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Abstract
Intertidal seaweeds are exposed to drastic environmental changes whose intensity and
durtation is dependent on their patterns of vertical distribution. Thus, the species that
are located in the upper zone (supra and midlittoral), are subjected to a number of
factors such as exposure to air, high solar radiation (including UV radiation), extreme
changes in temperature, salinity, etc. In this regard, seaweeds have developed strategies
to withstand physiological and biochemical environmental stress (e.g. dynamic
photoinhibition, photoprotective compounds synthesis, increased antioxidant activity,
DNA repair). However, the mechanisms underlying the ecological responses against
these stressors in algae are hitherto not completely understood. Mainly the
physiological mechanisms of stress tolerance, resilience and how organisms face the
rapidly changing environment remain unknown. Therefore, the present study evaluates
the physiological bases of mechanisms of stress tolerance of seaweeds to changes in
their environment at different time scales, specifically the role of temperature on
photosynthetic responses of brown algae to UV radiation. The study addresses also
differences and similarities in ecophysiological performance among different brown
algal communities which show different biogeographical distrinution. Thus, this thesis
analyzed, in an integral manner, photoprotection mechanisms of brown algae, taking
into account dynamic photoinhibition processes and antioxidant capacity, the possible
role of phlorotannins sunscreen against UVR and temperature stress in algae coldtemperate regions (Valdivia and Patagonian Fjord region in Magallean Strait) and polar
regions (Antarctic and Arctic).
The experimental design included exposure of brown algae of different UVR and
temperature conditions in order to study: i) the ability to photoinhibition of
photosynthesis, which is considered a highly efficient strategy for photoprotection; ii)
the antioxidant activity as a mechanism to minimize the effects of oxidative stress; iii)
the induction of phenolic compunds (phlorotannins) as a important response mechanism
against high solar radiation and temperature; and iv) the determination of short-and
mid-responses of acclimation and tolerance to UVR and temperature. Seaweeds were
exposed to UVR, considered high for each region, and low PAR, in conjunction with
various temperatures treatments simulating the natural conditions at each latitude, and
3-5°C above these ranges. In short term exposure (3 h), algae from the coast of Valdivia
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were exposed in the laboratory to three temperatures (10, 20, 28°C), while in the midterm study (72 h) were used four treatments: i) 15°C +PAR; ii) 15°C+PAR+UV; iii)
20°C+PAR; iv) 20°C+PAR+UV. Arctic and Antarctic seaweeds were exposed for 2
hours and then recovered for 4 h, whereas the seaweeds from Punta Arenas were
exposed to 24 h. Different physiological parameters (photoinhibition of photosynthesis,
electron transport rates, antioxidant activity, phlorotannins and lipid peroxidation) were
measured in the laboratory.
In general, it was observed that in short-term exposure to UVR the concentration of
soluble phlorotannins from Lessonia nigrescens, Durvillaea antarctica and Macrocystis
pyrifera collected in Valdivia was correlated with antioxidant activity. Here, the downregulation of the photosynthetic machinery was expressed as dynamic photoinhibition
and rapid induction of phlorotannins, which allowed minimize oxidative stress
(measured as MDA formation) and maintain the operation of the photochemical
processes (Fv/Fm and ETR). In contrast, during the mid-term treatment (72 h), elevated
temperature of 20°C exacerbated the detrimental effects of UVR on photochemical
parameters in the three seaweeds and increased the peroxidative damage, especially in
D. antarctica. The phlorotannins were rapidly induced in the early hours of treatment
but strongly impaired at highest temperature.
In general, seaweeds from cold-temperate regions showed a higher tolerance to the
action of UVR and temperature in relation to maximum quantum yield (Fv/Fm)
compared with their polar counterparts. Moreover, some physiological differences
between seaweeds of the Arctic and Antarctic could be associated with latitudinal
differences and to strongly fluctuating light intensities due to seasonal variations in
solar elevation and daylength. In the case of differences in UVR stress tolerance
between algae from Antarctic and Patagonian fjords, some patterns can be explained by
the high content of phlorotannins measured in algae from Antarctic. Therefore, the
tolerance and acclimation strategies in response to increased UVR and temperature
among the different brown algal taxa from temperate-cold and polar regions are related
to biogeographic distribution and the species composition, which finally reflect
different morpho-functional adaptations and community structure.
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Resumen
Las algas marinas intermareales están expuestas diariamente a drásticos cambios
ambientales cuya magnitud y duración depende de los patrones de distribución vertical.
Así, las especies que se encuentran en la zona superior (supra y medio litoral), están
sometidas a una serie de factores tales como desecación, alta radiación solar
(incluyendo radiación UV), cambios bruscos de temperatura, salinidad, etc. En este
sentido, las macroalgas han desarrollado estrategias bioquímicas y fisiológicas para
resistir el estrés ambiental (e.g. fotoinhibición dinámica, síntesis de compuestos
fotoprotectores, aumento de la actividad antioxidante, reparación del ADN). Sin
embargo, los mecanismos que subyacen a las respuestas ecológicas frente a un estrés
por temperatura o luz en las algas no son aun bien entendidos. Por lo tanto, el presente
estudio examina las bases fisiológicas de los mecanismos de tolerancia al estrés que
exiben las macroalgas marinas frente a los cambios en su ambiente, específicamente el
rol de la temperatura en las respuestas fotosintéticas de algas pardas expuestas a
radiación UV (RUV) a distintas escalas temporales. El estudio incopora también una
comparación latitudinal con el propósito de definir diferencias en la tolerancia a estos
factores a nivel comunitario y biogeográfico. Por lo tanto en esta tesis se analiza de
forma integral los mecanismos de fotoprotección de las algas pardas, considerando para
ello, además de los procesos de fotoinhibición dinámica y capacidad antioxidante, el
posible rol fotoprotector de los florotaninos frente al estrés por RUV y temperatura, en
algas de regiones temperadas-frías (Valdivia, la región de Fiordos Patagonicos en
Magallanes) y polares (Antártica y Ártica).
El diseño experimental incluyó la exposición de algas pardas a diferentes tratamientos
de RUV y temperatura con el fin de estudiar: i) la capacidad de fotoinhibición de
fotosíntesis, considerada una estrategia de fotoprotección altamente eficiente; ii) la
actividad antioxidante como un mecanismo para aminorar los efectos de estrés
oxidativo; iii) la inducción de florotaninos, como un mecanismo importante para
responder a elevada radiación solar y temperatura; y iv) la determinación de respuestas
de tiempo corto y medio de aclimatación y tolerancia en este tipo de algas. Las algas
fueron expuestas a tratamientos de radiación UV y temperatura que simulan las
condiciones naturales a cada latitud y 3-5°C por sobre de estos rangos. En el estudio de
corto plazo (3 h), las algas de Valdivia fueron expuestas en el laboratorio a tres
temperaturas (10, 20, 28°C), mientras que en el estudio de tiempo intermedio (72 h) se
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utilizaron cuatro tratamientos: i) 15°C + PAR; ii) 15°C+PAR+UV; iii) 20°C+PAR; iv)
20°C+PAR+UV. Las algas del Ártico y la Antártica se expusieron durante 2 horas,
mientras que las algas de Punta Arenas fueron expuestas a 24 h. En el laboratorio se
midieron diferentes parámetros fisiológicos (fotoinhibición de la fotosíntesis, las tasas
de transporte de electrones, la actividad antioxidante, florotaninos y la peroxidación
lipídica).
En general se observó que en los tratamientos de tiempo corto las induccion de
florotaninos solubles en las algas de Valdivia (Lessonia nigrescens, Durvillaea
antarctica y Macrocystis pyrifera) fue correlacionada con la actividad antioxidante en
presencia de RUV. Asimismo la regulación a la baja de la maquinaria fotosintética fue
expresada como fotoinhibición dinámica y una rápida inducción de florotaninos que
permitio minimizar el estrés oxidativo (medido como formación de malondialdehido) y
mantener los procesos fotoquímicos (Fv/Fm y transporte de electrones). En cambio,
durante los tratamientos de tiempo medio

(72 hrs), la alta temperatura de 20°C

exacerbó los efectos de la RUV sobre los parámetros fotoquímico en las tres algas,
aumentando el daño peroxidativo, especialmente en D. antarctica. Esta especie exhibió
altos niveles de fotoinhibición de fotosíntesis y daño peroxidativo. Asimismo, la
actividad antioxidante y el aumento de florotaninos solubles se correlacionaron
positivamente principalmente en respuesta a la RUV. Los florotaninos fueron inducidos
rápidamente en las primeras horas de tratamiento, pero fueron inhibidos por
temperatura de 20°C.
Las algas de la región templada fría mostraron una mayor tolerancia a la acción de la
RUV y la temperatura en el parámetro de fluorescencia (Fv/Fm) en comparación con sus
contrapartes polares. Algunas diferencias en las respuestas entre las algas del Ártico y
la Antártica podrían estar asociadas con diferencias latitudinales que determinan
diferencias en la exposición a la radiación solar debido a la elevación solar y la
duración de los días. En el caso de las diferencias en la tolerancia al estrés por UV entre
las algas de la Antártica y Punta Arenas, algunos patrones pueden ser explicados por el
alto contenido de florotaninos encontrado en algas Antárticas. Por lo tanto, el efecto del
aumento de la radiación UV y temperatura en la tolerancia y aclimatación de
macroalgas de regiones polares y temperadas-frías dependerá de la distribución
biogeográfica y a composición taxonómica que finalmente reflejaran diferentes
organizaciones morpho-funcionales y estructuras comunitarias.
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Chapter 1. Introduction, Hypothesis and Objetives

1.1 General Introduction
Intertidal seaweeds are exposed to drastic environmental changes which have different
impact depending on patterns of vertical distribution (Stephenson & Stephenson, 1972).
Thus, the species that are located in the upper zone (supra and midlittoral), are subjected
to a number of factors such as exposure to air, high solar radiation (including UVR),
extreme changes in temperature, salinity, etc. (Schönbeck & Norton, 1978; Davison &
Pearson, 1996).
In the aquatic environment the effect of UVR depends on latitude, daily and seasonal
elevation of the sun, clouds and ozone concentration, but especially on the optical
properties of water column (Kirk, 1994; Hanelt et al., 2001). There is also agreement that
many species living in shallow coastal areas and intertidal environments in particular may
be exposed to high levels of UVR affecting various aspects of their physiology and
ecology. It has been reported that nucleic acids (DNA and RNA) as well as proteins,
lipids, membranes and various physiological processes (e.g. photosynthesis), are highly
sensitive to the action of UVR (Hollosy, 2002). Besides, lipids can also be modified
photochemically by UVR in presence of oxygen, through the generation of reactive
oxygen species (ROS), which leads to lipid peroxidation of unsaturated fatty acids and
finally oxidative destruction of the cell (Kramer et al., 1991).
In the case of temperature, this factor influences the rates of chemical reactions and
kinetic properties of plants, especially enzymes. The photosynthetic process is especially
affected by changes in enzymatic activities of the Benson-Calvin cycle, and in protein
complexes arranged in the thylakoids, where modifications in the excitation energy are
produced (Berry & Björkman, 1980; Weis & Berry, 1988; Larcher, 2003). In addition, it
has been demonstrated that UVR and high temperature have a direct effect on
photosynthesis and enzymes involved in repair, which can lead to a lower acclimation
and subsequent chronic damage (Neale, 2001; Campbell et al., 2006; Poulson et al.,
2011). Thus, while UVR is determinant in the patterns of depth zonation, the temperature
is a decisive factor of latitudinal distribution of seaweeds (Lüning 1990; Aguilera et al.,
2002b; Roleda et al. 2005; Wiencke et al., 2006; Müller et al., 2008). In intertidal
systems, both factors occur simultaneously and can become stressful to algae (Davison &
Pearson 1996).
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In general, intertidal and subtidal environments of temperate and cold waters of both
hemispheres are generally dominated by associations of brown algae (class
Phaeophyceae), mainly from the orders Laminariales, Fucales and Desmarestiales
(Dayton, 1985; Vasquez, 1992). For example, in the Pacific coasts of South America,
brown algae dominate the infralittoral zone from Peru to Tierra del Fuego, particularly
species such as Lessonia nigrescens, Macrocystis pyrifera and Durvillaea antarctica.
Along this wide latitudinal range, these organisms are confronted to marked gradients in
temperature and UVR which can be drivers determining biogeographic and vertical
patterns of distributions of these taxa. According to Wiencke & tom Dieck (1990)
seaweeds distributed in cold-temperate and/or polar regions may still be in process of
adaptation to low temperatures and therefore it is of particular interest to determine if the
species living in these regions have metabolic and physiological strategies in an
ecological scale that can be functional to respond to large scale climate change.
Subantarctic and polar regions can exhibit comparable environmental characteristics,
with extreme variations of environmental conditions between the summer and winter
(light, UVR, temperature). Increasing doses of UVR as a result of the well developed
"hole ozone" in these regions, could impact heavily coastal communities. These cold
regions are recognized as areas extremely sensitive to disturbance and are projected as the
ideal natural scenarios that will allow us to understand the acclimation capacity and
resilience of seaweeds against the selective action of the environment. In this regard,
brown algae, particularly Desmarestiales and Laminariales, constitute highly successful
communities in these environments due to their complex morphology and efficient
morpho-functional adaptations to tolerate the effects of UVR. Therefore, the present
study evaluates the physiological bases of mechanisms of stress tolerance in inter-subtidal
seaweeds to changes in their environment, specifically the role of temperature on
photosynthetic responses of brown algae to UVR, as well as a latitudinal comparison in
order to define community and biogeographic levels of tolerance. In this line, the study is
based on the following assumptions:
i) Intertidal seaweeds are exposed to solar UV radiation which has negative effects on
different molecules and processes.
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ii) The increase of this type of radiation due to episodes of reduced ozone ("ozone hole"),
especially in the area near the Antarctic vortex, accentuates this phenomenon in
communities of seaweeds.
iii) A combination of increased UV radiation and a rise in temperature represent a
complex scenario where seaweeds will display different strategies of stress tolerance in
these regions.
vi) In a biogeographic context, the effect of increased UV and temperature, individually
or in combination, will be different in communities located in distinct latitudinal zones.
This is due to the extremes of latitudinal variation of these factors and the differences in
tolerance among different communities due to different species composition, ecological
functions and history of exposure to these environmental factors.

3

Chapter 1. Introduction, Hypothesis and Objetives

1.2 HYPOTHESIS
Hypothesis 1
Under UV radiation and temperature stress, photochemical mechanisms will be activated
in the short term (few hours), whereas the mechanisms associated with oxidation and
synthesis of protective compounds will take place in time scales of days.

Hypothesis 2
The combination of high UV radiation and high temperature, two factors associated with
global change scenarios, will have enhanced synergistic negative impact on the
physiological activity of algae compared to single effects.

Hypothesis 3
The ability to tolerate UV stress exacerbated by an increase in temperature will have
strong biogeographical and latitudinal implications: brown algae from Polar Regions
(Arctic and Antarctic) have an expression of photoprotective mechanisms much less
developed than algae from cold-temperate regions (Valdivia, Patagonia Coast).
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1.3 OBJETIVES
1.3.1 General Objectives
1. To evaluate the mechanisms of photoprotection in three brown algae (Lessonia
nigrescens Durvillaea antarctica and Macrocystis pyrifera) common to the coast of
Valdivia through different mechanisms (photoinhibition of photosynthesis, antioxidant
activity and photoprotective substances). An approach based on the experimental
exposure to different environmental conditions (UV radiation and temperature) was used
to define the relative importance of each response mechanism according to the species
and environmental factor.

2. To compare photochemical responses between different groups of brown algae from
four cold-temperate and polar regions: Valdivia, Magallanes, Arctic and Antarctic. The
potential of tolerance observed in these algal groups and their differences were analyzed
in terms of the role of temperature on photosynthetic responses of brown algae to UV
radiation.

1.3.2 Specific Objectives
1. To evaluate the capacity of photoinhibition and recovery of photochemistry (through
estimation of maximum quantum yield of PSII and electron transport) of three species
of brown algae (Lessonia nigrescens, Durvillaea antarctica and Macrocystis pyrifera)
from the coast of Valdivia in response to different UV radiation and temperature
conditions in the laboratory.
2. To determine the antioxidant activity and peroxidative damage of three species of
brown (Lessonia nigrescens, Durvillaea antarctica and Macrocystis pyrifera)
common to the coast of Valdivia in response to a combination of different UV
radiation and temperature conditions in the laboratory.
3. To determine the concentrations of photoprotective substances (phlorotannins) in
three species of brown algae (Lessonia nigrescens, Durvillaea antarctica and
Macrocystis pyrifera) of the coast of Valdivia in response to a combination of
different UV radiation and temperature conditions in laboratory.
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4. To compare the photosynthetic responses and phlorotannins concentration under
different conditions of UV and temperature between various species of brown algae
from the Arctic, Antarctic and Magallanes in order to define biogeographic gradients
of tolerance to UV radiation and.
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2. TEORETICAL BACKGROUND

In seaweeds inhabiting the littoral fringe, the photosynthetic apparatus can be exposed to
deleterious levels of UVR and temperature, mainly during emersion (Huovinen et al.,
2006). Up to now, the evidence obtained in the last twenty years, mainly from
experimental approaches, has revealed that susceptibility of macroalgal photosynthesis to
UVR varies with depth, ontogeny and geographical distribution (Franklin & Forster,
1997; Bischof et al., 2002, 2006; Karsten et al., 2009). At a molecular level, key
photosynthetic enzymes, e.g. RuBisCo (Bischof et al., 2000) and the whole process of
carbon fixation (Gómez et al., 2007) are susceptible to UV impact. However, organisms
can counteract the detrimental effects of UVR through a series of strategies, e.g. the
synthesis of UV-absorbing substances (e.g. mycosporine-like amino-acids, phenolic
compounds; Karsten et al., 1998; Gómez & Huovinen, 2010), repair of damaged DNA
(van de Poll et al., 2001; Roleda et al., 2006) and ROS scavenging and antioxidant
activity (Aguilera et al., 2002a, b). Despite these progresses, understanding the
mechanisms that underlie ecological responses to thermal or light stress of seaweeds is
far from complete, especially many physiological mechanisms underlying stress
tolerance, resilience and how organisms face rapid changes in the environment remain
obscure (see Bischof et al., 2006; Karsten et al., 2009 for review on present status and
perspectives).
Taking into account the significant contribution of seaweeds to the primary production in
coastal systems, the impact of global scale perturbations (stratospheric ozone depletion,
increase in the atmospheric CO2 and temperature) may result in detrimental effects on the
whole marine ecosystem (Harley et al., 2006). If one considers that the exposure to high
UV doses in the field is closely linked to an increase of temperature, a common and
synchronised strategy to withstand both light and thermal stress may be advantageous
(Jenkins et al., 1997). Ecology-based approaches including stress physiology in
conjunction with monitoring environmental factors, especially solar UVR and
temperature, influencing the tolerance mechanism expression in seaweeds are urgently
needed in order to gain insight into the mechanisms underlying tolerance or resilience to
environmental stress.
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One of the most striking properties of these algae is their marked ability to cope with
physical stress. For example, photosynthesis can significantly be attenuated when algae
are exposed to e.g. dessication, however, once that algae are re-immersed, photosynthesis
recovers. This is especially evident in seaweeds from upper littoral zones compared with
algae from lower intertidal locations (Dring & Brown, 1982). In intertidal algae from
southern Chile, a relation between photosynthetic light demands, photoinhibition capacity
and position on the shore has been demonstrated (Figure 2.1) (Gómez et al., 2004). In the
intertidal kelp Lessonia nigrescens, the synthesis of UV-absorbing compounds
(phlorotannins) attenuates considerably the sublethal effects of UV on photosynthesis
(lower photoinhibition) and DNA (Gómez & Huovinen, 2010). Taking into account the
remarkable physiological tolerance of seaweeds to enhanced solar radiation and
temperature, it is reasonable to argue that photoprotective mechanisms are reinforced via
species-specific strategies such as synthesis of phlorotannins, induction of stress proteins
and increased antioxidant capacity. The implications of these metabolic strategies are
important, especially because they underlie rapid physiological adjustments to changing
UV and temperature and additionally, allow us to predict the potential for acclimation to
environmental shifts triggered by global climate change, since, understanding how an
organism interacts with its natural environment is the first step towards understanding
how environmental shifts (e.g. global warming and stratospheric ozone depletion) will
impact organisms in the future (Somero, 2010). The importance of brown algae as
structuring organisms of the intertidal systems make these organisms excellent case
studies to examine the mechanisms of stress tolerance in scenarios of global change.

2.1 Intertidal seaweeds communities and potential threat of global climate change
Product of anthropogenic emission of gases to the atmosphere such as carbon dioxide,
methane, water vapor, nitrous oxide, hydro and perfluorinated carbons, the natural flow
of carbon has not been able to balance between emissions and natural sink (Solomon et
al., 2007). The continuous increase of greenhouse gases leads to global warming that
eventually causes changes in dynamic processes of the atmosphere. For the
Intergovernmental Panel on Climate Change (IPCC), the term "climate change” denotes
an identifiable change of climate (for example, by statistical analysis) leading to a change
in the mean and /or the variability of its properties, and that is persisting in the time,
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generally decades or longer periods. The shifts may be due to natural variability or as a
result of human activity (IPCC 2001). This concept differs from that used in the United
Nations Framework Convention on Climate Change, which described climate change as a
change caused directly or indirectly by human activities that alter the composition of the
global atmosphere and which is in addition to natural climate variability observed over
comparable time periods.
The variability of climatic conditions and the subsequent effect on local communities of
seaweed is directly related to the specificity of oceanographic and environmental
processes and the adaptations throughout the time have developed the different seaweed
communities. Therefore, knowledge of environmental processes has a superlative
importance to respond in that way seaweed could respond in a possible scenario of global
climate change. In the following section, the present environmental conditions and
expected global change scenarios for the different regions considered in the present thesis
are described:
a) Valdivia: In general, the coast of Chile (up to ~ 40°S) is characterized by being
relatively straight, however, the geographic and oceanographic characteristics of each
region lead to high spatial heterogeneity. This feature given by the narrow continental
shelf and the meridionally oriented coastline allows the efficient transmission of
atmospheric and oceanographic signals, where the wind forcing and oceanic response
increases with latitude (Thiel et al., 2007). Consequently, the influence of South Pacific
subtropical anticyclone is permanent to north of 30 ° S, keeping dry conditions, and weak
towards the south of 40 ° S where there is rain all year (Camus, 2001). In general, off
Valdivia presents a temperate oceanic climate, with a wider platform (~ 70 km) and high
freshwater influence due to the flow from large rivers (e.g. the Valdivia river) reaching
the sea, favoring erosion for runoff, especially during the winter (Di Castri & Hajek
1976; Fernandez et al., 2000; Thiel et al., 2007).
Since geomorphological point of view, rocky shores of the coast of Valdivia are mostly
exposed to strong wave action. Tides are semi-diurnal and ranges between 1.5 and 2 m.
Intertidal and subtidal communities located in these areas are dominated by seaweeds
such as Lessonia nigrescens, Macrocystis pyrifera, Durvillaea antarctica (Westermeier et
al. 1994, Fernández et al., 2000, Gómez & Huovinen 2011). These seaweeds are
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abundant in the lower intertidal and shallow subtidal, have large size and complexes
morphologies that offer substrate and refugia to small invertebrates. Moreover, their
stipes and fronds have a significant effect on hydrodynamics because they act as a
breakwater and reduce currents and can also modify the light field to the rest of the
community (Graham, 2004, Huovinen & Gómez 2011). The seaweed assemblages in the
exposed coast of Valdivia have been well described (Gómez & Huovinen, 2011). In the
supralittoral fringe sheet-like and filamentous forms (e.g. Chaetomorpha linum, Ulva sp.,
Porphyra columbina) are mainly found, the mid-littoral zone is dominated by coarselybranched and thick leathery forms (e.g. Gelidium lingulatum, Mazzaella laminarioides),
while that the infralittoral fringe is characterized by large kelps (thick leathery) (e.g. L.
nigrescens, D. antarctica, M. pyrifera) and articulated and crustose forms (e.g. Corallina
officinalis). In the subtidal shores, a heterogeneous group of seaweeds with a
predominance of thin leathery and sheet-like red algae (e.g. Callophyllis variegata,
Gracilaria chilensis, Rhodymenia skottsbergii) and brown algae (e.g. Desmarestia
ligulata and L. trabeculata) is characteristic (Figure 2.1). In general, filamentous and
foliose forms acclimate rapidly to changing light and physical stress in the supralittoral
zone, instead, kelp-type seaweeds growing in the infralittoral have morphological
features that allow them to persist in a highly dynamic environment. Thus, physiological
adjustments that allow algae withstand solar stress, which can be increased to 37 times in
summer compared to winter (Table 2.1; Huovinen et al., 2006), is strongly determined by
the position of the algae on the shore (Goméz & Huovinen, 2011).
Climate change in Valdivia: During the austral spring the thinning ozone layer may
extend outside the Antarctic vortex and affect the area of Valdivia. In southern Chile (~
40 °S) were recorded daily doses equivalent to those measured in New Zealand and
Australia and higher than at equivalent latitudes in the northern hemisphere (e.g.
Mediterranean coast) (Lovengreen et al., 2000). Gómez et al. (2004) characterized 18
species of macroalgae from different locations along the coast, finding that, unlike polar
algae, these species have high saturation irradiance of photosynthesis (50 to 400 µmol
photons m-2s-1). In addition, algae of south-central Chile, exhibit an efficient adjustment
photoinhibitory against high solar radiation in summer, according to the vertical location
on the shore (Gómez et al., 2004; Huovinen et al., 2006). However, the sensitivity to
UVR will depend of the morphology of the alga. For example, in Lessonia nigrescens
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because the fronds are more exposed to solar radiation that basal structures (stipes and
rhizoids), can offset the harmful effects of UVR due to its high turnover rate, in contrast,
the stipes and rhizoids, which are fundamental support structures and resistance to the
highly dynamic conditions in which inhabits (Gómez et al., 2005).
A country like Chile, with complex geography and gradients so strong on the east-west
direction, the resolution of the Large-Scale Models to describe the climate changes and
their potential is insufficient, however, it is estimated that the main impact would be an
altered rainfall and temperatures regime at the regional level (IPCC, 2007). From a
climate perspective, Chile is in the transition between cold oceanic conditions and
continental warmer and wetter conditions. However, an estimate of the changes observed
in Chile is complicated by the poor and separate distribution of climate monitoring
stations. While temperatures in the ocean and along the coast have declined (0.15°decade-1), high mountain temperatures show a significant increase of about +0.25°C
per decade. This trend of cooling and warming on coastal Andes is not clear to the south
of the Bio-Bio Region, where a slight cooling probably will prevail. Despite cooling is
being recorded since a brief period of 30 years, compared to other climate models, it
possible to attribute these trends to global change at least partially (Falvey & Garreaud,
2009). In particular, the coastal cooling appears to result from an intensification of the
southern winds along the coast due to a southward expansion of the zone of influence of
the subtropical anticyclone in the southeastern Pacific, a feature consistent with a largescale "global warming". Changes in rainfall throughout Chile are more difficult to
quantify, because the precipitation shows much greater interannual variability. Garreaud
(2011) estimated that only the central-south region (between the Maule and Chiloe)
present trends towards a reduction in rainfall, with reductions of up to 100 mm*decade-1
in the area of Valdivia, being more intense during the spring months. Although the
implications of these climate changes for marine biota of coastal ecosystems are not been
modeled, the changes in rainfall could affect the freshwater runoff, with important
consequences for coastal water turbidity and light conditions for algal photosynthesis,
especially near estuaries and fjords.
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Table 2.1 Comparative environmental parameters among different regions considering luminic
and thermal biogeographic gradients
Environmental Conditions
Irradiances
Biogeographical

