3 UNIVERSITY OF
% PLYMOUTH & pearl

School of Biological and Marine Sciences Theses
Faculty of Science and Engineering Theses

2002

ABIOTIC STRESS SIGNALLING IN THE FUCUS EMBRYO

SUSANA COELHO

Let us know how access to this document benefits you

General rights

All content in PEARL is protected by copyright law. Author manuscripts are made available in accordance with publisher policies.
Please cite only the published version using the details provided on the item record or document. In the absence of an open
licence (e.g. Creative Commons), permissions for further reuse of content should be sought from the publisher or author.

Take down policy

If you believe that this document breaches copyright please contact the library providing details, and we will remove access to
the work immediately and investigate your claim.

Follow this and additional works at: https://pearl.plymouth.ac.uk/bms-theses

Recommended Citation

COELHO, S. (2002) ABIOTIC STRESS SIGNALLING IN THE FUCUS EMBRYO. Thesis. University of
Plymouth. Retrieved from https://pearl.plymouth.ac.uk/bms-theses/73

This Thesis is brought to you for free and open access by the Faculty of Science and Engineering Theses at PEARL. It
has been accepted for inclusion in School of Biological and Marine Sciences Theses by an authorized administrator
of PEARL. For more information, please contact openresearch@plymouth.ac.uk.


https://pearl.plymouth.ac.uk/
https://pearl.plymouth.ac.uk/
https://pearl.plymouth.ac.uk/bms-theses
https://pearl.plymouth.ac.uk/fose-theses
https://forms.office.com/e/bejMzMGapB
https://pearl.plymouth.ac.uk/about.html
https://pearl.plymouth.ac.uk/bms-theses?utm_source=pearl.plymouth.ac.uk%2Fbms-theses%2F73&utm_medium=PDF&utm_campaign=PDFCoverPages
https://pearl.plymouth.ac.uk/bms-theses/73?utm_source=pearl.plymouth.ac.uk%2Fbms-theses%2F73&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:openresearch@plymouth.ac.uk

&= UNIVERSITY OF
w PLYMOUTH

PEARL

PHD

ABIOTIC STRESS SIGNALLING IN THE FUCUS EMBRYO

COELHO, SUSANA

Award date:
2002

Awarding institution:
University of Plymouth

Link to publication in PEARL

All content in PEARL is protected by copyright law.

The author assigns certain rights to the University of Plymouth including the right to make the thesis accessible and discoverable via the
British Library’s Electronic Thesis Online Service (EThOS) and the University research repository (PEARL), and to undertake activities to
migrate, preserve and maintain the medium, format and integrity of the deposited file for future discovery and use.

Copyright and Moral rights arising from original work in this thesis and (where relevant), any accompanying data, rests with the Author
unless stated otherwise*.

Re-use of the work is allowed under fair dealing exceptions outlined in the Copyright, Designs and Patents Act 1988 (amended), and the
terms of the copyright licence assigned to the thesis by the Author.

In practice, and unless the copyright licence assigned by the author allows for more permissive use, this means,

That any content or accompanying data cannot be extensively quoted, reproduced or changed without the written permission of the
author / rights holder

That the work in whole or part may not be sold commercially in any format or medium without the written permission of the author /
rights holder

* Any third-party copyright material in this thesis remains the property of the original owner. Such third-party copyright work included in
the thesis will be clearly marked and attributed, and the original licence under which it was released will be specified . This material is not
covered by the licence or terms assigned to the wider thesis and must be used in accordance with the original licence; or separate
permission must be sought from the copyright holder.


https://researchportal.plymouth.ac.uk/en/studentTheses/89d93a4d-f01a-41af-96f6-7d7e6801bf92

Download date: 28. Oct. 2024



ABIOTIC STRESS SIGNALLING IN THE

FUCUS EMBRYO
BY
SUSANA COELHO

A thests submitted to the University of Plymouth in pattal fulfilment for the degree of

DOCTOR OF PHILOSOPHY

SEPTEMBER 2002




This copy of the thesis has been supplied on condition that anyone who consult it
understood to recognise that its copyright rests with 1ts author and that no quotauon
from the thesis and no information derived from it may be published without the

* author’s prior consent.




ABIOTIC STRESS SIGNALLING IN THE FUCUS EMBRYO

By
SuUsANA COELHO
A thesis submitted to the University of Plymouth in partial fulfilment for the degree of

DOCTOR OF PHILOSOPHY

Department of Biological Sciences, Faculty of Sciences
University of Plymouth
In collaboration with

Marine Biological Association of the UK’

SEPTEMBER 2002




ABSTRACT

Fucoid algae live in the interudal region where they expenence daily fluctuations in
light and external osmotic environment. High light, especially in combination with
ultraviolet (UV) radiation and hyper-osmotic stress affected the cellular physiology of
Fuoss embryos. Two photoinhibition responses were recognised. Firstly, a rapid decline
of the photosystem II (PSII) efficiency, linked with the operation of the xanthophyl
cycle, followed by a slower decline correlated with reactive oxygen species (ROS)
production. As a result of enhanced ROS production, a slower repair of the PSII
efficiency was observed, particularly with increased UV-B doses. Development of the
embryos was transiently affected by UV-B. The cellular signal transduction pathway
dunng hyper-osmotic stress was investigated. ROS production in response to hyper-
osmotic stress comprised two distunct components. The first ROS component
coincided closely with the ongin of a Ga?*wave n the pexjpheral cytosol at the growing
cell apex, had an extracellular origin, and ;?vas:necessa;y f;; t-he Ca2+ wave. Patch clamp
experiments showed that a non-selective cation channel was stimulated by HOs, and
may underlie the nitial cytosolic Ca?+ elevation. The spatio-temporal pattern of the
Ca2+ wave was thus determined by peripheral ROS production. The second, later ROS
component localised to the mitochondria and was ‘a direct consequence of the Ca?+
wave. The first, but not the second component was required for short-term adaptation
to osmotic stress, probably through the activity of cell wall bromoperoxidases.
Mitogen-acuvated protein kinases may be involved in the hyper-osmotic stress

response downstream or independently of the mitochondnal ROS production.
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Chapter 1

1.1. ENVIRONMENTAL STRESS IN INTERTIDAL ALGAE

Destined to reside in their habitats of germination, plants are frequently exposed to
unfavourable external conditions such as extreme temperatures, drought, pollution,
high light, etc. In order to survive, plants have developed complex signal-response
networks that sense and protect them from an ever-changing environment. In this
context, algae living on the upper litoral zone of rocky shores are particularly subject
to marked environmental varations during each tdal cycle. Therefore, mechanisms of

accommodation to these changes are an essential feature for the survival of these

individuals.

Most of the investigations on how environmental factors affect intertidal organisms
havek focused almost exclusively on the responses of adult stages to natural and
anthropogenic stresses. However, the impact of stress factors on algal embryonic
stages or during the first days after settlement may be particularly severe. It is well
documented that early developmental stages are far more sensitive to environmental
stress than adult stages, and are, thus, a potential weak link in any life cycle. Various
researchers have recognized the importance of young stages in the structure and
dynamics of intertidal rocky-shore communities (Underwood and Fairweather, 1989;
Reed, 1990; Bellgrove et al., 1997). The survival of early stages of intertidal organisms
is believed to be critical to the successful establishment of benthic populations (Vadas
et al., 1992), and, therefore, of great importance to the management of marine habitats.
With intertidal algae, attention has been progressively given to the ecology and

physiology of early life history phases, including dispersal, settlement, dislodgement,




Chapter 1

intra- and inter-specific competition, stress tolerance and photosynthesis of zygotes

and germlings (Norton 1983; Reed, 1992; Wright and Reed, 1990; Brawley and
Johnson, 1991; Vadas et al,, 1990, 1992; Amsler and Neushul, 1991; Fletcher and
Callow, 1992; Kendrick aﬁd Walker, 1994; Beach et al., 1995; Creed et al,, 1997;
Andersson et al,, 1994). Davison et al. (1993) suggested that sub-lethal stress might
play an important role in the recruitment success of individual plants and the
dévelopment of seaweed communities on rocky intertidal seashores. Reductions in
growth rate ansing from a decrease in photosynthetic capacity due to sublethal stresses

may influence the competitive ability and resistance to grazing,

Fucales comprise an order of brown algae that colonize extensively the rocky
interudal zone of temperate regions. They are important as the basis of a very rich
animal and algal community, providing shelter for a number of organisms. With every
turn of the ude, Fucales are markedly affected by osmotic and temperature changes,
light intensity and quality changes, and mechanical stress. ;[herefore, they can
potentially provide a valuable model system for the study of plant stress responses and

adaptaton.




1.2, FUCUS AS AMODEL SYSTEM FOR STRESS INVESTIGATIONS

1.2.1. Life cycle

12.1.1 Introduction

Fucales (comprising the genera Fuas and Pelwetia) are brown macrobenthic algae that
live in the intertidal zone of rocky shores in temperate regions. The fact that both
fertilisaton and development are external, without the protection of a mother tissue,
makes gametes and zygotes very tractable for manipulation in the laboratory. Gametes
of the dioecious species (Fuas wsiadosus, Fuass serratus) can be obtained separately,
allowing good temporal control of fertilisation. On the other hand, in monoecious
species (Fuass spiralis, Fuass distidhus, Pelwetia compressa, Pelwetia cariculata) the release of
antherozoids and oospheres allows high rates of viable zygotes and homogeneous
populations. The reproductive season is usually during the wnter, although some
variation can occur with species and region. Fuas sermatus and Fuass spiralis have a
relauvely long reproductive season and gametes can be obtained throughout the year,

so they were chosen as the model system in this investigation.

The reproductive structures in the adult Fuos are small sacs called receptacles,
situated at the extremities of the fronds (Figure 1.1). At the surface of the recepracles,
the conceptacles (where the gametes develop) open to the exterior through an ostiole.
At the internal surface, the oogonia contain 2-8 oospheres. The antherozoids,
contained inside antheridia, have one chloroplast with an eyespot that gives them an

orange colour. Gametes are released preferentially duning day-time low tides (Pearson
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and Brawley, 1996), and antherozoids (negatively phototactic and positively

chemotactic) are autracted to the sinking eggs by fucoserratine (Muller and Gassman,

1978).

1.2.1.2. Fertilisation

In the laboratory, successful release of gametes is achieved after some days of
keeping the receptacles in the dark at 4°C. The receptacles are submitted to a quick
osmotic and light shock (briefly rinsed with tap water, then illuminated after immersion
in seawater), which induces gamete release and fertilisation in the case of monoecious
species. In dioecious species, male and female gamete solutions are mixed at
approximately 300 sperm: 1 oosphere. The contact of the gametes induces a
fertilisation potential initiated by the opening of Na+ channels (Brawley, 1991; Roberts
et al, 1993; Taylor and Brownlee, 1993; Roberts and Brownlee, 1995). The
depolarisation of the membrane from -60 mV to -20 mV constitutes an immediate
electrochemical barrier t polyspermy (Brawley, 1991), reinforced by cell wall
formation a few minutes after fertilisation. The metabolic activation of the oosphere is
marked by an increase in the respiration {Levring, 1952) and synthesis of messenger

RNA (mRINA) and proteins (Koehler and Linskens, 1967).

12.1.3. From zygote to adult stage

Zygotes settle and adhere to the substrate by 1 h after fertilisation (AF). Zygotes are
initially non-polar and polarise in response to vectorial cues such as unidirectional light.
The morphological expression of this polarity is a protuberance emerging from the

pole opposite the incident light (germination, Figure 1.2). This becomes the rhizoid.
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The first asymmetrc division takes place perpendicular to the axis of polarity and

separates the zygote into rhizoid and thallus cells. The smaller rhizoid cell elongates by
apical growth and is the precursor of the holdfast; the larger thallus cell gives rise to the
stipe and fronds of the mature alga. In the culture conditions used in the present study
(continuous light 15°C) germination and the first cleavage take place approximately 14-
16 h AF and 22-24 h AF respectively. The rhizoid elongates and repeatedly divides
transverse to the growth axis, whereas the thallus cell undergoes a well-defined
sequence of transverse and longitudinal divisions (Figure 1.2). Developing embryos of
many higher plants, including Arabidopsis, undergo a similar pattern of cell divisions

(Kropft, 1997).

The 2-3 week old embryo measures approximately 1 mm and possesses several
rhizoids. At the apical pole a depression is observed from which apical hairs appear. At
the base of the hairs is the meristematic zone (Oltmanns, 1922). The pattern of

divisions in this zone determines to the dichotomous branching of the mature frond.

1.2.2. Polarisation and early Fucus development

12.2.1. Photopolarisation

Polanisation of Fuass zygotes in response to environmental gradients results in the
formation of two poles with distinct morphology and cytology: the rhizoid pole and
the thallus pole. The zygote possesses different temporal windows of sensitivity to
external vectors (reviewed by Quatrano et al,, 1974). Responses to light have been the
most studied. The zygote is sensitive to light from 4-6 h AF 10 10 h AF. If placed in

darkness after a light stimulus, however, it will germinate along an axis determined by
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the previous light direction. During this period, the polar axis can be re-onented by

changing the light direction. The period during which the orientation of the polar axis
can be changed is called “axis formation”. This is followed by a pre-germination phase
(10-14 h AF), duning which the zygote will no longer respond to changes in the light

orentation (“axis fixation™).

1.2.2.2. Axis formation

In Fuass and Pefutia, karyogamy takes place at 2-4 h AF. At this time, no cytological
asymmetry can be detected (Brawley et al., 1976). The female pronucleus is kept in a
central position by a cytoskeleton of microfilaments and microtubules (Figure 1.3). If
the zygotes are kept in a homogeneous medium in darkness they will germinate in a
random onentation. At the beginning of the last century, studies performed with
Optoserra barbata suggested that the entry point of the sperm determined the polarity.
Yamanouchi (1909) observed the presence of fibrous material at the sperm entry point,
just after fertilisation. This fibrous material was later been found to be a transient actin
localisation (Alessa and Kropf, 1999). Further support for the idea of polarity being
determined by sperm entry comes from the tight connection between polyspermy rates
and presence of double rhizoids at opposite poles (Hable and Kropf, 2000). Thus,
antherozoid entry may induce an initial asymmetry due to transient actin localisation,

which will be sufficient to induce polarisation in the absence of other sumuli.

The period during which no asymmetry is detected, and thus the cell is able to
respond to the various external triggers, lasts for approximately 6 h in Fuas. The cell

wall components (cellulose, alginates, fucans, polyphenols) are localised uniformly
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during this period and allow the zygote to adhere to the substrate (Vreeland et al.,

1993). Simultaneously, mRINA and proteins necessary for polarisation are synthesised.

The first asymmetries are difficult to detect because they are very faint. These
asymmetries are observed in response to a light vector and can be repositioned by
changing the onentation of this vector (Figure 1.3; 1.4). The early-detected

asymmetries are amplified during the period of axis fixation and in summary are:

- Transcellular ionic currents (Nuccitelli and Jaffe, 1976);

- Localisation of actin microfilaments at the presumptive rhizoid pole (Alessa and
Kropf, 1999; Pu et al., 2000);

- Elevated Ca?+ at the rhizoid pole (Pu and Robinson, 1997);

- Localised secretion at the rhizoid pole (Quatrano and Shaw, 1997);

- Localisation of dihydmpyxidine receptors at the presumptive rhizoid pole,
suggesting a redistribution of Ca?+ channels (Shaw and Quatrano, 1996a).

12.2.3. C&** currents in the developing zygote

Studies with an external self-referencing “vibraung probe” electrode showed that
positive current enters the presumptive rhizoid pole (Nuccitelle and Jaffe, 1976). The
study of these ionic currents in Fuass zygotes with different media of different ionic
compositions suggests- that these currents can be, at least in part, attributed to Ca2+
ions (Nuccitelli, 1978). Ca2+ entry at the presumptive rhizoid pole is 6 times greater
than that found in other regions of the zygote surface (Nuccitelli and Jaffe, 1976). The
use of 45Ca?+ showed a significant Ca2+ influx at the rhuzoid pole 2h after sumulation
of Pewtia zygotes by light (6 h AF) (Robinson and Jaffe, 1975). At this stage of

development, Ca2+ is mainly responsible for the transcellular ionic current. The role of
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Ca?+ in rhizoid growth is well established, and one of the earliest detectable gradients

during polarisation is a crescent of elevated Ca?+ centred at the future rhizoid pole
(Berger and Brownlee, 1993; Pu and Robinson, 1997). This, together with a very low
CaZ+ey, allows a well-defined CaZ+cy gradient to develope at the presumptive rhizoid
pole. The Ca2+ concentrations vary from 400 nM at the rhizoid pole to 100 nM away
from the rhizoid pole. In addition, this Ca2+ gradient seems to be essental for
polarisation: Robinson (1996) observed that zygotes of Pelwria do not photopolarise in
artificial seawater without Ca?+, indicating an important role of extracellular Ca2+ for
the establishment of polarity. This conclusion has been challenged by other authors
who report that Fuos zygotes can photopolarise in medium depleted of Ca2+ (Kropf
and Quatrano, 1987; Love et al, 1997). They state that K+ alone is enough for
polarisation (Hurst and Kropf, 1991). However, Love et al. demonstrated that different
putative Ca2+ channel blockers and Ca?+ antagonists (nifidipine, TMB 8, bepndil,
verapamil) inhibit photopolarisation, reinforcing the data of Robinsoﬁ obtained with
the Ca?+ antagonists D600 and Gd3+ (Robinson, 1996) and propose that free
intracellular Ca2+ has a major role in the photopolanisation process (Love et al., 1997).
The differences observed in the dependence of external Ca?+ for photopolarisation
could be due to vanations in the capacity of model systems to chelate external Ca2+. In
fact, brown algae cell wall contains polymers of guluronic acid, a Ca2* chelator, and

this probably constitutes a significant Ca?+ store (Kloareg and Quatrano, 1988).

The Ca?+ gradient at the presumptive rhizoid pole may result from an asymmetrical
distribution of Ca2+ channels. It has been postulated that polarisation involves the

migration of Ca2+ channels in the plasma membrane to the rhizoid pole (Brawley and
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Robinson, 1985). In response to light, a fluorescent derivative of the Ca2+ channel

blocker, dihydropyridine (DHP), is localised asymmetrically at the rhizoid pole. This
localisation coincides spatially and temporally with locally elevated Ca?+ mormutored
with the fluorescent indicator Calcium Green (Shaw and Quatrano, 1996). This pattern
of distribution could be changed if the direction of the photopolansing stimulus was
reoniented before axis fixation (Shaw and Quatrano, 1996). This phenomenon of
reversibility and the localisation, ume and actin dependence suggests that DHP
receptors may correspond to ion channels that are transported to the future rhizoid site
to create the changes in Ca2+, that are required for polansaton (Shaw and Quatrano,
1996). However, the specificity of fluorescent DHP for Ca?+ channels at the rhizoid

pole remains to be demonstrated.

1.2.2.4. Axis fixation

Axis fixation was initially defined as the pre-germination period during which the
zygote no longer responds to changes in the onentation of the light vector and through
which the processes initiated dunng axis formation (ionic currents, Ca?+ gradient,

polarised secretion) are amplified (Figure 1.4).

The actun cytoskeleton has been shown to be an important component in axis
fixation. F-actin localisation at the rhizoid pole is associated with the Ca?+ gradient
during axis fixation and rhizoid germination (Kropf et al., 1989; Pu et al., 2000). F-actin
localisation, visualised by fluorescently labelling F-actin with rhodamine-conjugated
phalloidin, occurs at the future rhizoid germination site by a cytochalasin-sensitive

process and was not localised in the zygote until the time of axis fixauon (Brawley and
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Robinson, 1985). Pu et al. {2000) imaged fluorescent microinjected phalloidin in Pefetia

zygotes and did not observe any actin localisation unul rhizoid germunation. In
contrast, Hable and Kropf (2000), using rhodamine conjugated phalloidin, showed that
a patch of cortical actin could be observed at the site of sperm entry within minutes of
fertlisation. This actin localisation could also be observed in response to a polarising
light vector (Alessa and Kropf, 1999). This latter experiment showed that an actin
localisation could be observed within 3 h of ferilisation corresponding to early stages
of photopolarisation and before axis fixation. Methodological differences have been
suggested to explain these contrasting results. Despite the differences in these results,
the general consensus is that there is an absolute requirement for actin in

photopolarisation.

The enzymauc digestion of the cell wall of young Fuas zygotes specifically inhibits
axis fixation. The resulting protoplasts are capable of recognising a light stimulus and
can photopolanse only once the cell wall is regenerated (Kropf et al, 1988).
Spheroplasts of rhizoid or thallus cell can be obtained through laser microsurgery,
from the two-cell embryo (Berger and Brownleee, 1995). These loose their polarity and
can be induced to develop into new photopolansible zygotes, which shows the
essential role of the cell wall for the maintenance of the polarity, essential to cellular

differentiation (Berger and Brownlee, 1995).

The molecules implicated in the interaction of the plasma membrane and cell wall,
and their roles, have been subjected to extensive investigation that led to the

elaboration of a working model (Figure 1.4).
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In Fuass zygotes, sulphated fucans are incorporated into the rhizoid cell wall during

axis fixation (about 2 h before germination). These molecules were considered to be
good candidates for wall-associated components of the axis fixation complexes
proposed by Goodner and Quatrano (1993). Zygotes cultivated in seawater without
sulphate do not have wall-associated sulphated fucans, and thus remain spherical

although they are able to divide.

Shaw and Quatrano (1996b) showed that the inhibitioﬁ of secretion by brefeldin A
inhibits the localisation of the sulphated compounds and also inhibits axis fixation.
Together, these results led to the hypothesis that sulphated fucans, localised at the
rhizoid pole by exocytosis and dependent on actin filaments, are essential for axis
fixavon (Figure 1.4). In contrast, Crayton et al. (1974) showed that zygotes cultivated in
seawater without sulphate but supplemented with methionine did not adhere to the
substrate but were capable of photopolansation although they did not contain
sulphated fucans in their walls. Moreover, experiments performed by Corellou and
Bouget (unpublished results) showed that zygotes cultivated in seawater without
sulphate but which were adhered to a substrate with poly-L-lysine do not germinate
but form and fix a polanty axis. The polarisation, although delayed, happens in the
absence of localisation of sulphated compounds at the rhizoid pole. Similar results
were obtained with inhibitors of polyphenol sulphatation (dichloronitrophenol and
pentachlorophenol). In addition, they observed that the cell wall localisation of
polyphenols during normal development is identical to that of sulphated compounds.
Whatever the nature of the sulphated compounds is, they seem to be involved more in

rhizoid germination and growth than in the fixauon of polarity. The inhibition of axis
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fixation by brefeldin A probably impairs the proper localisation of other key molecules

(not yet identified) for the fixation of the axis.

Other attempts have been made to isolate the molecules implicated 1n the putative
actin-cytoskeleton and cell wall complex. Thus, proteins recognised by the antibodies
anti-vitronectin, anti-vinculin and anu-f-integrin were found in extracts of two-cell
embryos (Quatrano et al.,, 1991). Anti-vitronectin antibody added to the culture directly
had an inhibitory effect on their capacity for adhesion and on the maintenance of
polarity but not on the establishment of polarity. However, the role of these proteins in
plants and algae is questionable. Though functionally equivalent molecules are likely to
exist, the absence of integrins from the genome of A rabidgpsis and yeast suggests that

these functional homologues may not exist in Fuas.

1.2.3 Model of Fucus zygote polarisation

The initial mechanisms through which asymmetric environmental cues are
translated into cytological asymmetries is still not well understood. Nevertheless, actin
localisation seems to have a predominant role (Figures 1.3, 1.4, reviewed by Kropf,
1997). The actn cytoskeleton, essential for the polarnisation process, orents the
polanised secretions. At axis formation, vesicle exocytosis at the rhizoid pole could be
responsible for the localisation of Ca2+ channels. It is also conceivable that an eary
activaton of Ca?+ channels operates at the rhizoid pole and participates in the
production of a transcellular ionic current between the rhizoid pole and the thallus
pole. Ca2+ elevation favours actin polymerisation and exocytosis at the rhizoid pole,

providing positive feedback amplification. Adhesive protein exocytosis and sulphated
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polyphenols would allow the interaction between cytoskeleton and cell wall.

Simultaneously, the localisation of sulphated fucans at the rhizoid pole potenually

alters cell wall proprieties associated with rhizoid emergence.

1.2.4. Germination

At the rhizoid apex, actin microfilaments and a Ca?+ gradient are detected
(Brownlee and Wood, 1986; Kropf and Quatrano, 1987). The Ca2+ gradient is closely
associated with rhizoid apical growth. The Ca2+ concentration can reach 1 uM at the
rhizoid pole. Injection of Ca2+ chelators such as BnBAPTA and reduction of
extracellular Ca2+ concentration inhibits rhizoid growth (Speksnijder et al,, 1989).
Similar Ca?+ gradients can be observed in many instances of polansed growth, such as
pollen tubes (Rathore et al, 1991; Miller et al, 1992). Ca?+ stabilises actin

microfilament polymerisation and favours exocytosis of vesicles at the cell apex.

Transcellular currents get stronger during germination, reaching up to 100 pA cmr?
(Nuccitelli and Jaffe, 1974). They result from the influx of Ca2+, K+, Na+ and the efflux
of Cl at the rhizoid pole and vice-versa at the thallus pole (Robinson and Jaffe, 1974).
In the germunated rhizoid, these currents depend on the integnty of the acun
cytoskeleton (Brawley and Robinson, 1985). It has been proposed that the increase in
transcellular currents result from the localisation of novel channels by exocytosis

(Brawley and Robinson, 1985).

Cytological polarisation becomes progressively more pronounced following
germunation: the rhizoid accumulates an increasing number of mitochondnia and a well

developed secretory machinery (Golgi) while at the thallus pole there are numerous
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chloroplasts (Quatrano, 1972; Brawley et al., 1976). Experiments which artificially alter

organelle distribution by centrifugation have shown that the thallus pole develops on
the side where the chloroplasts are more concentrated (Whitiker, 1940). However, this
treatment 1s very aggressive and implies perturbation of numerous other processes and
so does not allow conclusions to be drawn about the role of organelle distribution in

the establishment of polarnisation.

1.2.5. Cell division and cell cycle

The rotational alignment of the nucleus 13-16 h after ferulisation, which is necessary
for cell division, is helped by microtubules, which are anchored to centrosomes at one
end and appear to grow and attach to actin-stabilising complexes at the rhizoid up
(Kropf, 1994; Figure 1.3, 1.4). Treatment with cytochalasin D results in improper
rotation (Allen and Kropf, 1992) probably due to disruption of these actin-stabilising
complexes. Similar mechanisms are thought to be involved in the orentation of
asymmetric divisions in yeast cells (Li et al,, 1993). Mitosis begins about 18-22 h after
fertilisauon and is followed by division into two unequal cells, rhizoid and thallus cell.
A partition cross-cell wall forms transverse to the growth axis, probably composed of
alginates, cellulose and fucans. Although no plasmodesmata were observed in Fuos
embryos, cytoplasmatic connections do remain for some time after cell division
(Brawley et al,, 1976). For example, cells have been shown to exhibit dye coupling
(Brownlee and Pulsford, 1988) and electrical coupling (Weisenseel and Jaffe, 1972)

until at least the four-cell stage.
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The cell cycle in the Fuas embryo consists of well-defined G1, S, G2 and M phases

and presents the main features of a somatic cell cycle instead of a cell cycle typical of
animal embryos. Cyclin-dependent kinases (CDKs) have been shown to tightly control
cell cycle progression (Corellou et al., 2001b). Two functional DNA replication and
spindle assembly checkpoints block cell cycle progression by altering CDKs activities.
CDKs are regulated at both the transcriptional and transductional levels and by
phosphorylation. Fuas embryos cell cycle exerts a ught control on morphogenesis
during early embryogenesis. The photopolansation period and the G1/S transition
were found to be concomitant, providing a link between cell cycle control and
establishment of polarity (Corellou et al.,, 2001a). Inhibiting entry into S phase with
purine denvatives prevented the early expression of the morphogenesis, ie.
germunation. Other purine denivatives as olomoucine and amino-purvalanol inhibit
photopolarisation and germination only when applied before or at the time of
sensitvity to light (or entry into S phase) suggesting that inhibition of germination is

due to the inhibition of polarisation.

1.2.6. Fucus as a model system

There are a number of difficulties inherent in plant embryogenesis studies. The
embryos, of small size, are enclosed in the maternal tissue, making pharmacological
and cellular biological approaches extremely difficult. The genetic approach, mainly in
Arabidopsts offers significant advantages while the study of somatic embryogenesis
constitutes an alternative, though the first stages of development do not necessanly

reflect the zygotic embryogenesis.
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Fucus zygotes develop autonomously, can be harvested in large quantiues and an

enture population can be induced to establish polar axes synchronously by the
application of external vectors such as unidirectional light. Young zygotes attach firmly
to the substratum and populations of attached zygotes can be grown synchronously
through early development. In addition, their relatively large size (80-100 um) and the
absence of significant vacuoles allows the use of microinjection techniques and image
analysis, which are more difficult to achieve in other plants. The abundance of material
also makes biochemical and molecular approaches possible during fucoid
development. Finally, the first development events take place slowly enough to be
studied with precision. Thus, the zygotes of Fuas provide a unique cellular system that

allows an experimental approach to embryogenesis in its own physiological conditions.
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1.3. PHOTOSYNTHESIS AS AN INDICATOR OF STRESS STATUS

1.3.1. Introduction

Because damage to photosystem II (PSII) is often one of the first manifestations of
stress (reviewed by Osmond, 1994), photosynthesis is considered to be an important
parameter m assessing the health of a photosynthetic organism. Recently, progress has
been made in developing alternative methods for non-intrusive assessment of 7 uw
photosynthesss. In particular, chlorophyll fluorescence has evolved as a useful method
and informative indicator for photosynthetic electron transport in intact plant leaves,
algae and 1solated chloroplasts (reviewed by Krause and Weis, 1991). As a result of
intensive 1nvestigation, highly selective fluorescence meters are now available which
can allow quantitative analysis of photosynthetic quantum yields and electron transport
rates. Chlorophyll fluorescence is an appropnate indicator of the stress status of a
plant, because it can indicate the extent to which photosystem II (PSII) is using the
energy absorbed by chlorophyll and to what extent it is being damaged by excess light

or other stress factors.

1.3.2. Chlorophyll fluorescence methods

13.2.1. The basis of chlorophyll fluorescence measurements

The prnciple underlying chlorophyll fluorescence analysis 1s  relauvely
straightforward. Light energy absorbed by chlorophyll molecules can undergo one of
three fates: it can be used to drive photosynthesis (photochemuistry), excess energy can

be dissipated as heat (for example through the xanthophylll cycle pigment pool) or it
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can be re-emitted as light (chlorophyll fluorescence). These three processes occur in

competition, so any increase in the efficiency of one will result int a decrease in the yield
of the other two (quenching). Hence, by measuring the yleld of chlorophyll
fluorescence, information about changes in the efficiency of photochemistry and heat

dissipation can be obtained.

The interrelationship between the three different fates of harvested light energy
provides information about the efficiency with which photosynthesis is performed.
During photosynthetic electron transport through PSII and acceptance by quinone A
(Qa) of one electron, the PSII is “closed” until the electron is passed on from Qa to
plastoquinone (PQ) (Figure 1.5). As the proportion of closed reaction centres
increases, the amount of light energy channelled into photosynthesis decreases,
resulting in an increase in .chlorophyl.l fluorescence. This happens upon transfer from
dark to light, when a disproportionate number of reaction centres becomes closed,
resulting in increased chlorophyll fluorescence. After a few seconds, PSII begins to
adapt to the light and chlorophyll fluorescence decreases over several minutes to a

steady state level in a process called “chlorophyll quenching”.

Measurement of chlorophyll fluorescence is relatively easy; the spectrum of
fluorescence is different to that of absorbed light, with the peak of fluorescence
emission being of longer wavelength (and thus less energetic) than that of absorption.
Therefore, fluorescence yield can be quantified by exposing the materal to Light of
defined wavelengths and measuring the amount of light re-emimed at longer

wavelengths.
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In “modulated” measuring systems, the light source used to measure fluorescence is
g SYs

modulated {i. e., switched on and off at very high frequency) and the detector is tuned
to detect only fluorescence excited by measuring light. Therefore, the relative yield of

fluorescence can be measured in the presence of background light.

13.2.2. Deconwoluting fluorescence signals

To gain more information about photosynthesis using chlorophyll fluorescence, it is
necessary to distinguish between photochemical and non-photochemical contributors
to quenching. The approach used is to “switch off” one of the two components,
namely that due to photochemistry, so that fluorescence yield solely in the presence of
the non-photochemical contributors can be estimated. The technique used involves
giving the sample a high intensity, short duration flash of light, which transiently closes
all the PSII reaction centres reducing photochemical quenching to negligible levels (SL,
Figure 1.6). Provided the flash is short enough, no increase in non-photochemical
quenching will occur and no long-term effect on the efficiency of photosynthesis is
induced. During the flash, the system reaches the maximum fluorescence (Fy), and
comparison of this value with the steady-state fluorescence (Fs) and the yeld of
fluorescence 1n the absence of an actinic (photosynthetic) light (Fo) gives information

about the efficiency of photochemical quenching and performance of PSII.

13.2.3. Terminology in quenching analysis

A large number of coefficients have been used to quantify photochemical and non-
photochemical quenching. The terminology used here is summansed in Table 1.1. See

also Figure 1.6.
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Table 1.1. Nomendature used for dhlorophnil fluorescence methods and respectine defirntions.

Parameter Definition Equation

Oy Effective quantum yield AF/F_=(F’. -F)/F’,
F/F, Optimal (maximum) quantum yield (F..- F)/F,

F, Steady-state fluorescence, light adapted

F, Maximum fluorescence yield, dark adapted

F. Maximum fluorescence yield, light adapted

F, Minimal fluorescence yield, dark adapted

F, Minimal fluorescence yield, light adapted

qP Photochemical quenching (proportion of open‘ FE)/(FF)

reaction centres)

gN Non-photochemical quenching 1- (F-Fo/(F.F)

NPQ Alternauve definition of qN F.FJ)/F,
rel. ETR Relauve electron transport rate PPED * I,

Whereas AF/F', () expresses the efficiency of energy conversion at a given light

intensity, qIN gives an indication of the proportion of PSII reaction centres that are

open. Fv/Fum is a measure of the mntrinsic (maximal) efficiency of PSII (1.e. the quantum

efficiency if all the PSII reaction centres were open) provides information about the

general condition of PSII.
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13.2.4. Photochemical processes

The parameter AF/F’, measures the efficiency of PSII, ie. the proportion of light
absorbed by chlorophyll in PSII that is used in photochemistry. It gives a measure of
the electron transport, and hence an indication of the overall photosynthetic rate.
Multiplying AF/F’, by the light absorbed gives the relative electron transport rate
(ETR). In intact plant leaves, it is not practical to measure the light absorbed by the
leaf tssue. However, provided similar samples are being compared (re. the absorption
of light is constant) changes in relETR can simply be calculated by muluplying AF/F,,

by light intensity.

The parameter qP gives an indication of the proportion of reaction centres that are
open, 1.¢., available to transfer electrons to PSII. qP and AF/F’, can be correlated by a
third parameter, F./Fm, which is a measure of the intnnsic (optimal) efficiency of PSII.
A change in qP is due to closure of reaction centres, resulting from saturation of
photosynthesis by light. A change in Fo/Fu is due to a change in the efficiency of non-
photochemical quenching. After dark adapration, Fv/Fn can be calculated, and it gives
a good indication of the plant photosynthetic performance. F./Fq, is generally expected
to be around 0.83 and lower values are an indication that PSII is being exposed to
stress such as photoinhibition (Maxwell and Johnson, 2000). Calculaton of Fo s
achieved by applyiﬁg far-red light for a few seconds before and immediately after the

end of each dlumination step.

22



Chapter 1

13.2.5. Non-photochemical processes

NPQ and qN measure changes in heat dissipation. Any change in these parameters
measures a change in the effiéiency of heat dissipation relative to the dark-adapted
situation. In general, such an increase can be a result either of processes that protect
the tssue from light-induced damage or by the damage itself. Thus both reversible
non-photochemical quenching (qg) and irreversible non-photochemical quenching (q1)
may contribute 1o NPQ. However, reversible non-photochemical quenching is usually
considered more important (Maxwell and Johnson, 2000). qe is initiated by
acidification of the luminar side of the thylakoid membrane during high rates of H*
transport and by a large ApH across the thylakoid membrane, which may occur at
photosynthetcally saturating irradiances (Ruban and Horton, 1999). Very low luminar
pH results in acuvation of de-epoxidase and consequent de-epoxidation of the
carotenoid violaxanthin to zeaxanthin in the xanthophyll cycle, which coincide with
thermal dissipation of excess light energy (Demmig- Adams, 1990; Demmug- Adams and
Adams, 1992; Or, 2001). For most purposes, all processes that relax at a time scale of
minutes after the cessation of illuminaton can be regarded as photoprotective

processes. Processes that relax after hours are usually referred to as photoinhibition

(Maxwell and Johnson, 2000).

13.2.6. PSII guantum yield as measure of photosyntbesis

Chlorophyll fluorescence can be used, in a simplified manner, to give a measure of
the efficiency of PSII photochermustry (AF/F’,). This measure can be converted into a
relative rate of electron transport (relETR) by muluplying it by the light intensity.

Under laboratory conditions, PSII electron transport and CO; fixation are very well
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correlated, although some discrepancies are found in field measurements (Genty et al,,

1989).

13.2.7. Measuring stress status and stress tolerance

One of the advantages of chlorophyll fluorescence measurements lies in their
capacity to give insights into the ability of a photosynthetic organism to tolerate
environmental stresses and the extent to which those stresses have damaged the
photosynthetic apparatus. Such measurements have given information on for example
the extent of photomhibition in response to light, temperature, and other stresses
(Bilger et al., 1995) and the occurrence of photoinhibitory damage (Groom and Baker,
1992). Thorough invesugations of photochemical efficiency, photosynthesis and the
xanthophyll cycle (Demmig- Adams, 1990; Demmig- Adams and Adams, 1992) showed
that photosynthetic organs of plants naturally subjected to high light intensites usually
have a large xanthophyll cycle pool, with de-epoxidation of violoxanthin o zeaxanthin

strongly related to non-photochemical quenching.

1.3.3. The photosynthesis-irradiance curve

The photosynthesis/irradiance (PI) curve can usually be resolved into three distinct
regions, namely a light-limited region, a light saturated region and a photoinhibition
region (Falkovski and Raven, 1997). At low irradiance levels, photosynthetic rates are
proportional to irradiance. In this region of the PI curve, the rate of photon absorption
determines the rate of steady-state electron transport from water to GO, and thus it 1s
called the light-limited region. The light intensity at which photosynthesis balances

respiration is called the compensation light intensity (Ec). The inital slope of the PI
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curve (o) is proportional to the maximum quantum yield of photosynthesis (Kok,

1948), and 1s usually taken as a direct measure of this parameter (Lawlor, 1993).

As irradiance increases, photosynthetic rates become non-linear and rise to a
saturation level (Pmax). At light saturation, the rate of photon absorption exceeds the
rate of steady-state electron transport from water to CO;. Further increases in
irradiance beyond light saturation can lead to a reduction in photosynthetic rate from

the maximum saturauon level. This reduction is called photoinhibition, and results in a

reduction in the photochemical efficiency of PSII {AF/F'n; Falkovski et al., 1994).

1.3.4. Photosynthesis under stress situations - production and scavenging of

reactive oxygen species

Under natural conditions, plants experience fluctuations in the light environment
from which they cannot escape. Furthermore, other photosynthetic environmental
factors, such as water supply and carbon dioxide concentration are also variable, and
not always favourable when in combination with strong light intensities. Under
conditions where the photon intensity is in excess of the photon-utilising capacity,
excess photons produce reactuve molecules in chloroplasts, and these reacuve
molecules oxidise target molecules. All these processes can lead to photoinhibition
(Asada, 1994). Other environmental conditions, alone or in combination, such as
chilling stress (Michaeli et al., 2001), ultraviolet light (Smith et al. 2001), ozone (Manes
et al, 2001) and pollution stress {e.g. copper, Patsikka et al., 2002) also lower the

photon-uulising capacity and induce photoinhibition.
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A strong relationship berween photoinhibition and reactive oxygen species (ROS) is

emerging. Photosynthesis has a high capacity for production of hydrogen peroxide,
although the intracellular levels of this relatively weak oxidant are kept in strict control
by the antioxidant system, which compnises a network of enzymatic and non-enzymatic
components. An example of the tight connection found between ROS,
photoinhibition and antioxidant systems is the study performed by Payton et al. (2001)
and Kormyeyev et al. (2001). The authors found enhanced photochemical light
utilisation and decreased chilling-induced photoinhibition of photosystem II in cotton

leaves over-expressing genes encoding chloroplast-targeted antioxidant enzymes.

Permanent photomhibitton of photosynthesis is caused by oxidauve damage of
photosynthetic compounds by the photoproduced reactive molecules. The D1 protein
in the PSII reaction centre and several Calvin cycle enzymes are the primary targets

(Asada, 1993; Nishiyama et al., 2001).

Dissipation of excess energy in the form of heat is the safest method available to
photosynthetic organisms, but photon energy transfers to chlorophyll and dioxygen
molecules are inevitable, producing triplet-excited chlorophyll and singlet excited
oxygen (Santabarbara et al., 2002). Furthermore, the electron transfer to dioxygen in
photosystem I (PSI) generates superoxide anion radicals and the disproportionation of
superoxide by superoxide dismutase generates hydrogen peroxide (see Figure 1.7; 1.8).
In conclusion, several recent studies are emerging showing the tight connection
between ROS generated at the photosynthetic machinery level and the process of

photoinhibition of thylakoids. Section 1.4 treats in more detail the chemistry of ROS in

biological systems.
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1.4. REACTIVE OXYGEN SPECIES (ROS) PRODUCTION AND FUNCTION DURING

STRESS

1.4.1. Chemistry of ROS in biological systems

All animals and plants require oxygen for the efficient production of energy, with
the exception of those organisms that are specially adapted to anaerobic conditions.
Aerobic conditions, however, can potentially cause oxidative damage due to the
tendency of oxygen to form free radicals. The term “free radical” refers to any species
capable of independent existence that contains one or more unpaired electrons
(Halliwell and Gutteridge, 1999). The presence of impaired electrons causes the species
to be very reactive. The oxygen molecule, as it occurs naturally, qualifies as a radical,
because it has two unpaired electrons. For the purpose of this work, the term “reacuve
oxygen species” (ROS) is used to describe the products of the sequential reduction of
molecular oxygen: if a single electron is added to the ground state O; molecule the
product is the superoxide radical *Oyr; the two-electron reduction product of oxygen in
biological systems exists as hydrogen peroxide (H.0Oz) and the four electron product is
water (Figures 1.7 and 1.8). Hydrogen peroxide mixes readily with water and acts as an
oxidising agent. Hydrogen peroxide decomposes easily and its homolytic fission gives

nse to the most aggressive ROS, the hydroxyl radical (*OH).

The generation of superoxide requires a slight input of energy. In living cells,
superoxide exists in equilibrium with its protonated form, the hydreperoxyl radical
(*O;H). The latter form is more hydrophobic than superoxide and can more easily

penetrate the lipid bilayer of the membranes. However, at physiologiczﬁ pH, superoxide
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is not very reactive against the majority of macromolecules of the cell. In aqueous

solutions, at neutral or slightly acidic pH, this radical in either form disproportionates
to HoO; and O, (Figures 1.7, 1.8). This reaction either occurs spontaneously or is
catalysed by superoxide dismutase (SOD) found in the cytosol, chloroplasts,
mitochondna and extracellularly (reviewed by Alscher et al., 2002). Thus, in any system

producing superoxide, substantial amounts of HzO; are also formed.

Hydrogen peroxide is a relatively stable ROS: because it is electrically neutral and
not very reactive, it can diffuse across membranes and reach cell locations relatively
remote from its site of production. In plant cells, hydrogen peroxide can be
disproportionated by catalase (Figure 1.8), used as a substrate by peroxidases or be
detoxified by ascorbate peroxidase acting in concert with dehydroascorbate reductase
and glutathione reductase in the Halliwell-Asada pathway (Figure 1.8). Under
appropriate conditions, however, H:Oz can be generated by peroxidases (Halliwell and

Gurteridge, 1999, Bolwell et al., 2002).

The hydroxyl radical is the most reactive species among ROS. It can be formed by
the direct reacton of H:Oz and "Oy (Haber-Weiss reaction, Figure 1.8). In plants,
however, this reaction is very slow (Bartosz, 1997). Nevertheless, significant amounts
of *OH can be formed through the cycle of reactions involving oxidation of transition
metals such as Fe?+ and Cut (Fenton reaction, Figure 1.8), and subsequent
regeneration of the oxidised ions to their reduced state via reaction with superoxide.
Transition metals in this case act as catalysts, so the cellular site of *OH formation

depends upon the location and accessibility of transition metals. Hydroxyl radical is
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believed to be the major cause of irreversible modification of cellular molecules and

damage of organelles (Halliwell and Guttendge, 1999).

