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Chapte rr  1 

Generall  introductio n 

Lightt is essential for phototrophic growth. The acquisition of this resource by 

photosyntheticc organisms proceeds passively. It relies on the probability of the absorbance 

off  photons by a pigment molecule and the subsequent useful relaxation of the pigment 

excitedd state for photosynthesis. Light in excess, yielding surplus excited state pigments 

beyondd what is needed for photosynthesis may render light into a potential hazardous 

resource. . 

Phototrophicc organisms have to deal with the inherent variability of light on a spatial 

andd temporal basis. In aquatic environments a vertical gradient of light intensity is present 

inn the water column. Free-floating photosynthetic cells (phytoplankton) have to cope with 

farr from constantly supplied light while being moved through the light gradient by physical 

forces. . 

Thee effect of light variability on the photosynthetic performance and the response 

(adaptation)) of microalgae to cope with ongoing changes in light is the focus of this work. 

Thee adaptation to a certain light environment and the response to changes in light intensity 

havee been studied in various oxygenic phototrophic organisms. Prior to the description of 

thee established adaptive responses, some concepts of the biological usage of light 

(photosynthesis)) by phototrophic organisms are addressed next. 

TheThe photosynthetic process ' 

Thee basic definition of photosynthesis features the conversion of light into a biological 

usefull  form of energy. "It is the source of the global redox disequilibrium that appears to be 

thee earth's unique planetary signature of life" (Allen 1998). 

Photosynthesiss provides the energy and reduced carbon compounds that are essential to 

sustainn life on our planet. Approximately 1010 metric tons per year of carbon existing in 

thee oxidised inorganic form of C02 (or its hydrated equivalent, HC03~ and the ionic form 

CO,2-)) are reduced to the organic molecule carbohydrate (CH20)n (Whitmarsh and 

Govindjeee 1995). Approximately 40% of the global photosynthesis occurs in aquatic 

11 The material from this section was compiled trom books dealing with the photosynthetic process in general 
suchh as Halkimski and Raven 1947. Kirk 1983. Geider and Osborne 1988. On and Yocum 1996. and the excellent 
teachingg material from Govindjee 1999. Whitmarsh and Govindjee 1995. 1999. furthermore, the exceptionally 
welll  maintained web-pages of several photosynthesis research groups is an invaluable and enjovabie learning tool 
(seee Orr and Govindjee 1998 or . 

http://�'.'photoseieiiee.la.asii.edu/photosyn/photovveb/defaiilt.hlml
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environmentss (Falkowski 1994) in which the phytoplankton (microalgae) take the lead in 

nett productivity. 

Thee basic formulation of oxygenic photosynthesis (some anaerobic photosynthetic 

bacteriaa also use light to reduce inorganic carbon) comprises, as mentioned before, light, 

inorganicc carbon and water as the electron donor molecule: 

CO,, + 2FLO - Light > CUO - H2C)  O;. (1) 

Behindd this simple equation a complex set of molecules is involved in specific 

photosyntheticc functions, i.e. absorption, stabilisation, transformation and coupling of light 

energyy by the photosynthetic apparatus into chemical energy. 

Lquationn (1) requires two main processes to take place for CO; fixation. In the first 

process,, the so-called "light reaction of photosynthesis", the water molecule is oxidised 

usingg energy from light. Light is absorbed by the pigments present in the photosynthetic 

apparatuss here represented by chlorophyll a (chl a): 

2LLOO + Light C hl a > 4 l l - 4 e " - 0 : . (2) 

Onee important observation is that O; is a side product of the reaction. This very simplified 
schemee of the light reactions will be highlighted later in more detail. 

Thee second reaction is the biochemical conversion of CO; into carbohydrates: 

CO;; - 4H'  4c > CH :0 t H : 0 . (3) 

Thee CO; reduction in this reaction essentially can take place in darkness and is therefore 

knownn as the dark reaction of photosynthesis. In phototrophs the high energy molecules 

producedd in the light reaction, ATP and NADPH, are directly invested in "dark" CO: 

fixation. fixation. 

Thee work described in this thesis is related to the part of the photosynthesis process in 

whichh absorption and transformation of light energy into the intermediate substrates for 

CO;; fixation takes place (equation 2). The absorption of light by the pigment molecules 

presentt in the photosynthetic apparatus is the first step of energy transformation. 

