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Ultraviolet Radiation-Induced Changes in Mycosporine-Like
Amino Acids and Physiological Variables in the Red Alga
Lemanea fluviatilis

Maria Arroniz-Crespo?, Rajeshwar P. Sinha®, Javier Martinez-Abaigara©,
Encarnacion Nunez-Olivera?, and Donat-P. Hader®

ABSTRACT

Samples of Lemanea fluviatilis were cultured in the laboratory under three different
radiation regimes, which included the absence and presence of ultraviolet (UV) radiation.
Photosynthetic pigment composition, photosynthetic activity, and mycosporine-like amino
acids (MAAs) were analyzed after 16 and 64 h of exposure to the radiation. Two MAAs
were identified as porphyra-334 and mycosporine-glycine. Mycosporine-glycine was
specifically induced by UV-B radiation, but porphyra-334 was degraded by this radiation.
The level of UV irradiance used in the induction experiment produced damages in the alga
as revealed by reductions in photosynthetic activity and photosynthetic pigments
(chlorophyll, phycocyanin, and total carotenoids). Our results indicate that the MAAs
failed to fully protect the photosynthetic machinery against UV-B under the specific
conditions used in this study.

INTRODUCTION

Anthropogenic depletion of the stratospheric ozone layer has led to an increase in
the solar ultraviolet-B radiation (UV-B: 280-315 nm) in the biosphere. The most frequent
response of algae and vascular plants to high levels of UV-B radiation is the increase in
UV-absorbing compounds (Day and Neale 2002, Searles et al. 2001). Mycosporine-like
amino acids (MAAs) absorb UV-B radiation and act as protecting compounds against
excessive UV radiation in algae, especially rhodophytes (Karsten et al. 1998, Groniger et
al. 2000, Sinha et al. 2001, Hader 2001). Many marine red algae have been surveyed in
search of MA As, whereas freshwater ones have received much less attention.

Lemanea fluviatilis is a red alga common in turbulent acidic streams, where it may
contribute significantly to primary production. Given that the alterations caused by UV-B
in primary producers affect nutrient cycles and food webs (Rogers et al. 2001), any
potential risk suffered by this species could be also a risk for the whole ecosystem. In
addition, this alga can grow at relatively high altitudes and thus it may be especially
exposed to the adverse effects of UV-B radiation, since 1) the biologically active UV-B
radiation increases between 5% and 20% per 1000 m in altitudinal increase (Bjorn et al.
1998); 2) mountain streams are often oligotrophic and shallow, and UV-B radiation can
penetrate oligotrophic waters (Hader 1997); and 3) low temperatures which prevail during
most of the year may limit the development of protection and repair mechanisms against
UV-B radiation (Caldwell et al. 1998).
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The objective of our work was to establish the physiological responses of the
freshwater red alga Lemanea fluviatilis to UV radiation under laboratory conditions. In
addition, the presence and identification of MAAs in this species and their role in the
defence against UV radiation were evaluated.

METHODS AND MATERIJALS

Samples of the red alga Lemanea fluviatilis (L.) C. Agardh were collected at 1450
m altitude from an unshaded region of the first-order stream Lavieja, which is located in
the upper basin of the River Iregua (L.a Rioja, northern Spain) within the limits of the
Natural Park of Sierra Cebollera (42°02° N, 02°35° W). Samples were collected in October
2003, placed in polythene bottles with stream water, and transported on ice (<5°C) to the
laboratory within 48 h. The material was then rinsed with distilled water, and healthy
apices were selected.

For mycosporine-like amino acids (MAAs) extraction, clumps of healthy apices
(75-85 mg fresh mass) were homogenized in a mortar with 5 ml of five different extraction
solvents: (a) 100% tetrahydrofuran; (b) chloroform : methanol : acetic acid : water (170 :
30 : 20 : 7); (c) light petroleum : diethylether : acetic acid (80 : 20 : 1); (d) methanol :
water : 7 M HCI (70 : 29 : 1), and (e) 100% methanol. After grinding, one set of samples
was incubated at 4°C overnight (Method 1) and another set was kept at 45°C for 2 h
(Method 2). Samples were centrifuged at 6000 x g for 15 min at 10°C, and absorption
spectra of supernatants were recorded between 250 and 700 nm (DU 70
spectrophotometer, Beckman, Palo Alto, USA). MAA amounts were estimated in
triplicate by measuring the area under the absorption curve between 290 and 350 nm
(AUCy90.350) per mg dry mass (DM). Three more samples were weighed to obtain the dry
mass/fresh mass ratio by drying the samples at 80°C for 24 h.