PAR

Sea surface
temperature

Daylength
Winter

Summer

(Wm )

(h)

(h)

1440*

1.2

0

24

2- 6.9

Antarctic

2130*

1.8

5

19-20

-2 - 2

Patagonian fjords

46-2186

2.6

7 - 12

12-17

5 - 10

Valdivia

969-2423

2.8

9 - 12

12-15

10 - 16

area

(µmol m s )

Arctic

-2 -1

Maximum UV-B radiation
-2

(ºC)

Hoyer et al., (2001); Huovinen et al., (2006); Zacher et al. (2009); Helbling et al., (2005, 2010);
http://www.arctic.noaa.gov.
*Minimum light below detection limit

Figure 2.1 The pattern of depth zonation of seaweeds of the coast of Valdivia and penetration of
UV-B and PAR in the water column during spring- summer. The diagram is only an overall
representation defining the dominant species at each depth, however, most of the algae,
mainly the subtidal, exhibit a dynamic vertical distribution. The species profile was
constructed using different sources: Gomez & Huovinen (2011); Huovinen & Gómez (2011).

b) Patagonian Fjords: The Patagonia fjord region, according to Fernandez et al.
(2000), extends from about 43°30' to 56°S. The climate is temperate-cold oceanic (44-52
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°S) and sub-Antarctic oceanic (52-56° S), with rainfall homogeneously distributed
throughout the year, ranging between 2,000 and 3,000 mm year-1. This region has an
irregular coastline, where the fjords penetrate inland through glacial dissection of the
Andes, and numerous short and low-flow rivers between 52° and 56° S. Also there is a
strong and shallow picnocline produced by a layer of fresh water that characterizes the
water column within the fjords. In general, the average water temperature is the lowest of
the coast of Chile (Table 2.1). Tide amplitude varies, depending on the particular
characteristics of each locality, 8 to 14 m between Puerto Montt and Punta Dungeness
(Viviani, 1979) (Figure 2.2).
The area is influenced by different seasonal processes and the presence of water masses
of importance for climate regulation on a global scale (e.g. Antarctic Circumpolar
Current o West Wind Drift). Therefore, the composition of species in this area is
biogeographically characterized by a confluence of Magellan / sub-Antarctic components,
endemic species and some Antarctic representatives, generating a unique interface area
(Rozzi et al., 2007). The inner region is characterized by extensive forests of large brown
algae (M. pyrifera, Lessonia sp.; (Dayton 1984; Ojeda & Santelices, 1984; Vásquez &
Castilla, 1984; Vásquez et al., 1984,). In general, the rocky intertidal may be dominated
by filamentous and foliose small Chlorophyta as Enteromorpha bulbosa or Acrosiphonia
as well as by Mazzaella laminariodes, Nothogenia fastigiata and the brown alga
Adenocystis uticularis, which also extend its distribution to the Antarctic. The subtidal
zone are more variable in their composition in shallow zones near shore where it is
possible find rocky, boulders or blocks. These areas are occupied preferably by large
brown algae such as M. pyrifera, L. vadosa, L. flavescens, L. trabeculata and Gigartina
skottsbergii. In other areas, the basis of Macrocystis belts provide an ideal attachment for
many species of Desmarestia ligulata and Gigartina skotbergii (Figure 2.2) (Rozzi et al.,
2007; Ramirez, 2010). A comparison of the algal flora from different parts of the
Antarctic-Subantarctic regions showed that species diversity is considerably higher on the
coasts of Patagonia, Tierra del Fuego and Falkland Islands than in other region of the
Southern Ocean (John et al., 1994, Huovinen & Gómez 2012).
Seaweeds located in the Patagonian fjords have a high capacity to acclimate to
environmental change, extreme variations in abiotic factors (light, UVR, temperature)
between winter and summer (Table 2.1) (Casiccia et al., 2003), as by strong influence of

13

Chapter 2. Theoretical Background

tidal oscillations (> 7m), that finally may determine physiological adaptations of these
seaweeds under variations of light and temperature (Huovinen & Gómez, 2011). For
example, when low tides coincide with the maximal irradiance at solar noon,
photosynthesis can be seriously affected, so the organisms that inhabit these sites usually
have higher saturation points of photosynthesis than algae from coastal sites exposed to
lower tidal ranges (Huovinen & Gómez, 2011). In the case of algae from Patagonian
fjords high sensitivity to UV-A and UV-B radiation in subtidal seaweeds has been
observed (Navarro et al., 2008). Rautenberger et al. (2009) found species-specific
saturation points of photosynthesis (80 and 215 µmol m-2s-1) in seaweed assemblages
from Estrecho de Magallanes. However, due to the increase of the "ozone hole" over the
Antarctic vortex and the increased levels of UVR in this area, especially in spring, it is
reasonable to argue that the algal species of these sites probably are threatened in
different ways (Kirchhoff et al., 1997; Bianciotto et al., 2003; Díaz et al., 2006). The
relatively high radiation values during summer at this site, together with daylenghts
close18 h, result in daily doses comparable to those of temperate sites. For Patagonia
also, surface daily doses show ranges of 1-14 MJ m-2 for PAR and 4-45 kJ/m2 for UV-B
(Helbling et al., 2005) (Table 2.1). According to a study of 6 years (1999-2005) in the
region of Magallanes, was indicated that the recovery of the ozone column in these
latitudes remains uncertain. Decreases in the ozone layer between 20 and 53%, which
correlated with increases of between 50 and 200% in UV-B in relation to normal levels
have been recorded (Casiccia et al., 2003; Casiccia et al., 2008). Ozone levels as low as
145.8 Dobson Units (a 56% decrease) were measured when the “Antarctic ozone hole”
passed over the area, with increases in UV-B at 297 nm of up to 38 times those of similar
days with normal ozone (Abarca & Casiccia, 2002). Thus, the duration and intensity of
solar radiation is a decisive factor in the ecological patterns governing seaweeds in the
Patagonian region (Figure 2.2) (Helbling et al., 2010; Huovinen & Gómez, 2011). In
addition, due to their susceptibility to thermal stress and their important ecological roles,
it is critical to understand how seaweeds will be affected by increasing temperatures in a
possible scenario of global climate change.
Climate change in Patagonian Fjords: Considering the range of climate sensitivity and
current rates of emission of greenhouse gases is expected to average global temperature
increase to +2 °C to mid twenty-first respect to the average 1960-1990 (IPCC, 2007). In
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the southern Patagonian region, where the oceanic influence is much higher, the warming
will be less extensive and even will show a cooling around the circumpolar band near the
periphery of Antarctic, which extends along the west coast of South America. However,
changes are expected in these areas mainly due to the fragility of their ecosystems, rather
than by the intensity of climate change. Estimations considering the most severe scenario
indicate an increase up to 4°C in this region, nonetheless, its effect would be mitigated by
the influence of the Pacific Ocean in the Chilean coast (CONAMA, 2006). Changes in
rainfall estimates for this region show an increase of between 10-20% of actual value
during winter. Consequently, the melting of glaciers in the Andes and ice fields in
Southern Patagonia and Tierra del Fuego, would increase runoff and levels of rivers and
lakes on both sides of the Andes, increasing stratification of the column of water
(Garreaud, 2011).

Figure 2.2. The pattern of depth zonation of dominant seaweeds in the Patagonian fjord region
near Punta Arenas and penetration of UV and PAR in the water column during spring-summer.
The species profile was constructed using different sources: Ramirez (2010); Huovinen & Gómez
(2011); Mansilla et al. (2007).

c) Arctic: The Arctic region is bounded by the Arctic Ocean, which is surrounded by
continental land masses and continuously connected to the temperate coasts of Eurasia
and America, which allow entry warm water constantly from the North Atlantic (Zacher
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et al., 2011). At high latitudes, the sun elevation is highly variable and generally low, for
example the maximum solar elevation is 34.5° in Kongsfjorden (Sakshaug & Slagstad,
1991). Since the light that penetrates the surface of the water decreases with the solar
angle, the underwater radiation conditions are strongly affected by small changes in solar
incidence (Kirk, 1994). Therefore, at higher latitudes the entire ecosystem is highly
susceptible to environmental conditions during the short period of appropriate conditions
for primary production.
The Arctic marine flora is characterized by a low abundance and diversity (Lüning,
1990). Due to the long periods of darkness and and additional shading by snow and ice
the enough light for photosynthesis is only available from early summer (June) to autumn
(early September). In this regard, different sensitivities and adaptations to the radiation
regime strongly define the zonation patterns of polar seaweeds (Wiencke et al. 2004). In
Konsfjord drom the island of Spitsbergen, an Arctic fjord system relatively well studied,
four major zones occupied for seaweeds can be recognized: i) intertidal; ii) uppersubtidal, 3 to 5 m depth; iii) mid-subtidal between 3 and 8 to 15 m depth; and iv) lowersubtidal, about 30 m depth. Intertidal and upper sublittoral are impacted by abrasion
processes iceberg of drifting sea ice or, therefore, colonization by perennial species is
physically difficult (Svendsen, 1959; Wiencke et al., 2004). Therefore seaweeds (e.g.
Fucus distichus) use small cervices and cracks in the rocks, finding in general annual
seaweeds such as Urospora penicilliformis, Pylaiella littoralis and Saccorhiza
dermatodea, or seudoperennial species and endemic as Devaleraea ramentacea. The mid
subtidal is characterized by species of brown algae such as Alaria esculenta, Laminaria
digitata and Saccharina latissima. Finally, the lower subtidal is characterized by red
algae Ptilota gunneri and Phycodrys rubens and the deep kelp Laminaria solidungula
(Figure 2.3). Arctic seaweeds species generally show low endemism and have a
distribution which extends into the temperate zone (Müller et al., 2011).
The long period of darkness at which seaweeds are subjected during the polar winter,
determine different types of growth strategies. Some species of algae, known as "season
anticipators" use their storage reserves to form a new blade during the polar winter
allowing the growth of algae in darkness while during summer algae actively
photosynthesize. In contrast, the "season responders" begin to grow and reproduce later
when favorable light conditions conditions occur during the polar spring and summer.
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The species of this group react directly to the main factors of their environment and
exhibit opportunistic life strategy (Wiencke, 1990).
Global change in Arctic región: In the last 25 years there has been a steady increase in
global temperature which has been recorded in detail, probably, better than any other
place in the earth. Between 1979 and 1997 there has been a warming of air surface
temperature near the Arctic up to 2°C (Rigor et al., 2000). This increase in surface air
temperature has been accompanied by a decrease in the extent of Arctic sea ice in recent
decades (Stroeve et al., 2007) increasing the duration of the frost-free season in middle
and high latitudes of both hemispheres (Solomon et al., 2007). Likewise, the Arctic
Ocean is being more influenced by the waters of Atlantic origin, becoming warmer
(Morison et al., 2000). The global climate models more extreme project a warming up to
5.9° C over the Arctic in the late 21th century, with temperature amplitudes much greater
than predicted on the rest of the earth (Chapman & Walsh, 2007; Christensen et al.,
2007). A rise of the seawater temperatures of up to 4°C is expected in the Atlantic sector
of the Arctic Ocean (Müller et al., 2009) that could increase freshwater discharge with
impact on nutrient supply, turbidity, and the inflow of low salinity water (Pivovarov et
al., 2003) that would most likely lead to major changes in ecosystem structure and
function, interaction and changes in species (Solomon et al., 2007).
The weakening of the ozone layer is another factor affecting marine systems. It has been
estimated that the ozone layer will decrease until the year 2020, from 450 Dobson units
(DU) to a lower limit of 130 DU (Shindell et al., 1998; Hassol, 2005), which could have
drastic effects on seaweed communities in this region. Seasonal variation studies with
respect to UVR and ecophysiological patterns in macroalgae have shown a high
sensitivity of photosynthesis (Bischof et al., 2002). Within the most important strategies
to prevent UVR induced damage in seaweeds of the Arctic, is the accumulation of
detoxifying and specific ROS scavenging enzymes, and secondly the biosynthesis of UV
absorbing compounds. Aguilera et al. (2002b) evaluated the content of photosynthetic
pigments and MAAs, as well as enzyme activity with respect to seasonal changes in solar
radiation regimes and levels of macronutrients in Kongsfjord water in six seaweeds (3
brown algae, 2 red algae and 1 green algae), finding an increase in the synthesis of UVR
absorbers compounds and antioxidant activity, during the period of increased radiation in
the water column.
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Figure 2.3. The pattern of depth zonation of dominant seaweeds at Kongsfjorden (Spitsbergen)
and penetration of UV and PAR in the water column during spring-summer. The species profile
was constructed using different sources: Bischof et al. (1998); Wiencke et al. (2000); Bischof et
al. (2004).

d) Antarctic: in contrast to the Arctic, Antarctic is an ice-covered continent without
any connection land to the temperate regions, surrounded by the Circumpolar Current
System, that separates Antarctic from the Southern Ocean since the Mesozoic (15 Ma)
(Lawver et al., 1985). The strong geographic isolation and extreme weather conditions
has modeled seaweed biodiversity in this region which is characterized by a high degree
of endemism (Table 2.1) (Wulff et al., 2011). In this regard, 44% of the
Heterokontophyta (Phaeophyceae and Chrysophyceae), 36% of the Rhodophyta, and 18%
of the Chlorophyta are endemic. Furthermore there is an order endemic of brown algae,
the Ascoseirales. Endemic and ecologically important species include the brown alga
Himantothallus

grandifolius,

Desmarestia

anceps,

D.

menziesii,

Cystosphaera

jacquinotii, Ascoseira mirabilis, and red algae Myriogramme manginii, Georgiella
confluens, Phycodrys antarcticus, Trematocarpus antarcticus (Wiencke & Amsler,
2012). The majority of these seaweeds is sublittoral and exhibit "season anticipator"
characteristics, therefore, this strategy of life would be a typical adaptation to seasonal
conditions in the polar regions. In contrast, algae located in the eulittoral and found in
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regions near the Antarctic (e.g. Adenocystis utricularis) exhibit "season responder"
characteristics.
The vertical distribution of Antarctic seaweeds is complex and species zonation is
arranged in relation with substrate characteristics, nutrients and light. In general the
intertidal zone is depauperate in algae due to the severe physical conditions, characterized
by strong wind and ice scouring. Consequently the main associations are located in the
sublittoral zone, with shallow species such as Iridaea cordata, A. utricularis and
Monostroma hariotii populating depths of 5 m. These species can be exposed to high
levels of PAR and UVR during spring-summer. Between 6 and 15 m the shores are
characterized by cystosphaera jacquinotii, Desmarestia menziesii, Ascoseira mirabilis,
Curdiea racovitzae, Gigartina skottsbergii and Kallymenia antarctica. A third association
characterized by Himantothallus grandifolius, Desmarestia anceps, Georgiella confluens,
Ballia callitricha and Plocamium cartilagineum occurs at depths below 15 m (Figure 2.4)
(Quartino et al., 2008). From the 37 meters deep a circalittoral region, which represents
the growth limit of macroscopic algae, has been also recognized (Zaneveld 1966).
Antarctic seaweeds are normally exposed to darkness or at least to low light conditions
for long periods, which resul in a marked shade adaptation of these organisms. However,
when sea ice breaks in late winter solar radiation can penetrate deep into the relatively
clear waters (Figure 2.4). Temperatures are relatively constant in the sublittoral during
summer (1.8-2.2 ºC), but can vary considerably in eulittoral and supralittoral shores (up
to 4 °C; Drew & Hastings, 1992). Thus, the temperature tolerance in polar algae show
low temperature demands for photosynthesis and growth around <5°C, nevertheless, they
retain the capacity to survive at temperatures as high as 20°C (Breeman, 1988; Bischoff
& Wiencke, 1993; Gómez et al., 2009). For example, in King George Island,
temperatures can reach 14°C in the tide pools, while algae exposed to air in the
supralittoral may be subjected to temperatures up to about 20°C in summer (Zacher et al.,
2011).
Global change in Antarctic region: Climate change in this region is expected to be
among the largest and most rapid of any region. Similar as in the Arctic, there is strong
evidence of the present impact of climate change in the Antarctic (Anisimov et al., 2007).
Not only the continental Antarctic, but not also the peninsular area and adjacent islands
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are particularly sensitive to global climate change, showing a statistically significant
warming trend during the last half century (King, 1994; Stark, 1994; Smith et al., 1996;
King & Harangozó, 1998; Smith & Stammerjohn, 2001). For example, the seawater
temperatures in the Antarctic Peninsula region rise about 1°C in summer and about 2°C
in winter between 1991 and 2005 (Müller et al. 2009). Although this increase in
temperature would not affect the latitudinal distribution of Antarctic seaweed directly
changes in the duration of winter and extent of sea ice due to increased air temperatures
could affect conditions for algal growth. In fact, a marked decrease in marine algal
biomass and species richness has been observed historically along the southern portion of
the Antarctic Peninsula (Smith & Stammerjohn, 2001; Stammerjohn et al., 2008;
Winckle & Amsler, 2012). Investigations of marine ecosystems and paleoecological
records from this area show that past ecological transitions occurred when the planet was
affected by a large scale climate change (Emslie, 1995; Emslie et al., 1998; Quetin &
Ross, 2000).
The increase in greenhouse gases, especially CO2, over the polar regions will further
increase the acidification of waters compared to other regions of the world due to the
increased solubility of gases in cooler waters (Feely et al., 2004). It is estimated that by
2100 due to a greater incorporation of CO2 into the ocean will be a decrease in pH from
0.14 to 0.35 units (ICCP, 2007). Although the possible effects of the decrease in pH on
the communities of seaweeds are unknown, it is estimated that the increase in CO2 would
increase primary production, depending on the mechanisms of carbon incorporation
(Gómez & Huovinen, 2012).
The atmospheric processes product of global warming are related to the absorption and
reflection of solar radiation, which would lead to a decrease in temperature in the
stratosphere, mainly due to the higher cloud formation. The formation of polar
stratospheric clouds increases the depletion of the ozone layer affecting especially the
polar stratosphere (Rowland, 2006). Consequently, the spectral composition of radiation
in this region has changed in recent decades towards a higher proportion of potentially
harmful UV-B radiation, which is reflected in the strong ozone depletion (75%) over
Antarctic each spring (Whitehead et al., 2000). Considering a variety of water types in
the Antarctic, 10% penetration depths of UV-B and UV-A range between 2.8-10 and 3.315.3 m, respectively (summarized by Tedetti & Sempéré, 2006). For example in King
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George Island, UV-B can penetrate to depths close to 16 m (Zacher et al., 2007b; Figure
2.4). Clearly these levels suggest that species in shallow waters can be exposed to
harmful levels of UVR. In this respect, polar algae are particularly sensitive at the
increasing UVR (Kirst & Wiencke, 1995; Bischof et al., 1998). In a long-term study that
evaluated the effect of artificial UVR and natural solar radiation in 13 different polar and
temperate cold seaweed from the Arctic and Antarctic (Michler et al., 2002), showed that
subtidal species were more affected by UV-B treatments, exhibiting a strong
photoinhibition and slower growth. In general, a correlation exists between the vertical
distribution and sensitivity of seaweeds to UVR (Hanelt et al., 1997; Hoyer et al., 2001,
2002). Also, studies in Ascoseira mirabilis gametes determined an ability for recovery of
photosynthesis and DNA repair due to UVR, which was genetically determined from the
parental sporophyte (Roleda et al., 2007; Zacher et al., 2007a). Zacher et al. (2007b)
indicate that recruitment of macroalgae is particularly sensitive to UVR and consumer
pressure. Therefore, an increase in UVR affects the zonation, composition and diversity
of intertidal seaweeds from Antarctic, altering consequently their trophic interactions.

Figure 2.4. The pattern of depth zonation of dominant seaweeds in King George Island and
penetration of UV-B and PAR in the water column during spring-summer. The species profile
was constructed using different sources: Quartino et al. (2008); Zacher et al. (2007b).

In this complex scenario of global climate change four possible effects on organisms have
been postulated: Species may (1) become extinct, (2) migrate or shift their current
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distributional range, (3) adapt through a change in the genetic composition of the
population, or (4) become phenotypically plastic (Figure 2.5) (Fuller et al., 2010).
Physiological studies can help predict the effects of environmental stress through
determining which species approach their tolerance limits and which physiological
systems set those limits (Somero, 2010). An understanding of the physiological capacity
of organisms to respond to actual environmental variability is practically the only way to
estimate the potential responses to climate change in the future, especially if we wish to
delineate future species distribution and population dynamics.

Figure 2.5. Summary of the possible consequences of global climate change in a coastal system.
There is a warming of the ocean surface, strong stratification of the water column and strong
pycnocline, due to the increase of the melting and freshwater runoff that eventually result in sea
level rise (50-120 cm) (IPCC, 2007; Cazenave & LLovel, 2010), nonetheless, these features are
superimposed on strengthened upwelling wind stress since these could produce the opposite
effect (Garreaud & Falvey, 2008). The increased uptake of anthropogenic CO2 in the ocean
surface will cause a decrease in pH, which will increase more towards offshore that nearshore
(Doney et al.; 2009; 2012). The weakening of the ozone layer will increase the dose of UV-B
radiation during the spring and summer. In relation to communities of seaweed, environmental
changes will cause vertical migration (up or down) of species in search of appropriate conditions
of light, colonization of opportunistic species or from other latitudes and extinction of species
most vulnerable, determine changes in biodiversity, structure and zonation of communities
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phytobenthics (Fuller et al., 2010). In this scenario intertidal seaweeds because of their ability to
acclimation to the highly dynamic conditions in the that inhabit are positioned as "winners"
compared to subtidal species which, in virtue of that live in more stable environments, could be
regarded as "losers" (Somero, 2010; Fuller et al., 2010).