Chlorophylll  (chl) a is the common pigment in all oxygenic phototrophic organisms and 

playss a key role in this process. 

LightLight absorption 

AA molecule in terms of quantum mechanics can have one of a series of discrete values of 

vibrational,, rotational and electronic levels of energy. The molecules can obtain energy 

fromm radiation (light) as well as from other molecules. If a photon is captured, the energy 
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Generall  introduction 

levell  of the molecule increases to a higher level according to the amount of the energy of 

thee photon absorbed. In this context, the energy of a photon is proportional to the frequency 

off  the radiation (or inverse to its to its wavelength). Photons in the visible part of the 

spectrum,, which is the range of light used for oxygenic photosynthesis (400 to 700 nm) 

havee sufficient energy to cause a transition of an electron to a higher energy level in the 

absorbingg pigment molecule. 

Chlorophylll  molecules have two main excited states (major absorption bands). Only the 
photonsphotons with the energy that match these discrete excited state electronic levels will be 
absorbed.. A blue photon that matches the Soret absorption band of chlorophyll will lead to 
aa transition to a higher electronical excited state than a red photon that interacts with the Qy 
absorptionn band. However, the energy in the lowest energy level of chlorophyll a is the one 
actuallyy used for photosynthesis, for remittance as fluorescence or for radiationless 
dissipationn as heat. The explanation behind this phenomenon is that the overlapping of the 
multiplee possible vibrational/rotational energy states of the two adjacent excited 
electronicall  states cause a transition downwards to the lowest energy level. 

ElectronElectron transfer and associated structural components in the photosynthetic apparatus. 

Thee production of chemical reduction power at the expense of light comprises a series of 
oxido-reductionn reactions in which the electrons extracted from water are transported to the 
proteinn ferredoxin (Fd) that is involved in the reduction of the final acceptor NADP 
(Figuree 1). Electron transport in oxygenic photosynthesis is depicted in what is known as 
thee ^Z-scheme'*  (Figure 1), in which two photosystems arranged in series are involved (Hill 
andd Bendall 1960; Duysens et al. 1961). Photosynthesis starts when the excitation of two 
chlorophylll  molecules present in the photosystems, P680 for photosystem (PS) II and P700 
forr PS I, initiates the electron transfer (or charge separation) to the subsequent immediate 
acceptorss Pheophytine (Pheo) and A0 (also pigment molecules). Charge separation results 
inn the oxidation of P680 and P700. P680 versus P680' represents the redox-halfpair with 
thee largest redox potential perhaps measured in any biological system (Ort and Yocum 
1996),, enough to split the water molecule into the more oxidised Q2 and electrons that are 
pulledd into the system. The amino acid Tyr and the Mn cluster (S-states) play an important 
functionn in the reactions during the oxidation of water by P680 . 

Afterr Pheo becomes reduced by P680*, the following energetically downhill electron 

transferr reactions have been designed through evolution to prevent the primary charge 

separationn from recombination (Whitmarsh and Govindjee 1995). When QA a quinone 

moleculee acting as the first stable primary electron acceptor, becomes reduced by Pheo" the 

energyy is "trapped" and used for photochemistry. The electron of QA" is then transferred to 

thee second electron acceptor QB, a quinone molecule as well. QB upon receiving two 

II I 
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Figuree 1. The Z-scheme. Pathways and rates of electron flow in oxygenic 
photosynthesis.. The vertical axis represents the midpoint potential of the electron 
carriers.. The dark vertical arrows represent the excitation of P680 and P700 after 
lightt absorption (hv) in the photosystem II and I respectively (Witmarsh and 
Govindjeee 1995). 

electronss becomes part of the plastoquinone pool (PQ). The reduced plastoquinone 

(plastoquinol,, PQH2) is subsequently oxidised by the cytochrome b6f (Cyt b6f) complex. 

Thee interaction between this cytochrome and the PS I is mediated by the small water-

solublee protein plastocyanin (PC) or in some cases by cytochrome c. PC donates an electron 

too the oxidised form of P700 that is present after light driven charge separation in the PS I 

complex.. The final product after electron transport through PS I is the reduced protein 

ferredoxinn (Fd, Figure 1) which in turn is used for the reduction of NADP by the 

ferredoxine-NADP'' reductase enzyme. 

