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Regular paper 
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Abstract 

The dynamics of light-induced closure of the PS II reaction centers was studied in intact, dark-adapted 
leaves by measuring the light-irradiance (I) dependence of the relative variable chlorophyll fluorescence 
V which is the ratio between the amplitude of the variable fluorescence induced by a pulse of actinic 
light and the maximal variable fluorescence amplitude obtained with an intense, supersaturating light 
pulse. It is shown that the light-saturation curve of V is a hyperbola of order n. The experimental values 
of n ranged from around 0.75 to around 2, depending on the plant material and the environmental 
conditions. A simple theoretical analysis confirmed this hyperbolic relationship between V and I and 
suggested that n could represent the apparent number of photons necessary to close one reaction 
center. Thus, experimental conditions leading to n values higher than 1 could indicate that, from a 
macroscopic viewpoint, more than one photon is necessary to close one PS II center, possibly due to 
changes in the relative concentrations of the different redox states of the PS II reaction center 
complexes at the quasi-steady state induced by the actinic light. On the other hand, the existence of 
environmental conditions resulting in n noticeably lower than 1 suggests the possibility of an electron 
flow between PS II reaction center complexes. 

Abbreviations: F 0 and F m -minimal and maximal levels of chlorophyll fluorescence emission, respec- 
tively; F p -  peak fluorescence induced by a pulse of actinic light; I - inc iden t  light irradiance (in 
W m-/ ) ;  PSI I -Photosys tem II; P680-PS II reaction center; QA and Q B -  primary and secondary 
(stable) electron acceptors of PSII; V-re la t ive  variable chlorophyll fluorescence (V= ( F p - F o ) /  
(F m - Fo) ) 

Introduction 

Electron transport on the acceptor side of Photo- 
system II (PS II) proceeds through a two-elec- 
tron gating mechanism, with the reaction center 
(P680) of PS II donating an energized electron to 
the primary quinone-type acceptor (QA) to form 

QA which is reoxidized by a two-electron accep- 
tor Qa (Mathis and Rutherford 1987, Hansson 
and Wydrzynski 1990). After receiving two elec- 
trons, Q2- is protonated to form hydroquinone 
which is released and substituted by a molecule 
from the plastoquinone pool. Thus, the reaction 
scheme can be written as follows 
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Fig. 1. (A) Typical signal of modulated chlorophyll fluorescence (arbitrary umts) emitted at 685 nm by an intact leaf (pea). The 
F0, F m and Fp levels, used to calculate the relative variable fluorescence V, were obtained by applying, respectively, a weak 
modulated yellow light (870 Hz, 585 - 12 rim, <0.025 W m-E; ~, on; ~, off), a 1-s pulse of intense blue-green light (400-600 nm, 
600 W m -2, # ) and a blue-green actinic light of 3.5 W m-2(,~, on; {, off). The leaf was previously dark-adapted for around i h 
prior to the fluorescence measurements. (B) Relative variable 685-nm chlorophyll fluorescence V in spinach leaves (grown for 5 
weeks in short days of 8-h light) illuminated with various fluence rates (I) of a blue-green actinic light. Each point represents an 
different leaf. Inset: a semi-Jog plot of V vs. 1. (C) Plot of the logarithm of the V/(1  - V )  ratio as a function of the logarithm of I 
(with I expressed in W m-2). The slope of the linear relationship gives the order n of the hyperbol V vs. I whereas the intercept 
with the y-axis gives the logarithm of 1/(K"). 
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P680QAQB - - ~  P680QAQB 

P 6 8 o Q A Q ~ P 6 8 o Q A  Q ~  

2 - -  h v  - 2 - -  

P680QAQB ----> P680QAQB 

(1) 

(2) 

(3) 

This scheme does not account for the existence 
of inactive PS II reaction centers which are un- 
able to transfer electrons efficiently from QA to 
QB (Black et al. 1986, Melis 1991). In the state 
P680QA (see products of reactions (1)-(3)), a 
reaction center complex cannot accept another 
electron and is thus 'closed', i.e., photochemical- 
ly inactive. It is assumed that excitation energy 
transferred to a closed center is transferred back 
to the associated antenna chlorophylls, increas- 
ing the energy flux through the PS II dissipative 
pathways, including fluorescence (Butler and 
Kitajima 1975, Butler 1978). Thus, a transitory 
closure of all the PS II reaction centers by a short 
pulse of intense, photosynthetically saturating, 
light results in the maximal fluorescence yield 
(Fm)  whereas, in a dark-adapted leaf with all 
PS II reaction centers in the 'open' configuration 
P680QA, the chlorophyll fluorescence yield is 
minimal (Fo) (see Fig. 1A). When an inter- 
mediate, subsaturating light is used, the induced 
variable fluorescence (Fp - Fo) is indicative of a 
(transitory) steady-state level of QA/QA- The 

relationship between variable chlorophyll fluo- 
rescence and QA redox state is, however, not 
linear due to energy exchanges between PS II 
units (Joliot and Joliot 1964, Strasser 1981). 

