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Chapte rr  2 

Xanthophyl ll  cycl e pigmen t deepoxidatio n stat e and 
nonphotochemica ll  quenchin g in Chlorella  fusca:  effec t of 
adaptatio nn to constan t and dynami c ligh t condition s 

Abstrac t t 

Nonphotochemicall quenching (NPQ) of photosystem (PS) II fluorescence is related to the 
harmlesss dissipation of energy in the photosynthetic apparatus that brings protection 
againstt excess light. 'The relation between NPQ and xanthophyll cycle operation was 
monitoredd in the green alga Chlorella fusca grown in constant and dynamic light 
conditions.. C fusca cells were adapted to different daily light doses for three independent 
lightt supply conditions: block, sine and oscillating light regime. All cultures were 
subjectedd to a 14 h light 12 h dark cycle. A low (LD) and high (110) daily light dose was 
appliedd in each light regime. For the block type culture, a constant irradiance (E) was 
providedd during the light period. For the sine light regime, a sinusoidal change of the E 
duringg the light period was simulated. The oscillating light regime was similar as the sine 
regimee with a superimposed hourly light fluctuation. In the block light regime a 3 fold 
differencee in xanthophyll cycle pigment pool size ( IXC) between the cells adapted to LD 
andd HD was detected. In the sine and oscillating light regimes this difference was not 
observed.. In the culture conditions the deepoxidation state of the XC pigments (DPS) 
followedd the irradiance (E) received by the cells in the block and sinus light cultures. For 
thee oscillating light regime the hourly oscillations of £ were not reflected in DPS changes. 
Thee response was similar as in the sine light regime. In contrast, NPQ correlated closely to 
thee E changes for each individual culture condition. NPQ status in taken from the various 
culturess and exposed to different light intensities was also monitored. It appeared that 
NPQQ was higher for IT) than HD adapted cells from all light regimes. From these results it 
wass concluded that under saturating E the fast NPQ induction can not be attributed 
exclusivelyy to XC action. It appeared that the transthylakoid proton gradient (ApM) as 
muchh or in combination with XC constitute an important control factor for NPQ in the 
greenn alga C. fusca. 

Submittedd as: (iarcia-Mcndo/a J . Mult hijs MCI'. II Sdmbert and Mur I R \anthoph\il evele pigment 
deepoxidationn stale and nonphotnchemical quenching in ('hlori'llaftixcu. e tied of adaptation to constant and dynamic 
liahtt conditions 
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Chapterr 2 

Introductio n n 

Lightt is the energy source for prototrophic organisms. In the natural environment, 
irregularr changes in light intensity may become a stress factor that could restrict growth. 
Somee adaptation mechanisms counteract the variability of the incoming light flux at 
differentt time scales. The most important photoadaptation process is the control of the 
amountt of light that can enter into the photosynthelic apparatus by regulation of the 
pigmentt absorption area {Richardson et al. 1983). The antenna size regulation requires 
pigmentt turnover to take place, which occurs at a time scale of hours. However, changes in 
lightt intensity could take place in minutes, especially in aquatic environments. As a 
consequence,, the phytoplankton could experience a dynamic imbalance between 
absorptionn and utilization of light. Specially, the exposure to excess light could become a 
majorr stress factor in plants and algae, resulting in photoinhibition and photooxidation of 
photosynthelicc tissues (Young et al. 1997). 

Fhotosystemm (PS) II is the primary target for photodamage (Aro et al. 1993). Protection 
againstt excess light is achieved mainly by dissipation of energy via non-radiative processes 
(heatt production). Indirect quantification of the relative heat production follows from the 
reductionn of the maximum PS II fluorescence emission (Fin) by processes different from 
photochemistry.. The nonphotochemical quenching (NPQ) of Fm is a complex phenomenon 
thatt could take place in the reaction center or antenna pigments of PS II (see review of 
PospiSill  1997). Depending on their relaxation kinetics three main components of NPQ 
havee been characterized (Horton and Hague 1988). These are the state transitions (qT). 
photoinhibitionn (ql) and high energy quenching related Fm reduction (qB). The later one is 
attributedd to the formation of a transthylakoidal pH gradient (ApH). 

