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ZUSAI\1MENFASSUNG 

In der vorliegenden Arbeit werden die molekularen Wechselwirkungen zwischcn der Agar 

bildenden Alge Graci/aria co11ferta und epiphytischen Bakterien - insbesondere 

Agarabbauem - untersucht. Dabei wurde von der Grundhypothese ausgegangcn, daO 

mehrzellige AJgen - iihnlich wie Spermatophyten - Anwesenheit und Aktivitat von 

Pathogenen an spezifischen Elicitorcn erkennen und mit Veriinderungen im Stoffwechscl 

reagieren kormen, die zur Kontrolle der Pathogene fiihren. 

Zwei verschiedene Rezeptorsysteme fiir Agarabbauprodukte wurden in G. conferta entdeckt, 

die sich besonders in ihrer Fahigkcit unterscheiden, Oligoagannolekiile mit reduzicrter 

Lactol-Gruppe zu erkennen. Ein Ncoagarohexaitol-insensitives Rezeptorsystem reagiert 

besonders empfindlich au! Agarase-Produkte, die aus 12 oder mehr Monosacchariden 

bestehen. Anwesenheil dieser Saccharidc im Medium in nanomolaren Konzentrationen fiihrt 

zur sofortigen Aktivierung einer Plasmalemma-sliindigen und NAD(P)H-abhangigen Oxidase, 

die exlrazellular molekularen Sauerstoff aktiviert. Dadurch werden in der Zellwand 

Konzentrationen an aktiviertem Sauerstoff erreicht, die ausreichen, um epiphytische Dakterien 

abzutoten und das zellwandstandige Enzym Haloperoxidase zu aktivieren. Das 

Neoagarohexaitol-insensitive Rezeptorsystem bewirkt auOerdem cine Entkopplung von 

respiratorischem Elektronenlransport und oxidativer Phosphorylicrung in den Mitochondrien 

der Wirtszelle. Die notwendigen Mengen an Oligoagar zu1 Auslosung dieser Vorgiinge 

wunlen iru1erhalb von 24 Stunden aus toler Algenbiomasse freigesetzt. Diese Freisetzung 

konntc durch Zusatz von Antibiotika verhindert werden und war daher bakteriell verursacht. 

Ein zweites, Neoagarohexaitol-sensitivcs, Rezeptorsystem reagiert besondcrs cmplindlich auf 

Agarase-Produkte, die aus 8 oder mehr Monosaccharidcn beslehen. Mikromolare 

Konzentrationen dicscr Saccharide bewirken einen Anstieg der intrazellularen Konzentration 

an aktivicrtem Sauerstoff. Zusatzliche Lichtexposition fiihrt zu weiterem oxidativen Stress 

und zu Depigrnentierungen in meristemalischen Zellen. Diese lokal begrenzlen 

Depigmentierungen erinnem an friihe Symptome der ,;ce-ice"-Krankheil, sind aber eher mit 

Abwehmekrosen in Spermatophyten zu vergleichen. Solche Meristerndepigmentierungen 

!assen sicb auch mit Cellulose-Abbaupro<lukten in<luzieren, was die Anwesenheit eines <lrittcn 

Rezeptorsystems nahelegt, das auf <liese Saccharide reagiert. 



In einer Auswahl von 54 Dakterienisolatcn aus dem Aufwuchs von G. conferta wurden 13 
Isolate aus mindestens drei verschiedenen Arten entdeckt, deren Ausscheidungcn ebenfalls 
Meristemdepigmenticrungen auslosten. Die akliven Substanzcn konnten mit Protease zerstort 
werden und waren daher keine Saccharide. Die MolckiilgroBc einer der Substanzcn lag 
zwischcn 700 und 1500 Da, es handelle sich also um ein Peptid. 

Die Ergcbnissc der Arbcit zcigen erstmalig, daB Oligosaccharide in Algcn cine Rolle als 
Signalsubstanzcn spielen. Hinweise auf cine cnlsprechende Rolle von bakteriell produziertcn 
Peptiden wurden ebcnfalls gcfundcn. Die Untersuchung macht daher deutlich, daB sich die an 
Spermatophylen entwickelten Modelle der Phytopathologic weitgehend auf Algen iibertragcn 
(assen und daB diese sich nicht nur mit praformierten Abwehrstoffen gegcn Pathogene zur 
Wehr setzen, wie lange angenommen wurde. 

SUMMARY 

Subject of the present study are the molecular interactions of the agar producing seaweed 
Graci/aria confer/a and epiphytic bacteria • agar degraders in particular. The study is based 
on lhe main hypothesis that seaweeds should recognize plant defence elicitors in a similiar 
way as spem1atophytes do. It was expected that G. conferta should respond to such signals 
with changes in metabolism that result in a control of pathogens. 

Two different receptor systems for agar degradation products were detected in the alga. They 
differed i.n their ability to recognize oligoagars with modified reducing end-residue. A 
reducing end-insensitive receptor system readed most sensitive to oligoagars that consisted of 
12 or more saccharide residues. Aciivation of molecular oxygen by a plasmaJcmma-located 
and NAD(P)H-dependent oxidase was observed immediately after addition of these 
saccharides to the medium at nanomolar concentrations. Within minutes the concentrations of 
activated oxygen in the cell wall reached a level high enough to eliminate epiphytic bacteria 
and to activate cell wall-located halopcroxidase. Uncoupling of respiratory electron transfer 
and oxidative phosphorylation in host cell mitochondria also resulted from elicitation of the 
reducing end-insensitive receptor system. 



Decomposition or algal biomass resulted within 24 h in a release or oligoagars that was 

sufficient lo elicit these responses. The release was due to bacterial activity, since it could be 

inhibited with antibiotics. 

A second receptor system recognized neoagarohexaitol and reacted most sensitive to agarase

products that consisted of 8 or more saccharide-residues. Micromolar concentrations or these 

saccharides elicited intracellular production of active oxygen. Exposure to light resulted in 

more oxidative stress and subsequently in depigmentations of meristematic cells. These 

bleached thallus tip cells reminded of early symptoms of ,Jee-ice-disease". However, they 

resulted from autodestruction after recognition of elicilors and were thus rather comparable to 

defence necroses in sperrnalophytes. CclJulose degradation products also induced such 

depigmenlations, indicating that a receptor system for these saccharides is also present in G. 

confer/a. 

Of 54 bacterial isolates from G. confer/a, 13 strains - belonging to al least 3 different species -

excreted agents that induced bleaching of meristematic cells. These elicitor-active compounds 

were sensitive to protease and thus no sacchariclcs. One of these clicitors was fu1thcr 

investigated. It had a molecular weight in the range between 700 and 1500 Oa and was thus a 

peptide. 

111e study demonstrates for the first time that oligosaccharides play a role as signalling agents 

in algae and it gives indications for a similiar role of bacterially excreted peptides. Main 

concepts of phytopathology that have been developed with sperrnatophytes during the last 

decades may thus be applied to seaweeds: Algae do not rely on preformed defense agents 

alone to defend themselves against pathogens, which was a common assumption until 

recently. 



PREFACE 

This study was conducted between November 1995 and March 1999 at the National Institute 
of Oceanography in Haifa (Israel), in the laboratory of Dr. Michael Friedlander. Michael 
supported me not only with equipment, money and a constant now of inspiration and 
encouragement, but he also helped me to cope with many aspects of day-to-day life in Haifa. I 
sincerely wish to thank him. I also wish to thank professor llans-Gcorg Hoppe, who was my 
supervisor at the lnstitut fiir Meereskunde in Kiel, for many inspiring discussions and letters. 

I wish to thank all the employees of the National Institute of Oceanography who supported 
me, and in particular everyone on the 5th noor. 1 am specially thankful to Corina Maxim, 
Irina Pekarsky, Dr. Alvaro Israel, Dr. Israel Levy, Dr. Alexander Livne and Dr. David 
Myslabodski, who introduced me to various working techniques that were essential for this 
study. 

Professor Bernard Kloareg and Christophe Richard at the Marine Station in Roscoff (France) 
kindly providc:d me with a collection of size-calibrated oligoagars and analyzed the size
distribution of my own saccharide preparations. Their support enabled me to extend my 
studies considerably. I am also thankful to professor Kloareg for some important discussions 
on the interpretation of my data. 

I wish to thank professor Yoel Kashman at the Tel-Aviv University1 who kindly supported my 
work with NMR-spectroscopic and mass spectrometric analyses. 

I am also thankful to professor Ayala Cohen at the Technion University in Haifa and to Dr. 
Andrew Allan at the Weizmann Institute in Rehovot (Israel), who kindly helped me to solve 
some methodological problems during the course of my work. 

This study would have been impossible without the continuous support of my wife Claudia, 
my parents and my parents-in-law and without a research grant that was given to me by the 
MINERVA Foundation for German-Israeli Scientific Exchange. 



CONTENTS 

1. GENERAL INTRODUCTION I 

Rationale of the study - Seaweeds are resistant against enzymatic bacterial attacks -

Algal cell wall structure as a factor of resistance - Algal accumulation of antibiotics as 

a factor of resistance - Algal production of activated oxygen as a factor of resistance -

Hypersensitive responses in spennatophytes - Elicitors of defence responses - Main 

hypothesis of the study - General structure of the study 

2. ELICITORS OF TI-IALLUS WHITENING 

2.1. Introduction 

Thallus whitening - Hypothesis 1: tip bleaching is induced by defence response 

elicitors - Hypothesis 2: agar degraders induce tip bleaching - Preparation of 

bacteria-free algal material 

2.2. Material and methods 

2.2.1. Isolation, cultivation and characterization of bacteria 

2.2.2. Partial purification of active compounds from bacterial cultures 

2.2.3. Preparation of saccharides 

2.2.4. Tip bleaching assay 

2.2.5. Testing e!Tects of antibiotics and supernatants on bacteria 

2.3. Results 

2.3 .1. I solate characterization 

2.3.2. Development of an assay for tip bleaching affecting agents 

2.3.3. Bacterial induction of lip bleaching 

6 

6 

8 

8 

10 

10 

11 

13 

13 

13 

19 

24 

2.3.4. Characleri1.alion and purification of bacterially excreted lip bleaching-inducing 

apnb ~ 

2.3.5. Bacterial inhibition of tip bleaching 

2.3.6. Identification of endogenous elicitors of tip bleaching 

2.4. Discussion 

Vancomycin in combination with Cefotaidm prevented tip bleaching and eliminated 

epiphytic bacteria - Bacteria excreted signals for the induction of tip bleaching -

Bacteria prevented the induction of tip bleaching - Oligoagars and oligocelluloses 

elicited tip bleaching 

26 

29 

31 



3. OLIGOAGAR-ELICITORS AND THEIR EFFECTS 

3.1. Introduction 

37 

37 
Agar - Products of bacterial agar degradation - l!ypolhesis 1: Oligoagars induce 
aulodeslructive oxygen aclivalion in G. co11ferta - Biochemistry of active oxygen 

species - Hypothesis 2: Elicilalion of G. co11ferta results in control of agar degraders 

3.2. Material and methods 42 
3.2.1. Preparation ofsaccharides 42 

3.2.2. Preparation or algae for experiments and general experimental conditions 44 
3.2.3. Quantification of IhOz concentrations and algal HzOz release 45 
3.2.4. Quantification of algal brominating activity, oxygen consumption and tip 

bleaching 46 
3.2.S. Inhibition of bacterial growth with H20 2 47 
3.2.6. Elimination of epyphytic bacteria 47 

3.2.7. Data evaluation 48 

3.3. Results 49 
3.3.1. Identification or oligoagar elTects 49 

3.3.1 .1.1120 2 release 49 
3.3.1 .2. Ilaloperoxidnse activity 50 
3.3.1.3. Oxygen consumption 51 
3.3.1.4. Elimination of epiphytic bacteria 54 

3.3.2. Relationships between agar conformal ion and algal response 55 
3.3.2.1. Molecular size elTects 55 
3.3.2.2. EITecls of reducing-end residues 60 

3.3.3. Pharmacological investigation of oligoagar effects 61 

3.3.4. Time development or oxygen activation and lip bleaching 64 
3.3.4.1. Development oner elicitation with oligoagars 64 
3.3.4.2. Development afier exposure to ambient light 67 

3.3.S. Sensitivity of bacterial strains to llzOz 69 

3.4. Discussion 69 
Algal response to oligoagars affected by lheir molecule size - Reducing-end modified 
oligoagars inhibited H20 2-relcase, 0 2 consumption increase and elimination of 

epiphylic bacteria - Reducing end-modified oligoagars induced tip bleaching -
Elicitation of the reducing end-insensitive oligoagar recepling syslem results in 



oxidative burst and increased haloperoxidase activity - Oxidative burst is generated 

by a flavoenzyme - Oxidative burst results in elimination of epiphytic bacteria -

Oxidative burst correlated with uncoupling of algal respiratory electron transfer and 

oxidative phosphorylation - Two distinct oligoagar-recepting systems activate two 

distinct sources of active oxygen 

4. BACTERIAL PRODUCTION OF OLIGOAGAR-ELICITORS 

4.1. Introduction 

4.2. Material and methods 

4.2.1. Investigations of bacterial growth and oligoagnr release 

4.2.2. Investigations of elicitor-activty of medium 

4.3. Results 

4.3.1. Bacterial growth nnd release or saccharides in liquid medium 

4.3.2. Bacterial growth and release or sncchnrides on dead a lgal tissue 

4.3.3. Elie.it or activity or released saccharides 

4.4. Discussion 

Bacterial degradation of algal biomass results in oligoagar release - Bacterial 

degradation of dead algal cells results in elicitation of healthy cells 

5. GENERAL DISCUSSION 

7. LITERATURE 

ANNEX 

82 

82 

83 

83 

84 

85 

85 

88 

89 

91 

96 

103 

118 



ABBREVIATIONS 

%B 

%To 

%T. 

2,4-DNP 

BI 

DMSO 

EC.IO 

FAD 

FMN 

HPAEC 

Km 

MIN 

MAX 

NAD(P)' 

NAD(P)H 

p. 

TFA 

v ..... 

Bleaching during the treatment 

Relative proportion of bleached tips before treatment 

Relative proportion of bleached tips after tn:atment 

2,4-dinitrophenole 

Bleaching impact 

Dimethylsulfoxide 

Necessary dose to obtain 50% of MAX in dose-response kinetics 

Flavin-adenine-dinucleotide 

Flavin-mononucleotide 

High pressure anion-exchange chromatography 

Necessary dose to obtain 50% of V mu in Michaelis-Menten kinetics 

Minimum response in dose-response kinetics 

Maximum response in dose-response kinetics 

Nicotinamide-adenine-dinucleotide(phosphate) 

reduced form of NAD(P) 

page 

Trinuoro-acetic acid 

Maximum response in Michaelis-Menten kinetics 



I. GENERAL INTRODUCl10N 

1. GENERAL INTRODUCI'ION 

Rationale or the study 

In striking contrast to our understanding gained during recent decades on the pathology of 
many species of spermatophytes, lillle is known about the molecular internctions between 
multicellular algae and their parasites and epiphytes (CORREA 1996). It was the general aim of 
this study, to improve this knowledge. The agar producing seaweed Graci/aria crmferta 

(SatOUSBOE ex MONTAGNE) J. & G. FELDMANN was choosen as model organism, because 
this species is intensively cultivated for eoonomic purposes (FRIEDLANDER & LEVY 1995). 
Currently, 6,700 t of agar and agarose arc extracted worldwide per year from 48,000 t of algal 
dry matter, and more than half of this quantity originates from algae of the genus Graci/aria. 

(ARMISEN 1995). Graci/aria frequently shows a tendency to pigmentation loss and 
disintegration, and this so-called ,ice-ice'-symptom (UYENCO et al. 1981), or thallus 
whitening (LARGO et al. 1995c), is a major problem. For example, the natural Graci/aria 

graci/is-population in Saldanha Bay (South Africa) collapsed in 1989 so that no commercial 
harvesting was possible during the following three years (JAFFRAY & CoYNE 1996). There 
was some evidence that bacteria contributed to the Saldanha Bay event (JAI'FRA Y & COYNE 
1996), as well as to the appearance of thallus whitening in G. co11ferta (WEINBERGER et al. 
1994), which increased the necessity to understand the microccology of Graci/aria. 

Seaweeds are resistant against enzymatic bacterial attacks 

The surfaces of Graci/aria and other seaweeds are inhabited by dense populations of bacteria, 
which use the algae not only as a substratum, but also as a nutrient source (StEBURTII & 
TOOTLE 1981). A fraction of the low molecular weight organic compounds that are constantly 
excreted by seaweeds is assimilated by epiphytes (BRYUNSKI 1977) and microorganisms that 
are able to degrade components of the algal cell wall are usually present on healthy seaweeds 
(I.ARGO et al. 1995b, JAFFRAY et al. 1997). On average, 1.44 • 104 agar degrading bacteria 
have been detected per g fresh weight of healthy G. conferta (WEINBERGER et al. 1994). 1l1e 
cell wall degrading activity of such opportunistic microorganisms can severely damage 
seaweeds (F'UJITA 1973, WEINBERGER et al. 1994, CRAIGIE & CORREA 1996, JAFFRAY & 

CoYNE 1996). However, they are under most conditions apparently resistant against allacks. 
A fully convincing explanation for the resistance has not been given yet. 

Algal cell wall structure as a factor or resistance 

1l1e red algal cell wall matrix is covered by a thin cuticle of proteins (CRAIGIE 1990), which 
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offers some cover (JAFFRAY et al. 1997), but surely no such mechanical protection as the cutin 
cuticle of spermatophytes (OBWALD & ELSTNER 1984). Graci/aria is known as a genus that 
easily regenerates new thalli from fragments (SANTELICES & VAREL/\ 1995). Mechanical 
damage is frequently caused by the eating behaviour of marine animals and vegetative 
multiplication through fragmentation is a basic principle in the aquaculture of Graci/aria 
(SANlcUCES & VARELA 1995). The alga must therefore be capable to survive injuries of its 
cuticle and to prohibit attacks of hydrolysing organisms during the regeneration period. The 
continuous synthesis of new, complex cell wall materials has thus been suggested to be an 
algal defense mechanism (CORPE & WINTERS 1972, StEOURTII & TOOTI..E 1981). 
Nevertheless, this explanation is not fully satisfactory because microorganisms exist that are 
capable o f degrading all major algal cell wall components (QUATRANO & CALDWELL 1978). 
further, the cell wall of Graci/aria species consists of a cellulose skeleton (BEU..J\NGER et al. 
1990) and an aga r matrix only and not more than two enzymes - agarase and cellulysin - are 
necessary to desintegrate it (BELLANGER et al. 1990, DJORK et al. 1990). 

Algal nccumulntion of antibiotics ns n factor of resistnnce 

Most investigators regarded seaweed resistance mainly as a result of continuous production 
and release of antibiotics (SIEBURTH 1968, ANDREWS 1979, JONES 1988, STEINBERG et al. 
1997). Antibiotic activity of seaweed extracts was first reported by PRATI et al. (1951) and 
has since been examined in numerous studies. Extracts from Graci/aria species showed 
antibiotic activity against standard strains in some cases (HORNSEY & HIDE 1985, 
YIDYAVATIII & SRIDIIAR 1991, MTOLERA & SEMESI 1992, SASTRY & RAO 1994), whereas 
only weak or negligible effects were found in others (CACCAMESE & AZZOUNA 1979, 
EsrEOIE et al. l 984, PESANDO & CARAM 1984, REIOIELT & BOROWITZKA 1984, DALLANTINE 
et al. 1987). Very few reports have been published so far that demonstrate that anlibiotically 
active compounds are sufficiently concentrated in seaweeds to repel invading bacteria 
(HARLIN 1985). Moreover, most antibiotic effects detected in algal extracts varied with 
seasons, algal life history stage and the age of tissues that were examined (JONES 1988). The 
observations so far suggest that other defensc mechanisms might also be operative, since all 
algal species, stages and tissues can theoretically be subject to microbial attack. l11Us, it is not 
surprising that HARLIN stated in a review (1985): ,,On the whole, the evidence for 
allelochemistry in macroalgae is not compelling." 

Algal production of activnted oxygen as a factor of resistance 

More recent studies have demonstrated that several seaweeds release H202 as a reaction lo 
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environmental stress (Cou.tN cl al. 1995, MTOLERA et al. 1995, PEDERS~ et al. 1996). 

Accumulation of such active oxygen species in relatively closed water bodies (e .g. tidal pools) 

has also been interpreted as a defense against microorganisms and epiphytes (COLLEN e t al. 
1995, PEDERS~ et al. 1996). It has already been reported that algal cellular production and 

release of active oxygen species under stressful environmental conditions may affect bacteria 

(ODA et al. 1992). However, seaweeds are obviously able to defend themselves under optimal 

environmental conditions. This consideration shows that stressful environmental conditions 

can not be a necessary precondition for successful defense against parasites. One would rather 

expect that the host organism might recognize the presence of damaging organisms and 

subsequently react to them. 

Hypersensitive responses in spermatophytes 

It is known that Spermatophytes typically respond to pathogen attacks by rapid changes in 

metabolism, which usually indicate the beginning of a ge_neralized plant dcfcnse response, 

culminating eventually in the induction of defence related enzymes or synthesis of additional 

cell wall materials (BELL 1981, SUTIC & SINC!AIR 1991, KOMDRINK & SOMSSIOI 1995, 

ELSTNER et al. 1996). Such so-called ,,hypersensitive responses" are triggered by chemical 

signals that are recognized by the plant cell and indicate the presence of pathogens to it (DoKE 

et al. 1982, CAU.OW 1984, DIXON & L\Mn 1990, KOMDRJNK & SOMSSIOl 1995, IIAIIN 1996). 

A main characteristic feature of hypersensitive reponses is the fast formation of defence 

necroses: host cells that are close to an intruding pathogen die (fOMIYAMA 1982, DANGL et al. 

1996, ELSTNER et al. 1996, GILCHRIST 1998). Their decompartimentation is typically followed 

by accumulation of toxic defense agents which contribute to the death of the pathogen 

(ELSTNER et al.1996). 

Elicitors of defence responses 

Death of tissues may, of course, also be observed in many compatible host-parasite 

interactions. The pathogen is in such cases able to invade the host tissue faster than the host 

can defend itself. The term ,.clicitor" is therefore often used for any stimulus that induces cell 

death, no matter whether it is related to host-pathogen interactions or not (DELL 1981). In the 

present study, however, only such stimuli will be named ,,elicitors" that originate - directly or 

indirectly - from pathogens and are host-specific. Endogenous elicitors arc anabolic products 

of the host. An example are the oligopectins, which are released from host cell walls due to to 
the hydrolysing action of pathogen pectinase (NOTHNAGEL et al. 1983, JtN & WEST 1984). 

Exogenous elicitors, in contrast, are anabolic products of the pathogen. For example, they 
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may be constituents of its outer membrane (GRAHAM et al. 1977) or cell wall (SHARP et al. 
1984a, BAUREJTIIEL et al. 1994) or they may be excretions (STEKOLL & WEST 1978, DE Wrr 
& ROSEllOOM 1980, SCHOLTENS-TOl',IA & DE WtT 1988, RICCI ET AL. 1989, PARKER et al. 
1991, WEI et al.1992, NORNDERGER et al.1994). 

Several plant pathogens excrete toxins. These interfere in various ways with the host cell 
metabolism and cause cell death and it is not always easy to decide whether the symptom is 

due to autodcstruction after elicitation or due to toxin action (MACKO 1983, SatEFFER 1983, 
06WALD & ELSll'IER 1984). Many plant pathogen toxins arc not host-specific and in this 
aspect also different from true defcnse-response elicitors (MACKO 1983, SCJIEFFER 1983, 
06\VALO & ELSTNER 1984). 

Main hypothesis of the study 

In general, infonnation derived from spennatophytes could help to understand also seaweed 
host-pathogen interactions. It was expected that algae like G. conferta might recognize plant 

defence elicitors in a similiar way as spcnnatophytes do and that these responses should be 
renected in changes in the metabolism and result in a control of pathogens. Thus it was 
hypothesized that a molecular basis should exist in the interactions of seaweeds with 
potentially damaging microorganisms. 1l1e validity of this concept in seaweeds had not been 
demonstrated so far. 

General structure of the study 

Several metabolic products of microorganisms were investigated, in order to show that they 
play a role in the bacterial induction of cell death in G. co11ferta (section 2 of this thesis). 
Derived from these results, the example of endogenous agar elicitors was further investigated. 
It was possible to demonstrate that they elicit an activation of oxygen in host cells, which is 
not only auto-destructive, but also affects epiphytic bacteria (section 3).11 was also possible to 
show that the bacterial decomposition of algal biomass results in sufficient concentrations of 
oligoagar elicitors to induce these metabolic changes and subsequently the death of bacteria 
and host cells (section 4). 

For the detection and identification of endogenous and exogenous elicitors (section 2), 

• a variety of cpiphytic bacteria was isolated from G. co11fertn, characterized and 
differentiated, 

• a bioassay was developed for the identification of agents that induced cell death in G. 

co11ferta, 
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• an exogenous elicitor was partially purified and characterized, 

• and the possible role of components of tJ1e algal cell wall as endogenous elicilors was 

investigated. 

For the investigation· of the effects of agar elicilors on the host cell (sec1ion 3), 

• changes in the algal oxygen consumplion, hydrogen peroxide production and brominaling 

activity were recorded, 

• lhe algal capability lo eliminate epiphytic bacteria after contact with oligoagars was 

measured, 

• the iniluence of the molecular structure of agars on these reactions was investigated, 

• possibilities lo influence these responses with enzyme inhibitors were examined 

• and the impact of ambient conditions in lank aquaculture on the algal response was 

investigated. 

For the investigation of the bacterial release of agar elicitors from G. confer/a (section 4), 

the bacterial growth on agar and algal biomass was monitored, 

• the release of oligoagars during the bacterial development was measured 

• and the elicitor activity of these oligoagars was verified. 

The results of these studies show Ihat the host pathogen relationships in seaweeds are 

similiarly complex as those in spermalophyles and they provide fundamenta l informations for 

the management of diseases in Graci/aria-aquaculture. 
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2. ELICITORS OFTHALLUS WHITENING 

2.1. INTRODUCTION 

Thnllus whitening 

Thallus whilening or ,Jee-ice-disease" has been observed in species of Graci/aria, Eud1euma 

and Kappaphyc11s (UYENCO et al. 1981, LARGO et al. 1995c). Parts of the algal thallus 

suddenly lose their pigmentation, die and disintegrate, while remaining non-bleached 

fragments often regenerate new thalli. Such evenls sometimes resulted in the break down of 

whole algal populations (LARGO et al. 1995c, JAFFRAY et al. 1997). 1l1allus whitening is a 

rather unspecific symptom and appears as a reaction to various stress factors. Exposure to 

intolerable temperature (FRrEDU.NDER & GUNKEL 1990, I.ARGO et al. 1995, MTOLERA et al. 

1995, PEDERSEN et al. 1996), light (FRIEDLANDER & GUNKEL 1990, LARGO et al. 1995a), pH 

(MTOLERA et al. 1995) or salinity (LARGO et al. 1995a) results in particularly strong 

manifestations. Thallus whitening may also be induced by biotic agents, but usually the 

symptom appears only localized or in hosts that have already been weakened (WEINBERGER et 

al. 1994, LARGO et al. 1995b, JAFFRA y & CoYNE 1996). 

Hypothesis I: tip bleaching is induced by defence response elicit ors 

l11e localized cell death in healthy algae after contact with certain bacteria resembled to the 

localized defence necroses that are developed by many spermatophytes as a part of the 

hypersensitive response. It was thus hypothesized that local cell death appearance in G. 

co11ferta after contact with microorganisms was due lo the algal recognition of elicitors and a 

subsequent hypersensitive response. In order to detect and identify bacterially produced 

clicitors, an assay was developed during this study that was based on the observation of 

thallus tip bleaching. In G. confer/a, depigmeuted apical epidermis cells (Figure 1, p. 14) have 

always been observed as the first symptom of thallus whitening (WEINBERGER et al. 1994, 

also for the next paragraph). 

Hypothesis 2: agar degraders induce tip bleaching 

Such bleached tissue parts are characterized by very high numbers of bacterial epiphytes. On 

average, 350 times more colony forming units were detected on bleached than on healthy tips. 

The difference was more striking for agar degraders. They reached 25 OOO times higher 

numbers and most species of agar degraders could only be detected on bleached tissues. An 

agar degrading bacterium was detected which significantly induced tip bleaching in G. 

confer/a within seven days after addition to algal cullures and agar degraders have been 
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idenliried as potential inducers of bleaching in Gracilaria gracilis (JAFFRAY & CoYNE 1996). 

These observations indicated that agarase or its hydrolysis-products might eventually play a 

role in the induction of bleaching in Gracilaria. Special allention was lherefore given to agar 

degraders in the present study. 

Preparation of bacteria-free algal material 

Controlled infection experiments with G. co11ferta lhal have been conducted earlier 

(WEINBERGER et al. 1994) were only poorly reproduceable, which indicaled possible 

interference of the resident epiphylic microflora of the alga. Removal of inlerfering 

microorganisms was therefore regarded as necessary. However, sterilization of seaweeds is a 

difficult process (McCRACKEN 1989, AGUIRRE-UPPERHEJDE & EVANS 1991). Most 

sterilization methods are stressful for seaweeds. They damage not only bacteria, but the alga 

as well. Further, one treatment is usually nol sufficient to achieve sterilisation, due to different 

sensitivities of the various microorganisms, especially against antibiotics. The usual practice 

is to develop a protocol using mechanical and chemical treatments, which together are lethal 

for all microorganisms, bul do not kill the alga. Further, proofs of the a.~enity of seaweeds are 

not easy lo eslablish. Plate counts of the epiphytic flora of Gracilaria always resulted in 

undereslimations by factors of 100 to 10000 in comparison to microscopic direct counls 

(RAMAIAH & O!ANDRAMOHAN 1992, LARGO el al. 1997, JAFFRAY et al. 1997). 

