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FROM ELECTRON TO BIOMASS: A MECHANISTIC MODEL TO DESCRIBE
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A system of differential equations was presented
which describes the rate of linear and cyclic elec-
tron flow through photosystems II and I. The sys-
tem describes the rate of photochemistry in terms of
electrons generated that are available for cellular
metabolism, and results in a realistic description of
photosynthesis as a function of irradiance without
implicit assumptions for the relationship. The sys-
tem allows a concise and detailed simulation of flu-
orescence kinetics. The derivation of the general
degree of reduction (y,) and its application to trans-
late the rates of photochemistry (or measured fluo-
rescence yields) to steady-state rates of carbon
fixation and growth was shown. The efficiency of
light-limited photosynthesis (a) was shown to de-
pend on the cellular ratio of carbon to nitrogen. For
any given antenna size, o increases with nitrate as
N-source, and decreases with ammonium as
N-source, if the cellular carbon to nitrogen ratio of
the phytoplankton increases. Cyclic electron trans-
port around photosystem I increases the ratio of
ATP generated relative to linear electron (e”) flow.
The increase of ATP/e” is larger under extreme
light-limiting conditions. The long-known fact that
protein synthesis saturates at lower light intensities
than carbonate synthesis was explained in terms of
the decrease of ATP/e~ with increasing irradiance
and the higher ATP demand of protein synthesis.
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The importance of phototrophic microorganisms
and especially oceanic phytoplankton for life on earth
was never challenged. Most research on photosynthe-
sis, however, was driven by the need to investigate
photosynthetic growth, in order to optimize yields and
production rates of agricultural crops. While basic re-
search successfully unravelled structural and function-
al features of the photosynthetic machinery, applied
measurements focussed on the quantification of the
most prominent signals of photosynthesis (oxygen ev-
olution or carbon fixation) relative to irradiance. Many
theories and models were developed to describe these
so-called photosynthesis—irradiance (P/E) curves (Ban-
nister 1979, Gallegos and Platt 1981) and these models
were helpful to derive ecologically relevant photosyn-
thetic production rates. Fewer models were developed
that describe algal activity based on the biochemistry of
macromolecular compounds (Shuter 1979, Geider and
Platt 1986, Flynn et al. 1997, 2001, Flynn and Hipkin
1999, Flynn 2003). The increased awareness over the
last decades that phytoplankton significantly contrib-
utes to global biogeochemical cycles has further
stimulated the development of in silu measurement
techniques and/or satellite platforms to monitor the
amount and activity of phytoplankton (Behrenfeld
et al. 2005). These new technologies acquire accurate
data on large time and spatial scales. Logically, the
technologies converge on detecting optical signals, be-
cause they contain information on both the amount of
pigments as well as the photosynthetic activity of these
pigments. The photosynthetic models now place more
emphasis on light absorption and quantum yields
(Kiefer and Mitchell 1983, Falkowski et al. 1985,
Langdon 1987, Kroon et al. 1989), but still remain
rooted in concepts of P/E curves (Dubinsky et al. 1986,
Sakshaug et al. 1991, Baumert 1996).

Over the last decade, the fluorescence of photosyn-
thetic pigments (Govindjee 1995) and its tight linkage
to photochemistry led to the development of highly
sophisticated fluorometers (Schreiber et al. 1986, Trti-
lek et al. 1997, Kolber et al. 1998), which allow a fast
and non-intrusive measurement of photosynthetic
activity. This led to the development of mechanistic
models that quite accurately describe fluorescence
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phenomena (Trissl and Lavergne 1994, Stirbet et al.
1998, Lebedeva et al. 2002).

Overall, the different classes of recent photosynthet-
ic models either emphasize P/E relationships or meta-
bolic fluxes, and are less suited to derive information
from modern observation platforms, or they highlight
biophysical fluorescence characteristics and are less
suited to derive overall growth rates.

We propose a generalized model of phytoplankton
steady-state growth, integrating the main mechanisms
and processes in photosynthetic electron flow. It in-
cludes all intermediary steps from photon absorption
and charge separation at PSII up to the reduction of
the terminal electron carrier ferredoxin (Fd) at the end
of the electron transport chain. In particular, the mod-
el includes the representation of a free PQ pool inter-
acting with a Qg binding site at PSII, the cytochrome
b6/t (cyt b6/f) complex, the Q-cycle, the binding of Fd
to the cyt b6/f (which allows for cyclic electron trans-
port) and the electron transfer steps within PSI. Rates
of proton transfer across the thylakoid membrane and
ATP synthesis are easily derived. The pool-sizes of the
electron carriers as well as the composition and size of
the light harvesting system can be chosen at will. The
model represents a system of ordinary differential
equations which numerically describe the redox states
of all carriers as well as time dependent fluorescence
transients. Separate aspects of the model have been
discussed elsewhere (Trissl and Lavergne 1994, Le-
bedeva et al. 2002). The function of the model is to
investigate the roles of the individual structural ele-
ments of the photosynthetic electron transport chain
and of the electron flow with respect to various ob-
servable photosynthetic quantities (e.g. P/E curve,
growth rates) and fluorescence.

The differential equations describe photosynthesis
in terms of electron flow, its most elementary product.
The introduction of a parameter is needed to convert
electron flow into steady-state rates of growth or car-
bon fixation. Based on the principle of the conserva-
tion of elements, we derive such a conversion
parameter, the general degree of reduction for bio-
mass, v, (Roels 1983). The parameter v, has an impor-
tant physical meaning for photoautotrophs: v,
represents the number of electrons that are needed
to synthesize one mole of C biomass (i.e. the amount of
biomass that contains one mole of carbon). It is shown
that vy, closes the gap between the fluorescence based
parameters and the need to express photosynthesis in
terms of primary production and steady-state growth.
As a result of the photochemical nature of the model
on the one hand, and the translation to rates of carbon
fixation on the other hand, consequences of cyclic elec-
tron transport and cellular carbon to nitrogen ratios on
well-known growth characteristics are shown.

DERIVATION OF THE GENERAL DEGREE OF REDUCTION

A growing organism exchanges compounds with its envi-
ronment (Fig. 1). Five flows of compounds are considered here
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Fic. 1. Representation of a metabolizing photoautotrophic
organism exchanging compounds (biomass, carbon dioxide,
N-source, oxygen, and water) expressed as flows ¢,—¢5; with
the environment. For the atomic composition, only the elements
C, H, O, and N are considered here. The elemental compositions
for biomass and nitrogen source, which are used in the text, are
indicated in the figure.

for the growth of photoautotrophic organisms: biomass, nitro-
gen source, carbon dioxide, oxygen and water, depicted as ¢,
@2, 3, @4, and @5, respectively. We neglect excretion of dis-
solved organic carbon and assimilated nitrogen, although these
could be treated as other carbon- and nitrogen-specific flows.
For such a system, the rate of change of each compound equals
the sum of the rate of production (or consumption) of that
compound plus the rate of transport of that compound to (or
from) the system. From this so-called balance equation of the
compounds, one can also derive a balance equation for the ele-
ments that are contained in the compounds. There is no limit
to the number of elements that can be taken into account, but
we will consider four elements (C, H, O, and N) here. The
choice is based on the fact, that these elements make up 95% of
the mass of phytoplankton and because available data on ele-
mental composition include these elements. The elemental
composition of the biomass equals CH,, Oy, N, and that of a
given nitrogen source Cq,H,, O, N.,. Because elements are
conserved quantities in the biochemical reactions of an organ-
ism, the rate of change of each element equals 0.

Applied to a system of a photoautotrophic organism, as de-
picted in Fig. 1, the following equations are valid in stationary
state:

For carbon ¢ +dogo + @3 =0 (1)

For hydrogen A1Q; +a9Qy + 205 =0 (2)

For oxygen  bjo; +bo@y + 203 +20, + 05 =0  (3)

For nitrogen C1Q; + oo =0 (4)

We now have a system of four linear equations describing five
flows. Hence, if one (arbitrarily chosen) flow is known, the sys-
tem can be solved for the other four flows. Let us assume that
we know ¢y, the flow of oxygen. The solution for the flow for
biomass then becomes:

P
¢ =41 (5)
X
where
C1 (4(12 +as — 2b2)
Co

Yo =4+a —2b; — (6)
The symbol v,, as introduced in equation (5) and given by
equation (6), represents the general degree of reduction of
biomass. An extensive overview on v, and its application on the
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energetics of (non-phototrophic) microbial growth is given by
Roels (1983). In the special case of photoautotrophic organ-
isms, v, has a particular meaning: its value is equal to the
number of moles of electrons required to synthesize one mole
of C biomass from carbon dioxide and a nitrogen source. Thus,
v, offers a tool to convert the rate of photosynthetic electron
production into other flows of compounds (notably carbon di-
oxide, oxygen and cellular biomass).

