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NUMERICAL SIMULATION OL THE
LLUORESCENCE INDUCTION IN PLANTS

in

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

(Ms sounus le 25 02 1995. ai < epte apies rewsion le 3 5 1995)

ABSIRAO

Numerical simulation of the fluorescence induction in plants. - The variable fluorescence in
the fast phase ot chlorophyll a fluorescence induction phenomenon is closely related to the electron in

photosystem II (PS II) ol plants, algae and cyanobactena 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" ot both these proposed theoretical models are chaige stabilization and the two-electron-gate
process on the acceptor side of PS II. The assumptions include: (1) PS lis are homogeneous; (2) PS lis
are unconnected, and (1) the redox reactions of PS II obey a first order kinetics. The two models tested

are (1) individual (in which the electron carriers QA and Qg have been considered to function as

individual entities), and (2) complex (in which the electron carriers QA and Qg have been considered to
function in pairs in the PS II reaction center complexes).

Data lot dynamic analysis of both models weie obtained through numerical integration of the

Ordinary Differential Equations (ODE). Livermore Solver of Ordinary Ditfeiential 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 oui theoretical models by simulating fluorescence transients under three
different experimental conditions (I) vanation 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 tor describing the fluorescence induction phenomenon,
and that the numerical simulation by using highly developed programs is a powerful tool to investigate
the dynamics ot the pnmary reactions ot 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,

"University of Bucharest, Faculty ot Physics, Department of Biophysics, P O Box 5211, R-76900,
Bucharest, Romania

""University ot Geneva, Bioenergetics Laboratory. CFI-1254 Jussy, Geneva.
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Table 1

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

COMPLEX MODEL INDIVIDUAL MODEL

[QaQb] [Qa] + [Qb]

R 1

R 2

R 3

R4
R 5

R 6

R 7

R 8

R 9

RIO
R 11

QaQb —» Qa'Qb
QaQb" -» Qa'Qb"
QaQb2"-» Qa'Qb2"

QaQbH- ->Qa"QbH2
QaU -» Qa'U

Qa —» Qa

R 16

Qa'Qb QaQb" Qa" + Qb Qa + Qb"

Qa'Qb" QaQb2" Qa" + Qb" Qa + Qb2"

QaQb2" QaQbH2
Qa"Qb2"=Qa"QbH2

Qb2" QbH2

QaQb" —» QaQb
Qb" Qb

Qa'Qb"—» Qa'Qb

PQH2 PQ PQH2 PQ

R I

R II

Rill

RIV

RV

R 12 QaQbH2 QaU +PQH2
R 13 Qa"QbH2 Qa'U + PQH2

QaU + PQ s QaQb QbH2 + PQ Qb + PQH2R 14

R 15 Qa'U tPQ: Qa'Qb

R VII

also known as fluorescence induction or fluorescence transient. This effect is characterized

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, Fq, to a maximal value, Fp, with two intermediate steps J and I, /6-8/.

This is followed by the so called slow phase, when the fluorescence intensity diminishes

to a low value T (or Fs) which is close to the value at Fq. 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/.



SIMULATION OF THE FLUORESCENCE INDUCTION 43

Table 2

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

respectively

COMPLEX MODEL INDIVIDUAL MODEL

[QaQb] [Qa] + [Qb]

kl(s-l) k2(s"1) k1[s"1) k2(s-1)

R 1 1500 -

R 2 1500 -

R 3 1500 - R 1 1500 -
R 4 1500 -

R 5 1500 -

R 6 1500 150 R II 1500 150

R 7 2000 40 Rill 2000 40

R 8 100 100
RIV 100 100

R 9 100 100

R10 4000 _

RV 4000
R 11 4000

R 12 100 100
R 13 100 100

R VI 100 100
R 14 100 100
R 15 100 100

R 16 1 - R VII 1 -

The interpretation ot this fluorescent transient has been the subject of a large

number of published papers, /I, 2, 8/, based either on experimental data or theoretical

analysis. We now know a great deal about the primary processes of the photosystem II,
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, /ll/, 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-I-P
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Table 3

