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SUMMARY
Enhanced UV-radiation (UVR) through stratospheric
ozone depletion and global warming are crucial stres-
sors to marine macroalgae. Damages may arise through
formation of reactive oxygen species (ROS) in gameto-
phytes of ecologically important kelps, brown algae of
the order Laminariales, Such stress-induced damages
may have a negative impact on their fitness and further
impact their following life stages. In our study, game-
tophytes of three kelp species Alaria esculenta (L.)
Grev., Laminaria digitata (Huds.) Lamour., Saccharina
latissima (L.) Lane, Mayes, Druehl, Saunders from the
Arctic, and of L. hyperborea (Gunnerus) Foslie from the
North Sea were exposed to photosynthetically active
radiation, UV-A, and UV-B radiation and four tempera-
tures (2–18°C). ROS are formed predominantly in the
peripheral cytoplasm and in chloroplasts especially
after exposure to UVR. Superoxide (O2*-) is additionally
formed in small, globular cytoplasmic structures,
possibly mitochondria. In the surrounding medium
O2*--concentration increased markedly at elevated tem-
peratures and under UV stress in some cases. Ultra-
structural damage was negligible pointing to a high
stress tolerance of this developmental stage. Our data
indicate that stress tolerant gametophytes of three
Arctic kelp species should sustain their crucial function
as seed bank for kelp populations even under prospec-
tive rising environmental perturbations.
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INTRODUCTION

Marine brown algae of the order Laminariales (kelps)
are distributed along the rocky coastlines of Arctic and
cold temperate regions in the Northern Hemisphere

(Lüning 1990). They are important marine primary
producers fixing up to 1.8 kg carbon m-2 year-1 and
forming large kelp forests (Thomas 2002). Kelp forests
provides, e.g. food resources and shelter for various
associated marine species, have a substantial impact
on wave dampening, and thus avoid shoreline erosion
(reviewed in Bischof et al. 2006; Bartsch et al. 2008).

Maintenance and renewal of kelp forests, which are
formed by the diploid kelp sporophytes, are based on
processes in the haploid microscopic gametophytes.
Gametophytes serve as a kind of seed bank because
they are able to postpone the formation of gametes until
favorable conditions occur (tom Dieck 1993). During
the period of endurance, gametophytes can survive high
temperatures of more than 20°C for several weeks and
remain fertile under complete darkness for 16 months
at a temperature of 8°C (tom Dieck 1993).

Although gametophytes survive those harsh environ-
mental conditions, a negative impact on the fitness of
later developing gametes may be possible. It is known
from various marine organisms that environmental per-
turbations lead to an intra- and extracellular formation
of reactive oxygen species (ROS) (Lesser 2005; Dring
2006). Moderate amounts of ROS act as signals and
can induce an endorsement of the antioxidative capac-
ity thereby increasing stress tolerance and viability of
the cells. However, a high level of ROS that could not
be compensated by the cell will cause cellular damage,
apoptosis or necrosis. Exceeding production of intra-
cellular ROS becomes harmful for the DNA, proteins
and membrane lipids (Lesser 2005). On the other
hand, extracellular generation and release of ROS is a
powerful measure in marine macroalgae to resist infec-
tions in case of pathogen attacks (Potin 2008).
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So far, only few data are available about ROS forma-
tion and possible cellular damages in gametophytes of
ecologically important Laminariales under environmen-
tal stress (Dring et al. 1996; Küpper et al. 2001). Such
information is, however, urgently needed to predict the
effects of global climate change on the seed bank of
kelp forests. Especially in Arctic regions, the impact of
UVR will remain high as recent results indicate that the
springtime polar ozone depletion will continue to be
severe (Weatherhead & Anderson 2006; WMO 2007).
Moreover, temperatures in the Arctic will dramatically
rise by about 4°C until 2100 (IPCC 2007; Müller et al.
2011).

