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Abstract

The light-dependent control of photosynthetic electron transport from plastoquinol (PQH,) through the cytochrome b f complex (Cyt bg f)
to plastocyanin (PC) and P700 (the donor pigment of Photosystem I, PSI) was investigated in laboratory-grown Helianthus annuus L.,
Nicotiana tabaccum L., and naturally-grown Solidago virgaurea L., Betula pendula Roth, and Tilia cordata P. Mill. leaves. Steady-state
illumination was interrupted (light—dark transient) or a high-intensity 10 ms light pulse was applied to reduce PQ and oxidise PC and P700
(pulse-dark transient) and the following re-reduction of P700" and PC" was recorded as leaf transmission measured differentially at 810-950
nm. The signal was deconvoluted into PC" and P700" components by oxidative (far-red) titration (V. Oja et al., Photosynth. Res. 78 (2003) 1—
15) and the PSI density was determined by reductive titration using single-turnover flashes (V. Oja et al., Biochim. Biophys. Acta 1658 (2004)
225-234). These innovations allowed the definition of the full light response curves of electron transport rate through Cyt b f to the PSI donors.
A significant down-regulation of Cyt b¢ f maximum turnover rate was discovered at low light intensities, which relaxed at medium light
intensities, and strengthened again at saturating irradiances. We explain the low-light regulation of Cyt b¢ f'in terms of inactivation of carbon
reduction cycle enzymes which increases flux resistance. Cyclic electron transport around PSI was measured as the difference between PSI
electron transport (determined from the light—dark transient) and PSII electron transport determined from chlorophyll fluorescence. Cyclic e~
transport was not detected at limiting light intensities. At saturating light the cyclic electron transport was present in some, but not all, leaves. We
explain variations in the magnitude of cyclic electron flow around PSI as resulting from the variable rate of non-photosynthetic ATP-consuming
processes in the chloroplast, not as a principle process that corrects imbalances in ATP/NADPH stoichiometry during photosynthesis.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction to PC while performing the Q-cycle [2,3]. As a result of the
latter, the transport of 2 e~ through the Cyt b f complex is
coupled to the transport of 4H" from the stroma to the
thylakoid lumen. The resulting proton-motive force (mainly
ApH) drives the synthesis of ATP, so that the equilibrium

ATP/(ADP - P;) is positively related to the ApH. When

Electron transport from PSII to PSI is under the tight
control of Cyt bg f[1], which oxidises PQH, and transfers e~
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photosynthesis is limited by availability of e~ acceptors
(e.g. restricted CO, supply due to closed stomata), both the
ATP/ADP ratio and equilibrium ApH increase and exert
thermodynamic counter-pressure to H' release during the
oxidation of PQH,. As a result, the e™ transport rate through
Cyt bg f complex decreases with increasing counter-pressure
of H". This phenomenon, termed “photosynthetic control”,
makes Cyt b¢ f'the actual rate-limiting step in photosynthesis,
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adjusting to downstream limitations such as CO, diffusion
through stomata or end-product synthesis rate [4,5].

The slow turnover of Cyt b¢ f causes the accumulation of
oxidised P700 [6]. The turnover rate of Cyt bgf has been
quantified based on the rate of e arrival to previously
oxidised P700", measured optically as a transient absorp-
tance change at about 810 nm [7]. The speed of post-
illumination P700" re-reduction varies about 3—4 times
depending on the external limitation of photosynthesis [8,9].
Such measurements have so far been carried out only under
saturating light, because pre-oxidation of P700 is required
for the measurement. Therefore, the control of Cyt b¢f
turnover under limiting light has remained unstudied. Early
evidence indicating no apparent change of Cyt bg f turnover
in the light-limited range of photosynthesis [7,8] could be
ascribed to an interplay between the increasing V,, of Cyt
bef and the decreasing substrate PQH, concentration with
decreasing PFD. Furthermore, the 810 nm transmission
signal is not a specific indicator of the P700" level because a
similar optical effect is generated by PC", which undergoes
a redox transient that is not proportional to P700" [10,11].
The post-illumination re-reduction transient observed using
the raw 810 nm signal is a coincidental, nearly exponential
overlapping of the two signals. As a result, the reported
exponential time constants are not quantitative, but only
apparent indicators of P700" re-reduction speed.

In this work we revisited the problem of regulation of Cyt
bgf turnover during photosynthesis using contemporary
techniques for determining PSI density and 810 nm signal
deconvolution. We reductively titrated the amount of P700 in
leaves, generating e~ from PSII with a single turnover flash
and measuring the optical effect when they arrived at PSI
[12]. We also applied the 810 nm signal deconvolution
algorithm, which allowed us to calculate the actual speed of
e arrival at the high-potential donors of PSI[13]. In order to
induce P700 oxidation under low light, we applied strong, yet
brief, saturation pulses to oxidise P700 but avoid inducing
changes in the control of Cyt bgf turnover [14]. These
innovations revealed that the control of Cyt b¢ f turnover is
active not only in the light-saturated range of photosynthesis,
but also during light-limitation. The successful quantification
of e transport rates through PSII and PSI showed that cyclic
e transport, calculated as the difference between PSI and
PSII rates, was under the threshold of detection in some
leaves, but present in others. This approach also allowed us to
compare non-photochemical quenching of PSII excitation
and photosynthetic control of Cyt bgf turnover, both of
which are believed to be ApH-controlled.

2. Materials and methods
2.1. Plant material

Sunflower (Helianthus annuus L.) and tobacco (Nicoti-
ana tabaccum L.), wild type, Cyt b¢ f deficient transgenic

[15] and Rubisco deficient transgenic [16] plants were
grown hydrponically under ‘high light” PFD of 600-800,
and ‘low light’ PFD of 40-60 pmol quantam s ', a 12/12
h day/night length and a temperature of 25/20 °C day/night.
Full-grown leaves attached to the plant were used in the
measurements. Plants of Solidago virgaurea L. and shoots
of Betula pendula Roth and Tilia cordata P. Mill. were
collected from the opposite ends of their occurrence along
the natural gradient of irradiance in a mixed deciduous
forest stand in Jarvselja, Estonia, 58°22'N, 27°20'E, and
transported to the laboratory [17].

