Helgol Mar Res (2000) 54:47-52 © Springer-Verlag and AWI 2000

ORIGINAL ARTICLE

Kai Bischof - Gudrun Krabs - Dieter Hanelt
Christian Wiencke

Photosynthetic characteristics and mycosporine-like amino acids
under UV radiation: a competitive advantage of Mastocarpus stellatus
over Chondrus crispus at the Helgoland shoreline?

Received: 15 November 1999 / Received in revised form: 28 February 2000 / Accepted: 10 March 2000

Abstract Chondrus crispusand Mastocarpus stellatus toral zone of rocky shorelines (Luning 1990). However,
both inhabit the intertidal and upper sublittoral zone bf. stellatuswas not recorded from the island of Helgo-
Helgoland, but withC. crispusgenerally taking a lower land before 1983 when a few sporophytes were intro-
position. Measurements of chlorophyll fluorescence, atuced during a scientific campaign (Kornmann and Sah-
tivity of ribulose-1,5-bisphosphate carboxylase/oxygéng 1994). In the following yearsM. stellatusestab-
nase (RubisCO), and content and composition of UV dished and dispersed all over the island on hard substrates
sorbing mycosporine-like amino acids (MAAs) wer@ the lower intertidal zoneC. crispushas always been
conducted in the laboratory, to test whether susceptibiliggarded as an abundant species on Helgoland within its
to UV radiation may play a role in the vertical distribumain distribution in the upper sublittoral and below the
tion of these two species. Effective and maximal quamderstorey of the intertidal zone (Kornmann and Sahling
tum yield of photochemistry as well as maximal electrd®77). After the introduction dfl. stellatus competition
transport rate (ETR,,) in C. crispuswere more strongly between the two species may have been initiated at loca-
affected by UV-B radiation than iN. stellatus In both tions where their habitats overlap, leading to the presently
species, no negative effects of the respective radiatabserved zonation pattern. Previous comparative studies
conditions were found on total activity of RubisCO. Temn temperature, desiccation and freezing resistance re-
tal MAA content inM. stellatuswas up to 6-fold higher vealed a generally higher stress toleranc#iostellatus
than inC. crispusand the composition of MAAs in the(Mathieson and Burns 1971; Dudgeon et al. 1989, 1995),
two species was different. The results indicate thathich may favour growth in variable environments, such
among others, UV-B sensitivity may be a factor restrias the intertidal and the upper sublittoral zone.
ing C. crispusto the lower intertidal and upper sublitto- Recent studies stress the potential role of solar and es-
ral zone, whereall. stellatusis better adapted to UV ra-pecially UV radiation in determining macroalgal zona-
diation and is therefore more competitive in the upper itien patterns from polar to temperate regions (Dring et
tertidal zone. al. 1996a; Hanelt et al. 1997; Bischof et al. 1998a).
Moreover, Maegawa et al. (1993) regard solar UV radia-
Key words Chondrus crispus Chlorophyll fluorescence - tion as one of the most important factors controlling the
Mastocarpus stellatusMycosporine-like amino acids - depth distribution of red algae on the shore. In the study
UV radiation presented here, it was tested whether UV radiation may
be a factor contributing to the distribution of populations
of M. stellatusand C. crispuson the shores of Helgo-
Introduction land. Therefore, different photosynthetic parameters,
such as effective quantum yield, maximal quantum yield
Both Chondrus crispusand Mastocarpus stellatusire of dark acclimated samples, and maximal electron trans-
abundant species of red algae along the coasts of gbg rate (ETR,,) as studied by pulse amplitude modu-
North Atlantic and inhabit the intertidal and upper sublifated fluorescence (PAM) measurements, as well as ac-
tivity of ribulose-1,5-bisphosphate carboxylase/oxyge-
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tration of 2 mM in the cuvette. The time course of NADH oxida-
tion was recorded by the decrease in absorbance at 340 nm. Activ-
ity was expressed as declining absorbance per mg protein and sec-
nd (MAbs mg proteirt s1). Overall content of soluble proteins
crude extracts was determined using a commercial protein assay
io Rad, USA). Protein content was determined by measuring
I%'g;ction at 595 nm and calculating the concentration of proteins