Using intact leaves or algae exposed to various 
experimental conditions, we have measured the 
amplitude of variable chlorophyll fluorescence as 
a function of the irradiance of the actinic light 
and analyzed the shape of the light-response 
curve of the relative variable fluorescence V. It is 
shown that the plot of V versus light irradiance is 
a hyperbola of order n, with n considerably 
varying with the plant material and its physiolog- 
ical state. Using a simple theoretical approach, 
we show that n can be interpreted as the appar- 
ent number of photons required to transform an 
open center into a closed one. The existence of 
situations where n < 1 suggests the possibility of 
a physico-chemical cooperativity among electron 
acceptors of PS II. 

Materials and methods 

Plant material 

Most of the experiments were performed on 
intact leaves taken from spinach plants (Spinacea 
oleracea L., cv. Nobel) grown from seeds for 4 to 
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Fig. 2. Light-irradiance dependence of the relative variable chlorophyll fluorescence V in spinach leaves (grown for 5 weeks in a 
5-h light/19-h dark cycle) preadapted to darkness (A) or to a dim blue-green light of 1.5 W m 2 (O). Inset: plot of log V/(1 - V )  
vs. log I. 
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5 weeks under controlled environmental condi- 
tions as described by Degli Agosti et al. (1990). 
For purposes of comparison, other plant species, 
including tomato (Lycopersicum esculentum L.), 
pea (Pisum sativum L.), cucumber (Cucumis 
sativus L.) and the unicellular alga Chlamydomo- 
nas reinhardtii were also examined. The growth 
conditions have been previously described 
(Havaux et al. 1990, Govindjee et al. 1991). The 
leaves or algae were dark-adapted for at least 1 h 
before the fluorescence measurements. 

Chlorophyll fluorescence measurements 

In vivo modulated chlorophyll fluorescence was 
measured at 685 nm using a MFMS fluorometer 
(Hansatech, Kings Lynn, UK), as previously 
described (Havaux et al. 1991). Intact leaves, 
previously adapted to darkness (unless specified 
otherwise, cf. experiment shown in Fig. 2), were 
suddenly illuminated with a blue-green light, in- 
ducing variable chlorophyll fluorescence emis- 
sion (Kautsky effect). The fluence rate of the 
actinic light was adjusted using neutral density 
filters. The peak fluorescence Fp thus obtained 
(see Fig. 1A) was compared with the initial (F0) 
and maximal (Fm) fluorescence levels allowing 
the relative variable fluorescence V to be de- 
termined: 

V= (Fp - Fo)/(Fm - Fo) wi th0~  V ~ 1 (4) 

The light-intensity dependence curves of V 
was analyzed using the commercial non-linear 
regression data analysis computer program 
ENZFIT-I'ER (Leatherbarrow 1987). All fluence 
rates were measured with a YSI-Kettering light- 
meter (model 65A, Yellow Springs Instr., Yellow 
Springs, Ohio, USA). 

Results 

In Fig. 1B, the relative variable fluorescence V, 
measured in spinach leaves, was plotted as a 
function of the fluence rate I of the actinic light, 
yielding a hyperbola-like curve. Considering a 
hyperbola of order n, we have: 

V= I"/(C + I") (5) 

with C = K n where K is a constant which corre- 
sponds to the light irradiance leading to V= 0.5. 
Equation (5) can be rewritten in a logarithmic 
form as follows: 

log V/(1 - V)  = n log I - log(K n) (6) 

