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Chapte rr  3 

Growt hh respons e of Chlorella  fusca  to dynami c ligh t conditions : 
Thee shor t and long-ter m photoadaptatio n contro l of 
photosyntheti cc  performanc e 

Abstrac t t 

Thee growth rate of Chlorella fusca was measured under a low (LD) and a high (HD) light 
dosee each supplied in three independent light regimes (block, sine and oscillating). The 
lowestt growth was measured with the highest variability (fluctuations) of irradiance {E) 
duringg the light period both in the I ID and LD. The low growth rate was not explained by 
aa reduction in photosynthetic activity per se. A sub-optimal developmental response of the 
cellss in oscillating light was noticed from the lack of differences between the HD and LD 
conditionss in their pigment content (chlorophyll a+b and xanthophyll cycle pigment). In 
contrast,, cells grown at constant E during the light period (block regime) demonstrated the 
highestt growth rate and a 3 fold less chlorophyll content was observed in the HD cells 
thann in the LD adapted cells. Given that the growth rate is negatively affected by light 
variabilityy but not the photosynthetic capability the differential control of both processes 
hass been analyzed in relation to the light saturation threshold (Ek) changes observed 
duringg the light period in all different culture conditions. It is concluded that a long term 
(developmental)) adjustment of cell properties when E is constant above or below EIEk will 
alloww the cells to cope with their light environment. In contrast, in fluctuating light 
conditionss when a E>Ek condition is present during the day the growth potential is 
reducedd regardless of the efficient short-term photoprotection. 
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Chapterr 3 

Introductio n n 

Lightt is the essential source of energy tor pholotrophie growth. This resource is inherently 
variablee on a seasonal, daily and spatial scale. Microalgae and higher plants have 
developedd specific adaptive responses to cope with these changes to optimize 
photosyntheticc performance and to minimize damage to cell components. The functional 
andd biochemical changes in the cells in response to external light variations are 
collectivelyy called photoadaptation. The term photoaeclimation is equally used to also 
describee this process (cf. Odder et al. 1996; Falkowski and Raven 1997; Odder et al. 
1998).. Allen (1998) used the temporal response to classify adaptation mechanisms into 
physiological,, developmental and evolutionary domains, and photoadaptation would fall 
intoo the physiological and developmental domains. A developmental response is the 
adjustmentt of the structural composition of the cells controlled by gene expression (Allen 
1998).. For microalgae one typical example of this kind of adaptation is the adjustment of 
thee cellular concentration and size of the photosynthetic units (Falkowski and La Roche 
1991).. This response involves beside other controls the adjustment of the chlorophyll (chl) 
concentrationn in the cells. A reduction of chlorophyll is detected when cells are grown at 
highh light (Falkowski and LaRoche 1991 and references therein). Also in high light, the 
xanthophylll  cycle (XC) pigment pool becomes larger (Demmig-Adams et al. 1995). 
Simultaneouslyy with changes in pigmentation, the apoproteins associated with 
photosystemm (PS) II antenna decrease in high light adapted cells (Sukenik et al. 1987). 
whilee the ratio of PS I to PS II increases under the same conditions (Allen 1992), 
Normallyy the adjustment of the photosynthetic apparatus associated with development is 
observedd on a time scale of hours alter a change in light condition. 

Physiologicall  adaptation takes place in minutes and involves the transformation of the 
cellularr components without changes in gene expression (Allen 1998). The XC 
(Yamamotoo et al. 1962) and state transitions (Bonaventura and Myers 1969) are the best 
characterizedd physiological responses to short term changes in light conditions in higher 
plantss and in some algae groups. The conversion of the xanthophyll pigment violaxanthin 
intoo zeaxanthin and antheraxanthin is thought to protect the photosynthetic apparatus 
againstt the excessive radiative energy (Demmig-Adams 1990). With state transitions (ST) 
thee adjustment in response to the amount or quality of light involves changes in the 
amountt of the PS II peripheral antenna (LHC lib) in functional association with either PS 
III  or PS 1 (Allen 1992). ST are associated with the control of energy distribution between 
thee photosystems (reviewed in Allen 1992). 

Thee characterization of photoadaptation in microalgae has been mostly conducted on 
ceilss adapted to a constant irradiance (E) over the light period (Falkowski and LaRoche 
1991)) or subject to step changes in E (Olaizola et al. 1994: Schubert et al. 1994; Casper-
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Growthh in dynamic light conditions 

Lindleyy and Björkman 1998; Gullen 1988). Littl e has been published on cells that are 
entrainedd to continuous fluctuations in E. In this work we address the relationship between 
photoadaptationn and growth rate in the chlorophyceae Chlorella fusca cultured under 
variablee light conditions. The rationale for this study was the inherent variability of the 
lightt regime for phytoplankton in natural waters, being defined by the daylight cycle, 
cloudd cover, wave action and vertical mixing (Gallegos and Piatt 1985). In the case of 
verticall  mixing the free-floating photosynthetic organisms could experience drastic E 

changess on time scales of less than one hour (Kirk 1983). 

Previouss work related to photoadaptation under dynamic light conditions showed that 
cellss decreased the size of the PSU in response to E oscillations (Kroon et al. 1991; 
Kroomkampp and Limbeek 1993). It was also suggested that light variability lead to a fast 
down-regulationn of PS II activity (Kroon 1994; Ibelings et al. 1994). This down-regulation 
wass associated with changes in the number of inactive and non-Qfi bound reaction PS II 
reactionn centers (Kroon 1994; Ibelings et al. 1994). In contrast to the fast response in the 
PSS II quantum yield regulation, Garcia-Mendoza et al. (previous chapter) reported that XC 
iss a slower process that did not respond to hourly fluctuations in light. 