Afler successful sterilisation, the alga must be kept axenic for a relatively long lime in order 

lo recover and regenerate thalli. Only few cases are known in which cullures of red seaweeds 

were sterilized and successfully kept free of bacteria (IWASAKI 1965, FRIES 1974). Most of the 

successful methods bad lo identify supplements to the medium needed by the alga and 

presumably provided by microorganisms under natural conditions (EVANS & TREWAVAS, 

1991). Long-time absence of symbiontic partner-organisms during axenic culture may 

therefore eventually result in stress. 

Taking the given difficullies of slerilizalion inlo consideration, it was decided lo try a 

different approach in the present work, and lo look fo r a simple and fast way lo eliminate not 

all, bul most bacteria from relatively large quantities of algal material, so that their interfering 

effect would be negligible in short-time infection experiments. 
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The objectives of this part of the study were: 

• to isolate and differentiate bacteria that live epiphytic on G. conferta for the use in 

following experiments. Only such organisms were taken into account that could be 

cultivated without difficulties and special attention was given to agar degraders, which 

were expected to be potential destruenls of the algal cell wall matrix and inducers of 

lhallus whitening. 

• To develop a fast and sufficiently relyable method to free G. co11ferta from bacteria and a 

reproduceable assay fo r factors that induce thallus whitening. Various antibiotics and 

desinfeclants were for this purpose screened in a series of bioassays for their ability to 

control the development of tip bleaching, to eliminate epiphytic bacteria and to increase 

the algal sensitivity against bacterial inducers of lhallus whitening. 

• to identify bacterial isolates and their metabolic products that were capable to induce or 

eventually inhibit thallus whitening. 

• to test whether the main cell wall components of G. con/ erta, agar and cellulose, possibly 

play a role as endogenous elicitors of thallus whitening. 

2.2. MATEIUAL AND METHODS 

All chemicals and reagents used were purchased by Sigma, unless something else is indicated. 

2.2.l. ISOLATION, CULTIVATION AND CHARACI'ERIZATION OF BACTEIUA 

General methods for cultiva tion and isolation 

Bacteria were cultivated at 25 °C or 33 °C in darkness, either in liquid medium on a shaker or 

on nutrient agar in petri dishes. The liquid medium was autoclaved aged seawater, containing 

5 g r1 bacto-peptone (Difeo) and 05 g r1 yeast extract (Difeo) (OPPENHEIMER & ZOBElL 

1952). Nutrient agar was prepared by the addition of 15 g r1 bacto-agar (Difeo). All media 

were adjusted at pH 7 .6. 

For the isolation of bacteria, material of G. conferta was collected from different tanks. Algal 

tips were homogenized with a potter in sterile seawater and plated out on nutrient-agar. 

Bacterial cells were transferred from visible colonies after 3 to 7 days of incubation on fresh 

nutrient agar. Such transfer to fresh medium was repeated once or twice per week. For long 

time storage of the isolates, they were frozen in liquid nitrogen after addition of 10 % 

glycerol. 
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Genernl methods for chnrncterization 

For characterization, all bacteria underwent a series of standard tests (SOSMUlll et al. 1987). 

Strains were regarded as motile either when tJ1eir active movement was microscopically 

visible or when their swarming activity became apparent on nutrient agar. The bacterial gram

reactioa was tested with .a kit (Sigma). Catalase aclivity (LEWIN & 1..oUNSUERRY 1969), 

presence of cytochrom oxidase (KOVAC's method according to S OSMUIB et al. 1987), ability 

to liquify gelatine (SOBMtmt et al. 1987, method 1) and lo oxidize or ferment glucose 

(SOSMlITII et al. 1987) were also investigated . Isolates considered lo be ,halophilic' showed 

no or retarded growth on nutrient agar that had been prepared with distilled water instead of 

seawater. For the detection of cellulase activity, bacterial capabilities to hydrolyse cellulose 

microcrislals in nutrient agar and filterpaper (Whalman no.I) in liquid medium were 

investigated (SOSMUlll et al. 1987). l11e capability of strains to degrade agar was indicated by 

liquefication of nutrient agar or by sinking of colonies into it. All strains were identified 

tentatively according to Bergey's Manual of Detem1inative Bacteriology (HOLT et al. 1994) 

and to the scheme of Ezura et al. (1988). 

Characlerizntion of ngnr degraders 

Agar degraders were of particular interest and underwent further investigations. l11eir ability 

to hydrolyse other complex substrates within four weeks was examined. Degradatation of 

alginate, carboxy-methylcellulose and starch (LEWIN & LOUNSUERRY 1969) as well as 

hydrolysis of carrageenan, chitin, caseine and tween 80 (SOsMtml et al. 1987) was proved. 

The ability of agar degrading strains lo hydrolyse gelatine was not only tested through 

liquefication (see above), but also through the precipitation with HgCl2/HO (SOst.ttrrH et al. 

1987, method 2). 

It was further investigated how the ability to degrade agar was innuenced by different 

nitrogen sources. Agar (15 %) in seawater was for this purpose supplemented with 32.7 mM 

N, either in the form of peptone, caseinic aminoacids, glutamine, asparagine, urea, NaN03 or 

(NH.i)2S04. All these media were ajusted to pi! 7.6. It was also tested whether addition of 

vitamins to (NH4)iS04-agar improved the bacterial ability to grow. This type of agar was 

supplemented after autoclaving with sterile filtrated vitamin stock solutions. It finally 

contained 1 mgr• of thiamin, riboflavin and D-pantothenic acid, 0.6 mg r• of pyridoxamine 

and pyridoxal, 2 mgr• of pyridoxin and niacinamid, 0.2 mgr• p-aminobenzoic acid, 20 ~1g r• 
Colic acid and 2 µgr• biotin. All these media were inoculated and incubated in the usual way 

and examined for grown colonies and modifications of the agar. 

It was also examined whether agar degraders were able to reduce nitrate or to produce H2S 
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(SOSMUTII et al. 1987). To de1em1ine the temperature demands of these strains, !hey were 

incubated in liqid medium at 4, 15, 20, 25, 30, 37, 42 und 50 °C for up to six months and the 

optical density of the medium was measured regularly. Salinity demands were detennined in a 

similiar way: liquid medium was prepared with distilled water and sea salts (Sigma), adjusted 

to pH 7.6 and saljnities of 0, 1, 2, 4, 6, 8, JO and 15 %, and incubated at 25 °C. Finally, it was 

tested whether strains that were related to Flavobacterium-Cytoplraga contained Flexirubin or 

not (SOSMUTII et al. 1987). 

2.2.2. PARTIAL PURJFICATION OF ACTIVE COMPOUNDS FROM BACTERIAL 

CULTURES 

For separation of bacterial cells from culture supematants, the cultures were centrifuged at 

12000 g for 1 h. Cells were washed once and resuspended in the same volume of auloclavcd 

seawaler after removal of the supernatant. To verify !hat the supemalant was free of cells, 100 

ftl supemalant was plated out on nutrient agar and incubated for at least three days al 33°C. 

For lrealment of supematants wilh protease, pronase (E.C. 3.4.2431) was added lo them at 

100 U m1·1 and the mixture was incubated at 25°C for 3 h. 

For the separation of aclive compounds from cell free supematants, aliquots of supernatant 

were extracted for 30 min with twice as much volume of solvent in a separation fennel. The 

aquatic phase was frozen and lyophilized <!nd the non-polar phase was dried in an evaporator 

at room temperature. 

After lyophilization and dilution in 1 ml of distilled water, elicitor active extraction residue 

was further purified by size exclusion on Sephadex G-15 and Sephadex G-10, using NaCl 

(lM) and distilled water as solvents, respectively. The eluates were monilored with a flow

lhrough photometer at 280 nm and eluate fractions were taken as soon as increasing optical 

density indicated the beginning elution of proteins. Aliquots of all purification sleps were 

diluted in distilled water and stored in a freezer. 

2.23. PREPARATION OF SACCIIARIDES 

Agar was extracted from G. confer/a without alkali treatment as described by CRAIGIE & 

LEIGH (1978), wilh !he modification that iso propanol was used for dehydration. In addition to 

G. conferta-agar, the following polysaccharides were also tesled: cellulose powder, 
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carrageenan type I, agarose types VI-A, VIII, XII and A9539 (Sigma), Bacio-agar and 13irck

agar (Difeo). All polysaccharides were autoclaved for 20 min in artificial seawater (Sigma, 

salinity 35 %, saccharide content 35 %). Galaclans were centrifuged (7000 g, 30 min) and 

the supernatants were used for bioassays. 

Cellulose powder suspension was used directly. For partial acid hydrolysis, 0.5 g cellulose 

powder was dissolved in 8 ml trilluoroacctic acid and incubated for 15 or 30 min at 80°C in 

closed screw cap tubes. The hydrolysate was lyophilized and remaining triOuoroacetic acid 

was removed by three conseculive cycles of dilution in methanol and vacuum evaporation at 

40°C A control preparation was made in which trifluoroacetic acid was incubated without 

addition of cellulose. 

The certified purities of commercial oligosaccharides were > 98%. Stock solutions were made 

up from all saccharides, adjusted to pH 8.0 and a salinity of 35 %, and filter sterilized. The 

content of reducing sugars in the stock solutions was determined photometrically with the 

neocuproine assay (DYGERT et al. 1965) and regarded as an indication of their molarity. The 

molarity of sucrose was directly calculated, since it does not contain a free reducing 

functional group. 

2.2.4. TIP BLEACHING ASSAY 

General design 

All experiments were performed with apparently healthy material of G. co11ferta that had 

previously grown in different tanks and ponds under ambient light and temperature conditions 

(FRIEDLANDER & LEvY, 1995). It was not possible to always use material from the same 

pond, since algae in all ponds developed depigmented tips from time to time. Branchlets of G. 

co11ferta with 5 - 20 healthy tips (approx. 50 mg fresh weight) were introduced into test tubes 

(18 mm 0) with caps containing 9 ml of autoclaved seawater and antibiolics or bacteria were 

added. All treatments were carried out under sterile conditions. The test tubes were incubated 

at 25°C on a shaker (100 strokes min"1
) and exposed to 125 h of artificial light (cool white, 40 

µ mol photon s·1 m"2
) per day. 

'Bleached' tips were those that showed a distinct region of unpigmented cells in the apical 

epidermis when observed from the side with a magnification lens (magnification factor: x 20), 

using high illuminalion and a black background (Figure 1). Bleached and non-bleached tips 

were counted before and after incubation under test conditions. 
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Testing for chemical control agents of lip bleaching 

Chemicals used were from Sigma, except for Betadine (= Polyvinylpyrrolidone-iodine, 

Aldrich), Vancomycin (feva Inc., Pelah-Tikvah, Israel) and Cefotaxim (Roussel, Paris). 

Antibiotic solutions added to each test tube were 200 1t1 or less. Disinfectants were diluted in 

autoclaved seawater. Algal branches (0.8 - 12 g) were incubated for defined lime periods in 

200 ml of these dilulions. They were then rinsed three times for 10 s in fresh sterile seawaler 

before placing into test tubes. The extend of necrotic tips formation or olher damage was 

determined afler three days of incubation. 

Testing for lip bleaching affecting bacteria and elicitor-active compounds 

To free algae from antibiotics, the old medium was carefully decanted and 9 ml fresh 

autoclaved seawaler were then added, decanted again after shaking the tesl tube on a vortex 

for a few seconds, and finally replaced by 9 ml fresh autoclaved seawater as new medium. 

Bacterial isolates were precultivated in liquid medium for two days at 25°C, when their 

optical density at 490 nm had reached more lhan 0.8 (measured against sterile medium). 

Aliquots of the bacteria were diluted in sterile seawater. Their final dilution factor after 

addition to algal cultures was 1:2138. Culture supematants were c,liluted in the same way. 

Products of different purification steps (section 2.2.2.) and saccharides (section 2.23.) were 

added from stock solutions. Sterile medium was used in control experiments instead of 

baclerial cultures and diluted in the same manner. Four different isolates of the group 

'Flavobacteri11111-Cytophaga l' (see below) were selected for several experimenls as lhe 

attacking organisms and inoculated togelher, such that the final dilution factor of each of the 

four isolates was 1:8554. The bleaching impact of bacleria and elicilor-active compounds was 

evaluated after 16 h of overnight incubalion. 

Data evaluation 

Approximate relative risks of bleaching compared to control trealments were calculaled from 

odd ratios of bleached and non-bleached tips and tested for significance with the x.2-tesl 

according to FISIIER & VAN BELLE (199~). Approximate relative risks > 1 and < 1 indicale 

that trealments resulted in more and Jess bleaching lhan conlrol treatments, respectively. 

For the ilerative computation of dose-response curves, the data were expressed in a differenl 

way. The rclalive proportion of bleached tips was delermined before (%To) and after (%T.) 

the treatment. l11c bleaching during the treatment (%8) was calculated by substraction of %To 

from %T •. Finally %8 in control treatments was substracted from %8, which resulted in the 

,.bleaching-impact" (BI), which indicated the tendency of tips to undergo bleaching, as 
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compared to control treatments. A negative BI indicates that more bleaching was detected in 

the control samples than in treated samples. The logistic formula used to describe dose

response kinetics was 

(A) (HAHN et al. 1996). 

In this equation MIN and MAX represent the minimum and maximum response and E~ is 

the dose necessary to obtain 50 % of the maximum response. Parameter SLOPE describes the 

average dose-dependent increase in the algal response. As a consequence of the substraction 

of %B in control treatments Crom %B, MIN could be reagarded as equal to O when the tip 

bleaching impact BI was computed, and the simplified formula (B) was used: 

2.2.5. TESTING EFFECfS OF ANTIBIOTICS AND SUPERNATANTS ON 

BACfERIA 

To examine the impact of antibiotics on epiphytic bacteria, algae treated and untreated with 

antibiotics were homogenized with a poller in sterile seawater on ice and plated out on 

nutrient agar. The agar was examined for colony-forming units after seven days of incubation. 

The sensitivity of strains against antibiotics, as well as against bacterial culture supematants, 

was also examined in a disk-diffusion assay. Nutrient agar was inoculated with 100 µl of a 

two-day old liquid culture of the strain in question. Antibiotic assay discs (Wbatrnan, 15 mm 

0) were soaked with 100 µl of test dilution and put on the agar. Inhibition zones could be 

detected after 3 days of incubation at 33°C. 

2.3. RESULTS 

2.3.1. ISOLATE CHARACfERIZATION 

Fifty-four bacterial strains were isolated from G. conferta that grew sufficiently under the 

chosen cultivation conditions (section 22.1). They were related to four major groups: 

Flavobacterium-Cytoplwga, Vibrio sp., Corynebacterium-Arthrobacter and Micrococcus sp. 

These could be differentiated into subgroups. 
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Figure 1 (left): Two healthy (top and 

right) and two bleached (left and bottom) 

tips of G. ccnferta. 

Figure 2 (below, left): Cells of Flavo

bacterium-Cytophaga IC. 

Figure 3 (below, right): Cells of Flavo-

Seventeen of the strains were capable lo degrade agar. Their characteristics are given in table 

I. Some of the isolates were able to retarded growth and agar degradation when glutamin, 

asparagin or ammonium were their sole nitrogen source (fable I 8). However, presence of 

complex nitrogen sources like peplone always resulted in much stronger growth and agar 

degradation. Growth and agar degradation could in some cases also be slightly increased by 

addition of vitamins to the medium. 

Five strains of agar degraders (Flavobacterium-Cytophaga I) concurred in all the parameters 

that were examined (fable I} and they probably belonged to the same species. They were 

long, relatively inflexible rods with rounded ends that grew singly (Figure 2) and they were 

motile by gliding. Their capability to form pits on nutrient agar and their intense reddish

orange colour, which was due to their Flexirubin content, made it particularly easy to 

recognize their colonies. These five strains were identical in all observed characteristics with 

a bacterium that was earlier identified as inducing strain of thallus whitening in G. conferta 

(,Type ORI!', WEINBERGER et al. 1994). They were oxidase- and catalase-positive and 

further characterized by their ability to degrade alginate, carrageenan and carboxy

methylcellulose. 
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Figure 4 (top, left side): Cells of F/avo

bacterium-Cytophaga 7B. 

Figure S (top, right): Cells of Vibrio I B. 

Figure 6 (left): Cells of Vibrio 2B. 

Two other strains (Flavobacterium-Cytophaga 2) were yellow pigmented, rather flexible and 

long rods (Figure 3) that were motile by gliding. These isolates concurred in 31 of the 38 

parameters that were examined (fable I) and were different from other agar degraders in the 

combination of their common characteristics. Namely, they tolerated wide ranges of salinity 

and temperature and showed a particularly strong hydrolysing activity on gelatine, but were 

unable to hydrolyse casein. 

Flavobacterium-Cytophaga 7 was a group of particularly long and very flexible, gliding rods 
(Figure 4), that formed yellow-brownish colonies. These three strains concurred in all the 

examined parameters, with the exception that casein-degradation was not detected with one of 

them. They tolerated only a narrow range of salinities (fable I). Further, they were adapted to 

warm-water conditions, since they required 37°C for optimal growth and could not grow at 

20°c. 

The remaining seven strains of agar degraders belonged to the genus Vibrio. They were 

irregularly curved rods that were highly motile and formed white colonies on nutrient agar. 

The ccllsizes and -shapes of these isolates were very sirniliar (Figures 5 and 6), but they could 



Table 1: Characteristics of 17 strains of agar degrading bacteria isolated from Graci/aria conferta. The bacterial responses in different assays! ;;: 

were ++ strong, + positive, ( +) weak, - negative or n .t. not tested. Flav.-Cyt. = F/avobacterium-Cytophaga. Glu = glutamine, Asp= asparagine. 

CMC = Carboxy-methyl-cellulose. Opt I Min I Max = optimal I minimal tolerated I maximal tolerated condition for growth. 

(A) 

Strain 

F/av.-Cyt. lA 
Flav.-Cyt. lB 
Flav.-Cyt. IC 
Flav.-Cyt. 10 
Flav.-Cyt. lE 
Flav.-Cyt. 2A 
Flav.-Cyt. 28 
Flav .-Cyt. 1A 
F/av.-Cyt. 7B 
F/av.-Cyt. 1C 
VU,rio lA 
Vibrw lB 
Vibrio lC 
Vibrio 2A 
Vibrio 28 
Vibrio 2C 
V/brio 20 

(B) 

Strain 

I Flav.-Cyt. lA 
Flav.-Cyt. JB 
Flav .-Cyt. JC 
Flav .-Cyt. JD 

Colony 
colour 
orange 
orange 
orange 
orange 
orange 
yellow 
yellow 

brownish 
brownish 
brownish 

white 
white 
white 
white 
white 
white 
white 

H1S 
production 

Flexirubln 

+ 
+ 
+ 
+ 
+ 

n.L 
n.L 
n.L 
n.t. 
n.t. 
n.t. 
n . t. 

N03' 
reduction 

+ 
+ 
+ .. 
+ 

Cell shape 

Oeiibie 
Oexlhle 
flexible 
flexible 
Oexlble 

rather inflexible 
rather Inflexible 

very flexible 
very flexible 
very flexible 

Irregularly curved 
Jrreaularly curved 
Irregularly curved 
Irregularly curved 
Irregularly curved 
Irregularly curved 
Irregularly curved 

Length 
[11_rnJ 

1-20(-40) 
1·20(-40) 
1-20(-20) 
1-20(-40) 
1-20(-40) 

0,8-10 
0,8-10 

3-30(-SO) 
3-30(-50) 
3-30(-50) 

2-3 
2-3 
2-3 
2-3 
2-3 
2-3 
2-3 

Width 
[µm] 

0,3-0,8 
0,3-0,8 
0,3-0,8 
0,3-0,8 
0,3-0,8 
0,2-0,S 
0,2-0,S 
0,4-0,8 
0,4·0,8 
0,4-0,8 
0,2-0,4 
0,2-0,4 
0,2-0,4 
0,2-0,4 
0,2-0,4 
0,2-0,4 
0,2-0,4 

Motility 

gliding 
gild Ina 
gilding 
gilding 
gilding 
gilding 
gliding 
gliding 
gilding 
gilding 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

Gram· 
reaction 

Pep tone 
Growth possible on nutrient agar containing only 

caselnlc I Glu I Asp J urea J N0 3' I NH/ 

Glucose degradation 
oxidative fermentatlve 

(+) (+) 
(+) (+) 
(+) (+) 
(+) (+) 
(+) (+) 
(+) (+) 
(+) (+) 
+ + 
+ ++ 
+ + 

++ ++ 
++ ++ 
++ ++ 
++ ++ 
++ ++ 
++ ++ 
++ ++ 

NH; 
amlnoaclds + vitamins 

Gelat.lne 
llqueOcatlon 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

(+) 
(+) 
(+) 
(+) 

(+) 
(+) 
(+) 
(+) 

Cytochrom 
oxldase 

+ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

Gelatine 
hJ drol1_sls 

+ 
+ 
+ 
+ 

Catalase 
activity 

+ 
+ 
+ 
+ 
+ 

++ 

(+) 
(+) 
+ 

(+) 

Caselne 
hydrolysis 

~ 

~ 
§ 
1:l 
Q 

~ 
~ 
(I) 

I 
2 
0 



FJa, .• Cyt.JE . + + + . . . 
Fla,.-Cyt . 2A . + + + (+) . 
FJa, .• Cyt.28 . + + + . . . 
Fla,.-Cyt. 1A ++ + + . . . 
Fla,.-Cyt.18 . + + + . . 
Fla,.-Cyt.1C . ++ + + . . . 
Yibrio IA . + + + . . . 
Vibrio 18 . + + + . . . 
Yibrio IC . . + + . . . 
YibriolA . ++ + + + (+) . 
Yibrio 28 . + + + + (+) . 
Vibrio 2C . + + + + (+) . 
Y'tbrio 2D . + + + + (+) . 

(q 

Strain Cellulose CYIC 
Strnin Is capable lo hydrolyse 

starch cnrr.igttnan alginate chitin tween 80 
Fla•.·C,t. IA . + ++ + + . . 
Fla,.·Cyt. lB . + ++ + + . . 
Fla,.-Cyt. lC . + ++ + + . . 
Fla,.-Cyt.10 . + ++ + + . . 
Fla,.-C,t. lE . + ++ + + . . 
Fla,.-Cyt. 2A . + + + . . . 
Fla,.·Cyt. 28 . + + . . . 
Fla,.·Cyt. 1A . . + . . . 
Fla,.·Cyt. 78 . . + . . . . 
Fla•.·C,t. 1C . . + . . . . 
Yibrio IA . + + . . . . 
V',brio 18 . + + . . . . 
Y'ibrio IC . . + . . . . 
V,brio2A . . ++ . + . . 
V',brio 28 . . ++ . + . . 
Yibrio 2C . . ++ . + . . 
Yibrio 20 . . ++ . + . . 

. (+) (+) . 

. (+) (+) . . (+) . . (+) . . (+) . . (+) . . (+) . . (+) 
(+) (+) (+) 
(+) . (+) . . (+) 
(+) . (+) 

I I Snllnily(%) 
Haloph.il Opt Min Max 

+ 4 2 tl 
+ 4 2 tl 
+ 2 2 tl 
+ 4 2 tl 
+ 4 2 tl . 2 1 8 . 2 l 8 
+ 2 2 4 
+ 2 2 4 
+ 2 2 4 
+ 4 2 8 ' 
+ 4 2 8 
+ 4 2 8 . 2 1 4 

2 l 4 
. 2 l tl . 2 1 tl 

. + 
+ ++ 
+ ++ . + 

+ 
+ 

. 

. . 

. . 

. 

. . 

. . 

Temperature rCJ 
Opt Min Max 

25-37 12 37 
30 12 37 

30-37 12 37 
25-30 12 42 

30 12 37 
30 4 37 
30 4 37 
37 30 37 
37 25 37 
37 25 37 

25-30 12 42 
25-30 12 42 
25-30 12 42 

30 4 42 
25-30 4 37 
25-37 4 42 

25 4 42 

. 

. . 
+ 
. 
+ 
. 
. 
. 
+ . 
+ 
+ 

~ 
m 
r 
() 
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Table 2. Oiaracteristics of 37 bacterial strains isolated from Graci/aria conferta that were incapable to degrade agar. The bacterial reactions in 

different assays were+= positive, ( +) = weak positive,·= negative. 

Flav.·Cyt. = Flavobacterium-Cytophaga, Coryn.·Arthr. = Corynebacterium-Cytophaga 

Group Strains Colony Cell shape Motility Gram Glucose degradation Cytochrom Cata lase Gelatine Halophil 
Isolated colour reaction oxidative fennentativc oxldase octlvlty tiquilkation 

Cory11 .·Arthr. 1 13 {A·M) white irngular rods, often + + + + + + + + 
fllaments 

Cory11.·Arthr. 2 1 Yellow short rods, often + + + + + + + + 
Olaments 

Cory11.-Arthr. J 1 white short rods, always . + + + + + . + 
Olaments 

Coryn.·Arthr. 4 1 white short rods, often . + + + + + + . 
fllaments 

Cory11.-Arthr. 5 1 white short rods, no fllaments + + + + + + . + Cory11.-Arthr. 6 3 (A·C) pink coed In dumps, short ·/(+) + (+) . ·/-t + . ./+ rods, Irregular filaments 
Flav.-Cyt. J 1 ycllow long, straight rods, no . . (+) . . + . + moments 
Flav.-Cyt. 4 2{A·B) yellow long, straight rods, no . . {+} . + + ·/{+) + fllaments 
Flav.-Cyt. 5 8 {A·H} orange cocci and long straight . . {+} . +I· + ·/(+) + rods 
Flav.-C,t. 6 2(A·B) yellow long, straight rods, . . (+} . + + + + sometimes In filaments 
Micrococcus 1 4(A·D) white cocci In tctrads . + +I· . ·/{+} + +I· . 

.. 

!" 
l'T1 
r 

8 c: 
0 .,, 
::l 
> r 
re: 
"' ~ 

~ z 
Cl 



2. EUOTORS OF TIIAU..US WHITENING 19 

be separated into two distinct subgroups, due to their biochemical characteristics. Vibrio 1 
was a group of particularly vigorous agar degraders. They were able to liquify agar al a 
concentration of 1,5 % within less than one week. In contrast, all four strains of Vibrio 2 
degraded agar only slowly and lost this ability irreversibly after some weeks of cultivation. 
Vibrio 1 was adapted to particularly high salinities and only Vibrio 2 was able to degrade 
alginate and lo grow on agar with glutamin, asparagin or even nitrate as the sole nitrogen 
source. 

The remaining 37 isolates were unable of degrading agar. They could be differentiated into 11 
different groups (Table 2), which were related to Corynebacterium-Arthrobacter, 
Flal'obacttriwn-Cytophaga or Micrococcus. 

2.3.2. DEVELOPMENT OF AN ASSAY FOR TIP BLEACHING AFFECTING 
AGENTS 

After the bacteria had been isolated and characterized, their possible impact on thallus 
whitening was investigated. A strategy of two steps led to the development of an assay for 
thallus whitening. In the first step, antibiotics were identified that inhibited ,spontanous', 
uncontrolled appearance of tip bleaching. In the second step, it was tested whether 
pretreatments with the successful antibiotics increased the algal susceptibility lo tip-bleaching 
inducing bacteria in infection experiments (section 22.4). 

Step 1: Identification or chemical agents for the control of tip-bleaching 

The occasional 'spontaneous' development of necrotic tips that is known from semi-natural 
culture conditions was also observed when G. conferta was cultivated in vitro. During three 
days of incubation the necrotic tips reached a level of 42.9 % (n = 309). It was the first step 
towards the development of an assay for tip bleaching to investigate whether this rate of 
,spontaneous' bleaching could be reduced when G. conferta was treated with bacterizidal or 
bacteriostatic agents. Three different disinfectants (Betadioe, H20 2, sodium hypochlorite) 
were tested at various concentrations and incubation times. None of the treatments resulted in 
a significant reduction of bleaching, while all agents caused bleaching at high concentrations. 
For example, addition of 1.8 mM H20z or more lo the algal medium resulted within 16 h in 
depigmentation of major parts of the thallus. Lower concentrations affected only algal apical 
cells and caused symptoms which could not be distinguished from bacterially induced tip 
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I .4 

102.6 

801.11 

(94.7 lo 110.6) 

(661.4 lo 9422) 

Figure 7: Effect of H202 on tip 

bleaching of G. con/erta during a 

16 h period of exposure. Each 

symbol represents between 33 

and 217 tips. Constants that were 

computed for the best-fitting 

logistic function (r2 = 0.974991) .. 
O arc given with 95 % confidence 
10 .. 10·•10 .. 10 .. 10·•10·• 10• 101 102 10• 10' 10• 

intervals in the table. 

bleaching. This effect of H202 could best be described with a logistic function (Figure 7) and 

the necessary concentration of H20 2 to induce half of the maximal response (E(;,o) was 

computed to be 802 µM . 

Of 11 antibiotics that were tested over broad concentralion ranges, eight significanlly 

inhibited the bleaching of G. con/erta (Figure 8). The strongest inhibitory effect was detected 

after application of 100 mg r1 Vancomycin in combination with 100 mg r 1 Cefotaxim, which 

reduced the approximate relative risk (section 22.4 for explanation of the tenn) of 

spontaneous tip bleaching from I to 0.1. Up to 100 mg r• Neomycin and Chloramphenicol 

Approxln'lllle rel~ttve risk 
0 .01 0.1 1 

8tr•ptomydn 1 mg L-1 

atreptomycfn 10 mg L.-1 

&treptomycln 100 mg ~1 

Trlr,M,thoprlm 10 mg L-1 

14,n--J.-- V1ncomycln 100 mg L•1 
._ __ ___. +e.touxtm 100 "'• L·1 

had no effect and relatively high concentrations 

of Erythromycin (> 0.1 mg r'). Rifampicin (> 

0.1 mg r') and Colistin (> I mg r1
) promoted 

tip bleaching in a similiar way as H202 did. 