1.4.2. Sources of ROS

14.2.1. NADPH oxidase

In neutrophils, the oxidative burst involves the reaction O, + NADPH = Oy +
NAD+ + H+, followed by dismutation of *Or to H;O; (Morel et al., 1991). Superoxide
production is catalysed by a mulu-component plasma membrane oxidase that accepts
NADPH at the cytosolic side of the membrane and donates this to molecular oxygen
at the other side of the membrane, either in the outside of the cells or in the
phagosome that contains ingested micro-organisms. In animal systems, the NADPH
oxidase i1s composed of a b-type cytochrome with two membrane-bound subunits,
p22-phox and gp91-phox which together comprse cytochrome b558, and two
cytosolic components called p47-phox and p67-phox (Figure 1.9). Upon cell actuvation,
the latter two proteins are phosphorylated and, together with a third cytosolic p40-
phox component, translocate to cytochrome b558 in the plasma membrane to form
the active enzyme. G-proteins including RaplA and rac are also involved in the
assembly of the active complex. In plants, less is known about the configuration of

NADPH oxidase.

Several biochemical-based studies (mainly pharmacological) indicate that plant
NADPH oxidase shares many charactenistics with neutrophil NADPH oxidase. An
NADPH oxidase-dependent *Oy generating system is present in microsomes from

potato tubers (Doke and Miura, 1995). Elicitation with an incompauble race of
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Phytophbthora infestars or treatment with cell-wall-derived elicitors stimulates NADPH-

dependent superoxide production, mainly at the plasma membrane level (Doke and
Miura, 1995). Release of superoxide was extracellular, and did not depend on the
presence of a cell wall. Superoxide generation at the external surface is followed by a

rapid enzyme-catalysed dismutaton to hydrogen peroxide.

Several inhibitors of the neutrophil NADPH oxidase, including the suicide substrate
inhibitor diphenylene iodonium (DPI) also block the fungal elicitor-stimulated
oxidative burst (Levine et al., 1994; Auh and Murphy, 1995; Destkan et al., 1996;
Lingtennk et al., 1997; Pugin et al., 1997; Sagi and Fluhr, 2001). Moreover, a polyclonal
antiserum to a specific peptide of the neutrophil NADPH oxidase reacts with a single
polypeptide of the same size in western blots of soybean microsomal membrane
preparations (Tenhaken et al., 1995). Antibodies raised against human p22-phox, p47-
phox and p67-phox react with plant cytosolic polypeptides of appropnate size
(Desikan et al., 1996; Tenhaken et al., 1995; Xing et al., 1997). Molecular cloning of
respiratory burst oxidase homolog (Rboh) in Anbidgpsis (AtrbohA-F) and tomato
(Lerboh1) define transcripts that can encode a protein of about 105 kDa in size with a
C terminal region that shows pronounced similarity to the 69 kDa apoprotein of the
gp91-phox. The AubohA and Lerbohl proteins have a large hydrophilic N-terminal
domain that is not present in gp91-phox. This domain contains two Ca2*-binding EF
hand motifs and has extended similanity to the human RanGTPase-activating protein
(Keller et al., 1998, Toﬁes et al,, 1998). A rice expressed sequence tag, RICR1091A, has
been identfied and shows simularity to a human gene sequence encoding the
apoprotein gp91-phox, and the corresponding rice gene rbohA (for respiratory burst
oxidase homologue A) has been isolated (Groom et al., 1996). Unlike the mammalian
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NADPH oxidase, plant oxidase has been shown to produce superoxide in the absence

of additional cytosolic components (Sagi and Fluhr, 2001). Identification of plant gene
sequences suggests that there are functional and mechanistc similarities between

neutrophil and plant oxidative burst, although regulation of the oxidase activity may be

different.

14.2.2. Other sources of ROS

Mitochondria and chloroplasts are major producers of reactive oxygen species
(Gonzalez-Flecha and Boveris, 1995; Poyton and McEwen, 1996), mainly due to their

electron transport chains, which are prone to electron leakage.

In chloroplasts, one main generation site of superoxide radicals is PSI at the level of
ferredoxin-NADP+ reductase, but the reduced form of monodehydroascorbate
reductase (MDHAR) also produces superoxide (Asada, 1999). Furthermore, the
generation of superoxide and hydroxyl radicals by PSII has been reported, and Peso,
pheophytin and protein Qa have all been proposed as responsible for superoxide

production {Navan-Izzo et al,, 1999).

Under conditions of high light, elevated temperatures and low CO; availability the
Mehler reaction and photorespiration are important producers of ROS (Noctor et al,,
2000). In the Mehler reaction, the low potential acceptors in the chloroplast PSI reduce
Oz to superoxide, from which hydrogen peroxide is then produced. Hydrogen
peroxide is processed by catalases, which catalyse its disproportonaton, and
peroxidases that use reductants to convert it into water. In plants, a very important

reductant for peroxidase activity is ascorbate, which is oxidised to
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monodehydroascorbate radical (MDHA). Ascorbate peroxidase activity can be linked

directly to electron transport chains via reduction of MDHA reductase acuvity or to
glutathione redox cycling through the ascorbate-glutathione cycle (see Figure 1.8;

reviewed by Noctor et al., 2000).

Peroxisomes also play an important role in ROS production. The main metabolic
processes responsible for generation of ROS in these organelles are photorespiration,
glycolate oxidase reaction, farty acid B-oxidation, the enzymatic reaction of flavin

oxidases and the disproportionation of superoxide radicals by superoxide dismutase

(Corpas et al., 2001).

Mitochondna are one of the most powerful generators of ROS within the cell
(Morel and Barouki, 1999;Isee also Figure 1.10). In thus organelle, the electron-deficient
dioxygen molecule Oz is brought close to electron suppliers. Indeed, the respiratory
chain involves several successive complexes containing electron carriers (cytochrome ¢,
ubiquinone, etc.) that allow the progressive and controlled reduction of Oz to water. A
dysfunction at one step of this chain may thus result in excessive production of ROS.
For example, the inhibition of complex III leads to HzO:; release (Garcia-Ruiz et al,
1995), and several stimuli have been shown to induce mitochondnal HeO; release
(Quillet--Mary et al., 1997). In animal systems, it is well documented that one of the
important sources of ROS during the oxidative burst is the mitochondrial electron
transport chain (Coyle and Puttfarcken, 1993; Tan et al, 1998; Quillet-Mary et al,
1997). This oxidauve burst is consistently associated with Ca2+ influx to mitochondria
and with initiation of apoptosis and ageing. In the fungus Podospora arserima, for

example, mitochondnal oxidative stress is a major contributor to ageing (Osiewacz,
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2002). ROS are generated as a result of electron leakage during respiration and lead to

damage of components of the electron transport chain in ageing cultures. Damaged
proteins cannot be replaced because the mitochondrial genes encoding some of the
corresponding subunits gradually become deleted from the mitochondrial DNA due to
the oxidative damage. Consequently, these defects result in increased production of
ROS and cell death. Thus, when the usually well-organised mitochondnal biochemical
pathways are perturbed by biotic or abiotic stress, the mitochondria may suffer damage
by oxidauve stress. Crawford et al. (1998) found that mitochondral RNA undergoes
specific degradation upon oxidative stress. This results in a dramatic shut-down of
mitochondrial protein biosynthesis. Oxidative stress caused by H:O; treatment,
catalase knock-out or ageing contributes to mitochondnal dysfunction in the fruit fly
Drosgphila melanogaster (Schwarze et al., 1998). Oxidauve stress was shown to reduce the
levels of complex IV cytochrome c oxidase RINA. Furthermore, mitochondria have
been shown to be central integrators of apoptosis (Susin et al., 1998; Jones, 2000), and

ROS are believed to have a central role in this matter.

As in animal cells, the mitochondrial electron transport chain (ETC} is potentially a
major source of ROS production in plants. In addition to complexes I to IV, plant
mitochondnia ETC possess non-proton-pumping NAD(P)H dehydrogenases on each
side of the inner membrane - NDex and NDin (see Figure 1.10). These are
Ca?+dependent enzymes and they are active only when the cell is stressed (for a review
see Moller, 2001). Complex I is the major enzyme oxidising NADH under normal
conditions and a major site of ROS production together with complex III. The
mitochondna of plants (along with those of some protists, fungi and algae) also

possess an alternative respiratory pathway composed of a single terminal oxidase
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(Figure 1.10, reviewed in Mackenzie and Mclntosh, 1999). This altenative oxidase

(AOX) pathway is up-regulated during stress, including cold, pathogen attack, drought
and wounding, and since these stresses also induce ROS formation in the
mitochondria, a function as been proposed in plant stress adaptation. Further evidence
comes from the observation that addition of external H:O; to cultured plant cells
induces alternative pathway respiration (Wagner, 1995) and inhibition of alternative
oxidase stimulates F2O; accumulation in soybean and pea (Popov et al., 1997). Recent
experiments in transgenic tobacco under- or over-expressing AOX support this
hypothesis. Furthermore, addition of antimycin A (an inhibitor of the cytochrome
oxidase pathway) dramatically increases H;O» production, and cells over expressing
AOX have lile H;O, production compared to controls (Mclntosh et al,, 1998).
Interestingly, a role for Ca?+ is starting to emerge as a physiological transducer of

pathways involved in expression of alternatve oxidase (Tsuji et al., 2000).

An estimated 1% of the total O; consumption of a plant tissue goes to ROS
production (Puntarulo et al, 1988). The relative importance of chloroplasts and

mitochondnia in plant ROS production in the light is not known.

Although mitochondria and chloroplasts are major producers of ROS, surprisingly
few reports have addressed the relative importance of these organelles in ROS
production in plants. ROS production by mitochondna is mentioned mainly n reports
associated with programmed cell death (reviewed by Jones, 2000), and in relation to
mitochondrial Ca2+ efflux during hypoxia (Subbaiah et al., 1998). Allan and Fluhr
(1997) reported an increase in ROS inside chloroplasts and the nucleus after elicitation

with cryptogein in tobacco cells. The atmospheric air pollutant ozone (Os) induces
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ROS production, and the subcellular localisation of Os-induced HzO: production was

studied in Betula perndla: O3 sumulated accumulation of ROS in the plasma membrane
and cell wall and then continued to the cytoplasm, mitochondna and peroxisomes but,
in contrast with the report from Allan and Fluhr, not in chloroplasts (Pellinen et al,,
1999). The timing of the mitochondnal oxidative burst coincided with the first signals
of visible damage, and, at the same time, mitochondna showed matnx disintegration.
These responses may indicate changes in the oxidative balance within the cells that
affect mitochondrial metabolism and whole cell homeostasis, possibly leading 1o

apoptosis.

1.4.3. Methods for determination/localisation of ROS production

Table 1.2 shows a summary of the methods found in the scientific literature for the
determination and localisation of ROS production in plants. The extinction of
fluorescence of scopoletin during its oxidation by horseradish peroxidase (HPO)
provides a sensitive and specific assay for small quanuties of free HxO; in solution, and
is a widely used method (see Table 1.2). H:O:; mediates the oxidation of the
fluorescent probe pyranine, leading to decrease of fluorescence {(Apostol et al., 1989).
Superoxide radical levels can be determined by cytochrome ¢ reduction, which displays

a change in absorbance when it accepts an electron from the superoxide anion.

Except in the study from Allan and Fluhr (1997), which uses a live cell approach
with a fluorescent probe (dichlorofluorescein), the methods used do not allow great
spatial or temporal resolution especially at the cellular level, and the intracellular

distribution of ROS production is consequently poorly understood.
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Table 1.2 - Tuble summanssing exanples of methods used for deternnation and localisation of

ROCS production in plant systens.

ROS Localisation Method Reference

HO e luminol Pugin et al,, 1997
HO, epiniphrine Minibayeva et al., 1998
HOC, e scopeletin Levine et al,, 1994
H:G, Chloroplasts, nucleus, dichlorofluorescein Allen and Fluhr, 1997

apoplast
H;O, apoplast Fixed samples Bestwick et al. 1997, 1998
HO. e pyranine Chandra et al,, 1996
HG: pyranine Yahraus et al,, 1995
HOC e luminol Schwacke and Hager, 1992
o, e luminol Chandra and Low, 1997
HO: e CM-DCFHyDA Pei et al,, 2000
HO, e luciferin Kawano et al., 1998
HO0, e scopeletin Cazale et al., 1998,1999
HOe e pyranine Chandra et al, 1996
HOC, e xylenol orange Marre et al., 1998
HOo, e lumninel Glazener et al., 1996
HO, e luminol, lucigenin Papadakis and Roubelakis-
Oy - Angelakis, 1999
HG pyranine Apostol et al,, 1989
HOG, e . pyranine Harding and Roberts, 1998
H:O; cell walls Ced,y Grant et al., 2000
H:0; plasma membrane, Ces Pellinen er al., 1999
cytoplasm, mitochondria
and peroxisomes

HO: e scopoletin Shirasu et al. 1997
HO e tranium tetrachlonde precipitation Wu et al. 1995
HO: e DAB Ren et al, 2002
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H;O:  Plasma membrane, apoplast CeCly Blokhina et al.,, 2001
H;O: Cell wall CeCly Orozco-Cardenas et al,
2001
H:O Chloroplasts mainly DCFH:DA Zhang et al.,, 2001
H:0:, e DCFH,, scopoletin, tetrazolium salts, Schopfer et al., 2001
*Or, "OH benzoate hydroxylation and deoxy-
rib degradation assay
H,O;, Cell wall DAB, NBT Meliersh et al,, 2001, 2002
wol_

1.4.4. ROS production and stress in plants

A common plant response to different abiotic and biotic stress factors, such as heat,
chilling, excessive light, UV, wounding, pathogens and osmotic shock is the accelerated
production or/and accumulation of reactive oxygen species, including hydrogen

peroxide, superoxide anion and hydroxyl radicals.

Durnng electron transport processes (at the chloroplast and mitochondna level) O,
is progressively reduced by a controlled supply of four electrons to yield water.
However, the incomplete reduction of O; is possible and leads to the formation of
reactive oxygen species (ROS). It is also known that excess irradiance, cold, heat and
drought can trigger increased production of harmful ROS such as hydrogen peroxide
(H:O), superoxide radicals (*Oy) and hydroxyl radicals ("*OH) (Foyer et al., 1994).
Intracellular production of deleterious reactive oxygen species occurs in all organisms
but is more problematic in phototrophs because they produce these metabolites during
photosynthetic metabolism (Halliwell and Gutteridge, 1999). Basal cellular metabolism
continuously produces ROS, mainly in the chloroplasts and mitochondna. “Oxidative

stress” occurs when redox homeostasis in the cell is altered. Oxidative stress can be
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countered by a set of antioxidative enzyme-mediated reactions. The usually well-

controlled enzymatic systems that use electron transfer may undergo leakage. In the
presence of O, any such electron leakage may result in ROS production. This mainly
occurs in the mitochondra, but also in other cellular compartments owing to the
activities of oxidases (e.g. NADPH oxidase and xanthine oxidase). For example,
following physiological signals that are transmitted through membrane receptors, ROS
can be produced within the cell via the activation of an NADPH oxidase. Cytochrome
P450 mono-oxygenase may also produce ROS due to electron leakage in the ETC

(Morel and Barouki, 1999).

If the production of ROS is very high, it can cause necrosis via irreversible
degradation of cellular components. ROS can also induce programmed cell death
(Jones, 2000). However, when the increase in ROS 1s transient and moderate, it is not
lethal, and ROS may actually function as intra- and inter-cellular signalling molecules,
regulate gene expression, interfere with signal pathways and modulate general
‘development (Morel and Barouk, 1999). In animal cells, ROS have been shown to
activate several stress-activated protein kinases or phosphatases (Morel and Barouki,
1999). In one case (Ste-20 like protein kinase) HO: is the exclusive activator (Morel
and Barouki, 1999). Taken together, these observations suggest that ROS mediate

specific stress signalling pathways within the cell.

Plant literature concerning the effects of external stresses on ROS production is
extensive. The pathogen-related oxidative burst has received most attention (e.g.
Schwacke and Hager, 1992; Bolwell, 1995; Low and Merida, 1996; Xu and Heath,

1996; Chandra et al., 1996; Ligtenink et al., 1997; Keller et al., 1998; Romess et al., 1999,
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2000; Bolwell et al., 2002). There are also reports on the effects of wounding

(Minibayeva et al., 1998), chilling (Payton et al., 2001), mechanical stress (Cazale et al.,
1998; 1999), oligogalacturonic acid (Yahraus et al, 1995; Chandra et al., 2000) and
hypo-osmotic stress (Chandra and Low, 1997; Cazale et al., 1998, 1999) on ROS
production. The general concept is that external stresses induce elevated production of
ROS in a relatively short period of time after elicitation, and this ROS production is

believed to have its origin in a plasma membrane NADPH oxidase.

1.4.5. Functions of ROS

Few biological molecules have a worse reputation than ROS. For many years, they
were though to be unwanted and toxic by-products of an aerobic environment.
Although the cell had clearly evolved defence mechanisms against ROS, their
production was associated with damage and it was widely believed that these molecules
had only a harmful role. However, recent evidence suggests that the production of

ROS is actually tightly regulated and serves very specific physiological functions.

14.5.1. Direct anti-microbial activity

Rapid generation of superoxide and accumulauon of hydrogen peroxide is a
charactenistic feature of the hypersensitive response following perception of pathogen
avirulence signals. Hydrogen peroxide inhibits the germination of spores of a number
of fungal pathogens (Peng and Kuk, 1992). In mammals, neutrophils, eosinophils and
macrophages phagocytose invading bacteria and kill them, through an oxidative burst.
The plasma membrane NADPH oxidase was identified as the major contnbutor for

this bactericidal capacity {reviewed in Babior et al., 2002). The superoxide and H:O;
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generated are thought to be used to directly destroy the phagocytosed bactena,

although the mechanism of killing is still a matter of debate.

1.4.5.2. Induction of defence mechanisms

The oxidative burst appears to play a role in strengthening the plant cell wall in
response to pathogen attack. Elicitor treatment of bean and soybean cells has been
shown to result in H;Oz-mediated oxrdative cross-linking of specific structural proteins
(Bradley et al., 1992). This response was rapid (within 2 min), appeared to depend on de
now synthesised HO:, and resulted in an increased wall resistance to the action of
fungal wall-degrading enzymes. Other reports show that fungal elicitor treatment
increases the resistance of cell walls to digestion by microbial degrading enzymes

(Brisson et al., 1994).

Rapid cross-linking in the cell wall may slow pathogen ingress and spread. Fungal
elicitors and wounding inhibit expression of genes encoding cell wall proteins with low
tyrosine content and stimulate those encoding tyrosine-rich versions (Sauer et al., 1990;
Sheng et al, 1991; Kawalleck et al., 1995). This may increase the capacity for
subsequent oxidative cross linking, protecting against secondary infections. In
conclusion, a number of observations show that the plant oxidative burst has a direct
effect at the cell wall level, increasing its strength to protect cells from pathogens. In
contrast, a recent study shows that hydroxyl radical can actually decrease cell wall cross
linking, suggesting a role for ROS production in the loosening of cell wall components

to allow growth (Schopfer et al., 2002).
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The possibility that ROS may serve as signal intermediates for phytoalexin

biosynthesis has received considerable attention. Doke (1983) observed that
superoxide dismutase (SOD) inhibited both superoxide generation and phytoalexin
accumulation in aged potato discs infected with a hyper-sensitive response (HR) -
inducing fungal pathogen. Similar effects by free radical scavengers and anuoxidant
enzymes have been reported (Epperlein et al., 1986, Apostol et al., 1989). In contrast,
other studies failed to find this inhibitory effect - a vanety of antioxidant treatments in
white clover cell suspensions treated with bacteria failed to inhibit phytoalexin
accumulation (Dev]inl and Gustin, 1992). A definitive conclusion is difficult as
antioxidant molecules might have different access to the cells depending on the model
system used, and this could explain the lack of effect observed by Deviin and Gustn.
It has been shown that H;O; alone or ROS generating systems can induce phytoalexin
accumulation in the absence of elicitor, which reinforces the hypothesis that ROS are
involved in phytoalexin synthesis (Apostol et al., 1989). How ROS specifically induce
phytoalexin synthesis is not understood. Zhang et al. (1993) have shown that treatment
of soybean with H;O; induces accumulation of mRNA encoding enzymes required for
phytoalexin synthesis. These data support a role for ROS as signalling molecules in
pathways leading to defence-related gene expression, although not excluding other

ROS-independent pathways.

H,O; has been shown to stimulate the transcription of genes encoding proteins that
protect against oxidative stress (Levine et al, 1994). 2 mM H;O; can induce
transcription of glutathione-S-transferase and glutathione peroxidase in cultured
soybean cells. Since both enzymes can ameliorate H;O: toxicity through the Halliwell-

Asada pathway, (see Figure 1.8) their expression may help a stressed plant to avoid
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damaging ROS effects. Moreover, recent work suggested that H;Oz is an intermediary-

signalling molecule involved in the regulation of the CAT1 anuoxidant gene, which
encodes for one isoform of the antioxidant enzyme catalase, in response to ABA and

osmotic stress (Guan et al., 2000).

Induction of peroxisome biogenesis genes in both plant and animal cells by H.Oz
has recently been shown (Lopez-Huertas et al., 2000). In addition, a role for H:O; in
plant cell cycle control is also emerging - oxidative stress imposed using menadione
impaired G1/S transition, slowed DNA replication and delayed the entry of BY-2

tobacco cells into mutosis (Reichheld et al., 1999).

14.5.3. Programmed cell death

Programmed cell death (PCD) is the active process of cell death that occurs during
development and in response to environmental cues. In plants, PCD is essential for
development and survival. In animals, programmed cell death is a way to nd the
organism of unwanted cells. When dying cells exhibit certain characteristics such as
DNA strand breaks with 3’OH end, condensation and fragmentation of the nucleus,
membrane blebbing and cytoplasmatic condensation, PCD is called apoptosis (Kerr et
al., 1972). Recent evidence suggests that plant cell death, in some cases, might be
mechanistically similar to apoptosis in animals since some dying plant cells exhibit
morphological features similar to apoptotic cells in the way that they form apoptotic
bodies (Levine et al., 1996; Beers and McDowell, 2001). In addition, some types of
plant cell show DNA cleavage characteristic of endonucleotidically processed DNA, a
hallmark of apoptosis (Levine et al., 1996). Finally, a homologue of one gene, DAD-1,

involved in repressing PCD in animals (Sugimoto et al., 1995) has been found in plants
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(Apte et al., 1995) although its function is sull not determined. PCD-like processes are

commonly observed in plants during xylogenesis, reproduction, senescence, and
pathogenesis (reviewed by Greenberg, 1996). The hypersensitive response (HR) of
plants to certain pathogens appears to be a form of PCD, and results in the formation
of a zone of dead cells around the infected tssue, synthesis of salicylic acid and
accumnulation of antimicrobial agents such as pathogenesis-related (PR) proteins and
i)hytoalexins (Goodman and Novaky, 1994; Dangl et al., 1996; Hammond-Kosack and
Jones, 1996). In plants, PCD is accompanied by an increase in production of ROS and
lipid peroxidation (Mehdy, 1994; Hammond-Kosack and Jones, 1996; MacCarrone et
al., 2000). Furthermore, hydrogen peroxide and superoxide radicals are thought to be
key mediators of plant PCD during the HR (Levine et al., 1994; Shirasu et al,, 1997;
Mittler et al., 1996, Jabs et al., 1996; Huckelhoven et al., 2001) and may function as part
of the signal transduction pathway leading to the inductuon of PR proteins and
systemic resistance (Chen et al., 1993, Green and Fluhr, 1995; Huckelhoven et al,
2001). In addition, Mittler et al. (1998) found that suppression of cytosolic ascorbate
peroxidase expression during pathogen induced PCD in tobacco contributes to the
reduction of capacity of cells to scavenge HaO; which enables accumulation of H:O;

and acceleration of PCD.
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1.5. STRESS SIGNALLING PATHWAYS IN PLANTS

Stress signal transduction networks are essential to plant growth and development,
allowing cells and tissues to perceive and respond to contnuous changes in their
environment. Multiple stress signalling pathways exist in plant cells, controlling
important processes such as hormone and light perception, pathogen defence, and

wounding, osmotic and extreme temperature responses.

1.5.1. Ca2* and ROS

Cytosolic Ca2+ (Ca2+y) is a key messenger that regulates various important cellular
functions. Many studies have addressed the importance of Ca2+ in the oxidative stress
response of plant cells to pathogen attack (Schwack and Hager, 1992; Xu and Heath,
1998; Harding and Roberts, 1998; Blume et al., 2000). During severe oxidative stress,
disruption of the cytosolic Ca2+ homeostasis is probably a critical step in the injury of
cells leading to the activation of several Ca?+-dependent degrading enzymes (Price et
al,, 1994). Price et al. (1994) showed that treatment of seedlings of ‘tobacco with
exogenous hydrogen peroxide (10 mM) resulted in a transient Ca?+ elevation. The
Ca?+cy increase was apparently regulated by the redox status of the cell, 1e., the cellular
pro-oxidant/antioxidant ratio. This suggests a role for Ca?+ in plant responses to
oxidative stress (Price et al., 1994; Murata et al,, 2001). Additionally, Chandra and Low
(1997) using aequorin-transformed tobacco cells showed that CaZ* pulses were
assoctated with the transduction of the oxidative burst signal. The oxidative burst in
challenged plant cells resembles that exhibited by human neutrophuls, producing H:O;

that originates from superoxide generated by a plasma membrane associated NADPH
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oxidase. The major component of the plant NADPH oxidase complex has been cloned

and expenments have showed that its activation involves a protein kinase cascade that
can be blocked by Ser/'Thr kinase inhibitor K252a (Rajasekhar et al., 1999). Ion fluxes,
Ca2+ uptake, G-proteins and kinase cascades have been implicated as signal
transduction components in the induction of oxidative burst (see references in Table
1.3). Experiments with transgenic tobacco expressing a foreign calmodulin gene
indicate that calmodulin is a target of Ca?+ fluxes in response to environmental stress,
and plant NAD kinase may be a downstream target which potentiates ROS production
by altering NAD(H)/NADP(H) homeostasis (Harding et al., 1997). Calmodulin has
been shown to bind to and activate plant catalases in the presence of Caz+. Ca2+
/calmodulin can thus down regulate H2O; levels in plants by stimulating the catalytic
acuvity of plant catalase (Yang and Poovaiah, 2002). Table 1.3 provides a summary of
investigations that indicate that Ca2+ and ROS are tightly linked in the stress response

of a vanety of systems.
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Table 1.3. Exanples of stress signalling pathwns irmolung Ca?+ and RCS.

General pathway

Reference

H;O, (0.05-10 mM) =>transient increase in Ca2*

Price et al., 1994

Pathogen elicitor =>Ca?* increase (2 phases), Ga?+ influx =>ROS

Blume et al., 2000

Elicitor (pathogen) =>Pto gene =>kinases =>>oxidase complex (PM) =>Ca?+

Chandra et al, 1996

OGA =>receptor =>G-proteins =>Ca?* influx =>PLC =>kinases =>
oxidase complex (PM) =>H,O;

Low and Menda, 1996

OGA =>MAPKKK =>47 kD MAPK =>Ca?* increase =>44 kD MAPK =>
oxidase complex (PM) =>H,O;

Low (pers. comm.)

Hypo-osmotic and mechanical stress =>Ca?* increase/ion channels =>MAPK

activation = >oxidative burst

Cazalé et al,, 1999

Hypo-osmotic and mechanical stress =>Ca?* and phosphorylation events =>
oxidative burst (from NADPH oxidase)

Cazalé er al,, 1998

Elicitor (pathogen) and wounding =>Ca?* =>CDPK change from non-elicited
to elicited form (phosphonlation-dependent) = >oxidative burst

Romesis et al., 1999;
2000

H;O; =>Ca?+ influx

Levine et al., 1996

Pathogen =>Ca?+ increase = >oxidative burst

Xu and Heath, 1998

H0: (30.5 mM) =>Cat* influx

Pei et al., 2000

SA =>reacts with catalase =>H,O; increase = > using H,O,, the extracellular
GPX forms superoxide (extracellular) =>Ca?+ elevation in 90 s (superoxide

scavengers sensitive but DPI insensiuve)

Kawano et al,, 1998

Elicitor =>receptor on cell surface =>acuvauon of 1on channels =>

alkalinisation of extracellular medium =>activation of pH dependent peroxidases =>

Bolwell, 1995

HO
Elicitor (fungal) =>Ca?* =>kinases =>H,O, (NADPH oxidase) Schwacke and Hager,
1992
OGA , MAS-7, hypo-osmotic stress, harpin =>Ca?+ =2 oxidative burst Chandra and Low,
1997

Elicitor =>Ca?* =>protein phosphorylaton/G-proteins =>NADPH oxidase

=> oxidative burst

Keller er al., 1998

Cryptogein =>Ca?* elevation, NADPH oxidation =>NADPH oxidase activation
= >oxidative burst, cytosol acidification, extracellular alkalinisation

Pugin et al,, 1997
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Wounding, = >increase permeability for K+, membrane depolarization => Minibayeva et al., 1998
NADPH oxidase activation (Ca2+ dependent)

Cryprogein =>2 sources of HiO; (chloroplasts and apoplastic) Allen and Fluhr, 1997
Pathogen =>H,0; (within secondary walls) Bestwick et al., 1997
Pathogen =>Ca?* influx = >membrane depolanization =>NADPH oxidase Marre et al,, 1998

activation =>ROS =>electrolyte leakage

Cryptogein =>protein phosphorylation =>Ca?*, K+ influx and (I efflux =>  Lebrun-Garcia et al,
membrane depolarisadon =>NADPH oxidase =>ROS and cytosol acidification => 1999
MAPK, activation of PP pathway

Cellulase = > superoxide and H:O; Papadakis and
Roubelakis- Angelakas,
1999

Pathogen =>activation of ion channels and phosphorylaton =>G-proteins Rajasekhar et al., 1999

coupled to receptors =>>oxidative burst

Pathogen =>GCa?* =>calmodulin dependent NAD kinase Harding and Roberts,
1998
Pathogen =>Ca?* elevation =>oxidative burst (NADPH oxidase) Gramt et al,, 2000

Ca?* (from internal stores, through protein kinases and anion channels) => Cessna and Low, 2001

oxidative burst
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1.5.2. MAPK cascades and oxidative stress

An increasing body of evidence suggests that a subset of plant responses is shared by
both biotic and abiotic stresses. These include generation of ROS, induction of defence
genes and activation of mitogen-activated protein kinases (MAPK; Zhang and Klessig,
2001). It is well documented that ROS are implicated in the activation of adaptive
responses of plants to biotic and abiouc stresses including wounding, ozone exposure,
UV radiation and osmotic stress. All these stresses also activate MAPK with kinetics
that either precede (e.g. Lingterink et al., 1997) or are downstream (e.g. Kovtun et al,,
2000) of ROS production. Most of the evidence about the relationship berween ROS
and MAPK comes from the use of inhibitors. The broad-spectrum kinase inhibitors K-
252a and staurosporine were found to block the oxidative burst in response to several
stimuli in a concentration dependent manner (Lamb et al., 1997; Yoshioka et al., 2001).
However, a role for MAPK in the oxidative burst pathway should be interpreted with
caution due to the non-specific action of these inhibitors. In contrast, PD98059, a
specific inhibitor of MAPK, had no effect on the onset of H:O; production, suggesting
that MAPK are not necessar;r for ROS production (Romeis et al.,, 1999), or belong to
an independent stress pathway. Results from Cazalé et al. (1999) and Kovtun et al.
(2000) also support the downstream positioning of MAPK in the stress response order
of events, showing that ROS induce MAPK cascades. Therefore, the role of ROS and
MAPK and their relative positions in the stress signal pathway are stll not clear. One
possibility (Zhang and Klessig, 2001) is that the pathways leading to the H;O; burst
and MAPK activation separate early after stimulation of cells, and that ROS generation

can feed into the MAPK pathway, forming a positive feedback loop.
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1.6. GENERAL OBJECTIVES

The present work focuses on the cellular responses of early developmental stages of
Fucus to environmental stress factors, in particular light and hyper-osmotic stress. Fuos
embryos are subjected to marked changes in hght and osmouc environments with
every change of the ude, from which they cannot escape. An approprate cellular
response system must have evolved to deal with these changes and adapt the growing
embryo to further stresses. Of particular interest is the role of ROS in the response of
Fus embryos to external light and osmotic changes, as they are ubiquitous

components of the stress response in animals, plants, fungi and algae.

The role of Ca?+ as a second messenger is also an important feature in a variety of
stress responses. Moreover, the interaction between Ca2+ and ROS at the cellular level
needs to be elucidated in order to determine how the stress signal is converted into a
response. Ca?*+ has already been shown to be involved in polarisation and rhizoid
germunation in the Fuos zygote, which suggests it has a role in signal transduction
during early development. Furthermore, Ca2+ has also been related to osmoregulation

in Fuass (Taylor et al., 1996; Goddard et al., 2000).
Therefore, the major objectives of this present study are:

L To evaluate how physiological processes of Fuots embryos are affected by light
and hyper-osmotic stress, integratng chlorophyll fluorescence with reactive

oxygen species production (Chapter II);

II.  To determine the sequence of events that culminates in the cellular oxidative

burst response 1o hyper-osmotic stress, in particular the positioning of key
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III.

Iv.

signalling molecules H;O, and Ca?+, and to characterise the spatio-temporal
cellular patterns of ROS production and Ca?+ elevation during hyper-osmouc

stress(Chapter IIT);

To determine the downstream effects of hyper-osmotic stress-induced ROS
elevation, in particular to ascertain the specific function of the different ROS

components (Chapter IV);

To study the implication of protein kinases in the hyper-osmotic stress signaling
pathway (Chapter IV).
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CHAPTER 2

PHYSIOLOGICAL RESPONSES OF FUCUS EMBRYOS

TO LIGHT AND HYPER-OSMOTIC STRESS
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2.1. INTRODUCTION

2.1.1. Abiotic stress in early life history phases of algae

Fucoid algae (Phaeophyceae) are important members of marine interudal
communities in the North Atlantic. Vanability in the recruitment and regeneration of
the Fuos canopy are major influences on the rate of succession and on the abundance
of other species (McCook and Chapman, 1997). Despite the importance of stress
tolerance in intertidal seaweeds, the underlying mechanisms that confer such tolerance
are still poorly understood (Davison and Pearson, 1996). To date, most studies have
focused on adult stages but the mechanisms by which Fuos embryos withstand the
prevailing physical forces in the intertidal zone (light, tidal movement, waves) are key
determinants of their ability to survive and establish a population. The impact of stress
on embryonic stages in the first days after settlement may be parucularly severe. It has
become apparent that the response of early life history stages to the environmental
conditions cannot necessarily be predicted from knowledge of the adult canopy
(Davison et al., 1993). Although fucoid embryos are easily manipulated in laboratory
culture and their early development has been well characterised (Kropf and Quatrano,

1987; Kropf, 1997) lirtle 1s known about their stress physiology.

Fuass embryos develop under low light conditions, typically in rock crevices and
under the protection of the adult canopy, so exposure to an elevated light climate,
especially during emersion, is likely to result in photoinhibition. With every turn of the
tide, intertidal seaweeds must be able to cope with hyper-osmotic stress and increased

irradiance. The ability to tolerate one stress is often correlated wath the ability to
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tolerate others (Bowler and Fluhr, 2000), however, very little is known of

tolerance/ sensitivity interactions involving light, hyper-osmotic and ultraviolet B (UV-
B) stress, other than the UV-B/light relationship. One of the most conspicuous
consequences of dehydration in plants is a limitation n photosynthesis (Kirst, 1989).
This limitation might have serious consequences, as the exposure of the plant to excess
energy if not safely dissipated, results in over-reduction of the PSII reaction centres
(Demmig-Adams and Adams, 1992) and increased production of ROS in the
chloroplasts (Smimoff, 1993). This harmful ROS production, resultng from excess
light energy or from other factors, stimulates photodamage of PSII by inhibiting the
synthesis of the D1 protein, a component of the reaction centre of PSII (Nishiyama et
al,, 2001). Because the targets of both light and hyper-osmotic stress are comparable,
the combination of these two factors may have severe cumulative effects on the cell

physiology of Fuass embryos.

2.1.2, Photoinhibition during abiotic stress

Variable chlorophyll fluorescence techniques are suitable tools for studying
photosynthetic performance and inhibition, as activity of the PSII reaction centre is
measured. The pulse amplitude modulation (PAM) method is based on the prnciple
that under iz ww conditions, fluorescence changes originate almost exclusively from
chlorophyll a and the associated antenna pigments in PSII (see Genty et al., 1989;

Schofield et al., 1998).

The potential inhibition of photosynthesis due to light stress can be munimised

through several physiological mechanisms (Schofield et al., 1998), including the
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involvement of the xanthophyll cycle pigment pool in dissipating excess energy from
the reacuon centres (Kroon, 1994). It is also known that excess light, cold, heat and
osmotic changes can trigger increased production of harmful ROS. Intracellular
production of ROS occurs in all organisms but may be more problematc in
phototrophs because of the photosynthetic metabolism (Halliwell and Gutteridge,

1999).

2.1.3. Objectives

The aim of this study was therefore to assess the impact of a combination of
potential stress factors (high light, ultraviolet A and B, hyper-osmotic treatment) on the
physiology of developing Fuas embryos duning the first 4 days after fertilisation. This
was achieved by investigating: (1) photosynthetic performance and protection under
stress conditions, using chlorophyll fluorescence techniques; (2) intracellular
production of ROS, using the fluorescent label CM-DCFH;-DA, confocal laser
scanning microscopy (CLSM) and quantitative image analysis; (3) the ability of
embryos to recover from oxidative stress and (4) the impacts of light/hyper-osmotic

treatment on the development of the embryos.

2.2. MATERIAL AND METHODS

2.2.1. Plant material and growth conditions

Receptacles of mature Fuas spiralis were collected from the compact intertidal

seaweed belt growing on concrete substrata along the shoreline of the Oosterschelde

basin (2.9% salinity) near Yerseke (SW-Netherlands), from September 1998 to April
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1999. 2.9% was considered to be the normal salinity seawater. Receptacles were stored

at 4°C in the dark until used (within one week). To achieve synchronous release of
gametes, receptacles were incubated in filtered seawater (0.45 um) under strong white
light at 15°C. The gamete solution was then filtered through a 120 pm nylon mesh to
discard debnis and oogonia. Time of fertilisaton was considered to be 30 min after
gamete release. Fertilised eggs were then pipetted onto the surface of coverslips for
CLSM and placed inside small Petri dishes containing 8 ml. filtered seawater, where
they attached and grew. For the analysis of chlorophyll fluorescence and xanthophyll

cycle pigments the embryos were grown onto cellulose nitrate filters in small Petn
dishes. Attached zygotes were incubated at 15°C under 15 pmol mr2s-! photosynthetic
photon flux densities (PPFD) (4n-sensor QSL-100 Biospherical Instruments) on a

12:12 h light:dark cycle. Replicate cultures (n=3-5) were maintained for each treatment.

2.2.2. Light and hyper-osmotic treatments

In SW Netherlands, the reproductive season for F. spiralis is Autumn/ Winter. The
control/low photosynthetic photon flux density (PPFD, 15 umol m?s-1) was selected
on the basis of # situ measurements taken during a cloudy day at 10 am and 4 pm in
February, when the adult canopy almost completely covers the embryos. These were
considered to be the standard growth conditions for the first days after fertlisation.
The elevated PPFD (300 umol mr2s-1) was chosen based on i siu measurements at

noon on a sunny day in February, when the adult canopy was partially removed and

the embryos were exposed to higher light levels. In nature, fertilisation occurs during
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daytime low tide (Pearson and Brawley, 1996), so the first potential exposure to high

light is ~24 h after fertilisation, at the next daytime low tide.

Expenments were conducted under 4 different light regimes:

- 15 pmol m?2s! - control/low photosynthetic active radiation (£ PA R); Philips

TLD18W33 fluorescent lamps,
- 300 pmol m2s - high PAR (HPAR),
. HPAR + UV-A (PA),

HPAR + UV-A + UV-B (PAB).

A zabu UV-D clear acrylate sheet (Wientjes BV, Roden) was used to filter out UVC
radiation (below 285 nm) under all light conditions, a Mylar filter was used to cut off
UV-B radiation (below 320 nm) and a plexiglass filter was used to remove UV-A

radiation (below 380 nm). A PPFD spectrum (250-700 nm) was scanned with a

spectroradiometer equipped with a 27 cosine-corrected sensor (MACAM Photometrics

SR-9910-PC). The biologically effective dose of Jones and Kok (1966) was 2.1 (PAB),
0.6 (PA), 0.1 (HPAR) and O (LPAR) W.m2 and was calculated using a weighting factor
WF, = 1000 x 092 (R2 = 1) derived from the plot in Forster and Liining (1996)
which sets WFsq = 1. For the calculation of this effective dose A= 280-400 nm are
considered, using the formula: BEDyx = *-28¢40% (WF, x Q,), in which Q, is the

PPFD (W.mmr?) at wavelength A (nm).

Hyper-osmotic treatment consisted of increasing the salinity of normal seawater

(normal seawater is 3.2% salinity). Measurements of PSII yield using a pulse-amplitude
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modulation apparatus (PAM 2000, Walz, Germany) during combined light and hyper-

osmotic stress and recovery, were recorded at 20% salinity.

2.2.3. Fluorescence measurements

In ww light-modulated chlorophyll fluorescence was monitored in 1d, 2 d and 4 d
old embryos with a PAM 2000, based on the principles described by Schreiber et al.
(1986, see Chapter I). The saturating pulse method provides information on processes
related to the quantum yield of PSII in response to light stress. Yield is usually
determined under steady state illumination in which the effective quantum yield of
PSII is close to the overall quantum yield of photosynthesis. The effective quantum
yield was determined according to the equation AF/Fn, = (F'ur Fs)/F' (Genty et al,
1989), where AF is the difference between the respective maximal fluorescence F'r of
light adapted algae and the ambient fluorescence level (current steady state

fluorescence, Fs). AF/F'n was used a parameter since it is correlated with oxygen
production (Hanelt et al, 1994; 1995). Changes in photochemical quenching of
chlorophyll fluorescence were calculated according to the expression: qP = (F'm -Fs)/
(F'm -F’) and in non-photochemical quenching as QN = 1- (F'm - F'o) / (Fu - Fo).
Zygotes were well dispersed over the cellulose nitrate filter to ensure that all embryos
were submitted to similar light conditions. The PAM fibre was placed carefully over
the attached population of embryos and the fluorescence yield was measured at a
minimum of 5 different positions on the filter (i.e. 5 measurements for each data point
which correspond to independent embryos in the dish population). The measurements

were performed at short intervals (ca. 5 min) during 60 min exposure under each light
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condition. The change in yield during a 60-180 min recovery period, under LPAR and

2.9% salinity seawater , was also assessed.

Chlorophyll fluorescence was also used to analyse the light response curves
(photosynthesis versus PPFD curves) of F. spimlis embryos during their early
development stages, from 3 hours after ferulisation to 10 days. Zygotes were obtained
as descnibed before, and the growing embryos were incubated in LPAR, 15°C and a 12
h photoperiod. Samples were exposed to increasing PPFDs of actinic red light (650
nm); PPFDs ranged from 10 to 504 pmol m2 s-! with, in total, 20 PPFD values. The
matenial was dark adapted before the beginning of the measurements. The light
response curves were fitted by the model equations given by Plart et al. (1980).
Relative electron transport rates (relETR) were calculated by muldplying quantum
yield by PPFD (relETR =AF/F’y x PPFD) and plotted against PPFD. Alpha (o)
(initial slope under light limited conditions), and Pmax (gross photosynthesis under

saturating light) were also determined.

