
Abstract. The regulation of electron transport between
photosystems II and I was investigated in the plant
Silene dioica L. by means of measurement of the kinetics
of reduction of P700 following a light-to-dark transition.
It was found that, in this species, the rate constant for
P700 reduction is sensitive to light intensity and to the
availability of CO2. The results indicated that at 25 °C
the rate of electron transport is down-regulated by
approximately 40±50% relative to the maximum rate
achievable in saturating CO2 and that this down-
regulation can be explained by regulation of the electron
transport chain itself. Measurements of the temperature
sensitivity of this rate constant indicated that there is a
switch in the rate-limiting step that controls electron
transport at around 20 °C: at higher temperatures, CO2

availability is limiting; at lower temperatures some other
process regulates electron transport, possibly a di�usion
step within the electron transport chain itself. Regula-
tion of electron transport also occurred in response to
drought stress and sucrose feeding. Measurements of
non-photochemical quenching of chlorophyll ¯uores-
cence did not support the idea that electron transport is
regulated by the pH gradient across the thylakoid
membrane, and the possibility is discussed that the
redox potential of a stromal component may regulate
electron transport.
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Introduction

Balancing the rate of photosynthetic electron transport
with the rate at which reductant is consumed by
metabolism is one of the major challenges facing a
plant. The rate of excitation of PSI and PSII is
determined by the light intensity incident upon the
plant, but is modulated by leaf and chloroplast move-
ment and by thermal dissipation of absorbed energy.
The rate at which the photosynthetically derived reduc-
tant is used is determined by factors such as CO2

availability (modulated by stomatal opening and hence
by water), limitations imposed by sink capacity, and
temperature. In natural environments, all of these
factors will vary markedly over time-scales ranging
from seconds to days or longer. Over longer time periods
(days) plants have the ability to alter the relative
amounts of di�erent proteins involved in photosynthesis
(Anderson et al. 1995). On short time-scales, a number
of regulatory processes are known to occur, modulating
the e�ciency of light capture and metabolism (Foyer
et al. 1990; Genty and Harbinson 1996; Horton et al.
1996).

If the rate of photosynthetic electron transport
exceeds the capacity of metabolism, excess reductant
may drive the reduction of molecular oxygen ± the
Mehler reaction (Mehler 1951). The Mehler reaction can
be regarded as a simple chemical reaction, the rate of
which is proportional to the concentration of its
reactants ± molecular oxygen and (principally) reduced
ferredoxin (Hosler and Yocum 1985). The rate of the
Mehler reaction can, therefore, only be regulated by
regulating the redox state of the ferredoxin pool. Other
reactions involving reduced ferredoxin are, by contrast,
enzyme-catalysed and so show saturation-type kinetics.
Thus, as ferredoxin reduction increases, not only will the
rate of Mehler reaction increase, it will also increase
relative to other reactions consuming reductant.

In recent years, two contrasting views concerning the
Mehler reaction have been expressed (see e.g. Park et al.
1996; Polle 1996; Wiese et al. 1998). Reactions of
superoxide lead to the formation of harmful radical
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species, which may damage the cell. Plants invest heavily
in detoxifying active oxygen species, maintaining, for
example, millimolar concentrations of ascorbate within
the chloroplast, along with enzymes such as superoxide
dismutase and ascorbate peroxidase (Noctor and Foyer
1998). Hence, it is argued that minimising superoxide
formation will be bene®cial for the plant (Genty and
Harbinson 1996). The alternative point of view is that, in
fact, the Mehler reaction is to be encouraged (Polle
1996). Oxygen acts as an alternative pathway for the
consumption of electrons so limiting the accumulation
of reduced intermediates in the electron transport chain.
This will reduce the excitation pressure on PSII and so
minimise the risk of PSII photoinhibition. Electron
transport to oxygen will also contribute to the formation
of a pH gradient (DpH) across the thylakoid membrane
without dissipating that DpH through ATP consump-
tion. This will enhance other protective processes,
particularly high-energy-state quenching (Horton et al.
1996).

