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Zusammenfassung 

Mykosporin-Ã¤hnlich AminosÃ¤ure (MAAs) sind eine Gruppe von UV absorbierenden 

MolekÃ¼len die in Rotalgen synthetisiert werden. Ihre gemeinsame Grundstruktur is t  ein 

Cyclohexenon-Ring, an den ein oder zwei AminosÃ¤ure undioder Amine gebunden 

sind. Aufgrund ihrer Absorptionsmaxima zwischen 309 und 360 nm wurde 

vorgeschlagen, dass sie als natÃ¼rliche Sonnenschutz wirken. Ãœbe den Biosyntheseweg 

und die Regulationsmechanismen der MA.4 Biosynthese ist nur wenig bekannt. 

In der vorliegenden Arbeit wurde die wellenlÃ¤ngen-abhÃ¤ngi MAA Biosynthese in 

Chondr~is crispus untersucht. Sowohl UV-A Strahlung als auch Blaulicht hat eine hohe 

Quantenwirksamkeit fiir die Biosynthese von MAAs. Diese deutet auf die Existenz von 

Photorezeptoren in den jeweiligen WellenlÃ¤ngen-Bereiche hin. Unter UV-A exponierte 

Algen synthetisieren hauptsÃ¤chlic Shinorin, wÃ¤hren Algen, die unter Blaulicht 

exponiert wurden hauptsÃ¤chlic Palythin bilden. 

Des weiteren wurde ein guter Hinweis auf eine Umwandlung von Shinorin in Palythin 

gefunden. Die dafÃ¼ notwendigen Enzyme sind wahrscheinlich Licht reguliert. 

Polychromatische Wirkungsspektren, die fÃ¼ die Akkun~ulation von MAAs berechnet 

wurden, deuten darauf hin, dass langwellige UV-A Strahlung und Blaulicht diese 

Umwandlung stimuliert, wÃ¤hren UV-B Strahlung hemmend darauf wirkt. UV-B 

Strahlung hemmt darÃ¼be hinaus mÃ¶glicherweis auch die gesamte Biosynthese von 

MAAs. Der genaue Angriffsort dieser allgemeinen Hemmung der MAA Biosynthese ist 

unbekannt, aber mehrere Ziele kommen dafÃ¼ in Frage. 

FÃ¼ die MAA-Induktion wurde ein Aktionsspektrum unter monochromatischem Licht 

im Bereich von 280 bis 750 nm erstellt. Das berechnete Aktionsspektrum deutet darauf 

hin, dass der fÃ¼ die Shinorin Photoinduktion verantwortliche Photorezeptor, ein 

unbekannter UV-A Photorezeptor mit Absorptionsmaxima bei 320, 340 und 400 nm ist. 

Die Absorptionseigenschaften des vorgeschlagenen Blaulicht Photorezeptors konnten 

nicht identifiziert werden. 

Neben der Photoinduktion von MAAs durch Photorezeptoren ist eine zusÃ¤tzlich 

Stimulierung der Biosynthese von MAAs durch ansteigende Konzentrationen von 

reaktiven Sauerstoffverbindungen denkbar. DarÃ¼be hinaus kÃ¶nne hohe 

Konzentrationen von reaktiven Sauerstoffverbindungen mÃ¶glicherweis die 

Umwandlung von Shinorin und Porphyrs-334 in Mycosporin-Glycin in 
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trockengefallenen Individuen der Gezeiten-Rotalgengattung Porphyra einleiten, 

wodurch zusÃ¤tzlich Antioxidantien wÃ¤hren der Austrocknung gebildet werden. 

Die dargestellten Ergebnisse zeigen die hohe FlexibilitÃ¤ von Rotalgen, die 

Konzentration und Zusammensetzung der MAAs and die jeweiligen Lichtbedingungen 

anzupassen. Akkumulierte MAAs schÃ¼tze - zumindest teilweise - vor UV Strahlung. 

Neben der primÃ¤re Funktion als Sonnenschutz, kÃ¶nne MAAs in einigen Arten 

mÃ¶glicherweis auch als Antioxidantien wirken. 



Summary 

Mycosporine-like amino acids (MAAs) are a class of UV absorbing compounds 

synthesized in red algae. They have a cyclohexenone core in common, to which one or 

two amino acids andlor amines are conjugated. Because of their absosption spectrum 

between 309 and 360 nm it has been proposed that they act as nature's sunscreen. 

Information on both the biosynthetic pathway and the regulating mechanisms of MAA 

biosynthesis is limited. 

In this study the wavelength dependent MAA biosynthesis in Chondrus crispus was 

examined. Both, UV-A radiation and blue light have a high quantum efficiency for 

MAA formation, indicating the existence of photoreceptor chromophores. Specimens 

exposed to UV-A synthesize shinorine as major MAA, while those exposed to blue light 

mainly accumulate palythine. 

A strong indication for an interconversion of shinorine to palythine was found. The 

putative enzymes regulating the interconversion may be light regulated. Polychromatic 

response spectra calculated for MAA accumulation indicate that long wavelength UV-A 

and blue light stimulate the interconversion, while UV-B radiation inhibits it. Beside the 

inhibitory effect of UV-B on the interconversion of MAAs, UV-B may also inhibit 

MAA biosynthesis in general. The specific target of the latter is unclear, but multiple 

targets are possible. 

An action spectrum for MAA induction was measured under monochromatic light in the 

range- from 280 to 750 nm. The action spectrum indicates that the photoreceptor 

mediating shinorine photo-induction might be an as yet unidentified UV-A 

photoreceptor vvith absosption peaks at 320, 340 and 400 nm. The absosption 

characteristics of the putative blue light photoreceptor could not be identified. 

Beside the photo-induction of MAAs mediated through the proposed photoreceptors, an 

additional stimulation of MAA biosynthesis through increased reactive oxygen species 

may be possible. In addition, high concentrations of reactive oxygen species may 

stimulate an interconversion of shinorine and porphyra-334 to mycosporine-glycine in 

the red algal genus Porphyrs, providing an additional antioxidant during desiccation. 

Data presented demonstrate the high flexibility of redalgae to adjust MAA 

concentration and composition to the given radiation conditions. Once accumulated, 

MAAs provide - at least to some extent - photo-protection against UV radiation. Beside 

the primary function as sunscreens MAAs may act as antioxidants in some species. 

v -  
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Introduction 

1. 111troduction 

1.1 Marine macroalgae: their habitat and ecological importance 

Macroalgae are imp01-tant in ternls of biodiversity (Norton et al, 1996) and piay an 

important role in shailo\v water and coastal marine ecosystems (KlÃ¶se et al. 1994, 

Gomez et al. 1997). Although a global estimation of marine macroalgal biomass and 

productioti is difficult to conduct (Rasmus 19921, a contribution of 3 % of global 

primary production has been estimated (LÃ¼nin 1990). 5 % of total manne primary 

production is due to ~nacroalgae (Mann 1973, Smitli 1981). On an area basis, tlie 

producti\/ity of macroalgal \jegetations can rival or exceed that of terrestrial ecosystems 

(Mann 1973. Smith 1981, Thomas 2002). 

Mi~croi~lgal vegetation provides important nursery areas and habitats for fish and 

invertebsates. substrates for var i~us  epiphytes and sessile animals; it buffers the water 

colum~i agiiinst large changes in nutrient concentsation and stabilizes sediments (Duarte 

1995, KlÃ¶se et al. 1996). Macrophytes themselves as primary producers pi-ovide food 

for marine herbivores and detrivores (Dunton and Schell 1987, Iken 1996, Iken et al. 

1997). 

Macroalgae occupy habitats (especially On hard substrates) along global shores, strictly 

confined to the photic Zone. Theii- vertical distribution can be divided into supralittoral, 

euIittoralJintertida1 and sublittoral Iiabitats. Depending On their vei-tical position On the 

shore macroalgae must Cape with variations in sevesal environmental factoss. 

Speciniens of the s~ipsal i t to~~l  must resist lang unpredictable pel-iods of desiccation as 

weil 21s considerable changes in salinity. tempesature and irradiance. Eulittoral a l p e  

also 117ust cope with these environmental factors during low tide. In contrast. sublittoral 

species ase constantly submerged. and Lire only exposed to changing light conditions. 

All environniental factors shonl a predo~ninant seasonal variation (LÃ¼nin 1990). 

Sea~~jiiter temperature and i~~adiance  (especially UV radiation) influence survival, 

growtli and reproduction (Bischoff-BÃ¤sman and Wiencke 1996, Franklin and Forster 

1997, Gomez et al. 1998, 2001). Thus, both global warming and enhanced UV radiation 

due to stratospheric ozone depletion al-e likely to affect the biodiversity and productivity 
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of macroalgal commi~nities, Because mal-inc Slora and fauna are closely linked, this may 

ai'fect the entire coastal ecosystem. 

1.2 UV radiation and its effect on marine macroalgae 

A nat~~ral  shield against hal-mful ultraviolet radiation is provided by the gas ozone, 

present in the stratosphese at altitudes of approximately 10 to 50 km (Solomon 1990). 

The ozone layer 2bsorbs UV-C radiation (100-280 nm) and lasge portions of UV-B 

radiation (280-315 nm), while UV-A radiation (315-400 nm) and PAR (400-700 nm) 

passes almost unaffected. 

Astes shor-lived concems in the early 1970s that anthropogenic emission might deplete 

stratospheric ozone (Day and Neale 2002), chlorofluosocarbons (CFCs) were proposed 

as catalysts of ozone depletion (Molina and Rowland 1974). A few years' later 

scientists agseed that ozone depletion by CFCs is a significant threat (National 

Academy of Science 1979). Since 1980, UV-B radiation increased from mid-latitudes to 

polar segions (4-7 % at mid-latitudes, 22 % in the Asctic and 130 % in the Antasctic; 

Madronich et al. 1998). 

An ozone concentration depletion of 10 % results in an increase OS 50 % in transmission 

at 297 nm, 25 Ti at 303 nm and 0 % at 325 nm (Roy et al. 1990). Hannful UV-B 

sadiation will therefore increase without a psopostional increase in UV-A and PAR 

(HalIiwe11 and Gutteridge 1989). 

Scientists predicted tliat ozone depletion will remain severe during the next decade. In 

the middle of the 2lSt century ozone density may retuln to pre-1980 levels (Shindell et 

al 1998, Montzka et al 1999). 

Since the discovery of ozone depletion and the resulting increase in UV-B radiation, 

many sesearchers have in~lestigated UV effects on organisms and ecosystems (reviewed 

in Franklin and Forstes 1997: de Mora et al. 2000> Hester and Hassison 2000, Cockell 

and Blaustein 2001). 

The inain targets of UV radiation are bio molecuIes such as nucleic acid and proteins. 

These siiff'er structural damage that may result in an impairment or elimination of theis 

physiological Sunction (Halliwell and Gutteridge 1989, Vincent and Neale 2000). UV-B 

radiation results directly in the psoduction of cyclobutane-pynmidine dimers, while UV- 

A causes strand bseaks and DNA cross links through photodynamic production of 



hydsoxyl sadicals (Peak and Peak 1990). Both psocesses sesult in mutations during 

seplication of DNA. 

Psoteins, which Sunction as enzymes, hormones OS stsuctusal components OS cell 

osganelles, can be damaged or their pool size can be seduced by UV radiation. Thus 

photosynthesis can be impaired through damage of the D1 protein of photosystem I1 

(Vass 19971, a reduced activity of Rubisco, the CO2 fixing enzyme (Bischof et al. 2000, 

2002 a, b) and a Ioss of phycobiliproteins as well as othes photosynthetic pigments (Lao 

and Glazer 1996, Bischof et al. 2000). Based On an impaired photosynthesis, growth 

nlay be affected by availability of fewer energy equivalenis and reduced carbon fixation 

(Aguilera et al 1999, Kuhlenkamp et al. 2001). 

Dusing photosynthesis UV sadiation enhances the production of seactive oxygen 

species, which are able to oxidize DNA, RNA, proteins and pigments (Halliwell and 

Guttesidge 1989). Thus, UV sadiation and oxidative stsess have a synesgistic effect. 

To counteract hasmful effects OS UV radiation, osganisms - such as macroalgae - have 

evolved repais and mitigating mechanisms (Roy 2000). Thus, photolyase enzymes 

repais cyclobutane-pyrimidine dimers (Batschauer 1993, Nakajima et al. 1998) and 

seactive oxygen species ase eliminated by a number of different enzymes and 

antioxidants (Collen and Davison 1999, Aguilera et al. 2002a). Beside different repais 

mechanisms the avoidance of UV induced damage is impostant. Plants block potential 

ha~mful wavelengths by using UV absorbing cornpounds such as coumarins, flavonoids, 

mycosporine-like amino acids, phenolic substances or scytonen~in (Menzel et al. 1983, 

Garcia-Piche1 and Castenholz 1991, Logemann et al. 2000, Schoenwaelder 2002, Shick 

and Dunlap 2002). 

If repais and mitigating mcchanisms are impaired OS lackng, UV radiation affects the 

whole metabolism. A seduction of growth, seproduction and psoductivity (Dring et al. 

1996, Aguilera et al. 1999, Wiencke et al, 2000, Makarov and Voskoboinikov 2001) 

combined with genetic damage (Kulunscics et al. 1999, Vincent and Neale 2000) and 

depressed photosynthetic activity (Bischof et al. 2000, 2002 a, b, Hanelt and Nultsch 

2003) may finally alter biodiversity and thus the community structure OS ecosystems 

(Madronich et al. 1995). 
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1.3 Mycosporine-like amino acids (MAAs) 

MAAs are a class of small, colourIess, highly water soluble, polar and at cellular pH 

unchasged OS zwittesionic amino acid derivates (Carseto et al. 1990 b). They have a 

~noleculas weight of between 244 and 334 g mol-I and a high molar absorptivity (E = 

28100-50000 mal-' cm-') fos UV-A and UV-B, resulting in nassow absorption spectra 

between 309 and 360 nm (Tab.l.1; Bandaranayake 1998, Dunlap and Shick 1998, 

Cockell and Knowla~~d 1999). 

The comnion core structure is a cyclohexenone or cyclohexenine ring conjugated with 

one OS two amines, mostly amino acids and amino alcohols (Fig. 1.1). The absosption 

charactel-istic of these molecules is dependent 011 a System of double bounds in the core 

ring structure, which is altesed through the conjugated amines (Banderanayake 1998, 

Cockell and Knowland 1999). Monosubstituted MAAs (0x0 MAAs; e.g. mycosporine- 

glycine) with a cyclohexenone core have their absosption maximum in the UV-B, while 

bisubstituted MAAs (imino MAAs; e.g, shinorine) with a cyclohexenine core have their 

abso~ption maximum in the UV-A. 

Since the discove1-y of the tJV-absorbing s~~bstances "S-320" by Shibata (1969), later 

identified as MAAs (Dunlap and Chalker 1986), 19 different MAAs have been 

chal-actesized (overview in Dunlap and Shick 1998). In most cases names ase given after 

amines conjugated to the C, andos C3 atom of the core ring (e,g. mycospo~ine-glycine 

having a glycine conjugated to the C3 atom), in othes cases after the organism in which 

they \VCI-e found (e.g. palythine, palythinol and palythene from the sea anemone 

Pciljtlzoc~ t z ~ ~ e r c ~ ~ l o s u ;  Takano et al. 1978 a, b) or the location from which the organism 

\vas collected (e.g. shinorine from the red alga Cl~o i zdr~~s  yeizdoi collected near Shinosi, 

Japan; Tsyjino et a1, 1990). 

Table 1.1: Ivlolec~~lai- extinction coefficients and molecular weights for MAAs typically occurring in 
mag-ine red a lpe .  

b1 AA Extinction coefficient ~Molecuiar weight 
(mal-' cm-') ( g  mo1-') 

Mycospor~ne-glycine 28100 245,23 
Shinorine 44668 332.31 
Porphyrs-334 42300 346.33 
Palythine 36200 244.24 
Asterina-330 43500 288.30 
Palythinol 43500 302.32 
Palythene 50000 284.31 

Ito and Hirata 1977 
Tsujino et al. 1980 
Takano et al. 1979 
Takano et al. 1978 a 
Gleason et al. 1993 
Takano et a1, 1978 b 
Takano et al. 1978 b 



Palythine Astenna-330 Palythinol Palythenc 

Fisure 1.1:  Structures of the niosi common MAAs in marine red algae; R l  = amino acid 
01. aminc, R2 = glycinc, serine OS taurine 

Recently, a nevv type of MAAs has been discovered in dinoflagellates. Can'eto et al. 

(2001) extracted MAAs with a-typical absorption spectra characterized by the presence 

of a n iaxim~~m with a pronounced shouider in the UV spectrum. Although a clear 

identification of these compounds is still missing, the authors believe that single MAAs 

are covalently linked to one anotlier. Beside a broader UV screen, which can also be 

obtained by synthesizing different MAAs, the importance of these new MAAs might be 

thc reduction of ionizeable groups. The authors regard this as a mechanism to counteract 

physiolosical limitations in accumulating MAAs as osmolytes (Oren 1997, Karsten 

2002). 

MAAs have been found in autotrophic and heterotrophic organisms, from tropical 

through warm- and cold temperate regions to polar seas, mostly in marine, but also in 

freshwater 2nd terrestrial habitats (Karentz et al. 1991. Banaszak et al. 1998, Karsten et 

al. 1998 b. c, Jeffrey et al. 1999, Shick and Dunlap 2002 and references therein). 

The cellular localization of MAAs in algae is still unknown. Garcia-Pichel (1994) 

suggested that MAAs occur homogeneously within the cell, whereas Neale et al. (1998 

a) suggest that they may not. Recently, Maruyama et al. (2003) were able to show that 

MAAs are localized in the cup-shaped cytoplasma of the tunic bladder cells of 
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~yilibiotic dicleninid ascidians. Furthermore, this cell type was denser in the upper (unic 

above tlie colony's zooids. 

1.3.1 Biosynthetic pathway of MAA synthesis and evolutionary considerations 

Because of tlie phylogenetically widespread occun'ence of MAAs, especially in marine 

taxa, it is assumed [hat they arose early in evolution (Dunlap and Shick 1998, Cockell 

2nd Knowland 1999). As lifc first developed in the absence of atmospheric 0 2 ,  these 

organisms had to copc with the ful! solar spectruni including the highly energetic 

wavelengths of UV-C. Tlie simple structurc of 4-deoxygadusol (4-DG), an early 

intermediate of tlie shikimate pathway vvith an absorption niaximum at 294 nm, may 

have acted LIS a UV-C and UV-B sunscreen (Garcia-Pichel 1998). Later in evolution, 

amine condcnsation with 4-DG may have provided MAAs,  with inonosubstituated 

MAAs (A,l,;,, = UV-B) occurring earlier than bisubstituated = UV-Al, reflecting 

tlie rising atmospheric oxygen levels 2nd the resulting spectral composition of solar 

irradiance at the earth's sui-face (Garcia-Piche1 1998). 

Evidence for MAA biosynthesis via the shikimate pathway is still scarce. 3- 

DeIiydroquina(e (DHQ). a shikimate pathway intermediate, is the precursor for the six- 

membcred carbon ring common in mycosporines in [CI-I-cstrial fungi (Favre-Bonvin et 

al. 1987). ~i~liicli  are structui-al!) siniilar to MAAs. Bot11 fungal mycosporines 2nd 

MAAs iiiight be synthesized from DHQ via gadusol (see references in Bandaranayake 

1998, Sliick et al. 2000). 

MAA synthesis is inliibited in the coral Stflopliom pistillata by X- 

p!~osplio~ioii~etli~lglyci~ic ("glyphosate"). a spccific inhibitor of tlie shikimate pathway 

(Shick et al. 1999). Funliermore. externally administered tyrosine. a feedback inhibitor 

of the shikimate pathway in cyanobacteria, depressed MAA forrnation in the 

cyanobacterium Cliloroyloeopsi,\ (Portwicli and Garcia-Pichel 2003). Both results point 

to MAA synihcs~s ia the shikimate pathway. 

In addition. Por:v.ich and Garcia-Piche1 (2003) could demonstrate that radiolabelled 

gl!cine 2nd serine is inco~porated into the respective side chains of mycosporine- 

gl!cine iind shinonne. Based on their results. the) proposed that 4-DG conjugated with 

sl!,cinc rcsul~s in m!cospoi~~~ic-~l \ci t ie .  Tlie lattcr mcurporating serine forms shinorine. 

The! s ~ i s ~ c > i  t'~ii-t!~cr thiit thc high ui\ersit\ oi' VIAAs is produced by a ~ar ia t ion  in the 

am:ne con~i1sutei.1 to n i !cospo~~inc-~I~c inc .  I n  contrast (or addition) to an individual 

b~os!ni!icsis bascd on m!~cospor~~ie-ghci~ie. many authors suggest an interconversion of 

- 6 - 
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MAAs with shinorine andlor poiphyra-334 as precursors (e.g. Carseto et al. 1990 b, 

Franklin et al. 1999, Shick et al. 2000, Whitehead et al. 2001). 

Because the shikimate pathway is restricted to bacteria, algae, plants and fungi 

(Hermann and Weaver 1999, Shick et al. 1999), investebratcs lacking phototropic 

symbionts have to obtain MAAs from their diet (reviewed in Shick et al. 2000, Shick 

and Dunlap 2002). No data ai-e availablc about the biosynthesis of MAAs in 

rnacroalgae. 

1.3.2. Sunscreening function of MAAs 

The observation that MAA concentration in algae and corals is correlated with the 

vertical distribution in vvhich specimens were collected (e.g. Dunlap et al. 1986, Kuffner 

et al. 1995, Yakovleva et al. 1998, Karsten et al. 1998 b) lead to the assumption that 

MAAs act as photo-protective sunscreens against UV radiation (e.g. Sivalinga~n et al. 

1976, Bandaranayake 1998, Dunlap and Shick 1998). 

To be counted as UV sunscreens, MAAs have to comply three requirements (Cockell 

and Knowland 1999): they have to absorb UV radiation, they have to be UV induceable 

and they should enhance the physiological resistance against UV radiation. The first 

requirement is fulfilled, because MAAs have absoiption spectra vvithin the UV bands. 

Furthermore, they have no fluorescent capability (shinorine; Shick et al. 2000) or oniy 

very low quantum yield of fluorescence (poi~hyra-334; Conde et a!. 2000). In addition. 

radical production was absent in shinorine solution ii-radiated with UV radiation (Shick 

et al. 2000). These characteristics are consistent with a high efficiency of thermally 

dissipation of absorbed UV-B energy, supporting the hypothesis of a photo protective 

function (Shick and Dunlap 2002). In this connection, the high photo stability of MAAs 

in vitro and vivo should be mentioned (Adams and Shick 1996, 2001, Conde et al. 

2000). 

The second requirement is fulfilled in most cases, but not in general (see Hoyer et al. 

2002 and below). Because organisms containing MAAs are generally better adapted and 

less affected by UV radiation than those without (e.g. Neale et al. 1998 a, Bischof et al. 

2000, Karsten et al 2001, Aquilera et al. 2002b, Goncalves et al. 2002, Litchman et al. 

2002, Lesser and Barry 2003), the third requirement is also fulfilled. Nevertheless, the 

degree of protection varies (Lesser 1996, Neale et al. 1998 a, b, Franklin et al. 1999). 

The accuniulation of MAAs is only one of various strategies to minimize UV induced 

damage (Roy 2000). Therefore, it is hard to determine whether an increased resistance 

- 7 - 
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reversed, leading to MAAs as precursors of antioxidants. However, the generality of 

this process has to be proven and the enzymes controlling it have yet to be identified. 

In sonie cyanobacteria MAAs act as osmolytes (Oren 1997, Karsten 2002). However, 

this is not a general feature. In the cyanobacterium Chlorogloeopsis the final MAA 

concentration is also positively correlated to salinity, but the accumulated MAA 

concentration represents only 5 % of the intemal osmolyte concentration, which makes 

it unlikely that they contribute to the osmotic regulation (Portwich and Garcia-Piche1 

1999). In contrast to the positive correlation between cyanobacterial MAAs and salinity, 

the MAA concentration of the red algae Palmaria palmata and Devaleraea ra~nentacea 

seemed not to be correlated to the susrounding salinity (Karsten et al. 2003). 

Recently, Misonou et al. (2003) were able to demonstrate that MAAs protect thymine 

by a direct energy transfer process from molecule to molecule, quenching the excited 

thymine residue, which results in DNA protection. 

1.3.4. Factors controlling MAA formation 

Extensive sampling in different regions and water depths within some taxa revealed that 

the location of the habitat plays an important role. On the latitudinal scale MAAs occur 

most frequently and in high concentrations in tropical organisms. The concentration of 

MAAs declines over warm to cold temperate regions (Karsten et al. 1998 b, C,  Karsten 

and West 2000, Shick and Dunlap 2002). The increase in UV radiation with decreasing 

latitudes may be an explanation for this trend (Frederick et al. 1989). 

Furthermore, MAA concentration is positively correlated to the vertical distribution of 

specimens (bathymetric scale). Thus, organisms inhabiting shallow waters generally 

contain more MAAs than deep-sea species (Shick et al. 1996, Dunlap and Shick 1998, 

Karsten et al. 1998 b, 1999, Dunlap et al. 2000, Franklin et al. 1999, Karsten and 

Wiencke 1999). 

In addition. the light climate in algal communities also influences MAA formation. 

Thus, thallus parts exposed to high irradiances exhibit higher MAA concentrations than 

basal parts (Wood 1989, Molina and Montecino 1996, Muszynsh et ak 1998, Karsten 

and Wiencke 1999). 

Even though temperature and PAR isradiance gradients parallel the gradient of UV 

radiation on the latitudinal and bathymetric scales and might therefore have an influence 

On MAA formation, UV radiation is regarded as the main influence On MAA synthesis 

(Shick and Dunlap 2002). For example, over 70 % of the variation in MAA 



concentration exhibited in corals can be explained by differentes in exposure to UV 

radiation (Lesser 2000). 

Beside the location of the habitat, seasonal variation in ii~adiance has an influence on 

MAA formation. In genei-al, higher MAA concentrations can be found in summer than 

in winter (Post and Larkum 1993, Michalek-Wagner 2001, Aguilera et al. 2002~1, 

Dummermuth et al. 2003 a, b). 

Other than inadiance, nutrient availability, especially nitrogen, influences the synthesis 

of MAAs. Dinoflagellates grown under nitrogen limitation and high irradiance exhibit 

similarly low MAA concentrations as specimens grown under low imadiance (Litchman 

et al. 2002). 

1.3.5 Wavelength dependence of MAA formation 

Because irradiance is an important factor controlling MAA synthesis, many authors 

have investigated the ii~adiance-dependent formation of MAAs. The experimental set- 

ups mostly distinguish between PAR, PAR plus UV-A and PAR plus UV-A and UV-B 

using different cut-off filters. The results have revealed a very diverse induction Pattern. 

Hoyer et al. (2002) found different responses to PAR alone, PAR plus UV-A and PAR 

plus UV-A and UV-B. The first response type increased MAA concentration under both 

additional UV-A and UV-A plus UV-B, having the highest MAA concentration in the 

latter. The setond response type had the highest MAA concentration under PAR plus 

UV-A, with no additional induction due to UV-B. The third response type contained the 

highest MAA concentration under PAR plus UV-A, but additional UV-B lead to a 

decrease i n  MAA concentration. 

In recent years, many authors have investigated the wavelength dependent induction of 

MAA biosynthesis (Can-eto et al. 1990 a, Riegger and Robinson 1997, Portwich and 

Garcia-Pichel 2000, GrÃ¶nige and Hader 2002, KrÃ¤b et al. 2002, Sinha et al. 2002), 

resulting in a more detailed but still diverse picture. Using the saine polychromatic 

experimental set-up, Riegger and Robinson (1997) demonstrated that wavelengths 

between 370 and 460 nm exhibit the highest quantum efficiency for MAA formation in 

two Antarctic diatoms, while the prymnesiophyte Pl~uecystis antarctica showed a 

response maximum at around 345 nm. UV-B radiation was most effective for MAA 

accumulation in two cyanobacteria and the green alga Prasiolu stipitutu (Portwich and 

Garcia-Piche! 2000, GrÃ¶nige and Hader 2002, Sinha et al. 2002). In addition to UV 

radiation. blue light induces MAA accumulation in the dinoflagellate Alexandrium 
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excavatum (Carreto et al. 1990 a) and the red alga Chondrus crispus (Franklin e t  a1 

2001). Thus, the information about the nature of the regulating mechanism is limited 

and sise the question of the general distsibution of these characteristics within the algal 

classes. 

1.4 Action spectrum versus Biological weighting function 

Presumably since the discovery that sunlight is composed of different radiation colours, 

the question "Do these different components of irradiance result in differences of 

metabolic responses?" has emerged (Neale 2000). In the nineteenth century the first 

crude action spectra identified chlorophyll as chromophore responsible for plant growth 

(Daubeny 1836, Engelmann 1882, Draper 1884). In the 1940s the term "action 

spectrum" was coined (Kleczkowski 1972). 

In recent decades, more sophisticated methods to study wavelength-dependent plant 

responses have been developed. The different approaches can be divided into two 

groups: the first using nassowband (monochromatic) and the second using 

polychromatic irradiance (Coohill 1990). Although both approaches have been called 

'action spectrum" in the past (e.g. Rundel 1983, Coohill 1990); a stiicter use of this 

term is advisable to give an immediate idea of what kind of light source was used. 

The term "action spectrum" means that monochromatic issadiance is used to study 

metabolic responses. The criteria fos calculating an action spectrum are strict and 

include, for example, the transparency of samples at the wavelength of interest, an equal 

number of photons available for each chromophore, and the reciprocity of the measured 

response to the irradiation dose issespective of the exposure time (for detailed 

description see Shropshire 1972, Coohill 1990). If carefully conducted, an action 

spectrum can determine the absorption charactesistics of the target chromophore 

responsible for the investigated physiological process (Coohill 1990). Nevei-theless, this 

approach is highly artificial and implies that each wavelength contsibutes independently 

to the measured effect (Neale 2000), 

When polychromatic issadiance is used to investigate physiological responses, the term 

"biological weighting functions" should be used. In general, a set of cut-off filters is 

used to selectively eliminate shol-ter wavelengths from the given radiation spectrum. 

The wavelength dependent response is calculated through a simple equation (Rundel 



1983) or an extensive model sometimes including the time Course of the response and 

inhibiting effects (for detailed descriptions See Cullen and Neale 1997, Neale 2000). 

The resulting biological weighting function tends to mask the target chromophore, but it 

provides a more accurate description of the total biological response (Coohill 1989, 

1992). 

Thus, action spectra and biological weighting functions have their advantages and 

limitations and it is therefore necessary to provide detailed information On the 

experimental Set up so that the reader understands the limitations of presented data 

(Coohill 1992). Nevertheless, both approaches are important to understand UV effects. 

While action spectra identify the absorption characteristics of the chromophore 

responsible for a specific biological response (Coohill 1990), biological weighting 

functions help to understand biological responses based On interacting wavelengths 

including repair and mitigating processes (Coohill 1992). 

1.5 Photoreceptors 

Solar radiation is the primary energy source for life on earth and it's availability 

controls growth and development of organisms. To acclimate (short term) and adapt 

(Ions term) to changes in environmental radiation conditions, organisms need a way to 

sense light as signal and to transduce this signal, thus controlling physiological 

processes (RÃ¼dige and Figueroa 1992). Molecules, which perform this role, are referred 

to as  photo^-eceptors. 

During evolution different photoreceptors (chromophores) evolved in different 

evolutionary branches of biochemical pathways (Hegemann et al. 2001). These 

chromophores can be divided into three different classes: tetrapyrolles (e.g. 

phy~ochromobilin in  phytochrom), polyene (e.g. retinal in rhodopsin) and aromates (e.g. 

flavins and pterins in cryptochrom: Hellingwerf et al. 1996). With a combination of 

these chromophores, impinging issadiation can be sensed in respect to the available light 

quality and quantity. The transduction of light signals is achieved via photo reduction or 

photoisomerisation, transforming the light signal into a chemical signal (Hader and 

Tevini 1987). 

The following main photoreceptors have been identified (Hegemann et al. 2001, 

Watanabe 2004 and references (herein): 1) Rhodopsin, with the chromophore retinal, 
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sensing light betvveen 360 and 635 nm, 2) Phytochromes, with a phytochromobilin as 

chronioplio~-C, sensing red light, 3) Photoactive yellow proteins, with a 4- 

liydroxycinnenate chi-omophore, 4) Cryptochrome, with flavins andlor pterins as 

chrumophorc sensing UV-A and blue light and 5) Phototropin with a flavin 

chromophore scnsing UV-A and blue light. 