Thus, the plot of log V / ( 1 -  V)  versus log I is 
linear with a slope equal to n and an intercept 
with the y-axis equal to -log(Kn). Figure 1C 
shows that, indeed, plotting the logarithm of the 
V/(1 - V) ratio, calculated from the data of Fig. 
1B, as a function of the logarithm of I gives a 
very good linear relationship, confirming the hy- 
perbolic nature of the light-intensity curve of V. 
From this plot, it was determined that the hy- 
perbola was of order 1 (n = 1.01 --- 0.04) and the 
light fluence rate for half-saturation of V was 
around 8.5 W m-2 (K = 8.48 -+- 0.36). This latter 
value of K can also be derived from the semi-log 
plot presented in the inset of Fig. lB. Table 1 
shows data obtained with other plant species. An 
interesting observation was that the V vs. I curve 
was a first-order hyperbola for pea only; in all 
the other species examined, n was significantly 
higher than 1, indicating a sigmoidal curve. 
Table 1 shows also that K strongly differs from 
one species to the other, ranging from 2.9 (pea) 
to 7 (Chlamydomonas). Although this latter vari- 
ability can reflect a true difference between 
species, it could also be due to the growth condi- 
tions which are known to affect the light-satura- 

Table 1. Values of the K and n parameters  of  the hyperbolic 
relat ionship between the relative variable chlorophyll fluores- 
cence V and the actinic light fluence rate 1 (V=  I"/(K" + In)) 
in tomato ,  pea and cucumber  leaves and in the unicellular 
alga Chlamydomonas reinhardtii. Data  obtained with spinach 
leaves grown under  three different light conditions are also 
shown.  All fluorescence measurements  were done at 25 °C. 
Da ta  are mean  values --- s tandard deviations. The  number  of 
exper iments  is given in parentheses  

K n C = K" 

Toma to  (17) 6.65 -+ 0.65 1.24 -+ 0.03 10.48 
Pea (25) 2.90 ± 0.24 1.00 ± 0.05 2.90 
C u c u m b e r  (21) 3.67 ± 0.24 1.16 ± 0.07 4.52 
Chlamydomonas (19) 7.04 ± 0.61 1.20 - 0.09 10.40 
Spinach 

5-h l ight /day (20) 3.67 ± 0.52 0.78 ± 0.08 2.76 
8-h l ight /day (15) 6.18 ± 0.59 1.06 ± 0.08 6.89 
cont inuous  light (26) 7.54 ± 0.57 1.08 ± 0.06 8.86 
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tion characteristics of photosynthesis (Anderson 
1986) and which might be optimal for some of 
the species examined and not for the others. The 
experiments presented below, which examine the 
effects of changing light and temperature condi- 
tions on the characteristics of the hyperbolic 
relationship between V and I, support this latter 
idea. 

edly modify the light-saturation curve of V by 
changing the leaf temperature. Moderately ele- 
vated temperature (38 °C) drastically decreased 
the slope (n) of the linear plot of log V/(1 - V)  
versus log I whereas chilling temperature (13 °C) 
increased it. Inversely, K markedly increased at 
38°C and decreased at 14°C, indicating that 
changes in K and n are not correlated. 

Light conditions 

In Table 1, there is a comparison of spinach 
leaves grown under different light conditions. It 
was observed that lowering the quantity of light 
received by the plants during growth strongly 
decreased the value of both K and n, so that a 
hyperbola of order lower than 1 (n = 0.78) was 
obtained for leaves grown with a very short 
photoperiod of 5 h. This hyperbola is displayed 
in Fig. 2, showing also the effects of adapting the 
leaves to a weak light (instead of darkness) prior 
to the fluorescence analysis. Clearly, this pre- 
illumination treatment of the leaves transformed 
the hyperbola into a sigmoidal curve character- 
ized by n = 2 and noticeably increased K. 

Temperature 

Figure 3 shows that it was also possible to mark- 

Discussion 

The presented data show that the light-saturation 
curve of V is a hyperbola of order n, with n 
ranging from values substantially lower than 1 to 
values close to 2, depending on the plant materi- 
al and the environmental conditions. In recent 
studies, the light response of variable fluores- 
cence was analyzed differently. For example, 
Carpentier et al. (1991) have assimilated the 
light saturation curve of variable fluorescence 
emission from thylakoid membranes to a Mich- 
aelis-Menten curve whereas Genty et al. (1990) 
have used an exponential curve to describe the 
flash-energy dosage curve of chlorophyll fluores- 
cence yield in preilluminated leaves. Clearly, 
none of these mathematical expressions can be 
considered as a general description of the phe- 
nomena in vivo since (i) a first-order hyperbola 
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Fig. 3. Plo t  o f  the l oga r i t hm o f  the V/(1 - V )  ra t io  as a func t ion  o f  the logar i thm o f  the act in ic l ight  f luence rate ! ( W  m 2) in  
spinach leaves at three  different tempera tures  (22, 14 or 38°C).  Slopes (n): 1.27 at 14°C; 1.05 at 22°C and 0.74 at 38°C. 
Intercept  with the y-axis allows the fluence rate (K) for half-saturation of V to be determined:  2.55 at 14 °C, 9.1 at 22 °C and 13.3 
at 38 °C. 
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was experimentally observed in some cases only 
(e.g., Fig. 1), thus representing a particular 
situation, and (ii) the sigmoidal shape observed 
in other cases (e.g., in preilluminated leaves as in 
Fig. 2) cannot be described by an exponential. 