If the Mehler reaction is, on balance, harmful, then
it might be supposed that mechanisms exist to minimise
this reaction. In order to regulate the rate of superoxide
formation, it is necessary to minimise the concentration
of reduced ferredoxin. Charge separation in the PSI
reaction centre e�ectively represents the committed step
in ferredoxin reduction. Thus, the rate of charge
separation needs to be regulated. This might be
achieved by regulating the e�ciency of energy capture
by PSI, through increasing thermal dissipation of
absorbed energy, or by decreasing the rate at which
the primary donor of PSI, P700, is reduced following
charge separation. The latter requires regulation of the
electron transport chain at some point between PSII
and PSI.

The rate-limiting reaction in photosynthetic electron
transport is thought to be the oxidation of plastoquinol
by the cytochrome b6f complex (Stiehl and Witt 1969;
Haehnel 1984). It is known that this reaction can be
regulated, at least in vitro, by the pH in the thylakoid
lumen (Slovacek and Hind 1981; Crofts and Wraight
1983). This provides a potential route for regulating PSI
turnover and hence ferredoxin redox state (Heber et al.
1982; Horton 1985). However, whether this operates in
vivo is presently unclear. Various studies have shown
that regulation of electron transport is possible in leaves
(Harbinson and Hedley 1989; Harbinson 1994; Laisk
and Oja 1994, 1995; Genty and Harbinson 1996).
Harbinson (1994) examined the e�ects of limitations in
electron transport induced by a reduction of CO2 below
ambient levels, in the presence of 2% O2. Under such
conditions, a signi®cant decrease can be measured in the
kinetics of electron transport, measured as a change in
the rate constant for P700 reduction following a light-
to-dark transition. Such conditions are not, however,
relevant to any physiological conditions. At ambient
CO2 and O2, Harbinson and Hedley (1989) were unable
to detect any variation in the reduction kinetics of P700

in pea leaves in response to changing light intensity,
suggesting that regulation of electron transport is not
physiologically important, at least under non-stressful

conditions in this species. They did, however, ®nd
evidence for the regulation of electron transport during
photosynthetic induction in peas but not under steady-
state conditions. They suggested that, under most
conditions, other regulatory processes were su�cient to
deal with excess light.

Laisk and Oja (1994) examined the e�ects of both gas
composition and low temperatures on electron transport
kinetics. They found, in particular, that electron trans-
port is inhibited at low temperatures; however, this e�ect
may be due to a direct e�ect of low temperatures on
di�usion processes in the electron transport chain rather
than on regulation.

In this study, we have addressed the question of
whether regulation of electron transport is a physiolog-
ically relevant and signi®cant process. Using the plant
Silene dioica, we show ®rst of all that down-regulation of
electron transport can occur in a leaf in a normal
atmosphere and at normal temperatures, as well as
under conditions where the leaf is exposed to drought
stress or at di�erent temperatures. We also examine
critically the notion that this regulation is achieved
through regulation by DpH.

Materials and methods

Plants of Silene dioica L. were grown, from seeds supplied by John
Chambers, (Kettering, UK), in a growth cabinet (E.J. Stiell,
Glasgow, UK) on a 12 h light/12 h dark cycle, at a photon ¯ux
density (PFD) of 100 lmol á m)2 á s)1 (provided with ¯uorescent
strip lights, supplemented with tungsten lights) in Levington M2
compost. The daytime temperature was 20 °C, the night-time
temperature, 15 °C.

