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Abstract 

The kinetics of the postillumination reduction of P700 + which reflects the rate constant for plastoquinol 
(PQH2)  oxidation was recorded in sunflower leaves at different photon absorption densities (PAD),  
CO 2 and 0 2 concentrations. The P700 oxidation state was calculated from the leaf transmittance at 
830 nm logged at 50 /xs intervals. The P700 + dark reduction kinetics were fitted with two exponents 
with time constants of 6.5 and about 45 ms at atmospheric CO2 and 0 2 concentrations. The time 
constant of the fast component ,  which is the major contributor to the linear electron transport rate 
(ETR) ,  did not change over the range of PADs of 14.5 to 134 n m o l c m - 2 s  -1 in 21% 0 2, but it 
increased up to 40 ms under severe limitation of ETR at low 0 2 and CO 2. The acceptor side of 
Photosystem I (PS I) became reduced in correlation with the downregulation of the P Q H  2 oxidation 
rate constant. It is concluded that thylakoid pH-related downregulation of the P Q H  2 oxidation rate 
constant (photosynthetic control) is not present under normal atmospheric conditions but appears 
under  severe limitation of the availability of electron acceptors. The measured range of photosynthetic 
control fits with the maximum variation of ETR under natural stress in C 3 plants. Increasing the 
carboxylase/oxygenase specificity would lead to higher reduction of the PSI  acceptor side under stress. 

Abbreviations: Cyt b6f - cytochrome b6f complex; C w - cell-wall CO z concentration, /xM; E T R  - 
electron transport rate; Fd - ferredoxin; FNR - ferredoxin-NADP reductase; FRL - far-red light; PC - 
plastocyanin; PAD - photon absorption density n m o l c m - 2 s - l ;  PFD - photon flux density 
nmolcm 2s-1; PS I  - Photosystem I complex; PQ - plastoquinon; PQHe - plastoquinol; PSI I  - 
Photosystem II complex; P700 - Photosystem I donor pigment, reduced; $830 - 830 nm signal (D830, 
difference of $830 from the dark level); WL - white light; Y~ - maximum quantum yield of PSI  
electron transport,  rel. un. 

Introduction 

In photosynthesis, electrons are transported 
from PS II through a sequence of carriers, 
PQH2, Cyt b6f, PC, to P700. The slowest 
reaction in this sequence is PQHz oxidation 
which is coupled to proton transfer into the 
thylakoid lumen (Stiehl and Witt 1969, Bendall 
1982, Rich 1982). In the presence of sufficient 
P QH 2, the rate of this reaction is controlled by 

intrathylakoid pH. This process is known as 
photosynthetic control (Siggel 1974, 1976, Ben- 
dall 1982, Foyer et al. 1990, Harbinson et al. 
1990). 

In isolated thylakoids and chloroplasts, rates 
are lower when electron transport is coupled to 
proton transfer and ATP synthesis, indicating 
the presence of the photosynthetic control. In 
intact leaves the actual electron transport rates 
are high, approaching the maximum (uncoupled) 
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electron transport rates in chloroplasts (Foyer et 
al. 1990). This raises a question, is the photo- 
synthetic control normally present in leaves, or it 
is activated only when electron transport is 
severely restricted downstream from PSI (e.g., 
limited CO 2 supply)? 

The question of the photosynthetic control of 
PQH 2 oxidation rate was addressed by Harbin- 
son and Hedley (1989) who measured the speed 
of postillumination reduction of P700 ÷, using 
leaf absorbance changes around 820 nm. Under 
intense light a considerable fraction of the pig- 
ment stays oxidised as a result of balance be- 
tween the limited supply from PQH 2 and rapid 
removal of electrons from P700 (Weis et al. 
1987, Weis and Lechtenberg 1989). After a 
sudden darkening, oxidation of PQH 2 continues. 
The transfer of electrons through the immediate 
precursors of P700, Cyt f and PC occurs in the 
time-range far below 1 ms (Haehnel 1982, 1984, 
Haehnel et al. 1980), so that these compounds 
are in near-equilibrium redox relationships with 
P700 even during fast photosynthetic electron 
transport (Joliot and Joliot 1984, Harbinson and 
Hedley 1989). 

It is expected that in the presence of photo- 
synthetic control the time constant for postil- 
lumination P700 ÷ reduction increases. When 
light was switched on after a long dark exposure, 
the tl/2 of P700 ÷ reduction decreased from 10 to 
5ms during photosynthetic induction in pea 
leaves (Harbinson and Hedley 1989) but, con- 
trary to expectations, the tl/2 did not change 
over a range of light intensities from 400 to 1400 
tzmol m -2 s -1. A slight increase of the half-re- 
duction time was recorded under 2% 0 2 (Genty 
et al. 1990). Evidently, the conditions and maxi- 
mum range of functioning the photosynthetic 
control in intact leaves needs to be further 
studied. 