If the elemental compositions of biomass and nitrogen
source are known, v, can be calculated from equation (6). In
case nitrate or ammonium is the nitrogen source (and hence,
ds equals 0), v, can also be determined from the assimilatory
quotient (AQ, the quotient of moles of CO, absorbed and ox-
ygen evolved), which is the ratio of the flow of carbon dioxide
and oxygen. This can be shown with the help of the solution
for the flow of carbon dioxide, which is given by:

@4(dact — )
9 = 4 —_— 7
P3 o (7)
In case ds = 0, it follows that
Py
Q3 =—4— 8
3 T (8)
By using the definition of the AQ
Ps3
AQ =-—— 9
Q o, 9)
we can rewrite equation (8) in the form of:
4
Tx = rQ (10)

From this equation it is quite evident that in line measurements
of AQ (and hence, v,) contain valuable information on the bi-
ochemical pathway that is synthesizing the cellular biomass.
Because biomass is mainly composed of carbohydrate, protein
and lipid, the values for v, can range from 4.00 to 6.45 when
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the biomass would be exclusively composed of carbohydrate or
lipid, respectively (Table 1). Based on the few phytoplankton
species for which data were available to derive y,, Table 1 shows
a rather limited range of values from 4.13 to 5.97. Further-
more, the derived C/N ratios show a realistic variation around
a Redfield ratio of 6.6.

Under the restriction that oxygen-consuming reactions are
negligible during photosynthesis, four electrons (with flow ¢.)
are needed to liberate one oxygen molecule from water. Ap-
plied to equation (8), and neglecting the direction of the flow, it
follows:

Pe
. = —= 11
Ps v (11)

¢, is not directly observable, but its value is a function of the
rate of electron transfer through all components of the Z-
scheme, ranging from PSII to Fd. With the advent of high
quality fluorometers, it is now possible to routinely measure
the quantum yield of fluorescence from PSII. The fluorescence
quantum yield is now widely accepted to be largely dependent
on the redox state of the first primary acceptor, Q,, of PSII.
The redox state of Q4, however, depends on all components
that drive the photosynthetic reactions. In the following sec-
tion, a model will be developed based on existing structures
and known rate constants for all components of the Z-scheme.
This model simulates the electron flow through the entire
electron transport chain as a function of irradiance with a min-
imal time resolution of several hundreds of nanoseconds. The
impact of photon flux density on the rate of carbon fixation
can be examined after a conversion of the flux of electrons
to carbon using y,. Adaptive responses are not taken into
account explicitly, but can be understood as changes in either
a change in photosynthetic reactions, or as a change in the
pool-size of the main macromolecules of a cell, reflected by a
change in v,.

TasLe 1. The elemental composition for the shown phytoplankton species was calculated from reported data on macromo-
lecular composition as percentage ash-free dry weight, using the shown elemental composition of carbohydrate, lipid, and

protein.
% Ash-free dry weight Gram in percentage mol:mol C Vs -AQ

Species Protein Carbohydrate Lipid C H (¢} N C H (¢] N  C/Nrato NO3 NHj NO3 NHf
Prasinophyceae

Tetraselmis maculata® 68 20 4 47 6 26 12 1 1.63 0.42 0.22 448 5.92 4.13 0.68 0.97
Chlorophyceae

Dunaliella salina® 58 32 7 49 7 30 10 1 1.64 0.46 0.18 549 5.63 4.17 0.71 0.96
Bacillariophyceae

Chaetoceros sp.” 49 9 10 36 5 17 9 1 1.69 0.36 0.21 4.77 5.97 4.29 0.67 0.93

Coscinodiscus sp.” 61 34 8 52 7 32 11 1 1.64 0.46 0.18 5.565 5.62 4.18 0.71 0.96

Phaeodactylum tricornutum® 36 26 7 3% 5 22 6 1 1.65 048 0.16 6.33 5.49 4.22 0.73 0.95

Skeletonema costatum* 58 33 7 49 7 31 10 1 1.64 0.47 0.18 5.54 5.61 4.17 0.71 0.96
Chrysophyceae

Monochrysis lutheri® 53 34 13 51 7 31 10 1 1.65 0.45 0.16 6.25 5.54 4.26 0.72 0.94
Dinophyceae

Amphidinium carteri® 36 39 23 52 7 31 7 1 1.67 046 0.11 9.21 5.3 4.43 0.75 0.90

Exuviella sp.® 35 42 17 48 7 32 6 1 1.67 049 0.11 8.91 5.25 4.35 0.76 0.92
Myxophyceae

Agmenellum quadruplicatum® 44 38 16 51 7 31 8 1 1.66 0.47 0.13 743 54 4.32 0.74 0.93
Macromolecular compounds

Carbohydrate 0 100 0 444 6.2 494 0.0 1 1.67 0.83 0.00 - 4.00 4.00 1.00 1.00

Lipid 0 0 100 69.1 10.0 179 0.6 1 1.74 0.19 0.01 132.06 5.39 5.33 0.74 0.75

Protein 100 0 0 51.3 69 224 17.8 1 1.61 0.33 0.30 3.36 6.45 4.07 0.62 0.98

The C/N ratio results are directly obtained from the elemental composition. Values for v, and the assimilatory quotient (AQ) were
derived using equations (6) and (10), respectively, both for growth on nitrate and ammonium.

“Parsons et al. (1984),
PMorris (1981).
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DESCRIPTION OF THE ELECTRON TRANSPORT MODEL

The driving force behind photosynthetic electron
transport is the absorption of light (in pmol quanta-
m~?-s~ ") by the core and peripheral antennae of PSII
and PSI. The electrons are transported from water to
the terminal electron acceptor Fd through both linear
and non-linear pathways. Our model describes the rate
of electron flow in ¢~ -ms ™' in one photosynthetic re-
dox chain containing all electron carriers required for
the transfer of electrons from water through PSII to
PSI and Fd.

The photosynthetic electron transport chain in-
volves several components which may adopt different
redox states: mobile electron carriers (plastoquinone
PQ), plastocyanin PC, Fd) as well as carriers grouped
in protein complexes of PSII, cyt b6/f, and PSI. For
simplicity we have assumed that, on average, all com-
plexes of a given type (PSII, cyt b6/f, PSI) have the
same kinetic characteristics, and each one of them are
served by the same number of mobile carrier mole-
cules. For a homogeneous system, the electron trans-
port reactions can be described in terms of rate
equations for the concentrations of the components
in the individual redox states. For every possible redox
state of a complex or a mobile electron carrier we can
write down one balance equation, being an ordinary
differential equation that, in the most general terms,
reads

dc;
dt

where C; is the concentration of that component of the
electron transport chain, which adopts the ith redox
state. The right-hand side of the differential equation is
composed of two parts, one for the overall rate of pro-
duction (V;") and one for the overall rate of consump-
tion (V;7). Many processes of the electron transport
chain can contribute to the production and to the
depletion of a given C;. The overall rates V;" and V",
therefore, consist of sums of functions, each one of
them represent the rate of one individual reaction
(rate constant: k;). The flow diagrams of reactions
chains related to PSII, cyt b6/f, PSI are presented
in Figs. 2-4, and the individual reactions will be
described in more detail below. The details of translat-
ing the flow diagrams into equations are given in
Tables 3-8.

All electron transfer reactions within the PSII,
cyt b6/f, and PSI complexes are of first order (except
the oxidation of the primary electron donor of
PSI, which is of second order). Electron transfer be-
tween a protein complex and a mobile electron carrier
is described by equations of mass action type with
bimolecular rate constants. The summation of C;
(equation (12)) over all possible states i of a compo-
nent y yield the total concentration of that component
in the system:

Cy =) Ci, y=PSILcyt b6/f, PSI,PQ,PC,Fd (13)
(iy)

=V (Ci, k) = Vi (Ci, ky) (12)
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FiG. 2. The catalytic cycle of PSII. Each rectangle represents
a particular kinetic state determined by the redox state of the
involved electron carriers: Q4 and Qy, the primary and second-
ary quinone acceptors; PQ, plastoquinone; PQHs, plastoquinol.
PQ) is the oxidized form of the plastoquinone pool. The redox
states of Q4 and Qp are given in the superscripts. The charge
separation steps at PSIT are indicated by thick arrows. Designa-
tions at the boxes and at the arrows correspond to the state var-
iables (Table 3) and reaction rates (first column of Table 7),
respectively. Please note that in case of multiple appearance of a
particular box the state variable is identified once only.

