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v Abstract

ABSTRACT

The present study focuses on a putative passive sunscreen, the UV-absorbing
mycosporine-like amino acids (MAAs) synthesised in macroalgac. MAAs as UV-
defence mechanism are of particular interest in Antarctic and Arctic algae because
deleterious UVB radiation (280-315 nm) increases due to the stratospheric ozone
depletion over the polar regions. The survey examined MAA occurrence based on
vertical distribution, individual MAAs were identified and quantified, and correlated
with habitat and radiation climate in air and under water. Three physiologically different
groups of polar algae were represented in terms of MAA-values: I) supra- and (upper)
eulittoral species with an always relatively high MAA concentration, II) eu- and
sublittoral species adjust MAA concentrations to the occurring environmental radiation,
III) deep-water and understorey plants without MAAs. In addition, the physiological
capability for inducing MAA synthesis/accumulation was investigated, as red algae
were exposed to three different radiation conditions (PAR: 400-700 nm, PAR+UVA:
320-700 nm, PAR+UVA+UVB: 295-700 nm). Algal responses to irradiance could be
divided into 3 physiological types based on their maximal MAA concentrations: a)
species with highest total MAA values under the full radiation spectrum, b) species with
highest MAA concentrations under PAR+UVA, and c) species with a strong MAA
decrease under PAR+UVR.

Furthermore, the influence of other abiotic factors such as temperature and salinity on
the inducibility of MAA synthesis/accumulation were examined as well as the
interactive effects of radiation and temperature/salinity on MAAs and photosynthesis
evaluated. Elevated temperature alone had no effect on MAA contents, but in
combination with enhanced PAR and UVR MAA concentration became higher at 5 °C
in Antarctic red algae (Iridaea cordata, Palmaria decipiens) compared with samples at
10 °C. In contrast, MAA contents of Antarctic green (Prasiola crispa ssp. antarctica)
and Arctic red (Palmaria palmata) algae remained almost unchanged under both
temperatures. Therefore it is suggested that the enzymatic processes for the MAA
synthesis in Antarctic species are well adapted to their cold habitat whereas the Arctic
plant has a broader tolerance to temperature, which is even more pronounced in the
green alga. An additional indicator was found in its similar F/Fn, values of

photosynthesis at both temperatures.
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Under the different salinity concentrations (15, 34 and 50 psu) the MAA content did not
rise in Arctic Devaleraea ramentacea and Palmaria palmata, but in combination with
UV radiation an increase could be obtained. While D. ramentacea exhibited euryhaline
features and acclimated well to the UV radiation applied, P. palmata can be
characterised as stenohaline plant because of its high mortality already under mild
hyposaline conditions. An osmotic role of MAAs could not be confirmed for these
macroalgal species.

The protection of photosynthesis under UV-stress due to MAAs was investigated in
Palmaria decipiens and Palmaria palmata by a comparison between MAA-low and
experimentally induced MAA-high concentrated samples. Usually, photosynthesis of
algae from the latter condition was less affected under UVR, consequently recovery was
accelerated and improved. Furthermore, the photosynthetic response to enhanced PAR
and UVR of two deep-water algae (Odonthalia dentata and Coccotylus truncatus),
lacking MAAs, were analysed. Samples covered by biofilter-containers filled with
MAA extracts or by cut-off filters were compared with each other. The biofilter-treated
isolates were protected against UVR in a similar way as the 320 nm cut-off-treated
samples (PAR+UVA). This indicates that MAAs screen harmful UVB, strongly
supporting the photoprotective role of the MAAs,

All data presented demonstrate distinct MAA induction patterns, indicating that
induction, formation and accumulation of individual MAAs is a very flexible and
species-specific mechanism. The sunscreen effect of MAAs was confirmed although its
effectiveness was species-specific and concentration-dependent, assuming that algae
gain an advantage by containing MAAs when ozone depletion i.e. increase in UVB

radiation becomes worse.



Vi Zusammenfassung

ZUSAMMENFASSUNG

Der Schwerpunkt dieser Arbeit liegt in der Untersuchung UV-Strahlung absorbierender
Substanzen, im besonderen der mycosporin-ghnlichen Aminosduren (MAAs). Sie
werden u. a. von aquatischen, autotrophen Organismen synthetisiert, denen eine
mogliche Sonnenschutzeigenschaft zugeschrieben wird. Diese Eigenschaft ist von
Interesse bei arktischen und antarktischen Makroalgen auf Grund des starken
stratosphérischen Ozonabbaus iiber den Polen und der damit verkniipften Zunahme an
fir Organismen schidlicher UVB-Strahlung (280-315 nm). Das Vorkommen der
MAAs wird in Algenarten unter Beriicksichtigung ihrer Lebensrdume untersucht.
Wihrend vor allem in Rotalgen MAAs in z.T. hohen Konzentrationen gebildet werden,
zeigen sich in Griinalgen meist nur geringe MAA-Konzentrationen. Eine Ausnahme
bilden Arten der Gattung Prasiola, in denen eine in ihrer molekularen Struktur noch
nicht identifizierte UV-absorbierende Substanz mit einem Absorptionsmaximum bei
324 nm analysiert wurde. Fiir die Algen kann ein bestimmtes Verteilungsmuster von
Arten mit unterschiedlichen MAA-Konzentrationen festgestellt werden, die in drei
physiologische Gruppen eingeordnet werden: I) Arten, die das Supra- und obere
Eulitoral besiedeln und eine meist hohe MAA-Konzentration aufweisen, II) Arten aus
dem Eu- und Sublitoral, dic MAAs flexibel, dem Strahlungsangebot angepaft
akkumulieren, und III) Arten, in denen keine MAAs nachgewiesen werden und die
hauptsdchlich in groflen Wassertiefen vorkommen oder als Unterwuchsarten bekannt
sind, beides Habitate, in denen Schwachlichtbedingungn vorherrschen. Ferner wird in
dieser Arbeit die Induzierbarkeit der MAA-Synthese bzw. Akkumulation durch
verschiedene Strahlungsbedingungen (PAR: 400-700 nm, PAR+UVA: 320-700 nm,
PAR+UVA+UVB: 295-700 nm) in polaren Rotalgen untersucht. Obwohl die
Ergebnisse darauf hindeuten, dass die MAA-Stimulierung durch die verschiedenen
Spektralbereiche artspezifisch ist, lassen sich auch hier die Algen in physiologische
Reaktionstypen einteilen, je nachdem welche Auswirkungen die angebotene Strahlung
auf die MAA-Akkumulierung/Synthese hat. In Typ (a) werden hochste MAA-
Konzentrationen im gesamten Strahlungsbereich ausgebildet. In Algen, die zum Typ
(b) gehoren, sind hichste MAA-Konzentrationen unter PAR+UVA zu finden, wihrend
Arten, deren MAA-Konzentration unter UV-Strahlung abnimmt, dem Reaktionstypen
(c) zugeordnet werden.

Der Einfluf} anderer abiotischer Faktoren und deren interaktive Effekte auf das MAA-

Bildungsverhalten einzelner Algen wird anhand zwei antarktischer Rotalgenarten
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(Iridaea cordata, Palmaria decipiens), einer antarktischen Griin- und einer arktischen
Rotalge (Prasiola crispa ssp. antarctica bzw. Palmaria palmata) untersucht, die
erhohten Temperaturen (5 und 10 °C) ausgesetzt waren; dieses hatte allerdings keinen
EinfluB auf den MAA-Gehalt. In Wechselwirkung mit zusitzlich erhShter PAR-
Intensitidt und UV-Strahlung reicherten die antarktischen Rotalgen jedoch mehr MAAs
bei 5 °C als bei 10 °C an. Die MAA-Gehalte der beiden anderen Arten unterschieden
sich bei diesen Temperaturen unwesentlich. Antarktische Algen haben vermutlich ihre
enzymatischen Reaktionen der MAA-Produktion gut an das kalte Habitat angepalt,
wihrend arktische Pflanzen eine grofBere Toleranz gegeniiber Temperaturénderungen
besitzen. Griinalgen sind in der Lage Standorte zu besiedeln, die starken
Umweltschwankungen ausgesetzt sind, was sich in einer noch hheren physiologischen
Toleranzbreite #uBert. Bei verschiedenen Salzgehalten (15, 34 und 50) erhoht sich der
MAA-Gehalt in der arktischen Devaleraea ramentacea und Palmaria palmata hicht. Es
zeigt sich allerdings ein Konzentrationsanstieg bei der Kombination von Salzgehalts-
und UV-Strahlungsénderung. Wihrend D. ramentacea euryhaline Merkmale zeigt und
sich gut auf die UV-Strahlung einstellt, verhilt sich P. palmata eher stenohaline, da sie
eine hohe Mortalitat schon unter geringen hyposalinen Bedingungen hat.

Der Schutz der Photosynthese durch MAAs unter “UV-Stress wird durch den
Vergleich von Palmaria decipiens und Palmaria palmata bei niedriger MAA und
induzierter hoherer MAA-Konzentrationen untersucht. Es wurde eine artspezifische
MAA Konzentrations-abhingigkeit festgestellt, bei der die Photosynthese der Proben
mit hoheren MAA-Konzentrationen weniger beeintréchtigt war und ihre Erholung nach
Beendigung des Stresses schneller erfolgte sowie bessere Photosynthesewerte ergab als
in den Proben mit geringeren MAA-Konzentrationen. Die Analyse der
photosynthetischen Reaktion zweier Tiefenwasseralgen ohne MAAs (Odonthalia
dentata und Coccotylus truncatus) auf verstirkte PAR und UV-Strahlung bei
Bedeckung der Proben durch mit MAA-Extrakt geftillten Biofiltern bzw. “cut-off™-
Filtern zeigt, dass die mit dem Biofilter geschiitzten Proben in derselben Weise gegen
UV-Strahlung geschiitzt waren, wie die durch den 320 nm “cut-off*-Filter. Dies deutet
darauf hin, dass MAAs die schadliche UVB-Strahlung abschirmen und unterstiitzt die
Annahme, dass MAAs eine photoprotektive Rolle im Organismus spielen.

Alle dargestellten Daten demonstrieren bestimmte MAA-Induktionsmuster und zeigen,
dass die Induktion, Bildung und Ansammlung individueller MAAs sehr flexibel sind
und es sich um einen artspezifischischer Mechanismus handelt. Der Sonnenschutz-

Effekt der MAAs wurde bestitigt, obwohl die Effektivitat artspezifisch und
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konzentrationsabhingig ist. Fiir Algen ist es von Vorteil, MAAs zu besitzen, vor allem,

wenn durch die Ozonabnahme die UVB-Strahlung zunimmt.



1 Introduction 1

1 INTRODUCTION

Ultraviolet radiation (UVR) has both positive and negative effects on life on Earth. In
particular, UVB radiation (280-315 nm) deleteriously affects biological organisms not
only in terrestrial, but also in aquatic ecosystems particularly primary producers such as
phytoplankton, macroalgae and microbenthic communities. The stratospheric ozone
layer absorbs the high energetic short wavelengths of solar radiation and an increase in
UVB radiation is regarded as a direct result of ozone depletion (Frederick and Snell
1988). However, in earlier times, when the ozone layer was in the process of building
up and the concentration of atmospheric oxygen was lower than it is at present, UVB
radiation levels were even higher. Consequently, ancient terrestrial and aquatic plants
developed protection and repair mechanisms against the harsh radiation conditions
(Rozema et al. 1997). The UVB-absorbing substances, mycosporine-like amino acids
(MAAs) found in polar macroalgae, which are reportedly photoprotective compounds
playing a role in the sunscreen mechanisms, are the main focus of this study. The
introduction describes why the ozone layer decreases, resulting in an increase in UVB,
as well as the effects of UVB on marine organisms and their defence strategies. A brief

overview of MAAs is also given as well as some details of the polar regions.

1.1 Stratospheric ozone

The stratospheric gas ozone is found at altitudes of approximately 10 to 50 km. The
maximum ozone density (90%) lies in the range of 15 to 25 km (Solomon 1990),
commonly known as the ozone layer, and acts as a UV radiation (UVR) shield. The
ozone concentration is expressed in Dobson Units (DU), i.e. 100 DU correspond to an

ozone layer of 1 mm thickness at normal pressure and normal temperature.

Over the equator, where irradiance is highest, most ozone is produced by the action of
solar radiation on atomic and molecular oxygen. The ozone is transported polewards via
atmospheric circulation, producing a maximum at higher latitudes. Nevertheless, the
thickness of the ozone layer undergoes natural variation, due to seasonal and daily
changes and locally dynamic_: processes (Gathen et al. 1995). However, generally ozone
levels over Antarctica are lower, with average values of about 320 DU compared with
the Arctic, with values of about 450 DU before the 1980s, and lowest over the equator
with 260 DU (WMO 1998).
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Ozone formation and decomposition are natural processes occurring by the Chapman
reaction, and by other homogenous chemical reactions. The latter are catalytic cycles
involving free radicals such as NO, HO and halogen radicals, greatly enhancing the rate
of ozone recombination (Langer 1999, Whitehead et al. 2000). Severe ozone depletion
was initially described in the Antarctic in 1985 (Farman et al. 1985), and somewhat
later for the midlatitudes of the Southern and Northern Hemisphere (Atkinson et al.
1998, Roy et al. 1990, and references therein) and the Arctic (Austin et al. 1992,
Salawitch et al. 1993). It is thought that further depletion is mainly due to the release of
anthropogenic/industrial pollution into the atmosphere, comprising compounds such as
chlorofluorocarbons, bromines and nitrogen oxides (NOy) (Solomon 1990). These
molecules degrade as promoter ozone molecules in solar radiation-induced catalytic
cycles. Polar stratospheric clouds (PSCs) are the precondition for these heterogeneous
(gas-solid) chemical mechanisms, as they are the solid part of the surface catalysed

reactions (Langer 1999, Whitehead et al. 2000).

The region in which the ozone shows a decrease to 30 % of concentration seen pre
1980, is commonly called “ozone hole® (WMO 2002). They are formed during the
Antarctic spring (September — November) and are normally most pronounced in
October (Lubin and Frederick 1989). In the last few years, the Antarctic ozone hole has
persisted for longer, starting in August, and continuing into December (WMO 2002).
Furthermore, it is still increasing with a maximum size to date of 30 Million km? in
October 2001 (WMO 2002). In the Arctic, the ozone hole occurs for a shorter time,
appearing in late January and persisting until March, although also sometimes longer

(Rex et al. 1997, Langer 1999) and is generally largest in March (WMO 1998).

1.2 UVB radiation

Ozone depletion results in an increase in ultraviolet radiation (UVR) at the Earth’s
surface. UVR is subdivided into three components and defined as follows by the
Commission Internationale de I’Eclairage (CIE); UVA (315-400 nm), UVB (280-315
nm) and UVC (100-280 nm). Under “normal" stratospheric ozone conditions, UVC is
completely absorbed by the ozone shield, oxygen and water vapor, while the largest
portion of UVB is absorbed downward from about 310 nm. UVA and
photosynthetically active radiation (PAR, 400-700 nm) pass through the ozone layer

almost unaffected. However, a loss in ozone of around 10 % might lead to an increase in
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spectral irradiance of about 50 % at 297 nm, 25 % at 303 nm and 0 % at 325 nm (Roy et
al. 1990). In this case, the solar spectral distribution may shift to shorter wavelengths,
which exhibits highest energy, resulting in a higher UVB:UVA:PAR ratio (Smith et al.
1992). It should be considered that other factors such as cloud cover, aerosols, solar
zenith angle and precipitable water column may also influence the absorption and
reflection of UVB (Lubin et al. 1998). Cirrus clouds, stratospheric and tropospheric
particles, for example, attenuated UVBR by 12%, 6 % and 5 %, respectively
(Whitehead et al. 2000, references therein), but, in contrast, cumulus clouds have been

shown to enhance total sky UVBR by up to 30 % (Mims and Frederick 1994).

1.3 UVB radiation effects

Enhanced UVBR may not only affect organisms, but also materials and biogeochemical
cycles. An increased morbidity from eye diseases and skin cancer has been observed in
humans (Longstreth et al. 1995), and there are many effects seen in terrestrial plants,
including inhibition of photosynthesis, DNA damage, changes in morphology,
phenology and biomass accumulation. This in turn may result in an altered communitiy
composition and in the weakening of the genomic stability (Caldwell et al. 1995,
Rozema et al. 1997, Ries et al. 2000). Furthermore, UVB penetrates into the water
column, affecting freshwater and marine organisms, even when scattered and absorbed
by water, dissolved organic matter (DOM, Gelbstoff) or by particulate matter, such as
phytoplankton. The radiation transmittance through the water column can be calculated
by the vertical attenuation coefficient of downward irradiance (Ky), related to UVR as
well as to PAR (Kirk 1994). In clear oceans such as the Southern Ocean, UVB can be
measured down to depths of 60 — 70 m (Smith et al. 1992) with biologically harmful
effects on marine organisms down to 10 — 30 m (Karentz and Lutz 1990, Boelen et al.

2000).

UVB can cause many negative effects at different levels, especially on marine sessile
organisms such as macroalgae, e.g. at the molecular and cellular levels. These effects
can be classified into direct and indirect. With direct effects, the main targets are
biomolecules such as nucleic acids and proteins, that are degraded or transformed by
absorbing UVB, resulting in disturbance or even elimination of their biological
functions (Vincent and Neale 2000). UVB-induced DNA damage causes photoproducts

such as cyclobutane pyrimidine dimers and (6-4) photoproducts as detected in
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macroalgae and phytoplankton (Buma et al. 2000, Helbling et al. 2001, Poll et al. 2001)
leading to mutations or to an immobilization of the RNA polymerase. Furthermore,
proteins, functioning as enzymes, hormones and structural components of cells, can also
be affected. For example, the destruction of phycobilisomes (Lao and Glazer 1996) and
the reduction of the activity of the ribulose 1,5 carboxylase contributing to the inhibition

of photosynthesis (Bischof et al. 2000a, 2002).

Indirect effects are caused by reactive oxygen species (ROS), whose resultant
photoproducts may be more reactive and cytotoxic than the direct effects of UVR. ROS
such as hydrogen peroxide, hydroxyl radicals and superoxide radicals are oxidants
capable of damaging DNA, RNA, proteins and pigments. This may result in a complete
change in metabolic effects on growth, reproduction and productivity (Dring et al. 1996,
Aguilera et al. 1999, Wiencke et al. 2000, Makarov and Voskoboinikov 2001), genetic
damage (Kuluncsics et al. 1999, Vincent and Neale 2000), depression of key
physiological processes like photosynthesis (Larkum and Wood 1993, Hanelt et al.
1997b, Hanelt and Nultsch 2003, Bischof et al. 2000a, 2002, Gémez et al. 2001), and, in

time, an altered community structure (Madronich et al. 1995).

Marine organisms such as macroalgae, have evolved biological defences against UV-
damage. These mechanisms are able to repair, detoxify and screen, i.e. to minimize the
deleterious effects of UVBR as far as possible (Roy 2000). Repair of DNA damage is
feasable on the molecular level by photolyases and excision enzymes (Mitchell and
Karentz 1993). UVR-induced reactive oxygen species can be eliminated by the
expression of detoxifying enzymes and antioxidants (Dunlap and Yamamoto 1995,
Collen and Davison 1999, Aguilera et al. 2002a). Additionally, there are also
physiological and biochemical counteracting strategies such as the synthesis of UV-
absorbing sunscreen compounds. The latter occur in all kingdoms, resulting in an
important mechanism for reducing potential radiation damage (Cockell 2001). It has
been suggested that these compounds played an important role in the evolution from

aquatic to land plants (Rozema et al. 2002).

1.4 UV-absorbing compounds

UV-absorbing compounds are often secondary metabolites such as flavonoids in

terrestrial plants, other polyphenolic substances, which also occur in brown algae
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(reviewed in Schoenwaelder 2002) and coumarins, which have been found in the green
algal family Dasycladaceae (Menzel et al. 1983). The UV-absorbing scytonemin, found
in extracellular sheaths of cyanobacteria, is known to function as a passive sunscreen.
This substance is a yellowish-brown, lipid-soluble pigment with an absoption maximum
at 370 nm (Garcfa-Pichel and Castenholz 1991, Ehling-Schulz et al. 1997, Dillon et al.
2002). Finally, mycosporine-like amino acids (MAAs), which also absorb UVR, have
been detected in the majority of aquatic organisms including vertebrates, invertebrates,
coral reef organisms, bacteria, and algae in both marine and freshwater ecosystems
(Cockell and Knowland 1999, reviewed in Karentz 2001). MAAs have been postulated
to play a photoprotective role, contributing to the prevention of UV-induced damage,
the main advantage of a passive sunscreen (Dunlap and Shick 1998). However, in order
to be defined as a passive sunscreen, the substances must meet several prerequisites
(Garcia-Pichel et al. 1993). Firstly, the compounds must screen UVR at a high enough
level to provide a noteworthy benefit to the organism and secondly, the compounds
must be inducible. Furthermore, physiological efficiency of the UV-substance must be
proved, i.e. that UV damage is really reduced and that survival is enhanced under UV-
stress due to the sunscreen compared with same species lacking it. Under conditions of
physiological inactivity, excluding other active photoprotective mechanisms, the
correlation between the UV-absorbing substance and the resistence to UVR should still
be present. Additionally, it should be proven that the protective effect is maximal at the
wavelengths of maximal absorption of the respective UV-absorbing substance and
negligible where it does not significantly absorb. Another approach is that after artificial
removal of this compound the protection should be lost (Garcfa-Pichel et al. 1992, 1993,
Cockell and Knowland 1999). Up till now, it is still not confirmed if MAAs satisfy all

these requirements.

1.5 Molecular characteristics of the UV-absorbing mycosporine-like amino acids

MAAs are small, colorless, water-soluble molecules with an average molecular weight
of 300 Da (g mol'l). Due to their high molecular extinction coefficients (Table 1), they
are very effective in absorbing the wavelengths in the range between 309 and 360 nm,
resulting in a sharp absorption spectrum (Banderanayake 1998, Dunlap and Shick 1998,
Cockell and Knowland 1999). Up to now, distinct molecular structures of 19 MAAs

have been identified in marine organisms (Karentz 2001). These compounds have a
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cyclohexenon or a cyclohexenimine structure in common, with a conjugated amino acid
(mostly glycine) or another amine (Fig. 1). There are chemical exceptions, where
glycine is replaced by threonine, serine or methylamin, and the mycosporine-taurine.
The MAA absorption characteristics primarily depend on a system of conjugated double
bounds in the core ring structure, in which the n-electron system effectively absorb UV
radiation, causing an energetic transition of m-electrons to anti-bonding m*-electron
orbitals. Hence, two of the MAAs, mycosporine-glycine and mycosporine-taurine,
containing the chromophore cyclohexenon, clearly absorb in the UVB range. The other
MAAs comprise a cyclohexenimine, showing their absorption maximum in the UVA
range. In addition, the substitutions at C-3 (and C-1) are able to alter absorption
properties of the ring structure. These factors not only result in a shift of the absorption
maximum, but also in an altered extinction coefficient, which then determines the
specific absorption maximum of the respective MAA (Banderanayake 1998, Cockell

and Knowland 1999).

COCH COOH
C.
2 HO R " N
HO
OCH, CH, OCH, OCH,
H NH H H
H N HO NKH H NKH HO, 4 NH
COOH COQH COOH KCOOH
mycosporine-glycine shinorine porphyra-334 palythine
Amax = 310nm Amax = 334nm Amax =334 nm Amax = 320nm
¢Hs HJC\/\ trans - form cis - form
HO/\ L N N 7y
OCH, HO H,C
3 CH, CH, CH,
2l M H ’ H
H KH HS,, NH H NKH H NKH
COoH KCOOH COOH COOH
asterina-330 palythinot palythene usujirene
Amax =330 nm Ay =332 0m Amax = 360nm Amax =357 nm

Figure 1: Structures of the most common MAAs in marine red algae

The absorbed UV-energy of a molecule may be emitted as fluorescence, heat

dissipation, or by an interaction with another molecule. Contradictory statements have
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been made about the capability of the MAA structure to fluoresce. The most recent
studies have revealed that partially-purified shinorine did not show any fluorescent
capabilities (Shick et al. 2000), and p-334 has only a very low quantum yield of
fluorescence, but a strongly exothermic triplet energy level (Conde et al. 2000).
Furthermore, radical production did not occur in a solution of shinorine nor was
fluorescence detected, when irradiated with UVR (Shick et al. 2000). These are
characteristics, which corroborate the hypothesis of the photoprotective role of MAAs

(Shick and Dunlap 2002).

MAAs, which have a close relationship to fungal mycosporines in aquatic organisms
(Bandaranayake 1998) and UV-absorbing compounds have been found and often
identified in a plurality of autotrophic and heterotrophic organisms, such as red algae
(Tsujino et al. 1978, Karsten et al. 1998b), dinoflagellates (Carreto 1990a,b), diatoms
(Helbling et al. 1996, Riegger and Robinson 1997), cyanobacteria (Garcia Pichel and
Castenholz 1993, Garcia-Pichel et al. 1993), freshwater zooplankton (Tartardtti et al.
2001), invertebrates such as corals (Shibata 1969, Dunlap and Chalker 1986),
echinoderms (Karentz et al. 1991, Carrol and Shick 1996) and chordata such as ascidia
and fish (Dunlap and Yamamoto 1995, McClintock et al. 1997). It has been suggested,
that MAAs are synthesised via the shikimate pathway, which only occurs in plants and
microorganisms (Herrmann and Weaver 1999, Shick et al. 1999). Favre-Bonvin et al.
(1987) showed that the carbon ring structure of mycosporine is derived from 3-
dehydroquinate (DHQ), an intermediate of the shikimate pathway, and further
synthesised via gadusol (Shick and Dunlap 2002). Apart from the origin of the MAAs
through the shikimate pathway, additional enzymatic interconversion amongst MAAs
may be possible. The variable kinetics of increasing levels of individual MAAs, which
can occur over several days for the suite of MAAs in red algae (Karsten et al. 1998a,
Franklin et al. 1999) and over hours in dinoflagellates (Carreto et al. 1990a,b) support

this view.
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Table 1: Molar extinction coefficients, molecular weight and their citations for seven different MAAs,
that typically occur in the macroalgae studied

MAA Extinction coefficient Molecular weight Reference
Mol em™] g mol ]

Mycosporine-glycine 28100 245.23 Ito and Hirata 1977
Shinorine 44668 332.31 Tsujino et al. 1980
Porphyra-334 42300 346.33 Takano et al. 1979
Palythine 36200 244.24 Takano et al. 1978a
Asterina-330 43500 288.30 Gleason et al. 1993
Palythinol 43500 302.32 Takano et al. 1978b
Palythene 50000 284.31 Takano et al. 1978b

1.6 MAAs in macroalgae

MAAs are very common in marine macroalgae from the polar regions to the tropics.
This is verified by several MAA-inventories from the polar (Arctic) via cold- and
warm-temperate (Karsten et al. 1998b) to the tropic region (Banaszak and Lesser 1995,
Banaszak et al. 1998, Karsten et al. 1998¢, Karsten et al. 2000). Only a few examples
for Antarctic macroalgal species exist (Karentz et al. 1991, Post and Larkum 1993,
McClintock and Karentz 1997). The summerised results of those studies demonstrate
that MAAs occur particularly often in high amounts in Rhodophyceae, whereas MA As
when at all present in members of the Phaeophyceae, are usually found in trace
concentrations. In Chlorophyceae, MAAs were often detected in low concentrations

(e.g. Xiong et al. 1999).

The most common MAAs found in macroalgae, often as principal MAAs are palythine,
porphyra-334 and shinorine. Mycosporine-glycine, asterina-330, palythinol and
palythene/usujirene usually occur in lower concentrations. Often a suite of at least three
MAAs has been found, providing a broad spectral band and therefore a more effective
optical filter than the presence of a sole MAA (Karentz 2001). Furthermore, these
results and those of Karsien and West (2000) suggest that a correlation exists between
MAA concentrations and latitudes, with respect to the solar radiation climate. The
MAA concentrations were highest in plants from the tropics (< 12.8 mg g' DW),
decreasing from warm temperatue species (< 7.8 mg g DW) to cold temperate/Arctic
algae (< 3.5 mg g' DW). In warm temperate species, comparable MAA concentrations
were found to those of Antarctic macroalgae (< 9.4 mg g’ DW, Publ. 1). Furthermore,
seasonal effects on MAA concentrations have been reported for algae from the Arctic
and Antarctic, with a trend to higher MAA concentrations in the (late) summer

compared to the other seasons (Post and Larkum 1993, Karsten et al. 1999).
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It must be emphasised, that MAA contents are strongly influenced by vertical
distribution of the algae and the related radiation climate. Generally, a decrease in MAA
concentrations and contents of UV-absorbing compounds is coupled with an increasing
algal depth (Yakovleva et al. 1998, Karsten et al. 1998b, 1999, Karsten and Wiencke
1999). Stimulating irradiance effects on MAAs have been shown in transplantation
experiments, in which algal samples were transferred from deep to shallower water and
exposed to different solar radiation conditions. In these experiments, different spectral
ranges with and without UVR were applied using cut-off filters. Laboratory
experiments with artificial radiation sources to enhance PAR and UVR were also
performed. It was demonstrated that algae responded differently to distinct radiation,
conditions with or without enhanced MAA accumulation and contents of UV-absorbing
compounds (Wood 1989, Karsten et al. 1998a, 1999, 2000, Karsten and Wiencke 1999,
Franklin et al. 1999, 2001, Groniger et al. 1999, Yakovleva and Titlyanov 2001). Recent
studies have calculated polychromatic response spectra for several MAAs in the red
alga Chondrus crispus (L.) Stackhouse (Kribs et al. 2002), and for an unknown UV-
absorbing substance-324 in the green alga Prasiola stipitata Suhr ex Jessen (Groniger
and Hider 2002). The latter author showed that UVB radiation strongly stimulated the
accumulation of the unknown substance-324 in P. stipitata. However, these studies
were all particular examples from one or two species from different regions, e.g. Arctic,
cold-temperate and tropic regions. There is still a necessity for a comprehensive study
of several algae from the same region in order to better characterise general
physiological responses of MAA accumulation under different radiation scenarios.
Nevertheless, a possible photoprotective role of MAAs was also suggested in later
studies, in which macroalgae containing MAAs were seen to be better adapted and less

affected to UVR (Bischof et al. 2000b, Karsten et al. 2001, Aguilera et al. 2002b).

1.7 MAAs in microalgae

MAAs and UV-absorbing compounds have been found in marine and freshwater
phytoplankton assemblages (Vernet et al. 1989, Banaszak and Neale 2001, Sommaruga
and Garcfa-Pichel 1999, Bracher and Wiencke 2000, Laurion et al. 2002), in benthic
microalgae (Sundbéck et al. 1997, Wulff et al. 1999) and also in phytoplankton cultures
(Riegger and Robinson 1997, Banaszak et al. 2000) throughout the world. A broad
MAA-inventory in microalgae has been performed by Jeffrey et al. (1999). These
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authors investigated 152 species from a total of 12 classes. It was found that all taxa
absorbed in the UVA range, and over 10 % additionally in the UVB range. Members of
the Bacillariophyceae, Dinophyceae and Prymnesiophyceae were the most represented
by species, determining the ratio of absorbance intensity at the UV maxima between
280 and 390 nm to that of chlorophyll a at 665 nm (UV:chl a). Significant MAA
concentrations were assumed when the ratio was found to be greater than 0.9.
Dinoflagellates, especially the bloom-forming types, showed the highest UV:chl a ratio,
and possessed a significant UV-absorbing suite. In contrast, many diatoms have been
found to have a low UV:chl a ratio, with only two species of the group Pennales having
a comparably high ratio. This situation mirrors samples of natural phytoplankton
assemblages, in which a high UV:chl g ratio was detected when dinoflagellates

predominated, whereas it was low in a diatom-rich samples (Jeffrey et al. 1999).

The stimulation of MAA accumulation or even synthesis under solar and artificial
radiation has been investigated for several phytoplankton species (Carreto et al.
1990a,b, Helbling et al. 1996, Riegger and Robinson 1997, Moisan and Mitchell 2001,
Zudaire and Roy 2001, Klisch and Hider 2002, Hernando et al. 2002). When an
enhancement of MAAs occurred at all, then at different time scales, suggesting
individual MA A-specific responses. A correlation between N-limitation in the medium
and MAA decrease has been found in dinoflagellates, resulting in MAA concentrations

similar to those cells grown under low light conditions (Litchman et al. 2002).

MAAs and UV-absorbing compounds also occur in marine, freshwater and terrestrial
cyanobacteria (Garcfa-Pichel and Castenholz 1993, Karsten and Garcfa-Pichel 1996,
Karsten et al. 1998d, Quesada and Vincent 1997, Sommaruga and Garcfa-Pichel 1999),
in cyanobacterial lichens (Biidel et al. 1997) as well as those associated with coral reefs
(Shibata 1969). Several investigations were performed to induce MAA synthesis and
accumulation by different radiation treatments (Garcia-Pichel et al. 1993, Garcia-Pichel
and Castenholz 1993, George et al. 2001, Sinha et al. 2001) and by different osmotic
conditions (Portwich and Garcia-Pichel 1999, Karsten 2002). In any case, the response

of cyanobacteria exposed to different stress treatments varied and was species-specific.

Garcfa-Pichel (1994) developed a bio-optical model, in which he demonstrated that
MAAs cannot be used as photoprotection in cells smaller than 1 pm, and only restricted
in cells of 1 — 10 pum in size considering the short optical pathway and the high cost

factor in terms of production as a high concentration of MAAs is necessary to be
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efficient (> 10% of dry biomass). A good protective efficiency could be provided by
MAAs in cells 10 - >100 um, and for cells >200um it may become a powerful (< 1% of
dry biomass) photoprotective mechanism, assuming a homogeneous intracellular
distribution of the MAAs. However, in the external sheath of the cyanobacterium
Nostoc commune, a MAA covalently linked to oligosaccharides has been identified,
whose concentration also could be enhanced under exposure to UVB (Bshm et al. 1995,
Ehling-Schulz et al. 1997). It has also been suggested that MAAs were extracellularly
embedded in the matrix of colonial cells in the prymnesiophyte Phaeocystis, as their
concentrations appeared physiologically too high to be contained within the cell

(Marchant et al. 1991, Riegger and Robinson 1997).

In many studies, MAAs have only been identified by their absorption maxima with no
explicit differentiation between individual MAAs. When they have been carefully

analysed, shinorine and mycosporine-glycine dominated.