In this work we measure postillumination 
P700 + reduction kinetics under a variety of 
conditions of irradiance and CO 2 concentration 
in sunflower leaves. The leaf absorbance around 
830 nm has been used as a signal reflecting P700 
oxidation state (Weis et al. 1987, Harbinson and 
Woodward 1987, Harbinson et al. 1989, Weis and 
Lechtenberg 1989, Foyer et al. 1990, Harbinson 
et al. 1990, Genty et al. 1990, Lechtenberg et al. 
1990). We confirm the results of Harbinson and 

Hedley (1989) and extend their studies showing 
the extent of the photosynthetic control and its 
relation to the acceptor side reduction of PS I. 

Material and methods 

Sunflower (Helianthus annuus L.) plants were 
grown in a growth chamber at PFD of 46 
nmol cm -2 s -1, 18/6 h day/night cycle, air tem- 
perature 25/15 °C day/night, R.H. 50 to 60% by 
day, on well-fertilized peat-soil mixture. At- 
tached upper fully expanded leaves of 4-week- 
old plants were used in measurements. 

The gas exchange apparatus contains an open 
gas flow system in which the gas composition can 
be adjusted (Oja 1983). CO 2 and water vapour 
(analyser LI-6262, LiCor, Lincoln, Nebraska) 
and 0 2 (analyser Ametek S-3A, Process and 
Analytical Instruments Division, Pittsburgh, PA) 
exchange rates are measured. During the mea- 
surements the leaf is enclosed in a sandwich-type 
cuvette ( 4 .4×4 .4×0 .3cm 3, gas flow rate 
20cm3s-1). For temperature stabilization the 
leaf blade is fixed with starch paste directly to 
the cuvette window, thermostated by water from 
the other side. This also avoids leaf movements 
and reduces the noise of the 830 nm signal. Gas 
exchange proceeds via the lower epidermis of the 
leaf only, but this is accounted for, calculating 
the cell-wall CO 2 concentration (Cw) on the 
basis of diffusion resistances and the solubility of 
CO 2 (Laisk 1977). The system response-times, 
determined mainly by gas flow/volume ratios, 
are 0.5 s for 0 2 and 2.5 s for CO 2. The CO 2 and 
0 2 monitors are calibrated by means of dynamic 
capillary gas mixers which allow one to adjust 
CO2 and 02 concentrations with better than 1% 
accuracy in the range from 0 to 2000 ppm (Oja 
1983). 

A special six branch fiber-optic has been 
designed for leaf illumination and optical mea- 
surements. Plastic fibers of 1 mm diameter 
(Toray polymer optical fiber, PF-series, from 
Laser Components, Gr6benzell/Mii, Germany) 
are arranged into a bundle of 45 x 45 mm 2 which 
is attached to the leaf cuvette. The free ends of 
the fibers are divided into six branches from 
which three are used for illumination and three 
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for gathering optical signals from the leaf. The 
fibers coming from the three light sources are 
equally spaced over the leaf area. Some fibres of 
each illumination bundle are directed to a LI- 
190SB and arranged so that the quantum sensor 
shows the PFD in the centre of the chamber 
while leaf is enclosed. The light profile over the 
leaf area was studied and found to be close to 
the Gaussian distribution with ha l f -wid th-  15%. 
Corrections relating PFD in the centre to mean 
and to PFD at the site of 830 nm measurement 
are taken into account. 

The 830 nm signal is measured in the transmis- 
sion mode (Schreiber et al. 1988) in a spot of 
10 mm diameter  placed excentrically in the leaf 
chamber  in order  to avoid the midrib. Fibres 
connected to the 830 nm LED of the ED800T 
detector  of the PAM 101 chlorophyll fluorometer 
(H. Walz, Effeltrich, Germany)  guide the 
measuring beam to the leaf cuvette, where it 
crosses two glass windows and water jacket 
before entering the leaf. The end of the collect- 
ing bundle, leading to the photodiode of the 
same detector,  is placed 3 mm from the lower 
side of the leaf. By replacing the leaf with white 
opal glass or white paper it was confirmed that 
the 830 nm signal is insensitive to superimposed 
WL. The signal is sampled by a computer data- 
logger at 50 /zs intervals. Several readings are 
averaged dependent  on the time constant of the 
recorded transient. Several transients could be 
collected and averaged in order to increase the 
signal/noise ratio. Data are analysed by means 
of a program which fits a sum of two exponents 
with the data points, allowing a drifting baseline 
if necessary. 

Leaf  absorbance is measured comparing the 
backscattered and transmitted photon fluxes 
from the leaf and from a high-scattering opal 
glass replica. Measurements are done with the 
LI-190SB sensor which replaces the 830 nm LED 
port  (for reflection) and photodiode port (for 
transmission). Light data are presented as the 
photon absorption density (PAD). 

A 1000 W DC Xenon arc lamp, equipped with 
cold mirror and OCLI heat-reflecting filter (to 
cut off radiation to which the 830 nm signal 
detector  is sensitive), provides the actinic WL for 
photosynthesis. Irradiation density is changed by 
filters and by controlling the lamp current. A 

spring-operated revolving shutter interrupted the 
actinic beam within 0.6 ms. Far-red light which 
predominantly exites PSI  is provided by a Schott 
KL 1500 light source equipped with an interfer- 
ence filter with maximum at 720 nm and half 
bandwidth 10 nm. The FRL contains about 10% 
PS II light and does not interfere with the 830 
nm measurements. 