One 01- more photoreceptors from one or more photoreceptor-classes can be involved in 

tlie regulation of a pl~ysiological process. Casal (2000) pointed out that the interaction 

between signals perceived by different photoreceptors can occur at three different 

levels: tlie control of a photoreceptor by other photoreceptors, the physical interaction 

betwecn photorcceptors and the interaction downslream from the photoreceptor 

molec~~lcs .  The advantage of photoreceptor interactions may be a broader screening of 

the radiation spcctrum received by plants (Casal 2000) and a network of interacting 

sigrial p;ithw;iys. which are predicted to have emergent properties that are not obvious 

for each patliway i n  isolation (Weng et al. 1999). These include the inkgration of 

sigiials across multiple time scales. the generation of distinct outputs depending on input 

strenyth and duraiion 2nd self-sustaitied feedback loops (Bhalla and lyengar 1999). 

Witli such a complex systeni of scrcening capacity and light signal transmission plants 

are able io respond very efficiently and flexibly to changes in spectral distribution and 

light intcnsity. 

1.6 Introduction to research questions 

ÃŸase on a great nuniber of induction experiments it is a standingassumption that 

MAAs are photo-inducible. Experimental Set-ups niostly distinguished between PAR, 

PAR plus lTV-A 2nd PAR plus UV-A and UV-B. The reported results indicate that 

algac accu~~iulat ing MAAs can be divided inio ihree different type.s: 1. species with 

increased MAA concentration under botli additional I N - A  2nd UV-A plus UV-B and 

tlie hiebest MAA coi~cent~-ation under tlie latter radiation conditions: 2. species with 

highest MAA concentration under PAR plus W - A  and a neutral effect of additional 

UV-B radiation and 3. species vvitli highest MAA concentration under PAR plus UV-A, 

but with lower MAA concentrations when also exposed under UV-B (Hoyer et al. 

2002 j. 
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The proportionally greater inductive effect of UV radiation compared vvith PAR and, in 

type 1 algae, of UV-B over UV-A, may also bc explained by a specific effect of UV 

radiation resulting in an transcriptional upregulation of enzymes involved in MAA 

biosyntliesis (Shick et al. 2000). In this case MAA accumulation in type 2 and 3 algae 

may be explained by an UV-B induced depression of photosynthesis, vvhich results in 

fewer energy equivalents for metabolic processes including MAA biosynthesis. 

A sccond possibility of UV stimulated MAA synthesis, which does not necessarily 

involve specific UV-receptors of direct UV effects on genes coding for MAA 

biosynthesis enzymes, may be an indirect stimulation caused by higher concentrations 

of ROS (Shick et al. 2000). In recent years, it has become evident that ROS are key 

regulators of plant metabolism (Foyer and Noctor 2003, Mahalingam and Fedoroff 

2003). Thus, ROS can regulate both transcriptional and post-transcriptional processes 

(Sauer et al. 2001, Droge 2002, Errnark and Davies 2002). 

Based on the - not entirely proven - assumption that MAA biosynthesis proceeds via an 

early branch of the shikimate pathway (Shick et al. 1999, Portwich and Garcia-Pichel 

2003), it is interesting to note that genes coding for the first enzyme in the shikimate 

pathway are upregulated by UV radiation (Logemann et al. 2000). The signalling 

mechanism in this case is not known, but stimulation by ROS is discussed (Shick et al. 

2000 and references (herein). 

Because a dose-dependent accun~ulation of MAAs in the dinoflagellate Alexandrium 

excavatwn was reposted for blue, but not for red light (Casseto et al. 1990 a), 

photoreceptor(s) for specific wavebands of PAR can not be ruled out (Shick et al. 

2000). In this connection, photoreceptor(s) absorbing UV radiation may also be 

possible. Thus far, photoreceptors for UV-B (Portwich and Garcia-Pichel 2000), UV-A 

(Franklin et al. 2001) and blue light (Casseto et al. 1990a, Franklin et al. 2001) have 

been proposed. 

In this respect, the main puspose of the present study was to give a more detailed picture 

of wavelength-dependent MAA accumuiation in the red alga Chondrus crispus. The 

main research questions were: 

Are MAAs photo-inducible? 

and if they are 

What are the absorption characteristics of the relevant photoreceptor(s)? 
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1.7. Thesis outline 

In recent years, many authors have investigated wavelength-dependent MAA 

biosynthesis (Carreto 1990a, Riegger and Robinson 1997, Portwich and Garcia-Piche1 

2000, GrÃ¶nige and Hader 2002, Wabs et al. 2002, Sinha et al. 2002), which resulted in 

a more detailed but very diverse picture of wavelengths responsible for MAA 

formation. In C. crispus UV-B, UV-A and blue light have been reported to lead to an 

accumulation of MAAs (Karsten et al. 1998 a, Franklin et al. 2001, KrÃ¤b et al. 2002). 

Because of this, C crispus was used in this study to obtain more information on the 

wavelength-dependent accumulation of MAAs in both field and laboratory experiments. 

In some of the conducted experiments other physiological Parameters were included to 

put the accumulation of MAA into context of other acclimation processes. In addition, 

variations in MAA concentration and composition in the red algal genus Porphyra was 

investigated during desiccation. 

Publication I describes variations in the MAA content in the red alga genus Porphyra 

during tidal cycles. The relationship between MAA concentration, irradiance and 

desiccation was investigated in both field and laboratory experiments. 

Publication I1 focuses On the photo acclimation of C. crispus and Mastocarpus stellatus 

to different light qualities. Chlorophyll fluorescence and activity of ribulose-15- 

bisphosphate carboxylase/oxygenase was measured and the concentration and 

composition of MAAs analysed, to Set MAA accumulation into the context of other 

acclimation processes. 

The effect of different wavebands on MAA formation in C. crispus was investigated in 

publication 111, IV and V. In publication 111 different band-pass filters were used to test, 

whether UV radiation, blue, green or red light stimulates MAA formation. In contrast, 

cut-off filters were used to conduct polychromatic response spectra under both natural 

radiation and laboratory condition in publication IV and V, respectively. 

In Publication I11 the effect of different wavebands on MAA formation was tested. In 

addition, UV Stress tests were conducted to investigate the photo protective value of 

MAAs. 

Publication IV describes the acclimation of C. crispus to different light qualities. 

Photosynthesis and the concentration of photosynthetic pigments and MAAs were 
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investigated. Polychromatic response spectra for MAA accumulation were calculated. 

With this, the impact of MAA accumulation during acclimation should be estimated. 

Publication V focuses On polychromatic response spectra for MAA accumulation under 

both the full light spectrum and UV radiation alone. 

In Publication V1 an action spectrum for monochromatic light in the range from 280 to 

750 nm was described for shinorine induction in C. crispus. 

Finally, results will be summarized and discussed and a model for MAA biosynthesis 

will be proposed. 
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2. Material and Methods 

2.1 Okazaki Large Spectrograph 

The Okazaki Lai-ge Spectrograph (OLS; Watanabe er al. 1982) at the National Institute 

f'or Basic Biology (NIBB), Okazaki, Japan provides monochromatic light by a large 

spectrograph equipped with a 30 kW Xenon arc lamp (Ushio EIectric Co., Tokyo, 

Japan). The light bcam is reflected first by a plane mirror and than by a condensing 

m i i ~ o r .  After reflection by a diffraction grating, it passes through an intercepting plate 

window of different optical filters into the irradiation room (Fig. 3.1). 

Irradiation 
condensing mirror room 

Xe short arc lamp intercepting plate window 
(UG5, BG-38, RG-715, RG-830) 

diffi-action grating 

Figure 3.1: Okazaki Large Spectrogra 

2.2 Polychromatic response spectra 

Pol ychromatic response spectra were calculated from the respective MAA 

concentrations accumulated in C. crispiis grown under different filter conditions. First, 

second order polynomial (shinorine) and linear (palythine, asterina-330) equations were 

fitted through the measured data points for the respective M A A  concentration 

accumulated in algac cxposed under each filter. Using the equations obtained a 

- 1 7 -  
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'theoretical" concentration of the respective MAA was calculated for a specific day of 

the experiment. A mean value was calculated and used for a group of filter treatments 

with no statistically significant difference in MAA concentration, while the individually 

caiculated value was used directly if the pattein in MAA accumulation under the filter 

in question was significantly different from neighbouring filter treatments. To calculate 

the polychromatic response spectrum for the total MAA concentration, the mean value 

for the steady state was calculated. Statistically significant differentes between different 

filter treatments were taken into consideration as described above. 

Response spectra were calculated with this statistically adjusted data Set: the difference 

in MAA concentration in algae grown under two sequentially numbered cut-off filters 

was divided by the difference in total irradiance between the two lighl fields beneath the 

filters according to Rundel (1983). All calculations of polychromatic response spectra 

are based on the median wavelength of the difference in total irradiance obtained by 

subtraction of two sequential light fields as described by Riegger and Robinson (1997). 

2.3 Action spectrum 

The reciprocal of the fluence rate required for formation of a certain amount of 

shinorine was calculated from the linear part of the fluence response curves and plotted 

against wavelength (for overview see Shropshire 1972, SchÃ¤fe and Fukshansky 1984, 

Holmes 1997). 

2.4 Biological variables 

Maximal quantum yield of photosystem I1 electron transport of dark adapted algae (4 

min) was determined by the ratio of variable to maximal chlorophyll fluorescence 

(Fv/Fm) with a PAM 2000 chlorophyll fluorometer (Walz, Effeltrich, Germany), 

following the protocol described in detail by Hanelt (1998). Photosynthesis versus 

ir~adiance curves vvere recorded with the same fluorometer as described by Bischof et 

al, (1999). 

Changes in the pigment composition and content vvere analysed as described by Bischof 

et al. (2002). 
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Changes in MAA composition and content were analysed as described by KrÃ¤b et  al. 

(2002) with the modification of the mobile phase to 5 %, 15 % or 25 % aqueous 

methanol (VIV) plus 0 , l  % acetic acid (VIV) in water. 

2.5 Data treatment 

Statistical significance (p<0,05) of difference in MAA and pigment content 

accumulated under each cut-off filter and for different times as well as their combined 

effect was tested by two way analysis of variance (ANOVA) followed by Least 

Significant Differente-Test (LSD). Calculations were done using the program Statistica 

Kemel-Version 5.5A (StatSoft, Inc., Tulsa, OK, USA). When requirements for ANOVA 

were not fulfilled, a Mann & Whitney Test (p<0,05; Lozan & Kausch 1998) was 

conducted. 
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Effects of desiccation and irradiance during tidal cycles On the content 

of the mycosporine-like amino acids (MAAs) in Porphyra unzbilicalis 

(L.) J .  Ag. and Porphyra purprea (Roth) C .  Ag. 

Gudrun KrÃ¤b and Christian Wiencke 
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Germany 

Abstract 

The effect of irradiance and desiccation dusing tidal cycles on mycosporine-like amino 

acids (MAAs) of the red algal genus Porphyra was examined on two sunny days in 

early summer on Helgoland and in the laboratory. During morning and evening high 

tide algae collected in the field exhibited high concentration of imino MAAs, while 

markedly lower concentrations could be found in desiccated thalli at noon. A counter- 

rotating pattern of rnycosporine-glycine could be observed in May, while the pattem of 

mycosporine-glycine concentration coincided with the pattem of imino MAAs in June. 

Algae collected in June had a four-fold higher MAA concentration than algae collected 

in May and the decreaselincrease in MAA content occurred faster, but the difference in 

MAA content between submerged and desiccated thalli remained the Same. Thalli kept 

submerged throughout the day in June exhibited no changes in MAA content. The trend 

measured in May could be confirmed through a shostened tidal cycle in the laboratory, 

although the difference in MAA content between submerged and desiccated thalli was 

lower than in the field. This might be due to the lower PAR and the absence of UV 

radiation. Simulating high tide at noon, similar results could be found, but with reversed 

premises. We could shovv that the MAA content is dependent on the water content of 

the algae and the incident irradiance. The possible role of this irradiance and water 

content dependent cycle of MAAs might be their function as antioxidants and as their 

precursors. 

Key words: desiccation, mycosporine-like amino acids, Porphyra 
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Species of the red algal genus Porphyra abundantly occupy the intestidal and upper 

sublittoral Zone of rocky shorelines (LÃ¼nin 1990), and have to cope with extreme 

periodical changes of various environmental factors such as irradiance, desiccation, 

temperature, salinity and nutrient availability. Of these Stress factors, Maegawa et  al. 

(1993) regard solar UV radiation as one of the most important factors controlling the 

depth distribution of red algae, which is supported by other studies of macroalgal 

zonation Patterns from polar to temperate regions (Dring et al. 1996; Hanelt et al. 1997; 

Bischof et al. 1998, 2000). 

Intestidal and upper sublittoral red algae contain high amounts of mycosporine-like 

amino acids (Hoyer et al. 2001). Due to their absorption spectra between 310 and 360 

nm, it is assumed that MAAs act as UV sunscreens (Dunlap and Shick 1998, for 

overview See Bandaranayake 1998; Shick et al. 2000). Comparisons of physiological 

processes in algae with accumulated MAAs to those without demonstrated that the 

fonner are generally more resistant to UV induced damage, although the degree of 

protection varies (Lesser 1996; Neale et al. 1998; Franklin et al. 1999). 

Beside this UV screening role, several MAAs have dem~nstrated antioxidant properties 

(Dunlap and Yamamoto 1995; Dunlap and Shick 1998; Nakayama et al. 1999; Shick 

and Dunlap 2002) and were thought to have an osmotic function (Oren 1997; Karsten 

2002, but See Postwich and Garcia-Piche1 1999). Furthermore, they might protect the 

DNA molecules by quenching the excitation state of thymine molecules (Misonou et al. 

2003). 

Studies on the accumulation of MAAs in species exposed to different radiation 

conditions were usually performed for periods of several days or weeks (Franklin et al. 

1999; Karsten et al. 2001). To our knowledge there has been no study examining the 

variation of MAAs during tidal cycles at different times of day. In the present study we 

examined the MAA content of Porphyra umbilicalis and P. pupurea On different levels 

of the Helgoland shoreline in May and June to examine the effect of desiccation and 

natural solar irradiance on the MAA concentration within the algae. Furthermore, we 

simulated two different reduced tidal cycles in the laboratory, exposing algae to a 

Course of PAR irradiance to obtain a better understanding of the relationship between 

desiccation, impinging irradiance and MAA content. Our results give an improved 
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insight into the physiological function of MAAs under changing environmental 

conditions in the intertidal Zone. 

Materials and Methods 

Plant material and culture conditions 

For the outdoor experiment, samples of Porphyra umbilicalis growing on the high tide 

water line were taken every hour at the east pier of the nostheast harbour of Helgoland 

(German Bight, Nosth Sea; 54'11'N, 7'53'E) on 3 and 4 May 1997. On the 7 June 1999 

thalli OS Porphyra spp. were collected from two different levels of the shoreline of the 

north-west harbour of Helgoland, (1) Porplzyra umbilicalis approximately 50 cm below 

the high tide water line and (2) Porphyra pupurea circa 150 cm below it. Additionally, 

some thalli from the upper shore location were placed into a small water basin placed 

close to their original growth site. Every hour the water was exchanged to minimize 

changes in temperature and nutrient levels. Samples were taken every half hour. On 

both dates low tide was around noon. 

For the laboratory experiments, thalli of Porphyra umbilicalis were collected from the 

high tide water line of the east pier of the northeast harbour of Helgoland in September 

1997. They were cultured for two months at 15OC, 100 pmol m'2 s" PAR and a light 

dark cyclc of 16:8 hours in Provasoli enriched Nosth Sea water (McLachlan 1973), 

before being transferred to the experimental Set up. 

The experimental Set up consisted of a slide projector and a mirror reflecting the light 

beam onto a table. Samples were exposed for eight hours in small, shallow, transparent 

boxes to one hour of each 150 (lst  and gth hour), 300 (2nd and 7th hour), 500 (31d and 7th 

hour) and 800 pmol m'2 s" PAR (4th and 5th hour), obtained through the use of the 

neutral density filters T=0.2, T=0.4, T=0.6 and T=0.8 (Schott, Mainz, Germany), 

respectivel Y.  



In the first experiment, moming and evening high tide was simulated. Therefore, 

samplcs were submerged in seawater for the first and eighth hour of the experiment. In 

the second experiment noon high tide was simulated keeping specimens submerged in 

seawater during the fourth and fifth hour of the experiment. In this case algae were kept 

over night within moist tissue Paper. In both experiments samples were taken every 

hour. 

The state of desiccation was calculated using the following equation: 

Waterloss (%) = 100 - (100 * (FW -FWKei))/(FW-DW) 

with the initial fresh weight FW, the relative fresh weight FWrei at the sampling time 

and the dry weight DW. 

Light measurements 

Radiation conditions at Helgoland during the experiment were continuously monitored 

by a PUV-500 radiometer (Biospherical Instruments, San Diego, USA) mounted on the 

roof of the Biologische Anstalt Helgoland. 

Analysis and identification of MAAs 

The samples were silica dried and MAAs were subsequently extracted for 2 hours in 25 

% aqueous methanol (VIV) at 40Â°C The extracts were evaporated to dryness under 

reduced pressure (Speed Vac Concentrator SVC 100 H, Savant Instruments. Inc.. 

Holbrook, USA) and redissolved in the initial volume of 100 % methanol. The extracts 

were separated on a Waters HPLC System fitted with a Knauer Spherisorb RP-8 

column. The mobile phase was 15 % or 25 % aqueous methanol (VIV) plus 0.1 % acetic 

acid (VIV), run isocratically with a flovv rate of 0.7 ml min". Peaks were detected at 330 

nm and absorption spectra were recorded from 290 to 400 nm. The MAAs were 

identified by absorption spectra, retention time, and in the case of shinorine by co- 

chromatography with extracts of the red alga Mastocarpus stellatus. Quantification was 

made using published extinction coefficients (Takano et al. 1978a,b; Tsujino et al. 1980; 

Dunlap et al. 1986; Gleason et al. 1993). Because of their absorption spectra 

concentrations of both substances unknown 1 and 2 (Fig. 1) were calculated as for 

porphyra-334 to give a rough quantification. Results are expressed in mg g" DW. 



Figure 1: HPLC chromatogram with peak absorption spectra of a 25 % aqueous methanol (VIV) extract; a 
mobile phase of 15 % aqueous methanol (vlv) and 0.1 % acetic acid (VIV) was run isocratically over a 
Knauer Spherisorb RP-8 column; AU: absorption units at 330 nm. 1 = mycosporine-glycine, 2 = 
shinorine, 3 = porphyra-334 = 4. unknown 1, 5 = unknown 2, 6 = palythine, 7 = palythinol. 

Data treatment 

Statistical significance in MAA contents on 3 and 4 May 1997 and in the laboratory 

experiment was calculated using the Mann and Whitney Test (p<0.05) and the 

Mediantest (p<O.l) (Loziin and Kausch 1998). Statistical significance (p<0.05) of 

differences in MAA content in Porphyra spp. (7 June 1999) between different sampling 

times and between desiccated and submerged thalli at a specific time were tested by one 

and two way analysis of variance (ANOVA) followed by Least Significant Difference- 

Test (LSD). Calculations were done using the program Statistica Kernel-Version 5.5A 

(StatSoft, Inc., Tulsa, OK, USA) 
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Results 

The first expesiment was conducted on 4 May 1997. It was mostly sunny during the 

experiment (Fig. 2A and Tab. 1). The temperature was between 7.3 and 10.8 Â¡C the 

relative atmosphesic humidity between 64 and 99 %, and the wind speed between 7.3 

and 10.8 m s" (Deutscher Wetterdienst, Hamburg, Gerrnany). High tide was at 9:27 h 

and 2152 h. low tide at 16:15 h. 

Local time 

Figure 2: Course of solar PAR, as recorded on 4 May 1997 (A) and 7 June 1999 (B). 

Table I: Daily dose of solar radiation 

Date 305 nm 320 nm 340nm 380 nm 400-700nm 

kJ m-' mol m" 

03.05.1997 0,477 5,747 11,620 17,139 40,4 18 

07.06.1999 0,407 6,479 13,049 20,3 13 49,103 

The content of vasious MAAs in Porphyra umbilicalis showed a considerable variation 

dependent On the time of day and the tidal cycle. The MAA content of the imino MAAs 

porphyra-334, palythine, palythinol and palythene was reduced half an hour after 

moming high tide, and within the next hour during further desiccation to values close to 

Zero. In contrast, the amount of mycosposine-glycine increased in desiccated thalli at 

low tide (Fig. 3). Two hours before the evening high tide an increase in the imino 



Mycosporine-Glycine q@j 
"̂̂ i 

sy," 
A$ ^fSt &,G * .*y-,.t'< 

Local time 

Figure 3: Daily cycle of MAA content in Porphyra iimbilicalis, as recorded on 3 (0)  and 4 (0) May 
1997; MVkSD, n = 3; statistical significant differences (p<0,05) from Start value at 11:30 h of 4 May are 
marked (*); shaded areas represent water coverage of sampling site. 
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MAAs was observed with a parallel decline of mycosporine-glycine. At the evening 

high tide all algae exhibited similar MAA concentrations and distsibutions to those 

observed during the moming high tide. Throughout the daily cycle, there was an 

exponential cosselation between the accumulated amount of imino MAAs and 

mycosporine-glycine (Fig. 4). 

Figure 4: Ratio between 
mycosporine-glycine and 
porphyra-334, as recorded n 
on 3 and 4 May 1997; 
values from 19:30 h (0) % 
are left out of the applied - E 
exponential fitting. ? 

0,OO 0.05 0,lO 0,15 

Mycosporine-Glycine (mglg DW) 

The second experiment was conducted on 7 June 1999. During the experiment it was 

sunny (Fig. 2B and Tab. 1), the temperature was between 12.7 and 16 'C, the relative 

atmospheric humidity between 77 and 88 % and the wind speed between 2.3 and 6.7 m 

s" (Deutscher Wetterdienst, Hamburg, Germany). High tide was at 6 5 0  h and 19:08 h, 

low tide at 13:22 h. 

In P. umbilicalis collected approximately 50 cm below the high tide water line, the daily 

cycle of shinorine and porphyra-334 concentration was similar to that found in May 

(Fig. 5). The concentration of palythine, asterina-330 and palythinol remained stable 

throughout the experiment. The amount of imino MAAs was four times higher than in 

May and the reduction of these MAAs happened faster (within 30 minutes), but to 

approximately the Same extent (circa 10 mg g" DW), down to an imino MAA amount 

of roughly 15 mg g '  DW. 

In contrast to the pattem of mycosporine-glycine concentration with high values during 

low tide in May, the content of mycosporine-glycine in thalli sampled in June showed 

the Same pattem as the imino MAA concentration. 



Mycosposine-Glycine 

Shinorine 

1 (Palythine, Asterina-330, Palythinol) 

Local time 

Fiaure 5 '  Daily c ~ c l e  of MAA content in Porpli\'ra iiinbilicalis growing approximately 50 cm below high 
tide Ã§aterline as recorded on 7 June 1999; = specimens undergoing natural desiccation, 0 = 
specirnens artificially covered under water: MVkSD, n = 5-15; shaded areas represent water coverage of 
samplins side; for statistical data See Table 2. 



Shinorine 

Palythine 

Local time 
Figure 6: Daily cycle of MAA content in Porphyrs purpur-ea growing approximately 150 cm below high 
tide waterline, as recorded on 7 June 1999; MVkSD, n = 10-15; statistical significant differentes (p<0.05) 
from Start value at 9:30 h are marked (*); shaded areas represent water coverage of sarnpling side. 



Table 2: Statistical significance (p<0.05) of differente in MAA between concentrations at 8:00 h and 
different sample times ( 0 ,  0 )  and between thalli undergoing natural desiccation ( 0 )  and submerged 
thalli ( 0 )  at a specific sampling time (one and two way ANOVA followed by LSD). 

Mycosporine-Glycine + + + + + + + + + + + + + + + 

Porphyrs-334 

Palythine 

Shinorine + + + 
Porphyra-334 + + + 

0 Palythine + + 

Palythinol + + +  + 
Mycosporine-Glycine + + + + + + + + +  

0 shinOrine 
W Porphyra-334 
3 
M 
i- Palythine 
(U ' Asterina-330 

Palythinol 

Table 3: Statistical significant differentes between the two artificial tidal cycles at a specific time: Mann 
and Whitney Test (p<O.O5)/Mediantest (p<0.1) 

0 hour 1 hour 2 hour 3 hour 4 hour 5 hour 6hour 7 hour 8hour 

Mycosponne-Glycine +I+ -1- +I+ +I+ +I+ +I+ +I+ +I+ +I+ 

Shinorine 

Porphyra-334 

Unknown l 

Unknown 2 

Palythine +I+ +I+ -/+ +I+ -/+ -/+ -1- +I+ -I+ 
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Specimcns OS P. purpurea collected approximately 150 cm below the high tide water 

line cxhibited tlie Same pattein of MAA accumulation as described for algae collected 

50 cm below i t .  

In'espective of Lhe shoreline-level, thalli exposed to desiccation Stress exhibited the 

same pattem in MAA content, while thalli kept artificially submerged showed no 

changes in the amount of accumulated MAAs (Fig. 5 and 6). 

Laboratory experiments showed that a tidal cycle with a period reduced to 8 h,  with 

morning and evening high tide, exhibited the same pattem in the concentration of imino 

MAAs and mycosporine-glycine as in algae collected in May (Fig.7). The only 

differcnce was, that the reduction of imino MAAs is approximately one fourth OS the 

reduction found in thalli exposed to natural solar in'adiance. 

Time (h) 

Figure 7: Cycle of MAA content in P o r p l ~ ~ r a  iiinbilicalis during a shortened, artificial tide cycle: 
specimens submei-ged during first and last hour (0)  and specimens submerged during fourth and fifth 
hour (0) of the experiment: MVkSD, n = 3; statistical significant differences (p<0,05) from Start value 
are marked (a and b, respectively), for statistical differences between the tide cycle See Table 3. 
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Simulating high tide at noon resulted in a relationship between the accumulated imino 

MAA content and mycosporine-glycine, similar to the experiment with morning and 

evening high tide, but with reversed premises. Thus, high mycosporine-glycine 

concentrations were found in the beginning and at the end of the experiment after 8 h, 

while high imino MAA concentrations were found after about (1) 2 to 4 (7) h. 

The relationship between mycosporine-glycine and imino MAAs was not so clear as in 

the field experiment in May, but a linear correlation between them, might exist 

isrespective of the simulated tidal cycle (Fig. 8A). The highest correlation was found 

between mycosporine-glycine and the MAA unknownl (Fig. 8B). 

Plotting the water loss against the amount of imino MAAs it becomes obvious, that the 

content of imino MAAs decreases at a water loss of approximately 10 % of the internal 

water content and stays constant at water losses up to 60 % (Fig. 9). 

Mycosporine-Glycine (mglg DW) 

Figure 8 (t): Ratio between mycosporine- 10 7 
glycine and the total concentration of imino 
MAAs (A) and unknown 1 (B), respectively in 
Porphyrs umbilicalis during a shortened, 
artificial tide cycle; specimens submerged 0 
during first and last hour (Â¥ and specimens 
submerged during fourth and fifth hour (0) of 
the experiment. 

0 1 
Figure 9 (+) Ratio between desiccation Status 
and imino MAA content in P o ~ p l ~ y r a  

= 2 -  E 
tart 

ui~~bi l ical is  d u n n g a  shortened, artificial tide 
cycle, specimens submerged during first and 0 
last houi (e) and specimens submerged during -10 0 10 20 30 40 50 60 

Interna1 water loss (9%)  



Discussion 

Our results show for the first time that the MAA content in a red alga changes with the 

tide. Until now the MAA concentration in the genus Porphyra was regarded as 

constantly high without room for short-term induction (GrÃ¶nige et al. 1999; Hoyer et 

al. 2001). In our experiment, the MAA content, however, is not directly related to the 

tide as it remains stable when algae are artificially submerged during low tide (Fig. 5) 

and during rainy days (data not shown). Furthermore, the "tide-dependent" changes can 

be simulated by exposing long teim submerged algae to artificial tidal cycles (Fig. 7). 

Thus, the changes in MAA content are due to a desiccation of the thalli and are 

therefore dependent on the water content. This was demonstrated also in the laboratory 

experiment. Irrespective of the simulated tidal cycle, the decrease in the imino MAAs is 

associated with a loss of about 10 % loss of the thallus water content (Fig. 9). 

As solar irradiance, temperature, wind and atmospheric humidity affect the rate of 

desiccation (Bell 1995), this would also explain the faster decrease of the MAA content 

in June. Thus, higher temperatures and irradiance measured in June would increase the 

desiccation rate of the thalli and the critical threshold of 10 % loss of water content 

would be reached sooner. To make a precise prediction, temperature and atmospheric 

humidity as well as wind speed should be measured near the Porphyra canopy. 

Theoretically, an explanation for the water dependent changes in MAA content would 

be a possible function of the MAAs as organic osmolytes. Because MAAs are highly 

water soluble, polar and - at cellular pH - uncharged or zwitterionic amino acid 

derivates (Carreto et al. 1990), they exhibit the typical characteristics of an organic 

osmolyte (Kirst and Bisson 1979). Furthermore, high concentrations of MAAs do not 

have harmful effects On the cellular metabolism, another feature of "compatible solutes" 

(Brown and Simpson 1972). While some authors described an osmotic function of 

MAAs in cyanobacteria (Oren 1997; Karsten 2002), this is not the case here, because 

the imino MAAs decrease under hypersaline conditions in desiccating thalli (Fig. 5-7) 

and stay stable in hyposaline conditions when exposed to rain. This is not the pattem 

characteristic for osmolytes, which should increaseldecrease during 

hyperosmotic1hypoosmotic Stress (Kirst 1990). 

The content of mycosporine-glycine detected in algae collected in May and in thalli 

exposed in the laboratory experiment, however, would fit into this pattem. However, 

this pattem was not found in the experiment conducted in June. Furtherrnore, compared 
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with the concentration of other osmolytes such as (iso) flosidoside, which have been 

found at concentrations of between 50 and 220 pmoles per g fresh weight in P. 

umbilicalis (Wiencke and LÃ¤uchl 1981; for P. purpurea See Reed et al. 1980) the 

changes in mycosporine-glycine content (1 mg g'l DW - 4 pmol g'l DW) would only 

play a minor role. Therefore we conclude that, as in Palmaria palrnata and ~evd leraea  

ramentacea (Karsten et al 2003), MAAs do not have a function as osnlolytes in 

Porphyra spp.. Similar results were reported for the cyanobacterium Chlorogloeopsis, 

in which the final MAA concentration is positively correlated to salinity, but represents 

less than 5 % of the intemal osmolytes and it is therefore unlikely that they contribute to 

osmotic regulation (Portwich and Garcia-Piche1 1999). 

A more probable explanation for the variation in MAA content may be their function as 

an antioxidant-system to protect algae from reactive oxygen species (ROS). 

Singlet oxygen ( ' o ~ ) ,  super oxide (02-), peroxides (e.g. H202) and hydroxyl radicals 

(OH') are generated both by respiration and photosynthesis and damage essential 

components of cells such as proteins, membrane lipids and nucleic acids (Asada and 

Takahashi 1987; Bowler et al. 1992). Desiccation, which can disrupt respiration and 

photosynthesis, can lead to an increased formation of ROS (Bowler et al. 1992; 

Smimoff 1993; Alscher et al. 1997; Yordanov et al. 2000). Thus, Davison and Pearson 

(1996) regard protection against ROS as an important mechanism in Stress tolerante of 

intertidal algae. Beside enzymes (e.g. ascorbate peroxidase, gluthation reductase, super 

oxide dismutase), plants use antioxidants (e.g. ascorbic acid, gluthation, a-tocopherol) 

to scavenge ROS (Bowler et al. 1992; Ingram and Bartels 1996). This strategy has also 

been detected in macroalgae (Aguilera et al. 2002; Bischof et al. 2003; Dummermuth et 

al. 2003). 