Figure 8: Impact of different antibiotics on 

bleaching of G. con/erta during 3 days of 

incubation. Approximate relative risk ± 95 % 

confidence interval, sample sizes of control 

and treatment groups are shown respectively. 

White and shaded bars indicate a .S 0.01 and 

a S 0.05, respectively. 
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Table 3: Approximate relative risk of tip bleaching during 16 h of exposure of G. confer/a 
to Flavobacteri111n-Cytopl1aga 1, after 3 days of aJgal exposure lo different combinations 

of antibiotics. Bold lellers mark treatments that rcsulled in significant susceptibiHty to 

bacterial impacts (a < 0.05). n1,u1n1<n1, lla..uol: sample sizes of groups treated and untreated 

with Flavobacteri11m-Cytoplraga 1. 

Prclrcalmenl: 3 days 
incubation with 
no antibiotics 

Vuncomycin 100 mg r 1 

Vuncomycin 100 mg r 1 

+ Cerotaxim 100 mg r1 

Approximate 
relative risk 

1.4 

2.5 

5.4 

95 % confidence 
interval 
0.7 - 2.8 

1.4 - 4.6 

2.8 -10.4 

llcon1ro1 I 
nuu1nxn1 

99 /99 

103 / 106 

78/92 

Step 2: Identification or chemical treatments that result in increased sensitivity to 
bacterial tip bleaching induction 

The second step towards the development of an assay for lip bleaching was it, lo investigate 
lhe impact of pretreatments with antibiotics on the susceptibility of G. confer/a to bacleriaJ 
a11acks. Various strains of Ffai'Obactermm-Cytophaga 1 (/\, C, D and E) were added together 
as allacking slrains to algal cullures that had been pretreated wilh antibiotics. Addition of 
these bacteria to algae grown for 3 d without antibiotics did not result in significantly 
increased risk of tip bleaching within 16 h (fable 3). Similiarly, no significant bacterial 
induction of bleaching was detected after a pretreatment with 0.1 % Betadine over 5 min and 
after 3 d of incubation in various combinations of Carbenicillin, Doxycyclin, Neomycin, 
Trimethoprim, Streptomycin, Ccfotaxim, Colistin, Erythromycin and Rifarnpicin at 
concentrations up to 100 mgr'. Application of 100 mgr' Vancomycin, in contrast, increased 
bleaching significanlly (fable 3) and combination wilh 100 mg r' Ccfotaxim showed the 
clearest result: the approximate relative risk of tip bleaching within 16 h after addition of 

Flavobacteri11m-Cytophaga 1 increased to 5.4. 

Fortyfive percent of bleached tips developed on such algae that had not been treated with 100 
mg r' Vancomycin + 100 mg r' Ccfotaxim within 3 days (Figure 9). Application of 
antibiotics during the first three days, in contrast, resulled in strong inhibition of tip bleaching. 
Replacement of the medium with sterile seawater without antibiotics on day 3 always resulted 
in an increase. Without any application of antibiotics, 79 % and 68 % of all tips were bleached 
on day 4 when Flavobacteri11m-Cytophaga 1 had been added and had not been added on day 
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Figure 9: Development of bleached tips in G. co11ferta during six days, as affected by 3 

days of treatment wilh 100 mg r• Vancomycin + 100 mg r• Cefotaxim and addition of 

Flavobacteriwn-Cytophaga 1 on day 3. 
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Incubation time (d) 

6 

-- bacteria added 
(n = 98) 

-o-- no addition 
(n = 81) 

--antibiotics and 
bacteria added 
(n = 110) 

-o- antibiotics added 
(n = 78) 

3, respectively. The difference between these two treatments was too small to be significant. 

A more distinct difference was detected after 3 days of pretreatment with antibiotics. Addition 

of Flavobacterium-Cytophaga 1 to these cultures after the change of the medium resulted in 

73 % of bleached tips on day 4, in contrast to only 34 % without addition of bacteria. This 

fundamental difference indicated a significant (a < 0.001) increase of the approximate 

relative risk of tip bleaching to 5 .1. All treatments resulted in further tip bleaching between 

day 4 and day 6. 

Vancomycin at 100 mg r• in combination with 100 mg r• Cefotaxim thus inhibited 

uncontrolled tip bleaching during the application, but the algal sensitivity to bacteria was 

107 --antibiotics added --no addition Figure 10: Development of 

Ill 106 epiphytic bacteria on G. 
~ 

105 conferta during three days, as c 
::, 
en.-- 104 affected by treatment wilh 100 C' - en 
E- 103 

mg L.1 Vancomycin + 100 mg .. c o- 102 - en L·I Cefotaxim. Numbers of >, ..2 c- 101 
0 colony forming units per g 0 100 

0 
algal fresh weight are given 10-1 

0 2 3 with standard deviations. 111e 

Incubation time (d) sample size was n = 5. 
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Figure 11: Impact of isolates related to the Flavobacterium-Cytophaga- and Micrococcus

(left graph) or Cory11ebacteri11111-Arthrobacter- and Vibrio-groups (right graph) on tip 

bleaching in G. confer/a within 16 h, after pretreatment in 100 mg r1 Vancomycin and 100 

mg r1 
Ccfotaxim. Approximate relative risk± 95 % confidence interval; sample sizes of 

control and treatment groups are shown respectively. White and black bars indicate a ~ 

0.01 and a> 0.05, respectively. 
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increased after the treatment. The same antibiotics also reduced the number of epiphytic 

bacteria on G. confer/a. The initial number of 11 OOO colony-forming units per g algal fresh 

weight decreased within 3 days to less than one (Figure 10). In contrast, it increased to 

640 OOO when no antibiotics had been added to the medium, which was most likely due to 



24 2. EUCITORS OFTiiALLUS WHITENING 

accumulation of nutrients and delayed development of grazers. Pretreatment with 100 mgr• 

Vancomycin + 100 mg r• Cefotaxim was used as a routine in all the following experiments 

before the algae were exposed to bacteria or olher agents on the third day. 

2.3.3. BACTERIAL INDUCTION OF TIP BLEACHING 

Thirteen out of 54 bacterial isolates significantly increased the risk of tip bleaching (a ~ 

0.01), compared to control treatments without inoculation of bacteria (Figure 11) They all 

belonged lo Flavobacteri11m-Cytophaga 1, Flavobacteri11m-Cytophaga 3 and 

Cory11ebacteri11111-Arthrobacter 1. Of the first two groups, all isolates tested significantly 

influenced algal bleaching. The approximate relative risk was lower after exposure to 

Flavobacterium-Cytophaga 1 D than after exposure to other strains of Flavobacteri111n

Cytophaga 1. Of Corynebacterium-Arthrobacter 1, seven strains were inducers and six strains 

were no inducers of tip bleaching. 

2.3.4. CHARACTERIZATION AND PURIFICATION OF BACTERIALLY 

EXCRETED TIP DLEAClllNG-INDUCING AGENTS 

Sensitivity to protease 

Cell-free supemalanls from liquid cultures of all 13 lip bleaching-inducing strains (Figure 12) 

also caused significant depigmenlation. The approximate relative risk of tip bleaching after 

addition of these supemalants to cultures of G. conferta could be reduced in most cases by a 

treatment with protease (Figure 13). The reduction was not significant for two strains, 

Flavobacterium-Cytophaga 10 and Corynebacterium-Artlrrobacter lA. The approximate 

relative risk after addition of untreated culture supematants of these two isolates was already 

relatively low (Figure 12), and it was subsequently difficult to detect the further reduction by 

protease treatment with a!> 0.05. 

Solubility in organic solvents 

Chloroform, but not hexane, acetyl-acetate or butanol, proved to be useful for the extraction 

of the Flavobacterium-Cytoplraga I-inducing agent from culture supematants. For example, 

the cell free supernatant of isolate Flavobacterium-Cytoplraga IA induced 41.9 % of bleached 
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tips. After an extraction of 100 ml of lbe supemalanl with chloroform, lhe water- and organic 

solvenl-fractions induced 7.1 % and 34.0 % of bleached tips, respeclively, when Ibey had 

been lyophilized and resusupended in 100 ml of distilled waler. 

Figure 12: lmpacl of cell-free cullure fluid 

of 13 baclerial isolales on lip bleaching in 

G. conferta wilhin 16 b, after prelrealment 

in 100 mg rt Vancomycin + 100 mg r1 

Ccfotaxim. The conlrol groups had not 

been exposed to supemalanls. 

Approximate relative risk ± 95 % 

confidence inlerval; sample sizes of 

control and treatment groups are shown 

respectively. White and shaded bars 

indicate Ct $ 0.01 and Ct $ 0.05, 

respeclively. 
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Figure 13: Impact of Protease-treated cell

free culture fluid of 13 bacterial isolates on 

tip bleaching in G. conferta within 16 h, 

after pretreatment in 100 mg rt 
Vancomycio + 100 mg rt Ccfota.xim. The 

control groups bad been exposed to 

untreated supematants. Approximate 

relative risk ± 95 % confidence interval; 

sample sizes of conlrol and treatment 

groups are shown respectively. White and 

black bars indicate et$ 0.01 and et> 0.05, 

respectively. 
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.Figure 14: Tip bleaching in G. co11ferta within 16 h, after pretreatment in 100 mg r 1 

Vancomycin + 100 mg r1 Cefolaxim. The chloroform exlraction residue of 

Flal'obacteri111n-Cytopflaga IA culture supernatant was separated by size exclusion 

chromatography as described in lhe legend and aliquots of the eluates were added to the 

algal medium. Each point represents the bleaching impact that was delected in five 

replicate test tubes. 
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Size exclusion chromatography 

After extraction with chloroform, the Flavobacterium-Cytopflaga 1-inducing agent could 

further be purified by size exclusion chromatography. It was excluded by Scphadex G-10 

(fractionation range < 700 Da), but not by Sephadex G-15 (fractionation range < 1500 Da, 

Figure 14), which indicated that its molecular weight was in the range between 700 and 1500 

Da. 

2.3.5. BACTERIAL INHIBITION OF TIP BLEACHING 

Many isolates inhibited the tip bleaching induction by Flavobacteri11111-Cytopltaga 1 when all 

bacteria were combined in tesl tubes with G. co11ferta (Figure 15). Of 41 tested strains, 20 had 

such an antagonistic effect. The groups Flavobacteriwn-Cytopflaga 6 and 7, 

Corynebacteri1un-Artflrobacter 3 and 4, Micrococcus 1 and Vibrio 1 and 2, as well as strain 

Flavobacterium-Cytophaga 5H, had neither significant inducing nor inhibitory 

impact on algal bleaching. Some isolates of Corynebacteri11111-Arthrobacter 1 damaged, while 

others protected G. co11ferta branch tips from tip bleaching. 
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Figure 15: lmpacl of isolales of lhe Flavobacteri11m-Cytophaga- and Micrococcus-groups 

(left graph) and Cory11ebacteriwn-Artlirobacter- and Vibrio-groups (right graph) on the 

induclion of lip bleaching by Flavobacterium-Cytophaga 1 within 16 h, after prelrealmenl 

in 100 mg r1 
Vancomycin + 100 mg r1 Cefotaxim. Approximale relative risk ± 95 % 

confidence inlerval; sample sizes of control and lreatment groups are shown respectively. 

White and black bars indicate Cl :5 0.02 and a> 0.05, respectively. 
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Approximate relative risk Figure 16: Impact of cells and supemacants 

of six bacterial isolates on the induction of 0 
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lip bleaching by supernalant of 

Flavobacteriw11-Cytoplraga 1 within 16 h, 

after pretreatment with 100 mg 1"1 

Vancomycin + 100 mg r 1 Cefotaxirn. 

Approximate relative risk± 95% confidence 

interval and sample sizes of treatment 

groups are shown. The sample size of all 

control groups was n = 68. Black and while 

bars indicate a > 0.05 and a $ 0.01, 

respectively. 

The supernatant of one isolate, 

Cory11ebacteriu111-Artlrrobacter lM, did not 

inhibit the activity of Flavobacteriwn

Cytoplraga 1 (Figure 16), thus only the cells 

had an inhibiting effect. Supernatants of five other isolates tested (Cory11ebacteri11111-

Artlrrobacter 1K and lL, Flavobacterium-Cytoplraga SB, SC and 50) always showed 

antagonistic activity, suggesting that inhibiting agents were excreted. These inhibiting 

Table 4: Inhibitory effects of antibiotics and cell-free supematants from liquid cultures of 

five strains of epiphytic bacteria on four bacterial isolates in agar diffusion tests. n = 5. The 

supematants added were I : Flavobacteri11111-Cytoplraga 58, II: Flavobacterillm-Cytophaga 

SC, Ill: Flavobacterium-Cytophaga 50, IV: Corynebacterium-Arthrobacter lK, V: 

Cory11ebacteri11111-Artlzrobacter 1 L, n. i.: no inhibition zones observed. 

Diameter of inhibition zones [mm] on agar inoculated with 

Flavobacteriwn Flavobacterium Flavobacterium Flavobacteri11m 

Substance tested -Cytophaga lA -Cytophaga lC -Cytophaga 1 D -Cytophaga lE 

Supematants I, II, Ill, IV, V n. i. n. i. n. i. n. i. 

Vancomycin 1000 mgr• 34.4 ± 4.8 33.8 ± 7.0 31.2±2.4 30.0± 3.8 

Cefotaxim 100 mgr• 27.1±1.8 28.4 ± 1.6 30.1 ±2.0 28.5 ± 2.6 
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Figure 17: Impact of red algal galactans at 

33 µM on tip bleaching of G. conferta 

within 16 h, afier pretreatment with 100 

mg r 1 Vancomycin + 100 mg r1 

Cefotaxim. Approximate relative risk ± 

95% confidence interval and sample sizes 

of control and treatment groups are shown, 

respectively. White and black bars indicate 

a~ 0.01 and a> 0.05, respectively. 
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supematants, however, did not show any 

bactericidal or bacteriostatic effects against 

Flavobacteri11m-Cyrophaga 1 in agar 

diffusion tests (Table 4) and inhibition was 

only detected in control experiments with 

Vancomycin and Cefotaxim. 

2.3.6. IDENTIFICATION OF 

ENDOGENOUS ELICITORS OF TIP 

BLEACHING 

Not only bacterial isolates and their 

excretions, but also potential products of the 

bacterial degradation of algal cell walls 

induced thallus whitening in G. conferta . 

Addition of agarose- or agar-preparations at 

33 µM to the algal medium always resulted 

in significant increases of the approximate 

relative risk of tip bleaching (Figure 17). 

Only carrageenan had no impact on 

bleaching, which was also observed with 

cellulose at concentrations up to 0.5 g r 1 

(Figure 18). In contrast, cellulose that had 

been partially hydrolysed with trifluoroacetic 

acid (TFA) increased the approximate 

relative risk of tip bleaching significantly at 

only 0.01 g r 1
• The effect could not be 

induced with control preparations that had been made with TFA only, and was thus due to the 

cellulose hydrolysale. A significant bleaching inducing effect was also found with 

commercial cellulose degradation products, but only with oligosaccharides that consisted of 

an even number of glucose-residues - cellobiose and cellotetraose (Figure 19). No effect could 

be detected with products of cellulose-degradation that consisted of an odd number of 

residues (cellopentaosc, cellolriose and D-glucose). Maltose or maltotetraose, saccharides that 
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are different from cellobiose and cellotetraose only because they are linked a(l--)4) and not 

P(l--)4), had also no impact on bleaching, and the same was found for several other mooo

aod oligosaccharidcs that were tested (Figure 19). The bleaching impact of cellobiose (Figure 
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Figure 18: Impact of cellulose (A) 

unhydrolysed and (B) hydrolysed with 

TFA, and of (C) TFA residue wilhout 

cellulose on tip bleaching of G. co11ferta 

within 16 h, after 3 days of treatment with 

100 mg rt Vancomycin + 100 mg rt 
Cefotaxim. Approximate relative risk ± 

95% confidence interval and sample sizes 

of control and treatment groups are shown, 

respectively. White and black bars indicate 

a :S 0 .01 and a> 0.05, respectively. 
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Figure 19: Impact of mono- and oligo

saccharides on lip bleaching of G. co11ferta 

within 16 h, after pretreatment with 100 

mg r1 Vancomycin + 100 mg r• Cefo

taxim. Approximate relative risk ± 95 % 

confidence interval and sample sizes of 

control and treatment groups are shown, 

respectively. White and black bar.; indicate 

a :S 0.01 and a> 0.05, respectively. 



2. EUCITORS OFTIIALLUS WIIITEN!NG 31 

MAX(%) 45.2 (36.2 lo 54.2) 
Figure 20: Bleaching impact of 

50 EC,.(µM]: 31.1 (17.0 lo 56.7) 

cellobiose within 16 h, after 
~ 

~ 40 pretreatment with 100 mg r• 
ti 30 Vancomycin + 100 mg r1 Cefo-CU 
Cl. 

.E taxim. Each symbol represents 20 
Cl 

between 28 and 71 lips. Constants c: 
:E 10 u that were computed for the best-CU 

Cl) 

iii 0 fitting logistic function (r2 

10 100 1000 0.939435) are given with 95 % 

Celloblose (µM) confidence interval in the table. 

MAX[%) 50.0 (39.0 lo 51 .0) 
Figure 21: Bleaching impact of 60 EC..(µM): 11.6 (9.Slo 14.1) 

50 cellotetraose within 16 h, after 
~ pretreatment with 100 mg r• u 40 • Vancomycin + 100 mg r1 Cefo-CU 
Cl. 30 .E taxim. Each symbol represents Cl 20 c: 

between 27 and 108 lips. :E 
u 10 
CU Constants that were computed for Q) 

m 0 
the best-fitting logistic function 

10 100 (r2 = 0.96385) are given with 95 
Cellotetraose (µM] 

% confidence interval in the table. 

20) and cellotetraose (Figure 21) was clearly dose-dependent. Similiar maximal bleaching 

impacts were computed for both saccharides, but the algal sensitivity to cellotetraose was 3 

times higher, as can be seen from the lower necessary dose to induce 50 % of the maximal 

response. 

2.4. DISCUSSION 

Treatment of G. conferta with Vancomycin (100 mgr') in combination with Cefotnxim 

(100 mg r 1
) prevented tip bleaching and eliminated epiphytic bacteria 

Several different bacteria that induced lhallus whitening in G. co11ferta could be 

identified in this study. This was possible because a feasible pretreatment with antibiotics was 

applied prior to bioassays. Antibiotics and disinfectants may have three different effects on 
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lhe algal component in a system of macroalgae in relation to protecting and damaging 

epiphylic bacteria: (i) lhcy may directly damage the alga (AGUlRRE-LiPPERIIEIDE & EVANS 

1991, KOOISTRA et al. 1991, McCRACKEN 1989), (ii) they may protect the alga through 

eliminalion or inaclivalion of polenlially damaging bacteria (DEMAIN 1995, SANDE et al. 

1990) or (iii) baclericidal and bacterioslalic agents may indirectly damage the alga by 

eliminalion of protecting bacteria. This would allow polenlially damaging components lo 

become virulent. Hydrogen peroxide and sodium hypochloride, which were tested in the 

present survey, directly damaged G. co11ferta, causing total depigmentation and algal death. 

High concentrations of Rifampicin, Erythromycin, Colistin and Bctadine increased lip 

bleaching but it can not be differentiated, whelher these sublethal effecls were direct or 

indirect damages. 

Several anlibiolics reduced tip bleaching and thus prolected G. confer/a to some degree. For 

example, Vancomycin (50 mg 1"1
) and combined applicalion of Vancomycin and Ccfotaxim 

(100 mg 1"1 each) reduced lhe approximate relalive risk (section 2.2.4.) of uncontrolled 

bleaching during three days lo less lhan 0.15 (Figure 8). However, significant effeels were 

only detecled at these specific concenlralions. Toe lack of a correlation belween concentration 

and effect may be due to lhe combination of "symptom inducing" bacleria and "symptom 

preventing" bacleria in the epiphyton of G. confer/a . Bolh groups contain a range of species, 

that may be expected to have different sensitivilies against antibiotics (McCRACKEN 1989, 

SANDE et al. 1990). Varied concenlrations may influence lhe ratio belween inducers and 

inhibitors differently and cause a reduclion of bleaching, when prevenling slrains dominale. 

Vancomycin (100 mg 1"1) in combinalion wilh 100 mg 1"1 Ccfotaxim was the only trealment 

that conlrolled ,spontaneous' bleaching during the application and significantly caused G. 

confer/a lo be more susceptible to bacterial allacks after the application. ll eliminated within 

three days most deleclable bacleria from the alga, so that less than one colony forming unit 

could be delected per g algal fresh weight (Figure 10). Further, use of one or both of lhe 

agents for up to 14 days did nol cause subsequent abnormal development. Both Vancomycin 

and the beta-lactam Ccfotaxim ael through blockage of lhe bacterial cell wall synlhesis. This 

metabolic pathway is only present in prokaryoles and ils inhibition is considered to be 

relalively harmless lo eukaryotes (SANDE et al. 1990, KOOISTRA et al. 1991). 
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Various epiphytic bacteria excreted signals that induced tip bleaching 

Out of 54 bacterial strains isolated by choice from healthy tips of G. confer/a, 13 were 

capable of inducing tip bleaching in the same alga (Figure 11). This included taxonomically 

distinct organisms such as Ffavobacteri11111-Cytophaga l and 3 and Corynebacteri11111-

Arthrobacter 1. Induction of tip bleaching was also possible using only the culture 

supernatant from all thirteen strains (Figure 12). They all apparently excreted agents which 

caused bleaching in G. conferta. These agents could - significantly in eleven cases - be 

destroyed with protease (Figure 13) and were therefore peptides or proteins. 

What was the mode of action of these bacterially excreted agents? They were certainly no 

host cell wall degrading enzymes. Cellulase played no role because the inducing bacterial 

strains were unable to hydrolyse cellulose and thus excreted no cellulase. Agarase was also 

not the active agent, although the cell wall macerating activity of bacterial agarase had been 

expected to play a role in the induction of thallus whitening. This expectation derived from a 

report of JAFFRAY & COYNE (1996), who reported that of 10 bacterial isolates which were 

injected into Graci/aria gracilis only the agar-degraders induced necrotization. However, 

such a correlation was not detected in the present study. Most of the necrosis inducing 

bacteria (Flavobacteri11m-Cytophaga 3, Corynebacterium-Arthrobacter 1) could not degrade 

agar and most agar degraders could not induce bleaching (compare Figure 11 and Table 1). 

Only Flal'Obacteri11111-Cytop/1aga 1 was able lo induce thallus whitening and to hydrolyse 

agar. However, the tip bleaching inducing agent that was excreted by F/avobacterium

Cytophaga IA had a molecular weight of only 700-1500 Da (Figure 14), was apparently a 

peptide of only 4 to 20 amino acids and was therefore too small for an agarase . 

The fact that the bacterially excreted elicitors were no cell wall macerating enzymes indicates 

that they were probably toxins or hypersensitive response elicitors. ln contrast to hydrolysing 

enzymes, these agents cause little changes in the cell wall structure before cell death happens. 

They typically induce chlorotic lesions of the plant tissue that appear within 24 h or less 

(BAILEY & O'CONNELL 1989; Sunc & SINCI.AIR 1991). This corresponds with our 

observations of tip bleaching within 16 h and before damages of the algal cell wall became 

visible. Several elicitors have so far been identified as glycoproteins (STEKOLL & WEST 1978, 

DE Wrr & ROSEBOOM 1980, PARKER et al. 1991), proteins (Rica et al. 1989, WEI et al. 1992) 

or peptides (SCHOLTENS-TOMA & DE WIT 1988, NURNBERGER et al. 1994). Some toxins that 

induce depigmentations in host plants are also known to be oligopeptides, for example 

Tabtoxin, Phaseolotoxin, Syringomycin or Tentoxin (MACKO 1983, OBWALD & ELSTNER 
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1984). Some unicellular algae have been reported as sensitive lo Ihe toxin of Pse11domo11as 

aerugi11osa (BERIAND et al. 1972). It is not yet possible to decide whether the thallus 

whitening after exposure of G. co11ferta to Flavobacterium-Cytopllaga 1, Flavobacteriwn

Cytopllaga 3 and Cory11ebacteri11m-Artllrobacter 1 resulted from an elicitation of host cell 

defense or from cytotoxic effects or from a mixture of both effects. The fact that bleaching 

may be induced with the excretions of these strains shows in any case that exogenous 

inducing agents play a role in the interactions of G. conferta and its epiphytes. 

Varous epiphytic bacteria prevented the induction of tip bleaching 

The increased algal sensitivity against Flavobacteriwn-Cytophaga 1 after treatment with 

antibiotics could be reverted by addition of certain components of the algal epiphytic flora, 

suggesting that its cause was the elimination of protecting bacterial cpiphytes. Nearly half 

(20) of 41 bacterial isolates could inhibit the damaging effect of Flavobacterium-Cytophaga 1 

(Figure 15). These belonged to a wide spectrum of seven different subgroups of 

Flavobacteri11111-Cytophaga and Cory11ebacteri11m-Arthrobacter. Thus, the protective effect 

may be related to characteristics that are generally widespread among bacteria. Protection was 

in five out of six cases that were further investigated due to the excretion of protecting agents 

(Figure 16). Bacterial isolates from seaweeds and marine environments often synthesize 

antibiotics (LEMOS et al. 1985, FEN1CAL 1993) and the release of such agents by epiphytic and 

commensalic microorganisms is known to help protect spcrmatophytes and marine animals 

from pathogens (BIAKEMAN & BRODIE, 1976, ANDREWS 1985, DEMAJN 1995). The inhibiting 

supcmatants, however, did not show any bactericidal or bacteriostatic effects against 

Flavobacterium-Cytophaga 1 in agar diffusion tests (fable 4), suggesting that the protective 

effect must be due· to molecular interactions between protecting and bleaching-inducing 

excretions, rather than to inhibition of the producing organism. A final conclusion about the 

nature of the protecting effects can not be drawn yet. The Flavobacterium-Cytophaga 1-

inducing agent was sensitive to protease (Figure 14), one possible interaction might therefore 

be proteolytic degradation. 

Oligoagars and oligocelluloses elicited lip bleaching 

Not only bacterially excreted agents, but also some of Ihe saccharides thal were tested had an 

inducing effect on thallus whitening in G. conferta. Tip bleaching was significantly induced 

by all Iypes of agar and agarose that were Iested (Figure 17). Carageenan, which is chemically 
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similiar, and many other saccharides that were tested had no such effect (Figure 19, which 

shows that the algal reaction to agar was highly specific. Agar is a major product of the 

metabolism of G. confer/a and contributes with about 10 % to its dry weight. Relatively long 

agar molecules with molecular weights of approximately 350000 arc present in the cell wall 

of Gracilaria in a gel state (MURANO 1995). The agar and agarose preparations that were 

tested in this study, in contrast, consisted of shorter molecules that resulted from an extraction 

and autoclaving process and could not be sedimented by centrifugation at 12000 g. Such short 

molecules can be expected to be released in nature when the algal cell wall is subject to 

enzymatic attacks. A more comprehensive discussion of the degradation of agar and its 

possible significance for the pathogenesis and dcfensc of G. conferta is given in the following 

sections of this study. 

Of all the saccharides that were tested, only agar fragments and cellulose hydrolysis products 

induced tip bleaching (Figure 18). The cell wall skeleton of Gracilaria consists mainly of a 

cellulose-type polysaccharide with xylosc and mannose side chains (BELLANGER et al. 1990). 

II is sensitive to cellulase and cellulose degradation products are therefore potential 

endogenous elicitors (section 1) in the same sense as agar degradation products. Cellulose 

microcristals had no eliciting effect, probably due to the fact that they are not water soluble 

and too large to diffuse into the cell wall free space and to interact with algal cells. Elicitor 

activity was detected only with cellulose hydrolysate and the algal response to cellulose 

degradation products was highly specific. Cellobiosc and cellotetraose were active, but not 

maltose and maltotetraose, although all four saccharides consist of D-glucose residues. The 

residues in malto-oligosaccharides arc a(l-+4)-linked, while ccllo-oligosaccharides are 

characterized by P(l-+4)-linkages. This difference results in distinct steric structures of 

malto- and cello-oligosaccharides, which apparently affect the algal ability to react. Another 

influential factor was the size of ccllo-oligosaccharides. Three times more cellobiose (31 µM) 

than cellotetraose (11 µM) was necessary to induce 50 % of the maximal tip bleaching 

reaction in G. conferta. Only these oligocelluloses, which both consisted of an even number 

of saccharide residues, induced bleaching. Cellotriose and cellopentaose - both consisting of 

an odd number of saccharide residues - had no effect. A high specificity that varies with 

varying molecule sizes is typical for oligosaccharide receptor systems in plants, as is 

discussed more in detail in section 3. 
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In conclusion, the successful establishment of a relatively bacteria-free thallus of G. conferta 

created the conditions to identify agar and cellulose degradation products as two new potential 

endogenic elicitors. Agarophytes have not been investigated so far in this respect and it is 

therefore not surprising that a physiological role of oligoagars has not been reported. 

Cellulose is a component of the cell wall of spermatophytes, but a signalling role of 

oligocellulose has so far not been reported. Certain oligo-xyloglucans, which have a cellulosc

like backbone, play a role as growth regulators in peas (YORK et al. 1984, MCOOUGAIL & 

FRY 1990). 

We have also seen that three different taxonomic groups of epiphytic bacteria excreted 

peptides or proteins which induce bleaching in the alga. These agents were no enzymes, but 

either elicitors of a hypersensitive response or toxins. Finally, a major part (49 %) of lhe 

examined microflora prevented bleaching induction by one of these exogenous agenls. Many 

of the bacteria that live epiphytic on G. co11ferta therefore appear to play a moderating role in 

the interactions of the alga with thallus whitening inducing strains. 

The main results or this part or the study were: 

• that treatment of G. co11ferta with Vancomycin (100 mg rt) in combination with 

Cefotaxim (100 mg rt) prevented tip bleaching and eliminated epiphytic bacteria. 