For MAAs induction under laboratory conditions, the samples were pre-cultured for
three days, and the induction experiment was performed over the next four days using a
SOL 1200 unit (Dr. Honle AG, Grifelfing, Germany) which provided the following
irradiance values: 300 W m™ for photosynthetically active radiation (PAR), 27.9 for UV-
A, and 1.3 for UV-B. Irradiances were measured by an Eldonet dosimeter (Lebert et al.
2002). Cut-off filters of different transmittance characteristics were used to impose three
different radiation regimes:

- P (PAR alone), using Ultraphan 395 (Digefra GmbH, Munich, Germany), which
eliminates all UV radiation. This regime was regarded as control.

- PA (PAR + UV-A), using Folex 320 (Folex GmbH, Dreieich, Germany), which
eliminates UV-B and UV-C radiation.

- PAB (PAR + UV-A + UV-B), using Ultraphan 295 (Digefra GmbH, Munich,
Germany), which eliminates UV-C radiation.

Samples were exposed to a photoperiod of 16 : 8 (light : dark). This exposure

provided a total UV daily dose of 1682 kJ m™ d’!, which included 1607 kJ m? d' of UV-A
and 75 kI m” d” of UV-B.

Physiological variables were measured at the beginning of the induction experiment
and after 16 and 64 h of exposure. For photosynthetic pigments and MAAs analysis, 80-
100 mg of fresh material were ground in a mortar with 2 ml 100% methanol and were kept
overnight at 4°C (Method 1) for further extraction. After centrifugation at 6000 x g for 15
min at 10°C, the supernatant was collected for spectrophotometric and chromatographic
analysis. Absorption spectra between 250 and 750 nm were obtained for the simultaneous
quantification of photosynthetic pigments and MAAs. Photosynthetic pigments were
estimated by the evolution of their maximum absorption peaks (Sinha et al. 2000). The
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ratio between total carotenoids and chlorophyll a (OD47,/ ODges) Was also determined. The
amounts of MA As were calculated in arbitrary units as AUC;40.350 per mg DM. All the
measurements were obtained in triplicate.

For high-performance liquid chromatography (HPLC) analysis of MAAs, 1 ml of
supernatant was evaporated to dryness at 40°C, and the extract was redissolved in 500 pl
distilled water, filtered through 0.2 um filters, and analyzed with a Waters HPLC system
following the method of Sinha et al. (1999). MAAs were separated on a LiCrospher RP 18
column (5 um, 250 x 4 mm 1.D.). The mobile phase was 0.02% acetic acid run
isocratically at a flow rate of 0.750 ml min™'. MAAs were detected with a Waters
photodiode array detector at 334 and 310 nm, and absorption spectra were recorded in the
wavelength range between 250 and 400 nm. Quantification was made by calculating the
area of each peak per g DM. Area values were obtained at the maximum absorption
wavelength of each MAA. The MAAs were identified by comparing their absorption
spectra and retention times to those of different standards from the MAAs library at the
Institut fiir Botanik und Pharmazeutische Biologie, Friedrich-Alexander Universitit,
Erlangen, Germany. Measurements were conducted in triplicate.

In vivo chlorophyll fluorescence of PS Il was measured with a portable pulse
amplitude modulation fluorometer (PAM 2000, Walz, Effeltrich, Germany). Light was
applied to a group of alga apices through an optical fiber of 0.6 cm diameter positioned at
an angle of 60° (relative to the sample plane) with the aid of a distance clip (Walz). The
apices were placed into a shallow thermostatted cuvette filled with stream water and were
fastened below the hole of the distance clip, which was fitted between two guides so that
the fiberoptics was situated in the same position during all measurements. Minimal and
maximal fluorescence (Fy and F,) were measured in dark-adapted samples for 20 min
following the protocol described by Hanelt (1998), using a 600 Hz modulated beam with
white saturating flashes of ~ 9200 zmol m™ s™ photon flux density (PFD) and 400 ms
duration. The maximum quantum yield of PS II was given by the ratio F,/F,, where F, =
Fm — Fo (Schreiber et al. 1995). Measurements were replicated five times.