There is good evidence that some MAAs (e.g. mycosporine-glycine) also have 

antioxidant properties (Dunlap and Yamamoto 1995; Nakayama et al. 1999; Shick and 

Dunlap 2002). Fusthermore, Dunlap and Shick (1998) demonstrated that shinorine and 

porphyra-334 can be bioconvested into mycosporine-glycine and further into the strong 

antioxidant 4-deoxygadusol through Vibrio bacteria. Although data on enzymes 

regulating this kind of bioconversion in algae are still missing, we would like to suggest 

that the responsible enzymes exists and hypothesise the following scenario: 

After emersion of Porphyra thalli ROS concentration increases due to photosynthetic 

activity, which is fully functional until thalli are desiccated to approximately 60 % 

relative water content (Stocker and Holdheide 1938; Lipkin et al. 1993). The 

- 36 - 
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presupposed enzymes converting shinorine and porphyra-334 into mycosporine-glycine 

are presumably activated through desiccation andlor higher concentrations of ROS. The 

ten-fold lower increase in mycosposine-glycine compared to the decrease in shinorine 

and porphyra-334 content of algae collected under natural conditions is explained 

through a decomposition of oxidised mycosporine-glycine (Dunlap and Yamamoto 

1995). With rehydration the presupposed enzymes are inactivated and the pool of 

shinorine and porphyra-334 is refilled. Presumably, a steady state between synthesis of 

shinorine and porphyra-334 and the interconversion to mycosposine-glycine is reached 

at some point during emersion. As we do not have any infosmation about 4- 

deoxygadusol concentrations during tidal cycles, it is yet unclear whether the 

bioconversion stops at the mycosporine-glycine level or is continuous to 4- 

deoxygadusol. 

Based On the results of the laboratory experiment, unknown 1 and 2 (maybe isomers of 

shinorine andor poi-phyra-334) might be irnportant steps within the interconversion 

(especially unknown 1). It is likely that they also exist in field samples, but remained 

undetected because the HPLC analysis was performed with a higher methanol 

concentration. Therefore, i t  is important to study isomers, their function and propesties, 

as recently done for the cis-trans isomers palythene and usujirene (Conde et al. 2003). 

The different correlation between mycosposine-glycine and imino MAA concentrations 

(Fig. 3 and 8) suggest that the light climate dusing desiccation plays an important role 

for the course of this process. Thus, the exponential correlation between mycosporine- 

glycine and imino MAA concentration found in algae collected in May under natural 

solar radiation might reflects the two fold higher light intensities and inclusion of UV 

radiation compared to the PAR intensities in the laboratory experiment. As UV 

radiation and high light intensities increase the formation of ROS (Aguilera et al. 2002; 

Smimoff 1993; Yordanov et al. 2000), this might also reflect the necessity of a higher 

efficiency of this process. 

In this respect the seasonal differences in the course of mycosporine-glycine 

concentration during emersion might be explained. Higher PAR and UV intensities may 

make it necessary for a pool of mycosporine-glycine already exists psior to emersion 

and that the oxidation/decomposition of mycosporine-glycine to be faster due to a 

higher level of ROS. It is therefore possible that these enzymes are activated and 

deactivated in spring and fall, while they remain activated in summer, 
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The seasonal differences also indicate that beside the function of MAAs as sunscreens 

e . g .  Dunlap et al. 1986; Dunlap and Shick 1998; Conde et al. 2000) a major role of 

MAAs in Porphyru spp. might be their role as antioxidant and as precursors of 

antioxidants. 

Although this scenario is highiy hypothetical and needs to be proved, we suggest that an 

antioxidant System like this exists in Porphyra spp.. Whether it is a common protection 

mechanism existing in all intestidal algae exhibiting MAAs must also be ascestained. 

Our data indicate that MAAs contribute to desiccation tolerance, adding a further 

substance/mechanism enhancing the ability to withstand emersion. They might not play 

a major role, but since many mechanisms interact and act at different stages of 

desiccation and as sensitive compartments can be protected in more than one way, they 

may play an essential role in desiccation tolerance (Davison and Pearson 1996; 

Hoekstra et al. 2001 and references therein). 
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Abstract Chondrus crispiis and Mastocarpus stellatiis 
both inhabit the intertidal and upper sublittoral Zone ol 
Helgoland, but with C. crispus generally taking a lowei 
position. Measurements of chlorophyll fluorescence, ac- 
tivity of r~bulose-1,s-bisphosphate carboxylase/oxyge- 
nase (RubisCO), and content and composition of UV ab- 
sorbing mycosporine-like amino acids (MAAs) were 
conducted in the laboratory, to test whether susceptibility 
to UV radiation may play a role in the vertical distribu- 
tion of these two species. Effective and maximal quan- 
turn yield of photochemistry as well as maximal electron 
transport rate ( E T R , )  in C. crispus were more strongly 
affected by UV-Ã radiation than in M. stellatus. In both 
species, no negative effects of the respective radiation 
conditions were found on total activity of RubisCO. To- 
tal MAA content i n  M. stellatus was up to 6-fold higher 
than in C. crispus and the composition of MAAs in the 
two species was different. The results indicate that, 
among others, UV-B sensitivity may be a factor restrict- 
in". crispus to the lower intertidal and upper sublitto- 
ral zone, whereas M. stellatus is better adapted to UV ra- 
diation and is therefore more competitive in the upper in- 
tertidal zone. 
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Mastocarpiis stellat~is . Mycosporine-like amino acids . 
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Introduction 

ÃŸot Choiidrus crispus and Mastocarpus stellatus are 
abundant species of red alsae along the coasts of the 
North Atlantic and inhabit the intertidal and upper sublit- 
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total zone of rocky shorelines (LÃ¼nin 1990). However, 
M. stellatus was not recorded from the island of Helgo- 
land before 1983 when a few sporophytes were intro- 
duced during a scientific campaign (Kornmann and Sah- 
ling 1994). In the following years, M. stellatus estab- 
lished and dispersed all over the island on hard substrates 
in the lower intertidal zone. C. crispus has always been 
regarded as an abundant species on Helgoland within its 
main distribution in the upper sublittoral and below the 
understorey of the intertidal zone (Kornmann and Sahling 
1977). After the introduction of M. stellatus, competition 
between the two species may have been initiated at loca- 
tions where their habitats overlap, leading to the presently 
observed zonation Pattern. Previous comparative studies 
On temperature, desiccation and freezing resistance re- 
vealed a generally higher stress tolerance of M. stellatus 
(Mathieson and Burns 1971; Dudgeon et al. 1989, 1995), 
which may favour growth in variable environments, such 
as the intertidal and the upper sublittoral zone. 

Recent studies stress the potential role of solar and es- 
pecially UV radiation in determining macroalgal zona- 
tion Patterns from polar to temperate regions (Dring et 
al. 1996a; Hanelt et al, 1997; Bischof et al. 1998a). 
Moreover, Maegawa et al. (1993) regard solar UV radia- 
tion as one of the most important factors controlling the 
depth distribution of red algae on the shore. In the study 
presented here, it was tested whether UV radiation may 
be a factor contributing to the distribution of populations 
of M. stellatus and C, crispus on the shores of Helgo- 
land. Therefore, different photosynthetic Parameters, 
such as effective quantum yield, maximal quantum yield 
of dark acclimated samples, and maximal electron trans- 
port rate ( E T R )  as studied by pulse amplitude modu- 
lated fluorescence (PAM) measurements, as well as ac- 
tivity of ribulose-1,s-bisphosphate carboxylase/oxyge- 
nase (RubisCO) were determined during exposure of ex- 
perimental individuals to artificial UV radiation. Addi- 
tionally, the content of UV Screening mycosporine-like 
amino acids (MAAs) was measured to test whether the 
species have different capabilities for protection against 
UV radiation. 



Materials and methods 

Young thalli of Mastocarpus siellatus (Stackh. in With.) Guiry and 
Chondrus crispiis Stackh. were collected from the Same shore lev- 
el in the NE Harbour of Helgoland (German Bight, North Sea; 540 
1 I'N, 7" 53'E) on 2 June 1999 during low tide and transferred to 
thc laboratory. Therc, specimens were cleaned of epiphytes, and 
thallus branches about 2 cm long were iemoved to be cultivated in 
nutrient-enriched seawater (Provasoli 1986) and dim light for 2 
days. 

Samples were then grown at 1O0C in 0.5 l glass dishes 18 cm 
in diameter and exposed to a 16:8 h 1ight:dark cycle, supplenient- 
ed with 6 h of UV in the middle of the light phase, from 1000 to 
1600 hours. Cultures, each containing up to 80 thallus branches 
per species and treatment, were stirred regularly to guarantee 
equal light exposure. Eveiy alternate day, the medium in the dish- 
es was replaced. The experimental material was exposed to artifi- 
cial UV radiation generated by three UVA-340 (Q-Panel, Cleve- 
land, USA) fluorescent tubes at irradiances of 10 W m-2 UV-A 
(320-400 nm) and l W m-2 UV-B (280-320 nm). Photosyntheti- 
cally-active radiation (PAR) produced by daylight fluorescent 
tubes was 25 pmol m-2 srl .  Experimental irradiance of PAR was 
measured with a Licor Li-189 radiometer (Quantum, USA), for 
the UV range, a RM-21 (Dr. Grobel, Germany) bandpass radiome- 
ter equipped with broadband 2p UV-A (320-400 nm) and UV-B 
(280-320 nm) Sensors was used. Glass dishes were covered with 
different filter foils to cut off different wavelength ranges selec- 
tively from the spectrum emitted by the fluorescent tubes: samples 
receiving PAR + UV-A + UV-B were covered with an Ultraphan 
URT 300 foil (Digefra, Germany). To cut off only the UV-B range, 
a Folex PR foil (Dr. Schleussner, Germany) was used; to exclude 
the whole UV range (UV-A + UV-B) from the treatment, samples 
were covered with an Ultraphan URUV foi! (Digefra). A compari- 
son of the spectra! properties of the different filtcr foils used in the 
experiment is given by P6rez-Rodrfguez et al. (1998). For all pa- 
rameters tested, sampling or measunng was conducted on the Ist, 
2nd and 5th day of the expenment, immediately before the Start of 
UV exposure, after 2, 4, and 6 h of UV Irradiation and after 2 and 
4 h after UV exposure had ceased. 

During exposurc in the climate chamber, measurements of ef- 
fective quantum yield (AFIFm'. cf. Schreiber et al. 1994) under the 
different radiation conditions were carried out with a Diving PAM 
(Walz, Germany). Saturating pulse length was adju~ted to 0.6 s 
with an intensity of approx. 5000 pmol m-2 s-1. Variation of effec- 
tive quantum yield was high due to the differences among the light 
fields so that 2 0 4 0  yield determinations were cai~ied out at each 
measuring point, and mean values and standard deviations were 
calculated. Maximal quantum yield of photochemistry was deter- 
mined by the ritio of variable to maximal chlorophyll fluores- 
cence (Fv/Fm) with a PAM 2000 chlorophyll fluoroineter (Walz), 
following the protocol described in detail by Hanelt (1998). Sub- 
sequently, photosynthesis versus irradiance curves were recorded 
with the fluorometer as described by Bischof et al. (1999). From 
this, ETR,",, values were extracted by regression analysis. Mea- 
surements of FvlFm and E T R  were conducted in triplicate from 
randomly collected samples. 

For enzyme analysis, at each measuring point, subsamples of 
approx. 0.8 g fresh weight were frozen in liquid nitrogen and 
stored until assay. Total activity of RubisCO in crude extracts was 
tested with a coupled photometric test generally following the 
method described by Gerard and Driscoll (1996). Crude extracts 
were prepared by grinding frozen algal material to a fine powder 
and transferring it into ice cold extraction buffer (0.1 M Tris-Cl, 
2 mM EDTA, 10 mM MgCl,, 20% glycerol, 1 %  Triton X-100, 
50 mM DTT, 100 mM Na ascorbate, and 10 mM NaHCO,, at pH 
7.6). 0.5 g fresh weight of tissue was mixed with l ml of extrac- 
tion'buffer. The assay mixture contained 50 mM HEPES, 10 mM 
NaHC03 20 mM MgCl,, 0.2 mM NADH, 5 mM ATP, 5 mM 
phosphocreatine, 5 units of creatine phosphokinase and 5 units of 
glyceraldehyde-3-phosphate dehydrogenaselphosphoglycerate ki- 
nase. Sample loads contained 25 pi of extract, the reaction was 
started by adding ribulose-l,5-bisphosphate with a final concen- 

tration of 2 mM in the cuvette. The time Course of NADH oxida- 
tion was recorded by the decrease in absorbance at 3 4 0  nm. Activ- 
ity was expressed as declining absorbance per mg protein and sec- 
ond (mAbs mg protein-' s-'). Overall content of soluble proteins 
in crude extracts was determined using a commercial protein assay 
(Bio Rad, USA). Protein content was determined b y  measuring 
extinction at 595 nm and calculating the concentration of proteins 
according to a calibration curve prepared with bovine serum albu- 
rnin, 

For analysis of content and composition of MAAs, samples of 
about 10 mg dry weight were prepared for HPLC analysis general- 
ly following the protocol of Karsten et al. (1998a) modified as fol- 
lows: the mobile phase within the HPLC column was 10% aque- 
ous methanol (vlv) plus 0.1% acetic acid (vlv) in water; the flow 
rate was adjusted to 0.7 ml min-1 at 20Â°C The MAAs were detect- 
ed at 330 nm and absorption spectra (290-400 nm) were recorded 
at l s intervals directly on HPLC-separated peaks. Substances 
were identified according to spectra and retention time. 

Both species exhibited a differential response to the ex- 
posure to artificial UV radiation. In C. crispus, initial 
values of effective quantum yield (AFRm') were lower 
(0.455) than in M. stellatus (0.543; Fig. 1). In both spe- 
cies, the changes in &/Fm' due to exposure to PAR or 
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Fig. 1 Effective quantum yield of photosynthesis in Mastocarpus 
slellaliis (A) and Chondrus crispus (B) during exposure (marked 
g r e ~ )  to PAR (0). PAR + UV-A (O), and PAR + UV-A + UV-B 
(U) and subsequent recovery in PAR only, for the Ist, 2nd and 
5th day of treatment; n=20-40, mean valuesÂ±S 
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Fig. 2 Maximal quantum yield of photosynthesis (FvFm) in 
Mastocarpus stella~iis ( A )  and Chondrus crispus (B) during 
exposure (markeci ~ i e y )  to PAR (O),  PAR + UV-A (O), and PAR + 
UV-A + UV-B (H) and subsequent recovery in PAR only, for the 
Ist, 2nd and 5th day of treatment; n=3, mean valuesÂ±S 

PAR + UV-A were very small in the course of the exper- 
iment. In contrast, additional UV-B radiation resulted in 
a marked reduction of effective quantum yield (Fig. lA,  
B): throughout the experiment, UV-B irradiated samples 
of M. stellutus exhibited a reduction of approx. 20% in 
AF/Fm' after 6 h of exposure, while C. crispus showed a 
reduction to 60% of initial values on the first day. How- 
ever, during the following days, there was a trend to a 
lesser degree of Inhibition of AF/Fmf in this species. 

Exposure to UV-B radiation resulted in a strong reduc- 
tion of maximal quantum yield (FvEm) in C. crispus 
(Fig. 2B), while samples under PAR and PAR + UV-A ra- 
diation remained almost unaffected. The UV-B induced 
reduction in F v F m  became more prominent in the course 
of the experiment: while during 6 h of exposure on the 
first day Fv/Fm dropped by 30% of initial values; a 70% 
decline was observed during exposure on the 5th day. 
Moreover, before the beginning of the fifth exposure, 
samples had not completely recovered overnight from the 
previous exposure. In contrast, in M. stellat~is, maximal 
quantum yield was generally less affecied by UV-B, with 
only a 15% reduction during exposure on the first day. 
However, also in this species, F v E m  values further de- 
clined in the course of the experiment, and were finally 
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Fig. 3 Maximal electron transport rate (ETRmU) of photosynthesis 
in Mastocarpus stellatus (A) and Chondrus crispus (B) during 
exposure (marked grey) to PAR (O), PAR + UV-A (O), and PAR + 
UV-A + UV-B (Â¥ and subsequent recovery in PAR only, for the 
Ist, 2nd and 5th day of treatment; n=3, mean valuesÂ±S 

reduced to 60% of the initial values (Fig. 2A). Also in M. 
stellatus, no adverse effects an maximal quantum yield 
were observed in samples shielded from UV-B. 

ETRmax values in samples of M. stellatus were moder- 
ately promoted throughout the experiment under the 
PAR and PAR + UV-A treatment, as compared to the ini- 
tial values (Fig. 3A), while no significant changes were 
observed due to additional UV-B irradiation during the 
first day. In contrast, during the 2nd day, a reduction in 
ETRmaÃ was observed in UV-B exposed samples; howev- 
er, this was only obvious after 6 h of exposure and dur- 
ing the recovery phase after UV irradiation had already 
ceased. Samples of C. crispus exposed to PAR + UV-A 
showed a trend to slightly lower ETRm values in the 
course of the experiment, while values in PAR-irradiated 
samples remained unaffected (Fig. 3B). In contrast to the 
reactions of UV-B exposed samples an the first and 5th 
day of the experiment, ETRmax dropped to 50% of initial 
values after 6 h of UV-B exposure an the 2nd day. 

Generally, under all experimental radiation condi- 
tions, RubisCO activities in samples of M. stellatus were 
higher than the initial values. Results obtained from UV- 
B irradiated samples were inconsistent and erratic but, 
especially in these samples, enzyme activity seemed to 
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Fig. 4 Total activity of RubisCO in Mastucarpiis siellatus (A) and 
Chondrus crispus (B) during exposure (111arked grey) to PAR (O),  
PAR + UV-A (O), and PAR + UV-A + UV-B (U) and subsequent 
recovery in PAR only, for the Ist, 2nd and 5th day of treatment; 
1z=3, mean valuesÂ±S 

be promoted during exposure (Fig. 4A). In C. crispus, 
overall RubisCO activity was not significantly altered 
during the first 2 days of the experiment (Fig. 4B). How- 
ever, throughout the fifth exposure, samples exposed to 
UV-B generally exhibited a 50% increase in activity 
compared with the initial values. 

There were major differences in the content and com- 
position of MAAs between the two species (Table 1). 

Throughout the treatment, overall content in M. stellatus 
was up to nearly 6-fold higher than in C. crispus. Shinor- 
ine was the only MAA detected in M. stellatus. During 
the experirnent, its content increased strongly to almost 
the double its initial value. In contrast, there was no trace 
of this compound in initial samples of C. crispus. How- 
ever, in the Course of the experiment, the de novo synthe- 
sis of shinorine contributed strongly to the almost 50% 
increase in total MAA content. The contents of asterina 
and palythene doubled, while the concentration of paly- 
thine did not change significantly during the treatment, 

Our results show that photosynthesis in M. stellatus was 
less sensitive to the experimental UV-B irradiances than 
C. crispus. Previous comparisons of the physiological re- 
sponses of these two species revealed a generally higher 
tolerance of M. stellatus to different kinds of abiotic 
stress (Dudgeon et al. 1989, 1995). The authors showed 
that the fronds of both species are very similar in terms 
of ecophysiological characteristics (e.g. high photosyn- 
thetic capacity), but differences in stress tolerance char- 
acteristics, such as lower net photosynthetic rates during 
desiccation and freezing and slower recovery in C. cris- 
pus, may be important factors in terms of competition 
and occupied niches. Freezing is suggested to be espe- 
cially important in controlling the distribution of these 
species on the shore (Dudgeon et al. 1989). For Helgo- 
land, this may be an important factor as freezing periods 
over several weeks are frequently observed during win- 
ter (A. Wagner, personal communication). Generally, the 
higher stress tolerance of M. stellatus results in this spe- 
cies prevailing on exposed locations in the lower inter- 
tidal Zone. In contrast, lower light compensation points 
of C. crispus permit optimal light utilisation and high 
growth rates at greater water depth or below canopies 
(Dudgeon et al. 1995). 

Differences between the species in effective quantum 
yields under UV-B exposure were small (Fig. 1), but 
maximal quantum yields exhibited a much higher UV-B 
tolerance in M. stellatus (Fig. 2 )  indicating that energy 

Table 1 Composition and content of mycosporine-like amino acids (MAAs) in Chondrus crispus and Mastocarpus stellatiis, in samples 
taken before the Start of the experiment and after the end of the fifth exposure to UV-B, mean values (Ãˆ=~)Â± 

Compound Absorption maximum C. crispiis (mg*g dry weight-1) M. stellatus (mg*g dry weight-I) 
(nm) Initial content Final content Initial content Final content 

Shinorine 334 no trace 0.118 2.650 4.440 
(k0.025) (Â±0.500 (Â± ,090) 

Palythine 320 0.294 0.285 No uace No trace 
(20.087) (20. 107) 

Asterina 330 0.089 0.167 No trace No Pace 

Palythene 360 

Â¥ MAAs 

No irace No trace 

2.650 4.440 



transfer betvveen light harvesting complex and reaction 
centre should be more efficient (Krause and Weis 1991). 
In both species, UV-B induced impairment of maximal 
quantum yield increased during the treatment. These 
t'indings suggest that adverse effects on photosynthetic 
antenna Systems may become more and more prominent 
in the Course of repeated UV exposures and result in 
chronic damage to the antennae (Demmig-Adams and 
Adams 1992; Hanelt 1996). Different findings were i-e- 
ported in a study on the brown a\&a Alaria esculenta 
(Bischof et al. 1999). In this species. Inhibition of maxi- 
mal quantum yield becomes smaller and recovery faster 
after a few repeated exposures to UV. However, the A.  
esculenta samples were kept in dim light for 2 days be- 
tween each repeated exposure, allowing complete recov- 
ery and acclimation to UV radiation. 

It is important to note that in both species studied, the 
impairment of maximal as well as effective quantum 
yield was exclusively due to UV-B radiation; this is in 
contrast to a similar study on UV effects on several other 
red algal species from Helgoland (Dring et al. 1996a), 
where the UV-A range also strongly contributed to the re- 
duction of Fv/Fm values. However, as experimental con- 
ditions were different betvveen the studies, a comparison 
might be difficult. In the study cited, algae were exposed 
to UV-A and UV-B in'adiances which were up to 50% 
higher than those in our study, but with the same low 
background of PAR. The strong effect of UV-A was pre- 
dominantly found in red algae from the deep sublittoral 
Zone. which are probably adapted to low in'adiances. The 
samples used in our study were collected at the beginning 
of June and therefore might be acclimated to high in'adi- 
ances which. in turn. might also reduce their sensitivity 
towards UV [Cen and Bornman 1990: Bischof et al. 
1999). It was also shown by Dringet al. (1996a) that sen- 
sitivity towards UV exposure changes with the season. 
Due to the unnaturally enhanced UV-B:PAR ratio in labo- 
ratory experiments the detrimental effects of UV-B expo- 
sure might be overestimated compared to field conditions 
(Teramura 1986). Nevertheless, the higher sensitivity to 
UV-B radiation in C. crispus, as shown in our experi- 
ments, is likely to reflect higher susceptibility under natu- 
ral radiation conditions, compared to M. stellatus; howev- 
er. this remains to be confirmed in further studies. 

The different composition and higher concentration of 
MAAs in M. stellatiis n~ight be one reason for its gener- 
ally lower sensitivity of photosynthesis towards UV 1-adi- 
ation compared to C. crispus [see also Karsten et al. 
(1998b). Dunlap and Shick (1998) and Sinha et al. 
(1998) for reviews on MAAs]. The potential o f M A . 4 ~  to 
protect the photosynthetic apparatus against UV radia- 
tion was shown by Karsten et al. (1999) in the Arctic en- 
demic red alga Devaleraea raineiitacea. A detailed study 
of the formation of MAAs in C. crispiis was perforn~ed 
by Karsten et al. (1998a) who showed that shinorine is 
synthesised under UV radiation, while synthesis of paly- 
thine is mainly induced by PAR. This is in line with our 
results as PAR was low and concentration of palythine 
1-ernained unchanged during the treatment. A high initial 

content of shinorine in M. stellatiis may favour its occur- 
rence in sun-exposed locations, while the capability of 
C. crispiis to synthesise shinorine certainly shows the 
potential to acclimate to changes in light climate. 

After the release of M. stellatus in 1983, it first estab- 
lished in the intertidal Zone at locations with a hard sub- 
strate, a position which is not inhabited b y  C. crispus. 
Generally, the type of substrate plays a major role in the 
settlement of M. stellatus (I. Bartsch, personal communi- 
cation). At our study site in the NE harbour, the typical 
habitats of C. crispus and M. s r e l l m s  apparently over- 
lap, as both species seem to find favourable conditions 
for establishment and growth. 

For a physiological comparison it was important to 
collect samples at the Same time from the Same shore lev- 
el, as these factors may strongly influence the UV sensi- 
tivity of macroalgae (Dring et al. 1996a; Bischof et al. 
1998b), and acclimation to changing radiation conditions 
can proceed rapidly (Bischof et al. 1999). For C. crispus, 
increasing UV sensitivity with increasing growth depth 
and its acclimation to the respective in situ light climate 
was described in detail by Sagert et al. (1997). In a study 
of MAA formation in the red alga, Devaleraea ramenta- 
cea. the strong coirelation between MAA content and 
sampling depth was also shown (Karsten et al. 1999). Ad- 
ditionally, all plants used in the experiments were of simi- 
lar size and morphology, which are also important factors 
in UV tolei-ance (Dring et al. 1996b). As all environrnen- 
tal conditions were identical until harvest, acciimation to 
different conditions can be excluded as a reason for the 
differential response towards experimental UV exposure, 
Thus, genetic adaptation in the investigated species might 
be responsible for the different UV sensitivity in our ex- 
periments. The lower sensitivity of M. stellatus to UV-B 
radiation, which was shown in our study, might. in turn, 
be one aspect enabling this species to occur in more sun- 
exposed areas in the field. In Summary, at sun-exposed 
locations, different composition of MAAs and a higher 
resistance of photosynthetic reactions may represent a 
competitive advantage of M. stellatus over C. crispus, 
which is restricted to more shaded habitats. 

Acknowledgements The authors are most grateful lo Andreas 
Wagner for technical assistance, and to Inka Bartsch for helpful 
comments on the manuscript. This work was financially supportcd 
by the European Comrnission (Projec! ENV4-CT96-0188, DG 
12). Contribution No. 1768 of the Alfred Wegener Institute for 
Polar and Marine Research. 

References 

Bischof K,  Hanelt D, Wiencke C (1998a) UV-radiation can affect 
depth-zonation of Antarctic rnacroalgae. Mar Biol 131: 
5 9 7 4 0 5  

Bischof K ,  Hanelt D, Tug H, Karsten U, Brouwer P, Wiencke C 
(1998h) Acclirnation of brown algal photosynthesis to UV- 
radiation in Arctic coastal waters. Polar Biol 20:388-395 

Bischof K ,  Hanelt D, Wiencke C (1999) Acclirnation of maximal 
quantum yield ot photosynthesis in the brown alga Alaria 
esciilenra under high light and UV radiation. Plant Bio1 I: 
435.444 



Cen YP, Bornman JF (1990) The response of bean plants to UV-B 
radiation under different irradiances of backsround visible 
light. J Exp Bot 41.1489-1495 

Demmig-Adams B, Adams WW 111 (1992) Photoprotection and 
other resoonses of olants to hieh lieht stress. Annu Rev Plant 
Physiol Plant Mol ~iol43:599-626- 

Dring MJ, Wagner A, Boeskov J,  LÃ¼nin K (1996a) Sensitivity of 
intertidal and subtidal red algae to UVA and UVB radiation, 
as monitored bv chloroohvll fluorescence measurements: 
influence of coilection depth and season, and length of 
irradiation. Eur J Pliytol 31:293-302 

Dring MJ, Makarov V, Schoschina E, Lorenz M, LÃ¼nin K 
(19961)) Influence of ultraviolet-radiation On chloro~hvll 
fluorescence and growth in different life history Stages of ihree 
species of Laminaria (Phaeophyta). Mar Biol 126:183-191 

Dudgeon SR, Davison IR, Vadas RL (1989) Effect of freezing On 
ohotosvnthesis of intertidal macroaleae: relative tolerance of 
?liundhs crispus and ~ a s t o c a r p u ~  sfellatus (Rhodophyta). 
Mar Biol 101:107-114 

Dudgeon SR, KÃ¼ble JE, Vadas RL, Davison IR (1995) Physiological 
responses to environmental variation in intertidal red algae: 
does thallus morphology matter? Mar Ecol Prog Ser 117:193-206 

Dunlap WC, Shick JM (1998) Ultraviolet radiation-absorbing 
mycosporine-like amino acids in coral reef organisms: a 
biochemical and environmental perspective. J Phycol 34:418-430 

Gerard VA, Driscoll T (1996) A spectrophotometric assay for 
RubisCO activity: application to the kelp Laminaria saccliarina 
and implications for radiometnc assays. J Phycol 32:880-884 

Hanelt D (1996) Photoinhibition of photosynthesis in marine 
macroalgae. Sci Mar 60:243-248 

Hanelt D (1998) Capability of dynamic photoinhibition in Arctic 
macroalsae is related to their deoth distribution. Mar Biol 
13 1 :36 1-369 

Hanelt D, Melchersmann B ,  Wiencke C, Nultsc11 W (1997) Effects 
of high light stress on photosynthesis of polar macroalgae in 
relation to depth distribution. Mar Ecol Prog Ses 149:255-266 

Karsten U, Franklin LA, Luning K, Wiencke C (1998a) Natural 
ultraviolet radiation and photosynthetically active radiation 
nduce fonnation of niycosporine-like amino acids in the marine 
macroalga Cl~ondnis crispus (Rhodophyta). Planta 205:257-262 

Karsten U, Sawall T, Hanelt D, Bischof K, Figueroa FL, Flores- 
Moya A, Wiencke C (1998b) An inventory of UV-absorbing 
mycosporine-like ammo acids in macroalgae from polar to 
warm-temperate regions. Bot Mar 41:443453 

Karsten U, Bischof K, Hanelt D, TÃ¼ H, Wiencke C (1999) The 
effect of ultraviolet radiation On photosynthesis and ultraviolet- 
absorbing substances in the endemic Arctic macroalga 
Devaleraea ramemcea (Rhodophyta). Physiol Plant 105:58-66 

Kornmann P, Sahling PH (1977) Meeresalgen von Helgoland. 
Helgol Wiss Meeresunters 29:l-289 

Kornmann P, Sahling PH (1994) Meeresalgen von Helgoland. 
Zweite ErgÃ¤nzung Helgol Meeresunters 48:365-406 

Krause GH, Weis E (1991) Chlorophyll fluorescence and photo- 
synthesis: the basics. Annu Rev Plant Physiol Plant Mol Biol 
42:3 13-349 

Luning K (1990) Seaweeds. Wiley, Neu, York 
Maegawa M, Kunieda M,  &da W (1993) The influence oi'ultraviolet 

radiation on the photosynthetic activity of several red algae 
from different depths. Jpn J Phycol41:207-214 

Mathieson AC, Burns RL (1971) Ecological studies of economic 
red algae. I. Photosynthesis and respiration of Chondnis 
crispus Stackhouse and Gigartiwa sfellala (Stackhouse) 
Batters. J Exp Mar Biol Ecol 7:197-206 

Pirez-Rodr(guez E, G6mez I, Karsten U, Figueroa FL (1998) 
Effects of UV radiation On photosynthesis and excretion of 
UV-absorbing compounds of Dasycladus vermicularis 
(Dasycladales, Chlorophyta) from soulhern Spain. Phycologia 
37:379-387 

Provasoli L (1986) Media and prospects for the cultivation of 
marine algae. In: Watanabe A, Hattori A (eds) Cultures and 
collections of algae. In: Proceedings of the Japanese 
Conference Hakone. Jananese Societv of Plant Phvsioloev, . -. 
Tokyo, pp 63-75 

Sagest S, Forster RM, Feuespfeil P, Schubert H (1997) Daily 
course of photosynthesis and photoinhibition in Chondrus 
CI-isuus (Rhodonhvta) from different shore levels. Eur J Phvcol . ,  . 
32:363-371 

Schreiber U, Bilger W, Neubauer C (1994) Chlorophyll 
fluorescence as a nonintrusive indicator for rapid assessment 
of in n'vo photosynthesis. Ecol Stud 100:49-70 

Sinha RP, Klisch M, GrÃ¶ninee A, Hader DP (1998) Ultraviolet- 

Teramura AH (1986) Interaction between UV-B radiation and other 
Stresses in plants. In: Worrest RC, Caldwell MM (eds) 
Stratospheric ozone reduction, solar ultraviolet radiation and 
plant life. NATO ASI series G8, Springer, Berlin Heidelberg 
New York, pp 327-343 



BLUE LIGHT AND UV-A RADIATION CONTROL THE SYNTHESIS OF MYCOSPORINE-LIKE 
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The induction of W-absorbing compounds known 
as mycosporine-like amino acids (MAAs) by red, green, 
blue, and white light (43% ambient radiation greater 
than 390 nm) was examined in sublittoral Chondnis 
crispus Stackh. Fresh collections or long-tenn cul- 
tures of sublittoral thalli, collected from Helgoland, 
North Sea, Germany, and containing no measurable 
amounts of MAAs, were exposed to filtered natural 
radiation for up to 40 days. The MAA palythine (Amax 
320 nm) was synthesized in thalli in blue light to the 
same extent observed in control samples in white 
light. In contrast, thaili in green or red light con- 
tained only trace amounts of MAAs. After the growth 
and synthesis period, the photosynthetic perfor- 
mance of thalli in each treatment, measured as pulse 
amplitude modulated chlorophyll fluorescence, was 
assessed after a defined W dose in the laboratory. 
Thalli with MAAs were more resistant to UV than 
those without, and exposure to W-A+B was more 
damaging than UV-A in that optimal (Fv/Fm) and ef- 
fective quantum yields were lower and a greater 
proportion of the primary electron acceptor of PSII, 
Q, became reduced at saturating irradiance. How- 
ever, blue light-grown thalli were generally more sen- 
sitive than white light control samples to UV-A de- 
spite having similar amounts of MAAs. The most 
sensitive thalli were those grown in red light, which 
had significantly greater reductions in F,/F,, and (bii 
and greater Q reduction. Growth under W radia- 
tion alone had been shown previously to lead to the 
synthesis of the MAA shinorine (Xmax 334 nm) rather 
than palythine. In further experiments, we found 
that preexposure to blue light followed by growth in 
natural W - A  led to a 7-fold increase in the synthesis 
of shinorine, compared with growth in UV-A or W- 
A+B without blue light pretreatment. We hypothe- 
size that there are two photoreceptors for MAA syn- 

thesis in C. cri'spus, one for blue light and one for 
W-A, which can act synergisticaily. This System 
would predispose C. crispus to efficiently synthesize 
W protective compounds when radiation levels are 
rising, for example, on a seasonal basis. However, 
because the UV-B increase associated with artificial 
ozone reduction will not be accompanied by an in- 
crease in blue light, this triggering mechanism will 
have little additional adaptive value in the face of 
global change unless a global UV-B increase posi- 
tively affects water column clarity. 

