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Abstract 
 
Oscillations in many of photosynthetic quantities with a period of about 1 min can be routinely measured with higher 
plant leaves after perturbation of the steady state by sudden change in gas phase. Among all hypotheses suggested so far 
to explain the oscillations, an effect of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBPCO) activation status to 
control the oscillations is highly probable, at least upon high temperature (HT) treatment when in vivo RuBPCO activity 
controlled by RuBPCO activase (RuBPCO-A) decreases. Therefore, we measured the oscillations in fluorescence signal 
coming from barley leaves (Hordeum vulgare L. cv. Akcent) after their exposure for various time intervals to different 
HTs in darkness. We also evaluated steady state fluorescence and CO2 exchange parameters to have an insight to func-
tions of electron transport chain within thylakoid membrane and Calvin cycle before initiation of the oscillations. The 
changes in period of the oscillations induced by moderate HT (up to 43 °C) best correlated with changes in non-photo-
chemical fluorescence quenching (qN) that in turn correlated with changes in gross photosynthetic rate (PG) and rate of 
RuBPCO activation (kact). Therefore, we suggest that changes in period of the oscillations caused by moderate HT are 
mainly controlled by RuBPCO activation status. For more severe HT (45 °C), the oscillations disappeared which was 
probably caused by an insufficient formation of NADPH by electron transport chain within thylakoid membrane as 
judged from a decrease in photochemical fluorescence quenching (qP). Suggestions made on the basis of experimental 
data were verified by theoretical simulations of the oscillations based on a model of Calvin cycle and by means of a con-
trol analysis of the model. 
 
Additional key words: Hordeum vulgare; model; NADPH; ribulose-1,5-bisphosphate carboxylase/oxygenase and its activase. 
 
Introduction 
 
Under certain conditions, photosynthesising organism ex-
hibits damped oscillations in measured quantity. The 
period and damping is different for particular organism 
but the oscillations in higher plant leaves have the period 
of about 1 min and are weakly damped enabling them to 
maintain typically for about 3–10 min. These oscillations 
are induced by a perturbation of the steady state reached 

by a change in conditions of irradiation or gas phase. The 
oscillations were most often measured in chlorophyll 
(Chl) a fluorescence signal, and rate of oxygen (O2) evo-
lution and carbon dioxide (CO2) fixation (Walker et al. 
1983, Walker and Sivak 1985, Sivak and Walker 1985, 
1986, 1987, Malkin 1987) but generally every quantity 
related to photosynthetic function measured so far  
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oscillates (for reviews see Walker 1992, Giersch 1994). 
The oscillations in the rate of O2 evolution and CO2 fixa-
tion are parallel and in phase but anti-parallel to the oscil-
lations in fluorescence signal that anticipates the oscilla-
tions in the former two quantities (Delieu and Walker 
1983, Walker et al. 1983, Quick and Horton 1984, 1986, 
Walker and Sivak 1985, 1986, Sivak and Walker 1986, 
Stitt and Schreiber 1988). Further, the oscillations in the 
rate of O2 evolution and CO2 fixation calculated from os-
cillation in the fluorescence signal agree with experimen-
tally measured oscillations in the rate of O2 evolution and 
CO2 fixation (Keiller and Walker 1990, Seaton and 
Walker 1990) showing that measurement of oscillations 
in one quantity (e.g. fluorescence) is enough because the 
oscillations in other quantities are mutually connected. 

Several hypotheses were suggested to explain the os-
cillations. The insufficiency of ATP caused by competi-
tion for ATP between 3-phosphoglycerate kinase (PGK) 
and ribulose-5-phosphate kinase (RPK) during Calvin 
cycle was suggested to be possible origin of the oscilla-
tions (Walker et al. 1983). As concentration of ortho-
phosphate (Pi) can affect the amplitude of the oscillation, 
Pi can also play a significant role in the oscillations 
(Walker and Sivak 1985, Sivak and Walker 1986). 
Feedback inhibition of cytosolic fructose 1,6-bisphospha-
te phosphatase (FBPase) by fructose 2,6-bisphosphate 
with a delay caused by other reactions in the sucrose syn-
thesis in cytosol was also suggested as a possible source 
of the oscillations (Stitt et al. 1988). It was also suggested 
that imbalance in the supply of ATP and NADPH to 
Calvin cycle caused by insufficient function of the photo-
synthetic electron transport chain can cause the pho-
tosynthetic oscillations (Laisk et al. 1991). Participa- 
tion of ribulose-1,5-bisphosphate carboxylase/oxygenase 
(RuBPCO), the key enzyme in Calvin cycle, was also 
suggested on the basis of theoretical analyses as a pos-
sible source of the oscillations (Ryde-Pettersson 1991, 
Roussel 1998) which was supported by experimental 
finding that transgenic tobacco plants with decreased 
amount of RuBPCO lack the oscillations in fluorescence 
signal and in the rate of O2 evolution in contrast to the 
control plants (Stitt et al. 1991). The above mentioned re-
sults tend to conclude that several processes control the 

oscillations as suggested on the basis of analysis of 
fluorescence oscillations by Fourier transformation 
(Ferimazova et al. 2002). 

Although with different success, there was also an 
effort to mathematically model the hypotheses mentioned 
above and the photosynthetic oscillations as such 
(Giersch 1986, Hahn 1986, Laisk and Walker 1986, 1989, 
Horton and Nicholson 1987, Laisk et al. 1989, Giersch 
and Sivak 1991, Karavaev and Kukushkin 1993, Kocks 
and Ross 1995, Rovers and Giersch 1995, Buschmann 
and Gradmann 1997, Kukushkin 1997, Laisk and 
Eichelmann 1998, Roussel 1998, Khuznetsova and 
Kukushkin 1999, Gradmann 2001). 

The photosynthetic oscillations were almost always 
measured at room temperature. The oscillations in fluo-
rescence signal and rate of O2 evolution and CO2 fixation 
measured with leaves of both C3 and C4 plants are 
suppressed upon high temperature (HT) treatment (Bilger 
et al. 1987, Raghavendra et al. 1995, Bukhov et al. 
1998). However, no detailed insight into changes in the 
photosynthetic oscillations caused by HT stress has been 
done so far. Therefore, measurements of changes in the 
photosynthetic oscillations caused by HT could bring in-
formation as for the origin and control of the oscillations. 