The main goal of the present study was to determine
how kelp gametophytes with a cold-temperate to Arctic
distribution will react under conditions of environmen-
tal perturbations. Therefore, the intracellular formation
of ROS and of ultrastructural changes were comparably
investigated in gametophytes of three key species
within Arctic kelp forests (Alaria esculenta (L.) Grev.,
Laminaria digitata (Huds.) Lamour., Saccharina latis-
sima (L.) Lane, Mayes, Druehl, Saunders) and of L. hy-
perborea (Gunnerus) Foslie from Helgoland (North Sea)
after exposure to different radiation conditions. Extra-
cellular ROS production was also studied under three
radiation and four temperature conditions in gameto-
phytes of the three species from the Arctic.

MATERIALS AND METHODS

Algal material

Gametophytes of Alaria esculenta, Laminaria digitata
and Saccharina latissima obtained from freshly released
zoospores were used to analyze their ultrastructure
and the intracellular production of superoxide anions
through Nitro blue tetrazolium chloride (NBT)-staining
(see below). Therefore, fertile sporophytes of the three
species were sampled by SCUBA divers in the Kongsf-
jorden close to Ny Ålesund (Spitsbergen, Norway, 79° N)
in 4–6 m depth in June 2006. Sori of three individuals
per species were cleaned with tissue papers and stored
in dark, moist chambers for one to two nights at 2 � 1°C.
Subsequently sori were stimulated with filtered, 7°C
warm seawater (SW) to release their zoospores. Zoospore
suspensions obtained within �60 min were filtered
through 20 mm gauze (Nytal HD 20, Hydro-Bios, Kiel,
Germany). Zoospore density was assessed under 200¥
magnification (Axioplan Neofluar microscope, Zeiss,
Göttingen, Germany) with a Neubauer chamber (Brand,
Wertheim, Germany). Afterwards, zoospore suspensions
of three individuals were mixed and adjusted with SW to
2.8–4.4 ¥ 105 zoospores mL-1. 40 mL of zoospore sus-
pensions were filled into Petri dishes (85 ¥ 10 mm) and
placed at 7°C and 10 � 3 mmol m-2 s-1 photosyntheti-
cally active radiation (PAR) for 10 days to obtain juvenile

gametophytes. Those cultured gametophytes were used
for transmission electron microscopic analyses. For light
microscopic analysis of intracellular formation of super-
oxide anion radicals (O2*-) zoospores were allowed to
settle and germinate on cover slips in culture dishes.

In parallel, gametophytes from unialgal stock cul-
tures (AWI seaweed collection) of A. esculenta (culture
number � 3201, � 3202), L. digitata (cult. nr. �
3199, � 3200) and S. latissima (cult. nr. � 3124, �
3123) from Spitsbergen were used to quantify the
extracellular production of O2*- through formation of
diformazan (see below). Additionally, in vivo ROS for-
mation was determined in L. hyperborea from Helgo-
land (cult. nr. � 3091, � 3090) by NBT-staining and
confocal laser scanning microscopy using the ROS indi-
cator CM-H2DCF-DA (see below). Prior to their use in
experiments male and female vegetative gametophytic
tufts were carefully disrupted with mortar and pestle
into gametophytic fragments of 1 to 12 cells and sus-
pended in SW. Suspensions with a density of 35–50
gametophytic fragments mL-1 were dispersed into 24
well Costar® culture plates (50–75 settled gameto-
phytes mm-2 and 1.5 mL surrounding media per well)
and cultivated at 12°C and 5 � 2 mmol m-2 s-1 PAR for
two days.