Inn the previous studies it was concluded that in spite of large light variation 
neverthelesss photosynthetic activity was not greatly affected (Ibelings et al. 1994; Kroon 
1994;; Kroon and Dijkman 1996; Flameling and Kromkamp 1997). Our results below 
indicatee that the growth rate can be negatively affected by certain frequency regimes of 
temporall  variations in E. When C fusca was adapted to a matrix of two different daily 
lightt doses and for three independent light regimes (Block, Sine and Oscillating) then the 
lowestt growth rate was observed under oscillating light conditions. The reduction of 
growthh is attributed to a sub-optimal developmental response of the cells to this condition. 
Thee physiological and developmental adaptation is discussed in relation to the changes in 
thee light saturation threshold (£*) observed during the light period in all the culture 
conditions. . 

Materiall  and Methods 

CultureCulture conditions. Chorclla fusca (Chlorophyta, UTLX 343) was grown in optically thin 
turbidostatss on G2 mineral medium (Van Li ere and Mur 1978), This culture condition 
assuredd nutrient-replete condition for the cells. A description of the culture setup is 
presentedd in detail in Kroon et al. (1992). In short, the cells were growth in a 3 1 flat 
culturee vessel with an optical light path of 3 cm. In order to minimize differences in 
irradiance(£)) within the culture the optical density was maintained in the range of 0.09 to 
0.11 10 OD at 750 nm, The cells were kept in suspension by a continuous flux of sterilized, 
humidd air provided from the bottom of the vessel (150 1 h"') that provided also a constant 
supplyy of carbon dioxide. The culture temperature was kept constant (20 ) by a 
waterr jacket placed in front of the vessel. The cells were grown in a 10/14 light/dark 
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Chapterr 3 

period.. A 1200W lamp (C)sram Metallogen H M I I200W GS) was used as the light source. 

Thee light reaching the culture vessel ( l ight regime) was controlled by the angular position 

off the slats of a computer-controlled Venetian bl ind positioned between the lamp and the 

vessel.. I he max imum quantum irradiance (£ „ k a ) was fixed for each culture by adjusting of 

thee distance between the lamp and the culture vessel and/or by using a neutral density 

f i l ter. . 

Thee cells were grown in six independent cultures with different l ight conditions. The 

l ightt was provided in three ways: block, sine and oscil lating type (see Figure ! o f Garcia-

Mendozaa et al . . previous chapter). In each of these regimes, the cells were either grown 

wi thh a low (LD) or in a high daiN light dose (HD). For the block type culture, light was 

providedd at a constant irradiance (E) for 10 h and the other 14 h the cultures were kept 

dark.. In the sine type l ight regime, a sinusoidal change of the E dur ing the light period 

wass simulated. Wi th this regime the maximum E {E„htx) was present at the middle of the 

l ightt period. In the osci l lat ing type regime the light changes during the day were similar to 

thee sine type regime superimposed by an hourly oscil lation. In this type o f culture the Einax 

wass reached at 4.5 and 5.5 hors after the beginning of the light period. The oscil lating E 

regimee mimics largely the l ight conditions experienced by phytoplankton cells wi th a 

circulationn t ime of one hour through the euphotic zone (see Kroon 1994) i f spectral 

changess in the water column and residual E at the lowermost depth are not considered. 

L ightt received in front o f the culture vessel was monitored frequently wi th a Li-Cor L I -

10000 data logger. E variation at each culture condition dur ing the experiments was no 

moree than 5% of max imum E ( fab le I ) . The total daily l ight dose {Table 1) was calculated 

f romm the E measured at the noon maximum (Kroon et al. 1992). 

C.C. fiiscci was adapted for more than 2 weeks for each culture condit ion before 

sampling.. After this period the da\ to day variation in growth rate were less than 10%. 

Thee specific growth rate was calculated as: 

A'' 1 
UU - !n<- ' ) - - +D . (1) 

.V„„ A/ 

wheree D is the specific di lut ion rate (I ) and A' is the cell density or the optical density 

att 750 nm o f a culture sample withdrawn at t -0 and at t ime t - t . At is the difference 

betweenn sampling periods, that in our case was always 24 hours. Sampling of the cultures 

forr growth determination was performed always at the same t ime of the day. Cell counting 

wass done in tr ipl icate in a Coulter Counter particle analyzer. The di lut ion rate was 

adjustedd routinely to match the growth rate to keep the same optical density in the culture. 

PhotosynthesisPhotosynthesis vs. irradiance (P vs. E ) measurements. Photosynthesis, measured as 

oxygenn evolut ion, at several l ight intensities was assayed for samples withdrawn from the 

culturess at different t ime points during the light period. The sample was kept for 15 min in 

darknesss and bubbled for 20 s with T\f just before it was enclosed in a temperature 

controlledd ) incubation chamber (Dubinsky et al. 1987). After this adaptation period 

respirationn was measured as the oxygen consumption for 6 min before exposing the cells 

too l ight. The chamber was il luminated and oxygen concentration was measured 

polarographical lyy for 3 min at 12 increasing irradiances. The light was provided by a 
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tungstenn lamp source (slides projector) and heat was shielded by a 2mm Schott KG3 filter. 
EE change and data acquisition was computer controlled. The slope of the P versus E 
relationshipp (a; mg02 ml"1 h"1 (urnol m'1 s') ') and the maximum photosynthetic rate 
(Pnu,\\(Pnu,\\ nngO-. ml"1 h"1) were derived by fitting the data to the hyperbolic tangent function 
(Jassbyy and Piatt 1976): 