In the present work, the stoichiometry of the compo-
nents was taken to be

Cpsit @ Gyt 2 Cpst 2 Cpq 2 Cpe @ Cra

14
=1:1:1:4:1:1 (14)

for the numerical simulations of fluorescence induc-
tion and P-E curves. For simplifying simulations, we
have introduced normalized state variables X; and
model parameters k,; by rescaling both, the concentra-
tions C; and the rate constants k; with a appropriate
power of a constant concentration Cy:

Ci
Co’
where v; is the order of the reaction j. Because of the
simple stoichiometry of PSII, cyt b6/f, and PSI com-
plexes (1:1:1, see equation (14)) we rescaled C; and k;

with the total concentrations of the individual protein
complexes:

-1

X = hy = kiCy (15)

Co = Cpsi1 = Cpgr = Cpsi (16)

Inserting equation (16) into equation (15) yields simple
interpretations of X; and k,;. In case that ¢ denotes one
of the possible states of PSII (cyt b6/f, PSI), the X; rep-
resents the fraction of PSII units (cyt b6/f complexes,
PSI units) in the ith redox state. For a homogeneous
PSII (cyt b6/f, PSI) population, the fraction X; corre-
sponds to the probability for the ith state of the com-
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Fic. 3. The catalytic cycle of the cytochrome b6/f complex.
The complex is here represented as Q,FeStb,b,Q;, which in-
volves the following carriers: Q, and Q;, the quinone oxidizing
and reducing sites; FeSf, the Rieske iron-sulfur center and f,
cytochrome f; byb,, cytochromes b6 at the positive (lumen) or
negative (stroma) side of the thylakoid membrane. Other carri-
ers involved are: PC, plastocyanin; PQ, oxidized plastoquinon;
PQH,, reduced plastoquinol; Fd, ferredoxin. The redox states of
the carriers are given in the superscripts. Designations at the
boxes and at the arrows correspond to the state variables (Table
3) and reaction rates (second column of Table 7), respectively.
Note, that the reactions bR9 through bR12 represent two pos-
sible pathways involved in cyclic PSI electron transport. Please
note that in case of multiple appearance of a particular box the
state variable is identified once only.

plex. Otherwise if ¢ denotes the reduced (oxidized)
state of an electron carrier, the X; represent the
number of reduced (oxidized) carriers per served pho-
tosystem, i.e. PSII for PQ and PSI for PC, Fd. The pa-
rameters k,; represent the inverse of the characteristic
times for the individual electron transfer reactions j. In
terms of the normalized quantities the set of rate equa-
tions (12) is given by

dX;

dt
with dimensionless state variables X; and normalized

rate constants k,; in m s~ ! The set of state variables
and rate constants used for all simulations are listed in

=V (Xi,ky) = Vi (Xisky) (17)
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Fic. 4. Electron transfer in PSI. The PSI complex is here
represented as the primary electron donor Py, (a chl dimer) and
the acceptor complex A A F,Fs5, which involves the following
carriers: A,, a single chl ¢; Ay, a phylloquinone (vitamin K1); F,,
the iron-sulfur cluster; Fap, the terminal iron-sulfur acceptors.
The redox states of the carriers are given in the superscripts.
Designations at the boxes and at the arrows correspond to the
state variables (Table 3) and reaction rates (third column of Table
7), respectively. Please note that in case of multiple appearance of
a particular box the state variable is identified once only.

Tables 3 and 4, respectively. In Table 4 we introduced
new symbols for the rate constants k,;, which describe
the type of reactions involved. If not otherwise stated
explicitly, the formulation of the individual reactions
and values for rate constants were based on values in
the literature (Crofts and Wraight 1983, Robinson and
Crofts 1983, Baker and Webber 1987, Cramer and
Knaff 1989, Whitmarsh and Govindjee 1995, Hippler
et al. 1998, Lazar 1999).

The description of photon absorption and charge
separation at PSII in the framework of model Equa-
tions 17 required the evaluation of the reduction rates
for the primary quinone acceptor Q, in every possible
open state of PSII complex (oxidized Q,). The rate of
Q4 reduction depends on several parameters, for ex-
ample photon flux density, absorption cross-section of
the antenna of PSII units, rate constants of exciton
trapping and radical pair creation (primary charge
separation). We used the exciton-radical-pair model
of Lavergne and Trissl (1995) to describe the radical
pair decay in an open centre through stabilization of
charge, i.e. reduction of Q4. The outcome of this mod-
el results in a simple analytical expression for the pho-
tochemical yield as a function of any of the possible
states of open PSII units. The photochemical yield of
PSI is not described as a function of antennae charac-
teristics, because its oxidized state is as good a quenc-
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TabLE2. The number of chl @, chl b, and chl (a +5) molecules in both PSII and PSI were modelled based on the pigment-
binding proteins (Simpson and Knoetzel 1996) of PSII (CP43 +47 containing 37 chl a; Lhcb3, Lhcb4, Lheb5, Lheb6 each
containing 14 chla and 8.45 chl b; and trimers of Lhcb1 plus Lhcb2 each containing 52 chl @ and 38.5 chl ) and of PSI (Core
with 90 chla; Lhcal, Lhca2, Lhca3, Lhca4 each with 10 chla and 2.8 chl b; and trimers of Lhcb1 plus Lheb2 each with 52 chla

and 38.5 chl b).

Number of proteins per PSIT

chl a/b molecules per PSII

Number of proteins per PSI chl a/b molecules per PSI

Lhcb3 to Trimers of Lhcal to Trimers of
Scenario CP43 +47 Lhcb6 Lhcb1/b2 chla chl b chla+b Core Lhca4 Lhcb1/b2 chla chl b chla+b
1 1 4 4 261 158 419 90 8 2 254 85 339
2 1 4 3.5 240 143 383 90 8 1 212 54 266
3 1 4 3 219 127 346 90 8 0 170 23 193
4 1 4 2.5 198 112 310 90 7 0 160 20 180
5 1 4 2 177 96 273 90 6 0 150 17 167
6 1 4 1.5 156 81 237 90 5 0 140 14 154
7 1 4 1 135 65 200 90 4 0 130 11 141
8 1 4 0.5 114 50 164 90 3 0 120 9 129
9 1 4 0 93 34 127 90 2 0 110 6 116

Nine scenarios for PSIT and PSI were chosen with varying amounts of peripheral antennae sizes as indicated by the numbers of chl a,

chl b and chl (¢ +b).

her of excitation energy as is its reduced form. There-
fore, the photochemical yield of PSI can be set to 1, its
maximum value. The auxiliaries and constants used
for calculation of the rates of stable charge separations
at PSII and PSI are given in Tables 5 and 6. Subse-
quent to the equations governing photon absorption
and charge separation at PSII, the reactions of the
electron transport pathway will be presented in three

main sections: from PSII to plastoquinol (PQH,), from
PQHS, to PC (including the Q-cycle of the cyt b6/f com-
plex), and from PSI to Fd. The rates for the reactions
of the three sections contributing to the right-hand
side of the equations (17) are given in Table 7. The
combination of these rates according to the flow dia-
grams shown in Figs. 2—4 yields the complete set of
ordinary differential equations (17) in terms of the

TasLE 3. Listing of state variables and their initial values (at ¢ = 0) used in the model.

Variable Unit Initial value Definition

X, None fom Fraction of PSIIs with oxidized Q4 and vacant Qg site

X, None 0 Fraction of PSIIs with reduced Q4 and vacant Qy site

X3 None x-%+1 Fraction of PSIIs with oxidized Q4 and oxidized Qg

Xy None 0 Fraction of PSIIs with reduced Q4 and oxidized Qg

X5 None 0 Fraction of PSIIs with reduced Q4 and reduced Qg

Xs None 0 Fraction of PSIIs with oxidized Q4 and reduced Qg

X5 None 0 Fraction of PSIIs with oxidized Q4 and doubly reduced Qg
Xy None 0 Fraction of PSIIs with reduced Q4 and doubly reduced Qy
Xy None 0 Number of plastoquinol per PSII

X0 None 4 Number of plastoquinone per PSII

X1 None 1 Fraction of cyt b6/t complexes in neutral state

X9 None 0 Fraction of cyt b6/f complexes with oxidized cyt f

Xis None 0 Fraction of cyt b6/f complexes with reduced Q, site

X4 none 0 Fraction of cyt b6/f complexes with one of the b hemes in reduced state
X5 None 0 As X4 additionally with oxidized cyt f

X6 None 0 As X5 additionally with reduced Q, site

X7 None 0 Fraction of cyt b6/f complexes with both b hemes in reduced state
X5 None 0 Fraction of cyt b6/f complexes with doubly protonated Q; site
X0 None 0 As X, with reduced ferredoxin at Q; site