2.2.4. Pigment analysis

For pigment (violaxanthin, zeaxanthin, B-carotene, chlorophyll-a) analysis of
embryos exposed to PAB, samples were obtained at short intervals during the 60-min
peniod of exposure to elevated light, and also during recovery under dim light. Frozen
samples (-80°C) of F. spralts embryos, grown onto cellulose nitrate filters, were
extracted in 90% methanol in 0.5 M ammonium acetate, the pigments separated and
concentrations determined by HPLC following the procedures of Wrght et al. (1991)

and Kraay et al. (1992). Methanol extracts were injected into a PC-controlled
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(Milennium 2.15 software) HPLC system (Waters) equipped with a reversed-phase

column (Nova-pak C18, 4 pm, 15 cm; Waters Wat086344). Gradient-mixing HPLC
pumps delivered three mobile-phase solvents: ammonium acetate / methanol, 90%
acetonitril and 100% ethyl acetate. A photodiode array detector was used (Waters
1996) in which the absorption charactenstics of the eluted pigments are matched with
those described in Jeffrey et al. (1997). Antheraxanthin, the xanthophyll intermediate of
violaxanthin and zeaxanthin, could not be detected. Commercially available standards
of the pigments were used (VKI Harsholm, Denmark). Pigment concentrations of -
carotene, violaxanthin and zeaxanthin were normalised to the chlorophyll a peak area.
The relative pool of xanthophyll cycle pigments was estimated as Z/(Z +V), where Z
and V are the concentrations of zeaxanthin and violaxanthin respectively. Values of
Z/(Z+V) were plotted against non-photochemical quenching (qIN) to characterise the
relationship between the de-epoxidized xanthophyll cycle pigments and non-

photosynthetic energy dissipation (Schofield et al., 1998).

2.2.5. Quantitative detection of ROS

The formation of DCF from DCFH-DA is currently used for the assessment of
oxidative stress in microalgae and seaweeds (Malanga and Puntarulo, 1995; Lesser,
1996; Collen and Dawvison, 1997). DCFH-DA is a non-polar non-fluorescent
compound that diffuses across membranes. Within the cell, acetate is cleaved-off by
esterases to give 2’7 -dichlorohydrofluorescein (DCFH), a polar compound that is
retained in the celll Oxidation of DCFH by reactive oxygen species (Royall and
Ischiropoulos, 1993) yields a fluorescent compound 2’-7’-dichlorofluorescein (DCF).

The oxidising agent 1s either *OH, which may be formed from H.O; and Fe?+ in the
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Fenton reaction, or HyO;, which may react with DCFH via peroxidases (Zhu et al,,

1994). Here, intracellular ROS was studied by measuring the oxidation of the labe} 5-
(and-6-)-chloromethyl-2 7 ‘dichlorodihydrofluorescein  diacetate (CM-DCFHx-DA;
Molecular Probes, Eugene, Oregon), a chloromethyl derivate of DCFH-DA; use of
this minimises the nsk of DCFH leakage from living cells as its thiol-reactive
chloromethyl group links CM-DCF with intracellular thiols (e.g. glutathione).
Subsequent DCFH oxidation yields DCF that is trapped inside the cell. Fuas embryos
grown under low light, on coverslips (~50 per coverslip), were loaded with a 100 uM
CM-DCFHz-DA. Loading of the label (30 min; 15°C) was terminated by rinsing the
sample with filtered seawater (0.2 pm). Embryos were then submitted to each
condition, defined earlier, for 30 min. Following exposure, the coverslips with the
attached embryos were mounted in a sample chamber (Attofluor, Molecular Probes,
Eugene, Oregon). 0.01 mL ascorbate solution (1 mg mL; pH 8) was added. This
compound is both an ant-fading reagent preventing bleaching of DCF fluorescence
and an antioxidant stopping further oxidation of DCFH in cells (Pawley, 1995). Stock
solutions of CM-DCFHz-DA, filtered seawater and ascorbate were prepared fresh

daily.
2.2.6. Confocal laser scanning microscopy and image analysis

Dye fluorescence was imaged with a Leica TCS NT confocal scanning laser on an
inverted microscope (Leica-IRB). The 488-nm excitation line was chosen. A 25x

0.75NA/ ol objecuve (Leica UV-PLFLUQO) was used and the emission pinhole set at

90 um matching 1 Airy Disc Unit (Pawley, 1995). In these analyses the intersection (z)
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intervals were set at 1.5 um to minimise loss of digital information. Green and red

fluorescence from the focal plane were separated using emission filters BP530/30 and
LP590, respectively. Both fluorescence emitted at 530 nm by DCF and
autofluorescence were measured using photomultiplier detectors. Simultaneously, three
digital 1mages were collected: (1) fluorescence emission of DCF; (2) fluorescence
emission from chloroplasts; (3) transmitted-light image. A daily calibration procedure
was introduced using standardised fluorescent spheres (Focal Check; 15 pm; Molecular
Probes, Eugene, Oregon). For conversion of the relauve fluorescent units to real
concentrations of DCF, standard solutions of DCF (Sigma) were used to build a
calibration curve (R2= 0.997). Using the image analysis programme QWIN (Leica), an
automated scanning procedure was written in QUIPS language. This routine controls
the CLSM scanning software, the xy-stage and the z-focus of the objective. Thirty to
40 independent embryos were used for each experimental condition. In the figures,

DCF concentrations (uM) are presented (+S.D.) and values of ROS represent a

production rate, uM DCF (30 min)-1.

2.2.7. Growth experiments

Fuass embryos were grown on small plastic Petri dishes in filtered SW and 12 h
photoperiod as described earlier, until 24 h after ferulisation. They were then
submitted to each of the light treatments in combination or not with hyper-osmotic
treatment for 30 min. Growth of the embryos was measured daily using an inverted

Nikon Diaphot microscope (Ntkon, Tokyo Japan) equipped with a graduated ocular
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lenses. Average length of 3 replicates (25-30 embryos per replicate) + standard

deviation 1s shown. Results are representative of 4 independent experiments.

2.2.8. Statistical analysis

Data were analysed using the statistical programme STATISTICA® version 6.0, by
two or three-way analysis of varance (ANOVA), with multiple comparisons
determined using the Sheffé test. Since measurements taken at days 1, 2 and 4 were
performed on different batches of embryos, the factor ‘time’, when included in the
analysis is treated as an independent variable. Differences were considered to be
significant at a probability of 5% (P<0.05). Correlation coefficients were determined

according to Sokal and Rohlf (1995).

2.3. RESULTS

2.3.1. Effects of high irradiance on photosynthetic efficiency

The impact of 1 h exposure to 300 pmol m2 51 on the effective quantum yteld of

PSII, AF/F'm, was dramatic (Figure 2.1). Values decreased within 3 min of embryos

being transferred from dim (LPAR) to any of the three elevated light conditions

(HPAR/PA/PAB). The steepest decline was observed in 1 d old embryos. After a 10-
min exposure period, AF/F'n, decreased, on average, to 20% and 55% of the initial
value, in the youngest and oldest embryos, respectively; 2 d old embryos had

intermediate values (Table 2.1). Inital reduction in AF/Fn was consistently more

pronounced in the presence of UV-B, where a decrease to 17%, 24% and 43% of the







Chapter 2
initial values in 1 d, 2 d and 4 d old embryos, respecuvely, was found. The inital

decrease in AF/F’r, (0-8 min) was followed by a second, slower decline (ca. 8-45 min).
At the end of 1 h exposure to PAB, 1 d old embryos had 8% of their initial value of

AF/F’m, 2 d old, 24% and 4 d old, 26%.

Table 2.1. Qunges in AF/F'n in Fucus embryos during differer light treatments. Reanery in
LPAR is also shown (rec).

Time 24 h AF (% control) 2 d AF (% control) 4 d AF (% control)
after
stress
HPAR PA PAB HPAR PA PAB HPAR PA PAB
o 100 100 100 100 100 100 100 100 100
10 20 23 17 29 41 24 61 58 43
30 17 12 14 22 22 19 59 61 42
1h 11 16 8 27 32 24 56 58 26
10’ rec 52 69 21 88 83 56 100 94 61
30" rec 93 95 72 93 86 71 98 94 68
1h rec _ 97 95 88 98 95 90 98 98 84

A rapid recovery in AF/F’, occurred on transfer from HPAR and PA w0 LPAR,
reaching pre-exposure values within 1 h. After exposure to UV-B, recovery was
significantly slower (P <0.01). Complete (100%) recovery was achieved only after 3 h

(not shown).

The photoinhibition observed under elevated PPFD was further evaluated by
examining changes in photochemical (qP) and non-photochemical quenching (qN) of
chlorophyll fluorescence. The quantitative indication of the fraction of active PSII

centres that are closed by the background light at the moment of the F', measurement
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can be defined as (1-qP). The ratio (1-qP)/qN provides a more appropnate measure of

the capacity of photoprotection to excess light than analysing the parameters gN and
(1-qP) separately (Jiménez et al, 1998). The ratio (1-qP)/qN increased with tme of
exposure and decreased slowly as the embryos recovered under more favourable
conditions. 1 d old embryos, despite having a lower initial value of (1-qP)/gN,
displayed the largest increase in this rauo (Figure 2.2), while 4 d old embryos increased

the least (P <0.05).

2.3.2. Effects of elevated light in combination with hyper-osmotic treatment

on photosynthetic efficiency

The combination of light and hyper-osmotic treatment (20% salinity seawater)
induced the same pattern of AF/F’n response as elevated light treatment alone, ie., a
steep initial decrease in AF/F’ that was more evident in younger embryos (Figure 2.3).
After incubation for 1 h under high light plus hyper-osmotic stress, the younger
embryos had only 9% of the initial effective quantum yield, while older embryos (4 d
old) had 18% (Table 2.2). 4 d old embryos appear to be able to adapt to the imposed
stress - under LPAR they recovered AF/F’y even in presence of hyper-osmotic
treatment (Figure 2.3.C). Hyper-osmotic treatment combined with high irradiance plus
UV-A and UV-B induced the highest inhibition of AF/F'm. Compared to the situation
where irradiance was the only stress factor (Figure 2.1), recovery of AF/F'm was slower
and less complete when high light was combined with hyper-osmotic stress (Table 2.2
and Figure 2.3) and AF/F’y increased slowly during the recovery period. This pattern

was more evident in embryos submitted to PAB and hyper-osmotic treatment: no
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recovery occurred during the next 120 min and a 24 h period was needed to achieve

initial AF/F’ values (result not shown). The slow recovery was more evident in

younger embryos (Figure 2.3).

Table 2.2. Qhanges tn AF/F’p inFucus enbryos during differert light treatnents in presence of

hyper-csmutic stress (20% salinity SW). Recoery in LPAR and 2.9% salinity seawnter (rec) is also

shoun,
Time 24 h AF (% control) 2 d AF (% control) 4 d AF (% control)
after
stress
LPAR HPAR PA PAB LPAR HPAR PA PAB LPAR HPAR PA PAB
o 100 100 100 100 100 100 100 100 100 100 100 100
10 11 28 30 21 26 30 31 27 29 33 25 30
o 7 9 19 16 28 23 25 21 42 24 14 16
1h 7 9 11 9 28 20 20 19 43 21 17 15
10’ rec 93 54 33 23 28 2 23 17 99 67 70 42
30 rec 96 59 48 27 98 63 43 37 96 89 87 67
1h rec 100 89 70 61 102 82 73 62 99 93 94 73

2.3.3. Xanthophyll cycle pigments

The change in xanthophyll cycle pigments during stress treatment was only analysed

for light-stressed embryos. After exposure to PAB for 1 h, both photoinhibition and

changes in the xanthophyll cycle pigment ratios were observed. Figure 2.4 shows the

Z/(V+Z) values plotted against non-photochemical quenching (qN). The correlation

between these parameters improved with the age of the embryos. Average B-carotene

concentration (normalised by chlorophyll a content) was found to be 0.027 + 0.008 (1
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d old), 0.019 + 0.009 (2 d old), 0.015 + 0.002 (4 d old), and did not change during

treatments.

2.3.4. Electron transport during different stages of development

Although exposure to elevated light caused a steep decline in AF/F’, considerable
electron transport was still possible. Figure 2.5 shows the light response curves of the
different developmental stages, from 3 h after fertilisation to 10 d old. As embryos
developed, there was an increase in the initial slope under limiting light (ct) and also in
light-saturated photosynthetic rate (Pmax). From these observations it is esumated that
saturation PPFD ranged from 150 to 300 pmol m? s! at the respecuve ages

investigated here.

2.3.5. Effects of high light on ROS production

The production of ROS, as measured by formation of DCF, increased with PPFD
(Figure 2.6). Older embryos produced more ROS than younger ones. In accord with
the ETR increase observed in Figure 2.5, this may be attributable to the progressive
development of the photosynthetic apparatus in the growing embryo cells. When
embryos were transferred from LPAR to higher PPFD there was a significant increase

in ROS formaton with more {P<0.001) produced under PAB than either HPAR or
PA (Figure 2.7).
The response of the embryos depended upon their stage of development (P <0.001).

ROS formation was higher in older (4 d) embryos (Figure 2.7). On transfer back to

LPAR, production of ROS continued for some time, in some situations even after 60
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min; this is most evident in 1 d and 2 d old embryos previously exposed to UV-B

(Figure 2.7). ROS production in all embryos, no matter what their stage of
development (1-4 d) or treatment, returned 1o control values after 90 min under LPAR

conditions.

An increase in both ROS production and electron transport rate (re.ETR=PPFD *

AF/F’r) with the stage of development of the embryos were observed. A correlation
was found (n=15; R2=0.75; P <0.001) between ROS production rates and relative ETR.
Thus, ROS production seemis to be proportional to the electrons transported by PSII,

regardless of the age of the embryo.

2.3.6. Effects of combination of light and hyper-osmotic treatment on ROS

production

Experiments to compare ROS production in control and hyper-osmotically treated
embryos were designed under three conditions of hyper-osmotic stress (6%, 12% and
20% salinity seawater) and at the four light conditions: LPAR (no Light treatment) and
the high-light stress conditions HPAR, PA and PAB. Hyper-osmotic treatment alone
or in combination with high light conditions induced an increase in ROS production
(Figures 2.8; 2.9). There was a significant difference in ROS production (P <0.05)
between different ages. As the degree of hyper-osmotic stress iﬁcreased, there was a

slight general increase in ROS production (Figure 2.8).

The highest ROS production was obtained when high irradiance was supplemented

with UV-B and 20% salinity. The results show a highly significant correlation between
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hyper-osmotic and light treatment (P <0.001), suggesting that these two variables act in

an additive fashion to increase ROS production.

2.3.7. Growth of Fucus embryos after light and/ or hyper-osmotic stress

Fuass embryos were subjected to light and/or hyper-osmotic stress for 1 h and their
growth during the next 3 days was followed. Measurements of embryo length (Figure
2.10) show that growth of Fuas is only transiently affected by the different treatments.
The most noticeable effect on growth was in response to PAB in combination with
hyper-osmotic stress, where a significant decrease in growth rate during the following 2
days was observed (P <0.05). PAB alone also affected significantly the development of
the embryos during the following 24 h (P <0.05). Nevertheless, embryos show a high
capacity to recover, and 3 days after the treaument they show no significant difference

compared to control embryos (P=0.32).

2.4, DISCUSSION

2.4.1, Photoinhibitory effects of light and hyper-osmotic stress

Treatment with 300 pmol m? s! light (with/without UV radiation) induced
measurable physiological responses in Fuass embryos. Embryos subjected to high light
(with or without UV radiation) showed a rapid reduction in effective quantum yield
and this was maintained at a low value dunng incubation under high light conditons.
Changes in AF/F’n, have been closely related to photowuhibition effects in other plant
systems (Schofield et al., 1998). Photoinhibition can result from two different

mechanisms (Demmig et al., 1987). The first is dynamic photoinhibition, which implies
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photoprotection. The second type of photoinhibition is more permanent and is known

to cause photodamage to PSII reaction centres (Bilger and Bjdrkman, 1990). The
results presented here suggest that dynamic photoinhibiton was dominant in Fuas
embryos challenged with high light. Reductions in AF/F'n, were readily reversible after
transfer to more favourable conditions (low light), indicating that the reduction in the
photosynthetic effective quantum yeld upon high light levels represents a
photoprotective mechamsm rather than a long term inhibitory effect. In contrast, when
high light treatment, in particular high light plus UV-B, was combined with hyper-
osmotic stress, the effective quantum yield of PSII recovered more slowly. Under such
conditions, initial AF/F’, levels were not regained within 2 hours, and recovery was
only partial (between 2 h and 48 h) which indicates that more permanent PSII damage

might be occurring (Dring and Brown, 1982; Pearson and Davison, 1994).

2.4.2. Photoprotection during light stress

The results presented here indicate that Fuas embryos, in particular 2 d and 4 d old,
have the capacity to use the violaxanthin-zeaxanthin pathway for the dissipation of
excess energy, being, thus, able to partially protect themselves against excessive
electrons. 1 d old embryos have a less clear correlauon between non-photochemical
quenching and dissipation of energy through the xanthophyll cycle. This lower capacity
for dissipaton of energy through V-Z cycle could potentially explain the slower
recovery of photosynthetic efficiency and ROS production levels that are observed in
younger embryos. The non-destructve dissipation of excitation energy into heat via
pathways other than photochemistry is recognised as an efficient protective

mechanism. The site of energy-dependent dissipation during dynamic photoinhibition
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is generally believed to be the light harvesting complex antennae of PSII and is

associated with the reversible de-epoxidation of violaxanthin to zeaxanthin in the
xanthophyll cycle (Demmig-Adams and Adams, 1992; Havaux et al., 2000, Harvaux et
al., 2001). Carotenoids, which are present in the membranes of all photosynthetic
organisms, help protect against light-dependent oxidative damage (Havaux et al. 2000;
Harvaux et al,, 2001). In plants, the xanthophyll cycle is known to have a key
photoprotective role. For example, A rabudgpsis overexpression of the CHYB gene that
encodes beta-carotene hydroxylase (an enzyme in the zeaxanthin biosynthetic pathway)
causes a stress protection probably due to the function of zeaxanthin in preventing

oxidative damage of membranes (Davison et al., 2002).

In the present study there is no evidence for variation in B-carotene concentration
that would suggest any role in protection against light stress. The role of B-carotene as
a biologically significant antioxidant in plants is highly controversial. Results of certain
studies suggest that B-carotene plays a significant role # ww by protecting the PSII

reaction centre against photooxidative damage by scavenging superoxide in higher

plants (Siefermann-Harms, 1987). However, other studies (e.g. Day et al., 1998) have
concluded that B-carotene was imeffective in exerting protection and had no

antioxidant effect. Uhrmacher et al. (1995) similarly found no change in B-carotene

concentration during 2 h exposure of the algae Diayota didhator to high irradiance.

2.4.3. Relationship between photoinhibition and ROS production

A slower, second phase, decline in AF/F’r occurred from 8 mun to about 45 min,

under all high light and/ or hyper-osmotc treatments. A positve correlation was found
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between the slopes of the AF/F'm curves and relative ROS production in Fuas

embryos. Because H;O; is known to inhibit directly the photosynthetic electron
transport chain (Samuilov et al, 2001; He and Hader, 2002a) leading to

photoinhibition, the results presented here suggest that the further reduction in

AF/F’n could be related to ROS production.

Similar increases in ROS production in response to UV radiation have been
reported in other algal systems, such as Chlorellz wdgaris (Malanga and Puntarulo, 1995).
Transient inhibition of photosynthesis may be a result of both increased light and UV
damage. UV radiation, in particular UV-B, reacts photochemically with oxygen to form
ROS in cells and in the aquatic environment (Zhou and Mopper, 1990; Palenik, 1991;
Scully et al., 1996; He and Hader, 2002b). ROS generaung reactions also occur as a
result of the photochemical interaction between UV-B and organic molecules (Gille
and Sigler, 1995; Malanga, 1997; Cockell, 1998). In cells, toxic hydroxyl radicals (*OH),
formed from hydrogen peroxide and superoxide radicals in the Haber-Weiss reaction,
react with photosynthetic apparatus components (Strid et al., 1994; Ishida et al. 1998;
Sghermri et al,, 1999). Hideg and colleagues (1994) observed that in light-stressed
thylakoid isolates, *OH radicals at PSII induced photoinhibition. These ROS are
potentially damaging to thylakoid membrane structure, most pigments (carotenoids,
chlorophyll), and the D1 protein in the PSII core (Hideg and Vass, 1996; Nishiyama et
al,, 2001). Other proteins (such as enzymes involved in dark reactions), DNA and
membrane lipids can also be damaged by ROS producton (Foyer et al, 1994).
Enhanced *OH formation can lower the photosynthetic efficiency of algae at elevated

Light, as well as under UV-B (Tschiersch and Ohmann, 1993; Hirayama et al., 1995).
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In the present work, the effect of PAB on ROS production was exacerbated by

simultaneous treatment with hyper-osmotic stress. Increased ROS production due to
osmotic treatments has been measured in a vanety of plant systems (for example
Cazalé et al,, 1998, 1999). Thus, the additive effect on global cellular ROS production
between light and osmotic treatment found here is not surprising. However, the exact
mechanism whereby light and osmotic stress interact is not known. From the data
presented 1t is not possible to assess if ROS are being produced in the same cellular
compartments (presumably chloroplasts and peroxisomes for the light stress) or if
osmotic stress has effects on other cellular components. Drought is known to induce
ROS production at the chloroplast level (Smimoff, 1993) and to reduce AF/F'n
(Loggini et al., 1999; Lu and Vonshak, 2002), so it could be intensifying the light stress
effect at the photosynthetic apparatus level. Alternatively, osmotic stress could be
inducing ROS production in other cellular compartments, such as mitochondria
(Coelho et al,, 2002). On the other hand, the activity of NADPH oxidase that could
counter the excess reductants (NADPH) arsing from the chloroplast electron
transport chain under high light, would also lead to further ROS production. High
resolution imaging of ROS production during the light/hyper-osmotic stress would

allow a definitive conclusion to be drown about the ongin of the oxidative burst.

An increase in the ratio (1-pP)/qN indicates that high light had a relauvely greater
impact on photosynthetic electron transport by the closure of reaction centres, than it
had on the increase of the non-photochemical quenching, which is due mainly two
protective energy dissipation. Consequently, a higher (1-qP)/qN value would also

indicate a greater susceptibility to light stress (Jimenez et al., 1998). Thus, according to
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the present results, older embryos showed a higher capacity for photoprotection than

younger ones. This dissipation of excess energy might have been achieved through the
xanthophyll cycle, as older embryos present a higher correlaton between non-

photochemical quenching and violaxanthin conversion to zeaxanthin (section 2.4.2.).

Embryos were found to produce ROS in total darkness, although to a lesser extent,
indicating that processes other than photosynthesis were involved in ROS production.
Collén and Davison (1997) have also observed this in adult Fuas. 1 d old embryos had
the highest and 4 d old ones the lowest production of ROS in darkness. Dark
production of ROS can be explained by respiration of storage products, as the
mitochondnal electron transport chain is an important source of basal ROS production

(Halliwell and Gutendge, 1999).

2.4.4. ROS production in different developmental stages

ROS production increased significantly with the age of the embryos under all
conditions tested. In relation to the light stress response, this 1s most likely due to older
embryos having a more developed photosynthetic machinery and greater pigment
synthesis (McLachlan, 1974; McLachlan and Bidwell, 1978; Davison et al., 1993;
Lamote et al,, 1998). This is supported by the light response curves which show an
increase in & and Py with age. More electron transport means a greater likelihood of
electron leakage from the transport chain, and thus more potential ROS production at

the chloroplast level.
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2.4.5. Effects of light and hyper-osmotic stress on Fucus growth

Growth of embryos was found to be transiently affected by high light and/or hyper-
osmotic stress, in particular when PAB in combination with hyper-osmotic stress was
present. The growth rate reduction found in the hyper-osmotically-stressed embryos
could be due to increased cell wall cross-linking due to HoO; production (Bradley et al,
1996), thus decreased elongation capacity. Another possibility is the temporary
reduction in photosynthesis that could perturb embryo growth. However, Fuas
embryos are able to grow even in total darkness, using mannitol as a storage
compound. It is likely that energy is directed to the production of protection-related
substances, such as osmotically compatible compounds that could be used to
compensate turgor changes, antioxidant molecules and cell wall strengthening-related
compounds. This potential energy re-allocation would lead to the observed transient

growth rate decrease.

2.4.6. Conclusion

In conclusion, the data presented here indicate that a single, ecologically relevant,
dose of high light, especially with UV-A or UV-B, in combination or not with hyper-
osmotic stress can affect the cellular physiology of Fuos embryos. Two
photoinhibition responses were recognised. Firstly a rapid decline of the PSII yield
(AF/F’w) which is probably related to the violaxanthin-zeaxanthin cycle
(photoprotection), followed by slower second-phase decline which is most likely
correlated with ROS production. In the developing photosynthetic apparatus, electron

transport rates increased with the age of the embryo and were correlated with ROS

74



Choaprer 2

production rates. The capacity for photoprotection was found to increase with age. As

a result of enhanced ROS production, a slow repair of the photosynthetic efficiency
was observed, particularly with increased UV doses. In the absence of UV-B, embryos
were generally able to recover quickly from the imposed high light/hyper-osmotic
stress. Development of the embryos was found to be transiently affected by UV-B
with or without hyper-osmotic treatment. Overall, the data presented here suggest that,
under natural conditions, embryos of Fuas are suscepuble to high light, especially in
combination with dehydration, and that solar UV-B radiaton is an umportant

additional stress factor.
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CHAPTER 3

INTERACTIONS BETWEEN REACTIVE OXYGEN

PRODUCTION AND Ca?* SIGNALLING
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3.1. INTRODUCTION

3.1.1. ROS production during stress

The formaton of reactive oxygen species (ROS) such as hydrogen peroxide,
superoxide and possibly mitric oxide is ubiquitous in plant systems. They are often
formed as by-products of normal metabolism as a result of leaky electron transport
systems, but it has also become apparent that there is a rapid and deliberate production
of these ROS in plant defence responses. ROS are produced by plant and animal cells
in response to a range of stmuli, from osmotic stress to chilling, wounding and
pathogen response (see Table 1.3 and Bac et al., 1997; Minibayeva et al. 1998; Tan et al.
1998; Grant and Loake, 2000). Such oxidative bursts can underlie anti-microbial
activity or downstream responses such as modulation of gene expression and cell cycle
control (Finkel, 1998; Reichheld et al., 1999; Shackelford et al., 2000; Bowie and

O "Neill, 2000; Desikan et al., 2000).

There is stull a considerable debate about the identity of the oxidative burst
generator(s). Several sources are known to exist for the generation of ROS. These
include plasma-membrane associated NADPH and NADH oxidases, amine oxidases
and oxalate oxidases and protoplastic sources from mitochondria, chloroplasts and
peroxisomes {Halliwell and Gurteridge, 1999). Of these systems, the neutrophil-like
NADPH oxidase system has received most attention, especially in plant-pathogen
interactions (Table 1.3 and reviewed by Morel and Barouki, 1999; McDowell and
Dangl, 2000). Superoxide generation by NADPH oxidase at the external surface of the

cells is followed by a rapid dismutation to hydrogen peroxide, which readily crosses
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membranes. Inhibitors of the animal NADPH oxidase, including the suicide substrate

inhibitor diphenyleneiodonium (DPI) also block the elicitor-stimulated oxidative burst
in plant cells (Levine et al., 1994; Desikan et al., 1996; Pugin et al., 1997). Analogues of
the mammalian gp91phox have been cloned from rice (Groom et al, 1996) and
A rabudopsis (Keller et al., 1998; Torres et al., 1998). Plant equivalents of the mammalian
cytosolic components p22-phox, p47-phox and p67-phox have been demonstrated by
cross-reactivity with antibodies to the subunits of the mammalian complex but have
not been cloned (Murphy et al, 1998). An equivalent of the fourth cytosolic
component, p21 rac, however, has been cloned and is potentially involved in H,O:
production in differentiating xylem (Potikha et al., 1999). In general, molecular and
phystological data seem to indicate functional and mechanistic similanities berween
ammal and plant NADPH oxidase related-oxidative burst, but interpretations and
generalisations should be careful as more detailed functonal molecular data is still

lacking,

In addition to plasma membrane NADPH oxidase, mitochondria, peroxisomes and
chloroplasts are potentially powerful intracellular generators of ROS (e.g. Paston and
del Rio, 1997; Morel and Barouki, 1999). Plant mitochondra can produce high
amounts of ROS when the actvity of the enzyme altematve oxidase is suppressed
(Maxwell et al, 1999). Allan and Fluhr (1997) studied ROS generation using the
fluorescent dye dichlorofluorescein and showed an accumulation of oxidised dye in the
chloroplasts and nucleus in intact tobacco epidermal cells, which suggests production
of ROS in these compartments. However, little information is available on the sub-

cellular spatio-temporal dynamics of ROS production in response to specific stimuli.
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3.1.2. Signalling involved in the generation of ROS

A number of cellular events have been correlated with ROS production during plant
stress responses. These include hormone signalling, ion-fluxes, protein kinases,
phospholipases, etc. (reviewed by Vranova et al. 2002). For example, gp91-phox has
been considered a target for kinase action linked to Ca2+ fluxes (Blumwald et al., 1998).
Plant NADPH oxidase has also been found to include a large hydrophilic N-terminal
domain that contains two Ca2* -binding EF hand motifs (Torres et al,, 1998). It has
been postulated that the mammalian NADPH oxidase 1s activated by a protein kinase
C (PKQ) mediated phosphorylation of p47-phox and p67-phox. In tomato cells, race-
specific elicitors are also thought to promote translocation of cytosolic p47-phox and
p67-phox to the plasma membrane of tomato cells. In contrast to mammals, this
process is not dependent on protein kinase C (Xing et al., 1997). The assembly process
was found to involve a Ca?+-dependent protein kinase that catalyses the
phosphorylation of p47-phox and p67-phox, facilitating their translocation to the
plasma membrane. MAPK have been implicated both up- and downstream of the
oxidative burst (see Table 4.1). Proton fluxes are also ubiquitous in higher plant elicitor
systems and extracellular alkalinisaton has been found to be present dunng the
apoplastic oxidative burst in tomato plants (Schaller and Oecking, 1999). Abscisic acid
(ABA) has been shown to elevate ROS in guard cells (Pei et al, 2000) and ROS was
reported to be an intermediary in the pathway leading to ABA-induced antioxidant

(CAT1) gene expression (Guan et al., 2000).
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3.1.3. Ca 2+ signalling

Ca?+ is a ubiquitous plant second messenger responsible for the regulation of a
variety of cellular processes (Sanders et al, 1999, 2002). Ca2+ concentration in the
cytoplasm of plant cells is highly regulated and kept at a low level (100 to 200 nM,
Roberts et al,, 1993). Ca2+ signals are generated through the opening of ion channels
that allow the flux of Ca?+ from a compartment where it is present at relatively high
electrochemical potential (outside the cell or from an intracellular store) to one where
Ca2+ is at a lower potential. Such channels are referred as Ca2+-permeable channels and
this term reflect the importance of non-selective cation channels in generating plant

Ca?+ signals (Sanders et al., 2002).

Smal! fluxes of Ca2+ into the cytosol lead to large changes in concentration due to
Ca?+ release from internal stores such as ER and vacuole. Ca2+ binds reversibly and
rapidly to many proteins and enzymes and small increases in pump activity can rapidly
remove elevated Ca?+. These charactenistics enable Ca?+ to be used as an efficient
second messenger (Sanders et al, 1999; 2002). Cytosolic Ca?+ concentration is
maintained low by binding to proteins (Thomas, 1982), and by the acuvity of
membrane-bound ATP-driven Ca2+ extrusion pumps (Bush, 1993) on the ER (Bonza
et al., 2000) vacuole (Yuasa and Maeshima, 2001) Golgi (Surroca and Wolff, 2000) and

plasma membranes (Bonza et al., 2000).

3.13.1 C&*-permeable channels at the plasma membrane

Electrophysiological studies have revealed the presence of Ca?+-permeable channels

in higher plant plasma membranes that are activated by membrane depolarisation
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(reviewed by White, 2000). Perception of a stimulus results in membrane

depolarisation and downstream opening of Ca?+permeable channels that results in
elevaton of cytosolic Ca?+. In addition, the presence of hyper-polansation-activated
Ca2+-permeable channels (HACC) is .becoming evident (Hamilton et al,, 2000, Very
and Davies, 2000). HACC:s in the plasma membrane of guard cells are opened by ABA
(Hamulton et al., 2000) and they are probably responsible for the generation of tip-to-
base Ca?+ gradient in root hairs of Arabudgpsis essential to maintain polarised growth

(Very and Davies, 2000).

In A rabudopsis guard cells, ABA-induced stomatal closure involves the production of
ROS and HAQCGs play an important role in this effect (Pei et al., 2000, Zhang et al,

2001). H2O;z was found to stimulate HACGs and thereby an increase in cytosolic Ca2+.

3.1.3.2. Ca’*-permeable channels in endomembranes

The vacuole of plant cells is the principal intracellular Ca2+ store (reviewed by
Sanders et al.,, 1999) and a number of Ca?+ release channels have been reported at the
vacuolar membrane level. Two of these channels are ligand-gated by Ins(1,4,5)P; and
cyclic ADP-ribose. Two others are gated by voltage, one by hyper-polarisation and a
second by membrane depolarisation (slowly-activating vacuolar - SV - channel)
(reviewed by Sanders et al., 2002) 1n reference to its voltage-activation kinetics. The SV
channel is activated at physiological cytoplasmatic Ca?+ concentrations and may have
the capacity to catalyse Ca2+induced Ca?+ release ((ICR; Bewell et al., 1999). Although
the presence of Ca2+ alone would not allow CICR i 1w, the presence of Mg2+ ions at
physiological concentrations potentiates the Ca2+ response thereby suggesting a role in

CICR (Pei et al., 1999; Carpaneto et al., 2001).
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Recent studies have highlighted the importance of other intracellular stores, in

particular the endoplasmatic reticulum (ER). Voltage-dependent Ca?+selective
channels have been identfied i this compartment (Klusener et al, 1999) and
demonstration of Ins(1,4,5)P; binding sites suggesting the presence of Ins(1,4,5)Ps-
gated Ca2*-release channels has been demonstrated (Martinec et al, 2000). The
presence of cADPR-mobilizable Ca?+ has also been demonstrated in ER vesicles
(Navazio et al., 2001). A Ca?* release pathway induced by NAADP (nicotinic acid

adenine dinucleotide phosphate) has been also identified (Navazio et al., 2000).

Several roles have been suggested for the different ligands. Ins(1,4,5)P; is thought to
have a function in transduction of salt and hyper-osmotic stress (Drobak and Watkins,
2000; DeWald et al.,, 2001) and gravitropism (Perera et al.,, 1999). cADPR is probably
involved in activation of plant defence genes (Durner et al., 1998) and ABA signalling

pathways (McAinsh and Hetherington, 1998).

Cytoplasmatic Ca?+ elevations can be created in Fuas rhizoid cells by photorelease
of caged Ins(1,4,5)P; (Goddard et al., 2000). Other possible intracellular Ca2+ stores in
plants include mitochondrna (Subbaiah et al., 1998), chloroplasts (Ettnger et al., 1999),

plastids (Bednarska and Butowt, 1995) and vesicles (Ladyzhenskaya et al., 1991).

3.1.4. Ca?+ during osmotic stress

The spectrum of stumuli that evoke changes in cytoplasmatic Ca?+ have been listed
in recent reviews (Sanders et al,, 1999, Knight and Knight, 2001). Abiotic stimuli
include light (with different qualities acting via different pathways; Baum et al., 1999,

Frohnmeyer et al,, 1999) cold shock (Knight et al., 1991; 1996), gravity (Gehring et al.,
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1990), light (Gehring et al., 1990), salinity or drought (Knight et al,, 1991; 1997), touch

(Knight et al., 1991; 1992) hypo-osmotic treatment {Taylor et al., 1996; Goddard et al,
2000), and wind (Knight et al,, 1992). Biotic stimuli include hormones such as ABA
(McAinsh et al,, 1990; 1992) and giberellin, fungal elicitors and Nod factors (reviewed
in Sanders et al,, 2002). In particular, Ca?+ is a well-established second messenger
during osmotic signalling in animal, yeast, algal and higher plant cells (Okazaki et al.,
1987; Rothstein and Mack, 1990; Oike et al., 1994; Tazawa et al., 1995; Batiza et al.,
1996; Takahashi et al., 1997; Altamirano et al,, 1998). Goddard et al. (2000) and Taylor
et al. (1996) have shown that osmotically-induced Ca?+ signals are necessary for
osmotic volume regulation in the Fuass zygote. The Ca2+ transient produced by hypo-
osmotic shock is restrited to the rhizoid cell of the two-celled embryo and propagates
as a wave of elevated Ca2* in response to large hypo-osmotic shcoks (Taylor et al.
1996). The size and duration of the hypo-osmotic Ca2+ transient in Fuas is graded
according to the severty of the shock The pattern of propagation of tthis hypo-
osmotically-induced Ca?+ wave was found to depend on the strengh of the stimulus
(Goddard et al., 2000). Mild or severe shocks generate separate apical Ca2+ elevations
and/or bi-directionally-propagating Ca2+ waves that initiate in the rhizoid peri-nuclear

region (Goddard et al.,, 2000).

3.1.5. Objectives

A close relationship between stress-induced Ca?+ signals and ROS production is
becoming increasingly clear from studies in both plant and animal cells. Both a Ca2+-
dependence of HO; production (Grant and Loake, 2000) and a modulation of plasma

membrane Ca?+ channels and cytosolic Ca?+ by HOz (Pei et al., 2000) have been

83



Chapter 3

demonstrated. However, essenual spatio-temporal data that would allow mechanistic

interpretations of the inter-dependence of Ca2+ and ROS signals is lacking. Therefore,

the specific objectives of this chapter were the following:

L To determine the spatio-temporal patterns of Ca2+ and ROS elevation in

Fucus rhizoid cells in response to hyper-osmotic stress.
II.  To determine the inter-dependence of Ca?+ and ROS signals.

III.  To determine the sequence of events involving ROS and Ca?+ during hyper-

osmotic stress.

3.2. METHODS

3.2.1. Embryo culture

Fuaus servatus embryos were cultured on glass coverslips fitted to the base of culture
di’shes in filtered seawater for 24 h in unidirectional light ar 16°C as described
previously (Goddard et al,, 2000). All experiments were performed using two-cell
embryos. Dishes were perfused during experiments on the stage of a Nikon Diaphot
300 inverted microscope with a gravity perfusion system that allowed rapid solution

changeover.
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3.2.2, Ca?+.;y measurements

3.2.2.1. C&* indicators

The visible light-excitable Ca?+ indicators used were Calcium Green-1-dextran (CG-
1) and Texas Red-dextran (TR). OG-1 exhibits an increase in fluorescence emission
intensity when bound to Ca?+, whereas TR does not change fluorescence intensity.
This property allows rauometric measurements of cellular Ca2+ changes during a stress
stimulus. These fluorescent dyes are attached to a dextran molecule (10 kD). Dextrans
are thought to have low toxicity and be biologically inert due to their poly-(o-D-1,6-
glucose) linkages which render them resistant to cleavage by most endogenous
enzymes. Dextran attachments prevent dye leakage across the plasma membrane and

compartmentalisation into organelles following microinjection into the cytosol (Berger

and Brownlee, 1993).

[Ca2+)eyr was measured in rhizoid cells using Calcium Green-dextran (10 kDa)
ratoed against Texas Red-dextran (10 kDa, Molecular Probes, Oregon, USA)
(Goddard et al., 2000). Images were acquired using a BioRad (Hemel Hampstead, UK)
1024 confocal microscope .equipped with a kryptor/argon laser (see section 3.2.3)).
Calcium Green and Texas Red were excited simultaneously at 488 nm (523 nm

emission) and 567 nm (605 emission) respectively.

3.2.2.2. Pressure microinjection

Dyes and buffers were dissolved to a final concentration of 1 mM in an artificial

intracellular solution (200 mM K, 10 mM HEPES, 550 mM mannitol, pH 7.0) and
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pressure microinjected (Taylor et al, 1996; Goddard et al., 2000) using pipettes

fabricated from 1.2 mm filamented borosilicate glass and dry bevelled (Taylor et al,
1996) before back filling. The micropipette was connected to a pressure microinjection
unit (Picoinjector PL1-100; Medical System Corp., Greenville, NY). Back pressure of
+20 kPa was applied to the pipette at all times to prevent any back filling by the
extracellular soluton (0.1-02 M sorbitol in artificial seawater). Embryos were
incubated in 0.1-0.2 M sorbitol to reduce internal turgor pressure during microinjection
and recovered in SW for >1h before measurements were taken. Zygotes were impaled
at 20 pm from the tp of the germinating rhizoid. After impalement, dye was
introduced with up to 4 pulses of 90 s in duraton at increasing pressure from 30 kPa
to 150 kPa. In some cells, the Ca?+ chelator Br.BAPTA (intracellular final
concentration 4 mM) was microinjected along with the Ca2+ dyes to buffer Ga?+cy
changes. Ca2+ dyes were injected to a final intracellular concentration of 10-50 uM.
Final concentration of dyes was estimated by comparing the fluorescence of
microinjected Texas Red with that of solutions containing known concentrations of

TR. It has been estimated that the microinjection procedure injected 1-5% of total cell

volume (Taylor et al. 1996).

Pressure microinjection of Ca2+ indicators has some potenual difficulties such as
temporary Ca2+ elevation with needle impalement and damage to the cell (Cobbold and
Rink, 1987) and the limited number of cells that can be microinjected. However, this
process allows controlled injection of dyes to specific regions of the cell and the use of

Ca2+ dyes attached to dextran molecules. The microinjection protocol used in the
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present study has been shown to have munimal disruption to the rhizoid growth

(Berger and Brownlee, 1993, Taylor et al., 1996, Goddard, 2001).

3.2.2.3. C&** dye calibration

Simultaneous fluorescence images were obtained from embryos microinjected with
CG-1 and the Ca?+ insensitive dye TR-dextran (10 kDa). Assuming that both dyes
distributed equally inside the cell, changes in the ration of CG-1 to TR fluorescence
values reflected changes in cytoplasmatic Ca2+ concentration and are independent of

factors such as dye distribution, cell thickness and photobleaching,.

» In utro calibration. /n utro calibrations were obtained from different Ca2+ buffer
solutions containing mixtures of 50 pM OG-1 and TR-dextrans. A calibration graph

LY

(Figure 3.1) gave values for cytoplasmatic Ca2+ levels.

Table 3.1. Conposition of buffered Ca2+ solutiors. Each contained 550 mM mannitol.

KOH was used to adjust pH (Tsien and Rink, 1980).

pCa [CaCl;] (mM) Ca?+ ligand [KCI] (mM) pH buffer pH
‘ (10mM)

5 5 NTA 90 TAPS 8.42

6 5 HEDTA 90 HEPES 7.70

7 5 EGTA 90 MOPS 7.29

8 5 EGTA 100 HEPES 7.80

» In ww calibration, The “Rain/Raax” method (Grynkiewicz et al., 1985) was used
for in ww calibrations (Figure 3.1). Embryos microinjected with CG-1 and TR-dextrans
(1 mM) were perfused with altering Ca?+ free artificial seawater (ASW, 0.1 mM EGTA)

and 50 mM Caz+-ASW to obtain Ruin/Raux. All solutions contained 100 mM
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ionomycin (Calbiochem, Nottingham, UK). For ratio values of a Ca?+dependent

signal against a Ca2+-independent signal calibrations were calculated as follows

(Grynkiewicz et al., 1985).
[Ca2*] =Ky . (R - Ruin) / (Rmax - R)

where R is the fluorescence ration, K4 of CG-1 is 190 nM; Ruin = CG/TR

fluorescence ration of Ca?+ free dye; Ruax = OG/'TR fluorescence ratio of Ca?+-bound

dye.

»Isometric resonance fluorescence. Different concentrations of CG-1-dextran and

TR-dextran were added to a set of Ca2+-buffer solution and imaged as before. The dye
concentration used affected the OG-1 to TR fluorescence ratios (Figure 3.1). This
phenomena is called isometric resonance fluorescence and has implications for the
estimates of cytoplasmatic Ca?+ concentrations using calibration curves based on

different concentrations of dye.

3.2.3. Imaging with CLSM

3.2.3.1 The CLSM unit

In CLSM a laser beam is passed through a x-y deflection mechanism, which s
the static beam into a scanning beam. This is focused to a small spot onto a fluorescent
specimen by an objective lens (Figure 3.2). Reflected light and emitted fluorescence
light 15 captured by the same objective and (after conversion into a static beam by the
x-y scanner device) fluorescent light is focused onto a photomultiplier tube (PMT) via

a dichroic mirror (beam splitter). A confocal pinhole aperture is placed in the front of
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the PMT in order that light coming from out of focus planes is largely blocked (Figure

3.2). This effect is also known as opucal sectioning since it permits the imaging of
separate axial slices within the specimen. The size of the pinhole determines how much
reduction of the out-of-focus information can be realised. As the laser scans the
specimen, the analogue light signal, detected by the PMT is converted into a digital
signal contnibuung to a pixel-based image displayed on a computer monitor. The plane
of focus is selected by a computer-controlled fine-stepping motor that moves the
objective up and down. A non-confocal transmitted light image can also be obtained

which is completely in register with the confocal fluorescence image.