In this work we measured the Chl a fluorescence os-
cillations induced by 2 % CO2 with HT-stressed barley 
leaves. From evaluation of other fluorescence parameters 
(FV/FM, qP, and qN) and measurement of the rate of CO2 
fixation, we were able to quantify changes in reactions 
occurring in thylakoid membrane and in Calvin cycle, re-
spectively, caused by HT. To verify our suggestions 
based on the experiments, we developed a simple theore-
tical model for the photosynthetic oscillations that in-
cludes (almost) all suggested origins of the oscillations. 
By changing the parameters of the model with respect to 
the measured and in-literature reported results, we simu-
lated oscillations in fluorescence signal and compared 
them with the experimentally measured oscillations. 
Further, we used an analogy with metabolic control ana-
lysis and calculated to what extent the parameters of the 
model control the parameters of simulated oscillations. 
We discussed our results with respect to action of HT on 
photosynthetic apparatus. 

 
Materials and methods 
 
Plants and HT incubation: Barley (Hordeum vulgare L. 
cv. Akcent) seedlings were cultivated at 25 °C in perlit 
substrate supplied with Knop solution. They were expo-
sed to light–dark cycles (16 h “white light”/8 h dark) with 
the irradiance of about 90 µmol m-2 s-1 of PAR at the top 
of the seedlings. The experiments were performed with 
the first leaves of 14-d-old plants (growth phase 1.2 ac-
cording to Zadoks et al. 1974) during dark phase of the 
growth cycle. Whole plants in a flowerpot were put into a 
temperature-controlled box where they were incubated in 
dark at given temperature and time interval. 

Measurement of fluorescence signal, evaluation of 
fluorescence parameters, and initiation of the oscilla-
tions in fluorescence signal: After the incubation, a leaf 
was detached and fluorescence signal was immediately 
measured from a central part of the leaf in dark at room 
temperature and in ambient air using a PAM 2000 fluoro-
meter (Walz, Effeltrich, Germany). Weak modulated red 
radiation (λ = 655 nm) was used for the measurement of 
fluorescence signal. First, minimal fluorescence F0 (dark-
adapted state) was measured followed by the deter-
mination of maximal fluorescence FM (dark-adapted 
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state) caused by application of saturating “white light” 
pulse of 10 000 µmol m-2 s-1 of PAR and duration of 
0.8 s. 100 s after the application of the saturating pulse, 
when fluorescence signal dropped to the original F0 level, 
continuous actinic red radiation (λ = 655 nm) of about 
290 µmol(photon) m-2 s-1 was switched on. After seven 
min, when a steady state of fluorescence was reached, the 
saturation pulse was applied to measure the maximal 
fluorescence FM´ for the light-adapted state. Five seconds 
after the end of the saturating pulse, the “actinic light” 
was switched off and far-red radiation (λ = 735 nm) of 
55 µmol(photon) m-2 s-1 was switched on for 5 s to deter-
mine minimal fluorescence F0´ for the light-adapted state. 
The value of fluorescence signal just before application 
of the saturating pulse to determine FM´ was considered 
as FS in further calculations. The following fluorescence 
parameters were evaluated from the measured values: 
maximal quantum yield of photosystem 2 (PS2) 
photochemistry expressed as FV/FM (Kitajama and Butler 
1975), steady state photochemical fluorescence 
quenching expressed as qP = (FM´ – FS)/FV´ (Bilger and 
Schreiber 1986), and steady state non-photochemical 
fluorescence quenching expressed as qN = (FV – FV´)/FV 
(Bilger and Schreiber 1986), where variable fluorescence 
is expressed as FV = FM – F0 and FV´ = FM´ – F0´. For the 
latest review on the fluorescence quenching parameters 
see Roháček (2002). The irradiance was in all cases mea-
sured with the quantum radiometer LI-189 (LI-COR, 
Lincoln, USA). 

40 s after the application of the saturating pulse to 
determine FM´, the central part of the leaf was flushed by 
a gas containing 2 % of CO2 (the rest was air) to initiate 
oscillations in fluorescence signal. The gas flow was pro-
vided by a tube (diameter of 3 mm) mounted directly on 
the light guide of the fluorometer ensuring the flushing to 
and fluorescence detection from the same part of the leaf. 
End of the light guide and of the tube was 3 mm above 
the leaf surface. For an example of typical measured 
curve see Fig. 1. 

 
Measurement of CO2 exchange rate: Immediately after 
the incubation of leaves for 39 min at different tempe-
ratures (room; 32, 35, 40, and 43 °C), gas exchange of 
leaves was measured after equilibration with ambient 
CO2 concentration (250 µmol mol-1) maintained by soda 
lime (ADC BioScientific, Hoddesdon, Hearts, UK) at 
room temperature (24.0±0.3 °C) using open gas exchange 
system LCA-4 (Analytical Development Co., Hoddesdon, 
UK). The water pressure deficit of the air being supplied 
to the chamber was lowered to 1.0±0.2 kPa by anhydrous 
calcium sulphate (W.A. Hammond Drierite Co., Xenia, 
OH, USA). Central parts of seven leaves, which occupied 
whole area of the gasometric leaf chamber (6.25 cm2) 
were used for the measurements. First, the increase in 
CO2 concentration due to dark respiration (R) was mea-
sured for five min. Then, saturated continual actinic 
“white light” (276 µmol m-2 s-1 of PAR) very similar to 

that used for the fluorescence measurements was 
switched on and gas exchange was recorded at 15-s inter-
vals for at least 10 min to determine RuBPCO activation. 
The steady state net photosynthetic rate (PN) was detected 
after 25-min exposure to the “actinic light”. 

PN was calculated using the equations of Caemmerer 
and Farquhar (1981) and gross photosynthetic rate (PG) 
was calculated as a sum of R and PN. The apparent rate 
constant of the RuBPCO activation (kact) was determined 
from the RuBPCO phase (between the 1st and the 9th min 
of the increase in PN) reflecting the activation of 
RuBPCO (Woodrow and Mott 1989, Mott and Woodrow 
1993). The RuBPCO phase was separated from stomatal 
phase by normalising photosynthesis to intercellular con-
centration Ci of 250 µmol mol-1 by assuming a linear rela-
tionship between PN and Ci (Woodrow and Mott 1989). 
The rate constant kact was determined by plotting natural 
logarithm of difference between normalised photosynthe-
sis and maximal normalised photosynthesis versus time 
(Woodrow and Mott 1989) where the slope of the plot 
gave kact. 

 
Theoretical simulations of the oscillations: Time course 
of reactants in the model was simulated using Gepasi 
software version 3.21 (P. Mendes, University of Wales, 
Aberystwyth, UK) that was designed for the simulation 
of chemical and biochemical kinetics (Mendes 1993). 
Gepasi uses a routine LSODA (Livermore Solver of 
Ordinary Differential Equations) for numerical solution 
of a set of differential equations. The initial amounts of 
particular reactants in the model and values of the rate 
constants of particular reactions were the entrance para-
meters for each simulation. See the Appendix for details 
on the used theoretical model. 