Xso None 0 As X4 with reduced ferredoxin at Q; site

Xoy None 0 Number of reduced ferredoxin per PSI

Xoo None 1 Number of neutral ferredoxin per PSI

Xos None 0 Number of oxidized plastocyanin per PSI

Xo4 None 1 Number of neutral plastocyanin per PSI

Xos None 1 Fraction of PSIs with A A, F Fap 1n neutral state

Xog None 0 Fraction of PSIs with reduced Fup

Xor None 0 As Xo6 additionally with reduced Fy

Xog None 0 As Xy, additionally with reduced A,

Xog None 0 As Xog additionally with reduced A,

Xs0 None 1 Fraction of PSIs with P700 in neutral state

X1 None 0 Fraction of PSIs with oxidized P700

For the definition of x, see equation (24).
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Rate constant Unit Value Reactions Process
bk1 ms™ 5 bR1, bR4 Oxidation of b6/f by PC™*
bk2 ms™ 10 bR2, bR5 Re-oxidation of PQH, by b6/f
bk3 ms™' 0.99 bR3, bR6 Lumenal proton release by b6/f
bk4 ms™! 1 bR7 Stromal proton binding by b6/f
bk5 ms™ 5 bR8 Reduction of PQ at Q; site of b6/f
bk6 ms™! 2 bR9, bR12 Release of Fd from b6/f
kabE ms™! 1.733 qR17 Electron transfer between Q4 and Qy
kabO ms™! 4.621 qR12 Electron transfer between Q4 and Qy
kav ms™ 0.34 qR2, qR10 Release of PQ from PSII
kbackA ms™ 2.567 x 10~ * qR5, qR7, qR16, qR20 Charge recombination in PSII
kbackB ms! 2.77% x 10~° qR8, qR14 Charge recombination in PSII
kbaE ms™' 0.0347 qR18 Electron transfer between Q4 and Qy
kbaO ms™ 0.2718 qR13 Electron transfer between Q4 and Qp
ke ms™! 0.03 bR10, bR11 Docking of Fd™ to b6/f
kproo ms! 6.9 R4 PSI reduction of PC
kpqgh2 ms™ 2 qR3, qR11 Release of PQH, from PSII
PSI ms™! 0.2 R2a-d Reduction of Fd by PSI
kterm ms™' 0.12 R3 Terminal Fd re-oxidation
kva ms™ 0.86 qR1, gqR9 Docking of PQ to PSII

TaBLE5. Equations used for the calculation of the Q, reduction rates (qQR4, qR6, qR15, qR19 in Table 7) and the fluorescence

yield.
Auxiliary Unit Definition Comment
Excyy - @psyr; ms™! (GehaNart + enpNprr) PFD cfAH_J% Q, reduction rate in open PSII state i, i =1, 3, 6, 7
o (Table 3). Product of equations (20) and (22)
Excp- Dpg; ms! (GenuNar + S Nyr) PFD cf 1 Reduction rate for the FeS acceptor complex
AAF Fap. )
Bac Product of equation (21) and ®pg; =1
D None 1:?(]7 q=23X;, 1=1,3,6,7 Fluorescence yield
Jq
A None Parameter in Excy; - @psy;. Depends on biophysical
op (kuu + B+ kioss) rate constants for PSII (Table 6)
(B + kloss)(kUU + O(p +oq + kloss)
B None Parameter in ®. Depends on biophysical rate
krad constants
(B+kioss) for PSII (Table 6)
C None Parameter in @ Depends on biophysical rate
_ kraa (o + ot — B) constants
(B + kloss)(kUU + Ocp + otg + kloss) for PSII (Table 6)
] None Connectivity parameter in Excy; - ®psyp; and Oy
kuu (ap +oq —B) Depends on biophysical rate constants for PSII
(B + kloss)(kUU + Ap +oq + kloss) (Table 6)
% ns! o Term in A, C, and J. Involves the biophysical
kP ks rate constants for PSII (Table 6)
kO + ko + kG*
Ola ns™! oxlox Term in A, C, and J. Involves the biophysical
ki*kg rate constants for PSII (Table 6)
kO + ko + kX
B nst Term in A, B, C, and J. Involves the biophysical

redjred
kt kd
red red
kred 4k

rate constants for PSII (Table 6)

individual reactions involved in the photosynthetic

electron transport chain. The differential equations
for the individual state variables are listed in Table 8.

Photon absorption. The photons are absorbed by
the antennae pigments, and the excitation energy is
transferred to the two reaction centers, PSII and PSI.
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TasLE 6. Biophysical rate constants for PSII used in the exciton-radical-pair model of Trissl and Lavergne (1994).

Constant Value Unit Definition
ko™ Ndfi%b“ ns™! Trapping constant for open PSII centers. Depends on the number of chl a
and chl b molecules in PSII (Table 2)
ko 2.3 ns! Reduction of Q,
ko, 0.3 ns! Charge recombination in PSII units with open centers
k3 0.001 ns! Non-radiative losses of the radical pair in open centers
kyed N ns™! Trapping constant for closed PSII centers. Depends on the number of chl @ and

kred 0.34 ns!
kred 0.99 ns!
kUU 26 n 57l
Rioss 0.45 ns! Exciton losses
krad 0.084 ns™!

chl b molecules in PSII (Table 2)

Charge recombination in PSIT units with closed centers
Non-radiative losses of the radical pair in closed centers
Interunit exciton transfer

Radiative antennae decay

It is well known, that the number of the light absorb-
ing pigments changes as a function of the availability
of light. The pigments of both PSII and PSI are
bound to different proteins, and their structure and
binding capacities are known (Simpson and Knoetzel
1996). Based on this review, we formulated nine dif-
ferent scenarios for the number of chl ¢ and chl b
molecules in PSII and PSI (Table 2). These scenarios
reflect the antenna organization in green algae, and
could be extended by inclusion of chl ¢ or phycobili-
somes containing complexes.

The optical cross sections of chl @ (6,1 ,) and chl b
(Gent ») are 8.6749 x 107 2'm? chl ¢! and 9.1222 x
102" m® chl b7, respectively (Bidigare et al. 1990).
The optical cross-sections for PSII (ops;) and PSI
(ops1) can now be calculated with:

Gpsit = Ochl « Natt + Ochl s Npi1 (18)
6ps1 = Ochl ¢ Nal + Ocnl 5Npr (19)

TaBLE 7. Reaction rates for the reactions involved in elec-
tron transfer in PSII (Fig. 2), cyt b6/f complex (Fig. 3), and
PSI (Fig. 4).

PSII cyt b6/f PSI

qR1 =kva X, X, bR1 = bkl Xo3 Xy, Rla = Exc; Ops; X309 Xos

where N, i1, Ny, N1, and Ny are the number of chl a
and chl b molecules in PSII and PSI. The number of
chla and chl b molecules in PSII and PSI are presented
in Table 2. The rate of excitation Exc;; and Exc; (in
quanta-ms ') at both photosystems is now given by:

EXC[I = GPS[[PFD cf <20)

EXC] = GPS[PFD cf (21)

where PFD is the photon flux density (in pmol quan-
ta-m~2-s7 ") and cf (6.02 x 10'*) a conversion factor

TaBLE8. The set of ordinary differential equations describ-
ing the electron transport from PSII to ferredoxin. The
explicit anal;tical expressions for the reaction rates are giv-
en in Table

qR2 =kav X,

qR3 = kpgh2 X;

qR4 = Excyy @psir,
qR5 = kbackA X,
qR6 = Excyy CI)I’SIIJ
qR7 = kbackA X,
qR8 =kbackB X¢
qR9 =kva X, X,
qR10 = kav X,

qR11 =kpgh? Xy
qRI12 = kabO X,
qR13 = kbaO X¢
qR14 = kbackB X5
qR15 = Excyy @psing
qR16 = kbackA X5
qR17 = kabE X;
qR18 = kbaE X,
qR19 = Excy Opsir
qR20 = kbackA Xy

bR2 = bk2 X, Xo
bR3 = bk3 X5
bR4 = bkl X4 Xos
bR5 = bk2 X5 X,
bR6 = bk3 X6
bR7 = bk4 X5
bR8 = bk5 X1 X10
bRO = bk6 Xao
bRI10 =ke X14 Xo,
bR11 = ke X1, Xou
bR12 = bk6 X0

R1b = Exc; ®ps; X530 Xog
Rlc = Exc; ®ps; X3 Xo7
R1d = Exc; Ops Xs0 Xos

R2d = kpg; Xog Xoo
R2¢ = kpg; Xog Xoo
R2b = kpss Xo7 Xoo
R2a = kpg; Xog Xoo
R3 = kterm Xo,

R4 = kpr00 Xog X5

Equations used for the calculation of qR4, qR6, qR15, and

qR19 are given in Table 5.