2.2 Photoprotective strategies of seaweed under stress conditions
In general, seaweeds, have developed different physiological strategies to protect against
stress, showing a species-specific relationship in the resilience of induced damage (see
review in Bischof et al., 2006). These mechanisms are diverse and, in many cases, serve
to avoid a reduction in growth and primary productivity (Roleda et al., 2006). In general,
it has been reported that increased environmental stress may cause damage at genetic
level (Kulunscics et al., 1999; Vicente & Neale, 2000), decrease in photosynthetic rates
(Hanelt et al., 1997; Hanelt & Nultsch, 2003; Bischof et al., 2000, 2002; Gómez et al.,
2001), slow growth and productivity as well as impaired reproduction (Dring et al.,
1996a, b; Aguilera et al., 1999; Wiencke et al., 2000; Makarov & Voskoboinikov, 2001),
even changes in community structure (Madronich et al., 1995).
2.2.1 Photoinhibition of photosynthesis: defined as a reduction of photosynthetic
efficiency or its maximum rate by effect of exposure at excessive light levels (Long et al.,
1994; Niyogi, 1999), photoinhibition has traditionally been considered the main
limitation of photosynthesis under natural conditions, and its molecular mechanism has
received significant attention. Seaweeds are exposed to daily pronounced changes in the
irradiance, which depends on the position of the sun, presence of clouds, height and
height of tides in the coastal system, which will produce changes in the components of
the photosynthetic apparatus. Enhanced light energy overloading the photosynthetic
capacity causes a reduction of electron transport carriers and accumulation of excitation
energy in the light-harvesting-antennae (Taiz & Zeiger, 2002; Kreslavski et al., 2007;
Tyystjärvi, 2008). As a result, photoinhibition is favored and also the direct reduction of
O2 by electron transport chain (Mehler reaction), producing the subsequent formation of
reactive oxygen species (ROS). However, the degree of photoinhibition will depend on
the ability of plant to avoid the absorption of excess light, the efficiency of the dissipation
of absorbed light energy, the damage to the photosynthetic apparatus, and the capacity of
repair (Krause & Weis, 1991; Hanelt et al., 1994).
A functional concept suggests that the decline in PSII efficiency would be rather down
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regulation of the photochemical machinery to dissipate excess energy, thus balancing the
absorbed and usable energy, phenomenon known as photostasis (Hüner et al., 2002).
When the decrease in quantum efficiency is only transitory, it is called dynamic
photoinhibition. Dynamic photoinhibition is a process that tends to photostasis and
regulation in the capture of light, being rather a strategy of photoprotection of PSII
against the increased excitability, avoiding deterioration of the reaction centers and other
cellular constituents (Taiz & Zeiger, 2002; Azcón-Bieto & Talón, 2003; Kreslavski et al.,
2007). Conversely, chronic photoinhibition is related mainly to photodamage and
photosystem photoinactivation after the dissociation of D1 protein of PSII reaction center
(Melis, 1999). In contrast to the dynamic photoinhibition, the effects are relatively
durable because the damage to the chloroplast or failure in protection mechanisms (Taiz
& Zeiger, 2002; Tyystjärvi, 2008).
In seaweeds, photoinhibition of photosynthesis is a widespread phenomenon. Basically
photosynthesis decreases during midday and recovers during the afternoon, however, in
the presence of enhanced UVR recovery is delayed (Hanelt & Nultsch, 1995; Häder &
Figueroa 1997; Hanelt, 1998; Mata et al., 2006, Gómez et al., 2004). Thus, the capacity
for photoinhibition is closely related with the position on the shore with algae from upper
littoral zones exhibiting the highest rates compared to their counterparts growing at lower
locations (Figure 2.1). On the other hand, the effects of temperature on photochemical
processes of algae have been less studied. In general, temperature is mainly related with
reductions in rates of chemical reactions and alterations in kinetic properties of enzymes
with consequences for the whole physiological performance (Larcher, 2003). Wellknown effects of high temperatures are decreases in photosynthetic pigments (Davidson
1991) and the disruption of thylakoid membranes and PSII inactivation (Harvaux &
Tardy, 1996), that affect the quantum yield of electron transport and induce oxidative
stress (Krause, 1994).
In polar macroalgae, photoinhibition processes occur at lower doses of PAR than in
temperate regions. In general, capability of dynamic photoinhibition in polar macroalgae
is related to their depth distribution, thus the shallow water algae have a higher rate of
photoinhibition than algae from deeper waters, while the sensitivity to UVR follows an
inverse pattern (Figure 2.1.) (Bischof et al., 1998, 1999; Hanelt, 1998).
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2.2.2 Oxidative stress and increase of antioxidant activity
Oxidative stress occurs when activated forms of oxygen (O2), known as reactive oxygen
species (ROS), are abundantly formed as free radicals in the tissues of an organism and
subsequently cause ‘oxidative’ damage (Dalton, 1995; Collen & Davison, 2001; Lesser,
2006). ROS are produced as by products of many routine metabolic processes, such as
photosynthesis and respiration, and are usually harmless to the organism (Davies, 2000;
Mittler, 2002; Moller et al., 2007). However, during periods of increased biotic and
abiotic stress, including exposure to high temperatures or UVR, ROS can accumulate and
subsequently cause damage to lipids, proteins and DNA, inhibiting key physiological
processes, e.g. photosynthesis (Mittler, 2002; Moller et al., 2007). The light-dependent
generation of active oxygen species can occur in two ways: (1) the donation of energy or
electrons directly to oxygen as a result of photosynthetic activity; (2) exposure of tissues
to UVR (Ahmad, 1995). In general, the photosynthetic electron transport system is the
major source of ROS in plant tissues.
Under conditions of oxidative stress, the maintenance of all metabolic processes,
including photosynthesis, is essential for cell protection (Allen, 1977; Elstner, 1982;
Halliwell, 1982; Asada & Takahashi, 1987). Detoxifying enzyme systems and nonenzymatic constituents (antioxidants), decrease oxidative stress by reducing ROS to less
toxic species and less reactive products (Pedersen et al., 1996). A common system is the
action of detoxifying enzymes such as superoxide dismutase (SOD; EC 1.15.1.1),
ascorbate peroxidase (APX; EC 1.11.1.11) and catalase (CAT; EC 1.11.1.6) and enzymes
involved in the regeneration of antioxidant compounds of low molecular weight such as
glutathione reductase (GR; EC 1.6.4.2) and dehydroascorbate reductase (DHAR; EC
1.8.5.1) (Foyer et al., 1997). Other low molecular weight antioxidants within the group of
phenolic compounds are flavonoids, tocopherols and coumarins, nitrogen-containing as
well as other compounds such as carotenoids, ascorbic acid and glutathione (GSH)
(Fujimoto et al., 1985; Larson, 1988; Potterat, 1997). Thus, the steady state level of ROS
in the different cellular compartments is determined by the interplay between multiple
ROS-producing pathways, and ROS-scavenging mechanisms. SOD is considered as the
-

first line of detoxifying enzymes that converts O2 to a less toxic H2O2. Then, APX
degrades H2O2 via ascorbic acid (AsA) oxidation and oxidized AsA, such as
dehydroascorbate (DHA), is reduced to regenerate AsA by DHAR (EC 1.8.5.1) using
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GSH as the electron donor (Asada, 1999). Oxidized GSH, oxidized glutathion, is reduced
to GSH by GR utilizing reducing equivalents from NAD(P)H. Catalase (CAT; EC
1.11.1.6) is also responsible for H2O2 removal (Willekens et al. 1997).
In seaweeds the antioxidant enzymes SOD, APX, CAT and GR, as well as ascorbic acid,
β-carotene and α-tocopherol are well-known antioxidants (Jayasree et al., 1985; Castillo
et al., 1986; Collen & Davison, 1999; Honya et al., 1994, Nakamura et al., 1994;
Potterat, 1997; Aguilera et al., 2002a). More recently, several studies in phlorotannins of
brown algae have revealed their antioxidant properties. For example, the scavenging
activity of these compounds was found to be around 2 to 10 times higher than those of
catechin, α-tocopherol and ascorbic acid (Shibata et al., 2008). In general, it is reported
that the ability to resist oxidative stress may be one of the main factors controlling the
vertical pattern of zonation in the communities of seaweeds (Figure 2.1.) (Bischof et al.,
1998; Hanelt, 1998). Thus, there is a species-specific efficiency in the removal of ROS in
relation to the distribution of species in the shore (Collen & Davison, 1999). Research in
green and brown algae showed that those located in the intertidal and upper subtidal layer
showed greater activity of antioxidant enzymes compared than the lower subtidal species,
indicating a differential protective response, depending on the conditions to which they
are subjected in their natural habitat (Aguilera et al., 2002b). Interestingly, the presence
of abundant amounts of phlorotannins in intertidal kelps, enhances their antioxidant
capacity, suggesting that these compounds can represent an ROS scavenging mechanism
more active than antioxidant enzymes (Cruces et al., 2012).

2.2.3 Induction of phlorotannins
Phlorotannins are polyphenols formed by polymerization of 1,3,5-trihydroxybenzene
units (Ragan & Glombitza, 1986) and found exclusively in brown algae (Phaeophyceae),
and have attracted considerable scientific interest due to their multi-functionality. These
compounds are mainly stored within organelles denominated physode, which can be
clearly observed in the cytosol: during this phase these compounds are denominated
“soluble phlorotannins” (Schoenwaelder, 2002). Moreover, physodes “move” towards the
cell periphery and thus phlorotannins are polymerized in the cell wall, where they are
integrated in the polissacharide matrix (Ragan & Glombitza, 1986; Schoenwaelder,
2002). The way in that these compuonds pass through the membranes and are further
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deposited in the cell wall is poorly known. Overall, phlorotannins concentrations vary
depending on the species and geographic area, with values up to 20% of algal dry mass
(Ragan & Glombitza; 1986; Fairhead et al., 2005; Iken et al., 2007). Intraspecific
variation in the concentration of these compounds is also correlated with size, age, tissue
type, as well as environmental factors such as salinity, nutrients and UVR (Pavia & Toth,
2000; Connan et al., 2004; Gómez & Huovinen, 2010).
Phlorotannins are induced in response to different types of stresses (Targett & Arnold,
1998, 2001; Amsler & Fairhead, 2006). Due to their peripheral localization in the cell and
absorbing properties (these compunds absorb in the range of UV-C and UV-B) they have
a function as sunscreens substances (Ragan & Glombitza, 1986; Pavia et al., 1997;
Schoenwaelder et al., 2003, Gómez & Huovinen 2010). For example, an increase in the
size of physodes of several Laminariales from Spitsbergen (Arctic) war observed after
treatments with UV radiation, indicating an induction of phlorotannins (Wiencke et al.,
2004). According to recent studies, the phlorotannin are induced in short time (2 to 3 h)
(Gómez & Huovinen, 2010; Cruces et al., 2012), depending on UVR stimulii, seasonal
acclimatization and specific morpho-functional processes (e.g. growth) (Gómez &
Huovinen, 2010).
The antioxidant potential of phlorotannins has been a subject of increasing research in the
last years. A relation between the content of total phlorotannins and the antioxidant
activity has been reported in several species of seaweeds (Nakai et al., 2006; Shibata et
al., 2008; Huovinen et al., 2010; Cruces et al., 2012). Although this high relations have
been reported in extracts (Siriwardhana et al., 2003), the potential ROS cavenging of
phlorotannins in vivo requires further attention.

2.3 The anti-stress machinery of kelps and implications for intertidal ecology
In the present thesis, the above described concepts and major physiological responses of
various brown algae were integrated in a series of experiments and approaches in order to
get a reliable picture of the major mechanisms underlying the adaptations of these
organisms to the intertidal life.
In Chapter 3, the relationship between phlorotannins and antioxidant capacity of algae
subjected to enhanced UVR and temperature was studied in the context of short-term
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responses to tidal variation. In the Chapter 4, the antioxidant capacity of phlorotannins is
examined at mid-scale (hours to days) with an emphasis in the morpho-functional
differences between three kelps from the southern Chilean coast: Lessonia nigrescens,
Durvillaea antarctica and Macrocysts pyrifera.
In Chapter 5, a comparative analysis of photobiological responses of various brown algae
from different cold-temperate and polar regions, namely Valdivia, Patagonian fjords
(Estrecho de Magallanes), Arctic (Spitsbergen) and Antarctic (King George Island). In
this section, database gained from different projects is compilated in order to gain new
insights into as shifts in temperature and UV radiation, two major global change factors,
affect ecophysiology of algae normally adapted to low light and temperature.
Finally, in the appendix, the manuscript entitled “Stress proteins and auxiliary anti-stress
compounds in intertidal macroalgae” compilates the existing information from de diverse
anti-stress mechanisms from intertidal species. In this study the action of stress proteins
in macroalgae is exhaustively revised in the context of major factors that have been
reported to induce them, e.g. temperature, enhanced solar radiation, contaminants, etc.
Moreover, other important anti-stress compounds such as phlorotannins, mycosporinelike amino acids (MAAs), polyamines and carotenoids are also included in order to
describe the complex metabolic machinery of these organisms that allow them to thrive in
all type of ecosystems.
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3.1 Abstract
Rapid adjustments of the photosynthetic machinery and efficient antioxidant mechanisms
to scavenge harmful ROS are physiological adaptions exhibited by intertidal seaweeds to
persist in temperate regions. This study examines short-term (3 h) responses of three
large kelps from the cold-temperate coast of Chile, normally adapted to water
temperatures <16°C, but exposed abruptly to simultaneous high temperatures and UV
radiation (UVR) during low tide in summer. The kelps were exposed in the laboratory to
three temperatures (10, 20, 28°C) with and without UVR, and photochemical reactions,
concentration of phlorotannins and antioxidant activity were examined. The exposure to
elevated temperature (slightly exacerbated by the presence of UVR) decreased
photochemical processes (measured as fluorescence kinetics) in the three studied species
and increased lipid peroxidation in two of them. The concentration of total soluble
phlorotannins was variable and correlated with the antioxidant activity in the presence of
UVR. Insoluble phlorotannins did not change during the exposure. In all, the down
regulation of the photochemical machinery, which was expressed as dynamic
photoinhibition, and the rapid induction of soluble phlorotannins triggered by UVR
minimized the effects of oxidative stress and maintained the operation of photochemical
processes during short-term thermal stress.

Keywords: antioxidants; phenols; photosynthesis; photochemical efficiency of PSII;
photosynthetic pigments, UV-B radiation.
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3.2 Introduction
Intertidal seaweeds from temperate regions are naturally exposed to broad fluctuations
in the environment, e.g. desiccation, high solar radiation, broad and rapid changes in
salinity, etc., and thus they are ecophysiologically well equipped to deal with such
stressful conditions (Davison & Pearson, 1996). However, the examination of
physiological adaptations in organisms living in these systems is difficult because many
responses can be triggered by multiple factors acting simultaneously, resulting in e.g.
synergistic or antagonistic effects (Lotze & Worm, 2002). This is relevant especially in
enzyme-based thermal acclimation, e.g. synthesis of stress proteins and related reactions
(Lewis et al., 2001; Ireland et al., 2004), DNA repair via photolyase and excision
enzymes (Pakker et al., 2000; Van de Poll et al., 2002), activation of antioxidant
enzymes (Aguilera et al., 2002; Burritt et al., 2002; Bischof et al., 2003), down
regulation of photosynthetic enzymes (e.g. RuBisCo) and the whole process of carbon
fixation (Bischof et al., 2002; Gómez et al., 2007). In the case of abrupt changes in
environmental conditions during emersion, algae can respond through photochemical
down-regulation (e.g. dynamic photoinhibition), which serves to dissipate excess energy
(Franklin & Forster, 1997; Flore-Moya et al.,1998; Häder, 2008) and complementarily,
by activating the whole suite of radical scavenging mechanisms, e.g. antioxidative
enzymes (Aguilera et al., 2002; Burritt et al., 2002). Apparently, an efficient and rapid
ROS scavenging during exposure to high solar irradiation is regarded an important
physiological adaptation of intertidal species (Collén & Davison, 1999). Brown algal
phlorotannins (polymers of phloroglucinol; 1,3,5-trihydroxybenzene) are inducible
phenolic compounds associated mainly with anti-herbivory defense (Targett & Arnold,
1998; Jormalainen & Honkanen, 2008), similar to the condensed tannins and flavonols
of higher plants (Bernays et al., 1988). However, they are also essential components of
the cell wall and can be rapidly synthesized during wound-healing and sealing after
thallus amputations (Lüder & Clayton, 2004), thus serving as primary structural
compounds during growth (Schoenwaelder, 2002). Due to that these compounds absorb
UV wavelengths and are mostly located in the periphery of the cell, their role as UVscreening substances have been demonstrated (Swanson & Druehl, 2002; Gómez &
Huovinen, 2010). Furthermore, these compounds have chemical characteristics that
make them effective antioxidants that can scavenge harmful reactive oxygen species
(ROS) (Dummermuth et al., 2003; Ahn et al., 2007). As the formation of ROS is one of
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the primary expressions of photodamage by UVR (Aguilera et al., 2002; Dummermuth
et al., 2003), the role of phlorotannins beyond a putative UV shielding function requires
further examination in an ecological context. In fact, phenolic compounds of higher
plants are known to act not only as UV-screening substances (Ahn et al., 2007; Clarke
& Robinson, 2008) but also as highly efficient ROS scavengers (Rice-Evans et al.,
1997). Thus, studies on the examination of the relationship between phlorotannins and
short-term adjustments of the physiological machinery of seaweeds might give valuable
insights into large scale responses, e.g. those driven by global climate changes (Lotze &
Worm, 2002; Hoffman et al., 2003). In the littoral of southern Chile (coast of Valdivia,
39°S), three large brown algae, the kelps Lessonia nigrescens and Macrocystis pyrifera
and the fucoid Durvillaea antarctica, coexist and dominate at the intertidal zone. This
association is unique among the cold-temperate kelp communities in the southern
hemisphere and its importance for the whole intertidal community structure has been
emphasized in various ecological studies (Santelices et al., 1980; Westermeier et al.,
1994; Huovinen & Gómez, 2011). Recently it has been reported that levels of UVR
recorded in summer affect photosynthesis in these species (Gómez et al., 2004; Gómez
et al., 2007; Huovinen et al., 2006), which is exacerbated by the simultaneous action of
contaminants (Huovinen et al., 2006). Interestingly, these adverse effects on algal
metabolism are partially counteracted by efficient photoprotective mechanisms such as
dynamic photoinhibition (Gómez et al., 2005) and synthesis of phlorotannins (Gómez &
Huovinen, 2010). However, the effects of temperature, which can become as high as 30
°C during low tide in summer, have not been examined.
The present study is an effort to understand the way in which intertidal kelps are
physiologically adapted to cope with the combined action of temperature and UVR, two
major factors affecting the physiology of these organisms. Based on short-term
exposures (hours) in the laboratory we examined the changes in concentration of
phlorotannins in L. nigrescens, M. pyrifera and D. antarctica. The functional role of
these compounds was assessed through in vitro measurements of antioxidant activity,
lipid peroxidation, as well as rapid adjustments in chlorophyll fluorescence kinetics.
Regarding some ecological and morpho-functional differences between these kelps, we
addressed also the question whether they share similar stress mechanisms or
alternatively, species-specific responses. This aspect is essential to understand how
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temperature modifies the effect of UVR on different processes of kelps underlying
competitive adaptations to the intertidal life.
3.3 Materials and methods
Sampling and algal material: Fronds from juvenile exemplars of Lessonia nigrescens,
Durvillaea antarctica and Macrocystis pyrifera were collected in austral spring
(October) from intertidal rocky shores of Calfuco, coast of Valdivia, southern Chile
(39°51’S, 73°23’W). After sampling algae were immediately transferred to the
laboratory and acclimatized for around 24 h to dim light (50 µmol m-2s-1, Daylight, TL
Phillips, The Netherlands) at a temperature corresponding to natural surface water
temperature in the sampling site (10±1°C) and under vigorous aeration.
Experimental design: In order to determine the temperature threshold for
photosynthesis, seaweeds were exposed for 15 and 30 min to increasing temperatures
between 5 and 40°C in a culture chamber (Bioref-Pitec, Santiago, In Chile). Maximal
quantum yield of fluorescence (Fv/Fm) was measured with a portable pulse modulated
fluorometer (PAM-2000, Walz, Effeltrich, Germany). This parameter is an indicator of
the quantum efficiency of photochemistry (Schreiber et al., 1994). In order to evaluate
the effect of temperature on the physiology of the kelps, algae were exposed for 3 h to
three temperatures in a thermoregulated water bath (Gómez et al., 2005): 10°C (winter
ambient temperature, low range for this latitude), 20°C (high temperature, 3°C above
the upper summer range for this latitude) and 28°C (critical temperature occurring
during low ride in summer). After the exposure, the algae were returned to the original
culture conditions (10°C, under PAR). The algae were illuminated using a combination
of UV (Q-Panel-313 nm and 340 nm; Q-Panel Co., Cleveland, OH) and PAR lamps
(Daylight, Philips), and cut off foils (Ultraphan 295 and 395, Digefra, Munich,
Germany). A group of algae was exposed to UVR, which was set at 2.3 Wm-2 for UV-B
and 8.4 Wm-2 for UV-A with a PAR background (Photosynthetically Active Radiation)
of 85 µmol m-2s-1. The PAR control was set using an Ultraphan 395, which cuts off the
entire UV waveband (Fig. 3.1). The UV-B condition is in the range of the maximal
levels recorded for this zone in summer (1.68-2.22 Wm-2) (Gómez et al., 2004;
Huovinen et al., 2006), while PAR levels were kept low in order to avoid masking of
UV effects. In each treatment, 10 pieces of fronds collected from three individual algae
were used. After the exposure, algae were returned to the original culture conditions
(10°C and PAR irradiance of 85 µmol m-2s-1) for recovery for 4 h. After exposure,

51

Chapter 3. Stress tolerance mechanisms of South Pacific kelps
samples were frozen in liquid nitrogen and stored at -20°C or in silica gel until further
biochemical analyses.

Figure 3.1. Spectral irradiance of the UV (Q-Panel) and PAR (Philips) lamps under
cutoff filters (Ultraphan 295 and 395) used in order to obtain two experimental
treatments (only PAR and UV+PAR).

Measurement of photochemical reactions: In vivo chlorophyll a fluorescence of
photosystem II (PSII) was measured with the PAM-2000 fluorometer. For the
estimation of the electron transport rate (ETR), thallus discs of 1 cm diameter punched
from the middle zone of the fronds were put in a dark chamber and irradiated with
increasing intensities of PAR (up to 283 µmol photon m-2s-1) provided by the PAM
device (Schreiber et al., 1994). ETR was then determined through P-I curves by relating
effective quantum yield (ΦPSII) and the intensity of the actinic irradiance as follows:

ETR = ΦPSII × E ×A ×0.5

(1)

where E is the incident irradiance of PAR and A the thallus absorptance. The factor 0.5
comes from the assumption that four of the eight electrons required to assimilate one
CO2 molecule are supplied by PSII. Absorptance was determined by placing the algae
on a cosine corrected PAR sensor (Licor 192 SB, Lincoln, USA), and calculating the
light transmission as:
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A = 1-Et Eo-1

(2)

where Et is the irradiance below the alga (transmitted light) and Eo is the incident
irradiance. For defining the ETR parameters, a modified non-linear function of Jassby &
Platt (1976) was fitted:
ETR = ETRmax × tanh (α × E/ETRmax)

(3)

where ETRmax is the maximal ETR, tanh is the hyperbolic tangent function, α is the
initial slope of the P-I curve, which is an indicator of the efficiency of the electron
transport and E is the incident irradiance. The saturation irradiance for electron transport
(Ek) was calculated as the intercept between α and ETRmax
Lipid peroxidation: The content of malondialdehyde (MDA) equivalents, an indicator
of peroxidation, was analyzed according to Salama and Pearce (Salama et al., 1993).
Algal segments of approximately 40-70 mg fresh weight were ground in liquid nitrogen
and extracted with 1.5 mL of 0.5% w/v thiobarbituric acid in 20% w/v trichloroacetic
acid. The mixture was incubated in a water bath at 95°C for 30 min, cooled in ice, and
centrifuged at 14000 rpm for 20 min. Absorbance at 440, 532 and 600 nm was read in
96-well microplate spectrophotometer (Multiskan Spectrum, Thermo Scientific,
Waltham, MA). The amount of MDA was calculated using an extinction coefficient of
1.57 x l05 at 532 nm (Albro et al., 1986).
Antioxidant activity: DPPH (2,2-diphenyl-1-picrylhydrasyl) radical scavenging
activity was determined using a 96-well microplate assay (Fukomoto & Mazza, 2000).
Samples (50 mg) were previously frozen in liquid N2, dried in silicagel and ground in a
mortar. The extract was homogenized in 5 ml of 70 % acetone for 24 h under shaking at
4°C in darkness. A 150 µM stock solution of DPPH* was prepared in methanol (80 %).
For the reaction, a volume of 22 µL of extract (supernatant) and 200 µL of DPPH*
solution were mixed directly in the 96-well microplate. The plate was covered and kept
in the dark at 22°C. After 5, 10, 15, 20 25, 30, 60, 90 and 180 min, the absorbance was
measured at 520 nm using Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid) as standard and the antiradical activity was defined as µg of Trolox equivalent/dry
weight. The increment of antioxidant activity was calculated contrasting the values after
treatment with those initially measured, including recovery, according to the following
formula:
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% Radical Scavenging = (ACt - ACc) ACc -1 × 100

(4)

where ACt is the antioxidant activity in treatment, ACc is the antioxidant activity of
initial control.
Determination of phlorotannins: Total soluble and insoluble phlorotannins were
determined using the Folin-Ciocalteu method described by Gómez & Huovinen (2010)
using a 96-well microplate. Purified phloroglucinol is used as a standard. Due to that
phlorotannins are practically the only phenolic compounds in brown algae, the
interference by other phenols is very low (Koivikko, 2008). For the determination of the
soluble fraction, 10 mg of silica gel dried algal material was homogenized with liquid
nitrogen in a mortar. After adding 1 ml acetone (70 %), the extract was kept shaking
overnight at 4°C. After centrifugation (4000 rpm, 10 min), 50 µl of supernatant was
solubilized in 250 µl of dH2O, 200 µl of 20 % NaCO3 and 100 µl of 2 N Folin-Ciocalteu
reagent. The samples were incubated for 45 min at room temperature in darkness,
centrifuged at 5000 rpm for 3 min and the absorbance read at 730 nm. The insoluble cell
wall-bound fraction was quantified using a modified alkaline method (Strack et al.,
1989; Gómez & Huovinen, 2010). The alkaline treatment was repeated four times, and
the aliquots of each treatment were analyzed separately. The precipitated was extracted
using methanol, H2O, methanol, acetone and diethyl-ether. After drying for 1 h at 60 °C,
the insoluble residue was resuspended in 800 µl of 1 M aqueous NaOH and stirred for
2.5 h. Samples were centrifuged (3000 rpm, 5 min) and 100 µl aliquots neutralized with
10 µl of H3PO4.
Statistical treatment: Data were compared using one-way analysis of variance
(ANOVA), for temperature treatments with and without UV radiation followed by
Tukey’s HSD post hoc analysis when differences were detected. Proportions and
percentage data were arcsin transformed to meet the ANOVA requirements. ANOVA
assumptions (homogeneity of variances and normal distribution) were examined using
the Levene and Shapiro–Wilk W-tests respectively. To determine the correlation
between physiologic variables Pearson’s test was performed. Statistical significance was
set to P < 0.05.
3.4 Results
D. antarctica was the species showing the highest Fv/Fm values along a temperature
gradient between 5 and 40°C, both after 15 (Fig. 3.2A) and 30 min (Fig. 3.2B). In
general, the three species showed the highest and relatively constant values of
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fluorescence (0.58-0.72) between 5 and 25°C (p<0.05). At 30°C, Fv/Fm started to
decrease rapidly, reaching values < 0.1 at 40°C in M. pyrifera and L. nigrescens
(p>0.05).