 
Control analysis of the period and initial amplitude of 
the oscillations: We have used analogy with the metabo-
lic control analysis (MCA) to find to what extent the pe-
riod and initial amplitude of the oscillations are con-
trolled by changes in the values of the rate constants and 
initial amount of reactants in the model. In MCA (for re-
views see Fell 1992, Visser and Heijnen 2002), in addi-
tion to other parameters, the control coefficient is defined 
as a relative change in steady-state model variable Xj 
(usually concentration or flux) upon a relative change in 
steady-state of selected parameter of the model (usually 
concentration or activity or rate constant) pi as: 

i
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As oscillations do not represent steady state, we have 
used only analogy with MCA where Xj was the period or 
the initial amplitude of the oscillations and pi was the 
value of the rate constant or the initial amount of re-
actants in the model. To calculate the control coefficient, 
the rate constant or initial amount of reactant was chan-
ged by both +δpi and –δpi around its reference value (as 
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listed in Table 2) and the oscillations were simulated 
from which the period or initial amplitude of the oscil-
lations was determined (see below). The magnitude of δpi 
change was ±2.5 and 5.0 % for all explored processes. 
Practically, the control coefficient represents a slope of a 
line fitted to points of the ln(Xj) versus ln(pi) graph. 

Recently, a new procedure for determining the control 
coefficients for theoretical oscillations based on analysis 
of the oscillations by Fourier transformation was intro-
duced (Reijenga et al. 2002). Use of Fourier transfor-
mation for determination of particular periods contribu-
ting to the overall oscillations is powerful when many pe-
riods of the oscillations occur. This is, however, not the 
case of our oscillations because they are highly damped. 
Therefore, we determined the period of simulated oscilla-
tions using autocorrelation function. In this procedure, the 

values of an oscillating function for given time t are 
shifted to time t+τ, where τ represents a time shift, and a 
correlation coefficient between the original and shifted 
oscillation functions is calculated. The shift is realised for 
many different τ values. Auto-correlation function is then 
a course of the correlation coefficient in dependence on 
the time shift. Therefore, the auto-correlation function 
calculates self-similarity of the original and shifted func-
tion and is maximal (i.e. equals 1) for zero time-shift. A 
non-zero time shift corresponding to the first maximum 
in the auto-correlation function represents the period of 
the oscillations. 

The initial amplitude of simulated oscillations was 
determined as the size of the first maximum in the 
oscillations. 

 
Results and discussion 
 
Experiments: To avoid effects of the electron transport 
steps within thylakoid membrane and of enzyme activa-
tions (the so called photosynthetic induction) on the pho-
tosynthetic oscillations, the leaf was first irradiated in am-
bient atmosphere for 7 min to reach a steady state fluo-
rescence signal. After such irradiation, activities of most 
of Calvin cycle enzymes [chloroplastic FBPase, NADP: 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
PGK, RPK, and RuBPCO] was already maximal 
(Leegood and Walker 1980). After reaching the steady 
state of fluorescence signal, the leaf was blown by an at-
mosphere with increased amount of CO2 (2 %) that 

induced the oscillations in fluorescence signal. Such ap-
proach to initiate the oscillations was also used before 
(Ogawa 1982, Walker et al. 1983, Sivak and Walker 
1986, Peterson et al. 1988, Laisk et al. 1991). An exam-
ple of measurement of the oscillations in fluorescence 
signal using this measuring technique is presented for 
control leaf in Fig. 1, and the insert of Fig. 1 shows ex-
amples of the fluorescence oscillations measured after 
different HT treatments. 

Fig. 2A shows in detail the dependence of period of 
oscillations on the time of incubation at different tempe-
ratures. The changes in period of the oscillation for given  

 

 
 
Fig. 1. Example of the routine for measuring basic fluorescence parameters and oscillations in fluorescence signal. Typical curve mea-
sured with control (i.e. no high-temperature treatment) barley leaf is shown. The arrows indicate application of measuring radiation 
(MR), “actinic light” (AL), far-red radiation (FRR), and saturating pulse (SP). AL was switched off during application of FRR. Each 
measurement started in ambient air concentration of CO2 and when steady state fluorescence was reached, air with 2 % of CO2 was 
blown to the leaf (at 580 s). F0 and FM indicate minimal and maximal, respectively, fluorescence for dark-adapted state, FS indicates 
steady state fluorescence for light-adapted state, and F0' and FM' indicate minimal and maximal, respectively, fluorescence 
corresponding to the light-adapted state. Insert shows typical examples of oscillations obtained with control barley leaf (the same as in 
the main figure) and with barley leaves after various high temperature treatments (see denotation in the insert). The curves in the 
insert are normalised to FS. See the Materials and methods for further details. 
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HT treatment were probably not significant because they 
occurred within ±SD range. Interestingly, periods of the 
oscillations for the leaves incubated at 35 °C were in ge-
neral higher when compared to the control leaves. More-
over, further increase in the temperature of incubation 
resulted in a decrease of periods of the oscillations  
(Fig. 2A). Finally, at 45 °C no oscillations were detected 
(the insert in Fig. 1). The initial amplitude of the oscilla-
tions (i.e. the amplitude of the first maximum in the oscil-
lations) decreased with increased temperature (see the in-
sert to Fig. 1) and the incubation of the leaf for longer 
times in all given HTs also caused an increase of the 
damping of the oscillations (data not shown). 

 

 
 

Fig. 2. Experimentally measured period of the oscillations in 
fluorescence signal (A), maximal quantum yield of PS2 photo-
chemistry expressed by FV/FM (B), and photochemical and non-
photochemical fluorescence quenching expressed by qP (C) and 
qN (D), respectively, in dependence on temperature and duration 
of high temperature treatment (see the legend inside C which is 
valid for all panels) of barley leaves. FV/FM, qP, and qN were 
measured in ambient air after the high temperature treatment 
and before the measurement of period of the oscillations (see 
Fig. 1) that were measured in air with 2 % of CO2. Vertical bars 
represent SD calculated from 3–4 measurements. For further 
details see the Materials and methods. 

To explore the origin of changes in period of the os-
cillations induced by HT, the basic fluorescence para-
meters (F0, FM, FS, FM', and F0', see Fig. 1) were measured 
at room temperature and ambient atmosphere after the 
HT treatment. These parameters were used for calcu-
lations of FV/FM and steady state values of qP and qN (see 
the Materials and methods). The goal of evaluation of the 
FV/FM, qP, and qN was to obtain a description of photo-
synthetic function after the HT treatments just before ini-
tiation of the oscillations. For a given HT treatment, no 
significant changes of fluorescence parameters with in-
creasing duration of incubation were found (Fig. 2B,C,D). 
Only the FV/FM slightly decreased with prolonged in-
cubation at 43 °C (Fig. 2B, squares) but this decrease was 
less than 10 % and the final value of the FV/FM in this 
case was still high (about 0.73). Hence this HT treatment 
caused only a small alteration of PS2 function. HT treat-
ment up to 43 °C had no effect on qP (Fig. 2C) which re-
flects relative number of open (i.e. functional) PS2 
centres upon irradiation (for review see Roháček 2002) 
and hence informs about the extent of NADPH formation. 
Therefore, because the FV/FM and qP had generally diffe-
rent temperature behaviour than the period of the oscilla-
tions, it was unlikely that changes in the period of the os-
cillations up to 43 °C were caused by changes in the ma-
ximal quantum yield of PS2 photochemistry and by insuf-
ficiency of NADPH. 