Results 

Heterogeneity of  the postillumination kinetics of  
P700 + reduction in the leaf 

Figure 1 shows transients in the 830 nm signal 
from different PADs to the dark. CO 2 exchange 
and 830 nm signal were stabilized at each PAD in 
sequence from higher to lower as shown in Table 
1 for data points 1 to 7. At the end of each 
exposure light was interrupted 10 times for 0.5 s 
(interval 10 s), and the 830 nm signal transients 
collected. The quality of the recordings in 1 and 
10 repetitions is shown for the curve 1. Measure- 
ments were difficult at strictly limiting PADs due 
to the small signal amplitude. 

Slow drifts in the 830 nm signal, not related to 
P700 oxidation changes (Klughammer and 
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Fig. 1. Postillumination transients in the 830 nm signal from 
a sunflower leaf (specification of conditions in Table I, data 
points 1 to 7). CO 2 exchange and 830nm signal were 
stabilized at each PAD in sequence from higher to lower. At 
the end of each exposure the leaf was darkened 10 times for 
0.5 s (interval 10 s), and the transients collected. Initial $830 
levels shifted into coincidence. Difference in the quality of 
the computer recording in 1 and 10 repetitions is shown for 
the curves 1 and 2. Least-square approximations of curves 2, 
3 and 4 with two exponents are shown. 
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Table I. Results of the measurements of postillumination P700 ÷ reduction kinetics under different photon absorption densities 
(PAD), cell-wall CO 2 concentrations (Cw) , 0 2 concentrations and leaf temperatures (t,) with a sunflower leaf. P700 ÷ reduction 
time-constants T, and Z 2 and their corresponding amplitudes a I and a 2 are found from a two-exponent fit as shown in Fig. 1. 
Data points numbered in sequence of experimental procedures 

Point t ~ 0 2 PAD Cw P T 1 at Tz a2 
no. (°C) (%) (nmol cm -2 s l) (/xM) (nmol cm -2 s 1) (ms) (mm) (ms) (mm) 

Exp. 888. Light curve in 21% 0 2 
1 22.5 21 134.3 8.58 3.25 
2 22.5 21 134.3 8.59 3.26 
3 22.1 21 84.4 8.92 3.00 
4 21.9 21 43.5 10.09 2.15 
5 21.8 21 26.9 10.97 1.51 
6 21.7 21 14.5 11.91 0.84 
7 21.6 21 0.0 13.32 -0.15 

Photosynthetic induction 
8 22.5 21 134.3 11.5 0.99 
9 22.5 21 134.3 10.4 1.84 

10 22.5 21 134.3 9.36 2.66 

CO 2 compensation point and CO2-free air 
16 22.4 21 134.3 1.53 0.03 
24 22.4 21 134.3 0.54 -0.43 

Light curve in 1.2.% 0 2 
33 22.5 1.2 136.2 4.41 3.18 
34 22.1 1.2 84.4 4.66 3.01 
35 21.9 1.2 44.8 5.48 2.39 
36 21.8 1.2 27.7 6.39 1.69 
37 21.7 1.2 14.2 7.41 0.91 
38 21.6 1.2 0.0 8.76 -0.14 

6.7 30.0 42 6.0 
6.5 14.8 41 5.3 
5.4 4.8 46 3.7 
6.6 2.5 73 2.3 
3.5 1.6 102 2.0 

20 62.1 181 5.6 
13.4 53.8 - 0.0 
6.5 24.0 16.2 19.7 

9.5 30.6 18.3 27.2 
9.9 37.8 24.7 14.8 

8.9 26.3 21.8 19.1 
8.4 13.9 25.5 15.2 
6.9 6.1 36.7 6.7 
6.3 3.3 50.2 4.2 
6.7 1.2 ~ . 6  2.6 

Schreiber 1991), are considered in the analysis of 
these transients as the drift of the dark base line. 
From 0 to 140 ms the transients can be approxi- 
mated with a sum of two exponents, shown for 
three measurements in Fig. 1. For these and 
other measurements the experimental conditions 
and time-constants of P700 ÷ reduction are given 
in Table 1. The time constant for the fast 
e x p o n e n t  T 1 is about 6 ms and it depends only 
slightly on light intensity in this experiment. The 
time constant for the slower exponent T 2 is 
about 40 ms and it seems to increase towards 
lower PADs. The amplitude of the slower expo- 
nent makes about 20% of the total change at 
higher PADs, but its relative role increases at 
lower PADs. The factors which may contribute 
to this heterogeneity are 
1. the heterogeneity of chloroplasts in the leaf 

cross-section caused by the adaptation to 

different average light intensities (Laisk and 
Oja 1976), 

2. heterogeneity of the origin of the 830 nm 
signal which contains components from P700, 
PC and Fd (Klughammer and Schreiber 1991) 
and, 

3. the connection of the population of PS I in a 
thylakoid to heterogenous electron donors. 