The redox state of P700 was measured as an absorbance change
at 830 nm using a Walz PAM 101 ¯uorometer system in combi-
nation with an ED800 T emitter-detector unit (Walz, E�eltrich,
Germany). Measurements of chlorophyll ¯uorescence emission
were made with the same ¯uorometer, using the 101-ED emitter-
detector unit. Actinic light was supplied either from a Schott
KL1500 lamp (¯uorescence measurement) or from a Volpi Intralux
6000 lamp (Volpi, Schlieren, Switzerland), shuttered with a
Uniblitz 14 mm electronic shutter (Vincent Associates, Rochester,
N.Y., USA), switched by a custom-built shutter controller
(absorbance measurements). The shutter has an opening time of
1.5 ms and a closing time of 3 ms (90±10%). Light sources were
®ltered with a Cal¯ex-X ®lter (Balzers, Lichtenstein) to prevent
interference with the detector for 830-nm absorbance changes. The
leaf chamber used in all experiments was a Hansatech leaf-disk
chamber (Hansatech, King's Lynn, UK), modi®ed to allow a light
®bre to come within 2 cm of the leaf surface. All light sources,
including the measuring beam for 830-nm absorbance changes and
the returning signal were fed through a single, 5-armed glass ®bre-
optic bundle (Walz). Transient changes in absorbance on a
millisecond timescale were captured using a Keithley Metrabyte
1700 series data acquisition board (Keithley Metrabyte, Taunton,
Mass., USA) ®tted in an IBM-compatible computer running
software written using the Testpoint software development package
(CEC, Billerica, Mass., USA). Each signal represented an accu-
mulation of up to 10 individual measurements made during 100-ms
closures of the shutter performed at 6-s intervals. Exponential
curves were ®tted to absorbance data using the Gra®t software
package. Fluorescence signals were recorded using a chart recorder.
The following ¯uorescence parameters have been calculated: the
quantum yield of PSII photochemistry (FPSII) is calculated as
Fm)Ft/Fm, using the de®nition of Genty et al. (1989);
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non-photochemical quenching (NPQ) is calculated as
�Fm )F0m�=F0m using the equation of Bilger and Bjrkman (1991).
Where quenching relaxation measurements have been performed
these were conducted using the method of Walters and Horton
(1991) with fast and slowly relaxing quenching calculated as
described by Johnson et al. (1993). An atmosphere of saturated
CO2 was generated by bubbling air through a solution of 1 M
Na2CO3/NaHCO3 (pH 9). The temperature in the leaf chamber
was controlled using a Grant water bath and monitored contin-
uously during measurements, at the leaf lower surface, using a K-
type thermocouple connected to a Kane-May KM330 thermometer
(Comark, Welwyn Garden City, UK).

In drought-stress experiments, plants were left unwatered for
periods of up to 1 week before measurement. Plants were removed
from the cabinet and their stomatal resistance measured with a
Delta-T Mk 3 automatic porometer (Delta-T Devices, Newmarket,
UK). After measurement, leaf disks were removed from the plant
and placed in the Hansatech chamber for a period of 15 min, prior
to measurement of absorbance changes as above.

In sucrose-feeding experiments, plants were ®rst dark-adapted
overnight. Leaves were removed from the plants and placed with
their petioles in the appropriate solution of sucrose in distilled
water, the end of the petiole being immediately re-cut under the
surface of the solution using sharp scissors. Leaves were then left
for a minimum of a further 24 h before measurements were
performed. Where leaves were obviously wilted after this treatment,
they were discarded.

Results

Sensitivity of the rate constant for electron transport (k)
to light and CO2. In this study, measurements of the
kinetics of absorbance changes at around 830 nm were
used as an assay of the resistance of the electron
transport chain (see Genty and Harbinson 1996).
Absorbance changes at this wavelength are largely due
to reduction or oxidation of P700; however, changes in
plastocyanin will also make a contribution to the signal.
In previous studies, this signal has been found to relax
with either mono- (Harbinson and Hedley 1989) or bi-
(Laisk and Oja 1994) exponential kinetics. In our
measurements we consistently found only one exponen-
tial component in the relaxation kinetics (Fig. 1). The
quality of the ®t could not be improved by inclusion of a
second exponential component. From ®tting of data
with a single exponential curve, a pseudo-rate constant
(k) for electron transport under di�erent conditions was
estimated (see Harbinson and Hedley 1989).

The ®rst question considered in this study was, does
regulation occur in a leaf under `normal' (i.e. non-
stressful) conditions? Figure 2 shows the rate constant
for electron transport at a range of di�erent PFD values
for a leaf of Silene dioica in the presence of ambient air
or elevated CO2. Two points can be made from this
®gure. Firstly, at ambient CO2, there is clear evidence
that k declines in going from limiting to saturating light.
Secondly, this decline can be reversed by increasing the
supply of CO2 to the leaf. At saturating CO2, k is higher
than at ambient CO2 under all conditions except the
most light limited, where the two data sets converge. At
lower light intensities than used here, the signal size
became too small for an accurate kinetic to be estab-
lished. This observation of a light dependency for k
contradicts previous observations by Harbinson and
Hedley (1989), who reported a light independence of k in
pea.

Temperature sensitivity of k. Laisk and Oja (1994)
observed that the rate constant for electron transport
varies with temperature. They were not, however, able to
determine whether this was due to regulation of electron
transport or a simple inhibition of the electron transport
chain by di�usion limitation. We have also examined the
e�ects of temperature on electron transport kinetics.