Electronn transport occurs in highly specialised (thylakoid) membranes that are present in 

thee chloroplast of eukaryotic organism or are directly embedded in the cytoplasm of 

prokaryotess (cf. cyanobacteria and oxychlorobacteria). This membrane besides containing 

thee complexes and molecules involved in energy transduction also encloses a space (lumen) 

separatee from the surrounding stroma environment (Figure 2). This separation between two 

aqueouss phases is essential to create the proton motive force needed for ATP production. 

Thee ATP synthase complex consumes the protons translocated into the lumen to produce 

ATPP (Figure 2). In the linear electron transport half of the protons in the lumen are 

extractedd from H20 which goes hand in hand with the PS II reduction of QB, the other 

halff  of the lumen accumulated protons spring from proton translocation as catalysed by 

thee Cyt b6f Q-cycle (Figure 2). A cyclic electron pathway mediated by PS I (Figure 2) may 

increasee the ATP production capacity (Hosier and Yocum 1985). 

12 2 
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Chapterr 1 

Thee memhrane protein complexes that are involved in energy transduction in the 

thylakoidd membrane comprise PS Jl.Cyt b6f. PS 1 and the ATPase enzyme. All of them are 

constitutedd of several proteins and prosthetic groups (the known components for the 

photosyntheticc complexes present in higher plants are shown in Figure 2). bach individual 

complexx has been thoroughly studied with regard to function and subunit composition (see 

Ortt and Yocum 1996). In the context of this thesis especially some of the PS II components 

wil ll  be highlighted to explain their role in photoadaptation, 

PSS 1! is a multisubunit complex comprising more than 25 different proteins (reviewed 
byy Hankamer et al. 1997 and Barber et al. 1997). The charge separation and primary plus 
secondaryy electron transfer reactions take place within the reaction centre of PS II (RC II). 
TwoTwo important constitutive proteins of the RC II are Dl and D2 (Figure 2). The Dl protein 
withh a high susceptibility to degradation when light is in excess is the target point for 
photodamage.. Dl also features the highest turnover rate of all thylakoid proteins (Matto et 
al.. 1989). in this way Dl plays a central role in the dynamics of PS II (Aro et al. 1993). 

Thee interception of light and the efficient transfer of the excitation energy into the RC 
requiress a specific spatial arrangement of the chlorophyll molecules in the photosynthetic 
apparatus.. This is achieved by the binding of chlorophyll molecules to proteins. The major 
proportionn of chlorophyll is present in the antenna system of both photosystems. About 70 
too 75% of the chlorophyll present in PS II is located in the antenna (Peter and Thornber 
1991).. This constitutes a light-harvesting (LH) function. The PS II antenna comprises six 
chlorophylll  (chl) a/b-binding proteins (Figure 2, Lhcb I to 6) that are encoded by the 
nuclearr Lhcb gene family (also known as cab genes). Details on structure, cofactor 
organisationn and pigment composition of antenna proteins have been reviewed by Jansson 
(1994)) and Green and Durnford (19%). Sequence homology studies have shown that the 
proteinss Lhcb 1 to 6 all have three highly conserved transmembrane helices, and bind 
varyingg amounts of chl a, chl b, p-carotene and xanthophyll pigments. Lhcbl to 3 are the 
componentss of the peripheral light-harvesting antenna complex (LHC lib) and have 
apparentt molecular masses of 25, 27 and 28 kDa respectively. Lhcbl is perhaps the most 
abundantt membrane protein on earth (Jansson 1994). LHC lib presents a trimeric 
arrangementt with each of the subunits containing 7 chl a, 5 chl b and 2 carotenoids 
(Kühlbrandtt et al. 1991; Kühlbrandt etal. 1994). The carotenoids in this complex are lutein, 
neoxanthinn and trace amounts of violaxanthin (Jansson 1994). 