The tendency that the slower process forms a 
greater part of the amplitude at low PADs 
provides evidences contrary to the first possi- 
bility since in this case the ratio should be 
constant. Plastocyanin rapidly donates electron 
to P700 ÷ (Haehnel 1984) and cannot be a cause 
for the slow component of P700 ÷ reduction. 
Thus, it seems that a fraction of PS I population 
is connected to slower electron donors than the 
rest of the PS I centres. Assuming that the 
slower electron donors still participate in the 



linear electron transport we can calculate the 
fraction of the total linear electron transport 
carried by the slow PSI  population fs as 

a 2 / T  2 
fs = as/T~ + a2/T 2 (1) 

where a is amplitude, T is time constant and 1 
and 2 denote fast and slow components,  respec- 
tively. 

At  high rates the slow PSI  population carries 
only about 3% of the total linear electron flow. 
At  low PADs this fraction increases to 8-10%. If 
the slow fraction participates in the cyclic elec- 
tron flow then it does not contribute to the linear 
flow. Since the slow component  is, at most, a 
minor contributor to linear electron flow we shall 
neglect the slow population of PS I  centres and 
study the variations of the rapid time constant of 
the postillumination 830 nm transient only. For 
this reason the two-exponent analysis was not 
always used but the initial part of the postillumi- 
nation process was approximated with one expo- 
nent. 

Light dependence of the postillumination P700 ÷ 
reduction kinetics 

From Fig. 1 and the data in Table 1 one can see 
that the fast time constant T 1 of the post- 
illumination 830 nm signal only decreases slight- 
ly from saturating to limiting PADs. This result 
coincides with that of Harbinson and Hedley 
(1989) who obtained similar time-constants for 
the postillumination P700 + reduction in pea 
leaves. Clearly, resistance to PQH 2 oxidation 
rate changes very little over the range of used 
PADs at 21% O 2 and near-atmospheric CO 2 
concentrations. This means that either photo- 
synthethic control of electron flow by proton 
counterpressure at the site of plastoquinol oxida- 
tion is absent under normal air conditions, or it 
is still present but constant. 

Kinetics of  postillumination P700 + reduction at 
limited electron transport rates 

Electron transport rates were limited by lowering 
the CO2 concentration or employing photo- 
synthetic induction. When CO 2 concentration 
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was lowered to the compensation point at 21% 
0 2, and further to 0, T1 increased (Table 1), as 
well as the amplitude of the slower exponent.  
Photosynthetic control was maximum during the 
induction of photosynthesis after a dark expo- 
sure, when T 1 increased to 20 ms in the begin- 
ning of the induction and then gradually de- 
creased to 6.5 ms. When the light dependence 
was measured under the same ambient CO 2 
concentration but at 1.2% 0 2, T~ was equal to 
that in 21% 0 2 at limiting PADs, but signifi- 
cantly increased at light saturation. 

The ETR was further limited by lowering the 
CO 2 concentration at low O 2 (Table 2). In the 
first experiment at 1.2% 0 2 the time constant is 
10.2 ms at the highest CO 2 concentration (which 
shows the presence of photosynthetic control 
compared with the data from Table l)  and it 
increases to 37ms with decreasing C w. In the 
second experiment with the same leaf 0 2 evolu- 
tion rate was measured with the Zirconium-oxide 
electrode. At 0.005% 0 2 the maximum capacity 
of the photosynthetic control seems to be weaker 
than in 1.2% 0 2, since the maximum T 1 value is 
about 31 ms compared with 37 ms in 1.2% 0 2 . 
During the exposure of the leaf in O2-free 
atmosphere at high light intensity the FRL-in- 
duced 830 nm signal deflection considerably de- 
creased (Table 2). This shows that under an- 
aerobic conditions at high light intensities a 
relatively stable population of P S I  is formed in 
which P700 cannot be oxidised by FRL, probably 
because these P S I  centres are incapable of 
electron transport (Bottin and S6tif 1991). Inhi- 
bition of photosynthesis under anaerobic con- 
ditions (Ziem-Hanck and Heber  1980) may be 
related to this phenomenon.  This closed state of 
PSI  centres is reversible in the presence of 21% 
0 2 within 100 s. 

Temperature dependence of the P700 + reduction 
rate 

Since temperature influences the photosynthetic 
rate, we studied its effect on the P700 + reduction 
kinetics. At PAD 140 nmol cm -2 s -1 and external 
CO 2 concentration of 2000 and 330 ppm, leaf 
temperature  was lowered from 22 to 16 and 
12 °C (Table 2). 