Materials and methods

Young thalli ofMastocarpus stellatugStackh. in With.) Guiry and
Chondrus crispu$tackh. were collected from the same shore le
el in the NE Harbour of Helgoland (German Bight, North Sea; 55
11'N, 70 53E) on 2 June 1999 during low tide and transferred
the laboratory. There, specimens were cleaned of epiphytes,
thallus branches about 2 cm long were removed to be cultivate
nutrient-enriched seawater (Provasoli 1986) and dim light for
days.
Samples were then grown at 10°C in 0.5 | glass dishes 18 ¢
in diameter and exposed to a 16:8 h light:dark cycle, supplem
ed with 6 h of UV in the middle of the light phase, from 1000
1600 hours. Cultures, each containing up to 80 thallus branc
per species and treatment, were stirred regularly to guara
equal light exposure. Every alternate day, the medium in the di
es was replaced. The experimental material was exposed to a
cial UV radiation generated by three UVA-340 (Q-Panel, Clev
land, USA) fluorescent tubes at irradiances of 10 W Oi-A
(320-400 nm) and 1 W tAUV-B (280-320 nm). Photosyntheti-
cally-active radiation (PAR) produced by daylight fluoresceResults

tubes was 25 pmol ths1. Experimental irradiance of PAR was

measured with a Licor Li-189 radiometer (Quantum, USA), f . . . .

the UV range, a RM-21 (Dr. Grobel, Germany) bandpass radior#,mh species exhibited a differential response to the ex-
ter equipped with broadband 2p UV-A (320=400 nm) and Uv{gosure to artificial UV radiation. It€. crispus,initial
(280—-320 nm) sensors was used. Glass dishes were covered wallues of effective quantum yield\F/FnT) were lower
different filter foils to cut off different wavelength ranges sele 0.455) than ifM.. stellatus(0.543; Fig. 1). In both spe-

tively from the spectrum emitted by the fluorescent tubes: samp .
receiving PAR + UV-A + UV-B were covered with an Ultrapha ?851 the changes iF/Fn due to exposure to PAR or

URT 300 foil (Digefra, Germany). To cut off only the UV-B range,

a Folex PR foil (Dr. Schleussner, Germany) was used; to exclude
the whole UV range (UV-A + UV-B) from the treatment, sample
were covered with an Ultraphan URUV foil (Digefra). A compari
son of the spectral properties of the different filter foils used in t 0.6-
experiment is given by Pérez-Rodriguez et al. (1998). For all |
rameters tested, sampling or measuring was conducted on the
2nd and 5th day of the experiment, immediately before the star
UV exposure, after 2, 4, and 6 h of UV irradiation and after 2 a
4 h after UV exposure had ceased.

During exposure in the climate chamber, measurements of
fective quantum yieldAF/Fni; cf. Schreiber et al. 1994) under the
different radiation conditions were carried out with a Diving PA}
(Walz, Germany). Saturating pulse length was adjusted to O.
with an intensity of approx. 5000 pmot#s-1. Variation of effec-
tive quantum yield was high due to the differences among the li
fields so that 20—-40 yield determinations were carried out at e:
measuring point, and mean values and standard deviations v
calculated. Maximal quantum yield of photochemistry was dett
mined by the ratio of variable to maximal chlorophyll fluores
cence (Fv/Fm) with a PAM 2000 chlorophyll fluorometer (Walz,
following the protocol described in detail by Hanelt (1998). Sul
sequently, photosynthesis versus irradiance curves were recol
with the fluorometer as described by Bischof et al. (1999). Frc
this, ETR,,, values were extracted by regression analysis. Me
surements of Fv/Fm and E]R were conducted in triplicate from
randomly collected samples.

For enzyme analysis, at each measuring point, subsample
approx. 0.8 g fresh weight were frozen in liquid nitrogen ar
stored until assay. Total activity of RubisCO in crude extracts w
tested with a coupled photometric test generally following ti
method described by Gerard and Driscoll (1996). Crude extra
were prepared by grinding frozen algal material to a fine powc : ,
and transferring it into ice cold extraction buffer (0.1 M Tris-C ‘UVon | UV on UV on B
2 mM EDTA, 10 mM MgCJ, 20% glycerol, 1% Triton X-100,
50 mM DTT, 100 mM Na ascorbate, and 10 mM NaHC& pH
7.6). 0.5 g fresh weight of tissue was mixed with 1 ml of extra Time of day (h)
tion buffer. The assay mixture contained 50 mM HEPES, 10 m....