PP Tanlf 
max x 

ex x 

PP E 
VV max 

(2) ) 

EEkk (u. mol m": s"1), the light saturation parameter (Tailing 1957) was calculated as: 

FF _mwL m (3) 
**  a 

Thee integrated photosynthesis over the light period (P,,,,) for the culture conditions was 
estimatedd as the sum of P calculated every minute by using equation (2). The irradiance 
(E)(E) measured in the cultures and the average P„, IIX and Ek (Table 1) of several P vs E 
determinationss over the light period were used in the calculation of Pn„.  The variability of 
thee photosynthetic parameter during the light period (see results) was also considered for 
PPltvltv calculations. 

FluorescenceFluorescence measurements. Room temperature fluorescence measurement protocol and 
thee analysis of the data are presented in Kroon (1994) with some modifications: The pulse 
amplitudee modulated fluorometer (PAM-101, Heinz Walz. Effeltrich, Germany) was 
equippedd with the ED-101US emitter-detector-cuvette. This unit was used with a blue (450 
nil)) emission peak) light-emitting diode (LED) that provided the pulsed measuring light. 
Thee fluorescence emission was measured with photodiode-detector with a long pass filter 
(>655nm,, Schott RG665). 

Thee PS II operational quantum yield for charge separation (<j)Mc) was determined by 
samplingg directly from the culture vessel into the PAM cuvette with less than 10 seconds 
off  delay to improve the signai to noise ratio. Three to five measurements were performed. 
Thee difference between samples was no more that 5% of the mean. Furthermore, no 
differencee in the yield was detected when the data were compared to the data obtained 
closee to the culture glass wail with the use of a fiber optic arm. tylic was calculated as 
F^/F'^orr alternatively as FJFm. The variable fluorescence (Fv) is the difference between the 
maximumm (Fm; F'm) and the minimum (F,,; F\,) fluorescence emission. The superscript 
indicatess that a fluorescence quenching element (photochemical or non-photochemical. 
NPQ)) is present during the fluorescence measurements. F(1 or F\, are detected with the 
pulsee modulated measuring beam provided by the FED light (450 nm emission peak, 1.6 
kHzz frequency). An additional strong saturating pulse (Schott Kl-1500 lamp, 
12,0000 n mol m": s'1, 0.5 s) is applied to measure F*I11or Fm, when QA is fully reduced and 
hencee photochemical quenching is suppressed. 

Thee fluorescence induction curves were measured on samples withdrawn from the 
culturescultures and dark adapted for 20 min in the presence of 20uM of DCMIJ. Under these 
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conditionss the cells present a tast fluorescence increase upon exposure to a saturating light 
pulsee because no electrons can be donated from Q\ to the second electron acceptor QB. The 
normalizedd area above the induction curve (Ant) is a direct measure of the fraction of 
reducedd Qv Given that no PS 1I:, centers (see Kroon 1994) were detected for our samples, 
thee rise in Ant is described only by one exponential term: 

Antt = Am(l - exp " ' ) , (4) 

wheree Am is the traction of PS II units with a closure rate constant k„. 

Connectivityy (P) is a measure of the number of clustered PS II units that are 
statisticallyy able to share excitation energy between their antenna complexes. Connectivity 
(P)) is derived trom the variable fluorescence (Fvl) and Ant: 

,,, 0 - ''fr-' l „ , 
v - ' ""  l - p [ A n t ] 

Forr the complete analysis of (he fluorescence induction curves and derivation of the above 
mentionedd parameters see Kroon (1994). hour to five replicates were measured at each 
samplee point. The coefficient of variation of the parameters derived from the 
complementaryy area analysis in the replicates was less than 10%. 

Fluorescencee decay measurements in the absence of DCMU were performed alter the 
firingfiring of a single-turnover flash (General Electric FT-230 flash tube. 5 us half-width, 
dischargee voltage 1.4 kV) at 17 us resolution during 10ms. During the dark period 
followingg the flash fluorescence will decay to F„  (minimal fluorescence emission). The 
decayy kinetics reflects the reoxidation of QA. that is described here by a biphasic function: 

Fvv - A e x p ^ ' + B e xp h \ Fo , (6) 

wheree A and B are the amplitudes and k„  and kh the decay rate constants for the fast and 
sloww phase, respectively. Five curves (flash interval every 20 s) were averaged from four 
replicatess trom each sample point. The cells were dark adapted for 30 min before the 
measurements. . 

Dataa trom the same cultures were used to define the deepoxidation state of the 
xanthophylll  cycle (DPS), non-photochemical quenching of fluorescence emission (NPQ) 
andd the normalized PS I over the PS 11 fluorescence emission (PS 1 PS II) measured at 77K 
(Garcia-Mendozaa et aL previous chapter). DPS indicates the photoprotective status of the 
xanthophylll  cycle (Gilmore and Yamamoto 1993) and is calculated as 
([Zp0.5[A])/([V]+[A ]]  f[ZJ). V stands for violaxanlhin, Z for zeaxanthin and A for 
antheraxanthin.. NPQ was calculated as Fm-F"It/Fm. The maximum fluorescence Fm was 
measuredd in a condition where the lowest NPQ was engaged in the culture condition (in 
darknesss before the beginning of the light period). 
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Results s 

GrowthGrowth rate qfC. fusca under different light regimes. 