However, even 5-min treatment at 45 °C caused a de-
crease in qP (Fig. 2C, down triangle). This decrease was 
also accompanied by a decrease of the FV/FM (Fig. 2B, 
down triangle), even if in this case FV/FM was still high. 
However, a decrease in qP for leaves incubated for 5 min 
at 45 °C could be a reason for disappearance of the oscil-
lation in this case (see the insert in Fig. 1) because a de-
crease in qP reflects insufficiency of open (i.e. functional) 
PS2 centres upon irradiation, which can lead to insuffi-
cient formation of NADPH. Pastens and Horton (1996b) 
suppose a suppression of NADPH formation upon HT 
treatment in vivo. Therefore, we suggest that disappea-
rance of the oscillations caused by HT treatment (45 °C) 
is mainly due to insufficiency of NADPH. 

The changes in periods of oscillations caused by HT 
well correlated with changes in the steady state non-pho-
tochemical quenching of fluorescence expressed by qN. 
The first increase (for 35 °C treatment) followed by a de-
crease (for 40 and 43 °C treatments) in period of the os-
cillations were exactly anti-parallel to changes in qN 
caused by HT (compare Fig. 2A and 2D). Further, after  
5-min incubation at 45 °C when the oscillations disap-
peared, qN was about 0.84 (see Fig. 2D, down triangles). 
The correlation between changes in the period of oscilla-
tions and changes in qN is presented for fixed duration of 
the HT treatment (39 min) in detail in Fig. 3A (relative 
values of the parameters with respect to the control are 
presented). No obvious relationship between changes  
in the period and in FV/FM or qP was found (Fig. 3B) in 
this case. Qualitatively the same behaviour of the 
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fluorescence parameters and period of the oscillations 
were found for all measured durations of HT treatment 
(data not shown). 

 

 
 
Fig. 3. Experimentally measured dependence of period of the 
oscillations and qN (A) and FV/FM and qP (B) on high 
temperature treatment that lasted 39 min. Normalised values 
from Fig. 2 were evaluated with respect to values at room 
temperature (25 °C). 
 

The initial HT-induced decrease in qN followed by its 
increase as shown in Fig. 3A was already reported (Weis 
and Berry 1988, Pastens and Horton 1996a). It is accom-
panied by anti-parallel changes in the rate of CO2 fixation 
(Harley et al. 1985, Weis and Berry 1988, Lieth and 
Pasian 1990, Bunce 2000) leading to a correlation 
between HT-induced changes in qN and the rate of CO2 
fixation (Law and Crafts-Brandner 1999). Therefore, we 
explored in another experiment if the correlation also 
existed in our case. We measured the steady state value of 
qN and PG with the leaves after their incubation for 39 
min at different HTs and found (Fig. 4A) a correlation 
(R = –0.984) between qN and PG. 

The HT-induced inhibition in the rate of CO2 fixation 
correlates with RuBPCO activation (Law and Crafts-
Brandner 1999, Crafts-Brandner and Law 2000). There-
fore we evaluated an overall rate constant of RuBPCO ac-
tivation (kact) from an increase in the rate of CO2 fixation 
in time (Woodrow and Mott 1992, Hammond et al. 
1998a,b) measured at room temperature and ambient 
atmosphere immediately after incubation of the leaves for 
39 min at different HT. We found a correlation 
(R = 0.953) between kact and PG (Fig. 4B). All these re-
sults confirmed a consequent correlation between period 
of the oscillations and qN (Fig. 3A), between qN and PG 

(Fig. 4A), and between PG and kact (Fig. 4B). Therefore 
we suggest that the period of the oscillations upon HT 
stress up to 43 °C is mainly controlled by RuBPCO 
activation status. 

The above measured changes in PG and kact induced 
by HT were not caused by stomata closure. The calcu-
lated values of Ci, stomatal conductance (gS), and transpi-
ration rate (E) all increased with HT treatment indicating 
stomata opening (data not shown). 

 

 
 
Fig. 4. Correlation between qN and PG (A) and between kact and 
PG (B). The data were obtained after incubation of barley leaves 
for 39 min at different high temperatures and represent nor-
malised values with respect to values at room temperature 
(25 °C) whose co-ordinate is [1, 1]. The bars represent SD cal-
culated from 3–4 measurements. R and P are Pearson corre-
lation coefficient and the P-value of the correlation, respec-
tively. 
 

Our suggestion about the control of the period of the 
oscillations mainly by RuBPCO activation is a logical 
consequence and complementation of results presented in 
literature about action of HT on RuBPCO (for review see 
Salvucci and Crafts-Brandner 2004). Moderate HT stress 
causes in vivo a decrease in carboxylation activity of 
RuBPCO (Weis 1981a,b, Kobza and Edwards 1987). 
This inhibition of RuBPCO carboxylation activity by HT 
is not caused by increased affinity of RuBPCO to oxygen 
at HT because HT-induced decrease in carboxylation ac-
tivity of RuBPCO was observed upon both aerobic and 
anaerobic conditions (Kobza and Edwards 1987). As the 
activity of RuBPCO in vitro increases up to about 60 °C 
(Crafts-Brandner and Salvucci 2000, Salvucci et al. 
2001), the decreased RuBPCO activity in vivo reflects a 
decrease in numbers of active (catalytically competent) 
RuBPCO sites. An enzyme called RuBPCO activase 
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(RuBPCO-A) controls the decrease (for reviews see 
Portis 1992, Salvucci and Ogren 1996). Even if the acti-
vity of RuBPCO-A in vitro slightly increases up to about 
42–45 °C (Crafts-Brandner et al. 1997, Crafts-Brandner 
and Salvucci 2000, Salvucci et al. 2001), it is inhibited by 
HT in vivo (Feller et al. 1998, Law and Crafts-Brandner 
1999, Crafts-Brandner and Salvucci 2000, Salvucci et al. 
2001). This is probably caused by perturbation of 
RuBPCO-A subunits’ interactions (Crafts-Brandner and 
Law 2000) or by unfavourable ATP/ADP ratio (Crafts-
Brandner and Salvucci 2000). All these effects on 
RuBPCO-A activity together with possible perturbation 
of interaction between RuBPCO and RuBPCO-A (Crafts-
Brandner and Law 2000) can lead to inhibition of 
RuBPCO activity at HT in vivo. Also a HT-induced dena-
turation of RuBPCO-A (Salvucci et al. 2001) and/or as-
sociation of RuBPCO-A with thylakoid membrane at HT 
(Rokka et al. 2001), both leading to a loss of RuBPCO-A, 
can result in inhibition of RuBPCO activity. Reduced 
thioredoxin (Trx, for reviews see Jacquot et al. 2000, 
Schürmann and Jacquot 2000) is also necessary for acti-
vation of RuBPCO-A (Zhang and Portis 1999, Motohashi 
et al. 2001, Ruuska et al. 2002, Zhang et al. 2002) and 
small subunit of RuBPCO (Motohashi et al. 2001). 
Therefore, a HT-induced inhibition of Trx reduction 
and/or a change in interaction between Trx and RuBPCO 
and/or RuBPCO-A could be also a reason for HT-induced 
decrease in RuBPCO activity in vivo. In summary, main-
ly under high concentration of CO2 and HT, that are ex-
actly the conditions used in this work, the activity of 
RuBPCO is major limitation of CO2 fixation in vivo 
(Crafts-Brandner and Salvucci 2000, Jensen 2000, 
Salvucci and Crafts-Brandner 2004). 