NaHCGO; 20 mM MgCh, 0.2 mM NADH, 5 mM ATP, 5 mM Fig. 1 Effective quantum yield of photosynthesisNtastocarpus
phosphocreatine, 5 units of creatine phosphokinase and 5 unitstefiatus(A) and Chondrus crispugB) during exposurenfarked
glyceraldehyde-3-phosphate dehydrogenase/phosphoglycerategiay) to PAR (1), PAR + UV-A @), and PAR + UV-A + UV-B
nase. Sample loads contained 25 pl of extract, the reaction ywels and subsequent recovery in PAR only, for the 1st, 2nd and
started by adding ribulose-1,5-bisphosphate with a final concé&th day of treatment=20—40, mean values+SD

rding to a calibration curve prepared with bovine serum albu-

For analysis of content and composition of MAAs, samples of
ut 10 mg dry weight were prepared for HPLC analysis general-

following the protocol of Karsten et al. (1998a) modified as fol-

s: the mobile phase within the HPLC column was 10% aque-
methanol (v/v) plus 0.1% acetic acid (v/v) in water; the flow
was adjusted to 0.7 ml mtat 20°C. The MAAs were detect-

“at 330 nm and absorption spectra (290—400 nm) were recorded

-1 s intervals directly on HPLC-separated peaks. Substances

re identified according to spectra and retention time.
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Fig. 2 Maximal quantum yield of photosynthesis (Fv/Fm) irfrig. 3 Maximal electron transport rate TR, of photosynthesis
Mastocarpus stellatugA) and Chondrus crispus(B) during in Mastocarpus stellatug¢A) and Chondrus crispugB) during
exposurerharked greyto PAR (J), PAR + UV-A @), and PAR + exposurerparked greyto PAR (0), PAR + UV-A ), and PAR +
UV-A + UV-B (m) and subsequent recovery in PAR only, for theV-A + UV-B (m) and subsequent recovery in PAR only, for the
1st, 2nd and 5th day of treatmemt3, mean valueszSD 1st, 2nd and 5th day of treatmemt3, mean valueszSD

PAR + UV-A were very small in the course of the expereduced to 60% of the initial values (Fig. 2A). AlsdMn
iment. In contrast, additional UV-B radiation resulted istellatus no adverse effects on maximal quantum yield
a marked reduction of effective quantum yield (Fig. 1Avyere observed in samples shielded from UV-B.
B): throughout the experiment, UV-B irradiated samples ETR,,,, values in samples &fl. stellatuswere moder-
of M. stellatusexhibited a reduction of approx. 20% irately promoted throughout the experiment under the
AF/Fn after 6 h of exposure, whilg. crispusshowed a PAR and PAR + UV-A treatment, as compared to the ini-
reduction to 60% of initial values on the first day. Howtal values (Fig. 3A), while no significant changes were
ever, during the following days, there was a trend toobserved due to additional UV-B irradiation during the
lesser degree of inhibition &f/Fn in this species. first day. In contrast, during the 2nd day, a reduction in
Exposure to UV-B radiation resulted in a strong reduETR,,,, was observed in UV-B exposed samples; howev-
tion of maximal quantum vyield (Fv/Fm) i€. crispus er, this was only obvious after 6 h of exposure and dur-
(Fig. 2B), while samples under PAR and PAR + UV-A rang the recovery phase after UV irradiation had already
diation remained almost unaffected. The UV-B inducegased. Samples @. crispusexposed to PAR + UV-A
reduction in Fv/Fm became more prominent in the coursleowed a trend to slightly lower ETR, values in the
of the experiment: while during 6 h of exposure on tlweurse of the experiment, while values in PAR-irradiated
first day Fv/Fm dropped by 30% of initial values; a 70%amples remained unaffected (Fig. 3B). In contrast to the
decline was observed during exposure on the 5th daactions of UV-B exposed samples on the first and 5th
Moreover, before the beginning of the fifth exposurday of the experiment, ETR, dropped to 50% of initial
samples had not completely recovered overnight from theues after 6 h of UV-B exposure on the 2nd day.
previous exposure. In contrast, Mh stellatus,maximal Generally, under all experimental radiation condi-
guantum yield was generally less affected by UV-B, witions, RubisCO activities in samplesf stellatuswere
only a 15% reduction during exposure on the first dadygher than the initial values. Results obtained from UV-
However, also in this species, Fv/Fm values further d&-irradiated samples were inconsistent and erratic but,
clined in the course of the experiment, and were finalgpecially in these samples, enzyme activity seemed to
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1st day 2nd day 5th day Throughout the treatment, overall contenMnstellatus
was up to nearly 6-fold higher than@ crispus Shinor-