AA higher growth rale o f f 1 , fusca was measured in each of the three light regimens under 

thee low light dose (LD) condit ion. C. fusca grew faster under less dynamic light conditions 

andd the lowest growth rate was detected in the oscil lating cultures under HD (Table 1). 

Thee ratio of the maximum irradiance experienced by the cells (E„1M) and the total daily 

l ightt dose between the LD and HD conditions is similar for the three regimes (Table 1). 

However,, the difference in growth between the L D and HD cultures is smaller with 

increasingg l ight variabil i ty (block>sine>oscil!ating; Table I ) . 

Thee photosynthetic activity l inks the daily l ight dose to the growth rate or mass flux 

(Geiderr et al. 1996), therefore the photosynthesis integrated over the light period (Pillt) was 

calculatedd for the cultures growing under the different l ight conditions and compared. Pinl 

wass calculated introducing in equation (2) the average ƒ*,„,„. and Ek o f several / ' vs E 

determinationss over the l ight period (see material and methods; Table 1). Only a slight 

differencee in the results is obtained i f the variation of Ek and Pmax dur ing the l ight period 

(seee next section) is introduced in the calculation (data not show). 

PPtnltnl normalized to chl a + b (P!i
1M) was the highest in the HD block culture. PB„U in this 

condit ionn doubled the one measured for the L D culture in the same regime. In contrast 

whenn Pin! is normalized to cell number {P1 „ „ ) no difference is detected between the L D and 

HDD block cultures (Table 1). The highest P* „„ was present in the HD oscil lat ing culture 

(Tablee 1) and the lowest one was measured in the L D culture for the same light regime. 

Thee high photosynthetic rate in the HD oscil lat ing cultures is not reflected by the rate 

off cell division (Table I). An empirical growth yield (Yp ) , calculated as the growth rate 

dividedd by P1 „ „ , is a proxy for the efficiency o f the conversion of photosynthetic activity 

intoo cell biomass, assuming that the biomass per cell was constant in the cultures. The HD 

oscil lat ingg culture showed the lowest Y p .The highest Y p is present in the L D sine culture. 

Thee difference in the growth yield between a I I D and L D condition increases ( in contrast 

too u.) towards the more variable l ight conditions (Table I), 

Forr the block regime, where the smallest difference o f Y p between the HD and L D is 

observed,, the developmental adaptation showed the expected pattern of sun'shade 

adaptation.. Sun-adaptation is characterized by a reduced antenna size and higher XXC in 

comparisonn to shade adapted cells (Richardson et al. 1983: Demmig-Adams et al. 1995). 

Assumingg that most chl b is present in the light harvesting antenna of PS II (Thayer and 

Bjorkmann 1990; Busheva et at. 1991), then the lowest chl a+ b content and the highest chl 

a/bb in the HD block culture indicated a smaller antenna size compared to the LD block. 

Furthermore,, in this regime ZXC size is as much as three times higher in the HD that in 

LDD condition (Gareia-Mendoza et al., previous chapter). The sun/shade adaptation pattern 
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Growthh in dynamic light conditions 

iss partially found in the sine regime, showing a clear difference in the chl a-b content per 

cell,, but no difference in the chl a/b was present between the HD and LD sine 

condition.. For the oscillating light regime no clear difference in the cellular pigment 

contentt was found between the HD and LD cultures. 

TheThe short-term control of photosynthesis. 

Thee measured integrated photosynthesis over the light period was different in each of the 
culturee conditions (Table 1). The short-term control of the photosynthetic performance is 
observedd in the variation of the light saturation parameter Ek calculated from the P vs E 
curvess performed at several time points during the light period. Ek was chosen as the 
parameterr for the analysis because Ek values are independent of the variable chosen to 
normalizee the amount of 02 evolved, and Ek represents the light intensity in which the 
photosyntheticc rate is optimal (Falkowski 1992), i.e. light absorbed by PS II equals the 
maximumm electron transport rate (Falkowski and Raven 1997). 

--
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Figuree 1. Dynamic changes during the light period of the light saturation parameter 
(E(Ekk)) in C.fusca adapted to a low (O) and a high daily light dose (A), supplied as: a, 
block;; b, sine and c, oscillating type light regime. 
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Chapterr 3 

Inn general, the variation of £*  throughout the light period was asymmetrical (Figure 1). 
Thee lowest value of Ek was measured before or at the beginning of the light period for all 
culturee conditions (Figure 1). Upon light exposure, Ek increased towards the middle of the 

0 0 

o o 

t j j j 

>> I1, ' I A 

;; Jill* 
00 2 4 6 8 11 

Lightt period (hi 

Figuree 2. The irradiance (£) at each culture condition normalized to the light 
saturationn parameter (E/Ek) for cells growth in a low (continuous line) and high 
(brokenn line) daily light dose supplied as: a, block; b, sine and c, oscillating light 
regime.. E/Ek was calculated considering no changes in Ek (Ekcon) and introducing 
thee variability measured through the light period (£*var). The doted line represent 
thee ideal condition in which E=Ek (see results). 

lightt period and the maximum value was present after 4 to 6 hours in light (Figure 1). The 

declinee present afterwards was not as steep as the increase in the early hours in light 

(Figuree 1). The LD block culture was an exemption of this general trend, and the largest 

relativee change of Ek was observed. A twofold increase in Ek was measured in the first 

hourr of the light period with a steady decrease afterwards (Figure la). 
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Thee irradiance at each culture condition (E) relative to Ek (EEk) is presented in Figure 

2.. Two conditions are compared in this figure. The E Ek calculated with the variation of A; 

observedd during the light period is compared to the E^Ek ratio derived from the 

hypotheticall condition in which Ek at the beginning of the light period remained constant 

overr the day. The continuous representation of E'Ek when the changes in Ek are considered 

(Figuree 2) is obtained by a linear extrapolation between the discrete measurements of this 

parameterr performed throughout the light period (Figure 1). In general in the three 

differentt light regimes the E was higher than Ek in the t ID cultures and in the sine and 

oscillatingg cultures was lower only during the relatively short periods of low E (Figure 2). 

