Zeitschrift: Archives des sciences et compte rendu des séances de la Société
Herausgeber: Société de Physique et d'Histoire Naturelle de Geneve

Band: 48 (1995)

Heft: 1: Archives des Sciences

Artikel: Numerical simulation of the fluorescence induction in plants
Autor: Stirbet, Alexandrina D. / Strasser, Reto J.

DOl: https://doi.org/10.5169/seals-740242

Nutzungsbedingungen

Die ETH-Bibliothek ist die Anbieterin der digitalisierten Zeitschriften auf E-Periodica. Sie besitzt keine
Urheberrechte an den Zeitschriften und ist nicht verantwortlich fur deren Inhalte. Die Rechte liegen in
der Regel bei den Herausgebern beziehungsweise den externen Rechteinhabern. Das Veroffentlichen
von Bildern in Print- und Online-Publikationen sowie auf Social Media-Kanalen oder Webseiten ist nur
mit vorheriger Genehmigung der Rechteinhaber erlaubt. Mehr erfahren

Conditions d'utilisation

L'ETH Library est le fournisseur des revues numérisées. Elle ne détient aucun droit d'auteur sur les
revues et n'est pas responsable de leur contenu. En regle générale, les droits sont détenus par les
éditeurs ou les détenteurs de droits externes. La reproduction d'images dans des publications
imprimées ou en ligne ainsi que sur des canaux de médias sociaux ou des sites web n'est autorisée
gu'avec l'accord préalable des détenteurs des droits. En savoir plus

Terms of use

The ETH Library is the provider of the digitised journals. It does not own any copyrights to the journals
and is not responsible for their content. The rights usually lie with the publishers or the external rights
holders. Publishing images in print and online publications, as well as on social media channels or
websites, is only permitted with the prior consent of the rights holders. Find out more

Download PDF: 01.11.2025

ETH-Bibliothek Zurich, E-Periodica, https://www.e-periodica.ch


https://doi.org/10.5169/seals-740242
https://www.e-periodica.ch/digbib/terms?lang=de
https://www.e-periodica.ch/digbib/terms?lang=fr
https://www.e-periodica.ch/digbib/terms?lang=en

Archs Sci. Geneve Vol. 48 Fasc. | pp. 41-60 Mai 1995

NUMERICAL SIMULATION OF THE
FLUORESCENCE INDUCTION IN PLANTS

BY

Alexandrina D. STIRBET* & Reto J. STRASSER**

(Ms soumis le 25.02.1995, accepté aprés révision le 3.5.1995)

ABSTRACT

Numerical simulation of the fluorescence induction in plants. - The variable fluorescence in
the fast phase of chlorophyll a fluorescence induction phenomenon is closely related to the electron in
photosystem II (PS 1I) of plants, algae and cyanobacteria. We present here two theoretical models that
simulate successfully the experimental data on the O-J-I-P fluorescence transient using PS II reactions.
The "core" of both these proposed theoretical models are charge stabilization and the two-electron-gate
process on the acceptor side of PS II. The assumptions include: (1) PS Ils are homogeneous; (2) PS Ils
are unconnected; and (3) the redox reactions of PS Il obey a first order kinetics. The two models tested
are: (1) individual (in which the electron carriers Q and Qg have been considered to function as
individual entities); and (2) complex (in which the electron carriers Q5 and Qg have been considered to
function in pairs in the PS II reaction center complexes).

Data for dynamic analysis of both models were obtained through numerical integration of the
Ordinary Differential Equations (ODE). Livermore Solver of Ordinary Differential Equations with
Method Switching (LSODA) procedure was included in a specialized simulation software Gepasi. We
have considered as input parameters the initial concentrations of reactants and the rate constants for
redox reactions.

We have also verified our theoretical models by simulating fluorescence transients under three
different experimental conditions: (1) variation of the light intensity; (2) DCMU treatment; and (3) re-
exposure of the samples to actinic light after a defined period of darkness (double-hit experiments). The
theoretical curves obtained converge quite well toward the experimental ones, proving that the redox
reactions considered in our models are adequate for describing the fluorescence induction phenomenon,
and that the numerical simulation by using highly developed programs is a powerful tool to investigate
the dynamics of the primary reactions of photosynthesis.

Key-words: Photosynthesis, chlorophyll a fluorescence, fluorescence induction, numerical
simulation, mathematical modeling.