As expected, the rate of postillumination 
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Table 2. Results of the measurements of CO 2 uptake, 02 evolution and postillumination P700* reduction kinetics under different 
CO z concentrations at 1.2% and 0.005% 02 in ambient gas and at different leaf temperatures. The postillumination P700 ÷ 
reduction kinetics approximated by one exponent over the span of 4 time-constants T 1. Data points numbered in sequence of 
experimental procedures. D83%~ denotes the deflection of the 830 nm signal from the dark level under FRL (given for 3 data 
lines) 

Point t I 02 PAD Cw P T 1 D83% 
no. (°C) (%) (nmolcm 2s 1) (/~M) (nmolcm 2s 1) (ms) (mm) 

Exp. 881: CO 2 curve at 1.2% 02 
6 22.7 1.2 81.2 5.31 1.78 16.2 
7 22.7 1.2 81.2 3.17 1.11 20.3 
8 22.7 1.2 81.2 2.16 0.72 24.5 
9 22.7 1.2 81.2 1.60 0.52 28.9 

10 22.7 1.2 81.2 0.79 0.29 37.4 
11 22.7 1.2 132.1 9.92 1.81 10.2 

Exp. 882: CO 2 curve of 02 evolution at 0.005% 02 
1 22.7 0.005 132.1 - 2.96 12.0 
2 22.7 0.005 132.1 - 1.15 17.5 
3 22.7 0.005 132.1 - 2.23 13.0 
4 22.7 0.005 132.1 - 0.67 20.1 
5 22.7 0.005 132.1 - 0.59 24.0 
6 22.7 0.005 132.1 - 0.33 27.3 
7 22.7 0.005 132.1 - 0.30 30.7 

Exp. 880: Temperature dependence at saturating C O  2 

21 22.4 21 140.7 40.3 3.13 12.0 
12 16.2 21 140.7 50.3 2.11 16.8 
15 12.2 21 140.7 58.9 1.24 21.9 

Temperature dependence at atmospheric CO z 
13 22.3 21 140.7 10.07 2.28 10.2 
9 16.4 21 140.7 12.54 1.92 13.2 

14 12.2 21 140.7 15.31 1.43 19.7 

58 

33 

18 

P700 ÷ r educ t i on  dec reases  at  lower  t e m p e r a -  
tu res ,  as does  the  p h o t o s y n t h e t i c  ra te .  This  may  
be  the  d i rec t  effect  of  t e m p e r a t u r e  on  the ra te-  

cons t an t  of  P Q H  2 ox ida t ion  and no t  necessar i ly  
r e l a t e d  to  the  p h o t o s y n t h e t i c  cont ro l ,  bu t  if the  
mos t  t e m p e r a t u r e - s e n s i t i v e  r eac t ion  is down-  

s t r e a m  of  PS I,  the  s lower  ox ida t ion  o f  P Q H  2 at  
l ower  t e m p e r a t u r e s  m a y  be  i nduced  by the 
p h o t o s y n t h e t i c  cont ro l .  

P700 + reduction kinetics in the course o f  
photosynthetic oscillations 

.Af ter  a r a p i d  t r ans i t ion  f rom l imit ing to  sa tura t -  
ing C O  2 the  new s t eady-s t a t e  pho tosyn the t i c  ra te  
b e c o m e s  e s t ab l i shed  af ter  a d e e p  t r ans ien t  mini-  
m u m  and  a ser ies  of  osci l la t ions .  T h e  min ima  of  
osc i l l a t ions  are  a c c o m p a n i e d  by  r educ t ion  of  
P700 which  is caused  by  accumula t ion  of  elec-  
t rons  at  the  accep to r  s ide of  P S I  (La i sk  and O j a  

1991, La i sk  et al. 1991, La i sk  et al. 1992c). In 
o r d e r  to  s tudy  the  k inet ics  of  P700 ÷ r educ t ion ,  

r e p e a t e d  t rans ien ts  f rom 300 to 2000 p p m  C O  2 
were  i n t e r r u p t e d  at d i f fe ren t  phases  of  oscil la-  
t ions  by  s u d d e n  d a r k e n i n g  and one  t rans ien t  of  
8 3 0 n m  signal  was r eco rded .  A phase -po r t r a i t  
w h e r e  the  q u a n t u m  yie ld  of  e l ec t ron  t r anspo r t  
(ca lcu la ted  as 4 t imes  gross pho tosyn the t i c  ra te  
d i v i d e d  by  P A D )  is p lo t t e d  agains t  the  D830 
s ignal  (d i f fe rence  f rom the  da rk  level )  is shown 
in Fig.  2. The  process  begins  at a high e lec t ron  
t r a n s p o r t  ra te  ( q u a n t u m  yie ld  Y = 0.2) when  the 
P700 ÷ r educ t ion  is r ap id  (T 1 = 7 . 5  ms).  The  
t r ough  in pho tosyn thes i s  is a c c o m p a n i e d  by  a 
s ignif icant  P S I  accep to r  s ide r educ t ion  which is 
i n d i c a t e d  by  the  m o v e m e n t  of  the  phase  t ra jec-  
t o ry  down  and  to the  left .  N o  in tens i f ica t ion of  
the  d o n o r  s ide con t ro l  occurs  dur ing  this phase  
s ince T 1 s tays cons tan t  at  8 ms. The  pho to -  
syn the t i c  con t ro l  of  e l ec t ron  flow at the  P S I  
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Fig. 2. Phase-portrait of the quantum yield of electron 
transport versus D830 signal (difference from the dark level). 
Oscillations were initiated by a transition from 300 to 2000 
ppm CO 2. The transition was repeated, interrupted at 
different phases of oscillations by sudden darkening, and the 
830nm signal recorded. The quantum yield of electron 
transport Y=4.(gross photosynthetic CO 2 uptake rate)/ 
PAD is plotted against the D830 signal with 2 s intervals. 
Current time (s) from the moment of transition and the 
corresponding postiUumination P700 ÷ reduction time con- 
stants are shown at different phases of the oscillation. 
Steady-state points measured with the same leaf at different 
PADs are joined with a straight line U and the corresponding 
PT00 + reduction time-constants are shown at data points. 
Recording of the phase trajectory was stopped at t = 390 s, 
before it approached steady-state after 15 min (see also Laisk 
and Oja 1991, Laisk et al. 1992c). 