Figures 3.2 Effect of 15 (A) and 30 (B) min exposure to different temperatures on the
maximal quantum yield of fluorescence (Fv/Fm) of three kelps. Values are mean ± S.E.;
n=10-15.
Increase of temperature was closely related with the decrease of Fv/Fm in the three
studied species (Fig.3.3). The highest photoinhibition of photosynthesis was observed in
D. antarctica at 28°C (p<0.05) in the absence of UVR. In M. pyrifera, UV exacerbated
the effect of temperature at 20 and 28°C (p<0.05), and in L. nigrescens at 10 and 28°C.
Overall, the three species recovered well from the treatments, especially at 10 and 20°C
(p<0.05) (Fig.3.3).
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Figure 3.3. Effect of temperature and temperature plus UV radiation on the maximal
quantum yield of fluorescence (Fv/Fm) of three kelps. Algae were exposed for 3h to the
different experimental conditions and returned to control culture conditions for 4h for
recovery. Values are means ± S.E.; n = 10-15. Different letters denote statistically
significant differences between different treatments according to ANOVA and TukeyHSD post hoc test.
ETR was slightly affected by UV and temperature treatments (Fig.3.4). Initial ETRmax
values of L. nigrescens and D. antarctica were between 35 and 39 µmol e-m-2s-1 and
higher than those measured from temperature and UV treatments (ranges between 28 to
35 µmol e- m-2s-1; p<0.05). In M. pyrifera, the initial ETRmax values were lower (24
µmol e- m-2s-1; p<0.05) compared to the other two species, and the UV exposure at 28°C
caused up to 66 % decrease in photosynthetic activity. In general, saturation point for
photosynthesis
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(Ek) ranged from 107 µmol m-2s-1 in M. pyrifera to 218 µmol m-2s-1 in L. nigrescens,
while UVR at different temperatures decreased Ek values by 33 % in all the species
(p<0.05; Fig. 3.4).

Figure 3.4. Effect of UV radiation (3h exposure) at different temperatures on the
photosynthesis versus light curves (P-I curves) of three kelps based on the estimation of
electron transport rates (ETR). Data are mean ± S.E.; n= 3-4.
The induction of soluble phlorotannins was variable between treatments and species,
although there was a tendency of higher induction associated with UVR more than with
temperature. In contrast, the concentration of insoluble phlorotannins did not change
during the experiment. In L. nigrescens and M. pyrifera, soluble phlorotannins increased
by 150 and 200 % at 10°C in the presence of UVR, respectively (p<0.05) (Fig. 3.5). In
combined treatments of elevated temperature (20 and 28°C) and UVR, no induction of
phlorotannins was observed, a situation comparable to temperature treatments without
UVR (Fig. 3.5). In D. antarctica, the pattern was different with increases of soluble
phlorotannins close to 30% being observed in treatments without UVR at 20°C (p<0.05;
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Fig. 3.5). On the other hand, in this species, exposure to UVR at 10°C did not increase
soluble phlorotannins, but it did at 20°C (p<0.05). After recovery from high temperature
(20° and 28°C) and UVR, no obvious variations in phlorotannins were observed (Fig.
3.5).

Figure 3.5. Effect of temperature and temperature plus UV radiation on the
concentration of soluble and insoluble phlorotannins of three kelps. Algae were exposed
for 3 h to the different experimental conditions and returned to control culture
conditions for 4 h for recovery. Data are mean ± S.E.; n= 4-6. Different letters (lower
case) indicate statistical differences among means from light and temperature treatments
after ANOVA and Tukey-HSD post hoc test.
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High temperature treatments, alone and in combination with UVR, resulted in variable
levels of lipid peroxidation, which were also different between the studied species (Fig.
3.6). M. pyrifera exhibited the highest MDA levels (55 to 80 nmol MDA g-1FW)
followed by L. nigrescens and D. antarctica. Only in M. pyrifera and L. nigrescens a
tendency of increasing values after exposure to combined action of high temperature
and UVR (p<0.05) was observed. Lipid peroxidation decreased after the 4 h recovery
(p<0.05; Fig. 3.6)

Figure 3.6. Effect of temperature and temperature plus UV radiation on lipid
peroxidation measured as formation of malondialdehyde (MDA) of three kelps. Algae
were exposed for 3 h to the different experimental conditions and returned to control
culture conditions for 4 h for recovery. Data are mean ± S.E.; n=4. Different lower case
letters indicate statistically significant differences among the different treatments after
Tukey-HSD post hoc test.
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The antioxidant activity of algal extracts was affected by temperature and UV
treatments and by the species. The scavenging activity was at its highest after UV
exposure at 20°C, especially in L. nigrescens and M. pyrifera (280 and 200 % relative to
control, respectively, p<0.05) (Fig. 3.7). In L. nigrescens, evident antioxidant activity
was also measured at 20°C without UVR (p<0.05). Temperature of 28°C strongly
inhibited the antioxidant activity of the algal extracts. In general, the capacity for radical
scavenging of the algal extracts was significantly correlated with the concentration of
soluble phlorotannins with r values < 0.7 for the three studied species (Fig. 3.8).

.

Figure 3.7. Effect of temperature and temperature plus UV radiation on the radical
scavenging activity (% of the initial value) of three kelps. Algae were exposed for 3 h to
the different experimental conditions and returned to control culture conditions for 4 h
for recovery. Data are mean ± S.E.; n= 6. Different letters indicate statistically
significant differences among experimental treatments after ANOVA and Tukey HSD
post hoc test.
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Figure 3.8. Relationship between the concentration of soluble phlorotannins and the
antioxidant capacity of extracts of three kelps. Pearson´s coefficients are indicated.
3.5 Discussion
Photochemical reactions and photoinhibition
Short-term exposures to temperature revealed that photochemical quantum efficiency
measured as Fv⁄ Fm was high and relatively constant between 5 and 25°C. Thereafter,
between 30 and 40°C, fluorescence decreased to negligible values. These results
confirm the capacity of these organisms to endure high temperatures by short periods
despite they are adapted to water temperatures that normally do not exceed 16°C. When
high temperatures were coupled with high UVR for 3h, decreases in Fv⁄ Fm and ETRmax
were exacerbated and recovery was delayed, especially in M. pyrifera and L. nigrescens.
Short-term effects of temperature on photosynthesis have mostly been studied using O2
evolution and it is well known that photosynthesis increases progressively up to an
optimum temperature (Q10 ratios close to 2.0), above which Q10 decreases mainly as a
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result of the thermal inactivation of some photosynthetic components and increased
dark respiration and photorespiration (Strack et al., 1989). The effect of temperature can
be primarily associated with the capacity of algae to photochemically quench excess
solar energy (e.g. dynamic photoinhibition), which often occurs during the onset of
solar radiation at midday concomitantly with the highest temperatures. Efficient
adjustments in the early photosynthetic reactions in a time span of hours reported for
intertidal seaweeds in the context of high solar radiation can also be functional in
minimizing the effects of thermal stress and other stressful environmental factors. For
example, plants acclimated to high temperatures normally exhibit higher capacity for
dissipating excess excitation than plants acclimated to low temperatures (Falk et al.,
1990), which has been demonstrated also in various intertidal macroalgae (Gómez et al.,
2001; Collén et al., 2007). In contrast to species adapted to constant high temperatures,
cold-temperate seaweeds not only have to withstand high temperatures in summer but
they can also be exposed to very low temperatures, eventually freezing, during low tide
in winter. Exposure to low temperatures in conjunction with high irradiance can cause
increased formation of ROS, decreased water potential, similar as desiccation and
effects on membrane fluidity, which limit repair processes in the thylakoids (Pearson &
Davison, 1994; Becker et al., 2009). In the case of intertidal kelps from southern Chile,
during winter and in conjunction with constant strong winds, algae can be exposed to air
temperatures < 3°C and thus, episodes of dehydration are perfectly expectable.

Antioxidant activities and phlorotannin content
Lipid peroxidation (measured as MDA concentration) increased only slightly under high
temperature (20 and 28°C) and UVR, especially in M. pyrifera and L. nigrescens. This
response could be explained by an enhanced antioxidant activity of the extracts from
these treatments. In fact, results (Fig. 3.7) indicated that the antioxidant activity
increased up to 300% in algae exposed to UVR at a temperature of 20°C. UVR at a
temperature of 10°C was only effective in L. nigrescens. Overall, the marked
antioxidant capacity exhibited by the studied species, which resulted in low lipid
peroxidation, could be responsible for the low decrease in photochemical reactions
occurring at the thylakoids (e.g. Fv/Fm and electron transport). As the integrity of the
thylakoid membranes is a prerequisite for the necessary balance between light
absorption and damage repair during photoinhibition (Demming-Adams et al., 2008),
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the ability to photosynthesize at considerable rates during the onset of light and
temperature suggest that ROS scavenging is a relevant antistress mechanism in these
algae. For example, in the intertidal red alga Stictosiphonia arbuscula the antioxidative
metabolism, especially of populations occurring at upper littoral levels and subject to
extreme temperature and desiccation, minimizes lipid peroxidation and membrane
damage after rehydration via an increase in the antioxidant enzyme activity (Burrett et
al., 2002). Moreover, in stress-tolerant species of Fucus lipid peroxidation and
increased ROS associated with the exposure to desiccation, freezing and high light were
found to be lower than in a more sensitive species (Collén & Davison, 1999). In the
present study, a correlation between the phlorotannins and the antioxidant activity
during simultaneous exposure to high temperature and UVR could be demonstrated.
These findings confirm recent studies reporting a similar relationship for the interactive
effect of nutrients, light and metals on the photosynthetic metabolism of these three
kelps (Huovinen et al., 2010). In various temperate species of Fucus and Laminaria,
longitudinal gradients in antioxidant capacity were related with the content of
phlorotannins (Dummermuth et al., 2003). Purified forms of phlorotannins from the
kelp Ecklonia cava were highly efficient as antioxidants to reduce the H2O2 mediated
DNA damage of mouse cells (Ahn et al., 2007). In the present study, the patterns of
induction of soluble phlorotannins were highly variable between the treatments and
species, however, some major tendencies could be recognized: first, these compounds
were rapidly induced after a 3-h UV exposure, whereas the insoluble fraction remained
unchanged, and second, treatments at 28°C caused no induction of phlorotannins. The
capacity of these algae to mobilize rapidly soluble phlorotannins in response to UV
stress confirms the results of a previous study on L. nigrescens, where soluble
phlorotannins increased substantially between 2 and 6 h, whereas the insoluble fraction
polymerized in the cell wall increased after 24 and 48 h (Gómez & Huovinen, 2010).
These results suggest that during short-term exposure the soluble fraction acts as a
scavenger of ROS caused by the exposure to UVR, whereas the insoluble one remains
as a cell wall constitutive component and their increase become evident only after a
longer time span. It must emphasized that many aspects of the phlorotannin dynamics
within the cell, and hence, the antioxidative mechanism, are poorly known. On the basis
of the concentration of phenolsulphatases during high stress condition (Abdala-Díaz,
2001) suggested that phlorotannins enclosed in physodes could undergo changes in their
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chemical configuration, e.g. desulphatation via phenolsulphatases, and thus they could
be released to the cytosol allowing their interaction with ROS. However, many
questions regarding the link between these reactions and the transport of phlorotannins
between different membrane interfaces or the polymerization processes of phlorotannins
(Connan et al., 2007) remain open. With the exception of D. antarctica at 20°C,
treatments of high temperature deprived of UVR did not stimulate the production of
phlorotannins. Although an effect of temperature alone on the synthesis of
phlorotannins cannot be ruled out, probably this factor could not be regarded as a trigger
for the induction of soluble phlorotannins or alternatively, exposure to high temperature
requires a longer time to trigger induction. Temperatures >20°C inhibiting the rapid
induction of phlorotannins might be interpreted as a stress condition exceeding the
capacity of algae to synthesize these compounds.
Overall, the results summarized in the present study support the role of phlorotannins in
metabolic adaptations to environmental stress of brown algae. The high antioxidant
capacity of phlorotannins and other phenols described in seaweeds (e.g. tri hydroxycoumarins) seems to be based on the property of these compounds to inhibit e.g. lipid
peroxidation by the transfer of one hydrogen atom to lipid peroxyl radicals (Paya et al.,
1992). In the case of Phaeophyceae, activities of enzymes such as superoxide dismutase,
glutathione reductase, ascorbate peroxidase and catalase in response to UV stress have
been shown to be lower compared with green and red algae (Aguilera et al., 2002).
Although these results also revealed differences in the position on the shore and hence,
the history of the solar UV stress, clearly suggest that phlorotannins can be essential to
maintain antioxidative potential to be used during stress episodes in this group of algae,
at least complementary to the pool of antioxidant enzymes.
Ecological implications
The intensity and duration of the thermal and light stress in intertidal macroalgae
depend on their position on the shore. Although in large brown algae living at the highly
battered littoral zone, where desiccation probably is less severe compared with the
situation of brown algae living at the upper littoral zones (e.g. Fucus), enhanced solar
UVR strongly impairs the photosynthetic performance of these organisms. Regarding
the incident summer doses of solar radiation at latitude 40°S, kelps such as L.
nigrescens are clearly more sensitive to UVR and hence, their photochemical responses
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more strongly affected, than species inhabiting upper littoral zones (e.g. Ulva
intestinalis) (Huovinen et al., 2006). It must be emphasized that in the field the effect
of high PAR can become the most important photoinhibitory component. However,
outdoor experiments carried out in these species revealed relatively low rates of
photoinhibition still at PAR levels exceeding 2000 µmol *m-2*s-1(Gómez et al., 2004).
Comparatively, the three studied kelps show different morphofunctional processes
associated with their growth patterns, morphological organization and overall, their
ecological strategies to persist in conditions characterized by strong wave action. In the
case of D. antarctica and M. pyrifera, their anatomic features allow them to float at the
water surface and thus exposure of photosynthetic tissues to high solar radiation and
temperature can occur during high tide. This has contrasting consequences for the shortterm responses as fronds are exposed to high solar radiation, but not to high
temperatures. Finally, morphofunctional adaptations of these large and complex algae
lead to the exposure of only some of their tissues (normally the apical parts of the
fronds) to high environmental stress, whereas key parts necessary for attachment and
growth (basal parts and meristems) are protected by a massive allocation of constitutive
defenses (Gómez et al., 2005; Gómez & Huovinen, 2010).
Acknowledgements: This study was supported by a FONDECYT grant no. 1090494 to
I.G. and P.H. and a CONICYT PhD fellowship no. 21070148 to E.C. The helpful
technical assistance of Marcela Orostegui and Constanza Rosas is gratefully
acknowledged

65

Chapter 3. Stress tolerance mechanisms of South Pacific kelps
3.6 References
Abdala-Díaz, R.T. 2001. Fotocontrol de la acumulación de compuestos fenólicos en
algas pardas. Ph.D. Thesis, University of Malaga (Spain).
Aguilera, J., A.L. Dumnermuth, U. Karsten, R. Schriek & C. Wiencke. 2002. Enzymatic
defenses against photooxidative tress induced by ultraviolet radiation in Arctic
marine macroalgae. Polar Biol. 25: 432- 44.
Ahn, G. N., K. N. Kim, S. H. Cha, C. B. Song, J. Lee, M. S. Heo, I. K. Yeo, N. H. Lee,
Y. H. Jee, J. S. Kim, M. S. Heu & Y. J. Jeon. 2007. Antioxidant activities of
phlorotannins purified from Ecklonia cava on free radical scavenging using
ESR and H2O2-mediated DNA damage. Eur. Food Res. Technol. 226: 71-79.
Albro, P. W., J. T. Corbelt & J. L. Schroeder. 1986. Application of the thiobarbiturate
assay to the measurement of lipid peroxidation products in microsomes. Chem
Bio. Interact. 86: 185-194.
Becker, S., B. Walter & K. Bischof. 2009. Freezing tolerance and photosynthetic
performance of polar seaweeds at low temperatures. Bot Mar. 52: 609-616.
Bernays, E. A., G. C. Driver & M. Bilgener. 1989. Herbivores and plant tannins. Adv.
Ecol. Res. 19: 263-302.
Bischof, K., G. Kräbs, C. Wiencke & D. Hanelt. 2002. Solar ultraviolet radiation affects
the activity of ribulose- 1,5-bisphosphate carboxylase-oxygenase and the
composition of photosynthetic and xanthophyll cycle pigments in the intertidal
green alga Ulva lactuca L. Planta. 215: 502-509.
Bischof, K., P. J. Janknegt, A. G. J. Buma, J. W. Rijstenbil, G. Peralta & A. M.
Breeman. 2003. Oxidative stress and enzymatic scavenging of superoxide
radicals induced by solar UV-B radiation in Ulva canopies from southern
Spain. Sci Mar. 67: 353-359.
Burritt, D. J., J. Larkindale & C. L. Hurd. 2002. Antioxidant metabolism in the intertidal
red seaweed Stictosiphonia arbuscula following desiccation. Planta. 215: 829838.
Clarke, L. J. & S. A. Robinson. 2008. Cell wall-bound ultraviolet-screening compounds
explain the high ultraviolet tolerance of the Antarctic moss, Ceratodon
purpureus. New Phytol. 179, 776-783.
Collén, J. & I. R. Davison. 1999. Reactive oxygen production and damage in intertidal
Fucus spp. (Phaeophyceae). J Phycol. 35: 54-61.

66

Chapter 3. Stress tolerance mechanisms of South Pacific kelps
Collén, J. & I. R. Davison. 1999. Stress tolerance and reactive oxygen metabolism in the
intertidal red seaweeds Mastocarpus stellatus and Chondrus crispus. Plant Cell
Environ. 22, 1143-1151.
Collén, J., I. Guisle-Marsollier, J. J. Leger & C. Boyen. 2007. Response of the
transcriptome of the intertidal red seaweed Chondrus crispus to controlled and
natural stresses. New Phytologist. 176: 45-55.
Connan, S., E. Deslandes & E. Ar Gall. 2007. Influence of day-night and tidal cycles on
phenol content and antioxidant capacity in three temperate intertidal brown
seaweeds. J Exp Mar Biol Ecol. 349: 359-369.
Connan, S., F. Delisle, E. Deslandes & E. Ar Gall. 2006. Intra-thallus phlorotannin
content and antioxidant activity in Phaeophyceae of temperate waters. Bot Mar.
49: 39-46.
Davison, I. R. 1991. Environmental effects on algal photosynthesis: Temperature. J
Phycol. 27: 2-8.
Davison, I.R. & G.A. Pearson. 1996. Stress tolerance in intertidal seaweeds. J Phycol.
32: 197-211.
Demmig-Adams, B., W. W. III. Adams & A. K. Mattoo. 2008. Photoprotection,
photoinhibition, gene regulation, and environment. Advances in Photosynthesis
and Respiration, Vol, 21. Springer, Dordrecht.
Dummermuth, A. L., Karsten, U., Fisch, K. M., Konig, G. M. & C. Wiencke. 2003.
Responses of marine macroalgae to hydrogen- peroxide stress. J Exp Mar Biol
Ecol. 289: 103-121.
Falk, S., G. Samuelsson & G. Öquist. 1990. Temperature-dependent photoinhibition and
recovery of photosynthesis in the green alga Chlamydomonas reinhardtii
acclimated to 12 and 27°C. Physiol Plant. 78: 173-180.
Flores-Moya, A., I. Gómez, B. Viñegla, M. Altamirano, E. Pérez- Rodríguez, C.
Maestre, R. M. Caballero & F. L. Figueroa. 1998. Effects of solar radiation on
the endemic Mediterranean alga Rissoella verruculosa: photosynthetic
performance, pigment content and activities of enzymes related to nutrient
uptake. New Phytol. 139: 673-683.
Franklin, L. A. & R. M. Forster. 1997. The changing irradiance environment:
consequences for marine macrophyte physiology, productivity and ecology.
Eur J Phycol. 32:207-232.

67

Chapter 3. Stress tolerance mechanisms of South Pacific kelps
Fukumoto, L. R. & G. Mazza. 2000. Assessing antioxidant and pro-oxidant activities of
phenolic compounds. J Ag Food Chem. 48: 3597-3604.
Gómez, I. & P. Huovinen (2010) Induction of phlorotannins during UV exposure
mitigates inhibition of photosynthesis and DNA damage in the kelp Lessonia
nigrescens. Photochem Photobiol. 86:1056-1063.
Gómez, I., F. L. Figueroa, I. Sousa-Pinto, B. Viñegla, E. Pérez-Rodríguez, C. Maestre,
S. Coelho, A. Felga & R. Pereira. 2001. Effects of UV radiation and
temperature on photosynthesis as measured by PAM chlorophyll fluorescence
in the red alga Gelidium pulchellum (Turner) Kützing. Bot Marina. 44: 9-16.
Gómez, I., F.L. Figueroa, N. Ulloa, V. Morales, C. Lovengreen, P. Huovinen and S.
Hess. 2004. Patterns of photosynthesis in 18 species of intertidal macroalgae
from southern Chile. Mar Ecol Prog Ser. 270: 103-116.
Gómez, I., M. Orostegui & P. Huovinen. 2007. Morpho-functional patterns of
photosynthesis in the south Pacific kelp Lessonia nigrescens: Effects of UV
radiation on 14C fixation and primary photochemical reactions. J Phycol. 43:
55-64.
Gómez, I., N. Ulloa & M. Orostegui. 2005. Morpho-functional patterns of
photosynthesis and UV sensitivity in the kelp Lessonia nigrescens
(Laminariales, Phaeophyta). Mar Biol. 148: 231-240.
Häder, D.-P. 2008. Photoinhibition and UV response in the aquatic environment. In:
Photoprotection, Photoinhibition, gene regulation, and environment (Edited by
Demmig-Adams, B., W. W. Adams and A. K. Mattoo), pp 87-105. Advances
in Photosynthesis and Respiration, Vol. 21. Springer.
Hoffman, J. R., L. J. Hansen & T. Klinger. 2003. Interactions between UV radiation and
temperature limit inferences from single-factor experiments. J Phycol. 39: 268272.
Huovinen, P. & I. Gómez. 2011. Spectral attenuation of solar radiation in Patagonian
fjord and coastal waters and implications for algal photobiology. Cont Shelf
Res. 31: 254-259.
Huovinen, P., Gómez, I. & C. Lovengreen. 2006. A five-year study of solar ultraviolet
radiation in southern Chile (39° S): Potential impact on coastal marine algae?
Photochem Photobiol. 82:515-522.