Thee so-called xanthophyll cycle (XC) is an important component of NPQ (Gilmore and 
Yamamotoo 1993). The XC comprises the conversion (deepoxidation) of the pigment 
violaxanthinn (V) into antheraxanthin (A) and zeaxanthin (Z) in high light (Yamamoto et 
al.. 1962). The pigments Z and A are thought to play an important role in the harmless 
dissipationn of excess energy into heat in higher plants (Gilmore and Yamamoto 1993: 
Demmig-Adamss and Adams III 1996) and algae (Olaizola et al, 1994). Although the 
molecularr mechanism of how the XC related protection works remains unclear (Gilmore 
1997),, this cycle is closely associated with the qF component of the NPQ (Gilmore 1997; 
Hortonn et al. 1996), The idea of an important photoprotective function of the XC is 
stronglyy supported by the correlation between NPQ and Z concentration for a wide range 
off  environmental conditions and light intensities in different species of higher plants 
(reviewedd by Ptundel and Bilger 1994; Demmig-Adams and Adams III 1996). However. 
thee protective role of XC has been questioned by the observation that not al! the NPQ is 
blockedd when the XC is chemically inhibited by dithiothreitol (DTT; Havaux et al. 1990, 
Jahnss and Schweig 1995). Gilmore and Yamamoto (1993) proposed that the DTT-
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insensitivee NPQ is explained by ihe presence of A in the chemically treated samples. The 
calculationn of the deepoxidation state of the XC (DPS) introducing the concentration of A 
givess a close correlation to NPQ for higher plants chloroplast (Gilmore and Yamamoto 
1993;; Gilmore et al. 1988). 

Torr microalgae there is much less undisputed evidence about the XC function. 'Ihe 
reportedd case of lack of a relationship between NPQ and DPS (Casper-Lindley and 
Bjórkmann 1998) has given rise to questions on the impact oi~ the XC protection 
mechanismss in phytoplankton. Furthermore, the investigations in microalgae have been 
donee by monitoring DPS and NPQ in light shift-up experiments with cells cultured at 
constantt E (Schubert et al. 1994; Olaizola et al. 1994; Casper-Lindley and Björkman 
1998).. A constant light environment is far from a normal condition for the phytoplankton 
inn nature. In the aquatic environment phytoplankton in conditions of vertical mixing could 
experiencee light fluctuations in time scales of less than one hour (Kirk 1983). How the 
NPQQ and XC cycle is controlled in cells exposed to recurrent changes (fluctuations) light 
conditionss has not been reported. 

Heree we address the NPQ control in a Chlorcilu jusca exposed to changes in E during 
thee light period and compared to cells acclimated to constant light. A high (WD) and low 
(LD)) daily dose condition was simulated in the cultures. It is shown that acclimation to a 
LDD or IID is different in dynamic or constant light supply. In the latter one, substantial 
di(Terencess in NPQ control and the amount of xanthophyll cycle pigments (XXC) have 
beenn observed between the HD and LD conditions. In contrast, the differences between 
lightt doses become smaller in cultures from dynamic light. It became evident for all 
adaptationn conditions that NPQ is not explained exclusively by the presence a /-"-A, but 
thatt an important factor, namely ApH also contributes to the fast response of NPQ to light 
changes.. These results are discussed in relation to the importance of NPQ for 
photoprotectionn in conditions where light is highly variable. 

Materia ll  and Methods 

CultureCulture conditions. The unicellular microalga C. fuse a (Chlorophyta. UTFX 343) was 
grownn in three independent continuous cultures on 02 mineral medium (Van Liere and 
Murr 1978). A detailed description of the culture setup is presented in Kroon et al. (1992). 
Thee 3 1 rectangular Hat culture vessel has a light path of 3 cm to minimize differences in 
irradiancee within the culture. In addition, the culture density was low in the range of 0.09 
too 0.110 OD at 750 nm. Air was provided through a glass cinter bottom in the vessel (1 50 
11 h"1) to supply carbon dioxide and to maintain the cells in suspension. The culture 
temperaturee was kept constant (20 l)C) by a water jacket in front of the vessel. A 
1200WW lamp (Osram Metal logen HMI I200W/ÜS) that resembles the spectra! 
characteristicss of sunlight provided light to the cells. The light supply lo the culture (light 
regime)) was controlled by the angular position of the slats of a computer-controlled 
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Venetiann blind positioned between the lamp and the vessel. The cells were grown in a 
10/144 light/dark period in all culture conditions. The light was provided in three ways: 
block,, sine and oscillating type regime. In each of these regimes, the cells were either 
grownn in a low (LD) or in a high daily light dose (HD). The irradiance (£) at the culture 
vessell  was fixed by adjusting of the distance between the lamp and the culture vessel 
and/orr by using a neutral density filter. For the block type culture, E was constant for the 
100 h light period (Figure la). In the sine type regime, the maximum light intensity ( i w ) 
wass in the middle of the light period (Figure lb). In the oscillating type regime the light 
changess during the day were as in the sine type regime but with an additional 
superimposedd hourly oscillation. For this type of culture £imx is reached both at 4.5 and 
5.55 hr after the beginning of the light period (Figure lc). The 
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Figuree 1. Irradiance (£) changes in a block (a), sine (b) and oscillating light regime 
(c)) used to cultivate C. fusca cells. The cells were grown in a low (LD) and in a 
highh daily light dose (HD) at each light regime. The total daily light dose is given 
inVioll  trf2 day'. The change in E for the sine and for the oscillating cultures were 
modeledd using the maximum E measured at the middle of the light period. 
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totall  daily light dose was calculated as in Kroon et al. (1992) using the £niax measured 
duringg the light period. With pertinent constraints (related to spectral changes mainly) the 
oscillatingg regime mimics the E variation experienced by cells circulating through the 
euphoticc zone in tine hour (see Kroon 1994). 