INTRODUCTION

The study of chlorophyll a fluorescence (a non invasive and intrinsic probe for the
photosynthetic apparatus) has generated a large amount of data regarding mechanisms
involved in photosynthesis, /1-4/. A special effect, that is still incompletely understood,
even though it was observed as early as 1931, /5/, is represented by the Kautsky effect,
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TaBLE 1|

The redox reactions taken into consideration in the two proposed theoretical models: complex model
and individual model.

COMPLEX MODEL INDIVIDUAL MODEL
[QaQb] [Qa] + [Qb]

R1 [QaQb—> Qa'Qb
R2 |QaQb” —> Qa Qb
R3 |QaQbZ - Qa Qb2 Qa - Q& Al
R4 |0QaQbH, —>QaQbH,
R5 ! Qal—QaUu

R6 | QaQb = QaQb Qa + Qb = Qa + Qb Rl
R7 | aaaob = Qaqb2- Qo +Qb" =Qa+Qb2 | R
R8 | QaQbZ" = QaQbH

2 2= =
A9 | 0a"Qb2"= Qa"QbH,) Qb®" = QbH, RIV
R10 | aaab” —> Qaab -
R11 | Qa-Qb = Qa"Qb ah = an RV

R12 QaObH2 = Qal +F'0H2

R13 | Qa"QbH, = Qa'U + PQH -
R 14 | Qal + PO = QaQb 2 QbH, + PQ = Qb + PQH, R VI
R15 | Qa’U + PQ = Qa™Qb

il R i PQH, = PQ AVI

also known as fluorescence induction or fluorescence transient. This effect is charac-
terized by a specific variation in time of the fluorescence intensity upon light exposure
of the photosynthetic apparatus following a period of darkness. This transient is over in
no more than several minutes, after which the fluorescence intensity is found to reach a
steady state value.

In the first moments, upon the light exposure, fluorescence rises from an initial
minimal value, Fo, to a maximal value, Fy, with two intermediate steps J and 1, /6-8/.
This is followed by the so called slow phase, when the fluorescence intensity diminishes
to a low value T (or F,) which is close to the value at Fj. Since the chlorophyll
concentration remains unchanged during the time of these measurements, the variation
in time of the fluorescence intensity has been considered to be due to the variation of the
quantum yield of fluorescence emission (between 2% and 10%), /9, 4/.
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TABLE 2

The values of the rate constants of redox reactions utilized in numerical simulation with individual
model and complex model. k1 and k2 are the rate constants for forward and reverse reactions
respectively.

COMPLEX MODEL |INDIVIDUAL MODEL

[QaQb] [Qa] + [Qb]
k1(s-1)|k2(s1) ki{s-1)|k2(s 1)

R1 1500 -

R2 1500 -

R3 [1500 - |r1 | 1500 | -

R4 J1500 -

RS 11500 -

R6 |1500 150 |R1I| 1500 ( 150

R7 | 2000 40 |R1II} 2000 410

R8 | 100 100
RS9 | 100 100
R10] 4000 -
R11| 4000 -
R12] 100 100
R13] 100 100

R14] 100 100
R15] 100 100

R16 1 - RVII] 1 -

RIV| 100 | 100

RV | 4000 =

RVI] 100 | 100

The interpretation of this fluorescent transient has been the subject of a large
number of published papers, /1, 2, 8/, based either on experimental data or theoretical
analysis. We now know a great deal about the primary processes of the photosystem 11,
that are linked to fluorescence transient: excitation energy transfer, and charge
separation, /4, 10-12/. A good approach and the understanding of the relationship
between fluorescence transient to the primary events in photosystem II (PS II), seems to
be the mathematical modeling of the assumed biochemical reactions involved, and the
comparison of the theoretically obtained results with the experimental data, as has been
attempted by Strasser, /11/, or by Trissl and coworkers, /12/. In this respect, the fast
phase of the fluorescence transient, in the millisecond time scale, has been linked to
several redox reactions. Previous models have focused either on the charge stabilization
reaction (DCMU experiments), /12, 13/, or on the two-electron gate process, /14-17/. In
the present work we use a mathematical model of PS II that simulates the O-J-1-P
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TABLE 3

The values of various parameters (rate constants — k1 and k2. equilibrium constant — K, and half-
time-t; 5) of redox reactions of PS II.