Equation

Number Equation

ODE1 dX,/dt= —qR1+qR2+qR3 — qR4+ qR5

ODE2 dXy/dt = qR4 — qR9+ qR10+qR11 —qR5

ODE3 dXy/dt = qR1 —qR2 — qR6 4+ qR7 + qR8

ODE4 dX,/dt = qR6+qR9 — qR10 — qR12 4+ qR13 — qR7 4+ qR14
ODE5H dXy/dt = qR15 —qR17 + qR18 — qR16 — qR14

ODEG6 dXy/dt = qR12 —qR13 — qR15+qR16 — qR8

ODE7 dX/dt = qR17 —qR18 — qR3 — qR19+ qR20

ODES dXy/dt=qR19 — gR11 —qR20

ODE9 dXy/dt = qR3 +qR11 —bR2 —bR5 +bR8

ODE10 dX,y/dt = —qR1 —qR9+ qR2+ qR10+bR2 +bR5 —bR8
ODEI11 dX,,/dt =bR8 —bR1 —bR11

ODE12 dX,o/dt =bR1 —bR2

ODE13 dX,s/di =bR2 —DbR3

ODE14 dX,4/dt =bR3 —bR4 —bR10+bR12

ODEI15 dX,5/dt =bR4 —bR5

ODE16 dX,¢/dt =bR5 —bR6

ODE17 dX,,/dt =bR6 +bR9 — bR7

ODEI18 dX,¢/dt =bR7 —bR8

ODE19 dX,¢/dt =bR11 —bR12

ODE20 dXsy/dt =bR10 —bR9

ODE21 dXoy/dt = — R34+ R2a+ R2b+ R2c+ R2d —bR10—bR11
ODE22 dXysy/dl = R3 — R2a — R2b — R2¢ — R2d +bR9 +bR12
ODEZ23 dXysy/di = —bR1 —bR4 + R4

ODE24 dX,y/dt =bR1+DbR4 — R4

ODEZ25 dXyy/dt = —Rla+R2a

ODE26 dXy¢/dt = Rla— R2a— R1b+ R2b

ODE27 dX,7/dt = R1b — R2b — Rlc+ R2¢

ODEZ28 dXyy/dt = Rlc— R2c — R1d + R2d

ODE29 dXoy/dt = R1d — R2d

ODE30 dX;3¢/di = R4 —Rla—R1b—Rlc—RI1d

ODE31 dX;/dt = —R4+Rla+R1lb+Rlc+R1d
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to convert dimensions (umol to quanta, seconds to mil-
liseconds).

Charge Separation at PSII: Trissl and Lavergne
(1994) and Lavergne and Trissl (1995) developed a
model for the fluorescence and photochemical yields
as a function of the number of open PSII reaction
centers (i.e. centers with an oxidized Q,). The model
takes into account reversible exciton trapping by
open and closed PSII reaction centers and exciton
exchange between PSII units. The model calculations
comprise a random walk treatment where the exci-
tations may adopt different and mutually exclusive
states. In our model, we considered eight different
states of PSII, which are determined by the redox
states of Q4 and Qy (Fig. 2). Four states represent
closed centers: Qx, Qi Qs, QiQs, Qi Qi ", and
four states represent open centers: Q, QaQp,
QaQs , QaQ% . The original model of Trissl and La-
vergne (1994) does not differentiate between eight
possible states of PSII. However, the random walk
treatment proved to be suitable for calculating the
photochemical yield (®psyr;) for every possible open
Q4Qp redox state i. After a tedious but straightfor-
ward calculation we obtained the simple analytical
expression for @pgy;:

Xi

DQpsi1,; = Am (22)
where X; is the state variable for the open PSII unit in
state 7, and Z,X; is the sum of all open states. The
parameters ] (connectivity) and A in equation (22)
depend on first-order rate constants (Table 6) de-
scribing the primary processes in PSII. Finally,
multiplying equation (22) by the expression for the
rate of photon absorption (Excy) at PSII, which is
given in equation (20) yield the rates of Q, reduction
in every possible open state of PSII. The auxiliaries
for calculation of the Q4 reduction rates in different
PSII states are presented in Table 5.

It is noted here, that our description of Q, reduc-
tion does not involve the S-states of the PSII-bound
oxygen-evolving complex. The decision to leave out a
description of the S-states is that it would have in-
creased the number of ordinary differential equations
(ODEs) 4-fold while not changing the basic behavior of
the redox state of the system in response to light. The
known small effect of the S-States is a result of the fact
that a distribution of the S-states (with different elec-
tron transfer rates for each state) equilibrates already
after 10 to 20 photochemical events and therefore, can
only be observed after a carefully selected experimen-
tal set-up. Furthermore, our model is able to include
all transient phenomena in a typical Kautsky induction
experiment (see results), without invoking an expla-
nation based on S-States.

From PSII to plastoquinol. Within PSII electrons are
transported from Q, to Qp. Once doubly reduced,
the Qp molecule leaves its binding site and now joins
the PQH, pool. The reactions of the electron transfer
from PSII to PQH, are shown in Fig. 2 and the ac-

companying reaction rates are presented in the first
column of Table 7. The reactions qR4, qR6, qR15,
and qR19 describe charge separation at PSII and
subsequent charge stabilization with the transfer of
the electron to Q4. The reactions qR12, qR13, qR17,
and qR18 reflect the electron transfer between Q4
and Qg. Reactions qR1, qR2, qR9, and qR10 model
the binding and unbinding of Qp to its binding site at
the D1 protein. Reactions qR3 and qR11 represent
the release of doubly reduced Qp and concomitant
uptake of two protons from the stroma thylakoid to
give rise to the formation of PQH,. Reactions qR5,
qR7, qR8, qR14, qR16, and qR20 describe the relax-
ation of the reduced states of the Q,Qp complex in
darkness. The electron acceptor for these proposed
relaxation pathways is unknown, but must be present
in order to allow a complete restoration to a dark-
adapted state after exposure to light.

From plastoquinol to plastocyanin: Electron transfer
from PQH, to PSI proceeds through the cyt b6/f
complex and PC. The cyt b6/f complex consists of the
Rieske iron-sulfur center, two cytochromes b6, and
one cytochrome f. The complex has two quinone
binding sites (luminal (p) and stromal (n)) involved in
the redox conversions of PQ. By following a sequence
of events known as the Q-cycle, two protons are
transported from the chloroplast stroma to the thy-
lakoid lumen for every electron flowing through the
cyt b6/f complex from PQH, to PC. The PC shuttles
the electron to PSI. The reactions and reaction rates
of the Q-cycle pathway are presented in Fig. 3 and in
the second column of Table 7, respectively. The Ri-
eske iron-sulfur center and cytochrome f are treated
here as one complex (FeSf), so the internal electron
transfer steps are not given separately. Likewise,
the electron transfer between the low and high po-
tential cytochromes b6 (b, and b,, respectively) is
presented in one step as electron transfer to byb,,.
The reactions bR1 to bR3 describe the oxidation of
FeSf by oxidized PC and subsequent reduction of
FeSfand b,b, by transfer of two electrons from PQH,
at the Q, site with concomitant release of two protons
in the lumen. At this stage, the cytochrome b6/f com-
plex has one electron at the stroma side of the b,b,
complex. A second turn of the Q-cycle proceeds
similarly through reactions bR4 through bR6, now
followed by reaction bR7, the reduction of PQ at the
Q; side of the complex . The formation of a semiqui-
none at the Q; side after reaction bR3 is not shown
explicitly.

While known for many years, the exact biochemical
pathway for cyclic PSI transfer is still unclear. Here,
two possible interactions between Fd and cytochrome
b6/f are given (first, reactions bR11 and bR12 and sec-
ond, reactions bR9 and bR10). Reactions bR11 and
bR12 describe the first electron donation from re-
duced Fd leading to the reduction of b,. A second
step (bR9 and bR10) leads to a doubly reduced state of
byb,, which can then reduce PQ at the stroma side. In
this way, cyclic PSI transfer in itself does not lead to the
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release of protons into the lumen directly, but contrib-
utes to the formation of a proton gradient (ApH)
across the thylakoid membrane due to the uptake of
protons from the stroma. Furthermore, this cyclic
pathway auto-catalyzes a reduction of the PQ pool
without engagement of PSII. As a result, after several
turnovers of the cyclic pathway, reactions bR1 to bR8
(including disposition of protons at the stroma side)
can now proceed without PSII action.

From PSI to Fd. The PSI complex is modelled here
by the state of the primary electron donor Py, and
the FeS acceptor complex A,AFFap (Fig. 4). The
FeS designates the entire complex of acceptors: a sin-
gle chl @ (A,), a phylloquinone (A,), the iron-sulfur
cluster (Fy), and the terminal iron-sulfur acceptors
(Fap)- The reaction rates for the PSI catalytic cycle are
given in the third column of Table 7. Because PSI is a
good quencher of excitation energy in its oxidized as
well as in its reduced form, the quantum yield of PSI
(Dpsy) 1s not modelled as a function of antennae char-
acteristics (as is customary for ®pgyy ;). Consequently,
®pg; can be set to 1, its maximal value, while the ef-
fective quantum yield is given by the ratio of reduced
and oxidized P;o, (Harbinson and Baker 1989). After
charge separation at P, the electron transfer takes
place in four steps through the complex (reactions
Rla through R1d) and oxidized P, itself is reduced
by plastocyanin (reaction R4). No difference is made
whether a linear or a branched chain exists between
the iron-sulfur cluster F, and the terminal iron-sulfur
acceptors F,Fy. Reoxidation of the complex by Fd
and concomitant movement of the electrons through
the complex is given by reactions R2a through R2d.
Reaction R3 reflects the final reoxidation of reduced
Fd due to linear electron transport of the electron
transport chain. Reaction R3 in fact combines the ki-
netic properties of four enzymes, which serve as elec-
tron acceptors of Fd: Fd-NADP™ oxidoreductase
(FNR), Fd-nitrite oxidoreductase (FNiR), gluta-
mine-oxoglutarate aminotransferase (GOGAT), Fd-
thioredoxin oxidoreductase (FTR).