Experimental conditions

The obtained gametophytes were exposed to three
different radiation conditions in climate chambers at
either 7 � 1°C for microscopic analysis or 2, 7, 12
and 18 � 1.4°C for extracellular semi-quantification of
superoxide (O2*-; A. esculenta, L. digitata and S. latis-
sima) for 8 h. Three radiation treatments were generated
by covering culture dishes with cut-off filter foils admit-
ting wavelengths (i) 400–700 nm: photosynthetically
active radiation (P, URUV Ultraphan UV farblos, Difrega,
Munich, Germany) (ii) 320–700 nm: P + UV-A radiation
(PA, Folanorm SF-AS, Dreieich, Germany) or (iii) 280–
700 nm: PA + UV-B radiation (PAB, URT 140 Ultraphan
UV farblos, Difrega, Germany). Radiation was generated
by fluorescent tubes (36 W true light II Powertwist,
Durofest Lightning, Philadelphia, USA, 40 W Q-Panel,
PA, Cleveland, OH, USA) whereas PAR amounted
20 mmol m-2 s-1, UV-A radiation 5.5 W m-2 and UV-B
radiation 0.35 W m-2 (more detailed in Müller et al.
2008). PAR was measured with a cosine corrected
flat-head sensor attached to a LI-COR Li-190 radiometer
(LI-COR Biosience, Lincoln, NE, USA) and UVR with a
Ramses SAM 80f6 sensor (TriOS Optical Sensors,
Germany) linked to a UV-VIS spectroradiometer (IPS
104, TriOS Optical Sensors, Rastede, Germany).

Light microscopy

Two hours prior to exposure to experimental conditions,
10-day-old gametophytes of A. esculenta, L. digitata
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and S. latissima (pooled from three individuals) as well
as gametophytic fragments of L. hyperborea (pooled
from three male and female gametophytic tufts) were
incubated with 40 mL 6 mM NBT Sigma-Aldrich, St.
Louis, MO, USA) diluted in SW (pH 7.8; NBT-SW) for
2 h. After that, NBT-SW was replaced by fresh SW, and
gametophytes were immediately exposed to three radia-
tion conditions at 7°C. After 8 h exposure, gameto-
phytes were kept in an achromatizing solution
(trichloracid 0.15% (w/v) in ethanol/chloroform 4:1
(v/v)) for 1 h, in fresh achromatizing solution for an
extra 2 h, and finally stored in glycerine/destilled water
(1:1 (v/v)). Light microscopic photographs were made
from �50 gametophytes per treatment under
1000 ¥ magnification (Axioplan 1.4 Oil) using an Axio-
phot microscope (Zeiss) and the Cell^F program version
2.5 (Build 1163). Generation sites of O2*- became
apparent in NBT-treated, achromatized gametophytes
as blue- purple formazan/diformazan precipitation.
Untreated achromatized and pigmented gametophytes
of each species were photographed as controls.

Confocal laser scanning microscopy

To determine ROS in gametophytic cells of L.
hyperborea, 5-(and-6) chloromethyl-2′7′-dichlordihy-
droflourescein diacetate (CM-H2DCF-DA; Molecular
Probes, Life Technologies, Darmstadt, Germany) was
dissolved in SW pH 7.2 and added to gametophytes from
stock cultures immediately prior exposure (final concen-
tration: 10 mM CM-H2DCF-DA). CM-H2DCF-DA is a deri-
vate of the commonly used ROS indicator H2DCF-DA and
permits longer retention within the cell and shows less
non-specific fluorescence under illumination (personal
information from the company: Molecular Probes). It has
successfully been used for in vivo ROS detection in
plants (Shin and Schachman 2004; Yao & Greenberg
2006; Kristiansen et al. 2009) and seaweeds, e.g.
embryos of Fucus spiralis (Rijstenbil et al. 2000). After
15 min exposure to P or PAB at 7°C and 15 min
incubation in darkness, gametophytes were analyzed by
confocal laser scanning microscopy (Leica SP2). Exci-
tation wavelength was set to 488 nm while emission was
detected between 500–570 nm for fluorescence of DCF
radicals, and between 650–720 nm for chlorophyll fluo-
rescence. The green fluorescent DCF radicals generally
develop if diverse ROS react with CM-H2DCF-DA mol-
ecules. At least 40 cells were examined from each
condition. Relative intensity of DCF fluorescence was
determined for semi-quantification (n = 6).