1.8 MAAs in animals

Only primary producers/autotrophic organisms are able to synthesise the various
MAAs. Despite this, many marine animals exhibit MAAs, as demonstrated in two
general surveys of Antarctic species from 12 faunal clades (Karentz et al. 1991,
McClintock et al. 1997). Different concentrations of MAAs are accumulated in different
tissues for example; in skin, digestive-glands, ovaries and spawn of sea urchins and
molluscs (Karentz et al. 1992, 1997, Ishikura et al. 1997, Carefoot et al. 2000), and also
in coral mucus (Drollet et al. 1997, Teai et al. 1998). Furthermore, a negative
correlation has been described between MAA contents and depth in coral reef
organisms and invertebrates such as echinoderms and molluscs (Dunlap et al. 1986,
Shick et al. 1995, Karentz et al. 1992, 1997). Stimulation of MAA accumulation under
enhanced UVR has also been tested (Banaszak and Trech 1995, Shick et al. 1991,
Dionisio-Sese et al. 1997, Gleason 2001), although the results of such studies were
contradictory. Nevertheless, a photoprotective role or at least a partial reduction of
UVR-induced damage due to MAAs was consistently postulated for most marine
animals. Adams and Shick (1996, 2001) have clearly shown that in echinoderm eggs
with different MAA contents due to controlled diet uptake, the cleavage delay and
abnormalities up to the pluteus stage caused by UVR was significantly reduced in

developing eggs with higher MAA contents.
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However, the fact remains that heterotrophic organisms must take up the MAAs in their
diet, either as MAA-enriched algae or particles (Carrol and Shick 1996, Newman et al.
2000), by the secondary consumer (Whitehead et al. 2001), or by endosymbionts such
as zooxanthellae in corals (reviewed in Gleason 2001). How the reabsorption from the
diet and the inclusion of individual MAAs in epidermal tissue actually functions is still
subject to further investigation (Shick et al. 2000). It is possible that there are some
enzymatic carriers or specific transport mechanisms as assumed for the selective
accumulation of one MAA (shinorine) in the ovaries of a green sea urchin (Adams et al.
2001), or MAAs are able to simply diffuse through the cells (Adams and Shick 1996,
Shick and Dunlap 2002). Interestingly, several isolated zooxanthellae were unable to
synthesise any MAAs, or they synthesised different suites of MAAs than those detected
in the host (Shick et al. 1999, Banaszak et al. 2000). This may indicate that some
zooxanthellae need a special trigger from the host to be able to produce MAAs, or that
the original MAAs may be used as precursors by the host or by its intestinal microflora
and later become enzymatically converted (Shick and Dunlap 2002) as shown for the

bacterium Vibrio harveyii (Dunlap and Shick 1998).

Many fish species, inhabiting the shallow photic zone, have UV-absorbing substances
including MAAs in their occular tissues that block transmission of wavelengths < 400
nm (Shick and Dunlap 2002). They may also acquire MAAs from the diet, and tend to
accumulate very specifically only palythine and asterina-330 via a specific transport
mechanism located in their eyes. In contrast, mammals did not seem to be able to
accumulate MAAs either in skin, eyes or liver after maintenance on an experimental

diet (Mason et al. 1998).

1.9 Ecological role of macroalgae

Macroalgae play an important role in shallow, coastal water ecosystems (Kloser et al.
1994a, Gémez et al. 1997). They account for a large fraction of global primary
productivity of about 5 % (Smith 1981). Directly eaten by herbivores and omnivores
(Tken 1996) they not only serve as nutrient and energy sources but algal compounds
such as the MA As probably also bring benefit as a protective mechanism against UVR
in animals. Additionally, fragmented drift algae function as food for benthic organisms

and form a significant part of the sediment (Wiencke and Fischer 1992). In the Antarctic
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and Arctic, macroalgae are an essential source of dissolved and particulate detritus, with
the advantage of providing a year-round carbon source (Amsler et al. 1995 and
references therein). Furthermore, the algae serve as spawning and nursery areas for
juvenile animals such as fish and crustaceans. They are used as shelter, habitat and
substrata for mobile and sessile invertebrates as well as microflora. They are also
important in terms of biodiversity (Norton et al. 1996) and as source of useful natural
products for the aquaculture industry (Liining 1990). Within the context of expected
global climate change and continuously occurring ozone depletion, it is of major interest
to investigate the effects of enhanced UV radiation on macroalgae and their defence
strategies against UV-damage. Possible changes in algal nutritive substances or even
alterations in macroalgal communities due to enhanced UVR may influence other
marine organisms via the food web. Therefore, it is timely to explore organisms from

polar regions where the ozone depletion is severe.

1.10 Antarctic — Arctic

Antarctica is the coldest place in the world, with huge ice-covered areas and a resulting
high albedo (~ 0.9). This is one cause for a strong polar vortex, which in combination
with the formation of the polar stratospheric clouds contribute to the ozone depletion.
Furthermore, the Southern Ocean surrounding continental Antarctica features some
particular characteristics. The terrestrial impact is not so large, resulting in a high water
transparency with very low diffuse attenuation coefficients (Kq) (Smith et al. 1992). The
Antarctic surface water temperatures are stable ranging from — 1.7 to 2 °C. Finally, the
macronutrient concentrations are not seasonally limited (Drew and Hastings 1992)
although the primary productivity is quite low for phytoplankton during summer (0.05
t0 0.7 g C m* d"), suggesting that the phytoplankton community is co-limited by iron

concentrations and incident irradiance (Strutton et al. 2000).

In the Arctic, there is a greater atmospheric exchange with the lower latitudes than in
the Antarctic. Therefore, the cooling of the atmosphere and also of the stratosphere is
not so great and results in a weaker polar vortex than that of Antarctica, and hence, a
less pronounced ozone depletion. The Arctic Ocean, which has a permanent ice-cover at
its centre, is basically an inland sea, surrounded by the northern margins of mainlands
and islands, and as a result is more influenced by terrestrial phenomena. This includes

large input of soils, clays and huge masses of warm fresh water from rivers especially
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over the Eurasian shelf (Stonehouse 1989). Nevertheless, it is still a clear ocean with
relatively low Kq values (0.2 m™, Wingberg et al. 1996). Macronutrient concentrations
vary seasonally and are limited in summer (Aguilera et al. 2002b), and common primary
phytoplankton productivity values ranging from 1 to 4 g C m™ day™ have been found

(Jensen et al. 1999, Springer and McRoy 1993).

Antarctica and the Arctic, are two of the harshest environments in the world, and their
fauna and flora show a high level of adaptability. The most obvious situation that these
organisms need to cope with are very low temperatures and large seasonal variation of
solar radiation fluctuating between of 24 h daylength in summer and 24 h darkness in
winter within the polar circles. The season of winter darkness can be even prolonged for
marine organisms due to ice-cover and polar macroalgae exhibit some physiological
characteristics that allows them to grow under these conditions (Kirst and Wiencke
1995). They are well adapted to low light conditions, especially the Antarctic species
with very low initial light saturation points of photosynthesis (18.6 to 52.6 pmol
photons m?s™) and very low light requirements for the completion of their life cycles
(Wiencke 1990, Kirst and Wiencke 1995). Additionally, the kinetics of photoinhibition
and recovery of photosynthesis in Antarctic species are very fast (Hanelt et al. 1994),
and as a result they are able to withstand excessive light conditions, as well as to
efficiently use low photon fluence rates. Furthermore, adaptation of polar algae to cold
temperatures is remarkable, showing growth optima between 0 and 5 °C (Wiencke and
tom Dieck 1989, Bischoff and Wiencke 1993), and again, this is most pronounced in
Antarctic algae. These described differences in adaptation between Arctic and Antarctic
algal species are most probably related to the different cold water histories of the two
polar regions (Wiencke et al. 1994). The Antarctic species have had a longer
evolutionary development, as compared with the Arctic. Whilst Antarctica became
isolated by the Circumantarctic Current about 25 million years ago, the Arctic remains
well connected by longitudinally oriented coastlines. Furthermore, the Antarctic low
water temperatures have predominated for about the last 14 million years, whereas the
low water temperature in the Arctic has been more or less stable for only three million
years. This is evident in both the physiology of the organisms and in the degree of
endemism in the two polar marine floras, which is higher in Antarctica with almost 40
% of macroalgal species, of which most belong to the red algae (Wiencke and Clayton

2002).
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In summary, high latitude ecosystems have not only developed under cold temperatures
but also under a lower UV regime, and may not be readily adaptable to large increases
in UVR intensity and shifts in the spectrum due to the ozone depletion (Whitehead et al.
2000). Furthermore, the ecosystem of the Southern Ocean may be extremely sensitive to
disturbance as a result of its long and independent development under comparatively
constant environmental conditions (Arntz et al. 1997). Climate change is expected to be

noticed first in the polar regions (Svendsen et al. 2002).

1.11 Aim of the study

The present study focuses on a putative passive sunscreen mechanism, the UV-
absorbing mycosporine-like amino acids (MAAs) synthesised in macroalgae. These
compounds may reduce UV-damage in the cell or increase the UV-tolerance, the latter
being of particular importance in polar regions. The general aim of the present study is
to gain an amplified knowledge about ecological and physiological characteristics of
MAAs and attempt to present evidence about MAA occurrence and physiology in polar
macroalgae. Therefore it was necessary to perform both field and laboratory
experiments. Field experiments are useful in obtaining a broad survey of macroalgae
containing MAAs and to achieve further understanding of ecological aspects by
recording the radiation climate at the study sites and relating them to MAA content in
macroalgal species. In laboratory experiments, it is possible to investigate physiological
algal responses, i.e. MAA synthesis and accumulation under controlled and simulated

stress conditions,

Hitherto, there are few studies on the occurrence of sunscreening-compounds in
macroalgae from the Antarctic. Thus, in the first publication qualitative and quantitative
distribution patterns from MAAs were evaluated in a comprehensive set of Antarctic
macroalgae with a main focus on species collected in the field. This study was
supplemented with data from macroalgal cultures. Furthermore, inter- and intraspecific
differences in MAA concentrations were investigated in addition to the physiological
capability to form MAAs after transplantation from deeper tor shallow water exposed to

different (solar) radiation.

The second publication aimed to detect possible differences in the MAA concentrations

between macroalgal species from the Antarctic and the Arctic, and to relate these to the
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habitat-specific UVR conditions. Furthermore, irradiance as a possible primary abiotic
factor to induce MAA formation and accumulation as a photoprotective strategy was
studied under controlled conditions in the second and additionally more detailed in the
third publication. The aim was to acquire a better understanding of the physiological

capability of red macroalgae to synthesise and accumulate MAAs.

The question whether other abiotic factors such as temperature and salinity influence the
inducibility of MAA synthesis and accumulation, and the evaluation of interactive
effects of radiation (with/without UVR) and temperature/salinity on photosynthesis

were the central topics in the fourth and fifth publications.

Last but not least, it is still not completely clear whether the MAAs accomplish all
requirements concerning a passive sunscreen protection mechanism. In an attempt to
answer this question a preliminary study was undertaken. In one set up, different MAA
contents were used, in order to assess the protection of photosynthesis within the plant,
when samples are exposed to enhanced UVR. In a second experiment, the protective
efficiency of isolated MAAs used as a radiation absorbing filter on top of plants
exposed to defined radiation (with/without UVR) was investigated measuring the

photosynthetic performance.
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2 MATERIALS AND METHODS

2.1 Study sites

The study site in the Antarctic was Potter Cove at King George Island (South
Shetlands), where the Dallmann-Laboratory, with the Jubany Station is located
(62°14°S, 58°40°W, Fig. 2). Potter Cove is a small fjord with an area of approximately
7.5 km? (Roese and Drabble 1998) divided in an outer and an inner sector. The inner
part has a muddy bottom, and is not deeper than 50 m, bordered by a sill of about 30 m
depth (Klgser et al. 1994b). The outer sector predominantly has hard substrata, which
exceeds depths of 100 m and is bordered by steep inclines in the North and by a broad
intertidal platform in the Southeast (Klgser et al. 1996). The South and West coasts are
flat beaches made up of sand and gravel, with numerous rocks and several cliffs, whilst
the Northern and Eastern coasts have glaciers (Roese and Drabble 1998, Wunderle et al.
1998). During the snowmelt, a substantial amount of fine silt material is transported into
Potter Cove through drainage streambeds and two main creeks (Varela 1998, Wunderle
et al. 1998). In the summer season 1995/96 the surface water temperature in the inner
cove ranged from 0.2 to 1.4 °C and the salinity from 33.2 to 34.0 psu (Schloss et al.
1998). The tide is predominantly semidiumal with amplitudes of about average 135 cm
(Schone et al. 1998). Generally, in South Shetland region, a maritime climate
predominates with summer air temperatures varying mainly between 0 and 5 °C,
exhibiting maxima and minima at 15 and ~7°C, respectively (Winkler et al. 1998,
Wunderle et al. 1998). Moreover, these authors observed an intensifying snow smelt
due to an increase of the shorter wavelengths because of the ozone depletion in late
spring combined with higher air temperatures. Further descriptions of the environmental
parameters of this inlet are given by Kloser et al. (1993, 1994b, 1996) and Roese and
Drabble (1998).

In the Arctic, the study site was Kongsfjord, Ny-Alesund, Spitsbergen (78°55°N,
11°55°E, Fig. 3), which is roughly 20 times bigger than Potter Cove, King George
Island. It is a glacial fjord system which is 20 km long and 4 to 10 km wide, presenting
an inner fjord with relatively shallow water less than 100 m and a deeper fjord
estimating a total volume of 29.4 km? (Svendsen et al. 2002, references therein). During
summer, a coastal climate prevails because the fjord is open, relatively ice-free and
strongly influenced by the ocean. The break up and melting of the sea ice occurs
between April and July, with a high interannual variation. In contrast, a continental

climate is observed during winter.
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Figure 2: The Antarctic; in detail the Antarctic Peninsula and the Shetland Islands; the study site Potter
Cove on King George Island with the Dalimann Laboratory at the Jubany Station
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In relation to the freshwater supply and temperatures, the fjord features characteristics
specific to Arctic fjords with marked seasonal patterns (Hanelt et al. 2001). The main
driving forces acting on the upper water masses are fall winds, glacier ablation, ice
calving, snowmelt and rainfall. These factors result in the surface water salinity drops to
30 psu and even below 28 psu near the tidewater glaciers, of which, two are located at
the head of Kongsfjord and two at the northern side (Svendsen et al. 2002). The surface
water temperatures in Kongsfjord range from —1 to 5 °C and the water salinity from 32
to 34.8 psu in summer. Furthermore, the tide is semidiurnal with amplitudes of 92 c¢cm

(Norwegian Hydrographic Service 2001, personal communication).

At both study sites, important macroalgal communities have become established, with
about at least 62 species in Potter Cove (Quartino et al. 1998) and about 70 species in
Kongsfjord (Hop et al. 2002).

2.2 Radiation measurements and conditions

In this study, a slightly modified division of the UV spectrum range compared to the
definition of the CIE norms (see Introduction) was taken; UVA: 320 — 400 nm, UVB:
280(295)-320 nm. This division is normally used by photobiologists, because
wavelengths shorter than 320 nm are generally more photobiologically active than
longer wavelength UV radiation (Diffey 2002). In all laboratory experiments, daylight
fluorescents lamps (Lumilux Deluxe, OsramL 36 W/12-950) and special fluorescent
tubes (UVA 340, Q-Panel, USA), emitting a spectrum below 340 nm similar to the solar
spectrum, were mainly used together. But it has to be considered that the ratio of PAR
to UVR is lower in the experimental set-ups compared with the solar radiation
spectrum. An artificial radiation spectrum is depicted in Publ. 4, Fig. 1.

2.3 HPLC-analysis

The analysis of the MAAs via high perfomance liquid chromatography (HPLC) is
presently an established method. Due to a lack of purified standards, no calibration
curve could be performed. Therefore, the molar extinction coefficient of each MAA (see
Introduction) is used for the estimation of the MAA quantity via the Beer-Lambert law.
The molar extinction coefficient for usujirene is still not identified therefore the one for
palythene is taken as they are isomeric forms. Identification was done by spectra,
retention time, and by co-chromatography with standards extracted from the marine red
macroalgae Chondrus crispus and Porphyra umbilicalis from Helgoland, Germany as
well as from ocular lenses of the coral trout Plectropomus leopardus (kindly obtained
from Dr D. Bellwood, James Cook University, Townsville, Australia). A typical HPLC-
chromatogram for known MAAs and one unknown UV-absorbing substance is shown
in Publ. 1, Fig. 2.
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Figures 3: The Arctic; the archipelago Spitsbergen; the scientific village Ny Alesund at the Kongsfjord
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2.4 MAAs as sunscreen

Protective effects of MAAs on algal photosynthesis (degree of photoinhibition) under
UV treatment were investigated in algae with experimentally induced higher MAA

concentrations and in algae below biofilter-containers filled with a MAA extract.

— MAAs as a cellular protection mechansim

In this experiment, the algal species Palmaria decipiens (Reinsch) R.-W. Ricker from
the Antarctic and Palmaria palmata (Linnaeus) Kuntze from the Arctic cultured at the
Alfred Wegener Institute, Bremerhaven, Germany, under the conditions described in
publication 1 were used to investigate the influence of UVR on photosynthetic activity
in MAA-enriched samples, compared to control plants with low MAA concentrations.
MAA accumulation was stimulated by enhancement of PAR from 15 to 38 umol m™s™,
P. decipiens was exposed for 5 days and P. palmata for 4 days under a 16:8 h light:dark
cycle. MAAs were analysed as described in publication 4. Both MAA-enriched algal
samples and those with low MAA contents were exposed to 1 h of UVR (7.1 W m™
UVA and 0.66 W m? UVB) and a slight background of 5 gmol ms" PAR. During the
UVR exposure, the photosynthetic performance was determined after 0.5 and 1 hour
using a PAM 2000 chlorophyll fluorometer (Walz, Germany) as described in
publication 4. Afterwards the samples were immediately transferred to recovery
conditions of 20 pmol m™2s™ PAR and the photosynthetic activity (F./Fr,) was measured
after 1, 2, 4 and 6 hours. This experiment was repeated, but the UVR-exposure was
extended to 5 h, and F,/Fy, determined after 0.5, 1, 3 and 5 hours.

- MAAs as external biofilter

In the following experiments, the algal response of photosynthesis to UVR exposure
when external MAA extracts cover the plants was studied. Therefore, the so-called
biofilters were constructed. These biofilters were 0.9 cm high and made from UVR-
transparent plexiglass boxes, filled with a purified methanolic shinorine extract or an
isolated methanolic porphyra-334 (p-334) solution, which were prepared as follows.

Shinorine as sole MAA was extracted from Mastocarpus stellatus (Stackhouse) Guiry
and p-334 from Porphyra umbilicalis (Linnaeus) Kiitzing, which also contains other
MAAs. Both algal species originate from Helgoland. The extraction of the MAAs has

been done as described in the publications but with modifications listed in table 2.

The Mastocarpus-extract was used directly after the extraction. But p-334 still had to be
isolated from the Porphyra-extract using a cation exchange resin (Dowex 50W-X8, H'-
form, Sigma). Unbound compounds were removed with 2.5 fold column volume of
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purified water. The MAAs were eluted from the column with a gradually increasing
NaCl gradient (0.3-0.75 mM NaCl) at a flow rate of 2.5 ml. MAAs were detected with
a photodiode detector at 334 nm. The main peak was collected, neutralized and
afterwards evaporated to dryness under reduced pressure. The pellet was redissolved in
purified water. In a second step the compound of the main peak were separated on a
Akta Purifier (Amersham pharmacia biotech) using a reversed phase column (RPC-15,

Pharmacia).

Table 2: MAA extraction for the use in the biofilters (modified MAA extraction)

e 50 g dried algal samples were extracted in 700 ml 25 % aqueous methanol (v/v) over night in a water
bath at 45 °C

e 2™ extraction in 500 mi 25 % methanol (v/v) for 6 h in a water bath at 45 °C

e  both extracts were filtered, pooled and then evaporated under reduced pressure (rotatory evaporator)
to a viscous residue

e resuspension in a minimum of water, then filled up with methanol to a final concentration of 99 %
(v/v)

e centrifugation for 20 min at 10,000 rpm (3K 10, Sigma)

e evaporation of the supernatant under reduced pressure

e redissolution in a small volume (20 ml) of 5 % methanol (v/v)

e filtration through a Waters C-18 Sep-Pak eluted with 5 % methanol (v/v) of a maximal 10 fold
column volume

e evaporation of the elutants under reduced pressure and resuspension of the pellet in 100 % methanol

The mobile phase contained 0.1 % 2,2,3,3,3 — pentafluoropropionic acid (v/v) and 0.25
% ethanol (v/v) in water, running isocratically at a flow rate of 2 ml min'. Once again
MAAs were detected with a photodiode detector at 334 nm, the p-334-peak was
collected separately, again evaporated and redissolved in a small volume of (almost)
100 % methanol. The purification of both, the Mastocarpus extract and p-334-solution,
was checked via HPLC analysis (Fig. 4) as described in Publ. 4.

The MAA solution was diluted until the transmittance was minimal at the respective
absorption maximum (Fig. 5) measured in a photometer {Spectra Max 190). These
solutions had an estimated concentration of 0.025 mM for the Mastocarpus extract and
0.026 mM for the p-334 solution used in the plexiglas boxes. The incident radiation,
penetrating through the filters, shows no spectral changes in the PAR range only the
intensity is slightly reduced by about 12.5 % for both biofilters compared with the solar
radiation (Fig. 6). In contrast, in the UV range the intensity is much more reduced by
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33.6% for UVA and 87.6 % for UVB for the Mastocarpus extract (shinorine-biofilter)
and by 33.4 % for UVA and 80.0 % for UVB, in the case of the p-334 solution. From
the wavelength 365 nm down to 310 nm the spectrum changes, with a marked
depression occurring at the beginning of 353 nm. Despite this the harmful UVBR is not
totally quenched. The radiation transmittance through these biofilters is shown in Fig, 6

recorded with the Sonsi spectrometer (Isitec, Germany) equipped with a cosine diffusor.
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Figure 4: HPLC chromatograms of; a) purified Mastocarpus extract, peak with the absorption maximum
at 333.7 nm and retention time of 3.2 min is shinorine with the respective absorption spectrum  between
280 and 400 nm (above). This main peak contains an area of 95 % of the whole extract. b) purified p-334-
solution, peak with the absorption maximum at 333.7 nm and retention time of 3.9 min is porphyra-334
with the respective absorption spectrum between 280 and 400 nm (above). This main peak contains an
area of 99 % of the solution. In both chromatograms, only small contaminations were left, indicated by
the other very small peaks. Mobile phase: 5 % aqueous methanol (v/v). AU: absorption units at 330 nm
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Figure 5: Transmittance spectrum of a) p-334 solution and b) Mastocarpus extract used in the biofilter
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Figure 6: Solar radiation spectrum (air) from the 26 of July 2001 at 10.30 h in Ny Alesund (Kongsfjord,
Arctic) and the radiation transmittance through the empty plexiglas box (Plexi) and through the biofilter
filled with the p-334 solution (p-334) and Mastocarpus extract (shinorine) in the range from 300 to

400 nm.

In an experiment with two Arctic red algal species (Odonthalia dentata (Linnaeus)
Lyngbye and Coccotylus truncatus (Pallas) M.J. Wynne & J.N. Heine) lacking MAAs
the biofilters were set in to investigate algal responses in terms of photosynthetic
activity under UVR. The samples were collected by SCUBA Diving in the Kongsfjord

at 11 ~ 13 m depth. Thalli were cut into equal sized pieces and kept for two days under
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dim light conditions (<10 gmol m?s™) in seawater at 5 °C, aiding wound healing.
Thereafter samples of O. dentata were transferred to following radiation conditions; 1 -
only PAR (400-700 nm}; 2 — PAR +UVA (320-700 nm); 3 - PAR+UVA+UVB (295-
700), 4 — PAR+UVA+UVB with 34 % UVA and 88 % UVB attenuation and 5 —
PAR+UVA+UVB with 33 % UVA and 80 % UVB attenuation. The radiation
conditions 1 to 3 were obtained using cut-off filters (400, 320 and 295 nm cut-off foils,
respectively, detailed described in publ. 3) and the conditions 4 and 5 by covering the
samples with the shinorine- and p-334-biofilter, respectively. Algae were exposed to 24
h 10.6 W m™ PAR, simulating Arctic summer conditions. In addition, UVR was applied
for 10 h per day with 6.6 W m? UVA and 0.53 W m™ UVB. Radiation was measured
with the Sonsi spectrometer equipped with a cosine diffusor (Isitec, Germany). Before
exposing algae to the different radiation conditions the photosynthetic activity was
measured with the DIVING PAM (see Publ. 5). At day 1, 2, 3 and 5 F./F, was

determined each time after 9 h of UVR and after 12 h of recovery.

Samples of C. truncatus were irradiated with 11.5 W m? PAR, 74 W m™? UVA and
0.62 W m™? UVB, and additionally covered with a black gauze, which generally reduces
all irradiance by 30 % to prevent a quick bleaching of the thalli. Furthermore, in
addition to the three cut-off filters, only the p-334-biofilter was used. Photosynthetic
activity was determined after 9 h of UVR and after 12 h of recovery at day 1, 2, 5, 8 and
9.

- Statistics

Five replicates were used for the MAA analysis. Measurements of photosynthesis were
replicated 3 times in the first and 5 to 10 times in the other experiments. Mean values
and standard deviations were calculated. Significant differences between MAA
concentrations and between photosynthesis activity under the different radiation
treatments were tested by ANOVA followed by a multiple comparison test (Tukey-
Kramer HSD-test). When no homogeneity of variance could be obtained a non-
parametric Kruskal-Wallis test was assessed followed by Dunn’s multiple comparison
test. Significances occurred when the probability was at p < 0.05. The calculations were
performed with the programs InStat (Graph Pad, San Diego, USA) and StatView
(Abacus Concepts, USA).
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ABSTRACT: In this study the distribution pattern of UV-absorbing mycosporine-like amino acids
(MAAs) was identified and quantified in Antarctic macroalgae and correlated with habitat as well
as with the radiation climate in air and under water. In addition, specific amounts of MAAs from
selected species collected at different depths, from different parts of the thallus and developmental
stages were investigated. Seven different MAAs were detected in 17 out of 28 red algal species,
whereas in all brown and 2 green algal species only traces of MAAs were found. In the green alga
Prasiola crispa ssp. antarctica a high concentration of an unknown UV-absorbing substance with an
absorption maximum at 324 nm was detected. MAA content was negatively correlated with water
depth. Higher concentrations of UV-absorbing substances were found in the marginal tissues of thalli
than in the basal parts. Tetrasporophytes and gametophytes exhibited similar MAA values. After
transplantation from deep to shallow water, the MAA content remained unchanged for 8 d after
transplantation. The data presented indicate 3 physiologically different groups of algae in terms of
MAA values: (1) species with no capability for MAA biosynthesis; (2) species with a basic MAA con-
centration which is adjusted relative to changes in environmental radiation; (3) species with a con-
stant relatively high MAA composition and concentration irrespective of environmental conditions.
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INTRODUCTION

Due to the depletion of the stratospheric ozone layer,
solar ultraviolet-B radiation (UVBR) is increasing on the
earth’s surface particularly over the Antarctic region.
The decrease in the ozone concentration during the
Antarctic spring (September to November) is normally
most pronounced in October (Lubin & Frederick 1989).
The lowest ozone concentration ever recorded was
measured in September 1998. This value is only about
25% of the mean concentration measured in the late
1960s (World Meteorological Organization 1998). Con-
sequently, surface erythemal UV doses in spring had

*E-mail: khoyer@awi-bremerhaven.de
“*Present address: University of Rostock, Institute of Aquatic
Ecology, 18051 Rostock, Germany

© Inter-Research 2001

increased by about 130% compared to the 1960s
(Madronich et al. 1998).

UVBR is known to harm many biological processes,
and may induce direct mutagenic and lethal effects
by damage to DNA, changes in enzymatic activity, and
reduction of photosynthetic efficiency {Strid et al. 1994).
Besides terrestrial biota, aquatic organisms are also
strongly affected because UVBR can penetrate the
water column to depths of 10 to 30 m (Karentz 1989,
Bischof et al. 1998a), in Antarctic waters even down to
60-70 m (Smith et al. 1992},

Benthic macroalgae play an important role in Ant-
arctic {coastal) shallow-water ecosystems (Kloser et
al. 1994, Gémez et al. 1997). These plants serve as a
habitat for mobile and sessile invertebrates such as
gastropods and bryozoans, as a food souzce for herbi-
vores and detrivores, as well as nursery areas for juve-
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nile animals such as fishes and crustaceans {Iken et al.
1999).

UVBR has many negative effects on macroalgae,
such as reduction of growth, reproduction and produc-
tivity (Dring et al. 1996, Aguilera et al. 1999}, inhibition
of photosynthetic activity especially in deep-water spe-
cies (Larkum & Wood 1993, Hanelt et al. 1997, Bischof
et al. 1998b, Gémez et al. 1998}, and on the quantity
and quality of photosynthetic pigments (Wood 1987).
The main molecular targets are DNA, RNA and prote-
ins, which strongly absorb UVBR. However, macroalgae
have developed protective mechanisms which coun-
teract the effects of UVBR stress. At the molecular
level there is the capability to repair DNA damage by
photolyases and excision enzymes. In addition, there
are also physiological and biochemical counteracting
strategies such as the expression of detoxifying en-
zymes for the elimination of UVR-induced reactive
oxygen species (Collén & Davison 1999).

Moreover, many marine primary producers synthesize
UV-absorbing substances, known as mycosporine-like
amino acids (MAAs) (Riegger & Robinson 1997, Dunlap
& Shick 1998, Karsten et al. 1998a, Franklin et al. 1999,
Jeffrey et al. 1999, Karsten & Wiencke 1999). These com-
pounds are considered as a passive sunscreen mecha-
nism which protects against damaging UV radiation
through absorption of these photons followed by heat
and fluorescence emission {Cockell & Knowland 1999).
To date, 19 structurally distinct MAAs have been iden-
tified in marine organisms. MAAs are water-soluble
compounds characterized by a cyclohexenone or cyclo-
hexenimine chromophore conjugated with the nitrogen
substituent of an amino acid or amino alcohol and typi-
cally exhibiting UV-absorption maxima in the range of
310 to 360 nin (Dunlap & Shick 1998).

Examination of the qualitative and quantitative dis-
tribution patterns of MAAs among tropical and warm-
temperate to Arctic macroalgae revealed the occurrence
of 9 different MAAs, of which 7 could be identified in
red algae (Karsten et al. 1998a,b).

Hitherto, only 2 surveys on MAAs in Antarctic orga-
nisms have been conducted: by Karentz et al. (1991)
and by McClintock & Karentz (1997). However, these
authors focused mainly on marine fauna. Consequently,
there are few data available on the occurrence of
sunscreening-compounds in macroalgae from the
Antarctic region. Therefore, in the present study the
patterns and amounts of MAAs were evaluated in a
comprehensive set of Antarctic macroalgae, focusing
mainly on species collected in the field, supplemented
with data on macroalgal cultures. In addition, intraspe-
cific differences in MAA content were correlated with
collection depth, as already done for some Arctic red
algae {(Karsten & Wiencke 1999, Karsten et al. 1999). In
soine selected species, MAA concentrations in differ-

ent tissues of vegetative and reproductive plants were
measured, as well as the physiological capability to
form MAAs after transplantation from deeper to shal-
low waters. Compared to the Arctic Ocean, the Antarc-
tic has some characteristics such as a very small river-
ine influx that result in low concentrations of DOM and
humic substances (gelbstoff) and are reflected in a
higher water transparency and thus a higher penetra-
tion of UVBR. Therefore, the radiation climate at our
study site was characterized and related to MAA con-
tent in macroalgal species growing at different depths.

MATERIALS AND METHODS

Study site and algal material. The investigations
were performed at Potter Cove, King George Island,
South Shetlands (62°14'S, 58°40' W}, near the Dall-
mann Laboratory/Jubany Station during austral summer
1997/98 (Fig. 1). Potter Cove is a small fjord divided
into an outer and an inner sector. The inner sector has
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Fig. 1. South Shetland Islands (Antarctica), King George Island,
and the study area Potter Cove, with sampling sites indicated



Hoyer et al.: Photoprotective substances in Antarctic macroalgae 119

a muddy bottom and is no deeper than 50 m; the outer
area is bordered by steep inclines to the north and by
a broad intertidal platform to the southeast. Further
descriptions of the environmental parameters of this
inlet are given by Kloser et al. (1996 and references
therein), and Roese & Drabble (1998).

Macroalgal species were collected by SCUBA diving
at 3 sublittoral stations (Emm Rock [Kléser et al. 1996],
Pefién de Pesca [PdP], and Elephant Point) and 1 eulit-
toral station (Pefién Uno [P1], characterized by rocky
flats) (Fig.1). The locations, habitats, and some physio-
logical data on the macroalgal species studied are
listed in Table 1, as well as details of the cultured
Rhodophyceae investigated. The latter were isolated
from Potter Cove in 1994 according to Wiencke {1988)
and established as a permanent growth culture in
the laboratory under the following conditions: culture
medium (Starr & Zeikus 1987), salinity of 30 to 32 ppt,
aerated with membrane-filtered air {pore size 0.2 ym),
temperature of 0°C, illumination of 10 to 20 pmol pho-
tons m™2 s™! provided by daylight fluorescent lamps
(Lumilux Deluxe, Osram, Germany). Daylength varied
between 5 (winter) and 20 h (summer), simulating
fluctuating Antarctic daylengths {(Wiencke 1990). The
harvested plants were oven-dried at 50°C overnight,
and then stored in sealed plastic bags under dry and
dark conditions prior to MAA analysis.

Radiation measurements. During the summer period,
photosynthetically active radiation (PAR, 400 to 700 nm)
in the atmosphere was measured continuously with a
Li-Cor data-logger (LI-1000, Li-Cor, Lincoln, USA)
equipped with a flat-head sensor (LI-190). The instan-
taneous PAR data {pmol photons m™2 s™!) were plotted
against time of day (h}, and the total daily photon expo-
sure {mol m? d°!) was calculated by integrating the
area under the light-time curves. Underwater light
measurements were monitored using an underwater
spherical quantum sensor {LI 193 SA). Additionally,
underwater spectra of ambient radiation of the wave-
length from 327 to 700 nm were recorded at various
depths with a spectroradiometer (Ingenieurbiiro M.
Kruse, Stubben, Germany). Water transmittance was
determined by measuring irradiance at different depths
and calculating diffuse vertical attenuation coefficients
of downward irradiance {K;) according to the formula:

Ka=1/(z2 - 21) x InEy,/ Egzy

where Ey,) and Ey,) = irradiances at depths z; and z,,
respectively (Kirk 1994).

UVBR (280 to 320 nm) in the air was measured using a
32-channel single-photon counting spectroradiometer
developed at the Physics Department of the Alfred We-
gener Institute and installed on the roof of the Dallmann
Laboratory. The spectroradiometer was computer con-
trolled, allowing on-line recordings of the radiation data.