Reactions k or t K References
112 eq
k = 23.3s" (at 1 Wim?2) 15
Qalb — Oz Qb [k =150s (at40 Wim2) 14,17
lk =1055" (at 28 W/m2) 14 17
k= 758 (at20 W/m2) 14 17
3.5 (basic)
t _=100-200
112 B 98 (acid) i
t _=200-400ps 35
Qa Qb — QaQb™ |12 a
15-20 36
ky = 4600s; k,= 460 | 10 15
k, = 35005, k,= 17557 | 20 14,17
ty, = 400-600 pis 50 36
t,,, = 600-800 pis 35
Qa Qb — QaQb?k = 14005 ;k,= 28s| 50 15
k= 17505 ;k,= 35s| 50 14,17
k= 17505 ;k,=1750s"" 1 14,17,37
tp =1ms 15,33,38,39
QbH2’: prool 1 14,36,37
7 =
k,= 100s -k, =
ab+ pak, | L 10051 1 15
PO% |k = 30s7;k,= 30§ 1 17
leH2p00| L =12ms; {1, =100ms 33
pool k=1 17

curves of variable fluorescence (as measured in /6-8/). Moreover, this theoretical model
has been tested by simulation of the fluorescence induction obtained under different
experimental conditions: variation of light intensity, DCMU treatment at different light
intensities, and re-exposure of the samples to actinic illumination after a defined dark
period (double-hit experiments).
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FiG. 1.

Scheme of the electron transport reactions considered in the theoretical models. OEC: oxygen evolving
complex. Tyrz: primary electron donor to P680+. P: reaction center P680. Phe: pheophytin a. Qa:
primary bound plastoquinone. Qg: secondary bound plastoquinone. X: unknown electron acceptor. PQ:

THEORETICAL APPROACH

As the variable fluorescence is mostly due to the variations of fluorescence
emission associated with the antenna chlorophyll of photosystem II (see reviews in
Govindjee et al., /18/), we have considered only this photosystem in our theoretical
approach. In the first approximation we assume a homogeneous population of PS II,
without excitation transfer between different photosystems (separate unit model), /19/. It
is well known that during exposure of a green plant to light, of an intensity higher than
100 W/m2, the primary quinone acceptor (Qa) accumulates in its reduced form (Qa-).
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The fast phase of chlorophyll a fluorescence induction in plants: first illumination (first hit) of dark
adapted plants, and second illumination (second hit) after 10 s of darkness. Experimental data obtained
with a shutter-less system (Plant Efficiency Analyzer built by Hansatech Ltd.). (Also see /8/).

The net QA accumulates as the plastoquinone molecules of the PQ pool become
reduced (the reoxidation of plastoquinone by Cyt bg/f being the limiting reaction of the
linear electron transport chain, /20, 21/). The area above the fluorescence curve relative
to the maximal fluorescence reflects the number of electrons that are transported
through PS 11, /22/. Since oxidized Q4 is a strong quencher for the PS II fluorescence,
/23/, the accumulation of the reduced Qp seems to be the main factor that must be
considered when the fluorescence induction is analyzed.

The reaction center Chl a of PS II in its oxidized state, P680+, is also an efficient
fluorescence quencher, /24-26/, the excitation energy transferred by antenna pigments to
this cation has been suggested to dissipate rapidly through internal conversion to heat.
Under normal conditions there is no significant accumulation of P680+, as the abundant
water molecules keep it reduced via the Mn complex and the intermediate Z (tyrosine),
/4/. However, "in vitro", under continuous illumination, accumulation of P680+ can
occur, when the oxygen-evolving complex of PS Il is inhibited by exogenous chemicals
or heat treatment, /4, 27, 28/. In the present stage of our model we consider only indi-
rectly the electron donor side of PS II.



SIMULATION OF THE FLUORESCENCE INDUCTION 47

08}

06}

04t}

08}

06}

[Qa]

04}

08}

06

™

04

. 4

0.2
0.0001 0001 001 0.1 1 10

time (s)

FiG. 3.

The numerical simulated curves obtained with the individual model by modifying different initial

parameters (if not mentioned the parameters have the values indicated in Table 2). A: variation of the

initial number of plastoquinone molecules in PQ pool. B: variation of the rate constant of reaction V

(the electron transfer from Qg~ to an unidentified compounds X). C: variation of the rate constant of
reaction VII (reoxidation of PQH,).