Photometry

Immediately before exposure, gametophyte suspensions
containing 280 � 50 cells mL-1 obtained from stock
cultures as well as SW without gametophytes (control)

were carefully mixed with 10 mM XTT –
SW solution (in SW dissolved XTT (sodium,3′-
(1-[phenylamino-carbonyl]-3,4-tetrazolium; Sigma-
Aldrich). After UVR and temperature exposure in eight
replicates per treatment, XTT- SW obtained from game-
tophytes and controls was transferred into 96-well
plates. The absorption of formazan and diformazan as
products of O2*- and XTT was measured in all specimens
at 470 nm using a Spectra Max 190 spectrophotometer
(Molecular Devices, Sunnyvale, CA, USA). Thereby,
measured absorption of controls was used as reference.
The absolute amount of extracellular O2*- produced by
gametophytes was calculated from the referenced
absorption and the molar extinction coefficient
2.16 ¥ 104 M-1 s-1 (Sutherland & Learmonth 1997).
Statistical analyses of datasets were carried out in accor-
dance with Sokal and Rohlf (1995) using the software
Statistica Version 7 (StatSoft, Inc., Tulsa, OK, USA).
Effects of irradiation and temperature on the production
of O2*- were estimated by a two-factorial, Model I
analysis of variance (ANOVA) (F, P < 0.05) subsequent
homogeneity of variances (Levene’s test, P < 0.01) was
proven. In the case of heterogeneous datasets of L. digi-
tata and A. esculenta, square root transformations were
accomplished to fulfill the requirements for homogene-
ity. Finally, multiple mean comparisons were completed
with Tukey Honestly Significant Differences (HSD) Post
Hoc test (P < 0.05).

Transmission electron microscopy

After 8 h radiation exposure at 7°C, 10-day-old game-
tophytes of A. esculenta, L. digitata and S. latissima
were carefully resuspended by jetting the medium
against the bottom of the Petri-dish using a pipette and
transferred into centrifuge tubes for further treatments.
The aldehyde/osmium fixation and the embedding in
Spurrs resin followed the method of Steinhoff et al.
(2008). Subsequently, ultrathin sections were cut on
an ultramicrotome (EM UC 6, Leica, Wetzlar, Germany)
with a diamond knife and transferred to 150 mesh
copper grids. Samples were stained according to Rey-
nolds (1963) with uranylacetate and lead citrate. Five
to ten gametophytes per treatment were examined in
an EM 109 electron microscope (Zeiss, Oberkochen,
Germany). Photographs were taken by a slow scan CCD
camera (Proscan, Lagerlechfeld, Germany) and pro-
cessed with Adobe Photoshop CS2.

RESULTS

Intracellular localization of
ROS generation

Typical microscopic observations of pigmented, achro-
matized and NBT-stained 10-day-old gametophytes of
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Alaria esculenta, Laminaria digitata and Saccharina
latissima are displayed in Fig. 1. In general, intracel-
lular O2*- developed mainly in globular structures,
which were distally or basally located in the primary
cells (Fig. 1g–o). Moreover, a slight NBT-staining of
the peripheral cytoplasm was often detected (Fig. 1g–
o). In addition, the NBT-staining in PAB-treated game-
tophytes was frequently stronger and appeared mainly
in the periphery of the chloroplasts (Fig. 1m, n, o) if
compared to both other radiation treatments (Fig. 1g–
l). Nonetheless, the degree of NBT-staining was not
consistent within different radiation treatments since
all responses from non- to relatively strong NBT-
staining were observed in each treatment. No O2*-

formation was observed in the empty embryospore
(Fig. 1).

