va ser diferent
a cada cavitat, ja que aquestes presentaven caracteristiques estructurals
diferents. Globalment, es van distingir tres nivells diferents:

a) Nivell de I'entrada: el microclima estava molt influit per I'exterior. La
llum atenuada i els factors abiotics van fluctuar al llarg de I'any. A les
pedres seques molt il-luminades, les colonies de microflora eren molt
rigues, amb una abundancia especial de biofilms mucilaginosos
compostos d’algues i cianobacteris, tipic d’habitats terrestres aerofitics

o atmofitics. La comunitat dominada per Scytonema julianum va créixer
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en arees protegides de la pluja. Trentepohlia spp i liquens 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’estres.
Els biofilms estaven formats per una barreja d’espécies. Els
cianobacteris van ser el grup dominant, ocasionalment barrejats amb
algues verdes i diatomees. L’abundancia dels biofilms disminueix amb
el decreixement de la irradiancia.

c) Nivell profund (<1 mV) fins a I'extincié total de la llum, amb factors
abiotics estables (10°C i 100 % d’humitat relativa). Només algunes
especies van ser capaces de colonitzar aquesta zona de poca
il-luminaci6. La preséncia de restes d’'organismes i beines buides va
incrementar-se amb la il'luminacido decreixent, i amb excepcié de
Geitleria calcarea i Loriella osteophila, els cianobacteris i les algues van
ser fortament colonitzades per bacteris i fongs filamentosos.

Les estratégies protectores contra la dessecacié i la irradiacio
desapareixien gradualment de [I'entrada al fons: biofilms formats per
cianobacteris cocals mucilaginosos i de color fosc es van tornar més prims amb
la disminucio de la llum i gradualment van ser substituits per biofilms formats
per cianobacteris filamentosos calcificats amb beines transparents que
produien taques blanques a les parets. Els liquens crustacis van ser substituits
per altres de tallus lepros, com Botryolepraria lesdainii i Macentina
stigonemoides. Els biofilms es van distribuir en mosaic en els avencs, mentre
que a les coves es distribuien en forma de cinturons més o menys continus.
Les diferencies en la disponibilitat de l'aigua i la duresa del substrat podrien
explicar les variacions en la composicié de les espécies i la distribucio en

mosaic.

Els resultats detallats d’aquest capitol s’'inclouen en el seglent article:

Distribution of phototrophic biofilms in cavities (Garraf, Spain). Nova
Hedwigia Beih (2004), 78 (3-4): 329-351.
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Mova Hedwigia T8 3—4 329—351 Stottgart, May 2004

Distribution of phototrophic biofilms in cavities (Garraf, Spain)
by

M. Roldan", E. Clavero', T. Canals’, A. Gomez-Bolea®, X, Anno’
and M. Herndndez-Maring'

'Facultat de Farmicia, Seccid Bothnica, Universitat de Barcelona
Av. Joan XXIIL, s/n, E-D3028 Barcelona, Spain
Fucultat de Biologia, Seceid Botinica, Universitat de Barcelona
Dhagonal, 645, E-08028 Rarcelona, Spain
"Universitat Pompeu Fabra, IDEC, Balmes, 132, E-O8008 Barcelona, Spain

With 56 figures and 3 wbles

Roldin, M., E. Clavero, T, Canals, A, Gomez-Bolea, X, Anfo & M, Hermdndez-Maring (2004 ):
Distribution of phototraphic biofilms in cavities (Garraf, Spain). - Nova Hedwigia 78: 329-351.

Abstract: The distributionof biofilms, the diversity of phototrophicorganisms, and their relation o
environmentalconditions were studied in three limestone cavities in the karstic Garraf massif (Bar-
celona, NE Spain). Sixty-twotaxa: 28 Cyvanohacteria(42.8% Chroococcales, 21 4% Oscillaoriales,
7.1% Nostocalezand 28.6% Stigonematales). 1 1 Chlorophyia, 16 Bacillariophytaand 7 lichens were
identificd, The environmental data obtained at three cavities by measuring temperature, relative
humndity and hight, showed a clear gradient from the entrance o a certaim depth beyond which they
remained stable. In a broad sense, the existence of three different levels can be assumed:

a) Emtrance level, The microclimate was strongly influenced by the outdoors, Scarcely auenuated
ight and sbiotie fuctors Muctuated throughout the vear, On the hghly illuminated dry rocks the
microflora colonies wene guite rich, with special abundance of mucilaginous biofilms composed of
algae and cyanobacteria typical of terrestrial acrophytic or atmophytic habitats. The community
dominated by Scviarena julianwm thrived in arcas protecied from rain, Trentepohlia sp, and many
crustose hehens, which had this alga as a photobiont, were abundant.

b} Intermediate level, with moderate abiotic oscillationsand low light (25-0.5 mV) that was not yet
a siress factor A mixure of species formed biofilms. Cyanobacteriawere theirmost visible constituens,
oceasionally mixed with green algae and diatoms. Biofilm abundance diminished with decreasing
irradiance,

¢} Deep level (<= 1 mV) until light extinction, with stable abiotic factors (10°C and dew poimt
humidity ), Only a few specics were able to colonize this dim light zone, The presence of remainz and
empty sheaths increased with decreasing imadiance, and except for Geitleria calcarea and Loriella
asteoplita, the algac were heavily colonized by bacteria and filamentous fungi.

*Correspondmgauthor: Manica Bolddn, e-mail: mroldan@ Grmacia faruboes

DOL: 1001 127700295035/ 2004/0078-0329 (H2Q-S0E5/(MIO0TR-00329 5 5.75
0 Mukd B Cranser in der Gebrder Teorndrac per
Verlagatechha ndlusg, D-14]12% Berlia - D=-7001T0 Stultgan
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Resultats

The protective strategies displayed by the phototrophic species against desiccation and irradiation
gradually changed from the entrance to the bottom. Biofilms formed of mucilaginous and dark
coloured coccoidcyanobacteriabecame thinnerwith decreasing light and were gradually replaced by
biofilms formed of caleifed Dlaments with uncoloured sheaths, which to the naked eyve appeared as
pale stains on the walls, Crustose lichens were replaced by others with a leprose thallus, such as
Borryoleprariaiesdaini and Macentina stigonemaoides. Biofilms were disiributedin a mosaic in the
sinkholes, whereas they formed continuousbelis on the cave walls, Differences in the availubility of
liguid water and substratum coherence might explain the variations in species composition and
patchinessobserved in these cavities.

Introduction

Limestone cavities are highly specific environments scattered all over the waorld
{Herndndez-Mariné et al. 1999). Cavities are stable environments characterized by
uniform temperatures through the year, constant humidity and low illumination,
especially at the deepest zones, The balance of light, humidity and temperature
determines the growth, development and reproduction of cyanohacteria and
microalgae. However, they can also be affected by ather physical factors such as the
dimensions, morphology and direction of the mouth of the cavity or the colour and
nature of the rock (Bellés 1989). The gradient of these factors has been associated
with the zonation of the microflora, regarding both diversity and abundance (Géze
1965, Herrero-Borgonon 1986, Nienow & Friedmann 1993).

Ecological requirements and distribution are only known for a few cavity inhabiting
species (Couré 19849, Sant” Anna et al. 1991, Arifio et al. 1998, Garbacki et al. 1999,
Vinogradova et al. 1998, 2000, Asencio & Aboal 2000a, b), even if many of these
species are commaon in other low light environments such as catacombs and rombs {Alber-
tano & Grilli-Caiola 1989, Albertano 1993, Albertano et al. 1994, Arifio et al. 1997).

Phototrophic microorganisms living at the entrance of cavities are usually found in
terrestrial agrophytic habitars (Komdrek & Anagnostidis 1999, Herndndez-Maring et
al. 2(601). Towards the deepest zone of the cavity the vegetation is built by a few
species adapted w low light conditions, the overall community becoming less dense
and less diverse (Hoffmann 1989, Albertano et al, 1994),

The Mediterrancan landscape displays an abundance of calcarcous bulks, which are
suitable for the development of different subterranean cavities. Near Barcelona (NE
Spain) the karstic Garraf massif provides a great variety of sinkholes and caves,
which have been scarcely studied from a botanical point of view (Arifio et al. 1998).
The distribution of biofilms, the diversity of phototrophic organisms, and their relation
to environmental conditions were studied in three GGarraf masgsif limestone cavities.
Two of them were sinkholes formed with vertical dry walls { Puigmoltd and Papellona),
and the third was a horizontal cave with highly moisturized, loose substratum and
flooded bottom (Corral Mou).

Study area

The studied materials were collected from three cavities in Garraf massif, near Bar-
celona (Table 1). Papellona (Fig. 1) and Corral Nou (Fig. 2) exhibited special charac-
teristics. The coherence of the substratum in all cavities is heterogeneous with compact
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Fuigs 1-2. Entrance io the different covities (Garmf). 1. Cove Cormal Noa, 2, Sinkhole Papellonn.

and loose areas irregulardy distributed. Caleite is the dominant mineral excepl in
Corral Now (Table 1), Corral Nou is distinguished by its one spring at the bottom,
which feeds a permanent pool with scasonal vanotions of water level (water depth
runges from 0.5 w | m approximately). Papellona is a sinkhole with a wide and
shallow entrance (about 3 m) which 15 bifurcated at ms end in two wings (the wings
of the Papellona, which is Catalan for butterfly). One wing is practically horizontal
and the other is a well of 3 m. Due to its morphology, the entrance of this cavity has
a microclimate very similar o the exterior, unlike the other cavitics.

Materials and metlods

The abiotic conditionsof the cavities: iemperature, humidity and light were monitored and compared
to extemal conditions {Figs 3-5). Air temperature was measured by means of thermistors {Grant,
Cambridge), relative humidity by hygrometers ( Vaizala, Helzinki) and iradiance with a LICOR
quantum photometer (Lincoln, Nebraskal, All probes were connected 1o o Squirre] Data Logger
(Girant, Cambridge band log ged every ten minuies, The sensors lced the phatotrophicsurfaces, bul
it was not always easy to control their position,

The sinkhole Papelloss and the cave Coreal Mow were sanipbed along their total depth, while Puigmoled
sinkhole was sampled down o 20 metres. Two types of sampling were made =0 az 10 gather
extensive informution on diversity and autoccologyol the species forming the biofilms., In the first
place, those sones where algal growth wis observed were sampled in all cavities o assemble o
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floristiccatalogue as complete as passible. After that, wall samples were collected at different depths
of the cavities: entrance level, intermediate level and deep level. noting abiotic conditions. In addition.
samples from the water, walls above water level (0 and 40 ¢cm), the ceiling of the enirance, and the
external wall were obtaimed al Corral Mou,

Sumple aliguots were both observed directly and cultured. BGLL {Rippka et ol 1988) with or
without carbonate (12g1) and BBM (Chantanachat & Baold 1962), solid media were used (0.6%
Agar-agar Merck).

Selected fragments of the biofilms and cultured colonies were studied by means of Light Microscopy
(LM}, Confocal Laser Scanning Microscopy (CLSM) and Scanning Eleciron Microscopy (SEM).
LM observations were carmied out with a NIKON Optiphot-2. Samples for SEM were ixed in a
solutionof 2% glutaraldehydein a 0.1 M cacodylatebufferovernight. A second 24-hour fixation was
carried out with osmium tetroxide ( 19%) and then samplez were dehydrated, dried at a critical poim
(CPDY), placed on stubs, and gold coated. For the diatom SEM studies material was processed as in
Merino et al. {1995}, air dnied on membrane filters, placed onto aluminium stubs and gold coated.
Specimens were viewed uzing a HITACHI 5-2300 microscope. For CLSM phowosyntheticpigments
were visualizedby their inherent fluorescence. DN A was lnbeled with the specific Nuorochromedye
SYTOX Green dead cell stain-S-T020{Molecular Probes, Inc. ). Extracellular polysacchandes{EPS)
were labeled with the broad-spectrumcarbohydrate-racognizing lectin Concanavalin-Aconjugated
with the flucrophore Alexa Fluor 488 (Con-A, Molecular Probes, Inc. ). Other techniques, sample
processing. and observations for CLSM were as desenbed in Hemdndee-Manné et al. (2001,
Optical sections were processed with the maximum imensity projection algoerithm in which the
maximum flucrezcence intensities of each x.y poin of all the optical series along the z-axiz are
integrated in a two-dimensional compound imoge.

Identification was performed according to several systematic manuals (Geitler 1932, Desikachary
1959, Anagnostidis & Komirek 1983, 190, Komirek & Anagnostidis 1989, 1999, Kmnmmer &
Lange-Bertalot 1986, 1988, 1991, Round et al. 1990, Eul & Gartner 1995 Jand specific publications
for particular specics.

Results
Environmental measurements

The environmental data obtained at the three cavities (remperatre, relative humidiny,
and light) demonstrated the existence of a gradient from the entrance 1o a certain
depth where they remained stable (Figs 3-5). The microclimate inside the cavities
was relatively stable all year round (data not shown), Temperature oscillated in the
first few metres near the entrance but gradually stabilized; relative humidity increased
until saturation point and light decreased until extinction (below the sensor's
threshold).

Although the pattern of microclimate was similar at the studied cavities, especially
if we compare it to outdoor data, the depth where abiotic conditions became stabilized,
or at which the light disappeared, was different for each cavity, since they had diffe-
rent structural characteristics (Table 1), Due to its structure, the upper part of the
cave Corral Nou was the least stable, and environmental changes outside, mainly
wind or clouds, caused strong oscillations of its microclhmate in very short intervals
of time. The deepest sinkhole, Puigmoltd, with a narmow entrance, had a steep gradient
of relative humidity and rapidly reached environmental stability, whereas Papellona,
which has the widest diameter at the entrance, was heterogeneous.