68

Chapter 3. Stress tolerance mechanisms of South Pacific kelps
Huovinen, P., P. Leal & I. Gómez. 2010. Interacting effects of copper, nitrogen and
ultraviolet radiation on the physiology of three south Pacific kelps. Mar
Freshw. Res. 61: 330-341.
Ireland, H., S. Harding, G. Bonwick, M. Jones, C. Smith & J. Williams. 2004.
Evaluation of heat shock protein 70 as a biomarker of environmental stress in
Fucus serratus and Lemna minor. Biomarkers. 9: 139-155.
Jassby, A. & T. Platt. 1976. Mathematical formulation of the relationship between
photosynthesis and light for phytoplankton. Limnol. Oceanogr. 21:540-547.
Jormalainen, V. & T. Honkanen (2008) Macroalgal chemical defenses and their roles in
structuring temperate marine communities. In Algal Chemical Ecology (Edited
by C. D. Amsler), pp 57-89. Springer, Berlin.
Koivikko, R. 2008. Brown algal phlorotannins: improving and applying chemical
methods. Ph.D. Thesis, University of Turku.
Lewis, S., M.E. Donkin & M.H. Depledge. 2001. Hsp70 expression in Enteromorpha
intestinalis (Chlorophyta) exposed to environmental stressors. Aquatic Toxicol.
51: 277-291.
Lotze, H.K. & B. Worm. 2002. Complex interaction of ecological and climatic controls
on macroalgal recruitment. Limnol. Oceanogr. 47, 1734-1741.
Lüder, U. H. & M. N. Clayton. 2004. Induction of phlorotannins in the brown
macroalga Ecklonia radiata (Laminariales, Phaeophyta) in response to
simulated herbivory - the first microscopic study. Planta 218: 928-937.
Nara, K., T. Miyoshi, T. Honma & H. Koga. 2006. Antioxidative activity of boundform phenolics in potato peel. Biosci. Biotechnol. Biochem. 70: 1489-1491.
Pakker, H., R. Martins, P. Boelen, A. Buma, G.J. Nikaido & A.M. Breeman. 2000.
Effects of temperature on the photoreactivation of ultraviolet-B-induced DNA
damage in Palmaria palmata (Rhodophyta). J. Phycol. 36: 334-341.
Paya, M., B. Halliwell & J. R. S. Hoult. 1992. Peroxyl radical scavenging by a series of
coumarins. Free Radic. Res. Comm. 17: 293-298.
Pearson, G. A., I. R. Davison. 1994. Freezing stress and osmotic dehydration in Fucus
distichus (Phaeophyta): evidence for physiological similarity. J. Phycol. 30:
257-67.
Rice-Evans, R. E., C. A. Miller & N. J. G. Paganga. 1997. Antioxidant properties of
phenolic compounds. Trends Plant Sci. 2: 152 - 159.

69

Chapter 3. Stress tolerance mechanisms of South Pacific kelps
Ruhland, C. T. & T. A. Day. 2000. Effects of ultraviolet-B radiation on leaf elongation,
production and phenylpropanoid concentrations of Deschampsia antarctica
and Colobanthus quitensis in Antarctic. Physiol. Plantarum. 109: 244-251.
Salama, A. M. & R. S. Pearce. 1993. Ageing of cucumber and onion seeds:
phospholipase D, lipoxygenase activity and changes in phospholipid content. J.
Exp. Bot. 44: 1253-1265.
Santelices, B., J.C. Castilla, J. Cancino & P. Schmiede. 1980. Comparative ecology of
Lessonia nigrescens and Durvillaea antarctica (Phaeophyta) in Central Chile.
Mar. Biol. 59: 119-132.
Schoenwaelder, M. E. A. 2002. The occurrence and cellular significance of physodes in
brown algae. J. Phycol. 41, 125-139.
Schreiber, U., W. Bilger & C. Neubauer. 1994. Chlorophyll fluorescence as a nonintrusive indicator for rapid assessment of in vivo photosynthesis. Ecol. Stud.
100: 49-70.
Strack, D., J. Heileman, V. Wray & H. Dirks. 1989. Structures and accumulation
patterns of soluble and insoluble phenolics from Norway spruce needles.
Photochemistry 28: 2071-2078.
Swanson, A. K. & L. D. Druehl. 2002. Induction, exudation and the UV protective role
of kelp phlorotannins. Aquat. Bot. 73: 241-53.
Targett, N. M. & T. M. J. Arnold. 1998. Predicting the effects of brown algal
phlorotannins on marine herbivores in tropical and temperate oceans. J.
Phycol. 34:195-205.
Van de Poll, W., A. Eggert, A. Buma & A. Breemann. 2002. Temperature dependence
of UV radiation effects in Arctic and Temperate isolates of three red
macrophytes. Eur. J. Phycol. 37: 59-68.
Westermeier, R., D. G. Müller, I. Gómez, P. Rivera & H. Wenzel. 1994. Population
biology of Durvillaea antarctica and Lessonia nigrescens (Phaeophyta) on the
rocky shores of southern Chile. Mar. Ecol. Prog. Ser. 110: 187-194.

70

Chapter 4
Effects of UV radiation and enhanced temperature on
photosynthesis, phlorotannins induction and antioxidant activities
of three South Pacific kelps: the importance of morpho-functional
strategies
Submitted to Marine Biology

Chapter 4. Morpho-functional strategies under UV radiation and
temperature stress of three kelps

Effects of UV radiation and enhanced temperature on photosynthesis,
phlorotannins induction and antioxidant activities of three South
Pacific kelps: the importance of morpho-functional strategies
Edgardo Cruces1,2, Pirjo Huovinen2 and Iván Gómez2
1

Programa de Doctorado en Ciencias de Recursos Naturales, Universidad de La
Frontera, Temuco, Chile
2

Instituto de Ciencias Marinas y Limnológicas, Universidad Austral de Chile, Casilla
567, Valdivia, Chile
Corresponding autor: e-mail: igomezo@uach.cl (Iván Gómez)

4.1 Abstract
This paper focuses on the potential for stress tolerance to increased UV radiation and
temperature of three large kelps (Macrocystis pyrifera, Lessonia nigrescens and
Durvillaea antarctica) that cohabit at the rocky shores of southern Chile (Valdivia) and
that display different morpho-functional strategies based on form, size and flotability of
fronds. Different physiological parameters (photoinhibition of photosynthesis, electron
transport rates, antioxidant activity, phlorotannins and lipid peroxidation) were
measured in the laboratory. The experiment consisted of four treatments: 1) 15°C
+PAR; 2) 15°C+ PAR+UV; 3) 20°C+PAR; 4) 20°C+PAR+UV, while UV radiation
(UVR) and temperature were set at 1.76 W m-2 and 3°C above the upper summer range
for the latitude, respectively. Algae were exposed for 72 h to these conditions. The
damage caused by UVR was increased in the presence of high temperature in three
seaweeds, especially in D. antarctica, whereas L. nigrescens and M. pyrifera exhibited
the lowest levels of photoinhibition and records the MDA levels. The antioxidant
activity was induced particularly by effects of UV stress and associate at the synthesis
of soluble phlorotannins, which were rapidly induced in the first hours of treatment. In
general, the three Chilean kelps exposure to UVR and temperature stress demonstrated
an ability differential to protect of damage, mainly associated with the synthesis of
phlorotannins.
Keywords: phlorotannins; photoinhibition of photosynthesis; antioxidants; UV
radiation; temperature.

71

Chapter 4. Morpho-functional strategies under UV radiation and
temperature stress of three kelps

4.2

Introduction

Increased UVR and enhanced temperature are important factors that determine
synergistically the physiological performance of seaweeds at intertidal rocky shores. In
the case of UVR, algal responses can vary between species and the position on the
shores (Huovinen et al., 2006; Gómez et al., 2011). Exposure to UV radiation causes
damage to the photosynthetic apparatus in many species of algae (Franklin & Forster,
1997), whose major expression is the damage of the tylakoidal photochemistry and
related processes, which can finally lead to a decrease in oxygen evolution, Rubisco
activity and CO2 fixation (Bischof et al., 2002; Gómez et al., 2007). On the other hand,
temperature is also an important factor that affects photosynthesis, principally at the
level of pigments, disruption of thylakoid membranes, PSII inactivation and oxidative
stress induction (Davidson, 1991; Krause, 1994; Harvaux & Tardy, 1997), finally
affecting the growth and production of seaweeds (Rothäusler et al., 2009). Thus, the
study of combined action of UV radiation and temperature is essential to understand
stress tolerance in highly dynamic environments (Altamirano et al., 2003; Sobrino &
Neale, 2007; Cruces et al., 2012).
Along the Pacific coast of Chile three large kelps, Macrocystis pyrifera, Lessonia
nigrescens and Durvillaea antarctica coexist at the intertidal zone with different
distributional ranges, morphology and ecological functions (Santelices et al., 1980;
Westermeier et al., 1994; Huovinen & Gómez, 2011) and hence, different capacities to
handle environmental stress. Hitherto, some studies had demonstrated that biomass
allocation and some photobiological responses to stress in these kelps are determined
mainly by morpho-functional species-specific processes (Gómez & Westermeier, 1995;
Westermeier & Gómez, 1996; Huovinen et al., 2010). One of the most striking
characteristics of these three large brown algae is their different exposure to UVR
during low and high tide: while D. antarctica and M. pyrifera arrange their gas-filled
fronds at the sea surface permanently, the thallus of L. nigrescens, which lack of
buoyancy, is subject to the tidal fluctuations remaining submerged during high tide and
completely exposed to air during low tide (Fig. 4.1).
The few comparative studies carried on these species indicate some differences in their
responses to UVR, especially short-term physiological adjustments to cope with high
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UVR and temperature during low tide, which include rapid (2-3 h) induction of
phlorotannins and very efficient ROS scavenging, especially in L. nigrescens (Cruces et
al., 2012). On the other hand, M. pyrifera, L. nigrescens and D. antarctica appear show
different strategies against UVR when this factor is modified by other simultaneous
factors such as metals (e.g. copper) and nutrients (e.g. nitrogen). For example, M.
pyrifera accumulated the biggest amount of copper in its tissues, in L. nigrescens, the
inhibition of photosynthetic activity by metals was at highest, while D. antarctica
exhibited an enhanced sensitivity of phlorotannins contents and antioxidant activity
(Huovinen et al., 2010). These results underlay the expression of inter-specific stress
tolerance mechanisms, which probably are determined by morpho-functional processes
associated with intra-thallus gradients in photosynthesis, growth and biomass allocation
as well as the buoyancy of fronds, a key factor affecting the intensity and duration of the
exposure to temperature and solar radiation of intertidal kelps.
The present study addresses two main questions: a) Do morphological traits such as
floating versus non-floating fronds determine the responses to UVR and temperature? It
is assumed that fronds of L. nigrescens are protected for some hours per day (during
high tide) from excess solar energy in contrast to D. antarctica and M. pyrifera, whose
fronds remain floating and therefore, exposed to high temperature and solar radiation
irrespective of the tidal cycle; b) Is the time span of physiological photoprotective
responses different among the three species. We hypothezised that L. nigrescens, in
virtue of its higher dependency of the tides, will show higher hourly fluctuations in their
ecophysiological responses than D. antarctica and M. pyrifera. The experimental
approach was based on the measurements of photoinhibition of photosynthesis, lipid
peroxidation, antioxidant activity, photoprotective substances (phlorotannins).
4.3

Materials and methods

Sampling and algal material
Juvenile fronds of Macrocystis pyrifera, Lessonia nigrescens and Durvillaea antarctica
were collected in austral summer (December) from intertidal rocky shores of Playa
Rosada, coast of Valdivia, southern Chile (39°51’S, 73°23’W), and transferred to the
Coastal Laboratory of Aquatic Resources in Calfuco. The algae were cleaned of visible
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epiphytes and acclimated for 24 h in tanks with circulating seawater with continuous
aeration, salinity of 30 PSU, at a temperature corresponding to natural surface water
temperature in the sampling site (15±1 ºC) and under dim light (40 µmol m-2 s-1,
Daylight, TL Phillips, The Netherlands).

Experimental design
Algae were exposed for 72 h to a combination of two radiation and temperature
treatments. The radiation conditions were obtained by using UV (Q-Panel-313 nm and
340 nm; Q-Panel Co., Cleveland, OH) and PAR lamps (Daylight, Philips) in
combination with cut-off filters (Ultraphan 295 or 395 filter, Digefra, Munich,
Germany), resulting in two radiation treatments: 1) UV-B+UV-A+PAR (1.8 W m-2 for
UV-B, 11.1 W m-2 for UV-A and 69 µmol m-2 s-1 for PAR), and 2) only PAR. The UVB level is within the range of maximal levels recorded in the south of Chile in summer
(Huovinen et al., 2006) while PAR levels are considered low in order to determine only
the effects of UVR.
Algae were exposed to a temperature of 15±1 °C (water temperature during summer)
and 20±1 °C (high temperature, 3 °C above the upper summer range for the latitude).
The combination of different treatments allowed us to evaluate the algae into four
settings: 1) 15 °C and PAR, 2) 15 °C and PAR+UV, 3) 20 °C and PAR, and 4) 20 °C
and PAR+UV. Measurements were made at 0, 2, 4, 6, 12, 24, 48, 72 h of treatment. In
each treatment, 6 pieces of fronds collected from three individual algae were used. After
72 h of exposure algae were returned to the original culture conditions (15°C, low PAR,
40 µmol m-2 s-1) for a 6 h recovery. At different time-points, samples were frozen in
liquid nitrogen and stored at -20 °C or in silica gel until further biochemical analyses.
Photochemical reactions
Maximum quantum yield (Fv/Fm) of in vivo chlorophyll a fluorescence of photosystem
II (PSII) of algae adapted to darkness was measured a PAM-2000 fluorometer (Walz,
Germany). The electron transport rate (ETR) was estimated through P-I curves. Frond
pieces of 1 cm in diameter were put in a dark chamber and irradiated with increasing
intensities of PAR (up to 500 µmol photon m-2 s-1) provided by the PAM device
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(Schreiber et al., 1994). ETR was determined relating effective quantum yield (ΦPSII)
and the intensity of the actinic irradiance as follows:
ETR = ΦPSII × E ×A ×0.5
where E is the incident irradiance of PAR and A the thallus absorptance. The factor 0.5
comes from the assumption that four of the eight electrons required to assimilate one
CO2 molecule are supplied by PSII. Absorptance was determined by placing the algae
on a cosine corrected PAR sensor (Licor 192 SB, Lincoln, USA), and calculating the
light transmission as:
A = 1-Et Eo-1
where Et is the irradiance below the alga (transmitted light) and Eo the incident
irradiance. For defining the ETR parameters, a modified non-linear function of Jassby &
Platt (1976) was fitted:

ETR = ETRmax × tanh (α × E/ETRmax)
where ETRmax is the maximal ETR, tanh the hyperbolic tangent function, α (an indicator
of the efficiency of the electron transport) the initial slope of the P-I curve, and E the
incident irradiance. The saturation irradiance for electron transport (Ek) was calculated
as the intercept between α and ETRmax.

Determination of Phlorotannins
Phlorotannins were analysed using the Folin-Ciocalteu method (Koivikko et al., 2005;
Gómez & Huovinen, 2010) using a 96-well-microplate (Cruces et al., 2012). For the
determination of the soluble fraction in the cytosol, 10 mg of dried algal material was
homogenized with liquid nitrogen in a mortar. After adding 1 ml acetone (70 %), the
extracts were kept shaking overnight at 4 °C. After centrifugation (4000 rpm, 10 min),
50 µl of supernatant was mixed with 250 µl of dH2O, 200 µl of 20 % NaCO3 and 100 µl
of 2 N Folin-Ciocalteu reagent. The samples was incubated for 45 min (at room
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temperature in darkness), centrifuged (5000 rpm, 3 min) and the absorbance was read at
730 nm.
The insoluble cell wall-bound fraction was quantified using a modified alkaline method
(Strack et al., 1989; Koivikko et al., 2005). The alkaline treatment was repeated four
times, and the aliquots of each treatment were analyzed separately. The precipitated
fraction was extracted using a series of solvents: methanol, H2O, methanol, acetone and
diethylether. After drying for 1 h at 60 °C, the insoluble residue was resuspended in 800
µl of 1 M aqueous NaOH and stirred for 2.5 h. Samples was centrifuged (3000 rpm, 5
min) and 100 µl aliquots was neutralized with 10 µl of H3PO, and the absorbance was
read at 730 nm.
Lipid peroxidation
Oxidative damage in membranes measured as the content of malondihaldeido (MDA)
equivalents according to Salama & Pearce (1993) and modifications for 96-wellmicroplate (Multiskan Spectrum, Thermo Scientific, Waltham, MA) (Cruces et al.,
2012). Algal samples of approximately ~50-70 mg fresh weight were ground in liquid
nitrogen and extracted with 1.5 mL of 0.5 % w/v thiobarbituric acid in 20 % w/v
trichloroacetic acid. The mixture was incubated in a water bath at 95 °C for 30 min,
cooled on ice, and centrifuged at 14,000 rpm for 20 min. Absorbance were read at 440,
532 and 600 nm. Amounts of MDA were calculated using an extinction coefficient of
157 M-1 cm-1.
Antioxidant activity
The radical scavenging activity of fronds was tested from acetonic extracts using the
free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging method described by
Fukumoto & Mazza (2000) and modified for microplates according to Cruces et al.
(2012). 150 µM solution of DPPH* prepared in ethanol (80 %) was mixed directly in
the 96-well microplate with 22 µL of sample. The absorbance was measured at 520 nm
using Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as standard and
the antiradical activity was defined as µmoles of Trolox equivalent for dry weight. The
increment of antioxidant activity was calculated by contrasting the values after
treatment with the initial values as follows:
% Radical scavenging = (ACt - ACc) ACc-1 × 100
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where ACt is the antioxidant activity after treatment, and ACc is the initial antioxidant
activity.
Statistical analyses
Data were compared by using two-way analysis of variance (ANOVA), followed by
Tukey’s HSD post hoc analysis when differences were detected. Time of exposure and
UV and temperature treatments were considered as the main factors. Proportions and
percentage data were arcsin transformed in order to meet the ANOVA requirements.
ANOVA assumptions (homogeneity of variances and normal distribution) were
examined using the Levene and Shapiro-Wilk W tests, respectively. Pearson’s
correlation coeficients were used to determine the correlation between physiological
variables. Statistical significance was set to p<0.05.

4.4 Results
Photosynthetic characteristics
In L. nigrescens and M. pyrifera, Fv/Fm remained relatively constant during three days
under low PAR conditions in both studied temperatures (15 and 20 °C) (Fig. 4.2).
Instead, in D. antarctica elevated temperature (20 °C) caused decrease of Fv/Fm with
time under low PAR conditions. Under UV exposure all the studied species exhibited
decrease of Fv/Fm, the impact being more pronounced at elevated temperature and with
time. M. pyrifera was the least UV sensitive species. In general, all the three species
showed recovery after UV exposure (Fig. 4.2).
Of the studied species, M. pyrifera presented the lowest initial ETRmax (22 µmol e- m-2
s-1) and Ek (109 µmol e- m-2 s-1) values (Table 4.1, Fig. 4.3). ETR was affected by both
UVR and temperature in all the studied species, the impact being the most pronounced
under simultaneous UV exposure and elevated temperature (Fig. 4.3). D. antarctica
showed the strongest reduction in the photosynthetic activity (inhibition of ETRmax 89
%, α 84 %, Ek ~50 %).
Peroxidative damage and antioxidant activity
In all the studied species, UVR increased the levels of lipid peroxidation as compared to
only PAR treatment (Fig. 4.4). Elevated temperature (20 °C) caused stronger increase in
lipid peroxidation than UV exposure at 15 °C. The strongest increase of lipid
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peroxidation was seen under UV exposure at elevated temperature, with the highest
levels measured measured in D. antarctica at 72 h of exposure (~110 nmol MDA g-1
FW).
Antioxidant activity increased under UV exposure at 15 °C, showing maximum first at
short-term (few hours) and later after 1-3 days (Fig. 4.5). In M. pyrifera antioxidant
activity increased under UV exposure also at 20 °C.
Phlorotannins
The initial concentrations of soluble phlorotannins were higher than those of the
insoluble cell wall-bound phlorotannins (Table 4.1, Fig. 4.6). In general, induction of
soluble phlorotannins was observed under UV exposure, with higher induction at 15 °C
as compared to 20 °C (Fig. 4.6). Corresponding to the pattern in the antioxidant activity
(Fig. 4.5, Table 4.2), maximual induction of soluble phlorotannins was observed first at
short-term (few hours) and later after 1-3 days. Insoluble phlorotannins showed smaller
and more irregular fluctuations.
4.5 Discussion
Photosynthetic responses to UVR and temperature stress
UVR and high temperatures lead to a decline in photochemical processes. The
fluorescence and ETR parameters were differentially affected in the three seaweeds,
exhibiting different degrees of stress tolerance. M. pyrifera presented the lowest level of
photoinhibition of photosynthesis as a response against the different stress treatments.
Especially in L. nigrescens, the stress factor that caused the most damage in the
photosynthetic apparatus was UVR leading to a delay in the recovery. In contrast, in D.
antarctica a synergistic effect of UVR and temperature was seen, which led to a state of
chronic photoinhibition or photodamage of the photosystems, which could be associated
mainly with the dissociation of the D1 protein from the reaction center of the PSII
(Melis, 1999). Likewise, although these three kelps cohabit the rocky intertidal, they
have different latitudinal distribution patterns along the coast of Chile. M. pyrifera and
L. nigrescens are distributed between 18°S and 55°S in Chile, exhibiting survival at
temperatures >24°C (Peters & Breeman, 1993; tom Dieck, 1993). It has been reported
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that temperatures around 20°C, although not lethal, but can cause a decrease in the
growth rate in M. pyrifera (Buschmann et al., 2004; Rothäusler et al., 2009), presenting
a high capacity to extend its boundaries and allowing high latitudinal and vertical
distribution (Westermeier & Rivera, 1986). Thus, the species of seaweeds that have
wide ranges of distribution, with extensive temperature gradients, have the capacity to
adjust and optimize carbon fixation and respiration to predominant temperature
conditions (Staehr &Wernberg, 2009).
Seaweeds have a variety of mechanisms to mitigate the damage to the photosynthetic
apparatus by the effect of UVR. These mechanisms include reduction of efficiency of
energy transfer to PSII reaction centers (photoinhibition), dissipation excess energy
through heat (NPQ), removal of reactive oxygen species by antioxidant systems and
increased of synthesis of UV-absorbing substances (Bischof et al., 2000; Ivanov et al.,
2000; Aguilera et al., 2002; Gómez et al., 2004). Intertidal species of macroalgae, in
general, have efficient mechanisms that allow them to tolerate and acclimate rapidly to
changing environmental conditions (Aguilera et al., 2002). However, the effect of
temperature on the fluorescence and especially on the ETR parameters showed
differences in the responses of the three seaweeds. Temperature is a key factor in the
photosynthetic processes, since photosynthesis is an enzymatic process, factors such as
velocity and kinetics of photosynthetic reaction will depend on the temperature. In fact,
changes in ETRmax of Arctic seaweeds have been associated with the activity of Rubisco
(Bischof et al., 2000). In addition, temperature affects further the light-dark stage of
photosynthesis, the dissolution of CO2, leading to their low availability and therefore
the limitation of inorganic carbon (Peschek & Zoder, 2001).
Peroxidative damage and anti-oxidant activity of phlorotannins
The increase of lipid peroxidation in the three kelps during a 72-h exposure was mainly
associated with temperature more than with UVR. However, L. nigrescens and M.
pyrifera only presented significant differences (p <0.05) at the end of the experiment in
the combined treatment (UV plus temperature). In D. antarctica, the increase of the
damage after 24 h is specific to the effect of temperature (temperature alone and
combination) (p <0.05). In general, high correlations between increased lipid
peroxidation and decrease of fluorescence in the three seaweeds could be associated
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with the damage to cell membranes by changes in fluidity such as oxidation lipids,
which can cause thylakoid disorganization and eventually decreased photosynthesis
(Rijtenbil et al., 2000; Demmig-Adams et al., 2008). Thus, the increase in ROS and
consequent peroxidative damage is counteracted in algae inducing the activation of
systems with enzymatic and non-enzymatic constituents (antioxidants) (Aguilera et al.,
2002). Likewise, it has been pointed out that the high content of phlorotannins, located
in the physodes (Schoenwaelder, 2002) and free state in the cytoplasm (Bond et al.,
1999; Ragan & Jensen, 1979; Ragan & Glombitza, 1986), in brown algae would have
an important role in antioxidant activity.
High in vitro antioxidant capacity of phlorotaninns has been suggested, since they act as
an electron donor in stabilization of free radicals (Ahn et al., 2007). This capacity is
mainly due to the high degree of stabilization by resonance and hydrogen bonds with
adjacent hydroxyl group, which allow delocalization of the unpaired electrons (Larson,
1997). In the present study, the antioxidant activity increased especially in the UV
treatments and the first hours of treatment was closely linked with increased
phlorotannin content and with the high recovery rates of photosynthesis. In light stress
conditions, phenols are desulfated and excreted in form of free molecules to the cell
wall (Connan et al., 2007), process that would allow their action as antioxidants against
peroxidative damage. However, this action would be complementary to the action of
antioxidant enzymes. For example, in Arctic brown algae, showed a low activity of
antioxidant enzymes as compared to red and green algae (Aguilera et al., 2002),
maintaining, however, a high acclimation of photosynthesis to UVR (Bischof et al.,
2000). In the present study, the decrease of phlorotannins in D. antarctica was directly
associated with increased lipid peroxidation, especially in treatments with elevated
temperature, which after 24 h had lower sustainable in the soluble phlorotannins
synthesis. The photoprotective effect of these compounds depends on both the screen
effect resulting from its accumulation, as well as its high antioxidant and radical
removal capacity that could be involved in other cytoprotective roles (Jiménez-Escrig et
al., 2001; Lim et al., 2002; Connan et al., 2004). In addition, the synthesis of soluble
phlorotannins is a relatively rapid process that is triggered during the firtst hours of
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exposure to UV stress, which is maintained over time and is closely associated with
intrinsic morpho-functional processes (Gómez & Huovinen, 2010).
The induction of insoluble phlorotannins is slower than soluble phlorotannins (Gómez
& Huovinen, 2010), nevertheless, these compounds have important structural roles,
especially in the cell wall formation (Arnold, 2003; Clarke & Robinson, 2008). In this
study, we found a positive association between the increase of insoluble phlorotannins
and peroxidative damage in the three algae, which could be explained by the important
role of the phlorotannins in repairing the damage, especially in the wound sealing and
healing (Halm et al., 2011), caused by the action of UVR and temperature stress in the
cortex of seaweeds. In elevated temperature treatments (alone and combined with UVR)
in D. antarctica, a decline of soluble phlorotannins concentrations and antioxidant
activity was observed around 24 h, but also increase in the insoluble phlorotannins
together with lipid peroxidation. Therefore, having cortex damage would optimize the
repair by complexation of phlorotannins with alginic acid for cell wall formation in
detriment of their antioxidant and photoprotection function. For example, in some
brown algae like Laminaria hyperbolea and L. nigrescens, high accumulation of
phlorotannins in the outer cortex cells have been shown under action of mechanical
wounding and UVR (Gómez & Huovinen, 2010; Halm et al., 2011).
Conclusions
The different ecological strategies and physiological mechanisms of seaweeds to protect
from damage by stress (UVR, temperature, etc.) suggest complex morpho-functional
processes mainly based on repair and screening mechanisms. Thus, the synthesis of
phlorotannins represents a multifunctional strategy in brown algae, since its synthesis
and subsequent accumulation in the cell wall confers a constitutive defense against
stress, mainly because of its antioxidant properties, ability to absorb in the range of
UVR, damage repair in wounds and translocation to structures important for the
survival of seaweeds (stipe and rhizoid) (Gómez & Huovinen, 2010; Huovinen et al.,
2010; Cruces et al., 2012). Therefore, the differential response of three Chilean kelps
exposed to UVR and elevated temperature demonstrated a genetically differential ability
to protect from damage, what is the result of a long evolutionary process, unlike stress
acclimation to short-term (hours) process which can take several minutes to hours.
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4.7 Figures legends
Figure. 4.1. The exposure of the three studied kelp species (Lessonia nigrescens,
Durvillaea antarctica and Macrocystis pyrifera) to elevated solar UV radiation and
temperature scenarios during high and low tides in their intertidal habitats in the coast of
Valdivia, Chile.