In contrast to the results explained above on young
10-day-old gametophytes, formation of O2*- in game-

tophytes from stock cultures of L. hyperborea
after NBT-staining could only be demonstrated after
exposure to PAB, not after exposure to P (Fig. 2).
After PAB exposure the staining of the peripheral
cytoplasm and cytoplasmic strings was stronger
(Fig. 2b) than in the juvenile gametophytes of the
other three species studied (Fig. 1). Moreover,
O2*- were detected in numerous globular cytoplas-
mic structures, possibly in mitochondria (Fig. 2b,
small arrows) and in plastids (Fig. 2b, large
arrow).

Furthermore, significant CM-DCF radical fluores-
cence in gametophytes of L. hyperborea exposed to P
and PAB revealed the intracellular production of high
amounts of reactive oxygen species (Fig. 3). After only
15 min exposure, high amounts of ROS were detected
in the chloroplasts and the peripheral cytoplasm in
particular in the PAB-treated gametophytes. Semi-

Fig. 1. Typical light-microscopic observations of pigmented, achromatized and 4-nitroblue tetrazolium chloride (NBT)-stained/

achromatized, 10-day-old gametophytes of Alaria esculenta (a, d, g, j, m), Laminaria digitata (b, e, h, k, n), and Saccharina latissima

(c, f, i, l, o). Blue/purple staining in de-pigmented gametophytic cells (see i. a. arrows in g–o) illustrates the precipitation of

formazan/diformazan by the reaction of NBT with superoxide anions after 8 h irradiation with P (400–700 nm, g–i), PA (320–700 nm, j–l)

or PAB (280–700 nm, m–o) treatment. Naturally pigmented (a–c) and non-stained, achromatized gametophytes (d–o) are presented as

references. Scale bar 10 mm. P, photosynthetically active radiation; PA, P + UV-A radiation; PAB, PA + UV-B radiation.
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quantification of relative fluorescence intensity of DCF-
Signal (asterisks in Fig. 3) indicates also a clear
increase of ROS concentration (39.5%) after PAB com-
pared to P exposure.

Production of O2*- in the
surrounding medium

An increase of temperature caused a rise of superoxide
anion radical (O2*-) production by gametophytes of
Alaria esculenta, Laminaria digitata and Saccharina
latissima (Fig. 4). The amount of O2*- in the medium
surrounding 280 � 50 gametophytic cells was highest
at 18°C in A. esculenta with 0.1 mol s-1 (slope 0.0024
x2.52, R2 = 0.99), followed by L. digitata with
0.06 mol s-1 (slope 0.0017 x2.39, R2 = 0.99) and
S. latissima with 0.05 mol s-1 (slope 0.0043 x1.75,
R2 = 0.98) (Fig. 4). The equations of ascending slopes
and their probability (R2) are given for the P treatment.
The effect of UV-R on the O2*- production from game-
tophytes of three species was minor and interacted
strongly with investigated temperatures (F = 3.1
(L. digitata), F = 3.9 (S. latissima) or F = 4.1 (A. escu-
lenta); d.f. = 6; P < 0.01). At 2°C a significant higher
O2*- release was elicited from PA- und PAB-treated
gametophytes of three species compared to that from
P-treated gametophytes as controls (P � 0.04). In
S. latissima, however, the O2*- production of PA-treated
gametophytes was not different from both, the control
and the PAB treatment at 2°C (P > 0.05). Moreover, the
UVR induced generation of O2*- in S. latissima was at
2°C similarly high as in all radiation treatments at 7°C.

Fig. 2. Gametophytes of Laminaria hyperborea from stock

culture. Typical light-microscopic observation of 4-nitroblue tet-

razolium chloride (NBT)-stained and achromatized cells after 8 h

irradiation with (a) P (400–700 nm) or (b) PAB (280–700 nm)

treatment showing the generation of superoxide anion radials

(O2*-). Arrows point to sites of increased O2*--formation (Small

arrows, presumably mitochondria; Large arrow, presumably a

chloroplast).