Fig. 1A,B. Absorbance signals at 830 nm
recorded following a light-dark transition in
leaves of Silene dioica illuminated at
1300 lmol á m)2 á s)1 in the presence of
ambient (A) and elevated (B) CO2. Leaves
were illuminated for 15 min prior to mea-
surement. Data represent an average of 10±
15 measurements. Each accumulation was
conducted during a 100-ms `dark pulse' with
a minimum of 20 s between each pulse. Data
were ®tted with a single exponential curve.
C, D Residuals from the ®tting are shown
below (C ambient CO2; D elevated CO2)

Fig. 2. Relationship between PFD and the rate constant for electron
transport (k) in leaves of Silene dioica at ambient (open symbols) and
elevated (®lled symbols) CO2 measured at 25 °C. Each point
represents the mean � SE of 3 measurements conducted on 3
separate leaf samples with di�erent leaf disks being used for each PFD
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Figure 3 shows an Arrhenius plot for k measured at
1300 lmol á m)2 á s)1. In such a plot, a simple temper-
ature sensitivity is expected to give a straight line, with
the slope being proportional to the activation energy of
the rate-limiting step. In our data we observe a clear
break in the Arrhenius plot, indicating a change in the
rate-limiting step has occurred. This break occurred at,
or very close to, the growth temperature.

Figure 4 shows the relationship between k and
temperature, measured in the presence of ambient and
elevated CO2 at 1300 lmol á m)2 á s)1. At temperatures
above the growth temperature, increasing the CO2

concentration above ambient led to an increase in k,
suggesting that CO2 limits electron transport at these
temperatures. At lower temperatures, below 20 °C, no
enhancement of electron transport by CO2 occurred.

The observation that the CO2 dependency of k occurs
only at higher temperatures led us to question whether
the light dependency seen in Fig. 2 is also temperature
dependent. Figure 5 shows the relationship between
PFD and k at a range of di�erent temperatures from 10
to 30 °C. From this, it is apparent that, with declining
temperature, the light dependency of k becomes less
marked. It is, however, clear that k is still light
dependent at 20 °C.

Fluorescence quenching changes in response to light, CO2

and temperature. The notion that regulation of electron

transport in vivo is achieved through a DpH-dependent
inhibition of plastoquinol oxidation has not, to date,
been tested. It is not possible to directly measure the
DpH in an intact leaf; however, some indication of its
magnitude can be attained by measurement of high-
energy-state quenching of chlorophyll ¯uorescence.
Figure 6 shows the relationship between both PSII
quantum e�ciency (FPSII) and fast-relaxing non-photo-
chemical quenching of chlorophyll ¯uorescence (NPQf)
and PFD, at 25 °C, in the presence of ambient and
saturating CO2. Photochemical quenching shows the
type of behaviour that would be expected, based on the
e�ect of CO2 on k. At any given PFD, the value of FPSII

is greater in saturated than in ambient CO2. By contrast,
NPQf, was found to be independent of CO2 concentra-
tion across all the PFDs measured. Slowly reversing
quenching was also not signi®cantly a�ected by CO2

Fig. 3. Arrhenius plot of the rate constant for P700 reduction at
1300 lmol á m)2 á s)1 in leaves of S. dioica measured following a
light-to-dark transition. Each point represents the mean � SE of
measurements on 3±5 leaves

Fig. 4. Relationship between the rate constant for P700 reduction at
1300 lmol á m)2 á s)1 and temperature, measured in the presence of
ambient (open symbols) and elevated CO2 (closed symbols). Each point
represents the mean � SE of measurements on 3±5 leaves

Fig. 5. Rate constant for P�700 reduction at di�erent PFDs and at
di�erent temperatures measured following light-to-dark transition in
S. dioica. Data were measured at 10 °C (open circles) 15 °C (closed
circles) 20 °C (open squares) 25 °C (closed squares) and at 30 °C
(triangles). Data represent the mean � SE of measurements on 3±5
leaves

Fig. 6A,B. Relationship between PFD and photochemical quench-
ing, Photosystem II quantum yield, FPSII (A) and non-photochemical
quenching, NPQf (B) in leaves of Silene dioica at ambient (open
symbols) and elevated (closed symbols) CO2 at 25 °C. Each point
represents the mean � SE of 3 measurements on separate leaves
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concentration under the measuring conditions used;
however, this did not make up more than a small
percentage of total quenching (<5%), even at the
highest PFDs and so was di�cult to quantify accurately
(data not shown).