We assume here that the Qa~ concentration is proportional to the variable fluo-
rescence intensity. In Figure 1 a diagram of electron transfer reactions, involving the
"two-electron gate", used in our numerical integration, is shown. The connection of the
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The numerical simulated curves obtained A: with individual model, and B: with complex model. The
utilized rate constants of the reactions are those presented in Table 2. Only curves 1 and 2 are directly
comparable between Figures A and B.
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The numerical simulated curves obtained with the individual model for different light intensities
(different rate constants of the reaction I — reduction of Qu). 1-5 curves: fluorescence transients of
DCMU treated plants; 6-10 curves: fluorescence transients of untreated plants. The insert shows that
already at an early stage (e.g., 50 to 300 ps) the slope of the curve with DCMU is appreciably higher
than without DCMU, even though the theoretical slope at the origin is the same for both curves.

reaction center P680 with the acceptor side of PS II is made through the reduction of Qa
via Pheophytin (Phe), while the oxidation of plastoquinol by Cyt be/f complex allows
the connection of PS II with PS 1.

Our computation has been made in two ways: (1) using the so called "individual
model”, where electron carriers Q4 and Qg have been considered as individual entities;
and (2) using a "complex model", where we take into consideration the fact that Q, and
Qp are to be found stoichiometricaly 1:1 (pairs) in most PS II reaction center
complexes. In Table I the redox reactions for these two models are presented (reactions
1-16 for the complex model, and I-VII for the individual model). Reactions 1-5 (Qa
reduction) are similar with the reaction I, and reactions 12-15 (removal of PQH, from
the complex, and binding of PQ at the complex) are represented by the global reaction
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The numerical simulation with the individual model of a double hit experiment for different values of
the rate constant of reaction V (the electron transfer from QB- to an unidentified compound X) in the
dark period. A: 1-4 curves — the fluorescence decays in darkness after 1 sec of illumination; B: 1H
curve — the first fluorescence transient. 1-4 curves — the second fluorescence transients after 10 sec of
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The numerical simulated curves obtained with the complex model for the second illumination after 10
sec of darkness. The rate constant of the reaction 9 (the electron transfer from Qg~ to an unidentified
compound X) in darkness was 5 s—1.

VI in the individual model. The theoretical value of the variable fluorescence intensity,
at any time, is considered to be the value of the Qa~ concentration. For the complex
model that means the sum of the all five redox forms of the reaction center complex
(QaQg, QaQp~, QaQp2-, Qa—QgH,, and QA-U). In this respect, the results have
been more easily obtained with the individual model, in which the concentration of Q-
1s directly calculated.

Our results do not show strong qualitative differences for the two models,
primarily because the major determinant for fluorescence yield changes in both cases is
QA concentration. Thus, the individual model is also adequate, in spite of its sim-

plicity.
NUMERICAL SIMULATION

Gepasi version 2 software, /29/, connected to a graphical package (GNUPLOT
version 3.5, /30/) and running under MS-Windows on an IBM PC, has been used to
generate all curbes corresponding to our theoretical models. With this software, the data
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for the dynamic analysis of the models are obtained through numerical integration of the
ordinary differential equations system (ODE) — derived in a classical treatment applied
to the redox reactions considered — describing time changes of the reactant concen-
trations. In a first approximation, we have considered that the chemical kinetics for the
reactions is of mass action type. The numerical algorithm used is the Livermore Solver
of Ordinary Differential Equations with Method Switching (LSODA) procedure, /31/,
which detects if the ODE system is stiff or not /32/ and then makes use of the most
efficient method for numerical integration — Adams or BDF (Backward Differentiating
Formula) /33/.

RESULTS AND DISCUSSIONS

During exposure to saturating light at room temperature, chlorophyll a fluo-
rescence of dark-adapted green plants show, in a semilogarithmic representation (log
time), a multiphasic variation characterized by the O-J-I-P sequence (see Figure 2
showing two curves), where F is the initial value of the emitted fluorescence, Fp is the
maximum fluorescence obtained, while Fj and Fy are two intermediate stages.

The numerical simulation with Gepasi software of these experimental curves
requires the utilization, as input parameters, of the initial concentrations of the reactants,
as well as of the rate constants for the redox reactions corresponding to the two models
— individual and complex. To understand the way these parameters could affect the
shape of the generated curves, characteristic results, obtained in the numerical simu-
lation of the individual model are shown in Figure 3. Except for the values mentioned in
the figure, the values of the initial parameters have the values indicated in Table 2.