In any case, and comparing the microclimatic data of the studied cavities, three
levels could be distinguished according to abiotic factors, At the first level, from the

333

153



Resultats

Light
| 600
| S00
! 400 | —-— Bugmod |
B :—t—ﬁlpﬂm| |
E I—-—Corrllhbul :
200 |
100
g 4
# -1 -3 B -T -8 -11 -13 -16 -1 -19
Depth (m) 3
Humidity
| 100 — 1
20
! BO
| T -
a0 | —m— Puigmolts
# 50 | —a— Papaliona
;g '—c-—_ L’::ur;ﬂrbu_
20
10
o - -
+/ -1 -3 -% .7 -8 -11 -13 -158 17 -18 |
Depth (m) 4
Temperature
0
25
20 | e
o 18 —a— Papafiona
10 —#— Corral Nou
L}

# =3 5 F -9 11 =13 15 17 =19
Depth (m)

h

Figs 3-3, Abiotic factors( light. humidity and wemperature vin the three cavities: Papellona, Puigmolid
and Corral Mow. Temperature, umidity and hight megsures were performed at the interiorand exterior
of the cavities in order to monitor the oscillations between both envirenments.
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entrance to a few metres depth, oscillations of temperature, humidity and overall
light were directly related to the outdoors. At the second level (3-6 m), there were
slight variations and the effect of the outdoor oscillations was anenuated. Finally, at
the third level in the deepest zone of the cavity (=6 m), abiotic conditions remained
stable (Figs 3-5).

Algae, cyanohacteria and lichens

Table 2 shows a list of the identified taxa at the three studied cavities, with selected
specimens shown in Figs 6-37. Of the total, Cyanobacteria were most species rich,
with 28 taxa, of which 12 were Chroococcales (42.8%), 6 were Oscillatoriales
(21.4%]), 2 were Nostocales (7.1%) and 8 were Stigonematales (28.6%). Only 11
taxa were Chlorophyta, Only one of the 16 Bacillariophyta, Ovtheseira moeseana,
was a centric diatom. Due to their importance in the developed communities, lichens
were also included (7 species identified). The most common were Borryolepraria
lesdainii (Fig. 21) and Macentina stigonemoides.

Cyanobacteria were thriving at every level of the cavity. Among all identified species,
Seveanema julianum was the most widespread. Among other eyanobacteria, the most
frequent were Leprolvnghya sp., Myxosarcing sp. and Phormidium spp. Some species
were very abundant locally, such as Sevionema ocellanom and Phormidiam ambiguum
in the sinkhole Poigmoltd and Chroococcus ercegovicii (Fig. 14) in the cave Corral
Mou. Asrerocapsa sp. (Figs 7, B), Scveonema arcangelii and 5. crispum were found
in very small amounts, only in Corral Nou and Papellona, respectively.

Chlorophyta were almost absent in Corral Nou cave, but were abundant at the entrance
and first few metres of Papellona and Puigmolié, Trenfepolilia sp. together with
other species from soil and rocks, such as Bracreacoccus minor, Chiorella minutissima,
Charieysiis chodarii (Fig. 18) and Srichococeus bacillaris (Fig. 22) were generally
abundant. Some Chlorophyta species were simultaneously observed as free-living
organisms and as photobionts of leprose lichens: Coccoborrys verrucariae (Fig. 200

(photobiont of Borrvelepraria lesdainii) and Leprosiva obovata (photobiont of

Muacenting stigonemaoides). On the other hand, Trenrepohiio sp, which was found as
a photohiont of various crustose lichens (such as Lichorhelium rrisepranm, Ramonia
calcicola, Encephalographa ellisae, Strigula calcarea and Perraceis thelotremella)
was primarily in the photobiont stats at the entrance of the cavities, becoming
mostly free-living at intermediate levels and absent at deep levels (Table 3).

Diatom species, many of which are typically aguatic, were mostly confined (o Corral
Mou cave, where samples came from water, soil and epiphyies. Some species were
found indiscriminately on the three substrata: Achnanthes sp. (Figs 23, 24),
Achnanthiclivem minutissimwm (Fig. 25), Amphora pedicalus (Fig, 26), Diploneis
ofdongella (Fig. 27V, Diploneis evalis (Fig., 28), Adlafia bryophile (Figs 29, 300
and Nirzschia permimia. Typically aguatic or epiphytic species were (Table 2);
Craticula halophila, Gomphonema clavaium (Figs 31-33), Simonsenia delognei
(Fig. 34, aguatic) and Ludiceda nivalis (epiphyte). Diadesmiy contenta (Fig. 35) and
Hanrzsehia amphioxys, which were the most abundant species in all the studicd cavities,
were found both underwater and on walls, Tryblionella hungarica (Figs 36, 37) and
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Tahle 2. Distributson of cyanobactena, microalgae and Lehens in ihe cavilies

Taxon Cavities Level

Papellona  Corral Mow  Puigmoltd

Cyanohacieria
Aphanothece caldarivrum PG, Richt, - |
Aphanothece saxicola Migeli = 3 I
Aphanotkece smithii Komdrk.-Legn, & Cronberg - - 4 LD
. . E
E

* &

o

Aslerneapsu sp.
Calethric parieting {Nageli) Thur, ex Bomet -
& Flahaulh
Chraecarons ereegovicll Komdrek & .l\nagnu\d.
Cyamesarcing partheronensis Anagnost. +
Geideria calearea Friedmunn +
tilnencapsa caldariorem Kabenh.
Gleevcapsa decortivans (A, Braun) P.G. Richt, -
in Wille
titnencapsa preiatinese (Menegh.) Kilte. - E
Gilvencapin nevacekii Komdrek & Anagnost, - + - E,
Glevothece rupestris (Lyngb,) Bornet in Wintr, - - - E
& Mordsi,
Herpyzonerma palvereleaierm Hern-Mar, & Canals + - I, I
Leptolmghya sp, - - - E.LD
Leprolynghbya perelegans (Lemmerm,) Anagnost, + .
& Komirck
Lerviella estenphilu Borel
Myxesarcimg sp, -
Nostoe microscopicunt Carmich. ex Bomer & Flahaul
Nevstow palndesimn Kiite, ex Bomet & Fluhaol
Phermidinm aobigawm Gomont - - +
Phormidivm aufumnale C. Agardh ¢x Gomont
Preudophormidiam purpurenm (Gomont) Anagnost,
& Komidrek
Neptonemn arcangeli Bomet & Flahault +
Seytonema crispum (C. Agardh) Bornet +
+
+*

kb b o *
-
m
mmg =

*

+
-
=
=]

L

+ &
-
.-.-’"'-"-

Seyronema filfanwm Mencgh. ex PG, Richi.
Neptonema poelluium Lyngh. ex Bornet & Flahault
Stigonema srinifum Hassall ex Bomet & Flahault - - - E

(‘hlmn]:hyul
Bracvieaceccas miner (Chaddat) 1. Petrovid +
Chiorella minutissima Fout & Novikovi +
Charfeysris ehodanii (Jaag) Fou +
Coveoharevs verrrcariae Chodat em. Yischer +
Crenochulus circinnaius Borel * -
Klebsarmidium Taccidim (Kiz) PC. Silva, - - +
Mattox & W.H. Blackw.
Leptosira ebovata Vischer
Murtella rerresreis LB, Peersen - -
Myrmerin bigtorellae 1R, Pelersen . - + E, 1D

v

+
m=z
=

Stichecoceus boacillerds Nigeli + -

Trentepahlia sp. + + . E. 1

Bacillarnophyia

Achnanshes sp. - #15 . E1l
ER[
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Taxon Cavities Level

Papellona  Corral Mow  Puigmolid

Achranthidinm mirurissimm (Kibte.) Ceorn. - 41 E 1
Adlafia bryvophila (1. B. Pelersen) Lange-Bert. 412 E 1
in Moser et al.
Amphora pediculns (Kiz.) Grunow - 1 [ |
Craticala hefophila (Grunow ex Van Heorck) - += [ |
DG, Mann
Diadesmis contenta (Granow) DG, Mann . + + E.LD
Diplaneis oblangella (Moegeli) A. Cleve - 4=t - E 1
Diptareis ovalis (Hilse) Cleve . #15 E 1
Encyonopsis micrecephala (Grunow in Van Hearck) - + E. 1
Krammer
Gonnphienemn clavaium Ehrenb, - +5 - E. 1
Hantzschia amphioxys (Ebrenb) Grunow in Cleve - +2 +! El
& Grunow
Laeticede mivalis (Ehrenb.) IR0 Mann - + - E 1
Nitzachia perminuata {Grunow) Perag. - 415 - E 1
Orthoseira roeseana (Rabenh.) O Meara +! - - |
Kimansenin delognel Longe-Bert, - + - E. 1
Trybelivnelln hungarica (Grunow) DG, Mann - + - E. 1
Lichens
Brirvelepraria lesduinii (Hue) Canals e al, + + + E L D
Encephalogropha ellisoe Massal + - E
Lithothelivm rrisepramm (Nyl.) Apiroot + E
Macemring siigonemoldes Orange + - + LD
Friracris ihetntremella (Bagl.) Véeda + + E
Ramonia calcicola Canals & Gémez-Bolea - * I
Strigula calcarea Bricaud & Roux - - * E 1

Todal numbeer of species 3 42 1%

'Soil, "Waer, "Epiphyie

E: Entrance level (-3 m)

I: Intermediate level (3-6 m)
D Deep level (6 m)

ND: Mot determined

Orthaseira roeseana were only found on the walls. OFf these taxa, several have been
reported repeatedly from aerial habitats: Achranchidivm minutissimum, Adlafia
bryaphila, Diadesmis conrenta, Gomphonema clavarm, Hanrzschia amphioxys,
Luticola nivalix, and Orthoseiva roeseana,

Biofilm Composition and Distribution

Table 3 and Figs 38-56 show the distribution and growth habit of the more abundant
species Torming biofilms at different levels - entrance, imtermediate and deep - al
cach one of the studied cavities, In all the studied cavities, the phototrophic
communities developed biofilms. They were macroscopically visible as defined bands
or mosuies, which were predominantly found on loose substrata.
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Table 3. Phototrophic species forming the biofilms. Sample numbers are ordered by cavities and
depth levels. E: Entrance level (0-3 m), I: Intermediate level (3-6 m}, [ Deep level (6 m-battom).
Numbers in bold are the sample sites for which the locationsin the cavities are given in Figs 38-40,

Lewvel Caviry

Main Organisms

Pupeliona

E Corral Mo

Puigmolié

H thrlcrng:mx. Terns, mosses, moss pristonemiia, Encephalagrapia
ellisae, Lithethelinm friseptaium, Petractis theloiremelia

20w side); Seveoreme julianem, Nestee micraseapicrm, mnss pris-
tonemata, Pefractis thelotremella and Sirigals calvarea

3 {Ceilingk: Glococapsa novacekii, Scytanena julionwm, Trentepohlia
sp., moss prowoncmaa, Chroococcus ercegovicli and oaher Chroococcales

4: Glovathece rupestris and other Chroococcales, Leprolvngbya sp..
Nasroe microscopteiwm and Seviomema fullanum

3: Chlorella minutissioa and Diadesnis confenta

6: Borrvolepraria lesdainii

Papellona

| Corral Nou

Puigmolid

T: Scytonena julionwm, Botryvolepraria lesdainii and Orthoseira
FosEdma

Ko Betryolepraria lesduainii, Moceating stigonemoides, maosses, Tala-
mentous fungi and Chroococcales Mywosaroina-like

9: Chroococcales Myrvosarcina-like, Glocarhece rupesteis, Leprolvng-
Trvi sp.. Keveanema julignum, Trentepahiian sp., Nilamenions I'I,Lrlgi.
Coceolorrys verrucariae. Botryoleprario lesduini, Remonie caled-
cola and Strigila colcarea

10 (40 cmp: Moss protonemate. Leprolynpbye spp., Trentepohilia sp.,
Gloeocapsa novacekii, Aphanothece caldariorum and other Chroo-
coccales

11 {Widerk: Moss protonemata, Xevierema jrelisrum, Diploreis ovalis,
Chreoceccus ercegovicil, Myxesarcing sp. and other Chroococcales
12 (40 cmp: Nostoc microscopicum, Leptelvgbya sp., Phormidinm
anruitnale, Chrooceccus ercegovieti and other Chroococcales

13 (Waler): Apharemthece savicala, Cyanrosareing parikeromensis,
Gileweihece rupestris and other Chroococcales, Leplolvuglbyva sp.,
Scytonema fulionwm, Diploneis ovalis, Diploneis oblongella, Trente-
palifia sp. and moss protoneman

14: Aphanothece smithii, Glovothece mipestris and other Chroococcales
15: Moss protonemata, Bareyvalepraria lesdainil, Trenrepaliia sp.,
Myrmecia biatorelloe, Madesmis confentn, Bamonia ealeienta and
Strigula calcarea

16: Moss protonemata, Stichocacous bacillaris, Scytonema ocellanim,
Digdesmis conrenia and Lepealveghva sp.

17 Seytomemy ocellaium, Phormidivem ambiginmn, Macenting shigo-
memoides and moss prolonemata

Papellona

(h] Corral Mou

Puigmaold

18: Geitleria calcaren, Lortella osteaphiln and Chroococcales Myxer-
sarcima-like

19: Gehilerta calcarea, Lortella osreaphila, Borevaleprarla lesdalnif

and Macertima stigoremaides

20 Seyromewnna ocellarnm, Phormidivm ambiguam, Maceniing sigone-
mafdes, moss prastanemng, Lepredvrgina 5. and Diadesmis corfenia
20 Myrmecia bintorellae, Phormidiom ambigann, Scvienemn ocella-
tum and Macenting stigonemoides

22 Sevionema ocellamm and Phormidium ambigems

23: Geitleria calearea, Nlamentous Tungi and actinobaciena
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Figs 6-17. Light micrographs of cvanchaciera. 6, Aphanothece coldarionim,. 7. Asterocapsa sp.

Inser: unhrosporse with shesth covered by wart-like processes, §. Avreroeapsasp, 3. Cyvanesareing
prartheneneni, [, Glovothece rupeatis, | Gleeocapsadecertivans |2, Gleeocapsacaldarieom.