3.2.3.2. Image analysis

Images were acquired using TIMECQOURSE software (BioRad) and CG-1 and TR
signals were ratioed using TIMECOURSE (BioRad). KALCIUM ANALYSE (Kinetic
Imaging, Liverpool, UK) software was used to quantify fluorescence in determined
areas of the zygote (apical, subapical, perinuclear). Cell volume changes were analysed
using transmitted light images obtained simultaneously with CG-1/TR fluorescent
images using the KONTRON 300 Image Analysis Package (Zeiss, Germany).

Representative images/ graphs for each of the experiments are shown.

3.2.4. Intracellular ROS measurements

ROS production was momtored as oxidation of 5-(and-6-)-chloromethyl-
2’7 'dichlorodihydrofluorescein  diacetate (CM-DCFH,-DA, Molecular Probes).
Different dye loading protocols were used to visualize preferentially either early

peripheral cytosolic ROS production or longer-term mitochondrial production. For
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visualisation of early ROS increases in both the cytosol and mitochondria, embryos

were incubated in 100 pM CM-DCFHx-DA in 1% ethanol for 20 min. Dye was
retained in the experimental solution throughout the expenment. For preferential
visualizaton of mitochondrial ROS production, cells were washed in seawater for 20
min prior 1o experiments. This removed dye from the cytosol, but not from the
mitochondnial compartment. Confocal images were obtained following excitation at
488 nm and emission monitored at 522 nm. Because CM-DCFH:-DA is a non-
ratiometric dye, changes in fluorescence due to decrease in cell volume during hyper-
osmotic shock were accounted for by simultaneously monitoring the fluorescence of
microinjected Texas Red dextran (see above). One representative image/graph for

each experiment is shown.

To estimate intracellular ROS production in non-stressed cells and during hyper-
osmotic shock, an i ww calibration protocol was used. First, an iz utn calibration
curve of fluorescence of droplets of CM-DCFH, (chemically hydrolyzed from CM-
DCFH;-DA as indicated by the manufacturer) mixed with known concentrations of
H:O; (calibration curve A, not shown) was constructed together with an # wro
calibration curve of fluorescence of droplets of various known concentrations of Texas
Red (calibranon curve B, not shown). Rhizoid cells were injected with equal
proportions of Texas Red-dextran and CM-DCFH>-DA. The average cellular
fluorescence of each dye was monitored before and after hyper-osmotic shock
treatment. The concentration of Texas Red, and thus concentration of DCFH was
determined from calibration curve B. Using calibration curve A, the intracellular total

ROS production that gave rise to the observed fluorescence was calculated.
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3.2.5, Mitochondna localisation

Mitochondria were localised following incubation with 0.1 puM MitoTracker Red for

30 min or 0.2 pM MitoTracker Green for 1 h 30 min. Mitochondrial membrane
potential was monitored using the lipophilic cationic probe tetramethylrhodamine ester

(TMRE, 0.1 uM for 5 min, Molecular Probes). Each dye was dissolved in 0.1% DMSO

in filtered seawater.

TMRE enters mitochondria in a membrane potential (A¥r)-dependent manner.
Mitochondnal accumulation of TMRE has been shown to cause quenching of
fluorescence, whereas mitochondnal depolarisation induces TMRE release from
mitochondna and a consequent increase in average cellular fluorescence (Boitier et al.,
1999; Zimmermann, 2000; Duchen, 2000). Changes in TMRE fluorescence have thus
been used 1o monitor mitochondnal membrane potenual changes n animal systems
(Zimmerman, 2000; Duchen 2000), and changes in mitochondrial membrane potential
are thought 1o reflect Ca2+ movements across the membrane of the organelle (Ducl;len
et al., 1998). TMRE fluorescence was monitored with the confocal microscope at 568
nm excitation and 605 nm emission. Cells loaded simultaneously with CM-DCFH:-DA
and MitoTracker Red or with X-rhod-FF (see below) and MitoTracker Green were
scanned at 488/568 nm (excitation wavelengths) and 522/605 nm (emuission

wavelengths).

3.2.6. Inhibitors

The mitochondnal uncoupler carbonylcyanide p-trifluoromethoxyphenyl-hydrazone

(FOCP, Sigma, Poole, UK) was dissolved in 0.1% DMSO and filtered seawater (final
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concentration 1 pM). The NADPH oxidase inhibitor diphenyleneiodonium (DPI,

Sigma) was dissolved in 0.1% DMSO to a final concentration of 10 uM in filtered
seawater. Cells were exposed to inhubitors for 1 h before the beginning of the
experiment, and inhibitors were also included in the perfusing solutions. The PLC
inhibitor U73122 or its inactive analogue U73343 were dissolved in 0.1% DMSO and
filtered seawater (final concentration 10 pM), and cells were pre-incubated for 2 h.

Catalase (Sigma) was used at a concentration of 450 units/ml.

3.2.7. Mitochondnial Ca2+

X-rhod-FF (Molecular Probes) was used to monitor mitochondnal Ca?+ changes. X-
Rhod-FF is a lower-affinity Ca2+ indicator fluorinated analogue of Rhod-2. Its Ca?+
dissociation constant (Kd) is 17 uM compared with 0.60 pM for rhod-2. Mitochondnia
have high capacity for Ca2+ uptake (Rizutto et al,, 2000) and therefore require low
affinity Ca2+ indicators to accurately measure Ca?+ changes. A cell-permeant AM ester
form was used. X-rhod-FF has a net positive charge, which facilitates its sequestration
inside mitochondria due to potential-driven uptake. Cells were loaded with 2 uM X-
rhod-FF AM (0.1% DMSO) for 1.5 h. The residual extracellular and cytosolic dye was
eliminated by washing in seawater for 2 h. The mitochondnal localization of the dye
was checked by co-loading the cells with MitoTracker Green. Channel cross-
contamination was also accounted for. Confocal images of X-rhod-FF fluorescence

were obtained at 568 nm (excitation) and 605 nm emission.
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3.2.8. Ins(1,4,5)Ps photorelease

Flash photolysis of photoactivable or “caged” compounds provides a means of
controlling the release - both spatially and temporally - of biologically acuve products
or other reagents of interest. Rhizoid cells were microinjected with caged Ins(1,4,5)Ps
(Calbiochem, Nottingham, UK), final intracellular concentration 10-50 pM, and a
mixture of Calcium Green and Texas Red dextran as described above. To monitor
ROS production, cells were injected wath Ins(1,4,5)P3 and Texas Red dextran (fin:ﬂ
intracellular concentration 10-50 uM), and then incubated with CM-DCFH,-DA as
described above. Photorelease was achieved with a pulsed nitrogen UV laser {10 ns
pulses, 20 Hz for 1 s; VSL337, Laser Science, Cambridge, USA) delivered via the
microscope objective and focused to an adjustable spot via a beam expander and
adjustable focusing lens (Goddard et al., 2000). Laser intensity was adjusted with a
diaphragm in the delivery optics to a level that caused photorelease of Ins(1,4,5)Ps but
did not by itself induce an oxidative burst. Control cells were microinjected only with
Texas Red-dextran, loaded with CM-DCFH,;-DA and exposed to identical laser

excitation.
3.2.9. Patch clamping

3.2.9.1. Laser microsurgery

In Fuos, removal of the cell wall to obtain access to the plasma membrane can be
obtained by enzyme digestion (Kloareg and Quatrano, 1987). However, this is
potentially damaging and polanity is lost. To overcome these problems, a technique has

been developed whereby a small section of the cell wall is removed using a fine-
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focused pulsed nitrogen laser (Taylor and Brownlee, 1992). The laser is focused to a

small spot by the objective. Small plasma membrane-bound sub-protoplasts can be
obtained by gentle mechanical pressure on the thallus cell (Figure 3.3, 3.4), and GQ
seals for patch clamp experiments can be obtained on the freshly released protoplast.
Laser derived protoplasts (spheroplasts) from the Fuas rhizoid have previously been
shown to be amenable to the patch clamp technique allowing the characterisation of
ton channels in the rhizoid plasma membrane (Taylor and Brownlee, 1992; Taylor et

al., 1996).

Zygotes were plasmolysed with artificial SW + 0.5-1 M sorbitol unut the plasma

membrane could be seen visibly shrinking from the cell wall at the rhizoid apex. Only

zygotes firmly attached to the coverslip base of the laser chamber were chosen for laser

Mmicrosurgery.

A pulsed nitrogen UV laser (VSL 337 Laser Science Inc., Cambridge, MA, USA)
was coupled to an inverted Nikon Diaphot microscope (Nikon, Tokyo, Japan) via the
epifluorescence port with beam expanding optics (Spindler and Hoyer, Gorungen,
Germany); Figure 3.3). The laser beam was introduced into the microscope via a
dichroic murror (No. 400DCLPO2, Omega Opucal, Bratleboro, VT, USA) in the
microscope filter cassette so that the beam filled the back focal plane of a x40

microscope objective (Nikon UV-fluor x40 numerial aperture 1.3). The UV beam was
focused to a spot <1 pm in adjusting the distance between the plano-concave and the

plano-convex lenses of the beam expander. When pulsed, the laser could be seen
etching the upper surface of the glass coverslip. Cells were viewed with a OCD camera

(TK-1280E, JVC, Japan) attached to the microscope. The location of the fixed laser
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beam was determined by etching a hole in the upper surface of the glass coverslip and

marking the position on the TV monitor (VM-14PSN(G), JVC, Japan). The
plasmolysed Fuas zygote was then moved into the fixed laser beam by manipulation of
the microscope stage. The laser was triggered remotely by a 12 V stimulator at a
frequency of 20 Hz. Typical pulse energy = 200 uJ with a pulse duration of 10 ns. Cell
wall perforation on average took 2-4 min. Once a clear hole could be visualised on the
cell wall, mechanical pressure with a patch pipette on the thallus cell was used to
control the extrusion of the protoplast (Figure 3.4). Protoplasts that did not show

smooth plasma membrane-bound cytoplasm were discarded.

3.2.9.2. Patch clamping

Cell-attached recordings were obtained from apical protoplasts by using
conventional patch clamp techniques (Taylor et al, 1996). The reference electrode
consisted of an Ag/AgCl pellet in a holder containing seawater and was connected to
the bath via a 3% agar bridge made up with artificial seawater. Patch pipettes were
fabricated from borosilicate glass (GC150TF, Clark, Pangbourne, UK) with a Narishige
pipette puller (P-833; Narishige, Tokyo, Japan). Electrodes were briefly dipped in
0.001% poly-lysine solution (Sigma) before back filling with ultra-filtered pipette
solution (30 mM CaCl; 30 mM Kl 10 mM Hepes pH 7.8). This simple treatment
enhanced seal formaton. Patch pipettes were connected via a pipette holder to the
head stage of a patch clamp amplifier (Axopatch 1D, Axon Instruments Foster City,
CA, USA). Slight positive pressure was applied to the pipette via a water-filled
manometer until the pipette was observed to touch the protoplast. Occasionally, gentle

suction (<0.5 kPa) was applied to promote seal formation. Seal formation was
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monitored by applying a 30 ms 2mV square pulse at low headstage gain. After a high

resistance seal (0.8 GQ in average) was formed, the headstage gain was increased to
resolve single channel currents. Bath solutions were exchanged (from filtered seawater
to 1 mM HzO: in filtered seawater and back to filtered seawater) through a gravity fed
inflow and suction outflow using a peristaltic system. Single channel recordings were
filtered at 2 kHz, digitised using a pulse code modulator (Medical Instruments) and
stored on video tape. Analysis of data was conducted off-line by sampling at 6 kHz
with an analogue-to-digital converter (Labmaster,” Axon Instruments) driven by a
personal computer and analysed with PCLAMP software {Axon Instruments). The
probability of opening (Popes) at any voltage was determined using all points histogram

(Bertl and Slayman, 1990) according to the formula
Popen = A1 +2A; ... +nAd/n(As + A1 + ... Ay),

Where Ao represents the area under baseline or the closed peak representing the
total time that all channels are closed, and Ay, Az to A, are the areas under the peaks

for each open level.

All points histograms were constructed from representauve segments of single
channel data. All points histograms were filtered by Gaussian functions with the

mean of each Gaussian peak representing the closed and subsequent open state.

Data presented are represemtative of 22 replicate experiments. Cell attached
patches were used to construct I/V curves in order to calculate the channel
conductance of the presumptive channel. Data were corrected for liquid junction

potentials (LJP, Barry and Lynch, 1991) which were calculated using Pclamp8 LJP
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calculation programme based on Barry and Lynch, 1991. LJP was found to be 10

mV for the present cell attached conditions, and was added to the membrane

potential as Vm = Vcell - Vpipette + LJP.

3.2.10. Electron microscopy

To confirm the mitochondrial localization of Mitotracker, embryos labelled with
Mitotracker Red or Mitotracker Green were fixed, embedded and sectioned for TEM
as described previously (Brownlee and Pulsford, 1988), but without osmium post-
fixation. Confocal fluorescence images of sections mounted on 3x1 mm slot grids (0.1-
0.5 pm) were acquired and sections were subsequently exposed to ostmium vapor from
a drop of osmium tetroxide in a closed Petri dish. They were then stained in 4%
methyl acetate and lead citrate and viewed with a Jeol 200 CX electron microscope.

This allowed direct identification of fluorescent cellular structures.

3.3. RESULTS

3.3.1. Hyper-osmotic stress and ROS production at the rhizoid apex

The fluorescent probe CM-DCFH:-DA was used to measure intracellular ROS
production by Fuos embryos. Oxidation of DCFH: by reactive oxygen species yields
the fluorescent DCF. Although the oxidizing agent is believed to be either *OH or
H;O; (Zhu et al., 1994), it is assumed that the main ROS reported is H:O: (Pei et al,
2000). In cells that were loaded with CM-DCFH,-DA to visualise both early cytosolic
and mitochondrial ROS production (see Material and Methods), hyper-osmotic

treatment (transfer from seawater to seawater + 2 M sorbitol) induced a fast (within a
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few seconds) peripheral production of ROS at the rhizoid cell apex, particularly

noticeable at sites of membrane-cell wall adhesions (Figure 3.5, n=10). After approx.
40 s ROS production was also detectable in more discrete areas in sub-apical cellular.
regions, becoming more evident after 120 s. The time course of the ROS production

clearly showed an earlier onset in the peripheral region compared with the sub-apical

region (Figure 3.6).
3.3.2. Hyper-osmotic stress and transient Ca2+., elevation

Hyper-osmotic treatment induced a transient cytosolic Ca2+ (Ca?+e) elevation in
thizoid cells within 10-12 s, coincident with a reduction in cell volume (Figure 3.7, 3.8;
n=10). This Ca?+c,; transient reached peak average cellular levels of 483 + 452 nM
within 10 s of the onset of the Ca?+ elevation before returning to resting levels over the
following 24-40 s. Confocal ratio images revealed that the hyper-osmotically-induced
Ca2+ transient initiated at a discrete location in the rhizoid apex, w;here the plasma
membrane remained attached to the cell wall duning cytoplasmatic shrinkage, and
propagated through the cell as a unidirectional wave with an estimated velocity of 15
um.s-!, reaching peak levels of at least 1 uM (Figure 3.7). Smaller excursions in restng
Ca?+ were also occasionally observed, occurring either spontaneously or in response to
return to seawater following hyper-osmotic treatment. In Figure 3.8 these are apparent
as a small decrease from 100 oM to 50 nM Ca?+y, at the beginning of the trace and
small transient increases following return to seawater. These small changes in resting

Ca?+ were probably related to growth or turgor regulation (Taylor et al., 1996).
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3.3.3. Hyper-osmotic stress and ROS production in discrete ceflular

C omparl:me nts

Hyper-osmotic treatment also elicited an increase in ROS production in discrete
intracellular compartments, monitored by DCF fluorescence in cells pre-incubated for
20 min in CM-DCFH,-DA and subsequently washed for 20 min (see material and
methods section). ROS started to increase within 120 s after hyper-osmotic treatment
(Figure 3.9, n=25), followed by a more rapid production after 800 s and reaching a
plateau after approximately 20 min. Although the time to onset of this component of
intracellular ROS production varied from 40-120 s, this always occurred after the peak,
Le., downstream of, the hyper-osmodcally-induced Ca?+ elevaton and the rapid
peripheral ROS production. By direct microinjection of CM-DCFH;-DA into cells we
were able to estimate the average cellular production of ROS during hyper-osmotic
treatment to be equivalent to approximately 0.05 mmoles of H;O; per liter of cell

volume per minute.

3.3.4. Localisation of the oxidative burst

Embryos that were co-labeled with the fluorescent mitochondrial probe
MitoTracker Red and CM-DCFH;-DA showed a clear localization of ROS production
to mitochondria but not to chloroplasts (Figure 3.10 A, n=7). TEM and confocal
fluorescence images of identical sections labelled with Mitotracker Red confirmed,
within the limits of resolution, the mitochondrial localization of the Mitotracker dye
(Figure 3.10 B). This revealed discrete regions of dye fluorescence corresponding to

groups of mitochondria. While the mitochondna were not all equally labelled with
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Mitotracker, dye fluorescence was not found in any other cell compartments.

Dissipation of the mitochondnal proton-motive force with 1 pM FOCP completely
abolished the hyper-osmotic shock-induced mitochondrial ROS production (Figure
3.11, n=5). This inhibiion was reversible (not shown), suggesting a specific

mitochondrial uncoupling and not a general cytotoxic effect.

3.3.5. Mitochondrial depolarisation and Ca2+n, elevation

Monitoring fluorescence of tetramethyl rhodamine ester (TMRE) as an indicator of
mitochondrial membrane potential (Aywm) suggested the occurrence of mitochondnal
depolanisation during hyper-osmotic shock (Figure 3.12, n=4), the time course of
which was similar to that of the corresponding transient Ca2+, elevation. The
mitochondrial Ca2+ reporter dye X-rhod-FF co-localized with MitoTracker Green in
dual labelling experiments (Figure 3.13), allowing changes in mitochondral Ca?+
(Ca2+y) to be monitored. An increase in Ca2+y, was apparent approximately 20 s after
hyper-osmotic treatment (Figure 3.13 A, B, n=15), i.e. closely following the peak of the

Ca?+¢y, transient.
3.3.6. Interdependence of Ca2+ and ROS production

3.3.6.1. C&* dependence of ROS production

In order to determine whether Ca2+.: elevation is essential for the mitochondrial
ROS production, the Ca?+ chelator Bz BAPTA was injected into the rhizoid cell.
Br:BAPTA has been shown to prevent osmotically-induced Ca?+ signals in Fuos

rhizoids (Taylor et al, 1996). BBAPTA abolished the hyper-osmotically-induced
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mitochondrial ROS production in the injected rhizoid cell but not in the adjacent non-

Br:BAPTA injected thallus cell (Figure 3.14, n=7). Thus, Ca?+*y elevation is a

necessary step for the mitochondrial ROS production.

The time course of early peripheral ROS production at the rhizoid apex was similar
to that of the onset of Ca?+.y elevation being detectable within a few seconds of hyper-
osmotic treatment. Unlike mitochondrial ROS elevation, early peripheral ROS
elevation was not inhibited in Br2BAPTA-injected cells (Figure 3.15 A, n=12),
indicating that it occurred independentdy or upstream of the Ca?*, wave. The
phospholipase C (PLQ) inhibitor U73122 blocked the hyper-osmotically-induced Ca2+
wave (Figure 3.16) and the mitochondrial ROS elevation (Figure 3.17) but did not
block the peripheral ROS production (Figure 3.15 B, n=7). Interestingly, a prolonged
elevation of ROS was observed in the rhizoid apex in the presence of U73122 (Figure
3.15 B). This contrasts with the more transient elevation of ROS in the rhizoid apex in
Br;BAPTA-buffered cells and may reflect the inability of U73122 to block a highly
localised plasma membrane influx component of Ca?+ elevation leading to elevation of
ROS in mitochondrnia near the cell apex. The inactive analog of U73122 (U73343) had

no effect on ROS production (Figure 3.15 B).

3.3.6.2. Dependence of Ca'* elevation on ROS production

The NADPH oxidase and peroxidase inhibitor diphenyleneiodonium (DPI) (Pugin
et al,, 1997; Frahry and Schopfer, 1998; Pei et al., 2000) brought about a complete
inhibition of both peripheral and mitochondrial ROS elevation and abolished the

Ca2+cy wave (Figure 3.16 and 3.17, n=8). This raises the likelihood that the peripheral
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ROS elevation resulted from extracellular production of ROS following the activity of

plasma membrane-associated NADPH oxidase, leading to diffusion of H:O; into the
cell. Interestingly, experiments showed that DPI decreases Ca?+. resting level from
values of 81.343.0 nM before to 53.146.3 nM after incubation in DPI (n=5). The
critical role of extracellular ROS production in initiating this cascade is further strongly
supported by the dramatic inhibition of both the intracellular ROS production (n=20)
and the Ca?+ wave (n=8) by the application of extracellular catalase (Figures 3.16, 3.17).
External application of H:O» produced a dose-dependent elevation of Ca2+,, (Figure
3.18, n=4 for each concentration) reaching peak CaZ, levels of 600 + 102 nM with 1
mM H;O,. However, in clear contrast to the hyper-osmotically-induced CaZ+y
transient, this did not propagate as a wave, occurring instead as a global CaZtc,
elevation spreading inwards from around the cell periphery. The Ca?*: elevation

induced by external H;Oz was transient, lasting for approximately 60 s.

3.3.6.3. C&*, elevation and mitochondrial ROS production

To determine whether Ca2+ elevation alone was sufficient for mitochondrial ROS
producton, caged Ins(1,4,5)P; was used to elevate Cal*.; in the absence of any
stmulus. Photorelease of Ins(1,4,5)P; caused an immediate elevation of Ca?+, (Figure
3.19 A) that lasted for up to 20 s (n=6). This Ca2+, elevation was sufficient to trigger a
mitochondnial ROS production in the absence of any other stimulus (Figure 3.19 B;
n=6). Significantly, the Ins(1,4,5)Ps-induced mitochondrial ROS production was not
inhibited by DPI (Figure 3.19 C, n=3) indicating that the total inhibitory effect of DPI
on the hyper-osmotic-induced ROS production and Ca?*c: wave resulted from the

specific inhibition of an upstream DPI-sensitive process.
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3.3.6.4. Cation channel activation by ROS

Single channel recordings from cell-attached membrane patches of laser-derived
spheroplasts from the rhizotd apex (Figure 3.20) consistently revealed the presence of
cation-permeable channels with identical properties to those previously charactenzed
as non-selective cation channels (Taylor et al., 1996), based on their conductance (28
pS) and reversal potential (-25 mV, assuming Ex of -50 mV, [K+]; = 200 mM, Taylor
et al, 1996) and spheroplast resting membrane potential of -60 mV (Berger and
Brownlee, 1995) (Figure 3.20 B). In 16 out of 22 patches containing this type of
channel activity, bath perfusion with 1 mM H;O; in seawater produced a significant
increase in channel activity. While the extent of channel activation varied from cell to
cell, in the experiment shown, open probability averaged 0.01 prior to FO; addition
and increased to 0.51 during the initial 10 s following H;O; perfusion. While opening
to only a single open current level was observed prior to HyO; treatment, 4 open levels
were apparent from the single channel trace and the associated amplitude histogram
following HyO; treaument (Figure 3.20). The effect of HyO; was vaniable but transient,
lasting between 10 and 30 s. This result is consistent with the transient nature of the

H,O»-induced Ca?+ elevation.

3.4. DISCUSSION

The results show a clear and essential interaction between Ca2+ and ROS in short-
term signalling in response to hyper-osmotic treatment. The velocity of propagation of
the hyper-osmotically-induced Ca?+ wave reported here (ca. 15 pm.s!) was similar to

that previously reported for hypo-osmotically-induced Ca?+ signals in Fuas rhizod
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cells (Goddard et al,, 2000). However, the pattern of propagation is different to that

reported for hypo-osmotic treatments, which generate separate apical Ca?+ elevations
and/or bi-directionally- propagating Ca?+ waves that initiate in the peti-nuclear region
depending on the strength of the stimulus (Goddard et al., 2000). The hyper-osmotic .
Ca?+ wave thus provided a consistent signal against which to compare the pauwerns of
ROS production in this signalling pathway. The hyper-osmotically-induced Ca2+ wave
and the early peripheral ROS production both localize to the rhizoid apex at sites of
adhesions between the plasma membrane and cell wall. However, while the Ca?+ wave
was dependent on the extracellular production of ROS, as indicated by the complete
inhibition of the Ca?+ wave by both DPI and extracellular application of catalase, the
early peripheral ROS production was independent of the Ca2+ elevation. A role for
ROS in spatial patterning of the Ca2+ wave was also indicated by the de-localized
elevation of Ca?+cy initiating from around the cell periphery in response to de-localized
external FbO; application. In addition, the rapid activation by H:O; of non-selective
plasma membrane cauon channels in cell-attached recordings strongly suggests that the
iutial action of external ROS production is mediated via Ca2+ influx through these
channels. The transient nature and rapid onset of both the HyOs-induced Ca?+cy
elevation and plasma membrane channel activation suggests that these two events are
closely linked. However, the more prolonged Ca?+ elevation associated with hyper-
osmotic treatment may require additional components that give rise to the propagating
Ca?+ wave. The involvement of intracellular Ca?+ release via the activation of PLC and
Ins(1,4,5)Ps is evident from the inhibitory effects of U73122. However, the steps that
lead from localised Ca2+ influx to the activation of Ca?+ release mechanism remain to

be determined in detail. It will also be important to determine whether the production
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of ROS at the growing rhizoid apex also underlies the Ca?+ gradient associated with

rhizoid germination and growth (Brownlee and Wood, 1986; Taylor et al., 1996; Pu
and Robinson, 1998). A role for HoO; on the maintenance of Ca2+ cellular homeostasis
is suggested by experiments that show a reduction in Ca?+ resting levels after
incubation in DPIL. The concentrations of H:O; that elicited elevations in cytosolic
Ca?* (0.1-1.0 mM) are comparable with those shown to cause Ca?* elevation and
increased Ca2+ current in stomatal guard cell protoplasts (Pei et al, 2000). The actual
H;O: concentrations at the plasma membrane achieved during hyper-osmotic
treatments are not known. While we have estimated an average cellular HO;
production rate of 0.05 mmoles I'! min!, the H;O; concentration at localised sites of

production are likely to be considerably higher than the uM range.

The mitochondnal membrane potential (Ayy) drives ATP synthesis and provides a
large driving force for divalent cation entry. Several studies have shown that when
challenged with high cytosolic Ca?+ the mitochondria can contnbute to Ca?+
homeostasis by providing an intracellular sink for Ca?+ (Rizzuto et al.,, 2000). The
increase in cellular TMRE fluorescence in response to hyper-osmotic shock is
consistent with the release of TMRE from the mitochondria in response to
mitochondrial depolarization, resulting in reduced dye quenching (Zimmerman, 2000).
X-rhod-FF was used as an indicator of Ca2+y,. This is an analogue version of rhod-2,
which has been used to monitor Ca2+y, in both animal and plant cells (Subbaiah et al,,
1998; Park et al, 2001). Its co-localization with Mitotracker in the present study
confirmed its mitochondrial localization in Fuas rhizoid cells. The onset of Ca?+n

elevation, coincident with the peak of the Ca?+. transient, ie. 20 s following the
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hyper-osmotic treatment suggests the occurrence of Ca2+ uptake by the mitochondria

following cytoplasmic Ca?+ elevation, consistent with a role for mitochondra in
buffening Ca?+,, shown in a variety of animal cell types (Rizzuto et al, 2000;

Zimmermann, 2000; Duchen, 2000}. Moreover, recent reports show that uptake of |
Ca?+ by mitochondria can have a powerful impact on cellular Ca?+ signaling (Duchen,
2000), affecting for instance the generation and propagation of Ins(1,4,5)Ps-triggered
Ca?+ waves (Zimmermann, 2000) and modulation of store-operated Ca?+ currents
(Hoth et al., 1997). So far, evidence for the role of mitochondna in spatio-temporal
Ca?+ signaling is largely lacking for plants or algae though mitochondna have been
shown to represent a source of Ca?+ for signals elicited in response to anoxia (Subbaiah
et al., 1998). It is clear from the present results that the onset of the increase in
mitochondrial ROS production is coincident with the declining phase of the transiemt
Cal*y elevauon, with the peak of the mitochondnal depolarisation and with the
elevation of Ca?+y following hyper-osmotic treatment. Moreover, the mitochondrial
ROS production shows an absolute dependence on Ca2+, elevation. In animal cells
mitochondria may incur Cat+-induced respiratory impairment in response to Ca?*
loading that may potentiate ROS production (Grijalba et al., 1999). The total abolition
of mitochondrial ROS production in Br;BAPTA-injected rhizoid cells indicates a
strong causal link between cytosolic Ca2+ elevation, mitochondrial Ca?+ uptake and

ROS production.

The hyper-osmotically-induced mitochondrial ROS production and Ca?+y, elevation
were sensitive to DPI. In contrast, Ca?+-induced mitochondrial ROS production

following photorelease of caged Ins(1,4,5)Ps was DPI-insensitive. Hyper-osmotically-
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induced mitochondrial ROS production therefore appears to require the activity of an

upstream DPI-sensitive process. Thus, an elevation of Ca?+ is necessary to induce
mitochondrial ROS production and is preceded by peripheral cytosolic elevation of
ROS, mnvolving an initial extracellular production of ROS probably through a NADPH

oxidase-like activity.

The results presented here indicate a sequence of events leading to mitochondnal
ROS production involving an initial localised extracellular production of ROS at the
level of the plasma membrane leading to Ca?+y elevation, Caz+ uptake by
mitochondria and mitochondrial ROS productuon. This is consistent with the
demonstration of ROS production in response to absisic acid in Anbidapsis stomatal
guard cells, which was shown to increase the activity of hyper-polarization dependent
Ca2+ channels in the plasma membrane leading 10 Ca2+c elevation (Pei et al., 2000).
That work showed a considerable delay (several minutes) between H:O; addition and
channel activation. The rapid onset of peripheral ROS production and Ca?+ elevation
reported here indicates a direct and rapid modulation by ROS of the pathways leading
to CaZ+ey, wave propagation, involving both Ca2+ influx channels and release of Ca2+
from intracellular stores in endoplasmatic reticulum-rich cellular regions in Fuaus
rhizoid cells (Taylor et al., 1996; Goddard et al., 2000). In animal systems, few reports
have clearly shown a direct activation of Ca?+-permeable channels by H:Oz. Some
reports show indirect evidence (mainly through pharmacological tools) for regulation
of cytoplasmatic Ca?+ by HO; (e.g. Wang and Joseph, 2000). Other reports indicate

that F;O; has a potent stimulatory effect on L-type Ca?* currents (Thomas et al,
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1998), and on non-selective cation channels (i et al,, 2002). A demonstration of the

direct effect of ROS at the single channel level was not found in the literature.

In summary, the present work shows that ROS production in response to hyper-osmotic

stress in embryonic cells of the alga Fucus comprises two distinct components (Figure 2.21

and 2.22). The first ROS component coincides closely with the origin of a Ca2* wave in

the peripheral cytosol at the growing cell apex, has an extracellular origin, and is necessary

for the Ca2* wave. Patch clamp experiments show that a non-selective cation channel is
stimulated by H,0,, and may underlie the initial cytosolic Ca®>" elevation. The spatio-
* temporal pattern of the Ca®” wave is thus determined by peripheral ROS production. The

second, later ROS component localises to the mitochondria and is a direct consequence of

the Ca2t wave. The findings presented here provide an insight to ROS/Ca?* signalling in
showing that localized extracellular ROS production is required for the spatial patterning

of a Ca2* signal.
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CHAPTER 4

DOWNSTREAM EFFECTS OF THE HYPER-OSMOTIC

STRESS-INDUCED OXIDATIVE BURST:

OSMOTIC ADAPTATION AND PROTEIN KINASE

ACTIVATION

109



4.1. INTRODUCTION

This chapter presents the results of a preliminary study on the involvement of cell
wall bromoperoxidase and‘ protein kinases activities during hyper-osmotic stress in the
Fuass embryo. These experiments were based on previous results regarding the
participation of ROS and Ca2+ in the signal transduction pathway during hyper-

osmotic stress (Chapter 3).

Because the early hyper-osmoticallyinduced ROS elevation was found to be
localised at the cell periphery (Chapter 3), the hypothesis was that H:O: produced by
the DPI-sensitive process could affect the activity of cell wall enzymes involved in
cross linking its components and therefore increase cell wall osmotic resistance. The
first part of the present chapter thus addresses the question whether the peripheral
oxidative burst after a hyper-osmotic stress i1s associated with cell wall strengthening

mechanisms in the Fuas rhizoid.

Phosphorylation cascades induced by osmotic stress have been identfied in animals,
plants, yeasts and bacteria. Upon osmotic stress in bacterial or yeast cells, an
osmosensor is activated which induces a MAPK cascade pathway (reviewed by Kuliz
and Burg, 1998; Hohmann et al,, 2002). The activation of MAPK pathways by cell
swelling has also been observed in mammals (Schliess et al., 1995). In plants a large
number of reports associate ROS production during stress to MAPK cascade
activation (e.g. Lingterink et al,, 1997; Lebrun-Garcia et al., 1998; Yuasa et al,, 2001).

The second part of this chapter presents the preliminary results of an investigation on
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the involvement of protein kinases, in particular MAPK, in the Fuos hyper-osmotic

stress response.
4.1.1. Hyper-osmotic stress and osmotic adaptation

4.1.1.1. Cell wall deposition in Fucus zygotes

The Fuas zygote exhibits tip growth similar to pollen tubes and root hairs. Polar
extension occurs by local vesicle fusion with the plasma membrane, process that adds
new plasma membrane and secretes cell wall precursors and enzymes at the growing
site (Steer and Steer, 1989). The nascent elongating wall must be flexible enough to
expand under the force of turgor but strong enough to withstand lysis. In Fuos
embryos, microtubules contribute to rhizoid up morphology (Kropf et al.,, 1990) and
both the F-actin cytoskeleton, which transport vesicles containing cell wall precursors,

and microtubules have been shown to regulate Fuas up growth (Kropf et al., 1990).

Eggs of fucoid brown algae have no cell wall, and following fertilisation the cell wall
synthesis begins immediately. Initially, the cell wall is deposited uniformly, but during
germination tp growth is initiated. The cell wall components and cytoskeleton of
fucoid zygotes have been well characterised: the cell wall contains polysaccharides
(alginic acid, fucans and cellulose), polyphenols and proteins (aboutr 5%,
Schoenwaelder and Wiencke 2000). Polyphenols, alginic acid and fucans are
synthesised in the Golgi, transported to the plasma membrane in vesicles and secreted
into the wall where they are stabilised and incorporated (Schoenwaelder and Wiencke,
2000). The highly sulphated fucan F2 s first deposited in the wall during the transition |

from diffuse growth (before polarisation) to tip polarised growth and is localised in the
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rhizoid tip (Brawley and Quatrano, 1978). Polyphenols are also deposited preferentially

into the rhizoid wall of germinated zygotes (Schoenwaelder and Wiencke, 2000).
Cellulose 1s synthesised 2 situ by a cellulose synthase complex in the plasma membrane
of the zygote (Peng and Jaffe, 1976). The microtubule cytoskeleton radiates out from
the perinuclear centrosomes and extents into the cortex of the cell (Bisgrove and
Kropf, 1998; Corellou and Brownlee, unpublished). A meshwork of F-actin is present
in the cortex, and localised patches of F-actin are believed to function in establishing

developmental polarity (Alessa and Kropf, 1999).

Recent studies on cell wall deposition during morphogenesis i Fuas embryos have
shown that cytoskeleton and deposition of cellulose are involved in generating cell wall
strength in growing zygotes. Cell wall strength has been shown to be dependent on F-
actin in the apical cytoplasm, and cellulose and sulphated fucans in the cell wall

(Bisgrove and Kropf, 2001).

4.1.1.2. Cell wall peroxidases and their functions in cell wall strengtbhening

Plants and bacteria contain haem-peroxidases that are capable of acting on a very
wide range of substrates (Halliwell and Gutteridge, 1999). Oxidations by peroxidases
can in almost all cases be represented by the following series of reactions, in which SHz

is the substrate (Halliwell and Gutteridge, 1999):
Peroxidase + H;O, =>Compound 1
Compound I + SH; =>Compound I + SH'

Compound II + SH; =>Peroxidase + SH"
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SH* + SH' =>S§ + SHs

Hydrogen peroxide removes two electrons to give compound I. Compound I1 is the
intermediary state of the enzyme. The substrate-derived radicals then undergo a
disproportionation reaction, one reducing the other to SH: and simultaneously

oxidizing itself to S.

Several investigations on higher plants have indicated a close relationship between
H:O; production at peripheral cell sites, cell wall strengthening and peroxidase activity
(e.g. Lin and Kao, 2001; Razem and Bernards, 2002). In higher plants, it has been
shown that H2O; localisation sites in the cell wall mirrors lignification sites (Olson and
Vamer, 1993; Ogawa et al, 1997). Lignification of plant cells involves the
polymenisation of phenols and occurs through a series of enzymatic steps starting with
a phenylalamine ammonia-lyase catalysed reaction to produce lignin precursors and
terrunating with a process that requires either HoOz and a cell-bound peroxidase
(Gross et al., 1977) to bring about polymerisation of the precursor units into lignin.
The requirement for H;O; and peroxidase for wound-induced suberization in potato
tubers has also been demonstrated - HoO, was found to be essenual for the oxidation
of polyphenols by cell wall peroxidases (Razam and Bemards, 2002). Studies with
onion cell walls showed that peroxidase-driven reactions decrease extensibility by
wncreasing the cross-linking reactions of several proteins and other polymers (Fry,
1986; Cordoba-Pedregosa et al., 1996; Schiitzendiibel et al, 2001). It has been
suggested that plant growth reduction is likely to result from cell wall stiffening
processes related to formation of cross-links among cell wall polymers by peroxidases

and related to increased levels of H:O; (Lin and Kao, 2001). In contrast, a recent study

113



Chapter 4
in maize seedlings suggests a role for ROS production and cell wall peroxidases in the

loosening of cell wall components to allow auxin-induced elongation (Schopfer et al,

2002).

A role for H,O» production in the activation of peroxidases is also reported in the
animal kingdom. Ovoperoxidase, an enzyme secreted by sea urchin eggs, caralysis the
formation of dityrosine residues in the fertilisation envelope. Fertilisation-envelope
formation is initiated by a Ca2+ elevation, which triggers exocytosis of granules. The
nascent envelope compounds cross-linking is catalysed by ovoperoxidase in a reaction
that requires extracellularly generated HyOz. This production of HzO; resembles the
mammalian neutrophils oxidative burst. (Heinecke and Shapiro, 1990).

4.1.13. Biochemistry and functions of baloperoxidases

Of particular importance for marine algae is the subclass of peroxidases known as
haloperoxidases. Haloperox.idases are a group of enzymes that are able to catalyse the
halogenation of organic compounds in the presence of halide ions (iodide, bromide
and chlonde) and H;O; (Butler, 1998). There are three distinct classes of these
enzymes which carry out their reactions by different mechanisms: those which have a
haem group, those which contain vanadium and those which contan no metals
(Litlechild, 1999). Within the class of vanadium-haloperoxidase enzymes, both
vanadium bromoperoxidase, which have been isolated from marne algae including
Fuas and Langnaria (De Boer et al,, 1986), and vanadium chloroperoxidases, isolated
from terrestrial fungi, have been identified (reviewed by Butler, 1998). Many
halogenated natural compounds have been isolated from marine algae, ranging from

volatile halogenated hydrocarbons (bromoform, chloroform, etc) to chiral halogenated
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terpenes, which have important anti-inflammatory, antumicrobial and pharmacological

properties. The haloperoxidases present in brown algae are thought to be involved in

the biosynthesis of these products (Butler, 1998).

Especially relevant for Fuos are the vanadium dependent bromoperoxidases (Jordan
and Vilter, 1991) that specifically catalyse the oxidation of bromide or iodide by H:O.

The general reaction mechanism of bromoperoxidases (BPO) can be described as:
Br + H;O; =>BrHO + OH
BrOH + Br + H* =>Br; + H:O

They were first isolated from Asaphylum nodossm (Weaver et al,, 1985}, and since
then from other algae including Fuas (De Boer et al,, 1986; Ohshiro et al.,, 1999).
Bromoperoxidases are involved in the biosynthesis of halogenated organic
compounds, which have various functions as intermediates in biosynthetic pathways,
hormones or 1n relation to defence mechanisms (Fenical, 1982; Niedlman et al., 1986;
Kupper et al, 1998). BPOs present in marine algae are also known to alleviate
oxidative stress imparted by the presence of HO, (Pedersen et al., 1996). For example,
BPO in the manne red algae Conalling pilulifera has the physiological funcuon of
producing bromoform to eliminate epiphytic organisms on its surface. In addition,
Ohsawa et al. (2001) suggested that BPO can act as a potent substitute for catalase as it
is used to efficiently eliminate H2O;. Other studies support this hypothesis, showing
that HoO; produced in green algae as a result of photosynthesis and respiration is
detoxified by BPO through bromination of organic substrates (Manley and Barbero,

2001).
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In addition to their role in defence mechanisms, haloperoxidases are thought to

mediate cross-linking of the cell wall of Fuas (Vreeland et al,, 1998). Phenolic cross
linking of alginates occurs in early cell wall formation in Fuas and peroxidases may be
involved in the catalysis of phenolic condensation onto alginate. In fact, polyphenols
are amongst the compounds that can act as substrates for BPO (Itoh et al., 1988). BPO
is present in both cytosolic and cell wall fractions of Landrnana sp. (Jordan et al., 1991).
BPO is also present in the mucilage that surrounds Fuas embryos and is thought to be

involved in adhesion to the substrate (reviewed by Vreeland et al., 1998).

4.1.2. MAPK cascades and hyper-osmotic stress

Mitogen-activated (MAP) protein kinases are well-conserved umiversal kinases
among eukaryotes. They are key regulators in a wide range of signal transduction
pathways that lead to a variety of responses, from cell cycle arrest and mating in
Saaharonyes cerevisae 1o proliferaton and differenuation in metazoans (reviewed by
English et al., 1999; Chen et al,, 2001). MAP kinases are acuvated through mulu-step
protein kinase cascades by dual phosphorylation on a tyrosine and threonine residue.
Pathways involving MAPK are induced in response to a broad range of sumuli, such as

growth factors, cytokines, hormones, irradiation, shear stress and osmotic shock.

4.12.1 MAPK pathways: activation modules inwoluving three kinases

The basic assembly of MAPK pathways is a three-component module well
conserved from yeast to humans. This includes three kinases that establish a sequential
activation pathway, and comprise a MAPK kinase kinase (MAPKKK), MAPK kinase

(MAPKK) and MAPK (Figure 4.1). The MAPKKK are serine/threonine kinases that
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when activated phosphorylate and activate the next kinase in the module (MAPKK).

The MAPKK are kinases that recognize and phosphorylate a Thr-X-Tyr (where X can
be different amino acids) motif in the activation loop of MAPK. MAPKs are the final
kinase in this three-component system and phosphorylate substrates on serine and

threonine residues.

The regulation mechanism of this phosphorylation pathway is highly dynamic
(Figure 4.1). In the MAPK signal transduction cascade, the active MAPK might allow
the activation of other protein kinases, catalyse the phosphorylation of cytoskeletal
components or activate transcripton factors once translocated to the nucleus
(reviewed by Xing et al, 2002). The cascades involve parallel or redundant
components, signal convergence and divergence, positive and negative regulatory
mechanisms and scaffold proteins. Figure 4.1 shows a summary of how MAPK may

function and be regulated in plants,

Why have MAPK modules evolved to comprise three kinases? MAPK must be
phosphorylated on both a threonine and tyrosine for their activation, a dual
phosphorylauen catalysed by a specific MAPKK. Very specific MAPKK and MAPK
combinations are found in a MAPK module. Specific MAPKK recognise the tertiary
structure of different MAPK, restricting their regulation of different MAPK subtypes.
In contrast, MAPKKK are able to associate with a range of different MAPKK-MAPK
combinations (Widmann et al., 1999). In mammalian cells there are more MAPKKK
than MAPK, and MAPKK are the fewest members of the three-component module.
The large number of MAPKKK allows for diversity of inputs from numerous stimuli

to feed into specific MAPK pathways. Some kinases that appear to be MAPKKK may
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regulate pathways not involving MAPK (such as direct regulation of NF-kB pathway}.

Thus, the regulation of MAPK pathways at the levei of MAPKKK may represent
branch points in regulation of signal pathways, at least in some cases (reviewed by
Widmann et al,, 1999; Garrington and Johnson, 1999). The diversity of regulatory
domains in different MAPKKK gives the family of MAPK modules the flexibility to
respond to a wide range of cellular sumuli. Emerging evidence indicates that the
specificity of MAPKKK interactions is achieved in part by the use of scaffolding or
anchoring proteins to co-ordinate MAPKKK binding to specific proteins for upstream
inputs as well as specific downstream MAPKK-MAPK complexes. Scaffolding of
multi-component regulatory systems is now recognised as an important mechanism for
controlling signal transduction pathways (Pawson and Scott, 1997; Raab and Rapp,

2002).