2.2. Gas exchange measurements

The properties of the two-channel fast-response measure-
ment system (Fast-Est, Tartu, Estonia) have been described
[13,14,18]. A part of a leaf was enclosed in a sandwich-type
chamber (diameter=31 mm, height=3 mm) and flushed with
gas at a rate of 0.5 mmol s '. Leaf temperature was
stabilised at 22 °C and the water vapour pressure deficit of
the flushing gas was maintained at 1.7 kPa. Leaf transpira-
tion was recorded by use of a micro-psychrometer (Fast-Est,
Tartu, Estonia), enabling the calculation of the stomatal
conductance of the leaf. Desired O, and CO, concentrations
were generated by mixing pure cylinder gases at controlled
flow rates. Net CO, uptake by the leaf was measured with a
LI-6251 infrared gas analyser (LiCor, Lincoln, NE, USA).
Oxygen evolution from the leaf after a single turnover flash
was measured in the same flow-through system with a Zr—
oxide O, analyser Ametek S-3A (Thermox, Pittsburgh, PA).
For measurements of O, evolution the background O,
concentration was temporarily decreased to 30—100 pmol
mol ™" for no longer than 10 min.

The leaf chamber was illuminated through a multi-arm
plastic fibre-optic light guide (Fast-Est, Tartu, Estonia). Two
Schott KL 1500 (from H. Walz GmbH, Effeltrich, Germany)
tungsten halogen light sources equipped with necessary
filters provided actinic illumination (WL) and saturation
pulses of 10 000 pmol quantam ™2 s~ (duration 1.4 to 2.5 s,
dependent on actinic light for F';;, measurements, and 10 ms
for P700 oxidation). Computer-operated electro-pneumatic
shutters (Fast-Est, Tartu, Estonia) were installed in the KL
1500 sources to open and close the WL and saturation
beams with full pulse edges of 1.3 ms. Single-turnover
flashes (up to 60 pmol quanta m™~ from a Xe-lamp source, 4
us) were produced by a Machine Vision Strobe MV S-7060
(EG&G Optoelectronics, Salem, MA). Far-red light centred
at 720 nm (FRL) was provided with a KL 1500 incandescent
source equipped with an interference filter from Andover,
Salem, NH, USA. The incident WL (400-700 nm) was
measured by a LI-190SB quantum sensor (LiCor, Lincoln,
NE). The spectral distribution of the WL and FRL sources
and the absorption coefficient of the leaf were measured in a
home-made integrating sphere using spectro-radiometer PC-
2000 (Ocean Optics, Dunedin, FL) and the absorbed photon
fluence rates of WL and FRL were computed from the
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spectral distributions of the light source and leaf absorptance
[13]. PSI excitation rate, kiq (s~ 1), was calculated consid-
ering the relative optical cross-section of PSI, ay:

kiq = a\I /Ny (1)

where [ is the absorbed quantum fluence rate (PAD, pumol
quanta m 2 s~ ') and Nj is the PSI density (umol m ?)
determined as described below.

2.3. Relative optical cross-sections of PSII and PSI
antennae

The quantum yield of linear e~ transport supporting CO,
reduction and photorespiration was measured at limiting
PFDs and the same e~ flow rate was assumed to pass
through PSII and PSI (cyclic and pseudo-cyclic e~ transport
were neglected at low PFDs). Fluorescence-indicated losses
of quanta in PSII, and losses in PSI due to acceptor side
closure (indicated by pulse-oxidation of P700) were
considered, enabling the calculation of the fractions (ay
and a;) of the total absorbed quanta absorbed by PSII and
PSI, respectively [14,19,20].

2.4. Chlorophyll fluorescence and PSII electron transport

Chl fluorescence was measured using fibres covering an
ellipsoid of 1x2 cm® individually arranged between the
illumination fibres. The fibres were connected to a ED-101
emitter-detector unit of a PAM 101 fluorometer (H Walz,
Effeltrich, Germany). Fluorescence readings were corrected
for the cross-sensitivity of the detector to the emitter light,
saturation of the detector at high actinic PFDs, under-
saturation of the F, pulse, and for PSI fluorescence [21].
The PSII electron transport rate was calculated from
fluorescence according to [22], considering the actual
optical cross-section of PSII, ay;. PSI reduction rate by e~
coming from PSII, &k, was calculated considering the e~
flow rate and PSI density, V|, determined from reductive
titration (below):

Fon—Fs 1

ke = anl —— — 2
1F an Fo Nl’ ()

where [ is the absorbed photon fluence rate, Fg is the steady-
state and F, the pulse-saturated fluorescence yield in the
light.

Non-photochemical quenching of excitation (NPQ) is
presented as the rate constant of H'-dependent thermal
decay, calculated relative to the basic physically determined
rate constant [23,24]:

Fmd
NPQO=———1 3
0="2 1, G)

where F, is the pulse-saturated fluorescence yield in the
light-adapted state and F,q is the fully dark-adapted
(predawn) maximum fluorescence yield.

2.5. Differential leaf transmittance at 810-950 nm and
P700DW signal conversion

A bundle of fibres illuminating a 1 cm? area in the centre
of the top side of the leaf was connected to the emitter of a
modified dual-wavelength ED P700DW emitter-detector
module operating at 810 and 950 nm (H. Walz, Effeltrich,
Germany). A similar bundle on the rear side of the chamber
delivered transmitted measuring light to the detector. The
raw recorded signal from this device is termed ‘P700DW
signal’ below.