Lhcbb 4 to 6 are often referred to as CP24. CP26 and CP29. respectively and have been 

shownn to be more closely associated with PS II than LHC Mb. These polypeptides 

constitutee the minor antenna and remain bound to the core complex of PS II under all 

conditions,, whereas LHC Mb may dissociate (Peter and Thornber 1991). The function of 

thiss antenna system is related mainly to the transfer of excitation energy from LHC lib to 

thee PS II reaction centres via CP43 and CP47 (core or inner antenna. Figure 2). This is 

14 4 



Generall  introduction 

supportedd by the blue-shift of the absorption spectra of Lhcb 4 to 6 with respect to those of 

thee PS II core components (Bassi and Dainese 1992). Though Lhcb 4 to 6 and Lhcb 1 to 3 

aree highly homologous polypeptide-wise, they differ in their carotenoid content. The minor 

antennaa binds more than 80% of total PS II violaxanthin (Bassi et al. 1993). 

Thee description of the most important structural components of PS II in relation to 
photoadaptationn could not be complete without mentioning the PsbS protein (represented as 
SS in Figure 2). The exact function was unknown until the recent report, which shows that 
thiss protein is essential for energy quenching in PS II (Li et al. 2000). PsbS with a 
molecularr mass of 22 kDa is related to the Lhcb gene family (Wedel et al. 1992) and is 
likelyy to bind chlorophyll a and b (Funk et al. 1995 a,b). PsbS probably is located in the 
interfacee between the reaction centre and the antenna system (Kin et al. 1994; Figure 2). 

Knowledgee acquired on the structural photosynthetic components in higher plants has 

noo counterpart in lower plants (algae). However, it should be stressed that the proteins of 

bothh photosystems that are involved in electron transfer (RC and core antenna) are highly 

conservedd in all oxygenic phototrophs (Green and Durnford 1996). In contrast, the 

componentss involved in the absorption of light (peripheral antenna) varies in grand extend 

withinn different algal groups and in comparison to higher plants. 

TheThe adaptation to the light environment. 

PhotoadaptationPhotoadaptation or photoacclimation; a question of semantics'.' 

Throughoutt literature the terms (photo)acclimation and (photo)adaptation are used 
indistinctivelyy to describe the structural and related physiological characteristics of 
phytoplanktonn (and higher plants) after growth at different light conditions. Some authors 
preferr to relate adaptation only to evolution while acclimation is related to a fixed set of 
characteristicss acquired in response to a specific environmental condition (Falkowski and 
LaRochee 1991; Falkowski and Raven 1997). In both cases, adjustments in the physiology 
off  the cells at a short time scale (min) are often ignored. 

Variabilityy of light is a key word in this thesis work. Given that the photosynthetic 

organismss respond, as it will be addressed later, dynamically on a short and on a long term 

basiss to changes in light the term acclimation limits the description of these responses. The 

proposall  of Allen, 1998 to use the time to classify adaptation (Figure 3), in contrast, 

encompassess the responses of the cells to their environment in a dynamical approach. 

Accordingg to this suggestion, adaptation must be divided into a physiological, 

developmentall  and evolutionary domain (Figure 3). 

15 5 
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Figuree 3. The time domain of the biological adaptations and gene expression. 
(Redrawnn with modifications from Allen 1998) 

Apartt from the time of the response, that depends on the type of organism studied (in 

Figuree 3 the time scale is customised to the common responses for micro-organisms 

observedd in culture conditions), there are distinctive features for each adaptation domain. 

Physiologicall  and developmental photoadaptation in photosynthetic organisms are 

described!!  next while the evolutionary adaptation characteristics in microalgae are dealt 

withinn the general discussion in this thesis. 

DevelopmentalDevelopmental photoadaptation. 

Developmentall  photoadaptation is the long-term adjustment of the photosynthetic apparatus 

controlledd by gene expression in response to the prevalent light condition (Figure 3; Allen 

1998).. Developmental structural adjustments are implicated principally in the balance 

betweenn the absorption and utilisation of light in order to optimise photosynthetic activity: 

feww light absorbed will reduce the amount of energy produced (photosynthate) for growth 

whilee excess of light may reduce growth as well, by consequence of photoinhibitory 

damage. . 