ine was the only MAA detected M. stellatus During

the experiment, its content increased strongly to almost
the double its initial value. In contrast, there was no trace
of this compound in initial samples &f. crispus How-
ever, in the course of the experiment, deenovosynthe-

sis of shinorine contributed strongly to the almost 50%
increase in total MAA content. The contents of asterina
and palythene doubled, while the concentration of paly-
thine did not change significantly during the treatment.

10 -

UVoﬁ UVon Uvon A
g T Discussion

Our results show that photosynthesisvinstellatuswas

less sensitive to the experimental UV-B irradiances than
104 C. crispus Previous comparisons of the physiological re-
sponses of these two species revealed a generally higher
tolerance ofM. stellatusto different kinds of abiotic
stress (Dudgeon et al. 1989, 1995). The authors showed
that the fronds of both species are very similar in terms
of ecophysiological characteristics (e.g. high photosyn-
thetic capacity), but differences in stress tolerance char-
acteristics, such as lower net photosynthetic rates during

RubisCO activity (mAbs3zag * mg Protein-1 » s-1)

UVon UV on won B desiccation and freezing and slower recovergircris-
070 72 14 16 16 2010 12 14 16 18 20 10 12 14 16 18 20 pus may b_e |m_p0rtam faCthS in terms of competition
Time of day (h) and occupied niches. Freezing is suggested to be espe-

cially important in controlling the distribution of these
Fig. 4 Total activity of RubisCO iMastocarpus stellatugd) and Species on the shore (Dudgeon et al. 1989). For Helgo-
Chondrus crispugB) during exposurenfarked greyto PAR (J), land, this may be an important factor as freezing periods
PAR + UV-A (0), a”‘lj P]f*R N UV-A + gV'Bd‘) ﬁ”dd Sueseque”t over several weeks are frequently observed during win-
recovery In PR Sy, for the 1st, 2nd and Sth day of reatmeply, (A “wagner, personal communication). Generally, the
’ - higher stress tolerance bf. stellatusresults in this spe-
cies prevailing on exposed locations in the lower inter-
be promoted during exposure (Fig. 4A). @ crispus tidal zone. In contrast, lower light compensation points
overall RubisCO activity was not significantly alteredf C. crispuspermit optimal light utilisation and high
during the first 2 days of the experiment (Fig. 4B). Hovgrowth rates at greater water depth or below canopies
ever, throughout the fifth exposure, samples exposedDudgeon et al. 1995).
UV-B generally exhibited a 50% increase in activity Differences between the species in effective quantum
compared with the initial values. yields under UV-B exposure were small (Fig. 1), but
There were major differences in the content and comaximal quantum yields exhibited a much higher UV-B
position of MAAs between the two species (Table Ifplerance inM. stellatus(Fig. 2) indicating that energy

Table 1 Composition and content of mycosporine-like amino adidlaA9 in Chondrus crispusindMastocarpus stellatusn samples
taken before the start of the experiment and after the end of the fifth exposure to UV-B, meam¥3)uss (

Compound Absorption maximum  C. crispus (mg*g dry weight?) M. stellatus (mg*g dry weight?)
(nm) Initial content Final content Initial content Final content
Shinorine 334 no trace 0.118 2.650 4.440
(£0.025) (+0.500) (£1.090)

Palythine 320 0.294 0.285 No trace No trace
(x0.087) (x0.107)

Asterina 330 0.089 0.167 No trace No trace
(x0.023) (x0.079)