13, Glovecapsa gelatinesa, 14, Chroococcus ercegovicii. 15, Nostoc paludoson 16, Herpyzonema
puelverwlentuny, |7, Stigomene mingtim, Scale bars = 10 pm (Figs 6- 100, 20 pm (Figs 11. 12}
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Figs 18-22 LM micrographs. |8, Choricvsticefodanii 19, Cresocladus circinuatus. 20, Coccobwrrys
verrncariae. 21, Borrvolepravialesdaindl, 22, Sriichococeusbacilloris, Scale bars = 10 um (Figs 18-
21}, 5 pm [Fig. 22).
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Figs 23-30. SEM micrographs of diatoms, 23, 24. Achnanthes sp.. imternal view of valve and
external view of rapheless valve, respectively, 25, Amphora pediciius, external view of valve, 26,
Avhmenthidlin mimatissinmmm, extemal view of valve, 27, Dmﬁ ervenlis, internal view of valve,
28, Diploneis eblougells, internal view of valve. 29, Adlafia bryophila, internal view of valve. 30,
Adlaffa brvophila, external view of valve apex. The striae at the centre are radial and at the ends
convergent. Scale bars = 2 pm (Figs 23, 24, 25, 29, 30, 5 pm (Figs 26, 28), 10 pm {Fig. 27).
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R T L

T -"”'r*"i‘J

Wi In'||,-|.u'

Fiss!l-!? SEM mlcragrlphmﬂiuonu 31, Gomphonema elavanm, inemal view of valve, 32,
; exdemil view of the end of the valve showing pore Geld (armows), 33,
Gmpbamm dmmunr. external view of central portion of valve showing rounded stigmal opening
(arrow), 34, Simonseniodelogref; external view of valve showing the external coswae, 35, DNadesmiy
eemnteta, externul view of valve, 36, Tryblionellaungarice, externulview of valve, 37, Tryblionelin
Fomgervica, external view of aren whens tiere con be observed Dbolae squat and sirme bisenote. Seale
brars = 10 pm (Figs 31, 36 ), 2 pm (Figs 32, 33, 34, 35}, | pm (Fig. 373
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Figs 38400, Ground plans and profiles of the studied cavitics showing the disinbutionof biofilmsin
three kevels featrunce, intermedinteand deep). Sumpling sites are marked as numbers on the profiles
and correspondto the numeration given in Table 3. 38, PapellonaSinkhale. 39, Coreal Nou cave. 40.
Puigmeolid Sinkhole. The localisation of sampling sites is only marked an the profile in the nonhern

direction, E: Covity entrunce N = Norh

A

o

0 B

Entrance level
Intermediate level

Dieep level

Ground plans
Rock bridge

Water
40
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Figs 41-48. SEM micrographs of hiofilms in different levels. 4 1. Biofilmof Scytonena fulionum at
entrance level. 42, Biofilm of Borrvalepravialesdalnii at entrance level. 43, Details of algal cells and
fungal hyphaeof Besrveleprariolesduini, 44, Biofilm of Macenting siigonemoides o infermedinge
level 45, Riofilm of Seatore juliammm amd Chrooeocealesat entronee level, 46, Magnified view of
the bottom beft from Fig, 45. 47, Biofilm of Scvrenemr ocellatom at deep level. 48, Biofilm of

Geitlerta calearea and Lorvielia oxreophita s deep level, Scule bars = 10 pm (Figs 31, 36 ), 2 pm
(Figs 32, 33, 34, 35), | pm (Fog. 37},
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At the end of the entrance of Papellona sinkhole (Fig. 38), there are two small
wings. A well-developed community grew in the wing oriented to the west (Fig. 38:7),
dominated by Scveonema fulianuwm, which was gradually replaced by the lichen
Borrvelepraria lesdainii deeper in the cavity (Figs 42, 43). A biofilm mainly consisting
of patches of 8. fesdainii and Macenring stigonemaoides (Fig. 44) developed at the
wing oriented o the east in the intermediate zone (Fig. 38:8). On the same wall, 2 m
deeper, hiofilms were composed mainly of cyanobacteria and free-living Coccoborrys
verrwcarige. The latter species also occurred as a photobiont of the lichen
Borrvalepraria fesdainii,

The communities of phototrophic organisms at Corral Nou (Fig. 39) formed thick
and dense biofilms, rich in mucilage, all year round. At the run-off water tracks on
the outdoor walls of the cave, there was a biofilm composed of Scytonena juliane,
Nostor microscopicum and moss protonema. The concrete wall at the lefl of the en-
tranee had scarce development of mieroorganisms. The ceiling al the entrance was
mainly colomzed by a biofilm consisting of Chroococcales and 8. fuliamen (Figs 41,
45, 446).

The biofilms at the intermediate zone and below the entrance were carbonated and
mucilaginous, often formed by 5. julianum. Carbonate needles covered its
mucilaginous sheath. Compound images of pigments and EPS (Fig. 49) compared
to simultaneously acquired pigments and reflection images (Fig. 50) demaonstrated
that the carbonate distribution was positively related with EPS. Diatoms only thrived
when liquid water was available {Table 3) except for the aerophytic taxa Hamizschia
amphvexis and Digdesmis contenta. Some communities changed during the year, in
summer the water level was lower and several bands with different colours could be
observed, They were composed by the species Stigonema minutem (Fig, 12) and
Crenocladuy eircinnatus (Fig. 14), which were not present in winter-spring, when
the level of water had risen and the bands were not visible. Then there was only a
continuous biofilm covering the entire wall with slight variations in colour,

At the entrance of Puigmoltd (Fig, 40) the biofilm was mainly composed by
Chroococcales, Leptalynghya sp., and Scytonena julionam (Figs 41, 45, 46, 49-52),
whereas at four metres it was basically Botryvolepraria lesdainii. This biofilm was
gradually replaced by another mainly composed by filamentous cyanobacteria,
including Seviereema ovellatum (Fig. 47), Leptedyngbva sp., Phormidiue ambigun,
and patches of the lichen Macenting stigonemoides, thal covered the entire cavily
until a maximum depth of 15 m. Towards the end of the intermediate zone
phototrophic orgamsms (Fig. 51, pigment Muorescence) were still actively dividing
though heavily surrounded by bactena (Fig, 52, DNA label). Sevtonema ocellatium
(Figs 53, 54) and Geitleria colearea were almost free of heterotrophic organisms.

The phototrophic communitics in the darkest area of all cavities were very simple
and always composed of Geileria calcarea. Strongly caleified filaments were still
alive at these low light conditions as revealed by pigment fluorescence (Fig. 55) and
its coupling with the reflection images (Fig. 56). In some cases, there were other
filamentous calcified cyanohacteria such as Lorfelia osteaphila (Fig. 48). Lichens, if
present, were only leprose.
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Discussion

In general, all the cavities sampled presented communities of cyanobacteria and
green algae, as well as diatoms and lichenized algae. Most of the species found in
this study have been reported in different biotopes (acrophytic, edaphic and fresh
waters) (Flechtner et al. 1998, Hoffmann 2001, Nienow & Friedmann 1993). First
reports for cavities included the cyanobacteria Apharothece caldariorim, Asteracapsa
sp., Gloeocapsa caldaviorum, Clhreecoccus ercegovicii, Calothrix parieting, the diatoms
Amphara pedicilus, Gomphonema clavatum, Adlafia bryephila, Tryblionella hun-
garica and Simemsenia defognei and the chlorophytes Chlerella minutissima, Muriella
terresiviy and Crenocladus circinnains. The microclimate inside the cavities was
controlled by temperature (that stabilized at depth from 10°C to 15°C) and relative
humidity (that increased downward up until saturation), Light was attenvated and
finally disappeared at depth.

The gradient of microclimatic conditions was closely related o the colonmizing
communitics of photosynthetic organisms. In a broad sense, three different levels
relating abiotic factors to phototrophic organisms were assumed.

a) Entrance level, The microclimate was strongly influenced by the outdoors. Light
was scarcely attenuated and abiotic factors fluctuated throughout the year. The micro-
flora colonies were quite rich, with a special abundance of mucilaginous biofilms
composed of algae, cyanobacteria typical from terrestrial aerophytic or atmophytic
habitats, crustose lichens and mosses. In fact, all the identified species are well
known from these environments (Johansen 1993, Garbacki et al. 1999, Komdrek &
Anagnostidis 1999 and references herein). A community dominated by Scyvionema
julicermm developed in some areas that were protected from the rain. The presence of
Trentepohlia sp. in many crustose lichens was also remarkable.

b} Intermediate level, This portion of the cavities had moderate oscillations and low
light (25-0.5 mV); algal biofilms became thin and less mucilaginous but still had

Figs 4936, Pairs of CLSM micrographs capiured from the same locations. 49, 50, Two-channel
maximum intensity projectionsal 10 x-y ophical sections{z steps 1.5 pm) from a biolilm composed
by Sevtonema juliamim at entrance level Co-localisationof EFS and inorganiccalcareous material,
49, Pigment Muorescenceand EPS forming sheaths (arrow ). 50. Pigment fluerescenceand reflection
showing the inorganic calcarcous material (arrow) co-localized roughly with the EPS. Compare
wrrows in both images, 51, 52, Maximom imtensity projectionsof 41 s-v oplical sections (£ slep =
(.37 pm) from biofilm composed by Scytonema julianum and Leprolynbya sp. 51. Pigment
fluorescence. 32, SYTOX GREEN labelling showing the X-shape division panemn of nuclenids
(arrow). Quizide flusrescent filaments, the DNA label revealed heterotrophicorganisms. 53, 54.
Maximum imensity projectionof 53 x-y optical sections (z step = 2.5 pm) from a biofilm compozed
by Scyronema ocellatun var, purpurenm at intermediate level, 33, Pigment fluorescence, 34,
SYTOX GREEN labelling showing cell division pattern Garrow ), This species was almaost free of
heterotrophicorganisms. 55, 56. Maximum intensity projectionof 69 x-y optical sections (2 step =
0.5 pm) from a biofilmcomposed by Geitleria caleareaat the deepestlevel, 33, Pigmem fluorescence
showing true branching (urrow). 56, Figment Muorescence and reflection channel showing the
Muorescent nchomes were contained inside thick caleified sheaths Gamow ), Scale bars = 10 pm
(Figs 4952, 55, 56 ), 20 pm (Figs 53. 54,
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diverse communitics. The communities were a mixture of species from both the
upper and lower levels. Leprose lichens (#onvolepraria fesdainii and Macenring
stigonemaoides) were more frequent whereas crustose lichens decreased in number
and species. Trenrepahiia sp. was found mainly in the free-living form. Cyanobacteria
were the most visible constitnens, occasionally mixed with green algae and diatoms.

¢) Deep level, This portion had very low light (< 1 mV) until light extinction, with
stable abiotic factors. The decrease in light had evident effects on the community.
Only very few species were able to colonize the low light zone, The presence of
remnants and emply sheaths increased with decreasing irradiance. The individuals
were heavily colomzed by bactena and Dlamentows fungt except for Geilerfa calcarea
und Lorfella osteophila, the dominant phototrophic species, which were actually
restricted to the deepest zone, as in other dim light habitats (Abdelahad & Bazzichelli
1988, Couté 1989, Herndndez-Maring et al. 1999), Lichens, if present, were leprose,

Changes of abiotic factors were strong along the vertical axis, while at the horizontal
level the conditions were relatively constant. Therefore, the aforementioned strati-
fication was better observed inside sinkholes, which presented a vertical orientation,
than in Corral Nou cave, with nearly a horizontal disposition.

The influence of the gradient of microclimatic conditions, especially light and rela-
tive humidity, on the communities was not only reflected on their species composition
but on the aspect of the biofilms. The protective strategies displayed by the species
against desiccation and irradiation gradually changed from the entrance to the bottom.
Biofilms formed by mucilaginous and dark coloured coccoid cyanobacteria were
gradually substituted by biofilms built by calcified filaments with uncoloured sheaths,
which were macroscopically visualized as pale stains on the walls, Similar adaptive
strategies promote crustose ichens (o be substituted by others with leprose thallus.
The development of dark coloured sheaths (as in most Chroococeales), probably
functioning as an UV sunscreen (Garcia-Pichel & Castenholz 1991, Van Liere &
Walsby 1982), was uscless or cven a nuisance at the bottom of the cavities. On the
other hand, the persistence of humidity at the dew point throughout the year made
the excretion of mucilaginous material as a water reservoir Unnecessary.

Besides the gradient of microclimatic conditions, other factors affected the presence
and distribution of phototrophic microorganisms. Locally, in Corral Mow, the presence
of liquid water was associated with the presence of species not found in other cavities.
The availability of liquid water retained within the substratum is essential to per-
form net photosynthesis (Lange et al. 1993; Bidel & Lange 1991} and could explain
the high number of species of Corral Nou cave and the higher proportion of
Chroococcales and diatoms {Vinogradova 1998, Hoffmann 2001},

On the other hand, growth of microorganisms was nol continuous but patchy, though
conditions in relative humidity and light were comparable. The absence of growth
comncided with the presence of coherent substratum, This could be related o the
water retention properties of the substrate (De Winder et al. 1989) or (o the
microorganisms’ aptitude to attach to surfaces (Guillitte & Dreesen 1995, Herndndez-
Mariné et al. 2001).
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Changes in the communitics are reported (o be mainly caused by light and relative
humidity (MNienow & Friedmann 1993, Arifio et al. 1997). However, factors related
with substratum coherence (Nienow & Friedmann 1993, Herndndez-Mariné er al.
2001} or the interaction among species (Costerton 2000) have heen poorly studied,
although they play an important role in the development of hypogean hiofilms,
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46. Per qué hi ha un creixement exuberant de

microorganismes fototrofics en els ambients hipogeus?

Els organismes formadors de biofilms tenen un gran interés en el
context de la degradacié del patrimoni cultural. Particularment, els ambients
hipogeus exposats a la Illum artificial sén colonitzats per comunitats
microbianes, les quals en deterioren les parets i els frescos. Per descobrir les
estratégies que els biofilms fototrofics utilitzaven per desenvolupar-se en
aquestes condicions es van estudiar, a les Catacumbes romanes de St.
Callistus i Domitilla, I'estructura tridimensional d’aquestes comunitats i les
especies que els formaven. Els principals organismes van ser cianobacteris
filamentosos amb beina i les molses. L’estructura dels biofilms era heterogénia,
especialment en gruix, densitat i composicié d’organismes, pero podien ser
classificats en funcié dels principals organismes que els formaven. Es va
observar una diversitat decreixent en els biofilms fototrofics a baixes
irradiancies. Els biofilms a més baixa il-luminacié estaven formats Uunicament
per filaments erectes de Leptolyngbya sp. Llevat daquest biofilm, la
composicié dels organismes no estava clarament relacionada amb un gradient
decreixent d’il-luminacié. Malgrat aixo, els biofilms procedents de mostres sota
escassa il-luminacié van ser porosos i formats per cianobacteris filamentosos
erectes. Leptolyngbya sp., 'espécie més ubiquista, conté un alt nombre de
ficobilisomes i els seus hormogonis presenten un moviment lliscant que permet
la colonitzacié del substrat. Aquests mecanismes poden jugar un paper
important per desenvolupar-se sota condicions de baixa il-luminacié a les

Catacumbes.