Priorr to the monitoring of the different variables in the cultures, the cells were 
acclimatedd for at least 2 weeks at each specific condition. After this adaptation period a 
constantt growth rate was measured in all culture conditions. 

RoomRoom temperature fluorescence measurements. A pulse amplitude modulated fluorometer 
(PAMM 101-103. Heinz Walz, Lffeltrich, Germany) equipped with the ED-101 US emitter-
detector-cuvettee was used to measure the PS II fluorescence emission. The measuring 
protocoll  and parameters studied were as in Van Koot en and Snel (1990). The maximum 
fluorescencee emission was measured when the PS II reaction centers were closed in dark 
adaptedd cells (Fm) and during actinic illumination (F*UI). A strong saturating puise (Schott 
KL15000 lamp, 12,000 pmol m": s"1) was applied to fully reduce QA (reaction centers 
closed).. The fluorescence parameters were determined by sampling directly from the 
culturee vessel into the PAM cuvette (few seconds between sampling and measuring). The 
Stern-Votmerr formulation was used to calculate the nonphotochemical quenching (NPQ) 
off  fluorescence as Fm-F"n/F"m. Where Fm was considered as the maximum fluorescence 
measuredd in darkness before the beginning of the light period. 

LowLow temperature fluorescence measurements. Fluorescence emission in samples immersed 
inn liquid Ni was measured in an Aminco-Bowman Scries 2 Luminescence spectrometer 
equippedd with a Dewar tlask mounted between the light beam and the detector. The 
sampless were taken directly from the cultures with a clear glass pipette (2 mm inner 
diameter)) and frozen immediately in liquid nitrogen. The fluorescence emission was 
recordedd from 650 to 750 nm with an excitation wavelength of 440 nm. A bandwidth of 4 
nmm was used for both the excitation and emission. The fluorescence emission was 
correctedd only for the pholomultiplier response according to the instructions of the 
manufacturerr of the instrument. 

PigmentPigment determination. Pigment quantification was done by high performance liquid 
chromatographyy (HPLC) as in Kraay et al. (1992). 10 to 15 ml of a sample from the 
culturee was filtered through a Whatman G IT filter. The filter was wrapped in aluminum 
foill  and frozen immediately in liquid nitrogen. The filters were stored at -80T' before 
pigmentt quantification. Mechanical disruption of the cells and filters (C()2-cooled Braum 
homogenizcr)) was used to extract the pigments in 3 ml of pre-cooled 90% acetone. After 
centrifugationn the samples were diluted with water to 70% acetone just before injection 
intoo the chromatography system. The Pigment separation and quantification was done in 
ann ISCX) 77 system equipped with a C-l 8 5uM size particles Mypersil ODS-2 column (250 
xx 3.2 mm). Acetronitrile 90% in water was used as solvent A and ethylacetate 100% as 
solventt B. The solvent program was as in Kraay et al. (1992). The pigment absorption was 
recordedd at 436 nm in the Isco detector and at 452 and 485 nm in a Diode Array Detector 
(Kontronn instruments. DAD 440) connected in series with the Isco system. The 
chlorophylll  (chl) a,b, lutein, p-carotene and zeaxanthin (Z) concentration factors were 
calculatedd by including internal standards of these pigments. Lor violaxanthin (V) and 
antheraxanthinn (A), the concentration was calculated from the reported specific absorption 
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coefficientss in Jeffrey et al. {1997). The deepoxidation state of the \anthophyll cycle (DPS) 
wass calculated as ([ZJ-0.5[A])/([V] [A] *[/]) . 