• that various epiphytic bacteria were identified that excreted protease-sensitive elicitors of 

tip bleaching. 

• that varous epiphytic bacteria were identified that prevented the elicitation of tip bleaching 

• that oligoagars and oligocelluloses were identified as elicitors of tip bleaching. 
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3. OLIGOAGAR-ELICITORS AND THEIR EFFECTS 

3.1. INTRODUCTION 

Agar 

The dicovery of elicilors of thallus whilening in G. conferta raised many further questions. 

For example, how was cell death induced? In order lo answer this question, the algal response 

to agar-elicitors was examined in more detail. Agar should definitely not be toxic lo an 

agarophyte like G. conferta, which was a strong indication that the cell death was due to 

autodestruction and thus to a hypersensitive response. Agar is the main component of the cell 

wall of Gracifaria and contributes with approximately 10 - 20 % to the algal dry matter 

(FRIEDLANDER & 2.EuKOVITCH 1984, LEVY et al. 1990). Its backbone structure - agarose - is 

a chain (Figure 22) of alternating D-galactose and 3,6-anhydro-L,-galactose residues that are 

linked P-(1--+4) and a-(1--+3), respectively (ClwGIE 1990, LAHAYE & RoCHAS 1991). This 

structure is usually more or less modified in agar by replacement of 3,6-anhydro-L,-galactose 

with L-galactose and by substitution with methyl-ethers, sulfate hemiesters or pyruvate acetal 

groups at specific sites on both glycosyl units (CRAIGIE 1990, LAHAYE & ROCHAS 1991). 

Products of bacterial agar degradation 

The agar component of the cell wall matrix of G. confer/a is potentially subject to degradation 

since agar-degrading bacteria are ubiquitous inhabitants of the thallus surface (WEINBERGER 

et al. 1994). Most agarases that have been examined so far were extracellular enzymes with 

endo-hydrolyzing activity that cleaved only the P-linkages in agar. Such condition.~ have been 

detected in Cytop/raga flevensis (VANDERMEULEN & HARDER 1975), Pseudomonas atlantica 

(YOUNG et al. 1977) and in various strains that were related to the genera Cytop/raga (YOUNG 

I Figure 22: Structure of agarose. 
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Figure 23: Products of the hydrolysis 

of agarose: (A) neoagarobiose, (B) 

neoagarotetraose, (Q agarotetraose and 

(D) agarotriose. 
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et al. 1977), Pseudomonas (V ATIUONE et al. 

1975, MALMQVIST 1978, HA et al. 1997), Vibrio 

(AOKJ et al. 1990, SUGANO et al. 1993), 

Alteromonas (LEoN et al. 1992) or Streptomyces 

(BtrnNER et al. 1987). The final products of 

these P-agarases are neoagarobiose (Figure 

23A) and neoagarotetraose (Figure 238). 

Further degradation of these saccharidcs into 

monomeric sugars requires their assimilation 

into the bacterial periplasmic space (TuRVEY & 

01RISTISON 1967, DAY & YAPHE 1975, VAN 

DER MEULEN & HARDER 1976, SUGANO et al. 

1994). Incomplete hydrolysis of agar may result 

in higher neoagarooligosaccharides. All of them 

consist of an even number of saccharide 

residues and are characterized by the presence 

of 3,6-anhydro-L-galactose and D-galactose at 

the non-reducing and reducing end, 

respectively. a-Agarase has so far only been 

isolated from the culture supernatant of 

Alteromonas agarolyticus (YOUNG et al. 1978, 

POTIN et al. 1993). This enzyme hydrolyzes the a-linkages in agar and its primary products 

are agarotetraose (Figure 23Q and higher agaro-oligosaccharides (POTIN et al. 1993). 

However, the n-agarase of A. agarolyticus is inseparably associated with a P-galactosidase. 

This latter enzyme specifically splits off 3,6-anhydro-L-galactose from the reducing end of 

agaro-oligosaccharides (POTIN et al. 1993). The degradation of agarose by this agarase 

complex mainly yields saccharides like agarotriose (Figure 230), which are characterized by 

an odd number of saccharide residues and by the presence of D-galactose at both molecule 

ends (POTIN et al. 1993). It is therefore difficult to prepare pure agaro-oligosaccharides with 

3,6-anhydro-L-galactose at the reducing end by means of enzymatic hydrolysis. An 

alternative approach is partial acid hydrolysis, which cleaves predominantly the a-linkages in 

agarose (YOUNG et al. 1978). 
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Hypothesis 1: Oligoagars induce autodestructive oxygen activation in G. confert.a 

A hypothetical model for the mechanisms leading to tip bleaching after exposure of G. 

conferta to agar could be drawn from the literature: It is known that autodestructive algal 

production of active oxygen species is usually the reason of thallus whitening in Gracilaria 

and E11che11ma (MTOLERA et al. 1995, PEDERSEN cl al. 1996). Such oxidative stress finally 

leads to a non-reversible destruction of the cellular pigmentation. Unfavourable light or C02 

supply conditions cause oxidative stress in seaweeds through more or less severe disturbances 

of the photosynthetic electron-transfer and a subsequently increased production of H20 2 

(MTOLERA et ai.1995, Coll.EN et al. 1995, Col.LEN & PEDERSEN 1996). it has been suggested 

(Coll.EN 1994), but so far not been demonstrated, that bacterially induced thallus whitening 

might also be a result of oxidative stress. 

In spennatophytes, release of active oxygen species - the so-called ,,oxidative burst" - is a 

central part and typical symptom of hypersensitive responses to pathogens (LEVINE et al. 

1994, BAKER & OR!ANDI 1995, LAMB & DIXON 1997, Wu et al., 1997). lt is most commonly 

thought lo be activated after elicitor molecules have been recognized by membrane located 

receptor proteins (NURNBERGER et al. 1994, DoKE & MIURA 1995, LAMB & DIXON 1997). 

Something similiar was expected to be active in G. confer/a - a system lhal recognizes 

specific elicitors, causes an oxidalive burst and results in cell dealh and other defence-related 

responses. 

Biochemistry of active oxygen species 

The detrimental effects of active oxygen species arc due to their high reactivity. Molecular 

oxygen is relatively unreactive, although its oxidation potential is high. The need of spin 

conservation prevents 02, which has two unpaired electrons in its triplet ground state, from 

reactions with most other organic molecules, which are singlets with paired electrons. As a 

consequence, most biological oxidation processes need enzymatic catalysation (HALLIWELL& 

GlJITERIDGE 1989). 

Toe reactivity of 0 2 increases when it accepts further electrons, fonning the superoxide anion 

radical (02·), hydrogen peroxide (H202) or the hydroxy radical (HO·) (Figure 24). Only 

complete reduction of 02 to water results in a non-toxic product. The processes of water 

Figure 24: Electron transitions in the reduction of oxygen to water. 
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cleavage during photosynthesis (KLlMOV et al. 1993) and water fonnation during respiration 

(LosCHEN et al. 1974, Ria! & BONNER 1978) thus generate active oxygen species when the 

necessary transfer of four electrons remains incomplete. As much as 4 % of the Oi taken up 

by mitochondria under nonnal physiological conditions is in this way reduced to 0 2•• 

(CHANCE et al. 1979). 

Active oxygen may also be generated by various oxidases. During photosynthesis, the Mehler 

reaction is another important source. 0 2 serves in this reaction - instead of NADP• - as 

tcnninal acceptor in the photosynthetic electron flow, which results in the formation of 

superoxide (02·1 (MEHLER 1951). The Mehler reaction creates a proton gradient along the 

thylakoid membrane and thus results in the fonnation of ATP, but not NADPH. As a 

consequence 02·· will be generated through this pathway particularly when the need for ATP 

is high or the requirement for NADPH is low (SCANDALIOS 1993, SOLIBMEYER et al. 1993). 

02·· dismutates with itself into H202 and 0 2. This process requires the protonation of 0 2·· and 

thus depends on the pH. The half-life time of a 1 µM solution of 0 2·· is 05 sat pH 65 and 50 

sat pH 85 (SUTHERLAND 1991). Rapid 02·· dismutation is catalyzed in cells by superoxide 

dismutases (FRIDOVITCH 1975). 

H202 is a relatively stable form of oxygen. It is removed from the cell by catalase and various 

peroxidases, and presence of catalase also affects H20 2 concentrations in sea water 

(PAMATMAT 1990). The reactivity of H20 2 increases when transition metal ions like Fe2• are 

present and allow fonnation of OH· in the Fenton reaction (1) (WOOD 1988, SUTHERLAND 

1991). 

(1) 

Iron is under aerobic conditions present as Fe3
• which limits the reaction, but algae reduce it 

to Felt before uptake (ANDERSON & MOREL 1080, MANLEY 1981). Moreover, the presence of 

superoxide (02·) also results in a regeneration of Fe2
• (reaction 2) and subsequently in 

further generation of OH· radicais (WOOD 1988, SIJillERLAND 1991). 

OH· is the most reactive and one of the strongest oxidizing agents known. It is able to 

participate in addition, hydrogen abstraction and electron transfer reactions (SUTHERLAND 

1991), and its high rate constant of decomposition (109-1010 M. 1 s·1
) indicates that it reacts on 

averdge within five molecular radii (CoLI..EN 1994). OH· thus attacks biological molecules 
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rather nonselectively and reacts not only with with proteins or nucleic acids, but also with 

lipids (SVJNGEN et al. 1979, CzJ\J>sKJ 1984). Formation of OH· is thought to be the reason for 

many toxic effects of 02·· and H202 (HAWWELL 1982). 

Hypothesis 2: Elicitation or G. conferta with oligoagars results In control or agar 

degraders 

Any defence response against a pathogen should result in control of the pathogen. Active 

oxygen that is released during the oxidative burst in spermatophytes affects not only the host 

cell, but also the eliciting organism. For example, the germination of spores of a number of 

fungal plant pathogens was inhibited partially and completely with 65 µM and 25 µM H202, 

respectively (PENG & Kuc 1992). Many further examples for the toxicity of activated oxygen 

have already been reported. A 10 min treatment of Laminaria japonica with 500 ppm H202 

reduced the number of epiphytic bacteria on blades by nearly 50 % (EZURA et al. 1990). An 

antibiotically active protein that had been isolated from fungal culture fluids turned out to be a 

glucose oxidase which was effective against bacterial and fungal plant pathogens in vitro 

because H202 was generated. (Wu et al. 1995). Release of H20 2 and 0 2•· radicals by 

unicellular algae of the genus Cha11onella killed Vibrio algi11olyticus (ODA et al. 1992) and 

caused fish kills (TANAXA et al. 1992). 

Active oxygen species do not only play a role in plant defence due to their direct toxicity. 

They may also drive peroxidation reactions in host cells that result in various indirect defence 

mechanisms (BRADLEY et al. 1992, RusrtRuca et al. 1996). Similiarly, H20 2 is known as 

limiting substrate for haloperoxidases. These enzymes are present in Graci/aria sp. and many 

other seaweeds and catalyse the synthesis of halogenated compounds from halide ions and 

suitable hydrocarbon acceptors (WEVER et al. 1991, Col.llN 1994, MTOLERA et al. 1996, 

PEDERSEN et al. 1996). Graci/aria cornea released more toxic volatile balocarbons like 

bromofonn, chloroform or diiodomethane when its haloperoxidase activity increased after 

addition of H202 to the medium (PEDERSEN et al. 1996). The concentrations that were reached 

in these experiments by single halocarbons were eventually too low to affect pathogens 

(COi.LEN 1994, PEDERSEN et al. 1996), but synergistic effects among halocarbons and active 

oxygen species are possible. 

Based on these informations and on the expectation that active oxygen species are generated 

after elicitation (hypothesis 1), it was hypothesized that a measurable elimination of 

associated microorganisms should result from elicitation of G. confer/a with oligoagars. It 

was also expected that elicitation might result in increased algal uptake of oxygen, since this 
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is known to be a typical, but rather unspecific, response of spermatophytes to pathogens 

(Sunc & SINCLAJR 1991, ELS™ER et al. 1996). 

The objectives of this part of the study were: 

• to verify that the local cell dealh after exposure of G. co11ferta to endogenous elicitors like 

agar was due to a hypersens.itive response-like production of autotoxic agents. 

• to identify physiological reactions of G. confer/a that were associated with the response to 

oligoagar elicitors. 

• to gain insight into the interconnections of the different cellular responses 

• to demonstrate that the algal response to oligoagar elicitors results in a control of 

epiphytic bacteria 

• to identify conformational factors that determine the ability of the algal cell to recognize 

agar molecules and to react to them. 

3.2. MATERIAL AND METHODS 

All chemicals and reagents used were purchased by Sigma unless otherwise indicated. 

3.2.1. PREPARATION OF SACCIIARIDES 

G. co11ferta-agar, carrageenan type I (Sigma), agarose types VI-A, VIII, XII and A9539 

(Sigma), Bacio-agar and Bilek-agar (Difeo) were prepared as has been described in section 

2.23. These galactan preparations contained only molecules that were larger than hexaose, 

which could be verified by thin-layer chromatography on silica-gel, using three different 

mixtures of bu!anol:elhanol:water as solvents (DUCKWORTII & YAPHE 1970) and commercial 

oligosaccharides as standards. 

Neoagarooligosaccharides with degrees of biose-polymerization 1, 2 and 3 and 

neoagarohexaitol were purchased from Sigma. Prof. Bernard Kloareg and Christophe Richard 

(Roscoff marine station, France) kindly provided neoagarooligosaccharides with degrees of 

biose-polymerization above 3 . These had been prepared with Cytoplraga drobad1iensis P
agarase . . 
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G. conferta agar was enzymatically hydrolysed with P-agarasc I of Pseudomonas atlantica 

(E.C.32.1.81, New England Biolabs), following GROLEAU & YAPllE (1977). The 
hydrolysate was purified by precipitation with 80 % ethanol, centrifugation (7000 g, 15 min) 
and size-exclusion chromatography on Sephadex G-25 and Sephadex G-15, respectively 
(GROLEAU & Y APIIE 1977). This procedure yielded a fraction which contained mainly 
neoagarohexaose and neoagarotetraose, as could be verified by thin layer-chromatography. 

The purity of all neoagarooligosaccharidcs was kindly verified by Prof. Yocl Kashman (fel
Aviv University, Israel), using 13C- and 1H-NMR spectroscopy. His work showed also that 
pyruvyl-substituents were present in the G. conferta-ocoagarohexaose/letraose fraction. 

The molecular size distributions in all neoagaro-oligosaccharide fractions were kindly 
determined quantitatively by C. Richard and B. KJoareg, using high pressure anion-exchange 
chromatography (HPAEC). Most of the fractions contained oligoagars of more than one 
molecular size (fable 5). All fractions were named after the main molecular size that was 
detected. For example, ,,neoagaroodaose" contained only 61.1 % of octaose, 25.7 % of 
decaose and minor relative quantities of other molecular sizes. ,,Neoagarooctadecaose" 
contained only 30.7 % of octadecaosc and various large molecules that consisted of up to 40 

Table 5. Size distribution in ncoagarooligosaccharide fractions. The relative contribution [%) to the 1011! 

carbon content is given for every degree or polymerization. Bold numbers indicate the main molecule size. 

Dtgrtt or bloK·polymuizallon 

Fnction 2 J 4 5 6 7 8 9 10 11 >11 
NtoagarobloK 99.9 0 0 0 0 0 0 0 0 0 0 0 
NtoagarotelnoK 0 94.J 0 0 0 0 0 0 0 0.3 0 0 

G.con/trra-ntoagno- 0 10.3 35.1 0 0 0 0 0 0 0 0 0 

huaose/tetnoK 

NtoagarobexaoK 6.9 0.60 92.J 0 0 0 0 0 0 0 0 0 
Ntoagarohuailol 0 0 91.J 0 0 0 0 0 0 0 0 0 
NtoagarooctaoK 0 1.6 2.7 61.ll 25.7 0.9 0 0 0 0 0 0 
NeoagarodttaOK 0 2.8 1.9 2.5 58.7 16.2 2.0 0 0 0 0 0 

Ntoagarododttae>K 0 0.7 2.9 4.0 7.8 58.0 15.2 2.7 0.2 0 0 0 

Ntoagarotdnd«aoK 0 0 0.8 1.5 4.0 4.9 47.2 17.1 2.0 o.s 0 0 

Neoagarohnad«aOK 0 2.J 1.0 0.8 1.4 4.3 12.l 36.9 11.0 1.6 0 0.3 

Ntoagarooctad«a0K 0 0 0 0 0 0 7.9 17.6 30.7 17.6 9.0 17.2 
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monosaccharide residues. G. con/erta-neoagarohexaose/tetraose contained 35.1 % of hexaose 

and 10.3 % of tetraose. The remaining 54.6 % resulted in five peaks in HPAEC

chromatograms that could not be assigned and represented most probably substituted 

oligoagars. 

For partial acid hydrolysis, agarose type A9539 (180 mg) and 30 ml of trifluoroacetic acid 

(0.6 M) were incubated in glass tubes with screw caps at 85°C for 3 h and lyophilized. 

Trifluoroacetic acid was removed from the hydrolysate by three consecutive cycles of dilution 

in 30 ml of methanol and evaporation under reduced pressure at 45°C. lltis partial acid 

hydrolysate was not size-calibrated and contained oligoagars with a wide spectrum of 

different molecular sizes, as could be veryfied by thin-layer chromatography. 

For reduction, a part of the partial acid hydrolysate (5 mg ml"1
) was dissolved in distilled 

water and adjusted with NaOH to pH 12.0. NaBH, (5 mg ml"1
) was added and the mixture 

was stirred at room temperature for 2 h. Excess NaBH.i was destroyed with HCl until pH 7.0 

was reached. 

A fraction of agarooligosaccharides - prepared with a-agarase from Alteromo11as agarolyticus 

- was kindly provided by C. Richard and B. Kloareg. They determined the main molecular 

size in this fraction to be most probably agarotriose. All further saccharides were purchased 

from Sigma. 

Stock solutions of all saccharides were made up in distilled water, adjusted to pH 8.0 with a 

salinity of 3.5 % (sea salts, Sigma), sterile filtrated, and kept in a freezer. The content of 

reducing sugars in the stock solutions was determined photometrically with the neocuproine 

assay (DYGERT et al. 1965) and regarded as an indication of their molarity. The molarity of 

reduced saccharides like neoagarohexaitol and of sucrose was directly calculated, since they 

do not contain free reducing functional groups. 

3.2.2. PREPARATION OF ALGAE FOR EXPERIMENTS AND GENERAL 

EXPERIMENTAL CONDITIONS 

G. co11ferta was cultivated in 40 1 outdoor tanks with aeration, continuous sea water exchange 

(5 tank volumes per day) and weekly pulse-feeding (FRIEDLANDER & LEvY 1995). For 

indoors experiments, thallus branches were sampled from visually healthy plants that were 
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free of epiphyles. They were preincubaled for three days in slerile seawaler containing 

Vancomycin (100 mg r1
, Teva) and Ccfolaxim (100 mg r 1

, Roussel), since I his lreatment had 

previously been idenlified as useful for the elimination of epiphytic bacteria (section 2). 

During lhe preincubation, lhe algae were kepi in slerile seawater at fresh weight densities of 

5 g r 1 
in capped lest tubes with shaking al 25°C and under a cool while light regime of 

40 µmol m·
2 

sec·1 for 125 b d·1• Afler the preincubalion slep, the algae were challenged with 

different saccharides and incubaled under the same slandard condilions. All treatments were 

done in a sterile atmosphere, using sterile forceps, pipettes and glassware. 

3.2.3. QUANTIFICATION OF H101 CONCENTRATIONS AND ALGAL H201 

RELEASE 

H202 concentrations in lhe medium were determined by measuring the dimerisation of (p

hydroxyphenyl) acetic acid in the presence of horseradish peroxidase (MILLER & KEsTER 

1988) with a fluorometer. The wavelengths of excitation and emission were 313 run and 400 

nm, respeclively. Different concentrations of hydrogen peroxide standard were added three 

times to aliquots of every sample. This assay allows exact determinations H202 

concentrations in steady state. It is less suitable to quantify the algal release of H20 2, due to 

the time lap between release and analysis, in which H20 2-destroying mechanisms may be 

active. 

For determinations of the algal release, H202 was trapped immediately after the release with 

dichlorofluorescin in the presence of peroxidase. The resulting oxidalion of dichlorofluorescin 

to dichlorofluorescein was measured wilh a fluorometer (Ronrn & VALET 1990). Before 

performing lbese H202 release experimenls, the algal medium was replaced twice by fresh 

slerile filtered artificial seawaler afler the preincubation step, in order lo remove antibiolics. 

Slock solulions of dichloro-fluorescin-diacelate (Molecular Probes, 100 mM), peroxidase 

(E.C. 1.11.1.7) and esterase (E.C. 3 .1.1.1.) were prepared in DMSO, sterile seawaler and 

sterile seawater, respectively. Branches of 7 - 13 mg fresh weight were then fixed at the 

bottom of cuvettes conlaining 3 ml of sterile seawater. Dichlorofluorescin-diacctate (50 µM), 

peroxidase (45 U mr1
) and esterase (E.C. 3.1.1.1, Sigma, 0.45 U rnr1) for the release of 

dichlorofluorescin from dichlorofluorescin-diacetate were added, respectively. The cuvelle 

was stirred slowly for a continuous exchange of reagents across the algal surface. The 
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wavelengths of excilalion and emission were 488 nm and 525 nm, respectively. The 

development of fluorescence was measured for 750 s , with addition of saccharides lo the 

cuvelte after 125 sec. Standard curves were made by addition of H202 standard instead of 

saccharides. 

The concentration of H20 2 in the standards was adjusted by titration with thiosulfate after 

dilution of the standard in sodium acetate buffer (final concentration 4 mM, pH 4) containing 

potassium iodide (0.02 M), ammonium molybdate (0.65 mM) and starch (02 g·r1
). The 

thiosulfale solution was standardized by titration of 0333 N sulfuric acid containing 

potassium iodide (0.02 M) and potassium iodate (0.83 N). 

3.2.4. QUANTIFICATION OF ALGAL BROMINATING ACTIVITY, OXYGEN 

CONSUMPTION AND TIP BLEACHING 

Bromination of phenol red to bromophenol blue was used as an indicator for algal 

haloperoxidase activity (WEVER et al. 1991). After the preincubalion slep, the algal medium 

was replaced by a smaller amount of sterile artificial seawater containing 25 µM of phenol 

red, so that the algal density was 20 g r 1
• For determinations of the phenol red brominaling 

activity in outdoor tanks, the test tubes were not incubated at standard conditions in the 

climate room, but in tanks. The incubation time was 1 h, unless something else is indicated. 

Bromophenol blue was determined photometrically according lo WEVER et al. (1991) afle; the 

pH of samples had been adjusted to 6.4 by addition of HEPES buffer. 

The algal oxygen consumption was determined in autoclaved seawater, using a stirred 

temperature-controlled chamber (25°C, Hansatech) and an oxygen electrode. Preincubaled 

algae were introduced into the chamber and saccharides were injected 5 min after lhe oxygen 

consumption in darkness had reached a constant rate. The oxygen consumption per min was 

then calculated from average rates during 10 min after injection. For calibration of the 

electrode, oxygen in the chamber was saturated and eliminated by vaporization with air and 

nitrogen, respectively. 

The impact of saccharides on lip bleaching of G. conferta was detennined as described in 

section 2.2.4. 
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3.2.5. lNHIBlTION OF BACfERJAL GROWTH WITII 11202 

The general culture conditions for bacteria have been described in section 2.2.l.. Briefly, they 

were cultivaled at 25 °C (Flavobacterium-Cytoplraga 7: 33°q, eilher in liquid medium 

,,2216" (OPPENHEIMER & ZoBEll 1952) on a shaker or on nutrient agar in petri dishes. 

The development or the optical density in liquid cultures was monitored for the investigation 

of H20i effects on bacterial growth. Capped test tubes containing liquid medium were 

inoculated with single isolates and H20 2 was added at different concentrations. The optical 

density at 420 nm was repeatedly measured during the following days against medium that 

had not been inoculated. Cell densities were calculated from the optical density, using 

standard curves. ln order to prepare standard curves, the density of colony-forming units on 

nutrient agar was determined in addition to the optical density in various cultures. Functions 

that described best fits between cell density and optical density could then be computed for 

each isolate. 

3.2.6. ELIMINATlON OF EPYPIIYTIC BACTERJA 

To quantify the impact of the algal response to oligoagars on the resident bacterial flora, 

branches of virtually healthy algae were sampled in outdoor tanks and introduced without 

further treatment into test tubes with sterile sea water at a density of 10 mg ml"1
• For the 

investigation of algal effects on specific strains of agar degrading bacteria, the bacterial 

isolates were precultivated in liquid medium as has been described in section 22.1. Algal 

branches were pretreated with antibiotics as described in section 32.2. After resident bacteria 

had been eliminated, the branches were incubated for at least 1 h in sterile seawater, in order 

to remove antibiotics. They were then transferred into fresh sterile seawater (250 ml) and 10 

ml of a 3 d old liquid-culture of bacteria were added. Bacteria settled on the thallus surface 

wilhin 1 h of incubation. For removal of unsclteled bacterial cells, the algal branches were 

transferred for 10 s into fresh sterile seawater, and subsequently introduced into test tubes at a 

density of 10 mg m1·1
• 

The algal branches carrying inoculated or natural epiphytic bacteria were challenged by 

addition of elicitors to their medium. They were incubated for 1 h at 25°C in darkness, 

without shaking. Immediately afler this incubation, the branches were homogenized with a 



48 3. OUGOAGAR-ELIOTORS AND TI-IEIR EFFECTS 

potter on ice and the homogenate was plated out on nutrient agar (section 22.l for receipc). 

Numbers of colony-forming bacteria could be counted after five days of incubation. 

3.2.7. DATA EVALUATION 

The growth inhil>ition of bacteria was determined in 6 replicates. Elimination of bacteria on 

algal surfaces was repeated in at least two, and all other measurements in at least five 

independent experiments, if nothing else is indicated. Data obtained were tested for 

significant differences with the Mann-Whitney-U-test for independent samples (a. :5: 0.05) 

(GRIMM 1993)_ The evaluation of tip bleaching assays bas been described in section 22.1. 

Non-linear functions that descril>ed best fits of the data were computed by iteration, using the 

statistical software ,,Prism" (Graphpad Software Inc.). The Michaclis-Menten

formula and the logistic formula A (section 2.2.1.) were used to describe enzyme-kinetics and 

dose-response kinetics, respectively. 

175 + G. conferta, 

150 
+ neoagarohe><aose 

B~ 125 
- G. conferta, 

c: - Addition of 
+ neoagarohexaose 

CII C: 100 (,) :::, 
saccharide _ - G. conferta, Ill CD 

CII > 75 \ neoagarohexaose ... ·-0 .. 
:::, ..!!! 50 - CII + G. conferta, u. .:. 
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Figure 25: Development of dichlorolluorescein-lluorescence as a measure of H202, with 

and without addition of 260 r1M neoagarohexaose and with and without presence of G. 

co11ferta (3.25 g r 1
). 
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3.3. RESULTS 

3.3.1. IDENTIFICATION OF OLIGOAGAR EFFECTS 

Exposure of G. co11ferta to neoagarohexaose resulted in enhanced oxidalion of 

dichlorofluorescin, indicating production of H20 2 (Figure 25). 'This effect appeared only when 

the saccbaride and the alga were both present. A dichlorofluorescein fluorescence equivalent 

to that after addition of 452 ± 183 nM H20i to the medium was observed within 10 min after 

no addition 

Bltek-ag• 

G confefta
eoa< 

agarOM type 
VI-A 

agarooetype 
VIII 

ega,osetype 
XII 

egatOMlype 
A9539 

H;rOz release (nmol mln"1 g"1) 

-5 0 5 10 15 20 

Figure 26: H20i release by G. co11ferta 

during 10 min after exposure to 3.3 µM 

of red algal galactans. Averages and 

standard deviations of five replicates are 

given. White and black bars indicate 

treatments that were in a U-test different 

from the control (no addition) with a 5 

0.01 and a> 0.05. 

-5 0 

no addition 

1mMO-lralootose 

1 mM neoagarobiose 

1 mM neocanabbse 

500 pM OirlUOOM 

100pMc:elobioM 

100 µM eellopentaoM 

100 pM rnallose 

500µMlaotose 

500µM---
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Figure 27: Impact of several mono- and 

oligosaccharides on the release of H202 by 

G. co11ferta within 10 mi_n after exposure. 

Average and standard deviation are given. 

None of the lreatments was in a U-test 

different from the control (no addition) 

with a< 0.05. 
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G. conferta had been challenged with 260 µM neoagarohexaose. In contrast, no significant 

increase of H20 2 concentrations could be observed when either the alga (-1 ± 43 nM) or the 

saccharide {-2 ± 52 nM) or both (-3 ± 38 nM) were absent. 

Pretreatment of G. confer/a with antibiotics did not significantly affect the release of H202. 

Algae that were exposed to 260 ~tM neoagarohexaose released 13.6 ± 22 nmol min"1 g·1 H20 2 

when they had been pretreated with antibiotics and 12.7 ± 35 nmol min·1 g·1 H20 2 when no 

antibiotics had been applied during the pretreatment. H202 release was not significant for 

dead algae (153 ± 154 nmol min·1 g"1
). 

The algal H20 2 release after confrontation with saccharides of the agar-type was a very 

specific response. All of the tested preparations of agar and agarose resulted in H202 release 

when added to the medium al a concentration of 33 µM (Figure 26). In contrast, no release of 

H202 could be triggered with 33 µM carrageenan (Figure 26) or with lrgalactose, D

galactose, neoagarobiose, neocarrabiose, neocarrahexaose and various other oligosaccharides 

(Figure 27) al concentrations up to 1 mM. 