The P700DW signal, calibrated for full reduction in the
dark and full oxidation during a saturation pulse applied on
a background of FRL, was deconvoluted into PC" and
P700" components and presented as e per PSI in the high-
potential donors using the oxidative (far-red) titration
method [13]. The dark-reduced PSI donor side was re-
oxidised under FRL and the P700DW signal transient was
modelled assuming redox equilibrium between the PSI
donor side carriers Cyt f, PC and P700 (equilibrium
constants 25 between P700 and PC, and 63 between P700
and Cyt f, optical effect of one e~ in P700 was considered to
be 5 times greater than in PC). Best-fit relative pool sizes
(FeS+Cyt f)/P700 and PC/P700 were inferred from the
model. A mathematical algorithm was derived from the
model to convert the P700DW signal into the relative
number of e in these carriers per PSIL.

2.6. Determination of PSI density

The reductive titration of PSI by the e~ generated in PSII
was used to determine the absolute PSI density [12]. The
donor side of PSI was oxidised under FRL. A saturating
single turnover flash was applied and the FRL was turned
off simultaneously. The number of e~ generated from PSII
was calculated as 4 times integrated O, evolution [25]. The
change in the P700DW signal was recorded as these
electrons arrived at PSI. The P700DW signal was deconvo-
luted into P700" and PC" components and the number of e~
necessary for the full reduction of previously oxidised P700
was found. This value represented the PSI density.

2.7. Operation of the system and data recording

The system was operated and data were recorded using
an A/D converter board ADIO 1600 (ICS Advent, San
Diego, CA) and a system-operation and data-recording
program RECO (Fast-Est, Tartu, Estonia). A textual meta-
language script composed using a word processor executed
Turbo Pascal routines that in turn operated gas mixers, light
sources, and shutters in pre-programmed experiments.

2.8. Standard experimental routine

Stomatal opening was induced under PFD of 720 pmol
quanta m 2 s ' and the light response of photosynthesis
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Fig. 1. Light response curve of net CO, uptake of a high light-grown
sunflower leaf (filled squares and thick line) and of the rate of pulse-dark e~
arrival at PSI (open squares and dotted line, right ordinate). For comparison,
the post-pulse raw P700DW signal transient was approximated by an
exponential function and the reciprocal of the time constant (1/z, right
ordinate) is shown as a function of PAD (empty triangles and dashed line).
Incident photon flux density (PFD) was applied in the following order:
2000, 1310, 760, 438, 249, 138, 73, 35, 13, and 0 pmol quantam 2 s', 5
min exposure, CO, concentration 0.036%, O, concentration 21%, leaf
temperature 22-23 °C.

was measured by decreasing the PFD stepwise from 2000
to 0 pmol quanta m 2 s~'. The flushing gas contained
21% 0O, and 0.036% CO, (balance N,) and the leaf
temperature was 22 to 23 °C (Fig. 1). The exposure at
each light level lasted 5 min. At the end of each exposure,
the post-pulse P700DW signal transient was measured by
applying a 10 ms saturation pulse and then shuttering all
light off for 100 ms. The measurement was repeated 5
times after a 10 s stabilisation time, and the transients were
averaged. After a 10 s relaxation time, the post-illumina-
tion P700DW transient was measured by shuttering the
light off for 100 ms without the saturation pulse, also
repeated 5 times (this procedure was omitted at limiting
PFDs since the oxidation of the PSI donor side was very
low and no “re-reduction” could be recorded). After an
additional 10 s, the Chl fluorescence measuring beam was
turned on and the F and F,, values were recorded, after
which the actinic light was decreased to the next step in
the sequence. The millisecond-length pulsing and darken-
ing did not disturb steady-state photosynthesis. The
oxidative and reductive titrations of PSI were carried out
on the same leaf before measurement of the light response
curve.

The data are presented as e arrival rate at PSI or
excitation rate of PSI, in e~ per PSI s~ or quanta per PSI
s~'. The following system of denotations is used. The ¢~
arrival rate at PSI (e"s™') is denoted k; (subscript I
indicates PSI). A similar rate, but related to Cyt bgf, is
denoted kc. The second subscript at ki, and k¢, denotes
the maximum, substrate-saturated rate, analogous to V;,, of
an enzyme-catalysed reaction. The rate of PSII e trans-
port, calculated from fluorescence, but related to PSIL, is

denoted kyp, while the rate of PSI excitation by absorbed
quanta is denoted kg

3. Results

3.1. Post-illumination and post-pulse re-reduction of PSI e~
donors

Post-illumination and post-pulse P700DW signal tran-
sients were deconvoluted into P700" and PC" components
using the oxidative (far-red) titration method and trans-
formed into the number of e~ per PSI in the donor side
carriers (Cyt f+FeS)+PC+P700 (Fig. 2). The initial slope of
the deconvoluted light—dark (or pulse-dark) transient repre-
sents the e transport rate to PSL, in e s~ ' per PSI (actually,
the maximum slope of the pulse-dark transient was used
because the decreasing ferredoxin signal seemed to interfere
with the P700" and PC" signals at the beginning of the
transient). The pulse-dark rate corresponded to the max-
imum rate (V) of Cyt b¢f turnover, because the pulse
reduced the PQ pool and oxidised the donor side of PSI. As
explained above, we denote this rate as ky,, because it
depends not only on the rate of Cyt b f turnover, but also on
the ratio of active Cyt by f and PSI per leaf area,

kIm - kaNC/Nl (4)

where k¢, is the maximum rate of Cyt bg f turnover and N¢
and N are the area densities of photosynthetically active Cyt
bef and PSI complexes. Measurement of the actual steady-
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Fig. 2. Measurement of light-dark (triangles) and pulse-dark (diamonds)
transients and the transformation of the raw P700DW signal (filled
symbols, left ordinate) into the number of e~ per PSI (open symbols, right
ordinate) in the high-potential donors in a high light-grown sunflower leaf.
At time=0 either steady-state illumination was interrupted (triangles) or a 10
ms saturation pulse was applied and thereafter the leaf was darkened. The
rate of e~ arrival at PSI is presented by the initial (or maximum, see text)
slope of the transient. Steady-state PAD was 1520 pmol quanta m 2 s~ ';
values of light—dark and pulse-dark e~ arrival rates at PSI were 220 and 227
s~!, respectively. The recordings are averages of 5 traces.
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Fig. 3. Pulse-dark re-reduction of PSI donors in a sunflower leaf. The pulse
was applied at steady-state PAD of 1520 (empty diamonds), 342 (empty
squares), 28 (filled diamonds) and 0 pmol quanta m~2 s~ (filled squares)
and the respective ¢ arrival rates were 118, 213, 128 and 214 ¢ s~ ' per
PSI. In this leaf the ™ capacity of the PSI high-potential donors was 3.2 ¢/
PSI, distributed as 1 e in P700, 1.4 ¢~ in PC and 0.8 ¢ in Cyt f in the
fully reduced state.

state rate k; from the light—dark transient was possible only
at nearly and fully saturating PFDs, when the PSI donor side
became sufficiently oxidised. Under partial light limitation
k; was slower than ky,, but approached ky,, at full light
saturation.