Numerical integration of ordinary differential equations
system (ODEs). Based on the reaction rates given in Ta-
ble 7, we translated the flow diagrams of reactions chains
related to PSII, cyt b6/f, and PSI (Figs. 2—4) into balance
equations. In this way, we obtained the explicit form of
the ODEs 17, which is presented in Table 8.

The software package Mathematica running under
UNIX on a SunBlade 150 workstation has been used
for numerically solving the set of model equations. The
numerical method used for the simulations was based
on the LSODE algorithm that detects whether the sys-
tem of differential equations is stift or not and uses the
most efficient method for numerical integration. This
method is provided by the Mathematica function
NDSolve, which for non-stiff systems uses the method
of Adams, while for stiff systems uses the method of
Gear. Because of its use of the Gear algorithm,
NDSolve is well suited to numerical integration of
ODE:s describing metabolic systems.

The initial values for the state variables of the dif-
ferential equation in Table 8 are chosen such, that they
reflect a dark adapted state. Different stoichiometries
of the components of the electron transport chain are
easily implemented by setting the initial condition of
the appropriate state variable to its desired value.
Here, we will adhere to a stoichiometry of unity for
all components except the PQ pool (see equation (14)).
Of particular importance is the fact, that in the dark-
adapted state the PQ (or Qg) bound to its D1 binding
site (QaQg) is in equilibrium with the free PQ pool
(qR1 =qR2, see Fig. 2 and first column of Table 7).
The QAQp dissociation constant can be expressed in
terms of fractions X; and X5 of open PSII centres at
time /= 0, and is denoted as

. X (t = O)Xlo(t = O) _ kav

K =27
X3t =0) kva

(23)

where X,o(t = 0) is the number of free PQ relative to
PSII in equilibrium with Q,Qg in darkness. We denote
by x the ratio of the Q,Qp dissociation constant and the
initial value of X, :

K

x = X =0) (24)

Then, assuming that in the dark the PSII centers adopt
only open states with empty or oxidized Qy, i.e.

Xi(t=0)+Xs(t=0) =1 (25)
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F16. 5. Example of the model output in terms of fluorescence
yield (@, see Table 5) simulating the technique of a fast repetition
rate fluorometer, which, in this case, leads to a multiple turnover
induction. Flashlets, each of 0.8 us duration with an intensity of
27500 pmol quanta-m?-s ', were applied with varying frequen-
cy between 81.97 kHz down to 815 Hz. The resulting excitation
pressure in quanta per reaction center and per second (g/RCI1/s)
is indicated next to the traces. Scenario 1 from Table 2 was taken
as antenna composition. The inset gives overall characteristics of
PSII using this antenna composition: Gpsi(m?), optical cross sec-
tion; ops;; (mol e~ -mol ™' quanta), maximum quantum yield;
J (=), connectivity parameter. F, (—) and F,, (—) denote the
minimum value (fluorescence with all centers open, q=1) and
the maximum value of ®; (fluorescence with all centers closed,
q = 0), respectively; F, =F,, — F,.
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we obtain the initial values of X; and Xj:

1
v Me=s0=gg (9

The initial values for all state variables are listed in the
third column of Table 3.
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FiG. 6. Photosynthesis (A), PSI cyclic electron transport (B),
and H* /e~ ratio (C) as a function of irradiance. The rate con-
stant of terminal Fd reoxidation was 0.12ms !, and the rate
constant for cyclic PSI electron transfer was 0.03ms ™' (closed
symbols), or 0 (open symbols). Antennae scenarios 2 (rectangles)
and 8 (circles) were simulated (see Table 2). For antenna scenario
2, 6psit and Gpgp are 3.386 x 10~ ¥ and 2.331 x 10~ '®*m?, re-
spectively; for antenna scenario 8, the cross-sections for PSII and
PST are 1.445 x 10~ '"® and 1.123 x 10~ '®*m?, respectively.
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F1G. 7. Photosynthesis as a function of irradiance. The sim-
ulations are based on antenna scenario 6 (see Table 2); the value
for the rate constant of Fd reoxidation (R3, third column of
Table 7) was increased from 0.15 to 150 ms ~ ' and are indicated
in the figure.

RESULTS

Numerical simulation of primary photosynthetic process-
es. There is no limit on the diversity of photosynthe-
sis-related phenomena that can be simulated with the
proposed model, ranging from fluorescence experi-
ments with a time resolution of several hundreds of
nanoseconds, to primary production rates on time
scales of hours. One example of how the system sim-
ulates a fast photochemical event is shown in Fig. 5.
With the availability of highly sophisticated fluoro-
meters, such as the fast repetition rate (FRR) fluoro-
meter, fluorescence measurements using flexible
measuring protocols can now routinely be carried
out. The FRR technique allows measurements of sin-
gle and multiple turnover induction curves, fast con-
secutive inductions, decay curves, and simple pulsed
saturation pulses against a background of any chosen
actinic irradiance level. By combining one or more of
such experimental techniques, the experimental data
contain sufficient information to infer all relevant
parameter values that together characterize primary
photosynthesis. In this work we do not intend to cal-
culate the precise values of the input parameters of
the model by fitting experimental data with theoret-
ical curves. However, by using literature data for the
rate constants it can be seen that, generally, the
integration of the model equations gives typical floure-
scence induction curves. Figure 5 shows the simula-
tion of the FRR experiment shown in Fig. 7 of Kolber
et al. (1998). Here, a sequence of 0.8 ps short light
flashes at varying frequency was used to induce mul-
tiple turnovers of PSII. The overall response is influ-
enced by processes including the entire electron
transport chain as well as by reactions related to car-
bon fixation. The transients that occur on the way to
the maximum value are related to intrinsic PSII prop-
erties as well as electron transfer steps up to Fd. The
decrease in fluorescence after reaching a maximal pla-
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teau is caused by the initiation of carbon fixation. Data
such as shown in Kolber et al. (1998) and simulated in
Fig. 5, where one sample is subjected to different
treatments without altering the sample, are well suit-
ed for determining the best choice of the essential
model parameters by applying a fitting procedure, but
this will be the objective of another paper.

Photosynthesis and cyclic PSI transfer: Running the
model over a range of light intensities generates a
typical P/E curve, with photosynthetic rate P,
(e~ -PSII~'-ms~"). The P/E curves are shown in
Fig. 6 for two different antennae scenarios (Table 2),
both with and without cyclic electron transfer around
PSI. The presence of cyclic electron transfer causes a
decrease in the maximum photosynthetic rate,
whereas a larger antenna size increases the slope of
the photosynthetic response at light limiting condi-
tions (Fig. 6A). Cyclic electron transport (the sum of
reactions bR10 and bR11, see second column of Table
7) increases in a similar, yet different dependence to
irradiance as compared with linear electron transfer
(Fig. 6B). The maximum rate of cyclic electron
transport does not coincide with the maximum rate
of linear electron transport, but reaches a maximum
before linear transport saturates. At higher light in-
tensities, cyclic transport decreases. Similar to linear
transfer, the absolute rate of cyclic electron transport
is larger with a larger antenna size. During linear
electron transfer a transport of protons across the
thylakoid membrane occurs at PSII during water
splitting with a stoichiometry of 1 H*/e ~, and dur-
ing the reoxidation of plastoquinol at the cytochrome
b6/f complex (with an active Q-cycle as in our model)
with a stoichiometry of 2H " /e~ (reactions bR3 and
bR6, see second column of Table 7 and Fig. 3). Cyclic
electron transfer (reactions bR10 and bR11, see sec-
ond column of Table 7) increases the H /e~ ratio at
the cyt b6/f site beyond the value of 3. Because ATP is
generated at a ratio 1 ATP per 3 or4 H (Mills 1996),
the rate of ATP synthesis at a given rate of photo-
chemistry is directly proportional to the H™ /e ™ ratio.
The H" /e~ ratio is maximal at limiting irradiance
and decreases with increasing irradiance (Fig. 6C).
The proton yield is not related to the antenna size
of PSII relative to PSI, but increases with smaller an-
tenna sizes. This characteristic has interesting conse-
quences for overall cell growth, which will be
discussed later.

The curvature and plateau value of P/E curves as
shown in Fig. 6A are systemic properties of the elec-
tron transport system and are not the result of a lim-
ited capacity to consume electrons in upstream
metabolic reactions (these processes are collectively
represented by the rate constant kierm, see reaction
R3, third column of Table 7). With the set of rate
constants given in Tables 4 and 5, P, saturates at a val-
ue of 0.2e~ -PSII ™' -ms ™' (which is the maximal rate
for completely uncoupled photosynthesis) as the ter-
minal rate of reoxidation of Fd approaches infinity
(Fig. 7).