MAA concentrations in individuals from diiferent
depths and in different tissues and developmental
stages. To study intraspecific variations of quantitative
and qualitative MAA contents in relation to depth zona-
tion, the red algae Iridaea cordata, Palmaria decipiens,
Myrogramme mangini and Plocamium cartilagineum
were collected at depths of 0 to 20 m at Emm Rock and
P1 (Fig. 1). Kallymenia antarctica and Gigartina skotts-
bergii were collected at PdP at depths of 10 and 15 m,
respectively.

Quantitative and qualitative variations in MAA con-
tents of different tissues were determined in different
parts of selected species as well as in different stages
of development, in tetrasporophytic and gametophytic
plants.

Two species, Kallymenia antarctica and Gigartina
skottsbergii, were collected at 20 m depth and trans-
planted into floating UV-transparent XT Plexiglas tubes
(300 x 110 mm outer diameter; Weissig, Berlin, Ger-
many) fixed at 0.3, 5, 10, and 20 m water depth. Plexi-
glas tubes were fastened to a plastic tube of 5 m length.
A buoy was attached to each end of the plastic tube;
1 buoy was fixed with an anchor to the sea bottom.
For each species and depth, 3 UV transparent Plexi-
glas tubes were mounted together, one of which was
wrapped with a specific filter foil to cut-off UV-B
(320 nm cut-off: Ultraphan URUV, Digefra, Miinchen,
Germany) and another one to cut off UV-B + UV-A
{400 nm cut-off: Folex PR, Folex, Dreieich, Germany).
After 8 d exposure at the respective depths the speci-
mens were harvested for MAA analysis.

MAA extraction and analysis. Samples of about 10
to 20 mg dry weight (DW) were extracted for 1.5to 2 h
in screw-capped centrifuge vials filled with 1 ml 25%
aqueous methanol (v/v) and incubated in a waterbath
at 45°C. This procedure was sufficient to obtain >99.5%
of MAAs in solution. After centrifugation at 5000 x g for
5 min, 800 yl of the supernatants were evaporated to
dryness under vacuum {Speed Vac Concentrator SVC
100H). Dried extracts were re-dissolved in 800 pl 100 %
methanol and vortexed for 30 s. Samples were ana-
lysed with a Waters high-performance liquid chroma-
tography (HPLC) system according to the method of
Karsten & Garcia-Pichel (1996), modified as follows.
The MAAs were separated on a stainless-steel Knauer
Spherisorb RP-8 column (5 pm, 250 X 4 mm i.d.} pro-
tected with an RP-8 guard cartridge (20 x 4 mm i.d.}.
The mobile phase was 5 to 25% aqueous methanol
(v/v) plus 0.1 % acetic acid (v/v) in water, run isocrati-
cally at a flow rate of 0.7 ml min™'. The MAAs were
detected with a photodiode detector at 330 nm, and
absorption spectra (290 to 400 nm) were recorded each
second directly on to the HPLC-separated peaks. Iden-
tification was by spectra, retention time, and by co-
chromatography with standards extracted from the
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marine red macroalgae Chondrus crispus (Karsten et
al. 1998a) and Porphyra umbilicalis (kindly provided by
Dr L. A. Franklin, Australian National University, Can-
berra, Australia). Quantification was performed using
the molar extinction coefficients listed in Karsten et al.
(1998c). Some smaller amounts of unknown UV-absor-
bing compounds were summarized and, together with
the unknown peaks in Prasiola crispa ssp. antarctica,
quantified using an average molar extinction coeffi-
cient of all published values. All amounts are given as
means of 3 replicates (+SD) randomly collected from
the respective habitat or from cultures and expressed
as concentration on a dry weight basis (mg g™ DW).

RESULTS
Radiation data

Between 1 November 1997 and 31 January 1998,
ozone concentration over Antarctica {Neumayer Sta-
tion) ranged from 227 to 316 Dobson units (DU} {Table 2}.
During this period, cloud cover was mostly 80 % (6.4 oc-
tas) on King George Island, hence influencing surface
irradiance. The lowest PAR-dose was 17.4 mol photons
m~2 d"! measured on 2 January 1998 at a daylength of
20 h. However, on 1 December 1997 with a cloud cover
of only 60% (4.8 octas) the maximum daily PAR-dose
reached 67.2 mol photons mi~? d™!. Instantaneous PAR
values occasionally even exceeded 1700 nmol photon
m2 57! and 1.8 W m™2 for UVBR. The maximum daily
dose of UVBR in the air was 52.4 kJ m™? on 23 Decemni-

Table 2. Radiation measurements and ozone data for the expedition period {22 No-
vember 1997 to 31 January 1998). Ozone data taken from Meterology Observatory of
Neumayer Station, Antarctica {70°37' S, 8°22' W). DU: Dobson units

ber 1997, with an average daily dose of 40.8 kJ m™2,

whereas the average daily dose in January 1998 was
29.9 kJ m™2 In general in December 1997, PAR and
UVR were higher than in January 1998. The light trans-
mijttance in the water was much lower in the middle of
the bay at Elephant Point than in the outer part at Emm
Rock (Fig. 1). The Ky value for PAR at Elephant Point
was 0.45m™', and UV (327 t0 399 nm) = 1.1 m™!, while at
Emm Rock Ky pag = 0.17 m! and Ky yy = 0.19 m™!, as
measured on 30 December 1997. Radiation data for the
period of the field study are summarized in Table 2.

MAA inventory

Eighteen different species of Rhodophyceae were
collected, mostly from the sublittoral or from eulittoral
locations {tide pools) at Potter Cove. In the investigated
algae, 7 different MAAs were detected. These were id-
entified as mycosporine-glycine, shinorine, porphyra-334,
palythine, asterina-330, palythinol and palythene. Fur-
thermore, some smaller amounts of unknown UV-ab-
sorbing compounds with retention times between 4.5
and 6.0 min and absorbance maxima of 332 to 334 nm
were summarized as Unknown! and some with retention
times between 6.1 and 15.0 min and absorbance maxima
of 321 to 337 nm as Unknown? {Table 3). Generally, in
70% of the field-grown algal species studied, shinorine
and palythine were the most abundant MA As, followed
by porphyra-334 and asterina-330, which occurred in
half the investigated species. However, in Porphyra en-
diviifolium, porphyra-334 was quantitatively the most
abundant MAA (7.7 mg g~! DW).
This species also exhibited the
highest total MAA content (3.0 mg
g! DW), followed by Curdiea

racovitzae with a total amount of
4.0 mg g-' DW. MAAs were com-

Max. irradiance
UVB (280-320 nm)

20 January 1998

Attenuation coefficient (Ky)

Ii‘l UV (327-399 nm}

Date Units
Ozone
Max. ozone 8 December 1897 316 DU
Min. ozone 16 November 1997 227 DU
Ozone mean value November 1997-January 1998 260 DU
Atmosphere
PAR (400-700 nm)
Daily dose Average for December 1997 50.1 mol photons m2 d!
Daily dose Average for January 1998 32.9 mol photons m™2 d*

1748 nmol photons m™

Kjpar 30 December 1998, Emm Rock 017m Y 1% depth: 26.9 m
Ky uv (327-399 nm) 30 December 1998, Emm Rock 0.19m"Y; 1% depth: 242 m
Kipar 30 December 1998, Elephant Point  0.45 m™%; 1% depth: 10.3 m

30 December 1998, Elephant Point 1.11n"%; 1% depth: 42 m

pletely absent from 4 species (Hy-
menocladiopsis crustigena, My-
riogramme smithii, Phycodrys
austrogeorgica and Picconiella
plumosa). These red algae all
originated from the sublittoral.
Only traces of 3 MAAs were
detected in the sublittoral Geor-

2 -1
5
giella confluens.

Daily dose Average for December 1997 40.8kJ m In 9 of 18 cultivated red algae
Daily dose Average for January 1998 29.9kJ m? investigated, no trace of any MAA
Max. radiation 23 December 1997 1.80 Wm™

could be detected. In the remain-
ing plants, the most abundant and
the quantitatively dominant MAA
was porphyra-334 followed by
shinorine (Table 3). Bangia atro-
purpurea contained the highest




Tabtle 3. Concentrations of mycosporine-like amino acids (MAAs) (mg g-' dry wi) in Antarctic macroalgae collected from the field (in bold) and from culture {in normal print}. Values

are means +SD (n = 3). Unknown': presumed but unknown MAA substances in low concentration with a retention time between 0 an 6.5 min; Unknown presumed but

unknown MAA substances in low concentration with a retention time between 6.5 an 15 min; n: number of known MAA; MAA total: total MAA concentration for each species. See
Table 1 for full genus names

Species Mycosporine- Shinorine Porphyra-334 Unknown'! Palythine Asterina-330  Palythinol Palythene Unknown? n MAA total
glycine

RHODOPHYCEAE

Aud. purpurea 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Ant. polysporum 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Bal. callitricha 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Ban. atropurpurea 0.000 0.000 5.800 £ 0.113  0.000 0.000 0.000 Trace 0.000 0.000 2 5.800+0.113

Cur. racovitzae 0.029+0.012 0505+ 0.146 0.002+0.003 0.035+0.011 3.876+1.117 0.295+0.088 0.000 0.000 0.239 + 0.086 5 4981 +1.462

Del, lancifolia 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Georg. confluens 0.000 0.002 £0.004 0.013 +£0.007 0.000 0.002 £ 0.002 0.000 0.000 0.000 0.000 3 0.017 £ 0.009

Glg. skottsbergii 0.000 0.120 £ 0.027 0.000 0.021£0.005 1.162+0.202 0.004 £ 0.003 0.000 0.000 0.253 £ 0.040 3 2.021:0264

Gig. skottsbergii 0.000 0.000 0.428 + 0.0512 0.000 0.134 £ 0.012 0.007 + 0.001 0.000 0.000 0.000 3 0.569 = 0.064

Gym. antarcticus 0.000 2.129+0.693 0.000 0.000 0.006 £ 0.002 0.002+ 0.002 0.000 0.000 0.000 3 2137 £0.697

Gym. turquetii Trace 0.106 £ 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 2 0.108 +0.030

Hym. crustigena 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Hym. crustigena 0.000 0.000.0000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -~ 0.000

Iri. cordata 0.009 £0.009 1.033%0.753 0.000 0.007 + 0.008 1.823 +0.648 0.000 0.000 0.000 0.265 + 0.140 3 3.138=x0.624

Kal. antarctica 0.089+0.080 0.593+0.504 0.000 0.000 1.805+ 0.551 0.101+£0.049 0.028£0.010 0.000 0.007 = 0.006 5 2590+ 1.162

Kal. antarctica Trace 0.000 0.501 £ 0.156 0.000 0.021 £ 0.005 0.000 0.000 0.000 0.000 3 0.523x0.161

Myr. manginii 0.000 1.153 £ 1.622  1.755+ 1.681 0.000 0.009+0.017 0.003 +0.005 0.000 0.000 0.004 + 0.006 4 2925+1.290

Myr. smithii 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Neu. ligulatum 0.000 2.550+ 0,673 0.072+0.021 0.024 + 0.007 0.004 +£0.004 0.000 0.000 0.000 0.000 3 2649+0.703

Neu. ligulatum 0.000 0372+ 0.046 0012+0.005 0.000 0.000 0.000 0.000 0.000 0.000 2 0.384 + 0.047

Not. fimbriatus 0.005+0.004 0.216 +0.070 0.846 £ 0.367 0.000 0.644 £0.210 0.026 £ 0.007 0.000 0.000 0.012 + 0.005 5 1750+ 0.661

Pach. orbicularis 0.005 £ 0.000 0.000 0.892+0.082 0.000 0.003 +0.001  0.000 0.000 0.000 0.000 3 0.845+0.083

Pal. decipiens 0.035+0.010 0.305+0.004 2.548+0.020 0.000 0.604 £ 0.028 0.213 £0.011 0.085x0.039 0.139x0.031 0.000 7 3.927x0.118

Pal, decipiens 0.000 0.035+0.023 0.414 +0.069 0.000 0.000 0.000 0.000 0.0181 + 0.009 0.000 3 045:0.092

Pan. plocamioides 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Phy. austrogeorgica 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Phy. austrogerorgica 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 ~  0.000

Phy. quercifolia 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Phyll. ahnfeltioides 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -~ 0.000

Pic. plumosa 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Pijo. cartilagineum 0.000 0.233£0.109 0.004 + 0.006 0.000 0.789 £ 0.520 0.003 £0.005 0.002 +0.004 0.000 0.000 5  1.031+£0.643

Plo. cartilagineum 0.000 0.000 0.000 0.000 0.120 0.014 + 0.005 0.000 0.000 0.000 2 0.134x0031

Por. endiviifolium 0.013+0.010 1.722+0.298 7.717+0.833 0.244+0.027 0.018+0.004 0.006 £0.002 0.014 + 0.008 0.000 0.000 6 9734+1.137

Por. endiviifolium 0.000 0.472+0.047 3.796+0.24  0.000 0.000 0.000 0.000 0.000 0.000 2 4.268+0.280

Rho. subantarctica 0.000 0.000 0.193 £ 0.033 0.000 0.000 0.000 0.000 0.000 0.000 1 0.193 +0.0389

Sar. papillosa 0.000 0.046 + 0.014  0.000 0.000 1.436 £0.172 0.000 0.000 0.000 0.133 £ 0.026 2 1.615+0.208

PHAEOPHYCEAE

Ade. ulricularis 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0000

Asc. mirabilis 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Des. menziesii 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

Him. grandifolius 0.000 0.000 Trace 0.000 Trace 0.000 0.000 0.000 0.000 2 Trace

Pha. antarcticus 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 - 0.000

CHLOROPHYCEAE

Ent. bulbosa 0.000 0.000 Trace 0.000 0.000 0.000 0.000 0.000 0.000 1 Trace

Pra. crispa ssp. antarctica 0.038 +0.015 0.000 0.000 3.681+£0.515 0.000 0.000 0.000 0.000 0.000 1 371910515

Mon. hariotii 0.000 Trace 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1 Trace

[4AS
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quantity of total MAAs (5.8 mg g~! DW), mainly due to
the presence of porphyra-334. The MAA content in cul-
tivated plants was generally only 15 to 25% of values
found in algae collected in the field. One exception was
Porphyra endiviifolium, which in culture exhibited 50%
of the total MAA value of the field sample. In contrast,
cultivated Plocamium cartilagineum contained only
10 % of the total MAAs found in field material. Hymen-
ocladiopsis crustigena did not contain any MAA, either
as field-collected alga or as cultured plant (Table 3).

Traces of MAAs were found in 1 Antarctic field-
collected phaeophyceaen, and all 3 tested chloro-
phyceaens contained MAAs. Enteromorpha bulbosa
contained low concentrations of porphyra-334, and
Monostroma hariotii a Iow amount of shinorine. In
Prasiola crispa ssp. antarctica, traces of mycosporine-
glycine and a high quantity of an unknown UV-
absorbing substance (3.7 mg g-! DW) with an absorp-
tion maximum at 324 nm and a retention time of
3.2 min were detected, appearing during HPLC analy-
sis before shinorine {retention time = 3.4 min) and por-
phyra-334 (retention time = 4.0 min) (Fig. 2).

The initial light saturation (I,) value of red algal pho-
tosynthesis (Table 1) correlated well with the MAA
concentration (Table 3), as indicated by a correlation
coefficient of r = 0.831 (Fig. 3). The higher the I, the
higher the MAA content.

Depth profile

In Iridaea cordata, Palmaria decipiens and Plocamium
cartilagineum, MAA concentrations continuously de-
creased with increasing collection depth. Generally, the
MAA contents of these species were 1.5 to 20 times
higher in shallow-water isolates than in the respective
deep-water samples (Fig. 4). While in samples of I. cor-

data from shallow-water depths palythine was the quan-
titatively dominant MAA, in sublittoral plants the con-
centration of palythine decreased so that shinorine and
palythine displayed almost the same concentration
(Fig. 5a). When collected from shallow water, Palmana
decipiens exhibited 7 different MAAs; when collected
from 20 m it showed, only 3, and in very low amounts
(Fig. 5b). In contrast to these species, Kallymenia ant-
arctica and Gigartina skottsbergii collected at different
depths did not show significant differences in MAA con-
centrations (data not shown}.

Tissue gradient

The MAA content was measured in different tissues of
vegetative algal thalli of Iridaea cordata, Palmaria deci-
piensand Curdiea racovitzae. The algae exhibited a clear
difference in MAA content between the young margin
and the older base of the thallus: the margin tissue al-
ways contained a 1.5- to 3.6-fold higher MAA concentra-
tion (Fig. 6). The content of the quantitatively dominant
MAA palythine in the margin tissue of I. cordata was 6
times, and in C. racovitzae 1.4 times, higher than that of
basal tissue, whereas porphyra-334, the main compound
in P. decipiens, increased 4-fold (data not shown).

Developmental stages

The tetrasporophytes and gametophytes of Gigar-
tina skottsbergii and Iridaea cordata collected from the
sublittoral contained nearly equal MAA concentra-
tions. While the different development stages of the
former contained MAA values between 2 and 2.5 mg
g~! DW, the latter species contained between 3.1 and
3.3 mg g DW MAA.

1.0

Fig. 2. (a) Prasiola crispa ssp. antarctica o
and (b) Porphyra ediviifolium. High-
performance liquid chromatography
chromatograms of {a) methanolic P.

b
M
1

crispa ssp. antarctica extract recorded

b)

AU [330 nm]
P

at 330 nm and the respective absorp-
tion spectra between 280 and 400 nm
for each separated peak (peak identi-

ties are: 1, mycosporine-glycine {reten- 06
tion time, RT, = 2.8 min}; 2, unknown .
MAA [RT = 3.2 min}) and (b} Porphyra 0n

endiviifolium showing 2 typical peaks

w
EN

ﬁ 1 2
4
3

(1, shinorine [RT = 3.4 min}, 2, por-

phyra-334 [RT = 4.0 min]). Mobile
phase: 5% aqueous methanol (v/v). 2
AU: absorption units, WL: wavelength

1
1

Time [min]

|

4 8 300 340 380 300 340 380
WL [nm]
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Fig. 3. Initial light-saturation points {I;) of red algal photo-

synthesis according to Weykam et al, (1996) plotted against

mycosporine-like amino acid (MAA) concentration (mg g! dry

wt, DW) measured in the red algae from the field. Regression
analysis: y = 0.162x-4.0, with 1 = 0.831

Transplantation experiment

That total MAA content of Kallymenia antarctica
collected from 20 m was about 2.6 mg g~! DW (Fig. 7a).
After transplantation to 0.3, 5, 10, and 20 m water depth
and exposure for 8 d to solar radiation without UVAR +
UVBR, solar radiation without UVBR and full solar radi-
ation, the quantitative and qualitative MAA composi-
tion was measured. Although visual evaluation of the
data pointed to a slight stimulation of MAA synthesis
after transplantation from deeper to shallow water, in
most cases statistical treatment (ANOVA, F-test) did
not reveal significant differences, with a high standard
deviation indicating high variability. Similar results
were obtained for Gigartina skottsbergii, in which the
total MAA concentration varied from 1 to 2.4 mg g~!
DW under the above-mentioned conditions {Fig. 7b}.

OMycosporine-glycine
DiShinorine

BP-334

mPalythine

7 Asterina-330
BPalythinol

|pay

M Total

b} Palmaria deciplens

1

MAA concentration [mg g DW}]

20

15
Depth {m]

Fig. 5. (a) Iridaea cordata, (b) Palmaria decipiens. Effect of
increasing collection depth on cencentrations of individual
MAAs. Means + SD {n = 3)

DISCUSSION
Radiation data

The light regime on King George Island changes dras-
tically over the course of the year due to fluctuating
daylengths and atmospheric factors such as solar decli-

nation and cloud cover. Even during the rela-

5

-

tively short study period in the southern sum-

a

o g: mer of 1997/98 radiation data were highly
H10m | variable. The daily average photon-fluence rate
E;g"‘ in December 1997 was quite high, at 50.1 mol
@ 20 m

m2d-}, compared to other years where maxima

X

of up to 37.9 mol m? d-! were determined
{Schloss et al. 1998). Consequently, the daily

n

L

average of UVBR was also high, at 40.8 kJ m™,
even compared with the values in January 1998

MAA concentration {mg g'DW]

Iridaea Palmaria Myriogramme

e

Plocamium

(29.9 kJ m™%). However, the measurements for
January 1998 are in good accordance with data
given by Schloss et al. (1998}. The maximum
PAR value of 1700 pmol m2 s™' measured in the

cordata deciplens g car

Fig. 4. Effect of increasing collection depth on total MAA content in 4

Antarctic red algae species. Means % SD (n = 3)

g

present investigation corresponds very well to
values reported for King George Island by
Hanelt et al. {1994) and Gémez et al. (1997).
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Fig. 6. Total MAA content in different tissues of thallus parts
in Antarctic red algae species. Means + SD (n = 3}
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Fig. 7. (a) Kallymenia antarctica, (b} Gigartina skottsbergii. To-
tal MAA concentration after transplantation from 20 m to shal-
low water followed by 1 wk exposure under various radiation
condjtions using specific cut-off filter foils. Means + SD {n = 4)

However, the UVB maximum radiation in air of 1.8 W
m~? js considered to be high for such a high-latitude
(62°5) area compared to data from (e.g.) Southern
Spain (38°N) with values between 1.8 and 2.4 W m™?
(Gémez et al. 1998), and to data from Spitsbergen

(79° N}, with a value of 1.1 W m~? (Bischof et al. 1998b),
and may be explained by the ozone depletion over
Antarctica.

Water transparency differed markedly between the
stations Elephant Point and Emm Rock. The 1% depth
for PAR-irradiance was restricted to 10 m at Elephant
Point (end of December) because of the increasing dis-
charge of melting water and the suspension of sedi-
ment leading to high turbidity of the water column. In
contrast, Emm Rock station was only slightly affected
by terrestrial influence because of its location in the
outer Potter Cove. Here, the measured 1% depth of
26.9 m for visible light and 24.2 m for UV-irradiance
(327 to 399 m) are comparable with the 1 % PAR depth
of 40 m reported by Gémez et al. (1997), all of these
values are characteristic of clear oceanic waters (Smith
& Baker 1981). The data presented are in good agree-
ment with those of Wéangberg et al. (1996) and Smith
& Baker (1981), which indicated local very high trans-
parency of Anctarctic waters for UVR, with possible
consequential effects for sessile macroalgae, particu-
larly in the upper and mid-sublittoral.

MAA inventory

UV-absorbing compounds have mainly been repor-
ted for macroalgal species of the Rhodophyceae (Kar-
entz et al. 1991, McClintock & Karentz 1997, Karsten et
al. 1998a,b,c). While shinorine and palythine are the
predominant MAA compounds of subtidal Antarctic
species, in eulittoral plants porphyra-334 is dominant
(see Table 3). The highest total MAA concentrations
(due to the presence of porphyra-334) were found in
the eulittoral and supralittoral species Porphyra endivi-
ifolium (field-collected alga) and Bangia atropurpurea
(cultured sample). Both taxa belong to the order Ban-
giales, which is considered to be primitive due to its
simple vegetative and reproductive organisation (Kraft
& Woelkerling 1990}, and hence are more ancestral
relative to the other ‘advanced’ Rhodophyceae (Gar-
bary & Gabrielson 1990). It may be speculated that
these genera had to cope with high UVR typical for
palaeozoic times and thus developed MAAs as protec-
tion mechanism. In our opinion, the capability to syn-
thesize and accumulate such high concentrations of
MAAs, as found particularly in P. endiviifolium and B.
atropurpurea, is a conservative trait that allows the
species to grow and successfully reproduce today in
the intertidal zone of exposed rocky shores where
extreme environmental conditions, including UVR
stress, prevail.

Most Antarctic macroalgae are adapted to low light
conditions, as reflected in the low I. (light-compen-
sation) and I values of the photosynthetic irradiance-
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light curves {(Wiencke et al. 1993, Weykam et al. 1996).
Among the field-collected algae, the species Hymeno-
cladiopsis crustigena, Myriogramme smithii, Phycodrys
austrogeorgica, and Picconiella plumosa of the deeper
sublittoral are characterized by low I, values <30 pmol
m~?s! and lack MAAs (Tables 1 & 3, Fig. 3). They typi-
cally inhabit deep waters, grow as understorey species
underneath the canopy, and, hence, are well protected
from harmful UVBR. Consequently, there is no physio-
logical need to synthesize and accumulate UV-absorb-
ing substances with the concomitant outlay in energy,
carbon and nitrogen. In contrast, canopy algae espe-
cially in shallow waters, exhibit I;s of >40 pmol m2st,
and usually contain high MAA concentrations (Fig. 3}.

The few previously published data on MAAs in Ant-
arctic macroalgae {Karentz et al. 1991, McClintock &
Karentz 1997} are in a similar range to those determined
here. Small discrepancies can be explained by different
collecting times resulting in a seasonal effect, different
collecting depths, different hydrographic and atmospheric
conditions, as well as by natural species variability.

Compared to the Antarctic Rhodophyceae of the pre-
sent study, red algae from the Arctic exhibit lower
MAA concentrations (Karsten et al. 1998b). Moreover,
Antarctic species are characterized by a higher per-
centage of species capable of synthesizing MAAs. This
obvious difference between both floras may be ex-
plained by the higher PAR and UVR at King George
Island, Antarctica (1748 pmol m~2 s™! PAR, 1.8 W m™
UVBR), compared to Arctic Spitsbergen {1300 pmol
ms™! PAR, 1.1 W m~2 UVBR {Bischof et al. 1998b]) as
well as by the much clearer water conditions of the
Southern Ocean and, thus, higher UV penetration. It is
interesting to note that the MAA concentrations de-
tected in Antarctic red algae are similar to those in
cold-temperate to warm-temperate species (Karsten et
al. 1998b}, which are typically exposed to higher solar
radiation than polar species. The MAA contents usu-
ally correlate with the biogeographic origin and the
respective light regime, and hence the proportionally
higher MAA values of Antarctic macroalgae may re-
flect an acclimation to the seasonally enhanced UVR
due to ozone depletion. The relatively low MAA con-
centrations in the cultured algae compared to the field
samples can be explained by the low-light conditions
in the culture, which did not stimulate biosynthesis and
accumulation of MAAs (Karsten et al. 1998a).

In contrast to the Rhodophyceae, extracts of the
Phaeophyceae and Chlorophyceae did not show strong
absorption in the UV range of the spectrum. The traces
of MAAs measured in field samples of the Phaeo-
phyceae might be due to contamination with epiphytic
diatoms. These results are in good agreement with
those of other studies (Karentz et al. 1991, Karsten et al.
1998 a,b). While Chlorophyceae usually contain only

traces of MAAs, the green macroalga Prasiola crispa
ssp. antarctica contains high concentrations of an un-
known UV-absorbing compound. The occurrence of UV-
absorbing substances in P. arispa from Antarctica has
been reported earlier (Post & Larkum 1993, Jackson &
Seppelt 1995). However, all authors extracted their
samples in organic solvents, and recorded only absorp-
tion spectra on crude extracts obtained by spectro-
photometry. Although with this methodology data of
ecological importance were obtained, for example sea-
sonally changing absorption patterns, the sunscreen
substances involved could not be determined. By using
HPLC technology, the present study demonstrates the
occurrence of only 1 compound with strong UV-ab-
sorbance at 324 nm in P. crispa ssp. antarctica (Fig. 2).

Prasiola crispa ssp. antarctica is exposed to very
extreme environmental conditions in melting or rain-
water pools, salt-spray zones of the supralittoral, and
even in penguin-rockeries (Jacob et al. 1991}, and
thereby must cope with large gradients of abijotic fac-
tors such as freezing, desiccation, changes in salinity,
and high irradiance. This species has developed mor-
phological, physiological and biochemical protective
mechanisms such as thick cell walls as a measure
against dehydration, temperature-tolerant photosyn-
thetic activity, and the capacity for osmotic acclimation
by using sucrose and sorbitol as osmolytes (Jacob et
al. 1991, Jackson & Seppelt 1995). The chemically un-
known UV-absorbing substance is considered as photo-
protective strategy against UV stress because of its ab-
sorbance maximum at 324 nm, i.e. strong absorbance
in the UVA/B range.

Depth-dependent MAA accumulation

The presence of increasing MAA contents with
decreasing depth in macroalgae has already been
documented for a few species (Franklin et al. 1999,
Karsten & Wiencke 1999, Karsten et al. 1999). These
observations are also valid for most of the red macro-
algal species investigated in this study. Therefore, the
data presented strongly support the hypothesis that
MAAs are formed as sunscreen compounds in re-
sponse to a more stressful situation in shallow waters
where they are exposed to increasing UVBR and
higher PAR. The 2 exceptions, Gigartina skottsbergii
and Kallymenia antarctica, with unchanged MAA con-
centrations at different depths, can be explained by
their already possessing high steady-state MAA val-
ues. G. skottsbergii typically occurs in eulittoral pools
and in the sublittoral down to 30 m. Although shade-
adapted (Wiencke et al. 1993, Weykam et al. 1996),
this species can easily acclimate to high irradiances. K.
antarctica occurs in the sublittoral in a depth range of
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5 to 33 m only, usually as a canopy plant. This alga has
a physiologically high and stable MAA inventory also.
In both species, a high basic MAA composition seems
to guarantee photoprotection under increasing radiation
conditions. Based on photosynthetic studies, Bischof et
al. (1998a) reported that UVR is one important factor
affecting the vertical distribution of Antarctic macro-
algae. The results of these authors are in good agree-
ment with the present study, indicating a negative cor-
relation between MAA contents and depth zonation.
However, the transplantation of 2 Antarctic algae (G.
skottsbergii and K. antarctica) from 20 m to shallow
waters and different, enhanced light conditions did not
induce further accumulation of total MAA concentra-
tion. This may be simply explained by the relatively
high steady-state MAA values in both species and by
the relative high water transparency during the exper-
iment. Moreover, the study period (8 d) may have been
too short to induce stronger changes in MAA contents.
This contrasts to the situation in Arctic waters, where
transplantation experiments showed a clear enhance-
ment of MAA concentration in red algae after trans-
plantion from deeper to shallower water (Karsten &
Wiencke 1999, Karsten et al. 1999).

Tissue gradient

Karsten & Wiencke (1999) measured different MAA
concentrations along the algal thallus of Palmaria pal-
mata fromn Spitsbergen. Young apical tips of this alga
showed 6- to 8-fold higher MAA amounts than the
older basal region. In the 3 Rhodophyceae investigated
here, a clear quantitative MAA difference in tissue
samples taken from the base and margin of blades was
also detected. Marginal tissue exhibiting higher MAA
contents is more exposed to solar radiation and usually
shows higher growth activities than basal tissue. The
cell structure between marginal and basal tissue mostly
differs as well, probably resulting in different degrees
of cell-wall thickness and vacuolisation. These physio-
logical and structural factors may explain MAA gradi-
ents between tissues. The measured high MAA con-
centrations in marginal or apical thallus regions are in
good accordance with the presumed photoprotective
function of these compounds.

MAA accumulation in different developmental stages

Spores are the most sensitive developmental stages
against UV stress in the life history of macroalgae, as
shown for various brown algae (mostly Laminariales)
{Wiencke et al. 2000). The UVR-protective capacity of
MAAs on spore-germination and gametophyte devel-

opment has recently been demonstrated in the brown
alga Laminaria religiosa incubated in the MAA paly-
thine (Makino et al. 1999). Similar studies on red algae
are still lacking. Initial data on MAA contents in dif-
ferent developmental stages of Antarctic Rhodophy-
ceae, however, indicate similar MAA concentrations
between their isomorphic gametophytes and tetraspo-
rophytes. More pronounced differences can be ex-
pected in species with a heteromorphic life history.

The data presented here fully support the proposed
sunscreening function of MAAs against the harmful
effects of UVR (Dunlap & Shick 1998). However, the
results also show that biosynthesis of MAAs in Ant-
arctic red algae can be not only a plastic physiological
process controlled by radiation conditions, as demon-
strated in earlier experiments (Franklin et al. 1999,
Karsten & Wiencke 1999, Karsten et al. 1999). The
presence or absence of MAAs can also be determined
at the genetic level. The capability for MAA biosynthe-
sis may be present in one species and absent from
another species of the same genus. Therefore we pro-
pose to classify the Rhodophyceae studied into 3 phys-
iological groups. Members of the first group lack any
trace of MAA (e.g. Delesseria lancifolia, Phycodrys
austrogeorgica). These are mostly deep-water algae
with low I, values {(Wiencke et al. 1993, Weykam et al.
1996). Moreover, photosynthesis of these species was
shown to be particularly sensitive to UVR (Bischof et al.
1998a). Members of the second group {e.g. Palmaria
decipiens) always contain MAAs at variable concen-
trations, depending on environmental conditions. How-
ever, in these plants 1 or even several MAAs may be
species-specifically involved (Karsten & Wiencke 1999,
Karsten et. al. 1999). Members of the third group (e.g.
Kallymenia antarctica) always contain a high suite of
MAAs almost irrespective of the environment, particu-
larly of radiation conditions. Species of the last 2 groups
are markedly less sensitive to UV exposure than plants
of the first group, as indicated by a less strong inhibi-
tion of their photosynthesis and a good recovery after
exposure to UVR (Bischof et al. 1998a). Phaeophyceae
contain only traces of MAAs, and may use other UV-
absorbing substances such as polyphenolic compounds
to shield UV radiation (Pavia et al. 1997).

In conclusion, the Antarctic macroalgae studied seem
to be well adapted to resist UV stress or can acclimate
to it through their physiological capability to synthe-
size MAAs or other sunscreen substances.
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ABSTRACT

In the Arctic and Antarctic, a quantitative survey of mycosporine-like amino acids
(MAAs) in benthic macroalgal species based on their vertical distribution was
performed. Differerences in MAA concentrations were related to the distinct habitats
and to the underwater radiation climate which was measured, in addition to the
atmospheric irradiance at both field stations. Red algae from the eulittoral generally
contained higher MAA concentrations than those of the lower and upper sublittoral. The
dependency of MAA synthesis on radiation conditions was also found in induction
experiments in algae of both regions. The presence and type of trigger mechanisms for

MAA biosynthesis is discussed as well as the possible photoprotective role of MAAs.