To test the effect of the type of solvent on MAAs extraction, a one-way ANOVA
was conducted once the normality and homoscedasticity of the data were proven. In the
case of significant differences, means were then compared by the least significant
differences test. Differences between the two extraction methods for each solvent were
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Figure 1. Extraction of MAAs by five different solvents using Method 1 (overnight at
4°C) and Method 2 (2 h at 45°C). MAAs are expressed in relative units as the
area under the absorption curve per mg dry mass (AUC;s0.350 mg™ DM). Mean
values of three replicates are given with standard errors.
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assessed using Student’s ¢ tests. The effects of the radiation regime and exposure time on
the physiological variables were tested using a two-way ANOVA if the data met the
assumptions of normality and homoscedasticity. If not, a Kruskal-Wallis test was used. In
the case of significant differences, means were then compared by the least significant

differences or Mann-Whitney tests, respectively. All statistical procedures were performed
with SPSS 9.1 for Windows.

RESULTS
Extraction experiment

The efficiency of MAA extraction showed significant differences between solvents
for each method (p<0.01) but not between methods for each solvent (except for
chloroform : methanol : acetic acid : water). Aqueous acidified methanol and 100%
methanol showed similar high efficiencies as compared with the rest of solvents (Fig. 1).
Thus, for the induction experiment, 100% methanol was chosen due to its ability to extract
simultaneously photosynthetic pigments and MAAs.

Induction experiment

Spectra of the 100% methanol crude extracts of Lemanea fluviatilis showed five
main peaks (Fig. 2) at 334 (MAAS), 436 (chlorophyll a), 471 (carotenoids), 618
(phycocyanin), and 665 (chlorophyll @) nm. The radiation regime (p<0.05) and the
exposure time (p<0.01) influenced significantly the evolution of the absorbance of the
photosynthetic pigment peaks. After 16 h of exposure, the chlorophyll peaks showed, with
respect to the initial condition, significant decreases in the PAB samples, significant
increases in the PA ones, and no changes in the P ones; differences between P and PA
samples were not significant (Table 1). The carotenoids peak decreased strongly in the
PAB samples, whereas it showed no change in the PA ones and a slight reduction in the P
ones. The phycocyanin peak also showed a significant reduction after 16 h of exposure
under PAB regime, whereas values under P and PA regimes kept stable. After 64 h of
exposure, there were significant and similar declines of chlorophyll, carotenoid, and
phycocyanin peaks in all the radiation regimes with respect to the initial condition. The
ratio ODy71/ ODgss remained stable after 16 h of exposure under every treatment as
compared with the initial value and increased significantly after 64 h in the treatments P
(45% higher than at the beginning of the experiment) and PA (44%); the increase in the
treatment PAB (25%) was not significant.
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Figure 2. Absorption spectrum of a 100% methanol crude extract of Lemanea fluviatilis at
the beginning of the experiment. The five main peaks occur at 334 (MAAs), 436

(chlorophyll 2), 471 (carotenoids), 618 (phycocyanin) and 665 (chlorophyll a)
nm.
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F/Fy, was influenced significantly by the radiation regime (p<0.01) and the
exposure time (p<0.001). F,/F,, significantly decreased in all the regimes except P after 16
h of exposure, and the decrease continued until 64 h (Table 1). At this point, F,/F,, had
decreased by 18% in the radiation regime P, 23% in PA and 38% in PAB as compared to
the beginning. At the end of the experiment, F,/F,, values under the PAB regime were
significantly lower in comparison to P and PA.

The MAA amount, expressed as AUCg9.350mg” DM, was significantly affected by
both the radiation regime (p<0.01) and the exposure time (p<0.001). MAAs in the samples
cultured under the regime PAB showed a strong significant decrease after 16 and 64 h of
exposure as compared to the rest of the samples, which had fairly homogeneous values
(Table 1).