MeasurementsMeasurements in culture subsamples. Different light treatments were applied to samples 
withdrawnn from the cultures. Room temperature and 77K fluorescence emission were 
monitoredd at different light intensities after the cells were dark adapted. The dark 
adaptationn period was between 40 to 90 min (period determined by maximal PS II 
quantumm yield measured). Actinic light was provided by a tungsten tamp source (Slide 
projector)) and heat was shielded by a water jacket or with a 2mm Schott KG3 filter. A 
fiberfiber optic guide directed the light to the measuring cuvette. The different light intensities 
weree obtained with neutral density filters and light intensity was measured with a Licor-
10000 light meter. In some cases (cf. results) the cells were exposed to far red light from a 
Schottt Kl-1500 lamp and a Schott RG9 filter with a cut off at 710 nm. In some treatments 
dithiothreitoll  (DTT) was added 10 minutes before the beginning of the light treatment at a 
finalfinal concentration of 100 u.M. This incubation time with DTT is sufficient to inhibit 
deepoxidationn of violaxanthin in (.'. fusca as was determined in advance (not shown). To 
lowerr the oxygen tension of the samples taken directly form the cultures the samples were 
bubbledd with N2 for 30 seconds. This treatment did not affect the physiology of 0 : 

evolutionn and fluorescence yield. 

Thee light saturation parameter. (Ek) was calculated from measurements oï 
photosyntheticc activity as oxygen evolution at different irradiance (photosynthesis vs 
irradiancee curves) performed at several points during the light period (Garcia-Mendoza et 
al... chapter 3). 

Results s 

DeepoxidationDeepoxidation state (DPS), xunthophyll cycle pigment pool (XXC') and nonphotochemical 

quenchingquenching CNPQ) in different culture conditions. 

DPSS has been determined in cells from cultures kept in constant or dynamic light regimes 
att either low dose (LD) or high dose (HD) light conditions. It appeared that in LD 
cultures,, regardless of the regime DPS did not change, the composition of the XC 
pigmentss remained constant (Figure 2). V remained epoxidized during the light period 
evenn in the oscillating light regime, where the maximum E (340 u. mol m^s"1) amounted 
too more than two fold of the block type culture (Figure 2c). In HD cultures deepoxidation 
off  violaxanthin took place during the light period. The maximum DPS was measured in 
thee block and in the oscillating type cultures and amounted to 80% of the total xanthophyll 
cyclee pigment pool (Figure 2a,c). the DPS followed the E received by the cells in the 
blockk and sine regime (Figure 2a,b). For the oscillating type regime, V deepoxidation did 
nott change in response of the hourly changes in E from total darkness to light (Figure 2c). 
Thee behavior of the DPS in this culture condition seemed to be driven only by the hourly 
peakk E values while the dark periods in between remained without effect. By consequence. 
DPSS formation resembled the one of the sine type culture (Figure 2b). For the sine and 
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oscillatingg cultures DPS lacks behind E. The E threshold needed to trigger X formation 
wass reached at only after two to three hours from the beginning of the light period and the 
maximumm DPS occurs after Er)ltn was present. With regard to the epoxidation reaction of 
thee XC. the major proportion of/ formed during the high E was converted back into V at 
thee end of the iight period, except for the HD block culture, for this culture a considerable 
DPSS (30%) was detected at the beginning of the light period. 
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figuree 2. Dynamic changes of the deepoxidation state of xanthophyll cycle 
pigmentss (DPS) in ('.fuse a acclimated to a low (()) and a high daily light dose (A), 
suppliedd as: a. block: b. sine and c, oscillating Sight regime. The open symbols 
representt measurements during the light period and the tilled symbols represent 
measurementss in darkness 

Thee xanthophyll cycle pigment pool (IXC) remained nearly constant during the light 
periodd for each individual culture condition (data not shown). Between cultures differences 
inn XXC have been observed. An approximately 3-fold difference in XXC was measured 
betweenn the I ID and the LD conditions for the block type culture. With a similar overall 
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HDD LU ratio the oscillating and sine regimes shows no significant difference in IX C (t 

test.. p>0.005). For these cultures. IXC was between the values for the LD and HD block 

typee cultures (Table 1). 

['ablee 1. Variables and parameters related to the long-term adaptation 
characteristicss for C.fusca. The cells were grown in three different light regimes at 
highh (HI)) and low daily light dose (LD). Xanthophyll cycle pigment pool (IXC) is 
normalizedd to the chlorophyll (chl) a + b concentration (w/w xlOO). The Chi a-̂ b 
concentrationn is in pg cell"1. The light saturation parameter (Ek) in u. mol m'- s" is 
thee average of at least 7 photosynthesis (as oxygen evolution) versus E curves 
measuredd throughout the light period. The pigment data are also averaged from 
severall  (7 to 14) independent samples taken over the light period. The standard 
deviationn is presented in parenthesis. 
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Whenn a strong short pulse of light is applied to the cells, photochemical quenching 
(qP)) of fluorescence is suppressed because QA is fully reduced (qP-0). On this condition, a 
reductionn of the fluorescence emission has a nonphotochemical (NPQ) nature. For the 
oscillatingg light regime, in contrast to the DPS, the NPQ during the light period appeared 
too follow E fluctuations. This light regime revealed that >iPQ showed a clear response to 
thee hourly light fluctuations even in the LD culture condition (Figure 3c). For the block 
andd sine regimes, NPQ related closer to DPS instead of E changes. This correlation was 
particularlyy clear for the HD sine regime, where the time lag in the increase of NPQ at the 
beginningg of the light period matched with the lack of V deepoxidation (Figure 3b). For 
thee LD cultures DPS is close to zero and the change in NPQ was minimal or even became 
negativee (Figure 3a,b). These results point to a close association of NPQ to DPS. However, 
aa complementary factor in close relation to light is necessary to fully explain NPQ 
changes.. According to the well-known concept of NPQ control by ApH, this factor must be 
heldd responsible for steering of the NPQ on the cultures. Basically, it is established that the 
reductionn of Fm in high light depends on the lumen acidification (ApH) and on the 
presencee of Z and A (Horton et al. 19%; Gilmore et al. 1998). 