KEYWORDS

macroalgae e irradiance e mycosporine-like amino acids e UVR e vertical

distribution

INTRODUCTION

The Antarctic and Arctic are polar regions exhibiting both similarities and differences.
The Arctic Ocean, an almost enclosed ocean basin, is characterized by limited water
exchange with the Atlantic and Pacific Oceans. There is large freshwater input from
river systems, including large input of soils and clays, and it is often nutrient limited,
especially with respect to inorganic nutrients (Wingberg et al. 1996). In contrast, the
Southern Ocean is connected to the adjacent seas. The sediments are formed from a
mosaic of muds, sands, and boulders of glacial origin. In addition, the Southern Ocean
generally has higher nutrient levels and is colder as compared to the Nordic waters
(Wingberg et al. 1996, references therein),

However, these two polar regions also share similarities, particularly with respect to ice
cover and irradiance trends. Solar radiation reaches the extremes of 24 h daylength in
summer and 24 h darkness in winter within the polar circles, resulting in a large
seasonal variability. Ozone depletion in the stratosphere has also been reported in both

polar regions (Holm-Hansen et al. 1993, GroB et al. 2001). Although reduction in ozone
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levels in the Arctic atmosphere is less than reported for Antarctica, the depletion is still
high enough to cause an increase in deleterious UVB radiation (320 — 280 nm) in this
region. Both terrestrial, as well as marine environments are affected, as ultraviolet
radiation (UVR, 400 — 280 nm) can penetrate the water column in clear Antarctic waters
even down to 60 — 70 m (Smith et al. 1992),

UVB can cause many negative effects on marine organisms, such as genetic damage
(Vincent & Neale 2000), inhibition of photosynthesis (Hanelt et al. 1997), and reduction
of growth, reproduction and productivity (Aguilera ez al. 1999, Wiencke et al. 2000).
Therefore, it is vital, particularly for benthic organisms to develop strategies to cope
with increased UVR in order to reduce UV-induced damage. This includes DNA and
protein repair at the molecular level, or physiological and biochemical counteracting
strategies such as the expression of detoxifiying enzymes to protect against UV-induced
reactive oxygen compounds (Dunlap & Yamamoto 1995). The synthesis of UV-
absorbing sunscreen compounds is also an important mechanism to reduce potential
damage (Cockell 2001). In particular, mycosporine-like amino acids (MAAs), with their
absorbance maxima ranging from 309 to 360 nm, are postulated to have a
photoprotective role against damaging UVR in the cells (Dunlap & Shick 1998). These
passive sunscreens have been detected in vertebrates, invertebrates, coral reef
organisms, bacteria, and algae throughout the oceans of the world (Cockell & Knowland
1999, references therein). To date, 19 distinct molecular structures of MAAs have been
identified. They are made up of free amino acids either, with a cyclohexenone or
cyclohexenimine chromophore, conjugated with a nitrogen substitution of an amino
acid (Dunlap & Shick 1998). It has been suggested that MAAs are synthesized via the
shikimate pathway, which is found only in microorganisms and plants, but not in
animals (Shick et al. 1999). Animals, therefore, must aquire MAAs through diet or
symbiotic associations with microorganisms or microalgae (Carroll & Shick 1996).
MAA-containing macroalgae may be an important food resource for herbivores and
detrivores not only as a nutritional source but also for protection against UVB damage
(Adams & Shick 2001). In all studies conducted in different geographical regions it has
been demonstrated, that MAAs are found mainly in red algae. Only few green algae
contain MAAs, whereas in most brown algae, these compounds are completely absent
(McClintock & Karentz 1997, Karsten et al. 1998, Hoyer et al. 2001).

The aim of our study was to detect possible differences in the MAA content of

macroalgal species from the Antarctic and the Arctic, and relate these to the habitat-
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specific UVR conditions. Finally, irradiance as a possible primary abiotic factor

inducing MAA formation was studied under controlled conditions, in an attempt to

elucidate the trigger for MA A biosynthesis in species from both polar regions.

Study sites and algal material

MATERIALS AND METHODS

The samples of macroalgae were collected from different habitats by SCUBA diving

from the sublittoral and the eulittoral in Antarctica at Potter Cove, King George Island,

South Shetlands (Jubany Station, Dallmann Laboratory, 62°14°S, 58°40°W) during the

austral summer of 1997/98 and in the Arctic at Kongsfjord, Ny-Alesund, Spitsbergen

(78°55°N, 11°557E) during several summers (details of sample locations and collecting

dates are listed in Table 1).

Red algae were isolated for culture purposes from Potter Cove 1994 and established as

permanent growth culture in the laboratory. The light regime was varied between 5 h

(winter) and 20 h (summer), simulating fluctuating Antarctic daylengths (Wiencke

1990).

Table 1: Investigated field macroalgae with details of sampling location and date.

Specics Sample location (depth) Sampling date
RHODOPHYCEAE Potter Cove, King George Island, Antarctica
Curdiea racovitzae eulittoral, inner fjord 28.01.1998

Hariot (Gracilariaies)
Georgiella confluens
(Reinsch) Kylin (Ceramiales)

Gigartina skottsbergii

Setchell & Gardner (Gigartinales)
Gymnogongrus antarcticus
Skottsberg (Gigartinales)
Hymenocladiopsis crustigena

Moe (Rhodymeniales)

Iridaea cordata (Tumner)

Bory de Saint Vincent (Gigartinales)
Kallymenia antarctica

Hariot (Cryptonemiales)

eulittoral, inner fjord; sublittoral,
outer fjord (-7 m, -15 m)

outer fjord, (-9 m)

inner fjord (-1-0 m)

outer fjord (-15 m)

eulittoral, inner fjord, outer fjord, (-5 m, -10 m)

outer fjord (-20 m)

01.01.1998, 29.12.1997,
05.01.1998

20.01.1998, 24.12.1997

01.12.1997

05.01.1998

15.12.1997, 17.12.1998

24.12.1997
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Table 1: continued

Species

Sample location (depth)

Sampling date

Myriogramme smithii

(Hooker fil. et Harvey) Kylin (Ceramiales)
Neuroglossum ligulatum
(Reinsch) Skottsberg (Ceramiales)
Notophycus fimbriatus

Moe (Gigartinales)

Pachymenia orbicularis
(Zanardini) Setchell & Gardner
(Cryptonemiales)

Palmaria decipiens

(Reinsch) Ricker (Palmariales)
Phycodrys austrogeorgica
Skottsberg (Ceramiales)
Picconiella plumosa

(Kylin) de Toni (Ceramiales}
Plocamium cartilagineum
(Linnaeus) Dixon (Plocamiales)

Porphyra endiviifolium
Chamberlain (Bangiales)
Sarcothalia papillosa
(Bory) Leister (Gigartinales)

CHLOROPHYCEAE
Prasiola crispa ssp. antarctica
(Kiitzing) Knebel (Prasiolales)

RHODOPHYCEAE

Coccotylus truncatus

(Pallasy M.J. Wynne & J.N. Heine
(Gigartinales)

Devaleraea ramentacea
(Linnaeus) Giury (Palmariales)
Palmaria palmata

(Linnaeus) Kuntze (Palmariales)
Odonthalia dentata

(Linnaeus) Lyngbye (Ceramiales)
Phycodrys rubens

(Linnaeus) Batters

Polysiphonia arctica

J. Agardh (Ceramiales)

Porphyra spec.

C. Agardh (Bangiales)

Ptilota gunneri

P.C. Silva, C.A. Maggs & L.M. Irvine
(Ceramiales)

Ptilota serrata

Kiitzing (Ceramiales)
Rhodomela confervoides
(Hudson) P.C. Siiva (Ceramiales)

CHLOROPHYCEAE
Prasiola crispa
(Lightfoot) Kiitzing (Prasiolales)

outer fjord (-15 m)
outer fjord (-15 m)
inner fjord (-1-0m)

inner fjord (-15 m)

eulittoral, inner fjord, outer fjord (-15 m)
outer fjord (-20 m)
outer fjord (-20 m)

eulittoral, inner fjord, outer fjord (-6, -15 m)

eulittoral, inner fjord

inner fjord (-1-Om), outer fjord (-15 m)

supralittoral, in penguin rockeries

Kongsfjord, Spitsbergen, Arctica
inner fjord (-11 m)

inner fjord (-2 m, -8 m)

inner fjord (-2 m, -10 m)

inner fjord (-9 m)

inner fjord (-15 m)

inner fjord (-1 m, -12 m)

inner fjord (-10 m)

inner fjord (-13 m)

inner fjord (-10 m)

inner fjord (-12 m)

supralittoral, undermneath a coastal bird-chff (seagull)

05.01.1998

10.12.1997

26.11.1997

15.01.1998

05.01.1998

13.01.1998

13.01.1998

01.01.1998, 17.12.1997,
05.01.1998

26.11.1997

16.12.1997, 09.12.1997

10.01.1998

27.06.2001

10.6.1998, 03.07.2000

10.6.1998, 03.07.2000

22.08.1995

25.05.1996

22.08.1995, 21.06.2000

04.06.2001

24.05.1996

18.08.1995

08.06.2000

13.06.2000
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Radiation measurements

Underwater spectra of ambient radiation of wavelengths from 327 to 700 nm were
recorded at various depths with a spectroradiometer (Ingenieurbtiro M. Kruse, Stubben,
Germany). Water transmittance was determined by measuring irradiance at different
depths and then by calculating diffuse vertical attenuation coefficients (Kd) of

downward irradiance (Kirk 1994).

UVB radiation (UVB, 280-320 nm) in air was measured using a 32-channel single
photon counting spectroradiometer equipped with a cosine diffuser, developed at the
Physics Department of the Alfred Wegener Institute. The instrument was installed on
the roof of the Dallmann Laboratory (Antarctic) as well as on the roof of the NDSC
building in Ny-Alesund (Arctic). The spectroradiometer was computer controlled
allowing on-line recordings of the radiation data. Photosynthetically active radiation
(PAR, 400-700 nm) in the atmosphere was measured with a Li-Cor datalogger (Li-1000,
LI-Cor. Lincoln, USA) equipped with a flat head sensor (LI-190).

Induction experiments

For the induction experiments, low-light (PAR, 15 umol photons m?2s?) adapted
Antarctic cultured (Gymnogongrus turquetii, Kallymenia antarctica, Neuroglossum
ligulatum, Palmaria decipiens) and Arctic field algae (Devaleraea ramentacea,
Palmaria palmata, Polysiphonia arctica, Rhodomela confervoides) were transferred to
two different radiation conditions; PAR (400 to 700 nm, 25 pmol photons m'zs'l) and
PAR + UVR (295 to 400 nm, 4.6 W m’?). Daylight fluorescent lamps (Lumilux Deluxe,
Osram, Germany), in combination with Q-Panel UVA-340 fluorescent tubes,
(Cleveland, USA) emitting a spectrum similar to solar radiation in the UVR range, were
used. Spectra emitted by these artificial radiation sources were measured with a Spectro
320 D spectroradiometer (Instrument Systems, Germany).

During the experiment, algae were kept in glass beakers filled with filtered nutrient-
enriched sea water with an additional 2.1 mM sodium hydrogen carbonate, as an
additional inorganic carbon source. The experiment with the Antarctic algac was
performed in a constant temperature room at 0°C under PAR +UVR/dark cycles of 16:8
h. The Arctic algae were investigated at 5 °C under continuous white light with an
addition exposure of 11 hours UVR. Glass vessels were covered with specific filters to

cut-off UVB + UVA radiation (400 nm cut-off: Folex PR, Folex, Dreieich, Germany),
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or with a filter with no transmission under 295 nm (Ultraphan UBT, Digefra, Miinchen,
Germany).

After 12 days of exposure to the artificial radiation the Antarctic plants were harvested.
The Arctic algae were incubated for 6 days, P. arctica and R. confervoides additionally
for 9 and 11 days, respectively. The harvested samples were oven-dried at 50 °C
overnight, and then stored in sealed plastic bags under dry and dark conditions prior to

MAA analysis.

MAA extraction and analysis

A 25 % aqueous methanol (v/v) extraction was made from 10 ~ 20 mg dry weight (DW)
of the algal samples. After evaporating to dryness under vacuum (Speed Vac
Concentrator SVC 100H) dried extracts were re-dissolved in 100% methanol. Samples
were analysed with a Waters high-performance liquid chromatography (HPLC) system
according to Hoyer ef al. (2001). All total MAA concentrations are given as means of 3
replicates (+SD) randomly collected from the respective habitat. Means of the replicates
from all experiments were taken and expressed as concentration per dry weight (mg g'1
DW). Differences in the MAA content under the distinct filter treatments in the
induction experiments were statistically verified by using a one — way ANOVA test
applying a multiple comparison post test (Tukey — Kramer HDS test) where significant

differences occurred (probability at p < 0.05).

RESULTS

Radiation data

The ozone values measured over Antarctica (Neumayer Station) during the expedition
period (austral summer 1997/98) ranged from 316 to 227 DU (Dobson Unit) with a
mean of about 260 DU (Table 1) indicating an ozone depletion of almost 20 %
compared to a typical ozone measurement of about 320 DU before 1980. Over the
Arctic the ozone concentration is generally higher. Before 1980, an average value of
about 450 DU was recorded, but it varied from 421 to 302 DU over Spitsbergen during
the expedition time June and July 2000, representing a 23 %-loss of ozone (Table 2).
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As a result of the ozone depletion in the stratosphere UVB increases. In December
1997, the average daily dose of UVB in air was higher (40.8 kJ m) than in January
1998 299 kJ m'z) as measured on King George Island (Antarctic). Instantaneous UVB
and PAR values reached 1.8 W m™ and 1748 umol photons m ~ s™'. On Spitsbergen
(Arctic), the average daily doses of UVB were lower in the months June and July 2000
compared to the same season in the Antarctica, 36.6 and 22.3 kJ m‘z, respectively, as
well as instantaneous UVB and PAR values of 1.23 W m™ and 1440 pmol photons m
s (Table 2). This is also due to its location at a higher latitude than King George Island.

In Potter Cove (Antarctica), the light transmittance through the water was much lower
in the inner fjord than in its outer part. A similar situation was found in Kongsfjord
{Arctic), in both cases due to the input of turbid melt waters. The Kq4 values and the
corresponding calculated depth for 1 % of remaining radiation for PAR and UVR (327

to 399 nm) are summarized in Table 2.

Table 2: Radiation measurements and ozone data for the expedition periods to Antarctica (1997/98) and
Arctic (2000). Ozone data taken from Meterology Observatory of Neumayer Station, Antarctica (70°37°S,
8°22"W) and from TOMS satellite (Total Ozone Mapping Spectrometer), Arctic (78°55N, 11°533E). DU:
Dobson Unit

Antarctica Arctica
Date Units Date Units
Ozone
Max. ozone 8 December 1997 316 DU 5 June 2000 421 DU
Min. ozone 16 November 1997 227 DU 20 July 302 DU
Ozone mean value November 1997 ~ 260 DU June ~ July 2000 346 DU
January 1998
Atmosphere
UVB (280 - 320 nm)
Daily dose average for 40.8kJ m* average for 36.6 kJ m?
December 1997 June 2000
Daily dose average for 29.9kJ m average for 223 kI m?
January 1998 July 2000
example of irradiance 23 December 1997 1.80 Wm? 13 June 2000 123Wm?
at midday (UVB)
example of irradiance 20 January 1998 1748 pmol 21 June 2000 1440 pmol
at midday (PAR) photons m™” s} photons m? 5!
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Table 2: continued

Antarctica Arctica
Attenuation coefficient
K par 30 December 1998, 0.17m ™; 22 June 2000, 021 m™;
outer fjord 1% depth: 26.9 m | outer fjord 1% depth: 21.9 m
K4 uv 327:399 nm) 0.19 m; 039m’;
1% depth: 24.2 m 1% depth: 11.8 m
Ky rpar 30 December 1998, 0.45m ™ 21 June 2000, 0.72 m ™
inner fjord 1% depth: 10.2 m § inner fjord 1% depth: 6.4 m
K4 uv 327399 nmy L1 m'; 0.94 m™;
1% depth: 4.2 m 1% depth: 4.9 m

MAA inventory

In the species examined, nine different MAAs were detected. Seven were identified as
mycosporine-glycine, shinorine, porphyra-334, palythine, asterina-330, palythinol and
palythene, and were quantified by using the respective molar extinction coefficient
(Karsten et al. 1998). Furthermore, two unknown UV-absorbing compounds with
absorbance maxima of 324 and 357 nm, respectively, were also detected. The unknown
substance-324 has previously been described in the Antarctic isolate of P. crispa (Hoyer
et al. 2001), and has been detected in this study also as the main compound in P. crispa
from the Arctic. MAA-357 is probably usujirene, the isomeric cis-form of palythene
(Tsujino et al. 1979). Based on MAA composition the most abundant MAAs were
palythine, porphyra-334 and shinorine, followed by asterina-330 in the Antarctic and
Arctic field grown algal species presented here. In the case of Rhodomela confervoides,
there was an almost equimolar concentration of palythinol and porphyra-334 of about 1
mg g' DW. However, in Porphyra endiviifolium, porphyra-334 was quantitatively the
most abundant MAA (7.7 mg g! DW). In Fig. 1 all MAAs are summarized as total

MAA concentration.

In Potter Cove (Antarctica), 19 algal species were examined of which one green alga
was collected from the supralittoral, 6 red algae from the eulittoral, 7 from the upper,
and 14 from the lower sublittoral. Out of them 6 species were found in more than one
habitat. In Figure 1A, those algae containing MAAs are summarized, and collecting

depths noted. A species not listed, Georgiella confluens, was found from the eulittoral
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downwards. Only small traces of two different MAAs were detected in individuals of
this species collected from the eulittoral, even less were found in those of the upper
sublittoral, and nothing in those of the lower sublittoral. No MAAs were detected in
four other species (Hymenocladiopsis crustigena, Myriogramme smithii, Phycodrys
austrogeorgica and Picconiella plumosa) collected from the lower sublittoral (15, 20

m).

Ten macroalgal species from the Kongsfjord (Arctic) were analyzed. Red algae were
not occurring in the eulittoral, but one green alga (Prasiola crispa) was collected from
the supralittoral. Four red algal species derived from the upper, 8 from the lower
sublittoral, and of those, 3 species were collected from both zones. These 3 species
exhibited MAAs with distinct concentrations relating to growth depth (Figure 1B).
Coccotylus truncatus, Odonthalia dentata and Ptilota serrata are deep-watet plants,
originating from 9 to 15 m depth and growing indeed deeper. These species contained

no MAAs, even after exposure to enhanced UVR.

(B)
Y (0 1-Prasio 8-Glgart % 5 13} %
2-Porphy =}
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B2 4iridaea M0 11-Myrio T o -
Bl 5-Palmar ] 12-Pachy £
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g
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o
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i 4]
ne 2
2 Ak 6
6
0 ] 7, E 0| | | B AL
0-1m 8-0m 0-1m -8.-0m <-8m
supra eulittoral  upper subilttorat fower sublittoral supraeulittoral  upper sublittoral fower subiittoral

Figure 1: Total concentration of MAAs in macroalgae based on their vertical distribution (A) from
Antarctica, (B) from the Arctic. Means = SD (n = 3). Abbrevation, (A): Prasio — Prasiola crispa
spp. antarctica, Porphy — Porphyra endiviifolium, Curdiea — Curdiea racovitzae, Iridaca —
Iridaea cordata, Palmar — Palmaria decipiens, Plocam — Plocamium cartilagineum, Gymnog —
Gymnogongrus antarcticus, Gigart — Gigartina skottsbergii, Notoph — Notophycus fimbriatus,
Sarco - Sarcothallia papillosa, Myrio ~ Myriogramme wmangini, Pachy — Pachymenia
orbicularis, Neuro — Neuroglossum ligulatum, Kally - Kallymenia antarctica. (B): Prasio —
Prasiola crispa, Devale — Devaleraea ramentacea, Palmar ~ Palmaria palmata, Polysiph —
Polysiphonia arctica, Rhodom — Rhodomela confervoides, Porphy — Porphyra spec., Ptilota —
Prilota gunneri




Publications 51

In general, the supralittoral and the eulittoral species contained the highest
concentrations of MAAs. Eulittoral species were collected from a broad intertidal
platform influenced by a semidiurnal tide with an average amplitude of 135 cm in Potter
Cove (Antarctica) (Schone et al. 1998). These algae contained total MAA amounts of
9.7 mg g' DW (Porphyra endiviifolium), 4.9 mg g' DW (Curdiea racovitzae), and 3
mg g'1 DW (Iridaea cordata). As a comparable habitat is absent at Kongsfjord, most
species were collected in the sublittoral and exhibited lower MAA concentrations, with
increasing growth depth. In the lower sublittoral, all concentrations were found to be
under 1 mg g' DW. In comparison, at Potter Cove, the lower sublittoral species
contained higher MAA concentrations up to 2.6 mg g’ DW and on an average about 1.5

mg g” DW.

Induction experiments

The induction of the MAA synthesis / accumulation after exposure to enhanced UVR
was investigated in four red algal species from each polar region. An additional increase
of total MAA concentration after incubation under PAR and PAR + UVR was observed
in three Antarctic algae (Kallymenia antarctica, Gymnogongrus turquetii, Palmaria
decipiens) and in Devaleraea ramentacea and Palmaria palmata from the Arctic (Fig.
2A, B). The increase in MAA concentration from the initial samples to those under the
UVR treatment in D. ramentacea, K. antarctica and P. decipiens was statistically
significant (P < 0.03, P < 0.0002, P < 0.003), as was from the initial sample to that
under PAR-only in the latter species (Fig. 2A, B). In Antarctic Neuroglossum ligulatum,
an increase in MAA concentration was observed between the initial sample and the
PAR treated sample whilst the plants under the PAR + UVR condition exhibited almost
the same values as the control. After 6 days of incubation, in Polysiphonia arctica and
Rhodomela confervoides, no differences were visible between the initial and the treated
samples (data not shown). After 9 days, a statistically higher concentration of MAAs
was found under PAR-only and UVR conditions in P. arctica compared to the initial
samples whereas in R. confervoides a decrease in MAA concentration was observed

under both treatments after 11 days of incubation (Fig. 2B).
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Figure 2: Total concentration of MAAs in (A) cultured Antarctic red algae (n = 4-5) after 12 days of
exposure and (B) field-collected Arctic red algae after 6 (D. ramentacea, n = 4-5; P. palmata, n
= 3-4), 9 (P. arctica, n = 4-5), and 11 (R. confervoides, n = 4, using the Kruskal-Wallis test) days
of exposure under two different radiation conditions using specific cut-off filters. An asterisk
indicates a significant difference in the concentrations of MAAs between treatments (*: p < 0.05,
**: p < 0.01, ***: p < 0.001). Means + SD

In K. antarctica, shinorine and palythine were the quantitatively dominant MAAs, in G.
turquerii, shinorine and porphyra-334 were also present in almost equimolar
concentrations under the experimental radiation treatments, except in the initial sample,
where porphyra-334 was absent. In P. decipiens porphyra-334 ocurred in highest
concentrations, whereas in N. ligulatum, shinorine was the most abundant sunscreen

compound in combination with traces of porphyra-334.

In R. confervoides, the initial samples contained porphyra-334 and palythinol in almost
equimolar concentrations. After 11 days the concentrations increased proportionally.
The same concentrations of porphyra-334 and palythine were found in the initial sample
of P. arctica (ca. 0.3 mg g’ DW). After 9 days of incubation, the concentration of
porphyra-334 (0.575 mg g'' DW) increased and was significantly (P<0.02) higher than
of palythine (0.253 mg g' DW) under the treatment with UVR. In P. palmata,
porpyhra-334 was the quantitatively most abundant MAA, whereas shinorine and
palythine were detected in low concentrations (both were found to be about 10 % of the
porphyra-334 concentration). Initially in D. ramentacea, the MAAs porphyra-334 and
palythine did not show significant differences in their concentrations, however after the
treatment with UVR, the content of porphyra-334 were significantly (P<0.01) higher
with 1.1 mg g DW than that of palythine (0.2 mg g'1 DW).
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DISCUSSION

The effects of radiation on organisms depend on the intensity, spectral composition and

the

duration of the incident radiation. The irradiance regime in the polar regions is one of
the parameters that change markedly over the course of the year, as a result of
fluctuating daylengths and atmospheric factors such as solar declination, cloud cover,
aerosols and ozone concentrations (Lubin ez al. 1998). Ozone depletion affects the
irradiance by a very specific increase in the UVB radiation between the wavelengths

290 and 315 nm (Wingberg et al. 1996).

The trend of lower ozone values over the Antarctic compared with the Arctic (WMO
1998) has also been found in this study, correlating well with measurements of higher
daily averages of atmospheric UVB in Potter Cove (Antarctica) than in the Kongsfjord
(Arctic). However, it has to be considered that the former study site is located at lower
latitudes with generally higher UVB values. Nevertheless, an increase in surface UVB

also results in an augmentation of irradiance penetrating the water column.

The vertical attenuation coefficents (Ky values) measured in different parts of the
Kongsfjord (Arctic) are in the same range as those of previous studies. Kquvs) values
between 0.3 and 1.34 m"' depend on a stratified water column of different layers of
turbidity, tidal level, and sun angle (Bischof er al. 1998, Hanelt et al. 2001). In
Wiingberg et al. (1996), the cited Kqaioy values of 0.2 — 0.25 m’! for Spitsbergen were
lower than we have found, but can be explained by different measuring locations, i.e.
inner versus outer fjord. The K4 values measured in Potter Cove (Antarctic) were
slightly lower than those of the Kongsfjord indicating a deeper irradiance transmittance
through the water column. In Antarctica, the 1 % depth of 26.9 m for remaining visible
light, or even 40 m (Gomez et al. 1997), together with the 1 % depth of remaining
radiation for UVR of 24 m indicate locally very high transparency and signify
characteristic clear ocean waters (Smith and Baker 1981). Consequently, macroalgae
might be affected by harmful UVB, particularly in the eulittoral and upper sublittoral,
and at some Antarctic locations even much deeper (30 m depth, Karentz ef al. 1989).
The usually higher UVR conditions in Antarctica well explain the high MAA-
concentrations of exposed supra- and eulittoral species as photoprotective defense
against UV-induced damage. The relatively high production of MAAs in Kallymenia

antarctica and Neuroglossum ligulatum, two Antarctic species collected in the outer
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part of Potter Cove, growing at 20 and 15 m depth, respectively, can also be explained

by high water transparency for UVR.

Algal species of the upper sublittoral of both polar regions exhibited similar MAA
concentrations probably due to similiar radiation conditions at those depths. However,
in the Antarctic, the macroalgae of the lower sublittoral usually exhibited only slightly
lower MAA contents compared with the algae of the upper sublittoral. This was
unexpected as in previous studies an obvious depth gradient in MAA concentrations
was documented (Karsten ef al. 1998, Franklin er al. 1999) and as confirmed in this
study for the Arctic macroalgae. The relatively high MAA values even in Antarctic
lower sublittoral species seems to be related with the higher PAR and UVR penetration
depths, as biosynthesis of MAAs is a variable physiological process, controlled by
radiation transmittance. In addition, other ecological parameters such as growth in
shaded environments, e.g. in the understory, may influence the MAA content.
Furthermore, MAA production is a very species-specific process, resulting in great
differences in concentrations between species of the same habitat. Additionally, MAA
synthesis may be determined on a genetic level, as suggested by those algae that do not
have the capability to produce MAAs even after exposure to enhanced UVR as found

for 4 Antarctic and 3 Arctic species.

In the Antarctic and Arctic, there are few bipolar species. Some species have a
cosmopolitan distribution and some have disjunct bipolar distributions like
Acrosiphonia arcta (Chlorophyta) (Bischoff & Wiencke 1995). The green alga P. crispa
is a cosmopolitan species, but for the Antarctic it is described as a subspecies (P. crispa
spp. antarctica). Nevertheless, the Arctic and Antarctic species have many similiarities.
The Prasiola -samples investigated in this study were growing as nitrophilic species in
comparable habitats: in penguin rockeries (Phygoscelis adeliae) near Potter Cove
(Antarctica) and underneath a coastal bird-cliff (Kongsfjord, Arctic) colonized by
breeding seagull Rissa tridactyla. Gross morphology of both isolates appears similiar,
producing the same UV-absorbing compound (substance-324), which is unknown for
red algae. The higher concentrations of MAAs in the Antarctic species was probably

due to the higher atmospheric UVB experienced by the alga.

MAA concentrations are generally higher in macroalgae from Potter Cove (Antarctica)
than in those from the Kongsfjord (Arctic). Further studies will be necessary to prove

this as a general prediction as it might be simply an adaptation to the higher UVB found
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in Antarctica. The collecting locations which are all in the inner fjord for the Arctic
samples, exhibiting lower Kd values than the outer fjord may also play a role,
Furthermore, there is no nutrient limitation at coastal Antarctic waters over the course of
the year (Drew and Hastings 1992) which may effect the essentially important nitrogen
uptake for the MA A molecules. In contrast, in Kongsfjord (Arctic) a strong depletion of
phosphate and nitrate concentrations was found in the open-water period (Aguilera et al.

2002) which might be responsible for reducing the MAA synthesis / accumulation.

For the induction experiment, species of the upper and lower sublittoral were chosen,
due to the flexible way they are able to react to environmental radiation changes in
respect to MAA synthesis. The Antarctic species were taken from culture and were
therefore low-light adapted, resulting in a significant lower initial MAA value compared
to the Arctic algae collected from the field. Therefore, any comparison between these
two set ups must be considered carefully. However, the experiments generally showed
that MAA accumulation can be species — specifically induced by exposure to different
light conditions with increasing MAA concentrations observed under high PAR-only
treatment or under PAR + UVR as well as an additional increase under both conditions.
Differences in MAA concentrations arising from exposure time are variable in the
Arctic species. P. arctica and R. confervoides do not show any changes in MAA
concentrations between the initial and harvested samples after 6 days, whereas distinct
differences were seen in P. palmata and D. ramentacea. Furthermore, a MAA increase
was found in P. arctica after 9 days, indicating species-specific differences in the
enzymatic kinetics for the MAA biosynthesis / accumulation. In contrast, 11 days of
exposure to UVR might be too high for R. confervoides, resulting in a MAA
degradation or leakage into the medium, which is also observed in the Antarctic species
N. ligulatum (Fig. 2A, B). No further induction of MAA formation or accumulation
seems possible if species are “loaded-up* with MAAs (data not shown), indicating that

each plant may have an maximum threshold of MAAs.

Generally, an induction of MAA synthesis by exposure to light and UVR was observed
in species of both polar regions and indicates that more than one mechanism or
photoreceptor might be involved in the MAA induction process. This is supported by
the results of Franklin er al. (1999) who also postulated a signal transduction pathway or
even interactions among various photoreceptors involved in the overall process leading

to high MAA concentrations. At least, two different photoreceptors should be taken into
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consideration referring to two types of induction one by MAA increment of PAR

intensity and another by UVR.

The detection of high MAA concentrations in polar macroalgae is ecologically
important for a better understanding of how benthic plants are able to cope with the
increasing UVB in extreme environments. Furthermore, the investigations were based
on algal vertical distribution in the shallow-water ecosystem. The physiological ability
to adjust their MAA biosynthesis, depending on the environmental radiation was

demonstrated.
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Abstract The formation of UV-absorbing mycosporine-
like amino acids (MAAs) as a photoprotective strategy
against biologically harmful ultraviolet radiation was
studied in Antarctic red macroalgae. After exposure to
three different radiation treatments (PAR: 400-700 nm,
PAR+UVA: 320-700 nm, PAR+UVA+UVB: 295-
700 nm), using artificial irradiance sources under
controlled conditions, the physiological capability to
stimulate MAA synthesis was investigated. While 8 out of
18 species showed an induction of MAA formation and
accumulation, the remaining ten, mainly deep water
species, did not exhibit any traces of MAAs. The MAA-
containing samples were divided into three physiological
response types based on their MAA accumulation versus
different radiation treatments. The first response type
included Kallymenia antarctica, Gymnogongrus antarcti-
cus, Palmaria decipiens and Porphyra plocamiestris, and
exhibited additionally increasing MAA concentrations
under the different radiation treatments, i.e. highest total
MAA values were measured under the full radiation
spectrum. The second response type included Porphyra
endiviifolium and Gymmnogongrus turquetii, showing
highest MAA concentrations already under PAR +
UVA. In contrast, Neuroglossum ligulatum and Ploca-
mium cartilagineum exhibited a strong MAA decrease
under PAR+ UVR and were grouped in the third re-
sponse type. No consistent MAA induction patterns
could be found, even for individual MAAs, indicating
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that induction, formation and accumulation of individual
MAAs is a very flexible and species-specific mechanism.

Introduction

Benthic macroalgae are sometimes exposed to detri-
mental ultraviolet-B radiation (UVBR; 280-315 nm),
affecting biomolecules, such as proteins and nucleic
acids, by so-called direct mechanisms (Vincent and Neale
2000). These molecules can be photochemically degraded
or transformed, resulting in impairment or even com-
plete loss of biological function. In this way, UVBR may
also influence the genomic stability of plant populations
(Ries et al. 2000). In addition, after ultraviolet radiation
(UVR; 280-400 nm), indirect exposure mechanisms,
such as the production of reactive oxygen species, may
negatively affect cells. Macroalgae have developed a
number of mechanisms to cope with the deleterious
effects of UVBR, such as avoidance, i.e. growth in deep
waters, DNA repair by photoreactivation processes and
protection, i.e. quenching of reactive oxygen species
through antioxidants (Bischof et al. 1998; Aguilera et al.
1999; Cockell and Knowland 1999; Poll et al. 2001).
Another protection mechanism against enhanced UVBR
is the synthesis and accumulation of sunscreen com-
pounds, such as mycosporine-like amino acids (MAAs),
that have been found in many marine primary producers
(Bandaranayake 1998; Dunlap and Shick 1998; Jeffrey et
al. 1999; Karsten et al, 1998a,b). Due to high extinction
coefficients these compounds are very effective UVR
absorbers in the wavelength range between 309 and
360 nm (Dunlap and Shick 1998; Cockell and Knowland
1999). To date, 19 distinct molecular structures of MA As
have been identified. It is assumed that these structures
are synthesized via the shikimate pathway, which only
occurs in plants and microorganisms (Herrmann and
Weaver 1999; Shick et al. 1999).

The Southern Ocean, as a habitat for Antarctic
macroalgae, features some peculiarities in comparison to
other marine regions. Besides high nutrient concentra-
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tions (Drew and Hastings 1992; Prézelin et al. 1994) and
low water temperatures (Antarctic Surface Water,
ranging from —1.7°C to 2.0°C) (Schodlok et al. 2002), ice
cover and high amplitudes of irradiance fluctuations
typically result in total darkness in winter and 24 h
daylight in summer, hence producing large seasonal
variability. Furthermore, the terrestrial impact caused
by riverine influx is limited, and therefore the waters are
generally very clear.

High water transparencies are evidenced by low dif-
fuse vertical attenuation coefficients (Ky, Kirk 1994),
resulting in a 1% depth of the photosynthetic active ra-
diation (PAR; 400-700 nm) of up to 40 m in coastal
waters near King George Island (Gomez et al. 1997).
UVR also penetrates deeply into the water column, in
some Antarctic marine areas even to depths of about 60—
70 m (Smith et al. 1992). This becomes ecologically im-
portantin a scenario with increasing UVBR at the earth’s
surface caused by ozone depletion in the stratosphere,
particularly over the Antarctic. In September 2000, the
“ozone hole” extended to the southern tip of South
America, with ozone values 50% below normal condi-
tions at 75-80°S, which is a new record low (WMO 2001).