Givenn that electrons arc donated from PS II to PQ and that they are in turn removed by 

PSS I activity, developmental adaptation relies principally on the adjustment of the PS 11 

16 6 
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antennaa size and PS I to PS II stoichiometry. In low light an increase of the amount of 
chlorophylll  (chl) per cell is the most evident developmental response. A five to tenfold 
increasee in the chl content per cell is observed in phytoplankton with a decrease in 
irradiancee (Richardson et al. 1983). The increase in chl is accompanied by the increase in 
antennaa apoproteins (Sukenik et al. 1987). The synthesis of both molecules is co-ordinated 
inn such a way that no excess pigments are synthesised without protein synthesis (Mortain-
Bertrandd et al. 1990). This will result in an enlargement of the PS 11 antenna size (Melis 
1991)) that is reflected as a decrease in the chl a/b ratio (Thayler and Bjorkman 1990). Also 
att low light the amount of PS II in relation to PS 1 decreases to compensate for the increase 
inn the PS II antenna size (Melis 1991). The above mentioned adjustments have been 
identifiedd in eukaryotic organisms but this holds true also for cyanobacteria with a totally 
differentt light-harvesting antenna system (reviewed by Fujita et al. 1994). 

Withh regard to the developmental adaptation to a high light condition it is convenient to 
pointt out an important characteristic of the electron transport chain in the photosynthetic 
apparatuss at the level of the functional midpoint in the electron transport process, the 
plastoquinonee (PQ) pool (Figure 1). Electron transfer from plastoquinol to the Cyt b6f is the 
slowestt reaction in the overall electron transport pathway (Figure 1). This may limit the rate 
off  transport of electrons trapped in PS II. When light is in excess the over-reduction of the 
PQQ pool may leave the QB site non-operational and energy in PS II then is not trapped since 
QAA is in a reduced state. In this condition the probability of damage to the reaction centre 
(Dll  protein) increases. This goes hand in hand with the formation of triplet excited state 
chlorophylls.. This long-living chl excited state may react with oxygen to form a highly 
toxicc oxygen radical specie that subsequently could damage the Dl protein. Also the 
accumulationn of highly oxidising radicals (principally P680 ) may induce an inactivation of 
PSS II electron transport and protein damage (see review by Aro et al. 1993 and references 
therein).. According to this, the developmental adaptation to high light is related to reduce 
thee absorption cross-section exposed to light by reducing PS II antenna size as well as 
increasingg the amount of photoprotective pigments as carotenoids (Richardson et al. 1983). 

Carotenoidss have three recognised functions in the photosynthetic apparatus. They play 

ann important role in the stabilisation of the protein-pigment complexes. Secondly, some 

carotenoidss such violaxanthin, fucoxanthin and peridin serve as accessory pigments since 

thee energy absorbed by these pigments is directed to the chl a molecules. The third function 

iss related to photoprotection. A relative increase of the carotenoid to chlorophyll content 

mightt reduce the effective absorption area of PS II. This is attributed to a lower efficiency 

inn energy transfer by carotenoids (Siefermann-Harms 1985). In addition, carotenoids may 

actt as effective quenchers of active oxygen radicals (Edge et at. 1997). Of special 

importancee to photoprotection, a set of oxygenated carotenoids (xanthophylls) play a key 

rolee in the non-radiative (heat) energy dissipation that takes place in the photosynthetic 
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apparatuss (see next section). It is established that plants adapted to high light (sun-adapted) 

gainn protection by increasing the pool of xanthophyll cycle pigments (IXC) as compared to 

loww light adapted plants (shade-adapted; reviewed by Demmig-Adams et al. 1995). In this 

linee of interest, considerably less work has been done in microalgae. In general, it appeared 

thatt these organisms respond in the same manner (Olaizola et al. 1994; Schubert et al. 1994; 

Casper-Lindleyy and Björkman 1998). IXC pool size regulation is proposed to be associated 

too the change of the LHC lib size instead of a change in the amount of the carotenoid 

pigmentss per se (Gilmore 1997). This suggestion indicates that the principal developmental 

responsee in oxygenic photothrophic eukaryotes is the regulation of the size of the PS II 

peripherall  antenna. 

Thee antenna size regulation is a direct consequence of the transcriptional control of 
LhcbLhcb genes. The transcription of these genes is controlled by the light intensity. LaRoche et 
al.. (1991) reported that the increase in LHC lib apoproteins after a shift-down in irradiance 
fromm 700 to 70 umoS m'1 s"1 was accompanied by a 3 to 4 fold increase in Lhcb mRNA, 
Laterr it was discovered that Lhcb gene expression is controlled directly by the redox state 
off  the plastoquinone pool (Escoubas et al. 1995). PQ pool, or a redox sensor in close 
associationn to this pool, could be visualised as an important environmental sensor 
(Lscoubass et al. 1995; Allen and Nilsson 1997; Pfannschmidt et al. 1999) that reflects the 
ratee of absorption and utilisation or energy in the photosynthetic apparatus. 