donor  side increases after the minimum in the 
photosynthet ic  rate and maximum acceptor side 
reduction, since in the next measurement  (20 s 
after the minimum) T 1 = 13 ms. Photosynthetic 
control decreases again when the oscillation 
t rajectory approaches the steady-state points 
where the acceptor side reduction is in mini- 
mum.  After  oscillations (390 s) the phase trajec- 
tory stays to the left f rom the steady-state line 
showing small reduction of the P S I  acceptor 
side, but this slowly disappears and the trajec- 
tory finally approaches the steady-state line. On 
the basis of the deflection of the phase portrait  
data points from the donor-side limited steady- 
state points we concluded that during oscillations 
rate-limiting control is swinging from the P S I  
donor  side to the acceptor side and back (Laisk 
et al. 1992c). The above measurements of P700 ÷ 
reduction kinetics confirm this conclusion. Addi- 
tionally, these measurements  show a delay in the 
onset of the photosynthetic control until the 
photosynthet ic  rate drops to the minimum. 
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Time-kinetics of the photosynthetic control 

A sudden limitation of electron transport  rate,  
e.g. by lowering CO 2 concentration,  causes 
temporary  accumulation of electrons on the 
acceptor and donor sides of PS I. These sites 
become oxidised again after the down-regulation 
of the P Q H  2 oxidation rate. Figure 3 shows 
transients in the 830 nm signal after decreasing 
CO2 concentration. At  first the 830nm signal 
increases rapidly showing reduction of P700 ÷. 
Temporar i ly  the signal even exceeds the dark 
level which, probably,  reflects transient reduc- 
tion of ferredoxin (Klughammer  and Schreiber 
1991). The time for reoxidising P700 is longer 
the lower the final CO 2 concentration,  and, thus, 
the electron transport  rate,  extending from 15 to 
40 s. Reduction of the PS I acceptor side be- 
comes permanent ,  unoxidisable by F R L  in the 
absence of 0 2 (Table 2). We suggest that similar 
type kinetics of photosynthetic control causes the 
delay which leads to oscillations in photo- 
synthesis (Laisk and Eichelmann 1989). 

Cyclic electron flow or acceptor side reduction 
of  PSI  complexes? 

Considering that the rate of electron flow during 
the postiUumination transient is determined by 
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Fig. 3. Transients in the 830 nm signal after CO 2 concen- 
tration was decreased from 462 ppm to different lower levels, 
shown at the ends of the curves. Other conditions see Table 
2, 0 2 = 0 . 0 0 5 %  ) . Light-dark transitions to measure the 
P700 ~ reduction kinetics are seen in the recordings (corre- 
sponding time-constants T 1 in ms are shown at each tran- 
sient). T~ before the transitions to lower CO 2 concentrations 
was 12 ms. 
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plastoquinol oxidation at Cyt b 6 f  , the following 
relationship holds true: 

Tp = T c • Np/N c (2) 

where Tp is the measured time constant for 
P700 + reduction, T c is the turnover-time of one 
Cyt b6f complex, and Np and N c are the concen- 
trations of PS ! and Cyt b6f complexes, respec- 
tively. It has been shown that PC forms tight 
complexes with PS! and Cyt f, so that the 
stoiehiometry of active Cyt b6f, PC and PSI is 
1:2:1 (Haehnel et al. 1980, Haehnel 1982, Graan 
and Ort 1984). In photosynthetic bacteria one or 
two Cyt c seem to form a supercomplex with the 
photoreaction centre (Lavergne and Joliot 1991). 
On the basis of the P700 ÷ postillumination 
reduction kinetics in the presence of different 
concentrations of DBMIB Haehnel (1982) con- 
eluded that crossdiffusion of PC between the 
electron transport chains is possible. On the 
other hand, on the basis of the proportional 
decline in the photosynthetic rate with develop- 
ing PSI acceptor side reduction, an electron- 
channelling supercomplex between Cyt b 6 f  , PC, 
PS I, Fd and FNR has been proposed (Laisk et 
al. 1992b, Laisk et al. 1992c, Laisk 1993). In this 
supercomplex crossdiffusion between the elec- 
tron channels is relatively restricted. On the 
basis of this model Np = N  c which makes it 
possible to find the concentration of PSI centres 
from measured electron transport rates and time 
constants of P700 + reduction. 