3.3.1.2. HALOPEROXJDASE ACTIVITY 

Only a slight phenol red brominating activity was detected when G. co11ferta was incubated in 

darkness (Figure 28). Addition of neoagarohexaose to algal cultures resulted in an immediate 

increase in the rate of bromination. However, no brominating activity was detected in sterile 

seawater without algae, whether neoagarohexaose was present or not. The algal brominating 

Figure 28: Development of 

phenol red bromination during 

55 h incubation in darkness, in 

absence(• ) or presence (• ,D) of 

G. co11ferta. Neoagarohexaose at 

195 ttM was added (•,• ) or was g 
not added (0 ) to the medium €_ 
after 25 h. Averages and standard 

deviations of four replicates are 

given. 

3.5 

3.0 
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Figure 29: Phenol red bromination by G. co11ferta 

after 30 min of incubation in darkness, as influenced 

by addition of H202 to the medium. Averages and 

standard deviations of four replicates are given. 

Constants that were computed for the best-fitting 

Michaelis-Menten function (r2= 0.99254) are given 

with 95 % confidence interval in the table. 

3.3.1.3. OXYGEN CON

SUMPTION 

Graci/aria co11ferta reacted to 

an exposure to neoagaro

hexaose with an immediate 

increase in oxygen 

consumption (Figure 30). The 

peak rates were reached 3 min 

after the addition and began to 

decrease after another 3 min. The detected increases in 02 consumption in response to 

saccharides were fairly consistent, despite the fact that the initial 0 2 consumption rates varied 

in different experiments with the physiological condition of the algae. An additional oxygen 

consumption of 433 ± 134 nmol·min·1·g'1 was observed after addition of 260 µM of 

neoagarohexaose to the medium of G. co11ferta that had previously been treated with 

antibiotics. A similiar increase in the oxygen consumption was also detected when no 
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Figure 30: Oxygen con

sumption by G. co11ferta after 

addition of neoagarohexaose 

and in controls without any 

addition. Averages and 

standard deviations of five 

replicates are given. 
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Table 6. Oxygen consumption increases in 22 different species of seaweeds, during 10 

min after exposure to 260 µM neoagarehexaose. 

A. GRACILARIACEAE 
Graci/aria cornea J.Agardh 
Graci/aria bursa-pastoris (Gmelin) Silva 
Graci/aria gracilis (Stackh.) Steentoft, hvine et Farnham 
Graci/aria tikvahiae Mclachlan 

Oz-consumption 
[nmol min· g"1] 

425 ± 92 
158± 44 
51 ± 38 
67± 35 

Gracilariopsis lemaneiformis (Bory) Dawson, Acleto et Foldvik 102 ± 37 

B. OTHERAGAROPHYfES 
Gelidiella sp. 
Gelidium crinale (Tum.) Lamoureux 
Gelidi11m latifolium (Grev.) Barnet & Thuret 
Gelidium pusi/111111 (Stackh.) Le Jolis 
Gelidiwn sesquipedale (Tum.) Thuret 
Pterocladia capillacaea (Gmelin) Barnet & Thuret 

C. NON-AGAROPIIYfES 
Centroceras clavulatum (C. Agardh) Montagne 
Gigartina acic11laris (Roth) Lamoureux 
Hypnea musciformis (Wulfen) Lamoureux 
Jania rubellS (L.) Lamoureux 
Laurencia obtusa (Hudson) Lamoureux 
Porphyra sp. 
Sarconema sp. 
Sargassum vulgare C. Agardh 
Solieria sp. 
Spyridia sp. 
Viva sp. 

4± 48 
1 ± 10 
3± 5 
8± 39 

-31±117 
-33 ± 22 

7± 63 
10± 24 
3± 10 
9± 18 
3± 46 
4± 30 

12± 23 
8±107 

26± 76 
-8 ±136 

-32 ± 81 

n 
7 
5 
5 
11 
2 

2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 
4 
2 
3 
3 
3 
2 

antibiotics had been applied in the pretreatment (408 ± 121 nmol min·1 g"1), and dead (fully 

depigmented and decaying) algal material that was not treated with antibiotics did not react 

(-19 ± 7 nmol min·1 g·1). 

All other species of !he genera Graci/aria and Gracilariopsis that were challenged with 260 

µM neoagarehexaose reacted also, but some of them to a lesser extend (fable 6). Eighteen 

different non-Gracilariacean algae exhibited nonnal oxygen consumption under the same 

conditions, although some of them were also agarophytes. Thus, the observed response was 

not due to a general metabolic effect and seems specific to species of Graci/aria and 

Gracilariopsis. 
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Figure 31: Increases in the oxygen 

consumption of G. conferta during 10 

min after exposure lo 33 µM of red algal 

galaclans. Averages and standard 

deviations of five replicates are given. 

Black and white bars indicate treatments 

that were in a U-lest different from lhe 

control (no addition) with a> 0.05 and a 

$0.01. 
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Figure 32: Increases in the oxygen 

consumption of G. co11ferta during 10 min 

after exposure lo several mono- and 

oligosaccharides. Average and standard 

deviation are given. 

Similiar to what was observed for H202 release, agars and oligoagars were the only 

saccharides that induced increased oxygen consumption in G. co11ferta. All seven types of 

agar and agarose that were tested, but nol carrageenan, triggered this response al a 

concentration of 33 µM in the medium (Figure 31). Neocarrahexaose, neoagarobiose and 

other mono- and oligosaccharides did nol significantly influence lhe oxygen consumption 

when added to the culture media at levels up to 1 mM (Figure 32). 
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Figure 33: Elimination of (D ) 

Flavobacterium-Cytophaga 78, 

(• ) Vibrio 18, (• ) Flavo

bacteriwn-Cytophaga lD and 

(0) Flavobacterium-Cytoplraga 

28 from thallus branches of G. 

conferta, during incubation at 

standard conditions. Average, 

minimum and maximum elimi-

nation are given. 

3.3.1.4. ELIMINATION OF EPIPIIYTIC BACTERIA 

The total numbers of colony-Conning units that could be detected on G. co11ferta were not 

significantly affected when thallus branches were sampled in outdoor tanks and incubated for 

up to two hours at standard conditions in darkness. The same was also observed with 

algae that had been pretreated for three days with antibiotics and afterwards inoculated with 

isolates Flavobacterium-Cytophaga ID or Flavobacterium-Cytoplraga 28: their numbers did 

not change s ignificantly (Figure 33). Jn contrast, the numbers of colony-forming units of 

strain Flavobacterium-Cytophaga 78 decreased within minutes after the inoculation and 

could not further be detected after 30 min (Figure 33). A similiar elimination was also 

detected with Vibrio 1B (Figure 33). 

Addition of neoagarohexaose at 260 µM to thalJus branches that were incubated at standard 

conditions always resulted in significant decreases of epiphytic bacteria (Figure 34). The total 

number of colony forming units on algae that had not been pretreated with antibiotics 
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Figure 34: Elimination of ( • ) 

Flavobacterium-Cytophaga ID, (0) 

Flavobacteri11m-Cytophaga 2B and 

(V) total epiphytic bacteria from 

thallus branches of G. conferta, in 

the presence of 260 µM neoagaro

hexaose. Average, minimum and 

maximum elimination are given. 
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decreased within 1 h by approximately 60 %. Stronger oligoagar effects could be observed 

when the resident bacterial nora had been eliminated and G. co11ferta had been inoculated 

with isolates Flavobacterium-Cytophaga lD or 2B. These isolates - which were not affected 

at standard conditions (Figure 33) - decreased within 15 min after application of the oligoagar 

by approximately 90 % and could not further be detected after 2 h (Figure 34). 

The elimination of bacterial epiphytes after exposure of G. co11ferta to oligoagars was reduced 

when the algae were placed on a shaker during incubation. Without shaking, on average 55 % 

of all resident colony-forming bacteria were killed after 1 h of incubation in water that 

contained 260 flM neoagarohexaose. With shaking, the effect was reduced to 29 % and this 

difference was significant with a~ 0.05 in a U-test. 

3.3.2. RELATIONSUIPS BETWEEN AGAR CONFORMATION AND ALGAL 

RESPONSE 

We have already seen in earlier chapters that not all agars and oligoagars were equally 

suitable as elicitors of responses in G. co11ferta. For example, the smallest oligoagar, 

neoagarobiose, triggered neither local thallus whitening (section 2.3.3.) nor other responses 

(section 3.3.1). Further experiments were therefore conducted to identify those saccharides 

that were the most efficient signals. 

3.3.2.1. MOLECULAR SIZE EFFECTS 

Effects of the molecular size on tip bleaching 

Addition of P-agarase-products larger than biose to G. co11ferta in seawater always resulted in 

an increased risk of tip bleaching. The bleaching impact of these saccharides was clearly 

dose-dependent (Figures Al to A6, p. 119-120). Relatively similiar maximal bleaching 

impacts in the range between 33.6 and 43.7 % were computed for the different types of agar 

that were tested. The algal sensitivity to these saccharides, however, varied considerably with 

their molecular size. This becomes obvious from a comparison of the doses of agar that were 

necessary to trigger halfmaximal responses (Figure 35A). The E~ of neoagarotetraose was 

estimated to be 896 µM. It decreased by approximately 100 times with increasing molecular 
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A Figure 35: Relationships 

between the concentrations of 

various oligoagars that were 

necessary to induce half. 

maximal thallus tip bleaching 

(Figure A, 0), 0 1 consumption 

increase (Figure B, • ). H201 

2 3 4 5 6 7 8 >8 >20 release (Figure B, 0) and 

Average degree of 
blose-polymerlzation 

B 

elimination of Flavobacterium-

Cytoplraga ID from G. confer/a 

(Figure B, • ), and their degree 

of biose-polymerisation. Agaro

triosc (polymerization degree 

1.5) had been prepared with a

agarasc, while all other 

saccharidcs were P-agarasc 

products. E~ or K,. arc given 

0.01 +--...--.--~-...--.--~-...-~-~· 
1 3 4 5 7 8 >8 >20 with 95% confidence intervals. 

Average degree of 
b iose-polymerizatlon 

size and was computed to be only 11.3 µM for ncoagarooctaosc and 4.3 µM for G. confer/a· 

agar. 

Effects of the molecular size on oxygen consumption increase 

Oligoagars that were larger than biosc always elicited increases of the oxygen consumption 

rate. a-agarasc- as well as P·agarasc-products induced this response. Increasing molar 

concentrations of oligosaccharides triggered increasing algal reactions, and the data 

distributions of these kinetics filled best to Michaelis-Menten-functions (Figures A 14 to A24, 

p. 123-126). The algal sensitivity was - as in the case of thalius tip bleaching • clearly 

influenced by the molecuie size. However, the tip bleaching response and the oxygen 

consumption response were not affected in the same way (compare Figures 35A and 358). 

The highest algal sensitivity - as expressed_ by the lowest K,. • was with the oxygen 

consumption increase data computed for dodecaose to hcxadecaose (206 to 346 nM, Figure 
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358). The Km increased by an approximate 

factor of 100 from dodecaose to octaose and by 

a factor of five from hexadecaose to larger 

agars. The algal maximal response to different 

oligoagars was generally in the range between 

359 and 507 nmol g"1 min·1
• A lower V mu of 

241 nmol g·1 min"1 was computed for a mixture 

of neoagarooligosaccharides that were larger 

than neoagarohexadecaose (Figure A23). 

z Effects of the molecular size on H20 2 release 

Figure 36: H201 concentrations that and phenol red bromination 

were detected in seawater 10 min after Micromolar quantities of oligoagars eliminated 

addition of various oligoagars. Average nanomolar concentrations of H20 2 from 

and standard deviation are given. 

Shaded bars indicate treatments that 

were different from the control (no 

addition) with a :S 0.05. 

seawater within ten minutes (Figure 36). For 

example, 452 ± 43 nM and 474 ± 46 nM H202 

were detected after 10 min of incubation of the 

water with 150 µM of neoagarooctaose and 

neoagarododecaose, respectively, while controls 

without addition of saccharides contained 539 ± 26 nM. These differences were significant 

with a :S 0.05. Addition of other oligoagars resulted in reduced H20 2 concentrations, as well. 

Their reductive effect was, however, only significant when the sum of all observations after 

addition of different oligoagars (except of neoagarooctaose and neoagarododecaose) was 

tested against the control treatments without addition of saccharide (a :S 0.05). 

Addition of oligoagars larger than biose to G. conferta in seawater resulted nonetheless in a 

gross-release of H202. Increasing concentrations of saccharides induced increasing algal 

reactions. These kinetics fitted slightly better to logistic dose-response functions than to 

Michaelis-Menten formulas (Figures A7 to AI2, p. 121-122). For example, the ?- of the 

Michaelis-Menten and dose-response formulas that fitted best lo the data distribution for 

neoagarohexaose (Figure A9, p. 121) were 0.870592 and 0.878804, respectively. The algal 

~aximum response was for all tested saccharides in the range between 10.2 and 143 nmol g·1 

min·1• E~ values as low as 66 and 26 nM were computed for neoagarododecaose and 

neoagarohexadecaose, respectively (Figure 358). The algal sensitivity to saccharides with 
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lower molecular sizes - in the range between neoagarooctaose and neoagarotetraose - was 

approximately 100 times lower, quite similiar to what was calculated for the respiratory 

response of G. conferta to these oligoagars (Figure 35). 

The kinetic of algal haloperoxidase activity after exposure of G. conferta to increasing 

concentrations of neoagarohexaose fitted best lo the Michaelis-Menten formula (Figure AIJ, 

p. 123). A maximal phenol red brominating activity of 5.7 nmol min"1 g·1 was computed, with 

a Km of 6.3 µM. These constants are relatively close to those that were computed for the 

release of H20 2 after exposure of G. co11/erta to neoagarohexaose (MAX = 13.4 

nmol min"1 g·1
, EC,o = 122 µM , Figure A9). 

Molecular size effects on elimination of epiphytic bacteria 

The elimination of epiphytic bacteria after exposure of G. conferta to oligoagars was also 

dependant on the saccharide concentration. Incubation of the alga for one h after addition of 

increasing amounts of oligoagar to the medium resulted in increasing elimination of epiphytic 

bacteria, and this relationship could be expressed with the dose-response function (Figures 

A25 to A32, p. 127-129). Using this logistic formula, the minimum elimination of resident 

bacteria after addition of neoagarohexaose to the medium was computed to be 60.4% (Figure 

A25, p. 127). The necessary dose to induce half of this maximal response (EC,o) was 

calculated to be 14.4 µM . For the elimination of strains Flavobacteri11111-Cytopl1aga 28 and 

10 with neoagarohexaose, the EC,o was computed to be 7.6 µM (Figure A26, p. 127) and 

11.3 µM (Figure A28, p. 128), respectively. The EC,o was thus in the same order of 

magnitude for effects on Flavobacterium-Cytoplraga 2B, Flavobacteriwn-Cytoplraga ID and 

the sum of all resident bacteria, although higher relative amounts of Flavobacterium

Cytoplraga ID and 2B could be eliminated (89.0 % and 90.7 %, respectively) than of the total 

epiphytic flora of G. confer/a. 

The necessary dose lo induce halfmaximal elimination of Flavobacteriwn-Cytoplraga lD with 

different oligoagars varied. It was obviously dependent on the molecular size. D- and L

galactose and agarobiose had no elimination-inducing effect and the EC,o increased by a 

factor of 100 from neoagarooctaose lo neoagarododecaose in a similiar way as with Di 

consumption and H202 release (Figure 358). 
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Figure 37: Double-reciprocated plot 

of the net-release of H20z within 10 

min after addition of 

-0.0 0.2 0.4 1/S 

neoagarohexaose 10 G. conferta. The 

alga was tested without and with 

previous addition of neoagaro

hexaitol (1000 µM). Dotted lines 

indicate 95%-confidence intervals of 

linear regressions. 
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Figure 38: Double-reciprocated plot 

of increases in the oxygen 

consumption 10 min after addition of 

neoagarohexaose to G. conferta. The 

alga was tested without and with 

previous addition of 

(r2 = 0.914554) neoagarohexaitol (1000 µM). Dotted 

lines indicate 95%-confidence 
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0.075 intervals of linear regressions. 
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Figure 39: Double-reciprocated plot of increases in the oxygen consumption 10 min 

after addition of neoagarohexaose to G. conferta. The alga was tested without and 

with previous addition of products of the partial acid hydrolysis of agarose that had 

and had not been reduced with NaBH.. Dotted lines indicate 95%-confidence 

intervals of linear regressions. 
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3.3.2.2. EFFECTS OF REDUCING END-RESIDUES 

Not only the molecular size of oligoagars, but also the conformation of their reducing-end 

residues had a major impact on most of lhe effects that could be eliciled in G. co11/erta. No 

increased H20 2 release or 02 consumption could be induced with up to 500 µM of 

neoagarohexaitol or with reduced or non-reduced oligoagar-products of acid hydrolysis. 

Further, presence of lhese saccharides reduced lhe effect of neoagarohexaose on the algal 

oxygen consumption and H202 release. The inhibitory mechanism was competitive, as can be 

seen from lhe Lineweaver-Burk plols: Presence of 1000 µM neoagarohexailol increased lhe 

Km (=1/S-intercept) of neoagarohexaose from 13.4 to 28.8 µM for H20 2 release (Figure 37) 

and from 20.7 to 65.1 µM for oxygen consumplion (Figure 38). 

Oligoagars that had been prepared by partial acid hydrolysis had a guile similiar compelelive 

inhibitory effecl on lhe algal reaction to neoagarohexaose (Figure 39): The Km for oxygen 

consumption increased from 20.7 lo 47 2 µM when 226 µM agaro-oligosaccharides were 

present. II increased even more, to 745 µM , when 226 µM agaro-oligosaccharides that had 

been reduced with NaBI-4 were present. D-galactose, L-galactose and neoagarobiose could 

not inhibil lhe effecls of neoagarohexaose on 0 2-consumplion or H20 2-release. 

The eliminalion of Flavobacterium-Cytophaga 10 from G. co11/erta after exposure to 

neoagarohexaose could also be inhibited with reducing end-modified oligoagars. Presence of 

1 mM of neoagarohexaitol increased lhe ECso significantly from 113 µM (95o/o-confidence 

interval: 10.6 to 12.1, Figure A28, p. 128) to 24.0 µM (95o/o-confidence-interval: 20.8 to 27.6, 

Figure A32, p. 129). The algal maximum response, in conlrast, was the same wilh and without 

50 
MAX(%] 39.2 (32.9 to 45.6) Figure 40: Bleaching impact of 

~ 
EC,. (µMJ: 121.3 (98.9 to 148.8) 

during 16 h neoagarohexailol a 
1j period of exposure. Each symbol co 
Cl. 25 
.5 represents between 45 and 512 lips . 
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the best-fitting logislic function (r2 u co 0 Cl) 

in = 096453) are given wilh 95 % 
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application of neoagarohexailol, which indicales competitive inhibilion. 

Neither neoagarohexaitol nor partial acid hydrolysate of agar inhibited algal tip bleaching. For 

example, exposure of G. conferta lo partial acid hydrolysate of agar at 0 .01 g r1 increased the 

approximate relative risk of bleaching to 5.7, with the 95 % confidence interval between 22 

and 152. Neoagarohexaitol triggered tip bleaching (Figure 40) in a similiar way as 

neoagarohexaose (Figure A9). 

no Inhibitor 

3µM 
dlpheny1ene, 

lodonium 

o.2mgmr1 

AntlmyclnA 

0.2µg m1·1 

Role none 

0 

H201 release [rmol m1n·1 g·11 
5 10 15 20 

Figure 41: Impact of potentially inhibiting 

agents on the release of H2Ch by G. 

conferta within 10 min after exposure to 

260 µM neoagarohexaose. Average and 

standard deviation are given. Shaded bars 

indicate treatments that were different 

from the control (no inhibitor) with a ~ 

0.05. 

3.3.3. PHARMACOLOGICAL 

INVESTIGATION OF OLIGOAGAR 

EFFECTS 

All of lhe observed algal responses after 

exposure lo 260 µM neoagarohexaose could 

be prevented with certain enzyme inhibitors. 

For example, no increased H2Ch release was 

observed when diphenylene-iodonium, an 

agent that inhibits NADH- and NADPH

depcndent oxidases, was present in the 

medium (Figure 41). Specific inhibitors of 

the respiratory electron-transfer, Antimycin 

A and Rotenone, bad no inhibitory effect on 

the H202 release. In the same way could an 

inhibition of the phenol red brominating 

activity be delected after exposure to 

diphenylene-iodonium, but not after exposure 

to Antimycin A or Rotenone (Figure 42). 

Sodium azide, an inhibiting agent of 0 2-

binding enzymes, prevented the phenol red 

brominating activity when it was present in 

the medium at 1 or 10 mM. No significant 
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Phenol red bromlnated r'4J 
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Antimydn A ~--------' 

10 mM NaN3 
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cetalaae 

Figure 42: Impact of polenlially inhibiting 

agents on the phenol red brominaling 

activity of G. confer/a within 10 min after 

exposure to 260 µM neoagarohexaose. 

Control treatments (no inhibitor) were 

regarded as 100 %. Average and standard 

deviation are given . Shaded bars indicate 

treatments !hat were different from the 

control with u 5 0.05. 

Oz consumption (nmol m1n·1 9·11 
-100 0 100 200 JOO ..00 500 600 

no Inhibitor 

0.02mgmf1 

AntimycklA 

1 mM NaN3 

14750U mL-1 

catalase 

Figure 43: Impact of several potentially 

inhibiting agents on !he increased oxygen 

consumption of G. confer/a within 10 min 

after exposure to 260 µM neoagaro· 

hexaose. Average and standard deviation 

are given. Shaded bars indicate treatments 

thal were different from !he control (no 

inhibitor) with u 5 0.05. 

reduction of the phenol red brominating activity could be induced whith catalase. An 

inhibition of the increased algal oxygen consumption was observed when the respiration 

inhibitors Rotenone, Anlimycin A, diphenylene-iodonium or sodium azide (10 mM) were 

present in the medium, indicating !hat the increase was due lo enhanced respiration (Figure 

43). Uncoupling of respiratory electron transport and oxidative phosphorylalion by addition of 

50 µM 2,4-DNP lo the algal medium resulted as expected in an increased 02 consumption 

(Figure 44). Successive addition of 260 µM neoagarohexaose could nol induce further 02 
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Figure 44: Interaction of 2,4-dinilro

phenol (2,4-D, 50 µM) and neoagaro

hexaose (NAH, 260 µM). ln experiment 1, 

lhe oxygen consumption increase in G. 

confer/a was measured during 10 min after 

addition of 2,4-D. NAH was added and the 

increase was determined for a second time. 
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2,4-D thereafter. Averages and standard 

100 deviations are given. 

10 

Figure 45: Impact of potentially inhibiting 

agents on the induction of tip bleaching in 

G. confer/a within 16 h after exposure to 

260 µM neoagarohexaosc. Approximate 

relative risk ± 95% confidence interval, 

sample sizes of control and treatment 

groups are shown, respectively. Black and 

white bars indicate a> 0.05 and a S 0.05, 

respectively. 

100 

Figure 46: impact of catalasc on 

tip bleaching during a 16 h period 

of exposure to 260 µM neoagaro

hexaose. Each symbol represents 

between 28 and 125 tips. 

Constants that were computed for 

the best-fitting logistic functfon 

(r2= 0.877638) are given with 95 

% confidence interval in the table. 
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consumplion. In the same way resulted initial addition of 260 µM neoagarohexaosc in an 

increased 0 2 consumption, while successive addition of 50 µM 2,4·DNP could not induce 

further 0 2 consumption.The approximate risk of tip bleaching after challenging G. con/trta 

with 260 µM neoagarohexaose was not reduced when sodium azide at 1 mM or 

Cycloheximid, a protein biosynlhesis inhibiting agent, were present in the medium (Figure 

45). In contrast, Antimycin A, Rotenone or catalase bad significant preventing effects. The 

impact of 260 µM neoagarohexaose on tip bleaching was reduced by up to 25.8 % when 

catalase was present in the medium (Figure 46) and the necessary catalase concentration for a 

balf·maximal reduction was 0.79 U mr1
• 

3.3.4. TIME DEVELOPMENT OF OXYGEN ACTIVATION AND TIP DLEACHING 

3.3.4.1. DEVELOPMENT AFTER ELICITATION WITH OLIGOAGARS 

Tip bleaching had so far always been observed after 16 h of overnight incubation. lt was thus 

not possible to decide whether it happened as a continuous process or as a sudden event ancr 

the addition of elicitors to the medium. The following experiment was conducted to get 

insights into the time development of tip bleaching and other responses of G. confer/a that 

could be induced with oligoagars. 
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Figure 47: H20 2 concentrations in the 

medium of G. conferta (10 g r1
) during 12 h 

of incubation. The light w as turned on ancr 

1.5 h of incubation in darkness. Saccharidcs 

were added(• , • ) after 2.5 h. Averages and 

standard deviations of four replicates are 

given. 
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Figure 48: Phenol red brominating activity of 

G. conferta (10 g r1
) during 12 h of 

incubation. The light was turned on after 7 5 

h of incubation in darkness. Saccharides were 

added (•, •) after 25 h. Averages and 

standard deviations of four replicates are 

given. 
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Figure 49: Impact of 12 h of incubation on 

thallus tip bleaching of G. conferta (10 g r1). 

The light was turned on after 75 h of 

incubation in darkness. Saccharides were added 

(•,•)after 25 h. The total response of four 

replicates are given, bars indicate minimum 

and maximum responses in single replicates. 
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Low concentrations of H20 2 were detected in the medium during dark incubation of G. 

confer/a and in the absence of saccharides (Fig. 47). Exposure to light resulted in an increase 

in H20 2 in the medium, which reached its peak (42 ± 19 nM) after 25 h. In contrast, there was 

a rapid, but transient increase in H202 within 15 min after addition of 195 µM 

neoagarohexaose to the algal cultures in darkness (Figure 47). A second peak (83 ± 27 nM) 

was observed 25 h after exposure to light, as was observed in cultures without added 

neoagarohexaose. Addition of 200 µM neoagarohexaitol resulted in no immediate release of 

H20z, but also in a peak 25 h after light exposure (Figure 47). This second peak was nearly as 

high as that after addition of ncoagarohexaose (76 ± 11 nM). 

In contrast with these findings for H20z concentrations, the algal phenol red brominaling 

activity was not affected by exposure to light. Its rate changed little and did usually not 

exceed 0.87 ± 0.13 nmol min"1 g·1, in darkness as well as in light (Figure 48). Only addition of 

195 µM neoagarohexaose resulted in an immediate and brief increase lo 5.0 ± 0.13 

nmol min"1 g·1
• In contrast, neoagarohexailol had no such effect at 200 µM. 

Relatively lillle tip bleaching was - as expected - observed when no saccharides had been 

added lo the medium (Figure 49). Of the tips in four replicates, 19 % were bleached after 12 h 

of incubation, and in single replicates bleaching was still not detected after this lime. Addition 

of 195 11M ncoagarohexaose to the medium resulted within 30 min in some bleached tips in 

single replicates, but the effect became much more drastic after light exposure, 5 h later. The 

same effect of light exposure was also detected after 200 µM oeoagarohexaitol had been 

added to the medium instead of neoagarohexaose, while no increased tip bleaching could be 

recorded immediately after the addition. 
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3.3.4.2. DEVELOPMENT AFfER EXPOSURE TO AMBIENT LIGHT 

Evidently, light exposure had a major impact on H20 2 generation in the previous 

investigations, although they were conducted at low-light conditions in a climate room. The 

following measurements were thus conducted in outdoor tanks, in order to examine the 

impact of ambient light on H20i generation and on the algal brominating activity. 

The experiments were conducted on three cloudless days. The sun rose at 6:00 a.m. 

Subsequently, the photon flux density increased until it reached 1300 µmol m·2 s·1 (Figure 

50). Then it decreased again, until sunset at 5:45 p.m. The water temperature was 21 - 22 °c 

at night and 26 °cat noon. It oscillated with the photon flux density, although delayed by 

approximately one hour. 

H202 concentrations changed little during the day in tanks that contained G. co11ferta and 

were unexposed to solar radiation (Figure 51A). They were in the range between 11 and 42 

nM. Similiar concentrations were also detected during the early morning hours in uncovered 

tanks. However, H20 2 began to increase in these lightexposed tanks four hours after sunrise 

(Figure SIB) and reached a peak of 110 nM two hours later than the solar radiation. This 

increase of H20 2 concentrations was followed by a slow decrease, so that the initial 

concentrations in darkness were still not reached at 10 p.m. The increase was much stronger 

when the tank had been covered and thus unexposed to sunlight for three previous days 

(Figure 51C). It began two hours earlier and continued until sunset, when it reached its peak 

of 300 nM. Toe subsequent decrease to the usual level of darkness H202 concentrations took 

only two hours and was thus much faster than in tanks which had been exposed to sunlight on 

previous days. 

The algal phenol red brominating activity changed little during the day (Figures 51A and 

51 B).Between 0.3 and 1.3 nmol bromophenol blue were produced per min and g algal fresh 

weight, by plants that were unexposed to sunlight as well as by those that were exposed. The 

only exception was detected in plants which were exposed to solar radiation after they had 

been protected from it for three days (Figure 51C). They reacted immediately after sunrise 

with a brief increase in the phenol red brominating activity. However, this increase lasted for 

not more than one hour. 
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Figure 51: Development of H20 2 concentrations in tank water and of the phenol red 

brominating activity in G. conferta that was incubated in these tanks al a fresh weight 

density of 10 g r•. Algae in (B) were exposed to sunlight. Algae in (A) were unexposed, 

since the tank was covered. Tank (C) was exposed to sunlight after it had been covered for 

3 days. Three independent experiments were conducted for (A) and (B), one experiment 

was conducted for (q. Averages and standard deviations of four replicates in each 

experiment are given. 
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Figure 52: Concentrations of H202 that were 

necessary to induce half-maximal inhibition of the 

growth rate of different strains of bacteria in liquid 

medium at 25 °c. 

3.3.S. SENSITIVITY OF 

BACTERIAL STRAINS TO 

ll101 

Addition of H20 2 to liquid cultures 

of bacteria resulted in growth 

inhibition. The dose-response

kinetics of these effects are 

presented in Figures A49 to A63 (p. 