Fig. 3 illustrates how kp,, is measured at different PFDs
in a sunflower leaf. The level of the deconvoluted signal
before the pulse presents the number of e~ in PSI donors
during steady-state illumination. In the dark the donors were
reduced and the sum of ¢~ amounted to 3.2 per PSI, shared
as 1 in P700, 1.4 in PC and 0.8 in Cyt f. Under low and
medium PFDs Cyt f became about one-half, and PC about
one-third, oxidised accounting for 2.4 e¢ /PSI. Under the
high PFD only 0.45 ¢ /PSI remained, almost completely in
P700. The 10 ms saturation pulse induced more oxidation of
PSI donors compared to the steady-state, but P700 never
was completely oxidised (complete oxidation was achieved
only when the saturation pulse was superimposed on FRL,
denoted as the zero ordinate in Fig. 3). The residual
reduction level during the pulse was higher in the dark
and became lower with increasing steady-state PFD. After
the pulse and the actinic light were shuttered off simulta-
neously, e~ continued to flow, reducing the oxidised high-
potential PSI donors. The rate of e~ arrival (the slope of the
deconvoluted curve) was far from exponential, remaining
remarkably constant up to about 2.5 e~ transported per PSI,
i.e., until P700" and most of PC" became reduced, and the
rate decreased only when Cyt f became reduced. This initial
e  arrival rate, however, was different when the leaf was
pre-exposed in the dark or under different PADs. The rate
was fast after the dark exposure, slow at PAD of 28, faster at
a moderate PAD of 342 and slow again in the maximum
PAD of 1520 umol quanta m > s~ '. The full light response

curve of ki, along with the photosynthetic CO, uptake rate,
is given in Fig. 1 for another sunflower leaf. For
comparison, we fitted the P700DW signal to a single
exponential and presented the reciprocal of the time constant
1/t. This apparently exponential P700 re-reduction rate is by
about 30% slower than the true rate, but undergoes changes
that parallel Ay,

3.2. Actual and maximum electron transport rate through
(b” baf

Although Fig. 1 shows that ky, changes significantly
during light-limited photosynthesis, it is not a convenient
basis for analysis of Cyt b«f control because .y, is presented
in units of e s~ per PSI while the rate of photosynthesis is
presented in pmol CO, m > s~'. In a more consistent
presentation (Fig. 4), e” transport rate through PSII during

steady-state photosynthesis, calculated from Chl fluores-
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Fig. 4. Electron arrival rate at PSI as a function of PSI excitation rate, kiq.
The steady-state arrival rate k- of PSII e~ was determined from PSII
fluorescence (Eq. (2), filled squares, continuous line), the steady-state e~
arrival rate to PSI through Cyt bg f, k1, was determined from the light—dark
re-reduction of PSI donors (empty triangles and dashed line) and the
maximum, substrate-saturated e arrival rate, ky,,,, was determined from the
pulse-dark re-reduction of PSI donors (empty squares and dotted line). The
dash-dotted line shows the quantum yield of PSI=1. Diamonds and the right
ordinate present non-photochemical quenching NPQ (Eq. (3)). The plant
was a high light-grown (panel A) or a low light grown (panel B) sunflower.
Data points correspond to incident PFDs given in the legend to Fig. 1.
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cence measurements, is presented as e s~ ' per PSI, ki (Eq.
(2)), instead of CO, uptake. In this presentation the e~
transport rate through PSII (kr), e transport rate through
PSI (k;, determined from the light-dark transient), and
maximum rate through Cyt b¢f (kyy, determined from the
pulse-dark transient) are all scaled as e s~ per PSI. In order
to present the abscissa in consistent units, the PAD exciting
PSI (umol quanta m 2 s~ ') was also divided by PSI density
(umol m~?) resulting in the PSI excitation rate, kiq (quanta
s~! per PSI, Eq. (1)). This unified approach was employed
in Figs. 4-7 to characterise typical Cyt bgf control
situations in different species and growth conditions, and
also in some transgenic plants.

Sunflower represents a typical C3 plant with relatively
high photosynthetic rate (Fig. 4). Since it had a high PSI
density at both growth PFDs, the maximum PSI excitation
rate, kiq, was only about 500 s~ ! at the maximum incident
PFD of 2000 umol m * s~ '. The steady-state PSII e~
transport rate ki increased in proportion to light intensity
and saturated at a level of 200 s~' per PSI in the high light-
grown leaf, but at a lower rate of 120 s~ ' in the low light-
grown leaf. The initial slope of the light response curve was
close to 1 e"s~' per 1 photon s~ ' (dash-dotted lines in Figs.
4-7). Since the ordinate depends on the relative optical
cross-section of PSII, ay; (Eq. (2)), and the abscissa depends
on the relative optical cross-section of PSI, a; (Eq. (1)), an
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Fig. 5. The same as in Fig. 4, but the plant was naturally growing S.
virgaurea, collected from a sunny (panel A) or a shaded (panel B) habitat.