While the occurrence of MAAs in a few selected
Antarctic macroalgae was documented for the first time
by Karentz et al. (1991) and McClintock and Karentz
(1997), a comprehensive inventory of the MAA contents
of Antarctic species has recently been undertaken by
Hoyer et al. (2001), investigating brown, green and red
algae and showing that mostly red algae contain MAAs.
The dependence of MAA accumulation on depth dis-
tribution, as well as differences in MAA concentrations
within algal thalli, was demonstrated. Additionally,
Post and Larkum (1993) investigated seasonal effects
on UV-absorbing compounds in three Antarctic

algae without identifying the chemical structure of the
compounds. In Arctic macroalgae such as Palmaria
palmata and Devaleraea ramentacea (Karsten and Wie-
ncke 1999; Karsten et al. 1999), as well as in cold-tem-
perate species such as Chondrus crispus (Karsten et al.
1998a; Franklin et al. 1999), MAA synthesis was inves-
tigated in field studies, resulting in species-specific MAA
inductions under different radiation conditions, i.e.
mainly under PAR, UVA and/or UVB. Therefore, in the
present study, the three physiological algal groups based
on MAA contents in the field (group I-no MAAsatall,
group IT — MAAs inducible in variable concentrations,
and group III — always high MAA values) as described
by Hoyer et al. (2001) were photobiologically investi-
gated under controlled laboratory conditions by apply-
ing well-defined spectral ranges. The main aim was to
better understand the species-specific physiological ca-
pability of Antarctic red macroalgae to form and accu-
mulate MAAs as a photoprotective strategy. Emphasis
was placed on deep-water species, which seem to pro-
duce no or lower MAA concentrations when collected in
the field, probably due to the lack of UVBR in that
particular environment (Dunlap et al. 1986).

Materials and methods

The 18 red macroalgal species studied (Table 1) were isolated on
King George Island (Antarctica) in 1994, according to the method
of Clayton and Wiencke (1986), and established as unialgal cultures
in the laboratory of the Alfred Wegener Institute (Bremerhaven,
Germany). Plants were grown under the following conditions:
Provasoli-enriched North Sea water (Starr and Zeikus 1987) at a
salinity of 30-32 PSU, aerated with membrane-filtered air (pore
size 0.2 um), at a temperature of 0°C, and an illumination of
2.2-4.4 W m! irradiance provided by daylight fluorescent lamps
(Lumilux Deluxe, OsramL 36 W/12/950, Germany). The irradiance

Table 1. Investigated red macroalgal species with details on respective habitats in Antarctica, according to Wiencke and Clayton (2002),
and on the physiological capability to synthesize and accumulate UV-absorbing mycosporine-like amino acids (MAA) after treatment

with various radiation conditions (see “Materials and methods™)

Species

Antarcticothamnion polysporum Moe & Silva (Ceramiales)
Audouinella purpurea (Lightfoot) Woelkerling (Acrochaetiales)
Ballia callitricha Kiitzing (Ceramiales)

Delesseria lancifolia (J.D. Hooker) J. Agardh (Ceramiales)
Gymnogongrus antarcticus Skottsberg (Gigartinales)
Gymnogongrus turquetii Hariot (Gigartinales)

Hymenocladiopsis crustigena Moe (Rhodymeniales)

Kallymenia antarctica Hariot (Cryptonemiales)

Mpyriogramme smithii (J.D. Hooker & Harvey) Kylin (Ceramiales)
Neuroglossum ligulatum (Reinsch) Skottsberg (Ceramiales)
Palmaria decipiens (Reinsch) Ricker (Palmariales)

Pantoneura plocamioides Kylin (Ceramiales)

Phycodrys austrogeorgica Skottsberg (Ceramiales)
Phycodrys quercifolia (Bory) Skottsberg (Ceramiales)
Phyllophora ahnfeltioides Skottsberg (Gigartinales)
Plocamium cartilagineum (Linnaeus) Dixon (Plocamiales)
Porphyra endiviifolium Chamberlain (Bangiales)
Porphyra plocamiestris Ricker (Bangiales)

Habitat MAA induction
Sublittoral (15-25 m), endemic No
Eulittoral, sublittoral, cosmopolitan No
Tide pools, sublittoral (0-45 m), No
cold-temperate
Sublittoral (2-30 m), cold-temperate No
Tide pools, sublittoral (0—~15 m), endemic Yes
Tide pools, sublittoral (030 m), Yes
sub-Antarctic/Antarctic endemic
Sublittoral (2-30 m), endemic No
Sublittoral (5-35 m), endemic Yes
Sublittoral (8—43 m), endemic No
Sublittoral (1-10 m), endemic Yes
Lower culittoral, sublittoral (0~30 m), Yes
endemic
Sublittoral (245 m), cold-temperate No
Sublittoral (2-45 m), endemic No
Sublittoral (0-25 m), cold-temperate No
Sublittoral (0-30 m), endemic No
Sublittoral (2-40 m), cosmopolitan Yes
Upper eulittoral, endemic Yes
Subtittoral (1-20 m), endemic Yes




intensity was related to the species-specific light requirements of
photosynthesis (Weykam 1996). The daylength in the culture room
was varied between 5 h (winter) and 20 h light (summer), thereby,
simulating fluctuating Antarctic daylengths (Wiencke 1990). All
samples were taken under spring conditions, when the daylength
reached 18 h.

For the induction experiments, the low-light-acclimated cul-
tures were transferred to the following radiation conditions: (1)
only white light (PAR, photosynthetic active radiation: 400~
700 nm), (2) PAR plus UVA radiation (PAR + UVA: 320-700 nm)
and (3) PAR plus UVR (PAR + UVA+UVB: 295-700 nm). Day-
light fluorescent lamps (Lumilux Deluxe, OsramL 36 W/12-950,
Germany) in combination with Q-Panel UVA-340 fluorescent tubes
(Cleveland, USA) emitting a spectrum similar to solar radiation in
the UV range were used. The glass vessels were covered with spe-
cific filters to cut off UVBR (320 nm cut-off: Ultraphan URUYV,
Digefra, Miinchen, Germany) and UVB + UVA radiation (400 nm
cut-off: Folex PR, Folex, Dreieich, Germany). The containers un-
der the full spectrum were also covered with a filter with no
transmission below 295 nm (Ultraphan UBT, Digefra, Miinchen,
Germany).

Irradiance was measured witha Spectro 320D spectroradiometer
(Instrument Systems, Germany) (see Fig. 1). PAR was 5.4 W m™,
UVAand UVB4.1 Wm2and 0.5 W m™, respectively, at the vessel’s
surface. The UVA radiation corresponded to values measured in
7-8 m water depth during a sunny summer day on King George
Island (Hoyer et al. 2001). In all cases a 16 h PAR+UVR:8 h dark
photocycle was applied.

During the experiments algae were kept in glass beakers filled
with filtered Provasoli-enriched seawater plus 2.1 mM sodium hy-
drogen carbonate as an inorganic carbon source. All experiments
were performed in a constant temperature room at 0°C, except for
those with Porphyra plocamiestris, which was kept at 5°C. After
12 days of exposure to the various radiation conditions the aigae
were harvested, oven-dried at 50°C overnight, and stored in
Eppendorf tubes under dry and dark conditions prior to MAA
analysis.

MAA extraction and analysis

Samples of about 10-20 mg dry weight (DW) were extracted for
2 h in Eppendorf tubes filled with 1 ml 25% aqueous methanol (v/
v) and incubated in a waterbath at 45°C. This procedure was suf-
ficient to obtain >99.5% of MAAs into solution. After centrifu-
gation at 5000 g for S min, 800 pl of the supernatants were
evaporated to dryness under vacuum (Speed Vac Concentrator
SVC 100H). Dried extracts were re-dissolved in 800 pl 100%
methanol and vortexed for 30 s. Samples were analyzed with a
Waters high-performance liquid chromatography (HPLC) system
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Fig. 1. Radiation spectrum in the range from 295 to 700 nm
emitted by daylight fluorescent lamps in combination with Q-Panel
UVA-340 fluorescent tubes
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according to the method of Karsten and Garcia-Pichel (1996), with
the following modifications. The MAAs were separated on a Phe-
nomenex SphereClone RP-C8 column (5 pim, 250x4 mm id)
protected with a RP-C8 guard cartridge (4x3 mmi.d.). The mobile
phase was 5% aqueous methanol (v/v) plus 0.1% acetic acid (v/v)
in water, run isocratically at a flow rate of 0.7 mi min™'. The MAAs
were detected with a photodiode detector at 330 nm, and absorp-
tion spectra (290-400 nm) were recorded each second directly on
the HPLC-separated peaks. Identification was done by spectra,
retention time, and by co-chromatography with standards ex-
tracted from the marine red macroalgae Chondrus crispus and
Porphyra umbilicalis from Helgoland, Germany, as well as from
ocular lenses of the coral trout Plectropomus leopardus (kindly
provided by Dr D. Bellwood, James Cook Untversity, Townsville,
Australia). Quantification was made using the molar extinction
coefficients listed in Karsten et al. (1998c). All amounts are given as
means ( + SD) and expressed as concentration énadry weight basis
(mg g’ DW).

Statistical analyses

The influence of filter treatment on MAA content and significant
differences within the different treatments were assessed by using
one-way ANOVA followed by a multiple comparison test (Tukey-
Kramer HSD-test). Differences were considered significant when
probability was P <0.05.

Resuits

Ten of 18 investigated red algae from Antarctica did not
contain any MAAs, either in pre-culture or after expo-
sure to various radiation conditions (Table 1). However,
the other eight species exhibited seven different MAAs:
shinorine, porphyra-334, palythine and asterina-330 as
major components; palythinol in Porphyra endiviifolium
in trace amounts as well as usujirene in Palmaria deci-
piens; and a minor content of an unknown substance
(retention time: 4.6 min; absorption maxima: 332/3 nm)
in Neuroglossum ligulatum. In this study, we refer mainly
to the quantitatively dominant MAAs. Incubation under
various radiation conditions resulted in species-specific
differences in the quantity and quality of MAAs.
Therefore, the macroalgae were grouped based on their
response to the different irradiance treatments, resulting
in distinct MAA induction/accumulation profiles
(Table 2).

The first response type (a), including Kafllymenia
antarctica, Gymnogongrus antarcticus, Palmaria decipi-
ens and Porphyra plocamiestris, exhibited an additional
increase in total MAA concentration after incubation
under PAR, PAR + UVA and PAR + UVA + UVB, with
the highest concentrations under the latter treatment
(Fig. 2A~-D). The initial samples (before treatment) had
a significantly lower MAA concentration compared to
the exposed groups, except for K. antarctica and
P. plocamiestris, in which no significant differences were
found between the initial samples and the PAR treat-
ment. The quantitative differences of MAAs between the
PAR samples and those under the full radiation spec-
trum were statistically very significant (P <0.001), except
for P. decipiens. Additionally, significant differences
were found in G. antarcticus between PAR and
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Table 2. Classification of field-collected red algae in three physi-
ological groups (I-I11) based on MAA concentrations (Hoyer et al.
2001) and of cultured red algae belonging to the groups II and III,
which were divided into three subgroups showing diflerent

responses (response types a~c) to MAA synthesizing and accumnu-
lation after treatment with distinct radiation conditions (PAR:
400-700 nm; PAR + UVA: 320-700 nm; PAR+UVA + UVB: 295-

700 nm)

Field-collected algae Group [ Group II Group IIT
Lacking MAAs Inducibly variable MAA Always high MAA
concentrations concentrations
Type a Type b Type ¢

Cultured algae Lacking MAAs

Highest total MAA

Highest total MAA MAA decrease under

after exposure to concentrations under concentrations under PAR+UVR
different radiation PAR+UVA+UVB PAR+UVA

conditions

A) Kailymenis antarctica B) Gymnogongrus antarcticus
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Fig. 2A-D. Shinorine, palythine, porphyra-334, asterina-330 and
total concentration of MAAs in the first response type (a) of algal
species showing a continuous increase of MAA concentration after
12 days of exposure to different radiation conditions. A Kallymenia
antarctica (n=4-5), B  Gymnogongrus antarcticus {(n=>5-6),
C Palmaria decipiens (n=>5-6), D Porphyra plocamiestris (n=4—
5). Lower case letters with asterisks indicate significant differences
in the concentrations of MAAs between respective treatments
(*P<0.05, **P<0.01, ***P<0.001). Bars are means (+ SD)

PAR+UVA conditions (P<0.001). The increase in
total MAAs from the initial samples to those with the
full spectrum treatment was species dependent: 2.6-fold
in P. decipiens, 5.3-fold in P. plocamiestris, 6.3-fold in

D) Porphyra plocamiestris
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K. antarctica and 14-fold in G. antarcticus. The relative
changes in MAA concentration under the different ra-
diation treatments are shown in Fig. 5A.

Within the first response type, the MAA composi-
tions were different. G. antarcticus contained only shin-
orine as the sole MAA, while in P. plocamiestris, in
addition to this compound, porphyra-334 also occurred
in large quantities. This species also exhibited traces of
palythine, asterina-330 and palythinol (data not shown)
under PAR+ UVA +UVB treatment. K. antarctica and
P. decipiens exhibited three (shinorine, palythine, aste-
rina-330) and four different UV-absorbing compounds
(shinorine, porphyra-334, palythine, asterina-330), re-



spectively (Fig. 2A-D). In K. antarctica, shinorine and
palythine were the quantitatively dominant MAAs, and
in P. decipiens porphyra-334 occurred in highest con-
centrations.

A second response type (b), with Porphyra endiviifo-
lium and Gymnogongrus turquetii, showed the highest
concentration of total MAAs already under UVA
treatment (Fig. 3A, B). In P. endiviifolium, statistically
significant increases of MAAs from the high-value initial
sample to plants kept under PAR+ UVR conditions
(P <0.0003, P<0.03) were detected, as well as between
the PAR- and PAR +UVA-treated samples (P <0.02,
Fig. 3A). After additional exposure to UVB, a slightly
lower concentration of MAAs compared to the
PAR+ UVA treatment was observed. In G. turquetii, the
MAA concentration significantly increased from the low
initial value in all radiation treatments (P <0.001). Sig-
nificant differences in MAA concentrations were also
found between samples under PAR and both UVR
treatments (P <0.005, Fig. 3B). Although MAA levels
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Fig. 3A, B. Shinorine, porphyra-334 and total concentration of
MAAEs in the second response type (b) of algal species showing the
highest MAA concentration under PAR+UVA treatment after
12 days of exposure to different radiation conditions. A Porphyra
endiviifolium (n=5-7), B Gymnogongrus turquetii (n=4-6). Lower
case letters with asterisks indicate significant differences in the
concentrations of MAAs between respective treatments (*P <0.05,
**P<0.01, ***P<0.001). Bars are means {+SD)
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were slightly lower under PAR + UVA -+ UVB compared
to PAR + UVA, this difference was not statistically sig-
nificant. The rise of total MAA values from the initial
samples to the PAR + UVA treatment was 1.9-fold in P.
endiviifolium and 25.2-fold in G. turquetii. While both
species exhibited shinorine and porphyra-334 as the
main MAAs, in G. turquetii these compounds occurred
in almost equimolar concentrations under all experi-
mental radiation treatments, except in the initial sample
where porphyra-334 was absent. In contrast, in all
samples of P. endiviifolium porphyra-334 was the
quantitatively dominant MAA, whereas shinorine oc-
curred in low amounts.

Neuroglossum ligulatum and Plocamium cartilagineum
represent a third response type (c), as both species
contained lower or alternatively no MAAs after expo-
sure to PAR+UVA+ UVB (Fig. 4A, B). In N. ligula-
tum, exposure to PAR and PAR+UVA was
accompanied by a 3.6- and 8.7-fold increase in total
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Fig. 4A, B. Shinorine, palythine, porphyra-334, asterina-330 and
total concentration of MAAs in the third response type (c) of algal
species showing a strong decrease of MAA concentration under
PAR+UVR treatment after 12 days of exposure to different
radiation conditions. A Neuroglossum ligulatum (n=3-5), B
Plocamium cartilagineum (n=13-5). Lower case letters with asterisks
indicate significant differences in the concentrations of MAAs
between respective treatments (*P<0.05, *>*P<0.01,
***p <().001). Bars are means (& SD)
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MAAs, respectively, followed by a decrease similar to
the initial value under PAR + UVA +UVB. In contrast,
only a 1.7-fold increase from the initial concentration to
the MAA content after the PAR treatment was evident
in P. cartilagineum. Although exposure to PAR + UVA
already led to a strong decrease in the MAA concen-
tration, resulting in values similar to the initial ones after
exposure to the full spectrum, only trace amounts of
palythine (0.002 mg g~! DW) were present. The relative
changes in MAA concentration for the second and third
response types are summarized in Fig. 5B.

Based on MAA composition, shinorine was the most
abundant sunscreen compound in N. ligulatum, in ad-
dition to traces of porphyra-334 and an unknown
UV-absorbing substance (data not shown). Whilst the
initial sample of P. cartilagineum contained palythine as
a major compound along with small amounts of asteri-
na-330; shinorine was the quantitatively dominant MAA
after exposure to higher PAR intensities.

Discussion

The most important result of the present study is that
the algal response to the application of different radia-

A} | —w—Gymaogongrs suterctcus
—— Kallymenia antarctica
—i— Palmaria deciphans

~ @ Porphyra plocemiastris

Ralative changos in MAA-concontration
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B) - 4 Gymnogongrus twrgueti
—O— Porphyra endiviitatjum
—d— Neuroglosasum ligulatum

—W—Plocemium cartilegineum P R

Refative changos in MAA-concontration

PAR+UVA PAR+UVA+UVB

Intial sampls PAR

Fig. 5A, B. Relative changes in MAA concentrations under the
different radiation conditions related to the normalized initial
samples which were all set to 1. A First response type, B second and
third response types of Antarctic algae after 12 days of exposure to
different radiation conditions

tion conditions can be clustered into three subgroups (a,
b, ¢; Table 2), here called response types, based on MAA
accumulation versus different radiation treatments.

The first response type (a) includes species that ac-
cumulated MAAs increasing under each treatment, i.e.
strongest biosynthesis of total MAAs under the full ar-
tificial spectrum. The species of this response type (a:
Kallymenia antarctica, Gymnogongrus  antarcticus,
Palmaria decipiens, Porphyra plocamiestris) are endemic
to Antarctica and therefore generally well adapted to the
harsh Southern Ocean environmental conditions, e.g.
low temperatures (Wiencke and tom Dieck 1989,
Bischoff-Bdsmann and Wiencke 1996; Eggert and
Wiencke 2000). Furthermore, taxa of this subgroup are
found over a wide depth range within the sublittoral,
and P. decipiens occurs also in the eulittoral (Wiencke
and Clayton 2002). This broad distribution pattern may
result in adaptation to clear water conditions and con-
sequently to UV radiation penetrating deeply into the
water column. MAAs may thus be induced to assume
the role of a sunscreen, as seen in K. antarctica, exhib-
iting high MAA concentrations even at a water depth of
20 m (Hoyer et al. 2001). The evolutionary development
of endemism is coupled with environmental adaptation
advantages with respect to temperature and irradiance.
Such species flexibly allows the adjustment of their
MAA concentrations to the prevailing rhdiation climate,
as demonstrated for several field-collected Antarctic
species from different depths (Hoyer et al. 2002).

Macroalgae of the second response type [b: Gymno-
gongrus turquetii (sub-Antarctic and Antarctic endemic),
Porphyra endiviifolium (Antarctic endemic)] contain the
highest MAA concentration under PAR +UVA, and
additional UVB did not lead to any further MAA ac-
cumulation. The habitat of P. endiviifolium is the upper
eulittoral, which is regularly exposed to full solar radi-
ation. The perpetual high MAA concentrations found in
this species have also been found in the closely related
cold temperate and -eulittorally growing Porphyra
umbilicalis (Groniger et al. 2000). High MAA concen-
trations are typically present in eulittoral species and,
hence, may reflect a steady protective mechanism,
thereby highlighting the photoprotective role of these
UV-absorbing compounds (Karsten and West 2000).
The generally lower MAA concentrations in G. turquetii
can be explained by the broader depth range for growth
(eulittoral to sublittoral down to 30 m, Wiencke and
Clayton 2002), indicating that each algal species prob-
ably has an upper MAA concentration threshold that
depends on the vertical distribution on the shore and the
respective radiation conditions. However, one has to
consider that the effect of dose, regardless of irradiance,
was not explicitly tested. Therefore, we cannot ulti-
mately conclude that the increase of MAAs is only due
to the change in spectral composition.

Algae of the third response type (c) also exhibited
higher MAA content after treatment with PAR or
PAR+ UVA. However, in contrast to type b, exposure
to the full spectrum led to a strong decline in total



MAAs. Species of this type are the endemic Neuroglos-
sum ligulatum and the cosmopolitan Plocamium carti-
lagineum. Under treatment with the full radiation
spectrum, only traces of MAAs were found, which may
either be explained by an almost complete degradation
or decomposition of MAAs, or their possible leakage
from the cells into the medium. However, the observa-
tion of thalli bleaching at the end of the UVR exposure
experiment in these two species, indicates photodamage
of the thallus. Additionally, this results in a decrease of
MAA content per dry weight under the UVB treatment,
whereas these plants show higher MAA concentrations
under PAR/PAR+UVA conditions. Compared to
P. cartilagineum from cold-temperate waters, the
Antarctic isolate is extremely stenothermal, growing
only at temperatures below 5°C and dying above 7°C
(Bischoff-Bdsmann and Wiencke 1996), indicating the
development of temperature ecotypes. The Antarctic
P. cartilagineum seems to exhibit a high degree of
physiological sensitivity to changing abiotic parameters,
against which even the presence of MAAs does not
provide full UV protection. Therefore, the presence of
UV-absorbing compounds in P. cartilagineum and
N. ligularum is not sufficient to prevent bleaching of the
tissue, suggesting that a MAA suite alone does not
guarantee complete protection against UVR. However,
even incomplete protection from UVR might reduce
damage, so that any residual biological effects may be
completely counteracted by other defenses, as suggested
for phytoplankton species (Neale et al. 1998).

The MAA-containing species of this study belong to
the two physiological groups II and III, classified by
Hoyer et al. (2001). These algae also exhibited MAAs in
the field (Karentz et al. 1991; McClintock and Karentz
1997). The generally lower MAA concentrations in this
study may be due to the fact that cultured algae always
show less MAAs due to the artificial and less extensive
radiation climate (Carreto et al. 1990). The ten species
which do not exhibit MAAs even after exposure to UVR
belong to the first physiological group mentioned in
Hoyer et al. (2001), including species such as Hyme-
nocladiopsis crustigena and Phycodrys austrogeorgica,
typically lacking MAAs in the field. These deep-water
taxa are strongly shade adapted (Kirst and Wiencke
1995), and exhibit low photosynthetic light compensa-
tion and initial light-saturation points closely corre-
sponding to the conditions of their habitat (Weykam
et al. 1996). They are susceptible both to higher PAR
and UVR and must live in a low radiation climate with
little or no UVBR. This has also been demonstrated in
the Arctic deep-water red algal species Phycodrys rubens.
After transplantation from deeper to shallow water,
strong photoinhibition and photobleaching occurred,
suggesting that this plant is genetically adapted to a low-
light environment and, hence, completely incapable of
coping with higher ambient radiation (Karsten et al.
2001). In agreement with our data, these authors as-
sumed that the lack of MAAs in P. rubens may be one
reason for the observed response. Similarly, Bischof
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et al. (1998) found very strong sensitivity of photosyn-
thesis to UVR, particularly in Antarctic deep-water
species such as Delesseria lancifolia and P. austrogeorg-
ica, both of which also lack MAAs (Table 1) shown by
the present study. It may be possible that the presence or
absence of MAA biosynthesis in Antarctic species may
also be determined on a genetic level, and can be ex-
plained as adaptation to an almost UVB-free environ-
ment and to low light levels in general.

Six known MAA compounds (shinorine, porphyra-
334, palythine, asterina-330, palythinol, usujirene) were
detected in the Antarctic species studied here. The in-
duction of individual MAAs is dependent on spectral
radiation composition and intensity, resulting in species-
specific induction patterns. The quantitatively dominant
MAAs synthesized during the experiments were shino-
rine, porphyra-334 and palythine. The MAA composi-
tion differs across species, depending on the
physiological and genetic characteristics of the individ-
ual algae. Cultured P. endiviifolium ahd N. ligulatum
exhibited porphyra-334 and shinorine, whereas in field-
collected samples palythine was also detected. The ab-
sence of some MAAs in cultured samples is a common
observation, demonstrating that the artificial irradiance
might not be efficient or natural enough to induce the
whole MAA inventory. These data also indicate that red
macroalgae must have highly specific trigger systems,
which are capable of sensing solar radiation (dose,
spectral composition, etc.) and which lead to a particular
set of MAAs.

All data presented suggest that the induction, for-
mation and accumulation of individual MAAs is a
physiologically very flexible as well as species-specific
process. The underlying mechanism seems to include
several enzymatic steps for biosynthesis and intercon-
version depending on various environmental (radiation
climate, water turbidity), ecological (growth habitat),
physiological (enzymatic activity/regulation) and gen-
etic factors (missing and/or silenced genes). Although
experimental evidence for a particular trigger mecha-
nism, as well as details concerning the biosynthetic
pathway of individual MAAs, is still missing, we agree
with the proposal of Franklin et al. (1999) that a signal
transduction pathway or even interactions among var-
ious photoreceptors must be involved in the overall
process leading to high MAA concentrations. At least
two different photoreceptors should be taken into
consideration, due to the two types of MAA induction
patterns: one for the PAR range and another for UVR
sensing.

As MAA induction occurs in Chondrus crispus under
blue light and UVA, a cryptochrome photoreceptor
should be involved in the triggering of MAA biosyn-
thesis (Franklin et al. 2001). Furthermore, Portwich and
Garcia-Pichel (2000) suggested reduced pterin as a UVB
photoreceptor chromophore in the MAA metabolism of
the cyanobacterium Chlorogloeopsis sp. PCC. Other
mechanisms such as a redox reaction might be involved
in blue-light-induced gene expression as well (Lin 2000).
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As known from higher plant photobiology it seems that
individual photoreceptors play unique roles in physio-
logical regulation processes and that certain gene prod-
ucts are shared by light activation pathways initiated by
different photoreceptors (Petridou et al. 1997 and ref-
erences therein).

Although the trigger mechanism and the photore-
ceptor still have to be elucidated, it has been demon-
strated that different radiation conditions lead to three
different response types based on MAA formation. The
MAA biosynthesis in mainly eu- and sublittoral red al-
gae is a very flexible and species-specific biochemical
pathway depending on irradiance, which may result in
protection against harmful UVR as well as the produc-
tion of other sunscreen substances important for life in
the respective habitats.
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ABSTRACT

INTRODUCTION

Temperature and solar radiation are two of the major factors controlling growth,
reproduction, geographical and depth distribution of macroalgae (Aguilera et al. 1999;
Bischof et al. 1998a; Bischoff and Wiencke 1995; Breeman 1988; Davison 1991; Dring
et al. 1996, Franklin and Forster 1997; Hanelt et al. 1997; Wiencke and tom Dieck
1989, 1990; Wiencke et al. 1993, 1994, 2000). While temperature has a strong influence
on almost all types of biochemical reactions, sunlight is directly used by macroalgae for
photosynthesis and photomorphogenetic processes. These abiotic parameters undergo
changes in response to seasonal variability and global change phenomena such as global
warming, ozone depletion in the atmosphere and the resulting increase of damaging
ultraviolet radiation (UVR). It is predicted that global air temperature might increase by
about 0.3 °C per decade (Beardall et al. 1998 and references therein), this rise maybe
more pronounced at higher latitudes (Barry et al. 1995, Beardall et al. 1998), and may

affect the biosphere.

Endemic Antarctic macroalgae are well adapted to the polar habitat, showing low
temperature requirements for growth and survival (Wiencke and tom Dieck 1989, 1990,
Bischoff-Bidsmann and Wiencke 1996), as well as relatively low temperature optima for
photosynthesis, compared to cold-temperate species (Wiencke and tom Dieck 1989,
Wiencke et al. 1993, Eggert and Wiencke 2000). Some species even die when exposed
to temperatures >5°C (Bischoff-Bdsmann and Wiencke 1996). In contrast to the usually
cold and stable temperature conditions of the Southern Ocean, ranging from —1.7 to 2.0
°C (e.g. Schodlok et al. 2002), the water temperature of tidal rock pools (South Shetland
Islands) may rise up to 14 °C (Kloser et al. 1994) during Antarctic summer and hence

affect intertidal species.

Ozone depletion in the stratosphere, which particularly occurs in polar regions (Holm-
Hansen et al. 1993, GroB et al. 2001), results in increases of biologically harmful UVB
radiation (UVBR, 280 — 320 nm) reaching the Earth’s surface. UVBR also penetrates
into the water column down to 10 - 30 m, depending on water transparency (Karentz

1989, Kirk 1994). Moreover, the seasonal variability of irradiance is also very marked
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in polar regions where solar radiation reaches the extremes of 24 h daylength in summer

and 24 h darkness in winter within the polar circles.

The daily, seasonal and environmental changes of UVR may have negative effects on
macroalgae, especially when growing in the supra- and eulittoral. Therefore, the plants
have developed protection and repair mechanisms such as the synthesis and
accumulation of UV- absorbing compounds, in order to block or reduce harmful
irradiance. One such group of sunscreen compounds, the mycosporine-like amino acids
(MAAs), are conjugated cyclic, water-soluble molecules that absorb in the UVB and
UVA (320 - 400 nm) range (Dunlap and Shick 1998, Shick et al. 2000, Karentz 2001).
Among macroalgae, MAAs are predominantly synthesized in red algae and few green
algal species (Hoyer et al. 2001 and references therein), most probably through several
enzymatic steps of the shikimate pathway (Shick et al. 1999). The induction of MAA
biosynthesis and subsequent accumulation might be species-specifically triggered by
white light and/or UVR (Franklin et al. 1999, 2001; Hoyer et al. 2002; Karsten et al.
1998a,b; Karsten and Wiencke 1999; Kribs et al. 2002).

The simultaneous action of temperature and irradiance on macroalgae has been
investigated in several studies. Poll et al. (2002) investigated at the temperature
dependence of UVR-induced DNA damage, whilst Pakker et al. (2000) additionally
studied the DNA photo repair process. These authors demonstrated that the formation of
DNA damage as monitored by the amount of cyclobutane-pyrimidine dimers (CPD) and
of 6-4 photoproduct accumulation seemed to be almost independent of temperature in
Arctic and temperate macroalgal isolates in the tested temperature range from 0 to 25
°C. However, the efficiency of photorepair of CPD increased with increasing
temperature (optimal at 25 °C), whereas the repair of damage caused by 6-4
photoproduct showed an optimal efficiency at 12 °C in the cold-temperate red alga
Palmaria palmata. Effects of temperature and irradiance on photosynthesis (Gémez et
al. 2001) were also investigated. Photosynthesis was more inhibited by UVR at a
temperature of 15 °C than at 25 °C in the temperate red algae Gelidium pulchellum.
Furthermore, it has been indicated that low temperatures may enhance detrimental UVR

effects in Antarctic cyanobacteria (Ross and Vincent 1998).

The present study explores the influence of temperature on the biosynthesis of MAAs in
polar macroalgae under simultaneously increased PAR and UVR conditions. Moreover,

the capability of photosynthetic apparats to cope with changes in the interactions of
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those abiotic parameters was investigated. We compared two red algae from the
Antarctic (Iridaea cordata, Palmaria decipiens), and one from the Arctic (Palmaria
palmata), usually occurring in the eulittoral to the sublittoral zone. Additionally one
Prasiola taxa (Chlorophyta) from the Antarctica, that typically grow in the supralittoral
zone and even in terrestrial locations such as in avian rookeries, exposed to full sunlight
conditions, complete this study. Results were discussed in the context of a possible

relationship of algal stress responses to seasonal and global change phenomena.

MATERIALS AND METHODS
Algal material

The macroalgal species Iridaea cordata (Turner) Bory de Saint Vincent, Palmaria
decipiens (Reinsch) Ricker and Prasiola crispa ssp. antarctica (Kiitzing) Knebel from
Potter Cove, King George Island, Antarctica (Jubany Station, Dallmann Laboratory,
62°14°S, 58°40°W) and Palmaria palmata (Linnaeus) Kuntze from Kongsfjord, Ny-
Alesund, Spitsbergen, Arctica (78°55°N, 11°55°E) were isolated for culture purposes.
They were established as permanent growth cultures in the laboratory under dim light
(PAR, 15 umol photons m?s ™), simulating fluctuating Antarctic daylengths (Wiencke
1990a, b), with Provasoli-enriched North Sea water (Starr and Zeikus 1987) at a salinity
of 30-32 PSU, aerated with membrane filtered air (pore size 0.2 um). All algal species

were cultured at a temperature of 0 °C.

Experimental set up

Plants were transferred from preculture to the experimental temperatures of 5 and 10
°C, respectively, which realistically can be reached in the polar summer months
(Winkler et al. 1998, Svendson et al. 2002). The light:dark cycles was 16:8 h and the
PAR intensity 15 umol photons m™s™. Red algae were trimmed with a razor blade into
similar sized thalli pieces, and kept at those temperatures for 23 days to acclimate and to
aid in wound healing, thereby avoiding additional stress at the start of the experiment.
Afterwards algac were exposed to three different radiation conditions; PAR (400 to
700 nm, 36 umol photons m'%s!), PAR + UVA (295 to 400 nm, 5.0 W m), and PAR +
UVA + UVB (295 to 320nm, 0.41 W m?) at 5 °C and 10 °C. Daylight fluorescent

lamps (Lumilux Deluxe, Osram, Germany), in combination with Q-Panel UVA-340
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fluorescent tubes, (Cleveland, USA) emitting a spectrum similar to solar radiation in the
UVR range were used. Spectra emitted by these artificial radiation sources were

measured with a Spectro 320 D spectroradiometer (Instrument Systems, Germany).

During the experiment, algae were kept in glass beakers filled with filtered nutrient-
enriched sea water plus 2.1 mM sodium hydrogen carbonate, as an additional inorganic
carbon source. Glass vessels were covered with specific filter foils to cut-off UVB +
UVA radiation (400 nm cut-off: Folex PR, Folex, Dreieich, Germany), only UVBR
(320 nm cut-off: Ultraphan URUYV, Digefra, Miinchen, Germany), and with a filter with

no transmission under 295 nm (Ultraphan UBT, Digefra, Miinchen, Germany).