135-139). The sensitivity of all 

strains of the groups 

Flavobaclerium-Cytophaga 1 and 2 

to H20 2 was similiar, which is 

expressed by the similiar necessary 

halfmaximal doses (ECso) that were 

computed for growth inhibition of 

each of these strains. They were 

between 60 and 90 µM (Figure 52). 

Vibrio 2 was somewhat Jess sensitive. Tl_iis is expressed by a higher ECso, which was between 

97 and 113 µM for three isolates of the group Vibrio 2, and 207 µM for strain Vibrio 2C. 

Isolates Flavobacterium-Cytophaga 7B, Vibrio lA and Vibrio 18 were particularly sensitive 

to H20 2• Only between 16 and 26 µM H20i were necessary to decrease the growth of these 

isolates by 50 %. Two isolates of the group Corynebacteri11m-Artlrrobacter 1 were also tested, 

and they were particularly insensitive. 

3.4. DISCUSSION 

The presented data show that agars and oligoagars elicited several physiological responses in 

G. conferta and that the algal response was affected by the chemical structure of oligoagars. 

Exposure to them resulted not only in thallus tip bleaching, but, within minutes, in increases 

of the algal H20i production, oxygen consumption and brominating activity. Furthermore, the 

algal response to these agars and oligoagars resulted in an elimination of epiphytic bacteria. 
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The algal ability lo respond lo oligoagars is alTecled by their molecule size 

The oligoagar-elicitor recepting system of G. conferta is highly specific, since the algae did 

not recognize oligocarrageenans (Figures 19, 27, 32) that are chemically similiar to oligoagars 

(CRAIGIE 1990). Furthermore, the molecular size of oligoagars was of major importance for 

the response. No reactions could be observed after G. conferta had been exposed to 

monosaccharides or to neoagarobiose (Figures 19, 27, 32). In contrast, particularly high algal 

sensitivities were detected for neoagarododecaose, neoagarotetradecaosc, 

neoagarohexadecaose and - only when thallus tip bleaching was regarded - for 

neoagarooctaose (Figure 35). These oligoagars may thus be regarded as optimum sized 

elicitor molecules. 

Similiar observations of size-specificity have regularly been made with oligosaccharide

elicitor recepting systems in spermatophytes. A heptasaccharide was identified as the most 

efficient P-glucan that elicited phytoalexin accumulation in soybean cotyledons (SHARP et al. 

1984, QrnoNG et al. 1991) and a pentasaccharide was the most efficient oligochitin for the 

induction of rapid cellular responses in tomato (BAUREITI{EL et al. 1994). The largest 

optimum sized oligo1;accharide elicitors that have been reported for plants until now were 

oligogaladuronides. They need to consist of at least 9 monomers to induee defence-responses 

in most systems (N0111NAGEL et al. 1983, JIN & West 1984, BISIIOP et al. 1984, DAVIS et al. 

1985, ROBERTSEN 1986, BROKAERT & PAEUMANS 1988) and intermolecular complexes (so

called "egg-box structures"), which can only be formed by galaduronidcs with degrees of 

biose-polymerization above 9, have been suggested as their elicitor-adive form (RYAN & 

FARMER 1991, SPIRO et al. 1998). Agar oligomers in aquatic solution adopt a helicoidal 

conformation, with three disaccharidic repeating units necessary to complete the pitch 

(ARNOTT et al. 1974, FOORD & ATKINS 1989, JIMENEZ-BARBERO et al. 1989). Biose

polymerisation degrees 4 to 8 thus correspond to 15 to 3 helix turns in the ordered agarose 

helix conformation, which G. conferta recognizes more easily than random coils. 

Reducing-end modified oligoagars inhibited H10 1-release, 0 1 consumption increase and 

elimination of epiphylic bacteria 

The effect of neoagarohexaose on the algal oxygen consumption could be inhibited with 

oligoagars that had been prepared by acid hydrolysis (Figure 39). Partial acid hydrolysis of 

agar is known to cleave mainly the a(l-+3)-linkages in agar and to result thus in agaro

oligosaccbaridcs (YOUNG et al. 1978). However, agaro-oligosaccharides that had been 
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produced with the a-agarase of Alteromonas agarolyticus induced the same algal response as 

neoagarooligosaccharides of a comparable size. Most of the a-agarase-products were · due to 

the p-galactosidase activity of this enzyme, and in the same way as P-agarase products -

characterized by the presence of D-ga\actose at the reducing end (Figure 24), and they were in 

this aspect different from products of acid hydrolysis (YOUNG et. al. 1978). Reducing-end

located 3,6-anhydro-L-galactose seemingly prevented the algal response to oligoagars. Quite 

similiarly, neoagarohexaitol elicited no oxidative burst, no elimination of bacteria and no 

respiration increase in G. conferta. Instead, it prevented the effects of neoagarohexaose 

through competition (Figures 37, 38, A32). The reducing end-residue in oligoagar elicitors 

must therefore be essential for the algal ability to 

react. This view is further supported by the 
Figure 53: Conformational structure of 

three possible reducing-end residues of 

oligoagars. (A) D-galactose, (B) 

reduced D-galactose, (C) 3,6-anhydro
Reducing end-located galactose-residues are for ' 

L-galactose. 

strengthened inhibiting effect of acid hydrolysate 

after reduction with NaBH. (Figure 39). 

energetic reasons mainly present as ring-

conformers (Figure 53A). Reduction forces them 

into an open conformation (Figure 53B). 

Reducing-end-located 3,6-anhydro-galactose

residues are mainly present as hydrates, since the 

anhydro-group forces them for steric reasons to 

adopt an open conformation (Figure 53C). The 

conformations of 3,6-anhydro-galactose and 

reduced galactose are obviously sterically very 

different from the ring conformation of 

unreduced galactose. They prevent the reaction 

of receptor molecules to oligoagars completely 

and they reduce the binding affinity between 

oligoagar and receptor molecule. The second 

effect is indicated by the relatively high 

concentration of 1000 µM neoagarohexaitol, 

which was needed to increase the necessary half

maximal dose of neoagarohexaose for the 

induction of effects from 11 - 21 µM to 24 -

(A) 

R 
OH 

(B) 

R 

(C) o 

R~~CH(OH)2 
CH2 
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47µM (Figures 37, 38, A32). 

Reducing end-modified oligoagars induced tip bleaching 

Jn striking contrast to the oxidative burst and subsequent algal responses like respiration 

increase and elimination of bacterial epiphytes, the tip bleaching response of G. confer/a 

could be induced with neoagarohexaitol in the same manner as with neoagarohexaose (Figure 

40). Partial acid hydrolysate of agar was also elicitor-active. The conformation of reducing

end residues in oligoagars had obviously no influence on the tip bleaching response. Tip 

bleaching is thus triggered through elicitation of a ,,reducing end-sensitive" oligoagar 

recepting system. This system must be different from a second ,,reducing end-insensitive" 

system, which activates an oxidative burst, increased oxygen consumption and elimination of 

epiphylic bacteria after elicitation. 

Such a view is also supported by the different way in which the molecular size of oligoagars 

affected tip bleaching, as compared to the other responses. For example, ncoagarooctaose was 

an optimum-sized elicitor of bleaching (Figure 35A), but not of the oxidative burst and its 

subsequent cellular responses (Figure 358). Furthermore, the necessary oligoagar 

concentrations for elicitation of the two oligoagar recepting systems were not the same. 

Induction of lip bleaching required - with the exception of neoagarooctaose - approximately 

10 to 100 limes higher oligoagar concentrations than the elicitation of oxidative burst, 

respiratory increase or elimination of epiphytic bacteria (Figures 25A and 358). 

The characteristics of the two oligoagar recepting and oxidative burst inducing systems in G. 

confer/a remind of conditions in spermatophytes. They are particularly similiar to what has 

been established for the response of spermatophytes to oligogalacluronides. Both optimum

sized oligoagar and oligogalacturonide elicitors are relatively large, consisting typically of 

more than 8 monosaccharides. Furthermore, oligogalacturonides showed decreased or no 

elicitor activity when their reducing end was modified (MOLOSHOK et al. 1992, SPIRO et al. 

1998, MATIIIEU et at. 1998), which resembles to the reducing end-insensitive receptor system 

for oligoagars in G. confer/a. In contrast, modifications of the reducing end of oligoglucans 

(CHEONG et at. 1991) or oligochitins (SHIBUYA et al. 1993, BAUREITIIEL et al. 1994) 

reportedly resulted in unchanged affinities between receptor and saccharides, similiar to the 

reducing end-sensitive receptor system for oligoagars. Optimum-sized oligo-galacturonides 

induce 50% of the maximal response at approximate concentrations of 1 µM in tobacco tissue 

(SPIRO et al. 1998) and of 50 µM in soy bean cotyledons (DAVIS et al. 1986). The reducing 



3. OLIGOAGAR-ELIQTORS AND 11-IEIR EFFECfS 73 

end-sensitive oligoagar recepting system was active at similiar concentrations (Figure 35A), 

while the reducing end-insensitive system required only 0.01 - 05 µM for induction of half

maximal responses (Figure 35B). 

Elicitation of the reducing end-insensitive oligoagar recepting system results in an 

oxidative burst and subsequently in increased haloperoxidase activity 

All types of agar and agarose triggered an enhanced release of H20i by G. co11ferta within 

minutes (Figure 26). The same effect could also be elicited with all unmodified P- and a

agarase products that were larger than biose (Figure 35B). They triggered a significant net

release of l-h02, although they sequestered some H2Ch at the same time (Figure 36). VENESS 

& EVANS (1989) reported a sirniliar sequestering effect for cellulose and explained it with free 

radical oxidation processes and subsequent formation of deoxy sugars. 

The release of active oxygen by G. co11ferta after contact with oligoagars reminds of the 

oxidative burst that typically indicates the onset of spermatophyte defense mechanisms in 

response to pathogen elicitation (APOSTOL et al. 1989, LEVINE et al. 1994). Active oxygen 

species that accumulate during the oxidative burst arc known to play a key role in the 

activation of subsequent cellular reactions (APOSTOL et al. 1989, BRADLEY et al. 1992, 

LEVINE et al. 1994, JABS et al. 1996, Rusmuca et al. 1996, Wu et al. 1997). Sirniliar 

observations were made in the present work with G. confer/a. For example, the H202 release 

resulted directly in an increased algal brominating activity. Addition of H202 to the medium 

significantly increased the bromination of phenol red by G. conferta (Figure 29). The activity 

of cell-wall located haloperoxidase is in this species thus limited by the availability of H202, 

as bas already been shown for G. cornea and other genera (WEVER et al. 1991, PEDERS~N et 

al. 1996). The increased brominating activity of G. conferta after exposure to 

neoagarobexaosc (Figures 28 and 48) may therefore be interpreted as an immediate result of 

H202 release. 

The necessary minimal H20 2 concentration for increases in the haloperoxidase activity was 

approximately 10 µMand thus relatively high (Figure 29). Concentrations that were 50 to 100 

times higher already resulted in partial or complete depigmentation of G. conferta (Figure 7). 

CoUEN (1994) suggested reduction of oxidative stress to be the main purpose of 

haloperoxidase activity in seaweeds. The high H20 2 concentration necessary for activation of 

haloperoxidase in the present study - which was only reached after elicitation with oligoagars 
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or after exposure of unadaptcd plants to sunlight (Figure 51) - actually implicates the same for 

G. conferta. 

The oxidative burst is generated by a navoenzyme 

Diphenylene-iodonium, which irreversably inactivates flavins (O'DoNNELL et al. 1993), 

prevented the release of H20i after algal contact with oligoagars (Figure 41). The production 

of H20 2 should therefore be catalyzed by an oxido-reductase containing FAD or FMN as a 

prosthetic group. Several such flavoenzymes have been described so far (a comprehensive list 

is continuously updated at http://www.expasy.ch). They oxidize either NAD(P)H or various 

other substrates and several of them catalyze the production of active oxygen species. 

Various mono- or oligosaccharide-oxidizing flavoproteins are already known to generate 

H20 2, for example glucose oxidase (WU et al. 1997), cellobiose oxidase (KREMER & WOOD 

1992) or hexose oxidase (SUWVAN & lKAWA 1973, GROEN et al. 1997). One might therefore, 

at first glance, expect an agar-oxidizing enzyme to be active in the present case. However, a 

stochiometric analysis of the data shows that they do not correspond with such a hypothetical 

model. The hypothetical molar ratio between released activated oxygen and agar (as the 

electron-acceptor) in a reaction of this type should be 1:1, as all known saccharide-oxidizing 

flavoproteins oxidize their substrate in only one specific position. However, a ratio of 1:1 was 

not detected in the present case. For example, a concentration of 26 nM neoagarohexadecaose 

was necessary to induce a halfmaximal algal H20 2 release rate of 6.1 nmol min·1 g·1 (Figure 

Al2, p. 122). This rate was an average of 10 min exposition, at an average algal density of 10 

mg per 3 ml (section 3.23.). A release of at least 6.1 • 10 • 333 = 203 nM H202 could thus 

be induced with 26 nM neoagarohexadecaose. The molar ratio between released H202 and 

oxidized neoagarohexadecaose was thus at least 7:1 or 8:1, and most probably much higher, 

since the H20i release continued for much more than 10 min (Figure 25). Oligoagar-oxidatioo 

can thus not be the H202-generating reaction, which leaves NAD(P)H as a possible electron 

acceptor. 

An important source of active oxygen species during the oxidative burst in spermatophytes is 

a membrane-located NADPH-oxidase. This flavoenzyme activates molecular oxygen and 

generates supcroxide radicals (I...EvJNE et al. 1994, BAKER & ORU.NDI 1995, DoKE & MtURA 

1995, MURPHY & AUH 1996), which eventually dismutate into H20 2 and 0 2 (SlTiltERLAND 

1991). NADPH-superoxide-oxidoreductase is known from human blood neutrophil cells 

(BABIOR 1992, O'DoNNELL et al. 1993) and has recently also been isolated from the 
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Figure 54: Elimination of 

Flavobacterium-Cytoplraga 

lD elicited by different types 

and concentrations of oligo

agars, as related to the elicited 

H20rrelease. The line 

represents a logistic function 

20 that best fitted the data 

distribution(~= 0.689808). 

plasmalemma of Plraseolus vulgaris (VAN GFSTELEN et al. 1997). The high ratio between 

generated H20 2 and deployed oligoagars indicates that a similiar enzyme is present in G. 

confer/a and activates oxygen after receptor proteins have recognized oligoagar elicitors. 

The ollidative burst results in an elimination ofepiphytic bacteria. 

Contact of G. confer/a with oligoagars that bad an unmodified reducing end resulted within 

minutes in an eliminaiion of bacteria associated with the alga. This effect was particularly 

strong when the thallus had been freed purified of resident bacteria and inoculated with 

certain strains of agar degrading bacteria (Figure 34). However, the usual resident epiphytic 

flora that develops in tank conditions was also reduced by up to 60 % (Figure 34). These 

effects were correlated with the oxidative burst. An elimination of Flavobacterium-Cytoplraga 

10 was usually detected after exposure to any elicitor that triggered a H202 release of 5 nmol 

min-1 g-1 or more (Figure 54). 

Addition of H202 to liquid cultures prevented the growth of all bacterial strains that were 

investigated (Figure 52). Strains of the groups Vibrio 1 and Flavobacteriwn-Cytoplraga 7 

were particularly sensitive. Only approximately 20 µM 1120 2 were necessary to reduce their 

division rate by 50 %. Between 50 µM and 110 µM H20 2 were necessary to reduce the 

growth of other agar degraders to the same extent. Isolate Vibrio 2C was the only exception, 

requiring 207 µM for a 50% reduction. The catalase activity of this strain was stronger than 

that of Vibrio 2A, 8 and D (Table 1), and the increased resistance to H202 probably resulted 

from this. 

In addition lo H20i, further toxic agents may be generated during the oxidative burst in G. 

conferta. The presence of oxygen radicals, which are generally more loxic than H202 (section 
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3 .1.), has not been investigated in this study. It is nonetheless possible that they were present 

after elicitation and affected bacterial epiphytes. This should particularly be the case if the 

oxidative burst is generated by a 02··-NADPH-oxidoreductase, as repoted for spermatophytes 

(LEVINE et al. 1994, BAKER & ORLANDI 1995, DoKE & MIURA 1995, MURPHY & AUH 1996, 

VAN G fSTELEN et al. 1997). 

Haloperoxidase products played probably no important role in the elimination of epiphytic 

bacteria from G. confer/a after elicitation with oligoagars. This is indicated by the high 

threshold of at least JO µM H202 that was necessary to activate this haloperoxidase (Figure 

29). We have seen that H202 concentrations of the same order of magnitude were already 

d irectly toxic to epiphytic bacteria (Figure 52). Halocarbons were did thus not necessarily 

target them. The ecophysiological role of haloperoxidase is therefore probably not the 

generation of toxic metabolites, but the reduction of oxidative stress. After all, too high H202 

concentrations would also be detrimental to the algal cell. 

A mixture of H202 and various other toxic agents is generated during the oxidative burst in G. 

co11ferta . Its exact composition is unknown, but it obviously reaches the necessary 

concentration to affect bacteria that live on the algal surface. Incubation on a shaker reduced 

the elimination of these epiphytic organisms. This effect resulted probably from the constant 

exchange of the water layer directly above the thallus surface, which to a certain degree 

prevented the accumulation of cytotoxic agents at detrimental concentrations. Nonetheless, 

even shaking could not prevent a certain decrease in the resident bacterial flora after 

application of oligoagars. 

The oxidative burst is correlated with uncoupling or algal respiratory electron transfer 

and oxidative phosphorylation 

Increased uptake of oxygen is a typical, but rather unspecific, response of spermatophytes to 

pathogens. It may be due to the activation of molecular oxygen (BABIOR 1992, MnTLER et al. 

1996) and it also results from an increase in respiration. For example, rapid 0 2 uptake in 

tobacco leaf cells in response to the pathogen Erwinia amylovora could be inhibited with 

Antimycin A, an agent that specifically inhibits ubiquinone-cytochrome c-oxidoreductase 

(HUANG & GOODMAN 1985). Corresponding to these findings, the increased Oi uptake of G. 

conferta after exposure to neoagarohexaose could be prevented with Antimycin A (Figure 43) 

as well as with Rotcnone, a specific inhibitor of NADH-ubiquinone-oxidoreductase (1.ou.NER 

1990). Sodium azide at 10 mM and diphenylene-iodonium, two less specific inhibitors of the 
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respiratory electron lransfer (Zoll.NER 1990, O'DoNNELL el al. 1993), were also active 

(Figure 43). The inhibiling effect of these four agents indicates that the increased 0 2 

consumption was due to increased respiration. Furthermore, G. co11f erta showed no reaction 

to neoagarohexaose or 2,4-D, when it had previously been exposed to 2,4-D or 

neoagarohexaose, respectively (Figure 44), suggesting that both had the 

same metabolic effect. 2,4-Dinitrophenol uncouples respiratory electron transport and 

oxidative phosphorylation (ALLEN 1953) and our findings indicate that l}-agarase products 

have such an uncoupling effect in G. conferta, as well. Similiar reactions were elicited by the 

pathogen Helmi11t/1ospori11m in oats (KRUPKA 1959), by Gibberella saubilletii in potato tuber 

tissue (VERLEUR 1960) and by Cercospora persona/a in peanuts (SWAMY 1964), to mention 

only a few of many well-known examples. 

Increased respiration and oxidative burst were to the same extent observed in G. conferta that 

had or had not been treated with antibiotics. In contrast, dead (fully depigmented and 

decaying) algal malcrial that was untreated did not respond. The effectiveness of lhe antibiotic 

treatment has been demonslrated in section 2. These results suggest that the observed effects 

were not due lo epiphylic microorganisms, but to the algal thallus ilselr. 

The algal responses of Oz-consumption and H20rrelease to different oligoagars followed 

relatively similiar patterns. Saccharide preparations that could not induce one response would 

neilher induce the other. However, increasing release of H20i was detected at lower 

saccharide concentrations than increasing 0 2 consumption. This is reflected in the somewhat 
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tower doses that were necessary to trigger halfmaximal H20 2 release responses (Figure 35). 

Furthennore, the correlation between 02-consumption and H20rrelease afler exposure to 

different oligoagars was nol linear and could best be expressed with a logistic function 

(Figure 55). Respiratory enzymes are located in the mitochondria, while elicitor recognition 

and subsequent H20 2 synthesis lake place in the cellular periphery. The signal of oligoagar 

elicitation must thus somehow be transmitted from the plasmalcmma into the cell. Nothing is 

known about the n:iture of the hypothetical second messenger. Nonetheless, the differences in 

the kinetics o f oxidative burst and respiration increase that were detected arc probably 

consequences of such a signal transmission. 

Two distinct oligoagar-recepting systems activate two distinct sources of active oxygen 

1l1e oxidative burst that appeared after elicitation of the reducing end-insensitive receptor 

system did not induce tip bleaching in G. co11ferta. In contrast, neoagarohexaitol triggered 

depigmentation of apical thallus cells, but no immediate release of activated oxygen. 

Nonetheless, tip bleaching could be inhibited by addition of catalase (Figure 46) to the algal 

medium, which indicates a role of H20i in the induction of this effect. 

Tip bleaching required no! only oligoagar elicitors, but also exposure to light (Figure 49). 

Exposure to light always resulted in elevated H20 2 concentrations in !he medium (Figure 51), 

probably through an algal release. Particularly high H20 2 concentrations were detected in 

tanks which had been unexposed to light for three days and thus contained algae that were 

poorly adapted to ambient light (Figure SIC). The difference between light adapted and 

unadapted G. co11ferta shows that algae played a role in H20 2 accumulation. 

However, a stronger argument for increased H20 2 release by G. co11ferta during 

photosynthetic stress is given by the algal phenol red bromination. G. conferta that was poorly 

adapted lo light reacted immediately after exposure lo sunlight with a brief peak in its H20r 

dependent haloperoxidase activity (Figure 51C), indicating that H20 2 was present in its ceU 

wall at a concentration above 10 µM . Similiar observations have also been reported from 

other seaweeds. A particularly strong H20 2 production can usually be detected during 

photosynthetic stress (Cou.EN 1994, MTOLERA et aJ. 1995). Furthermore, light dependent 

activation of 0 2 takes place in !he chloroplast at non-stress conditions (MEHLER 1951, 

KUMOV et al. 1993) and U/va rigida reacted to ambient light with a brief peak in H202 

release one hour after sunrise (CoLI.EN et al. 1995). The authors suggested that this was due to 
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the photosynthetic production of H20 2 and an immediate subsequent induction of H20i

scavenging enzymes. 

H20i sequestering enzymes are probably induced in G. conferta in a similiar way. This does 

not only explain the brief peak in phenol red brominaling activity after exposure of unadapted 

plants to ambient light (Figure 51C), but also that H20 2 concentrations in the medium of G. 

co11ferta peaked after the algae were exposed to artificial light, although the light intensity 

was rather low and did not change during the light exposure period (Figure 47). 

The peak concentrations of H 20 2 in the medium after light exposure were considerably 

elevated when oligoagars were present. Not only neoagarohexaose (Figure 47C), but also 

neoagarohexaitol (Figure 47D) triggered an increased release of H202 after light exposure and 

this effect was correlated with tip bleaching (Figures 498 and 49C). In contrast, nearly no tip 

bleaching was observed after elicitation with neoagarohexaose in darkness (Figure 49C), 

although the medium concentration of H20 2 reached an even higher peak concentration than 

after light exposure (Figure 47C). Obviously, two different mechanisms of H20 2 release were 

activated by oligoagars in darkness and in light, and only the light-dependent mechanism 

could be elicited with neoagarohexaitol and resulted in bleaching. 

Dleaching indicates the presence of detrimental concentrations of H202 in the cell, since algal 

pigments are located in the chloroplast. The algal sequestering apparatus for H202 and 02·· 

was obviously able to detoxify intracellular active oxygen after elicitation in darkness, but not 

after light exposure. This indicates that more active oxygen was present inside of the cell after 

light exposure U1an after elicitation in darkness. 

Nonetheless, peak concentrations of H20 2 that were detected outside the cell (in the medium) 

after light exposure reached only 76 - 82 nM and were thus considerably lower than the peak 

concentration of 136 nM that resulted from elicitation with neoagarohexaose in darkness 

(Figure 47C). The phenol red brominating activity also was only raised in the second case 

(Figure 48C), indicating that the necessary local concentration of H202 for the activation of 

extracellular haloperoxidase (10 µM, Figure 29) was reached after elicitation, but not after 

light exposure. 

The two different oligoagar recepting systems obviously induced oxygen activation in two 

different cellular sites. The extracellular H20 2 concentration was higher after elicitation of the 

reducing end-insensitive receptor system, indicating generation of active oxygen in the 

cellular periphery without concomitant bleaching. In contrast to this, tip bleaching showed 
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1ha1 higher inlracellular concenlralions of active oxygen were reached when the reducing end

scnsitivc system had been elicited. 

Tip bleaching was obviously a result of oxidative stress. Elicitation of the reducing end

inscnsitive receptor system resulted in intracellular oxygen activation. Further oxidative stress 

due to production of active oxygen species in photosynthesis (MEHLER 1951, KuMOV et al. 

1973) was not tolerated by thallus tip cells once they had been elicited. 

A third possible source of active oxygen species is respiration. It is characteristic that tip 

bleaching could be prevented with respiration inhibitors (Figure 43). Antimycin A and 

Rotcnone, two specific inhibitors of respiration (ZOLI..NER 1990), had this effect. The same 

was also detected with sodium azide, which inhibited tip bleaching as well as respiration at a 

concentration of 10 mM, but not at 1 mM. Superoxide radicals and H202 are routinely 

generated, in low concentrations, by the electron transport systems in mitochondria (LoSO!EN 

et al. 1974, RtOI & BONNER 1978, CHANCE et al. 1979). This reductive activation of oxygen 

should be prevented afler inhibition of the respiratory electron transport. A reduction of 

intracellular oxidative stress can thus be expected to result from application of Rotenone or 

Antimycin A and is probably the reason for the reduced tip bleaching response. 

In conclusion, the reducing end-sensitive oligoagar recepting system of G. conferta increases 

- in a way that is not known yet - the intracellular oxygen activation. This increased oxidative 

stress finally results in a destruction of the cellular pigmentation in thallus tip cells. Such cell 

death due to autodestruction - induced by a seemingly rather complicated cellular signalling 

system · makes only sense when it is interpreted as a symptom of further physiological 

mechanisms which still need to be discussed (section 5). Generally, tip bleaching in G. 

conferta resembles in its characteristics the cell death in spermatophyte hypersensitve 

responses. The programmed hypersensitive cell death is also triggered through specific 

elicitors (DANGL et al. 1996, HE et al. 1996) and self-generated oxidative stress is often a 

necessary step towards its final induction (LEVINE et al . 1994, Mrrn.ER et al. 1996). 

It is the purpose of any hypersensitive response to control pathogens. This control of 

potentially damaging bacteria - and of bacteria in general - could be demonstrated for the 

reducing end-insensitive receptor system. It was also possible to confirm the central role of an 

oxidative burst for this control. Both oligoagar reccpting systems thus activate a cellular 

response that is quite similiar to defence mechanisms in spermatophytcs. 
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The main results of this part of the study were: 

• that two distinct oligoagar-reccpting systems are present in G. conferta, of which only one 
responds to reducing end-modified saccharides like neoagarohexaitol 

• that the ability of both receptor systems to respond to oligoagars is affected by their 
molecular size 

• that elicitation of the reducing end-insensitive system results in an oxidative burst and 
subsequently an increased halopcroxidase activity in G. conferta 

• that the oxidative burst is generated by a plasmalemrna-located NAD(P)H-depcndent 
enzyme that activates molecular oxygen 

• that the oxidative burst results in an elimination of epiphytic bacteria 

• that the oxidative burst is correlated with uncoupling of algal respiratory electron transfer 
and oxidative phosphorylation 

• that elicitation of the reducing end-sensitive system results in intracellular activation of 
oxygen 

• that tip bleaching appears when oxygen is also activated in the cell during light exposure 
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4. BACTERIAL PRODUCTION OF OLIGOAGAR-ELICITORS 

4.1. INTRODUCTION 

Many indications for a possible role of oligoagars as elicitors of defence responses in G. 

confer/a had so far been detected during the course of the study. However, we have also seen 

that certain minimum oligoagar concentrations are necessary to induce any algal response and 

the question still remained open whether these minimum concentrations can be reached by 

bacterial attacks on algal cell wall matrices. 

After all, oligoagars are not only generated, but also assimilated by agar degraders. The 

mechanisms of agar degradation and oligoagar assimilation have been described in more 

detail in section 3 .1. Briefly, agarase is an enzyme that cleaves large agar molecules by 

chance and thus generates an increasing molar quantity of saccharides with decreasing 

average size. Only oligoagars that are not larger than tetraose can be further degraded in the 

bacterial periplasmic space and assimilated by the cell. This may theoretically result in an 

initial accumulation of oligoagars that arc larger than telraose, prior to their assimilation. 

Nonetheless, these considerations are only based on the results of in vitro-experiments with 

single purified enzymes from single bacterial strains. Lillle is known about the quantities and 

molecular sizes of oligoagars lhal accumulate under ecologically more realistic conditions, 

when whole populations of microorganisms contribute to the decomposition of algal mailer 

with a multitude of different enzymes. 

Further, dilution effects in the surrounding water may eventually prevent an accumulation of 

elicitors. The retention time of oligoagars in the cell wall free space is difficult to estimate. It 

should be mainly influenced by the relative water flow over lhe algal surface, and eventually 

also - since agar is negatively charged - by ionic interactions between molecule and alga. 