AA clear demonstration of the importance of the redox state of the PQ pool in controlling 

genee expression of some key proteins in both photosystems was presented by Pfannschmidt 

ett al. (1999). A differential expression of the genes encoding the reaction-centre 

apoproteinss of PS I and PS II was measured when the photosystems were preferentially 

excited.. If light that is absorbed preferentially by PS II is provided (light 2) a lower 

transcriptionall  rate of'psaAB gene (encodes Dl protein) was observed. In light 1 (absorbed 

mainlymainly by PS 1) the transcription rate of the gene that encode the P700-Chla protein is 

reducedd (psiti). 

PhysiologicalPhysiological photoadaptation. 

Thee physiological adaptations that take place in minutes (Figure 3) are characterised by the 

controll  of the structure, function and molecular recognition of pre-existing molecules 

(Allenn 1998). In other words, physiological adaptation does not require de novo synthesis of 

proteinss to proceed (Allen 1998). 

Thee PQ pool redox state, a key factor for developmental adaptation, also plays an 

importantt role in the short-time responses of prototrophic organisms. Two of the best-

recognisedd short-term response processes that take place in the photosynthetic apparatus are 

statee transitions and xanthophyll cycle and their role could be seen as a steering facility of 

thee adjustment of the effective absorption cross-section of PS II in a short time scale. 
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StaleStale transitions 

Itt has been recognised for long time that the exposure of plants, algae or cyanobacteria to 
lightt 1 or light 2 (for definition see above) condition induces a short-term physiological 
responsee (Bonaventura and Myers 1969; Murata 1969). A complementary change in the 
absorptionn cross-section of PS I or PS II occurs upon exposure to a Light 2 or Light 1 
condition.. In other words, when PS I is preferentially excited the absorption cross-section 
areaa of PS II increases and upon excitation of PS II the absorption area of PS I is enlarged. 
Bonaventuraa and Myers (1969) denominated the condition in which PS II is excited state 2 
andd state 1 when PS I is preferentially excited. The changes from one condition into the 
otherr are called state transitions. 

Followingg the first description of state transitions a vast number of studies have been 
conductedd to reveal the physiological importance and molecular control behind this process 
(forr reviews see Allen 1992 and Gal et al. 1997). Figure 4 integrates some of the most 
importantt aspects in the regulation of state transitions. The change in the absorption cross-
sectionn of the photosystems during state transitions is caused by the change in the amount 
off  LHC lib associated either to PS II or PS 1 (Allen 1992). In state 2, LUC lib detaches 
fromfrom PS II and will freely migrate to PS L In higher plants it is postulated that LHC lib 
migratess from the granna where PS II is predominantly present, to the stacked thylakoids 
wheree PS I dominates (Anderson 1986). The reverse process occurs in the state 1 condition 
(Figuree 4). The molecular control of LHC lib disassociation from PS II became apparent 
afterr the discovery that this complex becomes phosphorylated under high light (Bennett 
1977).. The observation that PQ redox state controls the phosphorylation of LHC lib and 
statee transitions provide an evidence for a functional relationship between both processes 
(Allenn et al. 1981). The dependence of LHC lib phosphorylation and state transitions on the 
redoxx state of the PQ pool was demonstrated by the use of DCMU and DBMIB that block 
electronn flow in and out of the PQ pool respectively (Figure 4). LHC lib is phosphorylated 
byy a membrane bound kinase, which is not yet identified (Gal et al. 1997). This enzyme 
becomess active at a condition in which the PQ pool or the Qo site of the Cyt b6f complex 
(Vernerr et al. 1997) is reduced. The site of phosphorylation has been identified in the N 
terminuss of LHC lib exposed to the stroma part of the thylakoid surface (Michel et al. 
1988).. After phosphorylation. LHC lib becomes negatively charged by the added phosphate 
groupp and an electrostatic repulsion from PS II occurs (Allen 1992). Recently it was 
proposedd that the structural change observed in the LHC lib apoproteins after 
phosphorylationn induces a disassociation of LHC lib trimers (Nilsson et al. 1997). The 
LHCC lib monomers then are free to diffuse between the membrane and probably attach to 
PSS I (Allen and Nilsson 1997). Net oxidation of the Cyt bf)f complex or PQ pool causes and 
inactivationn of the kinase and LHC lib becomes desphosphorylated by a redox independent 
continuouslyy active phosphatase (Allen 1992). The half-time of state transitions in isolated 
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Generall  introduction 