Fig. 3. Typical confocal laser scanning micrographs of gametophytes of Laminaria hyperborea from stock culture a–d. Controls were taken

under identical settings without CM-H2DCF-DA staining. Cultures were exposed for 15 min to P (400–700 nm; c–h) or PAB (280–700 nm;

i–l), respectively. Green color in a, c and i indicates the presence of reactive oxygen species (ROS) after reaction with CM-H2 DCF-DA. Red

color in b, f and j illustrates the auto-fluorescence of the chloroplasts. c, g and k show transmission images. Overlays of green and red

emission are presented in d, h and l. Regions where fluorescence intensities were measured are marked by asterisks. Scale bar 9 mm.
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Nevertheless, the extra impact of irradiation on the
quantity of the O2*- release became indistinguishable
in the two species S. latissima and A. esculenta at
7–18°C (P > 0.05) (Fig. 4). The O2*- production in
L. digitata revealed a more complex pattern with

respect to the interactive effects of UV radiation and
temperature. At 2°C the UVR induced increase of extra-
cellular O2*- was as high as the control at 7°C
(P � 0.05). Within the treatments at 7°C the O2*- gen-
eration diverged under P condition from that of the PA
and PAB treatment (P < 0.02), whilst the O2*- release
of PA treatment differed not from that after PAB treat-
ment (P > 0.05). At 12°C the irradiation of gameto-
phytes with PA and PAB radiation resulted in an equally
elevated O2*- release, which was higher than that of the
control at 12°C (P < 0.03). But the O2*- generation was
equivalent in three radiation treatments at 18°C
(P > 0.05). In conclusion, significant PA and PAB
effects on the O2*- production in gametophytes
revealed at lower temperatures were species-
specifically masked at elevated temperatures, at least
at 18°C in all three determined species (Fig. 4). More-
over, if not explicitly mentioned above, for the most part
the response to radiation treatments differed among
different temperatures.

Ultrastructure of gametophytes

In general, 9-day-old primary cells with a length of
8 mm consist of a nucleus (N) with nucleolus, chloro-
plasts (C), vacuoles (V), mitochondria (M) and several
lipid globules (L) and are covered by a thin cell wall
(Fig. 5). Physodes were rare. The UV-untreated (P) and
the PA-treated gametophytes of L. digitata showed an
intact chloroplast with some plastoglobules of about
70 nm in size (black dots, arrows Fig. 5a), whereas the
PAB-treated gametophytes contained numerous smaller
plastoglobules about 40–50 nm in size (Fig. 5c).
Among radiation treatments of L. digitata, the differ-
ence in the number and size of plastoglobules was,
however, not significant. In contrast, plastoglobules of
S. latissima gametophytes did not show any change in
size and amount among the three treatments (Fig. 5g–
i). But they generally exhibited slightly larger plastoglo-
bules (~100 nm) compared to that of L. digitata
gametophytes. We could not detect disoriented
organelle structures neither in L. digitata nor in S. latis-
sima gametophytes even though the organelles in PAB
treatment of L. digitata seemed to be slightly turgid. A
general phenomenon especially in L. digitata was the
appearance of globular cavities in the lipid globules
giving them a ‘corroded’ appearance (Fig. 5a,b).

DISCUSSION

This is the first study showing the formation of ROS, in
particular of O2*-, in kelp gametophytes after exposure
for short time periods to radiation and temperature
stress. ROS are formed predominantly in the peripheral
cytoplasm and in chloroplasts, O2*- is probably addi-
tionally formed in mitochondria. Intracellular ROS

Fig. 4. Absorbance of (di-)formazan at 470 nm (log 2) as a

function of temperature, representing the release of O2*- from

gametophytes of Alaria esculenta, Laminaria digitata and Saccha-

rina latissima (n = 8) after an exposure of 8 h to the different

radiation conditions (further explanation in Fig. 1). Absorbance of

(di-) formazan measured in the medium of UVR- and temperature-

treated gametophytes was referenced by UVR and temperature

exposed seawater (control). Significant differences among irradia-

tion treatments within a given temperature are marked with upper-

case letters at a significance level of P � 0.001, with lowercase

letters at a significance level of P � 0.01 and with subscript

lowercase letters at a significance level of P � 0.05, respectively.
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formation was enhanced by exposure to PAB. The con-
centration of O2*- in the surrounding medium was
amplified by temperature and slightly enhanced by
UV-radiation in some cases.