The objectives of this part of the study were: 

• 

• 
• 

to verify that oligoagar accumulates during the bacterial degradation of agar and tissue of 

G. confer/a, 

to demonstrate that the accumulated agar is elicitor-aclive, 

and to estimate the possible influence of dilution on elicitor effects 
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4.2. MATERIAL AND ME'nIODS 

Two different experiments were conducted in order lo examine the possible impact of bacteria 

on the accumulation of oligoagar elicilors. Their ability to release oligoagars from agar that 

had been extracted from G. conferta was investigated in a first step. In these experiments, 

addilional nutrienls had to be supplied since none of the isolates was able to grow without 

such supply. In a second experiment, dead biomass of G. conferta was decomposed in 

seawater without further supply of nutrients and it was investigated whether oligoagar 

elicitor.; accumulated in the medium. 

4.2.l. INVESTIGATIONS OF BACTERIAL GROWTH AND OLIGOAGAR 

RELEASE 

All chemicals and reagents were purchased by Sigma, unless otherwise indicated. lo order to 

examine the bacterial production of elicitors during degradation of agar, liquid medium 

,,2216" (OPPENHEIMER & ZoBELL 1952, section 2.2.1.) that had or had nol been supplied with 

7 % G. conferta-agar (section 2.2.4. for the agar extraction) was inoculated in capped 

testtubes with different bacterial isolates and incubated on a shaker at 25°C. Only 

Flavobacteriwn-Cytopliaga 7 was incubated at 33°C, since this group required high 

temperatures (Table 1). 

For the investigation of oligoagar release from G. conferta biomass, thallus branches were 

sampled from ouldoor tanks. The algal tissue and most epiphylic bacteria were killed by three 

successive cycles of freezing and slow thawing in crystallisation dishes. Autoclaved seawater 

was added until the biomass fresh weight density was 100 gr•. Antibiotics (Vancomycin 100 

mg r• + Cefolaxim 100 mg r 1) or three strains of agar degraders together (Flavobacterium

Cytoplraga 10, Flavobacteriwn-Cytopliaga 28 and Vzbrio 1B at approximately 104 cells per 

ml each) were added or not added and the crystallization dishes were incubated at 25 °C on a 

shaker. Medium and particulate matter in the dishes were separated by centrifugation (5 min, 

2000 g) after defined periods of incubation. Supernatants were carefully decanted and stored 

in a freezer. For destruction of oligoagars in one experiment, P-agarase I (E.C. 3.2.1.81, New 

England Biolabs) was added to the supernatant at 50 U mr1
• The medium was incubated for 2 

hat 40°C on a magnetic stirrer and stored in a freezer. 
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Distilled water was added to the biomass pellet (final concentration 500 g I\ After 

autoclaving (20 min, 120 °q and a subsequent centrifugation (5 min, 2000 g), the supernatant 

contained the heal extract and was stored in a freezer. 

The concentrations of reducing saccharides (DYGERT et al. 1965), hexose (DUBOIS et al.1956) 

and anhydrogalactose (Y APHE & ARSENAULT 1965) were determined in liquid media with and 

without addition of G. conferta-agar, as well as in heat extracts and in medium from the 

biomass degradation experiment. No such determinations could be conducted with samples 

that contained Cefotaxim and Vancomycin, since these antibiotics interfered with the assays 

for hexose and reducing saccharides. 

Bacterial growth was determined with plate counts. For this purpose, aliquots ofliquid media 

o r of homogenized algal biomass were plated out on nutrient agar (section 2.2.1.) immediately 

after the inoculation and after defined incubation periods. Colony forming units that 

developed on the nutrient agar within five days indicated the bacterial cell density that was 

present in the samples. 

4.2.2. INVESTIGATIONS OF ELICITOR-ACTIVITY OF MEDIUM 

Media from the biomass degradation experiment and the agar degradation experiment were 

screened for the presence of elicitors. For this purpose, G. conferta was challenged with the 

media at various concentrations and H20 2 release or 0 2 consumption increase was recorded as 

has been described in sections 3.2.3. and 32.4., respectively. The data were evaluated as 

described in section 3.2.7. The methodology of the oxygen measurements required that 

medium was injected into a cuvette containing some seawater and G. conferta. As a 

consequence, the medium could not be tested pure, but needed to be diluted al least by a 

factor of 05. Maximum oxygen consumption could not be induced in G. conferta with any of 

the elicitor-active media, since the elicitor concentration was in all cases too low. It was thus 

not possible to describe the kinetics of the algal response with the Michaelis-Menten fonnula. 

Nonetheless, increasing concentrations of elicitor-active media resulted in increasing algal 

responses, and this relationship fitted to linear functions. Slopes of these linear fits that arc 

significantly different from O indicate a significantly increased oxygen consumption after 

application of a medium. 
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Figure 56: Daily release of 

reducing saccharides by 

Fla~'Obacterium-Cytophaga 10, 

in liquid medium with (• ) and 

without (0) 05 % G. conferta

agar, as a function of the cell 

division rate. The incubation 

temperature was 25°C. 
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4.3. RESULTS 
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Figure 57: Daily release of 

reducing saccharides by 

Flavobacterium-Cytopl1aga 2B, 

in liquid medium with (•) and 

without (0) 05 % G. conferta

agar, as a function of the cell 

division rate. The incubation 

temperature was 25 °c. 

Three different aspects were investigated in order to demonstrate that bacterial hydrolysis of 

Gracilaria cell walls may result in the release of oligoagars at sufficient concentrations to 

induce defence responses. First, it was examined whether agar degrading bacteria were able to 

release saccharides and oligoagars while they grew in liquid medium with and without 

supplementation of agar. In a second step, dead G. conf erta biomass was decomposed and it 

was investigated how the saccharide composition in the medium and in the heat-extractable 

fraction of the biomass (which was expected to be mainly agar) changed. Finally, it was tested 

whether oligoagars were released during both experiments at sufficient concentrations lo 

trigger responses in living algae. 

4.3.1 . BACTERIAL GROWfll AND RELEASE OF SACCIIARIDES IN LIQUID 
MEDIUM 

Flavobacurium-Cytophaga ID reached growth rates of up to 7 5 divisions per day in agar

frce liquid medium, when it was incubated at 25 °c. Addition of 05 % G. ~onferta-agar lo the 
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Figure 58: Daily release of 

reducing saccharides by 

Flavobacterirun-Cytophaga 7B, 

in liquid medium with (•) and 

without (0) 0.5 % G. conferta

agar, as a function of the cell 

division rate. The incubation 

temperature was 33 °c. 

Figure 59: Daily release of 

reducing saccharides by Vibrio 

lB, in liquid medium with (•) 

and without (0) 0.5 % G. 

conferta-agar, as a function of 

the cell division rate. The 

incubation temperature was 25 

oc. 

medium reduced the maximal division rate to 2.5 d.1 (Figure 56). The maximal division rates 

of strains from all other agar degrading groups (Flavobacterium-Cytoplwga 28, 

Flavobacteri11111-Cytophaga 78 and Vibrio lB) were also more or less reduced when agar was 

present in the medium (Figures 57 to 59). 

A release of reducing saccharides was detected with Flavobacteriwn-Cytoplwga ID in agar 

medium, but not in agar-free medium (Figure 56). It was thus due to agar hydrolysis. Toe 

agar-hydrolysing activity was significantly correlated with the growth rate (p 5 0.025, Figure 

56) and resulted in a daily release of 03 to 1 mM of reducing saccharides. 

Like Flavobacterium-Cytophaga ID, Flavobacteri11m-Cytophaga 28 released reducing 

saccharides only in agar-medium. This strain always released approximately 03 mM d·
1

, 

whether it grew or not (Figure 57). No release of reducing saccharides could be detected with 

Flavobacterium-Cytophaga 78 (Figure 58). Vibrio 1B increased the concentration of 

reducing saccharides in agar-medium by 0.15 - 03 mM d"1 (Figure 59). Only strains of this 

group increased the concentration of reducing saccharides in agar-free medium as well, 

although to a lesser extent (Figure 60). The release of reducing saccharides into agar-free 
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Figure 60: Development of the 

concentrations of reducing 

saccharides (• ), hexaose (0) and 

anhydro-galactose ( + ), in agar

free liquid medium lhat was 

inoculated with Vibrio 1B and 

incubated at 25 °C. Averages and 

standard deviations of five 

replicates are given. 

medium was neither correlated with the bacterial growth rate (Figure 59), nor with the 

concentration of Anhydro-Galactose in the medium (Figure 60). Saccharides that were 

chemically different from agar were thus excreted during a certain stage of development of 

Vibrio 1 and the similiar molar concentrations of hexose and reducing sacchari<les indicate 

that they were mainly monosaccharides. 
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Figure 61: Development of 

(A) the total number of 

bacteria and (B) agar 

degrade~ on dead algal 

biomass. Frozen and thawed 

G. conferta was incubated in 

seawater at a concentration of 

100 g r1
, after (• ) antibiotics, 

(0) agar degrading bacteria or 

( • ) nothing had been added. 

Average ± standard deviation 

are given. 
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4.3.2. BACTERIAL GROWTH AND RELEASE OF SACCHARIDES ON DEAD 

ALGAL TISSUE 

Freezing and rethawing of G. conferta biomass resulted in the death of the algal tissue, but not 

of all the bacteria that were associated with it. On average, 266 colony forming units of 

bacteria, but no agar degraders, were detected per g algal fresh weight after such treatment. 

Incubation of the dead biomass in sterile seawater al a freshweighl density of 100 g r 1 
and al 

standard conditions resulted in a strong development of bacteria, so that l · ta8 and 5·10
9 

colony forming units were detected per g after one and two days, respectively (Figure 6IA). 

The number of agar degraders increased also. They could first be detected after 2 days, when 

their number had reached 4.43· 107 per g fresh weight (Figure 61B). Addition of 257· lOs agar 

degrading bacteria per g (strains Flavobacteriwn-Cytophaga ID and 28 and Vibrio lB 
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together), which had been precultivated in agar-free liquid-medium in the beginning of the 

experiment, resulted in similiar numbers of Iola( and agar-degrading bacteria after two days of 

incubation as in treatments without such inoculation (Figure 61). Application of 100 mg r 1 

Cefotaxim in combination with 100 mg r 1 Vancomycin, in contrast, inhil:iited the 

development of bacteria. As a consequence, only 2.93· 104 colony forming uni ls were detected 

per g after 4 days of incubation, and agar degraders reached no detectable numbers during the 

incubation period of 5 days . 

Incubation of G. conferta biomass for some days affected the saccharides that could be heat

extracted from it. The quantity of extractable reducing saccharides increased by a factor of 

approximately 55 between day 2 and day 3 of the incubation period (Figure 62A). This was 

correlated with increases of extractable anhydro-galactose and hexose by factors of 

approximately 5 (Figure 62C) and 25 (Figure 62B). The quantities of reducing saccharides, 

hcxose and anhydro-galactose that could be extracted were not significantly different in 

treatments with and without addition of agar degrading bacteria. The increase in extractable 

reducing saccharides between days 2 and 3 was followed by a - somewhat delayed - increase 

in the release of reducing saccharides into the medium. No measurable quantities of reducing 

saccharides were present in the medium on day 2, but their concentration increased until day 4 

to approximately 115 µM (Figure 62A). Again, this increase was nol significantly different in 

treatments with and without addition of agar degraders. However, the quality of saccharides 

that were released was quite different. In particular, 165 limes more anhydro-galactose was 

present on day 4 in the medium of treatments without than in treatments with inoculation of 

bacteria. Hexose, in contrast, reached somewhat higher concentrations when agar degraders 

had been added. The highest concentrations of hexose in the medium were nonetheless 

detected in the beginning of the experiment, probably because small metabolites had leached 

out of the algal tissue during the freezing and thawing procedure and were soon accumulated 

by the developing bacterial flora. 

4.3.J. ELICITOR ACTIVITY OF RELEASED SACCHARIDES 

After the previous experiments had demonstrated that saccharides were released into the 

medium during lhe degradation of agar and G. co11ferta biomass, their effect on living G. 

conferta could be investigated. No changes in respiration were recorded after addition of agar

free liquid media to G. co11fer1a, whether bacteria had been cultivated in the medium or not. 
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The algal respiration 

increases that had earlier 

been observed after 

exposure of G. conferta to 

oligoagars (section 3.) could 

not only be induced with 

agar-containing liquid 

medium, but also with 

medium from the biomass 

degradation experiments. 

Figure 63: Relationship between increases in the 0 2 The latter were examined 

consumption of G. conferta after exposure to medium of G. more in detail since biomass 

conferta biomass degradation experiments, and the time degradation seemed to be 

that the biomass had been incubated. Antibiotics (• ), agar more comparable with the 

degrading bacteria (0) or nothing (• ) had been added to situation in planta than 

the medium in the beginning of the incubation. The degradation of extracted 

medium was diluted by a factor of 05 when it was tested. agar. 

Average and standard deviation are given. 
Generally, increasing 

concentrations of these media triggered increasing algal responses, although not all of the 

media from biomass degradation were elicitor-active (Figures A33 to A48, p. 129-134). 

A significant increase in the algal oxygen consumption could not be elicited with medium that 

had been sampled in the beginning of the degradation experiment, even when il was tested at 

the highest concentration that was possible (Dilution factor 05, Figure 63 and figure A33, p. 

129). Medium that had been collected on the following four incubation days from treatments 

without addition of bacteria induced significant responses in G. conferta, while no induction 

was observed with medium that had been sampled on day 5 (Figure 63 and figures A34 to 

A38 in ANNEX, pp. 130-131). 

Medium from treatments with addition of agar degrading bacteria, in contrast, induced 

increased algal oxygen consumption only when it had been sampled on days 1 or 2 of the 

incubation period (Figure 63 and figures A39 to A43 in ANNEX, pp. 131-133). Finally, 

application of Cefotaxim and Vancomycin at 100 mg 1"1 each during the biomass degradation 

resulted in the prevention of elicitor accumulation in the medium until day 4. Only medium 
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that was sampled on day 5 triggered increased oxygen consumption when these anlibiotics 
were present (Figure 63 and figures A44 to A48 in ANNEX, pp. 133-134). 

The elicitor that accumulated in the medium during the degradation of G. conferta biomass 
could be destroyed with agarase. For example, medium that was sampled after one day of 
incubation without addition of bacteria induced an increased oxygen consumption of 302 ± 
162 runol min.1 g·1 al the highest concentration that was tested (dilution factor 05, Figure 63). 
The same medium triggered at the same concentration no such effect {-18 ± 95 runol min·1 g· 
1
) after it had been treated with P-agarase. The difference between these algal responses to the 

same medium before and after treatment with agarase was significant with a ~ 0.01 in a 
Mann-Whitney-U-tcst. 

The increased oxygen consumption that could be induced in G. conferta with medium from 
biomass degradation experiments was - as had been expected - correlated with a release of 
H202. Medium that had been collected on day 1 induced a release of 53 ± 2.4 nmol min·1 g·1 

when its dilution factor was 0.0625, while a release of 0.02 ± 1.65 nmol min·1 g·1 was detected 
without any addition. These data were significantly different in a Mann-Whitney U-test with 
a ~0.01. 

4.4. DISCUSSION 

Bacterial degradation or algal biomass results in oligoagar release 
Only such isolates were chosen for the conducted experiments that were able to grow very 
well at the chosen culture conditions. As a consequence, all strains reached relatively high 
maximal growth rates (Figures 56 - 59), which is in agreement with findings that have been 
made in another part of the study (Figures A49-A63, pp. 135-139). Addition of G. conferta
agar reduced the bacterial growth in liquid medium by 25% to 60%. The agar concentration of 
7 g r 1 clearly increased the viscosity of the medium. This resulted probably in slower mixing 
of the cultures during incubation and subsequently in reduced bacterial growth. 

A fast development of bacteria was also detected when dead algal biomass was incubated in 
seawater without addition of further nutrients or antibiotics. A mixed bacterial population of 
266 colony forming units g'1 was present in the beginning of the incubation when no bacteria 
had been added. This population reached 1a8 cells g'1 within one day (Figure 61A), which is 
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equivalent to a division rate of 053 h"1
• Various small metabolites that were easy to assimilate 

had leached out of the dead algal biomass before the beginning of the experiment, which is 

indicated by the high concentration of hexose at day O (Figure 62B). They were obviously 

concentrated enough to allow a fast development of some of the bacteria that were present. 

Agar degraders - unless they had been added in the beginning of the experiment - developed 

with a delay of one day (Figure 618). Such succession of different groups of microorganisms 

that are specialized in different nutrient sources can usually be observed during the 

decomposition of seaweeds (LEHNBERG 1972). 

As a consequence of these developments, 109-1010 bacteria and 107-108 agar degrading 

bacteria were observed per g fresh weight on day 2 (Figure 618). Such numbers were 

observed whether the algae had been inoculated with agar degraders or not, and they remained 

relatively stable until the end of the experiment. Bleached tissues of Graci/aria that were 

sampled from aquaculture tanks reportedly also contained between 107 and 108 agar 

degrading bacteria per g fresh weight (LA VIUA-PITOGO 1992, WEINBERGER et al. 1994), 

which indicates that the development of agar degraders in the present experiment was 

comparable with tank conditions. In contrast with this, the total number of bacteria was 

approximately 100 times higher than on decaying algae in tanks {LAVJUA-PITOGO 1992, 

WEINBERGER et al. 1994). This was probably due to the higher concentration of dead biomass 

in the present batch experiment (100 g r1). The optimal stocking density in Graci/aria lank 

aquaculture is approximately ten times lower (fRJEDLANDER & LEvY 1995) and only minor 

amounts of this biomass are usually dead. As a consequence, small metabolites that arc easy 

to assimilate and leach out of the biomass fast will be less concentrated in tanks, resulling in 

lower densities of bacteria. 

Addition of Vancomycin and Cefotaxim at 100 mg r• in the beginning of the incubation 

prevented the development of detectable amounts of agar degraders (Figure 618). The growth 

of other bacteria was also remarkably reduced (Figure 61A). 

Three of four tested strains of agar degraders released significant quantities of oligoagar from 

agar (Figure 56, 57, 59). No such release was detected with F/avobacteri,un-Cytophaga 7B 

(Figure 58), although this isolate was capable to degrade gellificd nutrient agar, grew well and 

divided up lo six times per day. Similiar observations have been made with Cytophaga 

flevensis (VAN DER MEULEN & HARDER 1975). This species reacted with intensified growth 

when yeast extract, glucose or other utilizable oligosaccharides were added to its medium. 
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Nonetheless, the induction of agarase was under such conditions inhibited by catabolite 

rep!CSSion. II is thus possible that catabolile repression prevented agar hydrolysis in strain 

Flavobocterirun-Cytophaga 78. II may also be that the release of reducing saccharides from 

agar was compensated by assimilation of a similiar quantity of reducing saccharides. 

The quantities or anhydro-galadose, hcxose and reducing saccharides that could be heat

extracted from biomass of G. co11ferta increased considerably after three days of incubation 

(Figure 62), indicating that more agar yielded during the extraction procedure. VILLANUEVA 

et al. (1998) reported that more agar could be extracted from Gelidiella acerosa after the algal 

biomass had been y-irradiated. The authors explained this effect with a partial breakdown of 

glycosidic bonds in the cellwalls, which allowed an easier release of agar. The hydrolyzing 

activity or bacteria during three days of incubation eventually resulted in a similiar effect in 

the present study. 

A maximum of reducing saccharides was detected in the medium after four to five days of 

incubation (Figure 62A), whether the biomass had been inoculated with additional bacteria 

before the incubation or not. However, the quality of these saccharides was not the same in 

experiments with and without inoculation. No increases of anhydro-galactose (Figure 62C) 

and bexose (Figure 628) in the medium were detected when agar degraders had been added, 

indicating that oligoagars were not released. Jn contrast, hexose and anhydro-galactose 

increased measurably when no agar degrading bacteria had been added. 

Jn conclusion, the addition of four strains of agar degrading bacteria in the beginning of the 

experiment prevented the accumulation of oligoagars in the medium four days later, although 

similiar numbers of agar degrading bacteria were detected with and without such inoculation 

from day 2 on. Obviously, the total number of agar degraders was less important for the 

oligoagar concentration than the presence or absence of single species or strains. This would 

not be loo surprising, since we have already seen that each of four agar degraders affected the 

release of oligoagus from agar in a different way. 

Bacterial degradation of algal tissues results within hours in elicitation of healthy tissues 

Medium from the biomass degradation experiments induced not only increases in Di 

consumption, but also H202 release in G. conferta (section 433.). Treatment of the medium 

with P-agarasc resulted in an inactivation of the elicitor component (p. 91). P-Agarase is 



94 
4. BACfERIAL PRODUCTION OF OUGOAGAR-EUOTORS 

known as a highly specific enzyme (section 3.1), which indicates that the elicitation was due 

10 
oligoagar. It was probably inactivated through hydrolysation lo neoagarobiose. 

Enough oligoagar for a significant elicitation was present in the medium after only one day of 

incubation, no matter whether agar degraders had been added in the beginning of the 

experiment or not (Figure 63). One might therefore expect the release of oligoagars to be a 

mechanical effect that would even happen under sterile conditions. This, however, was not the 

case. Accumulation of elicitors in the medium could be prevented until day 5 by addition of 

the antibiotics Vancomycin and Cefotaxim, which demonstrates that bacteria were necessary 

for the oligoagar release. 

Very different developments of the elicilor activity were detected in media from treatments 

with and without addition of agar degraders (Figure 63). With inoculation of bacteria, the 

elicitor activity decreased and could not be detected from day 3 on. In contrast to this, the 

elicitor activity increased until day 4, when no bacteria had been added. The inoculated four 

strains of agar degraders seemingly inactivated oligoagars that were present on day 1, 

probably through degradation and assimilation. This corresponds lo our earlier observation 

that accumulation of oligoagars could not be detected in the medium after addition ofbacleria. 

However, saccbarides need to be present at micromolar concentrations lo be detectable wilh 

the assays that were used, while only nanomolar concentrations of optimum-sized oligoagars 

are sufficient to elicit effects in G. co11ferta. Saccharide concentrations below the detection 

limit do thus not generally indicate that no elicitors are present at sufficient concentrations for 

the elicitation of effects. 

The observations that we have made so far show that bacteria have two different eCfects on 

the availability of oligoagar elicitors: they do release them, but they also destroy and 

assimilate them. As a consequence, two phases may be differentiated. During the firsl phase, 

more oligoagar is released by bacteria than assimilated. As a consequence, the elicitor activity 

of the medium increases. This first phase began immediately after the incubation started, and 

it could be delayed by addition of antibiotics. In the second phase, more oligoagar is 

destroyed than released, and the elicitor activity of the medium decreases. This second phase 

began af1er day 4 and ii started earlier when agar degraders had been added in the beginning 

of the experiment. 
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Not only were the oligoagar elicitors that had been released from algal biomass within one 

day concentrated enough to induce responses in G. confer/a, but these induced responses were 

also strong enough to affect bacteria. Agar-induced oxidative bursts with releases of more 

than 5 nmol min-1 g'1 H20 2 usually affected strain Flavobacteriwn-Cytopltaga lD (Figure 54) 

and a release of 53 nmol min-1 g'1 was already recorded in the biomass degradation 

experiment, when G. conferta was confronted with a medium that had been diluted with 15 

parts of seawater. Doubtless, more concentrated medium would have induced a stronger 

response. For example, medium that was diluted by a factor of 05 elicited an oxygen 

consumption increase of 302 nmol min'1 g·1• Such a response can be correlated with a H202 

release of approximately 12 nmol min' 1 g'1 (Figure 55), which should affect epiphytic bacteria 

seriously (Figure 54). 

These considerations show that it is realistic to expect bacterial attacks on the cell wall of G. 

co11ferta to result in sufficient oligoagar concentrations for the induction of algal defence 

responses. The necessary elicitor concentrations were reached within 24 h. The algal biomass 

in the present experiment was 10 times more concentrated than in usual aquaculture, but the 

resulting medium still induced responses when it was diluted by a factor of 16. Therefore 

algal cells that are located in the next vicinity of wound infections may reasonably be 

expected to recognize oligoagar elicitors and to respond to them. However, very high plant 

densities and a rather low water exchange seem to be necessary for a successful transmission 

of oligoagar signals between single individuals of an algal population. Such conditions are 

probably rarely given in nature . 

The main rtsults of this part of the study were 

• that the bacterial degradation of algal biomass results in a release of oligoagars 

• that sufficient concentrations of oligoagars are reached within 24 h to elicit algal defence 

responses which are strong enough lo control agar degraders 
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5. GENERAL DISCUSSION 

The single results of lhis study have been discussed in detail in sections 2.4, 3.4 and 4.4. We 

have seen that three different saccharide recepting systems are present in G. conferta. One 

system reacts to oligocellulosc, while two systems with distinct sensitivities recognize 

oligoagars. AJI three systems are highly specific to only these saccharides, which are all 

constituents of the cell wall matrix and the cell wall skeleton of G. conferta. Oligoagars and 

o ligocelluloses can thus play a role as endogenous signalling substances when they reach the 

necessary concentrations in the cell wall. 

The highly ordered structures of cellulose and agar in the gel state are relatively stable. 

Cellulose filaments are synthesized by a plasmalemma-located enzyme complex and they are 

immobile once they have been embedded into the cell wall {Tz.EKOS 1999). Little is known so 

far about the exact location of enzymes that contribute to the agar biosynthesis (HITh!MlNGSON 

et al. 1996), but it makes sense to expect similiar conditions. Cellulose and agar need thus to 

be degraded to become elicitor-active. Degradation of cellulose and agar in nature requires the 

presence of hydrolyzing enzymes. We have seen in section 4 that enough oligoagars 

accumulated within a few hours during the bacterial degradation of dead algal biomass to 

elicit at least one of the two oligoagar-recepting systems. We may reasonably expect any 

mechanical wounding of the algal surface to result in a similiar release of oligoagars, 

especially when some algal cells are disrupted and their contents are available as nutrient 

supply for agar degrading bacteria. 

We have seen in section 3 that two different oligoagar recepting systems are present in G. 

conferta. Only one of them can be elicited with reducing-end modified saccharides. 

Elicitation of this ,,reducing end-sensitive" system requires approximately 100 times higher 

oligoagar concentrations than elicitation of the ,,reducing end-insensitive" system. As a 

consequence, the latter system should be elicited first when agar degrading organisms cause 

an accumulation of oligoagars in the algal extracellular space. 

The mechanisms that are induced in G. conferta through the reducing end-insensitive system 

are summarized in figure 64. After bacteria or eventually other agar-<legrading 

microorganisms have released the necessary quantity of elicitor-active oligoagars, these are 

recognized by intact algal cells in the vicinity. A highly specific receptor for oligoagars of a 

certain molecular size and with unmodified reducing end is proposed to be present in the 
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Figure 64: Responses that result from the elicitation of the neoagarohexaitol-insensitive 

oligoagar recepting system in G. conferta. 

plasmalemma, similiar to the oligosaccharide recepting proteins that have been detected in 

spermatophytes. 

Elicitation of the reducing end-insensitive oligoagar recepting system of G. co11f er/a results in 

increased oxygen consumption. The effect is not only due to the activation of molecular 

oxygen, but mainly due to increased respiration. This could be demonstrated by application of 

specific inhibitors of the mitochondrial electron transfer system, which resulted in a reduction 

of the oligoagar-induced oxygen consumption, while the production of active oxygen 

remained unchanged. Further, oligoagars and 2,4-dinitrophenol seemingly affected oxygen 

consumption in the same way, which indicates that oligoagars induce uncoupling of 

oxidative pbosphorylation and respiratory electron tranfer. These reactions are known lo take 
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place in the mitochondria, which means that a second messenger which is not yet known 

transmits the oligoagar signal into the cell. The exact role of the uncoupling effect in the 

cellular defence is unclear, but similiar observations have been made in spermatophyte

pathogen systems (KRUPKA 1959, VERLEUR 1960, SWAMY 1964). 

Elicitation of the reducing end-insensitive receptor further results in an immediate activation 

of oxygen. We have seen the production of active oxygen species to be catalyzed by a 

flavoenzyme and thus to be dependent on NADH or NADPH. Nonetheless, this enzyme 

increases extracellular concentrations of H2Gi rather than intracellular concentrations, 

suggesting that it must be located in the plasmalemma. Quite similiar conditions have been 

detected in spermatophytes, where elicitation often results in an activation of plasmalernma

located oxidases that generate superoxide (LEVINE et al. 1994, BAKER & ORI.AND! 1995, 

DoKE & MIURA 1995, MURPHY & AUH 1996), which eventually dimutates into H2Gi and 02. 

The question may not be answered yet whether superoxide or H202 is the primary product of 

the oligoagar-activated oxidase in G. co11ferta. H20 2 is, in any case, produced in sufficient 

quantities to activate the cell wall-located haloperoxidase. 

Haloperoxidase is known to generate volatile halocarl>ons. These are toxic and have been 

proposed as defence agents (WEVER et al. 1991). However, we have seen that haloperoxidase 

in G. co11ferta needs relatively high H202 concentrations (> 10 ~1M) to be active. Al these 

concentrations agar degrading bacteria are directly affected by H20 2• This indicates that the 

primary ecophysiological role of haloperoxidase in G. co11ferta is probably not generation of 

toxic halocarbons, but rather detoxification of H20 2• 

Elicitation of the reducing end-insensitive oligoagar receptor results in a significant 

elimination of cpiphytic bacteria. Maximal eliminations of bacteria in this study were 

approximately 50 % for resident bacteria and 90 % for single strains of agar degraders. These 

observations, however, were made on healthy plants, where all the affected bacteria were 

located on the thallus surface. Active oxygen species that are generated during the oxidative 

burst at the plasmalemma obviously diffuse through the whole cell wall and are still 

concentrated enough to affect microorganisms on the thallus surface. Thus the whole cell wall 

free space is toxified after elicitation. It was possible to reduce the elimination of bacteria by 

vigorous shaking, which increases the water exchange over the thallus surface and thereby 

reduces the accumulation of toxic metabolites . It is therefore possible that microorganisms 

located on the thallus surface of G. co11ferta in the sea or in aerated tanks will be little affected 
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Figure 65: Responses !hat result from the elicitation of the neoagarohexaitol-sensitive 

oligoagar recepling system and the cellulose recepting system in G. co11ferta. 

after elicitation. In contrast, macerating bacteria that intrude into the cell wall and gel close to 

the plasmalemma will be confronted with increasing concentrations of active oxygen species 

and it is realistic to expect that more than 90% of such invading cells can be eliminated. 
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We may propose that a two-step response is activated in G. confena when agar degradation 

takes place in 1bc cell wall. First, the cell wall free space is toxified with active oxygen 

species aficr elicitation or lhc reducing end-insensitive receptor system. Secondly, in case tlw 

this measure is insurricicnt to control cell wall degraders, more oligoagars may accumulate 

and the reducing end-sensitive receptor system (which requires a }()().fold concentration or 

elicitors) will be activated. Mechanisms that result from this second step arc summarized in 

figure 65. 