Palythene 360 0.042 0.092 No trace No trace
(x0.003) (x0.019)

>~ MAAs 0.430 0.670 2.650 4.440

(+0.113) (0.221) (0.500) (+1.090)
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transfer between light harvesting complex and reactioontent of shinorine iM. stellatusmay favour its occur-
centre should be more efficient (Krause and Weis 199%nce in sun-exposed locations, while the capability of
In both species, UV-B induced impairment of maxim&. crispusto synthesise shinorine certainly shows the
guantum vyield increased during the treatment. Thgsatential to acclimate to changes in light climate.
findings suggest that adverse effects on photosyntheticAfter the release dfl. stellatusin 1983, it first estab-
antenna systems may become more and more promirtiished in the intertidal zone at locations with a hard sub-
in the course of repeated UV exposures and resultstrate, a position which is not inhabited 8y crispus
chronic damage to the antennae (Demmig-Adams dadnerally, the type of substrate plays a major role in the
Adams 1992; Hanelt 1996). Different findings were raettlement oM. stellatus(l. Bartsch, personal communi-
ported in a study on the brown al@daria esculenta cation). At our study site in the NE harbour, the typical
(Bischof et al. 1999). In this species, inhibition of maxhabitats ofC. crispusand M. stellatusapparently over-
mal quantum yield becomes smaller and recovery fadtgs, as both species seem to find favourable conditions
after a few repeated exposures to UV. However,Ahefor establishment and growth.
esculentasamples were kept in dim light for 2 days be- For a physiological comparison it was important to
tween each repeated exposure, allowing complete recosiect samples at the same time from the same shore lev-
ery and acclimation to UV radiation. el, as these factors may strongly influence the UV sensi-
It is important to note that in both species studied, ttieity of macroalgae (Dring et al. 1996a; Bischof et al.
impairment of maximal as well as effective quantut®98b), and acclimation to changing radiation conditions
yield was exclusively due to UV-B radiation; this is iman proceed rapidly (Bischof et al. 1999). Eobrcrispus
contrast to a similar study on UV effects on several othiecreasing UV sensitivity with increasing growth depth
red algal species from Helgoland (Dring et al. 1996a&nd its acclimation to the respectivesitu light climate
where the UV-A range also strongly contributed to the neas described in detail by Sagert et al. (1997). In a study
duction of Fv/Fm values. However, as experimental caof- MAA formation in the red algaDevaleraea ramenta-
ditions were different between the studies, a comparisteg the strong correlation between MAA content and
might be difficult. In the study cited, algae were exposedmpling depth was also shown (Karsten et al. 1999). Ad-
to UV-A and UV-B irradiances which were up to 50%litionally, all plants used in the experiments were of simi-
higher than those in our study, but with the same Idar size and morphology, which are also important factors
background of PAR. The strong effect of UV-A was préa UV tolerance (Dring et al. 1996b). As all environmen-
dominantly found in red algae from the deep sublittor@l conditions were identical until harvest, acclimation to
zone, which are probably adapted to low irradiances. Tdiferent conditions can be excluded as a reason for the
samples used in our study were collected at the beginmiiferential response towards experimental UV exposure.
of June and therefore might be acclimated to high irradihus, genetic adaptation in the investigated species might
ances which, in turn, might also reduce their sensitivite responsible for the different UV sensitivity in our ex-
towards UV (Cen and Bornman 1990; Bischof et gleriments. The lower sensitivity ™. stellatusto UV-B
1999). It was also shown by Dring et al. (1996a) that seadiation, which was shown in our study, might, in turn,
sitivity towards UV exposure changes with the seasdre one aspect enabling this species to occur in more sun-
Due to the unnaturally enhanced UV-B:PAR ratio in labexposed areas in the field. In summary, at sun-exposed
ratory experiments the detrimental effects of UV-B exptacations, different composition of MAAs and a higher
sure might be overestimated compared to field conditiorsistance of photosynthetic reactions may represent a
(Teramura 1986). Nevertheless, the higher sensitivity dompetitive advantage d¥l. stellatusover C. crispus
UV-B radiation inC. crispus,as shown in our experi-which is restricted to more shaded habitats.
ments, is likely to reflect higher susceptibility under natu-
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