0
400 Fﬂ.-ﬂ A
=
\,‘\ Il b
L \‘ ________ 4
300 & 14
200 ]
12
100 ]
) ]
a
5 13
o O 0
z
%, 400 B| 2
|® .| 03
E 1 £
~ 300 i Q
e \ o
c \ 1 S
® N o
w ! 1 =
< 200 fg IS
O] h £
© oty 12 @
£ ) 1 8
S 100 | s BwrBe—mmsgnnne—wd | 8
AN g
© ——- | <
= - 13 &
5 0 ! ! 0 =z
5 400 C |
Q J
L
300 14
200 ]
12
100 T |
13
0 1 | 1
0 500 1000

Excitation rate K q, st per PSI

Fig. 6. The same as in Fig. 4, but the plant was laboratory grown tobacco,
wild type (panel A), Rubisco deficient transgenic (panel B) and Rieske FeS
deficient transgenic (panel C).

initial slope close to unity indicates that these cross-sections
were derived correctly.

The pulse-induced maximum rate of e arrival at PSI,
kim, was 260 s~ ' in the dark state in the high light-grown
leaf. This dark value best characterises the maximum rate of
Cyt bgf, however this quantity tended to decrease with
increasing dark exposure. In the presence of light the pulse-
dark re-reduction kinetics was stable and repeatable.
Unexpectedly, considerable down-regulation of Cyt b¢f
was observed in this and other leaves at very low PFDs of
30-50 umol quanta m~* s~ ' (Fig. 4). This down-regulation
was reversed at moderate PFDs (PSI excitation rates ki of
100200 s '), before the onset of light saturation of
photosynthesis. Photosynthetic control became significant
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again with the onset of light saturation of photosynthesis
when the actual rate of e transport, kjr, and the maximum
rate of Cyt bgf, ki, became similar. The control of light-
saturated photosynthesis by the turnover of Cyt b¢f was
very strong in leaves that had relatively low photosynthetic
rates, like low light-grown sunflower (Fig. 4B) and naturally
growing S. virgaurea (Fig. 5).

Due to the low PSI density in S. virgaurea the PSI
excitation rate exceeded 1000 s™' at an incident PFD of
2000 pmol quanta m 2 s~ '. Despite the lower PSI density,
the basic dark-relaxed ky, was still 250 to 270 s~ ' and it
rapidly decreased to 180 s~' under low light, as in
sunflower. In the high light-grown S. virgaurea (Fig. 5A)
the Cyt bef control relaxed to 220 s~ ' at medium PFDs,
while in the shade-grown plant (Fig. 5B) the carbon
reduction-limited electron transport rate was so slow that
the control did not relax, but remained strong over the
entire PFD range. In shade-grown S. virgaurea at light
saturation, Cyt bs f was down-regulated to about 1/3 of its
dark rate.

Wild-type tobacco was remarkable in terms of its very
high ky,, of up to 400 s~ in the dark state (Fig. 6A). Still, it
was not an intrinsic property of Cyt bg f of this plant, but
rather, was caused by the relatively low PSI density
compared to the Cyt b f density (Eq. (4)). In other aspects,
wild-type tobacco behaved like sunflower, except that the
low-light depression of kj,, was somewhat smaller.

The Rubisco-deficient transgenic tobacco was chosen to
represent a plant with severely limited CO, uptake rate due
to artificially unbalanced development of the photosynthetic
machinery. Interestingly, it exhibited a new feature: At light
saturation the e transport rate through PSI, k;, measured as
light—dark re-reduction rate, was faster than the e transport
rate through PSI calculated from fluorescence measurements
(Fig. 6B). This difference disappeared when measurements
were carried out at saturating CO, concentrations (not
shown). Another interesting plant for the investigation of e~
transport through Cyt bgf was the Cyt bgf deficient
transgenic tobacco. In this plant the basic, dark-state e~
transport rate, ki, was slow (120 s '). The rate was very
slightly down-regulated at low PFDs and remained practi-
cally constant over the whole light response curve (Fig. 6C).
The steady-state PSI e transport rate was significantly
faster than the PSII e™ transport rate.

3.3. Oxygen dependence of the low-light Cyt b f control

Atmospheric oxygen concentration is expected to release
the photosynthetic control because electron transport is
faster due to photorespiration and Mehler reaction than at
low O, concentrations. Birch leaves collected from the top
layer of the canopy behaved in accordance with this notion
(Fig. 7). The fluorescence-based e transport rate, kjp, was
faster under the air level of O, than in 2% O,, correspond-
ingly, at light saturation ky,,, was down-regulated more in 2
than in 21% O,. However, the low-light down-regulation of
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Fig. 7. The same as in Fig. 4, but the plant was high light grown birch
measured in the presence of 21 (panel A) and 2% O, (panel B).

kim, present in 21% O,, was almost absent in 2% O,. The
dependence of the low-light down-regulation of Cyt s f on
O, concentration was confirmed in 64 repeated experiments
on birch leaves, such that a relative low-light down-
regulation of the V,, of Cyt b¢sf (medium light relaxed
value minus low-light value divided by the relaxed value) of
12.6+0.6% in 21% O, and 2.24+0.3% in 2% O, was
observed.

3.4. Cyclic electron transport

The actual steady-state e~ transport rate was calculated
for PSII from Chl fluorescence and for PSI from the light—
dark P700DW signal transient. The latter measurement was
possible only at near-saturating and saturating PFDs, where
PSI donor side carriers were sufficiently pre-oxidised in the
light. The difference (PSI-PSII) between the two e~
transport rates was interpreted as cyclic e transport rate
around PSI. At nearly limiting PFDs the two ¢ transport
rates were equal in all plants. In sunflower, at saturating
PFDs, the PSI e transport rate was about 10% faster than
PSII e transport, but in other non-transformed plants the
difference between the PSI and PSII e~ transport rates was
not significant either at limiting or saturating PFDs. In both
of the transgenic tobacco plants cyclic e transport occurred
at about 25-50% of the linear (PSII) rate.
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Table 1 summarises the data for the plants studied. Here
we present the maximum turnover rate for Cyt b f, kcm (Eq.
(4)), calculated on the basis of the relative abundance of Cyt
f and PSI (nc=N(/N;), as revealed from the oxidative
titration of PSI donors. Though the method determines n¢
relatively unreliably, the calculation of average values of
kcm could reveal differences between species. The basic
features observed in individual leaves—down-regulation of
kcm at low PFDs, relaxation at moderate PFDs and down-
regulation again at light saturation—are present also in the
averaged data. In leaves with high photosynthetic rate the
medium-light k¢, may exceed the low-light minimum by
15 to 25%. Conversely, in low-light grown leaves with low
photosynthetic rate (7. cordata and S. virgaurea) e~
transport is so restricted that medium-light relaxation is
not observed. The dark-relaxed k¢, seems to be variable
among species. In transgenic leaves (Table 1) the individual
variations of k¢, were so extreme as to preclude meaningful
comparisons of this average to those of other species and
conditions.