4.1.2.2. Osmotic stress signalling in plant cells via MAPK cascades

MAPK family is thought to have evolved relatively soon after the origin of
eukaryotes (Kultz and Burg, 1998). The fact that MAPK pathways transduce stress
signals in both mammalian and plant cells indicates that there is a high degree of
conservation between both types of organisms (Widmann et al., 1999). This hypothesis
is reinforced for example by the fact that antibodies raised against mammalian MAPK

(such as ERK 1, ERK?2) also recognize plant MAPK (Cazalé et al., 1999).

Changes 1n cell volume caused by osmotic stress are accompanied by modifications
in intracellular osmolyte concentration. Because cell volume and 10n regulations are not
instantaneous processes, osmotic stress may damage cellular macromolecules and

impair cell function until compensatory adaptations counteract the imposed stress. An
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efficient cellular signalling mechanism designed to respond and accommodate to these

osmotic changes is, thus, fundamental. In yeast, the HOG1 MAPK pathway is
activated in response to hyper-osmolarity and is responsible for increased production
of osmolytes, such as glycerol, that are important for osmotic adjustment (Hohmann,
2002). It is possible that similar pathways also exist in plants, as indicated by osmotic
stress activation of some MAPK pathway components. However, plant MAPK

cascade outputs are still unclear.

Stress such as drought, cold, wounding or pathogen attacks have been shown to
activate MAPK in several plant species and mediate the approprate defence or survival
mechanisms (see Table 4.3). Considerable progress has been made in understanding
plant MAPKSs, and various studies have demonstrated that MAPKs play a role in
several aspects of development (Wilson et al., 1997), cell division (Banno et al., 1993;
Calderini et al., 1998; Bogre et al., 1999), and the action of hormones, including auxin
(Mizoguchi et al., 1994), abscisic acid (Knetschet al,, 1996), gibberellic acid (Huttly and
Phillips, 1995), ethylene (Kieber et .al., 1993; Chang, 1996), salicylic acid (Zhang and
Klessig, 1997), and jasmonic acid (Seo et al,. 1995, 1999; Stratmann and Ryan, 1997).
These results suggest that growth and/or development in plants may also be
controlled, at least in part, by MAPK pathways. The increasing number of plant
MAPK pathways that are currently being analysed (see Table 4.3) indicates that plamt
MAPK pathways mediate many different aspects of plant physiology. In parucular,
recent evidence has shown that MAPK cascades are involved as transducers of
osmotic signals in plant cells and therefore important regulators in the adaptation to

osmotic stress (see Table 4.3).
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In plants, MAPK family is represented by a single subfamily (Kultz and Burg, 1998).

This subfamily belongs to the ERK (extracellular-signal- regulated kinases) subgroup,
hence the subfamily name is plant ERKs (PERKs). Several PERKs are strongly
activated by osmotic stress. In Medicago satiuz, drought activates MMK4, a PERK with a
relative molecular mass of 44 kDa (Jonak et al., 1996). Other PERKs activated by
osmotic stress include for example Arabidopsis thaliana ATMPK3 (Mizoguchi et al.,

1996) and Pisum satruz PsSMAPK (Popping et al,, 1996). This latter is able to rescue
yeast AHOG! mutants in hyper-osmotic medium suggesting a close functional

relationship between this PERK and a yeast stress-activated protein kinase (SAPK).

Parts of several MAPK modules that may be involved in osmotic stress signalling
have been identified in alfafa (SIMKK-SIMK, Kiergerl et al., 2000) and in tobacco
(NTMEK2-SIPK/WIPK, Yang et al., 2001; Zhang and Klessig, 2001). However, the in
uw funcuon during stress signalling has not been established for any of the plant
MAPK pathways. Osmotic stress can activate different MAPKSs at different times after
onset of stress and the activities of these MAPKSs also last for different time periods
(e.g. Mikolaczyk et al.,, 2000). Additionally, different levels of salt stress can activate
distinct MAPK (Munnik et al.,, 1999). Three protein kinases of 50, 75 and 80 kDa were
activated by hypo-osmotic stress in BY2 tobacco cells and were shown to be
dependent on upstream phosphorylation and Ca?+ transduction steps (Takahashi et al,,
1997). Activation of protein kinases by hyper-osmotic stress was also demonstrated for
suspension cultured tobacco cells (Cazalé et al., 1999; Hoyos and Zhang, 2000). Hoyos
and Zhang (2000) demonstrated that SIPK (stress induced protein kinase), a tobacco
MAPK, is activated by hyper-osmotic stress and the authors suggested that SIPK could

be the MAPK acting downstream of a plant osmosensor. In additon, they found a

120



Chapter 4
Ca?+ and ABA-independent 40 kDa kinase, HOSAK (high osmolarity stress activated

protein kinase) that is specifically activated by hyper-osmotic treatment.

Activation of protein kinases has also been shown in algal cells in response to
osmotic shock. In Lamprotharmraum, a Ca2+-dependent kinase is activated in response to
hypo-osmotic treatment (Yusa et al,, 1997). In the halotolerant green alga Drwnaliella
tertiolecta, osmotic stress activates LAP kinase and HAP kinase {(low- and high-pressure

activated protein kinases) (Yuasa and Muto, 1996).

Interestingly, Ca?+ 15 the second messenger inducing the activation of MAPK in
numerous animal cell types (reviewed by English et al,, 1999). Intracellular free Ca?+
elevation is required for activation of ERK1 and ERK2 by several stimuli, A specific
role for Ca?+ as an intermediate in MAPK cascades is also emerging for plant systems.
Romeis et al. (1999) demonstrated that Ca?+ influx is necessary for MAPK activation
upon fungal elicitor stimulation in tobacco cell cultures. Taylor et al. (2001) suggested a
stress signal transduction pathway during soya bean oxidative burst that links elicitor

stimulation, MAPK activation, Ca?+ entry and ROS production.

While the involvement of MAPK cascades in plant osmotic signalling has been well
studied, the exact positioning and dependence of MAPK activation in relation to ROS
production and Ca2* dynamics is still not clear, and some differences between studies
(probably related to plant species or stress applied) is evident (e.g, Yuasa et al. 2001;

Desikan et al.,, 2001).
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Table 4.1. Exanples of MA PK pathrwnys doring stress in seweral plart systens.

MAPK Treatment Species Notes Reference
50 kDa Hypo-osmotic tobacco  Activation depended on Caz+  Cazale eral,, 1999
46 kDa influx. Activation downstream
of oxidative burst
48 kD (SIPK) Nad tobacco  Activation is Ca?* and ABA  Hoyos and Zhang,
40 kDa independent 2000
(HOSAK)
40 kDa Hypo and hyper-  Diouliella Yuasa and Muto,
(LAPK) osmotic 1996
40 kDa
(HAPK)
ATMPKé6 ROS A rabidgpsis Acuvation by H:O, Yuasa et al,, 2001
SIMK (46 Hyper-osmortic alfafa 46 kDa is nuclear Munnik et al.,, 1999
KDa) 38 kDa for extreme hyper-
38 kDa OSMOtIC Stress
MMK4 (44  Cold, drought alfafa Activation is ABA Jonak et al, 1996
kDa) independent
AtMPK 4, Low Arabidapsis Ichimura et al., 2000
AtMPK 6 temperature,
touch,
wounding, low
humidity, hyper-
OSINOUC Stress
OsMAPK2 Low temperature rice Huang et al.,, 2002
45 kDa hydration tobacco Developmentally regulated Wilson et al., 1997
44 kDa auxin A rabidopsis Mockartis and
| Howell, 2000
AMBP (45 ABA P. satiuum Bume et al., 2000
kDa)
47 kDa Auxin, cytosolic  tobacco Cyroplasmauc acidificaton  Tena and Renaudin,
acidification and not auxin induce 1998
activation of MAPK
SIPK (46 Ozone/ROS tobacco  Ca?+ dependent, downstream  Sarnuel et al., 2000
kDa) of ROS
AMPK 4 Harpin, H:O:  Anbidgpsis  HoO, activates only AIMPK6;  Desikan et al., 2001
AtMPK6 activation independent of
oxidative burst (sufficient, not
necessary)
44 kDa, 47 OGA, hypo- soyabean 47 kD =>Ca?r fromintemal  Taylor et al,, 2001
kDa 0SMmOLIC stress, stores =>44kD =>ROS
fungal extract
SIPK (48 Tobacco mosaic  tobacco  WIPK activation depends on ~ Zhang and Klessig,
kDa) virus disease resistance gene N 1998a
WIPK
SIPK (48 Fungal elicitors ~ tobacco Necessary for PAL gene Zhang and Klessig,
kDa) activation 1998b
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48 kDa

Wounding, tomato Stratmann and
systemin, Rayan, 1997
polygalacturonic
acid, chitosan
49 kDa PA Ghure SIMK-like; PA related to Lee et al.,, 2001
max wound signalling
AtMPK6 Fungal, bacteria A rabudopsis  Activation simultaneous with ~ Nuhse et al,, 2000
and plant medium alkalinisation
elicitors :
48 kDa Fungal elicitors ~ tobacco Activation upstream of Zhang et al., 1998
medium alkalinisation and
PAL acuvation
39 kDa, 44 harpin Arabidopsis  MAPK involved in defence  Desikan et al,, 1999
kDa gene expression and apoptosis
39 kDa, 41 Senescence, maize Berberich et-al.,
kDa,45kDa  recovery from 1999
(ZmMPK35) cold stress
ERMK (45 Fungal elicitor parsley Activation independentor  Ligtenink et al,, 1997
kDa}) upstream of ROS
Ion channel activation
dependent
ANP1 H,O, A rabidopsis H:O; induces ANP1 and Kovtun et al., 2000
(MEK), further MAPK cascade
AMPK3, MAPK cascade induces stress
AIMPK6 responsive genes
SIMK (46 Yeast elicitor alfafa MMK3 activated during Cardinale et al.,
kDa), MItoSIS 2000
MMK3,
MMK2 (44
kDa), SAMK,
50 kDa, 46 cryptogein tobacco Independent of ROS, Lebrun-Garcia et al,
kDa dependent of Ca2+ 1998
48 kDa ROS A rabidopsis MAPK involved in gene Grant et al,, 2000
activation in response to
redox cues
MMK3 metaphase Mediagp  MMK3 involved in cellcycle  Bogre et al., 1999
regulation

4.1.3.0Objectives

The specific objective of this preliminary work was to investigate if bromoperoxidases
in Fuas embryos have a role in HoO; detoxification during hyper-osmotic stress and to
ascertain if BPO and H;O: can have a function in increasing cell wall strength, thus

protecting the cells against further osmotic shocks. In addition, this chapter describes
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an introductory study on the involvement of protein kinases, in particular MAPK

cascades, during Fuas embryo response to hyper-osmotic stress. In particular, the
positiomung of MAPK in relation to other cnitical cellular events (Ca?+ elevation and

ROS production) in the stress-signalling pathway was analysed.

4.2. MATERIAL AND METHODS

4.2.1. Preparation of Fucus protein extracts

Fuas sprralis embryos were occasionally used because of availability in higher
quantities than F. sematus. Moreover, F. spiralis were found to produce less
polysaccharides during gamete release, making protein extracton easier. Because F.
spiralis is a higher-intertidal shore species, therefore more adapted to osmotic stress
changes, it was decided to use 3 M sorbitol as hyper-osmotic treatment. 3 M was
chosen based on the strength of the osmotic solution that produced a decrease in cell

volume upon stress comparable to the 2 M with F. seratuss (not showny).

Embryos were cultured on plastic Petri dishes filled with 100 ml of filtered seawater
in unidirectional light at 16°C. At the 2-cell stage, cells were treated with hyper-osmotc
solution (seawater + 3 M sorbitol). At various times after stress and during recovery in
seawater, cells were harvested by removing the liquid and scraping the embryos off the
plate with a razor blade. Matenal was collected in eppendorf tubes. Seawater was
further removed by centnfuging the eppendorfs for a few seconds and aspirating the

remaining liquid. Material was then frozen in liquid nitrogen and stored at -80°C.

Protein extracts from treated cells were prepared using a modified protocol from

Corellou et al. (2000). All steps were performed at 4°C. To prepare extracts from
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treated cells, material was ground with mortar and pestle under liquid nitrogen, and

muxed (vortex cycles) with 1.6 ml of extraction buffer (60 mM B-glycerophosphate, 15
mM nitrophenylphosphate, 25 mM MOPS pH 7.2, 1 mM phenylphosphate, 15 mM
EGTA, 2 mM dithiothreitol (DTT), 15 mM MgCl,, 1 mM Na3;VOy, 1 mM NaF, 1 mM
leupeptine, 1 mM aprotinin, 10 pg/ml SBTI, 100 pM benzamidine, 0.25 mg/ml
Pefablock, 1% PVPP, 0.5% NP40) until cells were well disrupted. Matenal was then
centrifuged at 10 000 g for 10 min and supernatants were collected in clean tubes.
Proteins were concentrated using Centricon® and Microcon® centrifugal filter units

(Millipore, Bedford, MA, USA) according to manufacturers guidelines.

4.2.2. Preparation of BPO protein extracts (improvement of the protein

extraction method)

Fuoss serratus embryos were grown on Petri dishes as described in 4.2.1. At 24 h AF
they were submitted to hyper-osmotic stress (2 M sorbitol) and matenal was collected
at different times (1 min, 5 min, 15 min 30 min after stress and after 1 h recovery in
filtered seawater) as described above and frozen at -80°C. This new modified protocol
permitted the use of F. sematis as it allowed the removal of excess polysacchande

mucous produced by this species.

Extraction buffer (15 mM EGTA, 20 mM K, 15 mM MgCl,, 1% NP40, 2 mM
PMSF, 1 mM leupeptine, 1 mM aprotinin) and a small quantity of sand were added to
the samples, followed by quick vortex cycles. Extraction was then continued for 30
min at room temperature under agitation. Samples were then quickly frozen in liquid

nitrogen and unfrozen at 25°C, and left for 2 h at 4°C under agitation. Cells were
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broken by sonication followed by centrifugation at 10 000g 10 min at 4°C. This

extraction procedure was repeated on the pellet to increase protein yield. PVPP was
then added to the supernatant to eliminate polyphenols, under agitation at 4°C for 30
mun, followed by centrifugation at 10 000g at 4°C for 15 min. 100 mM CaCl; was
added to the supernatant to eliminate sugars, and left under agitation at 4°C for 1 h.
Samples were centrifugation (10 000g, 4°C during 15 min) and supernatant precipitated
with 3 volumes of acetone for 2 h at -20°C. After centnfugation (13 000g, 4°C during
15 min) the pellet was re-suspended in 50 mM Tnis buffer pHY. 10 mM Na;VOs was

added to restore the activity of the BPO (Jordan et al., 1991).

Protein content was quantified using Bradford assay (BioRad, Hercules, CA, USA).
Denaturing loading buffer (100 mM Trs HO pH 6.8, 10% glycerol, 2% SDS, 0.1%
bromophenol blue) was added, and extracts were loaded (same quantty of protein in
each well) on SDS-PAGE 10% gels and run at 80 mV. Prestained markers (BioRad)

were run paralle] to the samples.

After electrophoresis, protein activity was restored in a renaturauon buffer (Tns-
glycine buffer pH 7.5 0.1% NP40) for at least 2 h with 4 changes of bath at 4°C. Data

shown are representative of three replicate experiments.

4.2.3. Detection of bromoperoxidase activity

Detection of bromperoxidase activity was performed as described by Jordan et al,
1991. The method of detection is based on the oxidation of a substrate (o-dianosidine)
by bromoperoxidases and HxO: in the presence of halide ions (Br or I'). After

electrophoresis, gels were incubated for 1 h in solution 1 (1 mM o-dianosidine and 10
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mM KI in 100 mM phosphate buffer pH 7.4) under constant agitation at room

temperature in the dark. Gels were then transferred to solution 2 (10 mM H:0;) under
agitation in the dark. Brown bands corresponding to BPO activity develop in few

minutes.

4.2.4. Immunobloting using anti-BPO

Polyclonal antibodies raised against A saphyllum nodosum bromoperoxidase (anu- A.
n. I antubody), a kind gift from Hans Viler, Institute for Pharmaceutical Biology,
University of Bonn, Germany, were used to recogmze BPO in Fuas embryo protein
extracts (Jordan and Vilter, 1990). Extracts were boiled for 10 min at 95°C and
proteins were resolved on a 10% SDS-polyacrylamide denaturing gel and
electrotransfered (0.025 M Tns and 0.192 M glycine) onto a PVDF membrane
(Gelman, Ann Harbour, MI, USA). Proteins were stained with Ponceau Red to check
the homogeneity of the transfer. Tris buffered saline 0.1% Tween (TBS) was used
dunng all the further procedures. Membranes were blocked in TBS containing 5%
skimmed milk and then incubated overnight at 4°C with the first antibody (ant-BPO)
at 1:600 dilution. After extensive washing with TBS, proteins of interest were detected
using ECF Western Blotting Kit (Amersham Pharmacia). The membranes were
incubated in the secondary antubody (anti-rabbit fluorescein linked immunoglobulin
1:1000) in an orbital shaker for 1 h. Membranes were washed 3x with TBS, and then
the signal was amplified by incubating membranes for 1 h in the anu-fluorescein
alkaline phosphatase conjugate (1:2500) in an orbital shaker at room temperature. After
washing 3x with TBS, membranes were incubated 10 min with the ECF substrate, at

room temperature in the dark. Excess detection reagent was drained off and blots were

127



Caaper 4

placed in absorbing paper (3MM, Whatman) for 20 min before scanmng using a Storm

840 scanner (Molecular Dynamics Inc., Sunnyvale, CA, USA).

4.2.5. Cell wall strength experiments

Fuais serratus zygotes were grown in small plastuc Petn dishes unul 24 h-old.
Treatments were carried out as described in Table 4.1 and 4.2. For each of the three
replicate cultures, 100 embryos were counted, and results are representative of 2
independent experiments. Cell wall strength was measured by the capacity to withstand

a hypo-osmotic shock (50% seawater) (Taylor et al., 1996; Bisgrove and Kropf, 2001).

4.2.6. In-gel kinase activity assay

In-gel kinase activity assays were performed using an adapted protocol from Zhang
and Klessig (1997). Extracts from equal quantities of cells (60-80 pl of 1-2 mg/ml
protein extracts) were electrophoresed on 10% (w/v) SDS-polyacrylamide gels with the
kinase substrate myelin basic protein (MBP, Sigma, 0.25 mg/ml) embedded in the
separating gel. Proteins were renaturated after electrophoresis by removing SDS with3x
30 min washes with washing buffer (25 mM Tns pH 7.5, 0.5 mM DTT, 0.1 mM
Na3VOy, 5 mM NaF, 0.5 mg/ml BSA, 0.1% Trton X-100) at room temperature. This
was followed by incubation in renaturation buffer (25 mM Tns pH 7.5, 1 mM DTT,
0.1 mM Na;VOy, 5 mM NaF) at 4°C overnight with three changes of buffer. The gel
was first equilibrated at room temperature in reaction buffer (25 mM Tris pH 7.5, 2
mM EGTA, 12 mM MgCl, 1 mM DTT, 0.1 mM Na3;VOs) and the reacuon was
started by addition of ATP (90 uM cold ATP and 50 pG y-32P-ATP) for 60 mun at

30°C. The reaction was stopped by transferning the gel into 5% trichloroacetic acid (50-
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ml/l) / 1% sodium pyrophosphate (10 g/l) and the gel was washed unul no

radioactivity was detected in the solution (5 x 30 min approximately). Gels were then
dried and analysed with a Phosphorimager (Molecular Dynamics, Sunnyvale, CA,
USA). Phosphorylation of substrate protein was quantified using ImageQuant

(Molecular Dynamics).

4.2.7. Immunoblotting with anti-ERK

Proteins were resolved on a 10 or 12% SDS-polyacrylamide denaturing gel and
electrotransfered (0.025 M Tnis and 0.192 M glycine) onto a nitrocellulose membrane
(Amersham Life Science, Buckingamshire, UK). Proteins were stained with Ponceau
Red to check the homogeneity of the transfer. Tris buffered saline 0.1% Tween (TBS)
was used during all the procedures. Membranes were blocked in TBS containing 5%
skimmed milk and then incubated overnight at 4°C with the first anubody. A range of
primary anti-MAPK antibodies was used to assess sensitivity and specificity of the

reactions.

Anu-MAPK (ERK 1, ERK-2):

Saurce: rabbit
Invunogen: a synthetic peptide cotresponding to amino acids 317-339 denved
from sub-domain XI of human MAPK (ERK1).
Noates: By immunoblotting, this antibody reacts with ERK1 and ERK2
Forns used in the present study:.
Unconjugated (M5670, Sigma) (whole serurn) at a 1/8000 dilution

- Agarose conjugate (A3960, Sigma). Prepared using IgG fraction of M5670.
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Anti-MAPK (ERK1) (M7927, Sigma):

Source: rabbit

Immumoger: A synthetic peptide corresponding to amino acids 351-368 of human
ERK 1. IgG fraction of anuserum.

Naes: By immunoblotting, the antibody reacts with ERK1 and ERK?2. Dilution:

1:5000.

Monoclonal antu-MAPK activated {diphosphorvlated ERK 1, ERK-2):

Souree: mouse
Inmmmvrogers: a synthetic peptide corresponding to the phosphorylated form of ERK-
activation loop.
Forns used in the present study.
- unconjugated (M8159, Sigma) at 1:10000 dilution
Control blots were performed which consisted in incubating the membranes only in

the secondary antibody to ensure specificity of reaction (not shown).

The membranes were washed 3 times in TBS and incubated in the secondary antibody
(goat anurrabbit IgG coupled to horseradish peroxidase, BioRad Laboratories
Hercules, California). After extensive washing with TBS, proteins of interest were
detected using enhanced chemiluminescence (ECL, Amersham) or alkaline
phosphatase reagents when appropriate after exposure on an autoradiography film

Hyperfilm MP (Amersham).

ERK sequence alignment was performed using the program Clustal W (version
1.81) Multiple Sequence Alignment (Thompson et al,, 1994). ERK sequences access

number were: ERK1 - XP055766; ERK2 - NP620407 and ERK5 - U25278.
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4.2.8. Immunoprecipitation and iz uitro assay of MAPK activity

All procedure steps were performed at 2-8°C. anti-ERK 1,2 antibody coupled to
agarose beads (A3960, Sigma) was diluted (1:6) in HNTG buffer (20 mM HEPES pH
7.5, 150 mM NaC with 0.1% (w/'v) Triton X-100, 10% (w/v) glycerol). Protein extract
(1.6 ml) was incubated with 140 pl of the antibody at 4°C during 1.5 h with agitation.
Agarose bead-protein complexes were washed 4x (centrifugation at 4000g 1 min 4°C)
with HNTG with 1:1000 Pefablock. 20 uL of buffer K (60 mM B-glycerophosphate,
30 mM nitrophenylphosphate, 25 mM MOPS pH 7.5, 5 mM EGTA, 15 mM Mg(l;, 1

mM DTT, 0.1 mM vanadate), 5 uL MBP (6 mg/ml), 90 uM of cold ATP (stock 0.1 M

at -20°C) and 0.2-04 pL 3P ATP (2-4 pCi) were incubated at 30°C for 30 min and
then vortexed every 3 min to re-suspend the beads and improve the reaction. 4x
Laemmli buffer elution of the bead complex was added and boiled at 100°C during 10
min. MBP was resolved on a 15% separating gel. The gel was dried and analysed using
Phosphonmager (Molecular Dynamics). Quantification of the relative kinase activities

was performed using ImageQuant (Molecular Dynamics).

4.2.9. Inhibitors

Apigenin (Calbiochem) was dissolved in 0.1% DMSO to a final concentration of 10
pM 1n filtered seawater. Staurosporine (Sigma) was also dissolved in 0.1% DMSO to a
final concentration of 1 puM in filtered seawater. For confocal laser scanning
microscopy experiments (see Chapter 3) cells were pre-incubated in the inhibitors for 1

h before the beginning of the experiment, and the inhibitors were present in the

perfused hyper-osmotic solution.
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4.2.10. Confocal laser scanning microscopy

CM-DCFH:-DA and Ca?+ labelling methods are described in detail in Chapter 3.

4.3. RESULTS

4.3.1. Peripheral ROS production and osmotic adaptation

Experiments were carried out to test cell wall resistance to osmotic shock in control
and pre-treated embryos. Hypo-osmotic shock (from seawater to 50% seawater)
caused a significant proportion (25%) of rhizoid cells to rupture in control embryos
(Table 4.2). However, hyper-osmotic pre-treatment rendered embryos more tolerant to
osmotic bursting in response to subsequent hypo-osmotic shock (Table 4.2, 4.3).
Moreover, pre-treatment of embryos with 100 uM or 500 uM H,O; also induced an
increase in resistance to hypo-osmotic shock. DPI completely abolished the hyper-
osmotic stress-induced osmotic adaptation. In contrast, treatment with the PLC

inhibitor U73122 did not affect the acquisition of osmotic resistance.
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Table 4.2. Resistance to bypo-asmotic shodk in pre-treated and corwvol 24 b dld embryss.

“Pre-treatment “Rhizoid cell bursting in response to
subsequent hypo-osmotic shock (% of control)
Control (no pre-treatment) 100
*Sorbitol 2 M 13.5
Sorbitol 2 M+ U73122 19.2
Sorbitol 2 M + U73443 23.1
Sorbitol + DPI 101.9
Dr1 100.7
‘100 uM H, G, 30.8
100 uM H,0, + U73122 36.5
100 uM H,0, + U73343 385
" 500 WM H,0, 23.1
500 uM H,O,+ U73122 23.1
500 uM H,0,+ U73343 327
‘BPO 100 units/ ml 0
*BPO 500 units/ ml 0

1 Pre-treatments were given 1 h prior to a hypo-osmotic shock (50% seawater).
b Sorbitol pre-treatment was given for 30 min.
< HO; and U73122/U73343 were applied for 2 min (pre-treatment with U73122/U73343 for 2 h).

d A minimum of 100 embryos were counted per replicate. Bursting was recorded 5 min after hypo-
osmotic shock. Values represent the average of 3 replicates and are representative of 2 independent
experiments,

e Cells were incubated in BPO (purified extract dissolved in seawater) for 16 h (since 6 h AF). At
BPQ 500 units/ ml 40% of the cells died, so the counung was performed in the surviving ones.
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Table 4.3. Resistare to bypo-asmotic shock in pre-treated and aortral 48 b dd enbryos

* Pre-treatment 4Rhizoid cell bursting in response to
subsequent hypo-osmotic shock (% of control)
Control (no pre-treatment) 100
*Sorbitol 2 M 333
Sorbitol + DPI 106.8
DPIfor1lh 105.4
100 pM H,O, 12.1
500 uM H,0, 212
*BPO 100 units/ml 0
*BPO 500 units/ml 0

2 Pre-treatments were given to 48 h-old zygotes, 1 h prior to the hypo-osmouc shock (50%

seawater).
b Sorbitol pre-treatment was given for 30 min.
¢ H:O; was applied for 2 min.

4 A minimum of 100 embryos were counted per replicate. Bursting was recorded 5 min following
hypo-osmotic shock. Values represent the average of 3 replicates and are representatve of 2

independent experiments.

¢ Cells were incubated in BPO for 24 h.

4.3.2. Bromoperoxidases and cell wall resistance

Table 4.2 and 4.3 show a dramatic effect of BPO in the acquisition of cell wall
resistance to osmotic shock Because BPO treatment in very young cells (6 h old) did
not allow them to completely form a normal rhizoid cell (they germunated and divided
but did not form an elongated rhizoid as the control cells}, experiments were also
performed in a later stage, ie., at 24 h old, to be sure that the observed cell wall
strengthening was not a matter of cell geometry. So, experiments were performed in

which cells were continually incubated in BPO from 24 h AF and subsequent osmotic
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resistance tests were made at 48 h AF. Table 4.3 shows the result of this experiment.

Although some differences were observed in the percentage of bursting between 24 h
old and 48 h old embryos (for example sorbitol 2 M pre-treatment induced more cell
wall resistance in younger embryos), the general trend is consistent: sorbitol or H,O,
pre-treatment rendered embryos which resist better 1o subsequent hypo-osmotic
shock. Although in young embryos BPO had some toxic effect at 500 units/ml
(approximately 40% cell death) the cells that survived acquired very high osmotic
resistance at all ages tested. Furthermore, continuous incubation in the presence of

BPO considerably diminished rhizoid elongation (Figure 4.2).

4.3.3. BPO in-gel activity

To determine whether BPO activity changed after hyper-osmotic stress, an in-gel

BPO activity assay was performed. Two protocols of protein extraction were tested:

The first one has been used for Fuos general protein extraction (Corellou et al,
2000a; 2000b). Using this protocol, native gel electrophoresis was performed to check
changes in the activity of BPO. Five replicate experiments were performed, but
problems with reproducibility of results were found. The crude extracts were very
umpure, with large amounts of polysacchandes, pigments and phenolic compounds

that potentially interfered with the BPO acuvity detection.

Due to the problems found using the above protocol, a new extraction method was
developed. The method is based on the fact that peroxidases, in particular
bromoperoxidases, are highly resistant to conditions that cause inacuvation of other

proteins. For example, Laninaria sp. vanadium-dependent haloperoxidases are very
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stable in the range 25-50°C, and an enhanced activity is observed at 40°C (Almeida et

al, 2001). The extraction method used in combination with electrophoresis in
denaturing conditions (which allowed determination of the size of the proteins)
rendered gels more consistent and reproducible, and in which the activity of BPO

could be further restored and qualitatively measured.

Figure 4.3 shows an activity gel assay based on protein fractionating by SDS- PAGE
followed by regeneration of the BPO activity. This gel is representative of three
independent replicates. Three bands with very close high molecular weighs
(approximately 200 kDa) could be observed. The two lower bands seemed to be more
intense after 5 min of hyper-osmotic treatment, and the intensity decreased 15 min

after stress.

An inww BPO staining method using o-dianosidine (Fast Blue salts, Sigma) was also
assayed. Because of the high quanurty of Fuos embryos brown pigments, problems of
accurate visualisation of the staining were found. Stll, a preferential localisation of
signal was observed at the rhizoid cell wall level, but the method was not precise
enough to quantify the amount of BPO before and after hyper-osmotic stress {not

shown).

4.3.4. Immunoblotting with anti-BPO

The antibody against BPO used in this study has been developed in Asaphylliom
nodosum, another brown algae, but is known to react with BPO from Fuoss sp. embryos
(Delange, Station Biologique de Roscoff, unpublished). Figure 4.3 B shows a western

blot obtained from crude protein extracts of Fuas. Although a high background was
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present, a group of bands could be seen at a molecular weight (approximately 200 kDa)

comparable with the bands detected in the in-gel activity assay. The intensity of the
bands was found not to change consistently (n=3) during hyper-osmotic stress
treatment, indicating that the same amount of protein was present throughout all the

times.

4.3.5. Detection of MBP kinase activity by in-gel assay

To investigate the involvement of protein kinases in the response to hyper-osmotic
stress, cells were stimulated and the kinetics of the kinase activation was assessed by an
n-gel assay using MBP as substrate (Figure 4.4). Two major signals were detected, at
48 and 120 kDa, respectively. The activity of p48 did not show significant change
during osmotic stress. When a control in-gel assay was performed in the absence of
MBP, the same 48 kDa protein was visible (Figure 4.5). A protein of 120 kDa was
found to be activated progressively after hyper-osmotic stress showing a maximal
activation after 30 min (activation factor of about 3.0 fold). During recovery (transfer
of the embryos to filtered seawater), the activity of this protein decreased to that of

unchallenged levels.

4.3.6. Immunoprecipitation of MAPK

Protein extracts were immunoprecipitated using the antibody antu-ERK1,2 coupled
1o agarose beads (A3960, Sigma). The immunoprecipitates were assayed for 2 upo
kinase activity using MBP as substrate. This method ensures better accessibility of the
proteins to the substrate and is more reliable for detection of MAPK since proteins

were previously purfied by immunoprecipitation. The substrate MBP was then
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resolved by SDS-PAGE and activity was quantified by phosphorimaging. MBP kinase

activity increased by approximately 3-fold in the first 15 minutes following the hyper-
osmotic shock (Figure 4.6). When cells were allowed to recover in filtered seawater, the
activity progressively decreased and reached levels from unchallenged embryos after a
1 h-recovery period. A basal acuvity was observed even in the absence of hyper-

OsmotiC stress.

4.3.7. Immunobloting with anti-ERK

Figure 4.7 shows immunoblots in which the antibody anti- ERK 1 (M7927) was used.
This antibody was raised against human ERK 1. By immunoblotting, though, it cross-
reacts both with ERK1 and ERK2. By using ECL detection, different bands between
29 kDa and 120 kDa were visible at all times before and after hyper-osmotic stress
(Figure 4.7 A). To ensure that specific labelling of the bands was taking place with
ECL, additional experiments were performed 1o compare bands detected by ECL with
a another method, alkaline phosphatase (AP) (Figure 4.7 B). Approximately the same
bands were found when either method was used. A 120 kDa protein could be detected
by the anubody in all the gels shown. However, in Figure 4.7 A a lower band at
approximately 29 kDa was visible, whereas it was less obvious in 4.7 B. In addition, a
band at ~36 kDa (* in Figure 4.7 A} was also undetected in Figure 4.7 B. A Red

Pouceau stained gel is shown in C.

Figure 4.8 shows a preliminary immunoblot obtained with the antibody
diphosphorylated ant-ERK 1,2 (M8159). Several proteins between 29-36 kDa that were
recognised by the antibody seem to show an increase in intensity upon hyper-osmotic

stress (@ to ¢ althought care should be taken as the transfer seems not to be
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homogenous. These proteins seem to be activated between approximately 1 -5 min

after stimulation. The presumptive activity was reduced to unchallenged levels 1-15

min after embryos were returned to filtered seawater.

A western blot of Fuoss protein extracts probed with anti-ERK1,2 is shown in
Figure 4.9. Both methods (AP and ECI) detected the presence of a large band
between 29 and 36 kDa, that could correspond to the group of bands observed in

Figure 4.8 (b to d). In addition, a band at approximately 94 kDa is recognised.

4.3.8. Effects of apigenin and staurosporine on Ca?+. elevation and ROS

When 10 pM apigenin was present during the immunoprecipitation and iz utro
assay, a decrease in the activity of the MBP kinase was observed (Figure 4.10).
Interestingly, when Fuos embryos were incubated in the presence of the same
concentration of apigenin, the onset of the Ca2+.: elevaton in response to hyper-
osmotic stress was not affected (Figure 4.11, n=3). Moreover, apigenin did not inhibit
the mitochondnal oxidative burst in 70% of the cells tested, and had an inhibitory
effect in the other 30% (Figure 4.12, n=7). In contrast, staurosporine completely

abolished hyper-osmotic stress-induced ROS production in 100% of the cells tested

(Figure 4.13, n=12).

4.4, DISCUSSION

4.4.1. Peripheral ROS production and osmotic adaptation

The present study has shown a functional role for ROS in the response to abiotic

stress, which was evident from experiments that monitored adaptation to osmotic
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treatments. Hypo-osmotic shock (from seawater to 50% seawater) caused a significant

proportion of rhizoid cells to rupture in control embryos. However, hyper-osmotic
pre-treatment rendered embryos more tolerant to osmotic bursting in response to
subsequent hypo-osmotic shock indicating increased cell wall strength. Pre-treatment
of embryos with 100 uM or 500 uM HO: also induced an increase in resistance to
subsequent hypo-osmotic shock, suggesting a causal link between cell wall resistance
and ROS production. This was further supported by the complete abolition of the
osmotic adaptation by DPI pre-treatment. In contrast, PLC inhibitor U73122 (which
blocks the hyper-osmotically-induced Ca?+ increase and subsequent mitochondral
ROS production but not the peripheral ROS production, Chapter 3) did not affect the
acquisition of osmotic resistance, indicating that the early peripheral ROS production is

sufficient to activate cell wall strengthening mechanisms.

The fact that hyper-osmotic or HoO: pre-treatments rendered embryos more
tolerant to osmotic bursting in response to subsequent hypo-osmotic shock is
consistent with the widely reported role for ROS in increasing cross-linking of cell wall
polymers leading to increased cell wall strength in résponse to stress (Bradley et al,
1992; Fry et. al., 2000). The activation of cell wall resistance mechanisms by hyper-
osmotic treatment may function to counter the hypo-osmotic stress that is likely to
occur during re-hydration on return to normal seawater following solute accumulation

associated with hyper-osmotic adaptation.

4.4.2. Bromoperoxidases and cell wall resistance to osmotic stress

BPO was found to increase dramatically the capacity of embryos to withstand

osmotic stress. Furthermore, the fact that continuous incubation in the presence of
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BPO diminishes cell wall elongation, reinforces the hypothesis that BPO was involved

in cell wall strengthening processes in the Fuas rhizoid. This result is consistent with
other investigations that show that H2O2 produced at the cell periphery may be used
by cell wall peroxidase enzymes to cross link cell wall components (Lin and Kao, 2001;

Razam and Bemnards, 2002).

4.4.3. BPO in-gel activity during hyper-osmotic stress

To determine whether BPO activity changed after hyper-osmotic stress, an in-gel
assay was performed based on protein fractionating by SDS-PAGE followed by
regeneration of the BPO acuvity. Consistently, three bands with very close high
molecular weighs (approximately 200 kDa) could be observed. The molecular weight
of BPO found here is higher than other algal species, as Corallina gffianalis which BPO
subunit has a molecular mass of 64 kDa (Sheffield et al., 1993). Asaphyllum nodosum,
another Fucales, has a 106 kDa BPO form (Krenn et al., 1989). While it is possible that
molecular weight of BPO can vary between algae, a possibility is that the enzyme was
not completely denaturated by the method used in the present study and migrated as a

multimer.

The three bands found here may correspond to different isoforms of the Fuas
BPO, as vanadium haloperoxidases from other systems such as Lamnaria are well
known to present different isoforms (Jordan and Vilter, 1991; Almeida et al.,, 2001).
However, studies showed that when electro-eluted separately and purified, the three
Fuats BPO bands correspond to the same protein (Delange, Staton Biologique de
Roscoff, unpublished). This may suggest that the slightly different migrations may be

due to some distinct modification of the protein, such as differenual glycosylation
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states. One possibility is that the different bands correspond to protein from distinct

cellular location (e.g. cytosol versus cell wall). The two lower bands corresponding to
BPO found in the present study seem to be more intense after 5 min of hyper-osmotic
treatment, and the intensity decreases 15 min after stress. Although the method for
BPO detection used here does not allow relative quantification of the enzyme activiry,
the results provide preliminary evidence that 2 small transient activation of BPO may

take place a few minutes after hyper-osmotic stress.

4.4.4. Immunoblotting with anti-BPO

In parallel with the in-gel activity, denaturing gels for immunoblowting using ant-
BPO were prepared. Western blot showed a group of bands at a molecular weight
(approximately 200 kDa) comparable with the bands detected in the in-gel acuvity. The
fact that the intensity of the bands did not change significantly during hyper-osmotic
stress indicates that no de mow synthesis of BPO occurred upon stumulation, and
suggests that BPO is already present before treatment but was posituvely regulated
during stress, potentially by its substrate, HoO;. One possibility is that the enzyme has
been mobilised from the cytosol to the cell wall after hyper-osmotic treatment. Further

experiments using differential protein extraction procedures could be carried out to

test this hypothesis.

4.4.5. Protein kinase activation and hyper-osmotic stress

4.4.5.1. Hyper-osmotic stress activated MBP phospborylating kinases in Fucus embryos

The preliminary results presented here indicate that various protein kinases might

have been activated by hyper-osmotic stress in Fuas embryos. Some lines of evidence
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suggest that this group of kinases may belong to the MAP kinase family. They were

recognised by several antibodies raised against MAPK, and activation was associated
with phosphorylation of MBP based on immunoprecipitation with an anu-ERK1,2
antibedy and i uto kinase assay. Moreover, iz uto phosphorylating MBP kinase
activity was reduced by apigenin, a MAPK mhibitor. However, care should be taken in
drawing conclusions, as the results do not allow to determine which kinase recognised
by the diphosphorylated anu-ERK1,2 was responsible for the MBP phosphorylation
observed in the # utr assay. Because the precipitated protein in the iz utro assay was
not tested for size, and also because western blots with the antibodies may produce
non specific bands, it is possible that a non-MAPK activity is precipitated and

responsible for the MBP phosphorylation 2 utro.

It is interesting to note that the kinetics of phosphorylation of some of the proteins
detected by diphosphorylated anti-ERK1,2 paralleled the activation kinetics seen iz
utro. However, more replicates would be necessary to ngorously ascertain the number,

idenury and activation dynamics of the set protein kinases found here.

The downstream functions of MAPK on the Fuas osmotic stress-signalling pathway
remain to be determined. The location of an enzyme in the cell is a key determunant of
its actions. In the case of MAPK their localisation is highly regulated although the
underlying processes are still obscure (reviewed by English et al., 1999). In many cells,
stimulation causes translocation of ERK12 to the nucleus where they activate
transcription factors and regulate gene expression (reviewed by Kynakis and Avruch,
2001). This possibility could be tested in Fuas by microinjection of anu-ERK1,2

conjugated to FITC and further confocal imaging during hyper-osmotic stress. In Fuas
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embryos, MAPK could be responsible for activation of further stress adaptation-

downstream responses, such as induction of osmotically active substances (similarly to
the HOG1 pathway in yeast), induction of stress/resistance genes and cell wall
strengthening-related compounds. Different MAPK are known to activate and regulate
different types of transcription factors at the nucleus level (reviewed by Hohmann,
2002). The set of MBP phosphorylating kinases preliminarily reported here could be
activating different transcription factors or regulating expression .of several genes

responsible for distinct downstream functions in cellular osmotic stress adaptation.

Interestingly, a high molecular weight protein (120 kDa) showed a clear increased
activity upon hyper-osmotic stress. However, a control should be performed in the
absence of osmotic stress (iso-osmotic control) to ensure that there is no effect of the

experimental manipulation of the zygotes on this kinase activation.

Due to the presence of the constitutively abundant protein (presumably Rubisco), it
1s conceivable that MAPK with molecular weights around 48 kDa have been masked
Further improvements of the protein extraction method, such as an ultra-

centrifugation step to remove chloroplasts, could eventually solve this problem.

4.4.5.2. MAPK activation independent of Ca?* and ROS elevation

An involvement of Ca?+ signalling upstream of MAPK cascade pathways has been
proposed based on the observation that MAPK activation in tobacco was prevented by
addition of Ca?+ channel blockers (Lebrun-Garcia et al., 1998). In plants, Ca?+
increases have been reported in response to several biotic and abiotic stimuli,
indicating that Ca2+ is capable of fast transduction of stress signals (Chapter 3 and

references therein). In particular, a Ca2+ increase is observed upon hypo- and hyper-
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osmotic treatment in the Fuas rhizoid cell (Taylor et al,, 1996; Coelho et al., 2002).

Ca?+ has also been shown to be absolutely required for activation of a set of MAPKs in
tomato cells stimulated by a pathogen elicitor, and the authors proposed that a specific
Ca?+ signature is involved in MAPK activation (Link et al., 2002). The results presented
here suggest that hyper-osmotic stress-induced Ca2+ elevation takes place upstream or
independently of MAPK activation. Because H:O; induces a different Ca?+ signature
in Fucus compared with hyper-osmotic stress (Chapter 3), it would be interesting to test
if the actvaton kinetics, number and identity of the MBP phosphorylating kinases

activated by external addition of HyO; and hyper-osmotic stress are comparable.

The present study also suggests that Fuas MAPK were actuvated downstream or
independently of the mitochondrial oxidative burst. The order of such events during
plant stress responses has been shown to vary considerable between different studies
(see Table 4.3). For example, some investigations in higher plants indicate that MAPKs
are activated upstream or independently of the oxidative burst (e.g., Lingtenink et al,
1997) whereas others indicate that H;O; directly activates MAPK cascades (Kovtun et
al., 2000; Yuasa et al., 2001). The interpretation of several studies is however clouded
by the lack of accurate measurement of H:O: production and limited specificity of
some 1nhibitors used. To improve the knowledge about the positoning of kinase
activation relatively to mitochondnal ROS production and Ca2+., elevation in Fuas,
more experiments could be performed using other MAPK intubitors (such as
PD98059). In addition, the effect of external H;O, on the MBP phosphorylating
kinases activation needs to be studied, as well as the effect of oxidative burst and Ca2+

blockers.
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4.4.6. Conclusions

In conclusion, the results presented here suggest that HoO» has a role in regulating
cell wall resistance upon hyper-osmotic stress in the Fuass embryo probably through
bromoperoxidases. However, additional experiments are required to establish the
precise role of this enzyme. Firstly, a differential extraction of BPO from Fuas
embryos cell wall and protoplasts would be important to establish if there is any
mobilisation of the protein from the cytosolic to the cell wall fraction upon
stimulaton. Secondly, glycosylation studies could be carried out to see if the different
bands correspond to differential targeting of the enzyme. In addition, punfication of
BPO could be performed to allow quantification of bromoperoxidase activity before
and after stress by spectrophotometer assays. Moreover, the use of purfied BPO
extracts would obviate the problems of high background found in the westem blots.
Finally, cell wall isolation and further chemical analysis would permit assessment of the
changes in the cell wall structure that may be responsible for the strengthening process

that takes place upon hyper-osmotic stress.