Theoretical meaning of n 

The hyperbolic nature of the relationship be- 
tween V and I can be demonstrated, considering 
that, for a short time interval (e.g., a light pulse 
of a few seconds, as used in this study), a quasi 
equilibrium between open and closed systems is 
established as a function of the light intensity: 

n.h.u+n e l e c t r o n s  

P68oQA , lk ; P68oQ; (7) ¢.- 
n e l e c t r o n s  

As the incident light fluence rate (I) determines 
the concentration of excited chlorophyll pig- 
ments and assuming that the excitation energy 
flux to the PS II reaction centers is proportional 
to this latter concentration, the constant Keq of 
the quasi-equilibrium of reaction (7) is given by 
the following expression 

[P68oQA]" I" 
Keq= [P68oQA] 

([P68oOA] t°tal -- [P6s0QA])" In 
= ( 8 )  

[P68oQ~l 

In reality, Keq is the product of the equilibrium 
constants of the n individual steps constituting 
reaction (7). Equation (8) can be rewritten 

[P6s0QA] I" 
[P680QA]tota ' -- Keq q- in (9) 

If there is no cooperativity between the antennae 
of different PS II units, V is a direct measure of 
the fraction of closed reaction center B = 
[P680QA]/[P680QA] t°tal and, consequently, Eq. 
(9) gives the (hyperbolic) relationship between V 
and I. 

For the general case where the probability P22 
of energy changes between PS II units is differ- 
ent from 0, it has been demonstrated (Strasser 
1981) that 

V= B/(1 + k ( 1 -  B)) 

with k = ((Fm -- Fo)/Fo) P22 (10) 

or  

B = (1 + k)V/(1 + kV)  (10A) 

Therefore, combining Eqs. (9) and (10A), we 
have 

i n  
V = (11) 

Keq(1 + k) + I n 

Consequently, the experimental constant C = K n 
of Eq. (5) corresponds to Keq(1 + k) and the 
light irradiance for the half-saturation of V is 
equal to ~/Keq(1 + k) whose value is dependent 
on the saturation characteristics of the photo- 
synthetic apparatus including, for example, the 
redox state of the plastoquinone pool. 

Equations (9) and (11) indicate that, indepen- 
dently of the fact that PS II units cooperate or 
not, the relationship between V and I is a hy- 
perbola of order n, as found experimentally. 
According to Eq. (7) and following the concept 
presented in a previous paper by one of us 
(Strasser 1990), n can be interpreted as the 
average number of photons required to trans- 
form an open PS II center into a closed one. Our 
experiments have shown that this number is 
dependent on the environmental conditions and 
can be substantially different from unity. 

n values higher than 1 

It is clear that the closure of a PS II reaction 
center through reaction (1), (2) or (3) requires 
one photon only. However, if we consider the 
series of reactions (1 )+  (2) or (2 )+  (3), the 
transformation of P680QAQB into P6s0QAQB or 

- -  2 -  

P680QAQB into P6s0QAQB requires 2 photons 
and, for the series of reactions (1 )+  (2 )+  (3), 
three photons are necessary to obtain the closed 