The MAA induction kinetics were followed for 15 days of exposure to the artificial
radiation harvesting the plants at day 2, 5, 8 and 15. The samples were oven-dried at 50
°C overnight, and then stored in Eppendorf tubes under dry and dark conditions prior to

MAA analysis.

Determination of optimal quantum yield of PSII

Photosynthetic activity was determined by measuring the variable chlorophyll
fluorescence of photosystem II with a pulse amplitude modulated fluorometer (PAM
2000, Walz, Effeltrich, Germany). The optimum quantum yield was estimated as ratio
of variable to maximum fluorescence (F,/Fy,) of dark-acclimated plants as described in
detail by Bischof et al. (1998). Six replicates were measured for each radiation and
temperature treatment at day 2, 6 and 11 after keeping the plants for 6 to 8 hours in
darkness. The relative changes of F\/F, were calculated by setting the initial sample
values to 100%. The statistically significant differences between the two temperatures

were assessed by the Mann-Whitney-Test and significances are listed in Table 1.

MAA extraction and analysis

A 25 % aqueous methanol (v/v) extraction was made from 10 — 20 mg dry weight (DW)
of the algal samples. After evaporating to dryness under vacuum (Speed Vac
Concentrator SVC 100H) extracts were re-dissolved in 100% methanol for partial
purification, evaporated again to dryness and then re-dissolved in 2.5 % methanol (v/v).

Samples were analysed with a Waters high-performance liquid chromatography (HPLC)
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system using a mobile phase of 5% aqueous methanol (v/v) plus 0.1% acetic acid (v/v)
in water according to Hoyer et al. (2002). Quantification was made using the molar
extinction coefficients listed in Karsten et al. (1998c). Unless otherwise indicated, all
MAA concentrations are given as mean values of 4 - 5 replicates (SD), expressed as

concentration on a dry weight basis (mg MAA g DW).

Table 1: Statistical significances between the two temperature regimes (5 and 10°C) in the absolute
values of the optimum quantum yield (Fv/Fm) measured at day two, six and 11. *: p<0.05, **:
p<0.01, ***: p<0.001, -- : not significant.

Prasiola | Palmaria | Palmaria |lIridaea
crispa palmata | decipiens | cordata
initial -- * *k ok
sample
Day2 |PAR *E - - --
PAR+A *k - - *
PAR+A+B - - -- *
Day 6 PAR *E - - *
PAR+A * -- -- --
PAR+A+B -- * -- -~
Day 11 |PAR * -- -- --
PAR+A -- -- -- *
PAR+A+B - - -~ --

Differences in the MAA content under the distinct filter treatments and at the different
temperatures were statistically verifyed by using a two-way ANOVA followed by a
multiple comparison test (Tukey-Kramer HSD - test). When no homogeneity of
variances could be obtained a Kruskal-Wallis test was assessed. Significances occurred

when the probability were at p < 0.05.
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RESULTS

MAA inventory

Eight different MAAs were detected in the three red algae investigated. Shinorine,
porphyra-334 (P-334), palythine, asterina-330 and palythinol occurred as main MAAs.
Inconsistent traces of mycosporine-glycine and usujirene were found in Iridaea cordata
and Palmaria palmata, rtespectively. Palmaria decipiens exhibited traces of
palythene/usujirene in some samples, and in the 5 °C treatment, traces of mycosporine-
glycine. The green algal species Prasiola crispa ssp. antarctica contained a chemically
unknown UV-absorbing substance with an absorbing maximum at 324 nm (unknown-

324) as the main compound (Hoyer et al. 2001).

Temperature and radiation effects on total MAA concentrations

No obvious effect of enhanced temperature under the different radiation conditions was
detected in all algal samples. In the Antarctic subspecies Prasiola crispa ssp. antarctica,
in which all samples contained almost the same concentrations of the substance
unknown-324, except for the samples at 10 °C, which exhibited significant higher

concentrations of the substance unknown-324 after exposure to PAR+UVA for 5 days
(Fig. 1).

A more inconsistent pattern of temperature effects was found in the red algae.
Generally, excluding the initial samples, the 5 °C-experiment samples exhibited higher
MAA concentrations than those of the 10 °C-experiment. However, the MAAs and their
ratios/patterns within species were often variable. The most pronounced temperature
effect was detected in the Antarctic algae Iridaea cordata and Palmaria decipiens (Fig.
1). In I cordata, all samples at 5 °C contained higher total MAA concentrations than
the isolates at 10 °C. After 5 days, the statistically significant differences in
concentrations were found in the samples exposed to PAR- and PAR+UVA+UVB
(p=0.02 and p=0.011, respectively). Similar responses were found in isolates harvested
after 8 and 15 days, the latter exhibiting statistically significantly higher MAA contents
under all radiation treatments at 5 °C (PAR: p<0.007; PAR+UVA: p=0.0002;
PAR+UVA+UVB: p<0.002; data not shown).
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In the Antarctic red algae Palmaria decipiens, the pattern of temperature effects on the
MAA synthesis/accumulation was quite similar to that of I cordata. After 5 days, all
samples cultured at 5 °C exhibited higher total MAA concentrations than those at 10 °C
showing statistically significant differences in the isolates after exposure to the PAR
(p<0.04) and the full radiation spectrum (p=0.003). Similar results were found after §
and 15 days (data not shown). In the red algal species Palmaria palmata from the
Arctic, the total MAA concentrations were not, or only slightly higher at 5 °C than at 10
°C (Fig. 1). Only the samples exposed to the full radiation spectrum (p<0.0002) and

harvested after 8 days showed statistically significant results at 5 °C (data not shown).
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Figure 1: Total concentration of MAAs of the initial samples and after five days of exposure to different
radiation conditions (PAR, PAR+UVA, PAR+UV A+UVB) at 5 and 10°C. Prasiola crispa ssp. antarctica
from King George Island (Antarctica). Iridaea cordata (at 5 °C the PAR+UVA sample and at 10 °C the
PAR+UVA+UVB sample: n=3). Palmaria decipiens (at 5 °C the PAR samples: n=2; the PAR+UVA
samples: n=3). Palmaria palmata (at 5 °C the PAR+UVA+UVB samples: n=3}; Asteriks indicate
significant differences in the concentrations of MAAs between the two temperature regimes (*: p<0.05,

**;: p<0.01, ***: p<0.001). Bars are means (+ SD). Note the different MAA concentration range.
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Temperature and radiation effects on individual MAAs

In Iridaea cordata, the main MAA showing temperature-dependent differences in
patterns of synthesis/accumulation was shinorine, followed by palythine. After 5 days in
all 5 °C-samples, palythine was present in significantly higher concentrations than in the
corresponding 10 °C-samples (p<0.0003), the content of shinorine were also
significantly higher in the PAR- and PAR+UVA+UVB-treated samples (p=0.03 and
p=0.05, respectively). After 8 days, a similar situation was found as was seen after 15
days, where the temperature effect on shinorine synthesis/accumulation was very
obvious, resulting in significanes in all samples at 5 °C (PAR: p<0.025; PAR+UVA:
p<0.002; PAR+UVA+UVB: p<0.0002). The same situation was observed in the
palythine synthesis of the PAR (p<0.006) and PAR+UVA-treated samples (p<0.0002;

data not shown).
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The main MAA in P. decipiens was P-334 followed by shinorine and palythine in
similar concentrations. Temperature effects on P-334 were not so clear, resulting in
mostly equimolar concentrations. The only significant difference was found in the PAR-
treated samples after 8 and 15 days (p=0.005; p<0.01, respectively). In contrast,
shinorine and palythine showed clear effects when exposed to different ternperature
regimes, exhibiting higher concentrations at 5 °C than at 10 °C. The shinorine content
was statistically significantly higher in samples exposed to the full radiation spectrum
(p<0.0002) after 5 days, under all radiation treatments after 8 days (PAR: p<0.003;
PAR+UVA: p<0.02; PAR+UVA+UVB: p<0.005) and in the UVR-treated isolates
(PAR+UVA: p<0.001; PAR+UVA+UVB: p<0.02) after 15 days. The most prdnounced
temperature effect on the palythine synthesis was found after 5 days (Fig. 2), resulting
in significances of all samples (PAR: p<0.0002; PAR+UVA+UVB: p<0.005;
PAR+UVA+UVB: p<0.0002).

In Palmaria palmata, the same MAA combination as in P. decipiens was found. The
concentrations of P-334 remained quite constant whereas shinorine was the most
temperature affected MAA showing significantly higher concentrations exposed to the
full radiation spectrum (p<0.04) after 5 days (Fig. 2). After 8 days, under the same
treatment, this significance was found for each individual MAA (P-334: p<0.0002;
shinorine: p<0.0002; palythine: p<0.05; data not shown).

Spectral radiation effects

In the green algae P. crispa ssp. antarctica, radiation did not obviously influence the
synthesis/accumulation of the UV-absorbing substance-324. In contrast, in the red algae
cultured at 5°C the highest MAA concentrations occurred under the full radiation
spectrum. The induction pattern showed in Iridaea cordata cultured at 5 °C and in P.
decipiens cultured at 5 °C and 10 °C an additional increase in MAA concentrations after
exposure to the different radiation conditions whereas in Palmaria palmata only the full

radiation spectrum led to an increase of MAAs.

Effects on photosynthesis (optimal quantum yield)

In the initial samples of all algae, the optimal quantum yield of PS II (F\/Fy) was
significantly higher in the 5 °C conditions compared to the 10 °C samples after 23 days
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of acclimation time before the start of the experiment (Table 1). After two days of
exposure to the different radiation conditions, almost all samples at 5 °C exhibited a
lower F/Fy, than the initial samples. The 10 °C-samples of the green algae and Iridaea
cordata still had F,/Fy, data in the range of the initial values after 2 days, followed by a
decrease after 6 days. An acclimation of photosynthesis was detected at day 11, where a
recovery to 90-100% took place (Figure 3), except the UVR-treated samples of P.
crispa ssp. antarctica. In the red algae, the relative changes in F./F, were obviously
lower in the 10 °C samples than in the 5 °C-samples indicating that they are less
affected by changes in irradiance. However, in these species, the absolute values do not
differ significantly between the two temperature ranges. Furthermore, after 11 days,
there are also no obvious differences found in the green algal values (for the exceptions

see Table 1).
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82 Publications

DISCUSSION

This study highlights that temperature (5 and 10 °C) alone has no effect on MAA
occurrence in polar algae. However, the interaction between temperature and different
radiation treatments generally resulted in significantly higher MAA concentrations at 5
°C than at 10 °C in both Antarctic red algal species. In most samples of the Arctic
Palmaria palmata and Antarctic Prasiola crispa ssp. antarctica there were no
significant differences found. The recovery after photosynthetic inhibition was better at
10 °C than at 5 °C in all samples, irrespective of the MAA level. The temperature and
radiation effects on MAA occurtence and photosynthesis are discussed together with

their interaction.
Temperature effects

The hypothesis that MAAs are synthesized via the shikimate pathway (Shick et al.
1999) may involve several temperature dependent steps for individual MAAs. In
addition, the accumulation or the conversion from one MAA to another might also be
differentially affected by temperature. In this study, the MAA concentrations in low-
light acclimated Iridaea cordata, Palmaria decipiens, Palmaria palmata and Prasiola
crispa ssp. antarctica samples did not differ at 5 and 10 °C (Fig. 1). It is suggested that
the enzyme activity may be higher at lower temperatures, although generally speaking,
metabolism rates are lower at low temperatures. But similar exceptions have also been
seen in some species of Antarctic diatoms, which show a maximum substrate affinity of
ribulose-1,5-bisphosphate carboxylase at low temperatures (4.5 °C), compared to their

temperate counterparts with a maximum at 20 °C (Descolas-Gros and Billy 1987).

In addition, a temperature effect on photosynthesis was found in low-light acclimated
algae, in which the Fv/Fm values were higher at 5 °C than at 10 °C (Table 1, initial
samples). This may indicate a successful cold adaptation to the polar environment. This
assumption is supported by Hanelt et al. (1994) who found that the kinetics of
photoinhibition and recovery were much faster in polar species than in tropical species
suggesting that the enzymes of the photosystem II repair cycle may be adapted to low

temperatures.
Radiation effects

General radiation effects on MAA synthesis in polar macroalgae have been investigated

in a previous study (Hoyer et al. 2002). Those experiments were performed with three
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different radiation conditions at 0°C, and resulted in three different response types
relating to MAA concentrations (I; highest MAA concentration under
PAR+UVA+UVB, II; highest MAA concentration under PAR+UVA, III; MAA
decrease under PAR+UVR). In the present study, the red algae belonged to the first
response type, as almost all samples at both 5 and 10 °C showed the highest MAA
concentration under the full radiation spectrum (PAR+UVA+UVB; Fig. 1). The
Prasiola species exhibited no clear induction pattern, which might be due to its more
terrestrial growth habitat. Growing mainly out of the water there is generally no
attenuation of solar radiation, and therefore the alga requires steady sunscreen

protection.

Furthermore, this species has been characterized by Wiencke and tom Dieck (1999) as a
mainly eurythermal species due to its wide growth temperature range from 0 tb 20 °C,
with a growth optimum at 5 °C. This may explain its enhanced ability to withstand
temperature fluctuations with no change in UV-absorbing substances, and this tay also
be ecologically related to its more terrestrial growth habitat, where temperature changes

are very marked and the solar radiation not attenuated.
Interactive effects

Elevated temperatures and a higher PAR, together with the additional UV radiation,
resulted in very obvious differences in total MAA concentrations in /ridaea cordata and
Palmaria decipiens (Fig. la, b). All samples produced significantly higher MAA
concentrations at 5 °C than at 10 °C. These results may indicate that when MAA
synthesis / accumulation is triggered by PAR and/or UVR, the necessary enzymatic
processes may be temperature dependent and hence, successfully cold adapted. Cold
adaptation with respect to growth in Antarctic macroalgae has been well documented
(Wiencke and tom Dieck 1989, 1990, Bischoff-Bidsmann and Wiencke 1996, Eggert and
Wiencke 2000). In these growth experiments, a growth optimum was found at 0 °C for
I. cordata and at 5 °C for P. decipiens (Wiencke and tom Dieck 1989, 1990), in

agreement with the higher MAA production seen at lower temperature in this study.

Slight or even no interactive effects of temperature and UVR were detected in Palmaria
palmata from the Arctic (Fig. 1). This agrees well with a recent investigation by Poll et
al. (2002) on temperature dependence of UV effects on; growth, optimum quantum
yield of photosystem II and cyclobutane-pyrimidine dimers accumulation. This study

concluded that the contribution of temperature to UV effects was small within the tested
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temperature range from 6 to 18 °C. Nevertheless, Arctic cold temperate red algal
species are less stenothermal than Antarctic ones exhibiting a broader temperature range
for growth (up to maximal 25 °C) and survival at higher maximum temperatures
between 17 and 25 °C (Wiencke et al. 1994, Bischoff-Basmann and Wiencke 1996). In
the Arctic endemic species Devaleraea ramentacea, temperature requirements are only
slightly elevated (upper thermal limits between 18 and 20 °C, Novaczek et al. 1990),
compared to endemic Antarctic species (16 to 17 °C for Palmaria decipiens, Wiencke et

al. 1994).

When total MAA concentrations change, this infers that the individual MAAs may
show different induction patterns and responses to the interaction of temperature and
radiation. Shinorine and palythine are the most significantly affected MAAs. In the two
Antarctic red algae, their concentrations were higher at 5 °C than at 10 °C, and highest
under the full radiation spectrum (Fig. 2). Shinorine and palythine are frequently
detected together in algae having a broad depth distribution ranging from the upper to
the lower sublittoral and also in tide pools (Karsten et al. 1998c, Hoyer et al. 2001).
These algae are able to flexibly adjust their MAA concentrations depending on the
prevailing environmental radiation conditions, and may sensitively react to the
temperature changes when triggered by irradiance, as shown for some algae in this

study.

The main MAA of P. decipiens and P. palmata is P-334, which seems to be one of the
MAAs least affected by temperature and irradiance (Fig. 2). The latter is demonstrated
by the absence of MAA induction in Porphyra umbilicalis under different radiation
conditions containing P-334 as its main MAA (Groniger et al. 1999). Similarly,
Porphyra endiviifolium, which also primarily contains P-334 at a high level, only shows
a slight but significant induction in MAAs under artificial exposure to PAR+UVA after
12 days (Hoyer et al. 2002). However, P-334 is often the main MAA in red macroalgae
found in the (upper) eulittoral, therefore strongly exposed to UVR (Karsten et al. 1998b,
Hoyer et al. 2001). It is postulated that these algae need high and steady MAA
concentrations as sunscreen protection, in order to survive in such habitats. In addition,
P-334 was also found to occur in sublittoral algae, where a similar flexibility in MAA
formation was seen, relating to different radiation conditions. This may be ecologically

important at specific times of the year, during episodes of seasonally high water
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transparencies when UVBR can penetrate the water column down to 30 m (Karentz and

Lutze 1990).

The UV-absorbing substance-324 in the Prasiola species did not show an obvious
interaction effect with UVR and temperature on the synthesis / accumulation (Fig. 1).
However, Groniger and Hider (2002) suggested a clear induction of biosynthesis in the
UVBR range (300 nm) for another species of the Prasiola, P. stipitata from cold-
temperate Helgoland, Germany. Generally, Prasiola species need to cope with very
extreme environmental conditions and can be subjected to ice-melt or rainwater pools,
salt spray zones of the supralittoral and are even common in avian rookeries (Jakob et
al. 1991). Therefore, these species must have developed morphological, physiological
and biochemical protective mechanisms, such as thick cell walls as a measure against
dehydration, temperature-tolerant photosynthetic activity, and the capacity of osmotic
acclimation by using sucrose and sorbitol as osmolytes (Jakob et al. 1991, Jackson &
Seppelt 1995). The chemically unknown UV-absorbing substance-324 is considered to

be acting as a sunscreen against UV stress due to its absorbance maximum at 324 nm.

In the recovery stage, the relative changes in Fv/Fm were generally lower at 5 °C than at
10 °C in the red algae, although in the two Antarctic red algal species the MAA
concentrations were higher at 5 °C, leading us to question its photoprotective role.
MAA levels in Arctic P. palmata were more or less equal at both temperature
treatments. Hence, it might be an interactive effect that under enhanced temperature,
Fv/Fm is not protected by MAAs. However, in the two Palmaria species, one group
with low MAA concentrations, after exposure to UVR stress showed, that the measured
Fv/Fm in the recovery stage was faster and better in those samples with higher MAA
levels (Hoyer et al., unpublished data). However, Ross and Vincent (1998) have
suggested that UVR is more detrimental at lower temperatures, possibly indicating that
the enzymatic repair mechanisms are too slow to compensate the damaging UVR effect.
In contrast, Hanelt et al. (1994) found Antarctic field macroalgae, which were
photosynthetically well adapted to their cold environment had no prejudice in regulation
of their photosynthesis. But Hanelt et al. (1997) also reported that in laboratory
experiments the temperature showed a pronounced effect on the reaction kinetics, and
suggested that higher temperatures may be beneficial for the photoprotective process,
which support the results from this study. The relative changes in Prasiola crispa ssp.

antarctica do not differ markedly, suggesting a temperature-tolerant photosynthetic
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activity. That agrees well with Hanelt et al. (1997) who suggested that most of the polar
green algae are probably adapted to higher light and UV conditions as well as to
changes in temperature due to their exposed habitat.

This investigation shows that the Prasiola species is less affected by seasonal and
climate changes, in relation to temperature and UVR, indicating that it probably has
additional protection mechanisms against enhanced UVBR and will withstand global
change. Taking into consideration that UVR affects the depth distribution of algae
(Bischof et al. 1998), the red algal species tested here will probably survive if global
change phenomena become worse, mainly by inhabiting deeper areas where the UVR is
more attenuated. Generally, the algal responses to the different temperatures and

radiation conditions are very variable and seem to be species-specific.
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Abstract

In a comparative ecophysiological study the abundant red macroalgae Devaleraea
ramentacea (L.) Guiry and Palmaria palmata (L.) O. Kuntze from shallow waters of
the Arctic Kongsfjord (Spitsbergen) were exposed to hyposaline and hypersaline media
in combination with and without UV-radition to evaluate the interactive effects of both
environmental parameters on optimum quantum yield of photosynthesis, as well as on
the physiological capability to synthesise and accumulate photoprotective mycosporine-
like amino acids (MAAs). While D. ramentacea exhibited euryhaline features and
acclimated well to the UV radiation applied, P. palmata can be characterised as
stenohaline plant because of its high mortality already under mild hyposaline conditions
(I5 PSU). In addition, the latter species showed a limited ability to acclimate to
changing PAR/UYV radiation pointing to a relatively low physiological plasticity. Both
species synthesised and accumulated MAAs after UV treatment. However, only in D.
ramentacea a correlation between increasing MAA concentration and decreasing
photosynthetic sensitivity under UV was observed. All ecophysiological data well
correlate with field observations where both red algal species co-exist in the same
shallow water habitat of the Kongsfjord. However, while P. palmata becomes more
often greenish, sometimes slightly bleached over the summer months, D. ramentacea
appears much more healthy and hence unstressed under the prevailing environmental

factors.

Key words
Arctic, Devaleraea ramentacea, Palmaria palmata, MAAs, mycosporine-like amino

acids, photoinhibition, photosynthesis
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Introduction

The Arctic Kongsfjord on Spitsbergen is a marine coastal ecosystem which has
intensively been studied over the last years as model for global change (Hanelt et al.,
2001 and references therein). A typical feature of the fjord is a well structured
phytobenthic community down to depth of almost 40 m (Hop er al., 2002) that plays an
important role in primary production being a food source for herbivores and detrivores,
as well as nursery area and habitat for fish and invertebrates (Lippert et al., 2001).
Marine macroalgae of such high latitudes are exposed to seasonally fluctuating
environmental factors such as solar radiation and temperature, as well as to long periods
of ice cover (Hanelt et al., 2001; Hop et al., 2002).

Compared to the ,,0zone hole” over Antarctica which is known since the 70ies (Smith er
al., 1992), the increase in ozone depletion over the Arctic represents a more recent
phenomenon (Wingberg et al, 1996; Rex et al., 2000; Hanelt er al, 2001). As a
consequence of ozone springtime reduction in the polar regions UV-radiation
particularly of the UVB-waveband (280-320 nm) markedly rises. Although the
biological consequences of changes towards higher doses of UV-radiation in marine
ecosystems are not fully understood, many phototrophic organisms living in the
intertidal as well as in the upper subtidal zone of the coasts are strongly affected
(Franklin & Forster, 1997).

The macroalgal species Devaleraea ramentacea (L.) Guiry and Palmaria palmata (L.)
O. Kuntze are the most abundant Rhodophyta in the upper sublittoral of the Kongsfjord.
While the first species represents one of the few endemics of the Arctic region, the latter
one occurs from temperate to cold waters of the Atlantic ocean, and exhibits on
Spitsbergen its northern distribution limit. In spring/summer both organisms are often
exposed to high solar radiation, and hence their photophysiology and protecting
strategies avoiding or counteracting UV-induced damage has been studied in great
detail (Hanelt er al., 1997; Aguilera et al., 1999, 2002; Karsten & Wiencke, 1999;
Karsten er al, 1999, 2001). From these studies it could be concluded that D.
ramentacea and P. palmata are capable to physiologically acclimate to diurnally
changing solar radiation due to dynamic photoinhibition, i.e. the up- and down-
regulation of photosynthesis in response to the respective prevailing low and high
visible light, as well as UV conditions (Hanelt, 1998). In addition, to prevent UV-
photodamage these macroalgal species are biochemically capable to synthesise and

accumulate UV-absorbing substances, the so-called mycosporine-like amino acids
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(MAAs) (Dunlap & Shick, 1998; Karsten & Wiencke, 1999; Karsten et al., 1999). As
passive sunscreens MAAs preferentially absorb UV photons in the spectral range of
310-360 nm followed by dissipating the absorbed radiation energy in form of harmiess
heat and fluorescence without generating photochemical reactions (Bandaranayake,
1998; Cockell & Knowland, 1999), and thereby protecting, at least partially,
photosynthesis and growth of phototrophic organisms (Garcia-Pichel et al., 1993; Neale
etal., 1998).

The motivation for the present study was the field observation that in shallow waters of
the Kongsfjord during the summer season thalli of P. palmata often looked rather
greenish, sometimes slightly bleached compared to the mainly, although not always red-
coloured D. ramentacea from similar locations. Although intuitively radiation stress
seemed to be the responsible factor, earlier results indicated a relative high
photosynthetic tolerance of P. palmata under increasing natural PAR and UV-doses
(Hanelt ez al., 1997; Karsten et al., 2001). Since the large discharge of melting water
into the fjord can locally and temporary decrease the seawater salinity down to 23 PSU
(Hanelt ez al, 2001) and because of the fact that subtidal red algae are generally
stenohaline (Kain & Norton, 1990), we assumed that this abiotic factor may act as
additional stressor on the macroalgal physiology. Therefore, in a comparative study we
exposed D. ramentacea and P. palmata under controlled conditions on Spitsbergen to
hyposaline and hypersaline media in combination with and without UV-radition to
evaluate the interactive effects of both environmental parameters on photosynthetic

performance, as well as on the ability to synthesise and accumulate MA As.

Materials and methods

Algal material and study site
The red macroalgae Devaleraea ramentacea (L.) Guiry and Palmaria palmata (L.)

O.Kuntze preferentially grow in shallow waters at the study site in the Kongsfjord (Ny-

Alesund, Spitsbergen, 78055.5” N; 11056.0" E). Both species are typically attached to
coarse gravel and single rocks on sandy sediments in the fjord or occur as epiphytes on
rthizoids of kelps such as Laminaria saccharina (L.) Lamour.. In the Kongsfjord D.
ramentacea typically grows in depths from 1 m down to 8 m, while P. palmata is found

slightly deeper from 2 m to 10 m. All algal samples were collected from healthy
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looking, dark red plants at 3-5 m by SCUBA diving and kept in black bags to avoid

exposure to higher solar irradiances prior laboratory experiments.

Radiation and salinity experiments

Thalli of both species were cut at 3-4 cm from the apical part using a razor blade to get
almost homogeneous pieces of the same age class for the exposure experiments. All
plantlets were kept 24-36 h in running seawater at 3-5°C and dim light conditions (< 5
pmol PAR m™s™) to minimize potential wound healing responses. Afterwards algae
were treated with hypo- and hypersaline media in combination with PAR and PAR+UV
exposure over a period of 4 days. Hypersaline media of 50 PSU were prepared by
freezing-out fresh water from fully marine fjord water. The dilution of fjord water with
MilliQ water resulted in a hyposaline solution of 15 PSU. Salinity was checked using a
refractometer. All salinity treatmenis were carried out in 300 ml glass containets. These
vessels were irradiated from the top with 30 umol PAR m'zs‘l, 6.7 W m> UV-A (320-
400 nm) and 0.25 W m’ UV-B (280-320 nm). As radiation source a combiﬂation of
Philips daylight fluorescence tubes and Q-Panel UV-A-340 fluorescence tubes (Q-Panel
Company, Cleveland, Ohio, USA) was used. Radiation measurements were catried out
with a Li-Cor LI-190-SB cosine corrected sensor connected to a Li-Cor 1I-1000
datalogger (Lambda Instruments, Lincoln, Neb., USA) for PAR, and with a RM-21
broad-band UV radiometer (Dr. Grébel, Ettlingen, Germany). While half of the
containers (15, 34 and 50 PSU) were exposed to the full radiation spectrum, the other
half was kept under a specific filter foil to cut-off UV-A+B (PAR treatment) (400 nm
cut-off; Folex PR, Folex, Dreieich, Germany). All thalli were exposed to 24 h PAR per
day, while supplemented UV-radiation was applied for only 10 h per day resulting in a
10 h UV treatment interval followed by a 14 h recovery period. Temperature was kept
constant at approximately 5°C. As physiological fitness parameter photosynthetic
performance was measured always 8 h after on-set, as well as 7 h after off-set UV-
radiation. After 1, 2 and 4 days treatment with the different salinity and radiation

combinations samples for MAA analysis were taken.

Photosynthesis
After sampling algal thalli were kept for 5-10 minutes inside a light-tight box.

Afterwards photosynthetic activity was determined in this container by measuring
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variable chlorophyll-fluorescence of photosystem II using a portable pulse amplitude
modulated fluorometer (Diving-PAM, Walz, Effeltrich, Germany). The main
application of the Diving-PAM is the determination of effective PS II quantum yield by
the saturation pulse method (AF/Fy' = effective quantum yield of an irradiated sample,

AF = Fy'- Fy, Genty et al., 1989). However, if determined in the dark, as undertaken in

the present study, the effective quantum yield equals the optimum quantum yield which
was calculated as the ratio of variable to maximum fluorescence F./F,. Minimal
fluorescence (Fo) was measured with a pulsed measuring beam (approximately 0.3
pmol photons m2 s-1, 650 nm), followed by short pulses of saturating white light (0.4-
0.8 s, 1000-5000 pmol photons m-2 s-!) to record Fm (F, = Fy, - F,) (Hanelt, 1998).
F./Fy, values of both red algal species acclimated for 24-36 h to the dim light conditions
in the laboratory were characteristic for photosynthetically non-inhibited plants and
consequently set to 100% (=control). While D. ramentacea exhibited a maximum F./Fn,
value of 0.65+0.02 (n=6), P. palmata showed F./F,, value of 0.59+0.03 (n=9). All data

recorded are expressed in relation to the respective value.

MAA extraction and analysis

After sampling, plants were oven-dried at 50°C, and then stored in sealed plastic bags
under cool, dry and dark conditions until analysis. Samples (4-5 replicates) of about 10-
20 mg dry weight (DW) were extracted for 1.5-2 h in screw-capped centrifuge vials
filled with 1 mL 25% aqueous methanol (v/v) and incubated in a waterbath at 45°C.
After centrifugation at 5000 g for 5 min, 700 uL of the supernatants were evaporated to
dryness under vacuum (Speed Vac Concentrator SVC 100H). Dried extracts were re-
dissolved in 700 pL. 100% methanol and vortexed for 30 s. After passing through a 0.2
pm membrane filter, samples were analysed with a Waters HPLC system according to
the method of Karsten ez al. (1998a), modified as follows. MAAs were separated on a
stainless-steel Phenomenex Sphereclone RP-8 column (5 pm, 250 x 4 mm LD.)
protected with a RP-8 guard cartridge (20 x 4 mm L.D.). The mobile phase was 5%
aqueous methanol (v/v) plus 0.1% acetic acid (v/v) in water, run isocratically at a flow
rate of 0.7 ml min'. MAAs were detected online with a Waters photodiode array
detector at 330 nm, and absorption spectra (290-400 nm) were recorded each second
directly on the HPLC-separated peaks. Identification was done by spectra, retention

time and by co-chromatography with standards extracted from the marine red
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macroalgae Chondrus crispus Stackhouse (Karsten et al., 1998) and Porphyra
umbilicalis (L.) Kiitzing, as well as from ocular lenses of the coral trout Plectropomus
leopardus (Lacepeéde, 1802), kindly sent by Dr. David Bellwood, James Cook
University, Townsville, Australia. Quantification was made using the molar extinction

coefficients given in Karsten et al. (1998b).

Statistics

Mean values and standard deviation per treatment were calculated. Statistical
significance of differences in photoinhibitory response in plants kept under different
salinities and radiation scenarios was tested by one-way analysis of variance (ANOVA)
followed by a muiti-range test using Fisher’s protected least significant difference
(LLSD) according to Sokal & Rohlf (1981). Calculations were done using the program
InStat (GraphPad, San Diego, USA).

Results

During the course of the experiment the optimum quantum yield (F./Fr) of the control
thalli of Devaleraea ramentacea (34 PSU, PAR) remained always high exhibiting
values between 86 and 98% of the maximum, i.e. of non-inhibited plants (Fig. 1). Algae
treated with 15 PSU showed a slight, but significant decrease in F,/F, (p<0.01) down to
76% of the control over the first 39 h, followed by some recovery resulting in 87% of
non-treated samples at the end of the experiment. In contrast, in plants kept at 50 PSU
F,/Fn much stronger and continuously declined to 58% of the optimum after 39 h
(p>0.01) (Fig. 1). Afterwards optimum quantum yield gradually increased up to 76% of

the control.
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Figure 1: Changes in photosynthetic optimum quantum yield (F/Fy) of Devaleraea ramentacea under
various salinity conditions (15, 34, 50 PSU) and visible light (PAR) over the course of 96 h. F/F of non-
inhibited plants was determined as 0.65+0.02 and standardized to 100%. Given are the mean values+SD
(n=10). Significant differences (P < 0.01) among samples under various salinity treatments are marked
with squares: 15 PSU versus 34 PSU (white-pointed triangle), 15 PSU versus 50 PSU (white-black
triangle), 34 PSU versus 50 PSU (pointed-black triangle).

FJ/Fm of D. ramentacea treated with salinity plus UV radiation was generally much
more affected compared to the salinity only experiment (Fig. 2). Thalli kept at 15 and
34 PSU showed at the end of the first two UV exposure intervals a decline in optimum
quantum yield down to 50-60% of the control. However, during each recovery period
F./Fy, increased to 75-80% of the maximum. In contrast, under hypersaline conditions
photosynthesis was stronger inhibited under UV (45-50% of control; p<0.01) and did
not show marked recovery under PAR conditions within 48 h (p<0.01). However, after
the last interval of the UV treatment at 50 PSU F,/Fn, in D. ramentacea was much less
affected resulting in 67% of the maximum. The final measurement of recovery at the
end of the experiment clearly indicated for all salinities identical optimum quantum

yields >81% of the control (Fig. 2).
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Figure 2: Changes in photosynthetic optimum quantum yield (F./Ey) of Devaleraea ramentz?cea under
various salinity conditions (15, 34, 50 PSU) and ultraviolet radiation (UV) over the course of 96 h. F./F,,
of non-inhibited plants was determined as 0.65+£0.02 and standardized to 100%. Given are the mean
values%SD (n=10). Significant differences (P < 0.01) among samples under various salinity treatments are
marked with squares: 15 PSU versus 34 PSU (white—pointed triangle), 15 PSU versus 50 PSU (white-
black triangle), 34 PSU versus 50 PSU (pointed-black triangle). The black bars indicate the 10 h UV
treatment interval followed by the 14 h recovery period.