K y  Index zuords: blue light; chlorophyll fluorescence; 
Chondrus crispny, MAA; macroalgae; mycosporine-like 
amino acids; photosynthesis; W - B  

Abbreuiations: F ,̂ chlorophyll fluorescence of Open 
PSII Centers; Fm, maximum and variable chloro- 
phyll fluorescence after dark incubation, respec- 
tively; Fv/Fm, optimal quantum yield; F,,,', steady 
state and maximum chlorophyll fluorescence in the 
light, respectively; F ,̂ rninimum chlorophyll fluores- 
cence in darkness immediately after a saturating 
flash; effective quantum yield in the light; MAA, 
mycosporine-like amino acid; PUR, photosyntheti- 
cally usable radiation; Q, primary electron acceptor 
of PSII; qp, photochemical quenching of fluores- 
cence; UVR, uitraviolet radiation 

The mycosporine-like amino acids (MAAs), a class 
of at least 19 compounds 14th absorbance between 
310 nm and 360 nm (Shibata 1969, Tsujino et al. 1978, 
1980, Nakamura et  al. 1982, Karentz et al. 1991), have 
long been proposed to protect organisms from dam- 
age by UV radiation, particularly UV-B. Occurring in 
a number of taxonomically diverse organisms, partic- 
ularly corals (Dunlap et al. 1986, Dunlap and Shick 
1998), microalgae (Teffrey et al. 1999), and rhodo- 
phyte algae (Sivalingam et al. 1974, Karentz et al. 
1991, Karsten et al. 1998b, Hoyer et al. 2001), the con- 
centration of MAAs in tissues is often correlated with 
irradiance, with variation observed at scales from the 
level of irradiance microclimate in algal turfs to the 
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water cohiinn depth (e.g. Sivalingam et al. 1974, 
Beach and Smith 1996, Ibrsten et al. 1999, Rarsten 
and Wiencke 1999, Hoyei- et al. 2001). Interest in the 
bioche~~iistry and physiolosy of VlAAs and MAA-con- 
laining organisms has grown reccntly as reductions in 
the stratospheric ozone concentration and a corre- 
a ted  increase in the amount of UV-B at the Earth's 
surface have been reported. 

MAAs arc chemical derivatives of a mycospoi-ine cy- 
clohexenone or cyclohexeiiimi~~e chi-omophore con- 
jugated with one or WO ofsevei-al different amino ac- 
ids. The MAA biosynthetic pathway is not conclusively 
known, but a rcccnt study of the synthcsis of MAAs in 
coral indicates that synthesis pi-occcds via early steps 
in the shikimic acicl pathway (Sliick et al. 1999), the 
process by which precursors of mycosporinc are syn- 
thesized in fungi (Favi-e-Bonvin et al. 1987), and the 
general pathway for synthesis of aromatic amino ac- 
ids. The basis of the diversity of amino acids substitu- 
tions is not cleai-, but selectivc hydi-olysis of two MAAs, 
shinorine and phorphyra-334, to yield a third, my- 
cosporine-glycine, by the marine bacterium Vibrio har- 
ueyi (Tohnson and Shunk) Baumann et al. has been 
demonstrated (Dunlap and Shick 1998). 

Macroalgae containing MAAs normally grow in shal- 
low or eulittoral cnvironments where changes in wa- 
ter clarity are stochastic. Additionally, these environ- 
ments can imposc multiple Stresses on organisms in 
addition to UV radiation (W), for example high PAR, 
desiccation, and iiutrient limitation. Comparison of 
the integrity of cellular components and physiological 
processes in algae that contain MAAs with those with- 
out shows that the former are generally more resistant 
to W-B-induced damage, though the degree of pro- 
tection varies (Garcia-Piche1 et al. 1993, Lesser 1996, 
Neale et al. 1998, Franklin et al. 1999). Besides having 
a role in UV screening, several MAAs also demonstrate 
antioxidant properties (Dunlap and Shick 1998), and 
MAAs in blue green algae may act as compatible sol- 
utes (Oren 1997, but See Portwich and Garcia-Piche1 
1999), suggesting that MAAs may be important com- 
pounds for resistance to more thanjust UV stress. 

Perhaps it is not surprising that MAA absorption in 
the W range does not necessarily mean that the pres- 
ence of W - B  in the environment is a prerequisite for 
their synthesis. Although W - A  and particularly UV-B 
are required for MAA synthesis in some organisms, other 
species contain high levels of MAAs without ever hav- 
ing been exposed to UVR (c.f. Carreto et al. 1990, 
Hannach and Sigleo 1998, Karsten et al. 1998a, Frank- 
lin et al. 1999, Jeffrey et al. 1999, Karsten et al. 1999, 
Karsten and Wiencke 1999, Pornvich and Garcia-Piche1 
1999, Shick et al. 1999). In other cases, MAAs are not 
synthesized when the alga is exposed to either higher 
PAR or UV (Hoyer et al. 2001). These diverse responses 
raise questions about the undei-lying biochemical trig- 
ger for induction, the nature of the receptor, and the 
taxonomic commonality of the induction process. 

Using natural radiation and filtcrs differentially 
transparent to UV and PAR, we recently showed that 

identical patterns of MAA synthesis in thc rhodophyte 
C. crispns can be induced by PAR alone or PAR con- 
taining either UV-A or UV-A plus UV-B (Franklin et 
al. 1999). Exposure to surface levels of UVR without 
PAR can also induce MAA synthesis in C. ci-is@u (Karsten 
et al. 1998a), but these two conditions differ markedly 
in the relative proportion of the various MAAs pro- 
duced. Only when PAR is present are MAAs produced 
that are quantitatively and qualitatively similar to 
those normally seen in eulittoral C. crispus popula- 
tions. Induction by PAR follows a distinct Pattern, with 
initial synthesis of the MAA shinorine 334 nm), 
followed by synthesis of predominantly palythine 
(Am= 320 nm) with a concomitant decline in shino- 
rine content, leading to the proposal that interconver- 
sion is a key step in the synthesis of the main C. crispus 
MAA, palythine. In contrast, exposure to UVR alone 
led primarily to the synthesis of shinorine and lower 
amounts of palythine, perhaps representing the pres- 
ence OS two distinct photoreceptors. Results were 
more difficult to Interpret because the PAR cut-off fil- 
ter used in both expcriments transmitted significant 
long-tvave W - A  (50% transmittance at 380 nm). 

We continued to investigate induction of MAA syn- 
thesis in C. crispus by PAR, by exposing sublittoral and 
laboratory-cultured thalli to white, red, green, and 
blue light filtered from natural irradiance, using fil- 
ters with less than 5% transmittance at 380 nm. We 
also investigated the possible relationship behveen in- 
duction by PAR and UV, using sequential treatments. 
We show that synthesis of W, particularly pa- 
lythine, is preferentially induced by blue light, and 
blue light and W - A  interact to boost synthesis of shi- 
norme. In a controlled laboratory test, photosynthesis 
in thalli with the highest levels of MAAs was more pro- 
tected from UV-A than in thalli without MAAs; but 
there were unexpected differentes in the photosyn- 
thetic response of MAA-containing samples to UV-B. 
This difference depended on the wavelength of light 
used to induce MAA synthesis. OS all conditions 
tested, prior exposure to white light led to the most 
effective protection and recovery from UV stress. 

MATERIALS AND METHODS 

Plant material und treafment conditions. Cho~zdms crispus was col- 
lected from the sublittoral Zone (6 m below mean low water of 
spring tides) at  Helgoland, Germany, a rocky island in the 
southeastern North Sea. Unialgal cultures were established 
from fertile gametophytes and grown in P~~ovosoli's Enriched 
Seawater medium (Starr and Zeikus 1993) for four generations 
at 50 km01 p h o t o n s - m ' ^ s i  (Daylight Delux, Osram, Gerrnany), 
16:8 day:night cycle, 18O C. One  experiment was perfornied 
with 2-3 cm tetrasporophytes from these cultures, Other exper- 
iments were perforrned with fresh sublittoral (6 m) field mate- 
rial collected froni the Same location. Fresh material was 
cleaned of epiphytes and held overnight indoors in running 
seawater, before exposure to the treatment conditions. 

The spectral response of MAA induction was tested using 
namral it-radiance tiltered to obtain four light conditions (Fig. 
1 ) :  red (Lee, Andover, England), green (Kodak, Rochestet-, 
M, blue (Lee), and white light (PAR reduced to 43% of sur- 
face anibient by neutral density screening, W rernoved by Ul- 
traphan 395 foil, Digefra GmbH, Munich, Germany). The fil- 



Wavelength (nm) 

ters and screens werc sclected to give as equal an energy 
clistrihution over the specific part of tlie spectrurn as possible 
(Table 1). At miclclay on a clear day in June, the total natural 
energy transmttted in tlie 350- to 700-nm range was nearly 
equal among the hkie, green, and red treatments. Both blue 
atid wliite filters had small tails in tlie long UV-A range, 4% and 
3% transrnittance at 380 nm, respectively. The red and blue fil- 
ters also transrmtted equal amou~its  of far red (700-800 nrn). 
Altliough the white and red fikers transnutted equal amoin-i~s 
of red light (590-700 nm) ,  the white treatment had 50% more 
hlue ltgtit (350-500 nm) than the blue treatnient, and the total 
e n e r p  transmitted in tlie white treatmem (350-700 ntn) was 
three tinies greater Chan any of the other filters. Natural light 
spectra were measured with an LI-1800UW spectroradioriieter 
(Li-Cor, Lincoln, NE). 

Tlie filters and sci-eens wei-e wrapped arovind 65 X 20 cm di- 
anieter acyhc tuhes (Plexiglas XT. Rohm GmbH, Darinstadt, 
Geni~any),  opeii at each end 101- water flow. Thalli were at- 
ached  in rows h: fine silicone tubitig to clear aci'y'lic planes sus- 
penclecl lengihwise in ehe Plexiglas tuhes. Tlie tubes weie sus- 
peiided 1101 izontally 2 cm helow ehe watei- suiface in a tank l X 
1.5 X 0 5 m deep, containing 750 L~eawaterat  17.5' C ( 2  1.5OC). 
Fresh seawater was directed into thc encl of each tiihe at ap- 
proxiinatelv 5 L ' m i n l  Plants wi-C put into 2nd coliectcd fronl 
thc treatments in the e\ciiins. Results of tlie cxperinient ~vith 
c~~ltiiieci thalli were co11fi1-inecl by a replicatc expenmem using 

TABLI. I .  Comparisoti of Ehe eriera tratismtttance of the 
coiorecl fikers and the vhite light (PAR reduced with two layers 
ofneutral clenssty scieening) treatnients to ehe incident suiface 
I-radiance. 

l t iad iance.  12Ã§'clea da>, W'ni-' 

Fi lw cohc 350-500 n m  495-600 n m  590-700 nm 350-700 mn 

Blue 52.7 52.7 
GI-een 55.1 55.1 
Red 50.1 50.1 
Wiite 74 90 51 145 
Incidcnt s~irface 172 208 118 337 

UV ~adiation was renioved from the white liglit treatnient 
with a L'V-blocking filter. Measuremenis were rnade 011 a clear 
da? at iiiidday, tlie day hefore ehe stai-t of ehe first experinieni. 
using a LI-l800UWspectroradiornetei-. 

FIG. 1. Transrnittance spectra of thc col- 
ored foils and total UVR-hlocking (white), PAR- 
blocking (UVAB), and LV-E-hlocking (LVA) fil- 
ters used during induction of MAAs. 

fresh sublittoral field material. Results from the cultured mate- 
rial are presented. 

In early anturnn, the possible interaction of blue light and 
UV was tested by applying sequential light treatments. Sublit- 
toral thalli were treated for 2 weeks in the hlue tubes and then 
nioved to sniall polyvinyl chloride holders covered with a UG5 
glass filter (Schott Glaswerke, Mainz, Germany) that blocked all 
wavelengths greater tlian 400 nm (Fig. 1) .  In addition, a piece 
of 320-nm-Ions pass foil (Folex, Dr. Schleusner GmbH, Drei- 
reich, Gerrnany) was added to reniove UV-B from the UVR 
spectrurn (UV-A-treated saniples), o r  a piece of 295-nm-long 
pass foil (Ultraphan 295, Lonza-Folien, Weil am Rhein, Ger- 
inany) was added for a f~il l  UV-A+B treatrnent. Further details 
on these filter and  polyvinyl chloride holder comhinations are 
given in Karsten et al. (1998;::). The  change in experimental 
setup was necessary because no  flexible PAR-blocking filters 
were availahle to wrap around the tubes. Therefore, compari- 
sons were made to three Sets of control thalli: 1)  those held at  
the sanie period of tinie under a blue filter in these holders (no  
blue pretreatment), o r  2) ti-iose held under a UG5 filter (no  
blue pretreatment), or 3) blue pretreated thalli :hat then re- 
niainecl in blue light hut in tlie neu-Iiolders. 

Light conditions at Helgoland during these penods were 
monitored continuo~isly by a P m - 5 0 0  radiometer (Biospheri- 
cal Instruniems. Inc., San Dirgo, CA) rnounted perrnanently 
On the roof o f t h e  research Iaboratory. 

Anal)szs ofA,tAAs und phuiosynthetzcptpnen~s. Several times dur- 
n g  the treatment period, sarnples were collected for HPLC and 
spectral analysis of W. Sarnples were divided in half longitu- 
dinally, wcighed, and then dried in silica gel. One  halfofeach 
sample was extracted for 2 h in 25% aqueous methanol (vol/ 
voi) at  45' C, and  the extracts were scanned spectrophotornetri- 
cally (Schirnadzu W-2101PC, Kyoto, Japan). The  other half 
was extracted in an identical manner, and the MAAs were quan- 
tified by HPLC (Karsten and Garcia-Pichel 1996, Karsten et al. 
1998a). Briefly, \iAAs were separated on  a Waters HPLC system 
(Waters, Milforcl, MA) fitted with a Knauer Spherisorh RF-8 col- 
umn (Kiiauer, Berlin, Gerniany). The  mobile phase was 25% 
aqueous methanol (vol/vol) plus 0.1% acetic acid (voi/voi), 
u n  isocratically, Peaks were detected at 335 nrn, and absorp- 
tion spectra from 290 nrn to 400 nrn were recorded for each 
peak detected. MAAs were identified by spectra, retention tinie, 
and,  in some cases, hy cochromatography with standards kindly 
provided by D. Karentz (University of California, San Francisco, 
CA). Quantification was niade using published extinction coef- 
ficients (Tsujino et  al. 1980, Dunlap et al. 1986, Karsten et al. 
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1998a). Resulis of tlie HPLC anaiysis are expressed as m g ' g l  
dry weicht (DW). Additional saniples were collected for extrac- 
tion of chl u (Porra et al. 1989) and pliycohiliproteins (Beer 
and Esliel 1985) 

Ã¼i-'stres lest. Before and at tlie end of tlie niontli-long treat- 
ment, samples were tested Sol- UVR sensitivity hy means of a 
standard 3-h UV "stress test" applied in tlie lahoratory. Al- 
thougli the quantity of UV-B in the fest was set to an ecologi- 
cally relevant level, the test was not designed to mimic the solar 
spectrun-i in the field. Rather, tliis n~e thod  has heen previously 
shown to be effective in assessing the relative degree of acclinia- 
tion to UVR (Franklin et al. 1999). In this test. we used 320 nni 
as the division between W - B  and UV-A because of the spectral 
characteristics of our filters. The test was applied in a tenipera- 
ture-controtleci water hath (1S0 C) to 1.5-cm-long pieces of sim- 
I r  sliape cut from the thallus tips. The UV Stress treatments 
were made using UVA 340 fluorescent lanips (Q-Panel Co., 
Cleveland, OH) ,  in conibination with 20 kniol p l i o t o n s - n ^ - s 1  
PAR from daylight fluoresce~it lamps (Daylight Delux). Tlie 
emission spectrum of the U\IA 340 lanips was similar to the so- 
lar spectruni at wavelengths less than 345 11111 and contained no 
radiation helow 295 nii-i. Lamp spectra were measured using 
the LI-1800UW spectroradiometer. and the distance between 
the lanips and the san-iples was acijusted to appi-oximate tlie im- 
weighted UV-B 111-acliance at midday on a typ~cal sunimer day 
on Helgoland. 11-iadiances were as follows: W - B  (300-320 nm) 
1.21 W-m-?, UV-A (320-400 n in )  20 W-i-i-ir2, and PAR (400- 
700 nni) 20 pmol p h o t o ~ - i s ~ n ' - " s ' .  The effective (wcighted) W - B  
iiradiance was 0.139 \ V - n ' - ' ,  calculated using Caldwell's genei.. 
alized plant action spectru~ii (PAS:w,) (Bjorn and Murphy 1985) 
ÃŸecaus MAAs have suhstantial ahsorpt~on in the LV-A spec- 
ti-um, tlie effects of UV-A and U\!-B were tested separately. One  
tip of each tliallus was exposed to both UV-A+B in the S~I-ess 
test, whereas another tip was exposed only to LW-A, the UV-B 
liaving heen renioved hy a sheet of the 320-nni-long pass foil, 

Sensitivity of tlie algae to the test was indicated by diffcr- 
ences in clilorophyll fl~iorescence cliaractenstics rneasured 
thrce tinies: beforc ancl after tlie test and after 3 h recovery at  
20 pniol p l io tons-m' - ' - s1  PAR. Fluorescence was n-ieasured 
witli a pol-tahle Pulse Amplitude Modulation (PM-2000) fluo- 
rometer (H. Walz, Effeltrich, Gerniany). The optimal quantuni 
yield, F,/F,,, (F, = C, - C,), was determined by the following 
procedure: After 10 niin of darkness, a 10-s pulse of dim far red 
light was applied, the vakie was recorded, and F,^ was deter- 
n-iined by a saturating flash (Schreiber et al. 1986, 1995). Pro- 
ceeding ininiediately, 3 min of 35 [xn-iol p h o t o n s - m 2 - s 1  froni 
tlie P M  2000 internal light-eniitti~ie diocle array (e~iiissio~i 
inaxiim~i-i~ 655 nin) was applied to activate pho~os~ntl iet ic clark 
eactions, and thpn a light rcsponse curve of fluorescence was 

recorded from 7 to 350 &n-iol photons-~n'^s"~. At each in'adi- 
a e ,  the steady state fluorescence level (F,) was allowed to sta- 
bilize arid then a saturating flash was applied (L'), followed hy 
5 s of darkness (Fy'). The effective quantum yield, (bn = (C,,' - 
/'s) / F,,' (Genty e t  al. 19891, and reduction Status o f  the pri- 
man' PSI1 acceptor, Q, l - qP = l - (Fn,' - F,) / (F,,,' - F"') 
(Bitger and BjÃ¶rkma 19901, were caiculated. Samples wcre 
held in a stirred temperatul-e-controlled (18' C) chaniber dur- 
i n s  the measuremenis. Irradiance was measurecl using a cosine- 
corrected quantum Sensor (Li-Cor). 

Statistical anulyses. L'nder given conditions, differences in 
photosynthetic pigments and fluoi-escence c11aracte1-istics among 
the red, green, blue, and wliite san-iples were assessed by analysis of 
variante (Genstat 5 Release 3.1, Lawes Agricultural Trust, Rotliam- 
sted Experin~ental Station, Harpenden, Hel-dbrdshire, UK). 

RESULTS 

bradiance awl general appearance of thalli. T h e  cumula- 
tive irradiance for the treatment periods can be found 
in Table 2. Only those wavelengths relevant to the treat- 
ments are presented. Many days in these periods were 
cloudy or completely overcast. By late September, global 
irradiance had declined substantially from the sunimer 
values, and approximately half the amount of irradiance 
was ~-eceived in a given period as during the Summer. 

The major photosynthetic light-harvesting pigmenu 
in C. crispus are the phycobiliproteins, which absorb 
light between 460 n m  and 370 nm. Though n o t  rnea- 
sured directly, thalli under the blue filter treatment 
would have initially received the least amount  of pho- 
tosynthetically usable radiation (PUR) (More1 1978) 
011 a quantum basis and those in the white light the 
most. After 40 days, the absolute concentrations of 
photosynthetic pigment in all treatments changed sig- 
nificantly relative to the initial condition, but  these 
changes affected the ratio of phycobiliprotei~~s to chl 
a only in samples under blue light (Table 3) ,  appar- 
ently in response to low PUR. In these samples, the ra- 
tio doubled due  to increases in bot11 phycoerythrin 
and phycocyanin, and samples appeared almost pur- 
ple. The phycoerythrin content of green and red light 
acclimated samples was similar to white light controls 

T~13t.k' 2. Cun~ilati 'ie irsadiance values suminecl over tlie period when the spectral I-esponse of > L U  induction was tested (19 July to 
27Junc  1998) anci when the cffeci o f a  priorexposme to hlue lieht was tested (3 September to 5 Octoher 1998). 

30.5 T I ~ I  WO nm 3.10 cmn 380 nm 

14 d W, B. G, R 214.3 
29 d W, B. G. R 403.5 
40 d W, B. G. R 568.9 

Sequential blue and L'V treatmcnt 
3 September to 5 Octoher 1998 

18 d B pretreatme~it 111.6 
2 d  U V ~ I - B  0.18 2.6 5.2 8.0 
3 d U V o r B  0.47 7.1 14.3 22.11 
7 d U V o r B  0.76 14.0 29.1 44.22 
1 4 d U V o r B  1.20 25.3 53.7 82.28 

The number ofdays refers to the total length of time a sample sei was under the treatment conditions, Measurements were niade 
with a ÃŸiospherica PUV-500 radionieter niounted on the roof of tlie researcli huilding on  Helgoland. Actual amounts of radiation 
received were reduced as indicated by the filter spectra in Figure 1 W, wliite; B, blue; G, green; R, red. 



. . 
Initial 1.51 (0.20)-"' 0.21 (0.02)" 0.41 (0.06)".' 4.26 (0.87ja 
White 1.30 (0.23)"'1' 0.19 (0.02)" 0.31 (0.04j"1 4.86 (0.73)' 
Blue 2.81 (0.36)' 0.33 (0.04)" 0.37 (0.06)'" 8.75 (l.94jb 
Green 1.68 (0.40)" 0.22 (0.03),' 0.44 (0.01)' 4.33 (0.95)- 
Red 1.08 (0.31)- 0.28 (0.02)" 0.28 (0.03)* 4.87 (1.34)- 

Averages (SD), n = 4. Statistically different values are marked by different superscripts ( P <  0.05). 

but higher undcr blue light. The concentration of 
phycocyanin increased from equal amounts in the 
white and green treatments to higher in the red and 
even higher in the blue treatments. The chl a content 
was highest in grcen light samples, progressively de- 
creasing in blue, white, and red samplcs. 

Growth rates were estimatecl from the change in to- 
tal biomass from one sampling time to the next. Over 
the course of 40 days, the growth rate of samples in 
white light was approximately twicc that of those in 
red or green light and seven times higher than in blue 
light (data not shown). This agrees with the hypothe- 
sis of low PUR in the blue treatment and suggests that 
phycobiliprotein synthesis under this condition did 
not compensate for ehe lower PUR in terms ofgrowth. 
Microscopic obsen'ation revealed that red light-accli- 
mated samples developed very thick cell walls as com- 
pared with all other treatments (not shown). 

Spectral response o f M A A  indz~ction. Before transfer to 
the treatment conditions, extracts from initial sam- 
ples, either cultured or collected fresh from the sub- 
littoral, contained no clear absorbance peaks in the 
W-A or UV-B range (Fig. 2 ) .  Differential UV absor- 
bance among the red, green, blue, and vvhite treat- 
ments was obsesved within 7 days of the Start ofthe ex- 
periment. Representative spectra of extracts obtained 

from thalli of equal weight suggested that, relative to 
the initial condition, there was similar synthesis of W- 
absorbing compounds in white and blue treatments, 
but a loss of compounds under red and green light. 
Thalli in the white or blue treatments contained sub- 
stances absorbing strongly between 320 and 370 nm, 
with broad peaks at 330 nm and 360 nrn. Differentes 
between white and blue versus green and red were 
maintained over the remainder of the 40-day experi- 
mental period. 

The presence of MAAs was confirmed by HPLC 
analysis of samples collected throughout the duration 
of the experiment (Fig. 3).  After the first week, thalli 
in both white and blue treatments contained prima- 
rily palythine, though samples in white light con- 
tained approximately four times as much on a DW ba- 
sis. Samples in white light also contained small amounts 
of shinorine. The palythine content in blue light- 
treated thalli rose nearly linearly over the course of 40 
days to 0.8 m g ' g '  DW, and at the end of the experi- 
ment there was no significant differente between sam- 
ples in the blue or white treatment. Induction was 
light saturated at the levels used in the blue treat- 
ment, because the 50% more blue light in the PAR 
treatment (Table I )  did not result in any greater MAA 
content. In contrast, there was less than 0.15 m g - g '  

' \ FIG. 2. Extracts of UV-ahsorbing compounds 
frorn Chondrus aispus  after 1 week in the blue, 
green, red, or white filter treatments. Sarnples - 
were of equal fresh weight, extracted in equal 
volurnes of 25% aqueous methanol. 

- 

300 350 400 450 
Wavelength (nm) 



LINDA A. FRANKLIN ET AL 

l ~ l ~ l ' , ~ l  

White A 

Total 

Green 5 0.8 

0.6 
P- 

0.4 

Palythine 

0.0 

0 10 20 30 40 
Days 

Palythine E 
DW palythine measured in the green treatment and 
less than 0.1 m g ' g l  DW shinorine in the red treat- 
ment at any time within the 40 days. Only trace 
amounts of asterina-330 and palythene were detected 
in any treatment at any time. 

Response to a standard UV Stress before synthesis ofâ‚¬'lAA 
PAM chlorophyll fluorescence characteristics of cul- 
tured C. crispus are shown in Figure 4, before and af- 
ter the 3-h W-A or the W-A+B stress test and after 
3 h recovery in low PAR. Before exposure to any UV 
stress, F,/Fm was 0.65 (Fig. 4A, value at 0 irradiance). 
Upon exposure to increasing irradiance in a light re- 
sponse cunTe, declined from 0.65 to 0.17 as more 
excitation energy was received hy the thallus than was 
required for electron transport. At the Same time, the 
reduction status of Q increased in response to increas- 
ing irradiance, from a fully oxidized state at low irradi- 
ance to just under 60% reduction at 380 pmol pho- 
t o n s - m ^ s l  (Fig. 4D). After exposure to 3 h UV-A or 
LI-A+B in low background PAR, both &,/F,, and 
were reduced to 0.1 or less (Fig. 4B). Although there 
was 110 statistically significant difference hetween 
stress treatment with UV-A or W-A+B, thalli treated 
with UV-A+B had slightly but consistently lower quan- 
turn yields. The Q pool was 30%-60% reduced at low 
irradiance, increasing to nearly 100% at 380 pmol 
p h o t o n s ~ m 2 ~ s t  (Fig. 4E). A greater degree of reduc- 
tion was Seen due to the UV-A+B test compared with 
the UV-A test, but the response was highly variable. 
The degree of recovery after the stsess differed 
among the fluorescence Parameters. Quantum yield 
recovered somewhat during the next 3 h in low PAR, 
with the tendencv for lesser recovery when the stress 
test contained UV-B (Fig. 4C), whereas the reduction 
status of the Q pool recovered completely in each 
case, differing only slightly from initial values at low ir- 
radiance (Fig. 4F). 

Days 

FIG. 3. Time Course of the accu- 
mulation of MAAs in Chondrus aispii'i 
under (A) PAR, (B) blue, (C) gi-een, 
or (D) red Filter treatments, expressed 
on a thallus dry weight basis. The  ma- 
jor MAAs are identified o n  the paneis; 
only trace amounts of asterina-330 and 
palythene were detected. T h e  dotted 
i n e  is the sum of all W .  Means :̂ 
SD, ?L = 5. 

Response to a standard UVR stress after a c c h a t i o n  to 
speciral conditions and MAA synthesis. The response of 
thalli to the 3-h stsess test was measured again at the 
end of the 40-day acclimation and MAA synthesis pe- 
riod. Results of measurements performed before, af- 
ter the 3-h treatment, and after the 3-h recovery are 
presented in Figures 5-7. Complete fluorescence ver- 
sus irradiance cun7es wese measured in each case, hut 
only the results for F,/F,, (Fig. 5), (I>,, (Fig. 6), and Q 
pool reduction status (Fig. 7) at the low and high irra- 
diance endpoints (7 and 380 pmol p h o t o n s ~ m 2 ~ s ' )  
are shown for clarity. In almost every case, there was a 
significant effect (usually P < 0.001) of acclim$tion 
filter color On the results of the stress test, as indicated 
in the figures. 

The ratio F.,/Fm of thalli acclimated to white or blue 
light declined significantly less after the 3-h exposure 
to UV-A OS UV-A+B compared with that of green- or 
red-acclimated samples (Fig. 5) and less than obsenged 
initially (cf. Fig. 4.4). Recovery was also significantly 
greater, especially after UV-A exposure, indicating in- 
creased capacity to cope with UVR stress. In contrast, 
there was no difference in response hetween red-accli- 
mated samples and initial thalli. Thus, thalli with the 
higher amount of MAAs had a higher optimal quan- 
turn yield under these circumstances. However, sam- 
ples from the white and blue treatments differed in 
their response to UV-A, even though they contained 
similar amounts of W. "White" thalli maintained a 
significantly higher optimal quantum yield than those 
from the blue treatment after exposure to the 3-h W-A, 
but this difference disappeared when UV-B was in- 
cluded in the test radiation, and the F,./Fm of all sam- 
ples was lower. Differentes among treatments at the 
Start of the test, although statistically significant, were 
quite small relative to changes due to the stress and 
therefore were probably not hiologically significant. 
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FIG. 4. Fluorescence vcisiis light re- 
sponse tun-es of Chondrus  mi.$if, tlialli 
befol-C ~rowtli  unclei-wliite, I>lue, gieen. 
01- red filters. Measure~nents werc made 
before and afier a 3-11 test exposuic to 
UV-A (ooen svnibols) 01- UV-B (mied . , 
symim~s) anci elfter SI; recovely in PAR 
L'nveiglited fest irradiaiice: 1.4 W-m"'^ 
UV-B (300-320 nm) .  20 W-m-'^ UV-A 
(320-400 nni), and 20 1-i.1iiol plio~ons- 
,, . -?,L- I PAR (400-700 nm) .  Weighted 
L'V-B (PASsÃ£Ã£ 0.139 W - I I - ~ .  Foi thc 
LV-A only tieatment, UV-B lamp out- 
put ~ e i s  blockecl using a Folex filter. 
Rccovcry occurred in 20 pmol pho- 
tons-m-'-s-' PAR. (A-C) Changcs in 
tlie optimal quantum yield, F^/F,,, af- 
ter a 5-niin period of darkness and 
then changes in 6,' in response 10 PAR 
betwecn 7 and 380 p,niol photons- 
ni^-s"'. (D-F) Clianges in ehe reduc- 
tion Status of tlie Q pool. Means Â SD, 
"1 = 4. 

rradiance (prnol photons.rn"'-s") rradiance (um01 photons.m-^.s") 

When measui-ed at 7 pniol p h o t o n s - i n 2 - s ' ,  of 
samples acclimated to white or hlue light was also 
higher after the L W  test than that of thalli accli- 
mated to green or red light (Fig. 6, A and B). Again, 
testing with LV-A lowered (bu of thalli from the hluc 
treatment moi-e than those from the white treatment, 
despite equal amo~ints  of M&. Again, this differ- 
ence disappearecl when W - B  was present. Therc was 
110 significant diffcrence between green and red sam- 
ples in either case. After the 3-h 1-ecovery from the 
LV-A test, (bll was close to the starting values in the 
case of white and blue samples hut significantly lower 
in ehe case of F e e n  and red samples (Fig. 6A). Recov- 
ei? from the LV-A+B test was greater in white sam- 
ples than in blue, green, or red sarnples (Fig. 6B). De- 
spite the fact that red light-acclimated thalli had little 
accumulation of .VIA+ and performed worst among 
the treatments under WR Stress, these samples did 
show some signs of increased capacity to cope with 
UV, as recovery was greater than that seen initially (cf. 
Fig. 4C). 