XCXC'' contribution to nonphotochemical quenching: NPQ vs E. 

Characterizationn of NPQ at different light intensities was done with samples taken from 
thee 6 different cultures at the beginning of the light period. Subsamples maintained in 
darknesss were exposed to different light intensities and the change of Fm (from the dark 
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adaptedd sample) was monitored tbr !5 m in . in l ight. FIT] reduction originates from a 

combinationn of different factors as membrane energization (ApH). XC\ slate transitions 

(ST)) and damage to PS l i from photoinhibi t ion. The NPQ present after 15 minutes in light 

reflectss the combined effect of these processes that in common reduce Fm. ' Ihe maximum 

NPQQ measured at any E was higher in samples from IT) than from HI.) cultures. 

independentlyy o f the type o f regime (Figure 4). For L I ) cultures NPQ formation reached a 

saturationn point after approximately 4 times the saturation light intensity {Ek: Table 1). 

meanwhilee for I I t) cultures this plateau was not reached even at a E o f 10 times Ek (Figure 

4).. The L I ) oscil lating condit ion is considered as a peculiar case since higher E was 

neededd for NPQ formation than in the other LD cultures. Moreover. NPQ saturation was 

nott reached even at high E (Figure 4c). NPQ formation in these cells resembled a HD 

acclimatedd condition but with a higher total NPQ formed in light ( f i gu re 4 c,f). 
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Whenn the cells were incubated in the presence of DTT prior to light exposure the 
amountt of NPQ in saturating light was lower than the untreated samples for all adaptation 
conditionss (Figure 4). Given that DTT inhibited completely the V deepoxidation in C 
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Figuree 4. Nonphotochemical quenching (NPQ) in C. fusca after exposure to 
differentt irradiances (E) for 15 minutes. The cells were cultivated in a low (a.b.c) 
andd high daily light dose (d,e,f). The light was supplied as a block (a,d). sine (b,e) 
andd as an oscillating (c,f) type light regime. E is normalized to the light saturation 
parameterr (Ek) presented in Table 1. DTT (100 uM) was added 10 min before the 
exposuree of the cells to the E. 

fuscafusca (data not shown), the DTT-suppressed NPQ could be attributed to the contribution of 

thee xanthophyll cycle to Fm reduction. This holds true under the assumption that negligible 

amountss of preformed Z or A were present at the time of the sampling, excluding the HD 

blockk culture (see Figure 2). The contribution of the XC related quenching seemed to be 

thee same in all cultures as judged from the difference of DTT treated and non-treated 

sampless (NPQ-NPQDTT). However, this difference represents a higher proportion of the 
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totall NPQ formed for the HI ) than in the LE) adapted cells. For the I.D cultures the XC 

relatedd component (NPQ-NPQnn) reached a maximal value of 25% of the total NPQ 

whilee in the Ml) cultures this component amounted to approximately 50% of the NPQ. In 

ourr experimental conditions the remaining NPQ at saturating E may l ikely be attributed 

pr incipal lyy to the effect of ApH reduction of Fm. This is supported by the observation that 

NPQQ increased to the NPQ ( i t t level in the DTT-treated and untreated samples in a few 

secondss upon exposure to saturating l ight (data not shown). Reduction of F„, associated to 

Apll I is the faster phenomenon of all quenching components (Horton and I lague 1988). We 

considerr the photoinhibit ion related FIM reduction (q l ) was min imal in the t ime scale o f our 

measurements.. The contribution of state transitions related quenching is addressed next 

( q l ) . . 