- 2 -  state P680QAQ~ from the open state P680QAQB. 
If the proportions between the reaction center 
species involved in reactions (1), (2) and (3) 
(i .e. ,  the ratios (PQAQB + P Q A Q B ) / ( P Q A Q B  + 
pQAQB) / (PQAQ2-+pQAQ2- ) )  remain con- 
stant during the quasi-steady state established at 
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the peak fluorescence level (Fp), reactions (1), 
(2) and (3) can be considered as isolated and, 
consequently, n = 1. However, in the case where 
the above proportions changed during the ob- 
served 'steady-state' at Up, some reaction centers 
will appear as if 2 or 3 photons were necessary to 
close them and hence, from a macroscopic point 
of view, the average number of photons neces- 
sary to close the PS II centers will be above 1. 
Thus, the magnitude of n (when n > 1) could 
depend on the extent of the light-induced 
changes in the concentrations of the various 
forms of PS II reaction center complexes. Pos- 
sibly, those changes may be related to the het- 
erogeneity of PS II. It is well documented that a 
significant fraction of PS II centers is impaired in 
its ability to transfer electrons from QA to QB 
and that there is a dynamic interplay between 
active and inactive centers (Black et al. 1986, 
Melis 1991). In particular, it has been shown that 
light can activate the QB-non-reducing PSII 
complexes into active, QB-reducing complexes 
(Guenther and Melis 1990, Guenther et al. 
1990). Consequently, this photoactivation pro- 
cess could progressively increase electron trans- 
fer from QA to QB and thus, modify the equilib- 
ria shown in reactions (1) to (3). Obviously, 
some environmental constraints (e.g., low tem- 
perature) favored the above-mentioned changes. 

n values lower than 1 

An interesting result was that, under certain 

environmental conditions, the order of the hy- 
perbola V vs. I was noticeably lower than 1, thus 
suggesting that less than one exciton was appar- 
ently necessary to transform QA into QA. This is 
possible if one assumes, as in a previous work 
(Strasser and Greppin 1981), a physico-chemical 
cooperativity between PS II reaction center com- 
plexes, so that a PS II reaction center complex 
can accept an electron from a neighbour PS II 
center either directly (from Q~ or Q~-) or via 
intermediates. Figure 4 shows an example of 
such a mechanism which is presented here as a 
working hypothesis only, in order to illustrate 
the theoretical possibility of closing more than 
one reaction center with one absorbed photon. 
In this hypothetical model, the oxidized reaction 
center pigment P680 ÷ is re-reduced (reaction (a) 
in Fig. 4) by an electron from the long-lifed state 
P680OA Q2- (thus competing with the normal 
electron donor Z); the resulting formation of 
P680QAQB will change the equilibrium (b) (see 
Fig. 4), increasing the concentration of 
P680QAQB and, therefore, more than one closed 
reaction center is formed with only one excita- 
tion event in an open center. It remains, how- 
ever, to demonstrate that oxidized P680 can be 
really re-reduced by reduced QB. Another pos- 
sibility, previously suggested by Strasser (1990), 
could be an electronic interaction between PS II 
reaction centers and the partially reduced en- 
vironment. 

An intriguing fact is that the conditions which 
resulted in decreased n (e.g., mild heat stress 
(Fig. 2) or low light conditions during growth 

h~ 

OPEN ~_~ CLOSED 
, . . . . . .  - . . . . . .  

x-, e* x-----~ e* - x- '._. ,, _ ~_~_~ 

2-, J (t) _ I 
P~, Q^QB , J~ p~ QAQ~ ~ ~ l P~ Q~QB 

t r 

. . . . . .  I I 

Fig. 4. Hypothetical mechanism for the closure of more than one PS II reaction center with only one excitation event in an open 
PS H center. P680 is the PS II reaction center pigment; QA and Os are, respectively, the primary and secondary electron acceptors 
of PS II. The superscript x can be 0, 1 or 2. 
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(Table 1)) correspond to conditions which are 
known to favor apparition of inactive, QB-non- 
reducing PS II centers. Indeed, Cao and Gov- 
indjee (1990) have recently demonstrated that 
heat alters the ratio of active to inactive PS II 
centers in thylakoid membranes, with a pre- 
ponderance of inactive centers at high tempera- 
ture, Similarly, low light conditions are believed 
to favor accumulation of inactive centers (Melis 
1991). Conversely, transfer of plants from dark 
to light has been observed to result in light- 
activation of non-reducing centers to a QB- 
reducing form (Guenther and Melis 1990, Guen- 
ther et al. 1990) and, in this study, preillumina- 
tion of leaves brought about a marked increase 
in the n value. Those correlations could suggest 
that the hypothesized electron transfer between 
reaction center complexes and the reduction of 
the apparent number of photons required to 
close a reaction center might be somehow re- 
lated to the accumulation of inactive centers, 

In conclusion, irrespective of the exact 
molecular mechanisms determining the value of 
n, the analysis of the characteristics of the light- 
saturation curve of V presented here reveals a 
variability in the dynamics of PS II reaction cen- 
tre closure in vivo. The various shapes of light- 
intensity curve of V presumably reflect different 
responses of the acceptor side of PSII to en- 
vironmental conditions, with specific effects on 
the electron transfers within or between PS II 
reaction center complexes. 
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