Chromatograms obtained by HPLC at 310 nm revealed that the samples contained a
mixture of three compounds (P1, P2, and P3: Fig. 3), whose absorption spectra are shown
in Figure 4. In the chromatograms obtained at 334 nm, P3 disappeared due to its particular
absorption spectrum. The two main compounds could be identified as porphyra-334
(fraction P2, RT 4.4 min) with a maximum absorption at 334 nm and mycosporine-glycine
(fraction P3, RT 9.2 min) with a maximum absorption at 310 nm. The peak at 3.0 min
(fraction P1) had an absorption maximum at the same wavelength as porphyra-334 (334
nm). In both chromatograms porphyra-334 appeared as the main compound.
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Figure 3. HPLC chromatogram of a 100% methanol extract from Lemarnea fluviatilis after
16 hours of exposure to the PAB radiation regime (PAR + UV-A + UV-B).
LiCrospher RP 18 column (5 pm, 250 x 4 mm [.D.); mobile phase 0.02% acetic
acid; flow rate 0.750 ml min™'. The signal was recorded at 310 nm, where three
main peaks (P1, P2 and P3) were detected. AU: absorption units.

Samples at the beginning of the exposure contained higher amounts of porphyra-
334 than of mycosporine-glycine (Table 1). Porphyra-334 showed a significant reduction
under the PAB regime after 16 h exposure compared with the beginning and the P and PA
regimes, which showed non-significant changes. After 64 h, values hardly changed except
in the PA samples, in which porphyra-334 decreased. A substantial induction of
mycosporine-glycine (p<0.001) was observed under the PAB treatment after 16 h of
exposure in comparison with the initial value, whereas values under the P and PA regimes
were significantly lower than the initial one. However, after 64 h of exposure, values
decreased under the PAB regime, increased under the PA one and remained unchanged
under the P one.

DISCUSSION

The marked reduction in the absorbance of photosynthetic pigments under the PAB
regime indicated early photodamage caused by UV-B radiation, since the other regimes
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only caused reductions in photosynthetic pigments after 64 h of exposure. Chlorophyll,
carotenoids, and phycocyanin are recognized molecular targets of UV-B radiation (Jansen
et al. 1998, Sinha et al. 2000), and thus it is not surprising that both types of pigments
were affected early by the PAB regime. The concomitant decrease of chlorophyll and
carotenoids was also expected, since the degradation of photosystems leads to the
breakdown of both types of pigments. The reduction in photosynthetic pigments under all
the radiation regimes at the end of the experiment could be caused by photooxidation
processes induced by UV and high PAR absorption of endogenous chromophores (Sinha
et al. 2000). UV-B radiation caused similar degradations of both chlorophyll and
carotenoids in Lemanea fluviatilis, and thus the ratio ODy4y;/ ODggs remained stable over
the culture period, whereas PAR and PAR+UV-A radiations caused a preferential
degradation of chlorophyll, although only after 64 h of exposure. The persistence of
carotenoids vs. chlorophyll under these conditions could indicate that carotenoids may
serve as photoprotectors against high PAR and UV-A radiations. The biochemical
pathway for this function is still obscure, since it could be linked with the induction of the
xanthophylls cycle (Hdder and Figueroa 1997), which is doubtful to occur in red algae
(Figueroa et al. 2003).

Damage under the PAB regime was also revealed early by the drastic decline of
F,/F,, after 16 h of exposure. F,/F, is used extensively as a vitality index since it declines
under stress conditions (Maxwell and Johnson 2000), and comparatively it may be more
sensitive to UV-B radiation than photosynthetic pigments (Martinez-Abaigar et al. 2003).
A slight reduction in F,/F;;, was also observed under P and PA radiation regimes after 16 h
of exposure, but it remained subsequently stable under both regimes. Our results agree
with those found in Porphyra leucosticta (Figueroa et al. 1997), where F,/F, decreased in
the treatment including UV-B radiation. In addition, F,/F, decline should be expected in
all of our treatments because of the high photosynthetic, UV-A, and UV-B irradiances
applied and the long photoperiod used. Similar reductions in F,/F,, after 72 h of exposure
to P, PA, and PAB regimes were recorded in the green alga Dasycladus vermicularis
(Pérez-Rodriguez et al. 1998).

The biological role of MAAs as protective compounds against UV radiation has
been widely studied in organisms from different habitats, but the red alga Lemanea
Sluviatilis is virtually unknown regarding this aspect (Karentz et al. 1991, Hader et al.
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Figure 4. Absorption spectra (between 250 and 400 nm) and maximum of each purified
fraction separated by HPLC in Figure 3.
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1998, Groniger et al. 2000). Our results reveal that this species contains two main MAAs,
porphyra-334 and mycosporine-glycine, which have been previously found in marine red
algae (Karsten et al. 1998, Groniger et al. 2000, Figueroa et al. 2003). MAAs were
observed in remarkably high amounts in Lemanea fluviatilis before starting the UV
treatment, and thus it could be placed into the physiological group of red algae with a
constant relatively high MAAs concentration (Hoyer et al. 2001). The occurrence of high
concentration of MAAs in organisms exposed to intense solar radiation has been described
to provide protection as UV-absorbing compounds (Sinha et al. 2000 and references
therein); therefore, Lemanea fluviatilis should be expected to be a UV-tolerant organism.