\\llen mcasured at 380 pmol p h o t o n s - m L s ' ,  the 
L\'-A test (Fig. 6C) did not f ~ r t h e r  reducc of white 
samples 01- blue sainples. Again, samples from the red 
treatment had significantly lower b l l ,  and green samples 

were intermediate. The W-A+B test (Fig. GD) reduced 
(bll in all cases, but this time blue, green, and red sam- 
ples were equally affected despite differing ainounts of 
\IAAs. After the recovery period, was highest in 
white and hlue (W-A) orjust white thalli (W-A+B). 

Before applying the UVR test, the quinone pool was 
highiy oxidized at 7 pmol p h o t o n s - m 2 Â ¥ s  (Fig. 7, A 
and B) and approximately 50% reduced at 380 prnol 
p h o t o n s ~ m 2 ~ s '  (Fig. 7, C and D) .  No clear trends or  
correlations with MAA content wcre ohserved. After 
the test, a slightly higher proportion of Qwas reduced 
at low light in green- and red-acclimated thalli, hut af- 
t.er rccovery there was n o  difference arnong treat- 
ments. At high light, the W - A  test had no  effect on  
samples grown in white, blue, o r  green light, but al- 
most 100% of Q was reduced in red-treated thalli. In 
conti-ast, the W-A+B test led to 100% reduction in 
blue- and green-acclimated thalli as well. Again, inclu- 
sion of W - B  separated the response of white and blue 
saniples, despite equal MAA content .  White light- 
acclimated samples recovercd fully after either test. In 
contrast, thalli from the blue treatment recovered to a 
sirnilar extent after the W - A  test but  less so when the 
test contained W - B .  The least recovery was found in 
red samples. In summary, those thalli with more MAAs 
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usually had high photosynthetic performance under 
UVR stress, but those with equally high MAA content 
(white and blue) differed with respect to relative pro- 
tection from UV-A or  W-A+B.  

Effect of prior exposure to blue light on WR-induced 
MAA syntheszs. Neither fresh subtidal C. crispus (Fig. 8 ,  
A-C, "0" days) nor samples that had already been ex- 
posed to the 2-week pretreatment in blue light (Fig. 8 ,  
D-F, "0" days) contained any detectable MAAs. This 
was in contrast to results from the earlier experiments 
(Fig, 3)  but was likely due to the reduced global irra- 
diance at this later date. MAA synthesis in C. crispus 
has been shown previously to be dose dependent 
(Karsten et al. 1998a). During the next 2 weeks, a 
small increase in the level of palythine was obsen'ed in 
samples in blue light, occurring faster if there had 
been previous blue light exposure (Fig. 8, A and D )  

Fit. 5. Comparison of of Chondrus 
cnfipus thaiii accliniateci 40 days to white, blue, 
green, or red light. Changes are ciue to expo- 
sure to the laboratory W - A  (A) 01- W - A + B  
(B) stress tests and dul-ins subsequent recovery. 
Test and recovery conditions as in Figure 4. 
Means Â SD, n = 4; heavy lines above eacli 
group of bars are the least siguificant differ- 
ence. 

but to the Same extent at the end of the experiment. 
Total MAA content was lower than in the first experi- 
ment, in agreement with the lower global irradiance 
at that time of year. In  contrast, the amount of shino- 
rine present in both field and blue-pretreated samples 
rose significantly within 3 days of transfer to UV-A or 
UV-A+B (Fig. 8, B, C, E, and F). However, the se- 
quential application of blue light and UVR led to a 10- 
fold greater initial svnthesis of shinorine than any treat- 
ment alone, a more than additive effect of either blue 
or UV-A o r  L!-A+B (note different scales in E and 
F). The presence of UV-B in the spectruin made little 
difference in the levels of MAAs measured but miglit 
have contributed to a decline in MAA content at the 
end of 2 weeks. Samples that had not been pre\-iously 
treated in blue light also contained a significant amount 
of an unidentified W-absorbing compound (Fig. 8, B 
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F I ~ ,  6. Companson of <bn of Chondnis C ~ ! J / I I I S  tlialli acclin'iatcd 40 days to white, biue, green, or red light. (A and B) Differentes 
ar.iong ticatineins nhen mcasured a i  low llgtli (7 p,mol p l ~ o t o n s - ~ ~ ~ ' Â ¥ ^ ~ s ~ )  (C and D) Diffeiences among treatments when measured 
ai 111gli iiqllt (^SO p.mol p h o t o n s - ~ ~ ~ ^ - s ' ) .  (A anci C) C11~~1ges cluc to exposm e to Å¸-i iaboratoiy LT-A stress test and subsequeni re- 
co'ie~:. (B anci D )  Change-. due to exposinc to ehe laboiatory UV-A+B strei>5 lesi and subsequem rccove~y. Test and I-ecoveiy condi- 
o n s  as 111 Fiqine I .  Means 2 SD. Ã = 4, Different letteis desiffnate si~inficantly different ireatments; heai? lines above each ffroup of 
s C llie Iciisi si~nific~ini: diffcrence. 

and C ) ,  but total L'V-absorbing compounds ivere still 
much less than ob.servecI in blue-pre~reatcd san~ples. 

DISCUSSIOS 

AÂ¥l L, l A J I I / / I ( , > ~ \  a n d  / I I ~ O ~ ~ ~ / / I J I Z  ~ ~ ~ ~ ~ / u . \ J I I ~ / I ~ ~ / s / ' Â ¥ o I ~  W 
s l i ~ d s .  Natural LV-B 1-acliation clcarl\- lias the potential 
to inhibit photosyntl~csis of inan)' macroalgae 117 situ 
( e . 5  IIidci et al, 1996, Sagert e t  al. 1997) and espe- 
cially when thalli are moved from loiv racliation envi- 
ron inen~.~  at clepth to near-surface levels of W - B  (e.g. 
Wood 1987. 1989, Larkum and Wood 1993, Herr- 
mann et al. 1995, I-Ianelt ct al. 1997). For species oc- 
curring ovcr a \vidc range of depths, the degree of in- 
hibition is usually markeclly less in samples from 
shallow waicr (Dring et al. 1996, Bischof et al. 1998). 
Thcre are a number ofpossible pl~otosynthetic targets 
for damagc by L'V-B, incl~icling RL'BISCO (Sogues 
and Baker 1995, L.esser 1996) and the clonor and/or 
accepior siele of PSI1 reac~ion centers (Post e t  al. 
1996, Vass e t  al. 1999). The wiclespread occurrence of 
W s  in 01-ganisms growing in high irracliancc and 
the broad W absorption spcctrum support the hy- 
pothesis that MAAs act as sunscreens in macroalgae. 
Most eviclence relating MAAs to reduced UV sensitiv- 
ity are correlative, bist in the dinoflagellate Gymnodin- 
; u m  sang-uiizeiim, MAAs specifically reduced the action 

spectrum of damage to photosynthesis in UV wave- 
lengths (Neale e t  al. 1998). In contrast, there are also 
cases where acc~~mulat ion of MAAs or  unidentified 
UV absorbing con~pounds offered only limited pro- 
tection of photosynthesis, pigment content, o r  growth 
rate of macroalgae (Wood 1989, Lesser 1996, Franklin 
e t  al. 1999). 

Becausc the photosynthetic efficiency of lab-cul- 
turcd C. aispus was equally reduced by UV-A and W- 
A+B and the combination of MAAs in C. ci-ispus results 
in a broad UV absorption spectrum, we were interested 
in whether there was a differential change in the MAA 
content of thalli under different light treatments and 
ivhether there was differential UVR sensitivity based 
o n  the accu~nulation of MAAs. In agreement with 
other studies, the photosynthetic efficiency of thalli 
with higher \ L M  content was generally more resistant 
to UVR, either when the comparison was made to 
thalli sampled befoi-e thc growth experiment (Fig. 4) 
o i  among the treatments after the experiment (Figs. 5 
and 6) .  In those treatments where MAAs werc synthe- 
sized, the differences in the results of the W - A  tests 
before and after MAA synthesis were much greater 
than the differences in the results of the W - A + B  test. 
This was unexpected because the major compound 
palythine 1x1s an absorption maximum of 320 nm. But 
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thc transf'cr 10 higher in'adiancc in general appeaied 
to 11avc a positive FITcct 011 tlic response to UV. Evcn 
witliout iubstantial MAA synthcsis, red ancl grccn 
isht-trcaterl mnipici recovci-ccl to a gi-e;iter c lcpec af- 
tcr tlie LT' stress tlian observed initially. 

Addition;illv, theic was often a significant cliffer- 
cncc hetween sample-. witli cqual MAA contcnt (wliitc 
ancl bluc'l in thcir c h ; i n v  i i i  pliotosyntl~etic ef'liciciicy 
ai'tci UV-.A veisus LT1-A+l3 stress. Blue li$it-gro\vn 
th.illi wcrc ii!>uallv significantly niore sensitive to L'V-:\ 
t1i.111 wcrc t1i;illi g rown in ~vliitc lidit bnt equally sus- 
ccptible t o  t l i r  morc cli~ina$ng combination of W- 
AÃ‘B This mal  have rcflcctecl ;i greatcr capacity of 
whitc lisl~t-giou'n siimples fbi- da111:ige repezir or  L^'-A 
s c ~ ~ c c n i ~ ~ q l h v  nicnns otlicr tliiin M.-\As. OI-, it may sim- 
pIv he JII  :u'tilact arising Srom tlie h c t  tliat whiw light 
lhalli containecl lower amounts of p I ~ v c o c r ~ t l ~ ~ - i ~ i  and 
ph'icooanin rclatnc LO eh1 a than blue light saniples 
iincl theref'ore had 'Â¥imallc photosvntlietic iinit targeis. 
O n  the otlier hiind, UV-B sti-ess continuecl to have a 
significant eflect 011  the recl~iction Status o f Q  [hat was 
inclependcnt of MAA content  and  tlie ratio of pliyco- 
bihpl-otcin/clil (I. After the LTI-.\+B stress, Q pools in 
blue-treatcd samples were as highly reclucecl at ligllt 
saturation as in green cincl red samples, O n e  interpre- 
tation of these results is that exposure of blue-, green-, 
01- rcd-trcatcd thalli to W - B  disrupted electron flow 
beyond tlic p las toq~~inone  pool, perhaps through 

- Low light B' 

- 

- 

- I b 

clainage to ATP syntliase or  RUBISCO, but tliat 
gt-o~'t11 in wliite light so~nchow reduced this effect in- 
dependently OS MAA content. A liighly r e d ~ ~ c e d  Q 
pool and high degree of thylakoid menibrane energi- 
zation woulcl have tlie aclditional effect OS increasing 
the likelil~oocl of  pl~otoinhihition h y  PAR ancl damagc 
to PSI1 ( O s ~ n o n d  C L  al. 1993). 

It is quite likely that growth under  thc three diSSer- 
ein spectra lecl to a nuinbcr of adclitional metabolic 
changes besicles \M synthesis. For example. blue 
and red light a re  M-ell known to favor synthesis of pro- 
 eins and  carbohydrates. respcctively (I<owallik 1987). 
Therefore, wc hesitate to clraw any specific conclu- 
sions as to exact inechanism by which tlie presence of 
W s  in white versus blue light-grown thalli is con-e- 
latecl with i111p1-ovecl photosynthetic performance af- 
ter W-A or L'V-A+B treatinciit. 

Iiidlirtion o f ^ L \ A  sy thes is  in Chondrus crispus. In a 
nuinhei of algae, the synthesis of \IAAs has been 
s11o~'n 10 bc inc1uced either by UV-B, W - A ,  or  PAR. 
or  a combination of these ivavelengths (Carreto et  al. 
1990, Riegger ancl Robinson 1997, Karsten et  al. 1998a). 
In othei- species, MAAs are constitutively expressecl 
for generations under  laboraton culture conditions 
(Jeffrey e t  al. 1999) o r  are apparently uninclucible 
(Hoyer e t  al. 2001). This ~ a r i a t i o n  of cause and effect 
makes it difficult to come to a consensus about partic- 
ular ti-iggering mechanisms. Furthermoi-e, the final 
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0 0  
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FIG. 8. A compai-ison of the time couise of the accumuiation of MAAs in Chondrus mspzis coilectecl directly from 6 m (A-C) o r  
preexposed to blue ligtit (D-F). T h e  two types of thalli were treatecl as foilows for  the induction of X L k :  (A and  D) 2 weeks exposure 
under hlue light, (B ancl E)  2 weeks exposure under  L'V-A (no  PAR, UG5 + Foiex fiiter), and (C and  E) 2 weeks exposure under  U\'- 
A+B (no  PAR, L'G5 + L'ln-aphan 290 filterj. Amounts are expiessed o n  a thallus diy ueight  basis. Please note the different scale in E 
i n d  F T h c  major W s  ai-e identifiecl a n  the panels; 0116 ti-ace amounts  of asterina-330 and  palythene were detected. T h e  dotted hne 
s the sum of all iclei~tifiecl W, Means 5 SD, Ã = 5. 

concentrations of MAAs in an organism, and possihly 
the particular \IAA composition, reflects the quantiv 
of racliation applied (Carreto et al. 1990, Riegger and 
Robinson 1997, Karsten e t  al. 1998a, Franklin et al. 
1999). Part of the difficulty in interpretation comes 
from the fact that in a numher of cases, an increase in 
MAA concentration from some previous particularly 
low amount is reported. Thus, it is difficult to distin- 
guish hehveen signals for synthesis and control of sig- 
nal t ransd~~ction pathways that have already been ini- 
tiated. It is possihle that more that one photoreceptor 
or signal transduction pathway might be involved in 
the overall process leading to high MAA concentra- 
tions, analogous to interactions among various photo- 
receptors that have been reported in higher plants 
(Casal 2000). 

In the present experiments, evidence has hcen 
founcl for specific hlue and W - A  radiation-mediated 
\M synthesis from conditions where no W s  wer-e 
present and for syiiergism hetween the two responses 

with respect to synthesis of a single MAA, shinorine. 
Synthesis of palythine, the principle MAA found in 
culittoral populations of C. m ~ p u s ,  was clearly in- 
duced hy blue light. The limited palythine synthesis 
observed in green light may have been due to the 
spectral overlap of the filters in the 450- to 550-nm re- 
gion. Elimination of wavelengths less than 380 nm 
from the white light treatment dramatically reduced 
the shinorine synthesis Seen previously in PAR (Frank- 
lin e t  al. 1999), and no  shinorine was detected under 
blue light. In contrast, shinorine synthesis was specifi- 
cally induced hy exposure of samples to L'V-A radia- 
tion, confirming our earlier results with this specics 
(Karsten e t  al. 1998a). Shinorine is by far the most 
common of MAAs reported in macroalgae so far, in 
species collected from tropical to Arctic Katers (Ban- 
aszak e t  al, 1998, Karsten et al. 1998b), and was the 
most rapidiy accumulated compound synthesized in 
Stjlop1~01-a colonies exposed to UVR under controlled 
laboratory conditions (Shick e t  al. 1999). Wavelcngth 
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dependence for MAA synthesis in soine species of ini- 
croalgae has been shown previously. In particular, 
Cai-reto e t  al. (1990) founcl tliat gsowth in blue light 
increased the total UV absorbance of Alexa?7fl1-~1~771 ex- 
cauatum cells, but not to tlie Same clegree as white 
light. A species-specific effcct was reported by Riegger 
and Robinson (1997), with MAA synthcsis in Antarctic 
diatoms responding maximally to wavelengths be- 
tween 370 nm and 460 nm but  no t  to W - B  and in 
the prymnesiophyte Phaeocystis antarctica, maximally to 
340 nm, down to 305 nm. 

Shick e t  al. (1999) used the inhibitoi- glyphosate to 
demonstrate that synthesis of 10 WAS, including shi- 
norine and palythine, proceeds along a portion of the 
shikimate pathway, as had been inferred from the 
ivork of Favre-Bonvin et al. (1987) on  fungal mycospo- 
rille. With more that 20% of fixed carbon passing 
along this route (Heri-inann 1995), the shikimate 
pathway is the process by which the aroinatic amino 
acids phenylalanine, tyrosine, and t~yptophan and a 
number of precursors for secondaiy metabolites are 
made in microorganisms and plants. In particular, 
phenylalanine acts as a pi-ecui-sor for the synthesis of 
UV-absorbing flavinoids. Recent evidence for the com- 
plcx photoregulation of flavin syntliesis in Arabidopsis 
appears relevant to tlie discussion of regulation of 
MAA synthesis in C. c17spus and pcrhaps in othei- spc- 
cies. The Erst step of the flavinoicl pathway is catalyzecl 
by chalone synthase (CHS). Christie and Jenkins 
(1996) and Fuglevand et al. (1996) demonsti-atecl that 
W - B  and UV-A/hlue light induced CHS expression 
by separate pathways, only the latter of which involved 
thc chryptochro~ne CRY1 photoreceptor. In addition, 
W - A  acted synergistically with UV-B to generate a 
transient signal for stimulating the CHS gene pro- 
moter, whereas blue light acted synergistically with 
W - B  by a stable signal. These data were interpreted 
as representing separate pathways for signal transduc- 
tion in the flavinoid pathway. 

The details of the pathway responsiblefor synthesis 
of specific MAAs and its relationship to specific steps 
in the shikimate pathway remains to be elucidated. 
However, Support for the hypothesis that two photore- 
ceptors or signal transduction pathways account for 
MAA synthesis in C. crispus Comes from die observa- 
tion that maximal shinorine synthesis occurred ivhen 
blue light pi-eceded the W - A  treatments, to quanti- 
ties greater than those predicted from an additive re- 
sponse. The advantage of such a signal transduction 
System for a marine organisin would lie in the prefer- 
ential attenuation of UVR in the water column by dis- 
solved organic material, o r  gelbstoff, with a character- 
istic absorption spectrum that increases exponentially 
at decreasing UV wavelength. Organisins ahle to sense 
a change in the ainount of blue light present and 1-e- 
spond by directing more carbon skeletons toward the 
synthesis of W-absorbing compounds would have an 
advantage if the change in blue light presaged an in- 
crease in LV, as seen on  a seasonal basis at  high lati- 
tudes. In a cliinate change scenario, ehe depletion of 

stratospheric O3 only leads to an increase in the shoi-t- 
est W - B  wavelengths; thus, at first consideration this 
triggering system would not  be of pai-ticular advan- 
tage during periods of enhanccd W - B .  However, b J - B  
has beeil shown to directly affect watei- column clai-ity 
by the photooxidation of gelbstoff (Morris and Hai-- 
greaves 1997). In  this case, the gradual progression to 
ever shorter UVR as gelbstoff was oxidized would leacl 
to greater Inhibition of photosynthesis (Arrigo and 
B r o m  1996) unless a photoprotective response was 
triggered before the shortest UV wavelengths were 
transmitted. 

We did not  measure a strict dose-response in these 
experiments, but  a rough calculation suggests that in 
C. oispus, the blue light receptor satusates at  irradi- 
ances that are a t  most 30% of incident (Table 1). Sei- 
ther have we identifiecl a specific photoreceptor inole- 
cule, though detailed action spectra for MAA synthesis 
in C. crispus is undenvay (G. KrÃ¤b and U. Karsten, 
Alfred-Wegener-InsÅ¸t~it for Polar and Marine Re- 
search, Bremerhaven, Germany, unpublished data). It 
is also interesting to note that based on  the difference 
in pigment concentration between white and blue 
light-grown samples (Table 3) and the amount of total 
radiation received (Table 1) ,  the amount of PUR re- 
ceived by the thallus appeared to have 110 direct effect 
on  MAA synthesis in the short term but affected the 
rate of growth. It is clear that t l~ere  ai-e maiiy more 
Parts to the MAA induction puzzle to be clarified, for 
example, the induction of mycosporine-glycine syn- 
thesis by osmotic Stress in darkness (Portwich and 
Garcia-Piche1 1999) and the basis by which macroal- 
gae can be divided into those that do not  ever appear 
to have U, those in which MAAs can be induced, 
and those that constitutively contain them (Hoyer et 
al. 2001). 
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Abstract 

Lew light adapted laboratory grown thalli of Chondrus crispus (Stackhouse) were 

transplanted into shallow water and exposed to the natural ii-radiance prevailing in 

MayIJune at Helgoland (German Bight). A set of cut-off filters was used to study the 

wavelength dependent response of pho~osynthesis as well as pigment and mycosporine- 

like amino acid (MAA) formation. Due to the higher natural ii-radiance and in some 

cases additional UV radiation, a depression of maximal quantum yield coinciding with a 

decline in maximal electron transport rate could be observed during the first days of the 

experiment. Faster recovery of maximal quantum yield and maximal electron transport 

rate might be related to the increase in lutein concentration. In addition, higher rates of 

eleciron transport rates might be supported by increased chlorophyll a concentration. In 

parallel, MAA concentration increased resulting in an effective UV sunscreen. Our data 

suggest, that lutein is involved in the recovery of photochemical capacity, whereas 

MAAs provide a sufficient UV sunscreen reducing the light available within the algae 

to long wavelength UV-A and PAR. 

Running title: Exposure of Choiz~lr~is crispus to different light qualities 

Key words: Choncirns crispiis, mycosporine-like amino acids, photosynthesis, pigments 



Introduction 

Chondrus crisp~is (Stackhouse) is an abundant red alga of the North Atlantic inhabiting 

the intertidal and upper sublittoral Zone of rocky shorelines (LÃ¼nin 1990). Therefore, 

specimens have to cope with either extreme periodical variations in solar irradiance, but 

also with relatively constant low irradiances in deeper or turbid waters, depending on 

the respective vertical position on the shore, the state of the tide as well as seasonal and 

diumal changes i n  solar elevation. 

The occun'ence of this species in a wide variety of different habitats and the fact that 

pronounced differences in UV sensitivity have been observed between intertidal and 

subtidal macrophytes species and individuals (Bischof et al 1998 a, b, Karsten et  al. 

2001, van de Pol1 et al. 2001, 2002), have spussed the interest to investigate acclimation 

responses of C. crispus to various ecological Parameters as well as UV effects (Kubler 

& Davison 1993, 1995, Sagert et al. 1997, Coll6n & Davison 1999, Franklin et al. 1999, 

Bischof et al. 2000, Yakovleva & Titlyanov 2001). 

One mechanism in the acclimation to changing light especially UV conditions is the 

accumulation OS UV absorbing mycosporine-like amino acids (MAAs; for overview See 

Bandaranayake 1998, Shick et al. 2000, Shick & Dunlap 2002), although the degree of 

protection varies (Garcia-Piche1 1993, Lesser et al 1996, Franklin at al. 1999). The 

synthesis of MAAs is both dependent on the quality and dose of radiation applied 

(Casseto et al. 1990, Riegger & Robinson 1997, Karsten et al. 1998). 

Previously, we have studied the wavelength dependence of MAA synthesis of 

laboratory grown algae transferred to shallow water under natural solar radiation (KrÃ¤b 

et al. 2002), but one result remained unclear. Apart from the main response maximum 

for MAA formation in the UV-A band, a pronounced negative response to UV-B 

wavelengths has been detected. Differences in maximal quantum yield of 

photosynthesis (FvFm) between algae exposed under different cut-off filters were 

small. On the other hand, Franklin et al. (1999) found a significant UV-B induced 

growth Inhibition of sublittoral C. crispus transplanted into shallow water. 

Consequently, it is unclear vvhether the negative effect of UV-B radiation on MAA 

accumulation is due to an impaired metabolism or to some unknown wavelengths 

dependent characteristics of the mechanism tsiggering MAA formation. 

Therefore, in the present study we measured photosynthesis versus irsadiance curves 

using a similar Set-up and took samples for pigment analysis, additionally to samples for 
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MAA analysis i n  order to get more infoimation on the general effects of different light 

qualities On the metabolism of C. crispus dusing acclimation. 

Material and Methods 

Algal material and experimental conditions 

Thalli of C. crispiis, originally isolated on Helgoland (German Bight, North Sea; 

54'1 I 'N,  7'53'E) were cultivated in glass beakers in the laboratory (15OC, light-dark- 

cycle 16:8, 30 pmol m"' s" PAR). In May 2001, approximately 2 cm long tips were 

transplanted into boxes (18 X 18 X 5 cm) within an open flow through basin (150 X 50 X 

10 cm) mounted on the roof of the laboratory (BAH, Helgoland) and exposed to natural 

solar radiation. The spectral response to photosynthesis as well as pigment and MAA 

induction was studied by placing samples into boxes covered with different cut-off 

filters (WG305, WG320, WG335, WG360, GG400, GG420 and GG495; Schott, Mainz, 

Germany), thus generating different spectral radiation conditions. Additionally, one box 

was left uncovered ("unfiltered") to study the effect of the whole light spectra. 

Throughout the experiment, the whole set up was additionally covered with two layers 

of black gauze (Haver & Boecker, Oelde, Geimany; transmission = 40%) to reduce light 

intensity neutrally. The boxes were perforated at opposite sides to allow water- 

exchange. The basin was continuously flushed with filtered North Sea water. The water 

column above the samples was 5 cm. Algae were inserted into the experimental Set-up 

in the evening. Samples for photosynthesis measurements and pigment analysis were 

taken at 6:00 h .  Replica for MAA analyses were sampled at 6:00 h and 18:OO h. 

Light measurements 

Radiation conditions at Helgoland during the experiment were continuously monitored 

by a PUV-500 radiometer (Biospherical Instruments, San Diego, USA) mounted on the 

roof of the Institute. Additionally, a spectrum of solar radiation was recorded at noon on 

a sunny day (Tab. 1) by a fast scanning double monochromator spectroradiometer 

(UV320D. Instruments Systems, Munich, Germany) equipped with a cosine Sensor. 



Tablc I :  Spcctral iri-acliance meisured on a Table 2: Statistical significance of difference 
sunny day  ei t  noon (uni'~ltcrcd) and theoreticai between two sequential cut-off filters. Statistical 
specii al 1 1  i iidiance under the used cut-ot'f filter signit'icant differentes (p<0,05) are marked with 
calculated by tlic iiieasured spectrum asainst the X 

transm~ttancc spcctruni of tlie respective filter 

UV-B UV-A PAR 
W m 2 s "  

51,54 438,49 
44.91 393.18 
45.41 398.61 

WG335 37,88 388.66 WG305lWG320 X X 

WG360 27,60 388,40 WG320lWG335 
GG400 1 4 4  374.53 WG335lWG360 X x  
GG420 358.42 WG360lGG400 X X x  X 

GG495 257,04 GG400lGG420 
GG420lGG495 x x x x  

Biological variables 

During cxposure. maximal quantum yield of photosystem 11 eiectron Lransport of dark 

adapted algae (4 min) was determined by the ratio of variable to maximal chlorophyll 

fluoresccnce (FvIFm) witli a pulse amplitude modulated chlorophyll fluorometer (PAM 

2000. Walz, Effeltrich, Gcrmany), following the protocol described in detail by Hanelt 

(1998). Photosynthesis versus irradiance curves were recorded with the Same 

fluorometer as described by Bischof et al. (1999). Measurements of FvfFm and 

photosynthesis versus irradiance curves were condueted in triplicates from randomly 

collected samples. 

Changes in the pigment (chlorophyll a, lutein, a- + ÃŸ-carotene zeaxanthin) composition 

and content were analysed as described by Bischof et al. (2002). Pigment data were 

obtained from independent triplicate samples. 

Ciianges in MAA composition and content were analysed as described by Kriibs et al. 

(2002) with the niodification of the mobile phase to 5 % aqueous methanoi (v/v) plus 

0.1 % acetic acid ( V / \ )  in water. MAA data were obtained from five independent 

saniples. 

Polychromatic response spectra 

To  facilitate intercomparison of results obtained from the different filter treatments, a 

theoretical spectral in'adiance from every single filter was calculated from each 

wavelength according to the following equation: 



Ith = Im-Tl100 

with the measured irradiance Im at a given wavelength, the corresponding transmission 

T of the filter and the theoretical spectral irradiance Iih below the filter (Tab. 1). 

Subsequently, polychromatic response spectra were calculated from the respective 

MAA concentration accumulated in C. crispus grown under different filter conditions. 

First, a polynom second order (shinorine) and each a linear equation (palythine, 

asterina-330, palythene), respectively was fitted through single measured data points for 

the respective MAA concentration accumulated in algae exposed under each filter, 

Using the obtained equation a "theoretical" concentration of the respective MAA was 

calculated for the sixth day of the experiment. A mean value was calculated and used 

for a group of filter treatments with no statistically difference in MAA concentration, 

while the calculated value was used directly if the Pattern in MAA accumulation under 

the filter in question was significantly different from neighbour filter treatments (Tab. 

2). To calculate the polychromatic response spectrum for the total MAA concentration, 

the mean value for the steady state was calculated. Statistically significant differences 

between different filter treatments were taken into consideration as described above. 

Response spectra were calculated using this statistically adjusted data Set: The 

difference in MA.4 concentration in algae grown under two sequentially numbered cut- 

off filters was divided by the difference in total in'adiance between the two light fields 

under the filters (Tab. 3; Runde1 1983). All calculation of polychromatic response 

spectra are based on the median wavelength of the difference in total irradiance 

obtained by subtraction of two sequential light fields as described by Riegger and 

Robinson (1997). 

Table 3: Irradiance of the difference Ypectra calcuiated from the theoretical filter spectra of Tab.1 and 
respective Median Wavelength 

Difference spectra 
WG305-WG320 

WG320 - WG335 
WG335 - WG360 
WG360 - GG400 
GG400 - GG420 
GG420 - GG495 

GG495 
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Data treatment 

Statistical significance between Fv/Fm values and PI-curves was calculated using the 

Mann & Whitney Test (p<0,05; Lozhn & Kausch 1998). 

Mean values and standard deviation were calculated from the respective replicates. 

Statistical significance (p<0,05) of difference in MAA and pigment content 

accumulated under each cut-off filter and for different times as well as their combined 

effect was tested by two way analysis of variance (ANOVA) followed by Least 

Significant Difference-Test (LSD). Calculations were done using the program Statistica 

Kemel-Version 5.5A (StatSoft. Inc., Tulsa, OK, USA). 

Results 

Environmental conditions 

Solar irradiation varied markedly in the course of the experiment due to prevailing 

weather conditions. Sunny and cloudy conditions often changed rapidly, sometimes 

intersupted by rainfall, as indicated by the course of PAR (Fig. 1). The respective daily 

dose of solar in-adiance at 305, 320, 340, 380 and 400-700 nm is presented in Tab.4. 

Figure 1: Changes in the course of 
PAR irradiance at the study site in 
the cobrse of the experiment 

Time 



Table 4: Daily dose of solar radiation dunno the Course of experiment 

Date Day 305 nm 320 nm 340 nm 380 nm 400-700 nm 
k~ m" nm"' moi m'2 

23 May 2001 0 0,576 7,118 12.974 22,141 55,695 
24 May 2001 
25 May 2001 
26 May 2001 
27 May 2001 
28 May 2001 
29 May 2001 
30 May 2001 
31 May 2001 
01 June2001 

Effects on photosynthesis 

During the first days of the experiment a pronounced inhibition of maximal quantum 

yield of photosynthesis (Fv/Fm) could be observed in the morning (Tab. 5). Even so 

there was no clear trend, thalli exposed under cut-off filters to UV radiation of shorter 

wavelengths (WG305-WG360) were more inhibited than thalli exposed to PAR, while 

thalli exposed unfiltered to the full solar radiation exhibited relatively high FvEm 

values almost throughout the experiment. In the morning of the fifth and ninth day of 

the experiment FvIFm values recovered to approximately 76 % of the start value, with 

no significant variations between the different filter treatments. 