Figure 7 shows the temperature dependence of FPSII

and NPQ measured at two di�erent PFDs. With
increasing temperature, FPSII was found to increase,
whether measured at 1300 or at 260 lmol á m)2 á s)1. At
260 lmol á m)2 á s)1 however, FPSII plateaued at 20 °C.
At 1300 lmol á m)2 á s)1, this e�ect was not apparent.
Instead, FPSII fell in going from 25 to 30 °C. Measured
at 260 lmol á m)2 á s)1, NPQ fell with increasing tem-
perature, up to 20 °C, at which point it reached a stable
value. At 1300 lmol á m)2 á s)1, NPQ was largely stable
over a wide range of temperatures, although there was
some indication that it was starting to fall at the lowest
temperature measured (5 °C).

Responses of k to drought stress. Previous studies by
Harbinson (1994) have shown that, under conditions
where CO2 availability is lowered, in the presence of 2%
O2, inhibition of electron transport occurs. The rele-
vance of this observation to physiological conditions is,
however, less than clear. One natural situation in which
a plant will be exposed to low CO2 concentrations is
during drought stress ± stomatal closure will result in a
reduction of internal CO2 concentration and so to an
inhibition of carbon ®xation. We, therefore, examined
the e�ects of drought on the rate constant for electron
transport (Fig. 8). Plants were left unwatered, in a
growth cabinet, for periods up to 1 week. During
drought stress, plants were periodically removed from
the cabinet and their stomatal resistance measured. The
same leaves were then assayed for the value of k at high

light (1300 lmol á m)2 á s)1). As stomatal resistance fell,
a clear decline in k occurred. This decline could, at
moderate levels of drought stress, be reversed by
measuring leaves in an atmosphere of saturated CO2,
indicating that this decline is due to CO2 starvation. At
the highest levels of stomatal resistance, however, CO2

was ine�ective in restoring the value of k, suggesting
that other factors are a�ecting this value.

Inhibition of electron transport by sucrose. A large
amount of evidence has accumulated in recent years
indicating that photosynthesis is inhibited under cir-
cumstances where sucrose and other sugars accumulate
in the leaf. The mechanism of this inhibition is not fully
understood, although it is believed to involve alterations
in the phosphate content of the chloroplast. We have
investigated whether such sugar inhibition of photosyn-
thesis involves direct regulation of the electron transport
chain or whether other forms of regulation alone are
su�cient to explain the inhibition of photosynthesis.

Figure 9 shows the relationship between PFD and the
rate constant for P700 in leaves fed for 24 h with distilled
water or with 100 mM sucrose solution. Table 1 shows

Fig. 7A,B. Relationship between the quantum yield of photosynthe-
sis (FPSII) (A) and non-photochemical ¯uorescence quenching (NPQ)
(B) and temperature measured at 260 lmol á m)2 á s)1 (closed
symbols) and 1300 lmol á m)2 á s)1 (open symbols). Each point
represents the mean � SE of measurements on 3±5 leaves

Fig. 8. Changes in the rate constant for P700 reduction, k, measured
at 1300 lmol á m)2 á s)1 and 20 °C, during drought stress recorded at
ambient (open symbols) and elevated (closed symbols) CO2. Each
datum point represents the mean � SE of 5±10 individual measure-
ments recorded at di�erent stages during drought stress. Stomatal
resistance and k were measured consecutively on the same leaf,
stomatal resistance being measured ®rst, on an attached leaf, prior to
removal of a leaf disk for absorbance measurements

Fig. 9. Relationship between PFD and the rate constant for P700
reduction, k, in leaves that have been fed for 24 h with water (open
symbols) and with 100 mM sucrose (closed symbols). Each point
represents the mean � SE of 3 measurements conducted on 3
separate leaf samples with di�erent leaf disks being used for each
intensity
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the sugar content of leaves fed with di�erent sucrose
concentrations. Qualitatively, the response of k to
changing PFD (Fig. 9) is similar to that seen in Fig. 2;
however, the e�ect of feeding leaves with sucrose is to
depress k at all PFDs. Figure 10 shows the concentra-
tion dependence of this depression at 200 lmol ám)2 á s)1

and at 1300 lmol á m)2 á s)1. The most signi®cant drop
in k is seen to occur at concentrations between 0 and
200 mM sucrose, the value of k being largely insensitive
to sucrose at concentrations below this.