Inn the LD cultures the average E/Ek was below unity. For the HI) cultures the increase in 

EEkk over the light period represented a significant reduction of the E/Ek ratio compared to a 

conditionn in which no variation in Ek were present (Figure 2a,b), representing a reduction 

off up to 40%. For the LD cultures, Ek changes were much less pronounced and did not 

changee the E/Ek ratio as much as in the HD cultures. However, the small change Ek led to 

aa condition in which E/Ek was close or lower than unity (Figure 2) for the LD sine and 

blockk cultures. 

EEkk is expected to be directly proportional to the reciprocal of the PS II absorption cross-

sectionn (<7psn) and the turnover time of electrons within the photosynthelic unit (T) 

(Falkowskii 1992). Falkowsky and Raven 1997 suggested that state transitions and 

xanthophyTll cycle might affect G|>Sii on a short-term basis. Here we analyze the association 

off Ek to the parameters and variables associated to state transitions and xanthophyll 

cyclingg measured in each culture condition together with fluorescence parameters 

associatedd with opsn and PS II heterogeneity ('Fable 2). 

Inn the LD block culture the most noticeable event during the light period was a strong 

decreasee in the PS l/PS 11 fluorescence emission at early hours, attributed to a state 2 to 

statee 1 transition (Garcia-Mendo/a et al., previous chapter). This change coincided with 

thee relatively high increase in Ek at the same period of the day (Figure 1). Connectivity 

thatt reached a maximum value in the first two hours in light with a subsequent decrease 

duringg the rest of the light period (Figure 3) is positively correlated to Ek observed 

variationn (Tabic 2). For the HD block culture the presence of antheraxanthin and 

zeaxanthinn (DPS) seemed to be the leading factor associated to NPQ and Ek changes 

(Tablee 1). For this culture condition NPQ may have reduced the amount of energy 

deliveredd to the reaction centers represented as a reduction of the effective PS II absorption 

crosss section (GPMJ). Alternatively or in parallel, aggregation of LHC lib in the presence of 

zeaxanthinn (Horton et al. 1996) may also have decreased apsn- The analysis of the DCMU 

fluorescencee induction curves did not yield <TpS„ data with a recognizable pattern (data not 

shown). . 
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Tablee 2. Pearson product moment correlation coefficient matrix of different 
variabless measured during the light period for (T. fusca. The cells were growth in a 
loww <LD) and high (HD) daily light dose supplied as a block, sine and oscillating 
lightt regime. Ek was derived from P vs E measurement (see Figure 1). (J)1U. 
representt the PS II quantum yield for charge separation (from Figure 6). 
Connectivityy (p) the initial {klf.) and final (k,!t) rate of closure of PS II reaction 
centerss were derived from the DC Ml J induction curve analysis (see results). The 
deepoxidationn state of xanthophyll cycle pigments (DPS), non photochemical 
quenchingg (NPQ) and the photosystem II I emission ratio (PS I/PS II) are taken 
fromm Garcia- Mendoza et al. (previous chapter). The numbers in black represents a 
significantt correlation (P- 0.05). 
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Inn the sine type culture the control of Ek associated to CT̂M changes is more 
straightforward.. In the LD culture. Ek is positively correlated to state I to stale 2 
transition,, detectable by the change in PS I PS II emission (Table 2). Both variables are 
correlatedd to the rate constant for the closure of PS II centers (A,„: fable 2). The rate 
constantt for the Ant rise (ka: see methods) is a relative measure for the effective cross-
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sectionn of PS II. The rate of closure of the PS II reaction centers (RC) depends directly on 
thee amount of energy directed to these centers that in turn is controlled by the number of 
pigmentt molecules associated to this system (Kroon 1994). The initial PS II closure rate 
(k(kaiai)) decreased approximately 10% from the beginning to the middle of the light period, 
withh a subsequent sharp increase (Figure 3c). In the HD sine culture, a strong reduction in 
thee final RC closure rate {kaJ) was detected (Figure 3d). The change of ^resembled the 
variationn in connectivity observed in this culture condition (Figure 3c). Both parameters 
mayy have been in control of a reduction of crpsn as observed in the NPQ data (Table 2). 
Thee change in ^reflected probably a aPSn 40% reduction in the middle of the light period 
comparedd to the initial value (Figure 3d). This parameter was inversely correlated to Ek 

(Tablee 2). 
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Figuree 3. Dynamic changes of the parameters derived from the DCMU fluorescence 
inductionn curve analysis. The parameters that were significantly correlated to the Ek 
changess throughout the light period are presented (see Table 2). Note the change in 
scalee for the connectivity parameter between the LD block condition and the HD 
clockk and sine conditions. The initial (kul) and final rate (ka/) of closure of PS II 
reactionn centers are normalized to the value measured at the beginning of the light 
period. . 