In our study, non-specified ROS were detected by
CM-H2DCF-DA in the cytoplasm and in the periphery of
chloroplasts in gametophytes of L. hyperborea after an
exposure to PAB (Fig. 3). UV-B induced increase of
DCF-labeled ROS similarly detected in Fucus spiralis
embryos was attended by a chronic photoinhibition
(Coelho et al. 2001). Correspondingly, Dring et al.
(1996) demonstrated a reduced maximum quantum
yield (Fv/Fm) of gametophytes of L. hyperborea, L. digi-
tata and S. latissima off Helgoland to �10% after 8 h
PAB treatment if compared to UVR-untreated controls.
Taking these results together we hypothesize that the
linkage of ROS production and chronic photoinhibition
may be a general response not only in UV-exposed
Fucus embryos but also in PAB-treated kelp gameto-
phytes. This linkage is apparent at least in gameto-
phytes of L. hyperborea off Helgoland shown to exhibit
a strong DCF radical fluorescence (Fig. 3) and a very
strong UV-B impairment of photosynthesis (Dring et al.
1996).

NBT-staining indicative of O2*- production was dem-
onstrated in juvenile gametophytes of Alaria esculenta,
Laminaria digitata and Saccharina latissima after
exposure to PAB, PA and P (Fig. 1) as well as in stock
cultures of L. hyperborea after exposure to PAB (Fig. 2).
The response was most pronounced in the latter species
after PAB-exposure. From the cytological point of view
the formation of O2*- in the 10-day-old juvenile game-
tophytes irradiated for 8 h is comparable to the forma-
tion of ROS in 1–4-day-old embryos of Fucus spiralis
exposed for 30 min to PAB (sun conditions, see Coelho
et al. 2001). In all cases ROS and O2*- are produced in
the periphery of the cells. In Fucus spiralis there is a
more pronounced basal ROS production, i.e. in the
rhizoid, whereas O2*- production in the kelp gameto-
phytes has been demonstrated both, basally and dis-
tally (Fig. 1). Unfortunately, there are no data about the
time course of ROS production in both cases. Such data
are present, however, for Fucus evanescens. In this
species ROS concentration started to increase immedi-
ately after exposure to excessive light and increased
linearly up to a maximum at the end of the study period
of 3 h (Collen & Davison 1997). The authors suggest
that ROS are formed by restricted photosynthetic (and
respiratory) electron transport impacted by abiotic
stress.

However, the responses in the kelp gametophytes
studied here are much less strong than in sporophytes
of Laminaria digitata. In this species, Küpper et al.
(2001) demonstrated O2*- production through NBT-
staining after addition of oligoguloronates. O2*- accu-
mulated predominantly adjacent to the epidermis and

to a lesser degree around the outer cortical cells but not
in the medulla. Obviously, O2*- production is, like in the
kelp gametophytes, bound to photosynthetically active
cells. This conclusion is also supported by the finding
by Küpper et al. (2001) that young blade tissues exhib-
ited the highest response and older blade tissues were
less reactive. However, the process of O2*- production
described here for the kelp gametophytes is quite dif-
ferent compared to that in sporophytes of L. digitata
(Küpper et al. 2001). In the gametophytes it is a
response to the radiation conditions, whereas in the
sporophytes it is a response to the addition of oligogu-
loronates. These constituents of alginate, the main
brown algal cell wall polysaccharide, are hypothesized
to be formed by alginate depolymerizing enzymes from,
for example, molluscs and brown algal endophytes.
Oligoguloronates elicit an oxidative burst, which is
regarded as an immediate and efficient defense against
these organisms. It is a rapid, transient production of
enormous amounts of ROS, one of the earliest plant
responses to pathogen infection (Wojtaszek 1997). It
initiates oxidative cross-linking of cell wall material,
and thus strengthens cell walls under stress conditions
(Potin 2008 and references therein).