Figure. 4.2. Effect of UV radiation and temperature on the maximal quantum yield of
fluorescence (Fv/Fm) of three kelps at different exposure times during three days and
recovery for 6 h. Values are means ± S.E., n = 10.

Figure. 4.3. Effect of UV radiation and temperature on the maximal electron transport
rate (ETRmax), the saturation irradiance for electron transport (Ek), and the initial slope
of the P-I curve (α) of three kelps at different exposure times during three days and
recovery for 6 h. Data are mean ± S.E.; n= 3-4.

Figure. 4.4. Effect of UV radiation and temperature on lipid peroxidation measured as
formation of malondialdehyde (MDA) of three kelps at different exposure times during
three days and recovery for 6 h. Data are mean ± S.E.; n= 6.

Figure. 4.5. Effect of UV radiation and temperature temperature on the radical
scavenging activity (% of the initial value) of three kelps at different exposure times
during three days and recovery for 6 h. Data are mean ± S.E.; n= 6.

Figure. 4.6. Effect of UV radiation and temperature on the concentration of soluble
phlorotannins of three kelps at different exposure times during three days and recovery
for 6 h. Data are mean ± S.E.; n= 6.
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Fig. 4.2
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Fig. 4.3
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Fig. 4.4
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Table 4.1. Initial conditions of photosynthetic characteristics (Fv/Fm, ETRmax, α, Ek), phorotannin content (soluble and insoluble), lipid
peroxidation and anti-oxidant activity in three species of kelps (mean ± s.d.; n=6). Shared letters indicate that the means are not significantly
different.

Lessonia nigrescens Durvillaea antarctica Macrocystis pyrifera
Photochemistry
Fv /Fm

0.77 ± 0.07

a

0.77 ± 0.05

P max

36.6 ± 0.81

b

43.5 ± 1.2

α

a

0.80 ± 0.05

a

21.9 ± 0.55

c

a

0.25 ± 0.01
a
171.5 ± 12.2

a

0.2 ± 0.01
b
108.6 ± 4.9

a

3.95 ± 0.22

c

10.84 ± 0.95

a

5.96 ± 0.41

b

2.3 ± 0.19

c

0.2 ± 0.01
a
181.5 ± 10.5

Ek

a

Phlorotannins
−1

Soluble (mg g DW)
−1

Insoluble (mg g DW)
Lipid peroxidation

4.8 ± 0.4

a

3.31 ± 0.27

b

c

51.1 ± 2.64

a

114.7 ± 9.33

b

43.2 ± 2.9

b

27.8 ± 1.8

78.1 ± 5.2

c

156.1 ± 10.7

-1

(MDA (nmol g FW)
Anti-oxidant activity
-1
( Radical scavening [TE (mg g DW)])

a
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Table 4.2. Results from the correlation analysis between physiological variables using Pearson’s test. Statistical significance was set to p<0.05
(*). Fluorescence= Maximum quantum yield; Ph = Phlorotannins.

Fluorescence
Phl
soluble
Phl
insoluble
Lipid
peroxidation

Phl
soluble

Lessonia nigrescens
Phl
Lipid
Antioxidant
insoluble peroxidation activity

-0,12

-0.45*

-0.66*

-0,1243

-0,04

-0,07

0.88*

0.50*

-0,06
-0,16

Phl
soluble

Durvillaea antarctica
Phl
Lipid Antioxidant
insoluble peroxidation activity

Phl
soluble

0,23

-0.83*

-0.78*

0,13

-0,02

-0,25

-0.59*

0.90*

0.74*

-0,16
-0.48*

Macrocystis pyrifera
Phl
Lipid
Antioxidant
insoluble peroxidation activity
-0,17

-0.68*

-0,11

0,13

-0,09

0.97*

0.46*

0,19
0,03
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Table 4.3. Summary of two factorial ANOVA for each species with UV (A) and time (B) treatment as factors, indicating the main and
interaction effects between factors.
Depent variable
Photochemistry
F v/Fm

P

max

α

Ek

Phlorotannins soluble

Lipid peroxidation

Anti-oxidant activity

Factor

d.f.

A
B
AxB
Error
A
B
AxB
Error
A
B
AxB
Error
A
B
AxB
Error
A
B
AxB
Error
A
B
AxB
Error
A
B
AxB
Error

3
8
24
180
3
8
24
72
3
8
24
72
3
8
24
72
3
8
24
167
3
8
24
175
3
8
24
170

Lessonia nigrescens
MS
F
P - value
0,61
0,14
0,03
0,002
516,84
201,11
25,82
4,71
0,006
0,002
0,0005
0,0001
9064,48
4408,93
718,51
165,56
64,15
13,77
12,42
0,13
4927,29
1131,39
222,14
5,28
26966,6
5136,12
3132,59
28,95

379,04 <0.001
85,91 <0.001
19,95 <0.001
109,72 <0.001
42,69 <0.001
5,48 <0.001
43,45 <0.001
17,13 <0.001
3,74 <0.001
54,75 <0.001
26,63 <0.001
4,34 <0.001
497,49 <0.001
106,77 <0.001
96,33 <0.001
933,07 <0.001
214,25 <0.001
42,07 <0.001
931,59 <0.001
177,43 <0.001
108,22 <0.001

Durvillaea antarctica
d.f.
MS
F
P - value

d.f.

3
8
24
180
3
8
24
72
3
8
24
72
3
8
24
72
3
8
24
169
3
8
24
169
3
8
24
171

3
8
24
180
3
8
24
72
3
8
24
72
3
8
24
72
3
8
24
174
3
8
24
171
3
8
24
169

0,59
0,22
0,05
0,001
2103,29
452,45
103,38
6,64
0,04
0,01
0,003
0,0002
18999,2
3085,79
915,92
180,06
675,89
94,01
40,59
0,94
19547,1
6191,38
1614,31
19,37
23296,6
4103,18
1472,19
137,89

440,14 <0.001
160,32 <0.001
34,53 <0.001
316,95 <0.001
68,18 <0.001
15,58 <0.001
217,38 <0.001
52,88 <0.001
15,07 <0.001
105,52 <0.001
17,14 <0.001
5,09 <0.001
719,59 <0.001
100,09 <0.001
43,22 <0.001
1009 <0.001
319,6 <0.001
83,32 <0.001
168,95 <0.001
29,76 <0.001
10,68 <0.001

Macrocystis pyrifera
MS
F
P - value
0,31
0,05
0,02
0,002
312,46
67,21
14,68
2,84
0,02
0,0004
0,0005
0,0003
4294,27
840,41
301,17
33,57
124,63
52,47
22,9
0,26
8193,86
2942,02
281,79
7,01
12472,5
5092,31
1961,38
120,89

192,89 <0.001
32,34 <0.001
10,86 <0.001
109,99 <0.001
23,66 <0.001
5,17 <0.001
61,61 <0.001
1,33 0,241
1,82 0,027
127,93 <0.001
25,04 <0.001
8,97 <0.001
480,1 <0.001
202,1 <0.001
88,23 <0.001
1170,4 <0.001
420,25 <0.001
40,25 <0.001
103,17 <0.001
42,12 <0.001
16,22 <0.001
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5.1 Abstracts
The marine flora from polar and cold-temperate regions has developed specific
physiological adaptations to cope with low light intensities and low temperatures.
Therefore, the increase UV radiation (UVR), because of stratospheric ozone depletion,
and temperature changes, represents a clear threat to these ecosystems. Therefore, the
present research aims to answer the question how changes in temperature affect
photosynthetic responses of brown algae from Patagonian fjords and polar seaweeds to
the increase at UVR. This research examined the patterns of photoinhition of
photosynthesis as decreases in photochemical primary reactions in selected brown algae
from Patagonian fjords (Magellan Strait), the Arctic (Spitsbergen) and Antarctic (King
George Island) under different conditions of temperature and UVR. The seaweeds were
exposed to two temperatures, (natural temperature for each latitude and 5 °C above this
range) with and without UVR. Arctic and Antarctic seaweeds were exposed to different
treatments for 2 hours and then recovered for 4 h under conditions of acclimatization,
whereas the seaweeds from Punta Arenas were exposed to 24 h of light treatments (PAR
and UV) and temperature. In Antarctic seaweeds there was no change in the values of
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Fv/Fm in the UVR and temperature treatments in contrast of Arctic seaweeds that showed
a marked UV sensitivity. However, these species recovered, in general, at initial values.
In the case of seaweeds from Patagonian fjords, decreases in Fv/Fm after UVR and
temperature stress were observed. In general, algae from cold-temperate region exhibited
a higher tolerance to the combined action of UVR and temperature compared to their
polar counterparts. Some differences in the responses between Arctic and Antarctic algae
could be associated with the latitudinal differences and to strongly fluctuating light
intensities due to seasonal variations in solar elevation and daylength, showing the Arctic
seaweeds a high potential to acclimate to the rapid changes in irradiance and temperature.
In the case of differences in UV stress tolerance between algae from Antarctic and
Patagonian fjords, some patterns could be explained by the contents of phlorotannins.
Data and the tendencies in vulnerability of the studied species are discussed in context of
the biogeographic and ecological differences among the assemblages.
Key words: Seaweeds, Antarctic, Patagonian fjords, UV radiation, temperature

5.2 Introduction
The effects of UV radiation (UVR) on photosynthetic metabolism can be exacerbated or
aminorated by temperature. This is especially relevant in cold-temperate and polar
seaweeds which are normally adapted to very low temperatures and exposed to overall
low light (Gómez et al., 2009). In comparison with seaweeds assemblages from
temperate regions, photoinhibition of photosynthesis and in general, the potential for
physiological acclimation of cold species are finely tuned with small changes in
temperature or incidence of UVR (Wiencke et al., 2007; Gómez et al., 2009). Thus,
perturbations caused by global change phenomena can have important consequences for
survival.
However, at a local scale, seaweeds from shallow coastal areas, in particular those
assemblages of the intertidal locations of cold-temperate and polar regions are exposed to
extreme changes in radiation levels (including UVR), especially during the springsummer season. Besides, during tidal emergence, intertidal species are exposed
simultaneously to other stress factors such as desiccation and extreme of temperatures.
This explains why Polar seaweeds show a high degree of adaptability through various
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physiological adjustments that enable them to retrieve under these conditions (Kirst &
Wiencke, 1995). For example, most of polar algae show a remarkable adaptation to low
light conditions, with very low saturation irradiance of photosynthesis (10 mol photons
m-2 s-1) (Wiencke, 1990; Kirst & Wiencke, 1995; Gómez et al., 2009). Interestingly, the
same species are able to withstand conditions of excessive light by means of the efficient
mechanisms of photoinhibition and recovery of photosynthesis (Hanelt et al., 1994). In
the case of Patagonian fjords, seasonal differences in solar radiation and temperature are
considerably higher than in polar regions (e.g. Antarctic), and thus, seaweeds show good
acclimation to natural doses of UV radiation (Navarro et al., 2008; Rautenberger et al.,
2009).
The adaptation of polar seaweeds to low temperatures is also remarkable, showing an
optimal growth at temperatures that normally does not exceed 5°C (Wiencke & tom
Dieck, 1989). However, it has been reported for Antarctic/sub-Antarctic species upper
survival limits of 21-25°C, while the maximum temperature for reproduction of
gametophytes was between 13-15°C (Wiencke & tom Dieck, 1990; Peters & Breeman,
1993). Due to this, Wiencke & tom Dieck (1990) postulated that adaptation to low
temperatures of seaweeds distributed in Antarctic/cold temperate regions, some which
populate Patagonian fjords, can be still in progress. In this regard, studies of the
interactive effect of UV exposure and increased temperature on the Antarctic green alga
Ulva bulbosa had a higher degree of acclimation to 0°C than its southern Chilean
counterpart Ulva clathrata. At temperatures of 10°C there were no differences between
both seaweeds (Rautenberger & Bischof, 2006). Therefore, it is of special interest to
determine whether seaweeds inhabiting these regions have the physiological and
metabolic pre-requisites to respond to environmental changes caused by increase of
UVR. For example, taking into account the history of cold adaptation of Antarctic
seaweeds (approximately 14 Ma), one could to argue that these communities would be
more susceptible to suffer detrimental effects of global warming compared to their coldtemperate and Arctic counterparts, i.e. little changes in temperature in the Antarctic
would have considerable higher effects on physiology than in other regions.
Alternatively, Antarctic algae might be more adapted to high UV doses than their Arctic
or South American counterparts as a result of more intense and episodic “ozone hole”
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events, which have promoted adaptative responses. Therefore, the present research aims
to answer the question how changes in temperature affect photosynthetic responses of
brown algae from Patagonian fjords and polar seaweeds to the increase at UVR, based on
the examination of dynamic photoinhition and phlorotannins as a way to protect essential
metabolic functions.
5.3 Materials and methods
Sampling and algal material: The seaweeds were collected during boreal summer (July
2008) in Spitsbergen (Arctic), in the austral summer (February 2010) in the Antarctic and
in austral winter (July 2010) in Patagonian fjords (Punta Arenas) (Table 5.1). Seaweeds
were transferred to the cool chambers at Kings Bay Marine Laboratory at Ny Ålesund
(78°55’N), the Base Escudero at King George Island (62°12'S), and the Universidad de
Magallanes in Punta Arenas (53°10’S), respectively. Before experimentation algae were
acclimated at the temperature of the corresponding latitude and under dim light.
Experimental Design: Seaweeds were exposed to UVR and PAR treatments at the
temperature simulating the natural conditions at each latitude and 5°C above this range
(Table 5.2). Arctic and Antarctic seaweeds were exposed to different treatments for 2
hours and then recovered for 4 h under conditions of acclimatization, whereas the
seaweeds from Punta Arenas were exposed to 24 h of light treatments (PAR and UVR)
and temperature (Table 5.2). All the samples were measured the maximal quantum yield
of fluorescence (Fv/Fm) and then frozen in liquid nitrogen and dried in silica gel for
further analysis. In Arctic seaweeds only photosynthesis was measured.
The general design consisted of an exposure to a combination of UV (Q-Panel-313 nm
and 340 nm fluorescent tubes, Q-Panel Co., Cleveland, OH) and PAR (Photosynthetically
Active Radiation) lamps (Daylight, Philips). To obtain two irradiation conditions, the
containers where algae or algal pieces were placed were covered with cut-off filters
according to the following setup: PAR UVA+V-B = Ultraphan 295 (Digefra, Munich,
Germany) for exposure to full irradiance spectrum and PAR: Ultraphan 395 (Digefra,
Munich, Germany) to remove wavelengths < 395 nm (Table 5.2).
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Algal response
Chlorophyll fluorescence: In vivo chlorophyll fluorescence of PSII was measured using a
computer-aided portable pulse modulation fluorometer (PAM 2000, Walz, Germany).
Algal samples were incubated for 10 min in the darkness and measured for maximal
quantum yield of fluorescence (Fv/Fm), which is an indicator of quantum efficiency
(Schreiber et al., 1994).
Determination of soluble phlorotannins: In the case of algae from Punta Arenas and
Antarctic, samples for determination of phlorotannins were collected in parallel with
photosynthesis measurements. Phlorotannins were extracted using Folin-Ciocalteu
method (Koivikko et al., 2005; Gómez & Huovinen, 2010) with some modifications to
match the volumes with a 96-well-microplate method (Zhang et al., 2006). For the
determining the soluble fraction in the cytosol, approx. 10 mg of dried algal material was
homogenized with liquid nitrogen in a mortar. After adding 1 ml acetone (70 %), the
extracts were kept shaking overnight at 4°C. After centrifugation (4000 rpm, 10 min), 50
µl of supernatant were mixed with 250 µl of dH2O, 200 µl of 20 % NaCO3 and 100 µl of
2 N Folin-Ciocalteu reagent. The samples were incubated for 45 min (room temperature
in darkness), centrifuged (5000 rpm, 3 min) and the absorbance was read at 730 nm.
Statistical analysis: Data were compared by using one-way analysis of variance
(ANOVA), followed by Tukey’s HSD post hoc analysis when differences were detected.
ANOVA assumptions (homogeneity of variances and normal distribution) were examined
using the Levene and Shapiro-Wilk W tests, respectively.
5.4 Results
Photoinhibition of photosynthesis
In general, Antarctic seaweeds showed lower decreases in Fv/Fm values compared to
initial control both in the UV and high temperature treatments. Only D. anceps presented
decrese in photosynthesis in the UVR treatment (Fv/Fm <7 % below the initial level) (Fig.
5.1). Algae from Punta Arenas showed different UV and temperature tolerance. For
example L. vadosa exhibited decreases in fluorescence only under the UVR plus 12°C
treatment (Fv/Fm <14% compared to the initial level). In contrast, M. pyrifera was
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significantly affected mainly by the action of UVR, decreasing by 21% and 16% with
respect to the initial value at 7° and 12 °C, respectively. In the case of A. utricularis, both
UV and high temperature treatments affected the photosynthesis with the highest
decreases in photosynthesis rates during combined treatment of UVR plus 12°C. Here
photosynthesis declined by 12% related to the initial values (Fig. 5.2). The experiments
carried out in Spitsbergen showed UVR as the determining factor explaining the
decreases in photosynthesis. In S. dermatodea, photosynthesis decreased to values as low
as Fv/Fm <73% after UV treatment compared to the initiallevel(In contrast, D. aculeata
presented a decline between 20-26%. However, algae recovered their original values with
exception of S. dermatodea, in treatment of UVR at 7°C (Fig. 5.3).
Induction of phlorotannins
The comparison between algae from Antarctic and Punta Arenas indicated that both
have similar concentrations, with the exception of D. anceps. In the case of Antarctic
brown algae, D. anceps exhibited the highest concentrations of phlorotannins compared
with all the seaweeds studied (49.18 mg g-1DW; p<0.05) and had its highest increase in
treatment with temperature (7 °C), especially in PAR treatments, reaching 4-fold values
of the initial level during recovery from PAR treatment (Fig. 5.4). In A. mirabilis (3.22
mg g-1DW), the phlorotannins were induced in all treatments reaching the highest values
(5-fold the initialvalue) followed recovery of 7°C plus UVR treatment (Fig. 5.4).
Conversely, A. utricularis increased its concentration over 3-fold of the initial value in
the PAR treatment (7.87 mg Phl*g-1DW; p<0.05) and that is maintained even after
recovery of the same treatment (>140% above the initial value) (Fig. 5.4). In algae from
Punta Arenas, high temperature and UVR treatments did not induce increases in
phlorotannins in L. vadosa (14.76 mg Phl*g-1DW; p<0.05), additionally a decrease in the
UVR plus high temperature treatment was detected in relation with the initial value (Fig.
5.5). Similarly, phlorotannins in M. pyrifera (19.89 mg Phl*g-1DW) decreased at 45% in
UVR plus temperature in relation with the initial (Fig. 5.5). In contrast, in A. utricularis
(6.38 mg Phl*g-1DW) UVR treatments at 7° and 12°C triggered the synthesis of soluble
phlorotannins up to 2.5-fold the initial value (Fig. 5.5).
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5.5 Discussion
Photoinhibition of photosynthesis
Results of Antarctic seaweeds indicated a high tolerance at both UVR and temperature,
suggesting that these species are able to withstand excessive solar radiation and that
despite they live at temperatures <2°C, exhibit remarkable ability to photosynthesize at
high temperatures (Gómez et al., 2009). However, the different sensitivities to UVR
observed between e.g. D. anceps, that exhibited lowest tolerance to UV radiation, and in
A. utricularis that was less affected, could be explained mainly by the different vertical
distribution of these seaweeds (D. anceps is a deeper subtidal common at 10-30 m,
whereas A. utricularis is located mainly in intertidal and shallow subtidal (0-5 m) (Hoyer
et al., 2001).
The algae collected in Punta Arenas and Arctic showed considerabe decreases in
photosynthesis particularly under enhanced UVR condition. It must be emphasized that
algae from Punta Arenas were exposed to higher UVR doses compared to Arctic species.
Other factor that could affect the high sensitivity of Patagonian algae was that material
was collected in austral winter (July 2010) but subject to summer UV. This ability to
acclimate to the change of temperature and UVR conditions of these seaweeds might se
related with their localization in the confluence of water masses with different
characteristics (e.g. subsurface water masses from Cape Horn current and cold masses
from West Wind Drift Current (Rozzi et al., 2007). This situation keeps cool conditions
over the year, but extremely changing UV conditions between winter and summer
(Casiccia et al., 2003). An additional factor explaining the marked reduction in
photosynthesis and recovery observed in Punta Arenas can be the intertidal character of
the studied algae, compared to Antarctic (or Arctic algae). It is well known that intertidal
species exhibit physiological adaptations that allow them to cope with the changes in the
availability of light and temperature, especially ecophysiological strategies developed to
endure the environmental stress during low tide. For example, when low tides coincide
with the maximal irradiance at solar noon, photosynthesis can be seriously damaged
depending on the tidal range and patterns of vertical distribution of species (Huovinen &
Gómez, 2011). In the case of shallow benthic communities in the Arctic, algae are
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subjected to extreme seasonal environmental changes, particularly to strongly fluctuating
light intensities due to seasonal variations in solar elevation and daylength (Gross et al.,
2001; Hanelt et al., 2001), presenting these assemblages a high potential to acclimate to
the rapid changes in irradiance (Hoyer et al., 2001; Lüder et al., 2001). Thus, the
subsequent recovery at close initial values in Arctic seaweeds, indicates a process of
dynamic photoinhibition characterized by the quickly reversible down-regulation of
photosystem II (PSII) which is functional to acclimate to enhanced UVR.
Photoprotective role of phlorotannins
The fast metabolic adjustments in order to protect the photosynthetic machinery through
dynamic photoinhibition, is associated to a rapid induction of soluble phlorotannins,
which in terms of photoprotection can ameliorate the metabolic effects of UVR and
temperature stresses, mainly through its ability to absorb in the UVR range and due to its
high antioxidant properties (Pavia et al., 1997; Schoenwaelder et al., 2003; Gómez &
Huovinen, 2010; Cruces et al., 2012). In Antarctic seaweeds, the soluble phlorotannins
concentrations ranged between 0.3 and 15% of dry weight, similar to those reported by
Iken et al. (2007). In the case of D. anceps presented higher values of phlorotannins than
large brown algae from Southern Chile, such as Lessonia nigrenscens, Macrocystis
pyrifera or Durvillaea antarctica (~9-21mg g-1DW; Cruces unpublished data). The high
values of phlorotannins in the Antarctic endemic D. anceps have been related to
biological interactions, mainly defense against herbivores (Peters et al., 1997; Iken et al.,
2007) and in our case could explain the low decreases in photosynthesis in response to
UVR found in the present study. In the case of A. utricularis, induction of phlorotannins
could be mediated both changes in extreme changes in temperature and solar radiation
dur to its shallow depth distribution (Hanel et al., 1994).
Algae from Punta Arenas had concentrations equivalents to 0.3 and 2% DW, which were
much lower than Antarctic species, but comparable to values reported for large kelps
from northern locations in southern Chile (0.3-5% DW) (Huovinen et al., 2010; Gómez
& Huovinen, 2010; Cruces et al., 2012). Interestingly, the algae from Punta Arenas which
were collected in the austral winter did not show induction of phlorotannins in response
to exposure to UVR. These findings confirm previous results reported in winter material
of L. nigrescens and suggest that UVR induces phlorotannins only when growth is
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operating (Gómez & Huovinen, 2010). In contrast, A. utricularis showed no significant
difference with its Antarctic counterpart in the initial values (p=0.014), however
presented differences in the induction of soluble phlorotannins. This high physiological
plasticity probably has allowed this species colonize the wide latitudinal range on the
South Pacific coast (from Arica ~ 17°S) to Antarctic Peninsula (~ 62°S).
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5.7 Figure legends
Figure 5.1. Effect of UV radiation and UV radiation plus high temperature on the
maximum quantum yield (Fv/Fm) of Antarctic seaweeds Desmarestia anceps, Ascoseira
mirabilis and Adenocystis utricularis after a 2 h exposure to UV radiation under two
temperatures (2 and 7°C) and following a 4 h recovery period under control conditions.
Data are means ± S.E. (n=10-14). Different letters (lower case) indicate statistical
differences among means from light and temperature treatments after ANOVA and
Tukey-HSD post hoc test.
Figure 5.2. Effect of UV radiation and UV radiation plus high temperature on the
maximum quantum yield (Fv/Fm) of seaweeds from Patagonian fjords (Punta Arenas)
Lessonia vadosa, Macrocystis pyrifera and Adenocystis utricularis after a 24-h exposure
to UV radiation under two temperatures (7 and 12°C). Data are means ± S.E. (n=8-10).
Different letters (lower case) indicate statistical differences among means from light and
temperature treatments after ANOVA and Tukey-HSD post hoc test.
Figure 5.3. Effect of UV radiation and UV radiation plus high temperature on the
maximum quantum yield (Fv/Fm) of the Arctic seaweeds Saccorhiza dermatodea,
Laminaria digitata and Desmarestia aculeata after a 2-h exposure to UV radiation at two
temperatures (7 and 12°C) and following a 4-h recovery period under control conditions.
Data are mean ± S.E. (n=6). Different letters (lower case) indicate statistical differences
among means from light and temperature treatments after ANOVA and Tukey-HSD post
hoc test.
Figure 5.4. Interactive effect of UV radiation and UV radiation plus high temperature on
the content of soluble phlorotannins after a 2-h exposure to UV radiation at two
temperatures (2 and 7°C) and after the following 4-h recovery period under control
conditions in Antarctic seaweeds. Data are mean ± S.E.; n= 3. Different lower case letters
indicate statistically significant differences among the different treatments after TukeyHSD post hoc test.
Figure 5.5. Interactive effect of UV radiation and UV radiation plus high temperature on
the content of soluble phlorotannins after a 24-h exposure to UV radiation at two
temperatures (7 and 12°C) in Patagonian fjords seaweeds. Data are mean ± S.E.; n= 3.
Different lower case letters indicate statistically significant differences among the
different treatments after Tukey-HSD post hoc test.
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Fig.5.1
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Fig. 5.2
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Fig. 5.3
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Fig. 5.4
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Fig. 5.5
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Table 5.1. Studied species, locations, vertical distribution and types of environments in
which they inhabit.
Geographic
region
Patagonian fjords
(Punta Arenas)
Antarctic
(King George I.)
Arctic
(Spitsbergen)