DPSS seems to be the important factor that affected Ek variation in HD cells that 

experiencedd mainly saturating light condition during the light period. This holds true also 

forr the HD oscillating condition. The closest association is observed between Ek and DPS 

(Tablee 2). There is a lower correlation of NPQ to DPS and Ek since NPQ responds closely 

too the hourly fluctuation in light that are not represented in the Ek and DPS variation. 
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Unfortunatelyy for the LD condition a subrepresentation of Ek measurements during the 

lightt period did not permit to make further analysis. 

Anotherr fluorescence parameter that presented a strong correlation to Ek in the HD 

sinee and oscillating type cultures was the ratio between the fast and slow fluorescence 

decayy components measured after a single turnover flash (A/B). The increase of this ratio 

inn the middle of the light period (Figure 4) was driven principally by a reduction of 
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Figuree 4. Ratio between the fast and slow fluorescence decay components measured 
afterr a single turnover flash (A/B). The circles represent the results obtained for the 
HDD sine culture and the triangles for the HD oscillating condition. 

thee slow fluorescence decay component. This component indicates the kinetics of 
equilibrationn of PQ binding to the QB site of the Dl protein followed by the transfer of one 
electronn from QA to QB, or may reflect the existence of isolated quinone domains with a 
loww ratio of plastoquinone per PS II (cf. Kroon 1994). The increase in the A/B ratio may 
havee been related to an increase in the re-oxidation rate of plastoquinol pool. DPS may 
havee played an important role in this phenomenon. An associated PS II down-regulation 
wil ll  decrease the probability that energy absorbed may induce electron transport. This can 
bee seen as the probable loss of energy through xanthophyll cycle pigments. 

PSS II quantum yield measurements are correlated to most of the short-term changes 
observedd in the culture conditions (Table 2). An immediate regulation of <j>„  e in response 
too irradiance changes is observed in the oscillating culture conditions (Figure 5e,f)- The 
asymmetryy observed through the light period for most of the variables described so far 
(especiallyy Ek) is also observed in the <J>Mc (Figure 5). <j>i,.e is an integrating variable being 
relatedd to most other physiological variables measured here, especially to DPS. One 
examplee can be observed in the HD block culture maintaining higher DPS at higher values 
throughoutt the dark period (Garcia-Mendoza et al., previous chapter) than in other 
cultures,, and this was accompanied by a lower <j)lIc at the beginning of the light period 
(Figuree 5b). For the rest of the cultures the relatively high maximum <j>ne observed at the 

56 6 



Growthh in dynamic light conditions 

beginningg of the light period indicates a recovery in darkness of any photoinhibition that 

hadd occurred during the light period (Figure 5). 

Inn general the physiological adaptation caused by xanthophyll cycling seemed to have 

beenn effective means of photoprotection during periods when EIEk was high. Under the 

mostt stressing condition, in the HDD oscillating culture, the rapid NPQ response may have 

CD D 

w w 

0.76 6 

0.74 4 

0.72 2 

0.70 0 

LD D 

Block k 

060 0 

055 5 

0.50 0 

045 5 

HD D 

---

1' 1' 
040 0 

0.35 5 

030 0 

V \ xx — -. 
.J .J 

0.76 6 

072 2 

. . 

^^  \ 

Sine e 

/ / 
/ / 

/ / 

' ' 

064 4 

\ _ _ 
\ / / 

88 10 

07 7 

0.6 6 

05 5 

0.4 4 

0.3 3 

02 2 

/ ' ' \ \ 
\ \ 
\ \ 
\ \ s s 

\ \ 

/ / 
1 1 

/ / 
/ / 

""  ' 

& & 

0.76 6 

0.72 2 

0.68 8 

0.64 4 

0.60 0 

0 5 6 6 

Oscillating g 

00 2 4 6 8 10 

Lightt period (h) 

0 3 3 

0.7 7 

0.6 6 

00 5 

0.4 4 

0 3 3 

22 4 6 8 10 

Lightt period (h) 

Figuree 5. PS II quantum yield for charge separation (<f>ue) in C. fusca for the 
differentt grown conditions determined by sampling directly from the culture vessel 
(circles)) and after the dark adaptation of the cells for 30min (triangles). 

successfullyy coped with the variations of irradiance (Figure 5). Consequently (j)|U. dynamics 
showedd strong variations in the oscillating culture in LD and HD when taken at the 
irradiancee minima and maxima. The down regulation of <f»ne protected the cells to the high 
EE peaks. The <J>,U after 30 min dark adaptation are similar between the sine and oscillating 
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typee cultures indicating that the hourly high irradiance peaks did not induce significant 

photodamagee in PS II. <j>lu. recover}  in darkness show that the cells can cope with the large 

variationn in light during the light period due to a full expression of the short-term 

physiologicall  responses. 

Discussion n 

Thee long-term physiological response to high and low light and the associated physiology 
hass been addressed in several reports (see review of Kalkowski and La Roche 1991 and 
referencess there in). The best documented form of sun/shade adaptation in microalgae is 
thee adjustment of cellular chlorophyll a concentration to higher concentration in low light 
conditionss (Richardson et al. 1983). The maximum photosynthesis normalized to chl a is 
higherr for organisms adapted to high light and less cellular chlorophyll. The cellular 
concentrationn of xanlhophyll cycle pigments is expected to be higher in sun (111.) adapted 
organisms,, as shown for higher plants (Demmig-Adams et al. 1995 and references there 
in)) and for microalgae (Olaizola et al. 1994; Schubert et at. 1994: Casper-Lindley and 
Bjórkmann 1998). 

Thee cells grown at different but constant E during the light period presented clear 

physiologicall  differences induced by developmental mechanisms in their pigment content. 