In Figure 3A the time dependence of QA curves, obtained for different sizes of the
PQ pool (respectively 0, 5, 10 and 15 molecules) are shown. It can be seen that the time
interval between I and P increases with the number of PQ molecules, while the
maximum fluorescence P decreases. Thus, by changing this parameter we can modify
drastically the form of the O-J-1-P curves. In a linear time representation of the results it
can be easily seen that the area over the fluorescence curve is proportional to the size of
the PQ pool, in agreement with predictions from the literature, /22/. We realize that for
the fitting of our theoretical models with the experimental data, the knowledge of the
exact number of PQ molecules in our sample is very important, as was already shown
by Hsu, /15/.

Another example is given in Figure 3B, where the results obtained with different
values of the rate constant for the reaction V are shown. The reaction V is a charac-

teristic electron transfer from Qg— towards an unidentified compound (X in our models).
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We have introduced this reaction to modify the initiation time of the step I, which is
shifted from 8 ms to 30 ms, as this rate constant change from 0 to 4000. Moreover,
experiments with modulated fluorescence techniques bring evidences about the
supposed existence of such an electron acceptor X (unpublished results).

An interesting result has been obtained by changing the value of the rate constant
corresponding to reaction VII (reoxidation of PQH5). In Figure 3C we show that follow-
ing an initial modification from O to 25 in the rate constant of this reaction there is no
turther differentiation between the steps I and P. These types of curves have been
obtained experimentally with light-adapted plants (see Fig. 4B in /8/), in which the State
1-State 2 transition was achieved. We can suppose that after this transition, that leads to
changes in thylakoid structure and ion redistribution, the connection between the two
photosystems is improved. The studies of Joliot and Joliot, /34/, prove that the rate of
electron transfer from PS II to PS I is limited neither by the diffusion nor by the binding
of plastoquinol to Cyt bg/f complexes, but by electron transfer processes occurring within
the Cyt bg/f complexes, and that the rate of these limiting processes is very likely con-
trolled by the redox state of the high potential chain (cytochrome f and Rieske protein).

In Figure 4A we present the numerical simulation with the individual model. Curve
1 (the O-J-I-P theoretical curve) gives the time dependent variation in of Q5~ concen-
tration (all RCs closed), and the curves 2-4 give the time dependent variation in concen-
trations of the Qg-, Qg2- and QgHj>, respectively. We have found a specific distribution
in time of the reduced Qg forms: Qg~ appears to be predominant at the J step. However,
only very little of the Qg belongs to the closed complex Qa—Qg~ (see curves 2 and 4 in
Figure 4B, which is from the complex model). Therefore, the fluorescence intensity
observed at the step J is mainly due to the presence of Q4—Qp (compare curve 7 with
curves 2, 5 and 6 in Figure 4B). Qg2- dominates at the I step, while a mixture of Qg2-
and QgH> 1s built up at the P step. The input parameters have been so adjusted that the
initiation times as well as the corresponding amplitudes for J, I and P steps have values
comparable to the experimental ones.

The results shown in Figure 4B are obtained from the simulation by the complex
model. Curves 3-7 show the changes in time of the concentrations of the reaction center
complexes (RC) with Q4 in its reduced form: Qo—Qp, QaoQp~, Qo Qp2-, QoQgH», and
QAU (complex without Qg), respectively. Curve 1 simulates the variable fluorescence,
obtained as the sum of concentrations of the five redox forms of closed RCs. We found
that Q5 Qg is predominant at the J step. At the I and P steps all five RC forms are found
in a mixture, Q4—Qg?- and Q4—QgH, being predominant. The Q5~Qpg~ concentration is
quite small, due to the reactions 10 and 11 (oxidation of Qg~ by X), and its maximum
value is obtained in approximately one millisecond (the time domain of J step).
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Thus, both the models, individual and complex, can simulate an O-J-I-P profile.
Also, the distribution in time of the ditferent redox forms of reactants is similar in the
two models. The main contribution of Q5~Qg at the J step, the presence of Qg— (mainly
in the open form as QaQpg~) only at the J step, and the mixture of the redox forms
Qa—Qg2- and Qo—QgH, at the I and P steps are obtained. The main differences in the
kinetic results obtained with these models are related to the exchange process of Qg
with the PQ pool (reactions 12-15 in the complex model, and reaction VI in individual
model). The time of reaching the P level is slower for the complex model, when the rate
constants of the reactions 12-15 and VI have the values presented in Table 2.