Neglecting the contribution of the slower cen- 
tres, the electron transport rate ETR can be 
calculated as 

ETR = Np/T 1 (3) 

where Np is the number of Cyt b6f-PC-PS I 
complexes. In Fig. 4, ETR is plotted against the 
rate-constant for P700 + reduction kl = 1/T1 for 
the experiments in Tables 1 and 2 plus some 
additional data. At 1.2% and 0.005% Oz and at 
saturating CO2 concentration in 21% 0 2 ETR is 
calculated as 4 times gross photosynthetic rate. 
Data points measured at ETR limited by low 
CO 2 or temperature display significant linear 
correlation between ETR and 1/T 1. The points 
which stay considerably to the right of the dotted 
regression line are measured at limiting PADs. 

This shows that at saturating PADs electron 
transport rate is determined by the rate-constant 
1/T~ of plastoquinol oxidation which can vary in 
a range from about 150 to 30 s -1. According to 
Eq. (3), the slope of the line drawn from the 
origin of the coordinates to any data point 
represents the number of PSI centres Np which 
are active electron acceptors. At limiting PADs 
this number of electron transport chains (which 
have at least one electron vacancy between the 
sites of PQH 2 oxidation and P700 reduction 
since only these can be electron acceptors) is 
smaller because PSI excitation rate does not 
considerably exceed the electron donation rate 
from PQH 2. By increasing PAD we arrive at a 
state where at least one electron vacancy is in all 
chains. In this case the slope of the solid line in 
Fig. 4 approaches the maximum value, equal to 
the number of PSI centres in the leaf sample. 

Unexpectedly, the regression in Fig. 4 does 
not extrapolate to the origin but crosses the axis 
of ETR below zero and the axis of 1/T~ above 
zero. These facts suggest two interpretations. 
First, an electron flow undetectable by our 
techniques may be present. This can rather be 
cyclic electron flow than nitrite reduction since 
the latter would have been detected in the 
experiment where 02 evolution was recorded. 
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Fig. 4. Electron transport rate ETR, plotted against the 
rate-constant for P700 + reduction k~ = l/T1 from experi- 
ments in Tables 1 and 2, plus additional data. Dotted line, 
linear regression of the data measured at CO 2 and tempera-  
ture limited electron transport rates. Empty squares corre- 
spond to the light curve measured at 1.2% 0 2 (Exp. 888, 
Table 1). Filled squares correspond to the light curve 
measured at 21% 0 2 in the same experiment (ETR calcu- 
lated from Eq. (4)). 
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Fig. 5. Dependence between the rate-constant for plasto- 
quinol oxidation 1/T~ and the fractions of the PSI centres 
with reduced and oxidised acceptor sides, calculated from 
Fig. 4. as the slope of the line drawn from the origin of 
coordinates to different points of the dashed line. 

However, it is difficult to conceive how this flow 
can be constant at different CO 2 limitations and 
different temperatures. Furthermore, at strictly 
CO:-limited rates the plastoquinone pool is 
likely to be highly reduced, preventing cyclic 
flow through plastoquinone due to the absence 
of the necessary redox poising (Arnon and Chain 
1977). 

Another interpretation assumes that our re- 
gression line is only apparently linear, i.e., each 
data point has its own Np, as shown by the two 
solid lines as examples. In this case the maxi- 
mum Np occurs at the top of the area covered by 
data points and equals to 0.15 nmol cm -2 of PSI 
centres for the highest data point. When electron 
transport becomes gradually more limited down- 
stream PS I by low CO 2 or temperature, gradual- 
ly fewer PSI centres can be active electron 
acceptors, probably because of their closure by 
acceptor side reduction. The calculated number 
of actively operating Cyt b6f complexes drops to 
0.067 nmol cm -2 at strictly limited electron trans- 
port rates. According to this result, PSI acceptor 
side reduction increases in parallel with stronger 
photosynthetic control of PQH 2 oxidation rate 
(Fig. 5). 

Discussion 

The time-constants of the postillumination P700 ÷ 
reduction obtained in this work on sunflower 
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leaves agree well with those obtained by Harbin- 
son and Hedley (1989) on pea leaves. The tl/2 of 
4.5 ms in that work corresponds to T~ of 6.5 ms 
which coincides with the T~ for the light curves 
in Table 1. Other reported tl/: values are also 
comparable with our result: 4-5 ms (Maxwell 
and Biggins 1977); 6 ms (Siggel 1974); 5 ms for 
cytochrome reduction (Crowther and Hind 
1980). It shows that the minimum time constant 
for PQH 2 oxidation is rather similar in different 
plant species. This good coincidence of different 
data supports the notion that T~ is a fundamental 
parameter of the photosynthetic machinery, the 
turnover rate of the limiting step in a unit of 
electron transport chain (Haehnel 1982). The 
good agreement of the P700 ÷ dark reduction 
time-constants obtained in our work with the 
results of other investigators supports the re- 
liability of the 830 nm signal as an indicator of 
the P700 oxidation state in leaves. 