Inn contrast, an approximately 4-fold difference in the light dose and Enuu did not have a 

clearr effect in the oscillating light cultures. This phenomenon was also observed for the 

greenn algae Scenedesmus protubeiwis, where no difference in the chl a content was 

detectedd in cells grown under oscillating light conditions at different light doses and En^ 

(Ibelingss et al. 1994), or with the same daily dose but different £niax (Flameling and 

Kromkampp 1997). The reasons for the lack of adaptation and the implication for the 

growthh response will be discussed below after analyzing the short-term response of the 

cellss to variation in E during the light period. 

TheThe short term response, physiological adaptation. 

Short-termm variations of Ek in C. fuse a reflected a dynamic response of the cells to their 
lightt environment. After Tailing (1957) first described the parameter that indicates the 
transitionn between a subsaturation to saturating light condition, Ek has been used by many 
authorss as an indicator of the state of adaptation for phytoplankton (see Kirk 1983). On a 
short-termm basis. Ek is adjusted to minimize the potential overreduction of electron carriers 
inn the photochemical reaction chain. Such condition would initiate if the metabolism 
consumess electrons at a slower rate than created by the photochemical potential 
(Falkowskii  et al. 1994). These adjustments may be largely controlled by state transitions 
andd xanthophyll cycling (Olaizola et al. 1994; Falkowski and Raven 1997). however, a 
directt control of Ek by these physiological responses has not been reported for growth 
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conditionss which reflects a more natural light environment with variable E during the 

lightt period. Here it is shown that in subsaturating light (LD) the state transitions could be 

identifiedd as the main physiological response affecting Ek. State transitions involve a 

structurall size adjustment of the PS II peripheral antenna (LHC lib). LUC lib is a dynamic 

protein-pigmentt complex that by reversible phosphorylation can detach from PS II (Allen 

1992).. State transitions represent the advantage of a fast direct structural control of the PS 

III absorption cross-section without protein synthesis or degradation. The half-time of state 

transitionss in isolated chloroplasts is four minutes (Tclfer et al. 1983) while the movement 

off the phycobifisomes type antenna in cyanobacteria could be as fast as forty-five seconds 

(Mullineauxx and Allen 1998). The limit for this fast PS II cross-section adjustment 

dependss directly on the amount of LHC lib susceptible to phosphorylation, the mobile 

antennaa part. For higher plants about 15 to 20% of the LHC lib are considered mobile 

(Allenn 1992). In microalgae a generalization of the impact and role of state transition is 

moree difficult. For Chlamydomas reinhardtii an antenna change associated to state 

transitionss could be as much as 80% of LHC lib (Delosme et al. 1996) while LHC Mb 

phosphorylationn is absent in the peculiar antenna system of the prasinophyte Mantoniella 

squamaiasquamaia (Schmitt et al. 1994) and in diatoms (Owens and Wold 1986). 

Inn C. fusca growth in a LD sine culture a reduction of aPSn of approximately 10% 

couldd be attributed directly to state transitions (Figure 1). For the LD block culture the 

statee 2 to state 1 transition observed upon light exposure (Garcia-Mendoza et aln previous 

chapter)) that must be associated to an increase in PS II antenna was not be reflected in a 

decreasee in Ek. An explanation for this inconsistency relics probably in the assumption that 

EEkk change was leaded by an increase in of electron transport efficiency instead of changes 

inn Opsn- Ek increment (Figure 1) may have been related to a decrease of i , the PSU 

turnoverr time. It has been reported that state 2 to 1 transition is accompanied by a change 

fromm cyclic to linear electron transport in PS 1 (Finazzi et al. 1999). 

Thee probability that photodamage may occur depends on the irradiance and dose 

(Falkowskii et al. 1994). A higher irradiance above the light saturation point (Ek) must 

increasee the probability of the formation of potentially damaging radicals in the 

photosyntheticc apparatus. Therefore, decreasing the "sensitivity" for light by increasing 

thee light saturation threshold must reduce the probability of photoinhibitory damage. 

Dynamicc physiological changes to saturating light reduced the E-'Ek up to 40% compared 

too a hypothetical condition in which the cells did no response to E variation (Figure 2). 

Thee strong correlation between DPS and Ek. in the HD cultures indicates the importance of 

xanthophylll cycling as the main physiological response in control of short-term adaptation 

whenn Ek threshold is exceeded. As much as a 40% reduction on aPsn for s ' n e HD culture 

maymay be attributed to the presence of zeaxanthin plus antheraxanthin. Olaizola et al. (1994) 

reportedd a 15% reduction of <j[>sn attributed to XC. This reduction is attributed to the XC 

associatedd NPQ that reduce the energy reaching the reaction centers (Genty et al. 1990; 
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Olaizolaa 1994). The exact nature of this process still is a matter of controversy (Gilmore 

1997).. What is well recognized is that membrane energization (ApH) and DPS are the 

mostt important constitutive factors in control of NPQ (Horton et al. 19%). For microalgae 

itt seems that ApH plays a more important role for NPQ than in higher plants (Casper-

Lindleyy and Bj or km an 1998; Masojidek et al. 1999; Garcia-Mendoza ct a!., previous 

chapter).. This component has a faster response to changes in E and therefore may be a 

moree effective protection mechanisms in conditions of rapid light fluctuations. Probably 

thee combination of both xanthophyll cycle and ApH brings an efficient quenching of 

energyy with a response fast enough to overcome the changes in the E during the light 

periodd (Garcia-Mendoza et al.. previous chapter). 