A similarly strong oxidative burst has been detected
in the red alga Chondrus crispus (Bouarab et al. 1999).
The infection resistant gametophytes of C. crispus
responded to sulfated oligosaccharides with a remark-
able increase of the ROS production, while the infec-
tion susceptible tetrasporophytes of C. crispus showing
only a moderate ROS generation under identical condi-
tions (Bouarab et al. 1999). The natural resistance of
gametophytes of C. crispus vanished if the oxidative
burst was inhibited by diphenyleneiodonium, a suicide
inhibitor of NADPH oxidase (Bouarab et al. 1999).
These results point to the importance to investigate
different stages in the life history of species, which
might differ in their infection and stress tolerance.

Although our results show that ROS are formed in kelp
gametophytes, they obviously do not induce cellular
damage. This high stress tolerance is demonstrated by
our electron microscopic investigations. UVR has been
shown in various brown, red and green algae to affect
various cellular components, especially chloroplasts,
mitochondria and the nucleus (Karsten et al. 2011). A
previous study on the ultrastructure of zoospores from
Laminaria hyperborea demonstrated strong damage of
the nucleoplasm and the mitochondria after PAB expo-
sure (Steinhoff et al. 2008). Further, it had been shown
that plastoglobules emerged after this treatment in their
chloroplast (Steinhoff et al. 2008). Plastoglobules are
lipoprotein particles inside chloroplasts and were
invoked to fulfill a major role in the recycling of lipophilic
products arising from oxidative metabolism during stress
(del Río et al. 1998, Olmos et al. 2007). An increase in
the number of plastoglobules has been correlated with
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plastid development and the ‘upregulation of plastid
lipid metabolism in response to oxidative stress’ (Licht-
enthaler & Tevini 1970; Austin et al. 2006). In contrast,
gametophytes did not show any of these features in our
study. A reason for the high stress tolerance of the
studied kelp gametophytes may be seen in their content
of phlorotannins. Phlorotannins of Ecklonia cava have
recently been shown to exhibit free radical scavenging
activities (Ahn et al. 2007). A high antiradical power was
also demonstrated in soral tissue of Saccharina latissima
and related to the numerous phlorotannin containing
physodes (Holzinger et al. 2011). Compared to the
density of physodes in sporangial parent cells of Sac-
charina latissima, the density of physodes in the exam-
ined juvenile kelp gametophytes is, however, extremely
low. So in the present case phlorotannins cannot be
invoked for the high stress tolerance in these develop-
mental stages. Another feature of our samples was the
appearance of ‘corroded’ lipid globules (Fig. 1a,b) inter-
preted as a consumption of lipids, the major storage
compounds of meiospores (Reed et al. 1999) during the
germination process (Steinhoff et al. 2011).

In conclusion, our data evidence a high cellular
stress tolerance of gametophytes of Laminariales
against UVR as significant ultrastructural changes were
not detected in gametophytes of Laminaria digitata and
Saccharina latissima. This finding also corresponds to
the known higher temperature tolerance of about 3–4°C
in kelp gametophytes compared to their sporophytes
(Wiencke et al. 1994). Therefore these developmental
stages will most probably not be affected by global
climate changes and can function also in future as a
seed bank even under increasing environmental pres-
sures. Nonetheless, our laboratory study on the ROS
formation in microstages of Laminariales has a pioneer-
ing character. The research of ROS formation as well as
its elimination in various life stages of ecologically
important Laminariales, and particularly under the
impact of two or multiple stress factors, definitely
merits further attention.
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