Species

Distribution

Habitat

-Lessonia vadosa*
-Macrocystis pyrifera****
-Adenocystis utricularis*
-Desmarestia anceps**
-Adenocystis utricularis*
-Ascoseira mirabilis**
-Desmarestia aculeata***
-Saccorhiza dermatodea***
-Laminaria digitata***

-Subtidal
-Subtidal
-Intertidal
-Subtidal
-Inter-subtidal
-subtidal
-Inter-subtidal
-Subtidal
-Inter-subtidal

-Cold
-Cold and cold-temperate
-Antarctic, cold-temperate
-Antarctic
-Antarctic, cold-temperate
-Antarctic
Circumboreal/Arctic,
cold-temperate

* South Pacific
** Endemic Antarctic
*** Northern hemisphere
**** Pacific coast and west coast of South America and south of Africa and Australia

115

Chapter 5. Photosynthetic responses of brown algae from cold-temperate
and polar regions

Table 5.2. Experimental conditions of irradiance and temperature applied in the different
geographic locations
Geographic
region
Patagonian fjords
(Punta Arenas)
Antarctic
(King George I.)
Arctic
(Spitsbergen)

PAR
(µmol m-2s-1)

UV-A
(Wm-2)

UV-B Experimental temperature
(Wm-2)
(°C)

69

11

1.76

7°* & 12°

69

11

1.76

2°** & 7°

22

6

0.45

7°** & 12°

* Water temperature in winter
** Water temperature in summer
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6.1 GENERAL CONCLUSIONS
Taking into account the main results, it can be concluded that:
Under conditions of UV radiation and temperature stress various mechanisms are
triggered: photochemical mechanisms, antioxidant activity and synthesis of
photoprotective compounds were activated in the first hours of treatment and
maintained over time. These responses at different scales as well as the mechanistic
organization at a cellular level are summarized in Figure 6.1 and Fig. 6.2.
• The photoinhibition of photosynthesis was characterized by a quickly reversible
down-regulation of PSII. This was specially evident under natural solar radiation.
• The production of soluble phlorotannins was observed as a relatively rapid
process, induced during the first hours of exposure to UV radiation and
maintained over time.
• In the present study a high correlation between the soluble phlorotannins and the
antioxidant activity was demonstrated, suggesting that during short and mid-term
exposure to UV radiation and temperature the soluble fraction acts as an efficient
ROS scavenger which further minimised lipid peroxidation. This was confirmed
by a slight increase in lipid peroxidation in the first 2-4 hours and decline to
values close to initial control after the 6 h recovery in PAR and UV radiation
treatments.
The combination of UV radiation and high temperature had a synergistic impact
negative on the physiological activity of algae compared to single effects (Figure
6.2).
• The photoinhibition of photosynthesis occurred at lowest doses of UV radiation
in presence of high temperature, hence, the interaction UV radiation and
temperature effected the photochemical response of algae.
• In short-term experiments (3 h) the lipid peroxidation increased only slightly
under high temperature (20 and 28°C) and UVR, while, in mid-term
experiments (72 h) the strongest increase of lipid peroxidation was seen under
UV exposure at elevated temperature (20°C).
In relation to the phlorotannins induction, the temperature caused an antagonistic
effect with respect to UV radiation.
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• While the UV radiation appears as the main factor of induction of phlorotannins,
the high temperature produced a decrease in phlorotannin induction in the three
seaweeds studied from Valdivia.
• Durvaillaea antarctica presented the highest initial concentration of soluble
phlorotannins, nevertheless, was the algae most affected by high temperatures,
decreasing the synthesis at concentrations less than 25% of the initial value,
while Lessonia nigrescens exhibited highest induction of phlorotannins in the
presence of UV radiation with respect to the initial level (158%) (Figure 6.1).
• Macrocystis pyrifera, in general, shown an intermediate responses to UV
radiation and teperatura compared to the two studied species.
There were differences in the responses to UV radiation and temperature among
cold-temperate species (Patagonian fjords) and polar species from Antarctic and
Arctic.
• The algae from Punta Arenas showed a higher stress tolerance to UV radiation
and temperature stress those brown algae from Polar Regions. In general
temperature was less effective in causing decay of photosynthesis (decreases
between 12-21%) compared to UV radiation.
• Antarctic seaweeds exhibited a higher tolerance at UV radiation and high
temperature in the fluorescence parameter (decreases <7 %) that Artic seaweeds,
which showed severe declines (decreases between 20-73%).
• The high content of phlorotannins and the history of exposure to UV radiation
(given mainly by the latitudinal differences) appear to be important factors
explaining the high tolerance to UV radiation of Antarctic seaweeds. Other
factors, such as the taxonomic composition (members of Desmarestiales in
Antarctic and Laminariales in the Arctic) could also be superimposed in these
responses, which require further analysis.
Overall, the rapid anti-stress mechanisms in brown algae are mediated by
physiological adjustments of acclimation (down-regulation of PSII, synthesis of
soluble phlorotannins and efficient capacity for ROS scavenging), while the midterm stress mechanisms apparently are associated mainly with morpho-functional
adptations, a efficient allocation of insoluble phlorotannins, which finally are
reflected in physiological genotypic adaptations to the ranges of temperature and UV
radiation at which these algae are exposed in the field (Figure 6.2).
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Finally, the efficient anti-stress mechanisms displayed for the studied species in
response to the experimental conditions in the present study underline potential
metabolic pre-requisites to counteract present and future climate change.
• It was demonstrated in this study that physiological performance reflected in
photosynthesis and anti-oxidante activities are high still under UV radiation and
temperature conditions exceeding expected shifts.
• Intertidal species, especially from cold-temperate sites (Valdivia and Punta
Arenas), due to their intertidal character that expose them to extreme changes in
physical environment could be regarded as physiologically well equipped to cope
with future climate change (e.g. ocean warming). In contrast, subtidal species
from Antarctic and Arctic, which live in a more “stable” environment, could be
more susceptible to shifts in temperature and solar radiation.

Figure 6.1. Synthesis of the anti-stress action mechanism and their cell localization
proposed for brown algae. The model suggests complex processes based on avoidance,
repair and screening mechanisms. The phlorotannin synthesis represents a multifunctional
strategy in brown algae under stress, since its synthesis and subsequent accumulation in the
cell wall confers a constitutive defense against stress, mainly because of its antioxidant
properties, ability to absorb in the range of UV radiation and damage repair in wounds.
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Figure 6.2. Summary of the physiological bases underlining short and mid term anti-stress
responses in brown algae from southern Chile. The model is far from complete, and thus
various questions are raised about the role and functioning that the enzymes would fulfill in
stress tolerance (1); which are the factors that regulate the synthesis of phlorotannins in short
and long term (2); and and what is the specific role of phlorotannins in the removal of ROS and
whether there is complementarity with the antioxidant enzymes (3).
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6.2 FUTURE PERSPECTIVES
• The study give new insights into the stress tolerance capacities of brown algae
inhabiting intertidal locations in southern Chile, where algae are exposed to extreme
changes in the physical environment. However, these responses appear to be
influenced by local processes, community structure of seaweeds and latitude. Thus, a
necessary emphasis in biogeographic patterns should be underlined in future studies.
Therefore future research should focus on the physiological bases underlying
biogeographic limits of seaweeds assemblages and if these metabolic requisite are
functional under future large scale environmental shifts.
• Phlorotannins were revealed as key compounds involved in different response to
environmental stress in the studied species. Therefore, ecological-based approaches
including stress physiology in orden to determine which environmental factors
regulate the synthesis of these compounds and to establish the specific function of
phlorotannins in ROS removal. Thus, further research should focus on gene
expression, biosynthetic pathways and metabolic regulations of these substances in
order to elucidate their role in the acclimation and functional integrity in the cell
(Figure 6.2, N°2).
• The antioxidant role of phlorotannins determined in this study still needs to be
contrasted with the antioxidant enzymes in order to establish whether there is
complementarity in the removal of ROS. Thus, it is important to examine both
mechanisms and determine whether they are activated by factors or combination of
different environmental factors (Figure 6.2, N°3).

121

•

Appendix

Appendix

7.1 List of original papers of this thesis
Cruces, E., P. Huovinen & I. Gómez. 2012. Phlorotannin and antioxidant responses upon
short-term exposure to UV radiation and elevated temperature in three South Pacific kelps.
Accepted manuscript in Photochemistry and Photobiology. 88 (1): 58-66
Cruces, E., P. Huovinen & I. Gómez. Interactive effects of UV radiation and enhanced
temperature on photosynthesis, phlorotannin induction and antioxidant activities of two subAntarctic brown algae. Submitted to Marine Biology.
Cruces, E., P. Huovinen & I. Gómez, M. Roleda & C.Wiencke. The role of temperature on
photosynthetic responses of brown algae to UV radiation: A survey of species from coldtemperate and polar regions. In preparation
Cruces, E., P. Huovinen & I. Gómez. Stress proteins and auxiliary anti-stress compounds in
intertidal macroalgae. Accepted manuscript in Latin American Journal of Aquatic
Research.

7.2. List of papers in collaboration
Reyes-Díaz M, Inostroza-Blancheteau C, Millaleo R, Cruces E, Wulff-Zottele C, Alberdi
M, Mora ML. (2010). Long-term aluminium exposure effects on physiological and
biochemical features of Highbush Blueberry cultivars. Journal of the American Society for
Horticultural Science.135 (3) 212-222.

122

Stress proteins and anti-stress compounds compounds in macroalgae

Stress proteins and auxiliary anti-stress compounds in intertidal
macroalgae

Edgardo Cruces1,2, Pirjo Huovinen2 & Iván Gómez2

1

Departamento Ciencias Químicas, Universidad de la Frontera,
Av. Francisco Salazar 01145, Casilla 54-D, Temuco, Chile

2

Instituto de Ciencias Marinas y Limnológicas, Universidad Austral de Chile,
Campus Isla Teja, Casilla 567, Valdivia, Chile

Corresponding author: Edgardo Cruces (ecruces@ufro.cl)

123

Stress proteins and anti-stress compounds compounds in macroalgae

1

ABSTRACT: Intertidal macroalgae are exposed to strong variation in the physical

2

environment and thus, diverse anti-stress mechanisms are displayed by these organisms.

3

Stress proteins (also called heat shock proteins, HSPs) have been invoked as potential

4

protective mechanism especially during stressful action of temperature and solar radiation.

5

Due to that macroalgae have not normally been used as model organisms in studies of

6

these molecules, the present study compiles the existing information from intertidal species

7

in the context of major factors that have been reported to induce them, e.g. temperature,

8

enhanced solar radiation, contaminants, etc. Additionally, in order to address the question

9

whether the expression of these proteins operates in intertidal macroalgae complementarily

10

with other protective mechanisms, a case study of induction of HSPs after exposure to UV

11

radiation and high temperature in two upper littoral species, Ulva sp. and Porphyra

12

columbina from southern Chile is presented. In parallel, two well-known responses to

13

stress, photoinhibition of photochemical reactions (Fv/Fm) and ROS scavenging were

14

measured. The results indicated that although stress proteins were detected in a time span

15

between 3 and 24 h, the responses were not correlated with photochemical and

16

antioxidative response. Overall, the study outlines a potential role of stress proteins in

17

ecophysiological responses developed to cope mainly with high temperature and UV

18

radiation. However, other rapid metabolic adjustments (e.g. high thermo-tolerance of

19

photosynthesis and efficient ROS scavenging), together with other biomolecules

20

(mycosporines, phenols, polyamines, etc.) and morpho-functional adaptations to the

21

intertidal life (e.g. small size, high area/volume ratio) are also important.

22
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23

Key words: Stress proteins, intertidal macroalgae, photosynthesis, ROS, UV radiation,

24

photoprotection.
Proteínas de estrés y otras compuestos anti-estrés auxiliares en algas marinas
intermareales

25

RESUMEN: Las macroalgas marinas intermareales están expuestas a extrema variación

26

en las condiciones ambientales y es por ello que despliegan una serie de mecanismos anti-

27

estrés. Proteínas de estrés (HSPs) han sido consideradas como potenciales agentes

28

protectores en respuesta a condiciones estresantes, especialmente durante la acción de

29

elevada temperatura y alta radiación solar. Tomando en cuenta que las macroalgas marinas

30

no han sido usadas comúnmente como modelos de estudio para analizar estas moléculas, el

31

presente trabajo compila la información existente acerca de la inducción de proteínas de

32

estrés en algas intermareales en el contexto de los principales factores hasta ahora

33

reportados como inductores, e.g. temperatura, alta radiación solar, contaminantes, etc.

34

Adicionalmente, se examina mediante un estudio de caso usando dos especies del

35

intermareal superior, Ulva sp. y Porphyra columbina, colectadas en el sur de Chile, si la

36

inducción de proteínas de estrés ocurre de forma complementaria con otras respuestas anti-

37

stress. Para ello, dos mecanismos bien conocidos, fotoinhibición de fotosíntesis y actividad

38

antioxidante, fueron medidos en paralelo. Los resultados indicaron que, aunque hubo

39

expresión de proteínas de estrés dentro de un periodo experimental entre 3 y 24 h, estas

40

respuestas no fueron correlacionadas con cambios en fotosíntesis o actividad antioxidante.

41

En general, el estudio perfila un potencial rol de estas moléculas en algunas respuestas

42

ecofisiológicas desarrolladas para contrarrestar los efectos negativos de las altas

43

temperaturas y la radiación solar. Por otro lado, otros ajustes metabólicos de acción rápida

44

(e.g. fotoinhibición y actividad antioxidante), distintas biomoléculas (micosporinas,

45

fenoles, poliaminas, etc.), además de las adecuaciones morfo-funcionales a la vida
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46

intermareal (e.g. pequeño tamaño, alta proporción área/volumen) son importantes para

47

explicar la fisiología de estos organismos.

48

Palabras claves: Proteínas de estrés, macroalgas marinas intermareal, fotosíntesis,

49

radiación UV, ROS, fotoprotección.

50
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51

Introduction

52

53

Stress proteins were first discovered in cells of Drossophila exposed to thermal shock,

54

which led them to be called “heat shock proteins” (HSPs). However, now it is well known

55

that these proteins are expressed by almost all living organisms in response to a variety of

56

stress factors and thus now they are also generally called stress proteins (see reviews of

57

Linquist, 1986; Sanders, 1993). Stress proteins have been classified into five major classes

58

based on different molecular weight, similarity of DNA sequence, immunological cross-

59

reactivity and intracellular location (Gusev et al., 2002). The stress protein families of

60

different molecular weights (e.g. 60, 70 and 90 kD), chaperonins and low molecular stress

61

proteins (LMS) are distributed in different cellular compartments of prokaryotes and

62

eukaryotes (Sanders, 1993). In general, it is now recognized that stress proteins function as

63

molecular chaperones, their encoding genes are highly conserved and not all are inducible

64

in response to environmental stress (Feder & Hofmann, 1999). The chaperone function of

65

stress proteins is mainly characterized by a capability of these molecules of uniting a wide

66

variety of other polypeptides and proteins, preventing the inactivation of key cellular

67

components and assisting in the refolding of native and structural proteins (Ellis & Van der

68

Vies, 1991; Gatenby, 1992; Vinocur & Altman, 2005). These proteins represent often one

69

of various stress-response mechanisms displayed by cells and that act synchronically and

70

synergistically to prevent damage and to re-establish cellular homeostasis. Many stress

71

proteins can be constitutively abundant in the cell or exclusively inducible depending on

72

the family during or after stress (Feder & Hofmann, 1999). The activation and induction of

73

a common suite of stress proteins is the molecular basis of both cross-tolerance and stress-
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74

hardening that varies depending on the species, cell-type, previous stress history, gene-

75

environment interactions during development and stress severity (Kültz, 2005).

76

In aquatic organisms, induction of stress proteins in response to different stress

77

conditions has been demonstrated. Especially, the families of 70 and 60 kDa (HSP70 and

78

HSP60) have been used as biomarkers in various algae, invertebrates and fishes (Bond et

79

al., 1993; Sanders, 1993; Vayda & Yuan, 1994; Lewis et al., 1999; 2001; Ireland et al.,

80

2004). In macroalgae (the so-called seaweeds), the expression of stress proteins have been

81

less studied compared to other marine organisms, but results indicate that many

82

thermotolerant species shown a well-developed induction of stress proteins (Ireland et al.,

83

2004). Taking into account the intensity and frequency of exposure to the natural stresses,

84

intertidal macroalgae are regarded good models to study the induction of stress proteins

85

because, as result of the tidal variation, they can be suddenly exposed to marked changes in

86

temperature, solar radiation, salinity, etc. (Collen et al., 2007; Lago-Lestón et al., 2010). If

87

one considers that the exposure to elevated temperature during low tide is closely linked to

88

enhanced solar radiation, a common and synchronised strategy to withstand both light and

89

thermal stress may be advantageous (Jenkins et al., 1997). For example, the importance of

90

these proteins in preventing photodamage of photosynthesis has been demonstrated when

91

light stress was applied in combination with a heat shock (Schuster et al., 1988). During

92

severe photoinhibition, when the reaction centres of PSII were damaged irreversibly, the

93

HSP70 can reduce the total inactivation of PSII, intensifying its recovery and participating

94

in the assembly of new reaction centres (Schroda et al., 1999).

95

In rocky shores of southern Chile, various sub-Antarctic species adapted to water

96

temperatures <15 °C inhabit the upper intertidal fringe and thus they can be exposed to

97

temperature as high as 30 °C during summer (Cruces et al., 2012). Concomitantly,
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maximum levels of UV radiation recorded for southern Chile in summer (close to 3 Wm-2)

99

can exacerbate the detrimental effects of stress during emersion (Huovinen et al., 2006).

100

Various studies carried out in these communities indicate that algae dominating the supra

101

and midlittoral (e.g. Porphyra columbina and Ulva sp.) exhibit well-developed anti-stress

102

mechanisms such as dynamic photoinhibition (Gómez et al., 2004; Gómez & Huovinen,

103

2011) and synthesis of UV-absorbing substances (e.g. mycosporine-like amino-acids)

104

(Huovinen et al., 2004). Thus, it is reasonable to argue that induction of stress proteins may

105

be a complementary mechanism in these species to endure thermal and UV stress.

106

In the present article, the information on the induction of stress proteins in intertidal

107

macroalgae from proteomic, genomic and transcriptomic approaches is compiled in order

108

to delineate their potential role in processes involving stress tolerance to multiples factors

109

such as temperature, enhanced solar radiation and contaminants. Additionally other

110

biomolecules (mycosporine-like amino acids, phenolics, polyamnines and carotenoids)

111

commonly described as anti-stress agents in macroalgae are briefly summarized. Finally, a

112

case study of two upper littoral species from southern Chile, Porphyra columbina and Ulva

113

sp. is presented in order to exemplify the potentialinduction of stress proteins

114

simultaneously with other well-known anti-stress responses, such as photoinhibition of

115

maximal quantum yield of fluorescence (Fv/Fm, determined from pulse amplitude

116

modulation fluorometry, PAM) and ROS scavenging activity.

117
118

Major factors that induce HSPs in macroalgae

119
120

Various stressors have been found to induce the formation of stress proteins in marine

121

macroalgae and the best known are compiled in Table 1.
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123

Temperature

124

In general, the induction in response to high temperature can be rapid and associated with

125

the duration of the environmental stress. For example, in Fucus serratus high induction of

126

HSP70 was observed after 2 h heat shock at 42 °C, while in Chondrus crispus the highest

127

induction was found after 4 h. Afterwards the concentrations of these proteins decreased

128

(Ireland et al., 2004). On the other hand, exposures for 24 h to high temperatures have been

129

found to decrease the levels of stress proteins in Ulva intestinalis (Lewis et al., 2001).

130

Apparently, the expression of stress proteins in some macroalgae depends strongly on

131

the thermal history of the populations. In the invasive kelp U. pinnatifida, local acclimation

132

was associated while latitudinal differences in temperature, while in the native Egregia

133

menziesii latitudinal differences in the expression of stress proteins were detected (Henkel

134

& Hoffmann, 2008b). In small green algae, which generally dominate upper littoral levels,

135

the course of the expression of stress protein induction appears to confirm a common

136

eurythermal characteristic of this group of macroalgae. For example, in Ulva prolifera

137

HSP70 transcription measured through a temperature gradient 5-40 °C was very low at its

138

growth temperature (25° C), but substantially increased at the extremes of the range

139

(Zhang et al., 2012). Similarly, levels of HSP70 in the intertidal Ulva intestinalis were

140

considerably higher at temperatures > 25°C compared to the prevailing temperatures at the

141

collection site (15°C) (Lewis et al., 2001). In Ulva sp. and Porphyra columbina, two

142

species adapted to cold-temperate conditions in southern Chile, exposure to high

143

temperatures (25-35 °C) for various hours resulted in degradation of proteins (in all the

144

treatments only fragments <50kD were detected) (Table 1).