GrowthGrowth in a dynamic light environment 

Thee low growth detected in fluctuating light conditions can not be explained by a 

reductionn of photosynthetic activity during the light period. The high P,„, observed in this 

culturee condition and the f|k, recovery indicates that photoinhibitory reduction of the 

photosyntheticc performance is minimal. An explanation of the low growth efficiency must 

bee associated to the developmental adaptation of the cells. 

Inn a conceptual model of phyloplankton growth, Geider et al. (1996) assigned to FJEk 

thee function to control the allocation of the photosynthate into three intracellular pools: 

lightt harvesting apparatus, biosynthetie apparatus and energy storage reserves. This model 

linkss photosynthesis to growth predicting chl/C ratios that were related to the redox state 

off the PO pool under balance growth conditions. The PQ redox state in turn is directly 

relatedd to the absorption and utilization of light as expressed by the E/Ek ratio. Which are 

thee consequences of a constant variation of the PQ redox state through the light period? 

AA constant light intensity may correspond to an efficient regulation of the intracellular 

poolss system and as a consequence a clear developmental adaptation to this condition. The 

smallestt difference in growth yield for the two dose conditions is observed in the block 

typee regime (Table 1). This indicates that probably the PQ redox state was constant and 

thiss should be related to the condition that the E-Ek threshold is not crossed during the 

lightt period (Figure 2). In the opposite case, when fluctuations in light are present, the 

growthh yield difference is the highest between a LD and HD. The lowest yield in all 

conditionn was measured in the HD oscillating culture (Table 1). Remarkably, it was 

observedd that the growth yield measured in fluctuating light conditions could be close to 

thee maximum yield measured in the LD sine culture (Tabic 1) when EmuA did not cross the 

EEkk threshold (data not shown), A similar observation was reported by Flameling et al. 

(1998).. They reported that the diatom Thalassiosira weisflogii cultivated at an EmM lower 

thann Ek presented the similar growth rate under continuous light and when fluctuations in 

lightt were present. 
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Thee low growth observed when fluctuations in light are present without a reduction of 

photosynthesiss depends probably on a lower allocation of photosynthate into the 

intracellularr pools. According to Geider et al. (1996) the rate of synthesis and the 

photosynthatephotosynthate allocated into the intracellular pools depends on the competition of the 

signalss encoding the components of these pools. The key components of the photosynthetic 

apparatuss are directly controlled by the redox state of the PQ poof or a component close to 

it,, such as the Cyt bf,f complex (See Hscoubas et al. 1995 for the cab gene: Pfannschmidt 

ett al. 1999 for psbA and psaAB). An efficient regulation of this system must be tightly 

coupledd to the magnitude and duration of the environmental signal EIEk. In fluctuating 

lightt conditions probably a considerable amount of energy may be lost in the cell 

regulationn system. A constant synthesis and turnover of proteins must he associated to the 

continuouss variation of the signal that controls these processes. Furthermore, the 

degradationn and synthesis of the signal itself (mRNA or/and regulatory proteins, see 

Geiderr et al. 1996) should consume energy that wil l not be available for growth. In fact, 

thee highest respiration rate in darkness (from the P vs E measurements) is observed in the 

HDD fluctuating culture together with the steepest increase towards the end of the light 

periodd (data not shown). 

Thee loss of energy attributed to the changes in E/Ek may be enhanced in 110 oscillating 

culturee by the differential control of the photoadaplation mechanisms. The physiological 

adaptationn responded immediately to high E (E>Ek) (Figure 1) and brought an effective 

protectionn that resulted in an increase in Ek. In contrast, for the developmental response 

thee longer time scales of the average E/Ek signals over several cycles might be more 

important.. Under fluctuating light a developmental response related to subsaturating E 

mightt outweigh or oppose to the developmental adaptation to high light in the long term. 

Thiss phenomenon could be attributed to the increase in Ek during the light period and the 

buildupp of photoprotective energy dissipation mechanisms that may cause unnecessary 

lossess of energy under subsaturating light periods. Under this condition the subsaturating 

irradiancee periods are relatively expanded in relation to the signal sensed by the cells. 

Itt is important to consider that a lack of developmental adaptation in dynamic light 

shouldd be a direct function of the amplitude (crossing of the E Ek threshold) and the 

frequencyy of E fluctuations. At a higher the frequency the lesser the effect of the 

subsaturatingg light periods. The developmental adaptation will resemble the response to 

constantt light with increasing the frequency of the light oscillations and eventually the 

cellss will adapt to the Emm during the light period. 

E-EE-Ekk as the optimal irradiance for photosynthesis has been addressed recurrently 

throughoutt this work. In this context photoadaptation can be described as regulatory 

adjustmentss in the photosynthetic apparatus (principally) to balance the absorption and the 

utilizationn of energy in order to get closer or to match this optimal irradiance point. A 
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developmentall adjustment of cell properties when E is constant above or below E-Ek will 

alloww the cells to cope with their light environment (logically within finite limits). In 

contrastt in fluctuating light conditions when an E>Ek condition is present during the day 

growthh is reduced regardless of the efficient short-term photoprotection. This is attributed 

too the poor developmental adaptation to the average light conditions. Finally, living closer 

too E= Ek results in a higher efficiency of growth. The highest growth yield is measured 

whenn £„„„. is in between the range of Et regulation and close to the Ek threshold (sine IT) 

culture;; Table 1 and Figure 2). In this context, photoinhibition of growth may be defined 

ass the reduction of growth efficiency (photosynthate used for cell division) when there is 

ann imbalance between absorption and the utilization of light: living far from Et. 
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