QuenchingQuenching processes revealed by low temperature fluorescence emission 

Inn the fluorescence emission at 77K the different PS II quenching processes are also 

visualizedd (Ruban and Horton 1995). PS I fluorescence is detectable at 77K as wel l , and 

thee emission of this photosystem is affected by state transitions due to redistribution of 

absorbedd energy from the PS II antenna (Al len 1992). By measuring the 77K fluorescence 

emissionn in C. fusca we characterized the contribution of state transitions to the quenching 

process. . 

77KK fluorescence emission was measured in samples taken directly from the cultures 

throughoutt the l ight period. PS II related fluorescence was taken as the emission at 685 

nmm and at 720 nm for PS I. The relative change in the PS I to PS II fluorescence emission 

ratioo (PS 1/PS M emission) closely resembled the NPQ variation dur ing the l ight period for 

thee HL) cultures except for the block light regime (Figure 5a.b,c). As expected the 

quenchingg mechanisms that affected the room temperature fluorescence emission (NPQ) 

weree also manifested via the 77K. measurements. Particularly, in the I ID oscil lating 

culturess the hourly E fluctuations at the middle of the Mght period affected the PS 1/PS i i 

emissionn ratio, which probably showed the effect of the XC' plus ApH on the PS I! 

fluorescencee emission ( f igure 5c). 

Forr the L I ) cultures the correlation between NPQ and PS I P S II emission was less 

evident.. Though PS 1/PS II emission changes in the L I ) sine and block cultures were 

present,, NPQ in the same samples was low or absent (Figure 5 a,b). We consider that the 

changess in the PS F PS II emission were induced mainly by state transitions (see below). In 

thee L I ) block culture the strong reduction of PS 1/PS II emission at the beginning o f the 

lightt period is attributed to a change in a state I to state 2 condition (Figure 5a). Probably 

thee PS II peripheral antenna was associated to PS I in darkness and redistribution of the 

energyy or the association of this system back to PS II occurred at the beginning o f the light 

period.. In the L I ) sine type culture (Figure 5b) an increase of the PS I/PS II emission ratio 

wass observed toward the middle of the day where the highest E was present. 
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Figuree 5. Low temperature fluorescence emission ratio (PS I/PS II) for C /usca 
acclimatedd to different light regimes. Legends and symbols are as in Figure 2. 

Thee observed PS l/PS II emission in the culture conditions as displayed in Figure 5 
weree studied in samples that were taken from the cultures at the middle of the light period 
(orr Eniax condition). The idea behind the following measurements was to validate the 
assertionn that state transitions are the important factor affecting the fluorescence emission 
inn the LD cultures. 77K fluorescence emission was measured in the sample withdrew at 
iSmax-- Subsequently the cells where dark adapted (DA) for 40 min. After this dark 
adaptationn period, subsamples were exposed for 15 min to far red light (FR), to high light 
(HL;; 9 to 10 times Ek), and to high light in the presence of DTT (HL + DTT). 

Thee exposure of the cells to FR gave the lowest PS 1/ PS II emission in all culture 

conditionss (Table 2 and Figure 6). The maximum difference between the PS 1/ PS II 

emissionn at Eimx compared to the FR treatment was measured for the LD block culture. 
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Thee cells grown in this condition displayed the highest chlorophyll a+b content per cell 
andd the lowest chl a/b ratio of all cultures studied (Table 1). The data from the LD cultures 
showss that the difference between the PS I/PS II at £niax compared to FR was similar to the 
changee between the lowest and highest PS I/PS II emission ratio measured in the culture 
conditionn (Figure 5). According to this, a state 1 condition detected by the exposure of the 
cellss to FR was present at the end of the light period in the block culture and both at the 
beginningg and at the end of the light period for the LD oscillating culture (Figure 5). For 
thee HD cultures, which also show a substantial change in the PS I/PS II ratio, a 
differentiationn between the processes that affected 77K emission is not possible. Here, the 
£inaxx sample presented all the processes that affect the fluorescence of either PS II or PS I 
(Tablee 2, Figure 6b), 