MAAs were not equally induced by photosynthetic, UV-A, or UV-B radiations

under the specific conditions used in our study. MAA concentrations (AUC;g4.350 per DM)
remained stable under P and PA regimes, and decreased under the PAB one. This could be
explained by the apparent universal sensitivity of MAAs to UV-B radiation (Sinha et al.
2000, Ryan et al. 2002). Our results show that MAAs are more stable than chlorophylls
and phycocyanin under photosynthetic and UV-A radiation, and therefore they could have
great importance as photoprotectors against these radiations in natural conditions (Karsten
et al. 2000).

The most abundant MAA found in Lemanea fluviatilis is porphyra-334, whose
evolution showed a similar pattern to that observed for total MAAs per DM. In our study,
porphyra-334 was not induced by any radiation regime, and was degraded strongly in the
PAB and slightly in PA. The induction of this MAA may depend not only on the radiation
wavelength (Franklin et al. 2001, Krébs et al. 2002) but also on the species and the culture
conditions. Porphyra-334 was induced remarkably only by UV-B radiation in three strains
of the cyanobacterium Nodularia (Sinha et al. 2003), but in the red alga Palmaria palmata
both full solar spectrum and natural solar radiation without UV-A and UV-B could greatly
induce it (Karsten and Wiencke 1999). The lack of induction of porphyra-334 observed in
our study could be explained by the high initial content of this compound, as it has been
found in several species of Porphyra (Figueroa et al. 2003). This high content would be
enough to develop the photoprotective role assigned to porphyra-334 in other red algae
(Conde et al. 2000). In addition, degradation of porphyra-334 has been found in the marine
dinoflagellate Gyrodinium dorsum under short wavelength UV radiation (Klisch and
Hider 2002).

Although UV-B radiation did not increase the total MAAs concentration in
Lemanea fluviatilis, it stimulated strongly the induction of mycosporine-glycine after 16 h
of exposure. The fact that mycosporine-glycine has the shortest wavelength absorption
maximum (310 nm) for any described MAA is in line with this specific induction by UV-
B, which might contribute to protection against these wavelengths. Induction of
mycosporine-glycine by UV-B radiation has been also found in the brown alga Laminaria
saccharina (Apprill and Lesser 2003). Additionally, mycosporine-giycine may be induced
under high solar UV radiation (Dunlap and Yamamoto 1995, Sommaruga and Garcia-
Pichel 1999, Suh et al. 2003). After being induced by 16 h of exposure to UV-B radiation,
mycosporine-glycine decreased after 64 h of exposure; this could be due to the generally
weakened physiological state of the alga, as is revealed by the decrease in photosynthetic
pigments and F,/F,,. Caution should be taken when global MAAs induction by UV
radiation is estimated spectrophotometrically through the measurement of AUC;g¢.350,
since the degradation of certain MAAs may mask the real induction of other ones.

ACKNOWLEDGMENTS

MAC, IMA, and ENO are grateful to the Ministerio de Ciencia y Tecnologia of
Spain and the Fondo Europeo de Desarrolio Regional - FEDER (Project REN2002-

684



03438/CLI) and to the Government of La Rioja (Plan Riojano de I+D+1, Consejeria de
Educacién, Cultura, Juventud y Deportes, Project ACPI 2003/06) for their financial
support. MAC benefited from a grant of the Ministerio de Educacién, Cultura y Deportes
of Spain.

LITERATURE CITED

Apprill, A.M. and M.P. Lesser. 2003. Effects of ultraviolet radiation on Laminaria
saccharina in relation to depth and tidal height in the Gulf of Maine. Marine
Ecology Progress Series 256:75-86.

Bjorn, L.O., T.V. Callaghan, C. Gehrke, U. Johanson, M. Sonesson, and D. Gwynn-Jones.
1998. The problem of ozone depletion in northern Europe. Ambio 27:275-279.