Els resultats detallats d’aquest capitol s’inclouen en el seguent article:

Why there is such luxurious growth in the hypogean environments?.
Arch. Hydrobiol. 148/ Algological studies (2003), 109: 229-240.
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Algological Studscs 109 |
mmﬂxm eindesn 229-239 | Stuttgart, August 2003

Why there is such luxurious growth in the
hypogean environments

By Mariona HERNANDEZ-MariNE, EsTEr CLAVERD and MonNIca ROLDAN

Universitat de Barcelona, Facultar de Farmacia, Unitat de Botinica, Barcelona, Spain
With 16 figures and 1 table in the text

Abstruct: Organisms building biofilms are of considerable imerest in the conext of
degradation of cultural heritage. Particularly, hypogean environments exposed to artificial
light are colonized by microbial communities, which damage walls and frescoes. In order
to ascertain the mechanisms by which phototophic biofilms thrive under the particular
conditions of hypogea, the organism composition and three-dimensional structure of
ofilms from the Roman catacombs St Callistus and Domitille were studied. The main
phototrophic organisms forming the biofilms were flamentous sheathed cyanobaclerin
and mosses. Biofilms were spatially very heterogencous in thickness, density and organ-
ism composition but could be classified as regards their main organisms. There was a
trend of decreasing diversity in the photetrophic composition of the biofilms under lower
iradiances, the one at the lowest irmadiance being uniguely buill by erecled Gluments of
Leprolynghbya sp. Except for this hiofilm, the main organism composition was not clear-
ly related with decreazsing irradiance. However, biofilms from dim light samples were
porous and the hlamentous cyanobacteria in them were erected, Leprolyvaghbya sp., the
mast uhiguitons species, displayed o high number of phycobilisomes and its hormogonia
a gliding movement that allowed colonization of substrata. Such mechanisms may have
an important role for thriving under the low light conditions of the catacombs.

Key words:  Biofilms, catscombs, CLSM, cyanobacteria, EPE, hypogean cnviron-
ments, low iradiance, three-dimensional structure of biofilms.

Introduction

Roman catacombs are hypogean monuments that preserve very valuable materi-
al of the history of the early Christians (1% to 9™ centuries). After the opening of
the catacombs W the public, growih of microorganisms on their frescoes and
witlls have formed yellow to blue or dark green patinas that disgust curators and
public visiting the works of arl, Such patinas not only present an unaesthetic
appearance but they can contribute to the deterioration of the murals (OrTeEGA &1
al. 1993 a, b). As previous studies have described (ALBERTANO & Urz 1999), the
envirenmental conditions of these catacombs are relatively invariant and pre-
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dictable, high environmental humidity (RH 90-99 %), low and constant temper-
ature {16-19°C) and low illumination provided by the lumps set for the display
to the public. Low light conditions allow the growth of very few phototrophic
organisms, mainly cyanobacteria, which are able to absorb almast all visible
wavelengths emitted by these lighting systems (Bruso et al. 2001). Such pho-
totrophs, together with actinobacteria and fungi build complex structured eom-
munities, called biofilms, that conform the macroscopic putings, Biofilms are
aggregated and sustained by an extracellular matrix of polvmeric substances
(EPS) that is synthesized by some of the organisms. Depending on the type and
activity of the orpanisms and the gradient of physico-chemical factors present in
their environment, a diverse range of biofilms 1s formed.

In the frame of 4 European project, that focuses on the control, prevention and
monitoring of cyancbacteria dominated communities that cause damage o rock
surfaces in Roman hypogea (CATS), we studied the biofilms formed in St
Callistus and Domitilla catacombs. The monitoring and improved knowledge of
biofilm structure and diversity of species will lead o better understanding, inter-
pretation and prediction of the effect that biofilms may have on those special sub-
shrati,

Material and methods

Sampling was performed in Domitilla and St Callistus, two catacombe neighbouring and
underneath the vin Appin Antica (Rome, Ialy) during the fire week in March 2001,
Biofilms were collected from different substratn (plaster, (resco, ufi, bricks and mortar)
n eight localities consisting of rooms or corridars (Tuble 1)

Selected fragments of biofilms were both direetly observed and maintuined in ennch-
ment cultures, Biolilms were cultured in BG11 solid medium (Rierka 1988) at 1710
strength, with 1 % agar (Merck), ut 19 °C,

Biofilms were studied by means of LM (light microzcopy), Huorescence stereomicro-
scope, SEM (Scanning Electron Microscopy), TEM (Transmission Electron Microscopy)
and CLSM (Confocal Lazer Scanning Microscopy).

Rock chips for SEM were processed with an acrolein-osmium fixation technigue
developed for this project (HersAnoEz-Marmi e al. 2000a) and observed using a
Hitachi 5-2300 microscope. Chemical fixation and preparation for TEM was made
accarding 1o HermAnnEs-Marine (1996). Thin sections were abserved using a HITACHT
HEM MT transmission electron microscope.

Pigment autofluorescence, nueleic acids and EPS of undamaged biofilm fragments
were stodied with CLSM. Nucleic acids were specifically stained with Hoechst 33258
(Muolecular Probes, Inc.) and EPS was labelled with the carbohydrate recognizing leclin
Concunuvalin-A (Alexa-conjegated Con A (Soce-Con-A, Molecular Probes, Inch,

Two different CLSM devices were used: The TCS-8FI LEICA Confocul Scanner
Microscope equipped with four luser beams and three detection channels; excitution
wovelengths of the laser beams were in the UV (351 nm und 364 nm; UVAr), blue (438
nm; Ar), green (514 nm and 543 nm; Ar'HeNe) ond red (633 nm; Ar'HeNe) ranges. And
the TCS LEICA Confocal Scanner Microscope with three laser Arkr 75 mV and two
detection channels; excitation wavelengths of the laser beams were 488 am; 568 nm and
674 nm. Optical sections of biofilms were collected separately in multi-channels as #-
series (30 imaging), in order vo map the spatial distribution of fluorescence of pigments,
DMA and EPS in the samples. Optical sections were subsequently processed with elther
Imaris software (Ritptane AG, Zurich) or LEICA Confocal software (LCS) 1o obtain com-
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Table 1. Sampled biofilms from Domitilla (CD) and St Calligto (CSC)Y roman hypogea. The type
of the substrutum, the phomrophic crganism composidon and the thickness of the pigmen fue-
reseeni lnyer ane described for eoch spmipling sim

Swmple  Sulstratum Composition of Bisflm Mean Biolilm
Thickness [pm]
CIM2: Aremsadinm near Basilien
CDi2a  Plaster Mass profonemnta and rhizoids,
Srichododcua-like, Leprodynplya, Scytonemin
Fiachepella, Prewdosraurosiva, Bacierin, Pungi 64
COI2e Plaster Mo protonermnen und rhiseoids,
Leprtadyngbyn sp, Bactena, Clasococcales,
FPhovmidim, Fiaherelln 396
CD12e  Plaser Muoascs, Leprolvngha, Acinobacteria, Bacterin
CRU3: Cobicubom of “Apestoli Pleeali™
CDi3a Fresco Mumses, Leprelyagi, Fiarherelle, Bacieria
CDI13b  Fresco Leptodyngby Calcified filamens 167.5
CDI3ec  Presco Lepolyrghya KR
CIN3d  Plasier-Tuls  Leprofmgbw, Sevanema, Prendosranresira,
Iigredesariy gerllien, ¥nichorneeuy-like, Chrononecales 1884
D 3w Mosses, Soplemeana, Laptolyagba, Fucherella, Pungi
CDI5: Wall in the Corridor before the “Ipoges dei Flavi™®
€15 Bricks Flrcherella, Scytonena, Leptofynglya, Phormidiue,
Chrooeocenbes, Fungi
CIMSh  Brcks Muosses, Climocssccales, Cakeilied Glanents, Lepiodyplyn 2275
CD15c] Bricks Moss protonemiata, Leprolymgbya, Scvfoneu,

Fischerella, Chroococcules, Aphanocapaa, Prewds.
wanrnsira, Dipdesmis pollicn, Bacterin, Fungi

CDS5c2  Moiier Protomomata mosaes, Soytonera, Legpiolvigfom,
Fiacherella, Chroococcales, Aphanocapia,
Peewdostnrosing, Diadesmix gallica
LTS Tulw Moswes, Chreococeales, Caleified filnments TS
CiMSg  Plaster Aphanncaps, Cloembece, Seyinnema, Fivhemelis,
Foruddostounesiza, Fungl. Bacteria, Actinobactena
CDISh Plaster Mosses, Lepralynghya, Fischerelln, Chroococeales,

Peeudograurasina, Phormbdium, Actinobacieria
CHC1E: Culdenham of “Ooeuna™

CSCI%  Fresco Laptalpiiptipd, Fiicharsila
CSCLIb  Fresco Leptolynghya
CECLG: Wall In ihe Corrldor of Cubleulum “Cala and Euschlo™
80 6a  Ploster Leprafyngire
CRCIGh  Flaster Leptofyngipa, Chinococcales
CSCI6L" Plaster Protonemata mosses, Scvfenes, Lepodyngbi
Chroococcales 25
CSC6e Plaster Lepralynghya, Chroocoocales 3975
CHC I Flaster Laptofyagin, Fivcherelln, Fung
CSClbe  Plaster Lepralynglya, Prolooemils nwsses 415
CSC17: Lust Arcosalium, on the keft before the exit stairs,
CECITa Plaster Caleified thin filnmems, Scyronemma,
Kticheeseens-like, Pheemidium, Lepnalvag, Fuogt LR

CSC1%: Arcosalinm
CSCI19%  Plaster Caleifled filamems. Scyronena, Fungl, Ficherella,
Mosscs, Protoncmms moesses, Leprolynghy,
Chroocooenles
CSCI%  Plaster Seyioner, Leptodvegina, Fiveherelln, Mosses. 116
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Figs 1-5: 1 = SEM, General aspect of a biofilm of the Roman Catacombs, mainly huilt
by fitwmentous cyanobacteris with erceted filaments, 2 = SEM. Leprolyvnghya sp, bafilm.,
3 - Flureseence stereomicroscope micrograph of o Lepiolynghyva sp. biofilm with gor-
gonia-like shape, 4 - Fluorescence slereomicroscope micrograph. Lepiolyngbva sp.
{arrow) filaments on mosses, § - SEM., Lepralynglye sp. on Seylorema feliamm,
[Scale bar = 200 um (Figs 1, 43, 50 pm (Figs 2, 3, 5).]

pound rmages of Muorescenee andfor spatial siructure, A general view of the whole sam-
ple wis ohtmined with o LEICA MZFLII Muorescence stercomicroscope or at 100X with
either of the two CLSM devices. Then, finer structure of the biofilm was observed at
AN, 000X,
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Figs 6-10. TEM. 6 = Transversal thin section of u Leprolynghya sp. wichome, close 1o
the seplum, with high number of phycobillsomes, Thylukoids in Leptatynghva sp. dis-
prafee paralle] o the longitudinal walls. However, in this seetion, oblique thylukoids cor-
respond o those that ingrow parnllel 1o the septum durng the cell division, 7 -
Longtitudinal thin section of Leprolynghya sp, covered by a sheath {arrowes), 8 — Thin
secton of o Leprofynghva sp. bundle, Filaments are arranged in different directions, the
longitudimally cut filument is gliding over the others, 9 — Transversal thin seetion of
Leptalyaghya sp. bundle. The polysaccharide sheaths of the filaments e joined 10 cach
other, sustaining the 30 structure of the bundle. 10 = Thin section of & fragment of dete-
riorated plaster. Mosses (armow) are penetruting into the substratum. Leptedvagbya sp, fil-
uments are on the surface (armowhead) and mside the substrmtum,

[Seule burs = | pm (Figs 6,7), 2 pm (Figs &, 93, 5 pm (Fig. 10).]

Results

Biofilms developed adhered to all the solid surfaces studied (plaster, fresco, tufa,
bricks or martar) and at low iradionces, Water availability was related o the
porasity of the substratum, though some hiofilms could be sporadicully exposed
o drpping water,
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The main phototrophic organisms formings the biofilms were mosses and fil-
amentous sheathed cynobacterin (Fig. 1) Leptodyngbya sp., Phormidien sp.,
Seytonema julianum (Mexgoain ex Frang) Ricwrer and Fischerella sp.,
although few species of Chroococcales were specially abundant in bricks and
mrtars (Table 1) Accompanying organisms were diatoms (Diadesmis gallica W,
SMITH, Preudastaurosiva sp.), fungl hyphae and actinobacteria, A general trend of
decreasing diversity in the photetrophic composition of the biofilms under lower
frradiances was ohsarved,

Leptolynghva sp. was the most widespread speeies. Present in all but two sam-
ples, it thrived in all the substrata and localities. It was the only phototraph (Fig. 2)
building the greenish putinus under the lowest photon fux density at which pho-
trophic prowth was etll present. In this case, it presented many erected fila-
ments, overall forming hairy biofilins (Fig. 3). But it also developed close o the
lamps as a part of 4 community and then lay on moss protonemata (Fig. 4), or
other cyanobacteria such us Seytoreme julionm (Fig. 5).

Lepralynghya sp. specimens collected from low light conditions presented a
large amount of phycobilisomes (Figs 6 and 7). In general, fluorescence was
higher in any cyanobactena species than in mosses under same conditions of
excitation, Furthermore, first results of laser induced fluorescence profiles of
chlorophyil and phycobilin pigments (CLSM function), showed that cyvanobacte-
riz where ahle o harvest a wide range of wavelengths, emitting fuorescence
when excited al wavelengths frum 351-633 nm (datn not shown),

Loptolynglbya appeared os erected filaments, under low light, or in compact
biofilms (Figs 8 and 9.