The values of various parameters (rate constants — kl and k2. equilibiium constant — KeL(, and halt-

time-ti/2) of redox reactions ot PS II

Reactions k 0r Kk,1/2
K

eq
References

QaQb — Qa"Qb

k 23.3 s"1 (at 1 W/m2) 15

k 150s"1 (at 40 W/m2 1 14 ,17

k=105s"1 (at 28 W/m21 14 ,17

k 75 s"1 (at 20 W/m2) 14 ,17

Qa" Qb QaQb"

*1/2 100"200PS
3.5 (basic)
98 (acid)

34

t 200-400 ps 35

15-20 36

K, 4600s"1; k2= 460s"1 10 15

\ 3500s"1; k2= 175s"1 20 14,17

Qa'Qb"- QaQb2'

t|/2 400-600 |js 50 36

*1/2 600-800 ps 35

K, 1400 s"1; k2= 28 s'1 50 15

K, 1750s"1; k2= 35 s"1 50 14,17

k1 1750s"1; k2 1750 s"1 1 14,17,37

QbH,+ PQ
2 pool

1

Qb + PQ H0
2pool

t|/2 1ms 15,33,38,39
1 14,36,37

Kj 100s"1;k2= 100 s"1 1 15

k1= 30s"1;k2= 30 s"1 1 17

P^poo.
P^ool

t|/2 12 ms; t^ =100 ms 33

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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[PQ] [PQH21

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. QB 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), / 191. 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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FIG 2

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 b^/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 II, 1221. Since oxidized Qa is a strong quencher for the PS II fluorescence,

/23/, the accumulation of the reduced Qa seems to be the main factor that must be

considered when the fluorescence induction is analyzed.

The reaction center Chi 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 II is inhibited by exogenous chemicals

or heat treatment, /4, 27, 28/. In the present stage of our model we consider only
indirectly the electron donor side of PS II.
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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 QB~ to an unidentified compounds X). C: variation of the rate constant of

reaction VII (reoxidation of PQH2).

We assume here that the Qa~ concentration is proportional to the variable

fluorescence 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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1e-06 1e-05 0.0001 0.001
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Fig. 4.

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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Fig. 5

The numerical simulated curves obtained with the individual model for different light intensities
(different rate constants of the reaction I — reduction of QA). 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 b&/f complex allows

the connection of PS II with PS I.

Our computation has been made in two ways: (I) using the so called "individual

model", where electron carriers QA and Qg have been considered as individual entities;

and (2) using a "complex model", where we take into consideration the fact that QA and

Qb 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 PQH2 from

the complex, and binding of PQ at the complex) are represented by the global reaction
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time (s)

time (s)

Fig 6

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

darkness.
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Fig 7.

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~'.

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
(Qa~Qb> Qa~Qb~> Qa~Qb2~ Qa~QbH2. and Qa~U). In this respect, the results have

been more easily obtained with the individual model, in which the concentration of Qa~
is 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

simplicity.

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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foi 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

concentrations. In a first approximation, we have considered that the chemical kinetics lor the

reactions is of mass action type The numerical algorithm used is the Livennore 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

fluorescence 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 Fq is the initial value of the emitted fluorescence, Fp is the

maximum fluorescence obtained, while Fj and F| 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, charactenstic results, obtained in the numerical simulation

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-I-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 characteristic

electron transfer from Qb~ 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 PQH2). In Figure 3C we show that following

an initial modification from 0 to 25 in the rate constant of this reaction there is no

further 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 b(Jf complexes, and that the rate of these limiting processes is very likely
controlled 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 Qa~ concentration