3.5. Relationship between non-photochemical quenching
and photosynthetic control

Both e~ transport through Cyt bgf and non-photo-
chemical quenching of PSII excitation (NPQ, Eq. (3)) are
believed to be controlled by lumenal pH. The light
dependence of NPQ was plotted in Figs. 4—7 for comparison
with kp,. When light became saturating both parameters
changed in parallel, as expected, but little increase in NPQ
was observed in parallel with the relatively strong down-
regulation of 4y, at low PFDs. Such complex interdepend-
ence is illustrated by Fig. 8, which relates NPQ to k¢, using
data from Figs. 4-6. The use of k¢, instead of ky,
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Fig. 8. Relationships between non-photochemical quenching, NPQ, and
maximum turnover rate of Cyt bg f, kcm, in individual leaves of sunflower
(squares), S virgaurea (circles), wild type tobacco (diamonds), Rubisco-
deficient tobacco (diagonal crosses) and Rieske FeS deficient tobacco
(horizontal crosses). Empty symbols, high growth light; filled symbols, low
growth light.

minimises variations between leaves caused by different
Cyt b f/PSI ratios, but may introduce a random component
of variability, because of methodological uncertainty in
determination of Cyt f density. At saturating PFDs k¢, and
NPQ are related like pH-dependent processes possessing
different pK values [pK (kcm)>pK (NPQ)]. Specifically, ke,
falls faster initially while NPQ is still slowly increasing, and
kcm 18 approaching the minimum when NPQ is still rapidly
increasing. However, effectors other than pH appear to be
operating since the range of k¢, variation seems to vary.

Table 1
Photosynthetic parameters and light-dependent regulation of cytochrome b¢f turnover in different plants (£S.E. n=4 to 8)
Ny Ny npc Ryt kem (57 Jeye (%)
pmol m 2 Per PSI Dark Min Relax Sat. light

B. pendula HL  1.33+0.07 1.22+0.07 1.87+0.05 0.95+0.06 208+9 183+8 215+11 131+12 49+3.7
LL 0.96+0.04 0.77£0.04 1.9240.02 0.834+0.03 222411 192+13 20310 120+5 1.4£29

T. cordata HL  1.08%+0.16 0.70+0.16 1.99+0.12 1.14+0.04 158+8 14949 155+6 94+3 —5.54+3.5
LL 0.97+0.11 0.53£0.11 1.73+0.16 1.00+0.02 198+9 126+12 126+12 7148 12.24+2.7

S. virgaurea HL  0.94+0.16 0.74+0.16 1.57+0.15 0.94+0.10 237+11 189+13 203+12 125+4 0.6+3.1
LL  0.624+0.08 0.37£0.08 1.86+0.11 0.72+0.04 350+17 193+19 193+19 96+10 —1.4+4.1

H. annuus HL  1.43+0.04 1.03+£0.04 1.57+0.27 0.95+0.13 268+42 213+35 285+38 241426 7.5+4.7
LL 0.894+0.09 1.03£0.09 1.83£0.15 0.924+0.09 248426 201+29 240428 163+25 9.1£2.3

N. tabaccum HL  0.87+0.07 0.52+0.07 2.19+0.11 1.59+0.06 214+13 197+11 237+7 192+6 —2.1+1.6
LL  0.39%+0.05 0.25+0.05 1.87+0.34 1.30£0.22 203+31 170+24 216+29 165+28 45+2.3

RBC deficient 0.16...1.15  0.14...0.91 1.61...413 0.86...2.94 53...214 0.934+0.03 1.02+0.06  0.5440.03 3.1...69.4

Cyt deficient HL 0.58...1.35 0.38...093 2.19...434 1.03...2.80 35...104 0.934+0.02 1.00+0.03  0.94+0.03 —2.6...163
LL 1.22+0.05 0.97+0.05 2.00+0.05 0.77+0.04 136+14 112+11 139+11 132+17 16.7+7.5

HL and LL, high and low growth light; Ny; and Ny, area densities of PSII and PSI; npc and ncy,, relative abundance of plastocyanin and cytochrome f
per PSI; kcm, maximum turnover rate of cytochrome bg f (in columns from the left to right) in the dark, minimum at low light, relaxed at medium light
and down-regulated at light saturation. In transgenic tobacco, where k¢, varied widely, these values are not averaged but the control range is given
relative to the dark value in each individual leaf (range indicated with triple dots). J.. is the cyclic electron transport rate, given as % from the linear

(PSII) rate.
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4. Discussion

We applied new methods for the assessment of e~
transport rate to the donor side of PSI in leaves. First, we
deconvoluted the P700DW signal into the components of
P700" and PC" and calculated the rate of e~ arrival at the
high-potential PSI donors, ky, as e s~ ' per P700 [12,13].
Second, we applied the pulse-oxidation of PSI donors in
order to measure the re-reduction rate at low PFDs, where
the PSI donors are not pre-oxidised by actinic light [14,26].