Figs 11-16. Compound images of CLEM, (red = pigment fuorescence, green = Con-A
lihelled BPS, blue = Hoechat 33258 stained nucleie acids), 11-12, Confocal double-flu-
orescence  (antofleorescance and EPS) imapes. Three-dimensional extended  focus
images and orthagonal views of bilinear interpolated x-y CLSM sectiong in the #-dinec-
fions of the biofilms. The extended focus 1=y image was made from the selected valume
by collapsing the e-direction. The orthogonal views are cuts through selecled regions of
interest in thee 2-direction,. T=top, B=bottom. 11 - Compound image of 305y optical see-
tions ((L95 pm interval), Compact biofilm of Leptodyngbya sp. (28 pm woeal thickness).
Necridic cells surrounded by EPS (amrows), 12 = Compound image of 30 x-v optical sec-
tions (147 pm interval), Porous biofilm of Lepralyngbywr sp. (73, 5 pm toml thickness),
L3 = Twor-chane! maximum intewsty progection {aitofluoressence and EPS) ol 59 x-y
optial sections (L2 pm interval), Dispersion of Leptofyrpbve sp. bundles in o biofilm.
14 = Three-channel maximuwm intensity projection (autofleorescence, EPS and nucleics
acids) of 109 x-y optical sections (0.4 pm interval), Complex biofilm formed by differ-
ent species of llamentous cyanobectenin: Leprofvngbve sp,, Soptonens julianen and
Fusecherella sp, The apical pads display stronger Con-A Nuoreseence than any other pars
of the sheath. 15 = Two-channel maximum intensity projection (autofTuorescence and
EPS) of 115 x-y optical sections (2.5 pm interval) showing a patina formed by filamen-
tous cyunobacteria with solated nggregutes of Chroococcales. Some cyanobucteria fila-
mmenits ane covered by green sheaths, lnbelled with Con-A. 16 - Three-dimensional extend-
ed focus image and arthogonal view of 35 bilinear interpolated x-y CLEM sections in the
z-direction of the biofilms (1 pm inerval). Biofilm of small Chroneoccales (ca. 1 pm).
[Senle bar = 10 ym (Figs 11=14, 16), 100 pm (Fig 15)].
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Mecridic cells in old Lepiolynglova sp. Glaments produced lirge amounts of
EPS that comributed in the split-off of hormogonia from the trichomes,
Hormogonia could glide along the inside of sheaths 1o the edges of the colony and
grony past the first attaching point, making the resulting filament longer. They also
could glide over the colony and attach to flaments of the same species, As a resull
thee colonies of Leprolyngbya sp. could take a gorgonia-like shape (Fig. 2).
Resides, hormogonia could glide over and attach to other species or any suitable
substratum and, in this manner, colonize new surfaces,

The secretien of EPS around trichomes was very frregular, thin (Figs 7, 8) or
very ek in some fluments, forming conceniric layvers (Figs 6, 9), EPS helped
each filament to join to neighbouring filaments; so thar EPS (Figs 8, 9) pave struc-
ture and coherence W the biofilm,

The macrogcapical patinas appeared 1o be spatially very haterogencous in
thickuess, density und orgamsm composition. As a rule, they were usually thin,
except near the lamps. At low magnification, three types of patina could be dif-
ferentioted, Patinas Tormed by Glumenteus cyanobacteria, patinas fonued by fla-
mentous cyanohacteria with izolated agerepates of Chroococcales, and hateroge-
neous patinas very diverse in orgonism composition, constituted mainly by moss,
moss protonemata and filamentons cyanobacteria (Fig. 10).

Except for the third type, ot higher mognification the organism composition of
the patinas changed fairly abruptly in space, so that different subregions (we will
call them biofilms) could be established. Filamentous cyanobacteria-patings
could be formed by Leptofyngbya sp. biofilms (Figs 11, 12, 13), biofilms of
entangled filaments of Leptolvaghya sp. and Phormidium sp. (3 pmin dizmeter)
of Fischerelle sp., and biofilms of entangled Leprolvaglbyva sp. and Sevionera
Juliarum (Fig. 14). In the biofilms of Leptolyngbyva sp. and S julianum, het-
erotrophic organisms were ilso notably represented. Patinas formed by Glamen-
tous cyanobacteria and Chrooeoccales (Fig. 15), could contain any of the fila-
mentous cyanobacteria mentioned above, biofilms of small (co. | pm dicmeter)
Chroococeales (Fig. 16), biofilms of large Chroococcales with thick slime
sheaths, and biofilms with mixed Chroococcales. Heterogeneous patinas con-
tined mowses, with their rhizoids penetrating into the substratum (Fig. 10), and
entangled with filamentous cyanobacteria, sparse individuals of Chroococcales
und diatoms,

This third type of patina oceurred mainly in samples form dripping zones. No
specinl preferences or @ particular substrutum were observed in uny of the types.
Meither was a clear trend in distribution of the patinas in relation to light, except
Tor the biofilm exclusively of Lepielwghya sp. at the lowest imadiance. However,
binfilms from dim light samples were hollow and the filamentous cyanobacteria
in them were erecled (Fig. 12). The Lepiolvmgbva-dommated biofilms were thin
and velvety, adopting the gorponia-like a tridimensional architecture,

The EPS was heterogeneously distributed in the biofilms (Fig. 1), sometimes
being more abundant at the bottom due to sheath remains (Fig. 12).
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Diiscussion

The wrtificial illumination allowed a luxurious photosynthetic geowth and forma-
tiom of hiofilms, in St Callistus and Domitilla catacombs,

A relatively small number of photesynthelic orgumsms were found o be
responsible for the development of those hiofilms. The main representatives wene
sheathed ovanobacterio as Phormidinm sp., Lepiotynglya sp., Fischerella sp. or
thee heavily caleified Scyromerma julfanmm As u group, filamentous cyanobacteria
do equally well in ather low light environments that are occasionally wet. They
have been reporied from catncombs before (Avbirrans & Uzt 1999) and also
[rom other dim light acrophytic environments such as sinkholes and caves (ARiSD
et al., 1997, HernAxpez-Marixe 2001 k), However, no representatives of somae of
the most suecessful groups of subsennl algae (NiEsow 1996) were found.
Photobionts of lichens, such as Trebouxia, Coccomyxa and Leptosira were not
fownd, Coceoid green algae and the Apatococeus- Plenrasinm group, commaon in
tree barks and dry rocks, were neither represented.

The combination of cultures, morphological charcterization by microscopic
technigues, in particular CLSM, use of Nuorescent probes and the generation of
three-dimensional digitalized image represented an advance in the undersianding
of the features of the biofilm. Conjugated lecting helped o reveal the stroeturul
heterogencity in the polysaccharides distribution.

The community structure and organisms cooperation of different types of
oguatic biofilms has been fully documented (NEU 2000, Winieesny 20000, In
aquatic habitats the architecture that hiofilms develop may be more or less porous
depending on the physico-chemical characteristics of the environment in which
they grow (Wisressy 2000} The acrophytic biofilms differ from the agquatic
ones in the surface, that is solid-gas, and voids instead of liguid water or watery
substances nmong the orgamisms, In the case of the biofilms in the murals of the
catmcombs, EPS eould be regulated in response toa variety of environmental fac-
tors, probably forming thicker sheaths reluted w low water avinlability (OrTEGA-
MokaLss e al, 2001).

Lo rraciance appeared to be the main stress factor shaping the biofilms. To
cope with low tmsdianee, cyanobactena inerease the number and size of phyco-
bilizomes (Coure & Rumy 1988) and have the ability of harvesting at nearly all
wavelengths, Erecled filumentous organisms muinly composed the biofilms
grown ot the lowest light levels, and the community formed hollow and velvery
structures, The porous structre of the biofilmes allowed all the filaments 1o obtain
the maximum amount of light, Impoverishment of the diversity may have
oecurred due o population shifts in the community in response to changes/reduc-
ton in the irradiance levels,

Muotility (Hoczye & Wolrcana 1998, Hoiczyi 2000) and colony formation
is associated with the production of mucilage. In the case of Lepralynghya sp. the
growth of the fAlaments and the motility of the hormogonia is responsible for the
formution and spatial organization of biofilms. Hormogonia colonize adjacent
arganisms or clean surfaces, in o dissemination strategy.
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The polysaccharidic apical pads wsed for the Rlament fixation of Leptolynghye
s ane formed by necridic cells and previously o the anachment, This contrasts
with the mechanism of fixation in Prewdamanas acrugingsa, in which polysac-
churide production is switched an when the surface is contacted (Davies et al,
1993),

The particular hypogean habitat is nol extreme regunding emperature and
water eonditions (humidity) (ALpeErTAND & Uk 1999). Therefore light appears
as the main stress fuctor and responsible for the low diversity of photosynthetic
life. Cell signulling has been found to e important in regulating the biodiversity
in bucteninl biofilms (Davies eral. 1998). However, nothing is known sbout com-
plex physiological regulation or the putative contral through production of cell
signals or quonim substances in subaenal biofilms,

Althaugh dim light may affect the community eomposition and diversity, it did
not prevent the development of photosynthetic biofilms. The photosynthetic
organisms thriving in the catacombs have the mechanisms o live under Jow light
{chromotic adapiation, porous biofilms) and colonize new surfuces. The best the-
ory that explains this luxurious photosynthetic growth was formulated by
Cavowers, et al. (1997) pointing out that success gt any level comes as a result of
the ability to grow and reproduce, with those that grow tastest in a particular set
of physico-chemical conditions incvitubly surviving hest.
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4.7. Els polisacarids produits per ceél-lules necridiques porten

a terme I'adheréncia dels hormogonis al substrat

A la majoria de cianobacteris filamentosos, els hormogonis sén una
forma transitoria d’aturada del creixement que serveix per la dispersié a curtes
distancies, I'adhesio i el subsegient establiment de biofilms. Els mecanismes
que intervenen en aquesta adhesié sdn complexos, incloent interaccions no
especifiques i propietats determinades pels organismes i per les condicions
ambientals.

L’objectiu va ser 'estudi de la formacié de substancies mucilaginoses
que intervenen en els primers passos dels processos d’adhesié dels
hormogonis. Es van estudiar biofilms aerofitics, vius i intactes, procedents
d’habitats amb escassa il-luminacio, mitjangant el microscopi electronic de
transmissié i de rastreig laser confocal marcant el DNA i les substancies
polimeriques extracel-lulars. Els biofilms estaven formats principalment per
Leptolyngbya spp. i Scytonema spp. En aquests cianobacteris filamentosos, el
primer aspecte visible de la diferenciacié dels hormogonis va ser la formacio de
céllules que ajudaven al trencament del tricoma, anomenades necridia. La
investigacié revela canvis en aquestes cél-lules. Inicialment, presenten un
increment de la intensitat de fluorescéncia i de la produccié de polisacarids
intracel-lulars. El trencament del tricoma i l'alliberament dels hormogonis van
ser causats per la desintegracié d’aquestes ceél-lules necridiques, que a I'Gltim
pas només mostraven fluorescéncia de les substancies polisacaridiques. Els
extrems polisacaridics semblen actuar com a mecanismes d’adhesié, com una
goma d’enganxar al comengament de I'adhesio de I’hormogoni al substrat. Per
tant, podem postular que la colonitzaci6 d’habitats per cianobacteris
filamentosos és eficient perqué els hormogonis i el seu extrem adhesiu hi estan
implicats. Malgrat aix0, son necessaris més estudis per comprendre la
importancia de les restes de cel-lules necridiques i la seva contribucié en la

colonitzacié de nous habitats.
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Els resultats detallats d’aquest capitol s’'inclouen en el seglent 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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Adherence of hormogonia to substrata is mediated by
polysaccharides produced by necridic cells

By Mariowa HERNANDEZ-MaRriNG and Mosica RoLpax

Universitat de Barcelona, Facultat de Farmacin, Unitat de Botinics,
Barcelomi, Spuin

With 4 figures n the texi

Abstract: In most filamentous eyanobactenn the hormogonia are o transient non-growth
alite that serves in the shor-distance dispersal, attachment and subsequent establishment
of hiofilms. The mechamisms mvolved in their adhesion are complex, including nonsge-
cific interactions, properties determined by the organisms und the environment condi-
tams, The wim of this study was 1 further our knowledge of the formation of the mu-
cilaginous substances Ihat mediute in the firsts steps of the hormogonium attachment
processes. Iniact-live biofilms, from aerophytio dint habitats, were processed for Trans-
mission Electron Microscopy and Confocal Scanning Laser Microscopy (CSLM) with
and without fluorescent labelling for DNA and polysaccharidic subsiuances. Those
bicfilis were mminly built by Leprofynghya spp. and Scyronena spp.