Discussion

It has been clear for some years that leaves have the
potential to regulate the ¯ux of electrons through the
electron transport chain (Horton 1985; Harbinson and
Hedley 1989; Harbinson 1994; Laisk and Oja 1994;
Genty and Harbinson 1996). The importance of this
form of regulation was, however, not previously clear.
Observations by Harbinson and Hedley (1989) showed
in pea that, over a range of sub-saturating to saturating
light intensities, there was no modulation of the
resistance of the electron transport chain. The data
presented in this paper show, however, that such
regulation does occur under normal physiological con-
ditions and that this regulation can be substantial ± at
25 °C, the ¯ow of electrons through the electron
transport chain is down-regulated by around 40%,
relative to the rate that can be achieved in the presence
of high CO2. The implication of this is that CO2 is
limiting for electron transport under most conditions

and that other metabolic processes (photorespiration,
nitrogen metabolism etc.) are not su�cient to maintain
the electron transport rate. Even greater degrees of
inhibition of electron transport can be achieved under
conditions where carbon ®xation is inhibited by stoma-
tal closure or sucrose feeding. Our data show that direct
regulation of the electron transport chain is responsible
for regulating the ¯ow of electrons to PSI under
conditions not far removed from those found naturally.

Data in Fig. 2 show that complex responses occur in
response to di�erent light intensities and CO2 concen-
trations. At limiting light, there is no di�erence in k at
ambient and high CO2, as is expected if CO2 does not
limit. As the PFD rises, k falls at ambient CO2, re¯ecting
the onset of regulation as CO2 becomes limiting. At high
CO2, k actually rises somewhat, before reaching a stable
value. Evidence for this rise can also be seen at ambient
CO2, though whether this is signi®cant is not clear. The
rise in k presumably re¯ects the action of some other
process a�ecting electron transport, possibly the in-
creasing reduction state of the plastoquinone pool. That
the plastoquinone pool is likely to become more reduced
under these circumstances is evidenced by the decline in
photochemical quenching (qP) seen over the same light
range.

The apparent discrepancy between our observations
and the earlier observations of Harbinson and Hedley
(1989), that k is insensitive to light intensity, may be
explained by the temperature e�ect on the electron
transport chain. We observed a marked temperature
sensitivity of the light dependency of k. Harbinson and
Hedley (1989) made measurements at 20 °C, a temper-
ature at which we ®nd k to be light dependent. However,
whilst we grew our plants at 20 °C, Harbinson and
Hedley (1989) used greenhouse-grown plants, which
may have been exposed to a markedly di�erent temper-
ature during growth. Hence, their data may be more
comparable to our data at 15 °C, at which temperature
the light dependency of k is markedly damped.

An e�ect of temperature on k has been observed
previously (Laisk and Oja 1994). Indeed, it would be
very surprising if there were no temperature e�ect, as
electron transport involves at least two di�usion pro-
cesses ± di�usion of plastoquinone in the membrane and
of plastocyanin in the thylakoid lumen. Thus, a
temperature-dependent change in k does not prove the
occurrence of regulation. Our observation that the
apparent activation energy for the limiting step of elec-
tron transport changes suggests that the identity of this
limiting step also changes in going from temperatures

Table 1. Leaf contents of sucrose, glucose
and fructose following feeding of leaves
with di�erent concentrations of sucrose.
Data represent the mean of 3±6 measure-
ments, with standard errors

Concentration
of sucrose
fed to leaves

Sucrose
(mmol á m)2)

SE Glucose
(mmol á m)2)

SE Fructose
(mmol á m)2)

SE

0 0.025 0.012 0.051 0.032 0.066 0.038
50 0.117 0.038 0.240 0.094 0.257 0.086
100 0.190 0.042 0.333 0.110 0.297 0.067
200 0.373 0.096 0.412 0.068 0.395 0.122
330 0.172 0.077 0.349 0.094 0.195 0.145
600 0.338 0.086 0.769 0.175 0.448 0.167