chloropiastss is four minutes (Tetfer et al. 1983) while the movement of the phycobilisomes 

typee antenna in cyanobacteria could be as fast as forty-five seconds (Mullineaux and Allen 

1998).. These rapid physiological responses will facilitate a balance in the excitation energy 

distributionn between photosystems (Allen 1992). Furthermore, it has been suggested that 

statee transitions help to meet the demand for cellular ATP by enhancing PS I cycling 

electronn flow (Bulté et al. 1990). 

TheThe xanthophyll cycle 

Thee rapid (min) reversible conversion of the pigment violaxanthin (V) into zeaxanthin (Z) 

viaa antheraxanthin (A) is known as the xanthophyll cycle. The detection of changes in the 

carotenoidd composition of plant chloropiasts upon exposure to high light was first 

discoveredd by Sapozhnikov et al. (1957; see review by Pfündel and Bilger 1994). Later, 

Yamamotoo et al. (1962) completed the identification of the xanthophyll cycle pigments. 

Thee studies about this cycle increased considerably in the last decade after Demmig et al. 

(1987)) proposed that this cycle plays an important role in protection against photoinhibitory 

damage. . 

Mostt of the biochemistry of the xanthophyll cycle is known. In high light the di-epoxide 
VV is enzymatically transformed into the final epoxide-free Z (Figure 4). The violaxanthin 
deepoxidasee enzyme (VDE) that is present in the lumen part of the thylakoid membrane 
becomess active when lumen pH drops below 6.3 and the maximum activity is measured at 
pHH values below 5.8 (Hager 1980). The regulation of the enzyme activity allows the onset 
off  Z formation exactly at a pll that exceeds the requirements for ATP synthesis (Pfündel 
andd Bilger 1994). Another requirement for VDE activity is the presence of ascorbate as a 
cofactorr (Siefermann and Yamamoto 1974). However, the ascorbate concentration is not a 
limitingg factor for deepoxidation since it is present in the chloroplast at a concentration high 
enoughh to fully sustain VDE activity (Eskling and Akerlund 1998). The limitation for the 
totall  deepoxidation of V is the accessibility of this pigment to VDE (Siefennan and 
Yamamotoo 1975). This accessibility depends on the association of this pigment to the 
antennaa proteins. V present in the LHC lib is not accessible to VDE (Bassi et al. 1993). 
Thee epoxidation reaction that converts Z back into V needs molecular oxygen and NADPH 
too take place. This reaction is catalysed by the zeaxanthin epoxidase enzyme, which is 
presentt at the stroma side of the thylakoid membrane (Figure 4; Pfündel and Bilger 1994). 

Thee xanthophyll cycle involving the pigments V, A and Z is present in higher plants and 

greenn algae while in diatoms, dinophytes and haptophytes these pigment are replaced by the 

xanthophyflss diadinoxanthin and diatoxanthin (Pfündel and Bilger 1994). A recent report 

showss that the diatom Phaeodactyium tricornutum and some other cromophytes possess 

bothh cycles (Lohr and Wilhelm 1999). 
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Chapterr 1 

Thee association between the xanthophyll cycle and photoprotection is based in the 
correlationn of the radiationless (thermal) energy dissipation in PS II and Z formation 
(Demmig-Adamss 1990). Thermal dissipation is commonly measured as the reduction of the 
fluorescencee emitted from PS II independent of the photochemical reactions, which is 
knownn as the nonphotochemical quenching of fluorescence (NPQ). The exact molecular 
controll  of NPQ is not known. The general agreement that the transthylakoidal pH gradient 
(ApH)) and 7 are the two main constitutive elements for NPQ formation (Gilmore and 
Yamamotoo 1993; Ruban and Horton 1995; Gilmore 1997) has been confirmed by genetic 
approaches.. A /-less mutant of the higher plant Arabidopsis and the green algae 
ChlamydomonasChlamydomonas reinhardtii, two common "lab rats" in photosynthesis research, are 
partiallyy defective in NPQ but retain substantial ApH dependent NPQ (Niyogi et al. 1997. 
1998).. As a counterpart, Z alone is not sufficient for thermal dissipation, it needs a ApH, 
Thiss was detected in mutants defective in epoxidation activity with a higher accumulation 
of// compared to the WT genotypesfsee review of Niyogi 1999). 