145
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146

UV radiation

147

The disruption of the activity of PSII and inhibition of the photosynthetic electron transport

148

are probably the most known effects of the exposure to UV-B radiation (Vass, 1997). In

149

general, stress proteins and chaperones can facilitate the assembly of proteins and their

150

insertion into the membrane (Stapel et al., 1993). It is well established that diverse types of

151

stress proteins prevent the inactivation of PSII components caused by excess solar

152

radiation (included UV radiation). For example, stress proteins have been associated with

153

the repair processes and stabilization of thylakoid membranes during stress (Vigh et al.,

154

1998) and also in the D1 cycle repair, with functions such as removal of damaged and

155

reassembly of new D1 subunits during exposure to UV-B radiation (Mattoo & Edelman,

156

1987). It is believed that the expression of HSP70 would be a major determinant of the

157

ability of the cell to resist photodamage (e.g. after injury by UV radiation) by reducing the

158

inactivation of PSII and intensifying the recovery. The role of the stress proteins in the

159

repair of the photodamaged PSII would be the stabilization of the core of PSII reaction

160

centres (Yokthongwattana et al., 2001). In macroalgae, exposure to UV radiation in the

161

laboratory has proved to be a factor inducing HSP70, which depends on the UV dose and

162

species. In Ulva sp., HSP70 induction has been detected after time spans of 2.5 (Zhang et

163

al., 2012) and 5 h (Ahamad, 2010). However, stress proteins can be detected several hours

164

after the stress, as was observed in the present study for the Rhodophyta Porphyra

165

columbina, where stress proteins of the HSP70 family were detected after 24 h (see below).

166

In species of Ulva rotundata from locations strongly exposed to solar UV radiation in

167

southern Spain, stress proteins (chaperonin60) can be induced in time scales of days

168

(Bischof et al., 2002) (Table 1). In general, the induction of stress proteins in response to

169

high light is exacerbated under high temperatures. The over expression of gene products in

170

response to combined action of high light and high temperature stress was observed in
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171

Chondrus crispus (Collén et al., 2007). The relationship between light and thermal stress

172

varies between populations of related species with different distributional patterns (e.g.

173

Fucus vesiculosus versus Fucus radicans) (Lago-Leston et al., 2010).

174

175

Heavy metals

176

Environmental pollutants, especially heavy metals, can induce stress proteins in marine

177

organisms and thus these proteins have been considered as environmental biomarkers

178

(Ireland et al., 2004; Torres et al., 2008). Although the induction is generally slower than

179

under heat shock (Sanders, 1993), some studies using Cu and Cd confirm that increases in

180

the levels of stress proteins are concentration dependent with levels decreasing at high

181

metal concentrations (Lewis et al., 2001; Ireland et al., 2004). Similar to temperature and

182

UV radiation, metals are redox active and participate in many reactions generating reactive

183

oxygen species (ROS) (Sakihama et al., 2002). Increased ROS can lead to irreversible

184

photooxidative damage, affecting lipid membranes, D1 protein synthesis and thylakoid

185

proteins (Anderson et al., 1997, 1998; Niyogi, 1999; Takahashi & Murata, 2008). For

186

example, macroalgae in copper impacted coastal areas of northern Chile have been shown

187

to develop oxidative stress, which can partially be counteracted by rapid and reversible

188

antioxidant activity (Ratkevicius et al., 2003; Contreras et al., 2005). There is evidence that

189

stress proteins (and other biomolecules, see below) located in the cell protect proteins

190

through mechanisms removing ROS, e.g. through the formation of methionine residues,

191

thus protecting other proteins sensitive to oxidation (Levine et al., 1996). An important

192

issue in the role of stress proteins as biomarkers under metal pollution is that the effects of

193

metals are normally exacerbated by other environmental factors, such as high light,

194

temperature and nutrients (Ireland et al., 2004; Huovinen et al., 2010). Additionally, high
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195

levels of metals (e.g. copper) can cause the breakdown of protein metabolism, thus

196

decreasing the synthesis of stress proteins (Lewis et al., 2001).

197
198

Interactive effects of multiple stress factors

199

In nature, living organisms are never exposed to single environmental factor and thus the

200

action (synergistic or antagonistic) of different stressors in the intertidal zone is a common

201

scenario to which macroalgae adapt. For example, during low tide, high solar radiation and

202

temperature are accompanied by desiccation stress and extreme changes in salinity and

203

nutrient availability (Davison & Pearson, 1996). However, the detection of metabolic

204

mediated stress responses of macroalgae under these conditions is normally a very difficult

205

task and few studies are available. It is known that intertidal macroalgae display rapid

206

metabolic adjustments based on the upregulation of stress genes (including various

207

transcripts of stress proteins) (Collen et al., 2009). In the case of combined action of

208

temperature and salinity, apparently high salinity can modify the capacity of algae to

209

induce stress proteins in response to heat shock (Li & Brawley, 2004) (Table 1). However,

210

the impact of various factors simultaneously cannot be additive. For example, in Fucus

211

from the Baltic Sea stress proteins were up-regulated after thermal stress, which was not

212

modified by the simultaneous exposure to high light or desiccation (Lago-Leston et al.,

213

2010). Overall, recent studies appear to indicate that under multiple stress conditions, the

214

same suite of stress protein genes can be up-regulated in response to different stressors as

215

has been postulated for some species of Fucus (Pearson et al., 2010).

216
217

Other bio-molecules with putative anti-stress properties

218
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219

Mycosporine-like amino acids

220

Mycosporine-like amino acids (MAAs) are probably the most common and best

221

known group of photoprotective compounds in macroalgae. These substances belong to a

222

family of chemically related, colourless, water-soluble amino acid derivatives commonly

223

found in red algae. These compounds have been determined in polar and cold-temperate

224

species, and their function as intracellular screening agents has been inferred from a

225

decrease in concentration with increasing depth (Karentz et al. 1991; Hoyer et al. 2001;

226

Huovinen et al. 2004). Supra- and eulittoral species can be exposed to high solar stress, and

227

consequently accumulate very high MAA contents, which are positively correlated with

228

the natural UV doses (Karsten et al. 1998). Although an antioxidant activity has been

229

reported for various groups of MAAs from red algae (Tao, 2008; Coba et al., 2009), is not

230

clear if the action mechanisms of these molecules during severe UV stress are directly

231

related with the induction of stress proteins. Apparently, the sunscreen function of MAAs

232

represents a primary shielding barrier against UV radiation, while stress proteins could act

233

after damage (e.g. at the thylakoid membranes).

234

235

Phenolic compounds

236

Various phenolic compounds of green and brown algae have also been associated with

237

photoprotection against excess solar radiation and other environmental stresses. Tri-

238

hydroxi-coumarins found in some green algae (e.g. the siphonal Dasycladus vermicularis)

239

(Menzel et al., 1983) have several functions in the cell including UV photoprotection,

240

antioxidant activity and anti-herbivory (Pérez-Rodríguez et al., 1998, 2001; Gómez et al.,

241

1998). Apparently, the UV screening capacity of the coumarins remains even after massive

242

excretion indicating that algae allocate considerably energy to these compounds (Pérez-
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243

Rodríguez et al., 2001). Phlorotannins (polymers of phloroglucinol; 1,3,5-

244

trihydroxybenzen; Ragan & Glombitza, 1986), are phenolic compounds found exclusively

245

in brown algae and play a series of roles as secondary metabolites, mainly as anti-

246

herbivory defense (Targett & Arnold, 1998; Jormalainen & Honkanen, 2008) and

247

antifouling activity (Wikström & Pavia, 2004). Phlorotannins form up to 25 % of dry

248

weight (Ragan & Glombitza, 1986) and are present as soluble and cell wall-bound

249

fractions. Due to their UV absorbing properties and peripheral localization in cells and

250

tissues, phlorotannins have been related with an increased tolerance to UV radiation, which

251

has been demonstrated in kelp species such as Ascophyllum nodosum (Pavia et al., 1997),

252

Macrocystis integrifolia (Swanson & Druehl, 2002), and in Saccharina latissima and

253

Nereocystis luetkeana in relation to a combination of high UV and high CO2 (Swanson &

254

Fox, 2007). UV mediated increases in phlorotannins can minimize photodamage of key

255

physiological process and cellular components such as photosynthesis and DNA in the

256

intertidal kelp Lessonia nigrescens (Gómez & Huovinen, 2010). High levels of

257

phlorotannins have been correlated with enhanced ROS scavenging activity in intertidal

258

kelps exposed to high UV doses and metals suggesting that these compounds represent

259

primary metabolic anti-stress agents (Huovinen et al., 2010; Cruces et al., 2012). In the

260

kelp Laminaria digitata, high tolerance of sporogenesis and low DNA damage within the

261

sorii were related with high concentrations of phenols in the paraphysis (Gruber et al.,

262

2011). In Saccharina latissima, this higher allocation of phenolics in soral tissues was

263

correlated with an enhanced antioxidant capacity compared to vegetative regions

264

(Holzinger et al., 2011).

265

266

Polyamines
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267

A less known group of molecules called polyamines (PAs), which can be free in the cell or

268

bound to thylakoid membranes of plants and algae, have been associated with repair or

269

photoprotective functions during severe high light and UV stress (Sfichi-Duke et al.,

270

2004), resembling functions of some stress proteins. The three major polyamines,

271

putrescine (PUT), spermine (SPM) and spermidine (SPD) have been reported to have roles

272

in many biological processes such as cell division, growth and senescence (Igarashi &

273

Kashiwagi, 2000). Their involvement in acclimation processes of PSII such as the down

274

regulation of antenna size, increases in non-photochemical quenching and ROS scavenging

275

during light stress suggest important photoprotective roles (Groppa & Benavides, 2008;

276

Ioannidis et al., 2011). For macroalgae, the involvement of polyamines in UV stress

277

responses has been examined in very few studies indicating that UV-B exposure can

278

increase the amounts of polyamines (mainly PUT) up to 200 % as reported for the red alga

279

Porphyra cinnamomea (Schweikert et al., 2011). The action mechanism of polyamines in

280

macroalgae remains unclear, but some evidence suggests that these molecules bind to other

281

compounds (e.g. polysaccharides or phenols) thus stabilizing membranes or the cell wall.

282

283

Carotenoids

284

Carotenoids represent a large family of compounds, which, apart of their well-known

285

functions as accessory pigments, have been associated with different photoprotective

286

mechanisms. In general, it has been reported that carotenoids, due to their chemical

287

structure and localization in the cell, can serve as screens against UV radiation and also as

288

efficient antioxidant compounds, e.g. scavenging free radicals produced in the peroxidation

289

reactions in the thylakoids (Götz et al., 1999; Hupel et al., 2011). However, the most

290

known role of carotenoids in the so-called xanthophyll cycle, a trans-membrane
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291

interconversion of zeaxanthin to violaxanthin observed in plants to dissipate excess energy

292

(Demmig-Adams & Adams, 1996). This cycle has been recognized to operate in

293

macroalgae exposed to high PAR (Schofield et al., 1998; Bischof et al., 2002), but there is

294

some evidence that UV radiation can affect xanthophyll cycle by inhibiting the de-

295

epoxidation of violaxanthin to zeaxanthin (Pfündel et al., 1992). Additionally, increases in

296

lutein have also been associated with a possible energy dissipation pathway in algae

297

(Schäfer et al., 1994; Bischof et al., 2002).

298

299

Overall, the link between these different bio-molecules and their photoprotective

300

mechanisms in macroalgae has not been studied so far, however, it is reasonable to argue

301

that many of them are complementary or are induced by different factors or combinations

302

of factors. In fact, studies examining multiple cDNA microarrays from intertidal algae

303

exposed to different stressors outlined the up regulation of specific genes for different

304

stresses and additionally, emphasized the importance of ROS in the gene expression during

305

environmental stress (Collén et al., 2007). Thus, the putative antioxidant capacity of

306

several of the described biomolecules could be a key connecting element that allows cells,

307

by different ways, to protect finally the integrity and functionality of the photosynthetic

308

machinery (Kreslavski et al., 2007).

309

310

Stress tolerance of upper intertidal macroalgae: a case study from species from

311

southern Chile

312
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313

Stress proteins of the HSP70 family were detected in Ulva sp. from the coast of Valdivia

314

exposed for 3 and 6 h to UV radiation in the laboratory resembling summer conditions at

315

southern Chile (Fig. 1). In Porphyra columbina, stress proteins were detected after 24 h

316

exposure to UV radiation (Fig. 2). Confirming the well-recognized light tolerance of these

317

species, which allow them to cope with high solar radiation (Gómez et al. 2004), the

318

induction of stress proteins did not correlate with changes in photochemical reactions

319

(Fv/Fm) and antioxidant activity, which remained constant along the time and were not

320

affected by UV treatments. However, after 24 h exposure antioxidant activity of UV

321

exposed samples was higher than those under PAR treatment. These findings support the

322

idea that the expression of stress proteins is not necessarily regarded as the most relevant

323

anti-stress mechanism in upper littoral species subject to intense environmental variation.

324

On the other hand, the marked decrease in photosynthesis, suggesting photoinhibition, was

325

correlated with low expression of proteins and after 6 and 24 h to temperatures > 35 °C, the

326

presence of degradation products with molecular weights < 40kD was detected (data not

327

shown). This suggests that physiology of these algae, adapted normally to sub-Antarctic

328

conditions, is strongly impaired at these extreme conditions. It is well known that synthesis

329

and accumulation of stress proteins imply energy costs at expenses of other important

330

processes. Thus, this type of algae display other metabolic mechanisms (e.g.

331

photoinhibition, ROS scavenging) as primary strategy, at least at short-term, to cope with

332

environmental factors or alternatively, have developed constitutive stress tolerance such as

333

thermo-tolerance of photosynthesis. For example, in gametophytes of Undaria pinnatifida,

334

an invasive and highly plastic species, the low or null expression of HSP70 transcripts

335

together to a remarkable thermotolerance of photosynthesis was associated with an

336

intrinsic physiological strategy for e.g. to colonize different types of habitats (Henkel &

337

Hoffman, 2008a). In the genera Ulva and Porphyra, opportunistic strategies associated
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338

with small size (e.g. high area/volume ratio), an annual phenology and rapid photosynthetic

339

adjustments to cope with high solar radiation (Huovinen et al., 2006, Gómez & Huovinen,

340

2011) have probably not favoured the up regulation and synthesis of energy expensive

341

stress proteins or alternatively, these species maintain normally high levels of stress

342

proteins (Henkel & Hoffmann, 2008b).
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Legends of figures
Figure 1. Western immunoblots to detect stress proteins in Ulva sp. from the coast of
Valdivia (39°48’ S, 73° 14’ W) exposed for 3 and 6 h to UV and PAR (photosynthetically
active radiation) treatments at 10 °C. Algae were incubated under a combination of UV
(UV-B 2.3 Wm-2; UV-A 8.4 W m-2); Q-Panel-313 and 340, Co., Cleveland, OH) and PAR
(85 µmol m-2s-1; Philips) lamps. Samples were covered with Ultraphan 295 and 395 cut off
foils (Digefra, Munich, Germany). The protein isolation, SDS-PAGE and immunoblotting
followed the procedure described by Huovinen et al. (2000). The membranes were probed
with the monoclonal anti-Hsp-70 (MA3-008) primary antibody (Thermo Scientific) with a
dilution of 1:2000. The secondary antibody conjugated to horseradish peroxidase (goat
anti-IgG mouse) (Thermo Scientific, USA) with dilution of 1:1000 was used. Protein bands
were imaged using chemiluminiscence (ECL, Thermo Scientific) in an Ultralum system
(UltraLum Inc., USA). Results of quantum yield of chlorophyll fluorescence of
photosystem II (Fv/Fm) and antioxidant activity (2,2-diphenyl-1-picrylhydrasyl; DPPH
radical scavenging) are also shown (means ± S.D., n= 6-10) and were measured according
to the methodology described by Cruces et al. (2012).
Figura 1. Western immunoblots para la detección de proteínas de estrés en Ulva sp.
colectada en la costa de Valdivia (39°48’ S, 73° 14’ W) y expuesta por 3 y 6 h a
tratamientos de radiación UV y PAR (radiación fotosintéticamente activa) a una
temperatura de 10°C. Las algas fueron incubadas bajo una combinación de lámparas UV
(UV-B 2.3 Wm-2; UV-A 8.4 W m-2) (Q-Panel 313 y 340, Q-Panel Co., Cleveland, OH) and
PAR (85 µmol m-2s-1; Philips). Las muestras fueron cubiertas con filtros Ultraphan 295 y
395 cut off foils (Digefra, Munich, Germany). La aislación, SDS-PAGE e inmunodetección de proteínas fue realizado de acuerdo a la metodología descrita por Huovinen et
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al. (2000). Como anticuerpo primario específico para Hsp-70, se uso MA3-008 (Thermo
Scientific) en dilución 1:2000. Se utilizo goat anti-IgG mouse unido a HRP como
anticuerpo secundario. Las bandas de proteínas fueron detectadas por medio de
quimioluminicencia (ECL, Thermo Scientific) en un sistema de imagen Ultralum
(UltraLum Inc., USA). Resultados de rendimiento cuántico máximo de fluorescencia de
clorofilas del fotosistema II (Fv/Fm) and actividad antioxidante (2,2-diphenyl-1picrylhydrasyl; DPPH radical scavenging) son indicados (promedios ± D.S., n= 6-10).
Estas respuestas fisiológicas fueron medidas de acuerdo a la metodología descrita por
Cruces et al. (2012).
Figure 2. Western immunoblots to detect stress proteins in Porphyra columbina exposed
for 24 h to UV and PAR (photosynthetically active radiation) treatments. Results of
quantum yield of chlorophyll fluorescence (Fv/Fm) and antioxidant activity measured in
parallel are also shown. Means ± S.D., n= 6-10. Conditions and procedures as described in
Figure 1.
Figura 2. Western immunoblots para la detección de proteínas de estrés en Porphyra
columbina colectada en la costa de Valdivia (39°48’ S, 73° 14’ W) y expuesta por 24 h a
tratamientos de radiación UV y PAR (radiación fotosintéticamente activa) a una
temperatura de 10°C. Las condiciones y procedimientos son como descritos en Figura 1.
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Cruces et al. Figure 1
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Cruces et al. Figure 2
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Table 1. Stress protein responses in intertidal macroalgae upon exposure to temperature, high irradiation, contaminants and combined factors.
Tabla 1. Respuestas de proteínas de estrés en macroalgas expuestas a elevada temperatura, alta irradiación, contaminantes y factores combinados.
Factors/ species

Site

HSP

Stressor and exposure
conditions

Observed response

Reference

Ulva lactuca Linnaeus
Chondrus crispus Stackhouse
Fucus serratus Linnaeus

Penmon Point,
Anglesey, UK

HSP70

42° C (Fucus up to 24 h; Ulva Elevated HSP70 in Fucus after a 2-h exposure
(not after longer exposure). Increase in HSP70 in
and Chondrus 4 h)
Chondrus after 4-h exposure, but not in Ulva.

Ireland et al., 2004

Undaria pinnatífida (Harvey)
Suringar (gametophytes)

Culture from four
sites in California

Gene
expression
(HSP70)

Incubations for 1 h between
12 and 36 °C (under low
PAR <5 µmol m-2 s-1).

Henkel & Hofmann
2008a

Ulva sp.Linnaeus
Porphyra columbina Montagne

Valdivia,
Southern Chile

HSP70

Exposure to 20, 25, 30 and
35°C for 3, 6 and 24 h.

Ulva intestinalis Linnaeus

Wembury
HSP70
Beach, Devon, UK

Exposure to 15, 20, 25, 30
and 35°C for 24 h (prior to
exposure at 15°C)

Extremely low expression and no upregulation of
the HSP70 genes. Yield decreased with
increasing temperature from 17 to 31 °C.
Gametophytes broadly thermotolerant.
Low induction of HSP70. At temperatures > 25
°C marked degradation of proteins (fragments
between 20-40 kD detected).
HSP70 increased at 25 and 30°C compared to
15°C. Levels reduced at 35°C.

Ulva prolifera O.F. Müller

Qindao, Yelow
Sea

HSP70
transcripts

Gradient between 5 and 40
°C for 1 h.

HSP70 transcription was increased at low (514°C) and high (> 30° C). At growth temperature
(25°C), HSP70 levels were at lowest.

Zhang et al. 2012

Undaria pinnatífida (Harvey)
Suringar
Egregia menziesii (Turner)
Areschoug

West coast of
California and
Baja California.

Gene
expression
(HSP70)

Incubation for 1 h at 12, 17,
22, 26, 31, 33 and 36°C
(previously acclimated at
10°C).

Gene expression of HSP70 in Egregia showed
latitudinal responses to heat stress. The invasive
Undaria exhibited differences in the thermal
according to habitat depth.

Henkel & Hofmann,
2008b

UV radiation
Ulva sp.Linnaeus
Porphyra columbina Montagne

Valdivia,
Southern Chile

HSP70

Exposure to UV radiation at
10°C for 3, 6 and 24 h.

In Ulva sp. HSP70 induction by UV after 3 and 6
h exposure, in P. columbina after 24 h.

The present study

Ulva aff. rotundata Blinding

Cádiz, Spain

Chaperonin 60
(RubisCO
binding
protein)

A 3-d outdoor exposure to
UV radiation and PAR

Increase in the concentration of CPN60 under
PAR + UVA + UVB, and PAR+UVA. Possible
effect of elevated temperature. No induction
under unfiltered solar radiation.

Bischof et al., 2002

Temperature

The present study

Lewis et al., 2001
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Continued
Ulva lactuca L.
Palmaria palmata (L.) Kuntze
Solieria chordalis (Ag.) J. Agardh
Dictyota dichotoma (Hudson)
Lamour.
Ulva prolifera O.F. Müller
Heavy metals
Ulva intestinalis Linnaeus

Ulva lactuca L.
Chondrus crispus (Stackh.)
Fucus serratus L.
Multiple factors
Fucus vesiculosus Linnaeus
(embryos)
Fucus spiralis L. (embryos)

North Sea,
Germany

HSP60,
HSP70

UV radiation and PAR:
exposure for 5-h and 18-h
recovery period.

Induction of HSP60 and HSP70 in all the algae.
Variation between species and light treatments.
Highest induction in Ulva lactuca.

Ahamad , 2010

Qindao, Yelow
Sea

HSP70
transcripts

UV radiation exposures for 1
to 4 h

Induction of HSP70 transcripts was maximal
after 2.5 h exposure.

Zhang et al. 2012

Exposure to copper (5 d) and
antifouling Irgarol 1051 (92
h)
Exposure for 4 h to a gradient
in Cd2+ concentrations

HSP70 was induced by copper but not changes in
HSP70 induction were observed after exposure to
Irgarol 1051.
High induction at 25 mM Cd2+, but at higher
concentrations (50-100 mM), stress proteins
levels decreased.

Lewis et al., 2001

Temperature and salinity: 3h
exposure to heat, with and
without acclimation to a
sublethal temperature and
hypersaline media.
Temperature and light: 30
min to 250 µmol m-2s-1
(control 50 µmol m-2 s-1)
and/or to 25 °C (control 15
°C).

Higher levels of HSP60 in embryos exposed to
29-33°C than to 14°C; lower levels of HSP60 in
embryos exposed to hypersaline conditions than
in normal seawater.

Li & Brawley, 2004

Sympatric populations of Fucus radicans
displayed divergent heat shock responses, while
from allopatric F. vesiculosus populations did
not. F. radicans was more sensitive to heat shock
at 25°C under high irradiance and desiccation
than F. vesiculosus.

Lago-Lestón et al.,
2010

Temperature, light, osmotic
and natural stress: incubation
for 4 h at 16°C (PAR 100
µmol photons m–2 s–1;
control), at 32°C (in
darkness) and to high PAR
of 1800-2000 µmol photons
m–2 s–1 at 15-18°C.

High-temperature and high-light stress increased
the expression of HSPs. Expression of stress
protein genes was induced in response to different
stresses. High light stress was associated with
synthesis of antioxidative proteins.

Collén et al., 2007

Wembury
HSP70
Beach, Devon, UK
Penmon Point,
Anglesey, UK

HSP70

Schoodic Point,
Maine

HSP60

Fucus vesiculosus L.
Fucus radicans L. Bergström & L.
Kautsky

Skagerrak (North
Sea) and Central
Baltic Sea

Chondrus crispus (Stackh.)
(gametophytes)

Roscoff, Brittany,
France

Gene
expression
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genes).
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