Fig. 10. Relationship between sucrose concentration and the rate
constant for P700 reduction, k in leaves pre-fed with di�erent
concentrations of sucrose and then illuminated for 15 min at either
200 lmol á m)2 á s)1 (open symbols) or 1300 lmol á m)2 á s)1 (closed
symbols). Data are mean � SE of at least 3 measurements on
separate leaves
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below to those above the growth temperature. Broken
Arrhenius plots of the type we observe have been seen
widely in complex metabolic pathways, including the
photosynthetic pathway (see e.g. Berry and Raison
1981). Above the growth temperature, the rate constant
for electron transport can be increased by increasing
the availability of CO2. This could be due to a direct
e�ect of CO2 on electron transport (e.g. on electron
transfer between QA and QB in the PSII reaction centre);
however, the most likely explanation for this is that
increasing CO2 relieves a limitation at the level
of Rubisco, increasing the overall ¯ux through the
Calvin cycle. This increase in ¯ux is then fed back,
somehow, to the electron transport chain, resulting in an
increase in k.

If carbon ®xation limits photosynthesis at tempera-
tures above the growth temperature, what is the limiting
step at lower temperatures? It is often stated that carbon
®xation may be limited by `ribulose bisphosphate
regeneration'; however, determining the precise step is
not easy in a regulated system. There is a widely held
assumption that, at high light, the capacity of electron
transport is in excess of overall metabolic capacity (Stitt
1986). Recently, however, Price and co-workers (1998)
have observed a linear relationship between photosyn-
thetic capacity and cytochrome b6f content in tobacco
plants expressing an antisense gene to the Rieske iron
sulphur protein. Such results indicate that electron
transport capacity is likely to be at least co-limiting for
overall photosynthesis at temperatures at or below the
growth temperature. If this is correct, then, in our
results, the value of k below the growth temperature is
likely to be limited within the electron transport chain
itself, with no feedback regulation occurring. This would
explain the disappearance of the light dependence of k at
lower temperatures ± feedback regulation would never
be required.

An ability to match electron transport capacity to
metabolic demand makes sense if a plant is to optimise
its investment in its photosynthetic apparatus, whilst
avoiding the detrimental e�ects of excess light. An excess
of electron transport over metabolism would result in an
increased risk of oxidative damage through the Mehler
reaction and subsequent reactions. Plants do not,
however, normally grow in a constant temperature
environment. Hence, they will need an ability to
modulate their electron transport chain, through regu-
lation of the resistance to electron ¯ow. The problem of
balancing electron transport and metabolism will be
particularly important under conditions where a limita-
tion is imposed on that metabolic capacity. The occur-
rence of drought is one example where such a limitation
occurs ± stomatal closure leads to a decline in CO2

availability within the leaf. The feeding of sucrose to a
leaf is of less obvious physiological occurrence; however
it does relate to circumstances where the sink strength of
the plant suddenly declines, such as during di�erent
stages in development (Pammenter et al. 1993; Pollock
and Farrar 1996).

The downside of regulating electron transport may be
an increase in damage to PSII. Restricting electron ¯ow

will increase reduction of the PSII acceptor side, so
increasing the probability of acceptor-side photoinhibi-
tion. However, this is a relatively controlled form of
damage and is probably a lesser evil than the alternative
forms of damage that would occur if uncontrolled
Mehler reaction was allowed.

Having established that regulation of electron trans-
port is a physiologically important process, even under
`normal' conditions, the question arises, what is the
mechanism of this regulation? The only mechanism so
far established that is able to regulate electron transport
directly, is the e�ect of a low pH in the thylakoid lumen
on oxidation of plastoquinol (see Genty and Harbinson
1996). Could this be occurring in vivo? It is not possible
at present to answer this question directly, as we cannot
measure the DpH in a leaf. We can, however, obtain an
indication of how the DpH may be changing by
measuring non-photochemical quenching of chlorophyll
¯uorescence (NPQ). Fast-relaxing NPQ (NPQf) is
thought to be equivalent to the DpH-dependent process,
high-energy-state quenching, that can be observed in
isolated chloroplasts and thylakoids (Horton and Hague
1988; Walters and Horton 1991). Measurements of NPQ
can only provide an indication of DpH, however, since,
®rstly, there is a non-linear relationship between NPQ
and DpH (Rees et al. 1989; Noctor and Horton 1990;
Rees et al. 1992) and, secondly, the local pH around the
cytochrome b6f complex may be di�erent from that
a�ecting NPQ (Ferguson 1985).