Numerous studies have demonstrated that abiotic stimuli induce actuivation of
several MAPKs in plant cells. It is indicated here that Fuas embryos may also respond
to abiotic stress with an increase in MBP phosphorylating kinase activity that occurs

downstream or independently of Ca2*: and mitochondrial ROS elevations.

This preliminary study in Fuas suggests that early ROS and Ca?+ signals in response
to hyper-osmotic stress are associated with very specific downstream cellular

responses. The results highlight the potential function of peripheral ROS at the Fuos

rhizoid cell apex in direct adaptive responses to stress in addition to its role in
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patterning Ca2+ signals (Chapter 3). Although questions remain to be answered, in

particular those concerned with the identity of downstream targets and the specific
nature of the activated kinases, this work opens some new perspectives in the study of

Fucus osmotic stress signalling pathways.
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CHAPTER 5

GENERAL DISCUSSION
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This chapter provides a general overview of the cellular mechanisms and common

features underlying the response of Fuass embryos to light and hyper-osmotic stress

5.1. Interaction between ROS and photoinhibition during abiotic stress

In their natural environment, inter-tidal algal species 51.1ch as Fuos, expenence
dramatic fluctuations in light and external osmotic conditions. This study showed that
ecologically relevant high irradiance levels, especially in the presence of ultraviolet A
and B, and in combination with desiccation, constitute a physiological stress stimulus
for Fuos embryos. Two photoinhibition responses were recogunised. Firstly, a rapid
decline of the photosynthetic efficiency associated with the xanthophyll cycle
(photoprotection), followed by a slower second-phase decline, correlated with ROS
production (sections 2.3.3. and 2.3.5). Evidence is accumulating which shows a
relationship between ROS production in the chloroplasts and photoinhibiton of PSII
(Komyeyev et al., 2001). The data suggest that ROS production might have a positive
feedback role in the inhibition of photosynthesis: excess photons during stress induce
electron leakage from the chloroplast electron transport chain, potenually generating
*Oy and H2O:. These molecules are likely to damage PSII components, leading to a
further decrease in photosynthetic efficiency. Other sources for ROS production
cannot be excluded. For example, the actvity of NADPH oxidase could counter the
effects of excess reductants (NADPH) anising from the chloroplast electron transport
chain under high light, also leading to further ROS production. The results presented
here do not allow conclusions to be drawn about the origin of ROS m response to
high light, UV or hyper-osmotic stress. The general cellular responses to these stresses

appear to be similar, ie., a decrease in photosynthetic efficiency and an increase in
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intracellular ROS production. However, various stresses could eventually have disunct

targets in the cell. For example, UV-B radiation has been shown to induce ROS
production in Arnbidapsis via the activity of NADPH oxidase and peroxidase(s)
(Mackerness et al., 2001), whereas it is assumed that high light induces ROS formation
in the chloroplasts (e.g. Inhimovitch and Shapira, 2000). In Fuos embryos, hyper-
osmotic stress has been shown to stimulate ROS elevation both at the plasma
membrane level and in mitochondna (Coelho et al.,, 2002). High-resolution # ww
confocal imaging and double labelling experiments with specific cellular compartment
fluorescent dyes would help 1o give a beuter insight on the origin of ROS during

different stresses.

As a result of enhanced ROS production, a slower recovery of photosynthetic
efficiency was observed, particularly with increased effective UV doses and
combination of high light/hyper-osmotic treatment. However, Fuas embryos showed
a remarkable ability to recover from the imposed stresses. Development of the
embryos was only transiently affected by UV-B in combinaton or not with hyper-
osmotic treatment (section 2.3.7.). This indicates that although the cellular physiology
is dramatically affected, the embryos have well-developed mechanisms of acclimation
to or recovery from these stresses. The re-allocation of energy and resources to
adaptive molecular changes could be responsible for the transient decrease in growth
rate observed, in particular when UV-B was present. It would be interesting to carry
out experiments to investigate whether transcript levels of some key stress-related
genes (such as antioxidant enzyme genes) are differently expressed and if the different

stress factors used here induce distinct downstream molecular responses.
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5.2. Spatial and temporal components of the hyper-osmotic stress-induced

ROS elevation

The signal transduction events involved in the perception and response of cells to
changes in external osmotic pressure are still ill defined, but numerous reports show
that Ca?+ and ROS play an important role. Using fluorescent confocal laserscan
microscopy, the spatio-temporal changes in ROS and Ca2+y that take place in two-cell
embryos of Fuos during a hyper-osmotic shock were imaged i ww. The results
presented here show a tight functional coupling of Ca2+ and ROS during stress. Two
components in the oxidauve stress response could be found. A DPI-sensitive and Ca?+
elevation-independent early component, which takes place a few seconds after
initiation of the hyper-osmotic stress, is localised at the plasma membrane level and is
independent of Ca?+ elevation (section 3.3.1.). The second component takes place
downstream of cytosolic Ca?+ elevation, is Ca?+ dependent and is located in the
mitochondna (section 3.3.4.). Interestingly, a prolonged early peripheral elevation of
ROS was observed in the rhizoid apex in the presence of the PLC inhibitor, U73122.
This contrasts with the more transient elevation of ROS at the same site in
Br:2BAPTA-buffered cells and may reflect the inability of U73122 to block a highly
localised plasma membrane influx component of Ca2+ elevation leading to elevation of

ROS in mitochondria near the cell apex.

While the role of Ca2+ elevation in inducing ROS production (and vice versa) in
plant cells is already well established, the present work demonstrates the complexity of
the plant stress response involving different cellular compartments and more than one

second messenger.
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5.3. ROS, Ca?+.y elevation and plasma membrane Ca2+ channels

The transient increase in Ca2+, arising from hyper-osmotic treaument may be linked
to the opening of Ca?+ channels in the plasma membrane induced by H.Os. Cell-
attached patch clamp experiments showed a transient increase in the probability of
opening of a cation channel with characteristics of a non-selective Ca2+ permeable
channel upon perfusion with 1 mM HyO; (section 3.3.6.4). The results indicate that
ROS produced at the cell periphery through a DPI-sensitive process can pattern a
Ca?*¢, signal. The highly localised nature of I‘IzOz production at the cell periphery
during hyper-osmotic stress and further Ca2+ elevation in the form of a well-defined
propagating wave reveals that the spatio-temporal pattern of a Ca?* signal (Ca2+
signature) can be triggered by ROS production at very specific sites. It remains to be
determined whether the production of ROS at the growing rhizoid apex also undetlies
the Ca?+ gradient associated with rhizoid germination and growth (Brownlee and
Wood, 1986; Taylor et al,, 1996; Pu and Robinson, 1998). Speculation can be made in
terms of maintenance of a CaZ+. homeostasis at the cell apex by contnuous controlled
production of H;O,. The fact that DPI reduces the resting Ca2+cy level reinforces that
hypothesis, although more detailed investigations are required. Further expenments
could be performed by monitoring ROS production at the cell apex throughout the
developing stages of the rhizoid cell and using catalase and DPI to determine their
effects on the Ca?+ gradient at the rhizoid apex, on zygote polarisation and on rhizoid
growth. Additionally, electrophysiological characterisation of this H.Os-sensitive
channel and simultaneous patch clamp and Ca?+ imaging would provide valuable
information on the exact mechanism of Ca?+ entry and wave progression during hyper-

OSMOLIC Stress.
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While it is assumed that the main ROS involved in the hyper-osmotic stress

response in Fuos embryos is HyO;, the possibility that *OH radicals are implicated
cannot be excluded. Indeed, an interaction between *OH radicals and ion channel

activity has recently been made evident (Az-ma et al,, 2002).

5.4, Ca2+. wave and the role of mitochondria

The opening of the HOp-activated Ca2+ permeable channels at th;: plasma
membrane is associated with a cytoplasmatic Ca?+ elevauon that progresses through
the cell as a unidirectional wave (section 3.3.2). A similar propagation upon
sumulaton with hypo-osmotic stress has been described, but the spatio-temporal
pattern ditfered considerably depending on the strength of the hypo-osmotic stimulus
(Goddard et al., 2000).

The amplitude of the Ca?*elevation was maintained as the wave spread across the
cell, suggesting that it progresses as an actively regenerative process and not simply by
long-range passive diffusion following release from a point source. The propagating
Ca2+ wave was associated with a propagating wave of mitochondnal depolarisation at a
similar velocity (section 3.3.4.). This strongly indicates that mitochondria take up Ca2+
as the wave travels across the cell. To further confirm this, the mitochondnal Ca2+
reporter dye X-rhod-FF was used. X-rhod-FF co-localised with MitoTracker Green in
dual labelling experiments, allowing changes in mitochondnal Ca?+ to be monitored
dunng a stress stimulus. By this method it was confirmed that upon hyper-osmotic
stress an elevation of mitochondrial Ca2+ took place, which coincided temporally with
the declining phase of the cytoplasmatic Ca?+ wave and mitochondrial membrane

depolarisation (secuon 3.3.5.).
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The underlying mechanism of this potentially negative feedback control exerted by

mitochondnia upon the Ca?* wave remains to be explored. Current models to account
for the propagation of Ca?+ signals include a role for Ins(1,4,5)Ps which induces a wave
by diffusing through the cell, priming Ins(1,4,5)P; receptors and releasing Ca2+ as puffs
from ER release sites (Wang et al,, 1997). The nise in Ca+y, generates additional
Ins(1,4,5)P; through Ca?+-activation of phospholipase C (Berridge, 1993) providing a
posiuve feedback step. Hypo-osmotic stress in Fuas is known to induce elemental
Ca?+ elevations in ER-rich regions (Goddard et al., 2000), probably through a simular
mechanism. The present results highlight the importance of mitochondra in the
regulation of propagating Ca2+ waves. This role was first demonstrated 1n oocytes of
Xengpus (Juaville et al., 1995), and has been corroborated since then by a number of
reports in amimal cells (Boitier et al,, 1999). So far, evidence for the function of
mitochondria in regulating spatio-temporal Ca?+ signalling 1s lacking in plants or algae,
although mitochondna have been suggested to represent a source of Ca2+ for signals

elicited in response to anoxia (Subbaiah et al., 1998).

In the Fuas rhizoid cell, the mode of propagation of the hyper-osmotically-induced
Ca?+ wave is still a matter for speculation, but Ca?+ induced Ca?+ release from internal
stores such as the ER is likely and Ins(1,4,5)Ps-induced Ca?+ release has been
demonstrated (Goddard et al, 2000). New molecular techniques, such as post-
transcriptional gene silencing (RINA interference; Vaucheret et al., 2001; Caplen et al,
2002), could be used to generate transient phospholipase C knockout zygotes which
would allow more thorough investigations of the mode of progression of the Ca2+

wave during osmotic stress.
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5.5. Distinct downstream roles of different components of ROS elevation

5.5.1. Periphberal ROS production and cell wall strength

A signalling role for H:O; in the response to abiotic stress was evident from
experiments that monitored adaptation to osmotic treatments. Thus, hyper-osmotic or
H,O; pre-treatments rendered embryos more tolerant to osmotic bursting in response
to subsequent hypo-osmotic shock. This is consistent with the widely reported role for
H;O; 1n increasing the cross-linking of cell wall polymers leading to increased cell wall
strength in response to stress (e.g. Brawley et al, 1996). Pre-treatment-induced
tolerance was abolished by DPI but not by the inhibitor U73122 which blocks the
Ca?+y, increase and subsequent mitochondrial ROS production indicating that the early
peripheral oxidative burst was sufficient to activate osmotic-tolerance mechanisms
(section 4.3.1). The induction of cell wall resistance mechanisms by hyper-osmotic
treatmént may functon to counter the hypo-osmotic stress that is likely to occur
dunng re-hydration on retumn to normal seawater following solute accumulation

associated with hyper-osmotic adaptation.

Bromoperoxidases (BPO) are good candidates as mediators of the possible cell wall
cross-linking in response to HxO; produced at the cell periphery. While it was shown
that the peripheral burst is sufficient for the activation of cell wall strengthening
mechanisms, further in gel BPO experiments should be performed in the presence of
U73122 to ensure that the increase in BPO activity found 5 min after stress still takes
place. This would allow a more definitive conclusion to be made about the ability of

peripheral ROS production to induce cell wall strengthening through BPO activation.
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The information gained by the biochemical approach could be completed by the

cloning of the BPO gene, which is currently being undertaken (Delange et al., Station
Biologique de Roscoff). RNA interference techniques could then potentially be used to
obtain transient BPO knockout embryos and therefore assess the role of
bromoperoxidases in the regulation of Fuos cell wall mechanical properties and its

cornnection with hyper-osmotic stress-induced H2O; production.

However, the possibility that other cellular mechanisms may be responsible for the
observed osmotic tolerance cannot be ruled out. These could include induction of
more responsive solute loss mechanisms (e.g. plasma membrane ion channels) or
changes in endo/exocytosis in relation to cell volume changes. The high-resolution
measurement of cell volume changes upon hypo-osmotic treatment would help to

understand the process of osmotic adaptation in Fuas embryos in more detail.

5.5.2. MAPK activation independent of Ca?* wave and mitochondrial ROS elevation

The preliminary results presented here indicate that a rapid and transient protein
kinase activation occurred in response to hyper-osmotic stress in Fuas embryos. Fuas
protein kinases were found to efficiently phosphorylate myelin basic protein (MBP), a
ubiquitous MAPK substrate, and reacted with antibodies raised against mammalian

ERK isoforms.

Immunoblots suggested that a number of MAPK isoforms were expressed in Fucus
embryos during hyper-osmotic stress (section 4.3.7). Activation of separate plant
MAPK species in response to different stress factors has been observed (Jonak et al,
1996; Munnik et al., 1999; Romeis et al., 1999). The activation of several MAPK in

Fuass may represent a general stress response that could reflect the needs of the cells
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under a range of environmental conditions. Thus, a comprehensive response may

indeed apply to any stressful condition, preparing the cells to respond to a range of
further stimuli,. MAPK are undoubtedly involved in downstream regulaton of gene
expression (e.g. Grant et al., 2000; Lee et al,, 2001). In the Fuos embryo, the set of
MAPK induced by hyper-osmotic stress could be activating different nuclear
transcription factors or regulating expression of different genes responsible for distinct

downstream functions in cellular osmotic stress adaptation.

During hyper-osmotic stress, MAPK activation and the mitochondrial oxidative
burst followed similar time courses, suggestng a relationship between mitochondrial
ROS and MAPK. Taylor et al. (2001) similarly found a tight temporal correlation
between MAPK and ROS during soya bean response to several biotic and abiotic
stresses. Preliminary data presented here indicate that i uro MBP phosphorylation
was reduced by a MAPK inhibitor, apigerun. The same compound had no effect on
either Ca?+; elevation or mitochondrial ROS producuon in response to hyper-osmotic
stress, strongly suggesting that in Fuas embryos, MAPK activaton is a downstream or
independent event in the hyper-osmotic stress signal transduction pathway (section
43.8). However, to further define the positioning of the MAPK relauve to
mitochondnal ROS production and Ca?*cy elevation more experiments should be
performed using other inhibitors of MAPK. In addition, it would be interesting to
ascertain the effect of external HoO; on MAPK activation, as well as the effect of Ca2+
and oxidative burst inhibitors. This would allow a more thorough insight into the
cellular signalling processes involving Ca2*, ROS and MAPK during hyper-osmotic

stress.
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Moreover, the use of FITC anti-ERK 1,2 could provide information on the temporal

and spatial kinetics of the MAPK cascades activation during a stress response. In
particular, an eventual migration of the activated MAPK to the nucleus upon
stimulation could be visualised with high temporal and spatial resolution. Interestingly,
certain MAPK were found to be associated wath the microtubule cytoskeleton in
amimal cells (Rezka et al,, 1995). Because cytoskeleton dynamics probably play an
important role during cell shrinkage upon hyper-osmotic shock, it would be interestirig
to determine the interaction between MAPK and microtubules in the Fuas rhizoid.
Further confocal microscopy dual labelling # ww experiments could be performed,
using fluorescent tubulin and FITC anu-ERK1,2 microinjected simultaneously. In
addition, microinjection of FITC antu-ERK1,2 would potenually block MAPK
activation during further hyper-osmotic osmotic stress with likely consequences at the
cellular level including effects on the ability of the zygotes to withstand further osmotic
shocks. Finally, molecular techniques would be valuable to gain more accurate
information on the MAPK kinetics at the cellular level during the osmotic stress
response. MAPK cascade analysis of transient knockout mutants (for example using
the RNA interference technique) would help to elucidate the molecular mechanisms of

the stress response and of adaptations to environmental changes in Fuas embyos.

5.6. Nature of the upstream osmosensor

The dynamics of osmo-sensing pathways have been well studied in yeast cells. In
Saaharomyes aereusiae, increases in external osmolarity evoke osmotuc stress-induced
signalling via the high-osmolanity glycerol (HOG) MAPK pathway. One of the

upstream components of this signal transduction route is the putative osmosensor,
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Sholp (reviewed by Hohmann, 2002). Upon a shift 1o high osmolanty, yeast cells

rapidly stimulate the HOG pathway, which orchestrates part of the transcriptional
response. To date, surprisingly little is known about how plant cells detect osmotic
changes. In Anabidopsis, the ATHK1 gene functions as an osmosensor and transmits
the stress signal to a downstream MAPK cascade (Urao et al, 1999). Voltage-
dependent K +-channels are targets of osmotic sensing in Vicez faba guard cells, and the
actin cytoskeleton may serve as the osmosensor (Liu and Luan, 1998). The nature of
the Fuas embryo upstream element that senses the changes in the osmotic
environment and activates the described sequence of cellular events is unknown.
Previous work (Taylor et al. 1996) indicated that osmotic stress in Fuas embryos
caused Ca?+ influx through stretch-acuivated channels and evoked a Ca2+., wave.
However, Ca?+ influx through stretch-activated channels was found not to be sufficient
to tngger a a2+, wave (Goddard, 2001). An additional component appears to be
necessary. H2Oz production at the plasma membrane level is a very early component in
the hyper-osmotic stress response, and a role for H:O, in the amplification of the
activity of stretch-activated channels (Taylor et al., 1996), inducing the Ca2+ wave
progression and downstream osmotic signalling, is a possibility. The exact mechanism
of osmotic sensing in Fuos appears to be extremely complex, but ROS and Ca2+ seem

to hold predominant roles.

5.7. Proposed signal transduction pathway during hyper-osmotic stress

A simplified model for hyper-osmotic signal transduction pathways based on the
results presented in this thesis is illustrated in Figure 5.1. ROS production 1n response

to hyper-osmotic stress comprsed two distinct components. The first ROS
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component coincided closely with the origin of a Ca2+ wave in the peripheral cytosol

at the growing cell apex, had an extracellular origin, and was necessary for the Ca2+
wave. Pawch clamp experiments showed that a non-selective cation channel was
stimulated by H:Oz, and may underlie the initial cyrosolic Ca2+ elevation. The second,

later ROS component localizes to the mitochondria and is a direct consequence of the

Ca2+ wave. The first, but not the second component was required for short-term
adaptation to osmotic stress, probably through the activity of cell wall
bromoperoxidases. Mitogen-activaed protein kinases may be involved in the hyper
osmotic stress response downstream or independently of the mitochondrial ROS
production. The findings of this study stress that Fuos cells may provide a suitable

physiological model to study the nature of stress-induced signalling pathways in
eukaryotic cells.
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Both Ca?* and reactive oxygen species (ROS) play critical signaling roles in plant responses to biotic and abiotic stress.
However, the pasitioning of Ca2+ and ROS {in particular H,0O,) after a stress stimulus and their subcellular interactions
are poorly understood. Moreover, although information can be encoded in different patterns of cellular Ca2+ signals, lit-
tle is known about the subcellular spatiotemporal patterns of ROS production or their significance for downstream re-
sponses. Here, we show that ROS production in response to hyperosmotic stress in embryonic cells of the alga Fucus
serratus consists of two distinct components. The first ROS component coincides closely with the origin of a Ca?*
wave in the peripheral cytosol at the growing cell apex, has an extracellular origin, and is necessary for the Ca?* wave.
Patch-clamp experiments show that a nonselective cation channel is stimulated by H,0, and may underlie the initial
cytosolic Ca2* increase. Thus, the spatiotemporal pattern of the Ca?* wave is determined by peripheral ROS produc-
tion. The second, later ROS component localizes to the mitochondria and is a direct consequence of the Ca2* wave.
The first component, but not the second, is required for short-term adaptation to hyperosmotic stress. OQur results
highlight the role of ROS in the patterning of a Ca2* signal in addition to its function in regulating cell wall strength in
the Fucus embryo.

INTRODUCTION

Reactive oxygen species (ROS) are produced by plant and anistic similarities between the animal and plant NADPH ox-
animal cells in response to a range of stimuli (Bac et al., idase related—oxidative burst. Abscisic acid has been shown
1997; Minibayeva et al., 1998; Tan et al., 1998; Grant and to increase ROS in guard cells (Pei et al., 2000), and ROS
Loake, 2000). Such oxidative bursts can underlie antimicro- was shown to be an intermediary in the pathway ieading to
bial activity or downstream responses such as modulation abscisic acid-induced antioxidant (CAT1) gene expression
of gene expression and cell cycle control (Finkel, 1998: (Guan et al., 2000). In addition to plasma membrane NADPH
Reichheld et al., 1999; Bowie and O'Neill, 2000; Desikan et oxidase, mitochondria, peroxisomes, and chloroplasts are
al., 2000; Shackelford et al., 2000). In plants and animals, potential powerful intracellular generators of ROS (Pastori
the activity of a plasma membrane NADPH oxidase is impli- and del Rio, 1997; Morel and Barouki, 1999). Plant mito-
cated as an important source of ROS. Superoxide genera- chondria can produce high levels of ROS when the activity
tion at the external surface of the cells is followed by a rapid of the enzyme alternative oxidase is suppressed (Maxwell et
dismutation to H,O,, which readily crosses membranes. In- al., 1999). Alian and Fluhr (1997) studied ROS generation us-
hibitars of the animal NADPH oxidase, including the suicide ing the fluorescent dye dichloroflucrescein and showed an
substrate inhibitor diphenyleneiodonium (DPI), also block accumulation of oxidized dye in the chioroplasts and nu-
the elicitor-stimulated oxidative burst in plant cells (Levine et cleus in intact tobacco epidermal cells, which suggests the
al., 1994; Desikan et al., 1996; Pugin et al., 1997), and mo- praduction of ROS in these compartments. However, little
lecular and physiclagical data indicate functional and mech- information is available on the subceilular spatiotemporal

dynamics of ROS production in response to specific stimuli.

A close relationship between stress-induced Ca?* signals

'To whom correspondence should be addressed. E-mail cbr@ and ROS production is be.c oming increasingly clear from
mba.ac.uk; fax 01752633102. ) studies in both plant ang animal cells. Both the Ca®* depen-
Article, publication date, and citation information can be found at dence of H,O, production (Grant and Loake, 2000) and the
www.plantcell.org/cgi/doi/10.1105/tpc.003285. modulation of plasma membrane Ca?* channels and
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cytosolic Ca?* (Ca?*.,) by H,O, (Pei et al., 2000) have been
demonstrated. However, essential spatiotemporal data that
would allow mechanistic interpretations of the interdepen-
dence of Ca?* and ROS signals is lacking.

Two-celled Fucus serratus embryos comprise a polarized
growing rhizoid cell and a thallus cell and experience regular
and dramatic natural changes in their external osmotic con-
ditions. Hypoosmotic or hyperosmotic treatment is known
to cause transient increases of Ca2+ that initiate in the apical
rhizoid region (Taylor et al., 1996), and the spatiotermporal
patterns of hypoosmotically induced Ca?* signals vary with
stimulus strength {Goddard et al., 2000). These Ca?* signals
were shown to involve both Ca?* influx across the plasma
membrane and the release of Ca?* from intraceliular stores.

We used the suitability of Fucus embryos for microinjec-
tion, patch-clamp, and cellular Ca2* imaging to understand
the relationship between Ca?* and ROS in the stress-signal-
ing response pathway after hyperosmotic treatment. We
demonstrate a close interdependence between Ca?* and
ROS signals during hyperosmotic stress. We show that
there are two components in the hyperosmotic stress re-
sponse. An initial ROS increase, at the plasma membrane
level, is initiated a few seconds after hyperosmotic treat-
ment and is required for the generation of a Ca?*,,, wave. A
slower, Ca?*-dependent component of ROS production is
localized to the mitochondria. These results also indicate a
functional role, specific to the peripheral component of ROS
production, in the short-term adaptive response to hyperos-
motic stress.

RESULTS

Hyperosmotic Stress Elicits Rapid Production of ROS at
the Rhizoid Apex

The fluorescent probe chloromethyl-2°,7'-dichlorodihydro-
fluorescein diacetate (CM-DCFH,-DA) was used to measure
intracellular ROS production by Fucus embryos. Oxidation
of DCFH; by ROS yields the fluorescent DCF. Although the
oxidizing agent is believed to be either OH" or H,O, (Zhu et
al., 1994), it is assumed that the main ROS reported is H,0,
(Pei et al., 2000). In cells that were loaded with CM-DCFH,-
DA to visualize both early cytosolic and mitochondrial ROS
production (see Methods), hyperosmotic treatment (transfer
from seawater to seawater plus 2 M sorbitol) induced a fast
(within a few seconds) peripheral production of ROS at the
rhizoid cell apex, particularly noticeable at sites of mem-
brane—cell wall adhesions (Figure 1B; n = 10). After ~40 s,
RGOS production also was detectable in more discrete areas
in subapical regions, becoming more evident after 120 s
(Figure 1B). The time course of ROS production clearly
showed an earlier onset in the peripheral region compared
with the subapical region (Figure 1C).

Hyperosmotic Stress Elicits a Transient Ca2*_,,
Increase and ROS Production in Discrete
Intracellular Compartments

Hyperosmotic treatment induced a transient Ca?*, in-
crease in rhizoid cells within 10 to 12 s, coincident with a re-
duction in cell volume (Figures 1D and 1E; n = 10}. This
Ca?*, transient reached peak average cellular levels of 483 =
45.2 nM within 10 s of the onset of the Ca?* increase be-
fore returning to resting levels during the subsequent 24 to
40 s. Confocal ratio images revealed that the hyperosmoti-
cally induced Ca2* transient initiated at a discrete location in
the rhizoid apex, where the plasma membrane remained at-
tached to the cell wall during cytoplasmic shrinkage, and
propagated through the cell as a unidirectional wave with an
estimated velocity of 15 pm/s, reaching peak levels of at
least 1 uM (Figure 1E). The apical Ca?* gradient also was
apparent on return to seawater (Figure 1E, a and b). Smaller
excursions at resting Ca?* were observed occasionally, oc-
curring either spontaneously or in response to return to sea-
water after hyperosmotic treatment. In Figure 1D, these are
apparent as a small decrease from 100 to 50 nM Ca?*_, at
the beginning of the trace and small transient increases after
the return to seawater. These small changes in resting Ca2+
probably were related to growth or turger regulation (Taylor
et al.,, 1996).

Hyperosmotic treatment also elicited an increase in ROS
production in discrete intracellular compartments, as moni-
tored by DCF fiuorescence in cells preincubated for 20 min
in CM-DCFH,-DA and washed subsequently for 20 min.
ROS started to-increase within 120 s after hyperosmotic
treatment (Figures 1F and 1G; n = 25), followed by a more
rapid production after 800 s, and reached a plateau after
~20 min. Although the time to onset of this component of
intraceltufar ROS production varied from 40 to 120 s, this al-
ways occurred after the peak (i.e., downstream) of the
hyperosmotically induced Ca?* increase and the fast pe-
ripheral ROS production. By direct microinjection of CM-
DCFH,-DA into cells, we were able to estimate the average
cellular production of ROS during hyperosmotic treatment
to be equivalent to ~0.05 mmot of H,0, per liter of cell voi-
ume per minute.

Localization of the Oxidative Burst

Embryos that were colabeled with the fluorescent mitochon-
drial probe MitoTracker Red and CM-DCFH,-DA showed a
clear localization of ROS production to mitochondria but not
to chloroplasts (Figure 2A; n = 7). Transmission electron mi-
croscopy and confocal fluorescence imaging of identical
sections labeted with MitoTracker Red confirmed, within the
limits of resolution, the mitochondrial localization of the Mi-
toTracker dye (Figure 2B). Aithough the mitochondria were
not all {abeled equally with MitoTracker dye, fluorescence
was not found in any other cell compartments. Dissipation






















tween the plasma membrane and the cell wall. However, al-
though the Ca?* wave was dependent on the extracellular
production of ROS, as indicated by the complete inhibition
of the Ca2* wave by both DP! and the extracellular applica-
tion of catalase, early peripheral ROS production was inde-
pendent of the Ca?+, increase.

A role for ROS in the spatial patterning of the Ca?* wave
also was indicated by the delocalized increase of Ca?*, ini-
tiating from around the cell periphery in response to delocal-
ized external H,O, application. In addition, the rapid activa-
tion by H,0, of nonselective plasma membrane cation
channels in cell-attached recordings strongly suggests that
the initial action of external ROS production is mediated via
Ca?* influx through these channels. It remains to be deter-
rmined whether the production of ROS at the growing rhizoid
apex atso underlies the Ca’* gradient associated with rhi-
zoid germination and growth (Brownlee and Wood, 1986;
Taylor et al., 1996; Pu and Robinson, 1998). The concentra-
tions of HyO, that elicited increases in Ca?*, (0.1 to 1.0
mM) are comparable 1o those shown to cause Ca?* in-
creases and increased Ca?* current in stomatal guard cell
protoplasts (Pei et al., 2000). The actual H,O, concentra-
tions at the plasma membrane during hyperosmotic treat-
ments are not known. Although we have estimated an aver-
age cellular H,0, production rate of 50 pmol-L="'min~", the
H,O, concentrations at localized sites of production are
likely to be considerably higher than the micromolar range.

The mitochondrial membrane potentiai drives ATP syn-
thesis and provides a large driving force for divalent cation
entry. Several studies have shown that, when challenged
with high Ca2*_,, the mitochondria can contribute to Ca?*
homeostasis by providing an intracellular sink for Ca2*
(Rizzuto et al., 2000). The increase in cellutar TMRE fluo-
rescence in response to hyperosmotic shock is consistent
with the release of TMRE from the mitcchondria in re-
sponse to mitochondrial depolarization, resulting in re-
duced dye quenching {Zimmermann, 2000). We used
X-rhod-FF as an indicator of Ca2* . This is an improved ver-
sion of rhod-2, which has been used to monitor Ca2*,, in
both animal and plant cells (Subbaiah et al., 1998; Park et
al., 2001). lts colocalization with MitoTracker in the present
study confirmed its mitochondrial localization in Fucus
rhizoid cells. The onset of Ca?*, increase, coincident with
the peak of the Ca?*, transient (i.e., 20 s after the hyper-
osmotic treatment), suggests the occurrence of Ca2* up-
take by the mitochondria after cytoplasmic Ca?* increase,
consistent with the role for mitochondria in buffering
Ca?*., shown in a variety of animal cell types (Duchen,
2000; Rizzuto et al., 2000; Zimmermann, 2000). Moreover,
recent reports show that the uptake of Ca2* by mitochon-
dria has a powerful impact on cellular Ca?* signaling
(Duchen, 2000); affecting the generation and propagation
of Ins(1,4,5)P,-triggered Ca2* waves (Zimmermann, 2000)
and the modulation of store-operated Ca?* currents (Hoth
et al., 1997).

To date, evidence for the role of mitochondria in spa-
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Table 1. Resistance to Hyperosmotic Shock in Pretreated and
Control Embryos

Rhizoid Gell Bursting in Response
to Subsequent Hypoosmotic

Pretreatment® Shock (% of Controf)®

Control (no pretreatment) 100

2 M Sorbitale 135
2 M Sorbitol + U73122 19.2
Sorbitol + DPI 101.9
100 pM H,0¢ 30.8
100 pM H,0, + U731229 365
500 uM H,0, 231

500 uM H;0, + U73122  23.1

aPretreatments were given 1 h before a hypoosmotic shock (50%
seawater).

5A minimum of 100 embryos were counted per replicate. Bursting
was recorded at 5 min after hypoosmotic shock. Values represent
the average of three replicates and are representative of two inde-
pendent experiments.

¢ Sorbitol pretreatment was given for 30 min.

44,0, and U73122 were applied for 2 min (pretreatment with
U73122 for 2 h.

tiotemporal Ca®* signaling is largely lacking for plants and
algae, although mitochondria have been shown to represent
a source of Ca?* for signals elicited in response to anoxia
(Subbaiah et al., 1998). We also show here that the onset of
the increase in mitochondrial ROS production is coincident
with the declining phase of the transient Ca?*., increase,
with the peak of the mitochondrial depolarization, and with
the increase of CaZ*,, after hyperosmotic treatment. More-
over, mitochondrial ROS production shows an absolute de-
pendence on Ca?*., increase. In animal ceils, mitochondria
may incur Ca?*-induced respiratory impairment in response
to Ca?* loading that may potentiate ROS production
{Grijalba et al., 1999). The total abolition of mitochondrial
ROS production in Br,BAPTA-injected rhizoid cells indicates
a strong causal link between Ca2*_, increase, Ca?*,, up-
take, and ROS production. Thus, an increase of Ca"’*m is
necessary to induce mitochondrial ROS production and is
preceded by a peripheral cytosolic increase of ROS, involv-
ing an initial extracelluiar production of ROS, probably
through a NADPH oxidase—iike activity.

The hyperosmotically induced mitochondrial ROS pro-
duction and Ca?* ., increase were sensitive to DPI. By con-
trast, Ca2*-induced mitochondrial ROS production after
photorelease of caged Ins(1,4,5)P; was DPI insensitive.
Therefore, hyperosmotically tnduced mitoechondrial ROS
production appears to require the activity of an upstream
DPi-sensitive process.

A functional role for ROS in the response to abiotic stress
was evident from experiments that monitored adaptation to






METHODS

Embryo Culture

Fucus serratus embryos were cultured on glass cover slips fitted to
the base of culture dishes in filtered seawater for 24 h in unidirec-
tional light at 16°C, as described previously (Goddard et al., 2000). All
experiments were performed using two-celled embryos. Dishes were
perfused during experiments on the stage of a Nikon Diaphot 300 in-
verted microscope (Tokyo, Japan} with a gravity perfusion system
that allowed rapid solution changeover.

Cytosolic Ca?* Measurements

Cytosolic Ca?* {Ca?* ;) was measured in rhizoid cells using Calcium
green—dextran (10 kD) ratioed against Texas red-dextran (10 kD;
Molecutar Probes, Eugene, OR) (Goddard et al., 2000). Dyes were
dissolved to a final concentration of 1 mM in an artificial intracellular
solution (200 mM KCl, 10 mM Hepes, and 550 mM mannital, pH
7.0), pressure microinjected (Taylor et al., 1996; Goddard et al.,
2000) using pipettes fabricated from 1.2-mm filamented borosilicate
glass, and dry beveled (Taylor et ai., 1996). In some cells, the Ca?*
chelator dibromo glycine, N,N'-(1,2-ethanediyibis(oxy-2,1-phenyl-
ene)) bis(N-carboxymethyl))-tetrapotassium salt (intraceflular con-
centration of 4 mM) was microinjected along with the Ca?* dyes to
buffer Ca2*_, changes. Ca?* dyes were injected to a final intraceliu-
lar concentration of 10 to 50 pM. Embryos were incubated in 0.1 to
0.2 M sorbitol to reduce internal turgor pressure during microinjec-
tion and recovered in seawater for >1 h before measurements
were taken. Images were acquired using a Bio-Rad 1024 confocal
microscope (Hemel Hampstead, UK) equipped with a krypton/argon
laser. Calcium green and Texas red wera excited at 488 nm (523 nm
emission) and 567 nm {605 nm emission), respectively. Images were
acquired using TIMECOURSE software (Bio-Rad) and ratioed using
TIMECOURSE (Bio-Rad) or LUCIDA (Kinetic Imaging, Liverpool, UK)
software. Calcium green/Texas red fluorescence ratio (R) vaiues
were calibrated from R, and R, (Grynkiewicz et al., 1985). Dye-
loaded cells were perfused alternatively with Ca2+-free seawater
(containing 0.1 mM EGTA) and 50 mM Ca?* -seawater to obtain Ry,
and R, values, respectively. All calibration solutions contained 100
uM ionomycin (Calbiochemn, Nottingham, UK). Ca?-, values were
calculated using the formula [Ca?*]e, = Ky(R — Rryn)/(Rmgy — R). The
Ky of Calcium green = 190 nM.

Intracellular Reactive Oxygen Species Measurements

Reactive oxygen species (ROS} production was monitored as oxida-
tion of 5- {and 6-) chloromethyl-2°,7'-dichlorodihydrofluorescein di-
acetate (CM-DCFH;-DA; Molecular Probes). Different dye-loading
protocols were used to visualize preferentially either early peripheral
cytosolic ROS production or longer terrn mitochondriat production.
For visuatization of early ROS increases in both the cytosol and the
mitochondria, embryos were incubated in 100 oM CM-DCFH,-DA in
1% ethano! for 20 min. Dye was retained in the experimental solution
throughout the experiment. For preferential visualization of mito-
chondrial ROS production, ceils were washed in seawater for 20 min
before experiments. This removed dye from the cytosolic, but not the
mitochondrial, compartment. Confocal images were obtained after
excitation at 488 nm and emission at 522 nm. Because CM-DCFH;-
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DA is a nonratiometric dye, we checked for-any changes in fluores-
cence caused by a decrease in cell volume during hyperosmotic
shock by simultaneously monitoring the fluorescence of microin-
jected Texas red—dextran (see above}.

To estimate intracellutar ROS production in nonstressed cells and
during hyperosmotic shock, we used an in vivo calibration protocol.
First, an in vitro calibration curve of the fluorescence of droplets of
CM-DCFH; {chemically hydrolyzed from CM-DCFH,-DA as indicated
by the manufacturer) mixed with known concentrations of H,O, {cal-
ibration curve A) was constructed together with an in vitro calibration
curve of the fluorescence of droplets of various known concentra-
tions of Texas red {calibration curve B). Rhizoid cells were injected
with equal proportions of Texas red—dextran and CM-DCFH;-DA.
The average cellular fluorescence of each dye was monitored before
and after hyperosmotic shock treatment. The concentration of Texas
red, and thus the concentration of DCFH, was determined from cali-
bration curve B. Using calibration curve A, we calculated the intracel-
lular total ROS production that gave rise to the observed flucrescence.

Mitochendrial Localization

Mitochondria were localized after incubation with 0.1 .M Mito-
Tracker Red (Molecular Probes) for 30 min or 0.2 pM MitoTracker
Greon (Molecular Probes) for 1.5 h. Mitochondrial membrane po-
tential was monitored using the lipophilic cationic probe tetrameth-
ylrhodamine ester (TMRE; 0.1 pM for 5 min) (Molecular Probes).
Each dye was dissolved in 0.1% DMSO in filtered seawater. To
confirm the mitochondrial localization of MitoTracker dyes, em-
bryos labeled with MitoTracker red or MitoTracker green were
fixed, embedded, and sectioned for transmission electron micros-
copy as described previously (Brownlee and Pulsford, 1988) but
without osmium after fixation. Confocal fluorescence images of
sections mounted on 3- X 1-mm slot grids (0.1 to 0.5 pm) were ac-
quired, and sections were exposed subsequently to osmium vapor
from a drop of osmium tetroxide in a closed petri dish. They were
then stained in 4% methyl acetate and lead citrate and viewed with
a JEQL 200 CX electron microscope. This allowed the direct iden-
tification of fluorescent cellular structures.

TMRE enters mitochondria in a membrane potential-dependent
manner. Mitochondrial accumulation of TMRE has been shown to
cause the guenching of fluorescence, whereas mitochondrial depo-
larization induces TMRE release from mitochondria and a conse-
quent increase in cellular fluorescence (Zimmermann, 2000). Thus,
changes in TMRE fluorescence have been used to monitor mito-
chondrial membrane potential changes. TMRE fluorescence was
monitored with the confocal microscope at 568-nm excitation and
605-nm emission. Cells loaded simultansously with CM-DCFH,-DA
and MitoTracker red or with X-rhod-FF {{(Molecular Probes; ses be-
low) and MitoTracker green were scanned at 488/568 nm (excitation
wavelengths) and 522/605 nm (emission wavelengths).

Inhibitors

The mitochondrial uncoupler carbonylcyanide p-trifluoromethoxy-
phenyl hydrazone (Sigma, Poole, UK) was dissolved in 0.1% DMSO
and filtered seawater (final concentration of 1 wM). The NADPH oxi-
dase inhibitor diphenyleneiodonium (Sigma) was dissolved in 0.1%
DMSO to a final concentration of 10 pM in filtered seawater. Cells
were exposed to inhibitors for 1 h before the beginning of the exper-
iment, and inhibitors also were included in the perfusing solutions.
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The phospholipase C inhibiter U73122 or its inactive analog U73343
was dissolved in 0.1% DMSQ and filtered seawater {final concentra-
tion of 10.0 uM), and cells were preincubated for 2 h. Catalase
(Sigma) was used at a concentration of 450 pg/mL.

Mitochondrial Ca?*

X-rhod-FF was used to monitor mitochondrial Ca?+ changes. X-rhod-
FF has a net positive charge, which facilitates its sequestration inside
mitochondria by potential-driven uptake. Cells were loaded with 2
wM X-rhod-FF AM (0.1% DMSQ) for 1.5 h. The residual extracellular
and cytosolic dye was eliminated by washing in seawater for 2 h. The
mitochondrial localization of the dye was checked by coloading the
cells with MitoTracker green. Confocal images of X-rhod-FF fluores-
cence were obtained at 568 nm (excitation) and 605 nm {emission).

Inositol 1,4,5-Triphosphate Photorelease

Rhizoid cells were microinjected with a mixture of caged inositol
1,4,5-triphosphate [Ins(1,4,5)P,] (Calbiochem,; final intracellutar con-
centration of 10 uM) and Calcium green—dextran and Texas red—dex-
tran as described above. To monitor ROS production, cells were in-
jected with Ins{1,4,5)P; and Texas red-dextran (final intracellular
concentration of 10 to 50 uwM) and then incubated with CM-DCFH,-
DA as described above. Photorelease was achieved with a UV light-
pulsed nitrogen laser (10-ns pulses, 20 Hz for 1 s) (VSL337; Laser
Science, Cambridge, MA) delivered via the microscope objective and
focused to an adjustable spot via a beam expander and adjustable
focusing lens (Goddard et al., 2000). Laser intensity was adjusted
with a diaphragm in the delivery optics to a level that caused the pho-
torelease of Ins(1,4,5)P, but did not by itself induce an oxidative
burst. Control cells were microinjected only with Texas red—dextran,
loaded with CM-DCFH,-DA, and exposed to identical laser excita-
tion.

Patch Clamping

Spheroplasts were obtained from the apices of Fucus rhizoid cells
using laser microsurgery of the cell wall, as described previously
(Taytor and Brownlee, 1992; Taylor et al., 1996). Cell-attached re-
cordings were made from apical protoplasts using cenventional
patch-clamp techniques (Taylor et al., 1996). The reference electrode
consisted of an Ag/AgCl pellet in a holder containing seawater and
was conngcted to the bath via a 3% agar bridge. Patch pipettes were
fabricated from borosilicate glass (GCG150TF; Clark, Pangbourne,
UK) with a Narishige pipette puller (P-833; Narishige, Tokyo, Japan).
Electrodes were dipped briefly in 0.001% polylysine sclution (Sigma)
before back filling with ultrafiltered pipette solution {30 mM CaCl,, 30
mM KCI, and 10 mM Hepes, pH 7.8). Patch-clamp recordings were
obtained with an Axopatch 1D amplifier (Axon Instruments, Foster
City, CA), filtered at 5 kHz, and analyzed with PCLAMP software
(Axon Instruments).