PI-curves recorded in the morning, showed a decline in maximal electron transport rate 

during the time of low FvEm values (Fig. 2). Parallel to the recovery of FvEm the 

maximal electron transport rate increased over the values of the start measurements. 

Table 5:  Maximal quantum yield of photosynthesis (FvEm)  of thalli exposed under different cut-off 
filters, MW k SD 

Unfiltered 
WG305 
WG320 
WG335 
WG360 
GG400 
GG420 
GG495 

Initial (0 d)  1" day 2 day 3 day 5" day 9" day 
0,694 k 0.001 0,430 k 0.064 0,618 Â 0.079 0,542 ? 0,109 0,577 Â 0,071 0,547 k 0,007 



Photon fluence rate (,um01 m"2s-' PAR) 

Figure 2: PI-curves showing relative electron 
transport rate (rel. ETR) of mean values 
calculated from all measured thalli irrespective 
of the filter treatment; A = day 0, A = day 1, D 
= day 2, = day 3, 0 = day 5 ,  Â = day 9; MW 
?C SD 

Time (d) 

Figure 3: Changes in the content of chlorophyll 
a (Â¥) lutein (O), a- (W)  + ÃŸ-caroten (U) and 
zeaxanthin (A) during the experiment; 
statistical significant differentes between the 
different filter treatments could not be observed; 
MW k SD 

Changes in the pigment content 

The intemal concentration of chlorophyll a, lutein, a- and ÃŸ-caroten increased 

significantly during the experiment, while the concentration of zeaxanthin remained 

constant (see GG495; Fig. 3). Significant variations in the pigment composition and 

content between the different filter treatments could not be observed. 

MAA content and induction 

Samples taken before the Start of the exposure contained only traces of the MAA 

palythine. After thalli were transfessed to the experimental treatments and a short lag 

phase, a substantial induction of MAAs could be observed (Fig. 4). 

Shinorine was accumulated more rapidly than the other MAAs. Depending on the filter 

treatment, the maximal shinorine content was reached between the third and fifth day of 

the experiment, followed by a significant decline of shinorine concentration. All other 

MAAs were accumulated more steadily throughout the experiment. 

In general, a significantly lower MAA concentration was accumulated in algae exposed 

to the full solar issadiance ("unfiltered"; Tab. 1). The total MAA concentration 

exhibited in algae exposed under the filter WG305 was slightly higher than in algae 

exposed under the filters WG320, WG335 and WG360. The MAA content of this filter 



2'5 1 unfiltered 
T 

j WG305 
I 

Time (d) 

Figure 4: Time Course of accumulation of shinorine (O), palythine (U), asterina-330 (U)  and palythene 
A )  as well as the total concentration of mycosporine-like amino acids (0 )  in C. crispus exposed to 
natural solar radiation under different cu-off filters; MW Â SD 

treatment group was significantly higher than the synthesised MAA concentration of 

algae exposed under the filters GG400 and GG420. In algae exposed to PAR excluding 

the major part of blue light (GG495) the lowest MAA concentration could be detected 

(see also Fig. 5). 



Polychromatic response spectra calculated from shinorine and the total MAA 

concentration indicated, that UV-B has the highest quantum efficiency for the 

accumulation of MAAs (Fig. 6). However, the response spectra calculated for palythine, 

asterina-330 and palythene revealed a difference in the wavelength dependent response 

between the steadily accumulated MAAs and shinorine. Thus, the response spectra for 

palythine, asterina-330 and palythene exhibit the highest quantum efficiency in the long 

waveband UV-A (Amax = 386 nm) and a second response peak in the blue light region of 

the spectra (Lmax = 466 nm). 

250 300 350 400 450 500 550 600 650 700 

Wavelength (nm) 

Figure 5: Final MAA concentration (Â¥ MW 2 
SE; n = 20-25) and calculated shinorine 
concentration (A) put against the number of the 
respective cut-off filter (wavelength of 50 % 
emission) On top of the measured irradiance 
spectrum (Tab. 1, unfiltered) 

Shinorme, 
Total 

0 
& 2 1; 3 8 6 1 1 ~  Palythine, 

Asterina-330, 
Palythene 

Wavelength (nm) 

Figure 6: Polychromatic response spectra of the 
wavelength dependent induction of 
mycosporine-like amino acids exposed under 
natural solar radiation (see Material and 
Methods for the calculation) 



Discussion 

Our results show that low light adapted laboratory grown thalli of C. crispus transfei~ed 

to high natural sun light can acclimate to the severely changed irradiance conditions 

(see also Franklin et al. 1999). 

Due to higher irradiance and additional UV wavelengths a depression of maximal 

quantum yield could be observed within the first days. The relatively constant and high 

FvEm values of algae exposed unfiltered to full solar radiation might be a temperature 

artefact. Although the whole experimental Set-up (including cut-off filters) was 

submerged in cooled seawater (flow-through), the water undemeath the cut-off filters 

may have been warmer than the surrounding water adding an additional Stress factor. In 

parallel to the depressed FvEm values, maximal electron transport rate declined. 

Similar results were found in several Arctic macrophytes after prolonged exposure to 

UV radiation (Bischof et al. 2000). Even though photosynthetic capacity was impaired, 

a rapid induction of chlorophyll a and lutein formation could be observed, indicating 

that photosynthetic activity was sufficient to provide the necessary energy equivalents 

for pigment synthesis. 

An increase in lutein concentration may be an important part of the acclimation to 

higher irradiance, because lutein contributes to the nonphotochemical quenching of 

excess light energy (Niyogi et al. 1997, Pogson et al. 1998). By dissipating excessively 

absorbed light energy lutein, similar to the de-epoxidation of violaxanthin, prevents an 

increased formation of reactive oxygen species during photosynthetic activity and thus 

the photo-oxidation of the photosynthetic apparatus (Asada and Takahasi 1987). This 

function may be essential, because C. crispiis lacks the xanthophyll cycle, which 

protects plants and macroalgae from photodarnage induced through high PAR 

(Versihinin and Kamnev 1996, Hanelt et al. 1997, Schofield et al. 1998, Harker et al. 

1999, Bischof et al. 2002 a, b). Low and constant concentrations of zeaxanthin, which 

also contributes to the nonphotochemical quenching (Niyogi et al. 1997, Pogson et al. 

1998. Wilson et al. 2003) further emphasize the importance of lutein in C. crispiis. 

Therefore, increased lutein concentration may be responsible for the recovery of 

maximal quantum yield and thus also for the recovery of maximal electron transport 

rate. Together with the recovery of optimal quantum yield, the initial shape of the PI- 

curves typical for shade-adapted thalli (start of the expesiment) was altered to a Course 
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characteristic for thalli exposed to high i~~adiance .  This enhancement of maximal 

electron transport rate might be related to the change in chlorophyll a concentration. 

Parallel to the pigment synthesis a steady accumulation of MAAs was observed, with a 

shift from shir101-ine to palythine as major MAA duringthe Course of MAA induction as 

prevlously described (Franklin et al. 1999, KrÃ¤b et al. 2002). While pigment content 

increases irrespective of the filter treatment a wavelength dependent difference in MAA 

accuniulation could be observed. Algae exposed to PAR without the major Part of blue 

light exhibit thc lowest MAA concentration, followed by specimens exposed to PAR. 

Additional UV radiation increases the concentration of MAAs markedly, while short- 

wavelength UV-B leads to pronounced lower MAA concentration ("unfiltered). 

This results in two polychromatic response spectra (calculated for the cut-off filters 

WG280 to GG495), one for shinorine accumulation and another on for palythine, 

asterina-330 2nd palythene accumulation. The polychromatic response spectrum for the 

total concentration of MAAs coincides with the one of shinorine. As discussed earlier 

(KrÃ¤b et al. 2002), this might be explained by the following slightly improved 

scenarios: 

1) according to Caldwell and Flint (1997) the ratio of UV:PAR affects biological 

response and might therefore be responsible for the differences in qualitative and 

quantitative MAA composition, although the same photoreceptor is involved 

2) the synthesis of palythine, asterina-330 and palythene may be stimulated by a 

different photoreceptor than shinorine, or 

3) an interconversion within the MAAs occurs as postulated by Franklin et al. (1999); 

On this background the polychromatic response spectra coincides merely with the 

wavclength dependency OS enzyme induction/inhibition necessary for the 

interconversion. 

According to Coohill (1992. 1994) polychromatic response spectra tend to obscure the 

photoreceptor molecule and can not conclusively show vvhat the respective absorption 

spectrum would look like. This is the case for the present data. Because MAA 

accumulation occurs already in specimens exposed under PAR without the major part of 

blue light (GG495), the polychromatic response spectrum calculated for shinorine as 

well as tlie total MAA concentration can not reflect the absorption spectrum of the 

photoreceptor triggering MAA formation. On the contrary, the broader the light 

spectrum under which algae were grown the more MAAs were accumulated (see Fig. 5, 

exception short-wavelength UV-B ("unfiltered"). Hence, a combination of both 
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calculated polychromatic response spectra might be a better fit for the absorption 

characteristics of the photoreceptor responsible for MAA induction. This unknown 

photoreceptor must therefore be able to absorb blue light, UV-A and UV-B, indicating 

that one OS two chromophores or even photoreceptors interact to tsigger MAA synthesis 

(see also Franklin et al. 2001). 

So far, two molecules have been suggested as photoreceptor chromphore. Portwich and 

Garcia-Piche1 (2000) suggested a reduced pterin (tetrahydrofosm) as photoreceptor 

molecule, because of the similasity between the conducted action spectrum and the 

absorption spectrum of ptesins as well as the inhibitory effect on MAA synthesis due to 

an inhibitor of the biosynthetic pathway of ptesins and an antagonist of ptesin excite 

states. As the action spectrum is only based on a wavelengths between 290 and 340 nm 

and because the authors failed to check the effect of the used inhibitors on the target 

molecule, this proposal should be considered carefully. 

An other candidate as the responsible photoreceptor might be a flavin-based 

cryptochrome, because the induction of shinorine is boosted if blue light and UV 

radiation interact (Franklin et al. 2001), similar to the photoregulation of flavin 

synthesis (Christie and Jenkins 1996, Fugelevand 1996). 

Nevertheless, a carefully constructed action spectrum (monochromatic irradiance) will 

be necessary to identify the absorption charactesistics of the target chromophore 

(Coohill 1991). 

Based on our results, long wavelength UV-B has by far the highest quantum efficiency 

for MAA accumulation, followed by UV-A and blue light. The assumed interconversion 

of MAAs with shinorine as precursor (also proposed by Franklin et al. 1999, Shick et al. 

2000) may be light regulated, with UV-A and blue light inducing and UV-B inhibiting 

presupposed enzymes catalysing the interconversion 

Until now, we kept the MAA concentration accumulated in specimens exposed 

unfiltered to the full solar radiation out of the consideration. These specimens 

accumulated significant lower MAA concentrations than those exposed under the filter 

WG305, which would result in a pronounced negative effect of short wavelength UV-B. 

This is in line with our previous results. Specimens exposed in a similar experimental 

set up under the filter WG305 exhibited a significantly lower MAA concentration than 

those under the filter WG320 (KrÃ¤b et al. 2002). Therefore, we can rule out that 

differences in MAA concentration are caused by different temperatures, as assumed for 

FvEm va'lues. On the contrary, they seemed to be a response to UV-B radiation. 
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Because we could show that pigment induction is similar in all algae irrespective of 

filter treatment, we know that this is not due to an W - B  induced inhibition of algal 

metabolism. Therefore, the negative effect of shost-wavelength UV-B on MAA 

fosmation may indicate an inhibitory effect of UV-B radiation on the biosynthetic 

pathway of MAA formation. 

Differences of these results and previous data (KrÃ¤b et al. 2002) are mainly due to the 

lower issadiance dusing this expesiment (1-3 d - 75 %, 4-9 d -40 % of the previous 

data). The depression of optimal quantum yield is due to higher issadiance dusing the 

first day (0 d) and the lack of a stepwise acclimation as we have done dusing the 

previous experiment. Optimal quantum yield and maximal electron transport rate 

recover when the lutein concentration has reached the steady state, indicating that lutein 

plays an important role during acclimation to high irradiance (PAR). Higher electron 

transport rates may be due to increased chlorophyll a concentrations. 

The generally lower MAA concentrations in the present data Set reflect the lower 

issadiance during the expesiment. Even though UV-B radiation had an effect on 

maximal quantum yield, we could demonstrate that this is not an unequivocal sign of an 

impaired metabolism. Thus, pigment synthesis was unaffected by UV-B radiation, 

suggesting that a decline in MAA concentration is neither due to missing energy 

equivalents nor to an impaired metabolism, but to an UV-B induced inhibition of MAA 

formation. Nevestheless, in all treatments internal MAA concentration was sufficient to 

protect specimens against UV radiation. 
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Abstract 

Under laboratory conditions the red alga Choizdri~s c r i s p s  synthesises up to three 

different mycosporine-like aniino acids (MAAs): shinorine, palythine and asterina-330. 

By exposing specimens under a set of various cut-off filters to three different 

in'adiances emitted by a Philips MSR 400 HR lamp emitting a solar-like spectrum, we 

calculated polychromatic response spectra for MAA accumulation under the full light 

spectrum and UV radiation. We were able to show that reciprocity for shinorine, 

palythine and asterina-330 accumulation holds during the first days, but fails as soon as 

a steady state is reached, indicating that there is a specific maximal internal MAA 

concentration for given radiation conditions. Furthermore, we found a strong indication 

of a precursor relationship between shinorine and palythine. whereby the shinorine 

concentration decreased at the same rate as the concentration of palythine increased in 

algae transfen'ed from UV radiation to the full light spectrum. The highest quantum 

efficiency for MAA formation was observed for UV-A radiation in all calculated 

polychromatic response spectra. Our results Support the proposal that the MAAs of the 

studied species are induced through a UV-A photoreceptor, with an as yet unknown 

photoreceptor molecule. The absorption maximum of this molecule is also unknown, 

because both absorption characteristics of the photoreceptor molecule and 

harmfullinhibitory effects of UV-B radiation influence the shape of the calculated 

response spectra. Beside the UV-A response peak, palythine response spectra also have 

a maximum in the blue light region, pointing to a second photoreceptor and the 

wavelengths responsible for shinorine interconversion to palythine. The results 



demonstrate the capacity of the alga to acclimate the intemal MAA concentration to 

spectrally different radiation conditions. 

Introduction 

Mycosporine-like amino acids (MAAs), a class of approximately 19 compounds, are 

chemical derivates of a cyclohexenone or cyclohexenine chromophore conjugated with 

one OS two amino acids andlor amino alcohols (for overview See Bandaranayake 1998, 

Shick et al. 2000, Shick and Dunlap 2002 and references (herein). The biosynthetic 

pathway is not conclusively known, but a study of MAA synthesis in coral, and another 

in cyanobacteria indicate that synthesis proceeds via early steps of the shikimate 

pathway (Shick et al. 1999, Portwich and Garcia-Pichel 2003). 

Because of their absorption maxima between 310 and 360 nm, i t  has been proposed that 

MAAs protect organisms against UV radiation induced damage (e.g. Dunlap et al. 1986, 

Dunlap and Shick 1998, Conde et al. 2000), although the degree of protection varies 

(Garcia-Pichel et al. 1993, Lesser 1996, Franklin et al. 1999). Recent results of Misonou 

and co-workers (2003) indicate that this protection acts not only on photosynthesis, but 

that MAAs also protect DNA molecules by quenching the excited thymine residue. 

MAAs occur in a number of taxonomically diverse organisms, particularly corals 

(Dunlap et al. 1986, Dunlap and Shick 1998), rnicroalgae (Jeffrey et al. 1999) and 

rhodophyte algae (Sivalingam et al. 1974, Karentz et al. 1991, Karsten et al. 1998b, 

Hoyer et al 2001). The synthesis of MAAs is dependent both on the quality and 

quantitylduration of radiation applied (Carreto et al. 1990, Riegger and Robinson 1997, 

Karsten et al. 1998, Franklin et al. 2001, GrÃ¶ninge and Hader 2002, KrÃ¤b et al. 2002). 

The photoreceptor responsible for the signal transduction initialising MAA forrnation is 

as yet, unknown. A carefully measured action spectrum for monochromatic light is 

necessary to identify the absorption characteristics of the target chromophore 

responsible foi- MAA synthesis (SchÃ¤fe and Fukshansky 1984, Coohill 1990). 

However, this approach is highly artificial. 

An alternative is the calculation of a polychromatic response spectrum, found by 

exposing specimens to polychromatic light using a set of different cut-off filters. 
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Polychromatic response spectra are closer to natural conditions and combine in the 

measured response natural repair and mitigating mechanisms (Coohill 1994), but they 

tend to obscure individual chromophores (Coohill 1992) and therefore can not be 

applied to answer conclusively the question of the absorption spectrum of the 

photoreceptor involved (Coohill 1994). 

Thus action spectra and polychromatic response spectra have their advantages and 

limitations, which have to be considered when discussing data. 

In recent years many authors have investigated the wavelength dependent induction of 

MAA biosynthesis. With one exception (Portwich and Garcia-Pichel 2000), authors 

used polychromatic in'adiance for their experiments (Carreto et al. 1990, Riegger and 

Robinson 1997, GrÃ¶nige and Hader 2002, Krabs et al. 2002, Sinha et al. 2002), 

revealing a diverse response of MAA formation due to different wavebands. Using the 

same polychromatic experimental set up, Riegger and Robinson (1997) demonstrated 

that wavelengths between 370 and 460 nm exhibit the highest quantum efficiency for 

MAA formation in two Antarctic diatoms, while the prymnesiophyte Plzaeocystis 

antarctica showed a response maximum at around 345 nm. UV-B radiation was most 

effective for MAA accumulation in two cyanobacteria and the green alga Prasiola 

stipitata (Portwich and Garcia-Pichel 2000, GrÃ¶nige and Hader 2002, Sinha et al. 

2002) In addition to UV radiation, blue light induces MAA accumulation in the 

dinoflagellate Alexandria excavatum (Cai-seto et al. 1990) and the red alga Chondr~is 

crispus (Franklin et al. 2001). It has been proposed that a photoreceptor molecule is 

responsible for triggering MAA fosmation (Shick et al. 2000, Portwich and Garcia- 

Pichel 2000, Franklin et al. 2001). However, information on both the nature of the 

regulating mechanism of MAA fosmation and the putative photoreceptor is limited and 

raises the question of the general distribution of these charactesistics within the algal 

classes. 

This study aimed to obtain more information about the wavelength dependence of MAA 

formation. Thalli of C crispiis were exposed to three different irradiances covered with 

different cut-off filters. Polychromatic response spectra were calculated according to 

Runde1 (1983), weighting the difference in MAA formation with the diffesence in 

radiation applied. Because MAA induction in C h o ~ z d r ~ ~ s  crispus is triggered by UV-B, 

UV-A and blue light (Karsten et al. 1998a, Franklin et al. 2001, Krabs et al. 2002), we 

were able to use one organism to test all known wavebands effective for MAA 

synthesis. 
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Material and Methods 

Algal material and experimental conditions 

Thalli of C. crispiis, originally isolated from Helgoland (Gerrnan Bight, North Sea; 

54'1 l 'N,  7'53'E) were cultivated in glass beakers in temperature-controlled rooms (15 

k 1Â°C light-dark-cycle 16:8, 30 pmol m-2 s" PAR) until they reached 2,5 to 3 cm in 

size. Provasoli enriched North Sea water was used as the culture medium (McLachlan 

1973). 

Experimental conditions 

In the first experiment, thalli were grown under continuous light of "high", "medium" 

and "low" irradiance (Tab. 1) for seven days, covered with nine different cut-off filters 

(WG280, WG305, WG320, WG335, WG345, WG375, GG400, GG420 and GG495, 

with 50 % transparency at the given wavelength; Schott, Mainz, Germany; Fig. 1A). 

Samples for MAA analysis and FvIFm measurements were taken at the beginning and 

after I ,  2 , 4  and 7 days. 

In the second experiment, thalli were exposed to a light-dark cycle of 16:8 h of "high" 

irradiance for seven days. The Same filter set up which was used under continuous light 

was applied and the Same sampling times were used. Additionally, samples for pigment 

analysis were taken after 7 days. 

The experimental set up for the third experiment was the same as in the second 

experiment. In addition to the filters WG280 to GG400, algae were covered with the 

band path filter UG5 (transparent for UV radiation and wavelengths above 650 nm; 

Schott, Mainz, Germany). Samples for MAA analysis and FvIFm measurements were 

taken at the beginning and after 2 , 4  and 7 days. 

In the fourth experiment, algae were loaded with MAAs by exposing them under a 

combination of both a UG5 and a WG320 filter to "high" continuous irsadiance for 

three days. The initial filter combination was then removed and sub samples of thalli 

were covered with the filters WG280 to GG420, respectively. Samples for MAA 

analysis and F v F m  measurements were taken 0 and 1, 2, 3 and 4 days after the removal 

of the initial filters. 

The light source for all experiments was a 400 W metalogen lamp (Philips MSR 400 

HR). 



Wavelength (nm) 

Figure I :  Spectral irradiances under the used cut-off filters during the experiment with "high" UV+PAR 
(A) and "high" UV (C) irradiance (see also Tab. 1); the spectra from left to right are WG280, WG305, 
WG320, WG335, WG345, WG375, GG400, GG420 and GG495; for the UV treatrnent (C) a UG5 was 
additionally placed over the filters WG280 to GG400; (B, D) Difference spectra generated by subtracting 
irradiance under two sequential cut-off filters; for median wavelength See Tab.3. 

Light measurements 

The light spectra of "high", "medium" and "low" irradiance (Tab. 1, Fig. l A ,  C) were 

recorded by a fast scanning double monochromator spectroradiometer (UV320D, 

Instruments Systems, Munich, Germany) equipped with a cosine Sensor. 

Biological variables 

During exposure, maximal quantum yield of photosystem I1 electron transport of dark 

adapted algae (4 min) was determined by the ratio of variable to maximal chlorophyll 

fluorescence (FvFm) with a pulse amplitude modulated chlorophyll fluorometer (PAM 

2000, Walz, Effeltrich, Germany), following the protocol descsibed in detail by Hanelt 

(1998). Measurements of FvFm were conducted in triplicates from randomly collected 

samples. 

Changes in the pigment (chlorophyll a, lutein, a- + ÃŸ-carotene zeaxanthin) composition 

and content were analysed as descsibed by Bischof et al. (2002a). Pigment data were 

obtained from independent triplicate samples. 



Changes in MAA composition and content were analysed as described by KrÃ¤b et al. 

(2002) with the modification of the mobile phase to 5 % aqueous methanol (viv) plus 

0 , l  % acetic acid (VIV) in water. MAA data were obtained from 4-5 independent 

samples. 

Table 1: Spectral irradiance under the four experimental conditions and the used CU-off filters 

U V B  U V A  PAR 



Table 2: Equations fitted to data points to model the Pattern of shinorine, palythine and asterina-330 
accumulation ( x  = time (d)), as weil as MW 2 SD of the steady state in total MAA concentration 

Shinorine Palvthine Asterina-330 Total 
rng g" DW 

WG280 -0,0024 x2 + 0,0175 x 0,02 16 X 0,0028 X 0,113 k0,118 
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Polychromatic response spectra 

Polychromatic response spectra were calculated from the respective MAA 

concentrations accumulated in C. crispus gown under different filter conditions. First, 

second order polynomial (shinorine) and linear (palythine, asterina-330) equations were 

fitted through the measured data points for the respective MAA concentration 

accumulated in algae exposed under each filter. Using the equations obtained (Tab. 2) a 

'theoretical" concentration of the respective MAA was calculated for the second 

(shinorine) and fourth day (palythine, asterina-330) of the experiment. A mean value 

was calculated and used for a group of filter treatments with no statistically significant 

difference in MAA concentration, while the individually calculated value was used 

directly if the Pattern in MAA accumulation under the filter in question was 

significantly different from neighbouring filter treatments (Tab. 3). To calculate the 

polychromatic response spectrum for the total MAA concentration, the mean value for 

the steady state was calculated. Statistically significant differences between different 

filter treatments were taken into consideration as described above. 

Response spectra were calculated with this statistically adjusted data Set: the difference 

in MAA concentration in algae grown under two sequentially numbered cut-off filters 

was divided by the difference in total irsadiance between the two light fields beneath the 

filters (Tab. 4) according to Rundel (1983). All calculations of polychromatic response 

spectra are based on the median wavelength of the difference in total irradiance 

obtained by subtraction of two sequential light fields as described by Riegger and 

Robinson (1997). 

Data treatrnent 

Mean values and standard deviations were calculated from the respective replicates. 

Statistical significance (p<0,05) of difference in MAA and pigment content 

accumulated under each cut-off filter and for different times as well as their combined 

effect was tested by two way analysis of variance (ANOVA) followed by Least 

Significant Differente-Test (LSD). Calculations were done using the program Statistica 

Kemel-Version 5.5A (StatSoft, Inc., Tulsa, OK, USA). 



Publication V 

Table 3: Statistical significance of differentes between two sequential cut-off filters; statistically 
significant difference (p<0,05) is marked with X;  0 = no statistical difference, but pronounced step 
between the response of algae of two filter groups, which is considered in the caiculation dividing these 
filters into two filter groups 
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Table 4: Irradiances and median wavelengths for the difference spectra generated by subtracting 

X 

X 

X X 

X X X 

irradiance under two sequential cut-off filters 

X X 

X X X 

X X X  X 

X X 

High Medium Lo w Median- 
wavelength 

nm 

298 
316 
335 
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389 
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Results 

MAA formation under continuous light 

Samples taken before tlie start of the exposure contained only traces of the MAA 

palythine. After thalli were transferred to the experimental conditions a substantial 

induction of MAAs was observed (Tab. 2, Fig. 2). 

Shinorine was accumulated rapidly until the second or fourth day, depending o n  filter 

treatment. After that, the shinorine concentration declined, retusning finally to the initial 

low levels. In contrast, palythine and asterina-330 were steadily accumulated 

througliout the experiment. Under most filter treatments a steady state was reaclied after 

the fourth day. 

For each filter treat~nent a linear relationship exists between applied irradiance and the 

concentration of shinorine, palythine, and asterina-330 as well as with the total MAA 

concentration. Statistically significant differences became more pronounced with higher 

ii~adiances (Tab. 3). 

Time (d) 

Figure 2: Time Course of the variation of the concentration of shinorine (@), palythine (0) and asterina- 
330 (A) as well as of the total concentration of mycosporine like amino acids (A) in Chondrus crispus 
exposed to continuous "high" radiation conditions; MW Â SD 



462 
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Figure 3: Polychromatic response spectra for the wavelength-dependent induction of mycosporine-like 
amino acids calculated for Chot~cfrus crispus exposed under continuous "medium" (dotted line) and 
"high" (solid line) radiation conditions; numbers mark the maximum wavelength of the respective 
response peak of the responsc spectra calculated for MAA induction of algae exposed to "high" irradiance 

Polychro~natic respoiise spectra revealed that UV-A radiation elicited the highest 

quantum efficiency for the induction of all MAAs, with maxima between 334 and 367 

tim (Fig.3). The response spectra of palythine synthesis and of total MAA concentration 

have a second maximum at 389 nm. 

Maximal quantum yield of photosynthesis (FvIFm) declined after the first day of 

exposurc to higher light intensities and UV radiation and remained depressed 

throughout the experiment (Tab.5). 

For algae exposed under the filier WG280 to "high" in'adiances a visible bleaching of 

thalli could be observed. They were totally bleached after the fourth day. All other algae 

appeared to be normally pigmented throughout the experiment. 

Table 5: Maximal quantum yield of photosynthesis (Fv/Fm) of thalli exposed for seven days under 
different cut-oft' filters and continuous light 

high medium lo\v 

Control 0.503 2 0.054 0.539 2 0,039 0.534 Â 0,016 

WG305 0,297 ? 0.042 0,291 ? 0,109 0,456 ? 0,034 

WG320 0.329 ? 0.072 0.423 Â 0,070 0,538 ? 0.052 

GG400 0.325 !C 0.048 0.504 k 0,057 0,513 2 0.052 

GG495 0,318 k 0.1 18 0,523 ? 0,032 0.481 Â 0.01 1 



Time (d) 

Figure 4: Time course of the variation of the concentration of shinorine (O), palythine (0) and asterina- 
330 (A) as weil as of the total concentration of mycosporine like amino acids (A) in Chot~clr-us crispus 
exposed to a light-dark cycle of 16:8 h of "high" irradiance (UV+PAR); MW ? SD 

Time (d) 

Figure 5: Time course of the variation of the concentration of shinorine C), palythine (0) and asterina- 
330 (A) as well as the of total concentration of mycosporine like arnino acids (A) in Chot~drus crispus 
exposed to a light-dark cycle of 16:8 h of "high" irradiance (UV); MW Â SD 
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MAA formation under a light-dark cycle 

In specimens exposed to a light-dark cycle of "high" irradiance a similar accumulation 

pattem was found as in thalli exposed to continuous light (Fig. 4), while thalli exposed 

only to the UV band of the Same light field, showed a different pattem (Fig. 5) .  Under 

UV radiation only, shinorine was also accumulated steadily throughout the experiment. 

It was the major MAA accumulated under these light conditions, while only low 

concentrations of palythine were synthesised. Asterina-330 was not induced throughout 

the experiment. 

UV-A radiation elicited the highest quantum efficiency for shinorine and palythine 

accumulation as well as the total concentration of MAAs (Fig. 6), irrespective of the 

light conditions. Under the full light spectrum the accumulation of palythine had a 

second, slightly higher response peak with a maximum at 316 nm. 
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8 
W 

Shinorine, 

<Å -100 - Total -1 00 I Palythine 

30 350 400 450 500 300 350 400 450 500 

1 Shinorine, 1 -100 Total -l oo J Palythine 

Wavelength (nrn) 

Figure 6: Polychromatic response spectra for the wavelength-dependent induction of mycosporine-like 
amino acids calculated for Chondrus crispus exposed under a light-dark cycle of 16:s h of "high" light 
conditions; shaded areas represent the light field under which algae were exposed when covered with the 
filter WG280; numbers mark maximum wavelength of respective response peak 



Maximal quantum yield of photosynthesis was inhibited by exposure to shorter 

wavelengths in algae exposed to the full light spectrum (Tab. 6). For all algae exposed 

under the full light spectrum Fv/Fm values were significantly lower than for specimens 

exposed to the UV band of the same spectrum. 

The pigment composition and content of algae exposed for seven days to the full light 

spectrum was similar to the initial pigment concentration, with no significant 

differences between the different filter treatments (Tab. 7). 

Table 6: Maximal quantum yield of photosynthesis (FvFm)  of thalli exposed for seven days under 
different cut-off filters and light-dark cycle of 16:s h 

Control 
WG280 
WG305 
WG320 
WG335 
WG345 
WG375 
GG400 
GG420 
GG495 

Table 7: Content of chlorophyll a, lutein. zeaxanthin, a- and ÃŸ-carotene with respect to the filter 
treatment under which algae were exposed to a light-dark cycle of 16:s h ,  MW Â SD 

Chlorophyll a Lutein 

control 
WG280 
WG305 
WG320 
WG335 
WG345 
WG375 
GG400 
GG420 
GG495 

Zeaxanthin 
mg FW 

0,001 Â 0,001 
0,003 k 0,001 
0,003 k 0,001 
0,002 Â 0,000 
0,001 Â 0,001 
0,002 Â 0,000 
0,002 Â 0,001 
0,002 Â 0.000 
0,001 Â 0,000 
0,001 Â 0,001 
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Interconversion of MAAs 

For specimens loaded with MAAs, an interconversion of shinorine to palythine was 

observed, with a similar pattem for all filter treatrnent. For exarnple, figure 7 shows the 

time Course of interconversion for algae exposed under the filter GG400. 

Approximately two days after thalli were covered with different cut-off filters, the 

shinorine concentration declined steadily, while the concentration of palythine increased 

by a similar amount. Nevertheless, the total concentration of MAAs changed for some 

filter treatments, leading to significantly lower MAA concentration in algae exposed 

under the filter WG280 (Fig. 8). 

Throughout the experirnent FvRm values were between 0.48 and 0.5. 