Tablee 2. Low temperature PS I to PS II fluorescence emission ratio (PS I/PS II) for 
C.C. fuse a cells adapted to three light regimes at high (HD) and low daily light dose 
(LD).. £inax represents a measurement directly from the culture conditions taken at 
thee highest £ during the light period. DA sample refers to a dark adaptation period 
off  40 min for a sample taken at £niax. After the cells were dark adapted they were 
exposedd to far red light (FR), to high light (HL; 9 to 10 times £*), and to high light 
(HL).. The standard deviation (in parenthesis) has been calculated from three 
independentt samples. The PS 1/PS II emission in % of the emission after FR 
treatmentt is presented in italics. 
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Uponn the exposure to high light an increase in the PS I/PS II ratio relative to the FR 
treatmentt was observed for all culture conditions (Table 2). It appeared that PS 1/PS II 
changess were related to the adaptation condition of the celts. An increment in this ratio up 
too 60% was detected for the LD block culture (Figure 6a) and the lowest changes in the 
differentt treatment were observed for the HD block and sine cultures (Table 2, Figure 6b). 
Cellss from these cultures presented the lowest chla a)-b concentration (Table I). Moreover, 
thee spectra in Figure 6 revealed that changes in fluorescence emission spectra were not 
restrictedd to the PS II (685 nm) and PS I (720 nm) related emission wavelengths. Changes 
inn the range between 695 to700 nm were present as well (Figure 6a). For the HL treatment 
(Figuree 6a) and in the £niax sample the emission in the 695 to 700 nm range seems to be 
higherr compared to the FR treatment with an associated a red shift of the spectra in this 
emissionn range (Figure 6b). 
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Figuree 6. 77K fluorescence emission for C. fusca adapted to a low (a) and high (b) 
dailyy light dose for a block regime. Einax represents a measurement directly from the 
culturee at the middle of the light period. DA refers to a measurement after dark 
adaptationn for 40 min of the £inax cells. After dark adaptation cells were exposed to 
farr red light for 20 min (FR) and to high light for 15 min (HL; about times Ek). The 
spectraa have been are corrected for the photomultiplier response and were 
normalizedd to the PS I related emission at 720 nm. 

Discussion n 

Thee photosynthetic performance at a certain light condition is a direct function of the 

expressionn of long term and short-term adaptation and photoprotection processes. Long 

termm protection involves the regulation of antenna size, IX C and the number of reaction 

centers.. Amongst a large number of processes associated to photoprotection (reviewed by 

Niyogii  1999) two of the most important short-term regulation processes are the 

xanthophylll  cycle and state transitions. 

Thee concept of sun-shade adaptation, where the xanthophyll cycle pigment content is 
higherr in sun than in the shade adapted plants (reviewed in Björkman and Demmig-
Adamss 1995), holds only for the block type regime. This experimental protocol may 
renderr a constant signal over time (for example the state of a redox sensor), which may 
steerr the long-term photadaptation response. The reduction of the chlorophyll content and 
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thee increase of the protective pigments brings adequate protection to high light conditions 
(Demmig-Adamss and Adams 1996). In case of a dynamic light regime (as used in this 
work)) such a constant signal may not be reached. This is an important point to consider 
sincee dynamic light conditions are closer to reality for phytoplankton than the block light 
regimee commonly used in microagal studies. To avoid photodamage, protection against 
periodss of high E must rely on the short-term responses in dynamic light conditions. 

Inn the oscillating regime the DPS changes are slower than the fluctuations in E. This 
observationn indicates that the hourly peak irradiances controlled the amount of 
violaxanthinn converted into zeaxanthin. This is probably related to the kinetic control of 
thee xanthophyll cycle reactions. XC has a faster response to potentially photoinhibitory 
conditionss than to a subsequent subsaturating light condition. The conversion of V into Z 
iss much faster than the epoxidation o f/ into V (Hartel et al. 1996). This explains the 
asymmetryy of DPS observed throughout the light period. 

Thee HD block cells presented a relatively high DPS at the beginning of the light 
period.. This is not observed for HD dynamic cultures (sine and oscillating). It seems that 
thee cells in the block HD culture "remember1' that a condition of high light will become 
presentt at the beginning of the fight period. One important point to address is to judge 
whetherr this is a true adaptation strategy or is a secondary effect of processes that may 
keepp the violaxanthin deepoxidase active during the dark period. These may comprise the 
darkk PQ pool reduction and input of protons into the lumen by chlororespiration (Ting and 
Owenss 1993). Alternatively, a reduction or down regulation of the epoxidation activity in 
thiss cells as a consequence of a smaller antenna size (Hartel et al. 1996) may reduce the 
amountt of 7 converted back into V. 