Upon request, all novel materials described in this article will be
made available in a timely manner for noncommercial research pur-
poses. No restrictions or conditions will be placed on the use of any
materials described in this article that would limit their use for non-
commercial research purposes.
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Cellular responses to elevated light levels in Fucus spiralis
embryos during the first days after fertilization

S. COELHO,'? J. W, RISTENBIL, [. SOUSA-PINTO? & M. T. BROWN?

{Netherlands Institute of Ecology, Centre for Estuarine and Coastal Ecology (NIOO-CEMQO), PO Box 140, NL-4400 AC
Yerseke, The Netherlands, 2Department of Biclogical Sciences, University of Plymouth, Plymouth, P14 8AA, UK and
3Department of Botany, Faculty of Sciences, University of Porto, R. do Campo Alegre, 1191, P-4150 Porto, Portugal

ABSTRACT

Cellular responses of 1-, 2- and 4-d-old Fucus spiralis
embryos subjected to a single dose of elevated photosyn-
thetically active photon Aux density (PPFD), with or with-
out uliraviolet (UV) radiation, were investigated by
measuring the effects on the effective quantum yield of
photosystem II (AF / F_") and intracellular production of
active oxygen species (AOS). Production of AOS was
determined by the in vivo conversion of 5-(and-6)-chlo-
romethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-
DCFH,-DA) to the fluorescent compound dichlorofluores-
cein (DCF) using confocal laser scan microscopy (CLSM)

and image analysis. The role of xanthophyll cycle pigments’

in photoprotection was also assessed. A rapid decline in AF
! F,’ was observed under all elevated light conditions. A
correlation was found between non-photochemicat quench-
ing and the de-epoxidation ratio zeaxanthin/(zeaxanthin +
violoxanthin). Active oxygen formation increased with
PP¥D and was higher in older embryos and when UVB was
present. Two photoinhibition responses were recognized:
(i) a rapid decline of the PSII yield due to the violoxanthin—
zeaxanthin cycdle (photoprotection), and (ii) a slower sec-
ond-phase dedline, correlated with active oxygen produc-
tion. Electron transport rate (ETR) increased with embryo
age, and was correlated with AOS production. As a result of
enhanced AOS production, there was a slow recovery of the
PSI11 yield, in particular with increased effective UV dose.
In general, embryos were able to recover from the imposed
light conditions, but UVB had a more damaging effect.
Overall, our data suggest that under natural conditions,
embryos of . spiralis are susceptible to elevated light lev-
els, and that UVB radiation is an important stress factor.

Key-words:  Active oxygen; chloromethyl dichloro-
dihydrofluorescein diacetate {CM-DCFH,-DA); confocal

laser scan; oxidative stress; xanthophyll cycle.

Abbreviations: AF /| F,/, effective quantum yield of PSII;
AQS, active oxygen species; CLSM, confocal laserscan
microscope; CM-DCFH2-DA, chloromethyl dichloredihy-
drofluorescein diacetate; DCF, dichlorofluorescein; PAM,
pulse-amplitude modulation; PPFD, photosynthetically
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active photon flux density; PSII, photosystem 1I; qP, photo-
chemical quenching; gN, non-photochemical quenching;
SA,sun + UVA; SAB, sun + UVA + UVB,; shade, 15 umol
m?s! PPFD; sun, 300 yumol m2 5! PPFD; UV, ultraviolet;
V,violoxanthin concentration; Z, zeaxanthin concentration.

INTRODUCTION

Fucoid brown algae {(Phaeophyceae) are important mem-
bers of marine intertidal communities in the north Atlantic
Ocean. Variability in their recruitment and regeneration of
the Fucus canopy are major influences on the rate of suc-
cession and the abundance of other species (McCook &
Chapman 1997). Despile the importance of stress toler-
ance in intertidal seaweeds, the underlying mechanisms
that confer such tolerance are still poorly understood
(Davison & Pearson 1996). To date, most studies have
focused on adult stages, but the mechanisms by which
Fucus embryos withstand the prevailing physical forces in
the intertidal zone (light, tidal movément, waves) are key
determinants of their ability to survive and establish a
population. The impact on embryonic stages in the first
days after settlement may be particularly severe. It has
become apparent that the response of early life history
stages to the environmental conditions cannot necessarily
be predicted from knowledge of the adult canopy (Davi-
son, Johnson & Brawley 1993). Although fucoid embryos
are easily manipulated in laboratory culture and their
early development. has been well characterized (Kropf &
Quatrano 1987; Kropf 1997), relatively little is known
about their stress physiology.

Fucus embryos develop under shade conditions, typi-
cally in rock crevices and under the protection of the adult
canopy, so exposure to an elevated light climate - espe-
cially during emersion - is likely to result in photoinhibi-
tion. Vanable fluorescent techniques are suitable tools for
studying photosynthetic inhibition as activity of the PSII
reaction centre (i.e. the rate of production of electrons by
the water-splitting systern of PSII) is measured. The PAM
method is based on the principle that under in vivo condi-
tions, fluorescence changes originate almost exclusively
from chlorophyll # and the associated antenna pigments in
PSII {see Genty, Briantais & Baker 1989; Schofield, Evens
& Millie 1998). The potential inhibition of photosynthesis
due to light stress can be minimized through several physi-
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ological mechanisms (Schofield er al. 1998), including the
involvement of the xanthophyll cycle pigment pool in dis-
sipaling excess energy from the reaction centres (Kroon
1994).

It is also known that excess light, cold, heat and drought
can trigger increased production of harmful AQS such as
hydrogen peroxide (H,0,), superoxide radicals (*Q,") and
hydroxyl radicals (*OH) (Foyer, Lelandais & Kunert 1994).
Intracellular production of deleterious active oxygen spe-
cies occurs in all organisms but is more problematic in pho-
totrophs because they produce these metaboliles during
photosynthetic metabolism (Halliwell & Gutteridge 1989).
Oxidative stress can be countered by a set of antioxidative
enzyme-mediated reactions. How the oxiradical attack and
the antioxidant defence evolve during the first (decisive)
days after fertilization of Fucus eggs is not known.

The aim of this study was to assess the impact of experi-
mental light conditions on the physiology of developing
Fucus spiralis L. embryos during the first 4 d after fertiliza-
tion. This was achieved by investigating: (i) protection
mechanisms against sunlight, using the PAM technique to
measure photosynthetic performance and high-perfor-
mance liquid chrematography (HPLC) to quantify the xan-
thophyll cycle and other relevant pigments; (ii) the
intracellular production of active oxygen species in response
to elevated PPFD using the fluorescent label CM-DCFH,;-
DA in combination with CLSM and quantitative image
analysis, and (iii) the ability of embryos to recover from oxi-
dative stress under more favourable, dim-light, conditions.

MATERIALS AND METHODS
Plant material and growth conditions

Receptacles of mature F spiralis were collected from the
compact intertidal scaweed belt, growing on concrete sub-
strata along the shoreline of the Qosterschelde basin (29%.
salinity) near Yerseke (south-west. Netherlands), from Sep-
tember 1998 to April 1999. Receptacles were stored at 4 °C
in the dark until they were used (within 1 week). To achieve
synchronous release of gametes, receptacles were incu-
bated in fillered seawater (0-45 um) under strong white
light at 15 °C. The gamete solution was then filtered
through a 120 ym nylon mesh to discard debris and oogo-
nia. Time of fertilization was considered to be 30 min after
gamete release. Fertilized eggs were then pipetted onto the
surface of high-precision coverslips for CLSM (Assistent;
Glaswarenfabrik Karl Hecht, Sondheim/Rhoen, Germany;
170+ 10 gam thick, 25 mm diameter) and placed inside small
Petri dishes containing 8 mL filtered seawater, where they
attached and grew. For the analysis of chlorophyll fluores-
cence and xanthophyll cycle pigments, the embryos were
grown onto cellulose nitrate filters in small Petri dishes.
Attached zygotes were incubated at 15 °C under 15 umol
m~2 s! PPFD (4zn-sensor QSL-100; Biospherical Instru-
ments, Inc., San Diego, CA, USA) on a12:12 h light : dark
cycle. Seawater was replaced daily. Replicate cultures (n =
3-5) were maintained for each treatment.

Light conditions and experimental protocol

In the south-west Netherlands, the reproductive season
for E spiralis is autumn/winter. The control/low PPFD
{15 pmol m2 s7!) was selected on the basis of in situ mea-
surements taken during a cloudy day at 1000 and 1600 h in
February, when the adult canopy almost completely covers
the embryos. These were considered to be the standard
growth conditions for the first days after fenilization. The
elevated PPFD (300 umol m~2') was chosen based on in
situ measurements at noon on a sunny day in February,
when the adult canopy was partially removed and the
embryos were exposed to higher lightlevels. In nature, fer-
tilization occurs during daytime low tide (Pearson & Braw-
ley 1996), so the first potential exposure to high light is ~24
h after fertilization, at the next daytime low tide.

Experiments were conducted under four different light
regimes: shade/control (Philips TLD18W33 fluorescent
lamps; Philips, Eindhoven, The Netherlands), sun, SA and
SAB. A ZABU UVD clear acrylate sheet (Wientjes BV,
Roden, The Netherlands) was used to filter out UVC
radiation (below 285 nm) under all light conditions, a Mylar
filter was used to cut off UVB radiation (below 320 nm)
and a plexiglass filter was used to remove UVA radiation
(below 380 nm). A PPFD spectrum (250-700 nm) was
scanned with a spectroradiometer equipped with a 2z
cosine-corrected sensor (MACAM Photometrics SR-9910-
PC; Macam Photometrics Ltd, Livingston, UK). The
biologically effective dose of Jones & Kok (1966) was 2-1 W
m~? {(SAB), 0-6 (SA), 0-1 (sun) and 0 (shade) and was cal-
culated using a weighting factor, WF, = 1000*¢2*4 (R =
1), derived from the plot in Forster & Liining (1996) that
sets WFyy; = 1. For the calculation of this effective dose,
A = 280400 nm are considered, using the formula BED;x =
)= 280405 (WF,*(@,), in which @, is the PPFD (W m2) at
wavelength A (nm).

Fluorescence measurements

In vivo light-modulated chlorophyll fluorescence was mon-
itored in 1-, 2- and 4-d-old photosynthetically competent
embryos (Brawley, Quatrano & Wetherbee 1977) with a
pulse-amplitude modulation apparatus (PAM 2000 Walz;
Heinz Walz GmbH, Effeltrich, Germany), based on the
principles described by Schreiber, Evens & Bilger (1986).
The saturating pulse method provides information on pro-
cesses related to the quantum yield of PSII in response to
light stress. Yield is usually determined under steady-state
illumination, in which the effective quantum yield of PSII is
close to the overall quantum yield of photosynthesis. The
effective quantum yield was determined according to the
equation AF / F' = (F;' - F)) / F,' (Genty eral. 1989),
where AF is the difference between the respective maximat
fluorescence F,’ of light-adapted algae and the ambient
fluorescence level (current steady-state fluorescence, F).
The effective quantum yield was used as the photoinhibi-
tion parameter since it is correlated with oxygen production
{Hanelt, Li & Nultsch 1994; Hanelt, Uhrmacher & Nultsch
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1995). Changes in chlorophy!l fluorescence in photochemi-
cal quenching were calculated according to the expression
gP=(F, - F)!(Fy - F)); in non-photochemical quench-
ing, gN =1 -{F, - F,} | (F, - F,). Zygotes were well dis-
persed over the cellulose nitrate filter to ensure that all
embryos were submitted to similar light conditions. The
PAM fibre was placed carefully over the attached popula-
tion of embryos and the flucrescence yield was measured at
a minimum of five different positions on the filter (i.e. five
measurements for each data point, which correspond to
independent embryos in the dish population). The meas-
urements were performed at short intervals (= 5 min) dur-
ing 60 min exposure under each light condition. The change
in yield during a 60-180 min recovery period, under shade,
was also assessed.

Chlorophyll fluorescence was also used to analyse the
light response curves (photosynthesis versus PPFD curves)
of F spiralis embryos during their early development
stages, from 3 h after fertilization to 10 d. Zygotes were
obtained as described before, and the growing embryos
were incubated in shade, 15 °C and a 12 h photoperiod.
Samples were exposed to increasing PPFDs of actinic red
light (650 nm); PPFDs ranged from 10 to 504 umol m-? s!
with, in total, 20 PPFD values. The material was dark-
adapted before the beginning of the measurements. The
light response curves were fitted by the model equations
given by Platt, Gallegos & Harrison (1980). Relative elec-
tron transport rates (rel. ETR) were calculated by multi-
plying quantum yield by PPFD (rel. ETR = AF / F/ x
PPFD) and plotted against PPFD. Alpha (a} (initial slope
under light-limited conditions), and P, (gross photosyn-
thesis under saturating light) were also determined.

Pigment analysis

For pigment (violoxanthin, zeaxanthin, B-carotene, chloro-
phyll @) analysis of embryos exposed to SAB, samples were
obtained at short intervals during the 60 min period of
exposure to elevated light, and also during recovery under
dim light. Frozen samples (-80 °C) of F spiralis embryos,
grown onto cellulose nitrate filters, were extracted in 90%
methanol in -5 M ammonium acetate, the pigments sepa-
rated and concentrations determined by HPLC following
the procedures of Wright er al. (1991} and Kraay, Zapata &
Veldhuis (1992). Methanol extracts were injected into a PC-
controlled (Millennium 2-15 software; Waters, Milford,
MA, USA) HPLC system (Waters) equipped with a
reversed-phase column (Nova-Pak C18, 4 um, 15 cm;
Waters Wat086344)." Gradient-mixing HPLC pumps
delivered three mobile-phase solvents: ammonium acetate/
methanol, 90% acetonitril and 100% ethyl acetate. A pho-
todiode array detector was used {Waters), in which the
absorption characteristics of the eluted pigments were
matched with those described in Jeffrey, Mantoura &
Wright (1997). Antheraxanthin, the xanthophyll intermedi-
ate of violaxanthin and zeaxanthin, could not be detected.
Commercially available standards of the pigments were
used (DHI Water & Environment, Hgrsholm, Denmark).

© 2001 Blackwell Science Lid, Plant, Cell and Environment, 24, 801-810
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Pigment concentrations of f-carotene, violaxanthin and
zeaxanthin were normalized to the chlorophyll g peak
area. The relative pool of xanthophyll cycle pigments was
estimated as Z/(Z + V). Values of Z/ (Z + V) were plotted
against g/N to characterize the relationship between the
de-epoxidized xanthophyll cycle pigments and non-
photosynthetic energy dissipation (Schofield et al. 1998).

_ Quantitative detection of active oxygen species

The formation of DCF from DCFH,-DA is currently used
for the assessment of oxidative stress in microalgae and sea-
weeds (Lesser 1996; Malanga & Puntarulo 1995; Collén &
Davison 1997). DCFH;-DA is a non-polar, non-fluorescent
compound that diffuses across membranes. Within the cell,
acelate is cleaved off by esterases to give 2’,7-dichlorohy-
drofluorescein (DCFH;), a polar compound that can only
leak from disrupted cells or via active membrane transport.
Oxidation of DCFH; by active oxygen species (Royall &
Ischiropoulos 1993) yields a fluorescent compound, DCF.
The oxidizing agent is either *QH, which may be formed
from H,0, and Fe * in the Fenton reaction, or H,0,, which
may react with DCFH; via peroxidases (Zhu et al. 1994),
Here, intracellular active oxygen production was studied by
measuring the oxidation of the label CM-DCFH,-DA
{Molecular Probes, Eugene, OR, USA), a chloromethyl
derivate of DCFH,-DA; the use of this minimizes the risk
of DCFH; leakage from living cells as its thiol-reactive
chloromethy! group links CM-DCF with intracellular thiols
{e.p. glutathione). Subsequent DCFH, oxidation yields
DCEF that is trapped inside the cell. Fucus spiralis embryos
grown under dim light on high-precision CLSM coverslips
(~50 per coverslip) were loaded with a CM-DCFH,-DA
working stock solution {100 um). Working solutions of CM-
DCFH,-DA were stored in the dark under a nitrogen atmo-
sphefe to avoid DCF formation. Loading of the label (30
min, 15 °C, dim light) was terminated by rinsing the sample
with filtered seawater (02 im) to remove the excess label
not incorporated into cells. Embryos were then submitted
to each condition (defined earlier) for 30 min. Following
exposure, the coverslips with the atiached embryos were
mounted in a sample ‘chamber (Attofluor; Molecular
Probes), filled with 0-27 mL filtered seawater. Finally,
0-01 mL ascorbate solution {1 mg mL"!, pH 8) was added.
This compound is both an antifading reagent, preventing
bleaching of DCF fluorescence, and an antioxidant, stop-
ping further oxidation of DCFH; in cells {Pawley 1995).
Stock solutions of CM-DCFH,-DA, filtered seawater and
ascorbate were prepared fresh daily.

Confocal laser scan microscopy and
image analysis

A laser scan unit (Leica TCS NT: Leica Microsystems
GmbH, Mannheim, Germany) was built on an inverted
microscope (Leica-IRB). The Ar/Kr laser was set at half-
maximum; the 488 nm excitaticn line was chosen, and set at
15% intensity by an optacoustic device (AOTF). With a 25
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x 0-75NAJoil objective (Leica UV-PLFLUOQ), the emission
pinhole set at 90 pum matching 1 airy disc unit (Pawley
1995), and using high-precision bottom in the sample cham-
ber (Keller 1995), an optimum theoretical thickness of
2-4 ym was calculated for the focal plane (z-slice). In these
analyses, the intersection (z) intervals were set at 1-5 um to
minimize loss of digital information. Via a beam splitter
{RSP580), the green and red fluorescence from the focal
plane were separated using emission filters BP530/30 and
LP590 (Leica), respectively. Both green fluorescence emit-
ted at 530 nm by DCF and red autofluorescence were
measured using photomultiplier detectors. Simultaneously,
three digital images were taken: (i) green emission of DCF;
(ii) red emitted by chloroplasts, and (iii) transmitted light
image. A daily calibration procedure was introduced using
standardized fluorescent spheres (Focal Check, 15 um;
Molecular Probes). For conversion of the relative fluores-
cent units to real concentrations of DCEF, standard solutions
of DCF (Sigma-Aldrich Chemie, Zwijndrecht, The Nether-
lands) were used to build a calibration line (R? = 0-997).
Using the image analysis programme QWIN (Leica), an
automated scanning procedure was written in QUIPS lan-
guage. This routine controls the CLSM scanning software,
the xy-stage and the z-focus of the objective. After marking
the xyz position of 10 embryos (randomly) in each sample,
an automatic scanning and image analysis was started. Per
sample, a file was made containing all data. This file was
imported into Microsoft Excel (Microsoft Corp., Seattle,
WA, USA) for further calculations of the mean grey value
of the DCF per embryo per sample. Finally, the average
DCF concentration per sample was calculated. For each
experimental condition, 3040 independent embryos were
used. In the figures, DCF concentrations (uM) are pre-
sented (+ SD) and values of AOS represent a production
rate, uM DCF (30 min)-.

Statistical analysls

Data were analysed, using the statistical programme Statis-
tica® version 6-0 (Statsoft, Tulsa, OK, USA), by two- or
three-way analysis of variance (ANOvA), with multiple
comparisons determined using the Sheffé test (Sokal &
Rohlf 1995). Since measurements taken at days 1, 2 and 4
were performed on different batches of embryos, the factor
‘time’, when included in the analysis, is treated as an inde-
pendent variable. Differences were considered to be sig-
nificant at a probability of 5% (P < 0-05). Correlation
coefficients were determined according to Sokal & Rohif
(1995).

RESULTS

Effects of elevated light on photosynthetic
efficlency

The impact of 1 h exposure to 300 timol m2s™! on AF/ F;/
was dramatic (Fig. 1). Values decreased within 3 min of
embryos being transferred from shade to any of the three

07 - (a)

aFIF,;

—e—Sun —0—SA —a—SAB
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04 -
03 -

02 - —e—Sun —0—- SA —a— SAB

00:00 00:28 00:57 01:26 01:55 02:24
Thme (h:min)

Figure L. Chlorophyll fluorescence measurements of F spiralis
embryos at different stages of development and exposed to shade,
sun, SA and SAB conditions. A population of embryos was grown
in filters submersed in filtered seawater and the effective quantum
yield was measured in at least five different regions of the filter
approximately every Smin for 1h and also during a 1h recovery
period under-low light. Arrows indicate the start of the recovery
period. (a) 1d old; (b) 2d old; (c} 4d old.

elevated light conditions (sun/SA/SAB). The steepest
decline was in 1-d-old embryos: after a 10 min exposure
period, AF/ F_ " decreased, on average, 1o 20 and 55% of the
initial value in the youngest and oldest embryos, respec-
tively; 2-d-old embryos had intermediate values. Reduction
in AF [ F, was consistently more pronounced in the pres-
ence of UVB: 17, 24 and 43% of the initial values in 1-, 2-
and 4-d-old embryos, respectively. The initial decrease in
AF [ F.’ (0-8 min) was followed by a second, slower decline
(= 8-45 min). At the end of the 1 h exposure, 1-d-old
embryos had 12% of their initial value of AF/ F', 2-d-old
had 28% and 4-d-old 54%. A rapid recovery in AF/ F_’
occurred on transfer from sun and SA to shade, reaching
pre-exposure values  within 1 h. After exposure to UVB,
recovery was significantly slower (F, 4, = 2-1, P=0-02), and
after 1 h embryos had recovered to 87% of the initial AF/
F_’. Complete recovery was achieved only after 3 h (Fig. 1).
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Figure 2. (1-gP)/gN in F spiralis embryos during incubation
under SAB and during a 1h recovery period. Arrow indicates the
start of the recovery period under dim light. Values represent
means of at least five measurements.

The photoinhibition observed under elevated PPFD was
further evaluated by examining changes in gqP and gN of
chiorophyll fluorescence. The quantitative indication of the
fraction of active PSII centres that are closed by the back-
ground light at the moment of the F,’ measurement can be
defined as (1 —gF). This value indicates the capacity of elec-
tron flow, and the ratio (1 — gP) / g¢N provides a more
appropriate measure of the capacity of photoprotection to
excess light than analysing the parameters gN and (1 - ¢P)
separately (Jiménez et al. 1998). The ratio (1 — gP) / gN
increased with time of exposure and decreased slowly as
the embryos recovered under more favourable conditions.
Despite having a lower initial value of (1 — ¢P) / gN, 24-h-
old embryos displayed the largest increase in this ratio (Fig.
2), while 4-d-old embryos increased the least (age-time
interaction F;y; = 2-89, P = 0-035).

Xanthophyll cycle pigments

After exposure to SAB for 1 h, both photoinhibition and
changes in the xanthophyll cycle pigment ratios were
observed. Figure 3 shows the Z / (V + Z) values plotted
against gN. The correlation between these parameters
improves with the age of the embryos. The concentration of
Pcarotene did not change significantly during these exper-
iments (results not shown).

05 - o

04 - A% (2d} = 0.7

03 -

oy

02 -

01 - °

00
05 0.6 07 o8 08 10
ZZeV)

Figure 3. Photoinhibition of F spiralis embryos Correlation
between gN and the ratio Z/V + Z of embryes sampled at different
times during the treatment (SAB).
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Figure 4. Photosynthetic light response curves of F spiralis
embryos at different stages of development. Curves were fitted
using the equations of Platt er al. (1980). P, varies between 23-3
(3h old) and 67-4 (10d old). Alpha varies between 0-68 (Zh old)
and 1-75 (10d old).

Although exposure to elevated light caused a steep
decline in AF/ F_’, considerabie electron transport was still
possible. The light response curves of the different devel-
opmental stages, from 3 h after fertilization to 10d old, are
shown in Fig. 4, As embryos developed, there was an
increase in « and P, From these observations it is esti-
mated that saturation PPFD ranged from 150 to 300 umol
m™2 57! at the respective ages investigated here.

Effects of elevated light on active
oxygen production

The production of AOS, as measured by the formation of
DCF, increased with PPFD (Figs 5 and 7). In 1-d-old -
embryos, the increase followed approximately a logarith-
mic curve up to 300 umol m= 5!, whereas in older embryos
(2 d and 4 d), the increase was more linear. In accordance
with the ETR increase observed in Fig. 4, this may be attrib-
utable to the progressive development of the photosyn-
thetic apparatus in the embryo cells. From Figs 6 and 7, it
is clear that after 30 min exposure to all high-light treat-
ments, CM-DCFH,-D A was oxidized by active oxygen pro-
duced in F spiralis cells, relative to the initial condition

25-

e1dold m2dold a 4d oid
2.0-

R?(4d) = 09147

Fr: (2d) = 0-8163_1

umol DCF
5

0 50 100 150 200 250 300 50

PPFD {mol m™ 5™

Figure 5. DCF production by F. spiralis embryas in response to
increasing light levels Values represent mean + SD (n=30-40).
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Figure 6. DCF production (corresponding to AOS production) in
F spiralis embryos: in the dark (dark control), in low light [start
(shade)], exposed for 30min to experimental high-light conditions
(sun, SA, SAB), after different recovery periods (60min and
90min) and under low light (shade). Values represent mean + SD
(n=30-40). There is a significant effect of age (F;n=56279,
P<0-0001), light (F; g90=195-48, P<0-0001) and the interaction
agexlight (Fgge=11-81, P<0-0001} on (a) 1-, (b) 2- and (c) 4-d-old
embryos.

(15 pmol m-? s-1). When all embryos were transferred from
shade to higher PPFD, there was a significant increase in
DCF formation, with more produced under SAB than
under either sun or SA.

The response of the embryos depended upon their stage
of development. Older embryos (4 d) had the highest val-
ues of DCF formation, while 1-d-old ones had the lowest
values (Figs 5, 6 and 7). On transfer to shade conditions,
production of AOS continued for some time — in some sit-
uations even after 60 min [this is most evident in 1- and 2-
d-old embryos previously exposed to UVB (Fig. 6)]. AOS
production in all embryes; no matter their stage of devel-

opment (1-4 d) or treatment, returned to control values
after 90 min under shade conditions.

An increase in both AOS production (in terms of DCF)
and electron transport rate (rel. ETR = PPFD x AF/ F.')
with the stage of development of the embryos were
observed. There is a correlation (n = 15; R* = 075; P <
0-001) between AOS production rates and rejative ETR
calculated from PPFD (400-700 nm) (results not shown),
Thus, active oxygen production seems to be proportional to
the electrons generated in PSII, regardless of the age of the
embryo. Comparing the trends of recovering AF/ F,’ values
in Fig. 1, it can be seen that when UVB is present, (SAB)
recovery occurs very slowly. During recovery from expo-
sure to elevated light, the index of photoprotection [(1 —
qP) [ gN] decreases gradually again-(Fig. 2) to-around 0-7,
but does not reach the initial values in the case of the UVB
treatment (SAB).

DISCUSﬁION

Treatment with 300 umol m~2 s-! (with or without ultravio-
let radiation) induced measurable cellular responses in F
spiralis embryos. The quality and quantity of the light used
here falls within the natural ranges encountered at the site
of collection (under the adult canopy). Embryos subjected
to elevated PPFD (with or without ultraviolet radiation)
quickly reduced their effective quantum yield and this was
maintained at a low value during incubaticn under high-
light conditions. Changes in AF/ F." have been related to
photoinhibition effects. Photoinhibition can result from two
different mechanisms (Demmig, Winter & Czygan 1987).
The first is dynamic photoinhibition, which implicates pho-
toprotection. The second type of photoinhibition is more
permanent: this (semi) pertnanent decrease in photosyn-
thetic capacity is known to cause photodamage to PSII
reaction centres (Bilger & Bjérkman 1991). The results pre-
sented here suggest that dynamic photoinhibition was dom-
inant in Fucus embryos challenged with 300 gmol m-2 s, -
Reductions in AF/ F,” were readily overcome after transfer
to more favourable conditions (dim light), indicating that
the reduction in the photosynthetic effective quantum yield

.is more a photoprotective mechanism than a chronic inhi-

biticn. The younger embryos (1 d) seem to have a lower
capacity for non-photochemical quenching. This is in agree-
ment with the results obtained when gN is plotted against
the relative pool of xanthophyll cycle pigments for the dif-
ferent aged embryos. The non-destructive dissipation of
excitation energy into heat via pathways other than photo-
chemistry leads to fluorescence quenching (Demmig et al.
1987), and is recognized as an efficient protective mecha-
nistn. The site of energy-dependent dissipation during
dynamic photoinhibition is generally believed to be the
LHCII antenna complex of PSII, associated with the
reversible de-epoxidation of violoxanthin to zeaxanthin in
the xanthophyll cycle. In spite of the attempt by cells to pro-
tect themselves against excess light energy through the dis-
sipation mechanism of de-epoxidation, significant changes
in photosynthesis were measured.
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decrease of violoxanthin was observed in the embryos pre-
viously exposed to UVB. This trend was less evident in 1-d-
old embryos, but its significance increased with age.

The role of f-carotene as a biologically significant anti-
oxidant is highly controversial. Results of some studies sug-
gest that B-carotene plays a significant role in vivo by
protecting the PSII reaction centre against photooxidative
damage by scavenging superexide, at least in higher plants
(Siefermann-Harms 1987). Others (Day et al. 1998) have
concluded that B-carotene was ineffective in exerting pro-
tection and had no antioxidant effect. In this study, there is
no evidence for variation in -carotene concentration that
would suggest any role in protection against light stress.
Uhrmacher, Hanelt & Nultsch (1995) too. could find no
change in the concentration of S-carotene during 2 h expo-
sure of Dictyota dichotoma to high PPFD, despite the
importance of xanthophyll cycle pigments in the photopro-
tection of this species.

An increase in the ratio (1 — gP) / ¢V indicates that high
light had a relatively greater impact on the electron flow
rate (by the ongoing closure of reaction centres) than it had
on the increase of the non-photochemical quenching
(which is due mainly to protective energy dissipation). Con-
sequently, a higher (1 — ¢P) / gN value would also indicate
a greater susceptibility to light stress (Jiménez et al. 1998),
as shown in Fig. 2. Thus, according to these results, older
embryos showed a higher capacity for photoprotection
than younger ones. Embryos alse converted DCFH, to
DCF in total darkness, although to a lesser extent. Collén &
Davison (1997) have observed this in adult Fucus; they sug-
gested that there is a basal rate of non-photosynthetic
active oxygen production. One-day-old embryos had the
highest production of active oxygen species in darkness and
4-d-old ones the lowest, Dark production of oxiradicals can
be explained by respiration of storage products. It has been
suggested that growth and photosynthesis are uncoupled in
the embryonic stages of Fucus (Major & Davison 1998),
presumably because of the utilization of stored compounds
such as mannitol (Davison et al. 1993). Mannitol may act as
an oxiradical scavenger (Shen, Jensen & Bohnert 1997), but
perhaps also as a radical producer; many ‘antioxidant’ mol-
ecules can serve as intermediates that produce active oxy-
gen (Kalinich, Ramakrishnan & McClain 1997; Otero et al.
1997). In embryos, 80 umol m~2 s-! was sufficient to increase
active oxygen production (Fig. 5), whereas in adult Fucus
evenescens, there was a limited increase of DCF production
at.100 ymol m? s~ (Collén & Davison 1997). This would
suggest that embryos are more sensitive to PPFD than
more developed stages.

Active oxygen production (conversion of DCFH; into
DCF) increased significantly, almost linearly, with the age
of the embryos under all conditions tested (P < 0-001). This
is most likely due to older embryos having a more devel-
oped photosynthetic machinery and greater pigment syn-
thesis (McLachlan 1974; McLachlan & Bidwell 1978;
Davison et al. 1993; Lamote et al, 1998), a view supported
by the light response curves that show an increase in o and

P... (Fig. 4).

During recovery, particularly from SAB, there was
excess active oxygen —.even after 60 min in 15 umol
m~2 57, This might be explained by continued inhibition of
the dark reactions, whereby the pool of NADPH is high and
PSI (ferredoxin) remains in a very reduced state. This could
result in cyclic electron transport (Mehler reaction), and
hence extra production of *O,~ and H,0, that would lead,
indirectly, to DCFH; oxidation. However, detailed studies
are required to verify this.

In conclusion, the data presented here indicate that a
single, ecologically relevant dose of PPFD, with and with-
out.ultraviolet A or B, can affect the cellular physiology of
E spiralis embryos. Two photoinhibition responses are rec-
ognized: firstly, a rapid decline of the PSII yield (AF/ F,)
that is probably due to the violaxanthin-zeaxanthin cycle
{photoprotection), followed by a slower, second-phase
decline that is most likely a direct consequence of active
oxygen production. In the developing photosynthetic appa- -
ratus, ETRs increase with the age of the early life stages.
Active oxygen production rates are directly coupled with
ETR (although other e¢lectron-consuming processes such as
photorespiration cannot be excluded), and photoprotection
increases with age. As a result of enhanced active oxygen
production, a slow repair of the PSII yield is observed, par-
ticularly with increased effective UV doses associated with
the experimental high-light conditions. In the absence of
UVB, embryos were generally able to recover quickly from
the imposed high-light exposure. Cverall, our data suggest
that under natural conditions, embryos of E spiralis are sus-
ceptible to high light, and that solar UVB radiation is an
important stress factor for these early stages.
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\bstract

- seaweeds are important primary producers, and as such contribute significantly to nearshore ecosystems. Studies
n the effects of anthropogenic stresses on these organisms have largely been concerned with the vegetative adult
dages of the life cycle. Here we review the limited information on the sensitivity of early stages in the life
:yele of seaweeds to global change (UV increase; global warming; increased storm frequencies) and pollution
eutrophication, trace metals and oil). Impacts on fertility, substrate attachment, development, photosynthesis,
rrowth and mortality are highlighted. In their natural habitats, early stages are shade-adapted, as they live shel
ered under adult canopies and in pores of the substrata. Although some acclimation under increased moderate
rradiance is seen, higher solar irradiance, and especially uliraviolet-B, inhibits early development. Global warm-
ng may decrease the fertility and shorten the fertile period of some species. With the increasing likelihood of
torms asscciated with global warming, gamete release may be inhibited while scouring by suspended sediments
nay detach newly settled stages. Succession and local distribution patterns are likely to be affected. Eutroph-
cation can result in accelerated development of the early stages of some algal species but sewage discharges
1ave a negative impact on sperm motility, fertilisation and can cause increased monality in germlings. Impacts
f other, indirect effects of eutrophication, including increased sediment cover of substrata, scouring caused
wy wind-induced resuspension of sediments, and grazing, are also expected to be negative. Toxic trace metals
iffect gamete viability, inhibit fertilisation and development, and reduce growth rates. Gametes are particularly
usceptible to oil pollution and interactions between hydrocarbons and the adhesive mucus surrounding the em-
wyonic stages seem to inhibit settlement. Recommendations for future studies are provided that are aimed at
raining greater insight into the effects of anthropogenic stress on the weakest links in the development cycle of
eaweeds.

.. Introduction enrichment, contamination from organic matter and

increased cycling of suspended solids, discharges
As a consequence of human activities in the densely of toxicants such as metals and pesticides have all
ropulated and industrialised transition zones between resulted in alterations to the light climate and chemical
and and ocean, macroalgae (or seaweeds) growing in environment for these primary producers. Exposure
oastal and estuarine waters are exposed to various of algal communities to these pollutants is additional
orms and degrees of anthropogenic stress. Nutrient to the expected effects of global change resulting

- from increased ultraviolet radiation, increased carbon
* Communication no. 2677 of NIQO (CEMO).
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dioxide levels, global warming, and increased storm
frequency. While a few species of seaweed have
been used as biomonitors for some of these stress
factors, the effects of anthropogenic disturbances on
different seaweed species, and their responses to them,
have been little studied. For example, the impact of
separate stress factors and the tolerance mechanisms
of algal species, synergistic and antagonistic effects
of cumulated stresses, the impact of these stresses on
the physiological state of the vegetative tissue, and
their impact as a function of the stage of develop-
ment of a seaweed, are all poorly understood. This
is all the more surprising because seaweeds are the
most important primary producers of nearshore waters
(Ramus, 1992). Moreover, they provide shelter for
other marine organisms, are nursery grounds for fish-
eries, they buffer against large scale changes in water
column nutrient concentrations, and they stabilise
sediments (Duarte, 1995). They are also important
in terms of bicdiversity, and are sources of valuable
natura! products (Liining, 1990).

Until recently, studies on the structure of marine
benthic communities have focused primarily on the
physical, chemical and biological factors that regu-
late vegetative growth of the adult stages. This is
also true of studies on the effects of anthropogenic
perturbations on macroalgal assemblages; for example
most studies on eutrophication and pollution deal
with availability, uptake and storage of nitrogen,
phosphorus and metals by adults, and their effects
on photosynthesis and growth of vegetative parts of
adults. However, the importance of young stages
to the structuring and dynamics of intertidal rocky
shore and sublittoral communities is now being recog-
nised (Underwood & Fairweather, 1989; Reed, 1990;
Bellgrove et al, 1997). Survival of early stages
of marine organisms is believed to be critical to
the successful establishment of benthic populations
(Vadas et al., 1992), and therefore, of great impor-
tance to the management of marine habitats. With this
recognition has come greater attenticn to the ecology
of early life history phases, including: dispersal, settle-
ment, dislodgement, intra- and inter-specific competi-
tion (Norton, 1983; Wright & Reed, 1990; Vadas et
al., 1990, 1992; Amsler & Neushul, 1991; Brawley
& Johnson, 1991; Fleicher & Callow, 1992; Reed et
al., 1992; Andersson et al., 1994; Kendrick & Walker,
1994; Beach et al., 1995; Creed et al., 1997).

The effects of abiotic factors on biological pro-
cesses in seaweed communities have to a large extent
been ignored, except when they are sufficiently severe

to produce mortality. However, Davison et al. (1993)
have suggested that sub-lethal stress might play an
important role in the recruitment success of indi-
viduals and the development of seaweed communities
on rocky shores. Reductions in fitness, such as
decrease in photosynthetic capacity, due to sublethal
stresses, may influence the growth of algae and their
ability to compete with others. Moreover, their data
emphasises the importance of age and stage-related
differences in the response to physical factors. Yelt,
Santelices (1990), Clayton (1992) and Fletcher and
Callow (1992) all document the paucity of informa-
tion on the reactions of early life history stages to
environmental stresses.

In light of this, here we deal with some of the
consequences of anthropogenic stress for the repro-
ductive cycle as a whole, .highlighting the fact that
some events in the seaweed life history other than
the vegetative growth of adults may be more sensitive
to environmental stress. For example, stressors may
affect (a) maturation of the reproductive parts, (b) sex
ratio, (c¢) viability of gametes and spores, (d) responses
1o pheromones and other ‘triggers’ that regulate the
development through gamete release and fertilisa-
tion, asexual sporulation, and vegetative growth, (e)
mortality rates of gametes, zygotes and germlings.
Yet, despite the potential ecological problems arising
from such effects, for many of these the impacts are
relatively unknown. We provide a summary of the
studies that have dealt with the impact of stress on the
early stages of the life cycle of seaweeds, and include
effects, where known, of global change {ozone deple-
tion, global warming, increased storm frequency) and
pollution (eutrophication, metals, and hydrocarbons).
We also provide some recommendations for future
study in the hope of stimulating further work on these
critical stages in the life cycle of macroalgae.

2. Characterisation of transitional stages in the
life cycle of macroalgae

The sequence of transitions for benthic macroalgae
usually includes four stages: spores or zygotes,
germlings, juveniles and adults (Vadas et al., 1992).
Macroalgal life histories can follow several patierns,
depending on the species and the environment. An
alternation between two free-living stages — one a
haploid gametophyte, the other a diploid sporophyte
— is common, but many variations exist. Sexual
reproduction may be isogamous, anisogamous or




wogamous. Syngamy is regulated by cell recognition
nechanisms on cell/flagella surfaces. Motile gametes
n brown algae, for instance, may be attracted to
ach other or to a stationary egg by pheromones
Maier, 1993; Lobban & Harrisen, 1994). Other
eaweed species release propagules into the seawater
hat are transported in currents before settling on avail-
ble substrata. As there is considerable confusion
n the literature about the meaning of early post-
ettlement stages (EPS), we will follow the terminol-
gy suggested by Vadas et al. (1992). Usually the
zrm propagule refers to reproductive spore bodies of
vhich there are 2 number of different types (Fletcher
¢ Callow, 1992).

For the great majority of algae, individual spore
wodies are released into the pelagic zone, and are
ubsequently distributed by water currents over short
r long distances. Following release from the adult,
¢ is necessary for a spore to re-enter the benthic
oundary layer. In view of the microscopic dimensions
f spores compared to the large water volume, there
ppears Lo be very limited reproductive success which
fe seaweed tries to balance with an extremely high
pore output, as has been reported for genera such
s Laminaria and Macrocystis (Fleicher & Callow,
992). In general, successful colonisation is achieved
nder conditions of limited dispersal and/or minimal
urrent activity (Fletcher & Callow, 1992). A number
f studies report that a high degree of fertilisation
uccess can be achieved by fucoid algae (Brawley,
992; Pearson & Brawley, 1996; Serrio et al., 1996a,
). Fucus distichus, for example, is able lo achieve
igh levels of fertilisation success in the intertidal zone
y releasing gametes synchronously during periods of
ery low water motion in tide pools isolated at low
de (Pearson & Brawley, 1996). Following release and
zrtilisation, zygotes remain unattached and are poten-
ally subjected to dispersal for a period of at least
ne tidal cycle. In the same study, the authors found
1at fertilisation success is generally low when high
alinity gradients are present in the pools. Both hyper-
nd hypo-osmotic conditions can influence gamete
:lease and fertilisation, since a receptacle of an indi-
idual can be positioned near the top or the bottom of
1e water column in a rockpool.

Settlement is defined by Vadas et al. (1992) as the
rtial post-sinking attachment of propagules to the
ubstratum, and recruitment as the process of transi-
on into one or more size or developmental slage.
‘he role of recruitment in structuring the adull popula-
on is still obscure. Recruitment from propagules
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is sometimes thought 10 play a minor role in the
structure and growth of adult populations, as e.g.
Ang and De Wreede (1990) concluded for Sargassum
recruits. High recruit mortalities were reported from
other experiments (Ang, 1985). In contrast, other
researchers concluded that recruitiment is important in
local persisience of populations, and plays a substan-
tial role in stabilising densities of adults within, for
example, Sargassum beds (Deysher & Norton, 1982;
Kendrick & Walker, 1994).

As regards mortality rates in early developmental
stages of seaweeds, there are likely to be size-
specific differences (Vadas et al., 1992), as well as
age or time-dependent differences (Thélin, 1981), in
their susceptibility to disturbance. For example, the
mortality rate of young germlings of Fucus exposed
to pollutants decreases with age. On the other hand,
7-day-old zygotes become more easily detached from
their substrata than 2-day-old ones. The probability of
survival is not constant throughout life. Creed et al.
(1997) found seemingly high mortality rates of Fucus
serratus in the laboratory (89% in 76 days); however,
these were comparable to loss rates of populations on
the shore (Creed et al., 1996).

Most studies show that early stages suffer from
high mortality and the processes and mechanisms
involved are enigmatic (Santelices, 1990). Although
substantial progress has been made in the last decades,
we still know little about how and why se many thalii
die so early in life (Vadas et al.,, 1992). Early stages
are a bottleneck for marine organisms (Underwood &
Fairweather, 1989), including the algae. There is a
high mortality in early post settlement stages, so the
individuals who survive are unique, and represent a
gene pool for the subsequent generations. However,
there is a high probability that selected genotypes will
be determined by chance events, i.e. the propagules
that are not washed away by waves and currents will
survive. On the other hand, these chance events are not
so easily applicable to other environmental triggers,
such as temperature, irradiance, desiccation or toxic
compounds. The individuals that are best adapted to
extreme values of these conditions will be selected on
the basis of their genetic constitution. Processes that
influence EPS survival not only affects the ecology
of species, but also the evolution and the role of
communities.
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3. Global change effects

3.1. Ultraviolet increase due to ozone depletion

The prediction of the effects of global climate change
has been one of the most studied topics during the
last two decades. A link has been established between
the anthropogenic release of certain compounds in the
troposphere and the subsequent involvement of these
compounds in the destruction of ozone in the strato-
sphere. A strong relationship exists between measured
reductions in total ozone concentration and increased
amounts of ultraviolet-B radiation measured at the
earth’s surface. Reductions in the thickness of the
ozone column have increased the amount of UV-B
at the earth’s surface and shifted the solar spectral
distribution 1o shorter wavelengths.

Despite the importance of macrophytes to coastal
ecosystems, most research has focused on the effects
of ozone depletion and subsequent UVB increase
on phytoplankton and coral reefs. Macroalgae and
seagrasses have been less studied, and this applies
particularly to their early life history stages (Table
1). The consequences of a changing light climate for
the eco-physiology of marine macrophytes have been
thoroughly reviewed by Franklin and Forster (1997).
We therefore concentrate on the consequences for the
early development of macroalgae.