0 1 2 '3 4 

Time (d) 

Figure 7: Interconversion of UV induced Figure 8: Final MAA concentration in Chondrus 
shinorine (0 )  to palythine (O), while thalli of crispus exposed under different cut-off filters, 
Chondriis crispiis were exposed to PAR after MAA induction under UV light; a = 
(GG400); A= total MAA concentration significant difference frorn the control and all 

other filters; b = significant difference from 
WG320 



Discussion 

Our results show that reciprocity between irradiance and specific as well as total MAA 

concentration in algae exposed under any specific cut-off filter, holds dusing the first 

days, but fails as soon as the steady state is reached. These results indicate that not only 

the light intensity, but also the duration of exposure determines the maximal internal 

MAA concentration. Beside this common response, the wavelength dependent 

acc~~mulation varies for specific MAAs, revealing different wavebands to be most 

effective for the accumulation of a specific MAA. The polychromatic response spectra 

calculated foi- the total MAA concentrations is either a mixture of the calculated 

response spectra for shinorine, palythine and asterina-330 (Fig. 3; continuous light) or 

compares to that of shinorine (Fig. 6; light-dark cycle). 

The common feature of polychromatic response spectra calculated for MAA 

accumulation in algae exposed to continuous ilradiance are the main response maxima 

in the UV-A band and a pronounced negative effect of UV-B radiation. Under 

continuous light the negative response to UV-B radiation can mostly be explained by 

the harmful effects of these wavelengths, which induce damage to DNA, RNA and 

proteins (Vincent and Neale 2000, van de Poll et al. 2001, 2002) and inhibits 

photosynthesis, growth and reproduction (Wiencke et al. 2000, Kuhlenkamp et al. 2001, 

Bischof et al. 2002a, b). A reduction in growth rate due to UV-B radiation was shown in 

C. crispus (Franklin et al. 1999, van de Poll et al. 2003). Additionally, high UV-B 

in'adiance lead to an accumulation of cyclobutane-pyrimidine dimers in C. crispus, 

although the authors regard these results cautiously due to the low PAR levels during 

the experiment (van de Poll et al. 2003). Under "high" irradiance algae exposed under 

the filter WG280 bleached completely, revealing severe damage to algal rnetabolism. 

Algae exposed under the filter WG305 may also have suffered a depressed metabolism, 

but appeared to be norrnally pigmented. As polychromatic response spectra calculated 

for MAA accumulation in algae exposed to "medium" irradiance had a similar shape as 

those calculated for algae exposed to "high" irradiance, there may also be some other 

responses responsible for the negative effect of UV-B radiation, Beside the indirect 

effect based on insufficient energy equivalents a direct inhibitory effect on MAA 

biosynthesis may be involved. 

The main maximum in the UV-A band present in all response spectra indicates the 

wavelengths with the highest quantum efficiency for MAA formation. The shift in the 
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response maximum rnay be caused by the experimental Set up. In addition to the main 

maximum, response spectra for palythine and total MAA concentration revea1 other 

wavebands with high quantum efficiency MAA formation. 

According to Coohill (1992, 1994), polychromatic response spectra tend to obscure the 

photoreceptor molecule and can not conclusively reveal what the respective absorption 

spectrum would look like. This is the case with the present data. ~ecauseshinor ine  

accumulation is already present in algae exposed to PAR without the major part of blue 

light (GG495), the respective polychromatic response spectra can not reflect the 

absorption spectrum of the photoreceptor triggering MAA synthesis. Therefore, a 

combination of the calculated response spectra or the one calculated for the total MAA 

concentration might be a better fit for the absorption spectrum of the photoreceptor 

molecule. The individual polychromatic response spectra rnay represent wavelengths 

with a regulatory effect on enzymes catalysing the synthesis of specific MAAs. 

The comparison of polychromatic response spectra calculated for MAA accumulation in 

algae exposed to continuous irradiance with those exposed to a light-dark cycle reveals 

marked differences. Under the light-dark cycle (full light spectrum) the pronounced 

negative effect of UV-B radiation is missing. Equally pigmented algae in all filter 

treatments indicate that UV-B radiation has no hasmful effect on algal metabolism. 

Therefore, the difference in the shinorine response maximum rnay be due to harmful 

effects of shorter wavelengths under continuous irradiance. 

The differences in the response spectra for palythine accumulation are difficult to 

explain. Maxima present in both response spectra rnay indicate wavelengths with high 

quantum efficiency for MAA accumulation, while differences rnay indicate wavebands 

involved in the photoregulation of enzymes catalysing MAA biosynthesis. This also 

indicates that light and dark phases have different effects on MAA formation. 

Until now, we have only discussed polychromatic response spectra for algae exposed 

under PAR with UV additions. Including polychromatic response spectra for algae 

exposed under UV radiation, MAA formation becomes more complicated and yet easier 

to explain. 

Under UV radiation, shinorine is steadily accumulated and it is the major MAA (see 

also Karsten et al. 1998a). This is in contrast to algae exposed under the full light 

spectrum, where shinorine concentrations decline after a few days and palythine 

becomes the major MAA, indicating an interconversion within the MAAs. Shinosine is 

the most common MAA reported in macroalgae (Banaszak et al. 1998, Karsten et al. 



1998b) and many authors assume a precursor relationship between shinorine and the 

other MAAs (e.g. Franklin et al. 1999, Shick et al. 2000, E a b s  et al. 2002). With this 

background polychromatic response spectra calculated for algae exposed under UV 

radiation reveal that UV-A elicits the highest quantum efficiency for MAA fom~ation 

and that PAR is important to trigger the interconversion within MAAs. Thus, 

polychromatic response spectra, especially those calculated for MAA formation in algae 

exposed to PAR with UV additions, rnay give a hint as to which wavelengths trigger 

MAA formation, but - more impostantly - they indicate wavebands regulating enzymes 

involved in MAA synthesis. In the case of those calculated for MAA formation in algae 

exposed to UV radiation, polychromatic response spectra may show the absosption 

characteristics of the photoreceptor chromophore within the UV band. 

So far we avoided mention of photoinduction of MAAs. Based on a great number of 

induction experiments i t  is a standing assumption that MAAs are photoinduceable. 

However, UV radiation increases the production of reactive oxygen species during 

photosynthesis (Fridovich 1986). Therefore, MAA formation may be stimulated by 

reactive oxygen species as discussed by Shick and co-workers (2000). Using the 

bandpath filter UG5 in addition to different cut-off filters we found a good indicator that 

MAAs are photoinduced. 

Because the filter UG5 is also transparent for wavelengths above 650 nm, algae show a 

constant though low photosynthetic activity throughout the experiment. High FvIFm 

values indicate that the photosynthetic efficiency was not affected. Since production of 

reactive oxygen species is dependent On photosynthetic electron transport during 

photosynthesis (see Rijstenbil et al. 2000), we can assume that reactive oxygen species 

werc low during the experiment. This is supported by results of Bischof and co-workers 

(2003) who found unchanged malondialdehyde concentration, which indicate 

production of reactive oxygen species, when Ulva ronmdata was exposed to UV 

radiation. Because similar MAA concentrations were accumulated in algae exposed to 

either the tuli light spectrum or UV radiation, we can conclude that MAA formation is 

photoinduced. 

Furthermore, the negative effect of UV-B radiation, also present in polychromatic 

response spectra calculated for shinorine and total MAA concentration in algae exposed 

to UV radiation, may be a result of different UV-B:UV-A:PAR ratios. This is supported 

by the high Fv/Fm values during the experiments and the results of Bischof and co- 

workers (2002b) who found that chlorophyll and total protein content, Rubisco 
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concentration and photosynthesis was not affected when Uh'a rotundata was exposed to 

UV radiation. 

To test the hypothesis of MAA interconversion, we loaded specimens with shinorine by 

exposing thern to UV radiation. Thereafter, sub samples were covered with different 

cut-off filters and exposed to the full light spectrum. After approximately two days 

shinorine was converted into palythine in the ration 1:l .  Because no significant 

differentes between the filter treatments could be found, PAR radiation in general 

seenis to trigger the interconversion. 

An interesting. but unclear result of this experiment was the significant reduction of the 

MAA concentration in algae exposed under the filter WG280. Because MAAs are 

photostable (Adams and Shick 1996, 2001, Conde et al. 2000), this can not be explained 

through a UV-B induced destruction of MAAs. Adding the high cost for the 

biosynthesis of MAAs (see Shick and Dunlap 2002) an active reduction of a useful UV 

screen becomes even niore puzzling. 

In sunimary, MAA formation is pliotoinduced and the final MAA concentration and 

composition is controlled by light quality, irradiance and duration of exposure. 

Polycliromatic response spectra indicate that the pliotoreceptor responsible for MAA 

ind~~ction must be able to absorb UV-A radiation and blue light. Nevertheless, an action 

spectrum (nionochromatic in'adiance) will be necessary to reveal the absorption 

characterist~cs of thc photoreceptor. Furthermoi-e, MAAs are interconverted and 

polychromatic response spectra may show tlie wavebands regulating ihe enzymes 

involved. 

The experinient denionstrates, once more, the ability of C. crispus to acclimate the 

internal MAA concentration flexibly to the speciral distribution of ii~adiance and its 

duration. 
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ABSTRACT 

To determine the action spectrum for photo induction of the UV absorbing 

mycosporine-like amino acid shinorine, specimens of the marine red alga Cl~oi~drus 

crispiis Stackh. were in'adiated vvith monochromatic light of various wavelengths using 

the Okazaki Large Spectrograph at the National Institute for Basic Biology in Okazaki, 

Japan. Fluence response curves were determined for the wavelengths between 280 and 

750 nm, by in'adiating the algae with monochromatic light for 10 hours, followed by 4 

hours of 25 pmol m'2 s" photosynthetic active radiation and 10 hours' darkness. 

Saniples were taken after the second exposure interval. A linear correlation between 

fluence rate and accumulated shinorine concentration was detected for wavelengths 

between 350 and 490 nm in the fluence-rate range of 20-30 pmol m'* s", whereas there 

was no induction above 490 nm. Below 350 nm a decline in shinorine concentration 

could be observed at fluence rates above 30 pmol m'2 s", probably due to an inhibition 

of photosynthetic activity and a subsequent impairment of shinorine biosynthesis. The 

constructed action spectrum indicated that the photoreceptors mediating shinorine photo 

induction might be an unidentified UV-A type photoreceptor with absorption peaks at 

320,340 and 400 nm. 

Keywords: action spectra, Choi~drus crispus, UV-absorbing substances 



INTRODUCTION 

The marine red alga Chondrus crispzis Stackh. is an abundant species along the coasts 

of the North Atlantic and inhabits the intertidal and upper sublittoral Zone of rocky 

shorelines (1). Therefore, representatives of this species must cope with extreme 

periodical variations in solar radiation, and also with relatively constant low irradiances 

in deeper or turbid water, depending on the vertical position of specimens on the shore. 

Because of the high-energy quanta of shorter wavelengths, ultraviolet (UV) radiation 

has a disproportionally large biological effect. Thus, upon absorption, UV radiation can 

degrade or transform DNA, RNA and proteins photo chemically (2-4) and inhibit 

photosynthesis, growth and reproduction (5-7) 

To counteract the harmfui effects of UV radiation, algae have developed several 

physiological and biochemical defence mechanisms, one of which is the synthesis of 

UV-absorbing compounds such as mycosporine-like amino acids (MAAs) (e.g. 3,  8-12). 

MAAs are composed of a group of cyclohexenone or cyclohexenine rings conjugated 

with one or two amino acids andlor amino alcohols, and occur in a number of marine 

organisms (for overview See 13-15). Due to their absorption maxima between 310 and 

360 nm they are considered to act as natural sunscreens (16-17). 

The quality and quantity of MAA forrnation can be flexibly adjusted to the in situ light 

climate, vertical distribution and seasonal changes (18-19), according to the degree of 

exposure to solar radiation. Hitherto, only scant information on the mechanisms 

triggering MAA synthesis as well as their wavelength dependence is available, but 

photoreceptors may be involved in this process. 

Previous studies on C crispus revealed UV-B, UV-A and blue light dependent MAA 

formation (20-22). Therefore, we have chosen this species to obtain a more detailed 

view of the mechanism for qualitative and quantitative regulation of MAAs by 

determininga monochromatic action spectrum for this process. The determined action 

spectrum should match the absorption characteristics of the putative photoreceptor (23- 

25). 



MATERIAL AND METHODS 

Culture conditiom Thalli of C. crispus Stackh., originally isolated from Helgoland 

(German Bight, North Sea; 54O11'N, 7'53'E) were cultivated in glass beakers in the 

laboratory (lSÂ°C light-dark-cycle 16:8 h, 25 pmol m '  s" photosynthetic active 

radiation (PAR)) until they reached 2-2.5 cm long. One week before monochromatic 

irradiation, the light dark cycle was changed to 14: 10 h, thus corresponding to the light 

cycle during the experiment. 

Preliminury experiment for proper Irradiation und sanzpling program. To find the 

proper experimental conditions regarding sampling time and range of fluence rate to be 

tested, specimens of C. crispus were exposed to 10 h of each of 5, 10, 15 and 20 pmol 

m" s" UV-A radiation (FL20SeBL-B, National, Osaka, Japan) followed by 4 h 25 um01 

m '  s" PAR (FL20SS D18 daylight, Toshiba, Tokyo) to ensure photosynthetic activity 

and 10 h darkness. The experiments stasted at 8:00 h and samples were taken daily 

shostly before the light was switched on. Additionally, samples were taken at 22:OO h on 

the second day of the experiment. 

Monochronzatic Response und Action Spectrunz. To determine the response and action 

spectra for MAA induction, specimens were exposed under the Okazaki Large 

Spectrograph (OLS) (26) at the National Institute for Basic Biology (NIBB), Okazaki, 

Japan. Monochromatic light was provided by a large spectrograph equipped with a 30 

kW Xenon arc lamp (Ushio Electsic Co., Tokyo, Japan). The light beam was reflected 

first by a plane mirror and than by a condensing mirror. After reflection by a diffraction 

grating, it passed through an intercepting plate window of different optical filters into 

the irradiation room. In each glass dish placed at various wavelengths between 280 and 

750 nm, specimens were placed beneath a mirror reflecting the monochromatic light 

beam directly onto the samples. Short-cut-off filters (Hoya Co., Tokyo, Japan) were 

placed above the glass dishes. (see Tab. 1). Fluence rates examined at specific 

wavelengths (see Tab. 1) were adjusted with neutral density filters (Fujitok Co., Tokyo, 

Japan) and were measured with a photon flux density meter (RMS101, Rayon Ind. Co. 

Ltd., Tokyo, Japan) equipped with a calibrated silicon photodiode. Specimens were 

treated with a light dark cycle of 10 h under monochromatic light of different fluence 
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rates, followed by 4 h of 25 pmol m'2 s"' 

PAR and 10 h in darkness. After the 

second exposure interval, samples were 

taken and the photosynihetic activity 

was measured as described below to 

evaluate possible damage of the sample 

by the UV irradiation. The shosi period 

of dim PAR after exposure to the 

different monochromatic wavelengths 

was applied to ensure photosynthesis, 

giving energy equivalents for MAA 

biosynthesis. The chosen PAR intensity 

itself is not inductive for MAA 

synthesis. 

Photosynthetic q u a t  efficiency. 

After irradiation with the OLS the 

quantum efficiency of photosystem I1 

electron transport (Yield) was measured 

at 25 pmol m'2 s"' PAR with a pulse 

amplitude modulated chlorophyll 

fluorometer (PAM 2000, Walz, 

Effeltrich, Germany). The definition of 

yield is the ratio of maximal minus 

variable chlorophyll fluorescence to 

maximal chlorophyll fluorescence of a 

light adapted plant (Yield). According 

to Genty et al. (27), this Parameter is 

directiy proportional to the efficiency of 

excitation capture by Open photosystem 

I1 reaction Centers (FvIFm) of dark 

adapted plants. A decline in this value is 

symptomatic of the effect of photo 

inhibi tory Stress (28). 

Table 1: Used cut-off filters (Hoya Co.) and 

fluence rates per wavelength for calculating the 

action spectra of shinorine formation in 

Chot~drus crispus thalli exposed to the light 

field of the Okazaki Large Spectrograph. Tested 

conditions are rnarked with X. 

Fluence rate (prnol m"2s'1) 
cut- 
off 5 10 15 20 30 50 85 

filter 
X X X X  

X X X X  

X X X X  

X  x x x  
X  X X X  

X  X X X  

x X X X  

X  x x x  
X  X X X  

x X X X  

x X X X  

X  x x x  
x X X X  

X X X X  

X X X X  

x x x x  
X X X X  

X X X X  

x x x x  
X X X X  

x x x x  
X X X X  

x x x x  
X X X X  

X X X X  

x x x x  
x x x x  
X X X X  

x x x x  
X X X X  

x x x x  
X X X X  

X X X X  

X X X X  

X X X X  
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Analysis and idmtification of MAAs. San~ples were oven-dried and MAAs were 

subsequently extracted for 2 h in 70 % aqueous methanol (VIV) at 60Â°C Extracts were 

separated on a Waters HPLC System fitted with a Spherecolne C8 column (250 X 4 mm, 

5 p; Phenomenex, Aschaffenburg, Germany). The mobile phase was 5 % aqueous 

methanol (vlv) plus 0.1 % acetic acid (VIV), run isocratically with a flow rate of 0.7 ml 

min". Peaks were detected at 330 nm and absorption spectra were recorded from 290 to 

400 nm. The MAAs were identified by absorption spectra, retention time, and in case of 

shinorine, by CO-chromatography with extracts of the red alga Mastocurp~ts stellat~ts. 

Quantification was carried out by using published extinction coefficients (18, 29-32). 

Results were expressed as mg g" dry weight (DW). 

Calailation o f  the ciction spectrum. The reciprocal of the fluence rate required for 

formation of a certain amount of shinorine (0.3 mg g-' DW) was calculated from the 

linear part of the fluence response curves and plotted against wavelength (for overview 

See 23, 25, 33). 

Datei treatment. For yield measurements, mean values and standard deviations were 

calculated from four independent replicates. For MAA accumulation, mean values and 

standard errors were calculated from eight independent replicates. Statistical 

significance (p<0.05) of differences in MAA content generated by the exposure to 

different wavelengtlis at a fixed fluence rate and under different fluence rates at a 

specific wavelength as well as theii- combined effect was tested by two way analysis of 

variance (ANOVA) followed by a Least Significant Difference-Test (LSD). 

Calc~~lations vverc perf'ormed using the program Statistica Kemel-Version 5.5 A 

(StatSoft, Inc., Tulsa, OK, USA). 



Preliminary experiment for proper irradiation and sampling program. 

In the preliminary experiment, the time Course of MAA accumulation was examined. 

Whereas 5, 10 and 15 pmol m^s" UV-A were not inductive, a distinct induction Pattern 

could be found in algae in'adiated with 20 pmol m '  s '  UV-A (Fig. 1). After a lag-phase 

of one day, a linear accumulation was observed, which continued during darkness. At 

the third day of exposure a steady state was achieved. Based on these data, we decided 

to sample after the second exposure interval in order to obtain the maximal MAA 

concentrations. 

Figure 1: Shinorine accumulation 
induced in C ~ I O I I ~ ~ I - L L S  cnspus 
exposed to a light-dai-k cycle of 10 h 
UV-A (20 prnol m" s-'), 4 h PAR 
(25 pmol m"2 s") and 10 h darkness; 
mean value k Standard error; n = 4; 
shaded areas represent the dark 
phase of the light dark cycle. 

1 2 3 
Time (days) 

Photosynthetic quantum efficiency. 

In the wavelength range between 360 and 750 nm, quantum yield of photosynthesis was 

unaffected in algae exposed to these wavelengths (Yield - 0.57 (k 5%); Fig. 2), whereas 

i n  algae exposed to 280 to 350 nm, values declined with shorter wavelengths. This 

effect became more pronounced at higher fluence rates, showing the adverse effects of 

short wavelength UV radiation (Standard deviation k 5-15%). Above 10 pmol m'2 s", 

algae exposed to 280, 290 and 300 nm were visibly bleached. 



b: 20 pmol/(m^s) 

r 
0,4 

I ; 0,2 

! 
, + 0,o - 

m 

n 250 300 350 400 450 500 
M 

W -L. 

M C: 30 pmol/(m2*s) 
4 

"0 
.d 

0,6 
0 .- 
.C 
VI 0.2 4 
+ 0.0 J-. 

250 300 350 400 450 500 

Wavelength (nm) 

Figure 2:  Equal quantum response spectra for photosynthetic quantum yield and shinorine formation in 
C h m d r u s  crispus exposed to a: 10 pmol  m" s"', b: 20  pmol m'* s", C: 30 pmol m'2 s" and d :  5 0  pmol m'2 
s" monochromatic light for two exposure intervals of 10 h monochromatic light, 4 h 25 pmol  m '  s '  PAR 
and 10 h darkness. Yield = black line (mean value, n = 4), shinorine concentration = (mean value 
standard error; n = 8). 



Equal Quantum Response Spectrum. 

With more than 95 % of the total MAA content shinorine was the main MAA 

accumulated under the given radiation conditions. Beside shinorine only traces of 

palythine and asterina-330 could be detected, but with no apparent trends. 

The equal quantum response spectra at 10, 20, 30 and 50 pmol m'2 s" reveal a broad 

response peak from 300 nm to 370/390/410 nm (Fig. 2 a-d). It is characterized by a 

main maximum at 340 nm (except at 50 pmol m '  s ' ) ,  a minimum at 330 nm and a 

second maximum at 320 nm. At higher fluence rates these characteristics became more 

pronounced. At 50 pmol m'2 s", a shift in the main maximum to 350 nm was observed. 

Furthermore, the shape of the response peak changed at higher fluence rates. The rising 

slope of the peak became steeper between 300 to 340 nm (350 nm), while the tail of the 

peak extended to longer wavelengths (see also Tab. 2). 

Table 2: Shinorine concentration 
in mg g '  DW (mean value ? 
standard error; n = 8) in thalli - 
irradiated by the given fluence 
rates for 10 h rnonochromatic 
light of different fluence rates, 4 h 
25 pmol m 2  s PAR and 10 h 
darkness using the Okazaki Large 
Spectrograph. 

Fluence rate (um01 rn"2 s") 
nm 50 85 110 

Dose response curves. 

These was no shinorine induction at 280, 290 and between 490 to 750 nm (data not 

shown). For wavelengths below 350 nm a decline in shinorine content could be detected 

for fluence rates above 30 pmol m '  s "  (Fig. 3). For wavelengths between 350 and 390 

nm (except 380 nm) a linear correlation between fluence rates and shinorine content 

was observed. 



Fluence rate ( p o l  photons m-* s -I) 

Figiire 3: Fluence response ci~rves for shinorine formation in C h o d m  crispus thalli exposed to 10 h of 
monochromatic light of different fluence rates, 4 h 25 pmol n i 2  s" PAR and 10 h darkness; mean values; 
n = 8; a: 310 to 350 nm; b: 360 to 400 nm. 

Action spectrum. 

The  action spectrum (Fig. 4) was determined for the steeply increasing phase of the 

dose response curves (Fig. 3 and Tab. 2) by plotting the reciprocals of the fluence rate 

required for the formation of a certain amount of shinorine (shinorine = 0.3 mg g'' DW). 

The action spectrum has its main maximum at 340 nm, which is divided by a minimum 

(330 nm) from the second maximum at 320 nm. Beside this double peak, the action 

spectrum has a smaller third maximum at 400 nm. 

Figure 4: Action spectrum for 0,06 
shinorine formation in Cl~ondriis 0,05 
ri~ispiis. The relative et'fectiveness OJ 

. e ,  the reciprocal ot' tlie tluence 
rate required for formation of a g 0104 0,03 
certain amount of shinorine (0.3 
mg e '  DW) was calculated (from 2 0,02 

Ã 

the data in Fig. 3 and Tab. 2 )  and 0,01 
plotted agamst the wavelength. 

0,oo 

Wavelength (nm) 



Statistics 

Both the difference in shinorine content accumulated in algae exposed to different 

wavelengths by a certain fluence rate and to different fluence rates at a specific 

wavelength is statistically significant. The Same is true for the combined effect between 

different wavelengths and fluence rates. 

DISCUSSION 

Over the last years many authors investigated the wavelength dependent induction of 

MAA biosynthesis. However the information On both the nature of the regulating 

mechanisms and the putative photoreceptor is very limited. 

With one exception (34), previous studies (e.g. 22, 35-38) have investigated the 

wavelength dependence of MAA formation under polychromatic light. Because the 

resulting polychromatic response spectra tend to obscure individual chromophores (39), 

they cannot be applied to conclusively answer questions about the absorption spectrum 

of the photoreceptor involved (40). Nevertheless, they are close to a natural setting and 

combine in the measured response natural repair and mitigating reactions (40), which is 

useful for ecological predictions. 

To identify the target chromophore responsible for MAA induction, an action spectrum 

carefully constructed under monochromatic light is necessary (24). Nevertheless, this 

approach is highly artificial. 

Polychromatic response spectra and action spectra each have their advantages and 

limitations. It is therefore necessary to provide detailed information On the experimental 

Set up so that the reader understands the limitations of presented data (39). 

The following paragraph will give a short overview on relevant Papers concerning 

MAA photo induction and the respective light conditions of the experiment: The highest 

quantum efficiency for MAA production in two Antarctic diatoms was found for 

wavelengths between 370 and 460 nm, vvhile the prymnesiophyte Phaeocystis 

cmtarctica, examined under the same polychromatic experimental set up, showed a 

response maximum at around 345 nm (36). In the cyanobacterium Chlorogloeopsis 

PCC 6912, 310 nm was most effective for MAA accumulation (action spectrum from 
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290 to 340 nm; 34). In addition to UV radiation, polychromatic blue light induces MAA 

synthesis in the dinoflagellate Alexandrium excavatum (35) and the red alga Chondrus 

crispus (21). In the latter species, a wavelength-dependent difference for the 

accumulation of five different MAAs has been described (polychromatic response 

spectra; 22). These data reveal apparent species-dependent differences among the 

photo-sensory processes controlling MAA formation. 

Under a daily cycle OS polychromatic UV-A radiation followed by dim PAR mainly 

shinorine (>95 %) was detected in irradiated specimens (Fig. 1). This agrees with the 

results of Karsten et al. (20), who found that UV radiation stimulates shinorine 

formation. 

The Course of shinorine accumulation reveals a lag-phase between the Start of exposure 

and shinorine production. In contrast, high solar radiation induces MAA formation 

within one day in low light-adapted specimens transplanted to shallow water (17, 22). 

Based on data of Neale et al. (16), Shick et al. (15) discuss an "up regulation of the 

biosynthetic pathway's enzymes in response to PAR as part of a suite of differences in 

allocation of nutrients and Patterns of gene expression between high-PAR and low-PAR 

cells". As this might be an explanation for the delayed MAA production, it is also 

possible that the photoreceptor chromophores are shielded (i.e. by the cell wall). Thus, a 

higher fluence of monochromatic light may be necessary to penetrate to the 

chromophore in question. 

Although MAA formation can also be induced by salt Stress (36) and possibly by 

increased levels of reactive ox-ygen species (15), the persisting MAA production during 

darkneis indicates that a photoreceptor is responsible for the examined process. 

In those specimens exposed to the light field of the OLS, again, mainly shinosine could 

be detected. As blue light induces palythine formation (21), this might indicate that 

shinorine is synthesized as precursor of other MAAs (as discussed in 17, 41). Therefore 

the polychromatic response spectra for MAA formation under natural sunlight (22) 

mig'ht only show the wavelength dependence of MAA interconversion and not their 

photo-induction. 

While equal quantum response spectra reflect the absorption characteristics of the 

photoreceptor involved, carefully determined (classical) action spectra should match the 

absorption spectra OS the photoreceptor in question (23-25). The obtained action 

spectrum for shinorine formation in C. crispus indicates that the absorption spectrum of 



this photoreceptor has a main maximum at 340 nm, a second maximum at 320 nm and a 

smaller third maximum at 400 nm. 

Even though these characteristic points of the action spectrum are statistically different, 

two facts have to be considered: 

1.) The minimum at 330 nm might be overestimated because the induction of shinorine, 

which has an absorption maximum at 334 nm, may decrease the penetration of light 

quanta of these wavelengths (33, 25). Nevertheless, as this minimum already occurs in 

the equal quantum action spectrum for 10 pmol m'* s" (Fig. 2a) with a very low 

shinorine concentration (maximal reported shinosine concentration - 1.8 mg g'l DW), 

we believe that this would only diminish the relationship betvveen maxima and 

minimum, and not alter the general form of the action spectrum. 

2.) Because algae exposed under monochromatic blue light are able to photosynthesise 

during the experiment, the maximum at 400 nm might also be overestimated. Thus, the 

higher availability of energy equivalents resulting from photosynthetic activity might 

lead to a stimulation of MAA biosynthesis in algae irradiated by these wavelengths 

(15). Nevertheless, as fluence rates of 110 pmol m"' s" induce shinorine formation up to 

490 nm, we believe that there is a true maximum at 400 nm. This would also be 

supported by the proposed blue light photoreceptors in A. excavatum and C. crispus (21, 

35). 

Because the action spectrum for MAA induction obtained for Chlorogloeopsis PCC 

6912 matches the absorption spectrum of a reduced pterin, Portwich and Garcia-Piche1 

(34) suggest a reduced pterin (tetrahydroform) as a possible photoreceptor 

chromophore. This is additionally supported by a depression in photo sensory efficiency 

for MAA synthesis by either applying an inhibitor of the biosynthetic pathway for 

pterins or an antagonist of pterin excite states (34). As the action spectrum is based on a 

limited number of tested wavelengths and the authors failed to test the effect of the 

inhibitors used on the target molecule, this should be considered with caution 

Conversely flavins might be the photoreceptor chromophore, as discussed by Franklin 

et al. (17). They could demonstrate that blue light and UV radiation interact to boost the 

synthesis of shinorine, which is in line with the photo regulation of flavin synthesis (42- 

43). 

However, neither the absorption spectra of pterins nor those of flavins are similar to the 

action spectrum determined here. Additionally, the present action spectrum does not 

compare with the absorption spectrum of the UV-A/blue light type photoreceptor (44), 



for which several flavoproteins (cryptochromes, phototropins, photo activated adanylyl 

cyclase, Appt and WC-1) have been identified (45 and references therein). We propose 

that one (or two) as yet unidentified UV-A photoreceptor(s) islare responsible for 

triggering shinorine formation. Each of the action spectral peaks might well be 

attributable to the absorption spectral peaks of different ptesin chromophores in these 

UV-A photoreceptor proteins (46). 
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4. Summary of results and general discussion 

In this chapter the main results of the various studies compiled in this thesis will be 

discussed, refening to the role of MAAs as UV sunscreens, antioxidants or precursor of 

antioxidants, to a light regulated interconversion of MAAs, to a possible signal 

transduction in the initiation of MAA biosynthesis and to putative photoreceptors 

triggering MAA synthesis. A model for MAA biosynthesis will be proposed, 

summarizing the presented results. 

4.1 Role of MAAs as UV sunscreen 

Observations that MAA concentrations in algae and corals are correlated with the 

vertical distribution from which the specimens were collected (Dunlap et al. 1986, 

Karsten et al. 1998) combined with their absorption spectra between 309 and 360 nm 

lead to the assumption that MAAs act as photo protective sunscreens against W 

radiation (Bandaranayake 1998). 

The proposed photo protective function of MAAs was strongly supported by the finding 

that embryos of green sea urchins developing in eggs with high MAA concentrations 

were less affected by UV exposure than those in eggs with low MAA concentrations 

(Adams arid Shick 1996, 2001 ). 

The exact photo protective value of MAAs in organisms actively synthesizing these 

compounds is difficult to evaluate, as MAA concentration usually reflects irradiance 

conditions of the habitat of the organism. Thus, comparing specimens of one species but 

with different MAA concentrations always means comparing specimens with a different 

in'adiation history. Specimens with high MAA concentrations are either already 

acclimated to UV radiation or high PAR intensities, while those with low MAA 

concentration may neither have been exposed to additional UV radiation nor to high 

PAR intensities. This results in a different state of acclimation prior to the test 

isradiance and to difficulties in interpreting the data received. 

Thus, specimens of C. crispus grown under blue light accumulated similar MAA 

concentrations to those grown under PAR, yet photosynthesis of blue light-grown thalli 

were significantly more sensitive to UV-A than those of thalli grown under PAR. 
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Discussion 

Because of their different i~~adiation history, PAR-grown thalli may have a greater 

capacity for repair and mitigating mechanisms (e.g. more antioxidants and antioxidant 

enzymes) or they may have smaller photosynthetic unit targets, reflected in lower 

phycoerythrin arid phycocyanin concentrations relative to the concentration of 

chlorophyll a (Franklin et al. 2001; Pub. 111). 