 
Theoretical simulations: Further, we used mathematical 
modelling to find if HT-induced changes in some para-
meters of a model can lead to changes in period of the 
oscillation as measured after the HT treatment. A usual 
tactic in modelling is to investigate a low-dimensional 
simplified model because complicated and large model 
increases dimensionality of the model that complicates 
the mathematical treatment (Kærn and Hunding 1999). 
The increased dimensionality can even lead to impos-
sibility to reveal desired and expected property of the mo-
del as it was discussed when modelling the photosynthe-
tic oscillations (Laisk et al. 1989). Therefore, the model 
used by us in this work is rather simple and contains only 
some aspects of photosynthesis. 

The scheme of the model is shown in Fig. 7 in the 
Appendix where one can find also detailed description of 
the model and values of the rate constants and initial con-
ditions used for simulations. Briefly, as experimental re-
sults suggest that period of the oscillations is controlled 
by RuBPCO activation status and because a decrease in 
RuBPCO activity in vivo with increasing temperature is 
well documented in literature (see above), the model was 
formulated to describe and stress a role of RuBPCO 

activation status in the photosynthetic oscillations. There-
fore, the core of model is reactions occurring in the 
Calvin cycle, including also formation of NADPH and 
ATP. Except for the ´fructose 2,6-bisphosphate´ hypo-
thesis, our model includes all hypotheses suggested so far 
for the origin of the photosynthetic oscillations (see the 
Introduction). Rejection of reactions employing the 
´fructose 2,6-bisphosphate´ hypotheses from our model is 
based on the fact that the photosynthetic oscillations were 
also measured with intact chloroplasts (Veljović-Janović 
and Cerović 1991). As the model does not contain PS2 
from which fluorescence signal is emitted (for reviews 
see Krause and Weis 1991, Dau 1994, Govindjee 1995, 
Lazár 1999), fluorescence was assumed to be propor-
tional to the concentration of NADPH (see Rovers and 
Giersch 1995) for the case of simulations of the fluores-
cence photosynthetic oscillations (see also the Appendix). 
The basic simulation of the fluorescence oscillations is 
presented in Fig. 5A. The oscillations have a period of 
about 58 s, very similar as the oscillations measured at 
room temperature (about 60 s, see Figs. 1 and 2). Fig. 5A 
also shows the oscillations in the rate of CO2 fixation (see 
the Appendix for definition) simulated on the basis of our 
model. These oscillations are anti-parallel to the oscilla-
tions in fluorescence signal and are somewhat out of 
phase as it was reported in the literature (see the Intro-
duction). 

Even if we suggest that the HT-induced changes in 
the period of the oscillations are mainly controlled by 
RuBPCO activation, it cannot be completely ruled out 
that also HT-induced changes in activities of other en-
zymes of Calvin cycles participate (but only in a minor 
way) in determination of PG and consequently in a partial 
control of the period of the oscillations. For example, it 
was found that the activity of GAPDH, an enzyme which 
together with PGK catalyse reduction of 3-phosphogly-
cerate (PGA) to triosephosphate (TP) upon consumption 
of ATP and NADPH, increases with increasing tempera-
ture in vivo (up to 30–35 °C; Weis 1981b, Fridlyand et al. 
1997). On the other hand, activity of the second enzyme 
in Calvin cycle that utilises ATP, RPK, is in vivo tempe-
rature independent (up to 38–45 °C; Weis 1981b, Kobza 
and Edwards 1987). Further, activity of chloroplastic 
FBPase only slightly decreases with increasing tempe-
rature in vivo (up to 38–45 °C; Weis 1981b, Kobza and 
Edwards 1987). 

Therefore, on the basis of these facts and our results, 
we further explored the photosynthetic oscillations by si-
mulations in which we changed values of some model 
parameters according to our results and literature. In such 
a way simulated oscillations are shown in Fig. 5B–E. In-
crease in RuBPCO activity (kcat) as well as increase in 
RuBPCO-A activity (k7) observed in vitro at HT (Crafts-
Brandner and Salvucci 2000, Salvucci et al. 2001) both 
resulted in a decrease in period of the oscillations 
(Fig. 5B). The HT-induced increase in rate of PGA re-
duction (k2) observed in vivo (Weis 1981b, Fridlyand et al. 
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Fig. 5. Theoretically simulated oscillations in fluorescence 
signal (A–E) and in rate of CO2 fixation (A) using our model 
(Fig. 7). (A): The simulations for room temperature (control in 
panels B–E) using values of the rate constants and initial con-
ditions as listed in Table 2. (B–D): Oscillations simulated for 
various % changes in indicated rate constants (related to values 
listed in Table 2) keeping values of the rest of the rate constant 
and initial conditions as listed in Table 2. (E): The initial con-
ditions of some forms in the model were changed in the simula-
tions keeping the initial conditions of the rest of forms in the 
model and values of the rate constants as listed in Table 2: 50 % 
of all RuBPCO-A was simulated using [RuBPCO-AA]0 = 0.25 
mM whereas initial [RuBP]/[PGA] = 2 used [RuBP]0 = 10 mM 
and [PGA]0 = 5 mM in the simulation. The % changes in the 
rate constants or changes in the initial conditions were taken ac-
cording to our results or according to the references mentioned 
in the text. 