In the above filamentous cyanoheclerin the first visible oxpect of hormogonia differ-
entintion wus the formation of cells that help mrichome breakage, called necridie. The in-
vestigation revealed vhunges in such cells. At the beginning they presented higher pig-
ment fluorescence than the weighbour cells withoul chunge in size, While changing to a
charmclenistic cupping glass shape the CSLM revealed the loss of pigment Thiorescence
and the incrensed production of intracellular polysaccharides. Trichome breakage and
hormogonia Hberation were caused by (he disimtegration of such necridin, that a1 their fi-
nal step only presented o sirong polysaccharidic fluorescence. The immedinte neigh-
bours, that became the newly formed hormogonium, retain those cupping glass polysac-
charidic Muorescent remaing of necridia attached ol one or both tips, These polysaccha-
ridic pids seemed to sct as glue-like sttachment meehanism at the onset of lormogonia
acdhesion o substrati. We can then postulate that colonization of habluts and plant infec-
tion by filomentons cyanobacteria is efficient because hormogomin and their sticky 1ip are
involved. Huwever more studies are needed 1o understand the significance of necridia re-
maing and their contribution 1o the formmtion of biolilms,

Keywords:  Adbesion, sitachment, biofilms, catacombs, Confocal scanning laser mi-
croscopy, CSLM, Con-A, cynnobacterin, EPS, Hoechst 33258, hormogao-
nin, hypogean environments, Leprolvingdya, polysaccharides, Sovionemr,

0342- 112000501 59-239 § 2,75
© 2003 K. Schweizerhen‘wheVeragshurhhondbang, 090076 Srmgan
Algebogical Stindses 117 = Arch. Hydrobiol, Suppl 124
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Introduction

Cyanobacteria are able to undergo cell differentiation in response (o environmen-
tal chanpes, which can be both positive and negative for growth, depending on
the tuxon (ANAGNOSTIDR & Komirek 1988, HERDMAN & Rirpka 1988, Meeks a1
al. 2002 As was [irst proposed by Kown (1903), some scytonemutueenn und os-
cillatoriacean richomes break delivering short motile fragments called hormogo-
nig, The fragmentation of wrichomes sceurs ul heleroeytes, between twa veget-
tive cells, or by the help of dying sacrificed cells called necridia (ANAGNOSTIES
& KoMARLE 18R],

Hormogonia are a trunsient, non-growth state that serves in the short-tistunee
dispersal and colonization (ANAGNOSTIDNS & KomARER 198R). 1n addition, sym-
biotically competent filamentons cyanobacteria differentinte hormagonia that act
as infective units in the formation of symbintic associntions (MEexs | 998, MEzKS
& Frnan 2002). The smaller-sized cells of hormogonia result from cell divisions
that are not accompanied by an increase in eell biomass: there is no significant
net synthesis of DNA (HErpsax & Riveka 1988), protein, or chlorophyll (Cane-
ELL & Memks 1989) during the differentiation and active gliding periods of the
hormogonium cycle. In addition, hormogonia kack heterocytes and do not fix Ny
(TANDEAL DE Marsac 1994),

Death and lysis of necridin helps in the transcellular richome breakoge
{AnanosTion & KomArik 1988) and hormogonia release. Morcover, the re-
lease of hormogonia by Mestoc symbionts 15 induced by chemical signals re-
leased by the plant partner that influence hormogonium behavior (Meeks & Ei-
Hal 2002, Canpaiil el ol 2003), The selection of such cells is generally consid-
ered haphazard and accidental in contrust with the pattern of selection and prepa-
ration of cells that will differentiate as heterocyles (EL-SHEHAWY & KLFINFR
2003 und references therein).

There is a large body of lerture about selective advantages for microorgan-
isms to colonize (CosTEros et al. 1994 und altach 10 surfaces (BrENKiNsoee &
Costerron 1991, pe PHees & Vincesass 1998, Dunse 2002, Bakken e al,
20043, Several mechamsms involved in attachment have been suggesied. One of
the most anractive theories in adhesion is the extended DEVO- model of colloid
stability (Vax Oss et al, 1986, Juckes et al, 1998) in which linkage is regarded as
the totul sum of Lifshite-Van der Waals, acid-base, and electrostutic interactions,
However, this theory assumes that microorganisms behave as inert particles,
which is not the case (Hormansson 1999) The production of some substances,
such a5 extracellular polysacchanides (EPS), that can act simultaneously or in dis-
tinct steps of the colonization process should be considered (Fiviay & FaLkow
19497, HERMANSSOM [999, SUrvERLaxn 20011, Further support comes (rom o di-
rect link berween the biofilm adhesive strength and the polysaccharide content
{(HokpuTsa et al, 2003) and colonization of substrata (ALBERTANG 1 al. 1994,
LAMENT! ef al. 2000, Hu et al, 2003, Orrsca-Catyo et ul. 1995), The EPS com-
position is also related to the adhesion potential. Hydrophobic exopolysaccha-

190



Capitol 4

Addbierence of hormogonin o substruta by polysacchurides 241

rides, excreted by mature filaments of benthic cyuncbacieria, have been impli-
cated in cohesion mechanisms (BAKKER e al, 2004). Conversely, EPS secreted
by planktome eyunobagtenia and hormogonia are hydrophilic (Farmos & Suio
1984) and therehy can meduce the surfoce ension,

We illustrate a mechanism for hormogonia adbesion that his not been previ-
ously observed, We hypothesize that firss steps In the attachment processes ane
mediated by a pad of muciloginows materizl copstructed by the help of necridic
cells. Focus is on the biofilm forming Mlementous:sheathed eyanobacteria Lep-
folyrphya ssp., Sevtonensr fulfamn (Kome) Miseon, in Ko, and 8, ocellatum
LYMUBYE

Material and methods

Smull chips of substratn bearing intact-live bicdilms were collected in dim light habitats:
the Pupellona cave in Garraf, NE Spain (Rotoss et al, 2008a) and 51, Callistes cuta-
comb, neighbouring and undesiseath the via Appn Antien from Rome, linly (Higsdsoee-
Mariz et al. HH03), Hiofilms wers collected from different subsermin: limestone from the
cave, and plaster, freseo, win, bricks, snd manar from the cuscombs, General views of
the whale sample were chasined with Hght microscopy. Biofilme developed on the cave
witll and hypogesn monuments as dictinet dusty blue green, up to few millimeters of
ihickness. Suable temperatures and humidity along the year clarscterie the hbits swd-
led. Differences i biofilm thickness, eyanohocierial, and micronigul d:r!:llr and compo-
sition were observed depending apon fight conditions and capacity to rewln water from
tha mderial that supported the colonized surfaces (HERRANDES-MARNE et al. 2003,
Rotods et nl. 20044},

Plgment autofluorescence, nucleic acids and polysaccharides of wnlamnged biofilm
fragments wene studied with Confocal scanning biser microscopy (CSLM), Nucbeic acids
were specifically sained will Hoechst 33258 (Moléculur Probes, Inc.), polyvsacchorides
wiers labeled with the coshohydrate reeognizing lectin Concanavalin A-Alexalluor 458
(Suce-Con-A, Molecolur Probes, Tne.), CSLM was performed using a Leica micmscopse,
model TCS-5P2 (Lefea Microgystems, Mannheiny, Germany ). Autelluorescence: from
photosynthetic pigments was viewed in the red chommel (5H-E00 om) wsing 543 and
631nm excitution wavelengths (ArHeNe laser),

Mucleic acids wene collegiod ol S00-480 nm (blue Muorescence) using 351+ and 364-
in excilation wavelengihs from an argon laser. Polysacchatides were obierved al 490-
530 nm (green Moorescence) using 488-nm excitation wavelength from an arggon lser,

In order 1o map the spatial distribution of Muomescence of pigments, PNA, mad poly-
saccharides in the samples, oplical sectiom of hiafilms were collected separutely in
multi-channels as #-series (30 imaging),

Image combining anl processing were performed with Imardd™ V., 2.7, (Bitplane AG
Liiriwh, Switzerlund) image snnlysis program. Diofilms were observed at 100X, 631,
md DODI with the CELM device.

Sumples for TEM were fixed in 4 solution of 2% glutambdebyde in 0,1 M ooodylne
haifer nnd posr-fixed with | % osmium tetrexide in the same balfar. The sections were
viewed using a Hisachi HA00MT transmiiasion electrm miormseope opernting u 100V,
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Hesults

LM observations of living biolllms

Many cyanohacterial filaments were interwoven forming 31 structures that left
air spaces among them, Individual trichomes of Scytanema fulianue and 8. ocel-
fattem hagd some ends attached to the solid surfaces. Bundles of filaments of Lep-
tolynghyva spp. were mainly creeping on the substrata and on top of other organ-
isms, with some individual trichome extending out of the comman sheath.

The first visible sign of hormogoma differentintion in Seylonemea spp. wos the
formation of necridic cells that separated short fragments from the main trichome
iFig. lu). Necridin bad a cupping glass shape and faded colour, similar to the
colour of dead cells. Hormogoma formation was evidenced by the development
aof cells that were smaller and differently shaped than vepetative cells, Necridia
and hormogonia were scurce, though present along the year, When hormogonin
detzched from the parental trichome, the debris of necridic cells renmined ul one
or both tips of the newly isolated hormogonia as rerminal or subterminal cells
(Fig. |b). Hormogoniu of Sevteneme fulionem and 8. ocellatum moved appar-
ently not at random but with a tip towards the substratum, which may ¢xplain
their distribution in the biofilim, These species usually were attached an the sur-
face of the substrutn, which is ot the bottom layer of the biofilm, and grew
erected.

Fig. 1. Light micrographs of Seytommna ecellation var, parpinenn (a) snd Scyromemea
Jutfenum (B). n = Necridic cell with cupping gluss shope and fuded colour (nmow), b -
Apieal pud (urrow), [Scole bar = 10 pm,|
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Trichomes of Leptolyngbyva spp. were either soluted or within 4 common
sheath, packed tightly or loosely and twisting around one another. Inside the fila-
menis harmogonia were separated by necridic cells from the rest of the trichome.
Free hormogonin could be attuched to adjavent organisms or any type of sub-
sraLL

CLEM abservations

The stage of cell division could be sscenained by means of sutofluorescence in-
tensity and the shape and sive of nuclenids stained in blue with the fluorophore
Hoeehst 33258, Cells with high red suto-luoreseence or engoeing division figures
indicated active growth (Fig. 2). Cells with low auto-flucrescence indieated
senescence (Rornds et al, 2004h),

The cells that started o adopt the cupping glass shape chummeteristic of the
neeridia presented higher pigment fluorescence than any of the neighbouring
cells (Fig, 2a), Next, necridia presented a weak increase of polysaccharides, os
revenled by the green Con-A lubel (Fig. 2b). Meanwhile, nueleoids from the cells
that became hormogonia adopted a string of beads appearance, as a result of si-
miultaneous divisions without changes in cell size (Fig. 2b). At the final step of
the trunsformution process, necridia enly showed a strong polysaccharidic fue-
rescence (Fig. 2c), sometimes enhanced by FPS formation in adjacant cells (Fig,
2d). The newly formed hormogonin of Seytenema spp, and Leptolyvngbyva spp.
stll had necridia debrs attached o their tips (Figs. 2 e, 1) Serial sections of api-
eal pads revealed that they maintained the cupping glass shape of necridia (Figs.
2g-1) and their strong green Muorescence, chameieristic of polysaccharides.

TEM observalinng

Figure 3u shows TEM images of Leptolyaglya sp. necridic cells that undergo
strung chuanges in their content, the nucleoid was no longer visible and thylakoids
were destrayed. In addition its hormogonia presented an attached pad at their tp
iFig. 3b),

In figure 4 the morphological changes in the differentistion and release of
necridia and hormogonia and their attachment o o solid substratum are schema-
tised.

Discussion

It 15 well established that hormogonia are the diasporas of filamentous evanobac-
teria, The pioneer work of Fartos & Suiuo (1984) described hydrophilic mu-
viloge in hormogonia, which sct reducing the surface tenston und foeilitate their
gliding motility. However, linle is known in terms of the necridia function and
adherence properties of hormogonia with the colonised surfaces. Studies on hor-
mogonia ure mostly focused on Mextoe symbiosis (Couen & MEeeks 1997,
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Fig. 2. Confocal microscope images of filaments of Scytonemur spp. and Laptadvipbva
#ppe. in vegeiniive growih siaie und difforent stges of hormogoniom cyele. Biofilm sam-
ples eome from Papellona cave (a, ¢, o, (=) and 51 Callistus cotocombs (b, c. j). Pigment
fluorescence is shown as red colour, polysaccharides Inbelled with Comn- A-AlexaFluos
488 as green colowr, and nuclelc acids stained with Hoechst 33258 as blue colour.,

a = Extended focus projection showing pigment (uorescence and Con-A-AlexaFluor
488 of Scytonena ooellatum. The central image shows the sy-projection and the battom
and right images show the - and y2- projections along the depth. The right and battom
sitle of the yz- and the rz- section, respectively, commespond to the substraium., Note a
necridic cell with high pigment florescence {arvow) and debos of the sheath {arrow-
head), b = Three-channel simulated fluarescence projection (SFP). A necridic cell in a
further stage of differentintion is not stained with Hoechst 33258 lnbel and has produced
palysacchirides which are labelled with Con-A (armowhesd). An bormogoniom is distin-
guizshed at the right of the necridium by its dividing nucleoids (small arrows) with
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Fig. 3. TEM micrographs of Leprolwighya sp.
n = Meondic cell showing internal changes, including thylakoidal degradation {arrow-
hieadd)y and the early stage of the apicul pud formution {arrow), b — Hormogonium apical
pid (arraw). The hormogonium is opening up through o break in the sheatl,

[ Scale bar= 0.5 pm.].

Meeks & Evnan 2002, CasrueLy et al. 2003) that mainly fragment between twio
vegemative cells or ar heterocytes (KoMAREK & ANacNOSTIDNS 1989), To dute,
necridia have vnly been recognised us responsible for trichome breakage (Anac-
MOsTINS & KomArer 1988 and references therein) or as a Yshort segment of trail
extending beyond the front of the pre-release hormogonium®™ (HERNANDEZ-
Muriz & Stevens 1987) bul their trunsformation into an apical pad has not been
reported.

Further, in the case polysaccharides were reported on hormogonia, they were
not localized at their tips but as slime surrounding them, both for motile hor-
mogonia of Nostac commune, (BAZZICHELL et al, 1985) and for non motile hor-
mrogonin of N, prnctiferme (SCHUBSSLER et al, 1997),

In general, fixation and dehydration anefacis associated with the preparation
for TEM make difficult the observation of polysacchandes. In the present work
the events that led to muciliginous pad formation were also difficult to imerpret.

atring of beads appenrance as i result of simulianeous divisions. ¢ - Two-chunnel optical
section (pigment fluorescence and palysaccharides) of necridic cells showing strong
polysaccheride fluorescence, d = Two-channel maximum intensity projection (pigment
Nuorescence and polysacchorides), Hormegonin are liberating out of the parent sheath,
= Two-channel simulatesd Mluorescence projection of free hormogonie with apicul pads
(arrows). Mote that hormogaonia cells ane shorter than those of vegetative filaments al
beft. I= Two-channel simulaed Nuorescence projection (plgment flusrescence and poly-
sacehirides) of o biofilm. Hormogonia of Scytonemea fulianim (arrowhead) and Lep-
tolymphye sp, (awow) have polysagcehorydic a;.li:'nl pads, g = Two-chunnel (pigment fuo-
rescence and polyssccharides) 1y optical sections of Seytenema puliomm, Four out of 10
opticzl seetions of an apical neeridium debris, showing the cupping glass shape of the
prancl. [Scabe bir = 10 pm. ).
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Fig. 4. A simplified schema ilustrating the morplaologicil development of hommogonia
in some filamenous cyanohacteria.