The conversion of P, into the chl-specific photosyn-
thesis rate Py (g C-g~ ' chla-h ") only depends on v,
and the total number of chl a relative to PSII:

P — P. 3.6 x 10°ms 12 gC molchla
b (N, 11 + Nar) vy h mol C 893 gchla
(27)

Based on the P. value and on the quantum yield of
PSII, we can estimate the turnover time for the trans-
fer of one electron from water to a terminal acceptor.
The quantum yield of PSII (®psyy) is evaluated by using
the result of Lavergne and Trissl (1995), which consists
in an analytical expression for ®pgyy as a function of the
overall fraction (q= ZXZ;X;) of open PSII units. This
function can be recovered from equation (22) by the
sum of the individual contributions ®pgy,; of all open
PSII states ¢:

- a4 _gm U+]g
(I)PSII—Ziq)PSII,z—AI+Jq_(I)PSII 1+]q (28)

where

A

psyy = m (29)
is the maximum quantum yield of PSII at q=1. The
maximum uncoupled P, value corresponds to a Py of
about 11.5g C-g~ ' chl a-h~'. Then, the minimum
turnover time (1, in ms) required to transfer one elec-
tron from water to a terminal acceptor is equal to the
ratio of ®py;; and P.. The lowest value for t exists,
when PSII has the largest antenna size (scenario 1, Ta-
ble 2). Using the uncoupled value for P., t equals
3.6 ms. For the parameter values given in this paper,
3.6 ms is minimum time needed to proceed one elec-
tron through the electron transport chain. If cells are
grown under conditions, which maximize the con-
sumption of electrons, T should approximate 3.6 ms,
which has indeed been measured (t = 3.3 ms, Sukenik
et al. 1987).

Photosynthetic parameters derived from the model. The
rate of photosynthesis P. is numerically equal to re-
action R3 in the third column of Table 7. However, P,
is also equal to:

Pe = (DPSIIGPSIIPFDCf (30)
As the irradiance approaches 0, the change in P, rel-

ative to the change in PFD equals o, which is given
by:

dP
= L — 76 = L‘ — (I) 1
Qe 1Mprp OdPFD of IMprp—0PpsIIOPSII (3 )
or, after substituting equation (28) in equation (31):
: m (1+])q
oA = lePFDa()QPSIIGPSII?\]q (32)

where q is the sum of Q,, QAQg, QAQr and QAQ% ",
each a function of PFD.

When the system of differential equations from Ta-
ble 8 was solved at steady state and the solution for q
(which is an extremely large expression and not shown
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F16. 8. The definition of o. becomes dependent on connec-
tivity of the antennae (J), the amount of oxidized PQ and some
rate constants from Table 4 (kav, kva, kabO, kbaO), if the electron
transport chain does not reoxidize completely during dark ad-
aptation (see equation (34)). The percentile change in ¢ is shown
here relative to the trivial solution (equation (33)) as a function of
the equilibrium constant Ko (Ko = kabO/kbaO) for various com-
binations of |, the total PQ pool size and the equilibrium constant
Kon (Kon = kav/kva).

here) was substituted in equation (32), a trivial solution
for a. was found:

de = Qpgp Opsit (33)

where o, has dimensions of (mol e~ -PSII~!-ms~!)
(mol quanta-m~%-ms ')~ ' which reduces to mol e~ -
m?*-mol ' quanta- PSII~'. This solution is trivial, be-
cause all reduced components relax to their oxidized
state in darkness (and hence, the sum of all Q, and
0Q.Qgp states becomes 1) due to back-reactions qR5,
qR7, qR8, qR14, qR16 and qR20. There are several
occasions, however, where the contribution of these
back-reactions could become negligible: the dark ad-
aptation time before the measurement of o or ®pg;; 1is
short relative to the timescale of the back-reactions;
damage to the D1 protein (which is the binding site for
Qg), which is believed to occur after chronic high-light
or UVB exposure (Marshall et al. 2000), could deteri-
orate the relaxation of Qi or Q}~; interference of
cellular metabolism on the redox state of PQ (Quigg
et al. 2003) and in consequence, a sustained reduced
state the Q,Qp complex in darkness.

With a negligible contribution of the back-reactions,
equation (32) results in a form, which is different from
the trivial solution of equation (33):

2(14]) kva kabO PQ
kbaO kav + kva (kbaO + 2kabO (1 +J)) PQ

(34)

m
Oe = (DPSII Opsit

In order to estimate the sensitivity of the rate constants
on o, we introduced the equilibrium constants Kon =
kav/kva and Ko = kabO/kbaO in equation (34) and cal-
culated the percentile change in o, as a function of J,
Kon, Ko and PQ (Fig. 8) from equation:

12

-1

og(g C-m*mol”’ hv-g chl a)

—&— NH3-9 —O— NO3-9
—&— NH3-1 —0— NO3-1
—&— NH3-5 —&— NO3-5

4 5 6 7 8 9 10
C/N ratio (mol-mol™")

Fic. 9. The relation between o and the C/N ratio of the bio-
mass. In case nitrate is the nitrogen source, oy increases with
increasing C/N ratio (open symbols), whereas it decreases when
ammonium is the nitrogen source (closed symbols). The calcu-
lations were made for different antenna compositions (see Table
2): scenario 1 (squares), scenario 5 (triangles) and scenario 9
(circles).

2(1+4+]) Ko PQ
Kon+ (142 (1+]) Ko) PQ

de = QpgyOpsi (35)

As shown, o, values become reduced by 4%-18%, the
impact is stronger with low values for Ko, J, and PQ
and with high values for Kon.

The conversion of ¢, to the chl-specific value (o, as
(gC-g 'chla-h™') (mol quanta-m~%-h~ ')~ ! which
reduces to gC-m?-mol ™' quanta- g~ ' chl a) proceeds

in analogy to the conversion of P. into Py and is
given by:

. O 6.02 x 10% chla 12 g C mol chla
b (N1 + Nai)v, mol chl @ mol C 893 g chla
(36)

When o is derived from first principles as is shown
above for a,, its value only depends on intrinsic rate
constants and optical components of PSII. Its conver-
sion to the chl-specific value (o), as is usually reported
in literature and given by equation (36), shows that o
now also becomes dependent on the elemental com-
position of the biomass and the nitrogen source
(through v,). Furthermore, a5, as a consequence of
being expressed on the total amount of chl @, becomes
dependent on a pigment that is not exclusively as-
signed to PSII, but also to PSI. The overview of the
elemental composition of various phytoplankton spe-
cies (Table 1) shows that the fraction of H, O, and N
(expressed as the ratio of standard deviation and av-
erage, in percent) varies by 0.7%, 8%, and 23%, re-
spectively. In order to examine the effect of v, on ag,
we assumed a hypothetical cell whose elemental com-
position for C, H, and O reflects the average value of
all species, and we varied the molar ratio of N over a
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F16. 10. Owing to an increase in the antennae size (e.g., by
light limitation), the intrinsic PSII maximum quantum yield
(DFs1r) as well as F,/F,,, will decrease as energy losses have a larg-
er impact with a large antennae size. The larger antenna size
over-compensate energetic losses, and therefore, o. increases
with antenna size.

range from its minimum to its maximum value from
Table 1. In effect, values for vy, then range from 4.4 to
9.2 when calculated for both nitrate and ammonium as
nitrogen source. When nitrate is the N-source, oy in-
creases with increasing C/N ratios of the phytoplank-
ton biomass. In contrast, oy decreases with increasing
C/N ratio when ammonium is the N-source. Species
grown on ammonium show higher oy values in gen-
eral (Fig. 9).

Both the antennae sizes of PSII and PSI increase
with more severe light limitation. With a larger anten-
nae, the impact of energy losses from the pigment bed
in PSII increases, and ®ps;; as well as the fluorescence
parameter F,/F,, will decrease (Fig. 10). The increase
in the optical cross sections Gpsy1, however, over-com-
pensates the losses, and o, still increases with increas-
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Fic. 11. The relation between oy and the “antenna size” of
PSII (expressed as the total number of chl @ per PSII), shown for
increasing values for v,. oy initially increases with antennae size,
however, then decreases with a further enlargement of the nu-
merical ratio of chl a per PSII. The shape of the curve is slightly
more pronounced with increasing values for v,.
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ing antenna size. Because ag is expressed on the basis
of all chl g, it only increases with antennae size up to
some point, after which further decreases with increas-
ing light limitation, the effect being slightly more pro-
nounced with increasing v, (Fig. 11).

Derivation of growth rate. In this paper, we ex-
pressed vy, quantitatively relative to one mole of C
biomass. Thus, vy, equals the moles of electrons that
are needed to make one mole of C biomass. In anal-
ogy, it is possible to express the rate of photosynthesis
relative to one mole of C biomass (P, ):

P — P. 12g C mol chla
" O(N,; + Nu) mol C 893 ¢ chla

(37)

where 6 is the carbon to chla ratio (g C- g~ ' chla). As
indicated by Bannister (1979), it is possible to ex-
change 0 by an appropriate combination of ®
(g C-cell™"), n (number of PSII cell'), and s
((Ngrr 4+ Ngp) PSIT 1), since:

_ o N,y

" nsMwchla
where N,, is Avogadro’s number (6.02 x 102%) and
Mw chl a is the molecular weight of chl a.