1997) almost did not change period of the oscillations 
(Fig. 5B). Suggested faster rate of RuBPCO inactivation 
(k5) to occur in vivo upon HT stress (Crafts-Brandner and 
Salvucci 2000) resulted in a small increase in period of 
the simulated oscillations (Fig. 5C). Changes in the rate 
of RuBPCO activation (k6) as observed in vivo by us (Fig. 
4B) and suggested to occur in vivo upon HT stress 
(Crafts-Brandner and Law 2000) strongly altered the pe-
riod of oscillations (Fig. 5C). Changes (80–110 %) in the 
rate of NADPH formation (k10) as deduced from changes 
in qP observed in vivo only slightly affected period of the 
oscillations (Fig. 5D). However, even a small decrease in 
k10 (to 80 %) resulted in the lowest amplitude of the oscil-
lations from all so far explored simulations (Fig. 5). If  
a further decrease in k10 was considered (to 25 %), simu-
lated oscillations had very small amplitude which means 
that the oscillations disappeared (Fig. 5D) as observed in 
the experiments (insert to Fig. 1). Decrease in the amount 
of RuBPCO-A caused by HT in vivo (Rokka et al. 2001, 
Salvucci et al. 2001) led to a pronounced increase in pe-
riod of the oscillations (Fig. 5E). Only a small increase in 
period of the oscillations was simulated (Fig. 5E) when 
initial amounts of RuBP and PGA were assumed as ob-
served in vivo upon a HT treatment (Kobza and Edwards 
1987, Law and Crafts-Brandner 1999, Crafts-Brandner 
and Law 2000). 

 

 
 
Fig. 6. Theoretical time courses of fluorescence signal (solid 
lines) and concentration of active RuBPCO (dashed lines) simu-
lated for room temperature (control) and for 25 % of k10. The 
fluorescence curves are those presented in Fig. 5. 

 
To show that the RuBPCO activation status is related 

to the oscillations, we also simulated time course of ac-
tive RuBPCO. For the case of simulation of the oscil-
lations at room temperature (the control in Fig. 6), the 
concentration of active RuBPCO oscillated as expected. 
Moreover, maximal values in fluorescence signal (the 
control solid line) were accompanied by minimal contents 
in active RuBPCO (the control dashed line) and vice 
versa. Such behaviour is expected because when 
RuBPCO is active, Calvin cycle functions and absorbed 
photon energy is used for photochemistry and not for 
fluorescence emission, and vice versa. At simulation of 
fluorescence signal for 25 % of k10 where no oscillations 
appeared (the 25 % of k10 solid line in Fig. 6) there were, 
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as expected, no oscillations in content of active RuBPCO 
(the 25 % of k10 dashed line in Fig. 6). 

 
Control analysis: Previous results showed changes in 
theoretically simulated oscillations caused by changes in 
the selected model parameters as they were reported in 
literature or implied from our results. To quantify to what 
extent all model parameters control the oscillations, we 
have used analogy with the metabolic control analysis 
(MCA) for further theoretical exploration of the os-
cillations. In MCA (for reviews see Fell 1992, Visser and 
Heijnen 2002), the control coefficient C, describing to 

what extent the particular model parameter (concentration 
or activity or rate constant) controls a selected variable of 
the model (concentration or flux), is defined. Positive C 
indicates that increase in the model parameter results in 
increase of the model variable, and on the other hand, ne-
gative C means that the increase in the model parameter 
results in decrease of the model variable. Higher absolute 
value of C indicates higher control of the model variable 
by the model parameter. The MCA was originally de-
veloped for analysis of the steady states and therefore we 
used only analogy with MCA to analyse the oscillations 
(see the Materials and methods for more details).  

 
Table 1. Values of the control coefficients C by which particular initial concentration or rate constant controls the period of the initial 
amplitude of the oscillations. For more details on the evaluation of the control coefficients see the Materials and methods. 
 

Initial amount C  Rate constant C  
 for the period for initial amplitude  for the period for initial amplitude 

TP  0.029 -0.078 k1 -0.311 -0.462 
PGA  0.297 -0.682 k2 -0.042  0.334 
RuBP  0.294 -0.686 k3  0.043 -0.159 
RuP  0.025 -0.082 k4  0.284 -0.732 
Complex -0.015 -0.090 k5  0.302  0.480 
RuBPCOA -0.361 -0.460 k6 -0.424 -0.526 
RuBPCOI -0.071 -0.091 k7 -0.241 -0.140 
RuBPCO-AA -0.523 -0.709 k8  0.043 -0264 
RuBPCO-AI -0.195 -0.124 k9 -0.007  0.009 
NADP -0.124  1.920 k10 -0.164  1.953 
NADPH -0.071  0.945 k11  0.007 -0.046 
ATP  0.025 -0.355 k12 -0.011  0.043 
ADP -0.007 -0.414 k-12  0.011 -0.051 
Pi  0.029 -0.078 kcat -1.491 -0.374 

 
The values of the control coefficients for both the 

period and initial amplitude of the oscillations calculated 
for all rate constants and initial concentrations of the re-
actants in the model are listed in Table 1. The highest 
control of the period of the oscillations is by the initial 
concentration of active RuBPCO-A, active RuBPCO, 
PGA, and RuBP. As the control coefficients of both ac-
tive RuBPCO-A and active RuBPCO are negative, de-
crease in the amount of active RuBPCO-A in vivo caused 
by HT (Rokka et al. 2001, Salvucci et al. 2001) and con-
sequent decrease in the amount of active RuBPCO would 
both lead to increase in period of the oscillations as ob-
served for moderate HT treatment (see Figs. 2A and 3A). 
The same effect on the period of the oscillations would be 
caused also by increase (positive control coefficient) in 
the amount of RuBP found for HT treatment in vivo 
(Kobza and Edwards 1987, Law and Crafts-Brandner 
1999, Crafts-Brandner and Law 2000). The decrease in 
the amount of PGA found for HT treatment in vivo 
(Kobza and Edwards 1987, Law and Crafts-Brandner 
1999, Crafts-Brandner and Law 2000) would lead to a de-
crease (positive control coefficient) in the period of the 
oscillations as observed for HT treatment (see Figs. 2A 
and 3A). 

The highest control of the period of the oscillations by 
rate constants is exerted by the rate constant of intrinsic 
carboxylation of RuBP to PGA by RuBPCO (kcat), 
RuBPCO activation by RuBPCO-A (k6), binding of 
RuBP and CO2 to RuBPCO to form catalytic complex 
(k1), RuBPCO inactivation (k5), restoration of RuBP from 
RuP (k4), and RuBPCO-A activation (k7) (see scheme of 
the model in the Appendix). As the control coefficients of 
both kcat and k7 are negative, increase in kcat and k7 obser-
ved after HT treatment in vitro (Crafts-Brandner and 
Salvucci 2000, Salvucci et al. 2001) would both lead to 
decrease in period of the oscillations as observed for the 
HT treatment (see Figs. 2A and 3A). Both the in vivo ef-
fects occurring upon HT stress, i.e. increase in k5 (posi-
tive control coefficient – Crafts-Brandner and Salvucci 
2000) and decrease in k6 (negative control coefficient – 
Crafts-Brandner and Law 2000, see our Fig. 4B) might 
lead to increase in period of the oscillations as observed 
for moderate HT treatment (see Fig. 2A). As the value of 
k4 in vivo was temperature independent (up to 38–45 °C; 
Weis 1981b, Kobza and Edwards 1987) and as there are 
no data in literature about HT-induced changes of k1, we 
could only speculate about their effects on period of the 
oscillations. 