1~ The filament consisis entirely of vegetative cells. The development of harmogania is
triggered by a variety of environmentol changes, both positive snd negative for growth.
b = Vepetativa cells s the terminal o sublerminnl tips of parental Gloments divide with-
out simultaneous increaze in cell biomass. Some cells differentiate into necridia.
Neendii are situsted ut one side of the hormogonivm or both sides, in the caze of subter-
minal hormogonia, Meeridin are charcterized by their cupping glass shape and in-
creased fluorescence, ¢ — During their development neeridin transfonm heir conlent into
pulysaccharydic substances, d - The hormogonium moves out of the parental sheath by
melive gliding, muaintaining the mucilaginous neeridium atached at i3 1ip. ¢ - Anach-
ment of the hormogoninm o the solid substrminm.

We have only been uble 1o distinguish the presence of polysaccharides and the
cupping glass shape in necridia remains by means of sequential images of auto-
fluorescence and lubeling of DNA und polyssccharides, Assessment of CSLM
und TEM images suggest that the contents of necridie cells had changed 1o 4 mu-
cilaginous pad, maintaining their cupping glass shape. Thus, we propose that
changes in necridin may help to stick and attach hormogonia to the substratum
due o the glue-like adhesion of polysaccharidic substances. Necridia are not cells
that just die 1o help the release of hormogonia but they transform and adapt them-
selves for their final function, the atachment of hormogonia. This mechanism
can act in conjunction with other adhesion mechanisms.

The differentiation of necridia into specialized cells involves extensive hio-
chemical und structural changes, the molecular bases of which are not known. In
eontrast, drastic changes also oceur during differentiotion of heterocyles (Hir-
RERO et ol 2004, MEExs ef al. 2002} that are well understood, at least in symbi-
olic siraing of Moo (Anams & Duocoax 1999, Meeks & Eraa 2002, MEEKS et
al. 2002). The first stage in necndium differentiotion is a high merease in fluores-
cence Wl characterizes the loss of photosystem 11 activity, which is well de-
seribed for heterocytes (MeEKS & Ernar 2002}, The transformation of the cup-
ping glass necridium to o polysacehuridic pad, must involve either repression or
differential protein synthesis as reponed for heterocytes glvealipids that are pro-
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duced and vsed us u barrier to prevent the entry of O (WaLK 1996 and references
therein, ZHou & Wark 2003), Finally, necridia, as stated for heterocytes, are also
“specialized cells specinlly selected and prepared for their fate” (EL-SHEHAWY &
KvLemer 2003) that after the process does not re-cnter the cell cyele and are sacri-
fieed.

The application of the techniques here described has helped to illustruie und
clurify the role of necridia in the initial attschment of hormogonia to the sub-
strat. We can then postulute that colonization of habitats and plant infection by
filamentous cyunobacteria is efficient in part becouse hormogonia and their
sticky tips are involved. However more studies are needed 1o understand the sig-
nificance of necridia remains and their contribution to the formation of biofilms.

Acknowledgements

This work was supported by EU Programme Energy, Environment and Sustainable De-
velopment in the frame of CATS Project, contract EVK4-CT-2000-00028, The authors
wotlld like to thank the Scientific and Technicil Services of the University of Rurcelom
for their exeellent technical assistance with the CSLM. Froiiful discussions with Ester
Cravero are also acknowledged.

References

ADams, D. G, & Duoaan P S. (1999); Helerocyst and akinete differentidtion in
cyannbacterin, — New Phywol, 144:1-33,

Avgerran P, KovaCi L. & Cawoea M. G, (1994); Preliminary investigations on
Tﬂgiﬂuc eyanophytes fram a Roman Necropolis, - Arch, Hydrobicl/Algolog. Stud.

: T1=T74,

ARAGROETINE K. & KoMAREK . (1988): Modern approach to the clissification system of
eyunophytes, 3-Oscillatoriales, — Arch. Hydrobiol/Algolog. Swd. 50-53: 327472
Bakken D. P, Postaus B, R, Dussenen H, 1. & vax pir Mo H, ©, (2004): Bacterial
strains isalied from different niches can exhibit different patterns of ndlesion to sub-

stratk, = Appl. Envicon, Microbiol, 70: 3758-3760,

Breskinsorr 5. AL & Costerton 1. W, (1991): Understanding bacterial biofilms.
Trends Biotechnol, 9 138-143.

Daznenr i G, Anpeianias N, & Yivmora B (19880 Stuctural modificstions in the ex-
tracellular investment af Mostoe commune Vaucs, durdng the Tife eycle. 1L Maotile and
nonmedile hormogonium, biseriate stage. — 1. Ultrnstroct, Res. 91: 174-181.

CampneLl B, L & Megxs . C. {1989): Characteristics of hormogonia formation by sym-
biatic Nustac spp. in response to the presence of Anthe-cermspene b or its extravel-
lular products. — Appl. Environ. Microbiol, 55 125-131,

Camenint E. L., Wona E CL Y, & MEeks 1. C. (2003} DNA binding propenies of the
HemR protein of Nestoe punctiforme responsible for transcriptionnl regulation of
genes involved in the dilferentintion of hormogonia, — Mol, Microbiol, 47: §7T3-582,

Cones M. F. & Mieks 1 C. (1997 A hormogonivm regulating locus, hem LA, of the
eyunobncterium Nostec puschiforme strain ATCC 29133 and it response 10 an extact
of & symbiotic purtner Anthoceros punctaies, - Mol, Planl - Microbe Int 10:
2R0-284.

Coyngrod LW, Stewant P 8. & Ouoekpeka B, P (1999): Bacterial biofilms: a com-
mon cuuse of persistent infections, — Science 284: 13181322,

Det Priiviepss B & Viscesama M. (1998): Exacellular polysaccharides from oyinobactes
ria and their possible applications. = FEMS Microbiol. Rev. 22 151-175.

197



Resultats

248 M. HernAnpiEs-Maging and M. ROLDAN

Dusne W M. I (2002 ) Bacterial Adhesion: Seen Any Good Biofilms Lately? = Clini-
cil Microbiol, Rev, 15: 135-166,

Er-Suxnawy B, M. & Kigxes D, (20033 The mystique of imeversibility in cyanohociers-
il heterocyst formation: parallels w differentintion and senescence in eukaryntic
cells, - Physiol. Plant. 119: 49 -55.

Farrom A. & Smieo M. (1984) Hydrophobleity as an adhesion mechanisms of benthic
eynrnobacieria, — Appl. Environ, Microbiol, 47: 133143,

Fisiay B, B, & FaLkow S, (1997): Commaon themes in microbial pathogenicity: revis-
ited. — Microhiol, Mol. Riol, Rav, 61: 136-169,

Hexpoas M. & Rorexa B (1988): Cellular differentintion: hormogonin and hoeocyies, —
Meihods Eneymol, 167: 232-242.

Hinmansson M. (1999): The DLVO theory in microhial adhesion. - Colloids Surf,, Bt
Riointerfaces 14: 105-119,

HernAnmz-Manmsg M., CLavero E. & RowpAx M. (2003): Why there 1s such luxunons
growth in the hipogean environments, — Arch, Hydmbiol /Algolog. Stud. 109
229-239,

Herrdxmez-MuSoe W, & Stevens B I (1987): Characterization of the motile hormogo-
nia of Mastigocladur laminosuy, = 3. Bacteriol, 16%: J18-273,

Hexpsno A, Mugo-Pastor A, M, VaLiapanes A, & FLores B (2004): Cellatar differ
entintion and the NieA transenption foctor in filamentous cyanohacteria. - FEMS Mi-
crobial. Rev. 28: 469187,

Horrrrsa 5., Hu €, Pauses B, 5. & Hagoisg 5. B 2003 A physico-chemienl com-
parative study on extracellulur curbohydrmte polymees from live desert algae. - Car-
bubyds. Polym. 54: 27-32,

Hu O, Lir Y, Pausey B, 5, Perersex D, & Kravesess D, (2003): Extracellular carbo-
hydrate polvmers from five desert xoil algne with differeat cohesion in the stabiliz-
tion of fine sund gruin. — Corbobydr. Polym, 54: 33-42,

Jucker B, A, Zeanoea A, B, & Havkesars S, (1998): Quantification of polymer nter-
actions in hacterial adhesion. = Environ. Sci. Technol, 32: 29(R-29135,

Kouw F. G. (1903): Uber die Organisation und Physiologie der Cyanophyceerielle, -
Giustaw Fischer, Jena, Germany.

Kosirer 1, & Anaanostios K. (1989 Modern approach o the classificution system of
cyanophyies, 4-Mostocales, — Arch. Hydrobiol /Algolog. Stod, S6: 247345 |

Lamienm G.. Tiaso P& Tomasern L. (20000 Biodeteriaration of arnamental marhie
statues in the Boboli Gardens (Flarence, ltaly). = I Appl. Phycol. 12; 427-433,

Megks, J. C. (1998): Symbiosis between nitrogen-fixing cynnobacierin und plants, — Bio-
science 48: 266276,

Mimks |, C., CasirpELL E. L., Sussers M. L. &Wosa B C. (2002): Cellular differemia-
tion in the cyanobacterium Nestoe punctiforme. — Arch, Microbiol 178 @ 395-403.
MERks 1, C. & BEoaan 1 (2002 Regulation of cellular differentiation in filamentons
Cyanobucterin in frec-living and plont-ussociated symbiotic growih states, - Migno-

biol. Mol, Biol, Rev. 66: 94-121.

OrTeGa-Catvo I, 1, Ariin X, HErnanorz-Marmg M, & Sa-Jivevez C. (1995): Fac-

tors affecting the weathering and colonisativn of monuments by photetrophic mi-
isms. — Sci. Tot, Environ, 167: 320341,

Rovpix M., CLavero E., Cakats T, Goseer-Boosa A, Ariso X, & HERNANDEZ-MaRrsg
M. (2004a): Distribution of phototrophic biofilms In cavities (Gurmaf, Spain), - Nova
Hedwigha T8 (3-4); 3129-351.

Rocoan M., Cravero B Castil 5. & Himwanors-Maring M. (20040): Riofilms Mue-
rescence and image analysis in hypogean monuments research, -~ Arch.
Hydrobiol /Algolog. Stud. 111: 127-143.

ScHuessier A., Mever T., Grnero H, & Kooce M. (1997): Virdations of beelin binding
sites in extracellular glycoconjugates during U life oyele of Nestee pusciifirnie, a
podentially endosymibiotic eyanohacterium. — Eur. 1. Phycol. 32:233-239,

StrrueErLAND 1 W, (2001 Biofilm exopolysaccharides: a strong and sticky fromework. =
Microbiology 147: 1-49,

198



Capitol 4

Adherence of hormogonia to substruts by polysacehanides 249

Tanzay oe Marsac N, (1994); Differentintion of hormogonia and relationships with
other biological processes. — Tn: Bavant D A, (ed,): The molecular biology of
cynnolusclerin, p, 825-842, Kluwer Academic Publishers, Boston, Mass.,

Vian 088 C. 1, Goob B ). & Chavesuey M. K. (19863 The role of Van der Vaals forees
and hydragen bands in hydrophobic interactions between biopolymers and low en.
ergy surfuces, = J, Collodd Interface Sci, 101 378-390,

WoLk C. B (1996F Heteroeyst formation. — Annu. Rev. Genet. 30: S0-78,

Znou B & Wook C, P (2003) A iwo-component system mediates developmental regu-
lation of biosynthesis of o beterocyst polysaccharide. — 1 Biol. Chem. 278
19939 1 0046,

The authors” address:

Manosia HERR AN -MARINE,
Mdaiica Ronis,

Uiniversitat de Barcelona
Faguliut de Farmacia

Tluitat dhe Bothnica

Ax. Joan XX </n

E-U8028, Barcelona, Spain.
mdirennithernandez @ ub.edu

199



Resultats

200



Capitol 4

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

fluoresceéncia i I'estructura dels biofilms fototrofics?

La il-luminacié artificial pot alterar els monuments hipogeus induint la
formacio de biofilms fototrofics que causen biodeterioracio i/o alteracio estética
de les superficies. Nosaltres examinem I'efecte de la llum blanca (WL) o verda
(GL) en biofilms formats per Gloeothece membranacea (Cyanobacteria) i
Chlorella sorokiniana (Chlorophyta), totes dues espécies presents en habitats
de baixa il-luminacié, amb I'objectiu d’avaluar el potencial de la llum verda per
prevenir el creixement del biofilms fototrofics.

Es va utilitzar el microscopi de rastreig laser confocal espectral per
examinar fotopigments, DNA i polisacarids extracel-lulars (EPS) i les séries
obtingudes utilitzades per realitzar I'analisi quantitativa de l'estructura dels
biofilms. Es van mesurar les caracteristiques de la fluorescéncia i la mida de
I'aparell fotosintétic de cél-lules individualitzades.

Sota llum verda (GL), les dimensions de les regions dels til-lacoids van
ser significativament més petites en ambdues espécies que en llum blanca.
L’'aparell fotosintétic de cél-lules en GL presenta significativament menys
intensitat de fluorescéncia mitjana (MFI, acronim de l'anglés) en ambdues
especies, aixi mateix la densitat dEPS en biofims formats per G.
membranacea és menor que en els de llum blanca. Mentre que aquests efectes
van ser moderats per G. membranacea per l'adaptacié cromatica, C.
sorokiniana va patir gran estrés sota llum verda. La resposta dels biofilms a la
llum verda comprén diferéncies en la fluorescéncia dels pigments, el gruix dels
biofims i el biovolum, aixi com simplificaci6 de la seva estructura
tridimensional, si comparem amb els biofiims sota llum blanca (WL). Els
resultats suggereixen que la llum verda contribueix al decreixement de la
diversitat especifica i, per tant, pot esdevenir una estratégia eficient per
controlar el desenvolupament dels biofilms fototrofics en monuments hipogeus

il-luminats artificialment.
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Els resultats detallats d’aquest capitol s’'inclouen en el seglent 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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Artificial illuminallon can harm works of art by inducing the develop of ph th
bi ioration or esthetic damage to such surfaces, we “evaluated and mmpared the

the aim of pr

ic biofilms. With

i

effects of Illnmlnating biofilms formed by Gl
(Chlorophyta) using exclusively white or green light.