Any argument comparing changes in k with changes
in NPQ must take into account the relative pH
dependencies of these processes. A lot of work has been
done investigating the pH dependence of high-energy-
state quenching (Krieger and Weis 1992; Rees et al.
1992) This has been shown to be sensitive to the presence
or absence of zeaxanthin but, in the presence of
zeaxanthin (the normal state in a leaf) this has a pK
that is signi®cantly higher than that for inhibition of
plastoquinol oxidation (Haehnel 1984; Rees et al. 1992).
Hence, changes in NPQ should occur in a pH range
where k is insensitive and visa versa. However, the
possibility cannot be ruled out that the pH dependencies
di�er signi®cantly in situ.

The above reservations notwithstanding, we can state
that our measurements give, at best, equivocal support
for DpH regulation of electron transport and, in the case
of data shown in Fig. 6, no support at all. At 25 °C, the
major change in k is seen in the PFD range 200±
400 lmol á m)2 á s)1. In this range, NPQ does change;
however, it continues to rise at PFDs where k has
stopped changing. Assuming that the in-vitro pH
dependencies of quenching and electron transport hold,
this result implies that the change in k can not be simply
explained by pH. A stronger argument, however, is the
observation that NPQf is insensitive to an increase in
CO2 at all PFDs, even though there is a marked e�ect of
CO2 supply on k. The parameter FPSII is sensitive to CO2

in exactly the way that would be predicted from
measurements of k. Results from ¯uorescence measure-
ments made at di�erent temperatures are less straight-
forward to interpret than those at di�erent CO2
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concentrations. At lower PFDs, NPQ clearly increases
with temperature, at least below 20 °C, implying that the
DpH also increases (Fig. 7). At 5 °C, quenching is
similar at the two PFDs measured, as is k (Fig. 5). At
10 and 15 °C, however, there is a signi®cant di�erence in
NPQ between low and high light, indicating a di�erence
in DpH, even though there is no signi®cant di�erence in
k. Thus there is no easily explainable qualitative
relationship between NPQ and k. Similar conclusions
can be made from consideration of ¯uorescence mea-
surements made during drought stress and following
sucrose feeding (data not shown).

The above observations are not totally conclusive, as
we are not able to directly measure the pH around the
cytochrome b6f complex in an intact leaf. If pH is
responsible for regulation of k, however, we need to
explain how the local pH, a�ecting the cytochrome b6f
complex, is regulated independently of the pH regulating
NPQ. There is a certain amount of evidence that local
proton domains exist within the thylakoid lumen, so a
locally low pH could occur, particularly as the cyto-
chrome b6f complex makes a substantial contribution to
the DpH. So, regulation of the rate of equilibration of
the local pH with the bulk lumen pH would be one
source of regulation. Alternatively, or additionally,
modulation of the relative rate of cyclic electron
transport might contribution to regulation of DpH. To
operate as a regulatory system, either the equilibration
of the local and the bulk pH or the extent of cyclic
electron transport would have to be modulated in
response to metabolic demand.

If pH is not responsible for regulation of electron
transport, then an alternative mechanism must be
postulated. At present no evidence exists of a di�erent
regulatory process; however, it seems plausible that a
redox-regulated process may be involved, perhaps
responding to the redox poise of the ferredoxin pool.
Ferredoxin occupies a central position in photosynthetic
metabolism, being the only component that responds to
both the supply of reductant and the overall demand
from all metabolic pathways. There is already a strong
precedent for ferredoxin as a regulatory component, as it
is involved in the regulation of Calvin cycle enzymes
through the thioredoxin system.

In summary, the data presented in this paper demon-
strate that the process of direct regulation of the
photosynthetic electron transport chain is one that
occurs under normal conditions, when a plant is exposed
to no extraordinary stress, to a far greater extent than
has previously been observed. It occurs in combination
with other regulatory processes (especially high-energy-
state quenching) but, under increasing light conditions,
seems largely to precede non-photochemical quenching.
Its contribution to regulation seems to be larger than has
often been suggested. The mechanism of this regulation
remains an open question.
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