D. LAZÁR et al. 

22 

As seen from the insert to Fig. 1, the initial amplitude 
of the oscillations (i.e. the amplitude of the first maxi-
mum in the oscillations) decreases with increasing HT 
stress and after even 5-min incubation at 45 °C the oscil-
lations disappear (i.e. they have zero initial amplitude). 
Therefore, evaluation of the control coefficients of the 
initial amplitude of the oscillations calculated for all rate 
constants and initial concentrations of the reactants in the 
model can be also helpful for better understanding of 
changes in the oscillations caused by HT. Table 1 shows 
that the highest control of the initial amplitude of the 
oscillations is by the initial concentration of NADP and 
NADPH and by the rate constant of NADPH formation 
from NADP (k10). As all three above mentioned control 
coefficients are positive, a suppression of NADPH forma-
tion upon HT treatment in vivo as deduced from changes 
in qP observed in vivo by us (Fig. 2C) and also suggested 
elsewhere (Pastens and Horton 1996b) would result in 
disappearance of the oscillations. This is in line with dis-
appearance of the simulated oscillations for higher de-
crease in k10 (Figs. 5D and 6). Decrease of the initial am-
plitude of the oscillations would be also caused by increa-
se (negative control coefficient) in the initial concentra-
tion of RuBP found for HT treatment in vivo (Kobza and 
Edwards 1987, Law and Crafts-Brandner 1999, Crafts-
Brandner and Law 2000). 

However, the initial amplitude of the oscillations can 
also increase with increasing HT treatment. The increase 
can be caused by a decrease in the initial concentration of 
PGA and RuBPCO-A (both have negative control coef-
ficients) which was both found for HT treatment in vivo 
(Kobza and Edwards 1987, Law and Crafts-Brandner 
1999, Crafts-Brandner and Law 2000, Rokka et al. 2001, 
Salvucci et al. 2001). Also an increase in k5 (positive 
control coefficient) suggested to occur in vivo upon HT 
stress (Crafts-Brandner and Salvucci 2000) as well as de-
crease in k6 (negative control coefficient) suggested to 
occur in vivo upon HT stress (Crafts-Brandner and Law 
2000) and measured by us (Fig. 4B) would both lead to 
an increase in the initial amplitude of the oscillations. 
Because of the reasons mentioned above when describing 
control of period of the oscillations by k1 and k4, we 
could only speculate also here about effect of k1 and k4 on 
the initial amplitude of the oscillations. 

Theoretical simulations of the oscillations and calcu-
lation of the control coefficients presented in Fig. 5 and 
Table 1, respectively, showed that period and the initial 
amplitude of the oscillations are affected not only by one 
factor (rate constant or initial amount) but all studied fac-
tors somehow affect parameters of the oscillations. This 
is in agreement with Ferimazova et al. (2002) who ap-
plied Fourier transformation for analysis of the fluores-
cence oscillations. They found that the measured oscilla-
tions consist from several partial oscillations charac-
terised by different frequencies indicating contribution of 
different processes. Also in the case of often-explored 
phenomenon of yeast glycolytic oscillations, the control 
of their parameters was shared by all parameters of the 
model (Teusink et al. 1996, Reijenga et al. 2002). There-
fore, it is impossible to strictly say which only one event 
is the origin of the oscillations. However, in the frame-
work of our theoretical model, the most pronounced 
changes in the period and amplitude of the oscillations 
were associated with reactions dealing with RuBPCO ac-
tivation status and NADPH formation, respectively. 

The control of period of the oscillations upon HT 
treatment mainly by RuBPCO activation status is due to a 
property of RuBPCO that it can undergo reversible inac-
tivation. Enzymes with this property are sometimes called 
´hysteretic´ or ´mnemonical´ enzymes and are common in 
regulatory enzymes (Roussel 1998). A key role of 
RuBPCO activation upon HT treatment is well known for 
the steady state rate of CO2 fixation (see above). More-
over, the activation status of RuBPCO also determines 
the rate of CO2 fixation under saturating concentration of 
CO2 (Crafts-Brandner and Salvucci 2000) that is in con-
trast to generally accepted view that the rate of CO2 fixa-
tion under saturating concentration of CO2 is determined 
by phosphate turnover (Caemmerer 2000). As the original 
model by Farquhar et al. (1980) and its derivatives that 
are now used for predictions of the rate of photosynthesis 
assume fully activated RuBPCO, a significant error can 
occur in the predictions (Bernacchi et al. 2001, Leuning 
2002, Medlyn et al. 2002). Therefore, when using models 
to predict the rate of photosynthesis, at least upon HT 
and/or high CO2 concentration, one must use corrections 
for the RuBPCO activation status (for review see 
Salvucci and Crafts-Brandner 2004). 
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Appendix 
 
A scheme of the model used for simulations of the photosynthetic oscillations is shown in Fig. 7. Even if the model is 
rather simple, it includes all necessary aspects of photosynthetic machinery that is, according to current knowledge (see 
the Introduction), probably involved in the photosynthetic oscillations. The model describes the three parts of Calvin 
cycle, i.e. ribulose-1,5-bisphosphate (RuBP) carboxylation to 3-phosphoglycerate (PGA) catalysed by active ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBPCOA, rate constant k1 – binding of RuBP and CO2 to RuBPCOA to form 
catalytic complex, and kcat – intrinsic carboxylation catalysed by RuBPCOA), PGA reduction to triosephosphate (TP, k2), 
and RuBP regeneration [k3 – overall formation of ribulose-5-phosphate (RuP) from TPs and k4 – restoration of RuBP 
from RuP].  

Reactions connected to activation status of RuBPCO are described in detail in the model by means of RuBPCO in-
activation from RuBPCOA to inactive RuBPCO (RuBPCOI, k5), activation of RuBPCOI by active RuBPCO activase 
(RuBPCO-AA) resulting in inactive RuBPCO-AI (k6), and activation of RuBPCO-AI to RuBPCO-AA by adenosine 5'-tri-
phosphate (ATP, k7). 