The quotient of the quantity vy, and the flux P,
equals the time interval (Ty4) to double the biomass:

Yo _ YO
— — N1 Na
P.. P, (Narr + Nap)

" molC 893 gchla
12g C molchla

(38)

day
8.64 x 107ms

Ty
(39)

Using the well-known relation between growth rate (p)
and Tyg:

1
p = n() (40)

we now arrive at a final expression for the growth rate
as a function of photosynthetic electron flow:

P, 8.64 x 107ms
Yxe(Nall + Nal) daY
o 12g C molchla
molC 893gchla

n=In(2)

(41)

It is noted here, that the growth rate p represents the
gross productions rate because metabolic losses like
respiration and excretion are not taken into account in
equations (39)—(41).

DISCUSSION

The presented model allows a detailed analysis of
experimental data that describe photochemical effects.
One example of a rather complex fluorescence induc-
tion phenomenon that matches published data (Kolber
et al. 1998) rather well, without altering any of the
given rate constants as given in Tables 4 and 5, is
shown in Fig. 5. The agreement demonstrates the po-
tential of the model to further interpret fluorescence
measurements.
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Obviously, the description of the antenna systems
should be adapted to accommodate experiments
where cyanobacteria or chromophytes are concerned.
Extensions to the model are easily incorporated using
the presented set of equations. For example, state tran-
sitions are easily implemented by explicitly formulat-
ing the activity of a kinase and phosphatase, which will
dynamically alter the antenna size of PSII and PSI as a
function of the redox state of the PQ pool or the cyto-
chrome b6/f complex (Allen 1995). Likewise, by in-
cluding xanthophylls into the antenna system and
adding reversible rate reactions that describe the con-
version of energy-transferring to energy-dissipating
molecules (Schubert et al. 1994), one would extend
the applicability of the model to investigate effects of
non-photochemical quenching of photosynthesis as
well. Here, we focus on effects that are valid and in-
dependent of further refinements of the model.

The generally accepted view that an increase in oy
reflects an adaptive strategy to growth under light-lim-
ited conditions (which holds true for o, which is pho-
tochemically defined) can now be refined. First, for any
given antenna size (or level of light limitation), op in-
creases with nitrate as N-source, or decreases with am-
monium as N-source, if the carbon to nitrogen ratio of
the phytoplankton increases. Such behavior of oy
might be detected in field studies, when data are com-
pared with samples that have various C/N ratios orig-
inating from areas where new primary production
(N-source is nitrate) is dominant with data from areas
where regenerative production dominates (and hence,
with ammonium as N-source). Second, if environmen-
tal conditions impose a decrease in available light,
then ap will only increase with antenna size up to a
maximum, after which oy will start to decrease again.
This effect is slightly more pronounced, and oy, values
tend to be higher, with phytoplankton species that
have a higher vy, value. Lastly, prior to acquiring
data to derive oy, care should be taken to allow an ad-
equate pre-treatment of the samples, which allows a
relaxation of the intersystem electron carriers. This
pre-treatment might be a dark adaptation for undam-
aged cells, or might better be exposure to low light
prior to dark incubation, in case the D1 protein is
damaged, in order to allow for sufficient repair reac-
tions to take place.

The rate of cyclic electron transfer around PSI in-
creases with increasing irradiance to a temporary max-
imum, and the increase is larger with a larger PSI
antenna size or smaller PSII antenna size relative to
PSI. The maximal cyclic electron transport rate, how-
ever, saturates before the rate of linear electron trans-
port reaches its maximal value. Owing to the
differential demand for ATP and NADPH of various
biochemical pathways, it is the ratio between these two
photochemically generated compounds that exerts in-
fluence on the activity of biochemical pathways. The
ATP/NADPH ratio is proportionally dependent on the
ratio of the rate of H* transport into the luminal side
of the chloroplast relative to the rate of electron trans-

port. The H™" /e~ ratio is maximal at extreme low light
levels, and decreases with increasing irradiance. In
contrast to the rate of cyclic electron transport, the
H™/e™ ratio is less with a small PSI and/or PSII an-
tenna size, even when the antenna size of PSII relative
to PSI decreases. This result explains two long-known
phenomena (Morris 1981): first, protein synthesis sat-
urates at lower light intensities than carbohydrate syn-
thesis, simply because protein synthesis requires more
ATP. Synthesis of ATP is favored by a higher H" /e~
ratio, which occurs at low light intensities. Second, the
observation that short-term photosynthetic rates al-
ways exceed the steady-state rates at the growth irra-
diance from which the samples were taken might also
be explained using the behavior of H/e™ from
Fig. 6C, with an emphasis on the fact that a smaller
antenna size causes a higher H* /e~ ratio: for any spe-
cies growing at its maximal growth rate, antenna sizes
are small, and the overall metabolism is fine-tuned to
the available flux of ATP and NADPH. During the
measurement of the short-term P/E response curve,
the sample is subjected to irradiances which are less
than the growth irradiance. At that moment, the rate of
ATP synthesis increases relative to the rate of NADPH
synthesis, which will allow for an additional nutrient
uptake (especially nitrate) and/or stimulate protein
synthesis (directly, or through conversion of carbohy-
drate skeletons to protein). Subsequently, carbon fixa-
tion can now take place at an enhanced rate relative to
the rate that would have been possible if the cells were
grown at lower light levels. The lower the irradiance
the cells were grown at, and adapted to, the less pro-
nounced this enhancement effect will be.

Theoretically, the model as presented here could
describe photosynthesis of any particular species pure-
ly based on photochemical reactions. Such an applica-
tion of the model seems rather impractical, because it
would require a data set describing the pigment-pro-
tein structure of PSII and PSI, the molar ratios of all
electron carriers, rate constants of PSII and all electron
transfer steps, and v,. Nevertheless, the required data
set can be acquired by combination of fluorescence
measurements, biochemical analysis of the pigment-
protein complexes and elemental analysis of a species
(alternatively, a very accurate steady-state determina-
tion of AQ would suffice). Growth can only be predict-
ed if at least three variables of n, s, ® or 0 are known in
addition. Running the model for all antenna scenarios
(Table 2) and vy, values (Table 1), and varying the
final reoxidation rate of Fd and cyclic electron trans-
fer between 0.06-0.15 and 0-0.06 m/s, respectively,
yields Py values between 0.6-4.9g C-g~ ' chla-h™!
and oy values between 6.6-11.6 gC-m”-mol ' quan-
ta-g~ 'chla. Hence, Py and oy vary 7.8-fold and 1.7-
fold, respectively. We estimate 6, being 3.5-fold less
under conditions of maximum growth relative to con-
ditions when p approaches 0, to be in the range 3.25-
46.08 (Langdon 1988). The introduction of the carbon
to chl ¢ ratio 6 causes the maximum light-saturated
growth rate to vary 108-fold.
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Obviously, a better predictability of 8 would be wel-
come. To address the question on predicting the value
of 0, and thereby also the behavior of growth depend-
ent photo-adaptive processes, it is necessary to expand
the model and replace the empirical value of v, with
metabolic and regulatory pathways, of which the re-
quired level of detail remains to be determined. A first
step could be to replace the terminal rate of Fd reox-
idation by a description in terms of its known four ac-
ceptor enzymes: FNR, FNiR, GOGAT, and FTR. A
description of the activation of GOGAT would be of
direct importance to the rate of chl synthesis, because
glutamate is a key intermediate for pigment synthesis
(Precali and Falkowski 1983). The redox states of the
PQ-pool and/or the cytochrome b6/f complex are al-
ready explicitly given by the current model and could
serve to describe light dependent gene expression or
activation of enzymes.

If information on relevant enzymatic reactions (both
equations and in vivo kinetic parameters) of the me-
tabolism of an algal cell were available, it would in
principle be possible to apply detailed modelling to in-
terpret experimental data and predict the dynamic
behavior of cells under changing environmental con-
ditions and in the consequences of specific genetic
changes. This straightforward type of modelling means
translating the biochemistry into mathematics. The
limitation of this kind of approach, however, is the
lack of information on general regulatory and control
aspects of metabolism, as well as the fact that complete
data sets of good quality are more the exception than
the rule. We suggest a solution of considering the dy-
namic behavior of the cell on the different levels of the
time-scale hierarchy. The current model predicts the
short-term responses of algal cells to changes in pho-
ton flux density. Moreover, the derived general degree
of reduction (y,) closes the gap between a bottom up
description of photochemistry and phenomenological
photosynthetic parameters like o.. Here, algal biomass
synthesis is assumed to take place in the final steady
state (described in terms of v,) that results from a phys-
iological (longer than gene regulation) acclimation of
the cells to a constant environmental condition. A fu-
ture extension of the current model by taking into ac-
count the physiological acclimation of micro-algal cells
subjected to well defined changes in environmental
conditions will further enhance our understanding of
phytoplankton behavior in a dynamic environment.
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