4.1. Limitation of electron transport by PQ diffusion or Cyt
bsf turnover

The total density of PSII, Cyt b¢sf and PSI protein
complexes in grana-stacked thylakoid membranes is close to
the percolation threshold, where small closed domains are
formed, inside which PQ diffusion is fast, but severely
restricted over longer distances [27-29]. In those domains
where PSII and Cyt b f'both are present, PQ diffusion from
PSII to Cyt b f is not rate-limiting. But PQ diffusion may
become limiting if one e~ transport partner is absent from
the domain and interdomain migration is necessary. A
random distribution of PSII and Cyt b¢ f'should result in the
formation of a significant fraction of domains containing
only one e transport partner, resulting in inhomogeneous,
mixed diffusional-kinetic limitation of overall ¢ transport.
Experimental evidence exists, however, that argues against
significant inhomogeneity. When a single-turnover flash is
superimposed on FRL, the re-reduction of P700" begins
after a delay of about 1-2 ms [12,30], indicating rapid e~
movement from PSII to PSI which includes the diffusion
times of PQ and PC. Though this short delay may reflect the
situation in that fraction of domains with favourable
diffusion conditions, the constant rate at which P700" and
PC" are re-reduced after an oxidising saturation pulse (Figs.
2 and 3) is inconsistent with substantial inhomogeneities in
e transfer processes. Thus, domains containing both PSII
and Cyt b f that interact directly [28] are in majority, or the
protein density in thylakoids is below the percolation
threshold, minimising the diffusional limitation of interpho-
tosystem e transport and restricting the site of the rate-
controlling step to Cyt b f.

4.2. Kinetics of e transport through Cyt bsf

The P700DW signal deconvolution (Figs. 2 and 3)
revealed that, when PQ was pre-reduced by the saturation
pulse, the rate of ™ arrival at PSI donors was constant while
P700" and PC" were being reduced, but decreased when Cyt
f was being reduced. This result implies that Cyt bg f was
strongly saturated with respect to plastoquinol. Since the
deconvolution of the P700DW signal was based on the
assumption of equilibrium between the PSI high-potential
donors [13], the logically expected deconvolution result
indirectly supports the assumption. The equilibrium concept

[31] is also supported by the very fast oxidation of Cyt f
after a single-turnover flash in leaf disks (about 5000 s~ '),
showing the e~ vacancy is very rapidly transferred from
P700 to Cyt f, and the very slow re-reduction of Cyt f'in the
dark, showing that ¢ arriving at Cyt f are rapidly forwarded
to PC [30].

In previous works the whole post-illumination transient
of the 820 nm signal was approximated by an exponent,
assumed to reflect P700" re-reduction [7-9,32,33]. This
exponent is only apparent, created by overlapping PC" and
P700" signals, and the associated time constant is about
30% longer than the true time of P700" re-reduction (Fig.
1). Changes in the apparent exponential rate constant, 1/t,
paralleled changes in the true k; (Fig. 1), validating earlier
conclusions concerning relative changes in Cyt b f turnover
rate due to photosynthetic control. But conclusions based on
the reduction state of P700 are not supported since this
quantity is actually much higher than revealed from the raw
820 nm signal.

4.3. Photosynthetic control of Cyt b f turnover in high and
low light

The maximum turnover rate (V,,) of Cyt b¢ f was near its
maximum in the dark, as expected considering that both ¢~
and H" backpressure were minimal. As expected, Vi,
decreased at light saturation of photosynthesis. However,
an unexpected significant down-regulation of the 7, of Cyt
be f was observed at low PFDs, which relaxed at moderate
PFDs. Though the down-regulation of the V,,, of Cyt b¢f at
saturating light is well known [7-9,26], this low-light
control of Cyt b¢f remained undiscovered in the earlier
work where only the light-dark re-reduction (the actual rate),
but not the pulse-dark re-reduction (PQH, saturated
kinetics), was monitored. In severely limiting light only a
rudimentary light—dark transient in the 820 nm signal can be
recorded, because the high-potential donors are mostly
reduced and PQ is oxidised.

The down-regulation of Cyt b f maximum turnover rate
in low light indicates the presence of relatively high flux
resistance in the carbon reduction cycle. Assimilatory power
FA=[ATP*"]/{[ADP> [P} ]} - {{NADPH]/[NADP']} has
been used to characterise the driving force of photosynthesis
[34]. Measurements have conclusively shown that if
sufficient time is given for the enzymes of the carbon
reduction cycle to adjust their activation state (>5 min), then
high Fa is generated at limiting PFDs and it gradually
decreases as photosynthesis approaches light saturation
[35]. In our measurements, enzyme inactivation at the low
PFDs of 73, 35 and 13 pmol quanta m 2 s~ ' was evident
from the following dark—light transient, where CO, uptake
rate slowly increased and P700DW indicated strong
ferredoxin signal (not shown). The absence of the low-light
down-regulation of Cyt bgf under low O, concentrations
(Fig. 7) suggests that an oxygen-related mechanism
generates the regulatory H' backpressure, e.g. by drainage
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of reducing equivalents to O, photoreduction [20,36,37] or
to consumption in mitochondria [38]. Alternatively, a redox-
dependent control system may be involved in the low-light
down-regulation of Cyt b¢ f [39] (see below).