Caldwell, M.M,, L.O. Bjorn, I.F. Bornman, S.D. Flint, G. Kulandaivelu, A.H. Teramura,
and M. Tevini. 1998. Effects of increased solar ultraviolet radiation on terresirial
ecosystems. Journal of Photochemistry and Photobiology B: Biology 46:40-52.

Conde, F.R., M.S. Churio, and C.M. Previtali. 2000. The photoprotector mechanism of
mycosporine-like amino acids. Excited-state properties and photostability of
porphyra-334 in aqueous solution. Journal of Photochemistry and Photobiology B:
Biology 56:139-144.

Day, T.A. and P.J. Neale. 2002. Lffects of UV-B radiation on terrestrial and aquatic
primary producers. Annual Review of Ecology and Systematics 33:371-396.

Dunlap, W.C. and Y. Yamamoto. 1995. Small-molecule antioxidants in marine organisms.
Antioxidant activity of mycosporine-glycine. Comparative Biochemistry and
Physiology B. Biochemistry and Molecular Biology 112:105-114.

Figueroa, F.L., L. Escassi, E. Pérez-Rodriguez, N. Korbee, A.D. Giles, and G. Johnsen.
2003. Effects of short-term irradiation on photoinhibition and accumulation of
mycosporine-like amino acids in sun and shade species of the red algal genus
Porphyra. Journal of Photochemistry and Photobiology B: Biology 69:21-30.

Figueroa, F.L., S. Salles, J. Aguilera, C. Jiménez, J. Mercado, B. Viiiegla, A. Flores-Moya,
and M. Altamirano. 1997. Effects of solar radiation on photoinhibition and
pigmentation in the red alga Porphyra leucosticta. Marine Ecology Progress Series
151:81-90.

Franklin, L.A., G. Kribs, and R. Kuhlenkamp. 2001. Blue light and UV-A radiation
control the synthesis of mycosporine-like amino acids in Chondrus crispus
(Florideophyceae). Journal of Phycology 37:257-270.

Groniger, A., R.P. Sinha, M. Klisch, and D.P. Hader. 2000. Photoprotective compounds in
cyanobacteria, phytoplankton and macroalgae. A database. Journal of
Photochemistry and Photobiology B: Biology 58:115-122.

Hider, D.P. 1997. The effects of ozone depletion on aquatic ecosystems. Academic Press,
London.

Hader, D.P. 2001. Adaptation to UV stress in algae. In: Rai, L.C. and J.P. Gaur (eds.):
Algal adaptation to environmental stresses: physiological, biochemical and
molecular mechanisms. Springer-Verlag, Berlin, pp. 173-202.

Hider, D.P. and F.L. Figueroa. 1997. Photoecophysiology of marine macroalgae.
Photochemistry and Photobiology 66:1-14.

Hiader, D.P., H.D. Kumar, R.C. Smith, and R.C. Worrest. 1998. Effects on aquatic
ecosystems. In: UNEP, United Nations Environmental Programme (ed.):

Environmental effects of ozone depletion: 1998 Assessment. UNEP, Nairobi, pp.
86-112.

685



Hanelt, D. 1998. Capability of dynamic photoinhibition in Arctic macroalgae is related to
their depth distribution. Marine Biology 131:361-369.

Hoyer, K., U. Karsten, T. Sawall, and C. Wiencke. 2001. Photoprotective substances in
antarctic macroalgae and their variation with respect to depth distribution, different
tissues and developmental stages. Marine Ecology Progress Series 211:117-129.

Jansen, M.A K., V. Gaba, and B.M. Greenberg. 1998. Higher plants and UV-B radiation:
balancing damage, repair and acclimation. Trends in Plant Science 3:131-135,

Karentz, D., F.S. McEuen, M.C. Land, and W.C. Dunlap. 1991. Survey of mycosporine-
like amino-acid compounds in Antarctic marine organisms. Potential protection
from ultraviolet exposure. Marine Biology 108:157-166.

Karsten, U., T. Sawall, D. Hanelt, K. Bischof, F.L. Figueroa, A. Flores-Moya, and C.
Wiencke. 1998. An inventory of UV-absorbing mycosporine-like amino acids in
macroalgae from polar to warm-temperate regions. Botanica Marina 41:443-453.

Karsten, U., T. Sawall, J. West, and C. Wiencke. 2000. Ultraviolet sunscreen compounds
in epiphytic red algae from mangroves. Hydrobiologia 432:159-171.