In the marine habitat, especially in the intertidal
zone, macrophytes are exposed to diurnal changes
of irradiance depending on sun angle, clouds, and
tides. Thus, there is a conflict between maximum
light harvesting under low light and minimum inhibi-
tion and destruction of photosystems under high light
periods. Although studies of the effects of light stress
on marine macroalgae have largely been restricted
to mature stages, several reports indicate that young
tissue may be more susceptible to these perturba-
tions (Table 1}. The rapid acquisition by spores of
basic traits of physiology such as photosynthesis and
respiration for growth and development, or of a stress
response is of ecological relevance. It ensures their
viability in situ and, consequently, the recruitment of
new individuals or establishment of new populations
of the species (Amsler & Neushul, 1991; Beach et
al., 1995). Many macroalgae produce large numbers of
propagules that are dispersed from the parent popuia-
tion and colonise new sites. These early stages show
adaptations that enable survival in shaded environ-
ments, under the adult canopy (Kain & Norton, 1990).
There is now sufficient evidence to show that high

fluences of either photosynthetically active radiation
(PAR) alone or PAR+UV radiation can be lethal to
algae at certain times in their development (Franklin
& Forster, 1997).

The acclimation of early life stages of seaweeds
10 light, in general, is discussed first. As to the first
stage in development (gamele fertility) one example
is given. The extent of induction of fertility in
Laminaria species depends on quantum dose (radiant
exposure) and not on photon irradiance (Liining &
Dring, 1975; Liining, 1980). Female and male gameto-
phytes react in the same way towards blue light induc-
ing their fertility, which is extremely important for
successful fertilisation (Lining, 1980). The period
of viability of propagules after release from their
parent population is enhanced if these stages are
photosynthetically corpetent upon release, leading to
higher success in settlement and recruitment. Repro-
ductive cells capable of fast adaptation to particular
light regimes that are common to coastal environ-
ments, may be more successful than those without that
capacity (Beach et al., 1995). Planktonic propagules
have an ephemeral nature (Santelices, 1990), and
this is partially attributed to immature chloroplasts
in newly released propagules, resulting in reduced
photosynthetic rates. Nevertheless, net positive photo-
synthesis has been reported for algal reproductive
unicells (Amsler & Neushul, 1991; McLachlan &
Bidwell, 1978; Rodrigo & Robaina, 1997). Repro-
ductive unicells of Ulva and Enteromorpha species
demonstrated substantial rates of photosynthesis in
contrast to that observed in kelp zoospores (Amsler
& Neushul, 1991). A remarkable difference was
found between values of maximum photosynthesis in
gametes and zoospores of Ulva, with gametes showing
values similar to vegetative gametophytes. The photo-
physiological differences observed between repro-
ductive unicells of (opportunistic) ulvacean algae and
kelp (characteristic of late successional communities)
are proposed to be representative of exploitive and
stress tolerant exploitation strategies, respectively.
Spores and ycung germlings of subtidal algae are
very sensitive to light; gametophytes (haploid stages)
of Macrocystis, Laminaria and Pterigophora species
were Killed after exposure to direct sunlight of
approximately 1000 wmol m~2 s~! for a few minutes
(Liining & Neushul, 1978). Hanelt et al. (1997),
who studied photoinhibition and recovery after high
light stress in Laminaria saccharina, showed that: (a)
acclimation to high irradiance is slow in young sporo-
phytes and increases with sporophyte age, but is fastest
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Table 1. Key references of studies on the effects of irmadiance and ultraviolet radiation on fertility, germination and development of

early life history stages of seaweeds

Species Agent Indicator Reference
Ecklonia radiaia PAR/UYVY radiation Young gametophytes and sporophytes  Novaczek (1984)
Macrocysiis pyrifera High PAR Young gametophytes and sporophytes  Graham (1996)

Alaria esculenia High PAR/Photoperiod
Laminaria digitata
L. hyperborea

L. saccharina

Young sporophytes

Spores and germlings

Germination, growth and
chlorophyll fluorescence of
zoospores, gametophytes and

Han and Kain (1996)

Leukart and Liining (1994)

Dring et al. (1996)

young sporophytes

Fertlity, gametogenesis, young

Zoospores, young sporophytes

Different developmental stages

Liining (1980)

Fei et al. (1989)
Hanelt et al. (1997)

of gametophytes and sporophytes

Pterothamnion plumula High light
Halarachnion ligulaium

Ceramium rubrum

Chondrus crispus

Ulva pseudocurvata

Laminaria digitata UV radiation
L. hyperborea

L. saccharina

Laminaria digitata High light/
L hyperborea UV radiation = gametophyes
L saccharina

Laminaria japonica High light
Laminaria saccharina High light
Eckionia radiata UV radiation

Juvenile plants

Waood (1987)

a gametophytes, (b) photosynthesis in older sporo-
shytes and gametophytes is inhibited more rapidly
han in young sporophytes, (c) recovery is also faster
n gametophytes and older thalli, i.e. there is a faster
eversal of the process and hence, a faster restoration
f high photon efficiency of photosynthesis occurs.
ligh photon irradiances inhibited growth of gameto-
thytes and sporophytes of Ecklonia radiata less than
. mm long, and such a light stress may explain
he absence of summer recruvils to areas of open
ottom in shallow water (Novaczek, 1984). Growth
f eulittoral red algae germlings can be reduced by
xposure to moderale PAR imadiances. Germlings
f strictly subtidal species Pterothamnion plumula
nd Halarachnion ligulatum showed inhibition of
rowth from 30-100 pmol m?= s~!, whereas eulit-
yral species Ceramium rubrum, Chondrus crispus
nd Ulva pseudocurvara did not show inhibition of
rowth until 500 pmol m~2 s~! imadiance. Growth
f eulittoral germlings of red algae can be reduced by
xposure to moderate PAR (Leukart & Liining, 1994).

Post " settlement stages (gametophytes, embryonic
sporophytes) of the giant kelp Macrocystis pyrifera,
growing at the upper limit of its zone, survived only

‘under shade but not high irradiances (Graham, 1996).

Settlement of shade-adapted M. pyrifera zoospores
decreased, but was not prohibited under high PAR.
This suggests that high irradiances can inhibit recruit-
ment of M. pyrifera to shallow water by killing its post
settlement stages. The effect of UV was not tested,
although it may also potentially affect kelp recruitment
in shallow water.

Literature on the additional effect of UV radiation
is relatively scarce. According to Dring et al. (1996)
the sensitivity of three species of Laminaria to UV-
radiation was lower in young sporophytes than in
gametophytes, and lower in mature sporophytes than
in young sporophytes. Germination of zoospores and
growth of gametophytes was reduced after exposures
to UV longer than I h, whereas UV had little effect
on the growth of young or mature sporophytes unless
exposure was prolonged for more than 48 h. Yabe et
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al. (1997) found that gametophyte growth of Lamin-
aria religiosa was strongly inhibited by ultraviolet B
(320-280 nm) radiation, which indicated thal repro-
duction of this species might be inhibited by sunlight
in shallow waters. Exposure of young, shade-adapted
sporophytes of the lower intertidal species Lamin-
aria digitata to direct solar radiation (UV) showed
a higher sunlight tolerance in comparison with the
subtidal Laminaria hyperborea (Han & Kain, 1996).
Sunlight tolerance of the sporophytes of both species
could be greatly enhanced following acclimation to
higher irradiances (2-5 times the saturation point
for growth). This indicates that settlement stages of
kelps are capable of “light hardening” (Franklin &
Forster, 1997). It demonstrates that juvenile stages of
seaweeds are susceptible to UV; however, a gradual
acclimation may increase their sunlight tolerance.
For example, exposure of shade-adapted juvenile,
sub-canopy Ecklonia radiata to natural sunlight,
after removal of the seaweed canopy, caused tissue
damage, bleaching and reduced growth (Wood, 1987).
This damage to E. radiata germlings did not occur
after exclusion of UV, both in field and laboratory
experiments.

3.2. Global warming

In the atmosphere, certain trace gases both promote
global warming and deplete the ozone layer. The
primary active trace gases that affect global warming
are carbon dioxide, nitrous oxide, chlorofluorocar-
bons, methane and tropospheric ozone as they trap
infrared radiation (Juno et al., 1989). These green-
house gases and other biogenic trace gases, such as
carbon monoxide (CQ), nitrogen oxides (NOy), and a
range of volatile organic compounds (VOCs) play a
key role in atmospheric chemistry by affecting tropo-
spheric concentrations of ozone, the penetration of
photochemically active solar ultraviolet radiation, the
production of hydroxyl radicals, and, in the case of
dimethyl sulfide (DMS), cloud formation. As a result,
it is expected that not only will the average air and
waler temperature rise, but also that the temperature
ranges may become wider, i.e. colder winters and hot
summers. '
Temperature is the major factor controlling the rate
of photosynthesis in all plants (Davison, 1991). In
addition to differences between the average temper-
ature of different habitats, algae also experience
temperature fluctuations on many different time-
scales, including rapid fluctuations associated with

tidal displacement of the thermocline (Zimmerman &
Kremer, 1984) or tidal immersion/emersion, diurnal
changes characteristic of many small streams and
ponds, seasonal changes and long-term inter-annual
variability associated with natural climatic cycles and,
possibly, human influence {e.g. “greenhouse effect”,
Davison, 1991}. Various physiological criteria have
been used as a measure of the extent of temperature
stress on metabolism. Photosynthesis and respira-
tion have been most commonly used, owing to the
ease with which they can be measured. The liter-
ature contains many descriptions of the short-term
response of photosynthesis to a range of incuba-
tion temperatures (Oates & Murray, 1983; Zupan
& West 1990; reviewed by Davison, 1991). The
typical response is an increase in photosynthesis up
to an optimum temperature beyond which it declines
rapidly. In macroalgae the optimum is typically a
range of several degrees rather than a single value
(Oates & Murray, 1983; Madsen & Maberly, 1990).
As incubation temperature increases, rates of dark
respiration (Rg) and light saturated photosynthesis
{ Pmax), and the photon irradiance required to achieve
net photosynthesis and Ppax (I and Iy respec-
tively) all increase, whereas rates of light limited
photosynthesis (Pg,jp_gq) decline (Davison, 1991).
Most of these data are derived from work on adult
seaweeds. Major and Davison (1998) have studied
the effects of temperature (and light) on photosyn-
thesis and growth of Fucus evanscens embryos in the
laboratory during the first 7-10 days after fertilisa-
tion. High-temperature grown embryos had similar
lengths but were always largér in biovolume than
low-temperature grown. The maximum quantum effi-
ciency Fv/Fm (variable fluorescence) and the photo-
synthetic capacity (oxygen production) were higher at
higher temperatures. However, since only two temper-
atures were used (5°, 20°C) it is not possible to
predict the effects of global warming on juvenile
stages. Rodrigo and Robaina (1997) reported on the
variation in photosynthetic efficiency and capacity of
cultivated young sporelings of the red algae Grate-
loupia doryphora under normal conditions and after_
a short-term incubation at different temperatures (and
salinity). The pigment composition of the sporel-
ings (more chlorophyll a; less phycoerythrin and
phycocyanin than adults) promotes a better photo-
synthetic performance under chlorophyll a excita-
tion. Unexpectedly, they found that sporelings were
more tolerant to variations in temperature than older
stages. .




Data on the effect of global warming on seaweed
epreduction are very scarce. As an example, the
rercentage of feriile gametophytes of Laminaria at a
riven quantum dose of photomorphogenically active
adiation increases with decreasing temperature. This
s in contrast with vegetative growth rates, which
ncrease with increasing temperature (Liining, 1980}.
n many species, for example fucoids, there is a
sterile” summer period. Extending periods of high
ummer temperatures in coastal waters may resull
n a further reduction in fertility of certain species
hat in turn will bring about changes in competi-
ion and composition of seaweed assemblages (e.g.
arry et al., 1995). On a global scale, the expected
ise in temperature and their impacts on life history
nd growth could significantly influence distribution
atterns of certain seaweeds (e.g. Pakker & Breeman,
996). Raven (1992) has suggested that endemic polar
pecies may be at particular risk if they fail to adapt
1eir temperature responses as fast as lower latitudinal
pecies adapt to changing photoperiod. Beardall et al.
1998) have recently reviewed the effects of changes in
tmospheric CC; concentrations on marine plants but
1e responses of juvenile stages were not addressed.
‘hey also point out a lack of studies on the combined
ffects of increased temperature and CO;.

.3. Increases storm frequency

Yater motion is a major cause of seaweed mortality
t all stages of growth, and perhaps especially for
sttling spores and zygotes. Storms overturn boulders
nd move sand onto and off beaches. These events
re disturbances that destroy some organisms and
reate space for others (Lobban & Harrison, 1994). In
>me areas, storms constitute a seasonal phenomenon,
Ithough their intensity may vary markedly.

Wave action is generally considered an important
wtor in distribution and abundance of intertidal
rganisms (Vadas et al., 1990). A certain amount of
-ater motion is necessary to maintain an effective
1pply of nutrients; beyond that, the force component
f water motion becomes more important. Wave
1ergy is known to cause indirect mortality to juvenile
ad adult assemblages through movement of algal
onds, logs, rocks and debris. Studies of natural
yawning events suggest that higher than average
ater velocities or changes in current direction can
:duce fertilisation success (Oliver & Babcock, 1992;
ztersen et al., 1992, Pearson et al., 1998). The best
1ance for organisms to increase external fertilisation
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success in turbulent environments is to avoid releasing
their gametes during periods of high water motion. For
example, high water motion inhibits gamete release
in fucoid algae (Serrdo et al., 1996b) and so if storm
frequency increases, there is a decreased likelihood for
these species to reproduce successfully.

Vadas et al. {1990) have shown that wave action is
a major source of montality to recently settled spores
of Ascophyllum nodosum and that water movement
was the primary factor controlling recruitment and
distributional patterns. In exposed habitats the speed
with which algal propagules sink and attach to the
substrate is an important factor; this will become even
more significant if frequencies of storms increase.
Sinking velocity increases with-germling size (Norton,
1978) and, while there is occasionally an absence
of early adhesion (Hardy & Moss, 1979), adhesive
tenacity (attachment strength) usually also increases
with germling size (Norton, 1983) and implicitly,
with time (Vadas et al., 1992). Norton (1978) found
that the number of propagules that settle out from
a given inoculum decreases with increasing water
velocity, and sinking: velocities. Substrate roughness
is beneficial in turbulent environments in two ways: it
can anchor the germlings and can also “catch™ more
propagules (Norton, 1983) from turbulent water flows
(Norton & Fetter, 1981).

Sand and sediment associated with water move-
ment are major agents of disturbance. As concerns
the adult plants, tolerant seaweeds are able to survive
scouring and burial. The characteristics of these algae
include tough, ecylindrical thalli, thick cell walls,
great ability to regenerate, asexual reproductive cycle
functionally equivalent to regeneration (Norton et al.,
1982). The early life stages may be much more
sensitive. Whatever water motion conditions are most
suitable for algal spore settling, they are also likely
10 be favourable to sediment settling. Spores that
settle on sediment particles are likely to be washed
away, especially as they grow into the faster moving
water layers. Sand movement on beaches is typically
seasonal, building up in spring and being washed into
the subtidal in autumn.

Reed and Foster (1984) found that storm disturb-
ance which removes Macrocysiis pyrifera and
Prerygophora californica canopies can permit recruit-
ment; inhibition of recruitment due to canopy shading
can be overcome by storms. As an example, a major
environmental disturbance that took place in May
1982 is described. Irregular winds and positive sea
surface temperature anomalies in equaterial central
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Pacific marked the onset of perhaps the most extensive
El Nino/Southern Oscillation of the past century. From
autumn 1982 until summer 1983, warm waters (2-
3 °C above mean values) and elevated sea levels
(over 20 cm) were recorded (ref. in Gunnill, 1985).
Severe winter storms associated with El Nino hit
southern California and destroyed many kelp forests
along the coast {(Dayton & Tegner, 1990). Such
storm-related plant removals created an opportunity
for recruitment of juvenile plants in the cleared areas.
However, recruitment of juveniles into these open
spaces was largely unsuccessful during 1983 because
the adult plants that survived the winter of 1993 and
the newly recruited juveniles were exposed to signifi-
cantly altered temperatures and patterns of nutrient
availability during the remainder of the year (Dayton
& Tegner, 1990). Zimmerman and Robertson (1985)
studied the effects of El Nino on the growth of Macro-
cystis pyrifera and observed that the canopy was
eliminated because growth rates of fronds were so
slow that terminal blades were formed before reaching
the surface. Moreover, growth rates of juvenile M.
pyrifera, although abundant in cleared areas during
June and July 1983, were also very low with none
of them surviving throughout autumn. The authors
suggested that these low growth rates are typical
of nutrient limited conditions, as the deepening of
the isotherms associated with El Nino appeared to
reduce the usual input of nutrients during summer and
autumn. Gunnill (1985) has reported that both recruits
and adult sporophytes of two laminarian brown algae
died during a prolonged warm water period associated
with El Nino, but net recruitment by other species
was relatively high. From this it can be concluded
that disturbances caused by strong water motion are
important because they can create clear spaces and
prevent competitively dominant species from perman-
ently precluding other species.

4. Pollution effects

There is no precise definition of the term “pollutior”
but one general definition is a stress on the natural
environment caused by human activities, resulting in
unfavourable alterations of an ecosystem (Lobban &
Harrison, 1994). The adverse effects of pollutants
on aquatic organisis are in most cases identified in
terms of their acute or lethal impacts. However, the
term “adverse” may not fully describe these pollu-
tion effects, as in the case of eutrophication there is

Table 2. Cited literature on the indirect effects of eutrophication on
fertilisation and development of early life history stages of seaweeds

Species Agent Indicator Reference

Laminaria saccharina  Silt Sporophyte Burmrows and
development Pybus (1971)

Macrocysiis pyrifera  Sediments  Germling develop- Devinny and
ment Volse (1978)

Fentilisation, zygote  Doblin and
germination, embryo  Clayton (1995)
growth and monality

Hormosira banksii Sewage
Durviliaea poratorum  effluent

often a stimulation of growth due to increased amounts
of nutrients. Three forms of pollutant are discussed:
eutrophication i.e. excessive nutrients such as nitrogen
and phosphorus (Table 2), trace melals (Table 3) and
hydrocarbons (particularly oil). Since the young stages
are a sensitive link in a species’ life cycle (Andersson
et al., 1992), recovery of populations from anthropo-
genic stress is likely to depend upon recruitment of
these early stages. However, very few studies deal with
the course of eventis during the first days and weeks
after settlement. Thus, little is known of mortality rates
of microscopic stages and the size of the microscopic
population.

4.1. Eutrophication

An increased level of plant growth and biomass
production in response to added nutrients is termed
“eutrophication” (Lobban & Harrison, 1994). The
increased nutrient input may result from land runoff,
river inflow, and sewage discharges. A direct response
of nearshore vegetation to increased nutrient supply
may be a spread of finely branched forms, particularly
of epiphytes like Pilayelia litoralis and Ectocarpus
confervoides, and some foliose green and red algae.
Most of these opportunistic species have high growth
rates, high nutrient uplake rates, and often grow at
nutrient saturation levels, which gives them a compe-
titive advantage over slow-growing perenniais like
Fucus spp. A deterioration of the light climate due
to increased phytoplankton biomass, suspended matter
and overgrowing (shading) by epiphytes are the more
likely causes for the decline of Fucus spp. in Kiel
Bay (Vogt & Shramm, 1991), and for a decrease in
macrophyte numbers in general (Phillips et al., 1978).

It is not certain whether an increased nutrient
supply and nutrient competition can affect ihe early
growth stages of seaweeds. Based on current knowl-.
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Table 3. Experimental studies on the effects of trace metals and arsenate on fertilisation, germination and development of early

Iife history stages of seaweeeds

Species Agent Indicator

Referenc

Laminaria saccharina  Copper

Release of meiospores, seitlement of meiospores,

Chung and Brinkhuis (1986)

developmemt of gametophytes, gametlogenesis.
germination of meiospores, growth of

sporophytes

Laminaria hyperborea  Copper

Sporophyie development

Early gametophyte development (germination,
germ twbe growth and puclear migration}

Fentilisation success, zygote germination,

Spermatozoid motility, fertilisation success,

Hopkin and Kain (1978)
Stromgren {1980a. b)

Garman et al. 1994

Andersson and Kautsky (1996)

Scanlan and Wilkinson (1987}

Bond et al. (in press)

Fucus spp. Cadmium  Sporophyte growth rate
Ascophyllum nodosum  Copper
Pelvetia canaliculara Lead
Mercury
Macrocysiis pyrifera Arsenale
Copper
Fucus vesiculosus Copper
apical hair frequency
Fucus serratus Copper
germlings.growth rate
Fucus spiralis Copper Ultrastructure, germling development
and growth
Macrocystis pyrifera Zinc Germination of zoospores, germ tube

elongation

Anderson and Hunt (1988)

:dge, it is more likely that the direct eutrophication
ffect (stimulation by nutrients) is of less importance
han the indirect (derived) effects such as reduced
ight penetration. In a few cases, it was reported that
he nutrients in the sediment benefit the growth of
eitled spores. Nutrienl concentrations in the water
»hase are in_general lower than those in the sediment
ore water, and nutrient availability to germlings is
rreatly reduced by adult seaweed plants in the water
:olumn {Dayton, 1984) or indirectly by the effect
f adults on water movement (Norton et al., 1982).
\lthough it was stated by Amsler et al. (1992) that
iutrient supply in the sediment microclimate inhab-
ted by algal propagules is highly complex and little
inderstood, Kennedy (1983) concluded that sedi-
nents have the advantage of providing nutrients for
arly development (and protection from disturbance).
ipores of the kelp Macrocystis pyrifera and Pterygo-
thora californica are chemotactic to nutrients (Amsler
¢ Neushul, 1989), as they can swim towards a
-ariety of nutrients that are likely to stimulate gameto-
thytic growth or reproduction. The spores settle more
apidly in response to nutrients (Amsler & Neushul,
990), although nutrients do not directly affect settle-

ment rates of newly released spores as settlement
stimulation behaviour develops 5-14 h after spores
are released. In this sense, in an area that is rich in
organic matter there is a probability that spores settle
at a higher rate.

Eutrophication effects as a result of sewage
discharge on benthic macroalgae have mostly involved
surveys of algal abundance, describing effects
on established plants and communities (Doblin &
Clayton, 1995). Relatively little is known about the
responses of individual species of macroalgae, and,
in particular, the reasons for the sensitivity of brown
macroalgae remain obscure. Recovery from disturb-
ance also depends on the seasonality of propagule
production: species that are fertile year-round (e.g.
Ulva spp.) are probably less affected compared to
species that are fertile only in a restricted period.
Thus, low levels of recruitment in one or two seasons
due to the effects of sewage effluent may be more
devastating because there is only one peried in which
propagules are available for recruvitment (Doblin &
Clayton, 1995). There have been a few experi-
mental studies to distinguish the effects of sewage
effluents on recruitment from the effects on estab-
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lished adult seaweeds. For example, Bellgrove et al.
(1997) examined the effects of secondarily treated
sewage effiuent on intertidal macroalgal recruitment
processes. They found.no evidence for detrimental
effects of effluents on these processes for any studied
species, as regards either availability of propagules
(asexual spores, gametes, zygotes or fragmenis) or
recruitment of artificial or natural substrata, but rather
an enhancement of these processes in many of the
opportunistic genera like Ulva and Enteromorpha.
These opportunists showed very high recruitment and
propagule densities in the water column at polluted
sites, apparently benefiting from the increased nutrient
availability. There were obvious differences in the
species composition of the polluted and unpolluted
sites studied, consistent with those described by
Brown et al. (1990), but the typical decrease in species
number observed in outfall-associated assemblages
(Littler & Murray, 1975; Brown et al., 1990) was not
recorded in this study. In contrast, Doblin and Clayton
(1995) found that secondarily treated sewage effluent
had a deleterious effect on the early life-history phases
of two species of brown algae, Hormosira banksii
and Durvillaea potatorum. Concentrated sewage effiu-
ents inhibited zygote germination (55-95%), retarded
embryo development (80-100%) and caused severe
embryo mortality. The effect of sewage was found
to be not just one of seawater diluticn due to large
volumes of freshwater input (e.g. Hopkin & Kain,
1978), as zygote germination and embryos growth
were considerably more inhibited in sewage compared
to freshwater treatments. Nevertheless, an important
effect of the lowered salinity is expected in general
as a result of wastewater discharges, as for example
fucoid sperm motility and fertilisation are severely
affected by low salinity (Brawley, 1991}. Reduced
salinity is also known to inhibit zygote germination
(Wright & Reed, 1990), production of fertile tissue
{Mathieson, 1982) and release of propagules (Rac
& Kaliaperumal, 1983). So, the observed effects of
reduced salinity and sewage effluents on zygotes of H.
banksii and D. potatorum have the potential to drasti-
cally alter recruitment. The mortality of embryos in
high concentrations of sewage effluent would exacer-
bate the already high rates of mortality experienced
by early macroalgal stages in the field (Reed, 1990;
Brawley & Johnson, 1991). The absence of any
additional adverse effect of low concentrations of
sewage apart from reduced salinity suggests that dilu-
tion of sewage is important to mitigate its deleterious
effects. Several other (derivative) factors related to

water waste discharge have been suggested to have
adverse effects on early life history stages of seaweeds.
These include decreased irradiance due to the pres-
ence of suspended solids, increased sedimentation,
and poisoning by toxic chemicals as, for example,
described for Macrocystis by Anderson and Hunt
(1988). These authors successfully applied a short-
term bioassay protocol using Macrocystis zoospores
to monitor the effects of complex effluents. 1t is
unclear, however, what component(s) of the sewage
effluent were toxic for the zoospores in this experi-
ment. No data were found conceming eutrophication
effects on the fertility of seaweeds, or specific cases
in which hormones discharged with sewage interfered
with the pheromones that induce the attraction of
gametes. However, it is interesting to mention that
vegetative thalli of Ulva can produce sporulation-
inhibiting organics (Nielsen & Nordby, 1975). This
might explain the fact that there is hardly any spore
production in dense, largely vegetatively growing
Ulva canopies in eutrophic waters such as the Veerse
Meer lagoon {(Kamermans et al., 1998).

In addition to the direct effects of eutrophication
on macrophytes as a result of sewage discharge (or
other diffuse sources of nutrients), there will be an
indirect effect of increased suspended solid concen-
trations on the development of seaweed populations
(Table 2). In turbid, eutrophic areas fine sediments
cover seaweed thalli, reducing irradiance and inhibit-
ing photosynthesis. For example, Moss et al. (1973)
found that Himanthalia colonisation was inhibited by
silt due to decreased light. The sediment particles
also cover the hard substrata making it more diffi-
cult for the early stages to attach with the result
that fewer spores germinate and survive. Neushul et
al. (1976) and Vadas et al. (1992) have shown that
algal propagules suffer from silt (sediment) deposi-
tion which increases mortality, and Norton (1978)
found that even small amounts of silt covering rocks
can prevent settlement of (kelp) sporophytes. Devinny
and Volse (1978) concluded that the main reason for
the loss of young kelp (Macrocystis) was that spores
attach to sediment grains which are easily washed
away by waves and water motion. Although some
propagules were substrate-selective, i.e. did not attach
to the grains, and this resulted in delayed germina-
tion, these propagules became less discriminative
with time. Substrate instability can contribute to poor
survival, sand accretion and removal is detrimental to
the establishment of spores and zygotes and scour, due
to sand movement, has been shown to greatly reduce




recruitment {Neushul et al., 1976; Emerson & Zedler,
1978). The loss of hard substrata suitable for Fucus
spp. as a result of settlement through deposition of
eroded cliff material is a contributing factor to the
decline and impaired competitive viability of fucoids
in the Baltic Kiel Sea (Vogt & Schramm, 1991). In
conclusion, seston may adversely affect spores and
zygoles, both through siltation and sedimentation, thus
smothering them, and through attenuation of light.
The combination of water motion (scour) with a sedi-
ment cover of the substrata further reduces the survival
(synergistic effect). It is a general assumption that the
type of substratum is an important factor for successful
recruitment, but this seems to apply to hard-substrata
seaweeds in particular. Typical soft-bottom species
like members of the Ulvales are well adapted to any
kind of substrate. Propagules of Enteromorpha are
able to germinate on any kind of solid substratum,
including other plants, shells of Mytilus sp. and over
sand grains (Schories & Reise, 1993). Occasionally
these species can exploit a sediment cover, to complete
their life cycle. Kamermans et al. (1998) examined the
role of cold resistance and burial for winter survival
and spring initiation of Ulva spp., and found that burial
of vegetative Ulva in the sediments of the shallow
part of the eutrophic Veerse Meer could explain the
rapid increase in Ulva biomass in spring. No sporula-
tion of any significance occurred in this lagoon; Ulva
maintained a vegetative life history.

Of course sedimentation can be a response (o both
natural and anthropogenic factors; periods of calm
weather and turbid water may produce layers of sedi-
ment, but this can be exacerbated by human activities
through sewage disposal, dredged material disposal,
znhancement of erosion, etc. Whatever the cause, it
seems that an increase in deposited sediment cover can
induce changes in the composition of the macroalgal
vegetation by benefiting species releasing their spores
during sediment-free periods (Kiiriki & Lehvo, 1996).

Since eutrophication enhances primary production,
‘he number of grazers usually increase too (Garding,
1996), and in shallow waters dense macroalgal
canopies provide an additional shelter to grazers
which enable them to reproduce more successfully.
[n turn, this may increase the grazing pressure on
‘he early life stages of secaweeds. Fucoids are thought
‘0 be extremely susceptible to grazing when in the
uvenile stage. Grazing can drastically reduce the
survival of zygotes and early post-settlement stages.
However, this is not always found, and seems lo
lepend on the kind of grazer. For example, Chapman
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(1990) showed that Fucus distichus juveniles are more
susceptible to grazing than adults, whereas abundance
of juvenile F. spiralis was not related to the presence
of grazers (Chapman, 1989). Snails inhibited F vesi-
culosus recruitment along the coast of New England
(Lubchenco, 1986). Norton (1978) examined the
reasons why Sacchoriza polychides failed to colonise
Lough Ine, a marine inlet in Ireland, in spite of the
abundance of spores swepl in continuously by the
tide. The combined effects of siltation (which prevents
attachment of spores), preferential grazing and tissue
decay were considered to be the main factors contrib-
uting to the absence of this species.

4.2, Trace merals

Most studies on the toxic effects of metals focus on
the growth and photosynthesis of adult seaweeds, and
predominantly deal with zinc, copper and cadmium
(Andersson & Kautsky, 1996; Gledhill et al., 1997,
Anderson et al., 1990; Anderson & Hunt, 1988;
Chung & Brinkhuis, 1986; Bond et al., 1999). Copper,
although an essential micronutrient, is considered
to be the second most toxic metal (after mercury)
to algae. The mechanisms of copper toxicity have
been extensively described for microalgae (Lobban &
Harrison, 1994) but the information on macroalgae is
still scarce. Although copper has been studied more
than any other metal, precise information on the mech-
anistic basis of cellular toxicity and its physiological
effects are still lacking (Brown & Depledge, 1998).
Little is known about the effects of elevated
metal concentrations on the reproductive processes
of macrophytes, although it has been suggested that
metals may inhibit reproduction in brown algae by
interfering with the ability of sperm to find eggs,
perhaps via interference of the pheromone attractant
{Maier, 1995). It is becoming apparent that different
stages in the life histories of seaweeds have different
degrees of tolerance to metal exposure (Table, 3),
and several studies have shown that younger stages
are more sensitive than adults (Hopkin & Kain 1978;
Chung & Brinkhuis 1986; Anderson et al., 1990;
Garman et al., 1994; Andersson & Kautsky, 1996).
Most of these studies have dealt with brown algae,
both fucoids and kelps. From a study on different
developmental stages of Fucus serraius, Scanlan and
Wilkinson (1987) concluded that spermatozoa and
newly fertilised eggs were the most sensitive to toxi-
cants, and they proposed the use of these stages for
toxicity tests. Andersson and Kautsky (1996) studied
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the response to copper on different reproductive stages
(at different salinities) of Baliic Sea Fucus vesicu-
losus. Their results suggest that the most important
factor for the response to copper stress is the pre-
existing stress level of the zygotes rather than the
influence of salinity on metal availability. Cell walls
of fucoid algae, composed of the polysaccharides
alginate and fucoidan, can bind cations and have a
high affinity for copper (Lignell et al., 1982). The
effect of copper and other metals is therefore expected
to be more detrimental to zygotes that are exposed to
metals prior to the development of a protective cell
wall. However, it is also possible that the mucus layer
surrounding embryos may adsorb metals in different
ways, resulting in a shortage of, for example, iron,
manganese or zinc all of which are essential for
metabolic processes.

In kelps the microscopic gametophyte phase is
more susceptible to elevated trace metal concentra-
tions than macroscopic sporophytes (e.g. Hopkin &
Kain, 1978). It has also been shown that long-
term effects (of cadmium) are more serious than
is 1mmediately evident and that exposure time is
important in determining the extent of the effects of
toxic substances, for example reductions in photosyn-
thesis and dark carbon assimilation (Markham, 1980).
In Laminaria saccharina each stage of development
had a quite different response to copper (Chung &
Brinkhuis, 1986). There was no effect on the first stage
(meiospore settlement and germ tube development)
below a copper concentration of 500 g L™, In the
early phase of gametophyte development, growth was
inhibited at 50 pg L™ copper and above. In mature
gametophytes, development into sporophytes occurred
at concentrations below 50 g L™!, but growth rates
at all copper treatments were significantly lower than
controls. Garman et al. (1994) studied the effects of
two metals (arsenate and copper) on the development
of gametophytes of Macrocystis pyrifera. Nuclear
migration, a critical event in gametophyte develop-
ment, was inhibited by ca. 40-90% upon exposure to
environmentally relevant levels of copper, i.e. within
the range of values given for effluent (Anderson et
al, 1990; 58 ug Cu L") and sediment interstitial
water (Burgess et al., 1993; 100 ug Cu L™'). They
also found a 70% inhibition in nuclear events after
exposure to environmentally relevant levels of arsenic
(120 ug L="). This work showed that nuclear migra-
tion could be a good biomarker of the response of
M. pyrifera gametophytes to sublethal concentrations
of toxic compounds. A developmental delay due to

inhibition of nuclear events would affect gametophyie
viability in that it would increase the time-span in
which gametophytes would be susceptible to grazing,
abrasion (scour) and burial in sediments (Devinny
& Volse, 1978). Thus, failure to recruit, delayed
development, decreased growth rates, reductions in
chlorophyll content and changes in the fine structure
of the microscopic gametophyte phase can all poten-
tially impact on kelp primary production, which in
turn could have deleterious effects on higher trophic
levels.

There have been few studies on recovery from
metal toxicity. Garman et al. (1994) found that nuclear
migration, germ tube growth and germination of
Macrocystis pyrifera remain inhibited by arsenic for at
least 24 h after replacement of the toxicant with clean
seawater. These data suggest that arsenic toxicity is
not readily reversed. However, Bond et al. {1999) have
shown that retarded development of fucoid germlings
exposed to copper could be reversed upon transfer to
clean seawater.

The physiological effects of copper and other
metals on seaweeds are poorly studied. Copper (II)
ions cause leakage of K, and changes in cell volume;
however this type of response was not detected by
Andersson and Kautsky (1996) in young stages of
Fucus vesiculosus. When transported to the chioro-
plasts, Cu®* inhibits electron transport 10 NADP™.
Chung and Brinkhuis (1986) have suggested  that
copper affects iron transport into plastids or incorpora-
tion of iron into iron-binding enzymes, and Cu?t may
also be responsible for peroxidative degradation of
chloroplast membrane lipids. Garman et al. (1994)
suggested that toxicants that primarily inhibit cellular
events in Macrocystis pyrifera gametophytes may act
via effects on intracellular pH regulation but no details
were provided.

As for less toxic metals, there are few reports on
either adult or younger stages. Anderson and Hunt
{1988) have studied the effects of zinc on micro-
scopic stages of the kelp Macrocystis pyrifera. A
short-term exposure to zinc initially stimulated the
germination of kelp zoospores before declining at
higher concentrations. However, neither the short-
term or long-term experiments could clarify what toxic
effecis high concentrations of zinc were having. It
was suggested that inhibition of reproduction could
have been caused by a zinc-induced disruption of the
photosynthetic apparatus by changes in the thylakoid
membrane structure or the distribution of photosystem
biomolecules within it {Anderson & Hunt, 1988).



V3. Hydrocarbons

Yetroleumn (crude oil) is a complex mixture of hydro-
:arbons including alkanes, cycloalkanes and aromatics
~ith some additional compounds containing oxygen,
sulphur, nitrogen and metals (Lobban & Harrison,
1994). If an oil spill occurs nearshore, and if the
vind is in the right direction, beaching of the oil
nay occur. The oil may adhere to rocks, seaweeds
ind animals or may be worked into the sediment if a
lispersant has been used. Penetration into the intersti-
ial space of sand and smaller sediment grains results
n very slow degradation rates (Lobban & Harrison,
1994). With a few exceptions, the studies of effects of
’il.in macroalgal metabolism are restricted to adults
‘Thélin, 1981). Schramm (1982) observed reduction
n photosynthesis of three species of brown algae asso-
:ialed with the coating of the thallus and subsequent
eduction in CO; diffusion and light penetration.
Reductions in photosynthetic rates correlated with
he thickness of the oil layer. Studies of the effects
f petroleum on early stages have been neglected,
tlthough it is known that the 'sensitivily to pollutants
raries as a function of age and developmental stage
ref. in Thélin, 1981). For example, Thélin (1981)
ound that the resistance of Fucus serratus to oil
.ncreases with age, and that in the stage before fertil-
sation, gametes were extremely sensitive to hydro-
:arbons. Johnston (1977) has also shown that water
oluble extracts containing 0.1 sg mL~! crude North
sea oil prevented further development of unfertilised
«ggs; 0.5 ug mL~! greatly reduced the percentage of
ertilisation. Extracts with more than 1 pzg mL~! of
:rude oil did not kill developing F serratus embryos
wven after a 96-h exposure. However, a significant
rrowth reduction was observed, and as a result of a
narked decrease in secretion of the polysaccharide
nucilage at these high oil contents the adhesion of
ettling spores was inhibited. The latter is of great
:cological significance. It can be concluded that the
usceptibility of fertilisation and settlement to low
evels of aromatic hydrocarbon pollution could have
« significant impact on the growth of fucoids in areas
vith chrenic oil pollution, as for example ports.

i. Conclusions and recommendations
i.1. Global change

Jtraviolet radiation. The sensitivity of early devel-
ipmental stages to irradiance is species-dependent,
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in that some eulittoral (intertidal) species are less
sensitive to moderate light than subtidal species.
Direct sunlight is harmful to most species, inhibiting
growth or even killing them in a time-span of minutes,
although some acclimation after a gradual increase
of irradiance is possible. The ultraviolet component
(especially UVB) has a significant impact on the
viability of gametophytes and sporophytes. In some
cases young sporophytes are the most vulnerable
stage, but UV sensitivity diminishes with age. As
literature on UV effects is scarce, more experimental
work is required on the early development of various
algal groups and species, in relation to their position
in the tidal zone and within the canopy of the adult
seaweeds. As UVB levels increase further, longer
term field experiments using early stages on test
substrata (glass slides, tiles) are recommended. The
combination of stress caused by sunlight, emersion
and extreme temperatures might show results that
enable predictions to the effects of global change
on species competition, succession and geographic
distribution.

Global warming. Stress by increased average
temperatures and wider temperature ranges (extremes)
has received little attention as regards possible effects
on the early life stages. It was mentioned that the
fertility of the gametophytes may decrease, that
sporophyte growth will increase with temperature,
and that early sporophytes may even be more tolerant
to temperature vaniations than older stages. Effects of
global warming on the life cycle and on succession
etc. are poorly documented and therefore laboratory
and field expériments that mimic the effects of
increasing average and range of temperature, on the
mechanisms of early development, specific growth
rates and species compelition need to be undertaken.
The combined responses of elevated temperature and
CO; concentration also require investigation.

Increased storm frequencies. The stress caused by
excessive wave forces, and scour by resuspension
of sediment particles {e.g. sand) on early life stages
has been studied during storm events. Increased
average current speeds may inhibit gamete release,
wash spores away from the shore where they are
produced, and hamper the setilement on suitable
substrata. Some species may be successful because
they release gametes only in calm weather, or because
they are able to prolong their existence as a spore
in turbulent environments. The earliest stages often
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have less adhesive tenacity, but both adhesion and
sinking rate increase with the age/size of a spore,
germling or propagule. Storms may clear part of
the old canopies, which enables new, colonising
species to attach. Increased storm frequencies may
thus contribute to the speed of succession. Experi-
ments in which extreme wave forces and (sand) scour
can be mimicked should be performed to measure
adhesive strengths as a function of the species and the
stage of development.

5.2. Pollution

Eutrophication. As regards the influence of increased
nutrient levels on early development of seaweeds,
it has been reported that spores are chemotactic
to nutrients that stimulate gametophytic growth or
reproduction, and that spores settled on sediment-
covered substrata may benefit from the higher
nutrient levels in the interstitial water. However, as
a rule eutrophication effects are indirect, and have a
negative impact on development. In most seaweeds
so far studied, sewage discharge impacts on early
stages, inhibiting sperm motility, fertilisation, and
embryo development, which often results in increased
mortality. Opportunistic species {green foliose algae),
however, show a higher recruitment as a result of
elevated nutrient levels. Lack of sporulation in dense
green algal blooms in eutrophic waters may be due
to sporulatton inhibiting hormone-like molecules. In
such cases, opportunistic species such as Ulva and
Enteromorpha have an annual cycle that is completely
vegetative. Increased sedimentation rates in eutrophic
waters inhibit settlement and growth of early stages,
reduce the substratum availability and prevent a firm
attachment (adhesion) of the spores. Apart from
attenuating the sunlight required for photosynthesis,
the increased amounts of suspended matter cause
a high morality due to scour. Grazing pressure is
usually higher in eutrophic waters, which can result in
a considerable loss of recruits in seaweed populations.
In general, more experimental work is required
to explain the impact of the indirect (derivative)
eutrophication effects on early stages. We consider
that these stress factors play an important role in
colonisation, competition for space, succession and
success of development. Although many of these
factors have been suggested to contribute 10 a decline
in growth of many hard-substratum species in coastal
waters, in many cases real evidence is lacking.

Trace metals. 1t 1s not clear whether metals influence
the early stages of the life cycle under natural
environmental conditions. Most of the literature
describes laboratory experiments exposing the algae
to relatively high metal levels with little insight into
metal speciation and availability. Furthermore, the
polysaccharide layer surrounding the cell walls of
early stages of many species may scavenge metals,
resulting in decreased metal availability and toxicity.
Perhaps because of the lack of this polysaccharide
mucus in the first stages, gametes seem to be most
sensilive to metal (in particular copper) toxicity.
Metals (copper) can strongly inhibit fertilisation;
however the sensitivity after fertilisation decreases
with age. Studies on metal stress on early development
should be extended using environmentally relevant
concentrations of metals. It is also important to
know the conditions at the sites where adults have
been collected, as parent plants acclimated to high
metal levels may be genetically adapted, and the
gametes would thus inherit these tolerance traits.
Furthermore, it is important to study responses at
relatively lower concentrations during the first few
days after fertilisation and settlement. Speciation
of the metals in the aquatic environment has to be
taken into consideration, as well as the metal-binding
capacity of the outer layer of the early stages, and
the transfer of metals from there to the cytosol.
This requires high-precision equipment suitable for
microscopic life stages. Methods used in the analysis
of metal stress biomarkers should be adapted for use
on these small early stages. It is evident that moderate
metal stress affects the life cycles of seaweeds,
particularly at the stage of fertilisation and very early
embryonic development. As sensitivity to metals is
highly species-dependent, effects on various genera
and taxa should be examined. Metal stress may have a
greater influence on species competition than assumed
thus far, and should be tested on artificial test substrata
under experimental and field conditions.

Oil. Relatively little has been documented on the
effects of hydrocarbons on early development.
Laboratory experiments conducted on  Fucus,
exposing early stages to water extracts of crude oil,
have shown that the stage before fertilisation is the
most sensitive, and that resistance increases with age.
Oil may also affect the polysaccharide mucus layer
around the zygotes, and thus inhibit adhesion to the
substrata (settlement). It is recommended that further
studies should be carried out on the effects caused by



chronic oil pollution on a larger number of species,
not only to assess the effects of spills (and beaching)
>f oil but also the impact of hydrocarbons discharged
in poris.

Other organic pollutants. The effects of synthetic
arganic chemicals, including herbicides, insecticides,
industrial chemicals and antifouling compounds on all
life history stages have, to date, largely been ignored
‘Lobban & Harrison, 1994; Scarlewt et al, 1997).
However, with increasing concern about their possible
xffects on non-target algal species, it is evident that
‘urther studies are needed, including assessment of
the possible reduction in reproductive success and
.mpairment of development in such species.
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