The rate constant values utilized in numerical integration have been chosen as the
J, I and P steps become visible, and have the initiation times and intensisies close to the
experimental measured values. In this work we do not intend to evaluate the precise
values of these constants by fitting theoretical curves with experimental ones. However,
by comparing Table 2 (with the rate constant values of the redox reactions utilized in
our simulations) and Table 3 (with the rate constant values of the redox reactions found
in the literature), it can be seen that, generally, they are of the same order of magnitude.

The simulations of the O-J-I-P curve in itself do not prove the validity of our
theoretical models. They could be validated partially if the rate constants used agree
with the experimentally measured ones. A further verification would be achieved if our
models could simulate the results obtained in experiments in which some external
parameters are varied. We have therefore chosen to tests our model with other data on
green plants, /8/: i) in the presence of DCMU (that substitutes Qg and impairs
reoxidation, /41/), ii) transient upon exposure to different light intensity and iii)
transient after a second excitation (that we call double hit experiments).

Figure 5 shows the results obtained from the simulation by the individual model of
the fluorescence induction curves of plants treated with DCMU (the value of the rate
constant for reaction II, electron transport from Qa~ to Qg, is zero). Curves 1-5
correspond to different light intensities (the rate constant for reaction I, Qa to Qa~
reaction, has values from 500 to 2500). From our models the fluorescence has been
found to have an exponential shape and the saturation time to be inversely proportional
to the light intensity. We have attributed to the rate constant of the reaction I a value
that leads to saturation in a time interval similar to the experimentally observed one (1-2
ms, for the light intensity of 600 W/m2, /8/).

Figure 5, curves 6-10, also shows, simulated by the individual model, the O-J-I-P
curves obtained as a function of the light intensity (rate constant for reaction I has
values from 500 to 2500). It can be seen that the intermediate J, I and P steps are
specifically dependent on the light intensity. The initiation times are shorter (with
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higher amplitudes) at higher intensities. These results fit quite well with the
experimental results for medium light intensity, /8/. However, at low light intensity (k =
500) J is still quite well apparent on the simulated curve, while I is almost superimposed
by P in the ascending region of the curve. This is in disagreement with the experimental
data in which I is easily identified, J being less visible (see Fig. 3B in /8/).

Our simulation of double hit experiments (for which the illumination is repeated
after a relatively short period of darkness following the first light exposure) took into
consideration two new steps: the fluorescence decay corresponding to the dark period
and then the increase in fluorescence as a result of the second light exposure. In the dark
step we considered a zero value for the rate constant corresponding to the reaction I
(reduction of Qp) as well as for the reaction V (reoxidation of Qa~ via an unidentified
compound X) and reaction VII (reoxidation of PQH> via PS I), but all other constants
were given values identical with the values used during light exposure. Also, initial
concentrations of the reactants were assumed to be equal to the final values obtained
after the first light exposure (first hit). The simulation results for the dark period show
that after a relatively rapid decrease of the fluorescence (with a duration of 0.1 s) the
amplitude remains constant (about 40%). In order to stimulate the decrease of the
amplitude of the fluorescence toward zero (i.e., to get all Q4 in the oxidized form), the
rate constant for one of the reactions V and VII (or both of them) should have a non
zero value. In Figure 6A the results obtained for the fluorescence dark decay (10 s) with
different values of the rate constant of the reaction V (0, 5, 10, 15 and 20) are presented.
It is obvious from the Figure 6A that the fluorescence dark decay is not linear.

In order to simulate the "second hit" (the fluorescence transient in a second light
exposure after a determined dark period), we have used as initial concentrations for the
reactants the final concentrations given in our simulation for the dark step, considering
the reaction rates to be similar to those of the first light exposure. The curves obtained
with our simulation considering different values of the rate constant for reaction V are
shown in Figure 6B. At values higher than 20 for the rate constant of reaction V, the
second hit curve matches the first hit curve (apart from a greater value of F( for the
second hit curve) (see the curve 1). At values less than 20, J and I steps (J more than I)
are found to be higher, J being intense so that the I step is less distinctive (see the curves
2-5). The necessary times required to reach these steps are slightly shifted towards
higher values. For a zero value of the rate constant corresponding to the reaction V in
darkness, the simulated curve of the second hit (curve 5) looks like the experimental
curve for DCMU, besides the following discrepancies: the initial fluorescence level is
higher than F). and after the fluorescence reaches the maximum saturation level, a very
small decrease towards P level is observed (not easily seen in the curve presented). This
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decrease shows us that in normal plants (not inhibited by DCMU), Q4 1s not totally
reduced at the P level. The initial fluorescence for all these curves (Fy) is higher as the
leak of the electrons through the reaction V in darkness is smaller. The P level remains
at the same value as in the first hit. These results obtained in our simulations fit quite
well the experimental data (see Fig. 7 in /8/). However, often in experimental curves,
after reaching the J or I level, there is a decrease of the fluorescence intensity observed
(a dip), and so the I step is very well pronounced (see Fig. 1). We have been unable to
model this dip until now.