Thee observation that NPQ depends on both ApH and / has lead to a considerable debate 
onn the exact mechanism of energy quenching (Horton et al. 1996 and Gilmore 1997). The 
simplestt mechanism proposed is that Z can deactivate the excited state of chl a molecules 
byy a singlet-singlet energy transfer (frank et al. 1994) but omits the explanation of the NPQ 
dependencyy on ApH. The alternative explanation is that Z together with the ApH related 
protonationn of some PS II antenna subunits will bring alteration to the antenna organisation 
thatt promotes quenching (Horton et al. 1996; Gilmore et al. 1998). The recent discovery 
thatt a PsbS-less mutant does not show NPQ confirms that the protein environment of PS II 
iss fundamental for NPQ (Li et al. 2000). Either the PsbS protein binds Z and is the unique 
orr primary site of NPQ or PsbS may act as an "organiser*  in the antenna promoting and 
controllingg NPQ in neighbouring proteins (Li et al, 2000). 

Thee scope and outline of this thesis. 

Thee genera! line of investigation in this thesis has been mentioned already: The effect of 

lightt variability on the photosynthetic performance and the response (adaptation) of 

microalgaee to counteract changes in light fluence rate. 

Photoadaptationn to the prevailing light environment and response to changes of this 

conditionn is a universal feature in oxygenic photosynthesis. Developmental and 

physiologicall  adjustments of the prototrophic organisms serve to increase the 

photosyntheticc performance. Basically, the higher plant response to light has been the 

modell  to explain photoadaptation. Much less work has been done in microalgae. 

Furthermore,, most of the characterisation of photoadaptation in microalgae is based on 

laboratoryy studies in which cells have been grown at a constant light condition and then 

transferredd to another constant level of light supply. 
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Generall  introduction 

Howw does phytoplankton adapt to a condition in which recurring changes (fluctuations) 

inn light are present? This question is addressed in chapters 2 and 3. The premise is that in 

aquaticc environments light variability counts as a factor that may limit phytoplankton 

growth.. Vertical mixing through the water column may create a fluctuating light 

environmentt for phytoplankton. On this condition, phytoplankton must trigger 

developmentaldevelopmental and physiological adjustments in order to reduce the potentially negative 

effectss of changes in light intensity on photosynthetic performance. In this thesis the 

particularr adaptation characteristics were investigated in the green alga Chlorellafusca. 

Inn chapter 4 and 5 a relationship between xanthophyll cycle and state transitions, the 

twoo most important physiological adaptation mechanisms, is investigated. The idea that 

statee transitions and xanthophyll cycle might be functionally co-operative arose from the 

studyy of the mechanisms involved in the quenching of the maximum PS II fluorescence 

emissionn presented in chapter 2. No association between the two processes has been 

reportedd before. In chapter 4 the characterisation of the xanthophyll cycle of the algae 

StaurodesmusStaurodesmus cuspidatus revealed that the reactions involved in this cycle might be 

controlledd by LHC lib phosphorylation. In chapter 5 an in vitro approach, using active 

thylakoidd membranes isolated from Staurodesmus cuspidatus. corroborates this 

observation. . 

Thee use of green algae in this thesis helped the comparison of photoadaptation 

responsess to the higher plants model. Green algae and higher plants possess a similar 

photosyntheticc apparatus. The diversity and functional aspects of antenna systems in 

relationn to photadaptation in the different microalgae groups is addressed in the genera! 

discussion.. This analysis revealed that probably the variability of light present in the 

aquaticc environment might be the reason for the acquisition of a protection mechanism such 

ass the xanthophyll cycle. This cycle is highly conserved in oxygenic eukaryots and a fine-

tuningg of this cycle was probably achieved through evolutionary changes in the antenna 

complexess of the main evolutionary algae lines. 
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