The proportional degree of photoinhibition (F,/Fy,) in D. ramentacea due to salinity and
UV treatment is shown in Fig. 3. Under hyposaline conditions over the first 48 h 15
PSU and UV led to nearly equal photoinhibitory responses (Fig. 3A). However, after 87
and 96 h exposure, the UV effect strongly decreased resulting in only 23-28% of the
total decline in optimum quantum yield. In contrast, under hypersaline conditions the
UV effect on F,/Fy in D. ramentacea was generally much less pronounced and
continuously decreased over the course of the experiment (Fig, 3B). After 87 and 96 h

treatment only the salinity factor was responsible for photoinhibition.
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Figure 3: The effect of salinity and UV treatment on
the maximum decrease in the photosynthetic optimum
quantum yield (F,/Fy) of Devaleraea ramentacea over
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Seven different mycosporine-like amino acids (MAAs) were detected in D. ramentacea,
namely mycosporine-glycine, shinorine, porphyra-334, palythine, asterina-330,
palythinol and palythene (data not shown). Plants at the beginning of the experiment
contained total MAAs of 1.2 mg g dry weight (DW) (Fig. 4). After 1 day treatment
with salinity and UV both 15 PSU samples showed a decrease in total MAAs (0.8 mg g’
' DW) and both 50 PSU samples an increase in total MAAs (1.5-1.7 mg g’1 DW).
MAAs in plants kept at 34 PSU with and without UV were unaffected. While after 2
days exposure thalli at all 15 PSU and 34 PSU conditions showed unchanged total
MAA concentrations, algae at both 50 PSU conditions exhibited a decrease in total
MAAs (1.0-1.2 mg g'1 DW). A strong UV-induced increase in total MAAs was
observed at the end of the experiment. Under all salinities UV-exposure led to almost
doubling of the MAA contents. However, while at 15 PSU and 50 PSU 1.5 mg and 1.7
mg MAAs g'1 DW, respectively, were measured in D. ramentacea, at 34 PSU the
highest total MAA concentration of 2.2 mg g DW was determined (Fig. 4).
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While in D. ramentacea F/Fn of the control conditions (34 PSU, PAR) remained
unchanged over the course of the experiment, in P. palmata a small, but continuous
decline of this parameter was observed resulting in 75-80% of the maximum (Fig. 5).
Compared to D. ramentacea, the optimum quantum yield of P. palmata was much
stronger affected by salinity, particularly at 50 PSU over the first 48 h (p<0.01) (Fig. 5).
After that period F,/Fy, in algae kept at 15 PSU also strongly declined resulting in fully
bleached and hence dead thalli at the end of the experiment. While after 96 h the 34
PSU samples exhibited 78%, the 50 PSU plants showed only 48% of the optimum
photosynthesis (Fig. 5).
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Under the salinity plus UV treatments, F/Fy, in P. palmata decreased even more
indicating strong interactive effects of both abiotic factors (Fig. 6). While the 34 PSU
samples showed during on-set of UV radiation always declining optimum quantum
yields (41-54% of the control), after off-set the UV source marked recovery occured
(67-84% of the control). Algae incubated at 15 PSU plus UV also died after 87 h
treatment as indicated by completely bleached tissue (Fig. 6). Thalli of P. palmata at 50
PSU plus UV exhibited over the course of the experiment a similar photosynthetic

response compared with plants at 50 PSU without UV.
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Figure 6: Changes in photosynthetic optimum quantum yield (F/Fy) of Palmaria palmata under various
salinity conditions (15, 34, 50 PSU) and ultraviolet radiation (UV) over the course of 96 h. F/F,, of non-
inhibited plants was determined as 0.59+0.03 and standardized to 100%. Given are the mean valuesxSD
(n=10). Significant differences (P < 0.01) among samples under various salinity treatments are marked
with squares: 15 PSU versus 34 PSU (white-pointed triangle), 15 PSU versus 50 PSU (white-black
triangle), 34 PSU versus 50 PSU (pointed-black triangle). Arrow indicates completely bleached (dead)
thalli at 15 PSU. The black bars indicate the 10 h UV treatment interval followed by the 14 h recovery

period.

As in D. ramentacea, the proportional degree of photoinhibition (F\/Fy,) in P. palmata
due to both abiotic factors was in average mainly because of salinity treatment (Fig. 7).
Although at the beginning of the experiments UV radiation also led to some decrease in

optimum quantum yield, this effect got weaker after 48 h.
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In P. palmata six different MAAs were detected, namely shinorine, porphyra-334,

palythine, asterina-330, palythinol and palythene (data not shown). Plants at 34 PSU

plus UV showed already after 24 h a small, but significant increase in total MAA

concentration (p<0.01) (Fig. 8). These samples continuously accumulated MAAs 2-fold

over the course of the experiment. Although under hyposaline conditions total MAAs

decreased at the beginning, after 48 h a significant UV-induced formation could be

observed (p<0.01) followed by bleaching of the tissue. Under hypersaline treatment

thalli of P. palmata exhibited after 48 h a strong accumulation of MAAs due to UV
(p<0.01) and after 96 h a decline from 2.4 to 1.9 mg MAAs g DW (Fig. 8).
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Figure 7: The effect of salinity and UV treatment on the
maximum decrease in the photosynthetic optimum
quantum yield (F/Fy) of Palmaria palmata over the
course of 96 h. From the mean value data presented in
figures 1 and 2 the
photoinhibition due to both stress factors was calculated
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Figure 8: The interactive effects of salinity and UV treatment on the total intracellular mycosporine-like
amino acid contents (MAAs) in Palmaria palmata over the course of 96 h. Given are the mean values =
SD (n=4-5). Arrows indicate completely bleached (dead) thalli at 15 PSU.

Discussion

On Spitsbergen solar radiation as primary environmental factor for photosynthesis and
productivity of macroalgae is not only seasonally fluctuating, but also diurnally
extremely variable at the earth’s surface due to rapidly changing weather conditions
(Hanelt er al, 2001). In addition, during summer the underwater light climate of the
Kongsfjord is further affected by calving glaciers and strong melting water influx
resulting in increasing turbidity due to suspended particles and hence in a strong
decrease of the water column transmittance (Bischof er al., 1998). The irradiance
Devaleraea ramentacea and Palmaria palmara were exposed to in the laboratory was
much lower compared to nature. While in Arctic summer typical insolation at the
earth’s surface may reach 1300 pmol m? s? PAR, 19 W m?UV-A and 1.1 W m” UV-
B (Bischof er al., 1998), we used only 30 gmol m? s PAR, 6.7 W m? UV-A and 0.25
W m? UV-B to simulate realistic underwater values. In the water column maximum
transmittance for PAR and UV-B as expressed by the 1% depth ranges from 6.2 to 24.2
m and 3.4 to 9 m, respectively (Bischof er al., 1998). Consequently, both red algal
species may experience in their habitat the irradiances applied.

Macroalgae living under such fluctuating conditions need a broad physiological
plasticity to acclimate to the wide range of incident solar radiation to receive on one

hand side always sufficient energy for photosynthesis and on the other hand to avoid
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photodamage. Shallow water and intertidal macroalgae are known to undergo dynamic
photoinhibition when exposed to excessive sun light that typically occurs at midday
(Hdder & Figueroa, 1997; Hanelt, 1998). Dynamic photoinhibition is considered as
photoprotective mechanism, which dissipates excessively absorbed energy as
physiologically harmless thermal radiation (Osmond, 1994). Previous studies have
shown that for the evaluation of PAR- and UV-induced inhibition of photosynthesis in
macroalgae the in vivo chlorophyll fluorescence of photosystem II, as used in the
present investigation, is a suitable method (HAder & Figueroa, 1997; Hanelt et al., 1997,
Hanelt, 1998; Bischof et al, 1998). The optimum quantum yield (FJ/Fy) was
demonstrated to be a sensitive parameter to evaluate the physiological status of the
photosynthetic apparatus (Cordi et al., 1997), and hence represents a measure for
fitness.

The experimental set-up was designed to test the photosynthetic performance of the
shallow-water species D. ramentacea and P. palmata in response to UV radiation and
salinity. While in the first species the strongest photoinhibitory effect was measured
under hypersaline conditions without UV (25% inhibition after 4 days), at 15 PSU only
a small decrease in optimum quantum yield was observed. In strong contrast, P.
palmata did not survive hyposaline treatment over the course of the experiment, and
showed also at 50 PSU 50% inhibition in F,/F,. Consequently, while D. ramentacea
can be characterised as euryhaline species, P. palmata exhibits rather stenohaline
features. From an ecological standpoint stenohalinity with respect to growth is typical
for sublittoral red algae compared to the broad salinity tolerance of intertidal species
(Kain & Norton, 1990). In agreement with these authors it has to be mentioned that P.
palmata has the main distribution in temperate/cold-temperate waters of the Northern
Atlantic where it sublittorally grows in depths down to 20 m or protected as typical
understorey plant of kelp forests (Irvine, 1983; Liining, 1990). These habitats are
characterised by rather stable salinity conditions which support the development of
stenohaline organisms. Consequently, the strong inhibition of photosynthesis and high
mortality of the Arctic isolate of P. palmata at 15 PSU can be explained by a limited
physiological capacity to acclimate to external salinity fluctuations. In addition, the
occurrence of this species at the Northern distribution limit on Spitsbergen which is
characterised by extremely low water temperatures may contribute to the reduced
photosynthetic tolerance. The primary metabolism of temperate/cold-temperate

organisms growing under Arctic conditions is most probably slowed down according
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the Q10-rule and therefore it is reasonable to assume that acclimation responses are
affected as well. This hypothesis is supported by the fact that temperature optima for
photosynthesis and growth are only significantly lower in endemic Antarctic
macroalgae compared to Arctic and cold-temperate species that typically exhibit strong
decline of both processes with decreasing temperatures (Healey, 1972; Wiencke et al.,
1993, 1994; Kirst & Wiencke, 1995). Consequently, while many Antarctic seaweeds
seem to be relatively strongly adapted, Arctic and cold-temperate counterparts show a
much weaker adaptation to low temperatures, and hence the general fitness may be
species-specifically more or less affected. Although P. palmata is abundant in the
Kongsfjord, the data presented in combination with the observation of rather greenish,
sometimes slightly bleached thalli during summer in the field indicate stressed plants.
However, interactive effects of salinity and temperature must still be experimentally
evaluated.

Although salinities in the upper layers of the water column does generally not decline to
values lower than 23 PSU (Hanelt er al., 2001), it should be mentioned that 15 PSU as
tested in the present study represents a mild hyposaline stress for marine organisms. In
contrast to P. palmata many other red macroalgae from intertidal as well as sublittoral
habitats well or even preferentially grow and photosynthesise at this salinity (Bird ef al.,
1979; Kirst, 1990; Mostaert et al., 1995).

When UV-radiation was applied on top of the salinity treatment both species studied
exhibited at the beginning similar photosynthetic responses, i.e. a decline of the
optimum quantum yield after UV on-set followed by some degree of recovery after UV
off-set. While UV-induced photoinhibition compared to the control was in D.
ramentacea relatively small, P. palmata exhibited a much stronger response (Figs. 2, 6).
In addition, the first species showed an increasing UV tolerance of photosynthesis over
the course of the experiment, while the latter species seemed unable to photoacclimate.
This confirms data of Hanelt (1998) who showed that photosynthesis of P. palmata
collected along a depth profile in the Kongsfjord did not acclimate to the prevailing
radiation gradient. Within other macroalgal species from the Arctic and Antarctica, the
degree of photoinhibition is normally a function of the collecting depth, i.e. shallow-
water isolates are more PAR/UV resistent than plants from deeper waters (Bischof et
al., 1998a, b). The difference in the acclimation potential of the photosynthetic
performance between D. ramentacea and P. palmata under UV is reflected by the

vertical distribution in the Kongsfjord, since the first species grows in shallower waters.
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In addition, at more temperate locations P. palmata preferentially inhabits deeper waters
than in the Arctic and hence the shallow water growth habit in the Kongsfjord appears
unusual. Due to incomplete osmotic adjustment both algae may be more able to tolerate
increase in UV radiation as compared to salinity change.

In recent studies, the photobiological function of MAAs as a cellular defense system
against the harmful effects of UV-radiation on growth, photosynthesis and other
processes has been reported for various marine phototrophic organisms (Garcia-Pichel
et al., 1993; Dunlap & Shick, 1998; Neale er al., 1998). In a convincing bio-assay,
Adams and Shick (1996) experimentally documented that UV-treated and subsequently
fertilized sea urchin eggs typically show a UV-dose-dependent delay in the first cell
division compared to unirradiated eggs from the same batch. The determination of the
cleavage delay in eggs having different MAA contents, produced by feeding adults
different macroalgal diets (with high and low MAA levels) in the absence of UV proved
to be a perfect indicator for the sunscreen function of these compounds. The authors
documented that the greater the MAA concentration in the eggs, the less they were
affected by UV radiation. In the present study both D. ramentacea and P. palmata
synthesised and accumulated MAAs over the course of the experiment in response to
the UV treatment, except for those sample treated with 15 PSU. The highest MAA
concentrations were usually measured at 34 PSU (Fig. 4, 8). The UV-induction data for
MAAs are well supported by earlier experiments in the field, where both species were
transplanted in the Kongsfjord from deeper waters to the surface, followed by exposure
to natural full, as well as filtered solar radiation (Karsten & Wiencke, 1999; Karsten et
al., 1999). However, the most striking point is the fact that although both D. ramentacea
and P. palmata form MAAs in a similar manner and concentration, this increase well
correlates with the rising photosynthetic tolerance under UV in the first species only. In
P. palmata, the optimum quantum yield under UV does not seem to benefit from higher
MAA contents. These contradictory results on the potential sunscreen function of
MAAs in both red algae clearly indicate species-specific physiological advantages are
not solely due to the synthesis and accumulation of UV-absorbing compounds.

In conclusion, while D. ramentacea is able to resist different environmental stress
factors in the upper sublittoral of the Arctic Kongsfjord indicating a relatively high
degree of physiological plasticity, P. palmata exhibits a marked sensitivity against
salinity and a limited capabilty to acclimate to changing PAR/UYV radiation pointing to a

rather inflexible metabolism.
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4 SUMMARY OF RESULTS

4.1 Environmental radiation factors

For ecological studies on the importance of MAAs as sunscreen compounds, it was
essential to characterise the radiation climate in the environment of the investigated
algae. Therefore, atmospheric and underwater radiation measurements were taken at
both study sites, Potter Cove, Antarctica and Kongsfjord, Arctic. Generally, the surface
irradiance at Potter Cove was higher than at Kongsfjord. Hence, for example , the
average daily dose of UVB in air in austral summer (Decembet/January 1997/98) was
10 and 34 % higher as those comparable with the summer months June and July 2000 at
Kongsfjord (for details see Table 2, Publ.1; Table 2, Publ.2).

The radiation transmittance in the water column was measured at two different stations
in the inner and outer fjord of Potter Cove (Antarctic) and Kongsfjord (Arctic). From
measurements at different depths, the vertical attenuation coefficient of downward
irradiance (Kg) for PAR and UVR (327 — 400 nm) and additionally, the corresponding
depth for 1 % of remaining radiation were calculated (Kirk 1994). A high Ky indicates a
strong absorption of the radiation in the water column. The Ky values from the inner
fjords of both polar areas were much higher compared to the outer fjords due to the
input of turbid melt waters and terrestrial input (see Table 2, Publ.1; Table 2, Publ.2).
For Kongsfjord, underwater radiation spectra of different depths are presented in figure
7, in which the irradiance typically shows a strong absorption of the UV range but also

of the higher PAR range (600 — 700 nm) in the water column.

Radiation measurements differed greatly because of their dependence on several
variable atmospheric and water characteristics (see 1.2 and 1.3 of the Introduction).
Another parameter affecting the UV flux is the ozone concentration, which was roughly
25 % lower over Antarctica than over the Arctic during austral summer 1997/98
compared with the summer months June and July 2000 of the northern hemisphere

(Table 2, Publ. 2).

4.2 Individual MAAs

In all publications, the MAAs palythine, porphyra-334, and shinorine were found most
frequently and at least one of them was also the primary MAA both in field and

laboratory cultured red algae. Other identified MAAs were namely mycosporine-
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glycine, asterina-330, palythinol and the trans-cis molecular configuration
palythene/usujirene, but these compounds were present mostly in low concentrations.
One exception was in Rhodomela confervoides (Hudson) P.C. Silva from the Arctic,
which had an almost equimolar concentration of palythinol and porphyra-334 of about 1
mg g’ DW. In both Prasiola species from the Antarctic and Arctic, an unknown UV-
absorbing substance was detected with an absorption maximum at 324 nm, which was
firstly described by HPLC characteristics in Publication 1. In general, the field algae
exhibited higher MAA levels and more variation in MAA type compared with the

cultured algae.

irradiance [W mZnm™]

300 350 400 450 500 550 600 850 700
wavelength [nm] wavelength [nm]

Figure 7: Underwater spectrum of solar irradiance measured at different depths. a) outer Kongsfjord at
22.06.01 midday. b) inner Kongsfjord at 21.06.01 midday.

4.3 MAA occurrence and induction

For a broad MAA survey of the Antarctic, 28 macroalgal species were analysed, 18
Rhodophyceae, five Phacophyceae and three Chlorophyceae (Publ. 1). In addition, the
MAA determination of 10 Antarctic red algae from cultures of the Alfred Wegener
Institute, Bremerhaven, Germany, was performed to complete the number of
investigated Antarctic species. In total, 28 red algae were analysed, of which 16 species
contained MAAs. Traces of MAAs were found in one Antarctic field-collected
Phaeophyceae, and in all three tested Chlorophyceae. The green alga, Prasiola crispa
ssp. antarctica, contained a high concentration of the unkown substance-324. Algal
species were also sampled at different depths. The MAA concentration decreased with

increasing depth within most samples. Supra- and eulittoral algae, which were exposed
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to mostly unattenuated solar radiation contained the highest MAA levels (< 9 mg g
DW) (Fig. 8).

Furthermore, variation in MAA concentrations was detected in different tissues of
vegetative thalli of three red algal species (Iridaea cordata, Palmaria decipiens,
Curdiea racovitzae). The margins of these leathery species contained 1.5 to 3.6 fold
higher MAA concentrations as the basal tissue. No significant differences in MAA
contents were found neither in tetrasporophytes and gametophytes of the red algae
Gigartina skottsbergii and Iridaea cordata, nor after transplantation of the two species
Kallymenia antarctica and Gigartina skottsbergii from deep (20 m) to shallow (0.3 -
10 m) water depths (Publ. 1). In figure 9, total MAA concentrations in several algae in

relation to their depth distribution in the sublittoral are presented.
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Figure 8: Supra- and eulittoral zone with a tidal rock pool from Potter Cove, Antarctica, and vertical
distribution of six red and one green algal species investigated in this study, including their
respective total MAA concentrations. Means = SD (n=3). mlwl: mean low water level
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Figure 9: Total MAA concentration in several sublitoral Antarctic red macroalgae from Potter Cove
related to their vertical distribution collected in the sublittoral of Potter Cove, Antarctica. Means + SD
(n=3).

In comparison with the Antarctic, fewer species were analysed from the Arctic, among
them were nine red and one green algae (Publ. 2). The latter species contains the same
unknown UV-absorbing substance-324 as P. crispa ssp. antarctica from Antarctica.
Intertidal rocky platforms are absent in Kongsfjord, hence most species were collected
in the sublittoral. The resulting MAA concentrations from lower sublittoral algae were
usually under 1 mg g DW. In comparison, at Potter Cove, the lower sublittoral species
contained higher MAA concentrations up to 2.6 mg g DW and on an average about 1.5
mg g' DW. Figure 10 shows total MAA concentrations of algae growing in different
depths in the Kongsfjord, Arctic.

Interactive effects of irradiance and other abiotic factors such as temperature (Publ. 4)
and salinity (Publ. 5) on MAA accumulation and photosynthetic performance were also
investigated. In the temperature study, the cultured Antarctic and Arctic algae (Iridaea

cordata, Palmaria decipiens, P. palmata, Prasiola crispa and P. crispa ssp. antarctica)
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normally grown at 0 °C were acclimated to experimental temperatures of 5 and 10 °C
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Figure 10: Total MAA concentration in several Arctic red macroalgae related to their vertical
distribution collected in the sublittoral of Kongsfjord, Arctic. One green algal species is originated from a
supralittoral/terrestrial location. Means + SD (n=3).

23 days under low-light conditions. MAA concentrations were all very similar. In
contrast, the optimum quantum yield of photosynthesis (F./Fn) was higher in all 5 °C

samples than at 10 °C.

However, after exposure to the distinct radiation conditions, the Antarctic red algae
exhibited significantly higher MAA concentrations under nearly all radiations
treatments at 5 °C compared with those at 10 °C. Whereas in P. palmata from the Arctic
and in the Antarctic green alga the MAA concentrations were similar under all
experimental conditions. The degree of photoinhibition was less pronounced at 10 °C in
all red algae after recovery for 8 hours in the darkness measured after 2, 6 and 11 days.
In the green alga, those differences were not so marked and became relatively equalized

after day 11.
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The interactive effects of salinity and irradiance on MAA accumulation and
photosynthetic performance were investigated in two Arctic red algae growing in a
similar habitat. The endemic species Devaleraea ramentacea is a more euryhaline plant
than Paimaria palmata (Publ. 5). At the end of the experiment, all D. ramentacea
individuals under the UV treatment exhibited higher MAA concentrations (1.5 - 2.2 mg
g! DW) compared with the PAR-only treated samples, containing 1.2 mg g DW at 34
PSU and even lower for the other salinity values. The photosynthetic performance
(F./Fiy) showed a relatively slight decrease during the course of the experiment at the
three salinity conditions (15, 34, 50 psu) without UVR, most pronounced in the 50 psu-
treated samples. Samples treated with an addition of UV showed similar results, and
photosynthesis recovered in all treatments to almost identical F,/F, values of over 80 %
of the control by the end of the experiment. The photoinhibition effect was appeared to

be caused by the hypersalinity, and to a lesser extent by the UV-stress.

Palmaria palmata has the greater physiological capability to survive in hypersalinity
rather than hyposalinity, as indicated by totally bleached thalli at 15 PSU with and
without UVR at the end of the experiment. The highest increase in MAA concentration
was detected at 34 PSU plus UVR (2.7 mg g' DW) after a continuous MAA
accumulation over the course of the experiment. Without UVR, MAAs remained more
or less equal with concentrations similar to the control (1.2 mg g DW), and even less
in the samples at 15 PSU. Optimum quantum yields of P. palmata generally showed
lower values compared with those of D. ramentacea, in the UV-treated samples, and the

photoinhibition was mainly caused by the salinity in both samples at 15 and 50 PSU.

4.4 MAAs as sunscreen

The induction of MAA accumulation with PAR alone, led to a 1.4 fold higher MAA
concentration in Palmaria decipiens, and to a 4.2 fold higher concentration in Palmaria
palmata (Table 3), containing the same MAA suite (p-334, palythine, shinorine, and
asterina-330, in this order). The initial values of the photosynthetic activity (F./Fp) of

all samples are listed in Table 3.
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Table 3: MAA concentrations and F,/Fy, initial values of each algal set-up

Palmaria decipiens Palmaria palmata
without induction exposed to PAR without induction | exposed to PAR
(40 pmol m?s™) (40 pmol m2 s™")
for 5 days for 4 days
MAA concentration || 231 =39 ug g DW | 323+ 82 ugg DW | 114+ 31 ug g’ DW | 479 = 64 ug g’ DW
initial  values of |0.58 £ 0.04 0.36 £ 0.06 0.52 £0.037 0.42 +0.03
Fv/Fm (control)

In P. decipiens from the Antarctic, the photosynthesis is markedly less affected in the

samples containing higher MAA concentrations after one hour of UV exposure (Fig.

11). Consequently, the recovery is also better, given that within the first hour, the values

rose up to 100 % of the initial values, whereas the samples containing less MAAs only

reached 80 % of the initial F./Fy,. Within five hours of UV exposure, F./Fy, dropped to

under 50 % in both set-ups, but in samples with a higher MAA concentration, the Fu/Fy,

values rose again to over 100 % after five hours of UV stress and recovered after

cessation of the UV treatment, reaching F,/F,, values of over 120 %. In contrast, the

MAA-low samples recovered only moderately reaching F,/Fr, values of 80 % (Fig. 11).
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Figure 11: Optimum quantum yield of photosynthesis in samples of Palmaria decipiens with low and
higher MAA contents. a) during 1 h exposure to UV and 6 h of recovery. b) during 5 h exposure to UV
and 6 h of recovery. Means = SD (n=3).

In P. palmata from the Arctic, the photosynthesis inhibition was similar in all samples

experiencing one hour UV exposure. Recovery started slightly better in those exhibiting

a higher MAA content, but after six hours of recovery, both values became relatively
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similar, reaching 100 % of the initial values (Fig. 12). After three hours of UV-stress,
the F./Fn values decreased to 20 % in the indivivals containing a lower MAA
concentration, whereas the values of the other samples did not drop any further. Within
four hours after the cessation of UV-stress, the recovery of photosynthesis was up to
100 % in the MAA-high samples. In contrast, in the MAA-low samples, the

photosynthesis only recovered up to about 60 % of the initial values (Fig. 12).
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Figure 12: Optimum quantum yield of photosynthesis in samples of Palmaria palmata with low and
higher MAA contents. a) during 1 h exposure to UV and 6 h of recovery. b) during 5 h exposure to UV
and 6 h of recovery. Means + SD (n=3).

The Arctic red algae, Odonthalia dentata and Coccotylus truncatus were exposed to
different radiation conditions, and covered with the shinorine- and porphyra-334-
biofilters, in order to investigate the photosynthetic performance under UV stress. In O.
dentata, the F,/F, values decreased under the PAR-only treatment. In all the other
samples, the photoinhibition was shown to be very strong, significantly lower F,/Fy
values were found to occur as compared to the PAR-samples. The PAR+UVA and
biofilter treated samples were shown to recover slightly after the first UV treatments,
reaching values of up to 50 and almost 60%, respectively, of the initial F,/Fy, values.
Interestingly, after day 5 of UV exposure the UV effect was most attenuated in the
samples under the biofilter compared with those under the PAR+UVA and
PAR+UVA+UVB. But in the recovery their F,/F, values corresponded again with those
of the PAR+UVA treated samples. These results suggest that the biofilters in this

experiment also had a similar function to that of the 320 nm cut-off filter. The results
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from day 3 were similar to that of day 2, therefore only data from day 1, 2 and 5 are

shown in the graph below (Fig. 13).
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Figure 13: Optimum quantum yield of photosynthesis (F/F,) after UV exposure (9 h) and recovery (12
h) of Odonthalia dentata at day 1,2 and 5. Means + SD (n=5-10).

During the experiment with C. truncatus the F/Fy, values of the PAR-treated samples
remained stable at about 90 % (Fig. 14). The optimum quantum yield of all other
samples responded in the same way; F./F,, decreased when exposed to UV followed by
a recovery. The samples under PAR+UVA+UVB had the lowest F./Fn values.
However, the individuals seemed to acclimate to the radiation conditions, as indicated
by the good recovery of the F./Fy values of up to 80 % in the PAR+UVA-treated
samples and up to 70 % in the biofilter treated samples at the end of the experiment.
Generally, these two latter samples showed the same response pattern exhibiting
relatively similar values of photosynthesis activity. In this case however, photosynthetic
recovery as determined in the significantly higher F,/Fy, values of the biofilter treated
samples compared to those of the PAR+UVA+UVB treatment was seen. Data are

shown for day 1, 2 and 9 in figure 15, day 5 and 8 depicted the same pattern.
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Figure 14: Optimum quantum yield of photosynthesis (F/F,,) after UV exposure (9 h) and recovery (12

h) in Coccotylus truncatus at day 1, 2 and 9. Means + SD (n=5-10).
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5 DISCUSSION

5.1 MAA occurrence in field and cultured algae

In inventories of MAA occurrence in Antarctic (Publ. 1) and Arctic macroalgae
(Karsten et al. 1998b, Publ. 2), MAAs have been found most commonly in red algae.
Methanolic extracts from green and brown algal species typically showed no strong
absorption in the UV range. These results agree well with other survey studies (Karentz
etal. 1991, 2001, Karsten et al. 1998b,c, 2000). In green macroalgal species, MAAs and
UV-absorbing compounds have been detected in relatively low concentrations, although
high contents of an unknown UV-absorbing substance-324 have been detected in
species of the genus Prasiola (Fig. 8 and 9; Publ. 1, 2, Post and Larkum 1993, Groniger
and Hider 2002). Another exception has been found by Banaszak et al. (1998), who
detected high amounts of mycosporine-glycine in the calcerous green algal species
Halimeda opuntia. However, only one plant was tested in that study. Given the great
variation in MAA concentrations under field conditions, this level of replication is not
sufficient. Furthermore, the ethanol extract of the phenolic compound coumarin, from
species of the green algal family Dasycladaceae also absorbs in the UV range with
absorption maxima at 210, 265 and 345 nm (Menzel et al. 1983), and one could
speculate that it could also be used as a photoprotective mechanism, in addition to its
function as antifeedant compound, antimicrobial defence and epiphytic growth
regulator. Additionally, Pérez-Rodriguez et al. (1998) and Gémez et al. (1998) have
reported the existence of two chemically unknown UV-absorbing substances in the
thallus and in water surrounding Dasycladus vermicularis. It is suggested that coumarin
is one of the underlying structures and an effective photoprotectant (Pérez-Rodriguez,
personal communication). The study by Xiong et al. (1999) also demonstrated a
common occurrence of MAAs in freshwater and terrestrial microalgae (Chlorophyta),

resulting that green algae generally contain UV-absorbing compounds.

Brown algae exhibited only very low concentrations of MAAs or none at all (Publ. 1,
Karsten et al. 1998b, ¢). These might not come from the brown algae themselves, but
from epiphytes such as diatoms, if samples are not carefully cleaned (Publ. 1). Although
Banaszak et al. (1998) and Banaszak and Lesser (1995) reported that they rinsed the
brown algal samples to remove epibionts. In some brown algal species they found quite

high levels of MAAs, however, once again only one individual was tested. Thus, it is
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assumed that brown algae have other photoprotective mechanisms apart from MAAs.
Phlorotannins, which are polyphenolic compounds, are widely distributed amongst
brown algae. They absorb UV radiation in the range from 280 to 320 nm, suggesting
that they may play a role in photoprotection, as these compounds are inducible after
exposure to UV radiation (Pavia et al. 1997, reviewed in Schoenwaelder 2002). These
data on green and brown algae led to the investigation of MAAs in mainly red algae and

one green algal genus in the present study.

The algae growing in different habitats can be classified into three distinct physiological
groups, related to their MAA characteristics: I) species with high concentrations of
MAAs, II) species with MAAs in variable concentrations, III) species containing no

MAAs (Publ. 1, 2).

1) species with high concentrations of MAAs

In the first group, supra- and eulittoral species such as Bangia atropurpurea, Porphyra
endiviifolium, and Prasiola sp., originating from a habitat in which the solar radiation is
barely attenuated, generally contained the highest MAA concentrations (Fig. 8, 10).
This has been also observed in red algae from the (upper) eulittoral zone from temperate
to warm temperate regions (Karsten et al. 1998b,c, Karsten and West 2000, Karsten et
al. 2001). Supra- to upper eulittoral species have probably developed an effective
protection mechanism under high PAR and UVR, and a significant protection from UV
damage might be achieved by the presence of MAAs. Porphyra and Bangia both belong
to the order Bangiales, which is considered to be primitive and ancestral, due to its
simple vegetative and reproductive organisation (Kraft and Wolkerling 1990). In the
past, these ancestral genera would probably have had to cope with high UVR typical for
palacozoic times, and thus they may have benefitted from MAAs as protection
mechanism, enhancing their chances of survival, Consequently, this may allow them to
grow and successfully reproduce in the intertidal zone of exposed rocky shores, where

extreme environmental conditions prevail today.

1) species with MAAs in variable concentrations

Sublittoral species with a broad depth distribution are able to adjust their MAA content
to the respective depth or radiation climate, and were integrated in the second group
(Fig. 9, 10). This agrees well with the finding that MAA concentrations decrease with
increasing depth (Dunlap et al. 1986, Karsten et al. 1998a,b, Karsten and Wiencke 1999,
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Karsten et al. 1999, Franklin et al. 1999). This observation is also connected with the
underwater radiation climate, as radiation is attenuated as it penetrates through the water
column. Moreover, the attenuation is very variable due to inherent optical properties
associated particularly with particle-rich coastal waters (Kirk 1994). It was for this
reason that Jerlov (in Mobley 1994) defined nine coastal water and three ocean types
based on different transmission characteristics. The relatively low vertical attenuation
coefficient, Kquvr (0.19 m’l; ocean water type 3 [Mobley 1994]), in the outer fjord of
Potter Cove in the Antarctic, results in deep penetration of UVR through the water
column (1% depth = 24 m). This may explain the high MAA levels in Kallymenia
antarctica, collected in the lower sublittoral (Publ. 1, 2). Typically, the MAA
concentrations are higher in lower sublittoral algae from Potter Cove compared with
algae collected from the same position in Kongsfjord where the calculated Ky-values are
higher (Table 2, Publ. 2). The relatively low MAA concentrations found in Arctic
Devaleraea ramentacea from the upper sublittoral (2m), may have been due to highly

turbid water conditions in the time just prior sampling.

III) species containing no MAAs

Strongly shade-adapted (mostly understorey species) and deep-water algae lack the
capacity to produce MAAs, and form the third group (Publ. 1 and 2). Among the field-
collected algae, the Antarctic species Hymenocladiopsis crustigena, Myriogramme
smithii, Phycodrys austrogeorgica, and Picconiella plumosa from the deeper sublittoral
are characterised by low initial photosynthetic light saturation values (I < 30 pmol m™
s1, Publ. 1, Weykam et al. 1996). They typically inhabit deep-waters, grow as
understorey species, and hence are well protected from harmful UVBR. Consequently,
there is no physiological need to synthesise and accumulate UV-absorbing substances,
therefore saving energy, carbon and nitrogen. Similarly, the Arctic deep-water algae
Coccotylus truncatus, Odonthalia dentata and Prilota serrata do not contain MAAs.
Only Ptilota gunneri exhibited very low MAA concentrations, possibly indicating that
the algal thalli were contaminated with epiphytes (Karsten, personal communication).
Furthermore, these species are usually very susceptible to UVR and high PAR, as
indicated by strong photoinhibition. However, this might be due to a combination of the
lack of MAAs and their adaptation to the deep water low radiation climate (Karsten et

al. 2001). Moreover, it is generally observed that the light saturation point (Ix) of algal



Discussion 125

photosynthesis, positively correlates with MAA concentrations (r = 0.831); the higher

the I, the higher the MA A content and vice versa (Publ. 1).

Overall, it may be concluded that MAAs play a role in photoprotection of the algae, and
that the MAA accumulation may be connected with adaptation to their respective
habitats. Hence, the increase in MAA concentration tends to be coupled with a decrease

in incident radiation attenuation.