Simulation of the double hit experiment with our complex model yielded results
similar to that from individual model (curve 6 in Fig. 7, obtained for a second
illumination after 10 sec of darkness with the rate constant k = 5 for reaction V). The
redox forms of the QoQp complex with reduced Q4 have also been simulated (curves
1-5), and it can be seen that there are big differences between their time variation in
comparison with the first hit (see Fig. 4B curves 1-5).

CONCLUSIONS

From results presented in this paper, we conclude that the numerical data obtained
by the theoretical simulation of the rapid phase of the fluorescence induction with two
models — individual and complex — converge already quite well towards the experi-
mental data. The transient phases O, J, I and P have been successfully simulated here.
We have also verified the usefulness of the theoretical model by numerical simulation
of the experimental results obtained under different environmental conditions.

The results presented show that the numerical simulation by using highly deve-
loped software programs is a powerful tool to investigate the dynamics of the primary
reactions of photochemistry. We plan to extend our model mainly in two ways: 1) by
incorporating reactions on the water-splitting side of photosystem II, and 2) by intro-
ducing heterogeneity for different antenna architecture and heterogeneity on the
acceptor side of PS II. In this way it should be possible to simulate the fluorescence
dynamics of the photosynthetic apparatus under continuous light. Once one arrives at
this point the method would become useful to fit all the experimental data, and to
evaluate quantitatively the parameters of the model.
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RESUME

La fluorescence variable de la phase rapide de l'induction de la fluorescence de la
chlorophylle a est directement liée au transport d'électrons du photosysteme II (PS II)
des plantes, des algues et des cyanophycées. Nous présentons ici, deux modeles
théoriques qui simulent avec succes les valeurs expérimentales de la cinétique d'in-
duction O-J-I-P de la fluorescence en utilisant des réactions du PS II. Les points
centraux des deux modeles proposés sont la stabilisation des charges et le processus de
double réduction du c6té accepteur du PS II. Les suppositions suivantes ont été faites:
(1) Les PS II sont homogenes; (2) Les PS II ne sont pas connectés entre eux; et (3) les
réactions rédox du PS II suivent une cinétique de premier ordre. Les deux modeles
testés sont: (1) le modele individuel dans lequel les accepteurs d'électrons Qa et Qg sont
considérés comme étant des unités qui fonctionnent de maniere individuelle; (2) le
modele complexe dans lequel les accepteurs d'électrons Qp et Qg sont considérés
comme étant des unités qui fonctionnent de maniere indépendante, dans les centres de
réactions.

Les valeurs pour l'analyse dynamique des deux modeles ont ét€é obtenues par
intégration numérique des équations différentielles ordinaires (EDO). La procédure
"Livermore Solver of Ordinary Differential Equations with Method Switching”
(LSODA), était incluse dans un logiciel spécialisé de simulation Gepasi. Nous avons
considéré comme paramétres a introduire les concentrations initiales des réactifs et les
constantes de vitesse des réactions rédox.

Nous avons également vérifié nos modeles théoriques en simulant les cinétiques
d'induction de la fluorescence dans trois conditions expérimentales différentes: (1)
variation de l'intensité lumineuse; (2) traitement du DCMU; et (3) réexposition des
€chantillons a la lumiére actinique aprés une période définie a l'obscurité (expériences
avec illumination double). Les courbes théoriques obtenues s'apparentent bien avec les
courbes expérimentales. Ceci prouve que les réactions rédox utilisées dans nos modeles
sont adéquates pour décrire le phénomene de l'induction de la fluorescence et que la
simulation numérique utilisant des programmes hautement développés est un instrument
performant pour investiguer les dynamiques des réactions primaires de la photo-
synthese.
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