(cyanob ia) and Chiorella soroki

Inappropriate artificial illumination of archacological re-
mains and their interior works of art (1, 2, 3, 4) results in the
uncontrolled development of photosynthetic microorganisms,
primarily cyanobacteria and microalgae (10, 13, 15, 19, 20),
forming greenish biofilms that contribute to surface biodete-
rioration. These organisms feature a matrix composed primar-
ily of exopolymers (EPS) that are involved in the resistance of
biofilms to adverse abiotic conditions as well as in attachment
(3, 5, 6, 24). Owing to their hygroscopicity (7, 8, 11, 28), EPS
can be particularly harmful to archaeologically valuable sur-
faces. Control efforts usually focus on cleaning damaged sur-
faces or on chemical treatments that have little efficacy against
biofilms (35, 14). Hence, there is an ever-increasing interest in
the development of alternative strategies for preventing and
minimizing biofilm development.

Changes in spectral ambient light produce variations in pig-
ment distribution and abundance for cyanobacteria and mi-
croalgae (17, 18, 23). In particular, green light (GL) retards
growth (9), causes vacuolation in the thylakoidal system (1),
and affects pigment composition (25) and fine structure (1).
GL is also advantageous since it represents the maximum ab-
sorbance of human vision. We thus sought to evaluate the poten-
tial for GL to prevent biofilm growth by comparing the responses
of artificial biofilms exposed to either GL or white light (WL).

Biofilm preparation, Sterilized lime-pozzolana slabs (three
slabs, 3 by 1 em) were inoculated with 1 g of a mixture of Glocoth-
ece membranacea Bornet CCAP1430/3 (Pasteur Culture Collec-
tion, Paris, France) and Chilorella sorokiniana Shih and Krauss
SAG 211-32 (Centro de Investigaciones Cientificas, Isla de La
Cartuja, Seville, Spain). The slabs were placed in petri dishes and
stored at 19 to 22°C under continuous GL (Narva LT 18 W/017
green TT; Narva, Czech Republic) or WL (Chiyoda F 15 8 day-
light: Chiyoda Corporation, Japan) at a constant photon flux
density of 20 pmol - m~2 - 57" for 60 days. The emission spectra
of the lamps were measured with a LICOR (Lincoln, NE) Li-
1800 spectroradiometer (Fig. 1).

* Corresponding author. Mailing address: Departament de Pro-
ductes Naturals, Biologia Vegetal | Edafologia, Universitat de Barce-
lona, Av. Joan XXIII s/n, E-08028 Barcelona, Spain. Phone: (34) 93
4024490, Fax: (34) 93 4035879, E-mail: marionahernandezi@ub.edu.
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CSLM. Confocal scanning laser microscopy (CSLM) was
performed to establish possible differences between GL and
WL treatments in morphology, size of thylakoidal areas, and
architecture of biofilms (20), for which a Leica TCS-SP2 (Leica
Microsystems Heidelberg GmbH, Mannheim, Germany) was
used. Autofluorescence from photosynthetic pigments (PP)
was excited with the 543- and 633-nm lines of an Ar/HeNe
laser and observed in the red channel at an emission range of
590 to 800 nm. EPS were labeled with the carbohydrate-rec-
ognizing lectin cong lin A (ConA)-Alexa Fluor 488 (Mo-
lecular Probes, Inc., Eugene, OR), excited with the 488-nm line
of an Ar laser, and viewed in the green channel at 490 to 530
nm. Unlabeled organisms were used for a staining control. To
determine the spatial relationship between pigment fluores-
cence and EPS, bichannel images were acquired in the x-y
plane at different intervals along the z axis, The thickness of the
sample was established as the distance from the highest posi-
tion to the lowest position of inherent pigment fluorescence.
Image combining and processing were performed with the
Imaris software package, version 2.7 (Bitplane AG, Zirich,
Switzerland) (20).

Analysis of org; Slabs 1 under GL exhibited
colonies of two to four cells of G. membranacea surrounded by
a relatively thick sheath in which only the oldest wrecked
external layers were labeled by ConA (Fig. 2A). Membrane
vacuolized thylakoids were seen as empty spaces inside the
cells (Fig. 2C). Slabs kept under WL displayed G. membrana-
cea colonies with a larger number of cells (with 54.1% having
more than four cells) surrounded by an apparently compact
sheath that was strongly labeled in green in all layers (Fig. 2B);
C. sorokiniana was nearly absent in slabs maintained under GL
(Fig. 2A and C), showing negative selection under this spectral
quality (27).

Metamorph software (Universal Imaging Corp.) was used to
measure pigment fluorescence regions in three-dimensional
projections of unlabeled cells. Data sets were exported into
Microsoft Excel for analysis. In GL, the mean dimensions
(length by width) for G. membranacea (26 cells) were 6.23 =
1.32 pm by 452 = 040 pm; in WL (17 cells), the mean
dimensions were 6.91 = 1.77 pm by 542 = 0.55 pm. For C.
sorokiniana, the mean dimensions under GL (48 cells) were
3.8 % 0.52 pm by 2,65 * (.57 pm; in WL, the mean dimen-
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weaker MFI in GL than in WL, all of which are signs of
retarded growth and thus suggest a possible treatment for
preventing photosynthetic biofilm growth. Although laboratory
data cannot be extrapolated to natural environments, our re-
sults have prompted studies of the application of green light to
artificially illuminated works of art.
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4.9. La influéncia de la llum verda en la ultraestructura dels

cianobacteris: aplicacié en ambients de baixa il-luminacio

L’objectiu d’aquest estudi va ser avaluar el potencial de la llum verda (GL)
per prevenir el creixement de biofilms fotosintétics en ambients hipogeus, que sén
normalment il-luminats amb llum blanca artificial (WL). Es va comparar la
morfologia i la ultraestructura de l'espécie aerofitica Gloeocapsopsis magma,
aillada de la cova turistica de Collbatdé (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 senescéncia. Les cél-lules procedents d’ambients naturals contenen
alts nivells de ficoeritrina. Les beines de les cél-lules sota llum verda no eren
estratificades, mentre que les de llum blanca presentaven una clara estratificacié.
Les cél-lules sota llum verda van ser significativament més llargues que les
cél-lules sota llum blanca de la mateixa edat, perdo més petites que les cél-lules de
sis mesos d’edat sota llum blanca. Respecte a l'ultraestructura, les cél-lules sota
llum verda contenen només alguns til-lacoids distribuits a l'atzar i granuls de
cianoficina dispersats pel citoplasma. Les céllules 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 practicament no
difereixen en nombre i disposicid dels seus til-lacoids. Encara que Gloeocapsopsis
magma exposada a llum verda sobreviu a la natura i en cultiu, la pérdua de
pigments i el desequilibri de la seva ultraestructura revelen que aquest organisme
esta al limit de la seva adaptaci6 a aquestes condicions. Actualment, estem
explorant aquesta informacié per desenvolupar tractaments efectius per controlar

el creixement dels biofilms en arees del patrimoni cultural.
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Els resultats detallats d’aquest capitol s’'inclouen en el segient article:

The influence of green light on cyanobacterial fine structure:
Applicability for dim environments. Arch. Hydrobiol. / Algological

studies (2008), en premsa.
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THE INFLUENCE OF GREEN LIGHT ON CYANOBACTERIAL FINE
STRUCTURE: APPLICABILITY FOR DIM ENVIRONMENTS

Monica Roldan' & Mariona Hernandez-Marinég?
! Universitat Autonoma de Barcelona, Bellaterra, Spain.
Universitat 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 Collbaté 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,
HERNANDEZ-MARINE 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, ROLDAN 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,
ARINO 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, BUDEL et al. 2004,
CRrisPIM 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 Rios 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 biofiims (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,
bioflms 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, ROLDAN et
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al. 2003, CRrisPIM & 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 (ROLDAN 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, ROLDAN et al., 2006).

During an intervention intended to clean biofims 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 (BREBISSON) KOMAREK et ANAGNOSTIDIS (KOMAREK &
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 (ROLDAN 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.
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Materials and methods

Samples were collected in the Collbat6 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 14.7° C, with an annual variation of 4.1° C; the
mean value of the stone temperature was 15.5 © C, with an annual variation of
1.2° C; the mean ambient humidity was high (RH 90-99.9%) in the sampling

zones; and the mean ambient CO, concentration was 588.2 ppm.

Growth conditions

Gloeocapsopsis magma was grown and maintained in agarized BG11 (RIPPKA
et al. 1988) at 19-22 °C 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) (ROLDAN 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 (A excitation : 546- nm, A 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 °C using 0.5% uranyl acetate in pure methanol (stored over molecular
sieves) for 72 h. The temperature was then increased at a rate of 5°C per hour
to -50°C. The samples were transferred to methanol at the same temperature (-
50°C) and rinsed three times over 2h. Embedding in HM20 resin and ultraviolet
polymerization at -50°C for 48 h were then performed. The blocks were then
warmed to and kept at 22 °C 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 (ROLDAN 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 + 0.07um
x 2.85 = 0.07 um) 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 ym 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 ym x 4.63 + 0.14 pm) had the same

shape and division pattern as the WL cells, but were significantly longer and
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wider (Fig. 1 e-g). ). The differences in cell size between GL and WL cells were
statistically significant, notably in cell width (F 4, = 164.99, P< 0.0001) and
length (Fq 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, 3¢ 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 (HERNANDEZ-MARINE et al. 2001,
ROLDAN et al. 2004a, WILMOTTE 1988) or under similar light conditions to the

present work for Gloeothece membranacea (ROLDAN et al. 2006).
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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 (KOMAREK &
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
(ROLDAN 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 (Zsiros 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 & FUuJITA 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 (Copbb & 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 Collbat6é 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

220



Capitol 4

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. ¢ - 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: 10pm]
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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 ym, ¢,d 1 ym].
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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. ¢ - 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).
¢ - 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 eficacia dels biocides i els tractaments de neteja en

els treballs de restauracié de monuments hipogeus

Per a l'estudi de comunitats microbianes en monuments, normalment
s’utilitzen meéetodes de cultiu tradicionals. Els métodes més comuns inclouen el
recompte de cél-lules microbianes i I'aillament i la posterior identificacié de cultius
purs en el laboratori. Aquests métodes no només consumeixen molt de temps sin6
que requereixen gran quantitat de material i és, per tant, de gran interés trobar
metodologies rapides. L’objectiu d’aquest article és avaluar l'eficiencia de les
técniques de neteja utilitzant biocides i identificar un conjunt de metodologies
economiques per al control de la restauracié. S’han realitzat dos estudis diferents.

Cas 1. Les coves de Collbato, Barcelona, Espanya. En aquest estudi s’han
escollit diferents arees d’estudi i cadascuna s’ha dividit en quatre quadrants. El
quadrant A es va mantenir com a control per tenir una referéncia 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 fotosintétics. 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-luminacié dels biofilms utilitzant exclusivament
lampades de llum blanca (WL) o de llum verda (GL) en zones properes de les
mateixes caracteristiques. Els resultats d’aquest estudi van demostrar que el clorur
de benzoalconi redueix els nivells de fluorescéncia comparat amb els controls. A
més, l'abundancia de Scyfonema julianum i altres espécies predominants van
disminuir, excepte per a Nostoc punctiforme i Gloeocapsopsis magma, ambdues
cobertes amb polisacararids extracel-lulars i amb pigments accessoris.

Cas 2. Pintures murals de la Necropolis de Carmona, Sevilla, Espanya. Es
va realitzar una restauracié que consistia en una neteja de la zona, un tractament
amb benzoalconi i una consolidacio. Els resultats van mostrar una alta similaritat
en totes dues comunitats bacteriana i fototrofica, abans i després del procés de

restauracio. El tipus de seqiiéncies clonades obtingudes de les bandes comunes
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procedents de les dues comunitats abans i després del tractament corresponen als
generes Chroococcidiopsis, Cyanidium, Cyanothece, etc. La majoria de
sequiencies obtingudes procedents de les comunitats bacterianes de les mostres
investigades presenten homologia amb els microorganismes no cultivats. El
conjunt de bacteris pertanyen als géneres Propionibacterium, Arthrobacter,
Rubrobacter, Micrococcus, Mycobacterium, Kibdelosporangium i Pseudonocardia
(Actinobacteria); Nordella, Mesorhizobium i Phyllobacterium (Alphaproteobacteria);
Salinisphaera i Stenotrophomonas (Gammaproteobacteria).

L'us correcte de metodologies en el camp de la conservacido de
monuments pot reduir sensiblement el risc inevitable de danyar les superficies o la
pedra, per intervencions conservatives, i conseqientment pot dur a un

decreixement en els costos de manteniment dels monuments.

Els resultats detallats d’aquest capitol s’inclouen en el seglent 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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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 Collbaté,
Barcelona, and to prevent subsequent
biofim 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 wuse both the commercially
available active principle (1%o) 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 additon 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 (Roldan 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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biofims  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
biofilms forming organisms.

in the
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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 Scyfonema
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  biofiim 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 1°
and 2" centuries AD. It was
discovered at the 19" 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
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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 -80°C.

Small samples were used for DNA
extraction. DNA was extracted using
the NucleoSpin Food DNA extraction

kit (Macherey-Nagel, Duren,
Germany) following the
manufacturer’s recommendations.

DNA was preserved at 4°C 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: 95°C
for 2 min; 30 cycles (unless otherwise
stated) of 95°C for 15 s, 55°C (60 °C
for Cyanobacteria) for 15 s and 72°C
for 1 min; and 72°C 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.
226 Z26C
¥ |
E L
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— gy 94% Cyanidium sp.
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= ———EEg2% Cyarnobacterium sp.
-y ——*i';ihgo% Cyanothece sp.
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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

Z26CZ26

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

. o s == y-Proteobacteria
90% Alkalitimnicola sp—
ff 99% Stenotrophomonas sy’

B-Proteobacteria

s | / 94% Nordelfa sp. .,
——, [/ 7 99% Phyllobacterium sp——— a-Proteobacteria
e ) {7 97% Mesorhizobiumsp.
S y ~95% Mycobacterium s
/’ N~ 99% Micrococcus s
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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 wuse 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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