The maximum number of electron transport 
chains obtained from data points in Fig. 4 is 
Np = 0.15 nmol cm-: .  Based on the chlorophyl! 
content in sunflower leaves of about 50/zg cm 
we calculate a ratio of 1 P700 per 370 Chl. This is 
somewhat greater than reported (Graan and Ort 
1984, Glazer and Melis 1987), but one has to 
consider that sunflower leaves have much higher 
photosynthetic rates than spinach and, probably, 
contain more electron carriers. In our sunflower 
leaves the maximum rate of electron transport 
supported by all Cyt b6f-PS I complexes would 
be 0.15 nmol cm-:/0.006 s = 25 nmol cm -2 s -~ or 
25 /4=6.25nmolcm-es  -~ of 0 2 evolution. In 
the phase of the photosynthetic induction where 
ETR was limited by PQH: oxidation the O2 
evolution rate was about 6nmolcm -2 s -~ in 
similarly grown sunflower leaves (Kiirats 1985, 
Laisk et al. 1992a). 

The major problem which has not allowed us 
to mathematically reproduce oscillations in 
photosynthesis has been the lack of enough delay 
in feedback loops (Laisk and Eichelmann 1989). 
This work shows that the delay must be sought in 
the processes which occur during the highly 
reduced phase of oscillations and which lead to 
the reestablishment of the control of electron 
transport at the site of plastoquinol oxidation. 
Correlation between the reduction level of the 
PSI acceptor side and the photosynthetic control 
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(Figs. 4 and 5) may be causal. Hind and co- 
workers (1981) suggested that the redox state of 
electron carriers around PSI may control reallo- 
cation of electron flow from linear to cyclic and, 
thus, induce photosynthetic control through the 
increasing luminal proton concentration. 

This work shows that the usable range of 
photosynthetic control is between 1/T~ =160 
and 40 to 50 s -1, i.e. about 3 to 4 times. It is 
interesting to see which stress conditions such 
range satisfies. Under atmospheric conditions, in 
the presence of 21% 0 2 the ETR can be calcu- 
lated using a derivation from the model (Far- 
quhar and von Caemmerer 1982) 

4 - P .  (Ksp + [O21/[CO2] ) 
ETR - Ks p _ 0.5[O2]/[CO2 ] (4) 

where P is net CO 2 photoassimilation rate (gross 
photosynthesis minus photorespiration) and Ksp 
is the specificity factor of rubisco. Big filled 
squares in Fig. 4 are calculated from Eq. (4) on 
the basis of the light curve measured under 21% 
02 in Table 1 taking [02] = 254/zM, [CO2] = Cw 
and Ksp = 97 (Laisk 1977). One can see that in 
air there are enough acceptors to support elec- 
tron flow as rapid as the basic reaction rate of 
the Cyt b6f complexes and their abundance 
allow. Very little photosynthetic control is 
needed (slight declination of the data points to 
the left at higher rates). Such a free electron 
transport is possible due to cooperation of 
photosynthesis and photorespiration. At the CO2 
compensation point (e.g., closed stomata) the 
measured W x =9.5ms  (Table 1) which corre- 
sponds to internal electron transport rate about 
13 nmol cm -2 s -~ (Fig. 4, at l/T1 = 105 s-l) .  As 
we see, at this electron transport rate photo- 
synthetic control is easily possible and not much 
PSI  acceptor side reduction appears. Doubling 
the rubisco specificity for CO 2 would decrease 
the internal electron transport at the CO 2 com- 
pensation to 6.5 nmolcm -2 s -1 which would re- 
quire holding the PQH 2 oxidation rate-constant 
at 60 s -~. About 35% of the PS I complexes have 
reduced acceptor sides when photosynthetic con- 
trol is so strong (Fig. 5). Thus, reduction of 
photorespiration in C3 plants would lead to 
higher reduction of electron transport chains 
when stomata are closed and it must be studied 

how much long-lasting reduction is allowed with- 
out danger of damage. 

The fact that under normal physiological con- 
ditions leaves function at the maximum capacity 
of their PQH 2 oxidation system and the latter is 
suppressed only under stress conditions needs to 
be paralleled with in vitro studies of proton 
translocation and photophosphorylation. Chan- 
nelled proton transport from Cyt b6f to  the CF o 
coupling factor proceeds without equilibration of 
protons with the thylakoid lumen when phos- 
phorylation conditions are favourable and the 
thermodynamic proton pressure is not high 
enough to destroy the Ca +2 bridges isolating the 
intramembranal proton conducting channels 
from the lumen (Chiang and Dilley 1989, Laasch 
et al. 1993). Under these conditions the lumen 
does not acidify much, though ATP synthesis is 
going at full speed. To the contrary, when 
phosphorylation is restricted (low ADP or Pi), 
the increasing intramembranal proton pressure 
leads to the dissociation of the Ca +2 bridges and 
protons are released into the lumen. It is gener- 
ally accepted that the rate of PQH 2 oxidation is 
controlled by the luminal pH. This explains the 
absence of photosynthetic control under con- 
ditions favourable for phosphorylation and the 
presence of this control under conditions where 
photophosphorylation is restricted. From this 
viewpoint, luminal acidification has a regulatory 
function, and may not even be obligatory for 
photophosphorylation in vivo (Ohmori et al. 
1985). 
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