(all RCs closed), and the curves 2-4 give the time dependent variation in concentrations

of the Qb~, Qb2" and QbH2, respectively. We have found a specific distribution

in time of the reduced Qb forms: Qb" appears to be predominant at the J step. However,

only very little of the Qb" belongs to the closed complex Qa~Qb~ (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 Qa~Qb (compare curve 7 with

curves 2, 5 and 6 in Figure 4B). Qb2" dominates at the I step, while a mixture of Qb2~

and QbH2 is 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 Qa in its reduced form: Qa~Qb< Qa~Qb~ Qa~Qb2~> Qa~QbH2> and

Qa~U (complex without Qb), respectively. Curve 1 simulates the variable fluorescence,

obtained as the sum of concentrations of the five redox forms of closed RCs. We found

that Qa"Qb is predominant at the J step. At the I and P steps all five RC forms are found

in a mixture, Qa"Qb2~ an<I Qa"QbH2 being predominant. The Qa"Qb" concentration is

quite small, due to the reactions 10 and 11 (oxidation of Qb~ 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 different redox forms of reactants is similar in the

two models The mam contribution of Qa~Qb at the J step, the presence of Qb" (mainly

in the open form as QaQb") on'y at the J step, and the mixture of the redox forms

Qa~Qb2~ and Qa-QBH2 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 Qb

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 expeiimental 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 ordei 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/- l) in the presence of DCMU (that substitutes Qb and impairs
reoxidation, /41 /), u) transient upon exposure to different light intensity and m)
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 Qb, 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 1 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 Qa) as well as for the reaction V (reoxidation of Qa~ via an unidentified

compound X) and reaction VII (reoxidation of PQHi 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 Qa 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 Fo 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 Fo, 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), Qa is not totally
reduced at the P level. The initial fluorescence for all these curves (Fo) 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 QaQb complex with reduced Qa 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 experimental

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 developed

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

introducing 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 liee au transport d'electrons du photosysteme II (PS II)
des plantes, des algues et des cyanophycees. Nous presentons ici, deux modeles

theoriques qui simulent avec succes les valeurs experimentales de la cinetique d'in-

duction O-J-I-P de la fluorescence en utilisant des reactions du PS II. Les points

centraux des deux modeles proposes sont la stabilisation des charges et le processus de

double reduction du cote accepteur du PS II. Les suppositions suivantes ont ete faites:

(1) Les PS II sont homogenes; (2) Les PS II ne sont pas connectes entre eux, et (3) les

reactions redox du PS II suivent une cinetique de premier ordre Les deux modeles

testes sont: (1) le modele individuel dans lequel les accepteurs d'electrons Qa et Qg sont

consideres comme etant des unites qui fonctionnent de maniere individuelle; (2) le

modele complexe dans lequel les accepteurs d'electrons Qa et Qg sont consideres

comme etant des unites qui fonctionnent de maniere independante, dans les centres de

reactions.

Les valeurs pour l'analyse dynamique des deux modeles ont ete obtenues par

integration numenque des equations differentielles ordinaires (EDO). La procedure

"Livermoie Soher of Ordinary Differential Equations with Method Switching"

(LSODA), etait incluse dans un logiciel specialise de simulation Gepasi. Nous avons

considere comme parametres ä introduire les concentrations initiales des reactifs et les

constantes de vitesse des reactions redox.

Nous avons egalement venfie nos modeles theoriques en simulant les cinetiques

d'induction de la fluorescence dans trois conditions experimentales differentes: (1)

variation de l'intensite lumineuse; (2) traitement du DCMU, et (3) reexposition des

echantillons ä la lumiere actinique apres une penode definie ä l'obscunte (experiences

avec illumination double). Les courbes theoriques obtenues s'apparentent bien avec les

courbes experimentales. Ceci prouve que les reactions redox utihsees dans nos modeles

sont adequates pour deenre le phenomene de l'induction de la fluorescence et que la

simulation numenque utilisant des programmes hautement developpes est un instrument

performant pour investiguer les dynamiques des reactions primaires de la photo-

synthese
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