Karsten, U. and C. Wiencke. 1999. Factors controlling the formation of UV-absorbing
mycosporine-like amino acids in the marine red alga Palmaria palmata from
Spitsbergen (Norway). Journal of Plant Physiology 155:407-415.

Klisch, M. and D.P. Hader. 2002. Wavelength dependence of mycosporine-like amino
acid synthesis in Gyrodinium dorsum. Journal of Photochemistry and Photobiology
B: Biology 66:60-66.

Kribs, G., K. Bischof, D. Hanelt, U. Karsten, and C. Wiencke. 2002. Wavelength-
dependent induction of UV-absorbing mycosporine-like amino acids in the red alga
Chondrus crispus under natural solar radiation. Journal of Experimental Marine
Biology and Ecology 268:69-82.

Lebert, M., M. Schuster, and D.P. Hader. 2002. The European Light Dosimeter Network:
four year of measurements. Journal of Photochemistry and Photobiology B:
Biology 66:81-87.

Martinez-Abaigar, J., E. Niiiez-Olivera, N. Beaucourt, M.A. Garcia-Alvaro, R. Tomas,
and M. Arréniz. 2003. Different physiological responses of two aquatic bryophytes
to enhanced ultraviolet-B radiation. Journal of Bryology 25:17-30.

Maxwell, K. and G.N. Johnson. 2000. Chlorophyll fluorescence - a practical guide.
Journal of Experimental Botany 51:659-668.

Pérez-Rodriguez, E., I. Gomez, U. Karsten, and F.L. Figueroa. 1998. Effects of UV
radiation on photosynthesis and excretion of UV-absorbing compounds of
Dasycladus vermicularis (Dasycladales, Chlorophyta) from southern Spain.
Phycologia 37:379-387.

Rogers, K., A. Schmidt, J. Wilkinson, and T. Merz. 2001. Effects of incident UV-B
radiation on periphyton in four alpine freshwater ecosystems in central Colorado:

impacts on boreal toad tadpoles (Bufo boreas). Journal of Freshwater Ecology
16:283-302.

Ryan, K.G., A. McMinn, K.A. Mitchell, and L. Trenerry. 2002. Mycosporine-like amino
acids in Antarctic sea ice algae, and their response to UVB radiation. Zeitschrift fiir
Naturforschung C 57:471-477.

Schreiber, U., W. Bilger, and C. Neubauer. 1995. Chlorophyll fluorescence as a
nonintrusive indicator for rapid assessment of in vivo photosynthesis. In: Schulze,

E.D. and M.M. Caldwell (eds.): Ecophysiology of photosynthesis. Springer, Berlin,
pp. 49-75.

686



Searles, P.S., S.D. Flint, and M.M. Caldwell. 2001. A meta-analysis of plant field studies
simulating stratospheric ozone depletion. Oecologia 127:1-10.

Sinha, R.P., N.K. Ambasht, J.P. Sinha, M. Klisch, and D.P. Hider. 2003. UV-B-induced
synthesis of mycosporine-like amino acids in three strains of Nodularia
(cyanobacteria). Journal of Photochemistry and Photobiology B: Biology 71:51-58.

Sinha, R.P., M. Klisch, A. Groniger, and D.P. Hédder. 2000. Mycosporine-like amino acids
in the maritime red alga Gracilaria cornea: effects of UV and heat. Environmental
and Experimental Botany 43:33-43.

Sinha, R.P., M. Klisch, A. Groniger, and D.P. Hider. 2001. Responses of aquatic algae
and cyanobacteria to solar UV-B. Plant Ecology 154:221-236.

Sinha, R.P., M. Klisch, and D.P. Hider. 1999. Induction of a mycosporine-like amino acid
(MAA) in the rice-field cyanobacterium 4nabaena sp. by UV irradiation. Journal of
Photochemistry and Photobiology B: Biology 52:59-64.

Sommaruga, R. and F. Garcia-Pichel. 1999. UV-absorbing mycosporine-like compounds
in planktonic and benthic organisms from a high-mountain lake. Archiv fur
Hydrobiologie 144:255-269.

Suh, H.J., H.W. Lee, and J. Jung. 2003. Mycosporine-glycine protects biological systems
against photodynamic damage by quenching singlet oxygen with a high efficiency.
Photochemistry and Photobiology 78:109-113.

687

Received: 23 Febuary 2005 Accepted: 6 June 2005