Dcpigmcntation or thallus tip cells was the main result that could be observed when the 

system was activated. The effect was correlated with a release of H202 and could be inhibited 

with catalasc, indicating an overflow of the intracellular pool of activated oxygen species after 

elicitation. Oxygen radicals are known to play a key role when plant pigments arc destroyed 

in compatible or incompatible interactions with pathogens. For example, presence of OH•· 

radicals may result in cooxidation of carotin and unsaturated fatty acids (El.STNEJl et al. 

1996). Similar mechanisms probably caused dcpigmcntation in the present case. Tip 

bleaching required light exposure and could be inhibited by application of inhibitors of the 

respiratory electron transfer. As has been explained on pp. 39, both respiration and 

photosynthesis also generate activated oxygen species. However, oxidative stress due to these 

two metabolic pathways can usually be controlled by the cellular sequestering systems for 

activated oxygen. Only after elicitation, the capacity of these systems is exceeded and 

depigmentation occurs. 

It is interesting that bleaching was Limited to lhallus tip cells. In Graci/aria, as in many other 

red seaweeds, thallus tips are lhe main regions of cell division. An intense metabolism usually 

takes place in such mcristcmatic growth regions, which may eventually result in incrcascd 

oxidative stress levels and thus in a particularly high probability of oxidative damage after 

elicitation. Tip bleaching is thus probably a result of autodestructioo of mcristcmatic cells that 

arc - different from other algal cells · unable to control the elevated intracellular 

concentration of activated oxygen after elicitation. lo other words, tip bleaching is probably 

not an intended result, but an accidental symptom of elicitation. 

What may be lhe reason for this stressful intracellular activation of oxygen? Active oxygen 

species played reportedly a role as second messengers in the host pathogen-interactions of 

plants like soy bean (APosTOL et al. 1989, LEVINE et al. 1994), tobacco (AUAN & FUIHR 

1997) or potato (Wu et al. 1997). It is nol impossible that G. co11fena activates specific 
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defense-related genes in a similiar way as these spermatophytes do when a certain 

intracellular concentration of H20i or supcroxide radicals has been reached after elicitation. 

Tip bleaching could be induced in G. conferta in the same way with specific cellulose 

degradation products as with oligoagars. A receptor for these cellulose-oligosaccharides must 

thus be present, inducing elevated intracellular levels of activated oxygen after elicitation in 

an analogous way as the reducing end-sensitive oligoagar receptor (figure 65). Eventually, 

enzymatic cellulose degradation takes place in the cellwall of living Gracilaria after a 

successful invasion of certain fungi or bacteria. No cellulose degrading bacteria have been 

detected in the present study, but such organisms were occasionally reported from seaweeds 

(KONG & O!AN 1979, RAMAIAII & OIANDRAMOHAN 1992). Cellulose degrading fungi often 

release cellulase into their medium and products of these enzymes may then accumulate 

(CoUGHlAN 1985). This has also been observed with plant pathogens like R/1fr.octo11ia solani 

or Botrytis cinerea and with several marine fungi (KOIILMEYER & KOHLMEYER 1979). It is 

therefore possible that not only oligoagars, but also cellulose degradation products play a role 

as endogenous elicitors in the defense of G. conferta against cell wall degrading fungi and 

bacteria. 

In addition, tip bleaching could be induced with the exudates of at least three different 

epiphytic bacterial species. These excreted agents could be destroyed with protease and it was 

possible to demonstrate that one of them was a peptide with a molecular weight of 750 - 1500 

Da. The exact mode of action of these exogenous agents remains unknown. However, the tip 

bleaching symptom that they induce is indistinguishable from the effect of saccharide 

elicitors, which indicates a similiar mode of action. 

The tip-bleaching inducing effect of four Cytoplraga-like strains was inhibited by 20 of 40 

isolates. This protective effect was caused by very different organisms. In five of six cases, 

the effect was not cellbound, but due to excretions, which were not antimicrobially active. 

Thus, they either inactivated necrosis-inducing excretions, for example through protease

activity, or they prevented the algal tip-bleaching response to them (for example through 

catalase-aclivity). These results show that various factors influence the activity of bacterially 

excreted elicitors. It was not possible to determine their concentrations in planta and it is thus 

not sure under which conditions they play a role in the interactions of G. co11ferta with its 

epiphytes. 
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In conclusion, it was possible to demonstrate in this study that oligosaccharides like oligoagar 

and oligocellulose play a role as signalling agents in seaweeds like G. conferta. The alga is 

able to recognize them, to respond lo them hypersensitive and to control cell wall macerating 

bacteria in this way. Oxygen activation plays a key role in this response and bacterially 

induced oxidative stress is the real reason of local thallus whitening in G. conferta. It may be 

concluded that bacterial inductions of ,)cc-ice"-disease in Graci/aria , Eucl1euma and 

Kappaphycus that have been reported in the past (WEINBERGER et al. 1994, LARGO et al. 

1997, JAFFRAY & CoYNE 1997) were probably in many cases manifestations of such 

hypersensitive responses, rather than direct symptoms of disease. 
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Figure Al: Bleaching impact of neo-

agarotetraose. Each symbol represents 

between 37 and 241 tips. Constant EC,o 

of the best-fitting logistic function (r2 = 
0.845403) is given with 95 % confidence 

interval in the table. MAX was not 

determined, but assumed to be 39.3 % 

(the average of other maximum response 

values). 

Figure A2: Bleaching impact of a 

mixture of neoagarotetraose and 

neoagarohexaose prepared from G. 

co11/erta-agar. Each symbol represents 

between 47 and 203 tips. Constants 

MAX and EC,o of the best-fitting logistic 

function (r = 0.985546) are given with 

95 % confidence interval. 

Figure A3: Bleaching impact of neo

agarohexaose. Each symbol represents 

between 43 and 264 tips. Constants 

MAX and EC,o of the best-fitting logistic 

function (r = 0971363) are given with 

95 % confidence interval. 
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MAX(%) 42.0 (39.2 to 44.9) Figure A4: Bleaching impact of neo-
EC..(µM): 11.3 (10.4 lo 12.4) 

50 agnrooctaose. Each symbol represents 

l between 45 and 106 tips. Constants 

u MAX and ECso of the best-fitting logistic 
"' 25 Q. 

.5 function (r2 = 0.989526) are given with 
OI 
c 95 % confidence interval. :c 
u 

"' 0 .. 
iii 

0 .1 10 100 1000 

Neoagarooctaose [11MJ 

MAXI%) 33.6 (30.9 to 36.3) Figure AS: Bleaching impact of neo-
EC..tµMJ: 7.9 (6.3109.9) 

50 agarododecnose. Each symbol 

l represents between 20 and 72 tips. 

u Constants MAX and ECso of the best-.. 25 Q. 

.5 fitting logistic function (r2 = 0.986359) 
OI 
c are given with 95 % confidence interval. :c 
u . . .. 0 .!! 
Ill 

0 .1 10 100 1000 

Neoagarododecaose [1,1M) 

MAXI%] 43.7 (36.6 lo 50.8) Figure A6: Bleaching impact of G. 
EC..,(µMJ: 4.3 (3.1 lo 6.0) 

50 conferta-agar. Each symbol represents 

~ between 23 and 169 tips. Constants 

u MAX and ECso of the best-fitting logistic .. 25 Q. 

.5 function (r2 = 0.957082) are given with 
OI s 95 % confidence interval. .e 
u .. 0 .. 
iii 

0 .1 10 

G. conferta-agar [1,1M] 
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ANNEX 

MIN (nmol mrf g··~ 0.0 (-0.810 0.8) 

MAX (nmol mkl I g·']: 12.1 (11.0 lo 13.1) 

EC.. (µMJ: 7.6 (5.810 9.9) 

Figure A7: Average H202 release by 

G. conferta, 10 min after exposure to 

neoagaroletraose, as fundion of 

saccharide concentration. Each 

symbol represents the average of 4 

replicates. Constants MIN, MAX and 

E~ of the best-fitting logistic 

function (r = 0.882623) arc given 

I~ 1
1
0 36o with 95 % confidence interval. 

20 

15 
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Neoagarotetraose [IJMJ 

MIN lnmol mln' g 'J: 0.5 (-0.610 1.6 J 

MAX (nmol mkf' g·'J: 10.2 (9.0 lo 11.3) 

EC.. (JJMJ: 9.7 (6.7 lo 13.8) 

G. conferta-agar hydrolysate [IJMJ 

. g' J: 0.2 -0.6101 .1) 

13.4 (12.7 lo 14.2) 

12.2 (9.6 to 15.4) 

I 

O f-
1b 160 36o 

Neoagarohexaose (l'MJ 

Figure AS: Average ll20i release by 

G. con/erta, 10 mio after exposure to a 

mixture of ncoagarotetraose and 

neoagarohexaose prepared from G. 

conferta-agar, as function of 

saccharide concentration. Each 

symbol represents the average of 4 

replicates. Constants MIN, MAX and 

E~ of the best-fitting logistic 

fundion (r2 = 0.954904) are given 

with 95 % confidence interval. 

Figure A9: Average H20 2 release by 

G. conferta, 10 min after exposure to 

neoagarohexaosc, as function of 

saccharide concentration. Each 

symbol represents the average of 4 

replicates. Constants MIN, MAX and 

E~ of the best-filling logistic 

function (r2 = 0.878804) are given 

with 95 % confidence interval. 
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Figure AlO: Average H202 release by 

G. co11ferta, 10 min after exposure to 

neoagarooctaose, as function of 

saccharide concentration. Each 

symbol represents the average of 4 

replicates. Constants MIN, MAX and 

ECso of the best-fitting logistic 

function (r2 = 0.75541) are given with 

95 % confidence interval. 

Figure All: Average H202 release by 

G. confer/a, 10 min after exposure to 

neoagarododecaose, as function of 

saccharide concentration. Each 

symbol represents the average of 4 

replicates. Constants MIN, MAX and 

ECso of the best-fitting logistic 

function (r2 = 0.807428) are given 

with 95 % confidence interval. 

Figure A12: Average H20 2 release by 

G. co11ferta, 10 min after exposure to 

neoagarohexadecaose, as function of 

saccharide concentration. Each 

symbol represents the average of 4 

replicates. Constants MIN, MAX and 

ECso of the best-fitting logistic 

function (r2 = 0.866011) are given 

with 95 % confidence interval. 
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8.3 {1.5 to 11.1) 
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Neoagarohexaose [µM] 

v..,.. (rmot min· g ~ 461 

K.()lM): 41.7 

3 0 
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(24.0 to 59.5) 

4 0 

a-agarase products [IIMJ 

v .... (rmol mln g· ]: 507 (422 to 591 

K. (µMJ: 23.6 (8.2 to 39.0) 

1 0 

Neoagarotetraose [l,IM] 

2 

Figure Al3:Avcragc bromina<ion or 

phenol red by G. conferta, 10 min 

after exposure to ncoagarohu:aosc, 

as function of saccharidc 

concentration. Each symbol represents 

the average of 3 replicates. Constants 

V~wc and K., or the best-fitting 

Michaclis-Mcnten function (~ 

0.936487) arc given with 95 % 

confidence interval. 

Figure A14: Increase in 0 1 con

sumption of G. co11fena after ex

posure to a-agarase products, as a 

function of saccharidc conccntralion. 

Each symbol represents the average of 

4 replicates. Constants VMAX and K.. 

of the best-fitting Michaclis-Mcntcn 

function (I = 0.967801) arc given 

with 95 % confidence interval. 

Figure AlS: Increase in 02 con· 

sumption of G. co11ferta aflcr 

exposure to neoagarotetraosc, as 

function of saccharidc concentration. 

Each symbol represents the average of 

4 replicates. Constants VMAX and K., 

of the best-fitting Michaelis-Mentcn 

function (I = 0.796962) arc given 

with 95 % confidence interval. 
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Figure A16: Increase in 02 con

sumption of G. confer/a after 

exposure to a mixture of 

neoagarotetraose and ncoagaro

hexaose prepared from G. conferla

agar, as function of saccharide 

concentration. Each symbol represents 

the average of 4 replicates. Constants 

VMAX and Km of the best-fitting 

Michaelis-Menten (r2 = 0.97631) 

function are given with 95 % 

confidence interval. 

Figure A17: Increase in 0 2 con

sumption of G. confer/a after 

exposure to neoagarohexaose, as 

function of saccharide concentration. 

Each symbol represents the average of 

4 replicates. Constants V MAX and Km 

of the best-fitting Michaelis-Menten 

function (~ = 0578967) are given 

with 95 % confidence interval. 

Figure Al8: Increase in 0 2 con

sumption of G. confer/a after ex

posure to neoagarooctaose, as 

function of saccharide concentration. 

Each symbol represents the average of 

4 replicates. Constants V MAX and Km 
of the best-fitting Michaelis-Menten 

function (~ = 0.949193) are given 

with 95 % confidence interval. 
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ANNEX 

442 (408 to 477) 

3.28 (2.20 to 4.46) 

50 

Neoagarodecaoae(µM] 
1 0 

v..,.. nmol m1n· g· 

K.. (J,MJ: 

0.1 

423 (388 to 457) 

0.286 (0.182 to 0.370) 

10 1000 

Neoagarododecaoae[µM] 

v..,.. nmol g· : 385 (353 to 418 

K.. (J,MJ: 0.346 (0.206 to 0.485) 

0. 1 0.1 10 1 0 1000 

Neoagarotetradecaose [µM] 

Figure Al9: Increase in 0 2 con

sumption of G. conferta after 

exposure to neoagarodecaose, as 

function of saccharide concentration. 

Each symbol represents the average of 

2 replicates. Constants V~wc and K. 

of the best-fitting Michaelis-Menten 

function (r2 = 0.945045) arc given 

with 95 % confidence interval. 

Figure A20: Increase in 0 2 con

sumption of G. conferta after 

exposure to neoagarododecaose, as 

function of saccharidc concentration. 

Each symbol represents the average of 

3 replicates. Constants VMAX and K., 

of the best-fitting Michaelis-Menten 

(r2 = 0.969278) function are given 

with 95 % confidence interval. 

Figure All: Increase in 02 con

sumption of G. conferta after 

exposure to neoagarotetradecaose, as 

function of saccharide concentration. 

Each symbol represents the average of 

2 replicates. Constants V~ and K. 

of the best-fitting Michaelis-Menten 

function (r2 = 0.915559) are given 

with 95 % confidence interval. 
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Figure A22: Increase in 0 2 con

sumption of G. conf erta after 

exposure lo neoagarotetradecaose, as 

function of saccharide concentration. 

Each symbol represents the average of 

3 replicates. Constanls VMAX and Km 

of the best-fitting Michaelis-Menlen 

function (I = 0.789709) are given 

with 95 % confidence. 

Figure A23: Increase in 02 con

sumption of G. conferta afier 

exposure lo P-agarase products larger 

than neoagarohexadecaose, as 

function of saccharide concentration. 

Each symbol represents the average of 

3 replicates. Constants VMAX and Km 

for the best-fitting Michaelis-Menlen 

function (~ = 0 .897199) are given 

with 95 % confidence interval. 

Figure A24: Increase in 0 2 con

sumption of G. conferta after 

exposure to G. conferta-agar, as 

function of saccharide concentration. 

Each symbol represents the average of 

4 replicates. Constants VMAX and Km 

for the best-filling Michaelis-Menten 

function (~ = 0.980098) are given 

with 95 % confidence interval. 
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ANNEX 

11XXl 
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Neoagarohexaose [µMJ 

MAX(%): 93.0 (77.4 to 108.6) 

EC,. (IIMI: 17.0 (13.S to 21.S) 

10 

Neoagarotetraose [µM] 

Figure A25: Elimination or total 

epiphytlc bacteria from G. con/trio, 

within h or exposure to 

neoagarohexaose. Average, 

minimum and maximum response or 

two independent experiments arc 

presented. Constants MAX and E(:,o 

for the best-fitting logistic function (r2 

= 0561126) are given with 95 % 

confidence interval. 

Figure A26: Elimination or 

Flavobacterium-Cytophaga 28 rrom 

G. conferta, within 1 h of exposure to 

neoagarohexaose. Average, 

minimum and maximum response or 

two independent experiments are 

given. Constants MAX and EC,o for 

the best-fitting logistic Cunction (i' = 

0.878103) are given with 95 % 

confidence interval. 

Figure A27: Elimination or 

Flavobacterium-Cytophaga 1D rrom 

G. conferta , within 1 h of exposure lo 

neoagarotetraose. Average, 

minimum and maxi.mum response of 

two independenl experiments are 

given. Constants MAX and E(:,o for 

the best-fitting logistic function (r2 = 
0.755677) arc given with 95 % 

confidence interval. 
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Figure A28: Elimination of 

Flavobacteri11m-Cytophaga ID from 

G. conferta, within 1 h of exposure to 

neoagarohexaose. Average, 

minimum and maximum response of 

two independent experiments are 

given. Constants MAX and ECso for 

the best-fitting logistic function (r2 = 
0.721444) are given with 95 % 

confidence interval. 

Figure A29: Elimination of 

Flavobacteri11m-Cytophaga ID from 

G. conferta, within 1 h of exposure to 

neoagarooctaose. Average, minimum 

and maximum response of two 

independent experiments are given. 

Constants MAX and EC~o for the best

fitting logistic function (? 
0.703129) are given with 95 % 

confidence interval. 

Figure A30: Elimination of 

Flavobacteri11m-Cytophaga lD from 

G. co11ferta, within 1 h of exposure to 

neoagarododecaose. Average, mini

mum and maximum response of two 

independent experiments are given. 

Constants MAX and ECsofor the best

fitting logistic function (r 
0.628021) are given with 95 % 

confidence interval. 
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Figure AJl: Elimination of 

Flavobacterium-Cytophaga lD from 

G. co11ferta, within 1 h of exposure to 

neoagarohexadecaose. Average, 

minimum and maximum response of 

two independent experiments are 

given. Constants MAX and E~ for 

the best-fitting logistic function (r2 = 
0.624678) are given with 95 % 

confidence interval. 

Figure AJ2: Elimination of Flavo

bacterium-Cytopl1aga lD from G. 

conferta, within 1 h of exposure to 

neoagarohexaose in combination 

with 1 mM ncoagarobexaitol. 

Average, minimum and maximum 

response are presented. Constants 

MAX and E~ for the best-filling 

logistic function (r2 = 0.740646) are 

presented with 95 % confidence 

interval. 

Figure A33: Increase in 0 2 consumption of 

G. conferta after exposure to medium of algal 

biomass decomposition, as function of 

concentration of the medium. The medium 

had been incubated for O days. Each symbol 

represents the average of 2 to 5 

measurements. The slope of the presented 

best linear fit (r2 = 0.082031) was not 

significantly different from O (p = 0.9896). 
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ANNEX 

Figure A34: Increase in (h consumption of 

G. confer/a after exposure to medium of algal 

biomass decomposition, as function of 

concentration of the medium. 1l1e medium 

had been incubated for 1 day. Each symbol 

represents the average of 2 to 5 

measurements. The slope of the presented 

best linear fit (r2 0.461492) was 

significantly different from O (p = 0 .0002). 

Figure A35: Increase in (h consumption of 

G. confer/a after exposure to medium of algal 

biomass decomposition, as function of 

concentration of the medium. The medium 

had been incubated for 2 days . Each symbol 

represents the average of 2 to 5 

measurements. The slope of the presented 

best linear fit (r2 = 0 .651548) was 

significantly different from O (p < 0.0001). 

Figure A36: Increase in (h consumption of 

G. confer/a after exposure to medium of algal 

biomass decomposition, as function of 

concentration of the medium. The medium 

had been incubated for 3 days . Each symbol 

represents the average of 2 to 5 

measurements. The slope of the presented 

best linear fit (r2 = 0 .748677) was 

significantly different from O (p < 0.0001). 
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ANNEX 

Figure A37: Increase in 01 consumption of 

G. co11ferta after exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been incubated for 4 days. Each symbol 

represents the average of 2 to 5 

measurements. The slope of the presented 

best linear fit (r1 0.74208) was 

significantly different from O (p < 0.0001). 

Figure A38: Increase in 0 2 consumption of 

G. co11ferta after exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been incubated for S days. Each symbol 

represents the average of 2 to 5 

measurements. The slope of the presented 

best linear fit (r2 = 0.021021) was not 

significantly different from O (p = 0.4893). 

Figure A39: Increase in 0 2 consumption of 

G. co11ferta after exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been inoculated with agar degrading 

bacteria and incubated for 1 day. Each 

symbol represents the average of 2 to 5 

measurements. The slope of the presented 

best linear fit (r1 = 0 .736009) was 

significantly different from O (p < 0.0001). 
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ANNEX 

Figure A40: Increase in 0 2 consumption of 

G. confer/a afler exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been inoculated with agar degrading 

bacteria and incubated for 2 days. Each 

symbol represents the average of 2 to 5 

measurements. The slope of the presented 

best linear fit (r2 = 0540642) was 

significantly different from O (p < 0.0001). 

Figure A41: Increase in Di consumption of 

G. confer/a after exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been inoculated with agar degrading 

bacteria and incubated for 3 days. Each 

symbol represenls the average of 2 to 5 

measuremenls. The slope of lhe presenled 

best linear fit (r2 = 0.095994) was 

significantly different from O (p = 0.1235). 

Figure A42: Increase in Di consumplion of 

G. confer/a after exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been inoculaled with agar degrading 

bacteria and incubated for 4 days. Each 

symbol represents the average of 2 to 5 

measuremenls. The slope of the presenled 

best linear fil (r2 = 001999) was significanlly 

different from O (p = 0.8962). 
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ANNEX 

Figure A43: Increase in 02 consumption of 

G. co11ferta after exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been inoculated with agar degrading 

bacteria and incubated for S days. Each 

symbol represents the average of 2 to 5 

measurements. The slope of the presented 

best linear fit (r2 = 0.072159) was 

significantly different from O (p = 03749). 

Figure A44: Increase in 0 2 consumption of 

G. co11ferta after exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been incubated fo r 1 day and Cefotaxim 

and Vancomycin at 100 mg r• had been 

added. Each symbol represents the average 

of 2 to 5 measurements. The slope of the 

presented best linear fit (r2 = 0.275976) was 

not significantly different from O (p = 

0.1812). 

Figure A45: Increase in 0 2 consumption of 

G. confer.ta after exposure to medium of 

algal biomass decomposition, as influenced 

by the concentration of the medium. The 

medium had been incubated for 2 days and 

Cefotaxim and Vancomycin at 100 mg r• 
had been added. Each symbol represents the 

average of 2 to 5 measurements. The slope of 

the presented best linear fit (r2 = 0.026621) 

was not significantly different from O (p = 
0.6995). 
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ANNEX 

Figure A46: lncrease in 02 consumption of 

G. conferta after exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been incubated for 3 days and 

Cefotaxlm and Vancomycin at 100 mg r 1 

had been added. Each symbol represents the 

average of 2 to 5 measurements. The slope of 

the presented best linear fit (r2 = 0.051676) 

was not significantly different from O (p = 
05882). 

Figure A47: Increase in 0 2 consumption of 

G. co11ferta after exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been incubated for 4 days and 

Cefotaxim and Vancomycln at 100 mg r 1 

had been added. Each symbol represents the 

average of 2 to 5 measurements. The slope of 

the presented best linear fit (r2 = 0.053892) 

was not significantly different from O (p = 

05801). 

Figure A48: Increase in 0 2 consumption of 

G. conferta after exposure to medium of 

algal biomass decomposition, as function of 

concentration of the medium. The medium 

had been incubated for 5 days and 

Cefotaxim and Vancomycin at 100 mg r1 

had been added. Each symbol represents the 

average of 2 lo 5 measurements. The slope of 

the presented best linear fit (r2 = 0.800595) 

was not significantly different from O (p < 

0.0001). 
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ANNEX 

Figure A49: Impact of H20 2 oo the 

growth rate of strain F/a'f!Obacttrium

Cytophaga lA at 25 °c. Averages and 

standard deviations of 6 rcpliatcs arc 

presented. Constants MAX and EC,., for 

the best-filling logistic function (r2 • 

0929509) are given with 95 ,r. 

confidence interval. 

Figure ASO: Impact of H20 2 on the 

growth rate of strain Fla1•obacltrium

Cytop/1aga lB al 25 °c. Averages and 

standard deviations of 6 replicates are 

given. Constants MAX and ECso for the 

best-filling logistic function (r2 .. 

0.842013) arc given with 95 % 

confidence interval in the table. 
1oboL-~~~~~~~~~~~~~....J 

Figure ASl: Impact of H202 on the 

growth rate of strain Flavobacttri11m· 

Cytop/iaga IC at 25 °c. Averages and 

standard deviations of 6 replicates are 

given. Constants MAX and EC,o for the 

best-filling logistic function (r2 

0 .856778) are given with 95 % 

confidence interval in the table. 
1oboL..::::.:::::.:.:-=~~~~~~~~--' 
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Figure A52: Impact of H2Ch on the 

CU growth rate of strain Flavobacttrium-

~ 
Cytophaga ID at 25 °c. Averages and 

£ 02 standard deviations of 6 replicates arc 

• presented. Constants MAX and E~ for ! 
s; 

1 O I the best-filling logistic function (r2 = 
c, 0.896333) arc given wilh 95 % 

0 
I I 

10 
I 

1000 
confidence interval. 

H202 [l'MJ 

438 (0.416 to0.45 Figure A53: Impact of H202 on the 
EC.(IIAI!: n.1 (715to84 I) 

growth rate of strain Flavobacttrium-

0.5 l Cytopl,aga 2A at 25 °c. Averages and 

-1 04 standard deviations of 6 replicates arc 

• 03 
! presented. Constants MAX and E~ for 

i 02 the best-filling logistic function (r2 = 

Cl 
01 0.958572) arc given with 95 % 

0 
I I 

10 
I 

1000 
confidence interval. 

H202 [l'MJ 

0.255 (0.240 to 0.270) Figure A54: Impact of H2Ch on the 
EC.(IJMJ 119.1 (79 a to 99.4) 

growth rate of strain Flavobacterium· 

03 

r 
C,•tophaga 28 al 25 °c. Averages and --E. standard deviations of 6 replicates are 

• 02 

! presented. Constants MAX and E~ for 
s; 

i 0.1 the best-filling logistic function (r2 = 
0 c, 0.945405) arc given with 95 % 

00 
I I I confidence interval. 
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ANNEX 

Figure ASS: Impact of H202 on the 

growth rate of strain Flavobacterium

Cytophaga 7B at 25 °c. Averages and 

standard deviations of 3 replicates are 

presented. Constants MAX and E~ for 

the best-fitting logistic function (r = 

0.752168) are given with 95 % 

toboL...co_nfi~1d_e_n_ce~in_te_rv_a_1_.~~~~~~~-' 

tobo 

Figure AS6: Impact of H202 on the 

growth rate of strain Vibrio 1A at 25 °c. 
Averages and standard deviations of 6 

replicates are presented. Constants MAX 

and E~ for the best-fitting logistic 

function (r = 0.876546) are given with 

95 % confidence interval. 

Figure AS7: Impact of H202 on the 

growth rate of strain Vibrio 1B at 25 °c. 
Averages and standard deviations of 6 

replicates are presented. Constants MAX 

and EC50 for the best-fitting logistic 

function (r = 0.899499) are given with 

95 % confidence interval. 
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ANNEX 137 

tobo 

Figure ASS: Impact of H20i on the 

growth rate of strain Vibrio 2A at 25 °c. 
Averages and standard deviations of 6 

replicates are presented. Constants MAX 

and ECso for the best-fitting logistic 

function (r2 = 0.913612) are given with 

95 % confidence interval. 

Figure A59: Impact of H20i on the 

growth rate of strain Vibrio 2B at 25 °c. 
Averages and standard deviations of 6 

replicates are presented. Constants MAX 

and ECso for the best-fitting logistic 

function (r2 = 0.917224) are given with 

95 % confidence interval. 

Figure A60: Impad of H202 on the 

growth rate of strain Vibrio 2C at 25 °c. 
Averages and standard deviations of 6 

replicates are presented. Constants MAX 

and ECso that were computed for the 

best-fitting logistic function (r2 

0.885243) are given with 95 % 

confidence interval. 
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ANNEX 

Figure A61: Impact of H20 2 on the 

growth rate of strain Vibrio 2D at 25 °c. 
Averages and standard deviations of 6 

replicates are presented. Constants MAX 

and E~ that were computed for the 

best-fitting logistic function (r2 
0.866561) are given with 95 % 

confidence interval. 

Figure A62: Impact of H20 2 on the 

growth rate of strain Corynebacterimn

Arthrobacter lA at 25 °c. Averages and 

standard deviations of 6 replicates are 

presented. Constants MAX and E~ that 

were computed for the best-fitting 

logistic function (r2 = 0.7508922) are 

given with 95 % confidence interval. 

Figure A63: Impact of H202 on the 

growth rate of strain Corynebacterium

Arthrobacter 18 at 25 °c. Averages and 

standard deviations of 6 replicates are 

presented. Constants MAX and ECso that 

were computed for the best-fitting 

logistic function (r2 = 0.81196) are given 

with 95 % confidence interval. 
1~u 
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