Formation of ATP from adenosine 5'-diphosphate (ADP) and orthophosphate (Pi) is subject of control by reduced ni-
cotinamide adenine dinucleotide phosphate (NADPH), i.e. velocity v of ATP formation is expressed as v = k8 [ADP](t) 
[Pi](t) [NADPH](t), where NADPH is a modifier of velocity of the reaction and concentration of NADPH is not changed 
by this reaction. Use of NADPH to control the rate of ATP formation by ATP synthase in thylakoid membrane reflects 
assumption that ATP formation requires proton accumulation in thylakoid lumen due to electron transport steps within 
the thylakoid membrane. Therefore, the higher number of electrons is transported from PS2 to nicotinamide adenine 
dinucleotide phosphate (NADP) to form NADPH (see below), the higher amount of protons accumulates in lumen 
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Fig. 7. Scheme of the model used for simulations of the photosynthetic oscillations. For meaning of reactants in the model, particular 
reactions, and rate constants see the Appendix. For the initial amount of the reactants in the model and values of the rate constants 
used for simulations of the oscillation at room temperature (denoted as control in Figs. 5 and 6) see Table 2. 
 
Table 2. Values of rate constants and initial amounts of reactants in the model used for simulation of the oscillations at room 
temperature (denoted as control in Figs. 5 and 6). Dimension of the rate constant: AmM-2 s-1; Bs-1; CmM-1 s-1. The values of rate 
constants and amounts of reactants were reported in: DCaemmerer et al. (1994), Mate et al. (1996), Viil et al. (1999); EYokota et al. 
(1996), Roussel (1998); FMott et al. (1993), Woodrow and Mott (1992), Yokota et al. (1996), Hammond et al. (1998a,b); GWoodrow 
and Mott (1992); HGiersch (1986), Woodrow and Mott (1993); IGiersch and Sivak (1991), Woodrow and Mott (1993); J3–5 mM total 
RuBPCO (Viil 1995, Roussel 1999); K1 RuBPCO-A tetramer per 5–10 RuBPCO hexamers (Mate et al. 1996); LRovers and Giersch 
(1995); MGiersch and Sivak (1991); Nassuming 7 µM CO2 in ambient (0.035 %) CO2 level (Viil 1995). 
 

Rate constant Used value Reported value Initial amount Used value [mM] Reported value [mM] 

k1
A 60 60 D TP   1 – 

k2
 A   2 – PGA 10 4–11 H 

k3
 B   0.03 – RuBP   5 5–6 I 

k4
 C   0.01 – RuP   1 – 

k5
 B   1 0.14 – 1 E Complex 0 – 

k6
 C   0.004 0.001 – 0.008 F RuBPCOA   2.5 – J 

k7
 C   0.004 0.004 G RuBPCOI   0.5 – J 

k8
 C   3 – RuBPCO-AA   0.5 – K 

k9
 B   0.001 – RuBPCO-AI   0.5 – K 

k10
 B   0.5 – NADP   0.8 0.4 L 

k11
 B   0.005 – NADPH   0.4 0.8 L 

k12
 B   0.4 – ATP   1 1 L 

k-12
 B   0.4 – ADP   1.5 1.5 L 

kcat
 B   3 2.6 – 3.5 D Pi   1 1 M 

   CO2   0.5 ~0.4 N 

 
that leads to faster rate of ATP formation. Further possibilities of control of NADPH and ATP formation used in simu-
lations of the photosynthetic oscillations are discussed in Rovers and Giersch (1995). 

Formation of NADPH from NADP (k10) is assumed to reflect function of all electron transport within thylakoid 
membrane starting from electron separation from water in oxygen evolving complex of PS2 and ending in reduction of 
NADP to NADPH by electrons delivered by all electron transport chain within thylakoid membrane to ferredoxin (a fi-
nal electron acceptor from PS1), employing ferredoxin:NADP+ oxidoreductase. Therefore, and because the model does 
not include description of function of PS2 from which fluorescence signal is emitted (for reviews see Krause and Weis 
1991, Dau 1994, Govindjee 1995, Lazár 1999), fluorescence at time t, as presented in Figs. 5 and 6, was assumed to be 
proportional to the concentration of NADPH at time t as it was suggested and discussed in Rovers and Giersch (1995) 
for the case of simulations of the photosynthetic oscillations. 

Effluxes of ATP and NADPH due to their consumptions in other reactions not included in the model are described 
by rate constants k9 and k11, respectively. 

Even if cytosolic TP and Pi are not included in the model, an exchange of chloroplastic TP (Pi) with cytosolic Pi (TP) 
by phosphate translocators is described by the reactions with rate constants k12 and k-12, respectively. It is because the 
amount of TP (Pi) that is leaving chloroplast is assumed to be replaced in chloroplast by the same amount of Pi (TP) 
from cytosol. Therefore, chloroplastic TP is ´changed´ to chloroplastic Pi and vice versa as it is described by the re- 
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actions with rate constants k12 and k-12. 
Except of ATP formation as described above, all other reactions followed mass action law. Time courses of reactants 

in the model were calculated numerically using the software Gepasi (see the Materials and methods). In this software, 
particular reactions are entered as shown in Fig. 7 and knowledge of appropriate set of ordinary differential equations is 
not necessary. Therefore, the differential equations are not presented here. 

The rate of CO2 fixation presented in Fig. 5A was calculated as kcat [Complex](t) (see Fig. 7). 
Values of the rate constants and initial amounts of reactants in the model used for simulations of the oscillations at 

room temperature (called and denoted as control in text and Figs. 5 and 6) are listed in. The amounts of reactants are 
steady state values that were measured in literature after some time of continuous irradiation as it was done in our expe-
riments. Values of some rate constants not reported in literature were determined by trial-and-error setting to obtain 
agreement between theoretical and experimental oscillations as it was used by Horton and Nicholson (1987) in the case 
of simulation of the photosynthetic oscillations. As the values of some rate constants were found in this way, it is not 
possible to simulate the fluorescence transition from low to high CO2 level as it was measured in the experiments 
(Fig. 1) because the values of the rate constants were set to simulate the oscillations upon high CO2 concentration and 
can be different for low CO2 concentration. Also the initial amounts of reactants can be different for low and high CO2 
concentrations (e.g. a way of RuBPCO inactivation is different if RuBPCO is carbamylated or not which could result in 
different amounts of active RuBPCO in different CO2 concentrations; for reviews see Spreitzer and Salvucci 2002, 
Salvucci and Crafts-Brandner 2004). Because we want to stress the role of RuBPCO activation status and NADPH in-
sufficiency in control of changes in the period and amplitude, respectively, of the oscillation caused by HT treatment 
upon high CO2 concentration, for this purpose it is not important to simulate exactly the fluorescence transition from low 
to high CO2 concentration. But note that keeping the values of the rate constants as listed in Table 2 and decreasing the 
CO2 concentration to values reported in literature for ambient atmosphere (see the legend to Table 2) resulted in no 
simulated oscillations (data not shown). 
 