4.4. Cyclic e~ transport around PSI

The magnitude and physiological role of cyclic e~
transport around PSI has been an enigma for decades. Its
measurement in intact leaves is complicated because no
direct indicator of PSI e transport rate has been available as
Chl fluorescence is for PSII. Thanks to available deconvo-
lution methods for the optical signal in the 518-555 nm
region, the post-illumination decay rate of electrochromic
shift and re-reduction rate of Cyt f have been normalized on
aper e basis, allowing the quantification of the e~ and H'
transfer rates through Cyt b f that existed immediately prior
to darkening [40] (the DIRK method, [32]). By comparing
the e transport rate through Cyt b f with PSII e transport
rate determined from Chl fluorescence, a high rate of cyclic
e transport was detected in dark-adapted intact spinach
leaves during the first seconds of illumination [40]. The
occurrence of high rates of PSI cyclic e transport during
the dark-light induction of photosynthesis, along with the
fast water—water cycle, has been reported also in rice leaves
by quantifying the PSI e~ transport from the fraction of
unoxidised, but pulse-oxidisable P700, measured at 820 nm
[20] and in tobacco leaves at saturating light and CO, [50].
The calculation of the PSI e™ transport rate from the time
constant for the post-illumination re-reduction transient of
the 820 nm signal indicated a drastic increase in PSI rates at
saturating PFDs where PSII rates plateaued [33], indicating
fast cyclic e” transport around PSI at high light especially at
elevated temperatures. An observation that the pulse-
oxidisable fraction of P700 increased in parallel with NPQ
suggested a model in which the normally non-oxidisable
P700 is associated with PSI located in non-appressed
regions of thylakoids. Under stress conditions this fraction
becomes active in cyclic e transport, generating the proton
gradient necessary for NPQ [26]. Though the interpretation
of 820 nm signals containing the components from PC" and
P700" is problematic in several aspects (discussed in
[11,26]), there is little doubt that cycling of e~ back to the
PSI donors can occur at high rates when photosynthesis is
severely limited by the lack of e~ acceptors at PSI, e.g.
during the induction of carbon reduction enzyme activity,
during drought, or at its low ambient CO, concentrations.
Our observations with Rubisco-deficient transgenic tobacco
are in line with these observations, as well as with the
observations on the Rubisco-deficient rice [20], considering
that low Rubisco activity is equivalent to restricted CO,
supply.

In normally functioning leaves during steady-state
photosynthesis we did not detect cyclic e transport at
limiting PFDs (as long as there was a measurable
postillumination transient). At saturating PFDs we detected

cyclic e transport in some leaves (sunflower), but failed to
detect it in others (wild-type tobacco, S. virgaurea) though
in the latter plant the photosynthetic rate was as severely
limited as in the transgenic tobacco, where the cycle was
detected. A relatively slow cyclic rate was detected in the
high light- and low light-grown sunflower (Fig. 4 and Table
1) and low light-grown T cordata at saturating light
intensities (Table 1). A cyclic rate of about 10-15% of the
linear rate may be necessary to compensate for the ATP
deficiency if the Q-cycle is operating [3], but if 14 H'
instead of 12 are required per turn of the rotor of the
chloroplast ATP synthase producing 3 ATP [41]. Average
cyclic rates in non-transformed plants were generally
slower than this (Table 1). This ATP deficiency should be
constant over the whole light response curve requiring that
cyclic ¢ flow remain at a fixed proportion of the linear rate
[3]. Since there was no cyclic e~ transport at limiting PFDs
in any leaf where the measurement was possible, we
conclude that PSI cyclic e transport is not required for
additional ATP generation in photosynthesis. If ATP
deficiency exists, it must be compensated for by O,-
dependent alternative e~ transport processes, mentioned
above. The importance of O, is supported by the clear
positive effect of this gas on photosynthesis in the absence
of photorespiration at saturating CO, concentrations
[42,43]. Our failure to detect cyclic e transport in many
leaves is at variance with the suggested principle role of
cyclic e transport as a process that corrects imbalances in
ATP/NADPH stoichiometry accompanying linear e~ trans-
port alone [44]. However, in the latter work PSI cyclic e~
transport was not measured, but assumed to be impaired as
a result of a mutation. Rather we explain the detected
variable rate of cyclic electron flow as a result of the
variable rate of non-photosynthetic ATP-consuming pro-
cesses in the chloroplast, such as protein synthesis, etc. We
also emphasize that our measurements can detect only
relatively fast cyclic e transport rates. Slow rates may be
sufficient for regulatory lumen acidification.

4.5. Photosynthetic control and non-photochemical
quenching

Non-photochemical quenching of PSII fluorescence, a
non-linear indicator of lumenal pH [45], is not proportional
to the down-regulation of Cyt b¢f, as reported earlier [9]
and confirmed in Fig. 8. However, at light saturation there
still is a rather systematic relationship between the two
parameters, suggesting that both may be pH-controlled, but
the pK for the Cyt bs f down-regulation is higher than for
NPQ. As a result, with increasing lumenal acidity (e.g. with
light intensity), Cyt b f becomes down-regulated first. At
higher acidity NPQ is still increasing while Cyt bgf is
already maximally down-regulated. The inter-relationship is
not universal, but in plants with lower carbon assimilation
capacity Cyt bg f'is regulated relatively faster compared with
NPQ (low light-grown S. virgaurea).
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Remarkably, the low-light down-regulation of Cyt b¢f ' was
not accompanied by a commensurate change in NPQ, though
the amplitude of the former could sometimes be similar to the
high-light down-regulation. This suggests that either the two
processes are controlled by pH in different compartments in
the thylakoid or the low-light control of Cyt b fis not related
to lumenal pH. Eq. (4) suggests a pH-independent possi-
bility to control the e~ arrival rate at PSI by changing the
number of Cyt bgf active in e transport. Lateral re-
distribution of Cyt bg f in thylakoid membranes in parallel
with state transitions, possible in our experiments, has been
reported [46]. Alternatively, dimer—-monomer transforma-
tion [47] may turn Cyt bgf complexes into the slow
(monomeric) state [48]. A recent model proposes redox-
regulation of Cyt bgf, where the signal comes from PSI
acceptor side e carriers, probably from a thioredoxin. The
unusual pH sensitivity of the regulatory component
suggests that prior to the development of a ApH, the
regulatory component will be rather sensitive to reduction,
placing a tight control on e~ transport [39]. It is possible
that the thioredoxin-related mechanism somehow controls
the number of active Cyt bgf complexes (e.g. by lateral
movement or monomerisation) at the low light, whilst ApH
directly controls the rate of PQH, oxidation at Cyt b¢ f at
the high light. The first process is expected to be slower
than the second. A two-phase regulation of the light—dark
re-reduction of P700", a fast phase in the range of seconds
and slow phase in minutes domain, has been observed [49].

Notations

kiq PSI excitation rate constant

ki, kimn  PSI e arrival rate constants, steady-state and
substrate-saturated

kem Cyt bef e transport rate constants

kip Steady-state k; due to PSII electrons, determined
from Chl fluorescence

N Area density of PSI

Ni Area density of PSII
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