Inn contrast to the slower response of DPS, NPQ follows closely the light changes 
duringg the light period. NPQ formation independent of DPS changes have been observed 
alsoo for the green algae Dunaliella (erticolecta (Casper-Lindley and Björkman 1988). 
Suchh an observation in an organism that has a photosynthetic apparatus similar to that in 
higherr plants is rather surprising. In the latter, the linear relationship between DPS and 
NPQQ has been well documented (Demmig-Adams and Adams 1996). The general 
agreementt that NPQ formation is related to the proton accumulation in the lumen and 
goess hand in hand with the presence of Z plus A (Gilmore and Yamamoto 1993: Ruban 
andd Horton 1995; Gilmore 1997) would make likely that in the HD adapted cells the rate 
off  lumen acidification was lower than the cells adapted to LD. This would explain the 
lowerr NPQ in HD adapted cells at saturating E and also the need for a light intensity as 
highh as 3 times Ek to induce NPQ. The lumen pH will be a function of the input and output 
fluxess of protons into this system. In HD adapted cells the utilization of ATP for CO. 
fixationfixation was possibly higher than in the LD cultures. Consequently, more protons are 
pumpedd out of the lumen than are accumulated at a given E. Following this idea, a higher 
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protonn accumulation in LD adapted cells explains the lower contribution to the total NPQ 
off  the XC related Fm and the higher NPQ observed at saturating irradiances. Casper-
Lindleyy and Bjorkman (1998) reported also a higher NPQ for low light adapted 
microalgae.. This phenomenon is in contradiction with the light activation idea (reviewed 
inn Ruban and Horton 1995). which establishes that plants (chloroplasts) adapted to high 
lightlight will react strongly in terms of NPQ formation upon a dark-light transient. This 
discrepancyy could be explained by a different relative contribution of the processes that 
affectt Fni in microalgae in comparison to higher plants. In microalgae, NPQ seems to be 
controlledd to a great extent by the ApH associated Fm reduction. This was evidenced from 
thee low inhibition of NPQ when XC was blocked by DTI'. This observation seems to be 
thee general pattern for different groups of algae (see Casper-Lindley and Bjorkman 1998; 
Olaizolaa et al.1994) but is especially noticeable in green algae (Masojidek et al. 1999). 

Inn relation to the cultures exposed to a LD condition, it appeared that £mut was not 

intensee enough or was of too short duration (that is in oscillating conditions) to trigger the 

deepoxidationn of violaxanthin. The data obtained from the LD cultures show that state 

transitionss are an important response under subsaturating light conditions in which the 

energyy dissipation processes is not necessary. State transitions probably increased the 

thresholdd of non-saturating to saturating light by distributing the energy between 

photosystems. . 

Statee transitions related fluorescence changes were seen in 77K fluorescence 
spectroscopy.. The main limitation of this technique is the reliability of the normalization 
off  the emission. Using the uncorrected PS l/PS II ratio does not permit to conclude in 
whichh of the two photosystems the emission is changing. Unfortunately, the use of an 
externall  dye probe for calibration was not possible given our sampling protocol directly 
tromm the culture. Nevertheless, we conclude that in the LD cultures (sine and block 
principally)) PS I/PS II changes were driven mainly by state transitions. This assertion is 
basedd on the observation that the cells did not experienced light above the saturation 
threshold.. E„ llls in the LD block and sine cultures was never above Et (Garcia-Mendoza et 
al... chapter 3). Therefore, ApH and XC effect on the PS II fluorescence emission was 
negligiblee since these mechanisms are evident above Ek (see Figure 4). According to this, 
statee transitions was the principal process affecting the fluorescence emission of both 
photosystems.. State transitions influence on PS II emission caused a minimal change in 
NPQQ as compared to the dark condition before the light period whereas the combined 
effectt of state transitions in the fluorescence emission of both photosystems was reflected 
stronglyy in the PS l/PS II ratio. 

Loww temperature fluorescence measurements revealed also a change in the 695-700 nm 

emissionn range in the treatments in which all quenching mechanism were present (ML and 

EEmilxmilx in HD cultures; Figure 6). The emission changes in this range arc probably caused by 
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ann aggregation of the PS II peripheral antenna (Ruban and Horton, 1995. Siffel and 
Braunovaa 1999). This phenomenon was probably a consequence of the combined effect of 
ApHH and the presence of zeaxanthin (Ruban and Horton 1995; Horton et al. 1996). 
Accordingg to these authors, an important part of qK is explained by the allosteric changes 
inn PS II peripheral antenna that promotes NPQ. However, the exact nature of action of the 
processess that reduced Fm remains unclear (Gilmore 1977) or is hard to separate from the 
others.. As a consequence, It is difficult to designate a specific importance of them to 
photoprotection.. What is important to point out is that the relative contribution of the 
differentt NPQ processes seem to be different between microalgae and the patterns known 
fromm higher plants. Furthermore, the expression of NPQ appeared to be function of the 
acclimationn environment experienced by the celts. In a condition of constant E over the 
lightt period C. fusca presented some clear differences in NPQ control and long term 
adaptationn characteristics between a LD and HD condition. In contrast, when E is dynamic 
overr the light period i.e. in sine and oscillating regimes these differences became smaller. 

Thee results acquired in the present work indicate that in C. fusca, in combination with 
XC,, the ApH related NPQ probably was an important protection strategy to avoid 
photodamage.. A fast photoprotective response related to XC and ApH when absorption 
outrangess the usage of light may become essential to perform photosynthesis optimally. 
Thiss is especially important in dynamic light environments. 
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