One major aim of this thesis was a comparison of MAA occurrence from macroalgae of
the two polar study areas, keeping in mind the following differences between the study

sites:

1. both fjords were located at different latitudes, and as a result the solar elevation
angles were different, resulting in different daylengths (Kongsfjord: 24 h, Potter
Cove: 20 h in polar summer) and varying radiation intensities (radiation cbnditions
in Table 2, Publ. 2).

2. the generally thicker ozone layer over the Arctic result in a higher attenuation of

UVB compared with the Antarctic.

3. macronutrient availability is not limited in the Antarctic, in contrast to the seasonal
decrease in macronutrient concentrations in the Kongsfjord (Drew and Hastings
1992, Strutton et al. 2000, Aguilera et al. 2002b). As Litchman et al. (2002)
demonstrated, the availability of nitrogen is important for the
synthesis/accumulation of MAA molecules in the algae.

4. different hydrodynamic conditions (Kongsfjord being roughly 20 times larger than
Potter Cove), and higher terrestrial input, resulting in higher Kq values in

Kongsfjord, affect the macroalgae.

5. macroalgal habitats differ, tidal rocky platforms, including rock pools do not occur

at the Arctic study site.

These differences might show that it is reasonable to expect that the MAA
concentrations on average are higher in algae from Potter Cove (Antarctica) than from
Kongsfjord (Arctic). The higher the natural solar UV radiation in the respective habitat,

the more MA As are formed and accumulated in marine red macroalgae.

Nevertheless, it should be noted that the great variability found in MAA concentrations
are also dependent on other factors. Significant tissue-specific differences have been
found in MAA levels between the margins and basal parts of thalli in some Antarctic

species (Publ. 1). Different MAA values have also been seen within a tissue gradient in
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Arctic species (Karsten and Wiencke 1999, Karsten et al. 1999), which might be due to
self-shading effects. Additionally, differences in the absorption of UV-absorbing
compounds and MAA concentrations have been found in different developmental stages
of Gracilaria chilensis and Caloglossa apomeiotica (Molina and Montecino 1996,
Karsten et al. 2000), but not in the few tested Antarctic species (Pub. 1). This suggests
that MAA accumulation might be species-specific, however further studies are
necessary to confirm this. Furthermore there are seasonal differenes in MAA and UV-

absorbing compound concentrations (Post and Larkum 1993, Karsten et al. 1999).

5.2 MAA induction - laboratory studies

In laboratory experiments the capacity for the induction of MAA
synthesis/accumulation under exposure to different artificial radiation treatments (PAR;
PAR+UVA; PAR+UVA+UVB) was investigated from the field and from cultures in
several Arctic and Antarctic red algal species, belonging to the three physiological
groups (Publ. 2 and 3). The results were largely MAA- and species-specific. Species
originating in the same habitat responded differently to radiation exposure and enhanced
UVR, as did the individual MAA. Generally, it can be concluded that the algae can be
grouped into three different physiological response types based on MAA levels; (a)
highest MAA concentration under PAR+UVA+UVB, (b) highest MAA concentration
under PAR+UVA, (c) MAA decrease under PAR+UVR. No differentiation between the
UVR treatments were made for the Arctic algae (field-collected) and additionally their
radiation histories were not known; this may have had an influence on the response to

the radiation treatments and the accumulation of MAAs (Publ. 2).

(a) Algal species with highest concentrations under PAR+UVA+UVB formed the first
response type (Fig. 2, Publ. 2, Fig. 2, Publ. 3). The MAA concentrations increased
either under each additional radiation treatment or only under the latter radiation
treatment. Algae belonging to this group are found over a wide depth range within the
sublittoral, and even occur in the eulittoral as does Palmaria decipiens {Wiencke and
Clayton 2002). These plants are able to adjust their MAA concentrations to suit the
prevailing radiation climate, as demonstrated for several field—collected Antarctic and
Arctic species from different depths (Publ. 1, Publ. 2, Karsten et al. 1998 b). Arctic
Devaleraea ramentacea and Palmaria palmata exhibit the highest MAA concentrations

under PAR+UVA+UVB after transplantation from deep to shallow water (Karsten and
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Wiencke 1999, Karsten et al. 1999). Based on these studies both species have been
classified into this group. Karsten and Wiencke (1999) demonstrated that P. palmata
showed an increase in MAAs under all radiation treatments after transplantation, which
was also found for Antarctic species such as Gymnogongrus turquetii and Kallymenia
antarctica in the present study (Fig. 2, Publ 3). In contrast, in the endemic D.
ramentacea, an increase in MAA concentration was only found under the full solar
radiation spectrum (Karsten et al. 1999). From those experiments, however, it cannot be
confirmed whether the accumulation was due to UVB alone, or an interactive effect
between UVB and PAR occurred. However, in the laboratory experiment, interactive
effects can probably be excluded due to the low PAR intensity, suggesting that the
accumulation may be stimulated by UVB alone. Nevertheless, the effect of dose,
regardless of irradiance was not specifically tested. Therefore, it cannot be
unequivocally concluded that the increase in MAAs is only due to the change in spectral

composition.

{b) The second response type contains species with maximal MAA values under
PAR+UVA, which means that there was no further stimulation of MAA accumulation
under the UVB spectral range. Porphyra endiviifolium, inhabiting the upper eulittoral,
and thus regularly exposed to full solar radiation and Gymnogongrus turquetii,
originating from a broad depth range from the eulittoral to sublittoral down to 30 m
(Wiencke and Clayton 2002) belong to this group. The resulting MAA levels must be
high enough to protect against the full radiation spectrum. Porphyra endiviifolium
contains much higher MAA concentrations than the other species, most probably due to
their habitat. A similar result has also been demonstrated in the closely related cold
temperate P. wumbilicalis, but this species contained constantly high MAA
concentrations under the different radiation conditions without any further stimulation
of MAA production (Groniger et al. 1999). However, the exposure time was only for 3
days (12:12 light:dark cycle), which may have been too short to induce any MAA
production. In general, high MAA concentrations are commonly present in eulittoral
species, and may reflect a steady protective mechanism. In the present study,
PAR+UVA seems to be already strong enough to act as stressor to produce the highest

MAA levels in those species.

{c) Within the third response type, are algae that show a decrease of MAAs under

enhanced UVR. These species seem to be susceptible to UVR stress, as photodamage
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was observed, as indicated by bleaching of the thalli after exposure to UVR. This
suggests that decomposition of photosynthetic pigments occurs under enhanced UVR.
Photodestruction has also been shown for cyanobacteria and the authors concluded that
it was due to direct damage caused by UVR (Lao and Glazer 1996). That fact may also
explain the almost total MAA decrease under PAR+UVA+UVB and PAR+UVA in
Neuroglossum ligulatum and Plocamium cartilagineum, respectively (Fig. 4, 5b, Publ.
3). Both species probably exhibit a high degree of physiological sensitivity against
changing environmental factors, as shown for the Antarctic isolate P. cartilagineum; an
extremely stenothermal species, growing only at temperatures below 5°C and dying

above 7°C (Bischoff-Bdsmann and Wiencke 1996).

A decrease in MAAs was also found in Arctic Rhodomela confervoides after 11 days of
UV-exposure. This was probably a stress response to PAR and UVR, as samples were
collected at a depth of 12 m and thus were low-light adapted. Interestingly, R.
confervoides seemed to have been ‘loaded-up” with MAAs at the beginning of the
experiment, because it contained a high concentration of 2.6 mg MAAs g' DW,
Therefore, it may be concluded that MA As were capable in this species to protect the
tissue against UVR, at least during the first 6 days of exposure where no degradation or
leakage was detected. However, due to the decease of MAAs after 11 days, it can be
suggested that a MAA suite at steady state conditions does not guarantee complete
protection against UVR. On the other hand, even an incomplete protection might reduce
UV-damage at least for a short time. Decrease of MAAs may occur passively by
photodestruction or by leakage, when the cell is affected by UV-damage, which can
result in an alteration of the membranous permeability. On the other hand, it also may
occur MAA degradation due to an active enzymatic process by the plant itself or even

due to bacterial impact.

In deep-water and shade-adapted algae, no stimulation of MAA biosynthesis even under
enhanced irradiance occurred. These deep-water plants are strongly shade-adapted
(Kirst and Wiencke 1995), and exhibit low photosynthetic light compensation and
initial light-saturation points, closely corresponding to their habitat conditions
(Weykam et al. 1996). They are susceptible both to enhanced PAR and UVR, and
consequently live in a habitat with a low radiation climate and little or no UVBR. This

agrees well with other studies, in which the authors found that photosynthesis was very
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sensitive to UVR in polar deep-water algae, which do not contain MAAs (Karsten et al.
2001). This may indicate that the MAA formation is determined on a genetic level, and
missing and/or silenced genes may be the cause of the incapacity to synthesise MAAs.
It may be explained as an adaptation to an almost UVR-free environment and to low-
light levels in general. Consequently, there is no need to synthesise and accumulate UV-

absorbing substances with the concomitant expense of energy, carbon and nitrogen.

Furthermore, the results of these induction experiments are related to enhanced UVR
conditions and can only be partly used to determine the influence of PAR-only, under
which normally also a moderate enhancement of MAAs occurred. Hence the threshold
of fluence rate of effective induction was not tested, but it is assumed that it varies with
species, as it does in the production of scytonemin in cyanobacteria (Garcia-Pichel and
Castenholz 1991). Additionally, Carreto et al. (1989) demonstrated that an
augmentation of the PAR-intensity from 20 to 250 pmol ms”! resulted in an increase in
the content of UV-absorbing compounds in dinoflagellates, occurring rapidly and
reversibly within hours. They concluded that MAA synthesis was dependent on light
intensity and the spectral radiation composition, as exposure to sunlight resulted in a
much more efficient synthesis than exposure to artificial radiation (Carreto et al. 1990a).
This confirms the findings of the present study, as cultured algac exposed to artificial
radiation never reached the high MAA concentrations that the same species exhibited in
the field. Also, the absence of some individual MAAs in cultured samples was
commonly observed, once again suggesting that the artificial irradiance might not be
efficient or natural enough to induce the whole MAA suite. The natural
PAR:UVA:UVB ratio at 60° solar elevation is 179:21:1 (Thiel et al. 1996). Under
artificial radiation, using typically the Q-Panel UVA-340 nm tube and the daylight
fluorescence lamps together, the ratio is around 20:12:1. Hence, in the present study the
PAR intensity is much too low to compare with natural conditions and should be
defined as a background radiation, whereas the UVA:UVB ratio is relatively similar to

solar radiation but still lower by a factor of 1.8.

Nevertheless, the PAR intensities used in the present experiments are close to those that
algae experience in their natural environment. Therefore, in this case, the low PAR
intensity is not a limiting factor for photosynthesis, and hence should not influence their
energetic requirements nor mask the effects of UVR. The accumulation of UV-

absorbing compounds due to UVB also depends on PAR intensity (Molina and
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Montecino 1996). Nevertheless, one should remain aware of the methodological
differences between laboratory and field experiments when placing the results into an
ecological and physiological context. As the underwater light climate is very complex
and several other biotic and abiotic factors also influence field populations, laboratory
experiments under controlled conditions are helpful to elucidate specific mechanisms
involved in the physiological responses to UVR stress. Hence, by combining field and
laboratory experiments we might understand the importance of the individual
components of the underwater light climate (Sagert and Schubert 2000). This is
emphasised by the results of the transplantation experiment in the Antarctic with
Kallymenia antarctica (Publ. 1). In this species no radiation effects were detectable in
the field experiment, whereas in the laboratory experiments low-light adapted cultured
isolates of the same species showed MAA accumulation under all radiation treatments
(Publ. 2, 3). Hence, from both experiments it may be suggested that the transplanted
field plants were already “loaded up® with MAAs, so that during the exposure to

enhanced radiation no further MAA accumulation was possible.

However, all data from MAA surveys, field and laboratory experiments show that
irradiance has a large influence on MAA accumulation and that MAA
synthesis/accumulation is inducible by radiation, which is one prerequisite for
confirming their photoprotective role in the algae. A summary of those results is shown

in Figure 16.

The distinct physiological responses of MAA accumulation to different radiation
treatments are not only found in macroalgae but also in microalgae and cyanobacteria
(e.g. Carreto 1989, 1990a,b, Villafafie et al. 1995, Banaszak and Trench 1995b,
Hernando et al. 2002). Helbling et al. (1996) showed that two species of centric diatoms
cultured under high PAR, increased their MAA concentration in response to exposure to
solar radiation. In contrast, two species of pennate diatoms only increased MAA
accumulation in the presence of UVR. The prymnesiophytes Phaeocystis antarctica and
P. pouchetii produce significant amounts of UV-absorbing compounds in response to
UVB exposure, whereas in several other diatoms, induction was most effective at
wavelengths between 370 and 460 nm (Marchant et al. 1991, Riegger and Robinson
1997). In the dinoflagellate Heterocapsa triquetra, synthesis of MAAs increased under
exposure to UVB (Wingberg et al. 1997), whereas Amphidinium carterae did not

accumulate high amounts of MAAs even under UVR exposure (Hannach and Sigleo
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1998). Garcia-Pichel and Castenholz (1993) have shown that MAA concentrations
increased with increased UVR fluence rates for several cyanobacteria. The data indicate
that the distinct physiological responses of all organisms to the different radation
treatment are species-specific rather than due to a common physiological and/or

biochemical mechanism.

SOLAR
and
ARTIFICIAL
RADIATION

PAR+UVA+UVE

Figure 16: Summarised result of field investigations and laboratory experiments referring to MAAs
according to their habitat and their responses to different irradiance conditions

The complement of identified MAAs in the present study (mycosporine-glycine,
shinorine, porphyra-334, palythine, asterina-330, palythinol, palythene, usujirene) is
characteristic for red macroalgae of different biogeographic regions. Shinorine,
palythine and p-334 are the most abundant MAAs. However, the distribution patterns

do not indicate any obvious trend within or across red algal taxa. On the other hand,
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preliminary studies have shown that the unknown UV-absorbing substance-324 in the
green algal genus Prasiola is also found in several other species belonging to the order
Prasiolales {data not shown), indicating a chemotaxonomic marker function for this
group. Usually shinorine and palythine are the predominant MAAs found in subtidal
Antarctic and Arctic red algae, whereas in eulittoral taxa p-334 predominates (Publ. 1,

2).

In calculated response spectra for the induction of MAAs in Chondrus crispus from
Helgoland, Germany, the short wavelength UVA exhibted the highest quantum
efficiency in the synthesis of shinorine. In contrast, synthesis of asterina-330, palythinol
and palythine was mainly induced by UVB (Kriibs et al. 2002). In Caloglossa species p-
334 was mainly stimulated by PAR, while UVA and UVB predominately led to the
accumulation of shinorine and palythine (Karsten et al. 2000). In Porphyra
endiviifolium the highest p-334 concentration was found under PAR+UVA and in
Porphyra plocamiestris under PAR+UVA+UVB (Fig. 2, 3,5 Publ. 3). Discrepancies in
MAA induction patterns may be explained by species-specific responses of the plants to
spectral radiation composition and intensity. Furthermore, differences in MAA
composition across species probably depends on physiological and genetic

characteristics of the individual algae.

Nevertheless, it is still an open question how the trigger mechanism of the induction of
MAA accumulation/synthesis functions, and what type of photoreceptor(s) is (are)
involved. The shikimate pathway, where MAAs are probably synthesised (Shick et al.
1999), is assumed to be light-regulated (Weaver and Herrmann 1997). Interestingly
enough, the transcription of genes coding for the first enzyme in the shikimate pathway
(DAHP synthase) increases under UVR exposure (Shick et al. 2000). Thus both the
irradiance, which may act through cell surface receptors (Shick et al. 2000), and the
direct effect of UVR on the shikimate pathway may indicate that probably more than
one mechanism or photoreceptor might be involved in the MAA induction and
formation process. This is supported by the results of Franklin et al. (1999) who
postulated a signal transduction pathway or even interactions among various
photoreceptors involved in the overall process leading to high MAA concentrations.
Studies in higher plant photobiology have also shown that individual photoreceptors
play unique roles in physiological regulation processes, and that certain gene products

are shared by light activation pathways initiated by different photoreceptors (Petridou et
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al. 1997 and references therein). Portwich and Garcia-Pichel (2000) have suggested a
reduced pterin as a UVB photoreceptor chromophore acting in the MAA metabolism of
the cyanobacterium Chlorogloeopsis sp. for two reasons; (1) the action spectrum of
MAA synthesis was congruent with that of a reduced pterin (with a maximum at 310
nm), (2) both an inhibitor of the biosynthetic pathway and an antagonist of excited
states of pterins depressed the photosensory efficiency of induction. Furthermore,
Franklin et al. (2001) suggested a cryptochrome photoreceptor was active in the
triggering process for MAA biosynthesis, as MAA induction occurred in Chondrus
crispus under blue light and UVA. In contrast, Shick et al. (2000) raised the question
whether the MAA accumulation may be stimulated by an indirect effect via reactive

oxygen species (ROS).

The question of whether MAA formation is constitutive or only produced when induced
by radiation remains unanswered (Karentz 2001). From the present study it may be
assumed that MAA occurrence is constitutive because even in many low-light cultured
algae, MAAs were always found albeit only in trace amounts, which then increased
under enhanced radiation conditions. But in those species that did not contain any
MAAs, there was no induction of MAA production. In contrast, in some cyanobacterial
species, MA A-synthesis could be induced after enhanced radiation exposure, even when
the cells had no traces of MAAs (Portwich and Garcia-Pichel 1999). Hence the

constitution of MA As might also be species-specific.

5.3 Do other abiotic factors control the MAA occurrence/induction ?

Radiation may not be the only trigger for MAA production. Investigation of the effect
of enhanced temperature on MAA accumulation in polar algae (Pub. 4), showed that at
5 and 10 °C the MAA concentration in dim-light acclimated species remained
unchanged (Publ. 4). When the Antarctic red algae (Iridaea cordata, Palmaria
decipiens) were exposed to enhanced PAR and UVR, MAA concentrations were higher
at 5 °C than at 10 °C, and remained almost unchanged in the Antarctic green and Arctic
red algae (Prasiola crispa ssp. antarctica, Palmaria palmata). Nevertheless,
temperature has a strong influence on almost all types of biochemical reactions

according the Qo rule. However, exceptions to this rule have been found in endemic
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Antarctic macroalgae, in which enzymatic processes of MAA accumulation and
synthesis seem to be well adapted to the low temperature habitats of Antarctic species.
Indeed, other cellular processes are also well adapted to these cold temperatures, for
example growth, light saturated photosynthesis, dark respiration (e.g. Wiencke and tom
Dieck 1989, 1990, Wiencke 1990, Thomas and Wiencke 1991, Bischoff-Bdsmann and
Wiencke 1996, Eggert and Wiencke 2000).

In the Arctic P. palmata, slight or even no interactive effects between temperature and
UVR have been detected (Fig. 1, Publ. 4). This agrees well with a recent investigation
by Poll et al. (2002), about temperature dependence of UV effects on growth,
photosynthesis and DNA damage. The authors concluded that the contribution of
temperature to UV effects in P. palmata was small within the tested temperature range
from 6 to 18 °C. Arctic cold temperate red algal species are generally less stenothermal
than Antarctic ones, and exhibit a broader temperature range for growth (up to maximal
25 °C) and survival at higher maximum temperatures between 17 and 25 °C (Wiencke

et al. 1994, Bischoff-Bismann and Wiencke 1996).

There was no obvious interactive effect between UVR and temperature on the
synthesis/accumulation of the UV-absorbing substance-324 in the P. crispa ssp.
antarctica (Fig. 1). A characterisation by Wiencke and tom Dieck (1989) indicate this
species as a mainly eurythermal alga due to its wide growth temperature range from 0 to
20 °C, with a growth optimum at 5 °C. In nature, P. crispa ssp. antarctica has to cope
with very extreme environmental conditions, and needs to be able to combat
desiccation, freezing, UV- and excessive PAR-stress as well as fluctuating salinity and
temperature stress (Jakob et al. 1991). A broad environmental tolerance (sic) has also
been found in other green algal species explaining their ecological success in extreme

habitats (Taylor et al. 2001).

In summary, it may be concluded that temperature alone has no effect on MAA
synthesis/accumulation in polar algae under the tested temperature range under low-
light conditions, but togehter with enhanced irradiance, interactive stimulating effects

are species-specific.

Recovery of photosynthesis after UVR offset was generally lower at 5 than at 10 °C in
the red algae studied. Ross and Vincent (1998) have suggested that UVR is more

detrimental at lower temperatures, possibly indicating that the enzymatic repair
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mechanisms are too slow to compensate for the damaging UVR effect. Hanelt et al.
(1997a) also reported that in laboratory experiments the temperature showed a
pronounced effect on the reaction kinetics of photosynthesis, and suggested that higher
temperatures may be beneficial for the photoprotective process in macroalgae.
However, in the present study the recovery of the photoinhibition was retarded at the
lower temperature, although in the two Antarctic red algal species, the MAA
concentrations were higher at 5 °C compared to 10 °C. In Arctic P. palmata MAA
levels were more or less equal at both temperature treatments. Hence, it might be an
interactive effect that in samples exposed to UVR and enhanced temperature,

photosynthesis is not noticeably protected by the presence of MAAs.

Hypersaline stress had no influence on the MAA synthesis/accumulation in two Arctic
macroalgae (Devaleraea ramentacea and Palmaria palmata). In contrast, hyposalinity
led to a decrease in the MAA concentration, particularly in P. palmata, which did not
survive this treatment. Over the course of the experiment, thalli of this species became
bleached at 15 psu independent of the presence of UVR. Therefore, P. palmata is more
stenohaline than D. ramentacea. However, in response to UVR treatment, coupled with
different salinities (50, 34 psu), MAAs were accumulated in both species over the
course of the experiment. The highest MAA concentrations were usually measured at 34
psu and UVR (Fig. 4, 8, Publ. 5). In contrast to both macroalgae, a slight stimulation of
MAA and scytonemin accumulation under enhanced salinity and low-light conditions
have been demonstrated in some cyanobacteria (Portwich and Garcia-Pichel 1999,
Karsten 2002, Dillon et al. 2002). Stenohalinity with respect to growth is particularly
typical for sublittoral red algae, compared to the broad salinity tolerance of intertidal
species (Kain and Norton 1990, Reed 1990). Palmaria palmata is mainly found in
temperate/cold-temperate waters of the North Atlantic, where it grows sublittorally at
depths down to 20 m, or protected as typical understorey plant of kelp forests (Irvine
1983, Liining 1990). These habitats are characterised by stable salinity conditions,
which support the development of stenohaline organisms. Consequently, the strong
inhibition of photosynthesis, the decrease of MAAs and high mortality of the Arctic
isolate of P. palmata at 15 psu can be explained by a limited physiological capacity to

acclimate to external salinity fluctuations.
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Oren (1997) and Portwich and Garcia-Pichel (1999} also reported a decrease in levels of
MAAs in cyanobacteria when their growth medium was diluted. MAAs in the medium
increased within minutes, with a strong preferential leakage of mycosporine-glycine
over shinorine. MAAs were not reabsorbed by the organisms (Portwich and Garcfa-
Pichel 1999). However, leakage into the medium under hyposaline conditions was not
tested in the present study. It has been suggested that MAAs may also serve as organic
osmolytes, exhibiting many typical characteristics necessary for this role; i.e. their high
concentration in the cells, their chemical structures, being polar, uncharged or
zwitterionic amino acid derivates, high water solubility, their cytoplasmatic location
(Karsten 2002, references therein). However, the concentrations of the osmolytes
trehalose and sucrose are typically much higher in cyanobacteria than those of the
MAAs, leading to the conclusion that MAAs are not playing an important role in

osmotic acclimation (Portwich and Garica-Pichel 1999).

In addition to the MAA accumulation under irradiation and osmotic stress, Jokiel et al.
(1997) have also observed a mechanical stimulation mechanism. Corals exhibited
elevated MAA levels after exposure to high water velocities. However, this has not been

reported for macroalgae.

5.4 Evidence for MAAs acting as a sunscreen

The efficiency of MAAs in protecting photosynthesis after exposure to UV-stress in two
polar red algal species (Palmaria palmata and Palmaria decipiens) was investigated.
After exposure to UVR, species-specific responses of photosynthesis was measured in
these two plants. The results may indicate that in P. palmate, photosynthesis is
protected not only by MAAs, but probably also by other UV-defence mechanisms,
playing an ancillary role during short time stress. Futhermore, the efficiency of MAAs
does not only seem to be concentration-dependent, but also species-specific because the
photosynthesis of P. palmata was more affected by UVR, although containing a higher

MAA concentration than that of P. decipiens.

Generally, the results of both Palmaria species provide evidence that a higher MAA
concentration in the same taxa, under identical UV-conditions, reduces the degree of
photoinhibition, and consequently allows the acceleration of the recovery of

photosynthesis. Karsten et al. (1999) who tested the relative effectiveness of the
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presence of MAAs to reduce UV-induced inhibition of photosynthesis in Devaleraea
ramentacea showed very similar data. Isolates collected from different depths, and
therefore containing different MAA concentrations were exposed to distinct radiation
conditions with and without UVR. Karsten et al. (1999) reported that increasing MAA
contents were positively correlated with a higher photosynthetic resistance against
UVR. However, it is known that photoinhibition is a regulative mechanism of
photosynthesis in algae to protect against excessive PAR and UV-stress in the field

(Hanelt et al. 1994, 1997a, Hanelt 1998).

Neale et al. (1998) also showed in a photosynthesis experiment with a low-light (MAA-
low) and high-light (MAA-rich, 14-fold higher MAA concentration) adapted
dinoflagellate (Gymnodinium sanguineum) that in the MA A-rich samples the fesistance
to UVR increased. MA As appeared to act as spectrally-specific UV-screens, and hence
photoprotectants. This view is also supported by Adams and Shick (1996, 2001),
demonstrating the photoprotective role of MAAs due to the more successful
development (less abnormalities, less delay in development) of green sea urchin
embryos (up to the pluteus stage) in MAA-rich eggs compared with MAA-low eggs

under UV-stress.

Samples of two Arctic, deep-water red algal species (Odonthalia dentata, Coccotylus
truncatus), lacking MAAs, were exposed to enhanced PAR and UVR in order to
investigate their photosynthetic response covered with different filters (400, 320 and
295 nm cut off filters, and shinorine and/or p-334 biofilters). The MAA biofilter
attenuated UVR (UVB more than UVA, see Material and Methods) but did not
completely block it, acting in a similar way to a 320 nm cut-off filter by diminishing the
UVB effects. Furthermore, photosynthetic recovery in the biofilter treated samples was
even slightly better than in the PAR+UVA treated samples after a possible acclimation
to the radiation conditions (Fig. 13). Taking the results together it may be assumed that
the MAAs mostly screen harmful UVB and only partly UVA, offering a higher degree
of protection than the cut-off filters.

Similar results during UVR stress were found in C. truncatus. All UV-treated samples
were similarly photoinhibited, but the PAR+UVA and biofilter (only p-334)-treated
samples recovered significantly better than the PAR+UVA+UVB-treated isolates. The

results of these two experiments together show that at least shinorine and p-334 screen
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in the UVB range, although their absorption maxima is at 334 nm in the UVA, strongly

supporting the photoprotective role of the MAAs.

Furthermore, Adams and Shick (2001) calculated two additional extinction coefficient
values from a partly purified shinorine extract, apart from the previously known
extinction coefficient (at shinorine’s absorption maximum). They occurred at the
wavelengths 320 and 310 nm (the absorption maxima of palythine and mycosporine-
glycine, respectively), which were still 87 and 60 % of those of palythine and
mycosporine-glycine (extinction coefficients in Table 1, Introduction). This indicates
that shinorine alone can absorb not only UVA wavelengths but also nearly as much
UVB as the most common UVB absorbers in marine organisms (Adams and Shick

2001).

The MAA concentrations used in the biofilter were 0.025 mM for shinorine and 0.026
mM for p-334. Taking into account that the specific contents of MAAs from macroalgal
field populations are usually <1 % of the dry weight (Publ. 1, 2, Karsten et al. 1998a,b)
then the total MAA average concentration of the cells should be less than 0.03 mM,
using an MAA average molecular weight of 300 Da for the calculation. This calculated
value fits well with the concentrations used in the biofilters, and thus may indicate that
the biofilters may act in a similar way as the intracellular MAAs. External MAAs may
also function as photoprotectants for other marine organisms lacking the capacitiy to

synthesise internal MAAs.

MAA release into the medium is not only observed in cyanobacteria under osmotic
stress (Oren 1997, Portwich and Garcia-Pichel 1999) but also in the water column, due
to dinoflagellates such as Lingulodinium polyedra during blooming (Vemnet and
Whitehead 1996, Whitehead and Vernet 2000). It has been supposed that MAAs are
part of the DOM production in phytoplankton (Vernet and Whitehead 1996), but they
may also appear through cell lysis and grazing (Whitehead and Vernet 2000). The
measured MAA concentrations were low, varying from 3.43 to 111.40 nM, being
diffused and diluted rapidly in the water and dispersed by currents and turbulence.
Furthermore, they might be degraded by bacteria used as energy source. Therefore,
MAAs do not persist for a long time in the water column, consequently their protective
effectiveness might be inconsequential. On the other hand, MAAs may attenuate the
UVR during a short period, but are then confined to the plankton bloom area. Thus, they

could protected not only phytoplankton but plankton and other benthic organisms in
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general. Besides this the MAAs may also have an allelopathic effect on other plankton
organisms, for example by inhibiting growth. The excretion of MAAs by macroalgae
should be the subject of further investigation, as it should also be considered that the
release may occur through leakage induced by stress, fragmentation, decomposition and
grazing of MAA-rich thalli, although the concentrations would probably have no

sunscreen effect on other organisms.

Despite that, this indicates that MAAs may not only protect marine organisms as
intracellular UV-absorbing compounds, whether synthesised by the organisms itself, by
symbionts or by a dietary uptake, but also as external compounds, accumulated by
phytoplankton blooms providing protection for other organisms present in the water

column (Marchant et al. 1991).

Besides the photoprotective and osmotic role for MAAs in marine organisms, other

functions have also been proposed:

(1) as an antioxidant function for at least mycosporine-glycine because it was reactive
to peroxyl radicals in an concentration-dependent manner. This has not been proven
for imino-MAAs (Dunlap and Yamamoto 1995). Since the enzymatical conversion
of some imino-MA As to mycosporine-glycine has been detected, they may serve as

precursors for the latter (Dunlap et al. 1999).

(2) as an early source of amino acids before yolk storage compounds become available
for assimilation in eggs of the shrimp Artemia sp.. This has been suggested as a
result of the rapid decline of MAAs in the first hours of embryological development
(Karentz 2001, references therein). In contrast, MAAs remain stable in embryos of
sea urchins and almost constant in sea hare spawn over a course of 40 days (Adams

and Shick 1996, 2001, Carefoot et al. 2000).

(3) in a regulatory role in algal metabolism with a concentration-dependent retardation
effect on growth of Porphyra yezoensis. This has been observed if MAAs are added
to the culture medium (Sivalingam et al. 1974), which might also be an allelopathic

effect.

However, the full range of functions of individual MAAs in macroalgae and other
marine organisms is still unknown, but one of their most commonly assumed, although

possibly not primary role is that of a sunscreen.
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5.5 Conclusions

The MAA distribution patterns in red macroalgae as well as the concentration and
inducibility in response to enhanced UVR seems to be very species-specific.
Nevertheless, MAA occurrence can be classified into three physiological groups based
on algal habitats: I) supra- and (upper) eulittoral species contain always highest MAA
concentrations, II) eu- and sublittoral algae adjust their MAA content, III) most deep
water and understorey algae lack MAAs. These three groups clearly support the
importance of MAAs as sunscreens. Species growing in habitats receiving high solar
radiation contain the highest MAA concentrations. Additionally, algal responses to
enhanced UVR may also be grouped into three physiological response types: a) highest
MAA contents under PAR+UVA+UVB, b) highest MAA contents under PAR+UVA, ¢)
MAA decrease under UVA and/or UVB. Once again this indicates that induction,
formation and accumulation of (individual) MAAs is a physiologically very flexible and

species-specific process.

There was no temperature effect on MAA accumulation in polar macroalgae. However,
the interactive effect between temperature and enhanced PAR, with or without UVA/B,
resulted in a species-specific response, i.e. a stimulation of MAA accumulation. This
response is probably strongly dependent on the level of adaptation to the environmental
temperature and on algal physiological temperature characteristics. Hypo- and
hypersalinity have different effects on Arctic macroalgae both with, or without, UVR
depending on the physiological properties of the respective species. None of these
osmotic stress conditions led to higher MAA concentrations but rather to a decrease in
MAAs compared to the samples under the control. In case of polar red algae salinity

does not affect MAA pool sizes.

The effectiveness of MA As as sunscreens in red macroalgae have been shown, because
the protection of photosynthesis against enhanced UVR is MAA concentration-
dependent; the higher the MAA content the better the sunscreen effect. MAAs applied
as external filters also protect algae that naturally do not contain MAAs from enhanced
UVR. If present MAAs, however, do not provide complete protection, but reduce the

effects of UV-damage, indicating that they are part of a biochemical defence system.

From these results it might be concluded that macroalgae with the capability of forming

MAAs gain an adventage compared to MAA-lacking taxa and are able to survive in the
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harsh Antarctic and Arctic environments. Even if the ozone depletion over these regions
becomes worse, causing the UVR levels to rise further, these algae will still be
protected. Furthermore, herbivores that feed on MAA-rich algae and that are able to
accumulate these compounds in their tissues and reproductive stages will also be better
protected in the case of further UVB increase. This indicates that MAAs not only play

an important role in the plants themselves but also in the whole aquatic ecosystem.

Further investigations should be performed to elucidate the complete role of MA As not
only in macroalgae but also in other aquatic organisms. More details are required to
answer questions related to how physiological and biochemical processes are protected
by the MAAs, and hopefully confirm whether there is a specific protection target. It is
also important to discover the location (or distribution) of MAAs in the cell, which
might help to improve the understanding of their effectiveness and to calculate a
photoprotective (sunscreen) factor. However, as MAA synthesis might be a general
stress response, the influence of other abiotic stress conditions such as desiccation,
chilling, nutrient deficiency should be revealed based on MAA synthesis, and

additionally their interactive effects with further abiotic factors should be investigated.

The PAR and UVA/B fluence rates, being able to stimulate MAA accumulation up to a
maximum MAA concentration, which is probably a species-specific threshold as well,
should be evaluated by dose response experiments to obtain qualitative and quantitative
MAA levels most likely found in algae. It will also be important to get an idea about the
interaction of distinct spectral ranges, as the PAR:UVB ratio is subject to alterations,

and the possibility of masking effects in physiological processes of the cell.

Overall, the biosynthesis of MAAs and the elucidation of their trigger mechanism(s)
need to be worked out. This would provide more detailed knowledge about the algal

capacity to cope with the phenomena “ozone hole® and subsequent UVB increase.
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