Comparing closely related species that exhibit different MAA concentrations when 

grown under the same in'adiance conditions does not help to prove the photo protective 

value of MAAs, because every species has specific acclimation properties with different 

repair and mitigating mechanisms. For example, photosynthesis in C. crisp~is  was more 

strongly affected by UV-B radiation than in Mastocarpus stellatus (Bischof et al. 2000; 

Pub. 11). This may be due to the 6-fold higher MAA concentration in M. stellatus: 

whilst shinorine, the major MAA in M. stellatus, has its absoiption maximum at 334 

nm, additional extinction coefficients calculated for the wavelengths 320 and 310 nm, 

were still 87 % of that of palythine (Lmax = 320 nm) and 60 % of that of mycosposine- 

glycine (LmaA = 310 nm), indicating that shinorine is also an effective UV-B screen 

(Adams and Shick 2001). On the other hand, the relative robustness of M. stellafus may 

simply be part of its generally higher stress tolerante (Dudgeon et al 1989, 1990, 1995). 

Thus, a different genetic adaptation of M. stellatus may be responsible for protecting 

photosynthetic activity and growth during desiccation and freezing while these 

functions were impaired in C. crispus under the same stress conditions. 

Nevertheless, both experiments indicate that MAAs protect photosynthesis against UV- 

A stress. Photosynthetic activity of neither C. crispus nor M. stellatus was affected by 

UV-A radiation (Bischof et al. 2000; Pub. 11). And although C. crispus grown under 

blue light was more sensitive to UV-A than individuals grown under PAR, they were 

more resistant than specimens grown under green and red light, in which only traces of 

MAAs were detected (Franklin et al. 2001; Pub. 111). These results are in line with 

biological weighting functions calculated for the inhibition of photosynthesis by UV 

radiation in dinoflagellates, showing that photosynthetic sensitivity to UV radiation in 

specimens with high MAA concentrations is lower at vvavelengths strongly absorbed by 

MAAs (Neale et al. 1998 a, Lichtman et al. 2002). 

The sunscreen function of MAAs is one out of many acclimation mechanisms and 

information about the other acclimation processes is required to estimate how 

'impostant" MAAs may be. Among other factors, acclimation to different light 

conditions involves the pigmental restructuring of PS I and PS I1 to modulate the light 
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harvesting efficiency (Luder et al. 2002), as well as dynamic photo inhibition (Hanelt et 

al. 1997, Hanelt 1998) and the activation of antioxidative enzymes (Aguilera et al. 2002 

b). 

Exposing laboratory-grown thalli of C. crispus in shallow water to natural irradiance 

indicated that lutein plays an impostant role in acclimation to higher in'adiance by  non- 

photochemical quenching of excess light energy (Niyogi et al. 1997, Pogson et al. 

1998), while MAAs block UV radiation. For thalli grown under the cut-off filters 

WG320 to GG495, a linear correlation was found between final MAA concentration 

and "theoretical" issadiance underneath the filters (Pub. IV). Therefore, MAA 

concentrations can be flexibly adjusted to the radiation conditions, providing exactly the 

necessary sunscreen effect. 

The accumulation of MAAs may, therefore, be estimated as an additional but important 

acclimation mechanism, which has its advantage over long time scales. In C. crispus 

this additional protection can be established parallel to the acclimation of photosynthetic 

activity (Pub. IV), while the diatom Thalassiosira weissjlogii first accomplishes photo 

acclimation by an increase in xanthophyll cycle pigments and begins MAA synthesis 

only after the recovery of photosynthesis is complete (Zudaire and Roy 2001). As soon 

as the maximal MAA concentration is accumulated the concentration of photo 

protective xanthophyll cycle pigments declines in T. weissflogii, which emphasizes the 

importance of MAAs as photo protective compounds. Yet, these two examples clearly 

demonstrate the importance of investigating different acclimation mechanisms, because 

every species may regulate energy and carbon flow to different metabolic mechanisms 

and within different timescales. This may result in a different sequence of photo- 

protective compounds. 

4.2 Role of MAAs as antioxidants or precursors of antioxidants 

Desiccation, which can disrupt respiration and photosynthesis, can lead to an increased 

forrnation of ROS (Bowler et al. 1992, Srnirnoff 1993, Alscher et al. 1997, Yordanov et 

al. 2000) and so too can high irradiance and UV radiation (Fridovich 1996, Mahalingan 

and Fedoroff 2003). ROS are normally subject to rapid enzymatic conversion to 

harmless molecules or are scavenged by antioxidants (Foyer et al. 1997, Potterat 1997). 

Nevertheless, they can also function as intercellular messengers during Stress, by 
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regulating both transcriptional and post-transcsiptional processes (Sauer et al. 2001, 

Droge 2002, Errnak and Davies 2002). 

It has been suggested that MAAs act as biological antioxidants (Carseto et al. 1990 b, 

Dunlap and Yamamoto 1995). Imino MAAs are oxidatively stable, which is in line with 

their psimary function as stable biological sunscreens, while mycosposine-glycine has 

an antioxidant activity which inhibits lipid per oxidation (Dunlap and Yamamoto 1995). 

Vibrio bactesia associated with holothusians convest shinosine and po~~hyra -334  from 

their algal diet into mycosporine-glycine and further into 4-deoxigadusol, providing a 

strong antioxidant (Dunlap and Shick 1998). 

Field and laboratory expesiments caiTied out in this study showed for the first time that 

the MAA concentration and composition in the red algal genus Porphyra is dependent 

on both issadiance and intemal water content (Pub. I). In June, the MAA concentration 

of Porphyra spp. was four times higher than in May and September (laboratory 

expesiment), revealing seasonal vasiations in the MAA concentration. During the 

expesiments the imino MAA concentration was higher in submerged than in desiccated 

thalli. The decreaselincrease in imino MAAs was dependent on the rate of desiccation 

of algae, which is influenced by issadiance and temperature. In parallel with the 

decreaselincrease in imino MAAs the concentration of mycosposine-glycine changed. 

In May and during laboratory expesiments highest mycosposine-glycine concentrations 

were found in desiccated thalli, while in June the highest mycosporine-glycine 

conceht&tions were found in submerged specimens. The ratio of mycosporine-glycine 

and imino MAAs was strongly influenced by ii~adiance. A linear correlation was found 

under PAR, while an exponential cosselation was evident under high PAR and W 

radiation. 

This observed decrease of imino MAAs combined with a parallel increase of 

mycosporine-glycine rnay be intespreted as an antioxidant System to protect algae 

against ROS. During desiccation the intemal ROS concentration in algae may increase. 

Increased ROS concentrations rnay lead to increased oxidation of specific senso- 

scavenging antioxidant compounds within signal transduction pathways, leading to an 

up regulation of ROS detoxification capacity (Foyer and Noctor 2003). Thus, ROS rnay 

activate the putative enzymes bio-convesting shinosine and porphyra-334 (oxidatively 

stable) into mycosposine-glycine (antioxidant), in a way similar to the bioconversion of 

these MAAs through Vibrio bactesia in holotusians (Dunlap and Shick 1998). 



Discussion 

The lower increase in mycosposine-glycine compared to the decrease in shinosine and 

porphyra-334 is explained through the decomposition of oxidized mycosposine-glycine 

(Dunlap and Yamamoto 1995). In summer, higher PAR and UV intensities rnay require 

that a pool of mycosporine-glycine exists psior to emersion, explaining the different 

ktnetics of mycosporine-glycine concentrations. With rehydration the proposed 

enzymes rnay be inactivated and the pool of shinosine and porphyra-334 is refilled. 

However, data about the actual ROS concentration dusing desiccation of thalli of 

Porphyra spp. were not measured dusing the expesiment. Furthermore, enzymes 

catalysing ihe bioconversion are only proposed and need to be identified in fusther 

investigations. 

Assuming that MAAs act in an antioxidant system, the different correlations between 

mycosporine-glycine and imino MAAs (Pub. I) rnay reflect the ROS production dusing 

desiccation and thus the efficiency of the antioxidant system. Dusing desiccation and 

under moderate PAR fewer ROSS rnay be generated during photosynthesis and, in 

consequence, fewer mycosposine-glycine molecules will be oxidized. This rnay result in 

a linear cosselation between mycosposine-glycine and imino MAAs as found under 

laboratory conditions. In contrast, dusing desiccation high PAR and UV intensities 

increase the production of ROS dusing photosynthesis, which rnay result in an 

immediate oxidation of all available mycosposine-glycine molecules and, thus, in an 

exponential cosselation between mycosposine-glycine and imino MAAs as found in the 

field study conducted in May. In spring and autumn, when no mycosposine-glycine pool 

existed psior to emersion, the correlation between mycosporine-glycine and imino 

MAAs rnay be an indicator of ROS production dusing desiccation. Again, the link 

between ROS production, ROS concentration and MAA bioconversion as a possible 

antioxidant system must be established before the use of mycosposine-glycine and 

imino MAA correlations as indicators for ROS production can be established. Even if 

these factors are interrelated, differences in initial mycosposine-glycine concentrations 

dusing the year rnay make it impossible to define a profile for this process. 

The seasonal differences also indicate that, beside the function of MAAs as UV 

sunscreens (e.g. Dunlap et al. 1986, Conde et al. 2000), a major role of MAAs in 

Porphyra spp. rnay be their function as antioxidant and as precursor of antioxidants. 

This is supposted by the almost complete loss of MAAs dusing the tidal cycle in May 

(Pub. I). The high cost of de novo MAA synthesis fusther emphasizes the impostance of 

the proposed antioxidant system. Presumably 60 ATP-equivalents or 600 moles of 
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photons captured in photosynthesis are necessary to synthesize one mole of MAAs 

(Shick and Dunlap 2002 and references therein). Neglecting an unknown, but possible, 

turnover of MAAs during some Parts of the desiccation process, specimens of Porphyra 

spp. still have to synthesize a very large concentration of MAAs almost once a day 

(depending On the time of low tide and weather conditions), which reduces energy, 

carbon and nitrogen available for growth and cell division as well as other metabolic 

processes. The "daily" de novo synthesis of approximately 15 mg g'l DW under sunny 

weather conditions exceeds the final MAA concentration reported for most red algae 

(Karsten et al. 1998 b, C, 2000). 

This leads to the question, why is the function of MAAs as antioxidants OS precursors of 

antioxidants more important than their function as UV sunscreens? By blocking UV 

radiation, MAAs prevent the production of ROS during photosynthesis, at least to some 

extent. This rnay lead to the assumption that ROS production tsiggered by desiccation 

and high PAR intensities outnumbers the additional ROS production due to UV 

radiation. Thus, scavenging of ROS in general rnay protect algal metabolism better than 

preventing ROS fonnation due to UV radiation. 

In addition, the genus Porphyra belongs to the order Bangiales. Because of their simple 

vegetative and reproductive organization Bangiales are considered to be an ancestral 

taxa (Kraft and WÃ¶lkerlin 1990). In the geological past, specimens had to cope with 

high UV radiation typical for Palaeozoic times, which rnay indicate that MAAs acting 

as sunscreens rnay have enhanced their chances of survival. On the other hand, their 

evolution took place during a period of high UV radiation, from ancestors adapted to 

these severe environmental conditions. Therefore, the need for an (additional) effective 

antioxidant system rnay have been greater than that for protection from UV radiation. 

Nevertheless, MAAs acting in an antioxidant system is only priositised during spring 

and autumn. In summer, the MAA concentrations are so high that MAAs can fulfil both 

antioxidant and sunscreen functions. 

Because desiccation tolerance requires both mechanisms to prevent oxidative damage 

and mechanisms to maintain the native structure of membranes and macromolecules 

(Hoekstra et al. 2001), this proposed antioxidant system might contribute to the 

desiccation tolerance of the genus Porphyra. Enzymes involved in this process and their 

regulation needs to be characterized and investigated. Whether it is a common 

protection mechanism existing in all intertidal algae exhibiting MAAs must also be 

ascertained. 
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4.3 Biosynthesis of MAAs in Chondrzds crispus 

4.3.1 Light regulated interconversion of MAAs 

When C. crispus is grown under PAR supplemented with UV radiation, shinorine is 

accumulated rapidly, but concentrations decline after a few days and palythine becomes 

the major MAA (Pub. IV and V). These different kinetics indicate an interconversion 

within the MAAs. Shinorine is the most common MAA reported in macroalgae 

(Banaszak et al. 1998, Karsten et al. 1998) and based on similar kinetics, many authors 

assume a precursor relationship between shinorine and other MAAs (e.g. Franklin et al. 

1999, Shick et al. 2000). To test this hypothesis, specimens were loaded with shinorine 

by exposing them to UV radiation. Thereafter, sub samples were covered with different 

cut-off filters and exposed to the full light spectmm. After approximately two days 

shinorine was converted into palythine in the ratio 1:1, with no significant differences 

between the different filter treatments. Because the cut-off filter GG495 was not 

included in this experiment it is not clear whether PAR in general triggers the 

interconversion or if blue light alone is responsible for the regulation of enzymes 

involved. Furthermore, asterina-330 was not detected throughout the experiment, yet the 

interconversion may proceed from shinorine via asterina-330 to palythine (Franklin et 

al. 1999, KrÃ¤b et al. 2002). 

Thalli grown under blue light alone accumulated palythine as the major MAA and only 

traces of shinorine, asterina-330 and palythene could be detected. A similar MAA 

composition was found for thalli grown under PAR (Franklin et al. 2001; Pub. 111). 

However, in further experiments shinorine was also found in PAR exposed thalli (Pub. 

IV and V). Therefore, it may be concluded that palythine is synthesized directly from 

shinorine, although shinorine may not always be detectable. 

In the case of an interconversion of shinorine via asterina-330 to palythine two lyases 

are necessary: first a decarboxylase catalysing the step from shinorine to asterina-330 

and second a lyase separating the ethoxy group of asterina-330, which results in 

palythine. A similar step-wise interconversion of porphyra-334 via palythenic acid to 

usujirene or palythene has been postulated (Carreto et al. 1990 b). For this 

interconversion a hydrolyase and a decarboxylase would be necessary. 

On the other hand, Portwich and Garcia-Piche1 (2003) postulated a shinorine synthase 

catalysing the condensation of serine to mycosporine-glycine and further proposed that 



all imino MAAs are synthesized directly from mycosporine-glycine by the condensation 

of the respective amino compound to the Ci atom of ring stmcture. 

However, the biosynthetic pathway of MAAs is not conclusively known and nor are the 

identities of all enzymes involved in the process. It is therefore difficult to establish, 

whether MAAs are interconverted from a few precursor MAAs, such as shinorine and 

porphyra-334 or directly synthesized from mycosporine-glycine by the condensation of 

the respective amino compound to the Ci atom of the ring structure. A parallel existence 

of both biosynthetic routes is also possible. Because amino acids are basic structural 

compounds, all MAAs with an amino acid conjugated to the Ci atom might be 

synthesized directly from mycosporine-glycine catalysed by an amino acid-specific 

ligase, while the other MAAs rnay result from interconversion catalysed by different 

lyases. 

Polychromatic response spectra for MAA formation were calculated Sor both field and 

laboratory experiments (Pub. IV and V). Because MAA accumulation occurs already in 

specimens exposed under PAR without the major part OS blue light, the calculated 

response spectra can not be interpreted as the absorption spectmm of the photoreceptor 

triggering MAA forrnation (see Coohill 1992, 1994). In this case, polychromatic 

response spectra merely coincide with the wavelength dependence of enzyme 

inductionlinhibition necessary for interconversion/biosynthesis OS MAAs. Under high 

irradiance (field experiment; Pub. IV) both blue light and long-wavelengths UV-A 

stimulates the interconversion of shinorine to palythine, while UV-B radiation rnay have 

an inhjbitory effect. This inhibitory effect rnay not be restricted to the enzymes 

catalysing MAA interconversion but rnay also affect enzymes involved in the 

biosynthesis of shinorine, resulting in lower MAA concentrations. Under low irradiance 

(laboratory experiments; Pub. V) blue light and long-wavelengths UV-A are also 

stimulants. In contrast to high UV-B radiation, low UV-B radiation rnay stimulate the 

interconversion of MAAs. 

Once again, all enzymes involved in the biosynthesis of MAAs are still unknown and 

need to be identified. 
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4.3.2 Signal transduction in the initiation of MAA biosynthesis 

Thus far the term "induction" has been avoided, because it is histosically associated 

with gene regulation. As MAA accumulation mostly Starts from initial low MAA 

concentrations, it is not quite clear whether enzymes necessary for MAA synthesis are 

constitutive or induced. An up regulation of MAA formation via an increased 

transcsiption OS biosynthetic enzymes as a specific response to UV radiation is possible 

(Shick et al. 2000). Thus the transcription of genes coding DAHP synthase, the first 

enzyme of the shikimate pathway, increases under UV radiation (Logemann et al. 

2000). Furthermore, the expression of other isoenzymes of the shikimate pathway is 

dependent On environmental conditions (Hemnann and Weaver 1999), one of which 

may be in'adiance (Weaver and Hen-mann 1997). This might be important, because it 

has been proposed that MAA biosynthesis is an early branch of the shikimate pathway 

(Shick et al. 1999, Shick and Dunlap 2002, Portwich and Garcia-Piche1 2003). 

Nevestheless, photoreceptors SOS specific wavebands of UV radiation and PAR are 

possible, because a dose-dependent MAA formation was observed for UV radiation and 

blue light, but not for red light (Casseto et al. 1990 a). In C. crispus the existence of 

photoreceptors is probable because UV stimulated shinorine fosmation persists dusing 

darkness and low irradiance monochromatic light induces shinorine formation (Pub. 

VI). 

Beside the photo induction of MAAs a stimulation of MAA formation through ROS has 

been discussed (see Shick et al. 2000 and references therein). Using the band pass filter 

UG5 that is transparent for UV radiation and wavelengths above 650 nm, evidence 

against ROS stimulation and for photo induction was found (Pub. V). Because 

production of ROS is dependent On photosynthetic electron transpost during 

photosynthesis (Foyer and Noctor 2003), it can be assumed that the concentration of 

ROS was low during the experiment. This is supported by results showing that 

malondialdehyde concentrations, which indicate production of ROS remained 

unchanged in Ulva ro t~~~zda ta  exposed under the filter UG5 to natural radiation (Bischof 

et al. 2003). Because similar MAA concentrations were accumulated in algae exposed 

to either the full spectrum or UV radiation a photo induction of MAA formation can be 

assumed (Pub. V). 

Nevertheless, the comparison of final MAA concentrations synthesized in algal thalli 

exposed to continuous light to those exposed to a light dark cycle may indicate an 

additional stimulation through ROS. Specimens exposed under the cut-off filters 
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WG345 to GG420 exhibited similar MAA concentrations irrespective of the duration of 

exposure, while specimens grown under filters WG320 and WG335 differed 

significantly in their final MAA concentration. Specifically, thalli exposed under filters 

WG320 and WG335 to continuous light accumulated 1.43- and 1.75-folds higher MAA 

concentrations, respectively, than those exposed under a light-dark cycle. ÃŸecaus ROS 

production is enhanced under UV radiation and stress in general (Foyer and Noctor 

2003), this further increase in MAA concentration may be due to ROS stimulation. At 

this time, stimulation via ROS is regarded as key regulator of plant metabolism, acting 

as a 1-einforcement to withstand further stress (Foyer and Noctor 2003, Mahalingam and 

Fedoroff 2003). 

4.3.3 Putative Photoreceptors triggering MAA synthesis 

Polychromatic response spectra and experiments with band pass filters revealed a high 

quantum efficiency for MAA formation for two iavebands, UV-A radiation and blue 

light (Franklin et al. 2001; Pub. 111, IV and V), indicating the presence of two 

photoreceptor chromophores. An action spectrum in the range of 280 to 750 nm was 

determined for MAA formation to obtain the absosption characteiistics of the putative 

photoreceptors (Pub. VI). The action spectrum obtained indicated that the photoreceptor 

mediating shinorine photo induction might be an as yet unknown UV-A photoreceptor 

with absorption peaks at 320, 340 and 400 nm. This action spectrurn, which should. 

match the absosption spectrum of the photoreceptor chromophore (SchÃ¤fe and 

Fukshansy 1984, Coohill 1990, Holmes 1997), does not compare well with the 

absosption spectra of the UV-Nblue light type photoreceptors (Watanabe 1995) for 

which scvcral flavoproteins (cryptochromes, phototropins, photo activated adanylyl 

cyclase, Appt and WC-1) have been identified (Watanabe 2004 and references therein). 

Therefore, one (OS two) as yet unidentified UV-A photoreceptor(s) is responsible for 

triggering shinorine formation. ÃŸecaus ptesins can form radicals, undergo redox 

reactions and absorb UV radiation, all necessary features of photochromophores, each 

of the action spectral peaks might well be attributable to the absorption spectral peaks of 

different pterin chromophores in these UV-A photoreceptor proteins (Galland and 

Senger 1988). 

The absosption characteristics of the putative blue light photoreceptor chromophore (see 

also Carreto et al. 1990 a) could not be discovered, although blue light became 

inductive for fluence rates above 50 pmol m'* s" (Pub. VI). This might be explained 
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through a lower sensitivity of this chromophore towards PAR than of the as yet 

unknown UV-A photoreceptor chromophore towards UV-A radiation (see also Karsten 

et al. 1998 a). Because blue light and UV-A can act synergistically, a flavin based 

cryptochrome may be the chromophore of the putative blue light photoreceptor 

(Franklin et al, 2001; Pub. 111). 

Cryptochromes are a diverse group of flavoprotein blue light photoreceptors, which 

share sequence homology with photolyase repair enzymes (Sancar 2003, Ã–zgÃ and 

Sancar 2003). Together, cryptochromes and photolyases form the 

cryptochrome/photolyase protein family (Brudler et al. 2003). In contrast to 

photolyases, cryptochromes can not repair UV-induced DNA damage, but their crystal 

structure has similarities in DNA recognition and redox activity to those of cyclobutane- 

pyrimidine dimer photolyases (Brudler et al. 2003). Furthermore, cryptochromes of the 

subfamily "cryptochrorne DASH" (isolated from Drosophila, Arabidopsis, 

Synechocystis and Homo) can bind DNA and act in the transcriptional regulation - 

(Brudler et al. 2003). However, the photochemical mechanism of signal transduction of 

cryptochromes is still unknown (Sancar 2003). 

Cryptochromes play a role in the regulation of the circadian clock and in many 

development processes (Hegemann et al. 2001, Sancar 2003). They contain FAD as the 

first chromophore and folate or deazaflavin as the second chromophore (Hegemann et 

al. 2001). 

Taking the dose  relationship between photolyases and cryptochromes into 

consideration, a FADIdeazaflavin cryptochrome may be a more likely candidate for the 

blue light photoreceptor than a FADJfolate cryptochrome. Folate class photolyases have 

their absorption maximum between 370 and 420 nm, while all deazaflavin class 

photolyases have the same maximum at 440 nm (Sancar 2003). The latter would be a 

better fit for MAA induction, which occurs even in algae exposed to irsadiance under 

the filter GG495 to irradiance (Pub. IV and V). Below 350 nm the absorption by the 

cryptochrome may sink into insignificance compared to the absorption by the unknown 

UV-A photoreceptor chromophore, which seems to be more sensitive to UV-A 

radiation. 

However, it remains to be proved that a FADIdeazaflavin cryptochrome or a 

cryptochrome in general is in fact the blue light photoreceptor chromophore for MAA 

induction. 



MAA formation may, therefore, be mediated through a UV-A and a blue light- 

absorbing chromophore, which rnay act synergistically. Whether they are based in one 

or in individual photoreceptor protein(s) needs to be ascertained. 

The advantage of two chromophores interacting is a broader screening of the radiation 

spectrum received by plants (Casal 2000). The UV-A chromophore rnay generate a 

"fast" response (within hours or days), while the response provided by the blue light 

chromophore might cover longer time scales (weeks). Therefore, signal transduction via 

the UV-A chromophore rnay be important for C. crispus growing in the intertidal as 

well as for subtidal specimens, which rnay be exposed to higher UV radiation during 

times of greater water transparency. The blue light chromophore rnay be advantageous 

if an increase in blue light preceded increased UV radiation (Franklin et al. 2001; Pub. 

111) 

Furthermore, the blue light chromophore rnay also regulate the accumulated MAA 

concentration. After induction, high MAA concentrations block UV-A radiation before 

it reaches the UV-A photoreceptor by which the final MAA concentration rnay be Set. 

Yet C. crispus adjusts the MAA concentration very flexibly to the given radiation 

conditions. Therefore, a signal for an active reduction of MAAs is needed in times of 

low irradiance, which can then only be sensed through the intensity of blue light. Thus, 

the assumed long scale response of the blue light chromophore rnay guarantee that the 

concentration of MAA molecules is only enzymatically reduced during long-term low 

irradiances. Accordingly, seasonal variations in MAA content rnay be regulated without 

an unnecessary waste of energy resources through the de novo synthesis of MAAs after 

short-term low irradiances. This is supported by the variation in MAA content of field 

specimens of C. crispus transferred to 25 lmol  m'* s" PAR. Initial MAA concentrations 

were maintained for approximately two weeks, after which a decline MAA 

concentration was observed (unpublished data). 



4.4 Conclusion 

MAA biosynthesis 1s a very complex process with many interacting parameters 

influencing its different steps or their biosynthesis in general. To split the process into 

different parameters either inducing, stimulating or even inhibiting biosynthesis, is 

therefore almost impossible. Based on the present results, a model for MAA 

biosynthesis is proposed (Fig. 4.1). Specific wavebands induce the MAA biosynthesis 

and regulate putative enzymes involved in the process (Pub. 111, IV and V). In parallel 

with the high quantum efficiency for MAA induction by UV-A, these wavelengths rnay 

depress photosynthetic activity. However, an impaired photosynthetic activity provides 

lower concentrations of energy equivalents and less fixed carbon molecules, which rnay 

inhibit the biosynthesis of MAAs. On the other hand, blue light rnay stimulate both 

MAA induction and photosynthesis. Sufficient energy equivalents and carbon 

molecules of photosynthesis rnay further support an induced MAA synthesis. This rnay 

result in an additive or synergistic effect on accumulated MAA concentration. 

Fusthermore, a UV- andor stress-induced increase of ROS production may provide a 

fusther stimulation of MAA formation (Pub. V) andor a bioconversion of the irnino 

MAAs shinorine and porphyra-334 into mycosporine-glycine, which may act as an 

antioxidant (Pub. I). However, accumulated MAAs provide a UV-A sunscreen (Pub. 11, 

I11 and IV), changing the interplay of the different metabolic processes once more. 

It could be proved that MAAs are photo-inducible. The absorption characteristics of the 

putative blue light receptor could not be identified, but an, as yet unknown, UV-A 

photoreceptor with absorption peaks at 320, 340 and 400 nm rnay mitigate the photo 

induction of shinorine. 

Further investigations should aim to identify the biosynthetic pathway of MAA 

biosynthesis and the enzymes catalysing both biosynthesis and interconversion of 

MAAs. Based on a detailed knowledge of the different compounds involved, different 

stress scenarios in viv0 and in vitro may help to understand the interaction of abiotic 

influences and biotic responses. The generation of different MAA mutants may give 

further insight into the regulation of MAA biosynthesis. Fui-iherrnore, different taxa 

should be investigated under similar irradiance andlor stress conditions to provide more 

information about the general distribution of the regulating mechanisms. For example, 
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Figure 4.1: Model for MAA biosynthesis and regulating factors: UV-A radiation and blue light are sensed 
by the respective photoreceptor chromophores (CUV+, or Ccliic). When activated they (C*"V.A or C * B ~  
transmit the signal into the cell a, inducing the gene expression Q for enzymes catalysing MAA 
biosynthesis @. The interconversion of shinorine presumably via asterina-330 to palythine is stimulated 
by UV-A radiation and blue light C3 and inhibited by UV-B radiation B. Accumulated imino MAA 
concentrations shade the UV-A chromophore @. A further stimulation of MAA biosynthesis B may be 
due to an UV-induced increased formation of reactive oxygen species during photosynthetic activity 0. - 
Reactive oxygen species may induce the bioconversion of shinorine into mycosporine-glycine @, which 
may act as antioxidant @I. - ATP and carbon rnolecules are provided by photosynthetic activity c^; solid 
arrows indicate regulatory mechanisms found for Chondrus crispus; dotted arrows those found for 
Porphyra ssp.; Italic letters indicate literature results (Shick et al. 2000, Portwich and Garcia-Piche1 
2003). 



the putative UV-A and blue-light photoreceptors postulated to mitigate MAA synthesis 

in C. crispus might be species specific. In contrast to C. crispzis, MAA formation in the 

cyanobacterium Chlorogloeopsis PCC6912 may be induced through a UV-B 

photoreceptor (Protwich and Garcia-Piche1 2000). 

4.5 Ecological Outlook 

MAAs provide a sunscreen against UV-A radiation (Pub. 11, 111, and IV; Neale et al. 

1998 a). Some species, like C. crispus, are able to adjust both concentration and 

composition of MAAs flexibly to in-adiance conditions (Pub. 11, 111, IV and V). The 

sunscreen potential of MAAs is especially important for intertidal species. Repair and 

mitigating processes are impaired in desiccated thalli, therefore MAAs confer an 

advantage by blocking UV radiation and thus preventing Stress reactions within the 

algal metabolism, at least to some extent. 

High concentrations of MAAs may also provide some protection against UV-B 

radiation (Pub. 11). However, the localization of MAAs in macroalgae is, as yet, 

unknown. They may be homogeneously distributed in the cytoplasma of all cells, as 

suggested for cyanobacteria (Garcia-Piche1 1994), but a targeted localization in specific 

cell types, as recently discovered in ascidians (Maruyama et al. 2003), is also possible. 

In the case of targeted localization in the cortex, the screening factor for medulla lying 

directly beneath the cortex will be higher, and this is more advantageous for the 

organism in general than in the case of a homogeneous distribution. Findings that self- 

shaded basal parts of algae contain much lower MAA concentrations than exposed 

apical tips (Karsten et al. 1999, Karsten and Wiencke 1999) indicate that algal parts or 

even single cells adjust their MAA concentration to the given radiation conditions. This 

might further indicate that cells of the cortex have higher MAA concentrations than 

those of the medulla. 

The putative photoreceptorfs) proposed for MAA formation in C. crispus enables a 

flexible adjustment of MAA concentration to variations of the spectral composition of 

in'adiance caused through emersion, changes in the water transparency andfor seasonal 

variations. Nevertheless, they are not sensitive to UV-B radiation and are therefore 

unable to mitigate an additional increase in MAA content in the case of rising UV-B 

levels during ozone depletion. 



Fusthermore, high levels of UV-B inhibit the synthesis of MAAs in some species (Pub. 

IV and V; Hoyer et al. 2002). The target for the inhibition is yet unknown, but UV-B 

might affect multiple targets within the algal metabolism. UV-B impairs photosynthesis 

and enzymes, which may both result in a less effective MAA biosynthesis. In addition, 

other repair and mitigating processes, for example photolyase enzymes, antioxidants 

and antioxidant enzymes, may be preferred, redirecting energy and carbon flow. 

Beside the effect of UV-B on algal metabolism in general, the ratio of UV-B:UV- 

A:PAR may influence the final MAA concentration in some ways. Thus, already 

accumulated MAA concentrations decrease when algae are exposed to the full light 

spectrum (Pub. V) although MAAs are photostable (Adams and Shick 1996, 2001, 

Conde et al.2000). 

Therefore, ozone depletion may have a negative effect on MAA formation and thus on 

the organism in general. Under natural sunlight C. crispus grown under the full light 

spectrum accumulated 50 % less MAAs than specimens exposed under the cut-off filter 

WG305. Because UV-A and PAR intensities were similar, this may be due to a 1.5-fold 

higher UV-B radiation (Pub. IV). Under the experimental conditions neither 

photosynthesis nor pigment concentrations were affected. Nevertheless ozone depletion 

will shift the ratio between UV-B:UV-A:PAR towards shoster wavelengths, which may 

result in an impaired balance between damaging effects and repair and mitigating 

mechanisms (Smith et al. 1989, Halliwell and Gutteridge 1989). 

Besides their photo protective function, MAAs may also act as osmolytes (Oren 1997, 

Karsten 2002), quenchen of the exited thymine residue, which results in DNA 

protection (Misonou et al. 2003) and antioxidants and precursors of antioxidants 

(Dunlap and Yamamoto 1995, Dunlap and Shick 1998, Nakayama et al. 1999). For the 

latter the knowledge of both metabolic rates and of the underlying mechanism is 

necessary to assess detected MAA concentrations and their impact for algal metabolism. 
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